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Abstract—This paper proposes a current-fed LLC resonant con-
verter that is able to achieve high efficiency over a wide input
voltage range. It is derived by integrating a two-phase interleaved
boost circuit and a full-bridge LLC circuit together by virtue of
sharing the same full-bridge switching unit. Compared with con-
ventional full-bridge LLC converter, the gain characteristic is im-
proved in terms of both gain range and optimal operation area,
fixed-frequency pulsewidth-modulated (PWM) control is employed
to achieve output voltage regulation, and the input current ripple
is minimized as well. The voltage across the turned-off primary-
side switch can be always clamped by the bus voltage, reducing the
switch voltage stress. Besides, its other distinct features, such as
single-stage configuration, and soft switching for all switches also
contribute to high power conversion efficiency. The operation prin-
ciples are presented, and then the main characteristics regarding
gain, input current ripple, and zero-voltage switching (ZVS) con-
sidering the nonlinear output capacitance of MOSFET are investi-
gated and compared with conventional solutions. Also, the design
procedure for some key parameters is presented, and two kinds of
interleaved boost integrated resonant converter topologies are gen-
eralized. Finally, experimental results of a converter prototype with
120-240 V input and 24 V/25 A output verify all considerations.

Index Terms—Current-fed converter, fixed-frequency PWM
control, LLC resonant converter, wide voltage gain range.

I. INTRODUCTION

ENEWABLE energy generation (REG) has been recog-
R nized as one of the most effective solutions to the increas-
ingly serious energy crisis and environment pollution [1], [2].
The output voltages of renewable energy sources, such as pho-
tovoltaic, fuel cell, and etc., however, usually vary over a wide
range with climate, weather, and operation conditions. On the
other hand, small current ripple and high power conversion ef-
ficiency are usually required by REG systems for long-term,
reliable, and efficient operation [3]-[6]. Therefore, to interface
renewable energy sources, it is quite necessary to develop a dc/dc
converter, which can cope with a wide input voltage range while
maintaining low input current ripple and high power conversion
efficiency.
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Among various dc/dc converters, LLC resonant converter has
been attracting more and more attention for its inherent merits,
like soft switching, low EMI, high efficiency, and high power
density [7]-[26]. Generally, for the traditional pulse frequency
modulation (PFM) controlled half-/full-bridge LLC resonant
converter, the characteristic impedance Z, of the resonant tank
has to be decreased or the operating frequency range has to be
extended in order to obtain a wide dc voltage gain range (no
less than twice) [14]-[16]. This may incur some undesirable
problems, such as increased transformer size, wide switching
frequency variations, and high conduction losses. Therefore,
conventional LLC resonant converter is not suitable for wide
input voltage range applications [17], [18], [27].

Many solutions associated with topology and control strategy
have been proposed to extend the gain range of LLC resonant
converter [18]-[24]. In [19], taking account of the MOSFETS’
drain sources parasitic capacitances and the transformer leakage
inductances, an LLC-LC resonant converter is introduced and the
components’ optimal values are derived for wide output voltage
range. Liang et al. [20] propose a hybrid-bridge dual-mode LLC
resonant converter, in which two operation modes—half-bridge
mode and full-bridge mode—can be utilized to obtain a wide
gain range with an improved switching strategy. A new LLC con-
figuration is proposed in [21], and the gain range is extended by
controlling the auxiliary switch and changing the magnetizing
inductor based on the input voltage. Also, a three-level LLC
resonant converter, consisting of two half-bridge LLC circuits
in series, is proposed in [22] for an input range of 400-600 V.
However, these solutions are implemented with PFM control
and the frequency range is relatively large, which complicates
the design and optimization of magnetic components.

To achieve a wide gain range with fixed-frequency control,
Jin and Ruan [18] propose a hybrid full-bridge three-level LLC
resonant converter and [23] presents a new type of LLC resonant
converter by adding a controllable auxiliary winding. However,
many power switches are employed in these schemes, resulting
in increased cost and size. Besides, the added auxiliary switches
in [23] operate with hard switching at high frequency, thus the
switching loss is also a barrier for the performance improvement.

On the other hand, for these voltage-fed topologies [7]-[24],
considerably bulky electrolytic capacitor is generally required
to suppress the large input current ripple, resulting in large
size, high cost, and shortened lifetime of REG systems [28].
By contrast, current-fed converters [6], [28]-[34] employed in
REG applications not only aid in the reduction of input cur-
rent ripple but also reduce the filter and transformer size [6],
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[28]. However, it is well known that the conventional current-
fed converters, such as current-fed full-bridge, half-bridge, and
push—pull converters, suffer from high voltage spike across the
switches at their turn-off [29]. Han et al. [30] and Jang et al.
[31] propose two active clamping zero-voltage switching (ZVS)
PWM current-fed half-bridge converters, in which the voltage
surge across the turned-off switch can be absorbed and ZVS
of power switches can be achieved within a certain operat-
ing range. In order to further reduce the input current ripple,
component size, and voltage/current rating of switches/diodes,
Rathore [32] proposes and designs an interleaved soft-switched
active-clamped L-L type current-fed half-bridge converter. In
[28], [33], and [34], a novel secondary modulation technique
is proposed and applied to bidirectional current-fed half-bridge,
full-bridge, and push—pull isolated converters. Thus, the volt-
age across the current-fed primary-side devices can be clamped
naturally and the switch turn-off voltage spike can be well elim-
inated without any additional circuit. However, this modulation
strategy does not hold for unidirectional current-fed converters.

To achieve wide gain range while maintaining low input cur-
rent ripple, a cascaded two-stage LLC resonant converter con-
sisting of a hard-switched current-fed boost converter and a half-
bridge LLC converter is adopted in [25] for fuel cell application.
The unregulated fixed-frequency-controlled LLC resonant con-
verter is fed by the boost converter, thus the voltage gain is
extended and the input current ripple is minimized as well. Sim-
ilarly, in [26] an interleaved boost circuit and a full-bridge LLC
circuit are cascaded to form a two-stage converter for plug-in
electric vehicle charger. In these cascade converter topologies,
however, since the boost stage operates in hard switching man-
ner, both the switching losses and the reverse recovery losses
are high, which decreases the overall converter efficiency.

In this paper, a novel two-phase interleaved boost integrated
LLC (IBI-LLC) resonant converter is proposed for wide input
voltage range. By integrating the two-phase interleaved boost
converter with the full-bridge LLC converter, the regulated gain
range is extended and the input current ripple is reduced as well.
ZVS turn-ON and zero-current switching (ZCS) turn-OFF can be
achieved, respectively, for primary switches and secondary rec-
tifier diodes, which significantly minimize the switching losses
and the reverse recovery losses. Besides, fixed-frequency PWM
control is adopted, and the switching frequency f; is constantly
equal to the resonant frequency f,., which benefits the optimiza-
tion of magnetic components and passive filters with respect to
volume and losses. Furthermore, owing to the fixed-frequency
PWM control, the magnetizing inductor and boost inductors
have little impact on the gain characteristics, and thus can be
designed as large as possible to reduce the conduction losses un-
der the condition that ZVS is achieved. The proposed IBI-LLC
resonant converter is a preferable candidate for REG systems.

II. OPERATION PRINCIPLE

The proposed IBI-LLC resonant converter is an integration of
a two-phase interleaved boost converter and a full-bridge LLC
resonant converter, as shown in Fig. 1. Switches pairs S, S5, and
Ss, Sy form the left leg and the right leg, respectively. Inductor
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Fig. 1.

Ly, is connected to the midpoint of the left leg to compose the
first boost converter, and inductor L;» is connected to the mid-
point of the right leg to form the second boost converter. The two
boost converters operate with interleaving and are phase-shifted
with 180°. On the other hand, together with the LLC resonant
tank (including the resonant inductor L, , magnetizing inductor
L,,, and resonant capacitor C;.), high-frequency transformer 7,
and the rectifier diodes D,1, D,9, the two legs further form a
full-bridge LLC resonant converter. The two-phase interleaved
boost converter and the full-bridge LLC resonant converter share
the same switches S1—S, leading to reduced number of power
switches. For the proposed IBI-LLC resonant converter with
an integrated single-stage structure, the input voltage Vi, is
boosted to the bus voltage V4,,4, which feeds the full-bridge
resonant LLC converter simultaneously. The transformer turns
ration = nq : ny = Ny : N3.

Fixed-frequency PWM control is adopted for the IBI-LLC
resonant converter and the switching frequency f; is equal to
the LC resonant frequency f,. The modulation strategy is shown
in Fig. 2, where the upper switch and the lower switch of each
leg operate complementarily with a dead time tqe.q. S1 and Ss
have the same duty cycle D but are phase-shifted with 180°.
And S, and Sy have the same duty cycle 1-D but are 180° out
of phase. With this modulation, the input resonant tank voltage
Utank features a three-level ac square wave with duty cycle D
Gif D <0.5)or 1 — D (if D > 0.5) and magnitude V},,s. By
changing the duty cycle D of S; and S3, both the magnitude
and duty cycle of u,, 1 can be modified. Thus, the fundamental
component of wu,,x can be controlled to achieve a wide gain
range over full-load range.

The currents of the two integrated boost inductors L;; and
Lys are denoted as iz, and i, ,, respectively, and the sum of
the two inductor currents is represented by iz, . . Obviously,
the average current of 7y, is equal to the input current I[j,.
Assume that the two boost inductors have the same value 7y, , ,
and current sharing between L;; and L9 is achieved. Thus,
the two integrated boost inductors Lj; and L;o share the same
average current value I, /2 and current ripple value Aig, . ,.
The current ripple of iz, is denoted as Aip,, .

The gate driving signals and principal steady-state operation
waveforms of the fixed-frequency PWM-controlled converter in
the case of D < 0.5 is depicted in Fig. 2(a). Referring to the
timing diagrams, there are ten switching modes during a com-
plete switching cycle 7. [y, t5] are the five switching modes
during half a switching cycle and the corresponding equivalent
circuits are shown in Fig. 3.
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Fig.2. Key operation waveforms of the proposed IBI-LLC resonant converter
for (a) D < 0.5 and (b) D > 0.5.

Stage 1 [ty, 1] [see Fig. 3(a)]: S4 has been conducting before
this stage and \S; is turned on at ;. During this time interval,
the resonant tank voltage ., equals the bus voltage V4,5, and
the magnetizing inductor voltage V;,, is clamped to the output
voltage. The primary resonant current 7, is sinusoidal with an
amplitude Iy, due to the resonance between L, and C,, and
current ¢y, is greater than the magnetizing current ¢y, , which
is increasing linearly. The current flowing through diode D, is
proportional to the difference between niy, and nij . At the
same time, due to the simultaneous on-state of S; and Sy, Ly
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Fig. 3.  Operation modes of the IBI-LLC resonant converter with fixed-
frequency PWM control. (a) Stage 1 [tg, £1]. (b) Stage 2 [t1, t2]. (c) Stage 3
[ta, t3]. (d) Stage 4 [t3, t4]. (e) Stage 5 [t4, t5].

and L9 are being, respectively, discharged and charged, and the
two turned-off switches S5 and S5 are being clamped by the bus
voltage V},.5. The further equivalent circuit of the resonant tank
in this stage is shown in Fig. 4(a). Currents iy, , i1, , and the
voltage across the resonant capacitor uc, can be expressed as

ir, (t) =i, (to) cos(w, (t — tp))

+ (Vin = nVo —uc, (t0))/Z;) sin(w, (t — t0))
ir,, (t) =i, (to) + nVo(t —to)/Lnm
uc, (t) = (Vin —nV,) = (Vi — nV, —uc, (o))

- cos(wy(t — o)) + iz, (to) Z, sin(w, (t — o))
)]
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Fig. 4. Equivalent circuits of the resonant tank taking no account of the dead
time. (a) [to, t1]. (b) [t2, 3]. (©) [t3, t4].

where V, is the output voltage, the angular frequency w, =
27 f,, and the characteristic impedance Z, = /L, /C,.

Stage 2 [ty, to] [see Fig. 3(b)]: At the moment of ¢1, S is
turned off while Sy and D,; keep on conducting. During this
dead-time interval, the output capacitors of S7 and Sy, i.e., Cyss1
and (42, begin to be, respectively, charged and discharged by
virtue of resonant current 47, and boost current iz, , . When the
voltage across C,ggo decreases to zero and that across Clgg
increases to the bus voltage V},,s, the antiparallel body diode of
S starts conducting. Thus, the turned-off switch S; begins to
be clamped by the bus voltage V4,5, and ZVS turn-ON of S5 can
be achieved subsequently.

Stage 3 [to, t3] [see Fig. 3(c)]: At the time instant t5, Sy
turns on under ZVS, and S, and D,,; are still in on-state. The
magnetizing voltage V7, is still clamped to the output voltage
and the magnetizing current 7, keeps on linearly increasing.
However, the energy transferred to the secondary side is only
provided by the resonant tank because the input resonant tank
voltage equals zero. As a result, the resonant current %7, de-
creases rapidly in this stage. In addition, both L;; and L are
being charged, and the two turned-off switches S; and S5 are
being clamped by the bus voltage, owing to the on-state of .Sy
and S;. The further equivalent circuit of the resonant tank is
shown in Fig. 4(b). The currents 77, , 77, and the voltage uc,
in this stage can be described as

m

ir, (t) =i, (t2) cos(w, (t — t2))

—((nV, +ue, (t2))/Z,) sin(w, (t — t2))
i, (t) =1ip, (t2) + nV,(t —t2)/Ly,
uc, (t) = —nV, + (nV, + uc, (t2))

ccoswy (t—to) +ir, (t2)Z, sinw, (t — ta).

2

Stage 4 [ts, t,] [see Fig. 3(d)]: With the decrease of resonant
inductor current and the increase of magnetizing current, they
equal to each other at the time instant ¢3 and the rectifier diode
D, is turned off with ZCS. Thus, both the reverse recovery
and the voltage spike across D,; can be avoided. During this
time interval, instead of being clamped to the output voltage, the
magnetizing inductor L,, begins to resonate together with L,
and C,., and the resonant angular frequency w,, = w, /vm + 1,
where m denotes the inductor ratio, i.e., m = L,, /L,. Since
Sy and Sy keep conducting in this stage, boost inductors Ly,
and Ly» are still being charged, and S; and S5 are still being
clamped by the bus voltage V4,,,5. The secondary side, however,
is disconnected from the primary side, and the latter no longer
supply energy to the former. The further equivalent circuit of
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Fig. 5.

Equivalent circuit of the IBI-LLC resonant converter.

the resonant tank is shown in Fig. 4(c). The currents ¢;,, and
i1, and the voltage uc, can be obtained by

ir, (t) =iz, (t3) cos(wy, (t —t3))
— (uc, (t3)/(Zr V1 +m)) sin(wy (t — t3))
iLm (t) =i, (t)
ue, (t) = ue, (t3) cos(wy, (t —t3))
+ir, (t3)Z,V/1 + msin(wy, (t — t3)). 5

Stage 5 [ty, t5] [see Fig. 3(e)]: At the moment of ty, Sy
is turned off while Sy keeps on conducting. During this dead-
time interval, the resonant current 77, equals to the magnetizing
current 77, , and the secondary diodes are in off state. The
output (parasitic) capacitors of S5 and Sy, i.e., Cogs3 and Coggy
begin to, respectively, being discharged and charged with the
combination of resonant current 7, (equals to the magnetizing
current 77, ) and the current 7, , flowing through L;2. When the
voltage across C,ss3 declines to zero, the antiparallel body diode
of S3 starts conducting and ZVS turn-ON for switch S35 can be
achieved subsequently. And the turned-off switch S; begins to
be clamped by the bus voltage V4, 5.

The operation principles for the next half switching cycle and
the operation processes for the case D > 0.5 are similar with
the aforementioned analysis and, therefore, are omitted in this

paper.

III. CHARACTERISTIC ANALYSIS AND COMPARISON

The equivalent circuit from the input to the bus is a two-
phase interleaved boost converter and that from the bus to the
load is a full-bridge LLC resonant converter. Therefore, the
resulting equivalent circuit of the proposed current-fed IBI-LLC
resonant converter is a cascaded circuit, where the two-phase
interleaved boost converter and the full-bridge LLC converter are
linked by the bus capacitor C}, 5, as shown in Fig. 5. Instead of
two power conversion stages in the cascaded circuit, the power
delivered from the input to the load will be processed only once
in the proposed single-stage IBI-LLC converter topology, which
means higher power conversion efficiency can be achieved.

A. Gain Characteristic

The gain of the boost circuit does not interact with that of the
full-bridge LLC circuit; therefore, analyzing the two integrated
circuits regarding gain characteristics separately is a simple and
effective way to derive the overall gain characteristics of the
IBI-LLC resonant converter.
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Fig. 6. Voltage waveforms of the resonant tank and the magnetizing inductor
at (a) no load and (b) heavy load.

By imposing the volt-second balance rule on the boost induc-

tor, the gain of the boost converter can be obtained
VLHS 1
M, Boost ‘/in D .

As described in Section II, the two switching legs 57, So, and
Ss, Sy are connected in parallel with the bus capacitor C}, 5, the
two switches of each switching leg operate in complementary
manner, and all switches can achieve ZVS-ON. Thus, the voltage
across a turned-off switch can be always clamped by the bus
voltage V.5 owing to the on-state of the opposite switch in the
same leg. According to (4), we can obtain the clamp voltage of
primary-side turned-off switches with

“

‘/ill
—. 5
D ()
Define the gain of the full-bridge LLC converter as Mo =
nV, /Vius and then the gain of the IBI-LLC resonant converter
can be calculated with
Mrre

?/‘1/0 = MprcMpoost = D

1) First Harmonic Approximation: The fundamental compo-

nents of magnetizing inductor voltage vy~ and input resonant

tank voltage u¢ani are denoted as uy,,, ..., and Utank_fund. re-

spectively. As analyzed previously, the input resonant tank volt-

age Uank 1S a three-level ac rectangular waveform with duty
cycle D or 1 — D. Therefore, the magnitude of w¢ank_fund 15

V;)ff,clamp = Wous =

G = 6)

4
Vtan kjund:;Vbus COS((O~5 - D)ﬂ') (7)

As shown in Fig. 6(a), when the converter operates at no load,
the waveform of the magnetizing inductor voltage uy,, has al-
most the same shape and duty cycle with the input resonant tank
voltage uank, and therefore, it is easy to derive the magnitude
of the fundamental component u, by

m —fund

4
VL s ==1Vo €05((0.5 — D). @)
m
Then, the dc voltage gain of the full-bridge LLC stage is
Vo Vi
MLLC — n _ Ly _fund :Mac (9)

V:bus Vvtank,fund

where M, is the ac gain of the full-bridge LLC stage. According
to first harmonic approximation (FHA), the ac gain M, equals
1 when the switching frequency fs is equal to the resonant
frequency f, [24]. As a result, the analytic dc voltage gain
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expression of the IBI-LLC resonant converter operating at no
load can be obtained by

1
G:MLLCMBoost:5~

For design convenience, (10) can be regarded as the no-load
gain formula to facilitate the parameter design.

As the load become heavy, the waveform of uy,,, will distort a
lot [see Fig. 6(b)], and thus, it is pretty difficult to obtain its fun-
damental component. As a result, FHA fails to accurately pre-
dict the gain characteristics of the IBI-LLC resonant converter
at heavy load, and time-domain analysis must be conducted.

2) Time-Domain Analysis: The waveforms of resonant ca-
pacitor voltage uc, , resonant inductor current 7y, , and mag-
netizing inductor current ¢;, ~ all having half-wave symmetry,
have the property

10)

m

ir, (to) = —ig, (t5)
Z'L,' (tg) = Z’Lm (ts)
uc, (ty) = —ug, (ts)-

Meanwhile, the average rectified output current is equal to
the output current, i.e.

(1)

n b V,
Lo = i, (t) — 4 t))dt = —. 12
e ARURUNCITES S
Define the quality factor by
Z,
=" 13
Q R, 13)

Ignoring the dead time, solve the equation group (1)—(3), (6),
and (11)—(13) numerically, and the curves of dc voltage gain G
versus duty cycle D for different quality factor Q or inductor ratio
m can be obtained, as shown in Fig. 7. To verify the accuracy of
the numerical calculation, the simulation results with the same
parameters are depicted in Fig. 7(a) as well. As one can see,
the numerical calculation results show a good agreement with
the simulation results. Also, the no-load gain expression (10) is
plotted in Fig. 7(a), and it coincides on the whole with simulation
and numerical calculation results, only small error remains.

We can see from Fig. 7 that dc gain G decreases with respect
to the increase of duty cycle D. Meanwhile, as the quality factor
Q increases, gain G will get smaller. However, the inductor ratio
m has little influence on the gain characteristics, as illustrated
in Fig. 7(b), which is quite different from the conventional LLC
resonant converter.

3) Comparative Analysis: Based on FHA, the dc gain of con-
ventional PFM-controlled full-bridge LLC resonant converter
can be obtained

1
Gcon =

VIfu = 1/£)Qn 82 + (1 = 1/f2) fm + 12
(14)

where the normalized switching frequency f, = fs/f.
According to (14), the gain curves of conventional PFM-
controlled full-bridge LLC converter are plotted for different
quality factor Q and inductor ratio m, as shown in Fig. 8. It is
clear that the peak gain is strongly affected by both Q and m.
In practical design, the full-load quality factor Qg must be
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Fig. 7. Curves of dc voltage gain G versus duty cycle D: (a) calculated and
simulated results with different quality factor Q; (b) calculated results with
different inductor ratio m.
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Fig. 8. Gain curves for conventional PFM-controlled full-bridge LLC con-
verter with different (a) quality factors and (b) inductor ratios.
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small enough to obtain a wide gain range over full-load varia-
tions. Small Q means small characteristic impedance Z,.. Thus,
the resonant inductor L, must be very small to keep the preset
resonant frequency f, unchanged. In order to minimize the cir-
culating current and conduction loss, the magnetizing inductor
L,,, should increase, which indicates that the inductor ratio m
will become larger as well. It can be obviously observed from
Fig. 8(b) that the peak gain, however, will significantly decrease
with the increased m. Then the required gain range may not be
covered. Besides, the required switching frequency variations
will have to be extended as well, which incurs some undesirable
problems, such as increased transformer and inductor size, over
large switching frequency variations. Therefore, the traditional
LLC resonant converter is not suitable for wide input voltage
range applications [17]-[18], [27]. By contrast, the gain char-
acteristics of the proposed IBI-LLC resonant converter features
fixed-frequency control, which is favorable for the design and
optimization of magnetic elements and EMI filters. And from
Fig. 7(b), we conclude that the gain is independent of inductor
ratio m, which means the resonant inductor L, and magnetizing
inductor L,, can be, respectively, selected smaller and larger
to obtain a wider gain range while maintaining low circulating
current.

In addition, the gain curves of the proposed IBI-LLC and the
conventional PFM-controlled full-bridge LLC with the same
quality factor Q = 0.3 and inductor ratio m = 5 are depicted in
Figs. 7(b) and 8(b), respectively. Within the duty cycle range
[0.25, 0.75], a wide gain range [1.33, 3.2] (over twice) is
achieved for the proposed IBI-LLC converter. However, the
gain range of the conventional PEM-controlled LLC is [1, 1.45]
within a wide normalized switching frequency range [0.46, 1].
As analyzed earlier, the proposed IBI-LLC resonant converter
allows a smaller full-load quality factor while maintaining low
power losses. Therefore, much wider gain range can be obtained
for the proposed IBI-LLC converter in practice.

B. Input Current Ripple

As the proposed IBI-LLC converter features continuous cur-
rent conduction, the input current ripple can be significantly
reduced in comparison with voltage-fed converters [28]-[34].
And, due to the cancelation effect of each inductor current, the
input current ripple can be further minimized. Thus, the induc-
tor size can be reduced and the current root-mean-square (rms)
stress on the input capacitor and bus capacitor can be allevi-
ated, which is beneficial for power density improvement and
reliability enhancement [35].

The current ripple of a single boost inductor current ¢z, , , is

Vin(l - D)

Aig,, = 7L
1.2

5)

In comparison with Aipr,, ,, the current ripple of the sum
of two boost inductor currents is significantly reduced with the
two-phase interleaving operation of the integrated two boost
circuits. Define the current ripple ratio of Air, . to Aig,, ,
as A, and (16) can illustrate how much the current ripple is
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Fig. 9. Curves of (a) current ripple ratio A versus duty cycle D and (b) nor-

malized current ripple versus duty cycle D with different quality factors for the
proposed IBI-LLC resonant converter.

minimized with two-phase interleaving

1-2D
— == D<O05
AiL 1-D
)\. — k bsum — (]6)
AZLMLZ 2D —1 D> 05
T, > 0.0.

Fig. 9(a) depicts the curve of current ripple ratio A versus
duty cycle D for the proposed IBI-LLC resonant converter. As
can be seen, the current ripple ratio A decreases with respect
to the convergence of duty cycle D to 0.5, which means that
the effect of two-phase interleaving on reducing current ripple
is more obvious. Particularly, when the duty cycle D is 0.5, a
ripple-free input current can be achieved.

Substituting (15) into (16), we obtain the normalized current
ripple of the sum of the two boost inductor currents Aiy

1-2D
iy D<05
- AiLbsum G
ZL)sum =V /FT.. .
‘ nVo/fsLui 2 (1-D)ED-1) o
DG ’ -
a7

Based on (17) and the numerically calculated gain G, the
curves of normalized currentripple Ai7 versus duty cycle D
for different quality factors can be plotted, as shown in Fig. 9(b).
It reveals that the input current ripple is affected by both duty
cycle D and quality factor Q (load). As duty cycle D converges to
0.5, the input current ripple will become smaller. Besides, when
the load decreases, the input current ripple will get smaller as
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Fig. 10.  Current comparison at four switching instants for (a) D < 0.5 and
(b) D > 0.5.

well. But this trend will go weak with the convergence of D to
0.5, due to the fact that the gain becomes more independent of
load when D is closer to 0.5.

In practical applications, the increase of input current ripple
requires a larger input capacitor to meet the strict current rip-
ple requirements of renewable energy sources. Therefore, the
input capacitor should be designed according to the worst input
current ripple condition, where the maximum or minimum duty
cycle is reached. In addition, to minimize the input current rip-
ple of the IBI-LLC converter, the duty cycle D should be limited
to a relatively small range around 0.5.

C. ZVS Analysis

The ZVS conditions of the proposed IBI-LLC resonant con-
verter for D < 0.5 are different from those for D > 0.5. There-
fore, they should be considered separately. Fig. 10 depicts the
resonant tank voltage us,nx, magnetizing inductor current 47,
and boost inductor currents iy, , , 71,,, for D < 0.5and D > 0.5,
taking no account of the dead time. Note that, being the boundary
of the two considered cases, the case D = 0.5 can be included
in either D < 0.5 0or D > 0.5.

During a switching cycle, there are four switching commuta-
tion instants, namely tg,,, ts,,, ts,, ts,,,» which represent .S}
OFF to S5 ON, S5 OFF to S7 ON, S3 OFF to S4 ON, and S; OFF to
S5 ON, respectively. Theoretically, to achieve ZVS in the four
commutation instants, the currents should be satisfied with

izvs(ts, ) = i, (ts,, ) =i, (s, ) <0 (18)
izvs(ts,,) = ir, (ts,,) —ir,, (ts,) >0 (19)
izvs(ts,,) = ir, (tsy,) +ir,, (ts,,) <0 (20)
izvs(ts,,) = ir, (ts,) +ir,, (ts,,) >0 21
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Fig. 11. Characteristics of (a) output capacitance C,ss versus drain-source
voltage Vpg and (b) required charge @y versus bus voltage V4, ., for power
MOSFET SPWM24N60C3.

As the resonant current ¢, , having half-wave symmetry, pos-
sesses the property iy, (f) = —i1,, (t + Ts/2), and the two inter-
leaved boost inductor currents ¢y, and ir,, satisfy iy, (1) =
ir,, (t + T5/2), (18)—(21) can be reduced to (18) and (19). As a
result, only two switching commutation instants tg,, and tg,,
remain, which represent the switching commutation instants of
Sy and Sy, as shown in Fig. 10. Obviously, i, (ts,,) is al-
ways less than O and iy, (tg,, ) is always greater than 0. Thus,
the ZVS current at tg,,, i.e., izys(ls,, ), is always less than 0.
Accordingly, the final theoretical ZVS condition is (19).

In fact, when considering practical operation, enough charge
must be charged or discharged to the output capacitor of
MOSFET within the dead-time interval before the ZVS con-
dition being created, as illustrated in Fig. 3. The required charge
for a single MOSFET can be calculated by

Vbus 0
Qreq = / Coss(‘/ds)dvzis: / Ooss (V:is)d‘/ds (22)
0 Vi us

The output capacitance C is a nonlinear function of drain—
source voltage Vg, especially for SuperJunction MOSFETs.
Therefore, it is quite difficult to obtain the required charge Q.cq
directly. Drofenik et al. [36] propose a very effective numerical
implementation method of nonlinear capacitance and applies it
to the circuit simulator GeckoCIRCUITS [37], making it possi-
ble to obtain the accurate required charge @), for different bus
voltage V},,s with the datasheet given by manufacturers.

Fig. 11(a) shows the curve of output capacitance C,ss ver-
sus drain—source voltage Vpg of SPW24N60C3, a CoolMOS of
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Infineon. The characteristic curve of required charge Q.. versus
bus voltage V4,5 can be obtained with circuit simulator Gecko-
CIRCUITS, as shown in Fig. 11(b). According to Fig. 11, when
the bus voltage is greater than 100 V, the output capacitance will
be nearly constant and the required charge Q.. will increase
linearly with respect to the bus voltage V4,,s. With linear fit, the
function of (),eq With respect to V4, is found to be

Qreq = 0.128Vius + 80.5(nC), Vius € [100,600].  (23)

With (23), the required ZVS commutation charge for a single
MOSEFET can be easily and accurately obtained as long as Vs
is within 100-600 V.

Since the dead time is short and the commutation inductors
are relatively large, it is justified to assume that the output ca-
pacitances are charged/discharged with constant current during
the ZVS commutation time interval. The average commutation
current during the dead-time interval can be calculated with

I _ 2Qreq(%us)
ZVS_av — — ;-

(24)
tdead

The ZVS commutation currents are provided by the resonant
tank together with the boost inductors, as illustrated with (18)—
(21). Reducing the boost and magnetizing inductors leads to
larger ZVS commutation currents during the dead-time interval,
which is beneficial for the ZVS realization. However, conduc-
tion losses will increase correspondingly. Therefore, tradeoff
must be made to achieve a better efficiency performance when
designing the inductors.

D. Comparison

A comparison of four types of LLC-based converter topolo-
gies is illustrated in Table 1.

As analyzed before, the main disadvantages of the voltage-
fed full-bridge LLC converter are narrow gain range, large input
current ripple, and over large frequency variations. On the other
hand, it has been widely recognized that the conventional PFM-
controlled LLC converter can achieve its optimal performance
when the switching frequency f, equals the resonant frequency
fr» where the circulating current is small and its gain is indepen-
dent of load [24]. However, as the operating frequency diverges
from the resonant frequency f,., the amount of circulating en-
ergy increases. For a wide input voltage range, the efficiency
curve of the conventional LLC converter may drop dramatically
with respect to the significant decrease of the input voltage. As
for the proposed IBI-LLC converter, its optimal operating con-
dition occurs just at D = 0.5, where the circulating current is
small, a ripple-free current ripple in the input can be achieved,
and its gain is independent of load. This optimal operating point
corresponds to the intermediate area of the whole allowed input
voltage range. Therefore, its high efficiency and optimal oper-
ation performance can cover much wider input voltage range.
Particularly, for the renewable energy sources, like photovoltaic
and fuel cells, their maximum power points generally locate
in the intermediate area of the allowed operating range, which
matches the optimal operation area of the proposed IBI-LLC
resonant converter pretty well.
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TABLE I
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COMPARISON OF FOUR TYPES OF LLC-BASED CONVERTER TOPOLOGIES

Boost-Cascaded Half-Bridge

Interleaved-Boost-Cascaded Proposed IBI-LLC

Topologies Full-Bridge LLC Converter LLC Converter [25] Full-Bridge LLC Converter [26] converter
Number of switches 4 3 6 4
Number of diodes (with 2 3 4 2
center-tapped rectifier)

Number of inductors 1 2 3 3
Input current ripple Large Moderate Small Small
Input capacitor Bulky Moderate Small Small
Bus capacitor — Bulky Small Small

Soft switching Primary switches: ZVS
Secondary diodes: ZCS
PFM

Narrow

ZVS,ZCS
Modulation
Gain range

Boost stage: hard-switching LLC stage:

Boost stage: PWM LLC stage: unregulated
Wide

Boost stage: hard-switching LLC
stage: ZVS, ZCS
Boost stage: PWM LLC stage: PEM
Wide

Primary switches: ZVS
secondary diodes: ZCS
PWM
Wide

Lee et al. [25] and Wang et al. [26], respectively, propose
a boost-cascaded half-bridge LLC converter and a interleaved-
boost-cascaded full-bridge LLC converter, where the gain range
is extended and the input current ripple is minimized as well.
The boost-cascaded half-bridge LLC converter features fewer
components, but it has larger input current ripple, bulkier input
and bus capacitors in comparison with the interleaved-boost-
cascaded full-bridge LLC converter. Disadvantageously, in the
two cascade converters [25], [26], the boost-stage switches
and diodes operate with hard switching, leading to increased
switching losses, degraded EMI, and decreased switching fre-
quency (increased size). By contrast, the proposed IBI-LLC
resonant converter has fewer components than the interleaved-
boost-cascaded full-bridge LLC converter, and reduced input
current ripple, and input and bus capacitors than the boost-
cascaded half-bridge LLC converter. Most importantly, in the
proposed IBI-LLC converter, all switches and diodes operate
in soft switching manner and the energy from the input to the
output is processed only once. Thus, fewer power losses, better
EMI, and high power conversion efficiency can be achieved.

IV. PARAMETER DESIGN AND TOPOLOGY EXTENSION

As analyzed before, the gain characteristics of the IBI-LLC
resonant converter are dominated by resonant inductor L, and
resonant capacitor C,, while the ZVS conditions are mainly
afffected by boost inductors Ly, Lye and magnetizing inductor
L,, . Therefore, the selection of L, and C, should follow the
gain range requirment and the designs of Ly, Lyo, and L,, are
ruled by the achieviment of ZVS over the entire input voltage
range and full-load range.

A. Resonant Parameters

As the duty cycle D deviates from 0.5, the reactive circulat-
ing current will increase, degrading the efficiency performance
of the IBI-LLC resonant converter. Therefore, the duty cycle
range is limited within [D iy, Dimax], Where Dy, and Dy ax
represent the maximum duty cycle and the minimum duty cycle,
respectively.

To meet the operation requirements for the given specifac-
tions, the gain range should be satisfied from no load to full load
within the duty cycle limit [ Dy, , Dy ax |- According to the gain

O increases
/

No-load
4
S

(]

Operation 1
area

Gain G
=

2

P\ A (Dpaxs G
n [Dmilh Gm:lx) N 1

Grain range
-

b

Duty cycle range

0.4 0.5 0.6 0.7 0.8

02 03 ;
Duty cycle D

Fig. 12.  Operation boundary and area for gain range requirement.

characteristic curves shown in Fig. 12, the critical design points
are the maximum duty cycle at no load and the minimum duty
cycle at full load, which are represented with A(Dyyax, Giin)
and B(Dp,i,, Guax), respectivly.

Based on the no-load gain expression (10), the gain at point
Ais

1
Gmin = = - 25
DITI&X ( )
Then the transformer turns ratio n can be obtained with
Gm in ‘/in _max
= 26
n . (26)

where Vi), nax 1S the maximum input voltage. The maximum
gain Gy, .« can be calculated with

Vin,maxGmin

‘/in,min

Gmax = (27)
where Vi, _in 1s the minimum input voltage. With the known
points A(Dy,ax, Giin) and B(Dy iy, Giax), the full-load quality
factor Q¢ can be derived with numerical calculation. Combing
with the resonent frequency f, the critical resosnant parame-
ters, i.e., the maximum resonant inductor L, ., and minimum
resonant capacitor C,. _,;,, can be obatined.

In fact, as the characteristic impedance Z, = /L, /C, de-
creases, the operation area will become smaller, as shown in
Fig. 12. Thus, the required duty cycle variations for both input
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!
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I

| Obtain izys(ts)2) with (19) |

Fig. 13.  Flowchart for deriving the ZVS commutation current izvs(ts,,).

voltage and output load regulations will be narrowed and close
to D = 0.5, which is beneficial for improving the efficiency
and dynamic performances. Also, for the preset resonant fre-
quency f,, the product of L, and C, is constant. Thus, smaller
Z, means larger C, and lower peak voltage stress across the
resonant capacitor C,., as demonstrated in (1)—(3). However, ex-
tremely small characteristic impedance Z, will, in turn, result in
overlarge output current in the short-circuit condition [16], [26].
Therefore, this tradeoff must be considered in practical design.

B. Magnetizing Inductor and Boost Inductors

To guarantee ZVS operation over the entire input voltage
range and full-load range, it is necessary to find out the worst
ZVS operating point, which could guide the design of the boost
inductors Ly, Lyo, and the magnetizing inductor L,,. As an-
alyzed in Section III, the worst ZVS condition is at time in-
stant tg,, . Therefore, the worst ZVS operating point is the case
where the ZVS commutation current izygs(ts,,) has the mini-
mum value. The flowchart of calculating the ZVS commutation
current iyyg(tg,,) for different quality factor Q or duty cycle D
is shown in Fig. 13.

Step 1: After finishing the selection of resonant parameters,
the resonant current at ¢g,,, i.e., i1, (ts,,), can be derived with
numerical calculation for different combinations of quality fac-
tor Q and duty cycle D.

Step 2: Based on the known D, Q, and derived gain G, the
boost inductor current at time instant ¢g,, can be calculated with

GI, (1—-D)nV,

i (bs1,) = 5 = = 2Gkf, L
S T

where k is the ratio of boost inductor to resonant inductor, i.e.,
k= Ly /L, = Ly /L,.

Step 3: The ZVS current at tg,, , i.e., izvs(ts,,), for different
Q and duty cycle D can be derived with (19).

Fig. 14(a) depicts the curves of iy, (t5,,) with respect to D at
full load, and it shows that iy, (tg,,) becomes smaller as duty
cycle D increases. The curves of izvs(ts,,) versus output current
I, for D = 0.4 and D = 0.6 are shown in Fig. 14(b) and (c),
respectively. Obviously, izvs(ts,,) decreases with respect to
I, and the trend hold for any combination of inductor ratios
m and k. By comprehensively analyzing Fig. 14(a)—(c), one
can conclude that the worst ZVS condition occurs when the
converter operates at the maximum input voltage and full load.

(28)
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Fig. 14.  Curves of ZVS current iz v s(tg,,) with respect to (a) duty cycle D
at full load, (b) output current I, for D = 0.4, and (c) output current I, for
D = 0.6.

Therefore, the boost inductors and the magnetizing inductor
should be designed according to this worst operating point in
order to maintain ZVS over the entire operation range.

C. Topology Extension

Based on the proposed IBI-LLC resonant converter, a family
of interleaved boost integrated (IBI) resonant converter topolo-
gies can be generalized and derived, as shown in Fig. 15(a).
Ports A, B, and C can be connected with dc source, capacitor,
or load, and thus two-port dc—dc converters or three-port dc—
dc converters can be formed. For the passive network D, it is
justified to be placed with an LC, LLC, or LCC network, and
thus, different types of resonant converters can be derived. Full-
bridge rectifier, full-wave rectifier, current-doubler rectifier, or
even active full-bridge and half-bridge may be inserted into E
to derive unidirectional or bidirectional converters according to
practical requirements.
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Fig. 15. Generalized topologies of two kinds of IBI resonant converters.
(a) DC-DC converter; (b) grid-connected ac—dc converter.

Fig. 16.  Laboratory prototype.

By adding a half bridge operating at line frequency, a kind of
grid-connected IBI resonant converter topologies for either two-
port or three-port power conversion, and either unidirectional or
bidirectional power flow can be derived, as shown in Fig. 15(b).
It is noted that the two boost inductors can also be implemented
with coupled inductors to minimize size and improve operation
performance.

V. EXPERIMENTAL RESULTS

A 600-W laboratory prototype, as shown in Fig. 16, has been
built based on the design procedures presented in the paper.
The specifications of the converter prototype are as follows: in-
put voltage V;,, = 120-240 V, output voltage V, = 24 V, rated
output power P, = 600 W, switching frequency f; = 100 kHz,

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 8, AUGUST 2015

TABLE II
MAJOR COMPONENTS’ PARAMETERS OF THE EXPERIMENTAL PROTOTYPE

Components Parameters

Primary switches S1 -S4

Secondary rectification
switches D, -D,9

High-frequency transformer 7'

SPW24N60C3, 650 V, 24 A, Ry on = 0.16Q
IPPO4CNION, 100 V, 100 A, Rgs. on = 3.9 mQ

PC40EESS5 ferrite core, primary turns N, = 27,
secondary turns Ny = N3 = 2, magnetizing
inductance L,, = 370 pH, leakage inductance
reflected to the primary side L), = 4.2 uH

Input boost inductors L1, PC40EESO ferrite core, turns N = 29,

Ly» Ly1 = Lyz = 300 uH

External series inductor L ¢ PC40EES50, ferrite core, turns N = 10, Ly = 46.5 uH

Resonant inductance L, L, =L+ L; =507pH

Resonant capacitor C', 2 x 100 nF in series, CBB capacitor, C', = 50 nF

Input capacitor C'j,, 100 pF, 450 V electrolytic capacitor

Bus capacitor C'j, 5 47 puF, 450 V electrolytic capacitor 1 pF,
high-frequency film capacitor

5 x 680 pF in parallel, 35 V, electrolytic capacitor
2.2 uF, high-frequency film capacitor

Output capacitor C',

and LC serial resonant frequency f, = 100 kHz. Details of the
developed experimental converter prototype are listed in Ta-
ble II. Gating signals for the devices are generated using a Texas
Instruments TMS320F28016 DSP board. Two IR2110 are used
to drive the primary-side MOSFETSs and one IR2110 are used to
drive the secondary-side synchronous rectification MOSFETs.
A single output voltage closed loop is used to regulate the output
voltage V, regardless of wide input voltage range and full-load
range.

The steady-state operation waveforms at full load with dif-
ferent input voltages are shown in Fig. 17(a)—(c). As can be
seen, over a wide input voltage range of 120-240 V, the pro-
posed IBI-LLC resonant converter operates pretty well with the
fixed-frequency PWM control. When D < 0.5, the resonant
tank voltage u,y,x shares the same duty cycle D with the upper
switches .S7 and S3. But in the case of D > 0.5, the duty cycle of
Ugank 18 equal to 1-D. This is in consistent with previous analy-
sis. For the input voltage range of 120-240 V, the regulated duty
cycle range of the converter at full load is 0.34-0.67, which is
close to 0.5. Thus, the circulating current is small, leading to
minimized conduction losses. Also, the ringing-free current and
voltage waveforms significantly reduce the EMI in the circuit.

The two boost inductor currents 77,, and %7,, are almost
even shared. In fact, the current distribution between two boost
inductors depends on the parameters of inductors and semi-
conductors. Though the current ripple of a single phase boost
inductor is relatively large, the ripple of the sum of two in-
terleaved inductor currents is greatly reduced. For example, in
Fig. 17(a), the ripple amplitude of 7, , , is 2.65 A, while that
of iy, .. isonly 1.29 A, which matches well with (16). As for
Fig. 17(b), the duty cycle D = 0.5, and an almost ripple-free
input current is obtained. Therefore, it is a good candidate for
REG systems, which usually require both wide input voltage
range and low input current ripple.

As analyzed in Section III, for the fixed-frequency PWM-
controlled IBI-LLC resonant converter, the ZVS operation per-
formance of the right leg (S35 and Sy) is the same with that of
the left leg (S7 and S), due to the symmetry of topology and
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Fig. 17. Experimental steady-state voltage and current waveforms at full load

for different input voltages: (a) Vi, = 120 V;(b) Vi, = 162 V;(c) Vi, = 240 V.

modulation. Therefore, only the ZVS waveforms of \S; and .S,
are shown in this paper. Fig. 18(a) and (b) presents the drain—
source voltage and gate driving signal waveforms of S and So
with 120 V input at 10% load and full load. As can be seen, at
both full load and very light load, drain—source voltages Vg1
and V5o decrease to O before the concerned gate signals V41
and Vs come, which means that ZVS turn-ON of S} and Sy
is achieved. The ZVS turn-ON waveforms with 240 V input at
10% load and full load are presented in Fig. 18(c) and (d), re-
spectively. One can see that S can achieve ZVS easily over the
full-load range. As for .S, its ZVS condition becomes harsher
with respect to the increase of load. In Fig. 18(d), the gate driv-
ing signal s> occurs just when the drain—source voltage uqs2
falls near to 0, which means that power switch Sy operates in the
critical ZVS-ON manner at this operating point, where the input
voltage Vi, = 240V, and the output power P, = 600 W (full
load). This coincides pretty well with the worst ZVS condition
analysis conducted in Section IV. Thus, we can conclude that
all primary power switches operate in ZVS manner over the full
input voltage and output load ranges, resulting in significantly
reduced switching losses and EMI.

On the other hand, we can also see from Fig. 18 that the
voltage across the primary switches at turn off can be always
clamped by the bus voltage Vi,us (Vius = Vin/D), regardless
of input voltage and output load, Thus, voltage spike across
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Fig. 18. ZVS-ON waveforms of S; and Sy (Chl: ugsy, 250 V/div; Ch2:
Ugs1, 10 V/div; Ch3: uqg2, 250 V/div; Ch4: uggo, 10 V/div). (a) Vi, = 120V,
P, =60W; (b) Vi, =120V, P, =600 W; (c) Vi, =240V, P, = 60 W,
(d) Vi, =240V, P, = 600 W.

MOSFETs is well eliminated and reliable operation can be en-
sured. This verifies the switch voltage stress analysis in Section
111

To verify the dynamic performance regarding load variations,
Fig. 19(a) presents the dynamic responses of the fixed-frequency
PWM-controlled IBI-LLC resonant converter with 200 V input
as load steps up from 2.5 to 25 A, while Fig. 19(b) shows the
corresponding step-down responses. As one can see, when a
step load variation occurs, both the boost inductor currents and
the resonant current response fast and the output voltage V,, can
be tightly regulated to 24 V. The output voltage overshoot and
undershoot are about 2 V, which is less than 10% x24 V. At
the same time, the two boost inductor currents ¢7,, and ¢r,,
are always even shared both in steady states and in transients.
Note that, the bus voltage V4,5 will change about 20 V due to
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Fig. 19. Experimental results of the IBI-LLC resonant converter with closed-
loop control in response to step changes in the load (Chl: V,, 10 V/div; Ch2:
ir, , 5 Aldiv; Ch3: I,,, 20 A/div; Ch4: ULy, 5 A/div; Ch5: ULy s 5 A/div; Ch6:
Vihus, 100 V/div). (a) Step increase of load from 2.5 to 25 A. (b) Step decrease
of load from 25 to 2.5 A.

the change of duty cycle D, which is used to regulate the output
voltage for load variations.

Experimental full-load waveforms in response to a ramp in-
crease of input voltage Vi, from 130 to 230 V are presented
in Fig. 20(a), and those responding to a ramp decrease of Vi,
from 230 to 130 V are shown in Fig. 20(b). As can be seen,
the output voltage V,, can be regulated to 24 V quickly after
the input voltage changes, and the overshoot and undershoot for
both the output voltage V, and the bus voltage V4,5 are small.
Thus, good dynamic performance with respect to input voltage
variations is achieved for the IBI-LLC resonant converter with
closed-loop control.

The calculated and experimental curves of duty cycle D ver-
sus input voltage Vi, for full load and half load are plotted in
Fig. 21(a). As can be seen, there is a slight difference between
the theoretical and experimental results, which demonstrates
the effectiveness of theoretical gain calculation. To make sure
of reliable operation, the bus voltage should be limited within
a reasonable range. Fig. 21(b) presents the measured and cal-
culated curves of steady-state average bus voltage V3,5 versus
input voltage V;, at different loads. One can see that for the
input voltage rang of 120-240 V, the bus voltage fluctuates
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Fig. 20.  Experimental results of the IBI-LLC resonant converter with closed-
loop control in response to ramp changes in the input voltage V;,. (a) Ramp
increase of the input voltage Vi, from 130 to 230 V. (b) Ramp decrease of the
input voltage from 230 to 130 V.
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Fig. 21. Measured gain and bus voltage characteristics for different load
conditions. (a) Curves of experimental and theoretical curves of duty cycle
D versus input voltage Vi, . (b) Curves of bus voltage V},,, s versus input voltage
Vin .

within a narrow range, from 315 to 355 V, which can guarantee
the reliable operation of primary-side power switches (650 V
MOSFET). In addition, we also notice that there is a slight
voltage deviation between the theoretical and experimental re-
sults. It may be caused by the parasitic parameters (such as
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secondary-side parasitic inductance, parasitic capacitance of
transformer windings, synchronous rectifier MOSFETs, etc.)
and measurement error. However, the voltage deviation (<10 V)
is relatively small in comparison with the bus voltage (=315 V)
and therefore can be neglected to some extent.

Fig. 22 depicts the tested prototype efficiency curves with
respect to output power for different input voltages. As can
be seen, the IBI-LLC resonant converter operates with high
efficiency over the whole input voltage range and wide load
range.

VI. CONCLUSION

In this paper, a novel IBI-LLC resonant converter is pro-
posed and explored. By incorporating a two-phase interleaved
boost circuit into the full-bridge LLC resonant converter, the
gain range is extended and the input current ripple is reduced as
well. Fixed-frequency PWM control is adopted so as to simplify
the design and optimization of magnetic elements and passive
filters. Also, the magnetizing inductor and boost inductors have
little impact on the gain curves, which is favorable for parameter
design and efficiency improvement. The worst ZVS conditions
occur when the IBI-LLC resonant converter operates with the
maximum input voltage at full load. With proper design, all pri-
mary power switches operate with ZVS ON and all secondary
rectifier diodes turn off under ZCS over full operating range,
leading to reduced switching losses. Good dynamic performance
regarding input voltage changes and load variations is achieved
with closed-loop control. High power conversion efficiency is
obtained for wide input voltage and load ranges. Therefore, the
proposed IBI-LLC converter is a good candidate for interfac-
ing with renewable energy sources. In addition, based on the
proposed IBI-LLC resonant converter, two kinds of IBI reso-
nant converter topologies are generalized and derived for REG
applications.

REFERENCES

[1] J. M. Carrasco, L. G. Franquelo, and J. T. Bialasiewicz, “Power electronic
systems for the grid integration of renewable energy sources: A survey,”
IEEE Trans. Power Electron., vol. 53, no. 4, pp. 1002-1016, Aug. 2006.

[2] Y. Chuang, Y. Ke, H. Chuang, and Y. Wang, “A novel single-switch
resonant power converter for renewable energy generation applications,”
IEEE Trans. Ind. Appl., vol. 50, no. 2, pp. 1322—-1330, Mar./Apr. 2014.

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

4325

S. K. Majumder, R. K. Burra, and K. Acharya, “A ripple-mitigating and
energy-efficient fuel cell power-conditioning system,” IEEE Trans. Power
Electron., vol. 22, no. 4, pp. 1437-1452, Jul. 2007.

C. N. M. Ho, H. Breuninger, S. Patterson, G. Escobar, L. A. Serpa, and A.
Coccia, “Practical design and implementation procedure of an interleaved
boost converter using SiC diodes for PV applications,” IEEE Trans. Power
Electron., vol. 27, no. 6, pp. 2835-2845, Jun. 2012.

P-W. Lee, Y.-S. Lee, D. Cheng, and X. Liu, “Steady-state analysis of
an interleaved boost converter with coupled inductors,” IEEE Trans. Ind.
Electron., vol. 47, no. 4, pp. 787-795, Aug. 2000.

U. R. Prasanna and A. K. Rathore, “Analysis, design, and experimental
results of a novel soft-switching snubberless current-fed half-bridge fron-
tend converter-based PV inverter,” IEEE Trans. Power Electron., vol. 28,
no. 7, pp. 3219-3230, Jul. 2013.

Y. Gu, Z. Lu, L. Hang, Z. Qian, and G. Huang, “Three-level LLC series
resonant DC/DC converter,” IEEE Trans. Power Electron., vol. 20, no. 4,
pp. 781-789, Jul. 2005.

W. Feng, F. C. Lee, and P. Mattavelli, “Simplified optimal trajectory con-
trol (SOTC) for LLC resonant converters,” IEEE Trans. Power Electron.,
vol. 28, no. 5, pp. 2415-2426, May 2013.

X. Fang, H. Hu, J. Shen, and I. Batarseh, “Efficiency-oriented optimal
design of the LLC resonant converter based on peak gain placement,”
IEEE Trans. Power Electron., vol. 28, no. 5, pp. 2285-2296, May 2013.
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.

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.

D. Wang and Y.-F. Liu, “A zero-crossing noise filter for driving syn-
chronous rectifiers of LLC resonant converter,” IEEE Trans. Power Elec-
tron., vol. 29, no. 4, pp. 1953-1965, Apr. 2014.

W. Feng, E. C. Lee, and P. Mattavelli, “Optimal trajectory control of burst
mode for LLC resonant converter,” IEEE Trans. Power Electron., vol. 28,
no. 1, pp. 457-466, Jan. 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.

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

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.

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, M. R. Zolghadri, B. Rashidian, and S. M. H. Alavi, “Opti-
mizing the LLC-LC resonant converter topology for wide-output voltage
and wide-output load applications,” IEEE Trans. Power Electron., vol. 26,
no. 11, pp. 3192-3204, Nov. 2011.

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

H. Hu, X. Fang, 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.

I. O. Lee and G. W. Moon, “Analysis and design of a three-level LLC
series resonant converter for high- and wide-input-voltage applications,”
IEEE Trans. Power Electron., vol. 27, no. 6, pp. 2966-2979, Jun. 2012.
H. Y. Kwang, J. N. Young, and S. Phum, “LLC resonant converter with
wide input voltage and load range at a fixed switching frequency,” in Proc.
IEEE Power Eletron. Conf. Expo., 2012, pp. 1338-1342.

X. Fang, H. Hu, Z. J. Shen, and I. Batarseh, “Operation mode analysis
and peak gain approximation of the LLC resonant converter,” IEEE Trans.
Power Electron., vol. 27, no. 4, pp. 1985-1995, Apr. 2012.

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



4326

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

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,” IEEE
Trans. Veh. Technol., vol. 63, no. 4, pp. 1603-1613, Apr. 2014.

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

X.Panand A. K. Rathore, “Current-fed soft-switching push—pull front-end
converter-based bidirectional inverter for residential photovoltaic power
system,” IEEE Trans. Power Electron., vol. 29, no. 11, pp. 6041-6051,
Nov. 2014.

W. Song and B. Lehman, “Current-fed dual-bridge DC-DC converter,”
IEEE Trans. Power Electron., vol. 22, no. 2, pp. 461-469, Mar. 2007.

S. K. Han, H. K. Yoon, G. W. Moon, M. J. Youn, Y. H. Kim, and K. H. Lee,
“A new active clamping zero-voltage switching PWM current-fed half
bridge converter,” I[EEE Trans. Power Electron., vol. 20, no. 6, pp. 1271—
1279, Nov. 2005.

S.J. Jang, C. Y. Won, B. K. Lee, and J. Hur, “Fuel cell generation system
with a new active clamping current-fed half-bridge converter,” IEEE Trans.
Energy Convers., vol. 22, no. 2, pp. 332-340, Jun. 2007.

A. K. Rathore, “Interleaved soft-switched active-clamped L-L type
current-fed half-bridge dc—dc converter,” Int. J. Hydrogen Energy, vol. 34,
no. 24, pp. 9802-9815, Dec. 2009.

A. K. Rathore and U. R. Prasanna, “Analysis, design, and experimental
results of novel snubberless bidirectional naturally clamped ZCS/ZVS
current-fed half-bridge DC/DC converter for fuel cell vehicles,” IEEE
Trans. Ind. Electron., vol. 60, no. 10, pp. 44824491, Oct. 2013.

X. Pan and A. K. Rathore, “Novel bidirectional snubberless naturally
commutated soft-switching current-fed full-bridge isolated DC/DC con-
verter for fuel cell vehicles,” IEEE Trans. Ind. Electron., vol. 61, no. 5,
pp- 2307-2315, May 2014.

M. Pahlevaninezhad, P. Das, J. Drobnik, P. K. Jain, and A. Bakhshai, “A
ZVS interleaved boost AC/DC converter used in plug-in electric vehicles,”
IEEE Trans. Power Electron., vol. 27, no. 8, pp. 3513-3529, Aug. 2012.
U. Drofenik, A. Musing, and J. W. Kolar, “Voltage-dependent capacitors in
power electronic multi-domain simulations,” in Proc. Int. Power Electron.
Conf., Jun. 2010, pp. 643-650.

Gecko-Simulations AG—GeckoCIRCUITS (2014). [Online]. Available:
www.gecko-simulations.com

Xiaofeng Sun (M’13) received the B.S. degree in
electrical engineering from Northeast Heavy Machin-
ery Institute, Heilongjiang, China, in 1993, and the
M.S. and Ph.D. degrees in power electronics from
Yanshan University, Qinhuangdao, China, in 1999
and 2005, respectively.

From 2003 to 2007, he was an Associated Profes-
sor with the Department of Electrical Engineering,
Yanshan University, where he has been a Professor
since 2008 and currently the Director of Key Labo-
ratory of Power Electronics for Energy Conservation

and Motor Drive of Hebei Province. His current research interests include de—dc
converters, multiport converters, hybrid electric vehicles (HEVs), microgrids,
and power quality control. He has authored or coauthored more than 70 trans-
actions and conference papers. He is the holder of four granted patents of
inventions.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 8, AUGUST 2015

Yanfeng Shen received the B.S. degree in electrical
engineering from Yanshan University, Qinhuangdao,
China, in 2012, where he is currently working toward
the M.S. degree in power electronics.

His current research interests include topology
and control of dc—dc and dc—ac power converters
for renewable energy systems. He has authored six
technical papers in transactions or conferences and
has four patents pending.

Mr. Shen was a recipient of the Graduate National
Scholarship from the government of China in 2012.

Yune Zhu received the B.S. degree in measur-
ing and control technology and instrumentations in
2010 from Yanshan University, Qinhuangdao, China,
where she is currently working toward the M.S. de-
gree in power electronics.

Her current research interests include topology
and control of dc—dc power converters for renewable
energy systems.

Xiaogiang Guo (M’10) received the B.S. and the
Ph.D. degrees in electrical engineering from the
Yanshan University, Qinhuangdao, China, in 2003
and 2009, respectively.

He is currently an Associate Professor with
Yanshan University, where he is involved in research
associated with power electronics, industrial elec-
tronics, etc. He has authored or coauthored more than
50 technical papers, 10 of them published or to be
published in IET Journals and IEEE Transactions, in
addition to 9 patents. His current research interests
include power electronics applications to distributed power generation systems
and smartgrids.

Dr. Guo is a Member of the IEEE Power Electronics Society and the IEEE
Industrial Electronics Society. He is an active Referee for the IEEE Transactions
on Sustainable Energy, the IEEE Transactions on Industrial Electronics, and the
IEEE Transactions on Power Electronics.




<<
  /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 true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /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 true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /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 true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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


