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Novel Zero-Voltage and Zero-Current-Switching
Full-Bridge PWM Converter Using
a Simple Auxiliary Circuit

Jung-Goo ChoMember, IEEE Ju-Won Baek, Chang-Yong Jeong, and Geun-Hie Rilember, IEEE

Abstract—A novel zero-voltage and zero-current-switching manner as that of the ZVS FB PWM converters [2], [3],
(ZvZCS) full-bridge pulsewidth modulation converter is  while the ZCS of lagging-leg switches is achieved by resetting
presented to simplify the circuits of the previously presented the primary current during the freewheeling period. So far, a

ZVSCS converters. A simple auxiliary circuit, which consists
of one small capacitor and two small diodes, is added in the couple of ZVZCS-FB-PWM converters have been presented

secondary to provides ZVZCS conditions to primary switches, as [5]-[9]. Their primary currents during freewheeling period,
well as to clamp secondary rectifier voltage. The additional clamp however, are reset by different manners. In the converter [5],

circuit for the secondary rectifier is not necessary. The auxiliary the primary current is reset by using the reverse avalanche
circuit includes neither lossy components nor additional active breakdown voltage of the leading-leg IGBT’s, where the stored

switches, which makes the proposed converter efficient and . . : L .
cost effective. The principle of operation, features, and design energy in the leakage inductance is completely dissipated in

considerations are illustrated and verified on a 2.5-kw 100-kHz the leading-leg IGBT’s. This approach is not efficient, unless
insulated-gate-bipolar-transistor-based experimental circuit. the leakage inductance is very small. In the converter [6], the

Index Terms—DC/DC converter, insulated gate bipolar tran- primary current _iS reset by using the dc blocking capacitor
sistor, soft switching. voltage and adding a saturable reactor. The saturable reactor
loss limits the maximum power level by 5 kW. In the converter
[7], the primary current is reset by adding an active clamp
in the secondary side, which provides ZVZCS condition to

ITH THE increasing demand for higher power denthe primary switches, as well as the active clamp of the

sity power conversion with lower cost, insulated gateecondary rectifier. The additional switch, however, makes
bipolar transistors (IGBT’s) are considered as power devicewitching loss due to hard switching and increases cost and
instead of MOSFET’s in the high-frequency high-power ageontrol complexity. In the converter [8], the primary current
plications, since IGBT's have higher power density and lowés reset by adding a snubber circuit in the secondary side.
cost compared to MOSFET'’s. The operating frequency @here are no lossy components in the snubber circuit, however,
IGBT'’s, however, is much lower than MOSFET'’s, (usuallthe large circulating energy by the resonance between the
limited to 20—-30 kHz) [1] because of higher switching loskakage inductance and snubber capacitors reduces the overall
which comes from the tail current during the turn-off periocefficiency and increases the voltage rating of the secondary
Therefore, to operate IGBT’s at higher switching frequenciessctifier diodes by two times. In the converter [9], the primary
it is required to reduce the turn-off switching loss. Zero-voltageurrent is reset by using the transformer auxiliary winding.
switching (ZVS) with a substantial external snubber capacitbleither lossy components involved nor an additional active
or Zero-current switching (ZCS) can be a solution, but thewitch are added. Besides, no large circulating energy is
ZCS is more effective than ZVS, since the tail current can lgenerated. All active and passive devices are operated under
eliminated by removing the minority before turning off [4]. minimum voltage and current stresses. This approach can

To apply IGBT’s for high-frequency (around 100 kHz)handle more than 10 kW, but the auxiliary circuit is a little
high-power full-bridge dc/dc converters, a ZVZCS techniquigit complex.
has been introduced and a couple of ZVZCS full bridge This paper proposes a novel ZVZCS-FB-PWM converter
(FB) pulsewidth modulation (PWM) converters have beenwith a simple auxiliary circuit to improve the previously
presented [5]-[9]. The ZVZCS means mixed operation of ZVfresented ZVZCS-FB-PWM converters (see Fig. 1). The ZVS
for leading-leg switches and ZCS for lagging-leg switchesaechanism of leading-leg switches is also the same as that
The ZVS of leading-leg switches is achieved by the sanué the converters in [2], [3], and [5]—-[9]. A simple auxiliary

circuit provides not only ZVZCS condition to the primary
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Fig. 1. Circuit topology of the proposed ZVZCS-FB-PWM converter.
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Fig. 2. Operation waveforms of the proposed converter. Fig. 3. Equivalent circuits for each operating mode.
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prototype has been built using IGBT’s and tested to verify theurrent and the clamping capacitor voltage and current can be

principle of operation. obtained as follows:
Vs =Vo/n .
Il. OPERATION PRINCIPLE L(t) =nl,(1 — cos(wat)) — T/H sin(wet) + nl,
The basic operation of the proposed ZVZCS-FB-PWM ¢ @

converter is the same as that of the ZVS-FB-PWM converter,

the phase shift PWM control. The new converter has nine op- Le(t) =ndo — L,() (2)
erating modes within each operating half cycle. The operatiorVce(t) =nVs(1 — cos(wat)) — n?Z, 1, sin(w,t) 3)
waveforms and equivalent circuits are shown in Figs. 2 and 3,

respectively. To illustrate steady-state operation, it is assumabere

that all components and devices are ideal and the output filter

inductor is a constant current source. 7 — Ly . — 1
Mode 1: S1 and S2 are conducting and the input power ¢ n2C)c’ VLG,

is delivered to the output. The clamping capacitor voltage

Ve is charged up througlh,. and C, by the resonance with  Mode 2: D, is turned off and the rectifier voltage is re-
leakage inductance, as shown in Fig. 3. #ag reaches twice turned to the nominal valueV;. D;, is never turned on during
(nV; — V) after a half resonance peridd,;, andC,) at the this mode, unless the duty cycle is smaller than 0.5. The input
end of this mode, where is the transformer turns ratio. Thepower is still delivered to the output during this mode.

rectifier voltage starts frorit, and reache®-.+V,, as shown Mode 3: S1 is turned off and then the current through the

in Fig. 2. The detailed equivalent circuit is shown in Fig. 4primary charges’; and dischargeg’s. The primary voltage
(The junction capacitance of the secondary rectifier diodesisslinearly decreased and the secondary rectifier voltage is also
ignored to simplify the explanation of operation.) The primargecreased with the same rate. The primary voltage decreased
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Mode 6: The primary current is completely reset and no

Lik Lik
e il current flows through the primary. Thei;. supplies the
IcT N + Ip + whole load current and, thus, the secondary rectifier voltage is
Vs —=— #Ce = Ve, O nzccz:_V!;_;fé’@ wlo decref_;lsed quicl_dy. From th_e equi\_/alent circuit in Fig. 4, the
y L _TCH(B clamping capacitor voltage is obtained as follows:
o -
T
< Mode I > < Mode 4 > 1,
Veol(t) = ——t 4+ V3. 10
o celt) =~ t+ Vs (10)
LN
Tp> + + Mode 7: When C. discharges completely, the rectifier
iy i Ce~ Yree nlo Cery, ®ro diodes start to conduct and the load current freewheels through
" ~ the rectifier.
Mode 8: At the end of the freewheeling periof; is turned

< Mode 5 > < Mode 6 > off with complete ZCS, since there is no current in the device.
This mode is a dead time betwe#&h and S,.

Mode 9: S, is turned on. This turn-on process is also ZCS,
since the primary current cannot be changed abruptly due
to the leakage inductance. The primary current is linearly

Fig. 4. Simplified equivalent circuits.

linearly as follows:

nl, increased as follows:
Va(t) =V, — ——2t. 4
®) Cl+C3 )
Mode 4: When the rectifier voltage reaches the clamping L) = Vs t. (11)
capacitor voltageVy., the diode D;, is turned on and the Lk

C. holds the rectifier voltage, which means the rectifier ” L . .
voltage decreases much slower than the primary voltage. T;%e rectifier voltage is still zero. This is the end of an operating
primary voltage keeps decreasing with almost the same r f cycle.

as before, since the stored energy in the leakage inductance

still chargesC; and dlschargesﬁg. (C. is assumed much lIl. EEATURES AND CHARACTERISTICS

larger thanC; or C5.) The difference between the primary
voltage and the reflected secondary voltage is applied to the | N o

leakage inductance and the primary current starts decreasfhg Simple Auxiliary Circuit

The simplified equivalent circuit reflected to the primary is The rectifier circuits and their typical voltage waveforms

shown in Fig. 4. The voltage and current of the circuit are &g the previously presented ZVZCS converters [8], [9] and

follows: the proposed converter are compared in Fig. 5. All rectifier
nl, [ 1 1 ] nl, circuits include neither lossy components nor additional active
Var(t) = w_z,<§ - )Sm(wbt) — 2t T2V (5 switches. The ZVZCS converter [9] includes the auxiliary
’ c . c ’ circuit, which consists of a transformer auxiliary winding, a
I,(t) =nl, <1 - %) cos(wyt) + —5nl, (6) small bridge rectifier, a small clamping capacitor, and a small
“b “b discharging diode and a passive clamp circuit, as shown in
Veult) = — IoCeg sin(wit) + IoCegt 19V, (7) Fig. 5(a). The auxiliary circuit looks a little bit complex, even
Cewy Cew;; though two diodes can be eliminated by using the center-
where tapped rectifier. The rectifier voltage is clamped by clamp
5 capacitor voltage and this clamping voltage depends on the dis-
wy = n2Ce + Gy C..=C +C charging resistofZc. The rectifier voltage is usually designed
2 ’ eq 1 3 ) . . .
n* Lix CeCeq with 120% of the nominal voltageV's. The clamp circuit,

The primary current and the secondary voltage at the endrmwever, increases loss. The ZVZCS converter [8] includes

this mode are defined a&, and V. the auxiliary circuit, which consists of three small diodes and
Mode 5: Cs is completely dis(éharged and thenss is tWo small capacitors, as shown in Fig. 5(b). No clamp circuit is

conducting. The reflected secondary voltage is applied to tifgfluired The auxiliary circuitlooks alittle bit simpler than that
leakage inductance and the primary current decreases quickly19- 5(2)- The peak rectifier voltage, however, is increased

C. supplies more current to the load. The primary current aff 1 @lmost twice the nominal voltage’s, sinceC'l andC'2
the clamp capacitor voltage are obtained as follows: in series and the leakage inductance are fully resonant during

the transition from the freewheeling mode to the powering.
L(t) =1, — nl,) cos(wyt) — Vo sin(wqt) +nl, (8) This means that the voltage stress of the rectifier diodes is

Naa almost twice that of the converter in Fig. 5(a), and there exists
Veelt) =n(Ia — nl,) Zy sin(wat) + Ecos(w,,t). Q) & lot of circulating energy, which also increases conduction
’ ' ' n ' loss. The proposed converter includes the auxiliary circuit

The primary current reaches zero at the end of this mode. TWhich consists of a small capacitor and two small diodes. The
rectifier voltage at the end of this mode is definedvgs auxiliary circuit is simplest. The peak rectifier voltage is not
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Fig. 5. Comparison of secondary rectifier circuits of the ZVZCS converters. (a) ZVZCS converter [9]. (b) ZVZCS converter [8]. (c) Proposed converter.
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Fig. 6. Peak rectifier voltage according to the duty cycle.

B. Efficient Soft Switching

Neither lossy components, such as a saturable reactor, nor
an additional active switch are involved to achieve ZVZCS.
Viec-pk = nVs(2 — D). (12) Besides, no large circulating energy is generated and no
additional clamp circuit is necessary, since the secondary
fectifier voltage is clamped to the clamping capacitor voltage

us the output voltage. All active and passive devices are

erated under low voltage and current stresses. In addition,
fde zvzcs range, small duty cycle loss, and no severe
arasitic ringing are exhibited. So, the ZVZCS of the proposed
nverter is achieved very efficiently and cost effectively and
ost of the problems of the previously presented ZVZCS con-
erters [5]-[9] are solved. This means the proposed converter
very attractive for high-power applications.

constant, and it depends on the duty cycle as follows:

The peak rectifier voltage is inversely proportional to th
duty cycle, as shown in Fig. 6, and the duty cycle should
high to achieve low rectifier voltage stress. The power sup
designers usually push up the duty cycle as high as possi
to acieve high efficiency. So, the low rectifier diodes volta
stress can be maintained practically and, in turn, the circulati
energy is also minimized. For example, if the duty cycle is 0.
the peak rectifier voltage is limited to 120% of the nomin
voltagenV s, which is almost the same as that of the usu
passive clamp circuit. During the startup period, however, the
duty cycle starts up slowly from zero for soft start, which may
give high voltage stress to the rectifier. To solve this problem,
a small Zener diode is added in parallel with the clamping A 2.5-kW 100-kHz prototype of the proposed ZVZCS-FB-
capacitor, as shown in Fig. 7. The Zener diode clamps tR&/M converter has been built and tested to verify the principle
rectifier voltage during the startup and blocks in the steady operation. Fig. 8 shows the experimental circuit with the
state. The power rating of the Zener diode can be small, singa&rt numbers of the components used. The transformer is built
the startup period is relatively small. using two PQ5050 cores in parallel with the turns ratio of

Fig. 14 shows measured efficiency of the proposed coi-1 : N2 = 21 : 4. The leakage inductance measured at
verter. Maximum efficiency at full load is close to 95%. Thehe switching frequency is 3.6H. IRGPC50UD2 IGBT's are
novel ZVZCS concept allows the use of low-cost IGBT saised for the primary switches. A PC50F4 diode is used for the
(10-30 kHz recommended switching frequency) at a very higiecondary rectifier and a C30P10Q Schottky diode is used for
frequency (100 kHz) without any detrimental effect on ththe freewheeling diode, which allows the freewheeling current
efficiency. to flow not through the transformer secondary, but through the

IV. EXPERIMENTAL RESULTS
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voltage and current.

Schottky diode. The circulating energy and reverse recovepbyeforms of lagging-leg switches. The current through switch
loss can be reduced, since there is no diode reverse recoverydis zero before turning off and, thus§2 is turned off

the Schottky diode during the transition from the freewheelingji complete ZCS, and no tail current is exhibited. A small
mode to the powering. The clamping capacitor is 44  cuyrrent pulse whers4 is turned on is the charging current
Fig. 9 shows the waveforms of the primary voltage angf the output capacitance df2. Figs. 12 and 13 show the
current and the secondary rectifier voltage, and Fig. 10 showaveforms of rectifier voltage and clamping capacitor voltage
their expended waveforms. It can be seen that the primaiyd current and their extended waveforms. The clamping
current is completely eliminated during the freewheeling peapacitor voltage goes to the negative because of the stray
riod, since the secondary rectifier voltage applies negatireluctance of the rectifier and auxiliary circuit layout, and the
voltage to the leakage inductance. Fig. 11 shows the switchiclgmping capacitor current waveform is smoothed because of
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and the operation, features, and characteristics have been
illustrated. Experimental results from the 2.5-kW 100-kHz
IGBT-based prototype were shown to verify the operation
principle. ]
It was shown that the clamping of rectifier diodes, as well z"l'r";'-'
the ZVZCS of the primary switches, are achieved by adding
simple auxiliary circuit in the secondary. The auxiliary circui
consists of a small capacitor and two small diodes, the ratin
of which are about 30% of the main diodes. Neither loss
components nor additional active switches are involved to ¢
ZVZCS, and the secondary rectifier clamp circuit is eliminate
In addition, Distinctive advantages of the new circuit includin
Z\VZCS with wide load range (IGBT's can be used), small
duty cycle loss, low device voltage and current stresses, and
low cost make the proposed converter very promising for
high-power(>5 kW) applications with high power density.
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