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Zero \Voltage Soft-Commutation PWM
DC-DC Converter with Saturable
Reactor Switch-Cascaded Diode Redctifier

Junming Sun, Satoshi Hamada, Juniji Yoshitsugu, Bin Guo, and Mutsuo Nakdekeer, IEEE

Abstract—An improved single-ended push—pull (SEPP) half- constant frequency power regulation operation and simple
bridge type zero-voltage soft-switching pulse width modulation control scheme [1].

(2VS-PWM) DC-DC power converter is presented in this paper, — pq\wever, these kinds of soft-switching schemes converter
which makes use of a saturable reactor-assisted lossless capac- ’

itor type zero voltage soft-switching method. The SEPP power circuits top.ologles' for are d|ﬁ|cu!t to achieve completg zero-
converter with a high-frequency forward and flyback hybrid ~Voltage switching in wide operating load ranges from light to
transformer link has some advantages such as lowered switching heavy loads. Furthermore, current and/or voltage peak stresses
and conduction losses, soft-switching transition operation over gpplied to active and passive circuit components are still
a wide load range, constant frequency PWM regulation and .. : : o
minimized Electro Magnetic Interference (EMI) as well as Radio high as compared with th_orse of Con_ventlonal hard-switching
Frequency Interference (RFI) noises. Its operating principle is PWM converters. In addition to this, resonant-mode soft-
illustrated and its periodic steady-state circuit analysis are im- Switching converters includes load dependent characteristics
plemented. In order to demonstrate the remarkable effectiveness in soft-switching operation.

_ofthis converter characteristics, feasible experimen_ts areactually  |n recent years, several types of soft-switching PWM
implemented with a 150-W—-200-kHz prototype of high-frequency DC-DC power converters employing the saturable reactor-

link ZVS-PWM DC-DC converter using power MOSFET’s with i -
ultrafast soft-recovery diode. assisted (SRA) lossless snubber type quasi-resonant soft-

Index Terms—Asymmetrical PWM, DC-DC converter, for- switching technigues have b_een originally mtroduc_ed by many
ward and flyback hybrid transformer mode, high-frequency iso- researchers and authors. It is proved from a practical point of

lated link, lossless capacitive snubbers, low voltage and large View that some types of power converters can operate under
current applications, saturable reactor switch, zero-voltage soft- the conditions of soft-switching operation over relatively wide

switching, single-ended push—pull. load range without substantial increase in total conduction
losses as well as voltage and current stresses.

It is noted that this type of converter developed by the

. INTRODUCTION authors [2]-[8] has inherent excellent characteristics of both

N GENERAL, in order to increase the power density of thbard-switching PWM and quasi-resonant-mode soft-switching

switched-mode power supply circuits and to improve theaonverters.
operating performance, it is dispensable to raise the switch-n this paper, a newly developed asymmetrical PWM SEPP
ing operating frequency of the power conversion supplie®nverter with forward and flyback-operated high-frequency
to reduce physical size and weight of their reactive circuitansformer link using a simple saturable reactor-assisted loss-
components incorporated into the converters. A variety t#ss capacitor snubber type (SRA) soft-switching technique is
zero-voltage and zero-current soft-switching PWM converteresented. The operation principle of this converter and its
circuit topologies using new power semiconductor deviceseady-state periodic circuit analysis are described herein. Its
and modules such as trench-type power MOSFET's, Statioltage conversion ratio, voltage and current peak stresses
Induction Transistors (SIT’s), Bipolar mode SIT's (B-SIT's)applied to active and passive circuit components in this
and Insulated Gate Bipolar Power Transistors (IGBT'’s). Thetonverter are also evaluated and discussed from a theoretical
topologies are able to reduce their switching losses, theiewpoint. In order to demonstrate the effectiveness based
voltage and current surges related to their parasitic parametgisthe characteistic performances, feasible experiments are
and to lower the saturation voltage of power devices tgctually carried out in terms of using a 200-kHz—-150-W
allow high-frequency operation together with their contrgbrototype of soft-switching power converter breadboard that
schemes, have been proposed so far. These soft-switchfbrporates the latest power MOSFET modules with ultrafast
PWM converters basically provide a number of inhererioft recovery diode and their driver IC modules.

salient advantages, such as low switching losses, lowered EMI,
Il. CIRCUIT DESCRIPTION AND OPERATING ANALYSIS
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D, C, Just before the time,, the active switchS; and the diode
_I >n : Ds are still conducting. The nonlinear reactok is saturated,
— Ve whereasS L, is unsaturated.
Shop, L 1) Mode 1(tp < t < t;): The switchS; is turned off at
e the timet,. The equivalent circuit during this interval is shown
Ve T in Fig. 2(a). The current through the switéh is transferred
Cy to the capacitor€’; andCs as a lossless capacitive snubbers.
y The voltagev,.(t) across the capacitd?; in high-side bridge
~—=—==\Dp arm and the inductor currerit(¢) of additional inductorL
SL 4 P
2 in parallel with a transformer are estimated b
@ p y
onal t ’(- (1-D)T —Ir— ot —>‘ ver(t) = Zn{lo +ip(to)} sin wnt
pee, cna e e +(E - E)(1 - coswyt) (1a)
gate signal T ; l ip(t) =—Io+ {Io +ip(to)} coswyt
for S, —] E—
; ', : + ° sinw,t (1b)
Ve, Veo —\f\ X Vo X Ve / Zn,
l| II ¥
f \ } \ where
g S .
I gty SN = o Wn = , Zn=1/=L, CL=0,.
o i _,1\ | 4 | 2L C 20
. . [| od P
switches — /1 sz ! /‘ ]
i - : Is1 e .
icui"eri'tsi T - 'L_ As a result, the voltage, () increases. As the voltage
S e ” toz la1 H v.1(t) reachesE — E.. the high-frequency isolated transformer
/%' “i/\ link voltage v1(t) in the intermediate power-stage changes
) from positive to negative. Becausgl, is still unsaturated,
o t \ ‘ ~——_ the rectifier diodeDs continues to conduct. When the voltage
I~ ; II! ve1(t) reachest, the body diodeD, turns on. The switching
*\ \ 1\ \r— transition intervalt., is derived from (1a) as
val ] 1 1 1 ,
voltage “i |“vsu ' tya = — (Y1 +12) (1c)
across [ [iVsi2 [ I Wy,
SL;, Sk [~ i1 |ln I ' h
ol Lhts where
(b) . E.
Fig. 1. SRA soft-switching PWM converter with lossless capacitive snubbers P = sin~ =
and its typical operating waveforms. VIZndip(to) + H}* + (E — E.)?
E—-E,
rical PWM forward—flyback hybrid transformer link DC-DC o = tan™t o
Zn{ip(to) + Io}

power converter operating at ZVT switching mode. The active

power switchesS; and S, are driven alternately with short

blanking intervalsty, andtg,. SL; and SLs are piecewise-

linear inductance-based saturable reactors composed of s )

amorphous cores with ritzwire windings which act as flu _ecomes_Ec. The magnet!c core flux for_SLQ comes to
crease in accordance with the voltage integral effect. The

regulated magnetic switches with small residual inductanfﬂa

and have a great deal of contribution to achieve zero voltaﬁgd current referred to the primary-side of the high-frequency

soft-switching transition for the active power switch®s S, ansformer floyvs through the body diod#, and the energy
and the passive diode switchés;, D, as the rectifier. Note storage cap aC|tng: . . L . .
that these magnetic switchés;, SL, in series with diodes .The equivalent CII’CU'I'[ during this mterval is |II.ustrated in
act as active power switches. The DC output voltage or pOV\}élig' 2(b). The state variableg; (¢) ands,(t) are estimated by
of this converter is smoothly regulated by controlling the duty

ratio D as a control variable under a condition of a constant va(t) =E (2a)

inverter frequency. ip(t) =ip(t1) — %(t —t) (2b)
b

2) Mode 2(¢; < t < t2): The body diodeD, conducts
Q{?n v.1(t) reachesE. The transformer-link voltages (¢)

B. Operation Principle and Steady-State Analysis

The respective equivalent circuit corresponding to eag¥hereL, is replaced by the equivalent magnetizing inductance
mode during one cycle converter operation is illustrated of the high-frequency transformer. This interval ends when
Fig. 2. SL, reaches a saturation level.
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Ci

Fig. 2. Topological circuits during one operation cycle.

3) Mode 3(t3 <t < t3): As soon as the saturable reacdecreases. The state variables(t) ands,(¢) are expressed as
tor SL- reaches a saturation level, the rectifier diddlestarts
to conduct. And the rectifier diod® is turned off andS L, ve(t) = (B — Ee) + Eccoswn(t — t3)
becomes unsaturated. Thus, the ideal transformer currént — Zn{lo — tp(t3)} sinwy, (t — t3) (42)
in its primary side changes instantaneously frégrto —Ij.

E. .
L o ip(t) =l — n(E—1
The injected current, (¢) of the transformer is given as B(t) =lo sit wn( )

Zn
— {Ip —ip(ts)} coswn(t — ta). (4b)

iu(t) = iy(t) = Io. 3a
tu(t) = ip(t) = Lo (3a) As the voltagev.; (t) becomeq £ — Ec¢), the transformer-

link voltage v1 (f) changes from negative to positive. In this
case, the rectifier diod®, continues to conduct. Because the
saturable reacto$ L, is unsaturated. The body diode, turns
on when the voltage,; (¢) is lowered to zero. The switching
transition intervalt.; is derived from (4a) as

The switch S, starts to conduct when the curreft(¢)
becomesi,(¢) <0. The state variables.;(¢) andi,(¢) are
estimated by

ver(t) =F (3b)
: P — (4c)
ip(t) =ip(t2) — L—p(t — t2). (3¢0) " (s + )
where
4) Mode 4(t3 < t < t4): The switchS; is turned off at E_E
time ¢3, which depends on the duty rati® as a control 3 = sin™" — 5 5
variable. The current through the switc$y is transferred \/[Z"{IO —ip(ts)}] + £
to the snubber capacitoxs; and C,. The equivalent circuit ¥y = tan~ Ee

1 —_—_—nmmm
during this interval is shown in Fig. 2(d). The voltageg (¢) Zn{do —ip(ts)}
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5) Mode 5(¢, < ¢ <t;): The load current reflected to In this case, the commutation inductor currentt) is
the transformer primary side flows through the high-frequenexpressed as
link capacitorCs and the body diodé;. The state variables

ve1(t) andiy(t) are given by ip(t) = Ipa + ipa(t) (14)
ver(t) =0 (5a) Wwherel,, is the DC component of,(t) andip,(¢) is the AC
. . E—E. component ofi,(t).
ip(t) =ip(ta) + (t—ta). (5b)  since I iyu(t) = 0,1, is derived from (13) as
P
In this case, the magnetic core fldfor SL; is increased Lya = (1-2D)Io. (15)
up to @;. . .
6) Mode 6(t; < ¢ < t5): As soon as the saturable reac- The peak-to-peak valu& I, of the current,,(t) is given by
tor SL reaches a saturation level, the rectifier didgestarts DT
: _ D(1-D)TE
to conduct. The state variables;(#) andi,(t) are expressed = (£ - E.) 17 (16)
as P
vaa(£) =0 (6a) Therefore,ip(to) andiy(t3) are, respectively, derived below
E—-E. AL,
(1) =ip(ts) + —F— (= 15). (6b) ip(to) = Lpa + == a7
! AL,
The ideal transformer curreit(¢) changes from-1, to Iy ip(ts) =Ipa + —— 5 (18)

instantaneously. As a result, the bridge currigiit) is given as o )
Substituting (17) and (18) into (7) and (8),, and¢, are

tu(t) = ip(t) + Io. (6c) given as
The active power switcty; starts to conduct under zero- o= 2CFE (19)
voltage condition when the bridge curren{t) becomes>0. 201 = D)o+ (AL/2)
The one cycle during the inverter switching interval ends at f_ 2CFE (20)
time . " T 2Dl + (AL/2)

Because the saturable reactors are to block the load current
i o during the switching transition intervals, the zero-voltage soft-
Assuming thatipy , 42, 13, and i, < 7/2, the switching-  commutation froms, to D,, and from S, to D, can be

C. Steady-Steady Performance Evaluations

mode transition intervals,, andt,, are given by achieved by the load currenk,. In case of no saturable
20E reactors,t,, andt,, are given as
t'ya =7 | - i (7)
Io +ip(to) P 2CE 21)
= 2CE 8) " =2DIh + (AL/2)

Ip — ip(t)3e) : 2CE 22)

b — .

The volt-seconds for the high-frequency transformer during T =2(1= D)l + (ALy/2)

one cycle periodl’ is expressed as From (21) and (22), to maintain the zero-voltage soft-

T commutation, the currenfAé,/2) must be conditioned as
/ vi(t) dt = 0. (9 >2DI, and >2(1 — D).
0 In comparison with (19)—(22), it is noted that the magni-
Assuming that the transformer voltagg(?) is nearly square tude of (AI,/2) can be substantially reduced by using each
waveform becausé., and t,, are quite short, capacitor saturable reactor in series with the rectifier diddg or D,.

voltage £, is approximately derived from (9) as The voltage and current peak stresses for the active switches
(E — E)DT — Eo(1— DYT =0 (10) S; and S, are derived as follows:
E.=DE. (11) Vsip— E (23)

. =lo+ip(to) =2(1 — D)o + (AL,/2 24
The average current flowing through the energy storage Vsip =Io +ip(to) ( Mo+ (AL/2) (24)
capacitor during one cyclé has to be Vszp =E (25)
Isop =—{—1Ip +ip(ts)} =2DIy + (AL,/2). (26)

T
/0 iu(t) dt =0 (12) " The output voltagek, is calculated by
Substituting (3a) and (6c) into (12), Ey=2D(1-D)E - (Vsm + Vsm) (27)

T T
{ip(t) + Io} dt +/ {i,(t) = I} dt =0.  (13) whereVsz, and Vs, are average voltages 8, andSLo,,
DT respectively. The currents,q, 1,1, and 1,2, depend on the
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Fig. 3. Observed waveforms of convertef = 220 V, E; = 300 V, Fig. 5. Observed waveforms of converter without saturable reactors.
Iy — 5A).

. . . power supply. The design parameters of this converter circuit
duty ratio D as a control variablé) indicated below

are:
{?)d > OI for 0< D < 0.5 S1, 8o Pgwer MOSFET'YVpss = 450 V; Ip = 12
S s ooy 950 pF
Ipd =0 1,2 pr;
forD=05 . :
{ Isip=Issp 7 g; ‘2127#;5_'
{ ?)d <<OI for0.5<D<1 Transformer winding ratio 3:1:1;
Slp = 452p Saturation flux values of L; orSr215 V-pus.

It can be considered that this power converter acts as arhe additional inductoL,, is effectively substituted by the
forward—flyback hybrid transformer operation. In this case,rmagnetizing inductance of the forward—flyback transformer
maximum conversion ratio can be obtained in the case of timeorporated into the intermediate power stage. Because the
duty ratio D = 0.5. Thus, in order to regulate the averageurrenti,(t) contains a dc componefif,, the high-frequency
output voltage, the duty rati@ as a control variable shouldtransformer with El type ferrite core is designed so as to realize
be selected within eithery < D < 0.50r0.5< D < 1. a little air gap.

Ill. EXPERIMENTAL RESULTS B. Observed Waveforms and Performances

) Figs. 3 and 4 show the voltage and current waveforms of
A. Experimental Set-Up this power converter which are measured for full load and
To verify the analytical results of this converter circuit, 15@ninimum load conditions aZ = 220 V. As can be seen,
W (Ey—30V, Ip—5 A)—200-kHz prototype power converterthis zero-voltage transition soft-switching technique based
is built and implemented for distributed telecommunicationpon the operating principle of saturable reactor-assisted loss
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lowered VA ratings of the saturable reactors used;
reduced EMI;

wide ZVS range from light to heavy loads;
efficient operation;

 large current capability of low voltage output.

In the future, the transient performance analysis of the ad-
vanced soft-switching PWM DC-DC converter circuit treated
here should be proceeded from an application point of view. In
addition, the soft-switched power converter using the new gen-
eration trench-type MOSFET IGBT'’s should be investigated

20 30
Load Current [A]

Fig. 6. Measured overall efficiency of converter.

and evaluated from a practical point of view.
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