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Current-Fed LC Series Resonant Converter With
Load-Independent Voltage-Gain Characteristics for
Wide Voltage Range Applications

Jingtao Xu"’, Yao Sun

Abstract—This article proposes a current-fed LC series resonant
converter, which integrates a two-phase interleaved boost circuit
with a full-bridge LC series resonant converter. All switches can
achieve zero voltage switching (ZVS) under full load range without
utilizing a magnetizing inductor or an auxiliary inductor, and
synchronous rectification (SR) can be realized without SR driving
detection. With the proposed modulation, the resonant current is
discontinuous without circulating current. Moreover, the voltage
gain of the LC series resonant conversion is fixed, which is inde-
pendent of load; therefore, the design of voltage regulation range
and related parameters can be simplified. The integrated boost
circuit works in the critical current mode to achieve ZVS for all
the switches. Meanwhile, digital adaptive frequency modulation
is presented to ensure ZVS realization and to minimize the boost
inductor current ripple. The working characteristics and design
considerations for the key parameters of the proposed modulation
are also presented in detail in this article. Finally, a 600-W prototype
with 27-54 V input and 360 V output is built, and experimental
results validate the effectiveness and the advantages of the proposed
solution.

Index Terms—Current-fed converter, digital adaptive frequency
control, resonant converter, wide voltage gain range.

1. INTRODUCTION

SOLATED dc/dc converter (IDC) utilizing high-frequency
transformer to achieve galvanic isolation is widely adopted
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in renewable energy generation [1], [2]. Fig. 1 shows the typ-
ical structure of a grid-connected renewable power generation
system [3], [4]. The voltage of renewable energy sources varies
over a wide range because of their intermittence and instability,
such as photovoltaic (PV) and fuel cells [5], [6]. To interface
with renewable energy sources, it is necessary to realize IDC
working in a wide input voltage range while maintaining high
power conversion efficiency.

Among various IDC converters, the LLC resonant converter
is an attractive topology, which has significant advantages, such
as soft switching, high efficiency, and low electromagnetic inter-
ference issue [7]-[10]. For the traditional pulse frequency mod-
ulation (PFM) of the LLC resonant converter, the efficiency is
very high when operating near the resonant frequency. However,
if the voltage gain needs to be widely adjusted, the switching
frequency needs to be away from the resonant frequency, which
could generate high circulating energy and reduce the efficiency
[11], [12]. Therefore, the performance of the traditional LLC
resonant converter with PFM is heavily reduced for wide input
voltage range applications [13]-[16].

To extend the voltage gain range while maintaining high
efficiency, many control schemes and topologies have been
proposed. In [17], a phase-shift modulation (PSM) of the sec-
ondary side switch is proposed. The voltage gain range has
been expanded, but the circulating current of the converter
increases with the phase shift angle. A hybrid control combining
PFM and PSM is proposed in [18]. Both voltage regulation
capability and efficiency are improved, but the control strategy
becomes more complicated. An asymmetrical duty cycle control
method for full-bridge LLC (FB-LLC) is proposed in [19].
This method has an additional 0.5 step-down gain compared
with the conventional FB-LLC resonant converter because the
input of the resonant tank is half of the input voltage. Another
effective solution is the reconstruction of topology [20], [21].
The idea of this method is to transit the primary side of FB-LLC
into half-bridge LLC. Two operation modes of full-bridge and
half-bridge can then obtain a double gain range. However, the
two modes are difficult to switch smoothly. Auxiliary switches
or components are adopted in [22]-[24]. In [22] and [23], an
auxiliary switch is added on the secondary side to achieve
voltage regulation such that the switching frequency is con-
stantly equal to the resonant frequency. Unfortunately, the com-
plexity of the model and control is increased. Hu ef al. [24]
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Fig. 1. Structure of a grid-connected renewable power generation system.

change the equivalent turn-ratio and magnetizing inductance by
an auxiliary transformer. However, the utilization of auxiliary
transformers is low because only the main transformer transmits
energy. The voltage regulation ability is improved to a certain
extent with the added auxiliary devices and increased control
complexity.

Even though the aforementioned methods [17]-[24] can im-
prove the permanence, the control and working modes are
complex. To deal with this, the cascaded two-stage solution
consisting of a conventional nonisolated dc/dc converter (e.g.,
boost converter) and an LLC resonant converter can be used
[25], [26]. In this case, the LLC converter is unregulated, which
only provides fixed voltage gain and galvanic isolation as a
dc transformer (LLC-DCX). In [27], to improve the overall
operation efficiency, LLC-DCX is cascaded with the critical
current mode (CRM) boost converter. Zero voltage switching
(ZVS) can be realized for both stages, and the switching loss of
the whole system is decreased.

Compared with the single-stage converter, the voltage regu-
lation ability of the two-stage topology is improved. However,
more switches are used in these cascade converter topologies,
which could increase the volume and cost. Consequently, the
integration of the boost circuit and the LLC resonant converter
is studied [28]—-[31]. These integrated topologies can eliminate
power switches and gate driver circuits. However, they also have
some drawbacks. First, the pulsewidth modulation (PWM) is
adopted for an integrated boost circuit, which needs to realize
voltage regulation by controlling the duty cycle of switches.
However, the voltage gain of the LLC resonant converter will
also be affected when the duty cycle is changed [28], [29]. The
gain characteristics are heavily dependent on the duty cycles or
load, which loses the benefit of DCX operation for the two-stage
solution. Therefore, the design of component parameters and
the voltage controller could become complex. Second, after
the integration, due to the effect of the boost inductor current,
the ZVS achievement for lower switches of sharing arm be-
comes more difficult and calculation of ZVS conditions becomes
very complicated. Consequently, in [29], the excitation inductor
needs to be designed smaller to enlarge the ZVS region, and the
auxiliary parallel inductor is adopted to achieve ZVS in [30] and
[31]. However, the additional inductor could increase the related
loss such as circulating current and magnetic losses.

In this article, an improved current-fed LC series resonant
converter (CF-sRC) is proposed for wide input voltage range ap-
plications. The CF-sRC is integrated by a two-phase interleaved
boost circuit and a full-bridge LC series resonant converter. The
proposed topology and control strategies possess the following
two main advantages.
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Fig.2. Topology of dc/dc converter. (a) Two-stage topology implemented with
a two-phase interleaved boost converter and an FB-LLC resonant converter. (b)
Proposed CF-sRC converter.

1) All switches can achieve ZVS without utilizing excitation
inductor or auxiliary inductor, which simplifies the design
of the magnetic components.

The resonant current is discontinuous, and the voltage
gain of the LC series resonant conversion is fixed under
the proposed modulation and control methods. Therefore,
only a simple PWM control for the boost circuit is used to
regulate voltage, and the design of the voltage regulation
range and voltage controller is simple. In addition, the
realization of ZVS is independent of the resonant current,
and hence ZVS analysis can be much simplified.

The rest of this article is organized as follows. The operat-
ing principles and characteristics of CF-sRC are presented in
Section II. The converter characteristic analysis is presented in
Section III. To optimize the circulating current when ZVS is
achieved, a digital frequency control is introduced in Section I'V.
The design considerations are given in Section V. Experimental
results based on a prototype are shown in Section VI, which
verifies the effectiveness of the proposed solution. Finally, Sec-
tion VII concludes this article.

2)

II. CHARACTERISTIC ANALYSIS AND COMPARISON
A. Topology of CF-sRC

The proposed CF-sRC is an integration of a two-phase inter-
leaved boost circuit and a full-bridge LC series resonant con-
verter, as shown in Fig. 2(b). The power transmission direction
is from Vy to Vgy. Compared with the traditional two-stage
topology as shown in Fig. 2(a), the number of semiconductor
devices in CF-sRC is reduced from 12 to 8, and the inductor
L,, is removed. On the primary side, S1, S2, and L; form a
boost circuit, whereas S3, S4, and L, form another boost circuit.
The upper and lower switches of each bridge arm operate in a
complementary manner. The two boost circuits adopt two-phase
interleaving-control, whereas v,; generates an ac square wave
as the input of the resonant tank. On the secondary side, S5—Ss
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Fig. 3.  Key operation waveforms of the proposed CF-sRC under DCM.
(a)D>0.5.(b)D<0.5.

operates in the synchronous rectification (SR) state. The driving
logics of the secondary bridge (S5—Ss) are as follows:

1) when D > 0.5, S5 (Sg) is turned ON simultaneously with

S4, and Sg (S7) is turned ON simultaneously with Ss;
2) when D < 0.5, S5 (Sg) is turned ON simultaneously with
S1, and Sg (S7) is turned ON simultaneously with Ss;

3) conduction duration of S5—Sg is fixed as T,/2.

The secondary-side switches work in SR, so the conduction
duration of each group switch is equal to half period of res-
onance. When CF-sRC works in discontinuous current mode
(DCM), the zero-crossing point of resonant current is fixed,
and hence the conduction duration of all secondary-side (S5—Ss)
switch is fixed as 7',/2.

B. Operation Principle

The key waveforms of the proposed modulation are illustrated
in Fig. 3. In the proposed modulation strategy, the resonant
current works in DCM, which is a half-sine wave, and the
zero-crossing time of resonant current is independent of voltage
and load. Therefore, according to the above drive logic, SR can
be realized without any additional auxiliary circuits to detect
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Fig. 4. Operating modes of the proposed CF-sRC under DCM. (a) Stage 1
[t0, 11]. (b) Stage 2 [t1, t2]. (c) Stage 3 [r2, t3]. (d) Stage 4 [t3, t4]. (e) Stage 5
[ta, 15].
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the current zero-crossing point. In addition, the inductor current
of the integrated boost circuit (i1 and iz2) operates in CRM
to realize ZVS. The working principles of duty cycle D greater
than 0.5 and less than 0.5 are similar, so only the former case is
analyzed in this article.

Stage 1 [ty, t1] [see Fig. 4(a)]: At ty, S1 is turned ON and Sy
is turned OFF. i1,; flows through S to charge Cjysy and izo flows
back to Cry through Dy4. During this time interval, v, is equal
to Vyry. Hence, the input voltage of the resonant tank equals
Vv, and the resonant current iy,. will rise from zero, which is
sinusoidal. Synchronous rectifier switches S5 and Sg are turned
OFF at this time, so the resonant current iy, flows through the
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body diodes D5 and Dg. vy, ir1, ir2, and if,, can be expressed
as

vab = Vv
ir1 =ir1(to) — W "
ir2 = ira(to) + W

i (t) = ManVavoveello) gip y, (1 — t,)
where Z, = 1/ L,./C,. and w, = 27f,.

Stage 2 [t, to] [see Fig. 4(b)]: Att1, S4, S5, and Sy are turned
ON with ZVS at the same time. The voltage of the boost inductor
and the input voltage of the resonant tank remain constant, so
ir1,ir2, inr and v, keep in the state of stage 1. iz, completes
half resonant period and decreases to O at 7,;. According to
the driving logics described above, at 7,1, synchronous rectifier
switches S5 and Sg are turned OFF when the current is near zero.

Stage 3 [to, t3] [see Fig. 4(c)]: Atts, Sy is turned OFF, whereas
S keeps on conducting. Ss is still turned OFF at the moment, so
i1,2 flows through D3 to charge C ;. The voltage levels at points
a and b are both Vv, so vy is equal to zero. At this stage, S1
has no switch action and v, i11, i1,2, and i1, can be expressed
as

Vab = 0
i = ip(t) — (o=l lito) N
ins = ipa(ty) — (An=Viv)(tts)

in,(t) = 0.

Stage 4 [ts, 1] [see Fig. 4(d)]: At t3, Ss is turned ON with
ZNS, and vy, i11, i12, and iz, keep in the state of stage 3. In
the scheme proposed in this article, the integrated boost circuit
operates in CRM; hence, before the end of this stage (before 74),
the boost inductor current iz,; will be reversed.

Stage 5 [t4, t5] [see Fig. 4(e)]: Atty, S is turned OFF, whereas
So is kept OFF; therefore, iy flows back to Cry by Ds. vy is
equal to —Vjsv, hence the resonant current i1, begins to resonate
for another half period. Before the turning ON of another group
of synchronous rectifier switches Sg and S, the resonant current
iz, flows through their body diodes D¢ and D~. During this stage,
Vabs i1, 11,2, and i1,,- can be expressed as

vab = —Vmv

ipy = ipa(ta) + 2gi=ta)

ina = ip2(te) — ‘(VMVJ/LL:)'(th) &
ip,(t) = —nVamy —(=Vuv)—vcr(ts) sin wr(t _ t4).

r

After stage 5, Sa, Sg, and S7 can be turned ON with ZVS. An-
other half switching period begins, and the remaining operation
modes are similar, which are omitted in this article.

III. CONVERTER CHARACTERISTIC ANALYSIS
A. Boundary Conditions of Resonant Current Operation Mode

When the resonant current i ;.- decreases to zero, there are two
working states including continuous current mode (CCM) and
DCM, as shown in Fig. 5. When the resonant current works in
CCM mode, iy, is reversed at £, or f, as shown in Fig. 5(b) and
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Fig. 5. Comparison of working state of resonant current ir,,. (a) DCM. (b)
CCM (reverse at ). (¢) CCM (reverse at 1p).
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Fig. 6. Equivalent circuit of i, in reverse under CCM.

(c). Under CCM, the circulating power is generated, and the con-
version efficiency will be reduced. Meanwhile, the voltage gain
of LC series resonant converter is no longer fixed. Therefore, i,
needs to avoid working in CCM.

When the resonant current is reversed, iz, will flow through
D¢ and Dr, as shown in Fig. 6. Ignoring the forward voltage
drop of the diodes, then the conduction condition of Dg and D~
is expressed as

AVCT —Vuv — Vi > 0. 4)

When the resonant current is critical continuous, the voltage
drop of V. is approximately equal to zero. Hence, (4) can be
derived as

AVe, —Vgy >0

P
= WG, v o
= P > 4V f5Ch. )

According to (5), when P < 4V%IV fsC. is satisfied, all the
diodes are reversed; hence, the resonance cannot continue by
reversing the current direction, which means iz, will operate
in DCM. Therefore, the maximum power in DCM mode is
equal to 4V%1v fsCr. When iy, works in DCM, i, is sinusoidal
half-wave and the conduction duration is 7,/2 under different
power and voltage. The driving logics of the secondary rectifier
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switches can be given according to this characteristic without
zero crossing detection (ZCD) circuits.

B. Gain Characteristic

The voltage gain of the boost circuit operating in CRM M}, 0st
can be obtained by the volt-second balance rule on the boost
inductor

VMV ].
Mboost - VLV - D (6)
where D is the duty cycle of the up-switches (S; and S3).

The voltage gain of LC series resonant converter can be
analyzed in the time domain. The waveforms of the resonant
current i7,,- and resonant voltage v ¢, are shown in Fig. 7.

The peak voltage of the resonant capacitor AV, at ty can be
expressed as

Tr/2 .
Jo " ine(t) - dt
AV, =24~~~ 7
c 5C, (7
According to the definition of the output filter current /gy,
AV, can be deduced as

Iyy = 2J0 i ()dt _ P
AVer — g
Cr — 444444562j44447
I P
= AVey = 22 = (8)

4fsCr B 4IHstCr .
The output filter current of /77y can also be expressed as

{ ie(t) = %HV*AVCT sin w,.(t — to)

2 T2, (t)-dt
Ipy = =0—F——

9 j‘TT/Q Vv =Viav+AVer ¢y w,(t — o)

= Iyy = — = T
gnVary=Viy—AVe, fOTW sinw, (t — to)
= IHV = - Ts
Vv — Vi AVe, P
L gy, Vv = Vv + AVer P ©)
7y Vv

By substituting (8) into (9), the relationship between V1 and
Vv can be derived as

P PZuw,
Vv fsCr 4fVav

nVarv — Vv +
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Fig. 8.  Voltage-gain characteristics for (a) proposed CF-sRC under DCM and
(b) topology proposed in [29].

= nV] Vv + r P ! Ly
Vs — _ . L
MV Y v £ AfViv  VL.C, V C,

= TLVMV = VHV~ (10)
The voltage gain of the LC series resonant converter Msgrc
can be obtained by

Vv
Mgrc = v =n
MV

(11

It can be seen from (9) that the voltage gain of LC series
resonant converter itself is constant, which is independent of
duty cycle D, switching frequency f;, and load. Hence, the
LC series resonant converter of the proposed topology can be
regarded as a dc transformer (DCX).

Combining (6) and (11), the voltage gain of CF-sRC M¢cr_src
can be expressed as

n
Mcr_src = Mpoost - Msrc = —. (12)

D
According to (12), the normalized voltage gain curves (n =
1) can be obtained, as shown in Fig. 8(a). It can be seen that
the total gain curve of CF-sRC is similar to a boost circuit. The
voltage gain curve of the topology proposed in [29] is shown in
Fig. 8(b). In contrast, the voltage gain of the latter topology will
be affected by the quality factor O, which changes with the load.
Although compared with the traditional LLC resonant converter,
the voltage regulation range of [29] is expanded; this feature will
increase the complexity of converter design.
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C. ZVS Analysis

The waveforms of ZVS are shown in Fig. 9. For the conve-
nience of analysis, the boost inductor and current of one switch
bridge are defined as Ly and iyps¢, respectively.

1) Lower Switches of Primary Side (So and S4): The boost
inductor L4 of CF-sRC works in CRM whose direction
can alternate in every switching period in order to achieve
ZVS for lower switches. As shown in Fig. 9, before the
lower switches are turned ON, irps; has been reversed.
Hence, once the upper switches are turned OFF, i ;s Will
continue to flow through the body diode of the lower
switches. At this time, the boost inductance current is
the valley value /,g. Therefore, the energy storage of the
inductor needs to be large enough, and the dead time is
long enough to realize ZVS. The ZVS conditions of the
lower switches are expressed as

2Vmy-Coss
{tld - g Toff 2
ELbStIOH‘ > COSSVMV'
The minimum value of the boost inductor current to realize
ZVS can be derived as

2o Vi
IZVS = Li .
bst

2) Upper Switches of Primary Side (S1 and S3): For the upper
switches, after the lower switches are turned OFF, the boost
inductance current iy,s; Will be forced through the body
diode of upper switches. As shown in Fig. 9, at 7, the
boost inductance current is the peak value /. The ZVS
conditions of the upper switches are similar to (13). The
difference is that the current of ZVS is the peak value of
inductor current, so it is easier to realize ZVS

{td > 2Vrmy-Coss

13)

(14)

Tox
L T2 > ConsViy. (15)

3) Switches of Secondary Side (S5 to Sg): The secondary side
switches work in SR mode, so ZVS is realized by the
resonant current. For example, as shown in Fig. 9, at 3, Sy

is turned OFF and iy is reversed. At this moment, i, ps;
flows through D5, and the resonant current iy, begin to
increase. In this way, before S¢ and S7 are turned ON, the
resonant current has flowed through their body diodes. In
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other words, with the proposed modulation, the premise
of ZVS achievement of the secondary side switches is that
the boost inductor of CF-sRC works in CRM.

D. Comparison

A comparison of the other four solutions is illustrated in Ta-
ble I. The main disadvantage of the traditional FB-LLC converter
is narrow gain range, which is not favored in two-stage cascaded
topology. On the basis of cascaded topology, the method of
topology integration reduces the number of switches and im-
proves the power density. However, in the integrated topology,
the analysis of voltage gain becomes more complicated. In
addition, the realization of ZVS is difficult, and it is necessary to
design smaller excitation inductors or add auxiliary inductors.
As for the proposed CF-sRC, the range of voltage regulation is
wide, and the voltage gain is independent of the load. In addition,
the proposed CF-sRC does not need to design excitation inductor
orauxiliary inductor to realize ZVS. The analysis of ZVS and the
design of magnetic components are simpler. In voltage control,
as with other integrated topologies with fixed frequency (FF), a
simple PWM control is adopted. In addition, the regulation of
switching frequency is added in this article for the optimization
of current ripple and conduction loss.

IV. DIGITAL ADAPTIVE FREQUENCY CONTROL

Variable switching frequency with CRM operation can
achieve ZVS and optimize circulating current under various
conditions. The optimal switching frequency (period) can be
calculated by sampling the input, output voltage and the average
value of inductor current. This method can be realized by a
digital controller without an additional analog ZCD circuit.

A. Frequency Constraint Conditions

1) DCX Constraint: In order to keep the voltage gain of LC
series resonant converter constant, it is necessary to ensure
that the resonant current can accomplish a complete reso-
nant period. Therefore, the minimum conduction duration
of the primary side switch needs to be longer than the half
resonant period. Frequency constraints can be expressed
as

T,-D>T,/2
Ts'(lfD)ZTr/Q

= fs <min{(2f, - D), (2f. - (1 —D))}.

According to (16), it can be seen that the switching frequency
needs to be lower than the resonant frequency when the LC
series resonant converter is working as a DCX. When D = 0.5,
the upper limit of the switching frequency is the highest, which
is equal to the resonant frequency. In this case, the switching
frequency can be close to the resonant frequency, and the input
supply utilization is high. When D is increased or decreased, the
input supply utilization will be reduced.

2) ZVS Constraint: Increasing the switching frequency is

beneficial to reduce the current ripple, but too low current
ripple will lead to the loss of ZVS. In order to ensure

16)



XU et al.: CURRENT-FED LC SERIES RESONANT CONVERTER WITH LOAD-INDEPENDENT VOLTAGE-GAIN CHARACTERISTICS

11515

TABLE I
COMPARISON OF OTHER RESONANT CONVERTER TOPOLOGIES

Interleaved boost

Conventional Interleaved boost Interleaved boost inteerated full-bridee
Topologies full-bridge LLC cascaded full-bridge integrated full-bridge LI% C conve rter-Hg Proposed CF-sRC
converter LLC converter [26] LLC converter-I [29] [301[31]
Numb.er of svyltches 4 3 4 4 4
(primary side)
Bus capacitor - Bulky Small Small Small
Soft switchin Primary: ZVS Boost: hard switching Primary: ZVS Primary: ZVS Primary: ZVS
e Secondary: ZCS LLC: ZVS, ZCS Secondary: ZCS Secondary: ZCS Secondary: ZCS
Utilize excitation
inductor or auxiliary Needed Needed Needed Needed Not needed
inductor for ZVS
Analysis of ZVS simple simple complex complex Simple
: Boost: PWM
Modulation PFM LLC: PFM PWM PWM PWM
Gain independent of « N « N J
load
Voltage regulation Narrow Wide Wide Wide Wide
range
ZVS under full range voltage and load, it is necessary l
to Cz.llculate the optimal switching frequency, which is Sampling
obtained as Love, Vir
and Vy
AILZQ'(Iave+IZVS) l il
T — Lo Alp
on Vv —Viv
Tog = IEbsrA L Calculate Al reference
o Viv Al =2-(1,, +1,)
1 Vv - (Vv = Viy) l
TS T o)~ Lo ALV 1n
on off bst L Mv Calculate f; reference
where Al is the peak-to-peak value of the boost inductor 1= Vi W =V,)
current and I, is the average value by sampling. Ly ALV
The minimum current Izyg to realize ZVS in formula (14)
needs to be considered here. The current state f; should be
adjusted according to (17) to ensure ZVS and reduce the current f, <min{(2f,-D),(2f,-(1-D))} ?
ripple.
B. Control Strategy
. .. . . . Si=min{(2/,-D),(2f,-(1-D))}
According to the ZVS analysis in the previous section, it can
be seen that the key is to realize ZVS of primary side lower
switches. The system needs to adjust the switching frequency » )
Fig. 10.  Flowchart of digital adaptive frequency control.

according to the current working state regularly. The control
flowchart, shown in Fig. 10, can be mainly divided into the
following two steps.

1) According to formula (16), limit the range of frequency

regulation from current operating conditions.

2) According to formula (17), calculate the optimal switching

frequency f;.

For the convenience of the study, the frequency regulation
processes of different input power (the rated power is Prated)
are shown in Fig. 11. The gray region is the DCX area, which
satisfies the constraint condition (16). Formula (18) can be
deduced as

- DVary - (Vv — DVary)
fs - L 2-Prated \%
bst * DVarv VMV

N f < D?. (VMV — DVM\/)
° 2Lbst : Prated .

(18)

Equation (18) is represented by a red curve in Fig. 11, and the
ZVS area is below the red curve. The blue curve is the frequency
regulation track. It can be seen that the frequency is adjusted at
the boundary of the intersection of the red and gray areas.

The control block diagram of the proposed CF-sRC is shown
in Fig. 12. The traditional double closed-loop control is used to
regulate the output voltage. According to the sampling average
value of boost current and voltage, the proposed digital adaptive
frequency control is used to adjust the switching frequency f;,
which can ensure the realization of ZVS and optimize the current

ripple.

V. DESIGN CONSIDERATIONS

A design example of a 600-W prototype is introduced in
this section. The basic specifications of the converter prototype
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Basic parameters,
Pruteds VLVs VMV, VHst;
A. Desi .
esign C. Design duty
transformer turn
. cycle D range
ratio n
B. Design resonant tank D. Design switching
(L,and C)) frequency f; range
v
E. Design boost
inductor Ly,
Fig. 13. Parameters design process.

are as follows: input voltage V5 = 27-54 V, intermediate bus
voltage Vs =72V, output voltage V1 = 360 V, and resonant
frequency f;- = 200 kHz. The design process is shown in Fig. 13.
According to the basic parameters, the design process is mainly
divided into five parts, and the details are as follows.
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Fig. 14. Relationship between input voltage and duty cycle.

A. Turns Ratio of the Transformer

Based on (9), the voltage gain for Vv to Vi is equal to the
transformer turns ratio n, which is independent of load. Hence,
n of the prototype can be designed as
360_

2

Vv
n=2V 5. (19)
Vuv

B. Resonant Tank

The resonant frequency is designed to be about 200 kHz. As
seen from the conditions of DCM operation, C,> P/ (4V12{st)
needs to be satisfied to ensure that the converter operates in
DCM. Meanwhile, Z, = 1/L,/C, needs to be appropriately
high to reduce the peak value of the resonant current at start-up.

According to the above conditions, the final design parameters
of the resonant tank are shown as follows: C,, =66 nFand L, =
10 pH.

C. Duty Cycle Range

The voltage gain of CF-sRC is n/D (n = 5). When output
voltage Vv is constant, the relationship between input voltage
and duty cycle is D = Vy/72, which is shown in Fig. 14. When
the input voltage changes from 27 to 54 V, the corresponding
duty cycle regulation range is 0.375-0.75.

D. Switching Frequency Range

According to the frequency of adaptive control in Section IV,
the range of switching frequency can be calculated as

<<t

2100 KHz < f. < 200 kHz. (20)

The diagram of switching frequency, input voltage, and in-
put power is shown in Fig. 15. Under the proposed adaptive
frequency control, the switching frequency can be adjusted
according to different input voltage and power.

E. Boost Inductor Designing

It is necessary to properly design the boost inductor Ly to
consider both the ZVS achievement under full load and the low
current ripple. According to the volt-second balance rule on the
boost inductor, the peak-to-peak value of inductor current Aly,
can be determined as

Viv

Al =
B Lbst

(1 - D)T.. Q1)
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Fig. 15. Switching frequency regulation strategy. (a) Relationship between
switching frequency and input voltage. (b) Relationship between switching
frequency and input power.

When the boost inductor L;; works in CRM, the relationship
between Al and average current [,y is
P, rated 1

AILZ2'Iave:2'—'_

22
Vv 2 (22)

where P,teq 1S the rated power.
Combining (21) and (22), the design range of Lys can be
obtained as

L < 20=D)VE VR

2 - Prated . fs Pratedfs

Boost inductor needs to be designed at maximum power 600
W and minimum switching frequency 100 kHz to ensure the
realization of ZVS under full range. Hence, according to (23),
the critical value of boost inductor L;; can be drawn as shown
in Fig. 16. Fig. 16(a) shows the maximum allowable inductor
to operate in CRM under different Vj,y and V. Under the
surface is the ZVS region, so the value of boost inductance needs
to be selected in this region. According to the parameters of the
prototype, the rated value of Vs is 72 V [as shown in the red
curvein Fig. 16(a), and the inductance range under this condition
is shown in Fig. 16(b)]. It can be seen that when the input voltage
Vv is equal to 27 V, the upper limit of inductor value is the
smallest. In addition, in order to reduce the circulating current
and current ripple, the inductor should be large enough, so the
boost inductor is designed as 7.5 pH.

Vuv — Vv

23
Virw (23)

FE. Theoretical Loss Analysis

The full-load power losses of CF-sRC are compared at three
important benchmarks (V= 27, 36, and 54 V). In CF-sRC,
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Fig. 16.  Critical inductance to operate in CRM. (a) Critical inductance under
different working voltage. (b) Critical inductance under V= 72 V.

TABLE II
Loss ANALYSIS UNDER 600 W

27V 36V 54V
Losses (W) (f;=100kHz, (f;=140kHz, (f;=100kHz,
D=0.375) D=0.5) D=0.75)
Conduction losses 6.79 4.71 5.28
Turning-off losses 6.80 9.25 5.07
Driving losses 241 341 241
Core losses of 1.45 299 1.8
transformer
Copper losses of 084 1.40 084
transformer
Core losses of
boost inductor 10.20 11.02 313
Copper losses of
boost inductor 2.61 1.43 0.93
Total 31.10 33.51 20.96

all the MOSFETs are turned ON with ZVS. Hence, the turning-
ON losses are zero. The theoretical losses dates under different
input voltage are listed in Table II. The total losses consist of
eight parts, namely switches conduction loss, switches turn-ON
loss, switches turn-OFF loss, driving loss, transformer core loss,
transformer copper loss, inductor core loss, and inductor copper
loss. According to the data in Table II, the loss analysis histogram
is shown in Fig. 17. When the input voltage is 54 V, because
the working current is the lowest, turning-OFF losses and boost
inductor losses are lower than the other two cases. Hence, the
total loss is the lowest at 54 'V, and the converter efficiency is
the highest. When the input voltage is 36 V, the current ripple of
the boost inductor is the largest. Under the adaptive frequency
modulation control, the switching frequency will be higher than
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Fig. 18.  Laboratory prototype.

TABLE III
PARAMETERS OF THE EXPERIMENTAL PROTOTYPE

Designed parameters Value
Input voltage (V) 27-54V
Intermediate side (V) 72V
Output voltage (Vay) 360V
Rated power (Pared) 600W
Turns ratio (n) 5
Resonant capacitor (C,) 66nF
Resonant inductor (Z,) 10uH
boost inductor (L) 7.5uH
LV-side capacitor 120pF
MV-side capacitor 47uF
HV-side capacitor 100uF
Resonant frequency (f,) 200kHz
Switching frequency (f;) 100-200kHz

other working conditions. This leads to the increase of drive loss,
turn-OFF loss, and core loss.

VI. EXPERIMENTAL VERIFICATION

A 600-W laboratory prototype, as shown in Fig. 18, has been
built based on the design procedures introduced in Section V.
The specifications of the prototype are as follows: input voltage
Viv = 27-54 'V, output voltage Vv = 360 V, rated output
power P, = 600 W, switching frequency f; = 100-200 kHz,
and resonant frequency f;- = 200 kHz. The detailed parameters
of CF-sRC are listed in Table III. A conventional double closed
loop is used for the boost circuit, and the output voltage Vv
can remain constant when the input voltage and load change.
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Fig. 19.  Steady-state working waveform under full load (600 W). (a) Vv =
27V.(b) Vy =36 V.(c) Vy =54 V.

VORI

The steady-state working waveforms at full load under dif-
ferent input voltage Vy are shown in Fig. 19. It can be seen
that, over a wide input voltage range of 27-54 V, the proposed
CF-sRC operates well with the proposed modulation. The in-
ductor currents iy,; and iy operate in interleaved state and v,
can generate a high-frequency square waves. In each switching
cycle, the inductor current is reversed once for realizing ZVS,
and the current ripple can be optimized by proposed variable
frequency (VF) control. In addition, during each half of the
switching cycle, the resonant current is a complete sinusoidal
half-wave, and no circulating current is generated. When the
resonant current decreases to zero, the resonant inductor and
the junction capacitance of the switch can continue to resonate.
During this duration, the resonant current has a small amplitude
oscillation and decays quickly. Hence, the experimental wave-
forms are consistent with the theoretical analysis.

Under different input voltage and power, the operating wave-
forms of synchronous rectifier switches are shown in Fig. 20.
Due to the symmetry of the structure, only the waveforms of
S5 and Sg are shown. As can be seen, the zero-crossing time of
resonant current is kept constant during steady-state operation,
which is independent of input voltage and power. Therefore,
without an additional auxiliary circuit, the prototype can realize
SR only by digital controller.

According to the ZVS analysis in Section III, the ZVS con-
ditions for two groups of bridge arm on the primary side are
identical, and the ZVS conditions of all secondary switches are
the same. Hence, the ZVS waveforms of one bridge arm on the
primary side (S; and S3) and one switch on the secondary side
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Fig. 20.  Working waveforms of SR. (a) Vr,y =27V, P =300 W. (b) VL =
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(S5) are shown in Figs. 21, 22, and 23, respectively. It can be
seen that the drain—source voltage v pg of all switches is reduced
to zero before the rising of the driving signal under different
working voltage and power. As illustrated, for the proposed
topology and control strategy, all switches can realize ZVS.

To verify the dynamic performance regarding input voltage
changes, the dynamic response waveforms when the input volt-
age Vv changes are shown in Fig. 24. It can be seen that when
the input voltage changes within twice the range (27-54 V), the
output voltage Vv is kept at 360 V. Therefore, the proposed
CF-sRC has a good performance in the application of wide range
input voltage. The dynamic waveforms of switching between
half load (300 W) and full load (600 W) are shown in Fig. 25.
It can be seen that, when the load changing occurs, the output
voltage Vv can also be adjusted rapidly and maintained at
360 V.

The voltage gain curves for the part of LC series resonant
converter (Vgy/nVyry) under different input voltage are shown
in Fig. 26. The measured results are the actual values including
the voltage drop of switches conduction and line conduction.
As can be seen, the measured voltage gain is close to 1 under
different load conditions, which matches the theoretical analysis.
The results show that the LC series resonant converter in CF-sRC
works as DCX.

Fig. 27 depicts the curves of measured conversion efficiency
for different input voltages and power. For comparison, the
efficiency under FF control is also shown in Fig. 27. In order
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to realize ZVS, the switching frequency should be selected as
the lowest value (100 kHz) under FF control. The solid line and
dotted line present the working efficiency of VF and FF (100
kHz), respectively. Under half load (300 W), when the input
voltage is 36 V, the working efficiency is only 90% under FF
control. After using the adaptive frequency control, the working
efficiency is up to 92%, and the efficiency is increased by 2%.
When the input voltage is 27 V, the efficiency is also improved
under adaptive frequency control. Therefore, under the same
working voltage, the proposed digital adaptive frequency control
can improve the total efficiency. In addition, according the
frequency control strategy, when input voltage is 54 V, fs is
always adjusted to 100 kHz. Hence, the working efficiency of
VF and FF is identical under 54 V.

VII. CONCLUSION

In this article, a CF-sRC converter is proposed and explored.
The topology is obtained by integrating a two-phase boost
circuit into the full-bridge LC series resonant converter with
the sharing of primary H-bridge. All switches can achieve ZVS
without utilizing a magnetizing inductor or an auxiliary inductor
under full load range, which simplifies the design of magnetic
components. The LC series resonant converter can work as a
DCX where its voltage gain is fixed and completely decoupled
with the boost circuit. The voltage gain of the whole converter is
similar to the boost circuit. This characteristic can simplify the
ZVS analysis and design of voltage regulation range and related
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parameters. The integrated boost circuit works in the CRM that
can achieve ZVS for all the switches. In steady-state operation,
the switching frequency can be adjusted by proposed digital
adaptive frequency control to ensure the realization of ZVS and
to optimize the current ripple of the boost inductor. The working
modes of the converter, control strategy, and design process are
presented in detail. The experimental results have shown that the
proposed solution is effective to be applied in wide range input
voltage applications.

[1]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

REFERENCES

B. Zhao, Q. Song, J. Li, W. Liu, G. Liu, and Y. Zhao, “High-frequency-
link DC transformer based on switched capacitor for medium-voltage DC
power distribution application,” IEEE Trans. Power Electron., vol. 31,
no. 7, pp. 4766-4777, Jul. 2016.

D. Sha, J. Zhang, and J. Wu, “A GaN-based micro converter utilizing
fixed-frequency BCM control method for PV applications,” IEEE Trans.
Ind. Electron., vol. 65, no. 6, pp. 4771-4780, Jun. 2018.

S. K. Mazumder, R. K. Burra, R. Huang, M. Tahir, and K. Acharya,
“A universal grid-connected fuel-cell inverter for residential applica-
tion,” IEEE Trans. Ind. Electron., vol. 57, no. 10, pp.3431-3447,
Oct. 2010.

D. Leuenberger and J. Biela, “PV-module integrated AC inverters (AC
modules) with subpanel MPP-tracking,” IEEE Trans. Power Electron.,
vol. 32, no. 8, pp. 6150-6118, Aug. 2017.

W. J. Cha, J. M. Kwon, and B. H. Kwon, “Highly efficient asymmetrical
PWM full-bridge converter for renewable energy sources,” IEEE Trans.
Ind. Electron., vol. 63, no. 5, pp. 2945-2953, May 2016.

X.Huang, H. Wang, L. Guo, Y. Wang, and H. Xu, “DC-series PV collection
DC/DC converter with wide output voltage regulation range,” in Proc.
44th Annu. Conf. IEEE Ind. Electron. Soc., Washington, DC, USA, 2018,
pp. 4359-4364.

Y. Wang, Y. Guan, J. Huang, W. Wang, and D. Xu, “A single-stage
LED driver based on interleaved buck—boost circuit and LLC resonant
converter,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 3, no. 3,
pp. 732-741, Sep. 2015.

T. Sun, X. Ren, Q. Chen, Z. Zhang, and X. Ruan, “Reliability and efficiency
improvement in LLC resonant converter by adopting GaN transistor,” in
Proc. IEEE Appl. Power Electron. Conf. Expo., 2015, pp. 2459-2463.

D. Huang, S. Ji, and F. C. Lee, “LLC resonant converter with matrix
transformer,” IEEE Trans. Power Electron., vol. 29, no. 8, pp. 4339-4347,
Aug. 2014.

G. Yang, P. Dubus, and D. Sadarnac, “Double-phase high-efficiency,
wide load range high-voltage/low-voltage LLC DC/DC converter for
electric/hybrid vehicles,” IEEE Trans. Power Electron., vol. 30, no. 4,
pp. 1876-1886, Apr. 2015.

Z. Hu, Y. Qiu, Y.-F. Liu, and P. C. Sen, “A control strategy and design
method for interleaved LLC converters operating at variable switching
frequency,” IEEE Trans. Power Electron., vol. 29, no. 8, pp. 4426-4437,
Aug. 2014.

F. Musavi, M. Craciun, D. S. Gautam, W. Eberle, and W. G. Dunford, “An
LLC resonant DC-DC converter for wide output voltage range battery
charging applications,” IEEE Trans. Power Electron., vol. 28, no. 12,
pp. 5437-5445, Dec. 2013.

R. Beiranvand, B. Rashidian, M. R. Zolghadri, and S. M. H. Alavi, “Using
LLC resonant converter for designing wide-range voltage source,” [EEE
Trans. Ind. Electron., vol. 58, no. 5, pp. 1746-1756, May 2011.

K. H. Yi and G. W. Moon, “Novel two-phase interleaved LLC series
resonant converter using a phase of the resonant capacitor,” IEEE Trans.
Ind. Electron., vol. 56, no. 5, pp. 1815-1819, May 2009.

K. Jin and X. Ruan, “Hybrid full-bridge three-level LLC resonant
converter-a novel DC-DC converter suitable for fuel-cell power system,”
IEEE Trans. Ind. Electron., vol. 53, no. 5, pp. 1492-1503, Oct. 2006.

R. Beiranvand, B. Rashidian, M. R. Zolghadri, and S. M. H. Alavi,
“Optimizing the normalized dead-time and maximum switching frequency
of a wide-adjustable-range LLC resonant converter,” [EEE Trans. Power
Electron., vol. 26, no. 2, pp. 462-472, Feb. 2011.

H. Wu, T. Mu, X. Gao, and Y. Xing, “A secondary-side phase-shift-
controlled LLC resonant converter with reduced conduction loss at normal
operation for hold-up time compensation application,” IEEE Trans. Power
Electron., vol. 30, no. 10, pp. 5352-5357, Oct. 2015.

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

11521

X. Mao, Q. Huang, Q. Ke, Y. Xiao, Z. Zhang, and A. E. Andersen,
“Grid-connected photovoltaic micro-inverter with new hybrid control LLC
resonant converter,” in Proc. 42nd Annu. Conf. IEEE Ind. Electron. Soc.,
2016, pp. 2319-2324.

S. Zong, H. Luo, W. Li, Y. Deng, and X. He, “Asymmetrical duty cycle-
controlled LLC resonant converter with equivalent switching frequency
doubler,” IEEE Trans. Power Electron., vol. 31, no. 7, pp. 4963-4973,
Jul. 2016.

Z. Liang, R. Guo, G. Wang, and A. Huang, “A new wide input range high
efficiency photovoltaic inverter,” in Proc. IEEE Energy Convers. Congr.
Expo ., 2010, pp. 2937-2943.

M. M. Jovanovic and B. T. Irving, “On-the-fly topology-morphing
control—Efficiency optimization method for LLC resonant converters
operating in wide input- and/or output-voltage range,” IEEE Trans. Power
Electron., vol. 31, no. 3, pp. 25962608, Mar. 2016.

H. Wang and Z. Li, “A PWM LLC type resonant converter adapted to wide
output range in PEV charging applications,” IEEE Trans. Power Electron.,
vol. 33, no. 5, pp. 3791-3801, May 2018.

T. LaBella, W. Yu, J. Lai, M. Senesky, and D. Anderson, “A bidirectional-
switch-based wide-input range high-efficiency isolated resonant converter
for photovoltaic applications,” IEEE Trans. Power Electron., vol. 29, no. 7,
pp. 3473-3484, Jul. 2014.

H. Hu, X. Fang, J. Shen, F. Chen, Z. J. Shen, and I. Batarseh, “A
modified high-efficiency LLC converter with two transformers for wide
input-voltage range applications,” IEEE Trans. Power Electron., vol. 28,
no. 4, pp. 1946-1960, Apr. 2013.

J.-Y. Lee, Y.-S. Jeong, and B.-M. Han, “An isolated DC/DC converter
using high-frequency unregulated LLC resonant converter for fuel cell
applications,” IEEE Trans. Ind. Electron., vol. 58, no. 7, pp. 2926-2934,
Jul. 2011.

H. Wang, S. Dusmez, and A. Khaligh, “Design and analysis of a full bridge
LLC based PEV charger optimized for wide battery voltage range,” [EEE
Trans. Veh. Technol., vol. 63, no. 4, pp. 16031613, May 2014.

M. Fu, C. Fei, Y. Yang, Q. Li, and F. C. Lee, “A GaN-based DC-DC
module for railway applications: Design consideration and high-frequency
digital control,” IEEE Trans. Ind. Electron., vol. 67, no. 2, pp. 1638—1647,
Feb. 2020.

H. Ma, G. Chen, J. H. Yi, Q. W. Meng, L. Zhang, and J. P. Xu, “A single-
stage PEM-APWM hybrid modulated soft-switched converter with low
bus voltage for high-power LED lighting applications,” IEEE Trans. Ind.
Electron., vol. 64, no. 7, pp. 5777-5788, Jul. 2017.

X. Sun, Y. Shen, Y. Zhu, and X. Guo, “Interleaved boost-integrated
LLC resonant converter with fixed-frequency PWM control for renewable
energy generation applications,” IEEE Trans. Power Electron., vol. 30,
no. 8, pp. 4312-4326, Aug. 2015.

H. Wu, K. Sun, Y. Li, and Y. Xing, “Fixed-frequency PWM-controlled
bidirectional current-fed soft-switching series-resonant converter for en-
ergy storage applications,” IEEE Trans. Ind. Electron., vol. 64, no. 8,
pp. 6190-6201, Aug. 2017.

L. Gu, X. Zhang, and P. Li, “Hybrid-PWM-controlled current-
fed bidirectional series resonant converter with low current ripple
and wide voltage gain,” IEEE Trans. Ind. Electron., early access,
doi: 10.1109/TIE.2020.3000090.

Jingtao Xu was born in Hubei, China, in 1994.
He received the B.S. and M.S. degrees in electrical
engineering and automation, in 2016 and 2019, re-
spectively, from Central South University, Changsha,
China, where he is currently working toward the Ph.D.
degree in electrical engineering.

His research interests include modeling and control
of power electronics converters.


https://dx.doi.org/10.1109/TIE.2020.3000090

11522

terests include modeling and control of power electronics converters, high-
efficiency power conversion, and magnetic integration in power converters.

Yao Sun (Member, IEEE) was born in Hunan, China,
in 1981. Hereceived the B.S.,M.S., and Ph.D. degrees
from the School of Information Science and Engi-
neering, Central South University, Changsha, China,
in 2004, 2007 and 2010, respectively.

Since 2013, he has been an Associate Professor
with the School of Information Science and Engineer-
ing, Central South University. His research interests
include matrix converter, microgrid, and wind energy
conversion system.

Guo Xu (Member, IEEE) received the B.S. degree in
electrical engineering and automation and the Ph.D.
degree from the Beijing Institute of Technology, Bei-
jing, China, in 2012 and 2018, respectively.

From 2016 to 2017, he was a Visiting Student with
the Center for Power Electronics System, Virginia
Polytechnic Institute and State University, Blacks-
burg, VA, USA. Since 2018, he has been with the
School of Information Science and Engineering, Cen-
tral South University, Changsha, China, where he is
currently an Associate Professor. His research in-

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 10, OCTOBER 2021

Xiao Liang received the B.E. degree from Hunan
University, Changsha, China, in 2010, and the M.S.
and Ph.D. degrees from the University of California,
Berkeley, USA, in 2011 and 2016, respectively, all in
civil engineering.

In 2018, he joined the Department of Civil, Struc-
tural, and Environmental Engineering, University at
Buffalo, Buffalo, NY, USA. His research interests
include health monitoring and autonomous inspec-
tion of infrastructure systems through advanced data
analytics, model-based, and machine learning.

Mei Su was born in Hunan, China, in 1967. She
received the B.S. degree in automation and the M.S.
and Ph.D. degrees in electric engineering from the
School of Information Science and Engineering, Cen-
tral South University, Changsha, China, in 1989,
1992, and 2005, respectively.

Since 2006, she has been a Professor with the
School of Information Science and Engineering, Cen-
tral South University. Her research interests include
matrix converter, adjustable speed drives, and wind
energy conversion system.




<<
  /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 true
  /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


