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Abstract A new analysis of the Ghislanzoni-Weinberg resonant ZVS/ZCS converter yields normalised
graphs and approximate equations suitable for design use. A design procedure is presented. For an
experimental converter, theoretical predictions, simulation results and laboratory measurements are in good
agreement, with an efficiency of 93% being obtained.
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INTRODUCTION

Amongst a great deal of research into power electronic
converters using resonance, Ghislanzoni and Weinberg [1]
have presented a resonant zero-voltage switching (ZVS), zero-
current switching (ZCS) push-pull d.c.-d.c. converter with
several attractive features, especially for space applications:
* Parasitics are employed as circuit components
* ZVS and ZCS give low switching losses and reduced EMC
problems
* The voltage transfer ratio is determined by the transformer
ratio only, whatever the duty factor of the switches; when
fed from a pre-regulated supply no over-voltage is possible,
even under feedback failure

However, the analysis in [1] requires numerical computation
before it can be used for design. The present paper gives an
alternative analysis which provides a more easily understood
basis for design, making use of normalised graphs and
approximate equations to produce a straightforward design
procedure.

This is an approach which might be extended to many jof the
other resonant, quasi-resonant and multi-resonant converter
topologies available from the literature.

Analytical Approach

The basic approach is to use an approximate analysis to
elucidate the operation of the circuit during each part of the
switching cycle. The aim is to derive algebraic expressions for
the important currents and voltages, normalised in terms of the
circuit parameters. Where implicit expressions occur, they are
approximated by simple explicit functions. Graphs are
presented which are applicable to any design.

Converter Circuit Operation

The converter circuit is shown in Fig. 1.
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Fig. 1 Diagram of converter topology

Itis current-fed by the ‘large’ inductance L., and the switches
§ and S, operate in push-pull, but with a “gap’ during which
neither switch is on. During this time the input current flows

into the tuning capacitor C,, charging it to a level somewhat
above the input voltage. When one of the switches, say S,
turns on, a resonant current pulse flows from C, through the
tuning inductance L; (which includes the leakage inductance of
the transformer, or may consist wholly of 1t), and via the
transformer and output diode D; into the ‘large’ output
capacitance C,. After the end of the resonant current pulse, the
switch is tumed off, in principle at zero current (ZCS) and
hence without switching loss. A ‘gap’ time follows when both
switches are off, and the energy stored in the transformer
magnetising inductance transfers resonantly to the parasitic
capacitance of the transformer and switches, C,. This results
in a rise of voltage across S, and by transformer action, a
corresponding fall in the voltage across S,, which in principle
eventually reaches zero, at which point S, can be turned on
without switching loss (ZVS). In practice neither current nor
voltage falls exactly to zero, as emerges from the analysis, but
switching losses are nevertheless much reduced. The second
half-cycle is similar to the first, with S, and D, acting in place
of §; and D,.

ANALYSIS

The degree of simplification of the analysis is to some extent
arbitrary, the choice lying between two extremes. One is a
fully detailed Laplace transform analysis requiring the usual
linking of starting and final values over the whole cycle. The
other is an analysis that treats all ‘large” components as infinite,
and when deducing the basic waveforms, neglects all losses.

The following assumptions are made in the analysis:

* All components are ideal.

* The output voltage is equal to the input voltage, V, =V ;
i.e. secondary quantities are referred to primary.

* L, is so large that the current through it may be considered
pure d.c.

* The leakage inductance is small compared with the
magnetising inductance, L; << L.

* The leakage inductance is small compared with the choke
inductance, L, << L.

* The tuning capacitance is small compared with the output
reservoir capacitance, C, << C.

* The switch capacitance is small compared with the tuning
capacitance, C; << C,.

Note that this analysis does not cover operating modes in
which the on-time of the switches is less than the width of the
resonant current pulse; these modes do not have zero-current
switching. Operation of the circuit over a switching cycle can
be divided into intervals during which the conduction states of
the switches and diodes (the circuit configurations) remain
unchanged. Switch waveforms are shown in Fig. 2 on the
next page.

Configuration 1, Duration T,. In Configuration | a
switch (taken as §y) and the corresponding diode (D,) conduct.
This is the most important of the four configurations, because
energy is transferred from the input circuit to the output
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Fig. 2 Voltage and current waveforms for one of the two switches,
showing intervals T'\-T, associated with Configurations 1—4

reservoir capacitor. An equivalent circuit is shown in Fig. 3.
L, has been replaced by a current source I; ; L;is positioned as
shown to ease the analysis; and C, has been replaced by a
voltage source V), equal in value to V;. As C of the other
switch, S,, is small, its effect is neglected. The effectof L,, is
also negligible in this configuration.
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Fig. 3 Equivalent Circuit for Configuration 1

Waveforms: Initially C, is charged and ig = 0. The circuit is
governed by the differential equations

i = I; = C, dvg,/dt 1)
and ‘
Vo = Vi — Lydiglde )

The resulting waveforms of ig and v, are shown in Fig. 4.
For convenience the time origin is positioned as shown.
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Fig. 4 Waveforms During Configuration 1

The solutions of (1) and (2) are:
is = I} + Al cos wyt 3)
and

Vo = Vi— AV sin wyt 4)

where AV = AI(L/C) and w, = UV(LC,). The conduction
angle w, T; may be found as

a)OT1 = 7 + 2 arcsin [/Al 5)

and clearly this is greater than .

Relations Among Circuit Parameters:  Charge Q is transferred
resonantly from C, to C, during 7'. Then

0- ["iwa-nT, 2
1.2

A Gin (w,T,/2) (6)

This charge originates from the input supply. If the switching

period of the circuit is T the charge drawn from the supply

during a half-cycle of operation is Q =/;T/2. Using this with
(5) and (6) we obtain
A ATV

o, T = 2% + 4 arcsin — + 4 — -1 (7)

Al I
Clearly in (7) we must have AJ/l; = 1. It follows directly that
w,T = 4x; this is a fundamental relation between the circuit’s

principal resonant frequency and the switching frequency.
Substituting for w,,

167°L,C,
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which is an important relation among the circuit parameters /,
C, and T, essentially placing an upper limit on the switching
frequency. The normalised resonant frequency w,7" tums out
to be very important in the subsequent analysis.
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Switch Current: For design purposes we should like to know

Ix = I; + Al so(7)is recast into the form
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Though I,,/I; is a key ratio in the analysis, it is an implicit
function of w,T rather than explicit. This may be dealt with as
follows. For a range of values of 1,/I;, w,T is calculated and
is plotted as in Fig. 5 (solid curve). Here w,T forms the
horizontal axis while /,/]; is the vertical axis.
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Fig. 5 [/l;a> a function of wel’

An approximation to the implicit function is the empirical
equation

Ly
—7—‘ ~ 0.262 w,T -0.320 exp (4 - w,T) - 0. 977 (10)
1

which is also shown in Fig. 5 (broken curve). It will be used



henceforth in the analysis as it allows the development of
useful approximate design formulae. Thus, for instance, from
(5) itis found that

@,T) =~ + 2 arcsin

/ - — - )
\0262 wol 0.320 €exp (47{ (UOT) 1.98

In order to estimate losses in the resistive components it is
useful to know the rm.s. value of the current. By definition,

1 T2
Iy = f "%20) de (12)
_Tl/2

Using (3) and (5), after some algebra we find:

2 2
1 ? 1 Al Al
(ms)=——l—- (n+23rcsin—i)l+l— +3 —| -1
I; w,T Al 2 I I

(13)

Recalling that /;/Al depends only on @, T - see (7) — it is
apparent that /,,,, /i1 is a function of @,T alone. Once again an
analytical solution is impossible, but following a similar
procedure as with /., //;an empirical equation has been found:

I 4n-w,T

M 0.037 w,T — 0.147 exp (i) +0.548  (14)

I 7

Fig. 6 shows the implicit function of equation (13) (solid
curve) together with equation (14) (broken curve).
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Switch and Diode Voltage Ratings: The non-conducting switch
(S,) and diode (D,) experience their maximum voltages during
Configuration 1. By transformer action between the two half-

primaries, twice the voltage across C, appears across S,.
Calling this Vy;,

V,e= 2V, +AV) (15)

Substituting AV = Al V(L/C,), Al =I,~I;  and
w, = 1VL;C), and applying (10)

Vv T 0.320 1.98
L ! o =2e - -
v, -2(1+ e (0.262 oT exp(dn-a,T) ol ))

(16)

Vp/V; . which is again a function of w,T, is plotted in Fig. 7
for four values of C,. The peak voltage across the rectifier
diodes is simply found by transformer action between the two
half-secondaries as 2V, .

Configuration 2, Duration T,. In Configuration 2 §,
continues to conduct but D; now blocks. An equivalent circuit
is shown in Fig. 8. The circuit remains in this configuration
for duration T',, until the switch is opened.
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Fig. 7 V,/V;as a function of w,T, with C,R;/T as a parameter
Here R; = Vi/I.

Fig. 8 Equivalent Circuit for Configuration 2

Magnetising Current:  While S, is closed, magnetising current
flows in the magnetising inductance L,,. The magnetising
current is typically much smaller than the resonant current, so it
is not important to predict it accurately. Thus we make the
approximation that, during T,,, = T} + T, voltage v, = V,.
Taking into account the bidirectional magnetisation of the
transformer, the magnetising current at the end of 7, is then

im = VITonszm = Lmepk) 17
Since i, << I}, capacitor C; charges during T, according to
dvg/dt = I,/C, (18)

its voltage rising linearly.

Zero-Current Switching: For lowest switching loss, the switch
should be opened when there is zero current through it.
Because of the magnetising current this is not possible. It is
therefore desirable to keep T, small, ideally zero, in order to
keep the switched current small. However, if I, ) << [, the
switch-off losses will in any case be low.

Configuration 3, Duration Tj;. In Configuration 3 no
switches or diodes conduct. Magnetising current flows in both
half-primaries, transferring charge from one switch capacitance
to the other. The circuit remains in this configuration for a
duration T3, until diode D, becomes forward-biased. An
equivalent circuit is shown in Fig. 9.
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Fig. 9 Equivalent Circuit During Configuration 3

At the conclusion of Configuration 2, magnetising current
Inipry 18 flowing in ome of the half-primaries. The magnetic















