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Interleaved Half-Bridge Flyback Converter With
Zero-Current Switching

Tsorng-Juu Liang

Abstract—Conventional interleaved half-bridge flyback convert-
ers can recycle the leakage energy stored in leakage inductance to
clamp the voltage across the main power switches at a dc input
voltage. However, such converters still suffer from high switching
losses, especially turn-OFF losses. In this paper, a novel turn-OFF
zero-current-transition (ZCT) circuit is proposed for reducing the
turn-OFF switching losses. The proposed ZCT interleaved half-
bridge flyback converter operates at a fixed frequency without
increasing the voltage stresses of the main switches. To verify the
design, a laboratory prototype is implemented with 100 kHz, an
input voltage of 400 V, and an output voltage of 24 V/480 W. The
experimental results reveal that the proposed converter at full load
and 20 % load has efficiencies of 93.05% and 89.06 %, yielding effi-
ciency improvements of 1.17% and 4.12 %, respectively, compared
with the conventional interleaved half-bridge flyback converter.

Index Terms—Half-bridge flyback converter, turn-OFF switch-
ing losses, zero-current switching (ZCS), zero-current transition
(ZCT).

I. INTRODUCTION

OR safety considerations, it is necessary to apply electric
F isolation between the input and output of a power converter.
In switching mode power supplies, flyback converters are widely
used in isolated low-power supplies due to their compact topol-
ogy, multioutput applications, and simple control. Nevertheless,
resonance between the leakage inductance of the flyback trans-
former and the switch capacitance causes high-voltage stress
on the switch during the switch-OFF period. As a consequence,
the converter needs either a clamp circuit to suppress the volt-
age stress on the switch or higher-rated components to bear the
high-voltage stress on the switch; otherwise, the voltage spikes
will damage the devices. Usually, snubber circuits can suppress
such high-voltage spikes on the power switch; however, in do-
ing so, the snubber resistor dissipates the leakage energy, which
reduces the converter’s efficiency [1].
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Applications of flyback converters at high-power output are
limited by the air gap of the inductor. With parallel operation,
however, the output power of an interleaved converter can be
increased [2]-[7]. In addition to enabling increases in output
power, interleaved converters reduce output-current ripples
[8]—[9], and their two-transformer structure solves the oversize
issue of the transformer.

Soft switching includes zero-voltage switching (ZVS) [10]-
[21] and zero-current switching (ZCS) [21]-[26], either of these
can be employed to reduce switching losses. A dual-transformer
structure was proposed to increase output power and realize ZVS
[12]; however, with no leakage energy recycling, the efficiency
remained low. In [13], although the main switches of the inter-
leaved flyback converter could achieve ZVS, the operation was
limited in discontinuous conduction mode (DCM). Although an
interleaved flyback converter with ZVS and ZCS in boundary
conduction mode (BCM) has been developed for a photovoltaic
(PV) ac module, it is suitable only for low-power applications
[21]. The interleaved flyback converter with a cross-coupled in-
ductor, introduced in [14]-[15], could recycle the leakage energy
and, thereby, improve efficiency. However, the voltage across
the switches is twice Vj,. In [16], despite the interleaved flyback
converter achieving ZVS and reducing reverse-recovery losses
on the rectifying diodes, the voltage across the switch is similarly
greater than twice V4,. In addition, when the line voltage or load
current varies widely, the ZCS quasi-resonant converter (QRC)
[22]-[24] requires modulation with a wide switching frequency
range, which makes the circuit design challenges. The LLC res-
onant converter in [25] and [26] uses alterable frequency control
to adjust the output voltage. When the series-resonant tank oper-
ates in a frequency close to the resonant frequency, the converter
nearly achieves ZVS and ZCS with very low circulating energy,
and its efficiency reaches a peak. However, as the operating
frequency moves away from the resonant frequency, the amount
of circulating energy increases, which rapidly degrades the
efficiency. Fig. 1 shows a conventional interleaved half-bridge
flyback converter (IHBFC) with recycled leakage energy
[4]-[5]. When the switches are turned OFF, the energy stored in
the leakage inductances is recycled back to Vi, through diodes
Dy and D to clamp the voltage stress on the main switches;
nevertheless, the main switches still suffer from high switching
losses.

In response, the IHBFC shown in Fig. 2 demonstrated that
the main switches S7 and S5 can achieve turn-OFF ZVS with
a lossless passive snubber and clamping circuits under certain
specific conditions [6].

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 1. Conventional IHBFC with recycled leakage energy [4], [5].
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Fig. 2. THBFC with turn-OFF ZVS [6].

],151
S Vpsi
vesit - D
+
Cl . VCI NPI NSl
L
'_ m
SI.HJ S2a
+
1+ Vasia® - VGS = Liy

Y|

T I/in
- L T
Lm2
+
Cz;:_ Vo Np2
S.ZJ sz
vast -|yis,”

Fig. 3. ITHBFC with turn-ON ZVS technology.

The IHBFC with turn-ON ZVS, shown in Fig. 3, can be used to
reduce the switch-ON loss by replacing diodes D; and D, with
auxiliary switches S7, and Ss,, the key waveforms of which
are shown in Fig. 4. The auxiliary switches Sy, and .Sy, are
conducted to provide reverse current through the antiparallel
diodes of S; and S5. Then, the main switches S; and Sy can
achieve turn-ON ZVS at t5 and t5, respectively. However, the
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Fig. 4. Key waveforms of the IHBFC with turn-ON ZVS technology.
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Fig. 5. Proposed IHBFC with turn-OFF ZCS technology.
switching losses of this converter remain very high because the
turn-OFF loss dominates the switching losses.

In this paper, a novel IHBFC with ZCS circuits technology to
eliminate the switching-OFF loss is proposed, as shown in Fig. 5.
With the additional ZCS circuits, the current flowing through
the main switches S; and S5 can be transmitted before S; and
So turn OFF, thereby achieving turn-OFF ZCS under a wide range
of operations. In this manner, the efficiency can be improved,
with computer simulations verifying the superior performance
of this converter compared with [4]-[6].

II. OPERATING PRINCIPLE

The proposed topology consists of two flyback converters,
Flyback_1 and Flyback_2, as shown in Fig. 5. Capacitors C
and C5, with the same values, are respectively connected to
Flyback_1 and Flyback_2, making the two capacitors an input
source of the two flyback converters. As a result, the voltage
on the primary windings is reduced to half of the input voltage.
The circuit of Flyback_1 consists of the capacitor C1, the main
switch S, the clamping diode D1, the transformer 77, the output
rectifier diode D3, and the resonant branch comprising S, D14,
L1, and C; likewise, the circuit of Flyback_2 consists of the
capacitor C, the main switch Sy, the clamping diode Ds, the
transformer 75, the output rectifier diode Dy, and the resonant
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branch comprising Sy, Doy, L2, and C,.o. In order to simplify
the steady-state analysis, the following assumptions are made.
1) The leakage inductances in the secondary side of the
transformers are referred to the primary side and merged
with the leakage inductances in the primary side. Lj;
and Lj» represent the leakage inductances of 77 and 75,
respectively.
2) The main switches (S7 and S5) and the auxiliary switches
(S1, and Ss,,) are ideal.

3) Diodes D1, Doy, D1, Do, D3, and D, are ideal.

4) Transformers 717 and 75 are identical, so turns ratio
n = Np1/Ns1 = Npy/Nss.

5) Capacitors C1, Cy, and C are large enough for Viop, Voo,

and V) to be constant.

6) The input capacitors C1=C3, so Vo1 = Voo = Vin/ 2.

Fig. 6 shows the key waveforms of the proposed zero-current
current-transition (ZCT) converter operated in continuous
conduction mode (CCM). As can be seen, one cycle period of
the proposed circuit is divided into 16 modes. Modes I-VIII and
IX—XVI are the complete operational sections of Flyback_1
and Flyback_2, respectively. The functionality of Flyback_ 1
and Flyback_2 is the same; similarly, the operation of modes
I-VIII is identical to that of modes IX—XVI. Hence, this paper
only illustrates how modes I-VIII function. Fig. 7 shows
the equivalent ZCT circuits of the operation modes in CCM.
Before ¢, all switches are OFF when D3 and D, are conducted.
In this condition, the magnetizing inductance current %y,
releases energy to Cp and Ry through 77 and Ds; likewise,
magnetizing inductance current iy o releases energy to Cp
and Ry, through 75 and D,.

Mode I [ty, t1]: In this interval, vg gy is high, while v g9,
VG S1a, and vg g, are low. The body diode of S1,, S1, D3, and
D, are ON, whereas Ss, S14, Sou, D14, Das, D1, and Do are
OFF. For Flyback_1, C)1 and L,; form a half-cycle resonance
via S; and the body diode of S;,, and make the positive vc,q
turn into negative. In addition, L,, releases energy to L and
the load simultaneously, i,,1 flows toward C and R, through
Ty and Ds, and ip3 decreases rapidly and becomes zero at t,.
For Flyback_2, ip,,9 still flows toward Cy and R through T5
and D4. When v, reaches the maximum value of the negative
voltage at t = t1, mode II begins. The equations of the voltage
and current of L, are described as follows:

1
vpe (t) = §Vm +nV,, forty <t <t ()
¢
irpi(t) = In vrr1dt + Ikt 0
1
1 t

1
= TM " (2‘/En + nV()> dt + Ik 0,

fortg <t< t (2
ip3 can be expressed as follows:
ipg(t) =nlipmi(t) —irri(t)], fortg <t < t. (3)

Mode II [t;, tg]: In this interval, vg g is high, while v go,
vasia. and voga, are low; in addition, S, Di,, and D, are
ON whereas Ss, S14, S24, Doy, D1, Do, and D3 are OFF. For
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Fig. 6. Key waveforms of the proposed converter with ZCS technology.

Flyback_1, L,1, L;,1, L1, and Cy store the energy released
from C,; through D;,, and at the same time, L,,1, Ly, and
C, store the energy released from Vi,; meanwhile, the energy
stored in V-, is released to L,,; and Ly . For Flyback_2, i1,,2
still flows toward Cp and R, through 75 and D,. The equation
for vp g1, 1s described as follows. When the 77,1 current decays
to zero at ty, mode III begins

vpsia(t) = Vin, forty <t < t. 4)

Mode III [to, t3]: In this interval, vgg; is high, while vg g2,
vas1a, and vg g9, are low. Sp and Dy are ON, whereas Ss, S1,,
S94, D14, Doy, D1, Dy, and D3 are OFF. For Flyback_1, L,,1,
Ly, and Cy store energy released from Vi,; meanwhile, L,
and Ly store energy released from V. In mode II1, i1, and
iLm1 increase linearly, while i1, equals iz, . For Flyback_2,
imo still flows toward Cp and Rj through 75 and D,. The
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equations of vr;; and vr,,; are described as follows. When
VG S1q 18 high, mode IV begins

‘/i Lkl >
v t)y=—|——— |, forta <t < ¢ 5
k1 () 5 (Lm1+Lk1 2 3 ()
Vi
VL1 (t) = -5 vrpi(t), forty <t < t3 6)
iLm1 can be expressed as follows:
1 t
iLm,l(t) = T / 'ULmldt“i’[Lml‘tQ
ml Jty
1 [tV
= — — dt
Lml ~/tg ( 2 val)
+ Inmge, forty <t < 3. (7

Mode IV [t3, t4]: In this interval, vg g1 and vg g1, are high,
while v g0 and v g9, are low. Si, S, and D, are ON, whereas
So, S24> D14y Doy, D1, Do, and D3 are OFF. For Flyback_1,
Ly, Ly, and Cy store energy released from Vi,; meanwhile,
L,,1 and Ly, store energy released from V. C,q and L,
start resonance, which makes most of the input current flow to
the parallel resonant tank, where Z, is the impedance of the
resonant tank and 7T, is the resonant period. fop is the time
period from t¢3 to t4, and at this moment, the two signals vg g1
and vg g1, are simultaneously high. If oy is set as exactly 1/4
of the 7T, resonant period, the current 75; would be reduced to
zero in the form of a sinusoidal wave at ¢t = t,, and make the
transistor’s turn-OFF transition occur at zero current. Hence, S;
achieves ZCS. Meanwhile, the voltage of C,; would decrease
to zero and the current of L,.; would reach its maximum /7,1 14,
as described in (11). For Flyback_2, iy, still flows toward Cp
and Ry, through 75 and D4. When v g1 is low, mode V begins

T’r =27 V Lrl Crl (8)
Zy =\/Ly1/Cn1 )

1
toL = ZTT (10)
IL'rl,M = VCTLmax/ZT (11)
151, reaches the maximum value at ¢t = ¢4
ISla,max = ILrl‘t4~ (12)

Mode V [t4, ts5]: In this interval, vg g1, is high, while vg g1,
vas2, and vg g9, are low. S1, and D, are ON, whereas S7, So,
S94> D14, Doo, D1, Dy, and D3 are OFF. tpgy. is the time period
from ¢4 to t5 and also the time delay between the vg g1 and
VGS1q gate-drive turn-OFF signals. For Flyback_1, C,, L,1,
Ly, Ly, and Cy store energy released from Vi,; meanwhile,
Cr1, L1, L1, and Ly store energy released from Vg . Vi, and
V1 release energy to C).1 via Si, and ensure that the voltage
of v, increases continuously. The maximum voltage of ve, 1,
Vir1 max, can be determined by (14), where 7,1 max 1S the
peak current of iy,,;. At t = t4, 151 is zero and the current
flowing into the resonant inductor L, approaches equivalence
with 17,1 max. For Flyback_2, L,,, releases energy to Cp and
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Ry viaTs and Dy. When vg g1, is low, mode VI begins

toEL = t5 — ty (13)

_ ZTILml.,max
COS(QW(tDEL)/E-) '
(14)

ZrILml,max
cos(27(ts — t4) /1))

VCrl,max =

Mode VI [t5, tg]: In this interval, vgs1, VGs2, VGS1a, and
vas2. are low. Dy,, Dy, D3, and D, are ON, while S;, S5,
S1as 524, Do, and Do are OFF. For Flyback_1, when Sy, turns
OFF at t5, both Dy and Dy, start conducting. The energy of
resonant inductance L, is recycled to C'y and Vj, through D ,;
meanwhile, the energy of leakage inductance Lj; is recycled
to Cy and Vj, through D, directly, and vpg; is clamped at V.
Magnetizing current i,,,; flows toward Cp and Ry through
Ty and Ds; for Flyback_2, iz, still flows toward Cp and Ry,
through 75 and D,. When the 77,1 current decays to zero at tg,
mode VII begins. Then, the maximum voltage stress of 57 and
S14 can be derived from the following equations:

vpgi(t) = Vi, forts <t < iy (15)

vpsia(t) = Vin, for ts <t < t. (16)

Mode VII [tg, t7]: In this interval, vgsi, vas2, VGS1as
and wvggo, are low. Dy, D3, and D, are ON, while
D14, Doy, Do, S, Sa, Si4, and Sy, are OFF. For Flyback_1,
the energy of leakage inductance Ly is recycled to Cy and V;,,
through D, directly, and vpg; is clamped at Vj,. Magnetizing
current iy,,,,1 flows toward Cp and R, through T} and Dj; for
Flyback_2, iy, still flows toward Cp and R;, through 75 and
D,. When L;; releases all energy and the ip; current decays to
zero at t7, mode VIII begins. The equations for vz,,,1 and ¢z,
are described as follows:

VLm1 (t) - —TL‘/(), for tﬁ <t < t? (17)

. 1 !
ipm1 (t) = 7 / VLm1dt + Ipm 46
ml Jtg
1 t
= / (—TLV())dt + ILml,t()’a fortg <t < ty.
Lml tg
(13)
The equation for vp g1, is described as follows:
Upsial(t) = Vorim, forts <t < t. (19)

Mode VIII [t7, ts]: In this interval, vgsi, vas2, VGS1as
and wvggo, are low. D3 and D, are ON, while
Dla; Dy, Dl, Dg, 517 SQ, S1a, and So, are OFF. For Fly-
back_1, iz,,1 flows toward Cp and Ry through 77 and Ds;
for Flyback_2, iy,,,,2 still flows toward Cp and R, through 7%
and D,. The equation for vpg; is described as follows:

Vin
UDSl(t) = ? +nVp, fort; <t < tyg. (20)

When t = tg, vggo is high, mode VIII ends and mode IX
begins.

Fig. 8 shows the key waveforms of the proposed converter op-
erating in DCM. As can be seen, one cycle period of the proposed
circuit is divided into 16 modes. Modes I-VIII and IX-X VI are
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Fig. 8. Key waveforms of proposed converter operated in DCM.

complete operational sections of Flyback_land Flyback_2, re-
spectively. The functionality of Flyback_1 is the same as that
of Flyback_2. Likewise, the operation of modes I-VIII is iden-
tical to that of modes IX—XVI. The difference between mode I
in DCM and in CCM is that before ¢ = ¢y, ir,,n1 and ip3 have
decreased to zero in DCM. Therefore, there is no energy trans-
ferred to the secondary side of the transformer via 7 in mode I.
In addition, the difference between modes I-VIII in DCM and
CCM is that iy, o and ip 4 are zero in DCM, which leads to os-
cillations in the voltage waveforms of vpgo due to the parasitic
capacitor of switch So. The magnetizing inductance L,,» and
the leakage inductance Lyjo are formed in resonance when 7,
and i1, are equal to zero. The other waveforms are mostly the
same.

III. STEADY-STATE CHARACTERISTICS

A. Relationship Between Input and Output

The proposed topology has two identical flyback converters,
which have the same characteristic parameters. Therefore, the
circuit parameters of only one flyback converter are analyzed
for simplicity.

Since the leakage inductance Ly << L;,1; Lo << L9,
the effect of Lj; can be ignored. As a result, the circuit of the
proposed converter can be simplified, as depicted in Fig. 9. The
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voltage and current waveforms of L,,; in CCM and DCM are
shown in Figs. 10 and 11, respectively.

Referring to the theoretical waveforms in Fig. 10, the voltages
across L,,1 when the switch is conducting and turned OFF are
as follows:

1

VULm1l,on = ivzn (21)
N
VLm1,off = —N—ZVO. (22)

Using the volt—second balance theory, the following equation
can be derived:

Npy

— Vo (1 —D)Tk.
Ng1 of s

1
5VinDTs = (23)
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Recollecting the above equation, the voltage conversion ratio
of the proposed converter in CCM is as follows:
Vo 1Ny D 1D
Vi 2Np;1—-D 2n(l—D)
Fig. 11 shows the waveforms of the flyback converter in

DCM, for which the voltages across L,,; during ON and OFF
periods are as follows:

Mpc(cemy = (24)

ULm1,on = 5‘/1 (25)
N
VLm1,0ff = —TZVO- (26)
Using the volt—second balance theory of L,,, we have
1 N
SViaDTs = Vo DaTs. 27)
2 Ns1

The voltage conversion ratio of the proposed converter in
DCM is
Vo 1 D
W - inDA
where Da Ty is defined as the time interval when L,, | releases

energy to the output. The average output current can be ex-
pressed as follows:

Mpc(pem) = (28)

V 1 TS (D+DA)TS
_ Yo ipsdt

Io=5-=—+ ip3 +1i dt:—/
T R, Ty 0 b in Ts Jprg 29)

ip3 = Nirm,) during the time when L,,; releases energy to
the output. From Fig. 11, the area of ¢p3 can be determined
via general equation of triangle area. Therefore, (29) can be
rewritten as follows:

2 (D+DA )Tg

Ip = — ip3dt = —
° 7 Ts Jor, v Ts
( Vy ) DTs x DAT,
3., sxPals y,
X = —. (30)
2 Ry
From (28) and (30), voltage gain can be modified as follows:
VO 1 D nDDA TsRL
M, === = . 31
pe(pem) = 5 nDa 5L, 3D

The duty ratio of L,,; releasing energy to the output, Da,
can be derived as follows:

Lm 1 Lm 1 IO
Da = — 32
s = =\ ¢y
Then, voltage gain shown in (28) can be modified as
D D D
DC(DCM) QTLDA 2 Lm 1 Lm 1 IO ( )
Ts Ry TsVo

B. ZCS Condition
From Fig. 6, during ¢3 to t4, and according to the KCL rule

Tm1 (t) = 10,1 (t) +ig1 (). (34)
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To achieve ZCT, the current flowing through power switch Sy
should be less than zero at ¢ = 4. Therefore, the ZCS condition
can be described as follows:

Irri4 > Inmiia- (35)

Because tpgr, is very small, Ir,,1+4 is almost equal to
I7,m1 max; therefore, the ZCS condition can be rewritten as (37)

(36)
(37

ILml,t,Al = ILmlﬁmax

IL7‘1,t4 2 ILml.mux~

By integrating (11) and (14) with (37), the following expres-
sion can be derived:
COS(QW(tDEL)/TT) S 1. (38)
Equation (38) indicates that as long as tpgr is smaller than 7.,
1I7,11,¢4 will always be larger than or equal to I,,,,1,max. Another
restriction is that Vo, max cannot be higher than Vj; in a steady-
state operational period; otherwise, the body diode of S; would
conduct during the ¢, — t3 period. Therefore, Vi1 max must
comply with the following equation:
VCrl.mux < Vim (39)
By integrating (14) with (39), the following inequality can be
derived, to which ¢pg;. must comply

—1 ( ZrIrm 1. max
cos (7‘/ )

2T

tprL<T) X (40)

where I7,,1 max can be shown in the following equation,
Ipmi,ave s the average value of ir,,1, Alp,1 is the peak-
to-peak value of the ripple current through the magnetizing
inductance L, 1:

1 I,
Irmimax = Iomi.av Al = ——————
Lm1,ma Lml,avg T g BLmi (1 — D)
nVO(l _D)TS _ Liilo +TL2(1 —D)QVOTS
2Lm1 a 277‘(1 _D)Lml

(41)

In practice, tpgL can be set as 0.17}., in which case I, ¢4
would be equal to about 1.2 times I7,,, 1, max. and so ZCS could
easily be achieved. The duty ratio of auxiliary switch D, is
described in the following equation. In addition, based on (10),
tor, = 0.257T).; therefore,

D, =(035T,)/Ts
t t
D, = oL 1 tpEL (42)
Ts
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- THBFC with turn-off ZCS (Proposed)
—— THBFC with turn-off ZVS [6]

~# [HBFC with turn-on ZVS
—— Conventional IHBFC [4-5]

94

—  —— —

=

Efficiency (%)

48 96 144 192 240 288 336 384 432 480
Output Power (W)

Fig. 12.  Efficiency comparison of IHBFCs [4]-[6].

C. Design of the Magnetic Element

The number of turns on the primary (Np;, Np2) and sec-
ondary (Ng1, Ngo) sides of the transformer can be determined
by the following equations:

ILml mamel ILm? mameQ
Np1 = Npy = : = :

43
A AB A AB (43)
N N
Ng; = Ng = —4 = =2 (44)
n n
NP1 NPQ Dmax‘/in
n=tl_ P2 (45)
Nsi Nsa 2(1 = Dmax) Vo

where AB is the flux density and normally 0.7 times the value of
the saturating flux density, A is the effective area of the core,
and Dy« is the maximum duty ratio of the main switch. The
BCM of the converter is designated to be 40% of the rated output
power. Hence, the boundary output power of each converter is

1
PB.Single = 5 x 0.4 x PO- (46)

Based on the energy equation of the inductor, the boundary
output power of each converter can be expressed as

Lui ATy pou 2
P - s fSLmlAILml,BCM
B,Single = -
ingle TS 2
I nVo (1-=Dya)T's 2
fS m1 Lot
= (47)
2

where Aly,,1, o is the value of Ay, at the BCM. Then,

L,,1 and L,,» can be derived as

(1 = Do) *0* V3
2Pp single fs

Ly = (48)

IV. SIMULATION AND EXPERIMENTAL RESULTS

Four topologies, a conventional IHBFC [4], [5], an IHBFC
with turn-OFF ZVS [6], an IHBFC with turn-ON ZVS, and the
proposed IHBFC with turn-OFF ZCS were simulated under the
same specifications. The simulated results shown in Fig. 12

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 4, APRIL 2019

Fig. 13.

Experimental prototype.

TABLE I

KEY PARAMETERS OF THE PROPOSED CIRCUIT
System Specifications
Input voltage 400V
Output voltage 24V
Maximum output power | 480 W
Operating frequency 100 kHz
Components Parameters
Sy, S> IRFP460 (500V/20A)
S10 S24 TK7A60W (600V/7A)
Do D3, ER106 (600V/1A)
Dy, D, MUR460 (600V/4A)
D3, Dy MBR20200CTG (200V/20A)
Np1/Ns1= Npy/Nsy 5.4 (turns ratio)
L,,,l, L,,,z 334 }IH
Lkly Lkz 12 }IH
Ly, Ly 5uH
Cn, G 8.2 nF
Cy, G, 470 uF
Co 660 uF

reveal that the proposed IHBFC with turn-OFF ZCS has the
highest efficiency among the compared topologies due to the
turn-OFF switching loss playing an important role at the higher
switching frequency. Because the proposed converter uses active
turn-OFF ZCS, the efficiency is higher than the passive turn-OFF
ZV S THBFC proposed in [6].

A 480-W experimental prototype is implemented to ver-
ify the performance of the proposed converter, as shown in
Fig. 13. The system specifications and components are listed
in Table I. The proposed ZCT converter has two resonant
branches, which a conventional converter lacks. In Flyback_1,
D14, 514, Li1,and C,q are added; in Flyback_2, Do, Soq, Lo,
and C,9 are added. Since the auxiliary switches only conduct
for a very short period of time, the average current flowing
through the auxiliary switches is very small. Therefore, the
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Fig. 14.  Measured waveforms at Pp = 480 Wand Vo = 24 V.

switch with the lower-rated current is used as the auxiliary
switch.

The key waveforms of the experimental results at full load
are shown in Fig. 14. According to Fig. 14(a), S| and Sy are
operated interleavely, and S7, and Sy, are turned ON for a short
period immediately before S; and Sy are turned OFF. Then,
the current flowing through the main switches S; and S can
be transmitted before they are turned OFF to achieve turn-OFF
ZCS. Fig. 14(b) shows the waveforms of v g1, ip1, Vpsi, and
151, while Fig. 14(c) shows the waveforms of vgs1, ip2, Vp g2,
and ig5. These figures verify that the main switches .S and Sy
can achieve ZCS, and the energy stored in L;; and Lj» can
be recycled to Cy and Vj, through D; and D-, respectively.
Consequently, the voltage stresses of S; and Sy are clamped
at the value of V,. Fig. 14(d) shows the waveforms of vg g1,

)
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101, VG S1a, and 151, . Fig. 14(e) shows the waveforms of vg 51,
1112, UDS2q, and ig9,. These figures reveal that the maximum
voltages on the auxiliary switches are clamped at the dc input
voltage. Fig. 14(f) shows the waveforms of vgs1, ip3, ip4, and
Vo, in which the value of current i3 is almost equal to current
ip4 with 180 degrees out of phase, and the output current ripple
can be reduced. Fig. 15(a)—(f) shows the experimental results at
20% load, with the converter operated in DCM. These figures
also demonstrate that the proposed converter can achieve turn-
OFF ZCS, leakage energy recycling, and voltage clamping on
the power switches.

Fig. 16 presents an efficiency comparison of the proposed
converter and a conventional IHBFC. As can be seen, the
efficiency of the proposed converter can achieve 93.05% at
full load, compared with 91.88% for the conventional IHBFC
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Fig. 15.  Measured waveforms at Pp = 96 W and Vp =24 V.
under the same condition. Table II shows a comparison of -~ IHBFC with turn-off ZCS (Proposed)
the measured losses for a conventional IHBFC [4], [5] and — Conventional IHBFC [4-5]
the proposed IHBFC with turn-OFF ZCS operated at 400 V ” e
. . 92
input and 480 W output. For the conventional IHBFC, the % /./‘/
. . %0
turn-OFF losses of the main switches are about 9.96 W; how- b /
. 9 88
ever, after applying ZCT technology, the turn-OFF losses of the - /
. . ., < 86
main switches drop to 0.7 W. In addition, the losses of the £ . /
ey . . 4
auxiliary switches and parallel resonant network are approxi- o /
mately 2.59 W together, which is less than 0.6% of the output N
power. 48 9% 144 192 240 288 336 384 432 480
A 480-W experimental prototype is implemented to ver- Queput Power (W)
ify the performance of the proposed converter with a TI Fig. 16.  Efficiency of the proposed converter compared with a conventional

TMS320F28027 controller for realizing PI control, as shown
in Fig. 17. Parameters k, and k; are 0.9 and 0.01, respectively.
The dynamic behavior of the control system is shown in Fig. 18.
Fig. 18(a) and (b) presents the variations of output voltage V
with I varied from 4 to 20 A and from 20 to 4 A, respectively.

IHBFC [4], [5].

It takes about 0.8 ms for Vj to return to a steady 24 V, and the
maximum transient swing voltage is less than 0.7 V when Ip
is changed from 4 to 20 A. Furthermore, it takes about 0.9 ms
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TABLE II
POWER L0OSS ANALYSIS FOR Two IHBFCs AT Vi = 400 V

Interleaved Lroposed
Component P ZCT-Interleaved

half-bridge .
losses flyback[4-5] half-bridge

b “ | fiyback

Main swfltches L7IW L8 W
conduction
N’I;‘un switches 26 W 26 W
turn-on
.\-’Iz?m switches 9.96 W 07 W
turn-off
Au.xﬂlary oW L8 W
switches
Auxiliary
diodes ow 0.49 W
Resonant
network 0w 03W
Clamping 1.65 W 1.65W
diodes
Transformers T8W T8 W
Rectifier diodes | 16.24 W 16.24 W
Others 247TW 247TW
Total 4243 W 3585W
Efficiency 91.88 % 93.05 %

i+
T
Ry
+
Vi
+
G=—=
T 2
sla $
P—as I

Isolated
drive:

VGs:

Phase
shift 180°

Compare UodZ) PI Controller
=l

Block diagram of the control system.

Fig. 17.

for Vp to return to a steady 24 V, with the maximum transient
swing voltage being less than 0.6 V when I is changed from
20to 4 A.
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Fig. 18. Dynamic behavior of the control system. (a) I is changed from 4

to 20 A. (b) I is changed from 20 to 4 A.

V. CONCLUSION AND FUTURE WORK

This paper proposed a novel IHBFC combined with leakage
energy recycling and ZCT technology and elaborated the oper-
ating principles and characteristics of the circuits. The circuit
was verified to achieve high efficiency through an experimental
prototype. The primary feature of the proposed circuit structure
is reducing the input voltage of the converter by connecting ca-
pacitors C'; and Cj in series. In doing so, the transformer can
function in smaller turns ratio, the leakage inductance of the
transformer can be reduced, and the coupling of the energy-
storage transformer can be improved. The leakage energy is
directly recycled through the clamping diodes, and the voltage
across the switches are clamped at V,. The two flyback convert-
ers apply interleaved operation so as to reduce output current
ripple. The major switching losses of the IHBFC are the turn-
OFF losses. To reduce those losses, the proposed circuit ensures
the main switches achieve ZCS and reduce the turn-OFF losses
by applying auxiliary switches and parallel resonant networks.

Based on the parallel resonant networks, this paper proposed
anovel ZCT IHBFC that provides a zero-current turn-OFF func-
tion and retains the benefits of an IHBFC; for example, the
main switch can hold low-voltage stresses and apply constant-
frequency operations. Since the parallel resonant networks and
auxiliary switches only operate during switching-transition, the
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Np2 Ns2

— T

Fig. 19. Integrated transformer for an interleaved flyback converter.

operation methods of the proposed converter are the same as
those of a pulsewidth modulation converter in the major switch-
ing period. Therefore, the design and control of power devices
are similar to those of a conventional IHBFC. In addition, the
ZCT operation is independent of the line voltage and load condi-
tion, and the circulating energy can maintain a minimum value.
These benefits make the proposed converter advantageous in
high-power applications. Based on the measured data of the
implemented circuit at full load, the proposed circuit structure
achieves the efficiency of 1.17% higher than a conventional
IHBEC for less switching losses, and improves the efficiency by
4.12% higher than a conventional converter at 20% load. The
highest efficiency is 93.06% at 90% load and 93.05% at full
load.

Future works to improve the performance of the proposed

converter are outlined in the following.

1) The proposed ZCS interleaved converter suffers from
the power imbalance problem due to parameter varia-
tions. Accordingly, itis suggested to study current-sharing
control/power-sharing control to alleviate this issue.

2) The transformer could be improved in following ways.
Since the first and second sets of flyback converter are
operated in an interleaved manner, transformers 77 and
T5 would neither generate alternating currents flowing
through the primary windings nor further generate mag-
netic flux to cut the secondary windings during the same
time period. In addition, rectifying diodes D3 and D, re-
strain the direction of the output current in the secondary
windings. As a result, transformers 7} and 75 could ac-
tually apply the same core, as shown in Fig. 19. Since T}
and 75 apply the same core, the cost and size of the circuit
could be reduced.
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