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A ZVZCS PWM FB DC/DC Converter Using a
Modified Energy-Recovery Snubber
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Abstract—The conventional high-frequency phase-shifted zero- )
voltage-switching (ZVS) full-bridge dc/dc converter has a disad- T T
vantage, in that a circulating current flows through transformer Q-[KDl Cp Q4'IKD Cp
and switching devices during the freewheeling interval. Due to this Vi Lm Im ) Va
L

circulating current, rms current stress, conduction losses of the
transformer and switching devices are increased. To alleviate this v, ——
problem, this paper proposes an improved zero-voltage zero-cur-
rent switching (ZVZCS) phase-shifted full-bridge (FB) dc/dc con-

L1 V11
— 000 —
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verter with a modified energy-recovery snubber (ERS) attached \13Q3.K33 Cp SE::QZ Qil Cp
q

at the secondary side of transformer. Also, the small signal model
of the proposed ZVZCS FB dc/dc converter is derived by incor-
porating the effects introduced by a transformer leakage induc-
tance and an ERS to achieve ZVZCS. Both analysis and exper- 1 —

iment are performed to verify the proposed topology by imple- ‘\ Dsa
Vn

— S —le—

menting a 7-kW (120 Vdc, 58 A) 30-kHz insulated-gate-bipolar-

transistor-based experimental circuit Ds T Ve

Index Terms—Energy-recovery snubber, full-bridge (FB) dc/dc T
converter, small-signal modeling, zero-voltage switching (ZVS), y
zero-voltage zero-current switching (ZVZCS). (@)

I. INTRODUCTION Vgs | O i & [l & | @

ECENTLY, the phase-shifted full-bridge (FB) de/decon- o Mg~ @ [ & |[®
verter has been proposed to reduce the component str = = =

of voltage and current and the switching losses in the tradition

pulsewidth-modulated (PWM) converter. However, because P

the phase-shifted PWM control, the converter has a disadve Vi1 J

tage, in that a circulating current, which is the sum of the re
flected output currenti(l,) and transformer primary magne-
tizing current {,,,), flows through the transformer and switching
devices during the freewheeling interval{ts, ts—ts as shown Ih
in Fig. 1(b). Due to the circulating current, rms current stresst
of transformer and switching devices are still high compare
to those of the conventional hard-switching PWM full-bridge
converter. To alleviate these problems, zero-voltage zero-ct
rent switching (ZVZCS) FB dc/dc converters using a simpl V12
auxiliary circuit have been presented [1]-[3]. However, the us
of the simple auxiliary circuits to reduce the circulating cur. to titz  t3ta tet7  ts
rent has disadvantages such as overvoltage and severe parasitic ()
ringing in the secondary side of the transformer. This paper pro- _ _

. . ig. 1. Phase-shifted ZVS FB dc/dc converter and its waveforms. (a)
poses an |mproved ZVZCS phase'Sh'fted FB dc/dc conver nventional ZVS FB dc/dc converter. (b) Operation waveforms.
using the modified energy-recovery snubber (ERS) attached at
the secondary side of the transformer. By using the modified

ERS, the proposed converter can reduce the circulating currB@ying through switching devices during the freewheeling in-
terval and voltage stress in the secondary rectifier diodes. Also
. . _ in this paper, the small-signal model of the ZVZCS FB dc/dc
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Fig. 2. ZVZCS FB dc/dc converter using ERS1 and voltage waveform acro: V
D7.

12

. . . Fig. 3. ZVZCS FB dc/dc converter using the simplified ERS2 and voltage
analysis and experiment are performed to verify the propos\gﬂ,eform acrosD-.

topology by implementing a 7-kW (120 Vdc, 58 A) 30-kHz in-
silated-gate-bipolar-transistor (IGBT)-based experimental ¢

cuit I(résl, C,2) are charged up to the secondary voltag®;{) of

the transformer, respectively
Viro(t) =Ves1(t) + Vesa(t)

Il. ZVZCS FB DC/DC GONVERTERSUSING THEERS 2
:n‘/in - 11 —cos W -t (1)
n Vs

By using the ERS (ERSL1) instead of adding a tapped inductor v oV 5

and a saturable reactor to reduce rms current stress such as de- T2peak =<1 ¥in 2)
scribed in the references [1], [2], the converter can reduce thereC,; = C,o = C,,n = N,/N,..

circulating current flowing during the freewheeling interval. As As a result, overvoltage occurs on the secondary of the
shown in Fig. 2, the energy stored in the snubber capaciteransformer. Due to the relatively high impedance of the res-
(Cs1, Cs2) during conduction interval starts discharging whesnant tank, the snubbing or clamping effect for the secondary
the transformer secondary voltage in the freewheeling intertgnsient voltage is also lost. As shown in Fig. 3, the simplified
becomes zero. Due to the discharging of the snubber capacieRS (ERS2) can be used to reduce the circulating current
(Cs1, Cs2), both primary and secondary currents of the tranand clamp the secondary transient voltage [3]. However, this
former become zero. Therefore, the rectifier diodgsandDs  snubber circuit cannot achieve ZVS in the secondary side of
are biased in reverse and the secondary windings of the tratie FB dc/dc converter because the serial resonance circuit
former are opened. Thus, the rms currents for the transformgrformed with transformer leakage inductantg snubber

and switches are considerably reduced in the freewheeling éapacitorC,, snubber diod®. 4, and output capacitaf,

terval. Also, the converter achieves ZVS for secondary recti-

fier diodes 05, Dg) and freewheeling diode/f;) because the Vrz(t) =Vo + (nVin = Vo)

ERS (ERS1) at the turn-on time of switch&g,( 2> and s, C, 1 Cs + G, ) 3
Q4) provides a low-impedance path through the transformer, a CutC | TV oL )
snubber capacitor;,), a snubber diodel},3), and a snubber Vispea =20Vin — Vo @)

capacitor (2). However, in this case, during the transition from
off stage to active stage, the serial resonance circuit is formedAlso, the voltage source to reset the primary leakage cur-
with leakage inductance of the transformer and snubber capaeit in the FB dc/dc converter using the simplified ERS (ERS2)
tors of the secondary and the secondary curtént/(n) begins is only the discharge voltagd/(;) of snubber capacitof’,;.

to flow to C,1, Ds3, andCy, through the transformer and rec-Therefore, the ZVZCS condition cannot be expanded to the
tifier diodes. During the charging process, snubber capacittrsavy load.
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diode D, is connected in the output capacit0y, in order to

clamp the snubber capacitor voltage.. from the secondary

voltage (Vi) to the output voltagel(,)

=nVin + V.. (5)
Here, due to discharging of the energy stored in the snubber

capacitors €;1, Cy2) during the conduction intervat{ — #o,

t5 —t7), both primary and secondary circulating current through

the transformer become zero during the freewheeling interval

(t2 — t4, t7 — tg) if the discharge timé&’,, of the energy stored

in the snubber capacitor€'(;, C.>) is satisfied by the following

VT2peak

):
(Csl + 052) 712L1 - IL
TV ——>Tp1~ ——— 6
3 >dr1 Voo (0) (6)
1 712L1 M IQ
C, >—- i 7 7
>3 Va0 (7

whereC,; = Cys = C, andn2L; = n2Ly + L.

Then, the rectifier diode®); and Dg are biased in reverse
and the secondary windings of the transformer are opened. Due
to the reduced circulating current, the conduction losses are
minimized in switches and transformer during the freewheeling
interval ¢» — t4, t7 — tg). Therefore, the proposed ZVZCS
FB dc/dc converter can reduce the secondary transient over-
voltage as well as the circulating current. Also, the modified
ERS adopted in this study recovers the transformer leakage en-
ergy and switching losses to the load.

IV. SMALL -SIGNAL CHARACTERISTICS OFZVZCS FB
DC/DC CONVERTER

The small-signal model of the ZVS FB dc/dc converter can
be derived from the averaged small-signal model of the PWM
buck converter with incorporating additional effect of the trans-
former leakage inductance [4]. It can be seen from the descrip-
tion of the circuit operation that the effective duty cydled =
De.g + deog) of the transformer secondary voltage depends on
not only the duty cycled) of the primary voltage, but also the

Fig. 4. Proposed ZVZCS FB dc/dc converter using the modified clamp circ@UtpU filter inductor currentz, the leakage inductande, the

ERS3. (a) ZVZCS FB dc/dc converter using the modified energy-recovergput voltageV,, and the switching frequency,. Also, the
snubber ERS3. (b) Operation waveforms.

USING

PROPOSEDZVZCS FB DC/DC (MNVERTER

A MODIFIED ERS

small-signal model of the ZVZCS FB dc/dc converter can be

expanded from the averaged small-signal model of the ZVS
FB dc/dc converter by incorporating the use of the ERS (ERS3
or ERS1) as shown in Fig. 5. Because of the presence of the
ERS (ERS3 or ERS1), small-signal characteristics of the pro-
posed ZVZCS FB dc/dc converter are different from the corre-

sponding characteristics of the conventional ZVS FB dc/dc con-

Fig. 4 shows the proposed phase-shifted ZVZCS FB dc/gerter. To accurately model the dynamic behavior of the ZVZCS
converter that applies the modified ERS (ERS3) to minimize th&B dc/dc converter, it is necessary to know the contributions of
circulating current and the secondary transient overvoltage. Tthe leakage inductande and the energy-recovery snubbgy,
modified ERS (ERS3) that consists of four fast-recovery dlode§f, TVins andd, deﬂ where the magnetizing curre, is as-
(Ds1—Ds4) and two resonant capacitor§';, C,») is inserted sumed to be constant and negligibly small compared with the
between the transformer secondary-side rectifiey, (Dg) and  primary current/7; and the inductor current. .

outputinductor £ ) to reduce the circulating current. The oper- Delay Interval d;:

When the switches),, > are con-

ating mechanism and circuit configuration of the proposed ciducting, the input voltage is applied to the transformer leakage
cuit are similar to the ZVZCS FB dc/dc converter using the ER8ductancel; and the reflected primary curreft-» increases
(ERS1) except for inserting the snubber diod#& ). Snubber until it reaches the inductor current. While the secondary
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| I Lf discharging of the snubber capacitofs {, C,.), both primary
f > _L — T and secondary currents of the transformer become zero and then
V2 Cs Zk the rectifier diodesD; and Dg are biased in reverse and the
; Mc secondary windings of the transformer are opened. Thus, the
Y y g p
iy + 1 [] R secondary voltag&r, decreases until it reaches zero
ﬁ C 2nCynv;
L Vo Afy =— 518 10
L T (10)
2nCinu;
T 4 CS s in
: dy=—it— = n I.fm’ . (11)
@ Fl ‘L
d Here, the effective duty ratio is obtained as follows:

_ do ds
Vs deﬂ—d‘i‘dl‘i‘?‘i‘?

: 202 Ly f,
4/\/—\ —d— LlfiL
YR MYin
I : (\/ZnQLICS - fS) N 4nCs fsnuin

di 2 2.4,
L AW A : T T
Vi -7 . =d+ i + T + v (12)
- 17 - 2,— Win ‘L
» @ » a3
where; = —2712L1f5, T = —V?’LQLICS/2 T fs, Ty =
(b) o2nC, f,.
. . By introducing perturbations to the effective duty ratio of (12)
f Vo as
— - " ~ ~
i J_C det =Deg +der d=D +d (13)
g SR M =nVin +nbin  ip = I +ir. (14)
2'n(di+d,)
R The small-signal equation is obtained as
1:Dess ) ) 5 ~
N ~ (I +1 T3(nVin + nin
© Degt+degg = D+ d e BIL08) |y | T5(0Vin § 10
nVin + nlin Iy +1p
Fig. 5. Secondary circuit waveforms and small-signal model of FB dc/dc (15)

converter (a) Secondary circuit using the modified snuber ERS3. (b) OperatingBy neglecting of the terms of dc and high order, the simplified
waveforms. (c) Small-signal circuit model of FB dc/dc converter. . . . . .
small-signal equation is obtained as follows:

voltage nV,, due to the inductor current; increases, the

. . [D=Du+Ts 207,
deH:d+|: 1 2+ 1:|

additional delayf; can be produced as follows: I Vi | °F

2L At 2n2L; f, D—Dyg+1, 21

At1=n Lig,dy = — Tl _ Ly ir- 8) [$+—3} Nin
Vin 5 NVin nVin I
Delay Intervald,: By using the ERS (ERS3 or ERS1) in =d+d; +d, (16)
the ZVZCS FB dc/dc converter, the serial resonance circuit
is formed with leakage inductancg; of the transformer Where
and snubber capacitor€’(;, C;») of the secondary and the . D—Duy+Ty, 2107
secondary currentl{; /n) begins to flow toC;;, D3, andC» d; = [ 7 v } tr
through the transformer and rectifier diodes. Therefore, the D_ DL T 2Tm
additional delayd, in the charging process can be calculated dy, = [¢ + —3} noig.
as follows: nVin Ir
At n2LiCs The first term in (16) represents a change in the effective duty

~[

=T
4 = —V2r2L,Cs-7w- f, (9) cycled.; due to the perturbation in the primary duty cycle. The

s

do = =-
% second term represents the changé.gfcaused by the pertur-
wheren?L; is the reflected leakage inductance to the secondargition of the output filter inductor current. The third term rep-
of transformer. resents the change dfg caused by the perturbation of input
Delay Intervalds: When snubber capacitor§'(;, C,2) start voltage. The small-signal model to derive the transfer functions
discharging during the freewheeling interval, the total capacibf the ZVS and ZVZCS FB dc/dc converter is shown in Fig. 5(c).

and capacitance of the snubber capacitors doubles. Due toThe contribution ofi; andd, is represented by two controlled

|
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Fig. 6. Simulation results of the control-to-output voltage transfer function i
the proposed ZVZCS FB dc/dc converter and the conventional ZVS FB dc/
converter.

sources. From Fig. 5(c), the control-to-output voltage transt
function is given by

Grvs(s) = % = an% (17)
where
Ry =— 40’ L;f,
Zf :(RLf082 —+ LfS + R)
(RC's+1)
H, = !

L
(LyCs? + Efs +1)

Z ¢ output impedancetf,,: transfer function of output filter;

Gzvzes(s) =

s2+s (% + 7}?22?"5) + w2 (1 + 7RZVRZ(’S
_ nVinwg
s2 4 2wols + w3 (1 + 7}22‘;"5)

)

(18)

where
D — l)eff + CZHfZ)
Iy,

27
nVin

Rzvzcs =—nVin - [(

Wo :\/1/Lf0

1 [L;
=RV T

|

C

Ly

n RZV2ZCS
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Fig. 7. Measurement results of the control-to-output voltage transfer function
in ZVS and ZVZCS converter (output voltage: 120 Vdt; 41).
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Fig. 8. Waveforms of the conventional ZVS FB dc/dc converter VRBD
snubber (200 V/div, 50 A/div, s/div). (a) Voltage and current waveforms of
the primary. (b) Voltage and current waveforms of the secondary.

Equations (17) and (18) are the control-to-output voltage
transfer functions of the conventional ZVS FB dc/dc converter
and the proposed ZVZCS FB dc/dc converter, respectively.
The first term of¢ shown in (18) is the damping in the buck
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(b)
ig. 10. Waveforms of ZVZCS FB dc/dc converter with the simplified

Fig. 9. Waveforms of ZVZCS FB dc/dc converter with ERS1 (200 V/div, S(Ener _recovery snubber ERS2 (200 V/div. 50 A/divi&/div). (a) Voltage
Aldiv, 5 psidiv). (a) Voltage and current waveforms of the primary. (b) Voltagg, gzrrent wazeforms of the prisnary. (b) Voltage an‘é curr)en(t \)Navefo%ms of
and current waveforms of the secondary. the secondary.

regulator and the second term @fis the additional damping eyperimental measurements agree with the simulation results
due to the effect of transformer leakage inductance and ERRysely. Therefore, this makes the system a first-order system
In the proposed ZVZCS FB dc/dc converter and the convega|ow the two-pole system. Also, this makes design of the
tional ZVS FB dc/dc converter with the same transformggegpack compensator simpler.

leakage inductancel{ : 3.5 uH), the simulation results of  The experimental results of the control-to-output voltage
the control-to-output voltage transfer functions for differentansfer function of the ZVS and ZVZCS FB dc/dc converter

load condition are shown in Fig. 6 by using the simulatiog,e implemented at 50% load conditionsX4by the use of
program Mathcad. As shown in Fig. 6, even through the eﬁei?ﬁpedance analyzer (HP4194A).

of dampingRz, due to transformer leakage inductance shown in
(17) was also observed in the control-to-output voltage transfer
functions of the conventional ZVS FB dc/dc converter [4], the
ZVS FB dc/dc converter with a small leakage inductance hasA 7-KW (120 Vdc, 58 A) 30-kHz IGBT—based experimental
the peaking in the control-to-output voltage transfer functiogircuit has been implemented to demonstrate the operation. The
due to the resonance of the output inductor and capacitgrameters of the circuit are as follows:

However, the proposed ZVZCS FB dc/dc converter with the « Q;—Q4: IGBT (2MBI120L060, 600 V, 200 A);

same small leakage inductance can reduce the peaking in & D;—D,: antiparallel diodes of IGBT;

control-to-output voltage transfer function compared to the « L,, : 286 uH (magnetizing inductance);

ZVS FB dc/dc converter because the use of the ERS providese L, : 3.5 4H (leakage inductance of transformer);

the additional damping. In particular, the damping effect in the « n: transformer turns ratio= N, /N, = 6/8 = 0.75);
proposed ZVZCS FB dc/dc converter is more dominant in the ¢ Cj1, Cy2 : 0.2 uF (snubber capacitor);

light-load condition contrary to the ZVS FB dc/dc converter. < C),: 14 nF (stray capacitance of IGBT);

From Figs. 6 and 7, it can be seen that the gain and phase of the D,;—D,4: snubber diode;

V. EXPERIMENTAL RESULTS
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Fig. 12. Measurement results 6% discharging time and.,; resetting time
in ZVZCS FB converters using ERS2 and ERS3.

during the freewheeling interval and reduce the voltage stress
in the secondary rectifier diodes as shown in Fig. 11. Fig. 12
shows the operating characteristics ©f discharging time
and Ly resetting time during the circulating interval in the
ZVZCS FB converter using the simplified snubber (ERS2)
and the modified snubber (ERS3), respectively. In the case
of the ZVZCS FB converter using ERS1 or ERSS, the total
capacity and capacitance of the snubber capacitor to reset the
transformer leakage energy become double that of the ZVZCS
FB converter using the simplified snubber (ERS2). Therefore,
by using the proposed modified clamp circuit (ERS3), the
ZVZCS condition can be expanded to the heavy load. The
proposed converter has efficiency characteristics over 94% at
full load (58 A).

(a) Woltage and current waveforms of the primary. (b) Voltage and current

waveforms of the secondary.

VI. CONCLUSION
A ZVZCS FB dc/dc converter using the modified ERS was

* D3, Dg, D7: 600V, 100 A,t,,.: 150 ns (rectifier, free- introduced in this paper. The proposed converter can reduce

wheeling diode);
* Lz : 300 yH (output inductor,i2; : 0.01 m2);
e C, : 4700 uF (output capacitorRz, : 1.08 m§2);
e 6t : 1.3 us (dead time).

the secondary transient overvoltage as well as circulating cur-
rent. Also, the design equations and model predictions were
verified by simulation and experimental results. Because the
ERS provides an additional damping, the proposed converter

Figs. 8 and 9 show the voltage and current waveforms " reject the peaking due to the resonance of the output in-

the primary and secondary side of the transformer in the Z\;d_é;lctor and capaci_torin acontrql-to—outputvoltagetransferfunc-
FB dc/dc converter with aRCD snubber and the zvzcs Fg tion. Both analysis and experiment were performed to verify

kHz IGBT-based experimental circuit.

dc/dc converter with the ERS (ERS1), respectively. Compari%'%e proposed topology by implementing a 7-kW(120Vdc, 58 A)

Fig. 9 with Fig. 8, it can be seen that by using the ERS (ERSI);
the circulating current in Fig. 9 decreases nearly to zero during
the freewheeling interval and the converter achieves ZVS for
the secondary rectifier diodes and the freewheeling diode[1]
But, it can be seen that a transient overvoltage is produced
in the secondary rectifier diodes of the converter. To reducey,
the transient overvoltage of the secondary and the circulating
current, the ZVZCS FB dc/dc converter using the simplified
ERS (ERS2) can be used. However, this converter, using th
simplified snubber (ERS2), cannot achieve the ZVS in the
secondary side as shown in Fig. 10(b). However, by using the
modified ERS (ERS3), we can see that the converter can reduc@]
the circulating current flowing through switching devices
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