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ABSTRACT

This paper presents a novel family of Zero Voltage Tran-
sition (ZVT) DC-DC PWM Converters that uses a reso-
nant circuit as auxiliary commutation source to control
the current through the auxiliary switch without addi-
tional current stresses on main devices. The improved
ZVT commutation cell enables the main switch to be
turned on and off at Zero Voltage Switching (ZVS) and
the auxiliary switch to be turned on and off at Zero
Current Switching (ZCS) from zero to full-load.

KEYWORDS: DC-DC Converters, Zero-Voltage Transi-
tion, Auxiliary Resonant Source.

RESUMO

Este trabalho apresenta uma nova familia de converso-
res CC-CC PWM ZVT os quais utilizam um circuito
ressonante como fonte auxiliar para controlar a corrente
através da chave auxiliar sem agregar esforcos adicio-
nais de corrente nos dispositivos principais. A célula
de comutacgao aperfeicoada possibilita a comutacao da
chave principal sob tensao nula e a comutacao da chave
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auxiliar sob corrente nula desde carga nula até carga
nominal.

PALAVRAS-CHAVE: Conversores CC-CC, Transicao Sob
Tensao Nula, Fonte Auxiliar Ressonante.

1 INTRODUCTION

Due to the current trend towards producing elec-
tronic equipments with higher efficiency, power den-
sity and EMI performance, the search for more efficient
soft, switching techniques becomes ever more intensive.
Among these techniques, commutation at zero voltage -
termed Zero Voltage Transition: ZVT - has often been
used in low and medium power applications. This is be-
cause of the low additional stresses added to the con-
verter by the auxiliary commutation network located
in parallel with the main power path, yielding low ad-
ditional conduction losses when compared with other
zero voltage switching techniques, Lee (1988) and Wang
(1995).

Although ZVT is a well-accepted technique, several ZVT
commutation cells proposed in the literature suffer draw-
backs such as:

e turn-on capacitive losses at auxiliary switching,
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Hua (1992), Streit (1991);

e higher main switch current stresses, Yang (1993),
Moschopoulos (1995) and (1996), Smith (1997) and
Tseng (1998);

e higher auxiliary switch voltage stresses,
(1993) and Xu (2000);

Yang

e operation under limited voltage converter ratio,
Filho (1994);

e additional components count, Menegdz (1999).

Among the ZVT commutation cell presented to date, the
most attractive solution is presented by Martins (1993).
However, it needs an autotransformer in the commuta-
tion cell to perform the auxiliary commutation source,
which may increase the size and complexity of the con-
verter. In addition, the auxiliary switch is turned off
with the magnetizing current.

This paper proposes an improved ZVT commutation
cell that uses a resonant tank as auxiliary commuta-
tion source, thereby eliminating some of the drawbacks
mentioned above.

The paper is organized as follows: Section 2 introduces
a family of Improved ZVT PWM DC-DC converters,
and describes the operation principles of the improved
ZV'T boost converter. Section 3 sets out the soft com-
mutation conditions. Section 4 gives a design guideline
and presents an illustrative example. In Section 5 the
feasibility of the proposed ZVT commutation cell is ver-
ified by means of experimental results obtained from a
prototype rated at 1 kW operating at 100 kHz. Finally,
Section 6 sets out conclusions from the analysis and the
results drawn.

2 PRINCIPLES OF OPERATION

A new class of soft-switching converter was proposed by
Hua (1992), namely ZVT PWM converters. These con-
verters use a few additional elements placed in a parallel
path with the main power circuit providing zero volt-
age commutation for the main switch without additional
voltage and current stresses. Thus, this approach over-
came the main drawbacks presented by ZVS-QRC con-
verters, Lee (1988), and ZVS-PWM converters, Henze
(1988). However, in Hua (1992) the auxiliary switch
commutates with turn-on capacitive losses, reducing the
overall efficiency gain and the EMI performance of these
converters. To overcome these drawbacks this paper
proposes an improved ZVT commutation cell shown in
Fig. 1. It maintains the merits present in Hua (1992)

Figure 1: Improved ZVT Auxiliary Commutation Cell.

and furthermore, achieves soft switching at zero current
(ZCS) for auxiliary switch. To obtain these characteris-
tics a resonant tank, which plays the role of the auxiliary
source, is used to control the current through the auxil-
iary switch. The resonant tank of Fig. 1 is represented
by the inductor L,; and the capacitor C,..

Fig. 2 shows a family of improved ZVT PWM DC-
DC non-isolated converters obtained by incorporating
the auxiliary resonant commutation cell to the common
equivalent circuit of DC-DC converters presented by Irie
(1990). It can be seen that the auxiliary commutation
cell is placed in parallel with the main power path of
each converter.

2.1 Operation Principles of Improved ZVT
Boost Converter.

To analyze the operation of the proposed improved ZVT
DC- DC PWM converters, the improved ZVT PWM
boost converter was chosen. Fig. 3 shows the simplified
diagram for this converter. It differs from the boost
converter presented in Fig. 2(b) in terms of the following
assumptions used in the analysis:

e the input inductor is large enough to be considered
as a constant current source I during one switching
period;

e the output capacitor is large enough to be consid-
ered as a constant voltage source Vj ;

e all the semiconductors are considered ideal.
In the steady state operation this converter assumes nine

different circuit modes in one switching period. The
description of each circuit mode is presented as follow.
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Figure 2: The Improved ZVT Family Converters.

Before the instant t¢ the diode D is conducting the in-
put current I. The voltages across both switches are
equal to the output converter voltage Vy and voltage
across auxiliary capacitor C, is zero. The main the-
oretical waveforms during the main switch turn-on are
presented in Fig. 4(a), whilst the turn-off and the PWM
operation are presented in Fig. 4(b). The diagram of
each circuit mode is presented in Fig. 5.

2.1.1 Mode 1. (to, t1):

At tg, the auxiliary switch S, is turned on and starts a
resonance process between ir,1(t) and v, (t). At the
same time ir,2(t) begins to increase linearly until it
reaches the input current value. The voltage and current
expressions to this mode are given by:

ver(t) = Vo — Vg cos(wit),

, Vo .
irm(t) = Z—?sm(wlt)

1)
)
ves(t) = Vo (3)
Yo (4)

t
Lr2

iLrQ (t) ==

The time interval of this mode is given by:

IL'r2

Aty =t —ty = v
0

Where the impedance Z; is given by

Lrl
Cyr

Zy = (6)

and the resonant frequency wy by:

1
e \% Lrlcr (7)

2.1.2 Mode 2. (ti, to):

When the current through L, is equal to I, boost
diode D turns off and a resonant process begins between
irra(t) current and ves(t) voltage. This process will
completely discharge the energy stored into C,. This
mode lasts until the current through the auxiliary switch
reaches zero. The voltage and current behavior are given
by the expressions:

ver(t) = Vo + (Ver(ty) — Vo) cos(wit)+
leLrl(tl) sin(wlt) (8)

(VO B VCr(tl))

7 sin(wlt) + I (tl) COS(wlt)
1

(9)
(10)

(11)

Zerl (t) =

ves(t) = Vo cos(wat)

\%
ier(t) =1+ Z—Osin(wzt)
2

The time of this mode is given by:

™ —l—sin*l (% (1 + %)) B IZ2
w1 Vows
(12)

Aty =ty —t; =
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Figure 3: Improved ZVT Boost Converter.

where the impedance Z5 is given by:

Lr2

Zy = c. (13)
The resonant frequency is given by:
1
Wy = —— (14)

Vv LTZOS

The factor k; defines the ratio between the overcurrent
through inductor L,o defined as AI and the input cur-
rent I:

ky = AIJI (15)

2.1.3 Mode 3. (tz, tg):

During this mode, the auxiliary switch body diode D,
turns on. This ensures the soft commutation conditions
for the auxiliary switch turn-off. This circuit mode ends
when the voltage vos(t) reaches zero. The voltage and
current expressions to this mode are given by:

ver(t) = Vo + (Ver(t2) — Vo) cos(wr )+

ZIILrl(tZ) Sin(wlt) (16)

(VO _ VC'F(tQ))

Z'Lrl (t) = Zl

sin(wlt) + ILrl(tg) COS(W1t)

(17)

ves(t) = Vo cos(wat) + Zo (I — Ipra(ta)) sin(wat) (18)
ira(t) = T + ?sin(wgt) + (Tira(ts) — T) cos(wst)

i (19)

The time of this mode is given by:

. 1(z 1
™ — 2sitn (Z_;(1+k_1))

w1

Aty =tg —ty =

(20)
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Figure 4: Main theoretical waveforms:
modes; (b) PWM and turn-off modes.

(a) Turn-on

2.1.4 Mode 4. (t3, t4):

At t3, voltage veos(t) reaches zero and the main switch
body diode D; turns on, ensuring the soft commutation
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conditions for its turn-on with ZVS. At the same instant
D, turns off and the current iy,2(t) decreases in a res-
onant fashion through L1, L2 and C,.. This mode ends
when ve, (t) reaches zero and the voltage boosting diode
D¢, turns on. The voltage and current expressions to
this mode are given by:

vor(t) = Vo + (Vor (t3) — Vo) cos(wst )+

ILrl(tg) SiIl(w:;t) (21)

(Ver(ts) — Vo)

irm(t) = 75 sin(wst) + I (t3) cos(wst)
(22)
ves(t) =0 (23)
irr2(t) = —ip,i(t) (24)
The time of this mode is given by:
Aty =t4 —t3
B sin~t (% (1 + ﬁ)) —tan~! (LlIL‘;Ol(M)) +
= o
(25)

where the angle « is given in the Appendix.The
impedance Z3 is given by:

Lrl + Lr2
Zy =4 — 26
; = (26)
and the resonant frequency ws by:
1
W3 = (27)

(L'rl + L'r2) Cr

2.1.5 Mode 5. (t4, t5):

At ty4, the currents through ir.2(t) and iz, (t) decrease
linearly until it reaches I, when Dy is turned off. The

voltage and current expressions to this mode are given
by:

ver(t) =0 (28)
i1 () = —Y0 (k) (29)
Lrl - Lrl + Lr2 Lr1\t4
vos(t) =0 (30)
inra(t) = —ipe1(t) (31)
The time of this mode is given by:

I —TIpi(ts) (L + L

Aty = ts —t, = ( r1(te)) (L1 + Ly2) (32)

Vo

Figure 5: The Improved ZVT Family Converters.

2.1.6 Mode 6. (t5, tg):

The current iy,9(t) continues to ramp down until it
reaches zero and the current through main switch S
reaches I. In this mode, the expressions to the volt-
ages and currents are the same as in Mode 5. The time
of this mode is given by:

ILrl (t5) (Lrl + LTQ)
Vo

Atg =tg — t5 = (33)

2.1.7 Mode 7. (t6, t7):

The operation of the circuit at this mode is similar to
its hard-switching counterpart. The input current flows
through the main switch S. The time of this mode is
given by the duty-cycle of the PWM modulation.
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2.1.8 Mode 8. (t7, ts):

At t7, the main switch S is turned off and the current I
is diverted to the snubber capacitor C, and its voltage is
linearly charged up to output converter voltage Vy. The
voltage and current expressions to this mode are given
by:

VCor (t)
Z'Lrl t)

NOO

w

(
’ch(t) = Et
(

I
o

irra(t)

The time of this mode is given by:

CVo

Aty =ts —t7 = =

2.1.9 Mode 9. (tg, tg):

When ves (t) voltage reaches Vy, the boost diode D turns
on, and another switching cycle begins.

3 SOFT COMMUTATION CONDITIONS
3.1 Main switch turn-off (ZVS)

As described in Mode 8 of Section 2, after main switch S
is turned off, the input current is diverted from switch to
a snubber capacitor C,. As a result, voltage across the
main switch increases with controlled dv/dt achieving
zero voltage turn-off. The capacitance value is given by
expression (39) as follows:

It
Oy =7

- 2k V) (39)

where ¢y is the fall time of the semiconductor device
used and factor kgis chosen to reduce the commutation
energy dissipated by the semiconductor. The range of
ks is defined below:

0<ks<l1 (40)

3.2 Main switch turn-on (ZVS/ZCS)

To achieve main switch turn-on without losses, it is ini-
tially necessary to divert the input current from boost
diode D to inductance L,o and after, to discharge com-
pletely the snubber capacitor Cs. This way the reso-
nant process between ir,.2(t) and ves(t) must lasts until

ves(t) achieves zero. This condition is assured by the
following expression:

2k w; (27T — sin”! (% (1 + %»)
w1 = (2+ kym)

(41)

3.3 Auxiliary switch turn-on (ZCS)

As described in Modes 1 and 2 of Section II, by the pres-
ence of inductors L,; and L, current through auxiliary
switch S, increases with controlled di/dt achieving zero
current turn-on. Furthermore, by an appropriate choice
of Lo, the reverse-recovery losses of boost diode D can
be minimized. The expression (42) can be used to choose
the inductance L,o:

Vo

Lr2 >
(in)

(42)

where %ip is the turn-off di/dt rate of the boost diode.

3.4 Auxiliary switch turn-off (ZCS/ZVS)

To assure the conduction of diode D1, ensuring the aux-
iliary switch turn-off without losses, the following re-
lation between the characteristics impedances must be
satisfied:

7 kq

7y k (14 k1) (43)

where the constant ks must be greater than one and
is defined as the ratio between the maximum values of
current through each one of the resonant inductors L,
and L,o as shown below:

_ ILrl(max)

ks >1 (44)

B ILrZ(max)

4 DESIGN GUIDELINES

This section describes a design procedure and gives an
example of how to determine the component values of
the proposed improved ZVT PWM boost converter.

The input data are defined as follows:

e Output Power: Py = 1000W
e Output Voltage: Vy = 400V

e Input Voltage: V; = 150 V (+ 10%)
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e Operation Frequency: fs = 100 kHz

e Minimum estimate efficiency: n > 95 %

The design guidelines consist of the following eleven
steps:

1. The value of the capacitance C4 can be determined
by a turn-off capacitive snubber procedure as pre-
sented by Mohan (1995). However, to minimize the
number of auxiliary components, in this example,
C, is adopted as the intrinsic output capacitance
of the semiconductor device (MOSFET — IRP450).
Thus, Cy is defined as: Cy = Cpss = 0.40nF

2. From the output power and the minimum estimate
efficiency, the input power is defined: P; = % =
1050 W

3. From the input power and the input voltage, the
input current is defined by: I = % =70A

4. The inductance L, is obtained from the expression
(48) where the factor ky is chosen as equal to ky

—0.25. Lyy = % (¥2)% = 22,15 uH

k2 \T
5. The impedance Zs is calculated by: Zs = ch =
235.39Q
6. The resonant frequené:y wo is calculated by: wy =
1 ra
T = 10.62 M Tad/

7. To ensure ZCS commutation to switch S,, ko is
defined by (44) and was chosen equal to ky = 1.1:

8. Substituting kg and kjvalues in expression (43), the
impedance Z; is given by: Z; = 42.79)

9. From the expression (41), wy is: w1 = 9.8 M rad/s

10. The inductance of the resonant tank is given by:
Ly =2 =436 uH

11. The capacitance of the resonant tank is given by:
C, = -1 =238nF

Z1wi

5 EXPERIMENTAL RESULTS

Following the design example shown in Section 4, a 100
kHz, 1 kW improved ZVT PWM boost converter proto-
type has been implemented to verify the operation and
the performance of the proposed improved ZVT com-
mutation cell. The power circuit operates from a 150 V
DC voltage source and supplies a 400V resistive load as
shown in Fig. 6. Its main parameters are summarized in

ek D,
MUR1560  MUR1560 |
D. |
UF5406 1N5352!
L&l ———Drk——-

ll

V er i DCr I—rl
[ S Jt@ RHR%lZFO
IRFP450 C—r R§

e

HGTP7N60C3L

Figure 6: Improved ZVT Auxiliary Commutation Cell.

Table 1: Experimental Parameters

Component Parameter
Vi (input voltage) 150 V
Vo (output voltage) 400 V
Py (output power) 1.0 kW
fs (switching frequency) 100 kHz
L (input filter) 0.91 mH
C (output filter) 150 uF
S (main switch) IRFP450
Sa (auziliary switch) HGTP7N60C3D
D (boost diode) MUR1560
Dy, (blocking diode) MUR1560
Dy, (auziliary diode) RHRP8120
L,y (resonant inductor) 3.5 uH
Lo (resonant inductor) 21.7 uH
Cs (resonant capacitor) | 400 pF (Cs = Copss)
C, (resonant capacitor) | 3.0 nF (= 2 x 1.5 nF)

Table I. The main switch used was IRFP450 (MOSFET)
and the auxiliary switch used was HGTP7N60C3D (600
V, 7 A) UFS (Ultra Fast Switches) series IGBT from
Intersil Semiconductors, which present a built-in, anti-
parallel hyperfast diode. To reduce the auxiliary semi-
conductors parasitic capacitance effects in the auxiliary
circuit, a saturable reactor implemented with 8 turns on
a Toshiba “spike killer” core (SA14x8x4.5) was used, as
well as a clamped circuit represented by the dashed lines
in the power stage circuit diagram, Fig. 6.

As can be seen in Fig. 7(a), the gate-source signal of
switch S, is applied only after the voltage vpg reaches
zero, characterizing the zero voltage turn-on.

To assure ZCS turn-off at auxiliary switch, its gate-
source signal is removed after the current through it
reaches zero, as shown in Fig. 10(b). The ZCS con-
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ditions achieved to auxiliary switch permit the use of
minority carrier devices which are more appropriate for
these conditions. As a result, the turn-on capacitive
losses presented by the ZVT converters proposed in Hua
(1992), Streit (1991) and Menegéz (1999) are consider-
ably reduced.

Fig. 7(c) shows the voltage across the resonant capacitor
C, and the current through resonant inductors L, and
Lyo.

Figure 8 shows the measured efficiency of the boost
converter with the improved ZVT commutation cell as
function of the output power, whose value was approx-
imately equal to 96.5% at full load (1 kW). For com-
parison purposes, Fig. 11 also includes the efficiency
curves of the conventional ZVT boost converter, Hua
(1992), and its hard-switching counterpart. The mea-
sured efficiencies at full load were, respectively, 96.1%
and 94.3%. Using the resonant tank, the ZCS condi-
tions are achieved to the auxiliary switch, so that the
turn-on capacitive losses presented in Hua (1992) are
avoided, ensuring an efficiency gain by the proposed con-
verter for high load conditions. As the tank energy is
proportional to the converter voltage output Vg, the cir-
culating reactive energy is maintained almost constant
for whole load range, which mitigates the efficiency gain
obtained with the auxiliary switch ZCS operation at low
load conditions.

6 CONCLUSIONS

A family of Improved ZVT PWM converters is pre-
sented. These converters retain the merits of ZVT pro-
posed by Hua (1992): namely, neither voltage nor cur-
rent stress on main devices, and low additional conduc-
tion losses when compared to its PWM counterpart.
Furthermore, soft switching at zero current (ZCS) for
the auxiliary switch is achieved, which is more suitable
for minority carrier devices, allowing the reduction of
converter switching losses.

To obtain these characteristics without the presence of
a DC voltage source in the auxiliary circuit, a resonant
tank is used as auxiliary commutation source. It con-
trols the current flux between main power and auxiliar
circuits. In addition, it also controls the current through
the auxiliary switch without additional current stresses
on main switch as presented in Yang (1993), Moschopou-
los (1995, 1996), Smith (1997) and Tseng (1998).

Operating principles and commutation process are de-
scribed and verified by experimental results, which were
obtained from a prototype of 1 kW operating at 100 kHz,
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I |
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Chi 200 hZ 0.0V

(a) Main Switch: Chl - vDS(t), Ch2 -vGS(t).
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Ch2 - vGE(t),Ch3 - iC(t).
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&
I eNE
w2,
\ [
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Ch3 5.00vQ2 Ch4d 5.00VQ

(c) Resonant Elements: Chl vCr(t), Ch3 - iLrl(t),
Ch4 - iLr2(t), Time=250 ns/div.

Figure 7: Experimental results.

giving an efficiency gain when compared to the conven-
tional ZVT and to its PWM hard-switch counterpart at
full load.
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A APPENDIX

The angle « is defined by the expression below:

o =qa1 —ay+ as (45)
where:
oy = sin~ ! (2 (1 + kll)> (46)
Z1Ir,1(t
ag =tg~! (Ll(‘l)) (47)
Vo

ag = sin 1 ((Zg —Z1) (14 k1) I cos (g - al)

cos (a2) tan (g - al)) (48)
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