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A Dual Series-Resonant DC–DC Converter
Amir Tahavorgar, Student Member, IEEE, and John E. Quaicoe, Senior Member, IEEE

Abstract—A dual series-resonant dc–dc converter with zero-
voltage switching and zero-current switching features is proposed
in this paper. The topology consists of two switches and a clamp-
ing capacitor on the primary side of an isolating transformer. The
two switches are operated in a complementary mode under a pulse
width modulation (PWM) scheme. The secondary side of the trans-
former is connected to the load through two series-resonant circuits
and a half-bridge diode rectifying stage, in which the rise and fall
slopes of the diode currents are limited by the slope of the currents
in the resonant circuits, resulting in reduced switching losses in the
diodes. The two series-resonant circuits provide power transfer to
the output load without interruption throughout the positive and
negative cycles of operation. It is shown that the output voltage of
the proposed converter can be regulated using either PWM con-
trol or frequency modulation control. Both step-down and step-up
voltage conversions can be achieved using the proposed topology.
Programmable system-on-chip is used as the controller platform to
implement a 40 W laboratory prototype. A complete steady-state
analysis is presented and the experimental results of the prototype
of the proposed converter are discussed.

Index Terms—DC–DC converter, extended describing function,
series-resonant circuit, zero-current switching (ZCS), zero-voltage
switching (ZVS).

NOMENCLATURE

Q1, Q2 Semiconductor switches.
Lr1 = Lr2 Resonant inductors.
Cr1 = Cr2 Resonant capacitors.
D1, D2 Output rectifying diodes.
Np Primary winding turns.
Ns Secondary winding turns.
N Turns ratio of the transformer (Ns /Np ).
Lm Magnetizing inductance of the transformer.
Cc Clamping capacitor.
Ro Output load.
Co Output capacitor.
DQ1 Antiparallel diode of Q1.
DQ2 Antiparallel diode of Q2.
CQ1 Drain-to-source capacitor of Q1.
CQ2 Drain-to-source capacitor of Q2.
J1 &J2 Shunt jumpers.
ωr Angular resonant frequency of Lr and Cr .
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ωm Angular resonant frequency of Lm and Cc .
ωs Angular switching frequency.
fr Resonant frequency.
fsw Switching frequency.
Ts Time period (Ts = 1/fsw ).
Zo Characteristic impedance (Zo =

√
Lr/Cr ).

iLm Magnetizing inductor current of Lm .
iLr1 Resonant inductor current of Lr1 .
iLr2 Resonant inductor current of Lr2 .
iN Lr Normalized resonant inductor current.
vC r1 Resonant capacitor voltage of Cr1 .
vC r2 Resonant capacitor voltage of Cr2 .
vN C r Normalized resonant capacitor voltage.
vd Input dc voltage.
vo Output dc voltage.
vC c Clamping capacitor voltage.
vLm Magnetizing inductor voltage.
d Duty ratio of Q2.
F Normalized switching frequency (fsw/fr ).
θ Phase angle between sgn(iLr1 + iLr2) and vLm

waveforms.
inF C Lr The nth cosine coefficient of the Fourier expan-

sion of the resonant inductor current.
inF SLr The nth sine coefficient of the Fourier expansion

of the resonant inductor current.
vnF C C r The nth cosine coefficient of the Fourier expan-

sion of the resonant capacitor voltage.
vnF SC r The nth sine coefficient of the Fourier expansion

of the resonant capacitor voltage.
an The nth cosine coefficient of the Fourier expan-

sion of the magnetizing inductor voltage.
bn The nth sine coefficient of the Fourier expansion

of the magnetizing inductor voltage.
An The nth cosine coefficient of the Fourier expan-

sion of the sgn(iLr1 + iLr2).
Bn The nth sine coefficient of the Fourier expansion

of the sgn(iLr1 + iLr2).

I. INTRODUCTION

DC–DC power converters play a significant role in sev-
eral applications including dc electric power distribution

systems, renewable energy generation technologies, and dc-
switched-mode power supplies. As a result, the development
of new topologies and control schemes are always an ongo-
ing challenge for researchers. The main objectives of this chal-
lenge are improvement in efficiency, increased power density,
reduced complexity of the control scheme, and reduction in total
manufacturing cost of the converter. Significant progress in soft-
switching methods, including zero-voltage switching (ZVS) and

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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zero-current switching (ZCS) techniques, have enabled dc–dc
converters to be operated at high switching frequencies with
reduced switching losses. As a result, several classes of miniatur-
ized, high-efficient dc–dc converters are available commercially.

Among the several topologies for soft-switching dc–dc
converters proposed to meet new requirements and industry
standards, isolated converters are preferred due to the galvanic
isolation, reliability, safety, and protection requirements in ac-
cordance with IEEE Standards 519 and 1547 [1]. Multiresonant
converters such as isolated LLC dc–dc converters have brought
about significant improvement in the overall efficiency of the
converter [2], [3]. However, in a number of these converters,
the regulation of the output voltage is achieved by controlling
the switching frequency, resulting in complex implementation
of the control scheme and poor efficiency when the switching
frequency is far away from the resonant frequency [4]–[6].

Another category of isolated, soft-switching converters is the
forward converters, which are popular because of their low cost,
simple structure, and ZVS operational characteristics [7]–[9].
However, forward converters suffer from limited range of out-
put voltage variation and transformer resetting problem [10].
Attempts to resolve these challenges have resulted in some im-
provements but at the cost of violating the soft-switching feature
of the converter, resulting in reduced converter efficiency [11],
[12]. Active-clamped resonant converters which incorporate a
clamped capacitor to overcome the problem of transformer re-
setting have been proposed for low-power applications due to
their simplicity and low cost [13]–[15]. In these converters, the
switches can be operated at high switching frequency under
ZVS and ZCS conditions. Consequently, the size of the pas-
sive components can be further reduced. However, the existing
topologies, which consist of a single transformer with a sin-
gle resonant circuit, do not provide continuous output power
transfer during the complete cycle of operation. As a result,
these converters suffer from high current ripple at the output,
reduction in efficiency, and deterioration in power density [16].

Several attempts have been made to improve the power
density of clamped resonant converters [17]–[19]. An interleav-
ing technique is one of the well-known proposed methods to
increase the power transferred to the load and reduce the input
and output current ripples in power factor correction circuits
[20], [21] and dc–dc converters [22]–[24]. In this technique,
identical units of the converter are paralleled and operated at
the same switching frequency but with phase-shifted switching
signals. Despite the improvement in the transferred power to the
load, this approach results in increased number of switching and
passive components, increased sophistication in the switching
scheme, as well as increased manufacturing costs [25]. For
example, Hsia et al. [24] proposed a two-stage interleaved
active-clamping resonant converter, which provides continuous
power transfer to the output load during the complete cycle
of operation. However, the doubling of the active and passive
components does not significantly improve the power density
of the converter.

In this paper, an alternative topology of the active-clamping
resonant dc–dc converter is proposed. By implementing two
series-resonant circuits, the power transfer to the output load is
not interrupted, resulting in improved power transfer capability.

Fig. 1. Proposed dual series-resonant dc–dc converter [28].

The proposed converter, referred to as the dual series-resonant
dc–dc converter, features ZVS and ZCS conditions over a wide
range of switching frequency operation and output voltage vari-
ations. Using the extended describing function method [26], a
complete analytical model of the converter is developed. It is
shown in this paper that the power density of the converter is
increased without using the interleaved technique. PLECS stan-
dalone software [27] is used to perform the simulation tasks
and MATLAB is used to verify the modeling analysis. A 40 W
prototype of the proposed topology is also implemented and
tested over a wide range of switching frequency between 160
and 640 kHz. The experimental results of the prototype are com-
pared with the simulation and modeling results to validate the
operation and behavior of the proposed converter.

The rest of this paper is organized as follows: the pro-
posed topology and its principle of operation are presented in
Section II.In Section III, the steady-state analysis of the con-
verter is presented. The development of the extended describing
function approach for the proposed converter is detailed in this
section. The simulation and experimental results demonstrat-
ing the steady-state behavior of the converter are presented in
Section IV, and the conclusions of the work are summarized in
Section V.

II. TOPOLOGY AND PRINCIPLE OF OPERATION

The proposed topology of the dual series-resonant dc–dc
converter is shown in Fig 1. The primary side of the isolation
transformer consists of a winding of turns Np and magnetizing
inductance Lm . The circuit configuration at the input of the
transformer consists of two active switches, Q1 and Q2, and a
clamp capacitor Cc in series with Q1. The antiparallel diodes
and internal capacitors of the switches (DQ1 , CQ1 , DQ2 ,
and CQ2) are shown in Fig. 1. The secondary side of the
transformer has two windings (Ns1 and Ns2), each connected
to separate but identical series-resonant circuit with identical
parameters (i.e., Lr1 and Cr1 to Ns1 , Lr2 and Cr2 to Ns2 , with
Lr1 = Lr2 , Cr1 = Cr2 , and Ns1 = Ns2 = Ns). Two shunt
jumpers (J1 and J2) are included in the circuit. By removing
one of the jumpers, the topology can be changed to a single
series-resonant circuit to allow comparison of results between
the single series-resonant topology and the dual series-resonant
topology. A diode rectifying stage (D1 and D2) connects the
output load and output capacitor to the series-resonant circuits.
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Fig. 2. Operating modes of the dual series-resonant dc–dc converter: (a) Mode I, (b) Mode II, (c) Mode III, (d) Mode IV, (e) Mode V, and (f) Mode VI.

The positive polarity of all voltage and current variables is
shown in Fig. 1 with ± sign and solid arrow, respectively.

The operating modes of the converter as well as the
subsequent analysis are based on the following assumptions:
the parasitic resistances of the electrical connections and the
turn-on resistances of the switches and diodes are assumed to
be zero; the angular resonant frequency of Lr and Cr (ωr ) is
much higher than the angular resonant frequency of Lm and
Cc (ωm ); the continuous conduction mode (CCM) of operation
of the converter is considered. For F = fsw/fr ≥ 2, CCM
operation of the converter is guaranteed.

The operation of the proposed converter can be described
in six modes. Fig. 2 shows the equivalent circuits of the con-
verter in each mode, where the current paths are illustrated with
dashed arrows. The corresponding key ideal waveforms of the
converter during steady-state operation are depicted in Fig. 3.
The principle of operation of the proposed converter is detailed
as follows:

Prior to Mode I (t = T−
0 ): Q2 is OFF; Q1 is ON and

conducts the current iQ1 = −ip at the primary side of the
transformer; iLm is positive and is decreasing; iLr1 and iLr2
are negative (therefore, iN p is negative), and D1 conducts
iLr1 and iLr2 . While iLr1 circulates in the series-resonant cir-
cuit through Ns1 , iLr2 supplies the load current. During this
mode, D2 is OFF.

Mode I (T0 < t < T1): At t = T0 , Q1 is triggered OFF, the
parasitic capacitor CQ1 starts to charge by iQ1 , and the parasitic
capacitor CQ2 starts to discharge. Therefore, the voltage drop
across Q1 increases from zero to Vd + VC c . Meanwhile, the
voltage drop across Q2 decreases from Vd + VC c to zero. As
soon as the voltage drop across Q2 equals zero, DQ2 starts to
conduct the current. Due to the small value of parasitic capacitor
of the semiconductor switches, this time interval is very small
and can be neglected. During this mode, the primary current
of the transformer (ip ) can be assumed constant. Following
the same argument, the variables on the secondary side of the
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transformer can be assumed unchanged. Fig. 2(a) shows the
current paths during this mode.

Mode II (T1 < t < T2): During this mode, Q1 is OFF; Q2 is
ON and the voltage at the primary side of the transformer is equal
to Vd . On the primary side, DQ2 conducts the negative current
of ip ; therefore, Q2 can be triggered on at ZVS condition. Since
the voltage at the primary side of the transformer is positive,
both iN p and iLm start to increase. On the secondary side, the
resonant inductor currents (iLr1 and iLr2) are both still negative
values but start to increase, and the resonant capacitor voltages
(vC r1 and vC r2) keep decreasing. Fig. 2(b) shows the paths of
the currents during this mode. This mode ends when iLr1 + iLr2
becomes zero. In other words, at the end of this mode, D1 turns
off naturally and D2 turns on at ZCS condition and conducts the
resonant and load currents. The slopes of the turn-off current of
D1 and the turn-on current of D2 are limited by the slope of the
current in the series-resonant circuits, which in turn reduce the
switching losses in the diodes.

Mode III (T2 < t < T3): At t = T+
2 , iLr1 + iLr2 is a positive

value; therefore, D1 is OFF and D2 carries the resonant currents.
During this mode, iLr2 circulates in the series-resonant circuit
through Ns2 and iLr1 supplies the load current in the positive
cycle of operation. On the primary side, iN p becomes positive
which makes ip positive; therefore, Q2 starts to carry the posi-
tive current ip at the primary side of the transformer. The reso-
nant currents and resonant voltages increase during this mode.
Fig. 2(c) shows the paths of the currents during this mode. The
operation continues until Q2 is triggered OFF at t = T3 . Since
the switching frequency is more than twice the resonant fre-
quency, iLr1 and iLr2 remain positive at the end of this mode.

Mode IV (T3 < t < T4): When Q2 is triggered OFF, iLr1 and
iLr2 are still positive, and vC r1 and vC r2 keep charging. On the
primary side, ip is positive; therefore, CQ2 conducts ip , vC Q2
increases from zero to Vd + VC c , and CQ1 starts to discharge to
zero. Therefore, vC Q1 , which was Vd + VC c , reaches zero and
DQ1 conducts the current at the end of this mode. This mode is
the dual of Mode I. Fig. 2(d) shows the converter current paths
in this mode. The time interval of this mode is negligibly small
and the current ip can be assumed constant.

Mode V (T4 < t < T5): During this mode, the voltage at the
primary side of the transformer is –VC c . On the primary side, ip
is still positive so that DQ1 conducts and iLm and ip start to de-
crease. At this time, Q1 can be triggered ON at ZVS condition.
On the other hand, iLr1 and iLr2 are still positive on the sec-
ondary side of the transformer and vC r1 and vC r2 keep increas-
ing. However, due to the negative voltage across the secondary
side of the transformer, the resonant currents start to decrease to
zero. Fig. 2(e) shows the converter during this mode. This mode
ends when iLr1 + iLr2 reaches zero.

Mode VI (T5 < t < T6): This mode is the dual of Mode III.
At t = T+

5 , and on the secondary side of the transformer, iLr1 +
iLr2 is a negative value and vC r1 and vC r2 start to decrease. D2 is
OFF and D1 conducts the resonant and load currents. This makes
iN p and subsequently ip negative and Q1 conducts the current at
the primary side of the transformer. Due to the negative voltage
on the primary side, iLm keeps decreasing. Fig. 2(f) shows the
paths of the currents during this mode. These variations continue

Fig. 3. Key ideal waveforms during steady-state condition of the dual series-
resonant dc–dc converter: Mode I (T0 < t < T1 ), Mode II (T1 < t < T2 ),
Mode III (T2 < t < T3 ), Mode IV (T3 < t < T4 ), Mode V (T4 < t < T5 ),
and Mode VI (T5 < t < T6 ).

until Q1 is triggered OFF. At this stage, the converter returns
to Mode I and repeats the cycle. At the end of this mode, the
resonant currents remain negative as the switching frequency is
more than twice the resonant frequency.

It can be seen that current is supplied to the output load with-
out interruption through the entire operation of the converter.
Unlike the case of the interleaved technique, the power transfer
capability in the proposed converter is improved without dou-
bling the number of active components. Therefore, a smaller
footprint of the dual series-resonant topology would be capable
of delivering the same level of power as the interleaved topol-
ogy. This fact increases the power density of the proposed dc–dc
converter. From Fig. 3, it can be visually confirmed that the res-
onant inductor currents and, consequently, the ac components
in the resonant capacitor voltages are equal.

Fig. 4 shows the state-plane trajectory of the normalized res-
onant inductor current (iN Lr ) with Vd/Zo and normalized res-
onant capacitor voltages (vN C r ) with Vd under three different
loading conditions obtained from PLECS simulation results.
The trajectories of the Lr1 and Cr1 are shown with solid lines
and the trajectories of Lr2 and Cr2 are shown with dashed lines.
As the load increases, the resonant inductor currents increase;
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Fig. 4. State-plane trajectories for two different loading conditions (Ro =
30 Ω, Ro = 15 Ω, and Ro = 5 Ω).

however, the resonant capacitor voltages decrease. It is observed
that the shape of the trajectories of Lr1 and Cr1 , and Lr2 and
Cr2 are identical. This fact signifies that the ac components in
iLr1 and iLr2 as well as the ac components in the vC r1 and vC r2
are equal. However, the dc components in the vC r1 and vC r2
are not equal.

III. STEADY-STATE ANALYSIS

On the primary side of the transformer, Q1 and Q2 are op-
erated in a complementary mode under a pulse width modu-
lation (PWM) switching scheme. However, in order to model
the converter, the traditional state-space averaging method [29]
cannot be used. The reason is that the assumption of small rip-
ple condition during the averaging interval, which is necessary
for state-space averaging method, is not valid in the resonant
converter.

A sampled-data method is a modeling tool that has been used
to model resonant dc–dc converters [30]–[32]. This method does
not give an in-depth understanding to design the converter. Be-
sides, this method is difficult to use in converters with mul-
tiple switching components [33]. Instead, this paper uses the
extended describing function method to model the proposed
converter [26]. This method is based on decomposing the state-
space variables into dc and ac terms. Furthermore, ac compo-
nents are decomposed in a Cartesian form into sin(·) and cos(·)
terms. Then, each of the decomposed signals is expressed as
the summation of large-signal and small-signal components.
Steady-state analysis can be completed by separately equating
the large-signal components in the state-space equation.

The proposed converter consists of seven passive compo-
nents, i.e., two resonant circuits (Lr1 , Cr1 , Lr2 , and Cr2), a
magnetizing inductor (Lm ), clamping capacitor (Cc ), and out-
put capacitor (Co ). The state variables can be expressed in the
Fourier expansion form as follows:

iLr1(t) =
∑

n=1,2,...

(inF SLr1(t)sin(nFωr t)

+ inF C Lr1(t)cos(nFωr t)) (1.1)

iLr2(t) =
∑

n=1,2,...

(inF SLr2(t)sin(nFωr t)

+ inF C Lr2(t)cos(nFωr t)) (1.2)

vC r1(t) = vC r1 +
∑

n=1,2,..

(vnF SC r1(t)sin(nFωr t)

+ vnF C C r1(t)cos(nFωr t)) (1.3)

vC r2(t) = vC r2 +
∑

n=1,2,...

(vnF SC r2(t)sin(nFωr t)

+ vnF C C r2(t)cos(nFωr t)) (1.4)

iLm (t) = iLm (1.5)

vC c(t) = vC c (1.6)

vo(t) = vo . (1.7)

As listed in (1.1)–(1.7), each ac component is decomposed
into its Fourier harmonic components. It is helpful to represent
the voltage on the primary side of the transformer (vLm ) and
the sign function of iLr1 + iLr2 (i.e., sgn(iLr1 + iLr2)) shown
in Fig. 3, as Fourier expansion according to

vLm (t) = a0 + (vd + vC c)
∑

n=1,2,...

(ancos(nFωr t)

+ bn sin(nFωr t)) (2.1)

sgn(iLr1(t) + iLr2(t)) = A0 +
∑

n=1,2,...

(Ancos(nFωr t)

+ Bn sin(nFωr t)) (2.2)

where

a0 = dvd − (1 − d)vC c(t) (3.1)

an =
sin(2πnD)

nπ
(3.2)

bn =
1 − cos(2πnD)

nπ
(3.3)

A0 =
2T5 − 2T2 − Ts

Ts
(3.4)

An =
2

nπ

(
sin

(
2nπ(T5 − T0)

Ts

)
− sin

(
2nπ(T2 − T0)

Ts

))

(3.5)

Bn=
2

nπ

(
−cos

(
2nπ(T5−T0)

Ts

)
+cos

(
2nπ(T2 − T0)

Ts

))
.

(3.6)

The state-space equations that describe the operation of the
converter are obtained in general form as follows:

Lr1
diLr1(t)

dt
= −vC r1(t) − vo(t)

2
(
1 + sgn(iLr1(t)

+ iLr2(t))
)

+ NvLm (t) (4.1)

Lr2
diLr2(t)

dt
= −vC r2(t) +

vo(t)
2

(
1 − sgn(iLr1(t)

+ iLr2(t))
)

+ NvLm (t)

(4.2)
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Fig. 5. General representation of the converter.

Cr1
dvC r1(t)

dt
= iLr1(t) (4.3)

Cr2
dvC r2(t)

dt
= iLr2(t) (4.4)

Lm
diLm (t)

dt
= vLm (t) (4.5)

Cc
dvC c(t)

dt
= u

(
d

dt
(−iLr1(t) − iLr2(t))

)

× (iLm + N (iLr1(t) + iLr2(t))) (4.6)

Co
dvo(t)

dt
=

1
2
(iLr1(t) − iLr2(t)) +

1
2

(iLr1(t)

+ iLr2(t))sgn(iLr1(t)+iLr2(t))− vo

Ro
+io(t)

(4.7)

where sgn(·) and u(·) are the sign and unit step functions, re-
spectively, and io (t) represents small perturbations of the load
current.

By representing the small-signal perturbations with “ˆ”,
and large-signal parts with capital letters, each of the vari-
ables defined in (1.1)–(1.7) can be expressed in the form of
the summation of a constant large signal and a small sig-
nal as xnF S•(t) = XnF S• + x̂nF S• (for sine coefficients), and
xnF C •(t) = XnF C • + x̂nF C • (for cosine coefficients) for ac
signals, and x = X + x̂, for dc signals. In these representations,
“x” is either the capacitor voltage or the inductor current and “•”
is the corresponding inductor (Lr1 or Lr2) or capacitor (Cr1 or
Cr2) in the state-space equations. The variables of (1.1)–(1.7)
can be inserted into the state-space equations (4.1)–(4.7). A
general procedure for extracting the steady-state equations in-
volves equating the large signals of sin(·), cos(·), and dc terms
on both sides of the resulting equations. If the converter is repre-
sented as a general block diagram (see Fig. 5), the inputs of the
system can be expressed in the form of a constant large signal
and a small signal according to

vd = Vd + v̂d (5.1)

d = D + d̂ (5.2)

ωs = Ωs + ω̂s = Fωr = F (Ωr + ω̂r ) (5.3)

io = îo . (5.4)

The steady-state solutions can be obtained by equating the
derivative parts in (4.1)–(4.7) to zero and considering only the
large-signal components. For a given operating point {Vd , D,
Ωs = FΩr , Ro}, the following steady-state variables can be

derived:

VC r1 = −Vo

2
(1 + A0) (6.1)

VC r2 = +
Vo

2
(1 − A0) (6.2)

VnF SC r2 =
InF C Lr2

nFΩrCr
(6.3)

VnF SC r1 =
InF C Lr1

nFΩrCr
(6.4)

VnF C C r2 = − InF SLr2

nFΩrCr
(6.5)

VnF C C r1 = − InF SLr1

nFΩrCr
(6.6)

InF SLr1 = InF SLr2

=
−VnF C C r − Vo

2 An + N
(

Vd +VC c

nπ

)
(sin(2nπD))

Lr1nFΩr
(6.7)

InF C Lr1 = InF C Lr2

=
−VnF SC r − Vo

2 Bn + N
(

Vd +VC c

nπ

)
(1 − cos(2nπD))

−Lr1nFΩr

(6.8)

VC c =
D

1 − D
Vd (6.9)

ILm =
N

(1 − D)

∑

n=1,2,...

[InF C Lr1an + InF SLr1bn ] (6.10)

Vo =
Ro

2

∑

n=1,2,...

[InF C Lr1An + InF SLr1Bn ]. (6.11)

After realizing the steady-state values of the variables in the
converter, the time duration of each mode can be determined as
follows:

T0 = T1 ≈ 0 (7.1)

ΩrT2 = arctan

((−DN Vd

1−D − VC r1
)

VC r1 − NVd
sin (Ωr (Ts − T5))

)

(7.2)

T3 = T4 (7.3)

T4 = DTs (7.4)

ΩrT5 = ΩrDTs

+ arctan

(
(NVd − VC r1 − Vo)
DN Vd

1−D + VC r1 + Vo

sin (Ωr (DTs−T2))

)

(7.5)

T6 = Ts. (7.6)

It is observed from (6.11) that the output voltage (Vo ) is in
terms of the Fourier components of sgn(iLr1 + iLr2) and the
resonant inductor currents, which in turn are dependent on Vd ,
D, Ωs , and Ro . An equation for the output voltage can be devel-
oped by assuming that the pulse width of sgn(iLr1 + iLr2) and
vLm (t) are equal, but with a phase difference between the two
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Fig. 6. Experimental prototype of the dual series-resonant dc–dc converter.

TABLE I
EXPERIMENTAL PROTOTYPE PARAMETERS

No. Parameter Part no./value

1 MOSFET switches IPP320N20N3
2 Transformer Wurth Electronics Midcom

750341142 (Lm = 70 μH ,
N = 1)

3 Output diodes RF2001T4S
4 Driver and bootstrap circuit IRS2011
5 Voltage transducer LV 25-P
6 Series-resonant circuit (Lr 1 − Cr 1 ) Lr 1 = 4 μH − Cr 1 = 1 μF
7 Series-resonant circuit (Lr 2 − Cr 2 ) Lr 2 = 4 μH − Cr 2 = 1 μF
8 Output capacitor 100 μF
9 Clamping capacitor (Cc ) 10 μF
10 Gate signal generator PSoC 5LP
11 Shunt jumper J1 –
12 Shunt Jumper J2 –

signals. This assumption can be visually realized in Fig. 3. In this
figure, this phase difference is marked as θ and can be expressed
as θ = 2π.T2/Ts . By comparing the simulation results and the
modeling results, it is observed that these approximations are
acceptable.

Applying the previous approximation to calculate the Fourier
coefficients of sgn(iLr1 + iLr2), (3.4), (3.5), and (3.6) can be
simplified to the following equations:

A0 ≈ A′
0 = 2D − 1 (8.1)

An ≈ A′
n =

2
nπ

(sin(2πnD + nθ) − sin(nθ)) (8.2)

Bn ≈ B′
n =

2
nπ

(−cos(2πnD + nθ) + cos(nθ)) . (8.3)

Substituting the steady-state solutions of the resonant currents
given in (6.7) and (6.8) into (6.11), and considering the first two
components of (6.11), the output voltage is expressed in (9).
This equation shows that the dc output voltage can be regulated
by the duty ratio (D) and switching frequency (Ωs)

Vo = 2Ro

( ∣∣Vo∠θ − N Vd

1−D

∣∣

π2 (ΩsLr + 1/ΩsCr )
(1 − cos(2πD))

+

∣
∣Vo∠2θ − N Vd

1−D

∣
∣

(2π)2 (2ΩsLr + 1/2ΩsCr )
(1−cos(4πD))

)

. (9)

Fig. 7. PLECS simulation results for a case study (Vd = 10 V, D = 0.6,
fsw = 240 kHz, Ro = 30 Ω, and Vo = 18 V).

IV. SIMULATION AND EXPERIMENTAL RESULTS

An experimental 40 W prototype of the proposed topology
was implemented, as shown in Fig. 6. The parameter values of
the prototype are listed in Table I. The gate signals are gener-
ated using the programmable system-on-chip (PSoC 5LP) from
Cypress Semiconductor with a 32-bit ARM Cortex-M3 CPU
[34]. PSoC includes programmable digital and programmable
analog components, programmable routing and interconnects,
and a graphical interface that facilitates the configuration and
programming tasks of the embedded ICs [34]–[36]. Besides,
the size and volume of this platform are smaller compared to
other field-programmable gate arrays and digital signal pro-
cessors [37]. A voltage transducer is used in the prototype for
voltage control purpose in a closed-loop configuration. Fig. 7
shows the PLECS simulation results of the proposed converter
for the parameters indicated. As it is expected from the results
of steady-state analysis in (6.1)–(6.6), the dc components of the
resonant capacitor voltages are different; however, the ac com-
ponents of vC r1 and vC r2 are equal. In addition, the resonant
inductor currents are equal, as stated in (6.7) and (6.8). Fig. 8
shows the corresponding experimental results of the proposed
converter. It can be seen that the experimental results agree
with the simulation results. The experimental results of Fig. 7
show that small mismatches between the components of the two
series-resonant circuits result in slight differences between the
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Fig. 8. Experimental results for the same case study (Vd = 10 V, D = 0.6, fsw = 240 kHz, Ro = 30 Ω, and Vo = 18 V). (a) Gate signals generated by
PSoC 5LP, (b) gate-source voltage of MOSFETs, (c) resonant capacitor voltages, (d) resonant inductor currents, and (e) output voltage.

Fig. 9. ZVS operation for the MOSFETs (Vd = 10 V, D = 0.6, and dead time = 80 ns). (a) ZVS in Q1. (b) ZVS in Q2.

measured resonant inductor currents. However, the mismatches
do not affect the performance of the converter.

The drain-to-source and gate-to-source voltages of the
switches are shown in Fig. 9. The figure shows that for each
switch, the drain-to-source voltage across the switch reaches
zero before the gate-to-source voltage of the switch is applied,
confirming the ZVS operation for Q1 and Q2 during switching
transitions. The simulation and modeling results of the voltage
conversion ratio of the proposed converter for wide range of duty

ratio and different switching frequencies are shown in Fig. 10.
These results were obtained by simulating the proposed topol-
ogy in PLECS software and implementing the output voltage
equation in (9) from the extended describing function model-
ing in the MATLAB environment. The differences between the
simulation results in PLECS and the modeling results in MAT-
LAB are negligible for D < 0.7. The slight deviations in the
results for D > 0.7 are due to the assumed approximation in
Section III (i.e., vLm (t) and sgn(iLr1 + iLr2) have the same
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Fig. 10. Simulation and modeling results of voltage transfer ratio versus duty
ratio for different switching frequencies (Vd = 10 V and Ro = 30 Ω).

Fig. 11. Experimental results of voltage transfer ratio versus duty ratio for
different switching frequencies (Vd = 10 V and Ro = 30 Ω).

pulse width). The deviation between the pulse widths of vLm (t)
and sgn(iLr1 + iLr2) increases for D > 0.7. Both the simulation
and modeling results agree with the experimental results, which
are shown in Fig. 11. It is observed that the proposed converter
can be operated in the step-down and step-up modes depending
on the duty ratio and switching frequency.

The experimental results of the proposed converter for the
power transferred to the output load as a function of the duty
ratio is shown in Fig. 12. The results are compared with the case
of the single series-resonant circuit. The single series-resonant
circuit converter is realized by removing the shunt jumper J2 in
Fig. 1 in order to disconnect the second series-resonant circuit
(Lr2 and Cr2) from the converter. It is worth mentioning that
because of the balance operation of each series-resonant circuit
in the proposed dual series-resonant circuit, removing either J1
or J2 , yields the same results. Fig. 12 demonstrates that the pro-
posed dual series-resonant dc–dc converter achieves improved
power transfer ratio as D increases. For example, for D = 0.6,

Fig. 12. Experimental comparison between the transferred power to the output
load (Vd = 10 V, fsw = 240 kHz, and Ro = 30 Ω).

Fig. 13. Experimental comparison between efficiencies (Vd = 10 V and
Ro = 30 Ω).

a 54% improvement in power transfer over the single series-
resonant converter topology can be obtained. The experimental
comparison of the efficiencies of conversion between the pro-
posed dual series-resonant circuit topology and the single series-
resonant circuit topology is shown in Fig. 13. The experimental
conversion efficiency plots are obtained at two different switch-
ing frequencies (i.e., fsw = 240 kHz and fsw = 400 kHz). This
figure shows the improvement in the conversion efficiency in a
wide range of duty ratio for the proposed dual series-resonant
dc–dc converter. It is also observed that the difference between
the efficiencies of the single series-resonant topology and the
dual series-resonant topology does not remain constant as the
duty ratio increases. This is due to the nonlinear relationship
between the duty ratio and output voltage for the same level of
resonant inductor current.
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V. CONCLUSION

An alternative topology of the active-clamping resonant
dc–dc converter that uses a dual series-resonant topology was
proposed. The two identical series-resonant circuits on the sec-
ondary side of the converter provide complementary paths to
supply the load current without interruption during the com-
plete operational modes of the converter, resulting in improved
output power transfer capability of the converter. It features zero
voltage turn-on for the switches and zero current turn-on for the
output diodes, where the rise and fall slope of the diode current
is limited by the slope of the current of the resonant circuit. Re-
sults from an experimental prototype of the proposed topology
showed good agreement with simulation and modeling results.
The experimental results confirmed the feature of the proposed
topology that allows the output voltage to be regulated through
either duty ratio of the PWM switching signal or switching fre-
quency. In addition, the converter was able to operate in both
step-down and step-up regimes. It was experimentally demon-
strated that the proposed topology improves the power transfer
capability and conversion efficiency of the converter. The pro-
posed topology can be used as an alternative approach to the
interleaving method, since it uses fewer numbers of active and
passive components, resulting in reduced size and manufactur-
ing cost of the converter for a given power rating of the dc–dc
converter.

REFERENCES

[1] M. H. A. Malek and H. Kakigano, “Fundamental study on control strate-
gies to increase efficiency of dual active bridge DC-DC converter,” in
Proc. 41st Annu. Conf. IEEE Ind. Electron. Soc., Yokohama, Japan,
Nov. 9–12, 2015, pp. 1073–1078.

[2] H. D. Groot, E. Janssen, R. Pagano, and K. Schetters, “Design of a 1-
MHz LLC resonant converter based on a DSP-driven SOI half-bridge
power MOS module,” IEEE Trans. Power Electron., vol. 22, no. 6,
pp. 2307–2320, Nov. 2007.

[3] X. Xie, J. Zhang, C. Zhao, Z. Zhao, and Z. Qian, “Analysis and opti-
mization of LLC resonant converter with a novel over-current protec-
tion circuit,” IEEE Trans. Power Electron., vol. 22, no. 2, pp. 435–443,
Mar. 2007.

[4] R. Beiranvand, B. Rashidian, M. R. Zolghadri, and S. M. H. Alavi, “A
design procedure for optimizing the LLC resonant converter as a wide
output range voltage source,” IEEE Trans. Power Electron., vol. 27, no. 8,
pp. 3749–3763, Aug. 2012.

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

[6] 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.

[7] K. B. Park, G. W. Moon, and M. J. Youn, “Two-switch active-clamp
forward converter with one clamp diode and delayed turnoff gate sig-
nal,” IEEE Trans. Ind. Electron., vol. 58, no. 10, pp. 4768–4772,
Oct. 2011.

[8] S. S. Lee, S. W. Choi, and G. W. Moon, “High-efficiency active-clamp
forward converter with transient current build-up (TCB) ZVS technique,”
IEEE Trans. Ind. Electron., vol. 54, no. 1, pp. 310–318, Feb. 2007.

[9] F. D. Tan, “The forward converter: From the classic to the con-
temporary,” in Proc. IEEE Appl. Power Electron. Conf. Expo., 2002,
pp. 857–863.

[10] H. Wu and Y. Xing, “Families of forward converters suitable for wide
input voltage range applications,” IEEE Trans. Power Electron., vol. 29,
no. 11, pp. 6006–6017, Nov. 2014.

[11] Y. Gu, X. Gu, L. Hang, Y. Du, Z. Lu, and Z. Qian, “RCD reset dual switch
forward dc–dc converter,” in Proc. IEEE 35th Annu. Power Electron. Spec.
Conf., 2004, pp. 1465–1469.

[12] Y. Xi and P. K. Jain, “A forward converter topology employing a reso-
nant auxiliary circuit to achieve soft switching and power transformer
resetting,” IEEE Trans. Ind. Electron., vol. 50, no. 1, pp. 132–140,
Feb. 2003.

[13] R. Watson, F. C. Lee, and G. C. Hua, “Utilization of an active-clamp
circuit to achieve soft switching in flyback converters,” IEEE Trans. Power
Electron., vol. 11, no. 1, pp. 162–169, Jan. 1996.

[14] Y. K. Lo and J. Y. Lin, “Active-clamping ZVS flyback converter em-
ploying two transformers,” IEEE Trans. Power Electron., vol 22, no. 6,
pp. 2416–2423, Nov. 2007.

[15] H. S. H. Chung, W. L. Cheung, and K. S. Tang, “A ZCS bidirectional
flyback DC/DC converter,” IEEE Tran. Power Electron., vol. 19, no. 6,
pp. 1426–1434, Nov. 2004.

[16] F. Zhang and Y. Yan, “Novel forward–flyback hybrid bidirectional DC–
DC converter,” IEEE Tran. Ind. Electron., vol. 56, no. 5, pp. 1578–1584,
May 2009.

[17] T. LaBella, B. York, C. Hutchens, and J.-S. Lai, “Dead time optimiza-
tion through loss analysis of an active-clamp flyback converter utiliz-
ing GaN devices,” in Proc. IEEE Energy Convers. Congr. Expo., 2012,
pp. 3882–3889.

[18] J.-y. Gu, H.-f. Wu, G.-c. Chen, and Y. Xing, “Research on pho-
tovoltaic grid-connected inverter based on soft-switching interleaved
flyback converter,” in Proc. IEEE Conf. Ind. Electron. Appl., 2010,
pp. 1209–1214.

[19] S. Y. Tseng, C. T. Hsieh, and C. M. Yang, “Interleaved flyback converter
with turn-on/off snubber for poultry stunning applications,” in Proc. 23rd
IEEE Appl. Power Electron. Conf. Expo., 2008, pp. 1999–2005.

[20] T. Nussbaumer, K. Raggl, and J. W. Kolar, “Design guidelines for in-
terleaved single-phase boost PFC circuits,” IEEE Trans. Ind. Electron.,
vol. 56, no. 7, pp. 2559–2573, Jul. 2009.

[21] H. Wang, S. Dusmez, and A. Khaligh, “Design considerations for a level-
2 on-board PEV charger based on interleaved boost PFC and LLC res-
onant converters,” in Proc. Transp. Electrific. Conf. Expo., Jun. 2013,
pp. 1–8.

[22] B. R. Lin and C. L. Huang, “Interleaved ZVS converter with ripple-current
cancellation,” IEEE Trans. Ind. Electron., vol. 55, no. 4, pp. 1576–1585,
Apr. 2008.

[23] B. R. Lin, H. K. Chiang, and C. Y. Cheng, “Analysis and implementation
of an interleaved ZVS bi-flyback converter,” IET Proc. Power Electron.,
vol. 3, no. 2, pp. 259–268, 2010.

[24] T. H. Hsia, H. Y. Tsai, D. Chen, M. Lee, and C. S. Huang, “Interleaved
active clamping converter with ZVS/ZCS features,” IEEE Trans. Power
Electron., vol. 26, no. 1, pp. 29–37, Jan. 2001.

[25] J. M. Sosa, G. Escobar, and P. R. Martinez-Rodriguez, “A model-based
controller for a DC-DC boost converter with an LCL filter,” in Proc.
41st Annu. Conf. IEEE Ind. Electron. Soc., Yokohama, Japan, Nov. 2015,
pp. 619–624.

[26] E. X. Yang, F. C. Lee, and M. M. Jovanovic, “Small-signal modeling
of power electronic circuits by extended describing function concept,” in
Proc. VPEC Semin., 1991, pp. 167–178.

[27] Plexim GmbH. (2015). The Simulation Platform for Power Electronic
Systems [Online]. Available: www.plexim.com/files/plecsmanual.pdf

[28] A. Tahavorgar and J. E. Quaicoe, “An active-clamping resonant flyback
DC/DC converter with improved output power transfer,” in Proc. IEEE
Conf. Ind. Electron. Soc., Nov. 2015, pp. 755–764.

[29] R. D. Middlebrook and S. Cuk, “A general unified approach to modelling
switching converter power stage,” in Proc. IEEE Power Electron. Spec.
Conf., 1976, pp. 18–34.

[30] M. E. Elbuluk, G. C. Verghese, and J. G. Kassakian, “Sampled-data mod-
eling and digital control of resonant converters,” IEEE Trans. Power Elec-
tron., vol. 3, no. 3, pp. 344–354, Jul. 1988.

[31] V. Vorperian, “Approximate small-signal analysis of the series and the
parallel resonant converters,” IEEE Trans. Power Electron., vol. 4, no. 1,
pp. 15–24, Jan. 1989.

[32] A. F. Witulski, A. F. Hernandez, and R. W. Erickson, “Small signal equiv-
alent circuit modeling of resonant converters,” IEEE Trans. Power Elec-
tron., vol. 6, no. 1, pp. 11–27, Jan. 1991.

[33] M. K. Kazimierczuk and D. Czarkowski, “Modeling and control,” in
Resonant Power Converters, 2nd ed. New York, NY, USA: IEEE Press,
2011, ch. 23, sec. 23.2.

[34] CY8CKIT-050 - PSoC R© 5LP Development Kit Guide, Cypress Semicon-
ductor, Inc., San Jose, CA, USA, 2013.

[35] A. Doboli, P. Kane, and D. V. Ess, “Dynamic reconfiguration in a PSoC
device,” in Proc. Int. Conf. Field-Programmable Technol., Sydney, NSW,
Australia, Dec. 9–11, 2009, pp. 361–363.



3718 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 5, MAY 2017

[36] S. S. Hussain and S. S. H. Zaidi, “Digital configurable block based im-
plementation of image enhancement algorithm using PSoC 5LP,” in Proc.
17th Int. IEEE Multi-Topic Conf., Dec. 2014, pp. 182–186.

[37] U. R. Prasanna and A. K. Rathore, “Small-signal modeling of active-
clamped ZVS current-fed full-bridge isolated DC/DC converter and con-
trol system implementation using PSoC,” IEEE Trans. Ind. Electron.,
vol. 61, no. 3, pp. 1253–1261, Mar. 2014.

Amir Tahavorgar (S’12) was born in Tehran, Iran.
He received the B.Sc. degree in electrical engineer-
ing from the University of Tehran, Tehran, in 2008,
and the M.Sc. degree in electrical railway engineer-
ing from Iran University of Science and Technol-
ogy, Tehran, in 2010. He is currently working to-
ward the Ph.D. degree in electrical engineering at the
Memorial University of Newfoundland, St. John’s,
NL, Canada.

His research interests include resonant power con-
verters, control and modeling of switching power

converters, harmonics, and power quality.

John E. Quaicoe (S’75–M’76–SM’93) received the
B. Sc. degree in electrical engineering from the Uni-
versity of Science and Technology, Kumasi, Ghana,
in 1973, and the M.A.Sc. and Ph.D. degrees in elec-
trical engineering from the University of Toronto,
Toronto, ON, Canada, in 1977 and 1982, respectively.

In 1982, he joined the Faculty of Engineering and
Applied Science, Memorial University of Newfound-
land, where he recently served as the Associate Dean
(undergraduate studies) from September 2002 to Au-
gust 2008 and Dean, Pro Tempore from September

2008 to June 2011. His undergraduate and graduate teaching activities are in the
areas of electric circuit analysis, electronic circuit analysis and design, energy
systems, power electronics and power electronic systems, including modeling,
analysis, control, and design of power converters for various applications. His
research activities include the development of power converters and control
strategies for utility interface systems, power quality and active filters, uninter-
ruptible power supplies, wind energy conversion systems, fuel-cell generation
systems, and hybrid microgrid systems. He has published more than 90 techni-
cal papers in his area of expertise.

Dr. Quaicoe received the President’s Award for Distinguished Teaching at
Memorial University of Newfoundland for 2001 and the IEEE Canada Outstand-
ing Educator Medal for 2002. He is a member of the Association of Professional
Engineers and Geoscientists of Newfoundland and Labrador.



<<
  /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


