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High-Efficiency Phase-Shifted Full-Bridge Converter
With a New Coupled Inductor Rectifier (CIR)

Jung-Kyu Han

Abstract—A conventional phase-shifted full-bridge (PSFB) con-
verter is one of the most promising topologies in high-efficiency and
high-power applications because of its small RMS current, inher-
ent zero-voltage switching capability, and clamped voltage stress of
the primary switches. However, when the PSFB converter operates
with a small duty ratio, a large freewheeling current of an output
inductor flows in the primary side, and it causes a large circulating
current. In addition, it has a large voltage stress in the rectifier
diodes due to a voltage ringing between parasitic components. To
solve these problems, a new PSFB converter with a coupled induc-
tor rectifier (CIR) is proposed in this paper. By adopting the CIR
structure in the PSFB converter instead of the full-bridge rectifier,
the proposed converter eliminates the freewheeling current in the
primary side, which significantly reduces the primary circulating
current. In addition, the two rectifier diodes of the CIR do not
have voltage ringing. As a result, the proposed converter not only
reduces the conduction loss in the primary side, but can also use
two diodes in the rectifier with a low voltage rating. The effec-
tiveness and feasibility were verified with a 320400 V input and
56-V/12.8-A output prototype.

Index Terms—Circulating current, coupled inductor rectifier
(CIR), high efficiency, phase-shifted full-bridge (PSFB) converter,
voltage ringing.

I. INTRODUCTION

PHASE-SHIFTED full-bridge (PSFB) converter, as
A shown in Fig. 1(a), is one of the most promising topolo-
gies for high-efficiency applications because of its small RMS
current, inherent zero-voltage switching (ZVS) capability, and
clamped voltage stress of the primary switches [1]-[12]. In addi-
tion, it is suitable for medium-/high-power applications because
an output inductor relieves the RMS and peak current on the
primary and secondary side [13]-[16].

However, in many applications such as a server power sup-
ply and electric vehicle charger, a wide input voltage range and
wide output voltage range are required, which cause a large cir-
culating current in the PSFB converter, as shown in Fig. 1(b)
[17]-[21]. It is because the freewheeling current of the out-
put inductor Lo is transferred to the primary side during the
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freewheeling mode. Because this current just circulates in the
primary side without transferring any power to the output load,
it unnecessarily increases the primary RMS current [22]-[29].
In addition, it becomes more aggravated when the input/output
voltage range becomes wide, which results in a large conduction
loss in the primary side.

In addition, the rectifier diodes of the PSFB converter have
large voltage ringing by the resonance between the leakage
inductance and parasitic capacitance of the rectifier diodes [30]—
[35]. Because it increases the voltage stress of the diodes up to
two times, additional snubber circuits are needed to relieve the
voltage ringing. As a result, the PSFB converter not only has
a large snubber loss, but it also has to use high voltage rating
diodes with a large forward voltage drop V.

Several studies have been done to overcome the drawbacks of
the conventional PSFB converter [36]-[47]. Among them, the
output inductorless PSFB converter, as shown in Fig. 2(a), does
not have the freewheeling current in the primary side because it
does not have the output inductor. As a result, it has little circu-
lating current in the primary side, which significantly reduces
the RMS current. In addition, it does not have the voltage ringing
at the rectifier diodes because the rectifier diodes are clamped to
the output voltage. Therefore, it does not need snubber circuits
and can use low voltage rating diodes in the rectifier. How-
ever, although the output inductorless PSFB converter solves
the aforementioned problems, it causes a large RMS current
and large peak current because it has a current with a triangular
shape due to the discontinuous conduction mode (DCM) op-
eration, as shown in Fig. 2(a). As a result, a large conduction
loss and reverse recovery loss occur in the primary switches and
secondary diodes, which degrade the efficiency.

Another output inductorless PSFB converter, as shown in
Fig. 2(b), was also proposed. In [36], because it does not have
an output inductor, it does not have the freewheeling current
and voltage ringing similar to the output inductorless PSFB
converter, as shown in Fig. 2(a). In addition, by using a reso-
nance between the leakage inductance Ly, and an additional
capacitor C'y, it shapes the primary current similar to that of the
conventional PSFB with the output inductor, as shown in Fig. 1.
As aresult, it effectively solves the aforementioned problems of
the conventional PSFB converter. However, it not only requires
many components such as @41, Q42, and Cy, but also has a
low efficiency in light load conditions because the additional
switches cannot achieve soft switching. Furthermore, because
its voltage gain variation is very narrow, it is hard to use in
applications that require wide input/output range.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 1. Conventional PSFB converter. (a) Circuit diagram. (b) Key waveforms.
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Fig. 2. Recent studies on the conventional PSFB converter and its key waveforms. (a) Output inductorless PSFB converter. (b) Improved output inductorless

PSFB converter [36]. (c) Freewheeling currentless PSFB converter with coupled inductor [37].

The PSFB converter, as shown in Fig. 2(c), uses passive
components to eliminate the freewheeling current in the pri-
mary side [37]. Because the coupled inductor changes the out-
put current path to Dy, and Djo during the freewheeling
mode, the freewheeling current of the output inductor does
not flow to the secondary winding of the transformer. As a
result, it does not have the freewheeling current in the pri-
mary side and reduces the RMS current in a simple manner.
However, it still requires many additional components, such as
D41, Dys, and C4. Moreover, all of the secondary diodes
have voltage ringing that increases the snubber loss and volt-
age stress of the diodes. Hence, a more simpler and effec-
tive method is required to solve the problems of the PSFB
converter.

Therefore, in this paper, a novel PSFB converter with a new
coupled inductor rectifier (CIR) is proposed. By adopting the
CIR structure in the PSFB converter instead of the full-bridge
rectifier (FBR), the proposed converter eliminates the freewheel-
ing current on the primary side and the voltage ringing of the
two rectifier diodes without any additional components. As a re-
sult, the proposed converter achieves a high efficiency in entire
load conditions by reducing the primary conduction loss and by
using high performance rectifier diodes.

The remainder of this paper is organized as follows. The
concept and operational principles are analyzed in Sections II
and III, respectively. In Section IV, the characteristics of the
proposed converter are analyzed. A 320-400 V input and
56-V/12.8-A output prototype was built and tested to verify
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Fig. 3. Proposed PSFB converter and its key waveforms.
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Fig.4. Characteristics of each rectifier. (a) Conventional PSFB converter with
FBR. (b) Proposed PSFB converter with CIR.

the effectiveness and feasibility of the proposed converter in
Section V. Finally, the conclusion is drawn in Section VI.

II. CONCEPT OF THE PROPOSED CONVERTER

Fig. 3 shows the proposed PSFB converter and its key wave-
forms. As seen in this figure, the proposed converter has a new
rectifier structure using a coupled output inductor, whereas the
primary side of the proposed converter and a control method
are the same as the conventional PSFB converter. Because the
proposed converter does not need additional components and a
control method, it does not increase cost and complexity.

The proposed converter has two main advantages by adopting
the CIR structure instead of the FBR in the conventional PSFB
converter. Fig. 4 is presented to compare the characteristics of
the each rectifier. First of all, the proposed converter does not
have a freewheeling current in the primary side. As shown in
Fig. 4(a), in the conventional PSFB converter with the FBR,
the freewheeling current of the output inductor flows through
the secondary winding of the transformer. This freewheeling
current is transferred to the primary side and becomes the cir-
culating current in the primary side. However, in the proposed
converter, the current path is changed from D4 to Dy during
the freewheeling mode, as shown in Fig. 4(b), and freewheel-
ing current does not flow through the secondary winding of the
transformer. Therefore, the proposed PSFB converter does not
have reflected current during the freewheeling mode, and the
RMS current in primary side is significantly reduced.

The second advantage is that the proposed converter elimi-
nates the voltage ringing of two rectifier diodes D3 and Dy. As
shown in Fig. 4(a), the rectifier diodes of the conventional PSFB
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converter have voltage ringing caused by the resonance between
the parasitic capacitance of the rectifier diodes and the leakage
inductance in the primary side. On the other hand, in the pro-
posed converter, because D3 and D, of the proposed converter
are connected with the output capacitor in parallel, as shown
in Fig. 4(b), the voltage stress is clamped to the output voltage
without voltage ringing. Therefore, the proposed converter can
employ low voltage rating diodes having low forward voltage
drop Vp for D3 and Dy. In addition, snubber circuits for Dj
and D, can be eliminated, which decreases the snubber loss and
cost.

As a result, compared with the conventional PSFB converter,
the proposed PSFB converter can reduce the conduction loss
in the primary side, employ low voltage rating diodes for Ds
and D, and eliminate the snubber circuits by adopting the CIR
structure, which results in a high efficiency without any addi-
tional components. Table I lists the comparisons between the
conventional converters and the proposed converter.

IIT. OPERATIONAL PRINCIPLES

To explain the operational principles of the proposed con-
verter, the current paths and key waveforms are presented in
Figs. 5 and 6, respectively. As shown in Fig. 5(a)—(f), the pro-
posed converter has six operating modes, and each mode is ana-
lyzed in detail. Operational principles during f5—t, 2 are skipped
because it is the same as #y—f; except for the current direc-
tion that is reversed. For the simplicity of the analysis, some
assumptions are made as follows.

1) All parasitic components except for those specified in

Fig. 5 are ignored.

2) The magnetizing inductance L,, and the output inductors
L, and L,» are large enough to be considered as a con-
stant current source during a dead time of the primary
switches.

3) Resonances that occurred by parasitic components are ig-
nored except the resonance between Ly, and the parasitic
capacitor of Dy and Ds.

4) The turns ratio of the coupled inductor is 1:1 and it has
high coupled coefficient.

Mode 1 [ty—t, ]: Mode 1 starts when the current commutation
between Dy and Ds is finished. D is turned OFF, and the input
voltage V; is applied to the transformer. And V; is transferred
to the secondary side of the transformer as V; /n. Accordingly,
V. /n—V,, is applied to the output inductor L1, and L, builds up
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TABLE I
COMPARISONS BETWEEN THE CONVENTIONAL CONVERTERS AND THE PROPOSED CONVERTER
Conventional Output inductor- (36] (37] Proposed PSFB
PSFB less PSFB with CIR
Primary RMS current Large Large Small Small Small
Voltage stress of .
‘g . Large Small Small Large Medium
rectifier diodes
2 MOSFETs, .
. .. L. 2 diodes,
Additional components — — gate driving circuit, . —
‘ 1 capacitor.
1 capacitor.
Lorug Lot Lotng Lot
+ Vot kg = + Vio =
D.E1 +1
045 3
L 1w =Rl
Co| RoT - Co| Roy -
L L1
3 Dg}
()
Lotig Lot
21
3
cT R,,[] v o Ro[] -
D, &+
Ds D&}
+ IofT + Viec = ipaT +
4 (=ip1) . - .
T Rll™ - T rll™
D, AT
Lol T
=i2) L~ AR
LoZ_lkg LoZ
®

Fig. 5.

the current through Dy and D,. The magnetizing current of the
transformer iy, (¢), primary current ipyi (1), and output inductor
current i, (t) are determined as follows:

Vs
TLm (t) =iLm (tO) + L (t - to) (1)
Z'pri(t) = iLm, (t) + # (2)
s - V:)
ir01(t) =iro1(to) + V/Z—l(t —to). (3

During mode 1, because the parasitic capacitance of D res-
onates with Ly, vpo has voltage ringing similar with that of
the conventional PSFB converter. On the other hand, because

Current path of the proposed converter. (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4. (e) Mode 5. (f) Mode 6.

vps is clamped to V,, without voltage ringing, D3 significantly
reduces voltage stress, and the snubber circuit for D3 is not
needed.

Mode 2 [t1—t2]: Mode 2 starts when Q; is turned OFF. Because
the output capacitors of Q; and Qs start to be charged and
discharged, respectively, V7., and V.. decrease together. When
Viee Teaches V, /2, Do is conducted and the equivalent circuit
during mode 2 is obtained, as shown in Fig. 7(a). Assume that
the leakage inductance L, 1k, and Lz, have same value
(: Lo_lkg)s VLm VLo.lkgl . VLO.lkg29 and Vleg are determined as
follows:

Vo

VL() =~ 5

5 “)
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(b)

(a)

Equivalent circuit of the proposed converter. (a) Mode 2. (b) Mode 5.

Fig. 7.
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Lol lkg L rome + 4(Lig /1) o @)
Lioixg
Vio = = Ve (§)
702 kg Tt ms + 4(Lng /1) (o) (6)
L.
Vig = e nVo. (7

2L g ke + 2L1kg

As aresult, ip,,; decreases with a slope of Vi,1/Lix,, and the
current commutation occurs between L,; and L,2. Assuming
that the 47,,,, 1701, and 71,9 are constant during the dead time,
Ipris D4, 101, and iy, are determined as follows using (4)—(7):

nVo
N2 Lo kg + 2Lk

ipri (t) = ipm (t1) + dpri(t1) — (t—t)

®)
n*Vo
ina(t) =1 o1(t1) — t—1t
ip4(t) = iro1(t1) Lo +2leg( 1) )
n?Vo
) t) =1r0o1(t1) — t—t 10
iLo1(t) = iro1(t1) 2 Lrore +4leg( 1) (10)
. n*Vo
iroa(t) (t—t1). (11)

T on? Liog + 4L

Mode 3 [to—t3]: When Q- is turned ON, mode 3 starts. Because
the output capacitor of Qs is discharged during mode 2, the ZVS
of Oy can be achieved. And iy,,; continues to decrease with the
same slope as mode 2 until it reaches ¢, . At the end of mode
3, the freewheeling current is eliminated, and only i1, flows
through Q- and Q.

Mode 4 [t3—t4]: Mode 4 starts when ij,;; becomes the same
as ir,,. Because ip4 becomes zero, D, is turned OFF, and the
output inductor is demagnetized with a slope of -V, /(L,; +
Ly2) through Dy and Do, as shown in Fig. 5(d). i1,1 and i,,9
are determined as follows:

L (t —t3).
(Lol + LOQ)

Mode 5 [t4—t5]: Mode 5 starts when Q4 is turned OFF. Because
the output capacitors of Q, and Qs start to be charged and
discharged, respectively, V7, and V,.. decrease together. When
Ve reaches -V, /2, D3 is conducted and the equivalent circuit
during mode 5 is obtained, as shown in Fig. 7(b). Assume that
the leakage inductance L, 1k, and Ly x, have same value
(= Loaxg)» VLos Vioakgls Vioakg2, and Vi, are determined as
follows:

iro1(t) = iro2(t) =iro1(t3) — (12)

Vip =~ (13)
L1oaxe 2Vg

Vil ke = — g 25y, 14

O T O L Lo i + 4(Lig /1?) < n O) (1

Lioikg 2Vs
Vio2 ke = AR v/ 15
FoE T D Lo kg + A(Lueg /1?) ( n O) (1
L
Vil = kg 2VS —nlp). (16)

a n2Lo1kg + 2Lkg
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conventional PSFB converter.

As aresult, i, decreases with a slope of Vi s / Likg, and the
current commutation occurs between L,; and L,s. Assuming
that the 47,,,, 17,01, and 77,9 are constant during the dead time,
Ipris D35 101, and iy, are determined as follows using (13)—
(16):

. . 2VS —’rLV()
Tpri(t) = tpm (ts) — t—t 17
pr(t) = iz (f4) 2Lk +2L1kg( 2 1n
. 2V5 —’I’LVO
t) = t—t 18
ip3(t) =n (nQLLoJkg n 2leg> (t—t4) (18)
. ) 2Vs — nV,
M(t)uol(u)n(w o o _ >(tt4)
o-lkg g
(19)
. ) 2Vs — nV,
ZLOQ(t) = ZLo?(t4) +n (anLLS n +ZL1k > (t — t4).
olkg g
(20)

Mode 6 [t5—ts]- Mode 6 starts when Q3 is turned ON. Because
the output capacitor of Q3 is discharged during mode 5, the ZVS
of Q3 can be achieved. And iy,,; continues to decrease with the
same slope as mode 5 until D; is turned OFF.

IV. CHARACTERISTICS OF THE PROPOSED CONVERTER
A. Voltage Gain

The output inductor of the proposed converter builds up a cur-
rent with a slope of (Vi /n-V,,) /L1 (= (Vs /n-V,)/Ly2) during
the powering mode, and demagnetizes the current with a slope of
-V, /(Lo1 + Ly2) during the freewheeling mode. Assuming that
the L, and L, are same, applying a voltage-second balance to
the output inductor leads to the following equations:

Deg - (V;_VZ)) +(0~5_Deﬁ)' <_‘/0) =0 (21)
n 2

Vo 2Dcg 1

Zo . 22

V, n n(Deg + 0.5) (22)

where n is the turns ratio of the transformer.
Based on (22), the normalized gain graph of the proposed
converter and the conventional PSFB is shown in Fig. 8.
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TABLE II
VOLTAGE STRESSES OF THE RECTIFIER DIODES

Conventional PSFB converter

Proposed PSFB converter

. . S 2V, ..
Rectifier diodes voltage stress (vp;, Vp2) ‘;—9 + voltage ringing [TS—VOJ + voltage ringing
Rectifier diodes voltage stress (vp;, vps) ‘;—9 + voltage ringing Vo
T 300 ~ T T
i Proposed PSFB converter (n=5) Vgs Q1 :ﬂ‘:’ Jead
o |- Conventional PSFB converter (n1=4.71) - Q, | ; | Q,
2 250 f---en I I T i I T poomooe- Vgs_Q2 L1 [;
- : : : : : : : Vgs_Q3 =it
7]
o 200 Vgs_as Qs | | Qs ,
g r ‘ ’
S 150 | v, Yemerz |\
: Vim | | nv,/2 N
S 100 Ves2 LAl N [:nVer2 t
RS
o
o
50
S Vasat [ 1 vonv2
o : Vo oot
@ 0 : H ; : ; : ‘ ! nVo/2 R
x 320 330 340 350 360 370 380 390 400 t°
Input voltage [ Vs] Vas_as
Fig. 9. Voltage stress of the rectifier diodes in the proposed PSFB converter 1:
and the conventional PSFB converter. 2VS energy of Q
3
1000 Ypri >
Proposed PSFB converter (n=5) 3 t
——————— Conventional PSFB converter (n=4.71) ZVS energy of Q,
800 . bt bt tsts b

600 [---

400

200

0 1 1 ' ' '

Total voltage stress of diodes [V ]

320 330 340 350 360 370 380 390 400
Input voltage [ Vs]

Fig. 10.  Total voltage stress of rectifier diodes D1—Dy.

Because the proposed converter has a (D.g + 0.5) term in the
denominator, the voltage gain is the same as a conventional
PSFB converter when the D.g = 0.5, and when the D.g < 0.5,
the proposed converter has larger voltage gain.

However, although both converters have unity normalized
voltage gain at D.g = 0.5, they have slightly smaller voltage
gain in practice, due to duty cycle loss that occurs during the
commutation of rectifier diodes. The duty cycle loss of the pro-
posed converter can be obtained with (18) as follows:

n?Lioakg + 2L
QHVS —n? V()

DlossTS = ILO,DC (23)

Fig. 11.  ZVS operation of the proposed converter.
ILo1 + lro2
ILo DC
[N Io
, 1
Lot 5lo_DC .
) : : 1 :
Freewheeling mode}  Powering mode | Freewheeling mode
(Q&Qzon) | (Qr & Q4 0n) i (Q2&Qqo0n)
Fig. 12.  Output inductor currents i1, o1 and ¢, 2.

where I, pc is the dc current of coupled inductor, which is
described in Section IV-A.

Assuming that both the converters have same duty cycle loss,
the proposed converter has slightly larger voltage gain, as shown
in Fig. 8, and the turns ratio of the proposed converter and
the conventional PSFB converter is designed as 5 and 4.71,
respectively, with a 320-400 V input voltage and 56 V output
voltage specifications.

B. Voltage Stresses of the Rectifier Diodes

As mentioned before, vps and vp4 are clamped to V,, be-
cause D3 and D, are connected directly to the output capacitor.
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TABLE III
DESIGN EXAMPLES OF THE PROTOTYPE CONVERTERS

Conventional PSFB converter

Conventional PSFB converter | Proposed PSFB converter

(L,,=700 pH) (L,=1200 puH) (L,=600 pH)
Leading-leg switches (Q;, O>) IPP60R160 (V45 1max=600 V, R 5,,,=160 mQ)
Lagging-leg switches (Q3, Q) IPP60R280 (Vs 1max=600 V, R 45,,,=280 mQ)
Transformer PQ3225 PQ3225 PQ3225
(L,,, turns-ratio) (700 pH, 33:7) (1200 pH, 34:7) (600 pH, 35:7)
Leakage inductance (Ly,) 25 uH 25 uH 25 uH

ZVS range Entire load condition

Over 50% load condition Entire load condition

Rectifier diodes

120V 120V 150 vV
voltage stress (Vpy, Vp2)
Rectifier diodes 120V 120V 56V
voltage stress (Vp3, Vp4)
MBRF20H150CT MBRF20H150CT MBR20200CT
Rectifier diodes (D;, D
cctifier diodes (Dy, D) (V=150 V, V;=0.8) (Va=150 V, V;=0.8) (V=200 V, V;=0.9)
MBRF20H150CT MBRF20H150CT MBR20LSOCT
Rectifier diodes (D3, D
cctifier diodes (Ds, D) (V=150 V, V,=0.8) (V=150 V, V;=0.8) (V=80 V, V;=0.56)
Output inductor PQ2620 PQ2620 PQ2620
(Lo, wire diameter) (15 pH, 1.4 ®) (15 pH, 1.4 ®) (15pH, 1.2 0, 1.2 D)

Accordingly, not only low voltage rating diodes can be used for
D3 and Dy, but also the snubber circuits to relieve the voltage
ringing can be eliminated. However, in the case of the D; and Do,
voltage stress slightly increases compared to the conventional
PSFB converter. This is because V7, + Vi, are applied to D
and Do during D.g, whereas V... is applied to D; and D, in the
conventional PSFB converter. vp; of the proposed converter is
determined as follows when Q; and Q, are turned ON:

Vs Vs 2V,
VDlzv;ec'i‘VLo:?;"'('_Vz)): n,_v:) (24)

n

where vps is also determined as 2V, /n~V, when Q2 and QO
are turned ON.

The voltage stresses of the rectifier diodes of the proposed
converter and conventional PSFB converter are listed in Table II.

Based on Table II, the voltage stresses of the rectifier diodes
according to the input voltage variation can be drawn, as shown
in Fig. 9. As seen in the figure, vp 1 and vp 9 of the proposed con-
verter are slightly larger than those of the conventional PSFB
converter. However, in the case of vp3 and vpy, the voltage
stresses are much smaller than those of the conventional PSFB
converter because vps and vp4 are clamped to V,, without volt-
age ringing. With the given turns ratio in Section IV-A, the
maximum voltage stresses of D;—D,4 are 164 V in the con-
ventional PSFB converter when Vg is 400 V. In the proposed
converter, vp, and vpo are determined as 208 V, and vp3 and
vpy are determined as 56 V. And, Fig. 10 shows the sum of the

voltage stress of all rectifier diodes. As shown in the figure, the
proposed converter has low voltage stress in total.

C. ZVS Condition

Comparing the ZVS condition with the conventional PSFB
converter, the proposed converter has different ZVS condition
at the leading-leg switches Q; and Q», and lagging-leg switches
Qs and Qy. Fig. 11 is presented to analyze the ZVS condition of
the proposed converter. As seen in the figure, when Q; is turned
OFF at ty, i,,; starts to charge/discharge an output capacitor of Q4
and Q». Because L, is involved to charge/discharge the drain—
source voltage vqs of Q1 and Qs until V7,,,, reaches nV,, /2, Ipri
does not decrease during #o—;. When V7,,,, reaches nV, /2 att1,
Ly, starts to charge/discharge the output capacitor of the Q0 and
0o, and ij,,; decreases until it reaches iz, . After i),,; becomes
the same as ¢y, att3, i1, starts to charge/discharge the output
capacitor of the leading-leg switches. Because the ZVS energy
of Qs during #p—t3 becomes smallest in the no-load condition,
the ZVS condition of Q, is determined as follows:

ty
/ Z’plridt = Z’Lm (tO)Tdead = wTdead > 20055‘/;
to 2Lm
(25)
where C,q is the output capacitance of the primary switches,
and i1, is assumed to be constant during the dead time Tgeaq-
And when Q, is turned OFF at t5, i},,; Starts to charge/discharge

an output capacitor of the lagging-leg switches Q3 and Qy.
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Fig. 13. Key waveforms of the prototype converters at 100% load

condition. (a) Conventional PSFB converter with L,, = 700 xH. (b) Conven-
tional PSFB converter with L,, = 1200 pH. (c) Proposed PSFB converter with
Ly, = 600 uH.

Similar with the leading-leg switches, vgs g4 and vgs 3 are
charged/discharged linearly until V7, reaches —nV,, /2. When
Vim reaches —nV, /2 at tg, Vi, is clamped to —-nV,, /2, and Lix,
starts to charge/discharge the output capacitor of the lagging-leg
switches. Because vgs g3 = nV, /2 and v4s g4 = Vs—nV, /2 at
15, the required charge to achieve the ZVS of Q3 is determined
as follows:
Ooss(vs - n%/2) + Coss(‘/s - nVo/Q) = COSS(Q‘/S - ’I’LVg)
(26)
Combining (26) with (23) leads to the following equation:

Coss V;

Coss(2Vs —nV,) = Dug + 05

@n
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Fig. 14. ZVS waveforms of the lagging-leg switch Q3 of the proto-

type converters at 100% load condition. (a) Conventional PSFB converter
with L,, = 700 pH. (b) Conventional PSFB converter with L,, = 1200 pH.
(c) Proposed PSFB converter with L,,, = 600 pH.

Because i, is the same regardless of the output load varia-
tion, the ZVS condition of Q3 is determined as follows:

t7
/ Z'pridt = Z'Lm (tﬁ) Y 2legcoss

tg

_ ViD T, Coss Vs

2L Coss 2 . N
2L,, VN Deg +0.5

As shown in (25), (28), and Fig. 11, because the ZVS condi-
tion of the leading-leg switch Q5 is much better than that of the
lagging-leg switch Qs, Ly, should be designed taking into con-
sideration Q3. Comparing the ZVS condition of the proposed
converter with the conventional PSFB converter, both converters
have sufficient ZVS energy for the leading-leg switches because

(28)
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Fig. 15. ZVS waveforms of the lagging-leg switch Q3 of the proto-
type converters at 10% load condition. (a) Conventional PSFB converter
with L,, = 700 zH. (b) Conventional PSFB converter with L,, = 1200 pH.
(c) Proposed PSFB converter with L,, = 600 pH.

L,, helps the ZVS operation. In the case of the lagging-leg
switches, the proposed converter has smaller ZVS energy than
the conventional PSFB converter because it does not have the
freewheeling current in the primary side. However, because the
lagging-leg switches of the proposed converter require less ZVS
energy than that of the conventional PSFB converter, the ZVS of
the lagging-leg switches can be achieved easily by using ¢, . In
addition, because 71, does not change according to a load con-
dition, the proposed converter can achieve the ZVS operation
for the entire load condition.

D. Coupled Inductor Design

The proposed converter uses a coupled inductor as an output
inductor to construct the CIR. There are guidelines to design the
output filters for the CIR structure. First, the turns ratio of the
coupled inductor should be designed as 1:1. Although the turns
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ratio of the coupled inductor can be designed as asymmetric,
the asymmetric turns ratio causes a biased voltage and current
stresses at the rectifier didoes. For example, if the turns ratio of
the L,; and L, is designed to be 2:1, Dy and D, have a current
stress that is two times larger than that of D; and D5. Although
D and D3 have a small current stress, a biased current stress is
generally not desirable.

Second, the maximum flux density By, . of the inductor core
should be designed by taking into consideration the dc-offset
current Iy, pc of ir,1 and ir,9. Fig. 12 shows the current
flowing through the coupled inductor. Assuming that the rip-
ple current and duty loss are ignored, i7,,; and i7,,9 are I, pc
during the powering mode, and ¢7,,; and iz,9 are %I Lo.pc dur-
ing the freewheeling mode. Because the difference between the
inductor current and output current flows to the output capac-
itor C,, I, pc is determined by applying the current-second
balance to C, as follows:

1
(ILO,DC - Io) Dcff + (QILODC - Io> (05 - Dci‘f) =0
(29)

I,

_ 30
Deg + 0.5 (30

Itopc =

Third, the windings of the coupled inductor should be selected
by taking into consideration the RMS value of 77,1 and iz 2.
The RMS value can be calculated using Fig. 12 as follows:

1 2
(QILODC> dt).

3D

1Lo1.RMS = ©Lo2 RMS

1 Dt Ts 0.5T,
— 2
=\ / 12, oo dt+2 /

s 0 DcffT,s

Combining (31) with (30) gives the RMS current as follows:

I,

1Lo1 RMS = ©Lo2 RMS = NorEaE (32)
eff

V. EXPERIMENTAL RESULTS

The effectiveness and feasibility of the proposed converter
were verified with 320-400 V input, 56-V/12.8-A output spec-
ifications. Two conventional PSFB converters, which have dif-
ferent design, are compared with the proposed converter. Design
examples of the prototype converters are listed in Table III. Since
the proposed converter uses 71, to achieve ZVS of lagging-leg
switches, L,, is designed to 600 pH considering (28). And the
proposed converter achieves ZVS in the entire load condition
because iy, does not change according to the output load vari-
ation. In the case of the conventional PSFB converter, one is
designed to achieve the ZVS in the entire load condition and
the other one is designed to achieve the ZVS over 50% load
condition. And since D; and D, of the proposed converter have
larger voltage stress, and D3 and D, have smaller voltage stress
compared to the conventional PSFB converter, each diode is
selected considering 30% margin.
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= Proposed PSFB converter (L,,=600uH)

= Conventional PSFB converter (L»=1200uH)

= Conventional PSFB converter (L,,=700uH)

Power loss (W)
o

TR_cond.

TR _core Switch_cond.

Fig. 16.

Fig. 13 shows the key waveforms of the prototype converters
at the 100% load condition. As shown in Fig. 13(a), the con-
ventional PSFB converter has large RMS current 4y,,; gas in
primary side since it has small L,, and large circulating current.
The other conventional PSFB converter, which has larger L, ,
as shown in Fig. 13(b), has smaller ¢,,; ras in primary side due
to large L,,. But, it still has large i,,; rms because it has large
circulating current. On the other hand, as shown in Fig. 13(c),
the proposed converter has a smallest ¢,,,; Ras because it does
not have a freewheeling current in the primary side although
it has small L,,. In addition, the proposed converter has a sig-
nificantly smaller vps and vp,4 than those of the conventional
PSFB converter because the proposed converter eliminates the
voltage ringing of D3 and D, by adopting the CIR structure.

Fig. 14 shows the ZVS waveforms of the lagging-leg switch
Qs of the prototype converters at the 100% load condition. As
shown in Fig. 14(a) and (b), both conventional PSFB converters
with difference L,, can achieve ZVS easily since they have
large ZVS energy in the heavy load condition. In the case of the
proposed converter, it also achieves ZV S, but it has smaller ZVS
energy at the heavy load condition than the conventional PSFB
converters because it uses magnetizing current iy, to achieve
the soft switching.

Fig. 15 shows the ZVS waveforms of the lagging-leg switch
Qs of the prototype converters at the 10% load condition. As
shown in Fig. 15(a) and (b), the ZVS energy of the conventional
PSFB converters decreased considerably because they use the
freewheeling current to achieve the ZVS of lagging-leg switches.
As a result, the conventional PSFB converter with large L,,
does not achieve ZVS at the light load condition, whereas the
conventional PSFB converter with small L,,, still achieves ZVS
since it has large i1, . In the case of the proposed converter, it
achieves ZVS regardless of the load variation since i, ,,, does not
change according to the load variation, as shown in Fig. 15(c).

Fig. 16 shows the loss analysis of the prototype converters
at 400 V input voltage and 100% load condition based on the
parameters given in Table III. As shown in Fig. 13, the conven-
tional PSFB converter with L,,, = 700 xH has large conduction
loss at transformer, leakage inductance, and primary switches.
Although the conventional PSFB converter with larger L,, has

Likg_core+cond.

Loss analysis of the prototype converters at 400 V input voltage and 100% load condition.
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Fig. 17.  Measured efficiency of the prototype converters at Vi, = 400 V.
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Fig. 18. Measured efficiency of the prototype converters at Vi, = 320 V.

reduced RMS current, it still has large conduction loss compared
with the proposed converter. In addition, because the proposed
converter can employ low voltage rating diode for D3 and Dy,
which has small Vg, it has small conduction loss at rectifier
diodes. Moreover, the proposed converter has small snubber
loss because it requires snubber circuits only for D; and Ds.

In the case of the output inductor, the proposed converter has
larger conduction loss since it uses coupled inductor. However,
since the RMS current at each winding is smaller than that of
the conventional converter, conduction loss is not large much.
Furthermore, the proposed converter has smaller core loss at
the output inductor because it has smaller effective duty ratio
than that of the conventional converter at 400 V input voltage
condition.

Figs. 17 and 18 show the measured efficiency of the prototype
converters in the 400 V input voltage and 320 V input voltage
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with 56-V/12.8-A output specification. As shown in Fig. 17, the
proposed converter has a high efficiency in the heavy load con-
dition because the proposed converter reduces the primary RMS
current and employs low voltage rating diodes having low Vp
for D3 and D, . In addition, it also has high efficiency in the light
load condition since it not only eliminates the snubber loss of
the D3 and Dy, but also achieves ZVS operation of lagging-leg
switches. As a result, the proposed converter achieves high effi-
ciency in the entire load condition compared to the conventional
PSFB converters.

In the 320 V input voltage, although the conventional con-
verters also do not have the freewheeling current, the proposed
converter achieves higher efficiency because it still has advan-
tages on rectifier diodes and snubber circuits. As a result, the
proposed converter achieves high efficiency in wide input volt-
age condition compared to the conventional PSFB converters.

VI. CONCLUSION

In this paper, a new PSFB converter with a CIR structure is
proposed. By adopting the CIR structure to the conventional
PSFB converter, the proposed converter eliminates the free-
wheeling current in the primary side, which significantly re-
duces the primary RMS current. In addition, the two rectifier
diodes of the CIR do not have voltage ringing because their
voltage stresses are clamped to the output voltage. This enables
the proposed converter to use low voltage rating diodes with a
low Vr and to eliminate the snubber circuits. As a result, the
proposed converter achieves a high efficiency in entire load con-
ditions. Furthermore, because the proposed converter does not
need additional components and a control method, it does not
increase the cost and complexity. Consequently, the proposed
converter will be a good candidate for high power and wide
input voltage range applications such as a server power supply
and electric vehicle (EV) charger.
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