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ABSTRACT

The paper presents a steady-state analysis with complete charac-
terization of the converter operation. A small-signal model of the con-
verter is established. The design procedures based on the analysis are
presented and the various losses in the circuit assessed. Critical design
considerations for a high-power, high-voltage application are analyzed.
The results of the analysis are verified using a high voltage, 2 kW pro-
totype.!

1 INTRODUCTION

The achievement of efficient high-frequency power conversion
requires reduction of switching losses. Conventional resonant convert-
ers can provide zero-current switching (ZCS) or zero-voltage switching
(ZVS). They generally require a wide range of frequency control, thus
making the optimization of the filter components difficult. Quasi-
resonant and multi-resonant converters have been proposcd for reduced
frequency range [1,2], but the high component stresscs make them im-
practical for high-power and high-voltage applications. The recently-
introduced constant frequency resonant converters |3,4] can achieve
ZCS or ZVS. However, it is at the expense of increased component
stresscs.

When conventional PWM converters are operated at higher fre-
quencies, the circuit parasitics are shown to have detrimental effects on
the converter performance. Switching losses are especially pronounced
in high-power, high-voltage applications. Snubbers are normally re-

quired, thus adding significant losses in high frequency operation.

A recently proposed new operating mode of the full-bridge PWM
converter permits all switching devices to operate under ZVS by using
circuit parasitics to achieve resonant switching [5,6,7]. To achieve ZVS,

the two legs of the bridge are operated with a phase shift. This opera-
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Fig. 1. : FB-ZVS-PWM converter and primary and secondary
waveforms.

tion allows a resonant discharge of the output capacitance of the
MOSFETSs, and, subsequently, forces the conduction of cach
MOSFET’s antiparallel diode prior to the conduction of the
MOSFET. Fig. 1 illustrates the waveforms in the circuit.

The zero-voltage switched PWM converter (ZVS-PWM) shown
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in Fig. | requires no additional active devices, and utilizes leakage
inductance of the power transformer to achicve ZVS. 1t has a some-

what higher rms current than the conventional full-bridge PWM con-

verter, but has much lower rms currents than the resonant converters.

The ZVS allows operation with much reduced switching losses and
stresses, and eliminates the need for primary snubbers. It enables high
switching frequency operation for improved power density and con-
version efficiency. These advantages make this converter well suited for

high-power, high-frequency applications.

The operation of this converter requircs design considerations that
differ from the conventional full-bridge PWM. The small-signal re-
sponse of the ZVS converter also differs significantly from that of its
PWM counterpart.

analysis and the small-signal model of the ZVS-PWM converter. The

The paper presents the complete steady-state

paper also presents assessment of various losses in the circuit.

An analysis based design procedure is presented, and certain de-
sign considerations are discussed in the paper. A high-voltage, 2 kW
prototype is built to verify the proposed design procedure. The small-
signal and steady-state characteristics predicted from the analytical

model are verified experimentally.
2 ANALYSIS

2.1 Principle of Operation

The full-bridge PWM converter is operated in a mode that pro-
vides zero-voltage turn-on for the active switches. The current and
voltage in the transformer primary are shown in IFig. 1. The gating
signals are such that, instead of turning on the diagonally opposite
switches in the bridge simultaneously, a phasc shift is introduced be-
tween the switches in the left leg and thosc in the right leg. This phase

shift determines the operating duty cycle of the converter.

The zero-voltage turn-on is achieved by using the cnergy stored
in the leakage inductance of the transformer to discharge the output

capacitance of the switches before turning them on.

Q4 and D1 are conducting, and at time ¢,, switch Q4 turns off and
the current through the primary of the transformer charges the output
capacitance of Q4 and discharges the output capacitance of Q2, turning
on the diode D2. After D2 starts conducting, Q2 can be turned on with
virtually no voltage applied across it. In order to achieve zero-voltage
turn-on the energy stored in the leakage inductance has to be larger
than the energy stored in the output capacitances. ‘Therefore ZVS is

lost for low load currents. The same is truc for Q4 at f.

At time (5, switch Q1 turns off and the curmrent through the pri-
mary discharges the output capacitance of Q3 and charges the output
After D3

starts conducting, Q3 can be turned on with no voltage applied across

capacitance of Q1, subsequently, diode D3 is turned on.

276

it. In this case, when Q1 turns off, the current through the primary of
the transformer is the output current reflected to the primary. The en-
ergy of the large filter inductor in the secondary is used to achieve ZVS.

Therefore, ZVS is achieved easily for the switches Q1 or Q3.

2.2 Steady-State Analysis

2.2.1 Required Dead Times

‘T'he mechanism by which ZVS is achieved is different for both legs
of the bridge.

For transistors Q2 and Q4, the ZVS is provided by the resonance
between the leakage inductance, Ly, and the output capacitance of the
switch. Figure 2a shows the waveform of the current through D2-Q2.

Before Q2 is turned off, the current in the primary is circulating
through diode D3 and transistor Q2, and the primary voltage is
clamped to zero. When Q2 is turned off, the current through the pri-
mary forces the diode D4 to turn on, and the energy remaining in the
primary leakage inductance is returned to the source. In order to turn
on D4, the output capacitance of Q4 has to be discharged and the
output capacitance of Q2 charged to the input voltage. The energy
available for charging the output capacitance of Q4 and charging the
output capacitance of Q2 is the energy stored in Ly, after £, (or ).
Also, the transformer winding capacitance has to be charged in the
process. Then the energy in 1y, has to be

E=%le122>%'CMOSV;+%CTRVii ($))
where [, is the current through the primary at time &, (or ), V;, is the
input voltage, Ly, is the transformer leakage inductance, Cpsqs is the

output capacitance of the switch at V;,, and Cry is the transformer

winding capacitance. The term % CprosVE, corresponds to two times
the energy stored in the nonlinear drain-to-source capacitor, whose

capacitance is inversely proportional to the square root of the voltage.

In order to ensure that Q4 will turn on with zero voltage, a dead
time is needed between the turn-off of Q2 and turn-on of Q4 to ensure
that D4 conducts prior to turn on of Q4. Knowing the elements that
are involved in the process, the dead time required to ensure the maxi-
mum possible load range with ZVS can be determined. The resonance
between Ly, Cpos and Cyp provides a sinusoidal voltage across the
capacitances that reaches a maximum at one fourth of the resonant
period,

OTmax = % = % \/—LIk_C— @
where C =

Cumos + Crr-

The dead time between Q2 and Q4 is sct at d7,,,,, to ensure that
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all the energy stored in Ly is available to charge/discharge the

capacitances.

Fig. 2. a) Voltage and current in D2 and Q2, b) Detail of the rising

edge of the voltage c) Voltage and current in D1 and QI, d)
Detail of the rising edge of the voltage.

Figure 2b presents detail of the voltage across Q4 at turn-off (time
t,) for three different values of load current. The first voltage waveform
corresponds to the case when the energy in 1, is larger than the energy
requircd to charge/discharge the capacitors. The switch output
capacitances are charged/discharged in less than d7,,,, and the voltage
is clamped to the input voltage. The second voltage waveform corre-
sponds to the limit case when the encrgy in 1, is cqual to the encrgy

required to charge the capacitances. ‘T'he last waveform corresponds to

the case when the energy in Ly is not sufficient to charge/discharge the
output capacitances, and ZVS is lost. After 57,,, Q4 (or Q2) is turned

on and the voltage V,p increases sharply to Vi,

The ZVS for Q2 and Q4 is dependent on the load of the converter,
and for light loads, the current through Ly at ¢ (or f) may not be
sufficient to charge/discharge the output capacitance of the FETs and
to turn on the antiparallel diode (D2 or D4).

For switches Q1 and Q3, ZVS is provided by a different process.
Before Q1 is turned off, the current in the primary is reaching its peak
value (Fig. 2c). The primary current is the reflected filter inductor
current. When QI is turned off the energy available to charge the
output capacitance of Q1 and discharge the output capacitance of Q3
is the energy stored in Ly, plus the energy in the output filter inductor.
The latter is available because the filter inductor current does not yet
freewheel through the rectifier until the voltage across the secondary
has fallen to zero. Since the energy in the filter inductor is large com-
pared to that required to charge/discharge the capacitances in the pri-
mary, the capacitances of the switches can be considered charged
approximately at a linear rate with a constant current (Fig. 2d).

The value of the dead time, 67, , required between Q1 and Q3,

can be determined from the equation

4CposVin+ CraVin = Ip 071 )

where the term 4CyqsVin, corresponds to twice the charge stored in

the nonlinear drain-to-source capacitance of the MOSFET.

The dead time can be calculated with the peak value of the pri-
mary current, /,, that corresponds to the peak value of the current

ripple in the output filter inductor reflected to the primary.

2.2.2 Zero Voltage Switching Range

The ZVS for Q! and Q3 can be achicved cven at light loads be-
cause 1 and D3 can always be turned on by the reflected current of
the output filter inductance. However, Q2 and Q4 only achieve ZVS
for a load current above a critical value. The critical current required

in the primary to achieve ZVS can be calculated from (1)

2 (4 2 1 2
lee= [ 7 ( =3 Cmos Vin+5 Crr Vin) @
L \3 2
The available current through Ly,.at &, can be calculated as,
Ny Al Vour T
. af_ D)+ 5
L N, (Iload+ 2 1, (1-D)5 (5

where 1 is the filter inductance, V,,, is the output voltage, IJ is the
duty cycle in the primary, T is the switching period, /.4 is the average
output filter current, A/ is the output filter inductor current ripple, and
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N, and N correspond to the number of turns in the primary and sec-

ondary of the transformer, rcspectively.

Finally, ZVS is achieved for values of load current such that

Iy > Icrit (6)
or
N v -
r Al out 1
L el o oy L
lioad > N, lee ==+ 1 =M= ()

When the load current reflected to the primary is lower than the
magnetizing current, the magnetizing inductance becomes part of the
the

charge/discharge the output capacitances of the switches Q2 and Q4 at

7VS process. For such light loads energy  available  to
times t, and g, respectively, is the energy stored in the lcakage
inductance, plus the cnergy stored in the magnetizing inductance of the
transformer. ‘This is because the magnetizing current can not circulate
through the secondary of the transformer during intervals ¢, — ¢, and
is — tg, due to the low output inductor filter currents freewheeling
through the rectifier. The use of the magnctizing current has been fully

described in reference [9].

2.2.3 Choice of Switching Frequency, Ieakage Inductance and
Duty Cycle.

ZVS is achieved over a greater load range with larger values of
Ly, . However, the finite slope in the rising and falling edges of the
primary current reduces the duty cycle available in the secondary. For
a desired dc-to-dc transformation, Ly, has to be selected together with

the frequency of operation and transformer turns ratio.

The voltage gain of the ZVS-PWM converter can be expressed as:

VOlll NS
T W, Do ®

where Dy is the duty cycle of the secondary voltage.

The primary duty cycle, that is set by the control of the circuit,

can be expressed as:

D=Dyy+ AD ©)

where AD is the loss of duty cycle due to the finite slope of the rising
and falling edges of the primary current. Looking at Fig.3 AD can be

expressed as:

I+ 1

AD=———*— (10
Vi T
Ly 2
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Putting Eq.(11) into (9) and using Eq.(8), the following expression

is obtained:

aL, L
1+ s Lue
D Kb (12)
B 1 Ly
Dy Iy

where R = Rjyuq (N,[N)? and L/ = L{N,/N;)? are the load resistance
and filter inductor reflected to the primary.

When the term containing (1 — D) in Eq. (11) is small compared
to 2/;,44 the Bq.(12) can be simplified to:

_ Ly
D=Dy{1+47% 1

For a given power, input-output voltage ratio,and maximum duty

(13

cycle, the transformer turns ratio, switching frequency and leakage

inductance have to be chosen to satisfy:

N, v Ly
14 out 14
12[)ma"2—N5 v, (1+4 g A (14)
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Fig. 3. : Definition of variables of the waveforms.



2.2.4 Loss Analysis

The ZVS-PWM converter provides ZVS for the devices, but it has
larger rms currents in the primary than the conventional full bridge
PWM converter. It is of primary interest to quantify the conduction
losses and compare them with those of the conventional PWM
counterpart.

The conduction losses due to channel resistance of the switches
can be calculated as:

2

PQ=Ron Lyms s

where R,, is the channel resistance of the switch and /,,, is the rms
value of the current through the switch. The conduction losses for the
switches are:

*Q2or Q4

2 2
Iy AD 2 Al
PQz,4=Ron' (7—;) T+ lou1+T Doy

+ I2 + 122 1-D
cav 3 ( ) (16)
*QlorQ3
f 2
1 AD
Pg, 3= Ron ( /3 > 2
Al >
2 1
<Iour 3 ) n@ff (17)

where the first and second terms inside the brackets correspond to the
rms currents during intervals £; — ¢, and ; — t5, respectively. The third
term for losses in Q2 and Q4 corresponds to the rns current during the
time the primary voltage ( V5 ) is clamped to zero, interval ¢ — ¢,
(t5 — tg). All the rest of the variables used are defined in lig. 3.

Since the conventional PWM converter is always designed to
minimize the leakage of the transformer, AN~0 . There is also no

conduction during the interval ¢; — &, (15— #).

"T'he conduction losses on the primary bridge diodes are:

(18)

Pp=Vaode lav

where V4, is the forward voltage drop on the diodes, and /,, is the
average current through the diodes. The conduction loss of the diodes
can be written as:

* D2 or D4

L

AD
Pp, = (7)thode - (19)

* Dlor D3
L ap
PD],: = Vdiode [lout -+ T ) ] (20)

these losses are negligible in a conventional full-bridge PWM con-
verter.

The conduction losses in the rectifier are the same for conven-
tional PWM and ZVS-PWM.

eRectifier
1
Prett=4( 02“’ Vf)

where V is the forward drop for the rectifier diodes, assuming that a

@n

full-bridge rectifier is used.

From the loss expressions, it can be deduced that the ZVS-PWM
converter has larger conduction losses than the conventional PWM
bridge, particularly when using small duty cycle and large L; which
imply large (1 — D) and large AD, respectively. The main advantage in
terms of efficiency for the ZVS-PWM is provided by the reduced
switching losses and the elimination of the need for snubber circuits
across the bridge switches. This reduction of switching losses permits
efficient operation at higher frequencies and reduces stress in the de-

vices.

The use of snubber circuits across the output rectifier, common
to both conventional PWM and ZVS-PWM, adds additional losses.
The losses for the rectifier snubber are dependent on the available de-

vices, and are discussed in detail in Section 3.

2.3 Small Signal Model

The ZVS-PWM converter is a buck-derived topology. However,
it can be seen from the description of operation that the duty cycle of
the secondary voltage, Dy, depends not only on the duty cycle of the
primary voltage, D, (determined by the control), but also on the load
current (/;), leakage inductance (L), input voltage (V,), and switching
frequency (f;). This can be concluded by examining Eq. (12), and ob-
serving the relation Dpy= D — AD . The small-signal transfer function
of this converter, therefore, will depend on Ly, f;, and the perturbations
of the filter inductor current (?L), input voltage (I,J\in), and duty cycle of

the primary voltage (d).

To accurately model the dynamic behavior of this converter, it
should be found how Ly, f;, ;'\L, t"\,,,, and 9 contribute to the pertur-
bation of dyy (dyy). Knowing that, it is possible to incorporate the ef-
fects from this circuit into the small-signal circuit model of the PWM
buck converter (Fig. 4) to obtain a new small-signal model of the
ZVS-PWM converter.




It is shown [8] that the total change of duty cycle of the secondary
voltage is:

N Ny ZD' Ly \ A N 4Ly f n
eff = Np L/ - NP Vin s
Ns 4ufs a
Np V2 in

(22

The first term represents a change in secondary duty cycle due to
the change in the primary duty cycle. The second term in the Eq. (22)
represents a change of d,; due to the change of the filter inductor cur-
rent. This term is negative and acts as a current feedback. The third
term represents the change of dgy due to the change in the input volt-

age. This term introduces the effect of the feedforward of input voltage.

When we replaceAg in the conventional PWM buck converter
model (Fig. 4) with d,;, we obtain the small-signal model of the
7ZVS-PWM converter (Fig. 5). Figure 6 shows a prediction (dashed
lines), and measurement (solid lines) of the control-to-output transfer

function obtained using the model of Fig. 5.

A
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Vin Jng C R
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1: Deff
Fig. 4. Small-signal model of the PWM buck converter.
L
ot
Vin =C R
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R (d;+d,)
1:Dgge
Fig. §. Small-signal modet of the ZVS-PWM converter.

3 IMPLE

TATION AND DESIGN GUIDFLINES

3.1 Specific Considerations

The high voltage and power level of the converter require special

attention to parasitics that can affect the operation.

The primary leakage inductance and output capacitance of the

devices are used to achieve 7 VS, as has been described in Section 2.
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Fig. 6. Control-to-output transfer function, measurement (solid

lines), and prediction (dashed lines).

The transformer design does not need to be optimized to reduce the
leakage inductance as would be the case for a conventional PWM
converter. However, the parasitic capacitance of the windings has an
adverse effect: it needs to be discharged at the same time as the output
capacitances of the power FETs are charged/discharged. This increases
the total energy required to be stored in the leakage inductance to en-
sure ZVS, as is presented in Fq.(4), resulting in a larger critical current
required to achieve ZVS (Eq. 5). To reduce this effect, the transformer

should be designed to minimize the winding parasitic capacitances.

The ringing across the rectifier is affected by the leakage
inductance of the transformer, the winding capacitance and the rectifier
diode characteristics. This ringing across the rectifier occurs when the
voltage rises in the secondary of the transformer. In a full-bridge
rectifier, when voltage is applied to the secondary, two of the rectificr
diodes are reverse biased, and the leakage of the transformer rings with
the diode capacitance and winding capacitances. Even though fast re-
covery rectifiers are employed in this application, the diode reverse re-
covery can produce peak voltages higher than three times the voltage
applicd to the secondary.

The ringing has to be snubbed, but the use of an RC snubber in
parallel with the rectifier would introduce large losses since the ringing



frequency is less than 10 times the switching frequency, due to the large

values of Ly, 'This frequency is,

I S
NS
NS 14 C

where C is the equivalent capacitance of the rectifying diodes and the

Jrng = @3

transformer windings.

A scheme has been proposed [7] that clamps the maximum peak
voltage of the ringing and returns part of the encrgy to the output.

Figure 7a presents the clamping circuit used.

The design of the clamping circuit is based on balancing the charge
that is transferred to the clamping capacitor, C,, with the charge re-
turned to the load in order to keep the voltage across C, constant [7].
Figure 7b presents a simulation of the voltage across the rectifier and

the primary current after adding the clamping circuit.

3.2 Design Guidelines

The equations presented in Section 3 are used to design the power
stage. This section outlines the design procedure for the ZVS-PWM.
In the next section this procedure is used to design a prototype hard-

ware.

Specifications needed to start the design are: Vi, Viynand

Ioad max- The design procedure can be performed in the following steps.

1. Choose D ,y. Dpay should be chosen as large as possible. This

allows to maximize %’1 and subsequently reduce the conduction losses
in the primary (Eq. 20;. D pax 15, however, limited by the time available
for resetting the current-sensing transformer and by the duty cycle range
allowed by the PWM controller.

2. Choose Ve Ve should be chosen as low as possible to reduce

N,
the voltage stress of the rectifiers, and to maximize Wp— . However, re-
V.

secr 1-€.  increasing (Np/Ny) reduces the prirrslary current and

ducing
consequently increases the value of the Ly, required for achieving a de-
sired ZVS range. For this reason the initial choice of V. is somewhat
arbitrary, and the final value is obtained after scveral iterations through

steps 2 to 5.

Viec has to satisfy:

v,
Ve 2 24 (24
sec l)n‘ax )
N, V.
b "in
== (29)

a)

Vo=360 V
Lf lo=0105.56 A
@ o el
T
.
“ of Rload
Ce =

b)
1. 2Kpemmmmmnoeen dmmmemeanan bemmmenenenan Hmeeemmnennaee emmmeememenne +
o_ex% +
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Fig. 7. : a)Clamping circuit, b) Simulated rectifier voltage with the

clamping circuit.

The initial choice of Vg should be somewhat higher than
Vout Pimaxe Once Ve is chosen it is straightforward to calculate
(N,IN), Dy (Eq. 8) and AD (Eq. 9).

3. Chose the ZVS range. Calculate /,;, from £q.(7).For this cal-
culation it is necessary to choose the value of the output inductor cur-
rent ripple, Al, . Since D is not known at partial loads, it is not possible
to calculate I, exactly. In the first iteration of the design it is rea-
sonable to make the average output inductor filter reflected to the pri-

mary equal to the value of I;,.

After the first iteration is completed, the values required for the
exact calculation can be determined and used as initial data for the next

iteration.

4. Calculate Ly, from Eq.(4). To perform this calculation it is
necessary to choose the devices for the bridge and estimate the parasitic

capacitance of the transformer.

5. Calculate the switching frequency from Eq.(11) or (12).
After completing these steps the initial design is obtained. This

design, however, may not be unsatisfactory from the point of view of




circuit realization. The following cases may occur:

¢ Switching frequency too low (high): In this case it is possible to go
to step 4 and reduce (increase) the ZVS range or to return to step 2 and
increase (decrease) Ve.

® Ly, too high (low): In this case it is possible to go to step 4 and reduce
(increase) the ZVS range or to return to step 2 and increase (decrease)

V,

sec

3.3 Power Stage Design

The converter built has the following specifications:
® Input voltage, V;, = 600 V
¢ Output voltage, V,,, =360 V
¢ Output power, Py, =2kW (I,,,=5.56A)
and the following were chosen
® Maximum duty cycle, D, = 0.8
® Secondary voltage, V.. =600 V
¢ Output inductor current ripple, Al; = 2.3 4

The ZVS range is chosen to be from full load to 50% load, this
implies a minimum load current for ZVS of 2.78 A. Using Eq.(7), the
initial guess for 1, is I,;, = 2.784

Choosing the devices with Cypz)s =82 pF, and estimating the
transformer capacitance to be Cpp=100pF, the Fq. (4) gives
Ly =148 uH.

Fq. (12) gives the switching frequency of 368.5 kIl

At this point the value of the filter inductor required for the de-
sired current ripple is 105 p/i.

Using the results of the first iteration, 1) = (.67 is obtained for the
operation at the ZVS limit.

Recalculating all the steps with the values obtained for D, the next
sct of values obtained is:
lyi=21A4, Lyp=26ull, f=212kllz
After going through the design steps several more times, the fol-

lowing results were obtained:

Lyp=52pll | f=100kliz

The transformer turns ratio is set at I:l, and using a corc
FE-55/55/21 of 117C4 material from TDK with N, = N, = 26 turns.

The the duty cycle required in the primary is:/) = (.79 , which is
below the specified limit. The filter inductor is L;=314 pd1 | which
gives a current ripple Al = 2.3 4.
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Fast-recovery rectifying diodes were used to minimize the ringing

across the rectifier.

The clamp circuit was designed (7) to clamp the ringing voltage

to a maximum voltage V. =850F. The values required are
R. =20k and C, = 30 nF. The losses associated with the clamp cir-
cuit are
2
(Vc— Vum) =1
R

c

Pross = 2w (25)

which is below 1% of the converter power.

The ZVS range can be calculated using 1'q. (7): ‘The minimum
current to have ZVS is [,;,=1494 , for Cyp=100pF and
Cypos = 82 pI', and the corresponding load current is 2.67 A, so ZVS
is lost for loads below 48% of full load.

Fig. 8 is the circuit schematic of the power stage, specifying the

components used in the prototype.

Q ’J J1,, 04 J R
Vi=600 V IRFPE50 IRFPES0
as |
Qz D2
J x> J 1
Lik=
52 uH
IRFPESD IRFPES0
Vo=360 V
Ca=2 uF Lf=314uH lo=0105.56 A
1 L 2 f b AgzaK |
g C Rload
u lce=s0nF  ACFSUF
H7ca-EESS/5521 26 &
Diodes 1N6630
Fig. 8. Experimentat circuit.

4 EXPERIMENTAL RESULTS

4.1 Circuit Operation Waveforms

Based on the design given in Section 3.3 a breadboard has been

implemented.

Figure 9 shows current and voltage in the primary (top
waveforms), and the voltage across the secondary for full-load opera-
tion. The absence of ringing in the voltage waveform implies ZVS. The
secondary voltage ringing is clamped to 850 V (close to the predicted
value). The ringing frequency is approximately 2.3 MITz. This low

ringing frequency would produce large losses in a RC snubber.

When the load current is decreased below 2.7 A, ZVS is iost as

predicted by the analysis. Figure 10 shows the waveforms for a load



current of 2.1 A (top waveforms) and the detail of the rising edge. The
voltage in the primary increases sinusoidally until L has been fully

discharged, then the switch is turned on with 200 V across it.

Fig. 9. : Voltage and current in the primary (top waveforms) and
voltage across the rectifier (lower waveform), full-load opera-
tion. (Scales: Voltage:200 V/div., Current:5 A/div., Time:2
psec/div.)

Fig. 10. : a)Voltage and current in the primary (top waveforms) and
voltage across the rectifier (lower waveform), for
T1o0a = 2.1 Ab)detail of the rising edge. (Scales: Vollage:200
V/div., Current:2 A/div., Time:2 usec/div.)

Tigure 11 shows the waveforms corresponding to 5% load. ZVS
is lost but the voltage overshoot on the switches is less than 200 V, as
can be seen in the primary voltage waveform. The voltage across the
rectifiers (bottom waveform) has two ringing frequencies:
® The ringing between Iy, capacitance of diodes and capacitances of
the transformer windings, is at 2.3 MIz. This ringing is also present in
the waveforms at larger loads.

e The ringing between the output filter inductor and diodes
capacitance, is at a frequency of | MHz. This is due to the discontin-

uous conduction mode of operation of the filter inductor current.

4.2 Efficiency measurements

Figure 12 shows the measurements of efficiency vs load. The
maximum efficiency achieved was 94.5% at full load. The efficiency
remains approximately constant until ZVS is lost and the switching

losses start to increase.

Fig. 11. : Voltage and current in the primary (top waveforms) and
volltage across the rectifier (lower waveform), for
Toad = 0.3 A. (Scales: Voltage:200 V/div., Current:2 A/div.,
Time:2 usec/div.)

Table I presents the loss breakdown at full-load and at [.R A load
(after losing ZVS). The equations derived in Scction 2.2.4 are used to
calculate the conduction losses. The magnetic core losses and the
winding resistances are used to calculate transformer and inductor
fosses. The snubber circuit losses can be calculated based on its design
[7]. Finally, switching losses in the rectificr are calculated assuming
lincar voltage and current transitions during the reverse recovery. The
remaining difference with the measured value is assumed to be switch-

ing losses in the bridge devices.

The switching losses in the devices at full load arc practically zero.
7VS provides no turn-on losses. The fast turn-off of the devices to-
gether with the large value of output capacitance also minimize the
current and voltage overlap during turn-off. Therefore switching losses
are negligible. Fven when the ZVS is lost, the total Joss associated with

each switch is always below the full-load case.

The main source of loss is the voltage drop in the channcl resist-
ance of the MOSFETs. This is followed by the magnetics losses. The
snubber losses (1% of output power) could be reduced by allowing a

larger peak voltage across the rectifiers. ITowever, the selections of de-
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Fig. 12. : Measured efficiency vs. load.



vices with large blocking capability and small reverse recovery times is

limited.

Table I: Loss breakdown

switching freq. 100 100 Kliz
input voltage 600 600 volts
output voltage 360 360 volts
output current 5.56 | 1.84 | amps
input current 3.52 | 1.17 | amps
input power 2113 | 702 watts
output power 2000 | 662 watts
losses 113 40 watts
Q1-Q3 cond. 19.7 [ 3.1 watts
Q2-Q4 cond. 26.6 | 4.86 | watts
D1-D3 cond. 2.7 1.56 | watts
D2-D4 cond. 1.1 0.01 | watts
transformer 12 5.4 watts
filter induct. 126 |25 watts
rectifier cond. 15 4.75 | watts
rectifier sw. 3 0.3 watts
switching 0 53 walts
snubber 20 12 watts
efficiency 945 1942 | %

5 CONCLUSIONS

The ZVS-PWM converter provides Z VS for the switches by using
the leakage inductance of the transformer and the output capacitance

of the switches. No extra component is required to realize ZVS.

The steady-state operation of the ZVS-PWM converter has been
analyzed to fully characterize its operation and to establish design
equations. The magnitude of Ly, of the transformer determines the ZVS
load range. Since Ly, limits the rising and falling times of the primary
currents, the available duty cycle in the secondary is reduced. This

limits the maximum Ly, to be used in a particular design.

An analysis based design procedure is established and verified. A
breadboard was fabricated with 600 V input voltage and 360 V output
voltage at 2 kW output power. The converter was operated at 200 kHz
conversion frequency. The efficiency at full load was 94.5 %. ZVS

operation was retained up to 48% load.

Due to ZVS operation the primary side waveforms are free from
switching noise and require no snubber. The secondary voltage
waveform for a high output voltage (360 V) has a substantial ringing
due to the reverse recovery of the diodes. The ringing frequency is

usually too close to the switching frequency which makes it difficult to
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snub the ringing effectively using a RC snubber. An energy recovery
snubber network is employed to keep the snubber loss below 1% of
the output power.

‘The conduction losses of the converter are somewhat larger than
those of a conventional PWM bridge converter. howevcr, this is com-
pensated by not requiring the use of snubbers across the primary

switches.

The prototype designed operates with ZVS from full load to 48%
load. The loss of ZVS does not greatly affect the good operation of the
converter and the waveforms are free from switching noise, even at light

loads.
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