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Novel Zero-Current-Switching PWM Converters
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Abstract—This paper presents a new family of pulsewidth-  The zero-voltage-switching (ZVS) technique is presented
modulated (PWM) converters, featuring soft commutation of jn [5] and [6], and the performance of the zero-voltage-
the semiconductors at zero current (ZC) in the transistors and .5nsition power-factor converter (ZVT-PFC) using IGBT’s is
zero voltage (ZV) in the rectifiers. Besides operating at constant h . . .
frequency and with reduced commutation losses, these new Con_analyzed in [6]. The aUX|I|_ary cell proposed |r_1 (5] |nC0rp0rate_s
verters have output characteristics similar to the hard-switching- the advantages of offering soft commutation for the main
PWM counterpart, which means that there is no circulating switch (ZVS) and auxiliary switch (ZCS). The current through
reactive energy that would cause large conduction losses. Thethe auxiliary switch becomes zero naturally, and the main

new family of zero-current-switching (ZCS)-PWM converters is - qyitch js gated as a dual thyristor. The zero-voltage-transition
suitable for high-power applications using insulated gate bipolar

transistors (IGBT's). The advantages of the new ZCS-PWM boost pulsewidth-modulated (ZVT'_PWM) boost converte_r prOPosed
converter employing IGBT's, rated at 1.6 kW and operating at N [6] allows soft commutation (ZVS) for the main switch.

20 kHz, are presented. This new ZCS operation can reduce the However, in this circuit, the auxiliary switch does not benefit
average total power dissipation in the semiconductors practically from the soft commutation (ZCS), and the control technique
by half, when compared with the hard-switching method. This  yemands an independent gate circuit for the auxiliary switch.

new ZCS-PWM boost converter is suitable for high-power appli- In additi ith h the t | liminated usi
cations using IGBT’s in power-factor correction. The principle n addition, althoug e wrn-on fosses are eliminated using

of operation, theoretical analysis, and experimental results of the IGBT’s at the main switch in [5] and [6], the turn-off losses
new ZCS-PWM boost converter are provided in this paper to are not zero, due to the presence of the current tail in

verify the performance of this new family of converters. IGBT's.
Index Terms— DC/DC converters, power electronics, soft- A comparative study of switching losses of IGBT's under
commutation techniques. soft switching (ZVS and ZCS) and hard switching is presented

in [7]. The ZVS technique eliminates the turn-on losses, but,
during the turn-off process, the presence of the current tail
I. INTRODUCTION causes high turn-off losses, particularly for slow devices. So,

S)FT-COMMUTATION techniques have been of great inthis technique can be applied only to fast IGBT's with small
e

rest within the last few years in power-supply switchinﬁurre”t tails. Furthermore, those results verify that the turn-

applications. However, frequency modulation, large condu@ll 10sses in ZCS were significantly reduced, but the turn-on

tion losses, and high voltage/current stresses in the switclRES€S were practically the same as those for the hard-switching

are known drawbacks [1]. technique. S .
In order to overcome these difficulties, different authors 'M this paper, a new principle is presented to achieve ZCS

have recently proposed alternative topologies. One of theflj,constant frequency (ZCS-PWM) for the active switches and
introduced in [2], uses an auxiliary switch to provide £VS for the passive switches, with practically zero turn-on and

dead time to temporarily interrupt the resonant transitiofN-off losses, without an increase in their voltage and current

This technique has been generalized in [3]. Unfortunatesl?resses' This new ZCS technique is much more effective than
i

circulating reactive energy causes large conduction losse S techniques in reducing switching losses.
these converters. The new ZCS-PWM boost converter, using IGBT's rated at

For high-power applications (above 1 kW) IGBT's aret600 W and operating at 20 kHz, is used as an example to
preferred, when compared with power MOSFET's whichlustrate the operation of the new ZCS-PWM converters.

present much higher conduction losses than IGBT’s. On the
other hand, IGBT’s are relatively slow in switching speed, so
the switching losses and the hi)g;h frequency of ogpefation are ll. THE NEw ZCS-PWM (ELL
two well-known problems [4]. Therefore, to be able to operate Fig. 1(a) shows the new ZCS-PWM proposed cell. It is
at high frequency, ZVS or ZCS soft-commutation techniqudermed by two switchesS1 and S2, two diodes D1 and
are investigated for IGBT’s in different topologies. D2, two resonant inductor€,.; and L,», and one resonant
capacitorCr. S1 is the main switch, which is responsible
for the power transferred to the load, wifitzis an auxiliary
Manuscript received May 23, 1996; revised September 30, 1996. switch that handles a small fraction of the total output power
C. A. Canesin is with Paulista State University, UNESP-FEIS-DEE, 1537&nd is rated at a small average current.
000 Ilha Solteira, §o Paulo, Brazil. , Fig. 1(b) shows the new ZCS-PWM boost converter gen-
I. Barbi is with the Federal University of Santa Catarina, INEP, 88040-970 .
Floriarbpolis, Santa Catarina, Brazil, erated from the new ZCS-PWM cell. One can notice that
Publisher Item Identifier S 0278-0046(97)04137-3. the frequency-modulated quasi-resonant-ZCS boost converter
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Fig. 1. (a) The new three-terminal ZCS-PWM cell. (b) New ZCS-PWM boost converter. (¢) FM-ZCS-QRC. (d) Conventional hard-switching-PWM
boost converter.
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Fig. 2. The six basic topologies of the new ZCS-PWM converters. (a) Buck. (b) Boost. (c) Buck-boost. (d) Cuk. (e) Sepic. (f) Zeta.

(FM-ZCS-QRC) in Fig. 1(c) can be derived from the new In order to explain the operation and to simplify the analysis
ZCS-PWM converter, and the conventional hard-switchingf these new ZCS-PWM converters, the new ZCS-PWM
PWM boost converter in Fig. 1(d) can be derived from thikoost converter [Figs. 1(b) and 2(b)] is taken as an example.
FM-ZCS-QRC. Therefore, the new ZCS-PWM converter is Bherefore, it is assumed that the converter is operating in
more general topology, and it incorporates the most desiralteady state, the input filter is large enough to be approximated
properties of the previous circuits, namely, low conductioby a current sourcé,, the output voltagd/, is constant, and
losses and PWM from the conventional converter and s@fi components are ideal.

commutation from the ZCS-QRC.

lll. THE NEW FAMILY OF ZCS-PWM QONVERTERS A. Stages of Operation of the New ZCS-PWM Boost Converter

The six basic new ZCS-PWM converters shown in Fig. 2 Fig. 3 shows the nine topological stages of operation of the
are generated from the proposed commutation cell shownriaw ZCS-PWM boost converter, in agreement with the main
Fig. 1(a). waveforms shown in Fig. 4, where the main switgh starts

It should be noted that the principle of operation and featuresnducting att = ¢o and the auxiliary switch52 at ¢ = ¢,.
of these new converters are the same as those of the rigeth switches turn off simultaneously during the time interval
ZCS-PWM boost converter. Atg = tg — ts.
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Fig. 3. The topological stages of the new ZCS-PWM boost converter.
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Fig. 4.

Ideal relevant waveforms of the new ZCS-PWM boost converter.
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Fig. 5. Control timing diagram for the new ZCS-PWM boost converter.

Fig. 4 shows the ideal relevant waveforms for this new STAGE 2: [¢1,¢5], Fig. 3(b).
ZCS-PWM proposed boost converter during one switching In this stage, the current, remains flowing through’.,.;
cycle. and S1. The remaining semiconductors are in ther state.
As can be seen in Fig. 4, the zero-current switching Ehe time intervalAt, is defined by (9):
achieved for the mainS1), and auxiliary §2) switches. It
should be noticed that the rectifier diodg31(and D2) were I (t) =1 (7)
also softly commutated under zero-voltage switching. Ir,o(t) =Ve,(t) =0 (8)
Frqr_n Fig. 4, it can be seen th_at the zero—_cur_rent _swnchlng Aty = DeT — Aty )
transition takes place only during the switching intervals,
and the ZCS time intervalT is a small fraction of the \\nere p_ is the duty cycle of control’ = 1/f, is the

switching period. The time intervaAT depends on the switching period, andf, is the switching frequency.
resonant parameters and is independent of the output POWersTAGE 3: [t2,%3], Fig. 3(c)

Fig. 5 shows the control timing diagram proposed for the a¢ e instantt,, 52 is turned on. The current;,sevolves
new ZCS-PWM boost converter. It is in agreement with the, - oconant way, througk,,C,., L,o, and $2.51 remains

ideal waveforms shown in Fig. 4. conducting the currenfs;. Once again, due to the presence

_ In order to perform the analysis and derive equationg ; . 9 'is turned on with no switching losses. This stage
independent of particular parameter values, the paramaterg o whenVe,.(t) = V, att = t5. The time intervalAts
r — o —_— . ?

and 3 are defined as follows: and the current throughi,» att = ¢5 are given by (13) and
(14), respectively:

o= 5, [Lr2 (1)
Vv,V C. I () =1 (10)
L, I
/3 = L1i . (2) ILrQ(t) = E sin wo1t (11)
Ver(t) =Vo(1 — coswort) (12)
STAGE 1: [to, 1], Fig. 3(a). 1 7
Prior to the turn on ofS1, the currentl, flows through At = w_m§ (13)
D1,D2, and V,. At the instantty S1 is gatedon, to start 1,
stage 1. In this stage,,,, rises linearly from zero up td,, Ipea(ts) = (14)
while Ip; and Ip, fall toward zero. The time interval\¢;
is given by (5): STAGE 4: [t3,t4], Fig. 3(d).

At the instantts, D1 also starts conducting’,., 11,1, and

Ip(t) = Vo ¢ 3) I1,.» change in a resonant way,.; and L, are connected in
S parallel. Stage 4 ends whdh,1(¢t) = 0 att = #g4:
Itro(t) =Ver(t) =0 (4) 5o
1l « ) 7 _ Lsrq
Aty =03 (5) I (t) =1s 115 a [1 — coswoat] (15)
I, 1 I
Irt:————l— t 16
where L 2( ) a (1 +/3) a[ COS Wo32 ] ( )
1
Ver(t) =V, | 1 + —=sinwgat 17
wor =~ ©) ot = Vo 1+ g smennt) (a7)
LTQCT

where
Thanks to the presence bf.,, during the commutation from

D1 and D2 to S1, there are no switching losses. wo2 = wor/ 1+ 5. (18)
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The voltage acros€’,. att = ¢, and the time intervalA¢,
are given by (19) and (20), respectively:

Ver(ta) =V, <1 + %\/204/3 —a? - a2/3> (19)

-2,

3 (20)

1
Aty = —acos
wWo2

STAGE 5: [t4,t5], Flg 3(8)

During this stage, the currelift,; changes its direction and
flows through the antiparallel diode of1. This stage ends
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STAGE 9: [ts, t9], Fig. 3(i).

In this stage, the curredt, flows throughD1, D2, and load.
This stage ends at= 9, whenS1lis gatedoN to start the next
operation period. The time intervaltg is governed by (34):

I (t) =1ne2(t) =0 (32)
VCT(t) =0 (33)
8
Aty =T(1 - De) — lz Ati] . (34)
=3

From Fig. 4, it can be seen that the zero-current switching

when/z,,(t) = 0 att = ¢;. The time intervalA; is governed s achieved for the active switches. In addition, it should be

by (21):

At; = wim{acos(—ﬁ) — acos [1 - W} } (21)

STAGE 6: [t;),t(;], Flg 3(f)

noticed that the control timing of the auxiliary switch and the

soft-switching condition are independent of the output power.
Therefore, the zero-current switching is achieved for the active
switches, from nonload up to full load.

During this stage, the currerd,» flows through the an- B- Output Characteristics

tiparallel diode ofS2. This stage finishes at the instant ¢¢,
when . reaches zero. During this time interval] and.S2

are turned off at zero current and zero voltage. The current g==
throughL,; att = tg and the time intervalAtg are given by

(22) and (23), respectively:

I (te) =1, <1 - g) (22)
Atg = i[w —acos (=) (23)

wo2

STAGE 7: [te, t7], Fig. 3(Q).

The dc voltage-conversion rati@) is defined by (35):
I, Vo

L~V (35)

whereV, is the input voltage and, is the output current.
The output currentl,) is governed by (36):

1 Aty Atg
I, == / (s — Ipa ()] dt - / Tpea(t) dt
T 0 0

_ / M L) dt / M L) de

In stage 7, a resonant current flows through the antiparallel Ats Atg
diode of 1. This stage ends wheh;, (t) = 0 att = ¢;. The + / I dt + / I dt (36)
time interval At; is given by (28): 0 0
I where
I (t) =2+ /B(1 = B) sinwgst — 3 cos wost 24
Lr2(t) =0 d sin (wogt)
Ver(t) =Vo[1 — /1 — Beoswost — \/Bsin wost] (26) len(t) = CT%{VO [1 * V1+B } } (38)
where Thus,
IS 2/3 bt 042 waAT7
- I,=1,(1- Dc)— -B
Wo3 = wWo1 \/B (27) (1 C) 27Tf01 { 206/3 +A + \//—3
1 . [1-7 1
_ = — 2 -~
At = o {asm [\//3 o? —« 7 ] } (28) (39)
STAGE 8: [t+, ts], Fig. 3(h). where
In this stage, the input currert, flows throughD1 and o1 _wor (40)
C,.. Therefore,V¢, decreases linearly toward zero, which is 2m
reached at the instamt= ts. The time intervalAtg is given A=" 4 [2m — acos (=f)] (41)
by (31): 2 1+p

ILrl (t) - ILrQ(t) = 0 (29)
I,

Vor(t) = Ver(tr) — ot (30)

Atg = Ll[1 — /1 — BcoswyzAt; — \/BsinwogAh].

Wp1 &

(381

B= l(\/BsinwogAh + /1 — BeoswosAty). (42)
a

With the above equations, the dc-voltage conversion ratio
(¢) is given by (43):

I, V, 1

Io _V_m: 1—F(O{,/3,f,DC)

(43)
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Fig. 6. Theoretical output characteristics for the new ZCS-PWM boost convertes. £a0.6 andf = 0.1. (b) 3 = 0.6 andf = 0.2. (¢)3 = 0.6 and
f=03.(d)s =08andf =0.1. ()3 =08 andf = 0.2. () 3 = 0.8 andf = 0.3.

where TABLE |
) DC-VoLTAGE CONVERSION RATIO OF THE NEW ZCS-PWM QONVERTERS
273 — At
F(a, /3, f7 Dc) =De¢c —+ i /706 —+ A-B =+ wos 7 ZCS-PWM Buck Boost Buck-boost, Cuk, Sepic, and Zeta
2 | 2ap VB ] - b i D
(44) F@B 1P\ 5 Do) 1-F(a,f, £Dc)
f= fs . (45)
Jor

. . C. Commutation Analysis
It should be noticed that the analysis was developed |nI q hi ft , itch
continuous-current mode (CCM). Therefore, the following " Order to achieve soft commutation at zero-current switch-

constraint for the parameterto maintain the CCM operation ﬂﬁg for both active switches, for the described operation mode,

should be satisfied: the following inequalities should be satisfied:
o lg=1) [Le g Lz g 47
Q> Qleritic = m . (46) f L.y (47)
where Ly is the boost input inductance. and
Fig. 6 shows the dc-voltage conversion rdtjo for different
values of the parameter§ and f, as a function of thew a<p. (48)

parameter for this new ZCS-PWM boost converter. Further-
more, the dc-voltage conversion ratio for the novel ZCS-PWM The time intervalAz,g to turn off the switchess1 and .52
converters are summarized in Table I. simultaneously is governed by (49). So, the time interdl
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Fig. 7. Implemented circuit of the new ZCS-PWM boost converter.
for the control of the auxiliary switch is defined by (50): m Step 4—Maximum value of the current through
Loo(Inm,..).
1 [(2[r —acos(—p T2\ L1 Zma
Atog = Atg = w—{ [ T /g Al } (49) With (14) and the parameters from the above steps, we can
01 obtain thely,,  value. Thus,
AT = L |T™VAES L, (—p)| = Bt (50
=—|—F — acos(— - .
wor | 2 T 2 I 2149 A,
Thus, m Step 5—Maximum value of the voltage across
AT = 2 |7 T (51) Cr(Verng)-
wor | 2 1+3) From (19) and the parameters specified in Step 1, (ith

Due to PWM operation, and to minimize the influence gtnd (%), one can obtain

the resonant parameters for the described operation mode,

the following constraint should be satisfied through design Vorma =695 V.

procedure: m Step 6—Nominal duty cycle of contro{Depen, ).
= Is < 27(1 — Dc) (52) From Fig. 4, the duty cycle of control is given by
" fo { 1 wozAty } '
LiA-B+ At Ab
o De=="2 422, 54
VB ¢= =+ 5 (54)
IV. DESIGN PROCEDURE AND EXAMPLE From Fig. 6(b) and the parameters specified in the steps
The design procedure and example of the new ZCS-PWapove, for nominal operation, we can obtain
boost converter, taken as an example, is described as follows. v,
m Step 1—Input and output data specifications. g= 1 =182, and Dcyom =0.291
Vin = 220 V (input voltage);V, = 400 V (output voltage); m
Fout = 1600 W; n = 0.95 (minimum value of efficiency), and From (5) and (51), one can obtain
fs = 20 kHz.
m Step 2—Nominal input current(Z,;___). At ~ (.03, and AT ~(.13.
With the parameters shown in Step 1, the nominal input T T
current is given by m Step 7—The boost input inductandd. ;) and output filter
Powt oy on capacitanceCy).
Lspom = nv =765 A. (53) With the parameters shown in the above steps, the boost

inductance valué. ; and the output filter capacitance val(ig

m Step 3—Ca-Ic.uI:_;1t|on of.the resonant parameters. to achieve the output ripple voltage less than 2% are specified
In order to minimize the influence of the resonant parame:

ters, and to satisfy the constraints for this operation mode, we

selected the data from Fig. 6(b), where Ly=175mH, and Cj =470 uF.
8=0.6; max=0.55 and [f= £ =0.2.
fOl
Therefore, with these parameters and (1), (2), (6), and (53), V. EXPERIMENTAL RESULTS
we can obtain the resonant parameters. Thus, Fig. 7 shows the implemented circuit of the new ZCS-PWM
Ly =716p4H; Ly =43;H, and C.=59nF, ~  DOOSt converter.

Fig. 8(a) shows the voltage across. and the current
Furthermore, with the parameters listed above, from (1) otterough L,. at full load. Fig. 8(b) shows the voltages and
can obtaina,,,, = 0.51. currents through diode®1 and D2, also at full load. Fig.
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Fig. 8. (a) Voltage acros§', and current through.,». (b) Voltages and currents throudhl and D2. (c) Voltage acros$'1 and current throughi.,.; . (d)
\oltage acrossS2 and current througtl,2 at full load. Time scale: 1Qis/div; voltage: 200 V/div; current: 5 A/div.
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Fig. 9. Details of experimental waveforms for the new ZCS-PWM boost converter at full load. Voltage: 100 V/div; current: 5 A/div. (a) Time scale: 200
ns/div. (b) Time scale: Jus/div. (c) Time scale: 200 ns/div. (d) Time scale: 400 ns/div.

8(c) shows the voltage acros$d and current througll.,.;, at values Iy, .. and Vg, .  are determined byx and /5.
rated load. Fig. 8(d) shows the voltage acr§2sand current Furthermore, the results shown in Fig. 8(b) demonstrate that
through L,.», also at rated load. recovery problems do not exist, due to diodes and D2.

It can be seen that the results shown in Fig. 8(a) are inFig. 9(a) and (b) show the turn-on and turn-off instants,
agreement with the theoretical analysis, and the maximuespectively, at the main switctb (). Fig. 9(c) and (d) show
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Therefore, the new ZCS-PWM technique significantly im-
proves the circuit efficiency, and the average total power
dissipation in the devices can be reduced by more than
half, providing a great reduction in the size of the heatsinks
used.

S However, the price paid is the addition of a small auxiliary

7 switch, two small resonant inductors, one small resonant
capacitor, and one diode, in relation to the conventional PWM
boost converter. It should be pointed out that this auxiliary
resonant network only handles a small fraction (approximately
10%) of the total output power.

_theoretical 2

~

! experimental 3 - ! !
1 ‘ . T VI. CONCLUSION
? ' 2 : 25 Io[A] « This paper has presented a new family of ZCS-PWM
@ converters. The operation of the proposed converters was
10 . ‘ T analyzed using the new ZCS-PWM boost converter, employing
; ; l IGBT'’s as the power switches, and rated at 1.6 kW.
'ZCS-PWM ! Theoretical studies and experimental results of this new
on . ZCS-PWM boost converter, taken as an example, allow us
[A’] i to draw the following conclusions.

e Soft commutation (ZCS) is achieved for the active
switches, from nonload up to full load.

¢ The passive switches were also softly commutated (ZVS).

e The converters are regulated by the conventional PWM
technique, at constant frequency.

e Latching of IGBT’s due to turn-off never occurs; this
relieves its reverse bias safe operating area (RBSOA)
stresses.

» Low conduction losses are verified in the devices, in spite
of an additional diode in series with the load.

e The average total power dissipation in the devices can
be reduced by more than half, when compared with the
hard-switching method, thus, providing a great reduction
in the size of the heatsinks.

Therefore, the new ZCS-PWM boost converter combines

Fhe advantages of the PWM and ZCS techniques, without

Additional current and voltage stresses, in comparison with the

(‘gonventional hard-switching method, improving the converter

gé formance and maintaining high efficiency.

he new ZCS-PWM boost converter is appropriate for high-
power and power-factor correction applications.

800 1200 1600

Po[W]

(b)

Fig. 10. (a) Experimental and theoretical output characteristics of the new
ZCS-PWM boost converter. (b) Experimental efficiency comparison of the
new ZCS-PWM boost converter and the conventional hard-switching PWM
boost converter.

the turn-on and turn-off instants, respectively, at the auxilia
switch (52).

The experimental results, shown in Figs. 8(c) and (d) and
demonstrate that zero-current switching is achieved at const
frequency for both active switche$'1 and 52).

It should be noticed that diodd31 and D2 were also softly
commutated under zero-voltage switching [ZVS, Fig. 8(b)].
Therefore, the switching energy losses for this new ZCS-PWM
boost converter are practically zero.
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