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Abstract—In this article, a half-bridge (HB) integrated phase-
shifted full-bridge (PSFB) converter with a new center-tapped
clamp circuit is proposed to achieve high efficiency in electric
vehicle battery charging systems. The proposed converter has the
benefits of HB integrated PSFB converters, such as the extended
zero-voltage-switching range and the reduced conduction loss on
the primary side. In addition, by using a new center-tapped clamp
circuit, which consists of two diodes and one capacitor, the proposed
converter can solve the drawbacks of conventional PSFB convert-
ers, such as the substantial circulating current, the severe voltage
stress and switching loss in the secondary full-bridge rectifier, and
a large output inductor. With these improvements, the efficiency is
fairly increased, and the volume of the output inductor is reduced.
In order to validate the feasibility of the proposed converter, a
3.3-kW prototype was built and tested.

Index Terms—Circulating current, clamp circuit, electric vehicle
(EV), on-board battery charger (OBC), phase-shifted full-bridge
(PSFB) converter, zero-voltage and zero-current switching.

I. INTRODUCTION

S THE awareness of global warming and resource deple-
A tion increases, there is a growing interest in the sales of
ecofriendly electric vehicles (EVs) [1]. A high-voltage recharge-
able battery pack is used as energy sources for EVs and is
charged through an on-board battery charger (OBC). An OBC
is generally made up of a power-factor-corrector (PFC) stage
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and a de—dc stage [2]. A PFC stage improves the quality of the
input current and regulates the dc bus voltage from the utility
grid. A PFC stage is followed by a dc—dc stage, which provides
a galvanic isolation between the utility grid and the battery pack
and recharges the high-voltage battery pack within the range of
270-420 V.

An LLC converter can be a candidate for dc—dc stage in
OBC, due to simple structure and the capability of zero-voltage
switching (ZVS). However, it has difficulty in operating in a very
wide range of output voltage [16]. A phase-shifted full-bridge
(PSFB) converter is the most popular topology in the power
range of a few kilowatts (1-7 kW) for OBCs [3], [4], due to
the capability of ZVS, simple pulsewidth modulation (PWM)
control with a fixed switching frequency, and the small rms
current of the output capacitor. However, there are drawbacks
that need to be resolved. First drawback is the narrow ZVS range
for the lagging-leg switch [5], [6]. In order to expand the range
of ZVS, the magnetizing inductance L, should be decreased to
increase the energy for ZVS. However, the conduction loss in
the primary side can be increased by large rms current. Second
drawback is the significant circulating current in the primary
side during the freewheeling interval [7], [8]. The circulating
current results in a large conduction loss on the primary side
and a large turn-OFF switching loss in the lagging-leg switch
due to the high turn-OFF current. Third drawback is the large
output inductor Lo, increasing the volume and the cost [9],
[10]. Fourth drawback is the severe voltage overshoot across
a secondary full-bridge rectifier (FBR) [11], [12]. The severe
voltage stress results in a large conduction loss in the FBR due to
the higher forward-voltage drop Vi of high voltage-rated diodes.
Fifth drawback is the significant turn-OFF crossover switching
loss Pcross in the FBR, where Pg,oss is obtained by multiplying
the reverse-recovery current irr and the reverse voltage of the
FBR [13], [20]-[22]. These drawbacks become more serious in
OBC applications, where the output voltage is very high, and
the range of the output voltage is very wide.

In [14]-[19], half-bridge (HB) integrated PSFB converters
have been proposed. This integrated converter is attractive, in
which they can overcome some drawbacks of the conventional
PSFB converter, such as the narrow range of ZVS for the
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Fig. 1.

lagging-leg switch, the severe circulating current in the primary
side, and the large L. However, there are still limitations in
[14]-[19]. The converters in [ 14]-[16] cannot clamp the voltage
overshoot in the FBR for the PSFB converter, because there is
no clamping circuit, as shown in Fig. 1(a). Thus, an additional
resistor—capacitor—diode (RCD) circuit is required, causing a
large loss in the snubber resistor. In order to solve the afore-
mentioned limitations, a lossless capacitor—diode—diode (CDD)
clamp circuit was applied in [17]-[19], as shown in Fig. 1(b).
The CDD clamp circuit can clamp the voltage overshoot in the
FBR, enabling the use of low voltage-rated diodes. However,
the CDD clamp circuit has serious limitations in which there is
a current path directly flowing into the output capacitor without
passing through Lo, which corresponds to the path through D
in Fig. 1(b). This makes the converters operate like an output
inductorless PSFB converter, causing some problems. The first
problem is large rms current and large turn-OFF current due
to triangular-shaped current waveform, as shown on the right
side in Fig. 1(b). Consequently, since the conduction losses in
the primary side and the secondary side are increased, and the
turn-OFF switching loss in the leading-leg switch is increased,
the efficiency is considerably degraded. The second problem
is the significantly increased burden of the output capacitor.
This is because substantial current directly flows into the output
capacitor without passing through L. In order to meet the rating
of the rms current in the output capacitor, the volume of the
capacitor must be increased, resulting in a low power density and

) w—

—
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Previous studies of HB LLC integrated PSFB converters. (a) Without clamping circuit [15]. (b) With CDD clamping circuit [19].

a high cost. In addition, the clamping capacitor is additionally
required. Thus, the volume and the cost for the clamping circuit
are increased, when compared to the proposed converter.

In this article, a new HB integrated PSFB converter with a
center-tapped clamp circuit is presented. The proposed clamp
circuit consists of two diodes and one capacitor, and it is con-
nected to the center tap of the transformer on the secondary side.
The proposed converter has all the benefits of the previously
reported converters in [ 14]-[19], such as an extended ZVS range
of the lagging-leg switch, no circulating current, reduced Lo,
clamped voltage overshoot in the FBRs, and the reduced P, oss
in the FBRs. In addition, since all current flowing into the output
capacitor flows through L, there are no side effects such as large
rms current, large peak current, and large output capacitor. As
a result, the proposed converter achieves high efficiency with
compact size when compared to the previous researches. In
addition, the clamping capacitor is not additionally required,
because the output capacitor for the HB converter is also used
for the clamping capacitor. Thus, the volume and the cost for
the clamping circuit can be further saved, when compared to the
previously reported converters, using the CDD clamp circuit in
[17]-[19]. The aforementioned characteristics are summarized
in Table I.
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TABLE I
COMPARISON OF THE CHARACTERISTICS FOR THE PROPOSED CONVERTER WITH THE PREVIOUS RESEARCH
Index [14] [15] [16] [17] [18] [19] Proposed
Maximum \izoét}z{ge stress on nnnligsl;-g r;'qn?i;g r?ngsi;g Vs Vs Vs Vs
Output capacitor Small Small Small Very large Very large Very large Small
Clamping circuit RCD clamp | RCD clamp | RCD clamp CDD clamp | CDD clamp | CDD clamp Prc(igglsgd
Number of additional 8 10 10 10 10 10 10
components
Total volume of addi}tional 95 112 116 124 162 120 82
components [cm”]
Leading-Leg Lagging-Leg Lo . 0'57_5 _
4—— DeTs —>
1 Qs Q, ] <
N Qs [ Qq [
Iprit
Fig. 2. Circuit diagram of the proposed converter.
P /_--—-/T:th'"‘""‘ —_
[-==- L
II. OPERATION PRINCIPLE
The circuit configuration of the proposed converter is shown in Vit _/_‘, [ 1 Vs am A v/
Fig. 2. As shown in the figure, an HB LLC converter is integrated Vir
into the conventional PSFB converter: 1) in the primary side, Vos: Y R 1o, X
the lagging-leg switches are shared; 2) in the secondary side, Vosz [—= T - <
an FBR for the LLC converter is connected in parallel with the — 0-5Vs |
FBRs for the PSFB converter. Among several types of resonant VZZj X 1Vs / X .
tanks, LLC topology was employed because it has much higher )
efficiency due to the availability of ZVS operation and the o1 __~_‘__>‘____L° diis —
reduced circulating current [23]. Especially, the proposed clamp foz4 : - T
circuit, which is composed of two diodes D1 and Do and ol [ 1 I ——
the output capacitor of LLC converter Co rr.c, is connected T == = S «
to the secondary center tap of the PSFB transformer 7;. The _ o
key waveforms are shown in Fig. 3. Each switching period T’ jzc; [T Tt P RN =,
consists of two half-cycles. In this article, only one half-cycle
is explained due to its symmetrical operations. A half-cycle is Vors R e m
subdivided into seven modes, and the equivalent circuits are Voz4 - T “
shown in Fig. 4. For simplicity, several assumptions are made — |
as follows. VZZ: X 1 Vouo / X1,
1) The output capacitance of LLC converter Co 1 1.¢ is large
enough to be considered as a constant-voltage (CV) source Voo Y STV ST
during 7T’. Voez 1 <
2) The magnetizing inductance for the PSFB converter L,,,;
is large enough so that the magnetizing current iz, is Vieer | A 1 2Vouc - Vo uc <
e to Lot tits bty
3) The switch devices are ideal MOSFETS, except for the
junction capacitors and the internal body diodes. Fig.3. Key waveforms of the proposed converter.

4) The junction capacitors of all MOSFETs have the same
capacitance of Cogss.

5) The junction capacitances of the clamping diodes D1 and Mode 1 [to—t1]: This mode begins when the commutation
D¢ and the secondary rectifier diodes for LLC converter  from the clamping diode D¢ to the FBR diodes D1 and Dg is
D5, D¢, D7, and Dg are small enough to beignored because  ended. During this mode, the power is delivered to the output
their voltage rating is much lower than that for FBRs. through 77 and Lo in the same manner of the conventional

6) The external inductor L.y is included into the leakage PSFB converter. At the same time, Co 1.1, is charged with the
inductor of the PSFB converter L. resonant current by the leakage inductor Ly and the resonant



LIM et al.: HALF-BRIDGE INTEGRATED PHASE-SHIFTED FULL-BRIDGE CONVERTER WITH HIGH EFFICIENCY

s
B3
Ro

<
s
T ro

s
B3
Ro

s
3
I Ro

S
JUEVY, VY, 2
0507 0.5m7y Ro

Fig. 4. Equivalent operating circuits of the proposed converter. (a) Mode 1
(to—11). (b) Mode 2 (t1 —12). (c) Mode 3 (t2—13). (d) Mode 4 (t3—14). (¢) Mode 5
(t4—t5). (f) Mode 6 (t5—tg). (g) Mode 7 (tg—t7).

capacitor C'r. In this mode, the proposed clamping circuit is
utilized to clamp the voltage stress of FBR. Since the clamping
diode D isturned ON, providing a clamping path, the voltage at
the secondary center tap of T} is clamped to the output voltage
of LLC, Vo _rrc. This enables the secondary rectifier output
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voltage Viect to be clamped to 2V . Thus, it is noted that
the maximum voltage stress on the FBR is clamped to 2V rr.¢,
and the voltage oscillation is eliminated, as shown in Fig. 3.
Consequently, the proposed clamp circuit enables the use of
lower voltage-rated diodes, resulting in a reduced conduction
loss in FBRs. The primary current in the PSFB converter iy,
can be expressed as follows:

Vike1 (

ipri1 (1) = tpri1 (to) + s
g

t —to)

nr1Vs —2Vo_rre (

= ipril<t0) + t— tO) (1)

n1 Likgt
where nr; is the turns ratio of the secondary side to the primary
side for Ty, Vikg1 is the voltage across Lie, and Vs is the input
voltage.

Mode 2 [t;—t2]: Mode 2 begins when the leading-leg switch
Q; is turned OFF. The junction capacitors of switches Q7 and
Q- are charged or discharged by i,i1, where i1 is equal to the
primary-reflected output current. In this mode, the ZVS energy
comes from Lo in the same manner of the conventional PSFB
converter so that ij,;;; does not change.

Mode 3 [to—t3]: Mode 3 starts when the clamping diode
D¢ is turned ON. From this mode, freewheeling is started and
maintained until mode 7, where clamping diode D¢ is turned
ON. By turning ON Do, the voltage across the Lo becomes
Vo_rrc—Vo, rather than —V. Thus, much reduced voltage is
applied to the output inductor, resulting in a reduced L. Thus,
the proposed clamp circuit enables the use of much reduced
Lo, improving the power density. In addition, since the voltage
across Lo is clamped to Vo 1o — Vo, Lo does not participate
the resonance for ZVS operation. Thus, the procedure for ZVS
is completed by the energy stored in Lig1.

Mode 4 [t3—t4]: In this mode, commutation from the FBR
diodes to the clamping diode D¢o is occurred. Since D¢ is
turned ON, Vp_r ¢ is reflected to the primary side, and Vikg:
is equal to —Vo rrc/nri. With the negative Wikels Tpri1 18
decreased. Here, there is no circulating current, because the
power is still being transferred to the secondary side. Thus,
the proposed clamp circuit eliminates the circulating current
on the primary side, resulting in a reduced conduction loss. In
addition, since Vi kg1 is 0.5V, which is half as compared to that
in the conventional PSFB converter, the slope of the decreasing
ipri1 18 moderate. This causes the slope of the current in the
FBR dip /dt to be moderate. Consequently, the proposed clamp
circuit reduces irpr in the FBR [20]-[22].

During this mode, the commutation occurs from D; and Dj
to D¢o. The duration of this mode can be expressed as follows:

2
nTl IO leg

Aty gy =1, —ts3 = (2)

Vo_rre
Mode 5 [t4—t5]: Mode 5 begins when D; and D3 are turned
OFF. In this mode, since clamping diode D¢+ is turned ON, the
reverse voltages of D; and D3 are increased upto Vo _r.c, which
is considerably lower value compared with that in conventional
PSFB converters. Thus, Pcoss in D1 and Ds is substantially
reduced due to the low reverse voltages and the reduced irg.
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Consequently, the proposed clamp circuit reduces P, qss. More-
over, in this freewheeling interval, V.. is equal to Vo rrc
rather than zero. Thus, much lower voltage is applied to Lo,
and the burden of Lo can be substantially relieved.

Mode 6 [t5—t]: This mode begins when the lagging-leg switch
Qs is turned OFF. Since 4y,,,1 was assumed to be zero due to
the large value of L1, ipri1 1S equal to zero. Thus, the PSFB
converter does not participate the ZVS operation for the lagging-
leg switch. Instead, the ZVS operation is achieved by the HB
LLC converter. In addition, the turn-OFF switching loss in Q3
is considerably reduced due to the low turn-OFF current by the
eliminated circulating current.

Mode 7 [ts—t7]: This mode begins when the drain—source
voltage for Q4 Vpg4 reaches zero. In this mode, commutation
from D 5 to the FBR diodes is occurred. Since D5 is turned ON,
Vo_r ¢ isreflected to the primary side, and V} ko1 becomes equal
to —(Vs — Vo_rrc/nr1). With the negative Vi1, iprin Started
to increase in the negative direction. Here, there is no duty-cycle
loss, because V7,1 the power is still being transferred to the
secondary side. Thus, the proposed clamp circuit eliminates the
duty-cycle loss. At the same time, the resonance between Lig2
and Cp, is started, and Co 1,1 is charged. During this mode,
the commutation from D9 to Dy and D4 occurs. Duration of
this mode can be expressed as follows:

2
nsloL
Atg 7 =ty —tg = 11°0 kg

3

nVs — Vo rrc

III. STEADY-STATE ANALYSIS

For simple illustration, it is assumed that the duration of the
deadtime is narrow enough to be ignored. In this article, the
analysis of output filter, circulating current, and P,oss in the
FBR is omitted, because a similar analysis is well explained in
the previous study [12].

A. Voltage Gain

The output voltage Vo, is regulated by the phase-shifted PWM
with a fixed switching frequency fg. From Figs. 3 and 4, V, can
be obtained as the averaged voltage of V,ec; as follows:

Vo =Vo rrc (1 +2Deg) 4)

where D.g is the effective duty cycle.
Since the secondary rectifier for LLC converter is an FBR,
Vo _rrc can be obtained as follows:

Vo_rrc = nraVsMprc (5)

where nr is the turns ratio of the secondary side to the primary
side for the LLC transformer 75, and M, ¢ is the gain of the
HB LLC converter.

In this article, the LLC converter operates at the resonant
frequency fr to reduce the primary rms current, and to avoid
the switch turn-OFF loss and the reverse-recovery problem in
the secondary diodes. Thus, with the fixed fg at fgr, Myc is
equal to 0.5. In that, the achievable minimum voltage stress on
the FBR is nT} Vg, where the voltage overshoot is eliminated,
the voltage stress can be minimized by designing the maximum
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Fig. 5. Normalized voltage gain My orm according to Deg.

voltage stress of 2V ¢ to be equal to nT1Vg. Thus, using
(5), ng is designed to be equal to ny;.
Finally, from (4) and (5), the voltage gain M is given by
m=Yo
Vs

=n71(0.5 4+ Deg). (6)

Normalized voltage gain M ,1m, Where npy is supposed to
be 1, is shown in Fig. 5. The figure shows that the proposed
converter can achieve a higher voltage conversion ratio for the
same D.g.

B. Comparison With the Previous Research

Among the previous research works of [14]-[19], the research
in [19] is the most similar to this article, in which PSFB stage
and HB LLC stage are connected in parallel, and it utilized clamp
circuit, as shown in Fig. 1(b). Fig. 6 shows the key waveforms
of the previous research [19] and the proposed converter. Here,
it is assumed that L,, and Lo are large enough, so that ¢7,,,
is zero, and the output inductor current has the constant value
of Io. In the case of [19], as shown in Fig. 6(a), the primary
current 4p41_cpp is sharply increasing during t4 — tp. Fig. 7
shows the equivalent circuits of [19] and the proposed converter
during t 4 — tp. In the case of [19], as shown in Fig. 7(a), since
Ve + Vo is reflected to the primary side, Vikg1 is equal to Vg —
(Ve + Vo) /nri1. Thus, 4,1_cop can be expressed as follows:

. . Vi
ipri1_cDpD(t) = ipri1_cpp(ta) + Hel (g —ty)
lkgl
. nr1Vs— (Vo 4+ V,
= iprir_opp(ta) + > (Ve + Vo) (t—ta).
nr1Lig1
(7

From (7), it can be noted that as V, is decreased, the slope
of ipri_cpp is increased. Thus, the rms current and the turn-OFF
current in primary side are substantially increased due to the
triangular-shaped current waveform. Consequently, the conduc-
tion loss on the primary side is increased, and the turn-OFF
switching loss in the leading-leg switch is increased, resulting in
adegraded efficiency. In addition, since this large current directly
flows into the output capacitor through the clamping diode Do,
the volume of the capacitor is considerably increased. On the
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Fig. 6. Key waveforms for the analysis of the performance with the previous
study. (a) Previous research in [19]. (b) Proposed converter.

other hand, in the proposed converter, as shown in Fig. 6(b),
the primary current ip1_prop. 1S almost constant duringt 4 — ¢ .
Fig. 7(b) shows the equivalent circuit of the proposed converter.
As shown in the figure, Vi, is equal to Vg — 2Vp rrc/nr:.
Thus, ipi1_prop. can be expressed as follows:

Vikgt

= Z-p>ri17p)1r(,)p.(tz4) + 7(75 - tA)

Z.prilfprop. (t) le 1
g

nVs —2Vo_rrc

(t—ta).
(®)

From (8), since Vo _r.1¢ is designed to be equal to 0.5n71 Vs,
the slope of %pri_prop. 18 almost zero. Thus, the rms current and
the turn-OFF current in primary side are substantially reduced
compared to the case in [19]. Consequently, the conduction loss
and the turn-OFF switching loss can be fairly reduced, increasing
the efficiency. In addition, since all current flows through the
output inductor, the volume of the capacitor is considerably
decreased.

- ipril_prop. (tA)
n71Likg1

IV. DESIGN CONSIDERATION

In order to validate the feasibility of the proposed con-
verter, a design example is presented. The specifications are as
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Fig. 7. Equivalent operating circuits during t 4 — ¢t . (a) Previous research
in [19]. (b) Proposed converter.

follows: Vg =385V, Vo = 270-420 V, the charging current
during constant-current (CC) mode or the maximum output cur-
rent /o max = 7.85 A, and f; = 50 kHz. For simple illustration,
it is assumed that the magnetizing inductance for the PSFB
converter L,,; is large enough, so that i,,; is zero, and the
output capacitances of secondary diodes are small enough to be
ignored.

A. Transformer Turns Ratios npy and nps

nri can be obtained through a relational expression with
the voltage gain. Since n71 Vs My orm,max should be larger than
the maximum output voltage Vo max, where Myorm  max 1S the
achievable maximum value of M, ,,,, 771 can be expressed as
follows:

1 VO,max
Mnorm,max VS

nry > )
From (9), it can be noted that, if Mo, max 18 supposed to
be 0.9, n; should be larger than 1.21. In this article, np; is de-
signed as 1.24 by considering the effects of parasitic components
such as the voltage drop in the current path.
As for npo, it is designed to be equal to n; by considering
the maximum voltage stress on the FBRs Vp _p.qp.

B. Transformer Leakage Inductor Ly, to Achieve ZVS

for Leading-Leg Switches

As shown in Figs. 3 and 4, the ZVS for the leading-leg switch
is achieved through two modes: mode 2 and mode 3. In mode 2,
the ZVS energy comes from Lo, so that i,,,;; does not change.
Mode 3 starts when the clamping diode D¢+ is turned ON. Since
the voltage across Lo is clamped to Vo .o — Vo, Lo does
not participate in the resonance for ZVS operation. Thus, the
procedure for ZVS is completed by the energy stored in L.
The ZVS condition can be obtained as follows:

1 .
ileglzpril(tZ)2 > Coss(VS - VvO_LLC'/nTl)2 (10)
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where

an
12)

ipri(t2) = Io/n71
VO?LLC = 0.5nT1 Vs.

By substituting (11) and (12) for ip,i1(#2) and Vo_rrc, re-
spectively, (10) can be represented as follows:

Coss nri VS °
L — .
kgl > 5 ( T

13)

From (13), it can be noted that the condition for Lj; to
guarantee ZVS operation of leading-leg switches is dependent
on the load condition. For example, in order to ensure the ZVS
operation above 10% load conditions, 0.1 15 ax is substituted
for Io. Then, Ly,1 should be designed to be larger than 13 pH.

C. Transformer Magnetizing Inductor L,,» to Achieve ZVS for
Lagging-Leg Switches

Mode 6 in Figs. 3 and 4 illustrates the ZVS operation for
the lagging-leg switch. Since ir,,; was assumed to be zero
due to the large value of L,,1, ipyi1 is equal to zero. Thus, the
PSFB converter does not contribute the ZVS operation for the
lagging-leg switch. Instead, the ZVS operation is achieved by
the HB LLC converter. Thus, the ZVS condition can be obtained
as follows:

iLmQ (tS)Tdead > 2COSSVS (14’)

where Tgeaq is the deadtime.
Since the resonant frequency fr for the LLC converter is equal
to the fs, irma2(t5) can be expressed as follows:
1V, - T 1%
Vo rre-1s _ s (15)
8fs Lm2
By substituting (15) for i1,,2(t5), (14) can be presented as
follows:

irma(ts) = 1 nralos

Tdead
16fsCoss

From (16), it can be noted that the condition for L,,s to
guarantee ZV S operation of lagging-leg switches is independent
of both the load condition and the D.g. Thus, the selection of
L, is very simple. In addition, since the magnetizing current
flows only as required for the ZVS operation regardless of D.g,
the conduction loss resulting from the magnetizing current can
be much reduced.

Ly < (16)

D. Resonant Capacitor Cr

C'r can be designed by considering the resonant period. Since
the fr for the LLC converter is equal to the fs;, C'r can be
designed as follows:

1 \21
Cr= (27Tfs) Lr

where Lo can be simply implemented as the leakage inductor
of T2 .
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E. Cost and Volume of LLC Stage Compared to PSFB Stage

In the proposed converter, an LLC stage is integrated into a
PSFB stage. In the view of the power transfer to the load, two
power stages are connected in parallel. During D.gT’s, the power
is transferred through PSFB stage, and during (0.5 — DegTs),
the power is transferred through LLC stage. Thus, the output
power of each power stage can be expressed as follows:

Po_psFB = Viect_Deft - ({0_Deff) Ts

D,
= (nmVs) - (Io 0 ;) = 2Deglonri Vs

Po_1ruc = Viect_(0.5-Det) * (0_(0.5-Deff)) Ts

0.5 — Deg>

= (0.5nVs) - | I
05nravs) - (10°7

= (0.5 — Deg)Ionr1 Vs (18)

where Pp pspp and Po ¢ are the output power of PSFB
converter and LLC converter, respectively, and Viecy per and
Viyeet_(0.5—Dest) are the instantaneous secondary rectifier output
voltage during D.gTs and (0.5 — Deg)Ts, respectively, and
(Io_pest)Ts and (Io_(0.5-pesr)) Ts are the averaged output cur-
rent during DegTs and (0.5 — Deg)T's, respectively.

From (18), the total output power Pp can be expressed as
follows:

Po = Po psrB + Po_rc = (0.5 + Degt)loniVs.  (19)

From (18) and (19), the normalized output powers, where each
power is divided by the maximum output power of Ipnr Vs,
are shown in Fig. 8. From Fig. 8, it can be noticed that as D is
increased, Po_pgrp is increased. At the maximum D.g, almost
Pp is transferred through PSFB converter. Thus, when designing
the PSFB stage, the power transfer through LLC stage can be
ignored, and the PSFB stage is designed in the same manner
of the conventional PSFB converter. On the other hand, as Dg
is decreased, Po 1 rc is increased. Since Pp 11 becomes the
maximum value at the minimum D.g, the LLC stage is designed
based on the maximum Pp 1 1,¢ at the minimum Deg. Thus, the
relative cost and volume of the LLC stage compared to the PSFB
stage are only dependent on the minimum D



LIM et al.: HALF-BRIDGE INTEGRATED PHASE-SHIFTED FULL-BRIDGE CONVERTER WITH HIGH EFFICIENCY 4941

TABLE II

COMPONENTS LIST OF PROTOTYPE

Pri. Clamp.

Ttems PSFB converter

Conventional PSFB converter

Si diode

Previous Converter [19] Proposed Converter

SiC diode

Main switch, Q,—Q4

IPP60R074C6
(600 V/31A/74 m€/500 pF)

Transformer for PSFB
converter, 7

Core : PQ5050, L,=880 uH, Ly,~10 uH
n(N,:Ny) = 1.3 (34:44), N,: 0.1 mm x 150, N;:0.1 mm x 120

Core : PQ5050, L,,;=2.47 mH, Lyg =8 uH
nr;(Np;:I\Q;) =12 (3442), Npﬁ 0.1 mm x 150, NVIIO‘I mm
x 120

External inductor, L.

Core : PQ2020, L.,= 12 uH

Core : PQ2620, Lo~ 21 uH

Noy=8 Tums (0.1 mm x 120) Niw= 10 Turns (0.1 mm x 120)
Output inductor, L CH358060 x 2EA, Lo= 520 uH CH358060 x 1 EA, L,= 250 uH
FBRfor PSFB converter, D;— STTHIS12D IDHI5S120 TOETF06
D, (1200 V/¥V=2.0 V) (1200V/Vp=2.2 V) (600 V/20 A/Vp=1.2V)

Output capacitor, Co

Film Cap.

(450 V, 4.5 A, 1.5 uF)

Film Cap.
(450V, 24 A, 11 uF)

Film Cap.
(450 V, 4.5 A, 1.5 uF)

Core : PQ3230
Lyp=527 uH, Lygo= 6.5uH
Transformer, 1Nyt Nyp) = 1.2 (27:34)
2 N,2: 0.1 mm x 80,
Ni>: 0.61 mm x 120
HB LLC Resonant B Film Capacitor
converter capacitor, Cg (250 V, 680 nF) x 3EA
15ETHO3
FBR, Ds-Dy (300 V/15 A/Ve=1.05 V)
Output Film cap.
Cagiclffr’ (250 V, 2 uF)
Number of 5 3 0 3
components
Do & D Des: 20CTHO3
. Diode (600V, 1.0 A) Dy, : HER108 (300 V, 20 A),
Clamping D HER108 (1000V, 1.0A) Dex: U1540G
circuit snb - (400 V, 15 A)
(1000 V, 1.0 A) - )
. Cju, : Film Cap. Csyp - Film Cap. C¢ : Film cap.
Capacitor (1250 V, 0.1 uF) | (1250 V, 0.1 uF) (250 V, 0.2 uF) i
Resistor Ry =41kQ Roy=17kQ -

V. EXPERIMENTAL RESULTS

In order to validate the feasibility of the proposed converter, a
3.3-kW prototype has been built and tested through the charging
processes of the CC mode and CV mode, following the battery
charging profile in [12].

As a prototype, the converter in [4] using the clamping diode
on the primary side was also conducted as a classical solution
that reduces RCD snubber loss. In addition, the converter in
[19] was also conducted as the most similar converter to the
proposed converter. Table II lists the designed parameters. As
can be seen in the table, when compared to the converter in
[19], clamping capacitor C'¢ is not additionally required in the
proposed converter, and the burden of the output capacitor is
much reduced, saving the volume and the cost.

Fig. 9 shows the key waveforms in the CC mode where the
range of Vp is from 270 to 420 V with Ip of 7.85 A, and
Fig. 10 shows the key waveforms in the CV mode where the
load condition is from 10% to 100% with Vo of 420 V. From
the figures, there is no circulating current in the primary side,
and the turn-OFF current in the lagging-leg switch is very low.

Fig. 11 shows the ZVS waveforms for lagging-leg switches.
Fig. 11(a) shows the waveforms in the CC mode where Vp is
270 V with Ip of 7.85 A, and Fig. 11(b) shows the waveforms
in the CV mode at 10% load condition. As can be seen in the
figures, ZVS is well achieved.

Fig. 12 shows the key waveforms of [19] and the proposed
converter in the CC mode where V5 is 270 V with I of 7.85 A.
As can be seen in the figure, in the proposed converter, the
rms current and the turn-OFF current are considerably reduced,
resulting in higher efficiency. In addition, the current through
the output capacitor i, is significantly reduced, resulting in a
high power density with low cost.

Fig. 13 shows the measured efficiencies in the CC and CV
modes. As can be seen in the figure, the proposed converter
achieved much higher efficiency over the entire conditions.

The main reason for the higher efficiency comes from the
reduction of the conduction loss and the turn-OFF switching
loss in the primary switches Q1—Q4, and the reduction of the
conduction loss and the P55 in the FBRs D;—D,. Although
primary clamping PSFB converter improved the efficiency by
saving RCD snubber loss, it is still suffering from a severe Pc;oss
and large conduction loss in the FBR.

Fig. 14 shows the loss distributions in the CC mode with I
of 7.85 A at the Vo of 270 and 420 V. In the figure, Pri. Cond.
is the sum of conduction losses in switches and windings in
transformer 7', on the primary side, and Second. Cond. is the
sum of conduction losses in FBRs and windings in transformer
T on the secondary side. The Integrated HB LLC covers the
conduction loss in the FBRs for LLC converter, the core loss in
transformer 75, and the conduction loss in the windings for 75.
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Fig. 11.  ZVS waveforms of lagging-leg switches. (a) During CC mode with

Fig. 10.  Key waveforms of the proposed converter during CV mode with the  the I of 7.85 A and the V of 270 V. (b) During CV mode with the 10% load
Vo of 420 V. (a) 10% load condition. (b) 70% load condition. condition and the Vo of 420 V.



LIM ET AL.: HALF-BRIDGE INTEGRATED PHASE-SHIFTED FULL-BRIDGE CONVERTER WITH HIGH EFFICIENCY

Large turn-off
current

oz (10A/div)

Large RMS
current

ioriz (10A/div)

~

Voss ZDDV/dlv
Vesa (10V/div)

T

(@)

Reduced turn-off
current

72 (10A/div) ipriz (10A/div)

Reduced RMS
current

|
(b)
Fig. 12. Key waveforms of the proposed converter in the CC mode where Vo
is270 V with I of 7.85 A. (a) Previous research in [19]. (b) Proposed converter.

In both cases of 270 and 420 V, in the proposed converter, the
conduction loss on the secondary side and the P .ss in the
FBR are significantly reduced, and the RCD snubber loss is
eliminated. The conduction loss in FBRs is easily obtained by
multiplying the averaged current on FBRs by V. The averaged
current is almost the same in the proposed converter and in
the conventional PSFB converter. Instead, different Vx makes a
difference in the conduction loss. When SiC diodes are used for
the FBRs in the conventional PSFB converter, the P.,.¢s and the
RCD snubber loss can be eliminated. However, the conduction
loss in the FBR is increased due to the higher V. Especially, in
the case of V of 270 V, the conduction loss and the switching
loss in the primary switch SW are also significantly reduced
in the proposed converter. Although the additional losses by
the HB LLC converter, which covers the conduction loss in the
FBRs for LLC converter, the core loss in transformer 75, and the
conduction loss in the windings for 75 are increased at 270 V,
the reduction of the losses in the FBR and the primary SW is
more dominant.

Table III lists the comparisons of the volume and the cost,
respectively. As can be seen in the tables, the volume and the
cost of the proposed converter are similar to those of the PSFB
converter with the clamping diode on the primary side and the
conventional PSFB converter with Si diodes. This is because
although there are additional components in the proposed con-
verter, the size of the output inductor is reduced, the RCD clamp
circuit is eliminated, and lower voltage-rated diodes are used
for FBR. When compared to the converter in [19], the volume
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and the cost of the proposed converter are much reduced. This
is because the current rating of the output capacitor is much
reduced and the additional clamping capacitor is not required.
In the case of the conventional PSFB converter with SiC diodes,
the volume can be minimized because the RCD clamping circuit
can be eliminated. However, the cost is considerably increased
due to the expensive SiC diodes.
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TABLE III
VOLUME AND COST FOR COMPONENTS OF PROTOTYPE
Pri. Clamp. Conventional PSFB converter .
Items PSFB converter S diode | SiC diode Previous converter [19] Proposed converter
External inductor, L., PQ2020: 6.2 cm*, $ 0.8 PQ2620: 10.7 cm’, $ 1.3
Output inductor, Lo CH358060 x 2EA: 55 cm’, § 8.0 CH358060 x 1EA: 25 e, § 4.0
. . Film Cap. Film Cap.
Output capacitor, Co Film Cap ‘6(153.1:5’ é'i 3" Fu): 450V, 24 A, 11 puF): (450V, 4.5 A, 1.5 uF):
: P 37.4 cm?, $ 4.6 6.6 cm’, $ 1.0
Transformer, 7, PQ3230:22.4 cnm’, $ 2.5
Resonant Film cap.
) (250V, 680 nF) x 3EA:
capacitor, Cg 2
HB LLC 85cm’, $1.2
converter Full-Bridge — 20CTHO3 x 4EA:
rectifier, Ds—Dsg 3.4 cm?, $2.1
Output Film Cap. (250 V, 7 A, 2 uF):
capacm)r, 73 cmz $ 1.3
CO LLC ) ’ i
. 2 IDH15S120 x 4EA: 10ETF06 x 4EA:
FBRfor PSFB converter, D,—D, | STTHI1512D x 4EA: 3.4 cm”, $ 7.5 3.4.cm’, $325 34 cm’, $ 4.9
UF4005: 0.06
em?, $ 0.2 fg{;/()? 721592 FEID: 0.45 cm?, $ 0.1
Ry (41kQ, 20W): em? $ 0'7 U1540G: 0.85 cm?, $ 0.6
Clamping circuit 13.4 cm? $0.3 U -
HER108: 0.3 em’, $ 0.1 . .
Film cap. (1250 V, 0.14F): Film cap. c(llnﬁogbog‘ HE): ;
6.1 cm’, $ 0.4 : 2
Total volume 91.1 cm’ 97.8 cm’ 71.2 cm’ 120.8 cm” 88.6 cm”
Total cost $18.3 $ 18.5 $42.3 $234 $19

VI. CONCLUSION

A new HB integrated PSFB converter using a center-tapped
clamp circuit was proposed. The proposed converter solved
many limitations of the conventional PSFB converters, such
as the narrow ZVS range for the lagging-leg switches, the
substantial circulating current, the large output inductor, the
severe voltage stress in the FBR, and the significant switching
loss in the FBR. In addition, the proposed converter solved many
side effects of the prior works using CDD clamp circuit, such as
large rms current on the primary side, large turn-OFF current for
the leading leg switches, and the substantial current stress on the
output capacitor. Finally, the proposed converter achieved much
higher efficiency with reduced output filter over the conventional
PSFB converter and the prior works.

(1]

(2]

[3]

(4]

(3]

REFERENCES

“Global EV Outlook 2018: Towards cross-modal electrification,” May
2018. [Online]. Available: https://www.connaissancedesenergies.org/
sites/default/files/pdf-actualites/globalevoutlook2018.pdf

V. R. K. Kanamarlapudi, B. Wang, N. K. Kandasamy, and P. L. So,
“A new ZVS full-bridge DC-DC converter for battery charging with
reduced losses over full-load range,” IEEE Trans. Ind. Appl., vol. 54, no. 1,
pp. 571-579, Feb. 2018.

L.-C. Shih, Y.-H. Liu, and H.-J. Chiu, “A novel hybrid mode control
for phase-shift full bridge converter featuring high efficiency over full
load range,” IEEE Trans. Power Electron., vol. 34, no. 3, pp. 2794-2804,
Mar. 2019.

D.-Y. Kim, C.-E. Kim, and G.-W. Moon, “Variable delay time method
in the phase shifted full-bridge converter for reduced power consumption
under light load conditions,” IEEE Trans. Power Electron., vol. 28, no. 11,
pp. 5120-5127, Nov. 2013.

J.-W. Kim, D.-Y. Kim, C.-E. Kim, and G.-W. Moon, “A simple switching
control technique for improving light load efficiency in a phase-shifted
full-bridge converter with a server power system,” IEEE Trans. Power
Electron., vol. 29, no. 4, pp. 1562-1566, Apr. 2014.

(6]

(71

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

1.-O. Lee and G.-W. Moon, “Phase-shifted PWM converter with a wide
ZVS range and reduced circulating current,” IEEE Trans. Power Electron.,
vol. 28, no. 2, pp. 908-919, Feb. 2013.

Y.-D. Kim, I.-O. Lee, I.-H. Cho, and G.-W. Moon, “Hybrid dual full-
bridge DC-DC converter with reduced circulating current, output filter,
and conduction loss of rectifier stage for RF power generator application,”
IEEE Trans. Power Electron., vol. 29, no. 3, pp. 1069-1081, Mar. 2014.
J.-K. Han and G.-W. Moon, “High efficiency phase-shifted full-bridge
converter with a new coupled inductor rectifier (CIR),” IEEE Trans. Power
Electron., vol. 34, no. 9, pp. 8468-8480, Sep. 2019.

L. Zhao, H. Li, X. Wu, and J. Zhang, “An improved phase-shifted
full-bridge converter with wide-range ZVS and reduced filter require-
ment,” IEEE Trans. Ind. Electron., vol. 65, no. 3, pp. 2167-2176, Mar.
2018.

1.-O. Lee and G.-W. Moon, “Soft-switching DC/DC converter with a full
ZVS range and reduced output filter for high-voltage applications,” IEEE
Trans. Power Electron., vol. 28, no. 1, pp. 112-122, Jan. 2013.

J.-H. Kim, I.-O. Lee, and G.-W. Moon, “Integrated dual full bridge con-
verter with current-doubler rectifier for EV charger,” IEEE Trans. Power
Electron., vol. 31, no. 2, pp. 942-951, Feb. 2016.

C.-Y. Lim, Y. Jeong, and G.-W. Moon, “Phase-shifted full-bridge DC-DC
converter with high efficiency and high power density using center-tapped
clamp circuit for battery charging in electric vehicles,” IEEE Trans. Power
Electron., vol. 34, no. 11, pp. 10945-10959, Nov. 2019.

D.-D. Tran, H.-N. Vu, S. Yu, and W. Choi, “A novel soft-switching
full-bridge converter with a combination of a secondary switch and a
nondissipative snubber,” IEEE Trans. Power Electron., vol. 33, no. 2,
pp. 1440-1452, Feb. 2018.

1.-O. Lee and G.-W. Moon, “Half-bridge integrated ZVS full-bridge con-
verter with reduced conduction loss for electric vehicle battery chargers,”
IEEE Trans. Ind. Electron., vol. 61, no. 8, pp. 3978-3988, Aug. 2014.
W. Yu, J.-S. Lai, W.-H. Lai, and H. Wan, “Hybrid resonant and PWM
converter with high efficiency and full soft-switching range,” IEEE Trans.
Power Electron., vol. 27, no. 12, pp. 4925-4933, Dec. 2012.

J.-H. Kim, I.-O. Lee, and G.-W. Moon, “Analysis and design of a hybrid-
type converter for optimal conversion efficiency in electric vehicle charg-
ers,” IEEE Trans. Ind. Electron., vol. 64, no. 4, pp. 2789-2800, Apr. 2017.
C. Liu et al., “High-efficiency hybrid full-bridge-half-bridge converter
with shared ZVS lagging leg and dual outputs in series,” IEEE Trans.
Power Electron., vol. 28, no. 2, pp. 849-861, Feb. 2013.

1.-O. Lee, “Hybrid PWM-resonant converter for electric vehicle on-
board battery chargers,” IEEE Trans. Power Electron., vol. 31, no. 5,
pp. 3639-3649, May 2016.


https://www.connaissancedesenergies.org/sites/default/files/pdf-actualites/globalevoutlook2018.pdf

LIM et al.: HALF-BRIDGE INTEGRATED PHASE-SHIFTED FULL-BRIDGE CONVERTER WITH HIGH EFFICIENCY

[19] B. Gu, C.-Y. Lin, B. Chen, J. Dominic, and J.-S. Lai, ‘“Zero-voltage-
switching PWM resonant full-bridge converter with minimized circulat-
ing losses and minimal voltage stresses of bridge rectifiers for electric
vehicle battery chargers,” IEEE Trans. Power Electron., vol. 28, no. 10,
pp. 46574667, Oct. 2013.

“Calculation of turn-off power losses generated by an ultrafast diode,”
STMicroelectronics, Geneva, Switzerland, Application Note AN5028,
pp. 1-20, 2017.

B. J. Baliga, Fundamentals of Power Semiconductor Devices. New York,
NY, USA: Springer, 2008.

R. W. Erickson and D. Maksimovic, Fundamentals of Power Electronics,
2nd ed. Norwell, MA, USA: Kluwer, 2001.

H. Wang and A. Khaligh, “Comprehensive topological analyses of isolated
resonant converters in PEV battery charging applications,” in Proc. IEEE
Transp. Electrific. Conf. Expo, 2013, pp. 1-7.

[20]

[21]

[22]

[23]

Cheon-Yong Lim (S’ 14) received the B.S. and M.S.
degrees in electrical engineering, in 2007 and 2012,
respectively, from the Korea Advanced Institute of
Science and Technology, Daejeon, South Korea,
where he is currently working toward the Ph.D. degree
in electrical engineering.

His research interests include power electronics,
particularly dc/dc converters, ac/dc converters, bat-
tery chargers, and digital control of power converters.

Yeonho Jeong (S’13-M’19) received the M.S. and
Ph.D. degrees in electrical engineering from the Ko-
rea Advanced Institute of Science and Technology,
Daejeon, South Korea, in 2014 and 2018, respec-
tively.

From 2008 to 2015, he was a Research and Devel-
opment Engineer with the Power Advanced Group,
Samsung Electro-Mechanics Co. Ltd., Suwon, South
Korea. From 2015 to 2018, he was a Senior Research
Engineer for developing server power systems in
Solu-M, Yong-In, South Korea. In 2018, he joined
the Department of Electrical/Mechanical Engineering with the University of
Colorado Denver, Denver, CO, USA, as a Postdoctoral Fellow. His research
interests include dc/dc converters, ac/dc power-factor-correction converters,
server power supplies, hybrid power systems and energy managements for
transportation, and digital control approach for power converters.

4945

Min-Su Lee (S’ 18) received the B.S. degree in elec-
trical engineering, in 2017, from the Korea Advanced
Institute of Science and Technology, Daejeon, South
Korea, where he is currently working toward the
Ph.D. degree.

His research interests include high-efficiency dc/dc
converter topology, electric vehicle charger sys-
tem, server power system, converter topologies, and
magnetics.

Kang-Hyun Yi (M’12) was born in South Korea
in 1978. He received the B.S. degree in electrical
engineering from Hanyang University, Seoul, South
Korea, in 2003, and the M.S. and Ph.D. degrees
in electrical engineering and computer science from
the Korea Advanced Institute of Science and Tech-
nology, Daejeon, South Korea, in 2006 and 2009,
respectively.

From 2009 to 2012, he was a Senior Engineer with
Samsung Electronics Company, Suwon, South Korea.
Since 2012, he has been an Associate Professor with
the School of Electrical and Electric Engineering, Daegu University, Gyeongsan,
South Korea. In 2018, he was a Visiting Professor with the Department of Electri-
cal Engineering and Automation Engineering, Alto University, Espoo, Finland.
His research interests include high-efficiency dc/dc converters, high-frequency
dc/dc converter, power conversion circuit for wireless power transmission, and
power electronics related to electric vehicles.

Prof. Yi is a member of the Korean Institute of Power Electronics. He was
the recipient of the Silver Prize of Samsung Electronics Human Tech Paper in
2007.

Gun-Woo Moon (S’92-M’00) received the M.S.
and Ph.D. degrees in electrical engineering from the
Korea Advanced Institute of Science and Technology
(KAIST), Daejeon, South Korea, in 1992 and 1996,
respectively.

He is currently a Professor with the Department
of Electrical Engineering, KAIST. His research inter-
ests include modeling, design and control of power
converters, soft-switching power converters, resonant
inverters, distributed power systems, power-factor
correction, electric drive systems, driver circuits of
plasma display panels, and flexible ac transmission systems.

Dr. Moon is a member of the Korean Institute of Power Electronics, Korean
Institute of Electrical Engineers, Korea Institute of Telematics and Electronics,
Korea Institute of Illumination Electronics and Industrial Equipment, and Soci-
ety for Information Display.

- -




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


