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A Novel Zero-Voltage and Zero-Current-Switching
PWM Full-Bridge Converter Using Two Diodes in
Series With the Lagging Leg

Xinbo Ruan Member, IEEEand Yangguang Yan

Abstract—This paper proposes a novel phase-shifted zero- has two kinds of soft-switching mechanisms. If the zero state
voltage and zero-current-switching (ZVZCS) pulsewidth modu- gperates in current constant mode (CCM), the lagging leg can
lation full-bridge converter, which realizes ZVS for the leading  ychieve zVS: and if the zero state operates in current reset
Ieg_and _ZCS for the Iagglng I_eg. A blocking capacitor is added in mode (CRM)’ the lagging leg can achieve ZCS. Therefore
series with the primary winding of the transformer to make the s N ’
primary current decay to zero during zero state to ensure ZCS SOft-SWltCh|ng PWM FB converters can be C|aSSIerd into two
for the lagging leg. In order to prevent the primary current from  types: ZVS and ZVZCS. ZVS PWM FB converters’ zero state
reversing during zero state, two diodes in series with the lagging operates in CCM, and both the leading leg and the lagging leg
leg are added. The principle of operation, steady-state analysis, 5chjeve 7VS; ZVZCS PWM FB converters’ zero state operates
and ?es!gnlpéogedures- arﬁ prﬁsemed'lThelex-pe“memal rGSUItSin CRM, and the leading leg achieves ZVS and the lagging
are also included to verlly the theoretical analysis. leg achieves ZCS. Reference [10] also points out three kinds

Index Terms—Full-bridge converter, pulsewidth modulation, ¢ modulation strategies suited for ZVS PWM FB converters
soft-switching technique. and two kinds of modulation strategies suited for ZVZCS
PWM FB converters. PS modulation strategy suits both types
I. INTRODUCTION of soft-switching PWM FB converters.
Concerning ZVZCS PWM FB converters, in order to achieve

N RECENT years, soft-switching pulsewidth modulation : . ;
S for the lagging leg, it is important to make the primary

(PWM) full-bridge (FB) converters have attracted increase%C

attention, and a number of topologies and modulation strateg?égrent degay to zero and then keep it at zero dur!ng the zero
have been proposed. Phase-shifted (PS) zero-voltage-switcrﬁ@e' Section Il proposes the current reset strategies, and then

(ZVS) PWM FB converters achieve ZVS for both the leadin ovel ZVZCS PWM FB converter is derived. Section Il an-

leg and the lagging leg with the use of the leakage inductor IP’ZGS the principle of opgra‘uon of t.he novgl converter, Se_c-
the main transformer and the output capacitors of the po n IV presents the theoretical analysis, Section V presents sim-

switches [1], [2]. PS zero-voltage and zero-current-switchi ified design procedures and a design example, and Section VI

(ZVZCS) PWM FB converters achieve ZVS for the leading le ves the experimental results to verify the principle of opera-
and ZCS for the lagging leg [3]-[7]. Chen and Stuart [8] an n of the novel converter.
Masserangt al.[9] proposed two kinds of PWM FB converters,
which achieve ZVS for one leg and ZCS for the other leg. Il. DERIVATION OF A NOVEL ZVZCS PWM FB GONVERTER

In order to reveal the relationship among the aforementiongd
soft-switching PWM FB converters and modulation strategies, ] )
[10] systematically proposed a family of PWM modulation !N order to make the primary curreitdecay to zero in zero
strategies. It includes nine modulation strategies containifigite; @ blocking voltage souregi.q, can be inserted in series
all the modulation strategies previously proposed. The niMath the primary winding as shown in Fig. 1(a). In zero state, if
modulation strategies can be classified into two categorigs{0Ws in the positive direction, the blocking voltage source is
depending on the turn-off sequence of the diagonal powR$Sitive, as shown in Fig. 1(b), andif flows in the negative
switches. If the two power switches turn off at different timedirection, the blocking voltage source is negative, as shown in
FB converters can achieve PWM soft switching without addirfg9- 1(C)- The blocking voltage source can be simply realized
any auxiliary power switch, thus introducing the concept &ty & capacitor, , named a blocking capacitor, as shown in
leading leg and lagging leg. The leading leg can only achief#: 2(2). When, and@, conduct;i, charges’s, and when
ZVS, which is easily achieved. Depending on the operati¢h2 @nd Qs conduct,i, discharge<’s. During zero state, the
mode of the zero state in the FB converter, the lagging I¥g!tage ofCs keeps constant and resésas shown in Fig. 2(b).

Current Reset Strategies

) ) ) B. Blocking the Reverse Flowing Path
Manuscript received May 9, 2000; revised February 1, 2001. Abstract pub-

lished on the Internet June 6, 2001. _ During zero state, in order to achieve ZCS for the lagging
The authors are with the Aero-Power Sci-tech Center, College of Auton]zé-g,ip should be prevented from turning negative afterit decays

tion Engineering, Nanjing University of Aeronautics and Astronautics, Nanjin
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Fig. 1. The requirement of the blocking voltage source. (a) Blocking voltage
source. (bY, > 0.(c)i, < 0. Q1

v

the reverse path: 1) segment AO/AC; 2) segment AB; and 3) o,
segment BO/BC.

In order to achieve ZVS for the leading leg, eitligy or Q03 0,
has been turned on during zero state, which makes itimpossible
to prevent,, from flowing in the reverse direction in the AO/AC 0,
segment.

In segment AB, the simplest way to block the reverse flowing
pathistoaddasaturable inductoras showninFig. 3(a)[3]. During 0
zero state, the saturable inductor behaves as a high-impedance (b)
device to prevent, from flowing in the reverse direction. As Fig. 2. zvZCS PWM FB converter. (a) Main circuit. (b) Key waveforms.
in +1 or —1 state, it is saturated. In segment AB, there are ad-

ditional four methods as shown in Fig. 3(b)—(e) [4]-[7]. . . .
In segment BO/BC, we can ado: a%dl)(4)in(sér[ie]s \[/vi]th the Aation rangeL, should be designed accordingifi max to pre-

lagging switche), andQ., respectively, to makés, and(. ventL, from saturation during zero state, thus, the effective sec-
conduct only in the positive direction. A novel ZVZCS PWMondary duty cycle is reduced &, decreases. The lower th, ,
FB converter is thereby proposed, as shown in Fig. 3(f). the largerthe set_:ondary duty c_ycle I_oss. Seconq, the sat_urab_le in-
ductor causes high core loss since it saturates in both directions.

In Fig. 3(b), the blocking capacitor is shifted to the secondary
side and also an active switch is introduced, which cannot only

The converter in Fig. 3(a) is very simple because only one satset the primary current, but also clamp the rectified voltage to
urable inductor is needed. However, the use of the saturabledepress the parasitic voltage oscillation. However, the converter
ductor results in two drawbacks. First, it causes a secondary drgguires an additional active switch and the associated control
cycle loss. In general, as the input voltdgg has a certain vari- circuitry.

v

v

\4

C. Comparison of the ZVZCS PWM FB Converters
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Fig. 3. Topologies for ZVZCS PWM FB converters. (a) Using the saturable inductor. (b) Using the active clamp circuit. (c) Number 1 secondaryiteset circ

(d) Number 2 secondary reset circuit. (€) Adding an auxiliary winding. (f) Adding two series diodes.

In Fig. 3(c)—(e), the blocking capacitor is also shifted to thia Fig. 3(c) is better than the other two in terms of simplicity.
secondary side, the primary current reset mechanisms of Rlirthermore, the peak secondary rectified voltage is inversely
three converters are similar. The energy stored in the blockipgoportional to the duty cycle and lower than twice the reflected
capacitor is delivered to the load during zero state. The converitgout voltage. For example, if duty cycle is 0.8, the peak recti-
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fied voltage is 1.2 times the reflected input voltage. Howevel P :
this converter also has three drawbacks. & [ i & i i o

1) In zero state, the blocking capacitor has been fully dis 7 | 0 o
charged, so when the lagging leg turns on, the primar . 2 4
current has an excess high current spike due to chargir Y i Vet
of the blocking capacitor. The larger the blocking capacv.s ’ T
itor, the larger the current spike.

2) When the leading leg turns off, the rectified voltage ramp:
down. As it becomes lower than the blocking capacito
voltage, the blocking capacitor will supply the rectified ;
output filter inductor current. Thus, only the energy storec
in the leakage inductor (instead of the output filter in-
ductor) to charge and discharge the paralleled capacit i ;
of the leading leg. In general, the leakage inductor is toi v, \pr . -
small to fully discharge the remaining charge of the par B "
alleled capacitors of the leading leg, which may results it
hard turn-on of the leading leg. P —zizeod v\ y i

3) As the converter operates in zero state, the blocking cire ya = K”’P IVm—Vcbp
pacitor not only needs to reset the primary current, bu t 2
also provides the rectified output current. If the blocking oty B 51 Is tg t; 13ty to
capacitor is not sufficiently large, its energy will not be
enough to reset the primary current. F

The novel converter in Fig. 3(f) only introduces two diodes L .

and does not have the drawbacks mentioned above. WhenRf§2US&’s and €' limit the rising rate of the voltage across
leading leg turns on, there is no excess current spike becausé ke PUring this interval, the leakage inductor of transformer
blocking capacitor is in series with the load (including, ¢, Lu: IS in series withL;. Ly is large enough to be treated as a
and Ry instead of being in parallel with the load. During th&ONStant current source so thigteeps the valug, = I,/ K.
switching interval of the leading leg, the output filter inductof» CONtinues charging’,. The voltage ofC; rises linearly and

is in series with the leakage inductor, the energy of the leakad} Voltage ofCs decays linearly

inductor and the output filter inductor is used to achieve ZVS t—1o

v

\4

v

v

v

N

ig. 4. Key waveforms of the novel ZVZCS PWM FB converter.

for the leading leg, so it is easy to realize ZVS. In zero state, veb(t) = Ves (fo) + Ipo @ Cy (1)
the output current freewheels via two secondary rectifier diodes, I

and the voltage of the blocking capacitor is fully used to reset the ver(t) = 20, (t = to) @)
primary current. As will be explained later, the lagging leg can Lo

achieve ZCS under any load condition. One drawback of this vea(t) = Vin — 5C, (t —to). ®3)

converter is that the primary-side conduction losses are slightly

increased due to the series diodes. However, these increas tlT,r:;cgt_decays_t%zferng(;urrlws_ on naturally, and mode 1
losses are not very significant. enas. The ime perod for mode 11S

tor = 201‘/111/11)0 (4)
Ill. PRINCIPLE OF OPERATION i
) _ o ) At t1, the voltage ofC}, is
In this section, the principle of operation of the novel ZVZCS

PWM FB converter is presented. Fig. 4 shows the key wave- Vi (t1) = Vi (tg) + 2 @ CrVin (5)
forms of the novel converter employing PS modulation strategy. Ch
The following assumptions are made in this analysis: 1) all 3) Mode 2 [, #2] [Fig. 5(c)]: As Ds is conducting()s is
power devices and diodes are ideal; 2) all capacitors and indtwned on with ZVS. The delay time betweéh and(); gate
tors are ideal; 3) output filter inductdr; is large enough to be drive signals should be greater than the time period of mode
treated as a constant current source during a switching periadj.e.,ty > #o1. During this interval,Ds; and Q4 conduct,
and 4)C; = C3 = C,.. vap = 0. v iS applied toLy, and primary winding, which
During a switching period, there are ten switching modes, &wcess, to decrease. Therefore, is not enough to provide
described in the following. The equivalent circuits are shown the load current, and the secondary rectifier diodgg and
Fig. 5. Dpgo conduct simultaneously, which clamps both the primary
1) Mode O [Prior tot,] [Fig. 5(a)]: Prior toty, 21 and@, and secondary voltage of the transformer at zera,.gts fully
are conducting, and primary curreptcharges the blocking ca- applied toL;;. SinceC; is large enough to be treated as a con-
pacitor C,,. I,,(to) = I = I,/ K, wherel, is output current, stant voltage source during this modggdecays linearly
K is the turns ratio of the transformér,, (¢y) is the voltage of
C, atto. o(to) g veb(t) = Veu(t1) = Ve (6)
2) Mode 1 [, .tl] [Fig. 5(b)]: Ql is turned off.atto, ip ip(t) =L, — Veup (t — ). @)
chargesC; and discharge€’s. (3, is turned off with ZVS Lix
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Fig. 5. Equivalent circuits of the switching modes. (a) Priotto(b) [to, t1]. (C) [t1, t=2]. (d) [t2, t3]. (€)[ts, ta]. (f) [ta, 5].
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At 2, ¢, decays to zero. The time period for mode 2,is
ti2 = Lig @ Ipo/Vevp- 8

4) Mode 3 [2, t3] [Fig. 5(d)]: During mode 3, as the diode
D, blocks the reverse path ¢f, 7, keeps at zerawy = 0, and
v = — V. Both rectifier diodes conduct and they share the
load current equally.

5) Mode 4 [3, t,] [Fig. 5(e)]: At t3, Q, is turned off. As ¢
ip = 0, there is no current flowing i), and@y is turned off
with ZCS. After a very short delagy, is turned on with ZCS be-
causely, limits dé;, /dt. As reflected primary curren, is lower
than the load current, both secondary rectifier diodes conduct
which clamps both the primary and secondary voltage of trans- o
former at zero—(Vin + Vi) is applied only, i, linearly rises  F19- 6 Determination 0D no.
in the negative direction

Vin + Ve
ip(t) = —% (t —ta). 9) In order to achieve ZCS for the lagging légshould decay to

o . zero before the switching of the lagging lég; can be derived
At 4, i, rises to the reflected load current. The time interval ‘?Fom (8) and (14)

this mode is

C. Maximum Effective Duty CycB.g yax

P 2LpCy,  2LpCy, 4L Gy
= % (10) 2 tas B Deg .T5/2 B Deg T
" ot where D¢ is the effective duty cycle and, is the switching

6) Mode 54, t5][Fig. 2(f)]:  Fromt,, primary side powers period.

the load and,, discharge€’,. Dg; turns off naturally andJro According to Fig. 6,Derr max IS determined by
carries all the output current

15
as (15)

7 Deff max < 1- Dreset - DZCS - Dloss (16)
_ _ 0y
Veo(£) = Verp = o~ (# = ta)- (1) WhereDyewer = t12/(Ts/2), and Dycs = tzes/(T,/2). ZCS

is achieved during intervédlycs, which is determined by the
turn-off characteristic of switching device, e.g., the minority
carrier lifetime of the insulated gate bipolar transistors (IGBTS).
Vio(ts) = Vi — @ otys. (12) _DIOSS = t34/(Ts/2) is the duty-cycle loss caused by the leakage
P
Cy inductor.

At t5, (O3 is turned off, the second half-cyclés| ¢1o] starts,
which is similar to the first half-cycletf ¢5]. At this time,

IV. THEORETICAL ANALYSIS D. Achieving ZCS for the Lagging Leg

From (15), it can be seen thiat is independent of load cur-
rent and is inversely proportional ®.g; if the condition (16)

In (8), itis clear that the interval, and the voltage stress ofjs satisfied, the lagging leg can achieve ZCS over the entire line
the lagging switches are determined Wy, so it is important anq |oad range.

to calculateV.,,. v reaches the negative peak valu®;,, at

te. The operation during§, #s] is similar to [, #1], sowe can E. \oltage Stress of the Lagging Leg
get the following equation:

A. Peak Voltage of the Block Capacitor

During mode 34, = 0, vg = —V,, and the lagging leg
2C.Vin voltage is
Vaa(to) = Vaults) = =5 J
Lo 20, Vin Vo2 =Vin + Vap (17)
=Vewp — ro tas — o, Vor=—Vap. (18)
= —Verp- (13) From the above two equations, it is shown that the max-
7 voltage—V,,, may be applied to the lagging leg. Therefore, se-
Vep = % otys. (14) ries diodes are needed to prevent reverse breakdown.
b

F. Blocking Capacitor

B. Achieving ZVS for the Leading Leg The value of the blocking capacitét, is based on two fac-
Clearly, from the above analysis, ZVS of the leading leg i®rs: 1) in order to increasBeg max, Cy Should be minimized

realized by utilizing the energy of the output filter inductor. Iraccording to (15) and (16) and 2) in order to reduce the voltage

general, the output filter inductor is large enough that ZVS catress of the lagging leg and the series diodgsshould be se-

be achieved for the leading leg over a wide load range. lected as large as possible. Therefore, there is a tradeoff in se-
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lecting theC), value. In general?), is designed to keep the peak
voltage ofC;, around 10% oV, i.e., Vo, =~ 0.1Vi,.

V. SIMPLIFIED DESIGN PROCEDURE ANDEXAMPLE

This section illustrates a simplified design procedure and €. pgn
ample. The design of this converter involves complex interag_;

tions between circuit parameters and operation condition, therD-r\;S;t

fore, we should make some assumptions and approximations—l—
Dloss

1) Input specifications: -

input voltageV;,, = 537 VDC =+ 20%;

output voltageV,, = 54 Vdc;

output currentl, = 100 A;

switching frequencyf, = 25 kHz;

switching periodl’, = 40 us;

leakage inductor measured at the switching fre-

quencyL;, = 5 pH.
2) LetD.gmax = 0.7 atthe lowest input voltage, then
the turns ratio of the transformeé¥ is determined by
the following equation:

‘/in min -

K= (V;) + VD)/Deﬂ max = 542 (19)
whereVp, is the voltage drop in the secondary rectifier
diode;Vp = 1.5 V. The number of turns of the sec-
ondary and primary windings are selected at 4 and 22,
respectively, thusk’ = 5.5, andDeg ax = 0.71.

3) Inorder to havé/,;, ~ 0.1Vi,, according to (14),

LJK T,
=5 117 De max ®
LT OO0V, | cTmax®
= oE —6
_ 100/5.5 00716 40 x 10
2x 0.1 x 537 2
— 2.4 F. (20)

We choos&”, = 2.2 1 F' (930C2W2P2K from CDE
Co.), soVy, = 58.7 V.
4) OnceK andC, are determinedDqr, Dyeset, and
Dyss can be calculated from

K(V,+V,
Dogp = % (21)
tio 8Ly Chy 8Vin L Ch
Drese = = = 22
T2 Dul? K4Vl &P
t3q
D oss = T 7
: T,/2
_ 2Ly,
N KT@(Vvln + Vv(’bp)
2Ly 1,
= (23)
Io V:) + VD TS
KT, (Vig+ -2 0227 ¥D g 2o
5<vm+20b- e 2)

To meet the voltage and current requirements, IGBT
Module (VII50-12Q3) is chosen. The current tail time
IS Tian = 0.35 uS, SOtzcs = Tian = 0.35 us, then
Dyzcs = 0.0175.

We can defineD,,,,,, as follows:

783

08 ‘\\

0.6

0.5 B

0.4

0.3

0.2

i — —

0.1

[ = ==

Fig. 7. Daum, Derry Dreset, @andDyoss as functions of the input voltagé,, .

Dy Degry Dreset, aNd D¢ are dependent on the
input voltageV;,, and are shown in Fig. 7Dz and
Dg\,, achieve their maximum values at minimum input
voltage, i.e..Dermax = 0.71 and Dy max = 0.82 <
1, and condition (16) is satisfied, so the selec&dnd
C, values are reasonable.

5) Since condition (16) is satisfied, the lagging leg can
achieve ZCS over the entire line and load ranges.

6) In order to achieve soft turn off for the leading
leg, snubber capacitors are added in parallel with the
switches. Based on the operation analysis in mode 1,
to1 is the time it takes for the snubber capacitor voltage
to rise from zero td/,. In order to reduce the turn-off
loss,to; Is selected to b& ~ 3)T;,,; at full load. Ac-
cording to (4),

% X 3 X Tiait

We choose”; = C3 = C,. = 15 nF.

In order to ensure zero-voltage turn-on, the voltage
of the paralleled capacitor of the on-going turn-on
leading switch should decay to zero prior to turn-on
of the leading switch. The delay time between the
gate drive signals of the switches in the leading leg is
selected ag; = 2.4 pus. If the load current is below
1, min, the zero-voltage turn-on condition will be lost
for the leading leg according to (4). Therefo¥g in
can be calculated as
2x Ch X Vig
— X

ta

2% 15 x 1079 x 537
N 2.4 x 106
=37 (26)

which represents 37% of the full-load current.

Io min —

K

e

VI. EXPERIMENTAL RESULTS

Following the design guidelines outlined above, a 54-V/
Dsum = Denr + Dreset + Dioss + Dzcs. (24) 100-A rectifier was developed. The following parameters
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[500 V/dzv]

[10A/dzv] v, [500 V/dzv]

sze [5us /dzv]

C(Q4) [IOA/dlv]
v, [SOV/dlv]

VaEo) [1 0 V/dzv]

sze [5us /dzv] sze [5us /dzv]

A B S S S o s S L L L B R S

CE(Q3) [250V/dzv]

D e i i GE(Q3)[10V/dlv]

1_.. .....

...... R1>

sze [5us /dlv]

(e) ®

Fig. 8. Experimental results. (@5 andz,. (b) vaps andv,. (c) v.s. (d) Current of lagging leg and its gate drive signal. (e) Voltage of leading leg and its gate
drive signal. (flv4 andvp.

Tlme [5us /dzv]

are used in the experiment: Input voltayfg, = 537 Vdc; pacitorCy = 10000 pF; power switches IGBT(VII50-12Q3);
output voltageV, = 54 VdC; output current/, = 100 A; series diode DSEPR 31-03A; rectifier diode MEK95-06DA;
turns ratio of the transformeK = 5.5; leakage inductor and switching frequency, = 25 kHz.

Ly = 5 pH; block capacitorC, = 2.2 uF; snubber capacitor Fig. 8 shows the experimental waveforms at full load.
Cy; = C3 = 15 nF; output inductot.; = 30 pH; output ca- Fig. 8(a) shows the waveforms of, g ands,,, which illustrates
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= 4
= 90.0 /
89.0 5
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88.0
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Output current ( A)
Fig. 9. Conversion efficiency. [7]

that whenvap = 0, the blocking capacitor voltage forces
to decay to zero to achieve ZCS for the lagging leg. Compareds]
with the PS ZVS PWM FB converter, the ZVZCS PWM FB
converter has no idle current during zero state. This helps[9]
increase the efficiency. Fig. 8(b) shows that the waveforms
of vap and the primary voltage of transformey. v, is not  [10]
square wave due to the existence of the blocking capacitor.
However, the average value of is the same as that of the
PS ZzVS PWM FB converter. Fig. 8(c) shows the waveform of
blocking capacitor voltage. Fig. 8(d) shows the waveforms of
lagging leg’s current and its gate drive signal, which illustrat
that the lagging leg operates with ZCS, and Fig. 8(e) sho
the waveforms of the leading leg’s voltage and its gate dri
signal, which illustrates that the leading leg operates with ZV
Fig. 8(f) shows the waveforms of the voltage of leading leg a
lagging leg; the peak—peak voltage stress across the lag
leg is Vin + V.. There is a negative voltage applied on th
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