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Abstract: Four implementations of the full-bridge zero-voltage-
switched PWM converter are discussed. The merits and
limitations of each implementation are reviewed and their key
features and characteristics are compared. In addition,
experimental performance comparisons of the four converters
were performed on the 1-KW/400-V laboratory prototypes.

L INTRODUCTION

The phase-shifted PWM full bridge (FB) -converter
incorporates the leakage inductance of the transformer to achieve
zero-voltage switching (ZVS) of the primary switches [1], [2].
The elimination of the need for the primary side snubbers enables
high frequency power conversion for high input voltage and high
power applications. As a result, the power density and the
efficiency of the converter can be improved. However, when ZVS
is required over a wide load and/or line range, the leakage
inductance is deliberately increased and/or a large external
resonant inductor is added, resulting in an excessive duty cycle
loss and very severe secondary side parasitic oscillations. These
increase primary side conduction losses and the secondary side
snubber losses, and therefore decrease the efficiency of the
converter.

An improvement can be made by replacing the linear
resonant inductor with the saturable inductor and by minimizing
the leakage inductance of the transformer [3]. In this
implementation, the resonant inductor only stores the necessary
energy required for ZVS. Since the duty cycle loss and the
ringings on the secondary rectifiers are reduced, the efficiency of
the converter can be improved.

Instead of using the energy in the leakage inductance, the
magnetizing energy of the power transformer can be utilized to
achieve ZVS [4], [5]. Since the leakage inductance can be
minimized, the duty cycle loss is negligible, and the parasitic
ringing on the rectifiers is very small. Also, ZVS range can be
extended to no load.

All of the mentioned methods require an additional energy
storage element in the circuit. However, the energy stored in the
output inductor can be directly utilized to achieve ZVS by
employing two saturable reactors as the secondary side
complementary switches [6]-[8]. Because the energy stored in the
output inductor is substantial, the ZVS range is widely extended.
Also, the secondary parasitic ringing is virtually eliminated
because of the use of a very small leakage inductance and
because of the damping effect of the saturable reactors.
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This paper reviews the operation principles of these four ZVS
techniques for implementing FB PWM converters. The
characteristics of each method are studied and compared in
detail. Finally, the experimental results are presented.

IL REVIEW OF OPERATION PRINCIPLES

Since in the phase-shifted PWM full bridge converter the
load current reflected to the primary side is used to achieve the
zero-voltage turn on of the leading switches, the realization of
ZVS for the leading switches is easy to obtain. Therefore, the
discussion in this paper is focused on the realization of the ZVS
for the lagging switches. To simplify the discussion, the winding
capacitance of the transformer is neglected. The following
definitions are used throughout the text:

Vin: input voltage,

N: transformer turn ratio,

Li: leakage inductance of the transformer,

Ly magnetizing inductance of the transformer,

Ly: resonant inductor,

Lyp: unsaturated value of the saturable inductor,
ICJ/: output filter inductor,
oss:  drain-to-source capacitance of one MOSFET at the
input voltage,
Io: full load current,
Izys:  critical output inductor current required by ZV'S,
AD: duty cycle loss,
7] dead time for the leading leg,
7): dead time for the lagging leg,
Ts: switching period.

A. Basic FB-ZVS-PWM Converter [2]

Figure 1 shows the schematic circuit of the basic FB-ZVS-
PWM converter and its theoretical waveforms. S1 and S3 are the
leading switches, while S2 and S4 are the lagging switches. DI,
D2, D3, and D4 are the body diodes of the MOSFET switches.
L is the leakage inductance of the transformer, and L, is the
external inductor added to ensure ZVS in a certain minimum
load range. In Fig. 1(b), the communication of the lagging
switches S2 and S4 occurs at t3. Before t3, D3 and S2 are on,
freewheeling the reflected load current. At t3, S2 tums off,
enabling L,+Ljj to resonate with the output capacitances ! $2
and S4. If the energy stored in L, and Lj is large enough, the
output capacitance of S4 is completely discharged at t4, forcing
D4 to conduct. Then S4 can be turned on with zero voltage. The
same is true for S2 before it is turned on. To ensure ZVS, L,
should satisfy Eq.(1) [2]:
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Fig. 1 Basic FB-ZVS-PWM converter:
(a) circuit diagram; (b) gate timing and typical waveforms

This circuit absorbs the parasitic inductance to achieve ZVS
for the primary switches and requires no additional active
devices. Moreover, the presence of the resonant inductor, L,
reduces the peak reverse recovery current of the secondary
rectifiers. The operating frequency can potentially be much
higher than that of the conventional hard-switching PWM
converter. However, after $2 turns off, the magnitude of the
primary current is less than the magnitude of the current through
the output inductor. As a result, during the interval [t3, t5], both
rectifiers D5 and D6 are on, shorting the secondary winding of
the transformer. The interval [t3, t5] decreases the effective duty
cycle on the secondary side (the duty cycle loss is marked by the
shadowed area in Fig. 1). To get the same output voltage, the
turn ratio of the transformer must be decreased. This increases
the primary side conduction loss and the voltage stress on the
secondary side rectifiers. In addition, the ringings on the
secondary rectifiers become more severe because of the increased
energy in the leakage inductance and the external resonant
inductor. Damping of this ringing increases the power loss in the
cireuit.

B. Reducing Duty Cycle Loss by Using Saturable Resonant
Inductor [3]

To improve the commutation of the lagging switches in the
above discussed circuit, a saturable inductor is employed as the
resonant inductor, and the leakage inductance of the transformer
is minimized [2]. The circuit diagram and the theoretical
waveforms are shown in Fig. 2. The ideal saturable inductance
value becomes zero when the current is larger than the critical
point, I,,;,. When S2 turns off at t3, the primary current drops to
I, very quickly, and the saturable inductor starts to resonate
with the output capacitances of S2 and S4. In the ideal case
(where /_ equals I, /N), the primary current crosses zero (at t4)
when the ouiput capacitance of S$4 has been completely

discharged . Then S4 can be turned on with zero voltage. The
primary current continues to decrease until t5, when it reaches
1. At 15, the primary current will almost instantly increase to
reach the reflected load current, due to the small leakage
inductance of the transformer. S2 and S4 then conduct, starting

. the next half cycle. To guarantee ZVS of the lagging switches,

L, should meet the following requirement:

2
I 2 2
é(LrO +le)( ]z\\;s] ~ %Lrolcrit 2 %CassVin'

@
S1 | D1 54 | D4
L Ls
Vin ——b— a Lik m i b
83 |2 ) 52 = D2
os | [ (@)
Lf
f —
D5 Vr == Cf %Ro
D6 1 [
s1 : 1
82 :
83
84
__
Vab :
0 , (b)
o VRS /lmear
: } 1
isaturable inductor. L inductor
= ; 81
51 DI e 52 . D3 53
i D3 D4 84
0
saved duty cycle loss
L .. .
L ey e linear inductor
: (©)
saturable inductor

Icrit

Fig. 2 FB-ZVS-PWM converter employing saturable resonant inductor: (a)
circuit diagram, (b) gate timing and typical waveforms, (c) characteristics of
ideal saturable inductor

The above expression takes into account the nonlinearity of
the drain-to-source capacitance of MOSFET (Coss), as described
in [2]. Figure 2 also shows the comparison of the primary current
waveforms between the linear resonant inductor case and the
saturable inductor case. The duty cycle loss of the circuit with the
saturable resonant inductor is much less than that with the linear
inductor. Hence the efficiency can be improved, and the ZVS
range can be extended by employing the saturable inductor.
However, the saturable core placed on the primary side has a
thermal problem at high frequency since the flux swings between
the positive and negative saturation levels. A possible solution is
to place two saturable inductors in series with the secondary
rectifiers and to add an additional freewheeling diode [3]. The
circuit schematic is similar to that shown in Fig. 3.

C. Full Load Range ZVS by Ulilizing the Magnetizing
Inductance of the Transformer [5]
Figure 3 shows the schematic circuit of the converter

employing the magnetizing inductance and its ideal waveforms.
Two saturable reactors are employed as the complementary
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switches to utilize the magnetizing current. If the saturable
reactors were not employed, the magnetizing current could be
used to charge and discharge the output capacitances of the
MOSFETs only when it is larger than the reflected load current.
However, if the magnetizing current were increased to meet this
requirement, it would substantially increase the primary side
conduction loss. With the saturable reactors, the magnetizing
current does not need to be larger than the reflected load current
to achieve ZVS in the full load range. Since there is a dead time
between these two magnetic switches, a freewheeling diode must
be added. Before t3, the primary current freewheels through S2
and D3, while the load current flows through D5 and SS. After
S2 turns off at t3, the primary current decreases quickly due to
the small leakage inductance. On the secondary side, the current
flowing through D5 and S5 also decreases, and the freewheeling
diode starts conducting. After the primary current decreases to
the magnetizing current, the current through the S5 and D5
becomes zero, ie., S5 tumns off Because S5 and S6 are
simultaneously off, L,, can resonate with the output capacitances
of 82 and S4. The voltage on S4 decreases to zero at t4, forcing
D4 to conduct. $4 can then be turned on with zero voltage. The
same sequence takes place before S2 is turned on.
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Fig. 3 FB-ZVS-PWM converter employing magnetizing inductance: (a) circuit
Diagram, (b) gate timing and typical waveforms, (c) B-H characteristics of
saturable reactors

After t4, the primary current decreases to the negative
reflected load current quickly because Ly 1s very small.
Consequently, the duty cycle loss is very small. The saturable
reactors can be implemented on ferrite cores, and they are reset
automatically by the circuit itself. Their B-H characteristics are
described in Fig. 3(c) The major advantage of this circuit is that
ZVS can be achieved at no load. Also, the secondary parasitic

oscillations are greatly reduced because of the very small leakage
inductance and the damping effect of the saturable reactors. The
potential drawback of this approach is that the deliberately
increased magnetizing energy circulates in the primary, resulting
in an increased conduction loss.

D. Wide Load Range ZVS by Using Energy in the Output

Inductor [6]
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Fig. 4 FB-ZVS-PWM converter employing output inductor:
(2) circuit diagram, (b) gate timing and typical waveforms,
() B-H characteristics of saturable reactors

Instead of using the energy stored in the magnetizing
inductance to achieve ZVS, the saturable reactors can be
arranged to utilize the energy of the output filter inductor to
obtain ZVS. Figure 4 shows the circuit topology and operation
waveforms. Before 13, on the primary side, S2 and D3 freewheel
the reflected load current. On the secondary side, D5 and S5 are
on, conducting the load current. At t3, the lagging switch S2
turns off. Because of the blocking of S6, the output inductor
current has to flow through S5 and DS branch. This current is
reflected to the primary side, charges and discharges the output
capacitances of S2 and S4. At some instant between t3 and t4,
the voltage across S4 decreases to zero, forcing D4 to conduct.
Then $4 can be turned on with zero voltage. After t4, S6 becomes
on. The load current will commutate from the S5 D5 branch to
the 86 D6 branch almost instantly because Ly is very small,
forcing the primary current to decrease instantly to approximately
the negative reflected load current, At t5, S5 turns off, starting
the next half cycle.

Since in this circuit, there is an overlapping interval when
both S5 and S$6 are on, no freewheeling diode is needed. The
ferrite cores can be used to implement the saturable reactors
without any resetting circuit. The B-H characteristics of the cores
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are shown in Fig. 4(c). The secondary-side ringings in this circuit
are negligible. Consequently, no secondary side snubber is
necessary. During [t3, t4], the voltage polarity on the transformer
primary winding reverses, and the secondary voltage V. becomes
negative. Therefore, the duty cycle loss is slightly larger than that
of the approach employing the magnetizing inductance. But its
total duty cycle loss is still small compared to that of the basic
FB-ZVS-PWM converter. Because the energy stored in the
output choke is substantial, ZVS of the lagging switches is easy
to achieve, and the ZVS range can be extended down to very
light loads.

III. COMPARISONS OF CHARACTERISTICS

Every ZVS approach reviewed in the previous section has its
advantages and disadvantages. Since ZVS range, dead time, and
duty cycle loss are the main criteria in the design trade-off of the
FB-ZVS-PWM converter, they will be discussed in detail further
in this section. In addition, because the circulating energy and the
secondary parasitic ringing are directly related to the performance
of the circuits, their comparisons are also given. The following
discussion is based on the assumption that the same switches,
rectifiers, and output filters are used, and that the same maximum
duty cycle is adopted. The leakage inductance of the transformer
is assumed to be zero, and the winding capacitance is neglected
to simplify the discussion. Finally, to make the discussion more
convenient, the basic ZVS approach employing the linear
resonant inductor will be referred to as approach A, the method
employing the saturable resonant inductor as approach B, the
ZVS approach employing the magnetizing inductance as
approach C, and the method using the output inductor as
approach D. However, the nonlinear nature of the drain-to-source
capacitance of MOSFET is taken into account.

A. Required Dead Time

In order to achieve ZVS of the primary switches, dead times
have to be introduced between the turn on and the turn off of the
switches on the same leg. These are shown in  Fig. 1 as the time
intervals [t1, t2] and {t3, t4]. These two intervals reduce the
maximum effective duty cycle available for the power conversion.

In all four approaches, before the leading switch is turned on,
its output capacitance is discharged almost linearly by the
reflected load current plus the magnetizing current. Because the
magnetizing currents in approaches A, B, and D are negligible,
the dead times for the leading switches in these three approaches
can be determined from Eq. 3 [2]: '

4Cos in__ . 4NCos n , (3)
1,/N+1, I

zvs

1=

where I, corresponds to the minimum peak current of the output
inductor and is approximately equal to I, if the ripple of the
output inductor current is small enough. For approach C, if ZVS
range is required over the whole load range, 7, dominates at no
load condition. Then, the dead time for the laggmg switch in
approach C is determined from

4NC iV

i G
The dead times for the lagging switches vary for the different

ZVS approaches. For approaches A and B, the output
capacitances of the lagging switches are discharged in a resonant

=

manner. The dead times can be estimated as one fourth of the

resonant period [2]:
2= z éLrCOSS' (5)
2 V 3

By applymg Eq. (1), Eq. (5) can be written as:
41 NCossVin ©®
3 I

zvs

Ty=—""
In approach C, which employs the magnetizing inductance,
the output capacitance is discharged approximately with constant
current, and the dead time for the lagging switches can be
estimated as:
4NCosin )
I,
Similarly, for approach D, the dead time for the lagging switches
is determined from

Ty =

= ANCosin ®

I zvs

Though the dead times in approach C are independent of the
ZVS range, they may be large because [,,, cannot be very large
considering the primary-side conduction loss. However, the dead
times in the other three approaches are all inversely proportional
to I,,,.. When the required ZVS range is wide, the dead times
will contnbute to a large amount of duty cycle loss, which must
be taken into account in the design.

B. Duty Cycle Loss

Compared to the primary side duty cycle, the secondary side
effective duty cycle in the phase-shifted FB-ZVS-PWM converter
is reduced. In approach A, the difference between the two,
referred to as the duty cycle loss, may become significant due to
the longer commutation times, [t1, t2] and [t3, t4], for wide
ZVS range, and the longer resetting time, [t4, t5], for a large
resonant inductor at heavy load. Assuming that the ripple of the
output inductor current is negligible, and that 7, is much
smaller than the full load current, 7, , the duty cycle loss can be
estimated from Egs. (1) and (6) as:

~ 2Lr[o + T2 _ j,Zj\lcosstIo Sﬂ'NCassVin o ]o
TNV,T /2 Tl2 3T 02, 3T s 12, ©)

Since in approach B the saturable resonant inductance value
becomes zero when the current exceeds the critical point, /., the
resetting time for the resonant inductor at heavy load is same as
that at light loads. Assuming /,,,; = I,,/N , the duty cycle loss can
be estimated as:

~ Lrjcrit + 72 = 16NcossVin
NV, T 12 Ty/2 3Tl s

+ 87 NC sV . _1_
3Tl s Tos (10)

Since the duty cycle loss of approach B is only inversely
proportional to I,,¢ instead of [, , approach B greatly reduces
the duty cycle 1oss compared to approach A.

In approach C, the duty cycle loss caused by the resetting
time of the leakage inductance is small because Ly, can be very
small. When this occurs, the duty cycle loss is dominated by the
dead time of the lagging switches and can be estimated as:

T2 8N CGSSVm )

(b
Similarly, the duty cycle loss caused by the leakage
inductance in approach D is negligible, and the duty cycle loss is
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dominated by the dead time of the lagging switches. However,
during the switching transient of the lagging switches, the
secondary rectified voltage, V,, is negative. An additional duty
cycle loss results. At heavy load (which is the worst case), the
duty cycle loss of approach D can be estimated from

ape B2 INCouVyy 1

]ZVS

(12)

It can then be seen that the duty cycle loss of approach A is
heavily dependent on the ZVS range, while those of approaches
B and D are less dependent on the ZVS range, implying that
approaches B and D can have higher turn ratios of the
transformer and less primary side conduction loss when the ZVS
range is wide. The duty cycle loss of approach C is independent
of the ZVS range and can be small if 7, is large enough.

C. ZVS Range

As has been discussed previously, different approaches have
different duty cycle loss if ZVS ranges are same. Under wide
ZVS range, the duty cycle loss of approach A becomes very
large, resulting in large primary side conduction loss. So,
approach A 1s not capable of achieving wide ZV'S range. On the
contrary, approaches B and D have much smaller duty cycle loss,
so they can extend ZVS range to light load without increasing the
primary conduction loss dramatically. Approach C is the only
approach that can achieve ZVS at no load condition. To
minimize the primary side conduction loss, the design trade-off
between the duty cycle loss and the magnitude of the
magnetizing current must be carefully made.

D. Circulating Energy

Referring to the waveforms in Fig. 1, it can be seen that after
S3 wrns off, the energy stored in the leakage mductance and/or
the resonant inductor will flow back to the source. Since it does
not contribute to the power conversion, it is referred to as the
circulating energy. Though the circulating energy helps soft
switching, it also increases the conduction loss in the circuit. In
addition, as has been discussed before, the time interval [t3, t5]
shown in Fig. 1, during which the circulating energy flows back
to the source, contributes to the duty cycle loss.

For approach A, the linear resonant inductor stores much
more energy than is required for ZVS. This 1s shown in Fig. 5(a).
E,,in represents the minimum energy required for ZVS. Then the
circulating energy of this converter can be estimated as:

I 2
Eire 8 Eppge = Epiy '[[:’s) (12)

H

Tomax
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() (b)
Fig. 5 Stored energy: (a) linear inductor, (b) saturable inductor

On the other hand, an 1deal saturable inductor does not store
more energy after it is saturated (see Fig. 5(b)). Therefore the
circulating energy of approach Bis:

ctrc —Emm' (13)

The energy in the magnetizing inductance in approach C is
deliberately increased. This energy flows only through the
primary winding, never contributing to the power conversion
process. The circulating energy of approach C is approximately:

Ecirc = ';‘Lmj;zx >> Emin' (14)

In approach D, at heavy load, the output capacitance of the
lagging switch, S4, is discharged very quickly to zero. However,
the saturable reactor S6 still blocks voltage even after D4 is
forced on, because S4 is not turned on at this instant. As a result,
the energy in the output inductor continues to flow back to the
input source. The circulating energy of this converter is estimated

as:
2
E e = V;n]_o 2= HeCosslin = Enin "{'i)'
N IZVS Vs (1 5)

Approach B has the minimum circulating energy, as can be

seen from Egs. (12) ~ (14). Since the dead time for the lagging

leg cannot be too large because of the duty cycle loss, the

magnetizing current in approach C should be increased

considerably. The circulating energy of this approach is then

relatively large. Even though the circulating energy of approach

D 1s more than that required to achieve ZVS, it is still much

smaller than that of approach A, if implemented with wide ZVS

range. This implies that approach D is more suitable for wide
ZV S range applications than approach A.

E. Secondary Parasitic Ringing

=0 Rw Leg
Tm

Fig. 6 Equivalent circuit of secondary-side parasitic ringing

Crect

In the full bridge converter with an isolation transformer, the
junction capacitance of the secondary rectifiers oscillates with the
leakage inductance or the resonant inductor in series with the
transformer. The equivalent circuit is shown in Fig. 6: Rw is the
parasitic resistance; L., is the equivalent inductor in series with
the rectifier; and C,,,; is the junction capacitance of rectifiers. The
amplitude of voltage overshoot on the rectifier increases when the
Q factor of the LCR resonant circuit increases. In approach A,
the converter employs the large linear resonant inductor,
therefore, 0 is large. Because of this, a more dissipative snubber
is needed to damp out the ringing. To reduce the snubbing power
loss, the RCD clamp [9], the primary diode clamp [10] and the
active snubber [1 1] have been implemented. However, if Z,,
nonlinear, the maximum energy of the parasitic oscﬂlatlon 18
limited by the saturation level of the core. Then the secondary
parasitic ringing of approach B is much smaller than that of
approach A.

For approaches C and D, two saturable reactors are placed in
series with the rectifiers and employed as the complementary
switches. Since these saturable reactors do not store any energy,
the ringing energy is almost zero. Also, the saturable reactors
exhibit high impedance in the "off" state. As a result, the reverse
recovery current of the rectifier is not allowed to flow, and the
initial current in the LCR circuit shown in Fig. 6 is close to zero.
The secondary ringings in approaches C and D are very small.
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TABLE 1: SUMMARY OF THE CHARACTERISTICS OF THE DISCUSSED ZVS-PWM FB CONVERTERS

Basic ZVS ZVS employing ZVS employing ZVS employing output
saturable inductor magnetizing inductance inductor
7’—] 4N Cos: Vin 4N Coss Vz’n 4N Coss V;'n AN Coss Vin
Dead I zvs I zvs I m I zvs
times 1 4_7[ NCossVin 4r NCossVin 4NC 55V ANCossVin
3 IZVS 3 ] Vs Im I ZVs
ZVS Range narrow wide from no load to full load wide
AD w I, « 1 o 1 1
= — o ——
I zzvs Lpps I m I 2vs
.Y I
. . o
Circulating Energy E | =2 j Em,m é L, [31 >>E,,, Epin3 7=
IZVS Zvs.
Secondary Ringing large smaller very small very small
Secondary Side Control N/A N/A Available Available
F. Secondary Side Control of TDK H5B T14-3.5-7 cores with 8 turns. No snubber was
Approaches C and D employ the secondary side used.

complementary switches, and therefore provide another means of
control: secondary side control [4], [5], [7], [8]. If the secondary
side switches are implemented on the saturable reactors,
magamp control becomes available for approaches C and D. On
the contrary, for approaches A and B, only primary side control is
available. This implies that approaches C and D are suitable for
the multi-output applications.

IV. EXPERIMENTAL COMPARISONS

A. Specifications and Power Stage Design

To experimentally verify and compare the discussed FB-
ZVS-PWM implementations, four 1 KW converters were
constructed to the following specifications: Vin = 320-400Vdc,
Vo =48 Vdc, Fs = 100 KHz, Dmax = 0.95, and 50% - 100% of
full load ZVS range.

Based on the specifications, the power stage components
were conservatively chosen: IRFP460 for the power switches,
BYV54V200 for the rectifiers, and TDK 3C85-E55 for the
transformer cores. The output choke was measured about 17 pH
and the output capacitor about 6 pF.

In approach A, a linear resonant inductor with the value of 29
uH was employed to achieve ZVS from a 50% load to a full load.
Since L, is fairly large, a very lossy rectifier snubber had to be
used: Cy,p,p = 3.90F and R,y 0, = 75 Q.

In approach B, two saturable resonant inductors were placed
in series with the secondary rectifiers and a freewheeling diode
was added. The PC50 EPC17Z was chosen for the saturable
core. A 2-mil air gap was inserted into only one side leg, and a 5
turns winding were placed on the center leg. A smaller snubber
was used: Cy,p, pp = 680pF and Ry, = 150 Q.

In approach C, 3-mil air gaps were inserted into the side legs
and the center leg of the transformer core. The magnetizing
current was not increased dramatically because the critical ZVS
current was only 50% of the full load, and the energy in the
leakage inductance was utilized. Two saturable reactors were
placed in series with the rectifiers, and a freewheeling diode was
also added. The saturable reactors were designed by using PC30
T12-3-6 core with 7 turns, and a small RCD clamp was placed
across the freewheeling diode.

In approach D, the output inductor was employed to achieve
ZVS. Only two saturable reactors were added. They were made

B. Results , Explanations and Comparisons

Efficiency Po=1KW, f5=100KHz
N
R e
.. . C
\.‘
0.945
o (2)
Approack 4
~
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Efficiency Vin=400V, fs=100KHz
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Fig. 7 Measured efficiencies of various implementations of PWM-ZVS-FB
converters
(a) efficiencies vs. input voltage at full power (Po=1KW)
(b) efficiencies vs. load current at high line (Vin=400V)

Figure 7 shows the measured efficiency of the experimental
converters as the functions of the input voltage (Fig. 7(a)) and the
load current (Fig. 7(b)). The measurements were done with the
same measurement setup to achieve a high accuracy of relative
measurements. The efficiency of the basic FB-ZVS-PWM
converter is the lowest and decreases at high line or light load.
The other three approaches improve the efficiency and keep the
efficiency curve flat over a wide line and load range. The
efficiency of the converter employing the magnetizing inductance
(approach C) is slightly lower, due to its increased rms value of
the primary current.
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Fig. 8: Key waveforms of various implementations of ZVS-FB-PWM

converters. From top to bottom: transformer
primary current ( Ipri ), transformer primary voltage
('Vpri ), voltage on the rectifier ( Vd )

(a) ZVS by linear resonant inductor

(b) ZVS by saturable resonant inductor

(¢) ZVS by magnetizing inductance

(d) ZVS by reflected output inductor

Figure 8 shows the waveforms of the four converters without
the secondary snubbers. However, to prevent a rectifier failure,
high voltage rectifiers, BYT230PIV400, were used in these
measurements. For the converter using the linear resonant
inductor, the ringing on the secondary rectifiers is very severe.
However, the ringing on the rectifiers in the circuit using the
saturable inductor is much smaller. In the converters employing
the magnetizing inductance or the output inductor to achieve
ZVS, the secondary ringings are almost eliminated, which
verifies the previous theoretical analysis. Comparing the primary
currents, we can see that the slope of the primary current of
approach C is larger than those of the other three cases because
the magnetizing current in approach C is deliberately increased.

SUMMARY

Four FB-ZVS-PWM converters are reviewed and compared
theoretically and experimentally. The basic FB-ZVS-PWM
converter is not suitable for applications with wide ZVS range.
The other three ZV'S techniques improve the circuit performance
by reducing duty cycle loss and alleviating secondary side
ringing problem without increasing the circuit complexity.
Moreover, approaches C and D can implement the secondary-
side control, and are therefore suitable for multi-output converter
applications.
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