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Abstract - A new family of zero-current-switching variable- boost converter and then extended also to the buck and buck-
frequency dc-dc converters is presented. It employs two poost topologies. Mitage and current stresses for different
unidirectional current switches, one diode, two small reactive topologies are also analyzed. Finally, a small signal model
;:omp(;fnents and |a filter _;:ahpacnolr. Zero cudrrent tur:;—on andt for the basic switching cell, suitable for control design of any
urn-oft ensure fow swiching 10Sses and Smooth CUTTEnt ¢ o proposed topologies, is also proposed. Experimental

waveforms result in low electromagnetic noise emission. The its of a boost ¢ tot firm the th tical
discontinuous operating mode and the variable switching results of a boost converter prototype confirm the theoretica

frequency make the presented topology suitable for low-power analysis and the foreseen performance.
applications or for high-power low-frequency applications

where SCR’s can be profitably used. Experimental results of a Il. TOPOLOGYDESCRIPTION
rototype confirm the theoretical expectations of the proposed . .
golutigr?. P prop The core of the new family of ZCS-VF dc-dc converters is

l. INTRODUCTION the switching cell dgpi_cted_ in Fig. 1. As we can see, it is
composed by two unidirectional current switchesad S,

The increasing demand for high-power density dc-dgne diode D and two reactive components L apd The
converters has lead to a great effort in developing converigifee cell ports P P, and R are all voltage ports, i.e. only
topologies capable of working at high switching frequencyoltage generators or smoothing capacitors can be connected
with reasonable overall efficiency [1-6]. The family of Quasio. Being B a voltage port, capacitor,Ean by substituted by
Resonant Converters (Zero-Current [1] or Zero-Voltage [2] capacitor in parallel to diode D without modifying the cell
are valuable examples of such compact dc-dc converi@feration. By connecting the input voltage generator and the
structures. However, the SenSitiVity of the SOﬂ'SWitChingutput filter Capacitor to two of the three cell ports and
condition on the load current and/or the input voltage greaddg|ecting the correct current direction, the basic converter
increases the device stresses [3], thus making them suitaBlgologies buck, boost, buck-boost are derived, as shown in
for particular applications only, i.e. for those having reducegdg. 2. Since the cell operation is the same for all topologies,
input and load variations. the boost converter is taken as an example and only its

This paper proposes a new family of dc-dc convertegperation is described hereafter. For a better understanding
which employs two unidirectional current switches with zergf the converter behavior refers to Fig. 3, which reports the
current at both turn-on and turn-off. Besides the OUtpUt fllt%a”'] converter waveforms during a Switching period_ Let us
capacitor, only two small reactive components are useflart the converter analysis at instant t =0, where all

while output voltage control is achieved by switchingwitches and diodes are off, capacitqri€ charged to -LJ
frequency variation. Compared to zero current-switchingnd inductor current is zero.

quasi-resonant converter family (ZCS-QRC), the proposed
solution ensures soft-switching condition independently ona_  Charging Phase 0 <t <
load or input voltage variation. This is, however, achieved e ) ) )
using two unidirectional current switches in addition to the Puring this interval, Sis turned on and inductor curreqt i
output diode, which practically implies that three devices af!d capacitor voltage cy! follow s!nusmdal waveforms
in series during the powering phase, thus making t@&cording to the following equations:
proposed solution suitable for high voltage input. Moreover, ()= U, +U, sin((o t)
the switching frequency is inversely proportional to the load- Z, '
resistance, thu_s making the proposed solution suited nga(t)zug_(UgJ,UO)co wt) (1.b)
applications with almost constant loads, as for any
i . i 1 L

variable-frequency quasi-resonant converter. _ where w, = andz, = |—

The proposed family is based on a switching cell which /Lc;a C,
generalizes the converter operation under different e .
topologies. Steady-state analysis is firstly performed for t%equency and the characteristic impedance respectively.

(1.a)

are the resonant angular
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When, at instant T the auxiliary capacitor voltagecy .
reaches the output voltage value, diode D starts its b :

conduction. The duration of interval 1 given by:

1 _ M-1
UCa(T1)= UOD Tl =acosl§_m§

where M= U/U,is the voltage conversion ratio. Since
W2<w T <1, from (2) the voltage conversion ratio M

must be greater than one, thus revealoogst opeation.

(2)

The inductor current iat the end of intervalis given by:

]

. U . 2U
i (T)=1, =Z—g(1+ M) sin(wTy) = Z
r r

B. Powering Phase Kt < T+T,

When diode D starts conducting, the source and the
inductor deliver energy to the output. The auxiliary capacitor
voltage @, remains clamped to the output voltage valye U
while the inductor current idecreases linearly to zero, i.e.:

_ U,-U
IL(t)z 1_Tg(t_T1)
P3
La, Do,
ao—o" o} 0 —ob
+ s % L +
SZ Ca::
Py Uge % Unc P,

Fig. 1 - Basic switching cell of the new family of ZCS-VF dc-dc converters

[
S

, L
UMD L__jca % L cF

(o S -—DK}‘b_
J = % I .
U, \is CTU3R,
1
a

Fig. 2 - The new family of ZCS-VF dc-dc converters:
a) buck; b) boost; c) buck-boost
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Fig. 3 - Main converter waveforms during a switching beriod. A) Charging
Phase; B) powering phase; C) discharging phase; D) Idling phase

0 |4

After a time T, the inductor current igoes to zero, thus
determining the end of subintervaj. Tits duration can be

found by:
2 M
w M-1
C. Discharging Phase (FT, <t < T;+T,+T,/2

iL(T:L+T2)=0 uT,= (5)

During this interval, which can be allocated anytime
between the end of the powering phase and the beginning of
the subsequent switching interval, switch i$ turned on
causing a half period oscillation between L ang abd
bringing the capacitor voltage-gfrom the value Yto the
value -U (see Fig. 3). The inductor current and capacitor
voltage waveforms during this interval are given by the
following relations:

L (©)=-5sin(a (-7, -T)

uCa(t) =Uo COS((*)i' (t -Th- TZ))
D. Idling Phase

(6.a)
(6.b)

At the end of the discharging phase, there is an idling
interval Tge whose duration depends on the output voltage
regulator. The converter regulation is thus achieved by
switching frequency variations.

The voltage conversion ratio can be derived by observing
that the current delivered to the output coincides with the
inductor current during the powering interva) (see the
shaded area highlighted in Fig. 3) which represents also the
diode current. By equating the output current with the diode
average current, the expression for voltage conversion ratio
M as a function of the switching frequengisfderived as:

[T
Ip = 21T: 0 M=1+2C,Rf, (7.a)

By using normalized load resistancgyR R/Z, and
normalized switching frequencyf= f{f,, (7.a) can be
written as:

o

0-7803-5695-0/00/$10.00 (c) 2000 IEEE



Ry [ll. EXTENSION TOOTHER BASIC CONVERTERTOPOLOGIES
M =1+ —fF (7.b)
L ) . ) ~_ Voltage conversion ratio for the other two basic topologies
It is interesting to derive the maximum switchinghyck and buck-boost) can be derived with the same

frequency, which is obtained imposingFO, as a function methodology used for the boost converter, since rtiagn

of voltage conversion ratio: converter waveforms are the same for all topologies.
f - fomex - T, _ 1 @) However, since each topology is simply obtained by rotation
sNmax g T T a1 F(M) of the basic switching cell of Fig. 1, it is convenient to
2 102 express the fundamental equations (2), (3) and (5) in a
where, by using (2) and (5), function F(M) is given by: generalized form by using the notation of voltages and
currents reported in Fig. 1. Comparing Fig. 1 with Fig. 2b,
F(M)zl—icos‘lHM —1H, M (9) the foIIowing relations h%ld: PAring °
2 (M +10 m(M -1) Use = Uy, Upo= U, 2= I 1= o (11)

By substituting (8) into (7.b), the maximum voltage i
conversion ratio M for a given load resistance is obtained, 1hus all equations from (1) to (6) plus (8) and (9) can be
solving the following implicit equation: first rewritten in the generalized form using (11). Then, they

R can be applied to the specific topology. Moreover, the
F(Mmax)(Mmax —1)=A (10) average input and output currents of the generalized
n switching cell can be expressed as follows:

Fig. 4a shows the voltage conversion ratio M as a function
[, T UpcUqe

of the normalized switching frequengyfor different values |, = 22 =2C.f, (12)
of normalized load resistance\R As predicted by (7.b), a 2T Upe ~Uqe
linear relation exists between output and control variables, U Ugc
thus simplifying the control design. All diagrams terminate a _U_aclb - 2Cafsm (13)

on the maximum switching frequency curve given by (8).
Fig. 4b, instead, reports the maximum voltage conversiorA. Buck ZCS-VF Converter
ratio Myax as a function of the normalized load resistance
R.n. Note that for the boost converter,,M varies almost

i mM Uac: Uo'Uga ch: 'Uga Ia: '|0a Ib: Ig 'Io (14)

!mea_lrly with the nqrmallzed load resstgnchRTms The key equations for the buck converter result:
implies that for high voltage conversion ratios low

From Fig. 2a, we note that:

characteristic impedancesate required. T, = icosﬂB—LE (15)
0, 02-MC
2U
L, =-—2V1-M 16
| 1= 7 (16)
2 J1-M
=— 17
i 27w M (A7)

1 O M Vi-M
F(M)=1——coslH H:
21 m®-Mg 1M
Note that the negative value for desults because of the
reversed current in the buck converter respect to the

(18)

a) 0 : : : - 1 directions used in the switching cell definition. The voltage
conversion ratio, which is derived fromp 4 -l, and (13), is
given by:

2 RLN
— M* = TfSN (19)

| The plot of M versus the normalized switching frequency
fsy for different values of normalized load resistangg R
. shown in Fig. 5. Again, all curves terminate on the
maximum switching frequency curve given by (8) and (18).
1 It is interesting to note that, since the voltage conversion
ratio is proportional to the square root of the load resistance,
b) 0 4 8 12 16 20 the buck topology achieves an “automatic” unity power
Ry factor when used as ac/dc rectifiers, so that the input current

is proportional to input voltage without any frequency
Fig. 4 — a) Voltage conversion ratio for the boost ZCS-VF converter at differegygdylation F]
normalized load resistance\Rvalues; b) maximum voltage conversion ratio
achievable as a function of the normalized load resistance

0-7803-5695-0/00/$10.00 (c) 2000 IEEE



1 : It is interesting to observe that the resonant capacifor C

M 4 can have different connections without changing the

0.8 . converter behavior. For example, as far as the buck-boost
Rin converter is concerned, if the connection gfirCthe pointc

0.6~ . is moved to poing, the resulting topology becomes the same
1 as that of the boost one with the exception of the output

0.4~ 0. 7] diode, which is inverted, and with the swap of the driving

02 fstax h signals between switcheg &d S.
IV. DEVICE STRESSES
0 \ \ \ \

0O 02 04 06 08 1 This section describes device voltage and current stresses

fon of the proposed ZCS-VF converter topologies. From the
Fig. 5 - Voltage conversion ratio for the buck ZCS-VF converter at different@Nalysis of the boost converter reported in section Il, we can
normalized load resistance\Rvalues observe that:
B. Buck-Boost ZCS-VF Converter = the maximum $voltage stress occurs at the end of the
From Fig. 2c, we note that: dischqrging phase for the_switch qnd at the end of the
Uao = -Ug, Ube= ~Ug-Ug 12= “lg I, 1= o (20) powering phase for the series blocking diode;

the maximum Svoltage stress occurs at the end of the
Thus, the fundamental relations for the bibcost converter powering phase for the switch and at the end of the

are derived as: discharging phase for the series blocking diode;
1 M the maximum D voltage stress occurs at the end of the
T —Ecos E’ 2+ M E (21) discharging phase;
U = the switch current stresses are proportional to the
l,=- S J1+M (22) corresponding switch voltage stresses (through the
Z, characteristic impedance of the resonant tank);
2 J1+M = the diode current stress is given by the inductor current
=N (23) value at the end of the charging phase (curr@nt |
r
v From the above infonation, voltage and current stresses
1 M 1+M ’
F(M)=1-—cos* 24 i i : :
( ) ot E2+ ME T (24) for all topologies has been derived and summarized in Table

I. Note that current stresses are proportional to the inverse of

Also for this topology the current direction is reversedz, This means that high voltage conversion ratios, which
thus justifying the minus sign in (22). The voltaggequire low characteristic impedances (Big. 4b), imply
conversion ratio, which is derived from= -l, and (12), is high switch current stresses.

given by: Unfortunately, the calculated voltage stresses are only
M?Z Ry 2 theoretical values, since the parasitic oscillations, that occur
1+M 1 N (25) " in a real converter between the resonant inductance L and

The control curves, i.e the plot of M versus the normalizél€ Switch parasitic capacitance during the idle phase,
switching frequency . for different value of normalized increase the actual voltage stress and require a proper
load resistance (R, are reported in Fig. 6 together with thedamping snubber.
maximum switching frequency curve given by (8) and (24).

Except for very low values of the normalized switching DEVICEVOLTAGI-EFQSIID_ICE:JJRRENTSFRESSES
frequency, the voltage conversion ratio varies almost lineagrly Tonolo Vol S c Strest
with the switching frequency. pology | otageA tress urrent Stress
3 \ T T Us Up
M 8 Buck 2W U, | YU (W U/ Z,
S; | Boost UrU, |UgU, [ (UgtU)/Z,
2L RLN 6 . Buck-boost | 20+U, | U, (2WFU)Z,
4 Buck U, Uq Uy /Z,
S, | Boost U U, UJ/Z,
1+ 2 - Buck-boost | WU, [UgU, | (UgtUy)/Z,
¥ Buck 2, [l1] (see (16))
shima D |Boost 2, [11] (see (3))
0 : ‘ ‘ Buck-boost | 2[(U+U,) [11] (see (22))

f
sN
Fig. 6 - Voltage conversion ratio for the buck-boost ZCS-VF converter at
different normalized load resistancg,Ralues
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V. SMALL SIGNAL MODEL .0 0,(s) 2C,R U,

S)= — =

Control design for the proposed ZCS-VF converter family ¢ f(s) 1+sR, cM-1

requires the knowledge of its dynamic behavior. To this, . hi imole f '\g for functi I

purpose, a small-signal model is here derived starting fro&”c. 'z a simpie first order ”"’?”Sd‘?r unction, as gsua y
the general switching cell of Fig. 1. Perturbing the input an tained in converters operating in discontinuous mode.

output average currents (12)-(13) under small-signal

(31)

TABLE Il

assumptions, the following equations have been derived: SMALL -SIGNAL MODEL PARAMETERS OF THEBOOSTCONVERTER
fb = al_babc +a|_bfs +a|_baac Input section Output section
0U afs U, (26.a) 1 M2 1 1
=_goabc+kofs+gfaac 9 _R_LM—l ° R.M-1
° ala A~ ala" ala ~ M M-=-2 1 M2
i =—2Uu. . +—f_ +—=-Uu = =
BT0U, T af, 90U, ™ (26.h) TR M-1 ‘TR M-1
=giaac+kifs+grabc |\/|2 - M
which correspond to the circuit model shown in Fig. 7. ki =2C.U,q M -1 ko =2C,U, M -1
N A
a ls s, b
[ . N o o
+ G Uye +
i 3noohob To forg Y
A A >
ki s O Upe kofs gfag C_) /\@ Io Uo ==C 3 RL
o— ‘ —0 kOfS
l C )

Fig. 8 — Output section of the boost small-signal model
Fig. 7 — Small-signal model of the basic switching cell

The parameter expressions of model (26.a)-(26.b) are V. DESIGNOUTLINE

given by: As an example, let us consider boost ZCS-VF converter
described in the section Il with the following specifications:
% =%=‘aﬂb =2Cafs% (27.a) minimum input voltage (Wh), Maximum input voltage
° be [be ™ Hac U (Ugnay), OUtpUt voltage (§), minimum load resistance
_ oy (Rimin), @and maximum switching frequency,(f).
9r = oU,. =2C.fs be =~ Uac (27.b) By using the specified maximum voltage conversion ratio
and the minimum load resistance, the characteristic
K, = a, =2C3%ME (27.c) impedance Zis calculated from (10). Then, from (7.b), the
of be ~ Yac resonance frequency it found at minimum input voltage
1 and load resistance. This choice allows to design the
i =r_= 3 & =2C.f, _ch é (28.a) converter so that at the minimum input voltage and at the
i ac be maximum output power it works at the limit between
_o0, _ Uy, —2U, discontinuous and continuous mode. A small margin is
9, =——=2C,f U, —m—= (28.h) . : ;
oU,. (ch _Uac)2 needed in order to cope with the converter losses and in

) order to ensure enough dynamic capability during step load

k. = oA, _ 2C ELE (28.c) Vvariations. From the definition of = 21, and Z, the values
Loofg *MYoe = Yac of the resonant components L ang &e easily derived.
These relations can than be applied to any of the paiwally, the output filter _capacitor vglue is calculated in.the

topologies. For example, by applying the small-signal modepual manner by imposing the desired output voltage ripple

to the boost converter of Fig. 2b, the parameters reporteddhthe switching frequency.

Table Il and the equivalent circuit of the output stage of VI. EXPERIMENTAL RESULTS

Fig. 8 have been obtained. From Fig. 8, the transfer function ) ) ]
between the control variablg &nd the output voltage has An experimental prototype was built and tested in order to

been derived as follows: verify the theoretical analysis. The converter specifications

N R were:

O(S) p .. .
G (s) ==L = oTTR C (29)  minimum input voltage: ........................ ol = 24V

f(s) p maximum input voltage:........................ arkd = 36V

_ LR M-1 . . output voltage:........cccccevvvvreeereeiniiineen. EVAY

where R, = r+R, R M Using the expressions minimum load resistance:..................... emil= 5Q
reported in Table Il we have obtained: maximum switching frequency............. smak = 125kHz
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The major converter parameters used in the prototype argjy 4
L=7.18.H, C, =141nF, C=100uF. These values has been
obtained using the procedure outlined in section V; however,
due to the low input voltage, a low efficiency is expected, so 3 Ir 4
that a big safety margin was taken in order to meet the ,. LA/
desired specifications. ' // °R | | R

Fig. 9 shows the resonant inductor currenthe resonant 2 P4 /0/"/"
capacitor voltage ¢4 and $ drain-source voltage during a ¢ il
switching period for the minimum input voltage and the :://‘/
nominal output power. Note that, the discharging phase 1, 20 0 60 30 100 120 140
when the inductor current is negative, was allocated just Switching frequency [kHz]
before the charging phase: this allowed to remove the serieBig. 10 — Measured voltage conversion ratio as a function of the switching
blocking diode of § thus reducing the power loss during the frequency for three different load resistances
discharging phase. The experimental waveforms agree quite
well with the predicted ones except for the parasitic ACKNOWLEDGMENTS

oscillations, already mentioned, durmg the ,Idle phased_a R The authors thank Mr. Antonio Trevisan for his contribution in the
Cq snubber was used R 12@2, C; = 2nF) in parallel t0 experimental activity.
switch S in order to limit its voltage stress and damp the
oscillations (the snubber dissipation is below 1W).

In Fig. 10 is reported the voltage conversion ratio M as a
function of the switching frequency for three different load. K. H. Liu, R. Oruganti, F. C. Lee, "Resonant Switches - Topologies and

resistances. Note that the expected linear behavior is a|mostCharacteristics," IEEE Power Electronics Specialists Conf. Proc., June
’ 1985, pp.106-116.
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Experimental results of a prototype based onbitrest ZCS-

VF topology confirm the theoretical expectations.
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Fig. 9 — Main converter waveforms in a switching period. From top to bottom:
inductor current i (5A/div), resonant capacitor voltage (40V/div), drain-
source voltage of switch, $20V/div)
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