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Abstract—High-frequency planar transformers and Cockcroft–
Walton (CW) rectifiers are essential for developing miniaturized
and high-power-density high voltage generators. Parallel resonant
converters (PRCs) are commonly used for parasitics integration
and high-efficiency operation. However, modeling and design-
ing PRC-LCLC resonant converters with planar transformers
and CW voltage multipliers are challenging due to the signifi-
cant nonlinear parasitics from rectifier diodes and the compen-
sation effects in the resonant tank caused by the discontinuity
of rectifier current. To address these challenges, this work pro-
poses a model incorporating nonlinear parasitic capacitance based
on the rectified-compensation fundamental mode approximation
(RCFMA) method. A novel normalized analysis is conducted on
the basis of the resonant frequency of the parallel branch of the
RCFMA model, which separates the series-branch-based PRC-
LCLC resonant characteristics from the compensation effect
of rectifier and nonlinear parasitic capacitance. Furthermore, a
voltage-oriented design methodology is introduced. The method-
ology utilizes the components of the series branch to achieve
the step-up voltage gain and zero voltage switching condition
for the PRC-LCLC resonant tank. Simultaneously, the parallel
branch effectively manages compensation effects and nonlinear
parasitic parameters without external capacitors. The proposed
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design methodology enhances the high-frequency design feasibil-
ity, improves the parasitics integration and resolves the conflict
between the characteristics design, compensation effects, and the
nonlinear parasitic parameters utilization compared to traditional
analysis-based designs of PRC-LCLC resonant converters. Fi-
nally, the RCFMA model and design methodology are verified
through experiments with a gallium nitride-based 25-V/1000-V
MHz-frequency PRC-LCLC resonant converter.

Index Terms—Cockcroft–Walton (CW) voltage multiplier,
gallium nitride (GaN), high frequency, high step-up converter,
high-voltage generator, parallel resonant converter (PRC),
planar transformer, PRC-LCLC resonant converter, rectified-
compensation fundamental mode approximation (RCFMA).

I. INTRODUCTION

THE trend toward miniaturization and lightweight design
of the high-voltage generator is critically essential for

portable X-ray machines [1], [2], electrostatic precipitators
(ESPs) [3], magnetrons [4], and particularly for the electric
propulsion (EP) systems of satellites [5], [6], [7]. To achieve
extremely high voltage gain and miniaturized design simultane-
ously, step-up parallel resonant converters (PRCs) are a common
choice. These converters effectively integrate parasitics, achieve
zero voltage switching (ZVS), and reduce electromagnetic in-
terference (EMI) [8].

The typical block diagram of a resonant step-up converter
is illustrated in Fig. 1, where the step-up ratio can be achieved
not only by the transformer, but also by the rectifier as well as
the resonant tank. To mitigate the nonidealities induced by the
extremely high turn-ratio transformer, the Cockcroft–Walton
(CW) voltage multiplier is popular due to its high voltage
gain, simple topology, and low voltage stress [4], [9], [10]. In
addition, the planar transformer has emerged as an enabling
technology characterized by low profiles, easy manufacturing,
and reproducible parameters compared to traditional bulky
transformers [11], [12], [13]. This combination of transformer
and rectifier offers reduced size and enhanced performance,
making it attractive for compact and high-power-density step-up
converters [5], [6], [14].
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Fig. 1. Block diagram of resonant step-up converter.

Fig. 2. Comparison of different resonant tanks. (a) PRC-LCC. (b) LLC.
(c) PRC-LCLC.

One of the challenges faced by the most popular resonant con-
verters is that both the PRC-LCC and LLC resonant converters
shown in Fig. 2(a) and 2(b) cannot fully integrate the parasitics
induced by the aforementioned transformer–rectifier (T–R) set.
Specifically, due to the limitation of the window area of the step-
up planar transformer, the number of primary turns is constrained
and the magnetic inductance Lm ranges from several to tens of
μH [11], [14], which cannot satisfy the assumption of the large
enough Lm for the PRC-LCC resonant converter. Simultane-
ously, the parasitic capacitance originating from the secondary
winding Cw of the transformer and the junction capacitance Cj

of the rectifier diodes will be amplified by n2 when they are
reflected to the primary side of the transformer, where 1:n is
the turn ratio of the step-up transformer. In addition, although
silicon carbide (SiC) diodes have excellent performance at high
operation frequencies, spanning several hundreds of kHz to
MHz, the junction capacitance Cj of SiC diodes is several times
larger than that of silicon (Si) diodes under the same voltage
rating [15]. In this case, the parasitic capacitance increases to
several tens of nF, whereas theLLC resonant converter can only
tackle the parasitic capacitance of tens of pF [16], [17], [18]. For
comparison, the PRC-LCLC resonant converter, as depicted in
Fig. 2(c), combines the PRC-LCC and LLC resonant converter
and enables the incorporation of Lm, Cw, and Cj , which is a
promising topology for the miniaturized converter with a high
step-up ratio [14], [19], [20], [21].

The modeling and analysis of the PRC-LCLC resonant con-
verter fed by the CW voltage multiplier is still a challenge to be
solved. Time-domain based modeling methods are proved to be
cumbersome due to the multiple resonant components, complex
operating modes, and nonliearities effects from T–R set [1], [2],
[22]. The traditional fundamental mode approximation (FMA),
as a relatively simpler and intuitive method, is moderately ac-
curate for the resonant converter with the LC filter [23], [24].
However, the rectifier with the capacitive filter brings consider-
able errors for the voltage-fed PRC resonant converters, where
the current flowing into the rectifier becomes discontinuous [25].

To solve this problem, a rectifier-compensated FMA (RCFMA)
analysis introduces an RC network with the improved accuracy.
These linearized models provide a detailed description of the
resonant converters with the full-bridge rectifier [3], [14], [19],
[20], [26], [27]. Unfortunately, most state-of-the-art steady-state
models of the resonant converter with the CW voltage mul-
tiplier rectifier are deduced only for the PRC-LCC resonant
converter [2].

The next challenge in designing the PRC-LCLC resonant
converter is addressing the nonlinear parasitics from rectifier
diodes and compensation effects associated with rectifier be-
havior. Typically, setting fs at the resonant frequency of the
series branch of PRCs fser is widely adopted in high-voltage
generator applications [5], [19], [20], [28]. In this case, the char-
acteristics of the PRC-LCLC resonant converter can be further
deduced based on the normalized analysis of fser, which is the
function of the capacitor ratio Cn = Cr/Cp and the inductor
ratio Ln = Lm/Lr. Based on these conditions, the resonant
components of the parallel branch can be determined by the
predeterminedLn andCn. However, significant limitations arise
with this design method for PRC-LCLC resonant converters
with the high-gain voltage-multiplier rectifier circuits. These
challenges include: 1) Limited design freedom of resonant tank
gain: The voltage gain of the resonant tank is constrained around
unity, significantly reducing the flexibility in designing the volt-
age gain of the resonant tank [7], [14], [19], [29]. 2) The necessity
of adjusting the parallel branch: The parallel branch elements are
required to adjust the impedance of the PRC-LCLC resonant
tank. a) Adjustable Lm: Modifying Lm is often necessary to
achieve the desired resonant frequency of the parallel branch
fpar, which is both time-consuming and costly [5], [29]. b)
External Cp: While the parasitic capacitance (Cj , Cw) and
the equivalent capacitance due to the rectifier compensation
effect are considerable, adding an external parallel capacitor is
a common approach to adjusting the impedance of the resonant
tank in various PRC design methodologies [4], [7], [14], [30].
3) The feasibility of high fs and pulse frequency modulation
(PFM): The high-frequency operation of the PRC-LCLC reso-
nant converter under power transmission conditions is generally
avoided due to the significant impact of the parallel branch [14],
[19]. Although some studies have attempted to improve fs to
the MHz range by raising fpar, the wide-load regulation under
ZVS condition through the simple PFM remains unsupported
due to the constraints imposed by the parallel branch [5], [29].
The comparison of the design methodologies of PRC-LCLC
resonant converter is summarized in Table I.

In this work, a RCFMA model considering parasitics is estab-
lished for the PRC-LCLC resonant converter with the planar
transformer and the CW voltage multiplier. The normalized
analysis of the RCFMA model is conducted according to the
resonant frequency of the parallel branch. Leveraging the es-
tablished model and the normalized analysis, a voltage-oriented
design methodology is proposed for the PRC-LCLC resonant
converter with the specified T–R set. The design approach
takes full utilization of the characteristics of the PRC-LCLC
resonant tank. The two parameters Lm and Cp are flexible to
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TABLE I
DESIGN METHODOLOGICAL COMPARISON OF PRC-LCLC RESONANT CONVERTER

accommodate the parameters induced by the planar transformer
and CW voltage multiplier set. After that, the functions of
desired voltage gain and ZVS condition for the PRC-LCLC
resonant tank are achieved by adjusting Lr and Cr. Finally,
the RCFMA model and comprehensive design only utilizing
the parasitic capacitance as Cp are given and verified through a
25-V input, 1-kV output, MHz-frequency PRC-LCLC resonant
converter prototype with the planar transformer and CW voltage
multiplier.

The rest of this article is organized as follows. Section II
introduces the steady-state model of the PRC-LCLC reso-
nant converter, taking the parasitics induced by the planar
transformer and CW voltage multiplier into account. Besides,
the voltage gain, the impedance of the resonant tank and the
component stress of the PRC-LCLC resonant converter are
derived based on the normalized analysis of the parallel branch
of the RCFMA model. Section III provides a detailed voltage-
oriented design methodology for the PRC-LCLC resonant con-
verter. Section IV validates the derived RCFMA model and the
design methodology with the experimental testing results of
the PRC-LCLC resonant converter hardware prototype. Sec-
tion V provides discussion. Finally, Section VI concludes this
article.

The main contributions of this article are as follows.
1) A RCFMA model is proposed for the PRC-LCLC reso-

nant converter with the planar transformer and CW voltage
multiplier. This model accounts for the nonlinear para-
sitic capacitance, the compensation effect of the rectifier
behavior, and the conversion efficiency.

2) A novel normalized analysis of the RCFMA model is pre-
sented to address the conflicts between the resonant tank
characteristics design and nonlinear parasitic capacitance
as well as the rectifier-behavior compensation effect.

3) A voltage-oriented method is proposed, which can
improve parasitic capacitance integration and enhance
the high-frequency implementation feasibility by de-
coupling the series branch-based PRC-LCLC resonant
characteristics from the compensation effect of rec-
tifier behavior and the nonlinear effect of parasitic
capacitance.

4) A 25-V input, 1-kV output, MHz-frequency PRC-LCLC
resonant converter prototype is built. In this prototype,
the parallel capacitor is comprised solely of the parasitic
capacitance of the T–R set.

Fig. 3. Circuit diagram of PRC-LCLC resonant converter.

II. STEADY-STATE CIRCUIT MODELING AND ANALYSIS OF THE

STEP-UP CONVERTER

A. Operation Modes Analysis and Cj Estimation

The circuit diagram of the PRC-LCLC resonant converter
with the dual-polarity CW voltage multiplier is shown in Fig. 3,
where Lr is the resonant inductor, Cp includes the winding
parasitic capacitance Cw and the diode junction capacitance
Cj , k is the stage number for the dual-polarity CW voltage
multiplier, n is the turn ratio of the transformer, and RL is the
load resistance.

The operation condition of the PRC-LCLC resonant con-
verter can divided into two main modes during the half switching
period:

1) Mode 1(t0 ∼ t1): During this mode, the parallel branch
is not clamped, and both Lm and Cp join into the resonance.
The current of resonant tank itank continues to decrease until it
crosses zero. After that, itank increases reversely. In addition, Cj

of D2k−1 and D′
2k (D2k and D′

2k−1) are discharged (charged)
during this mode. This mode ends at t1 when the rectifier
starts to conduct and the parallel branch will be reclamped by
the output voltage. The conduction state of the PRC-LCLC
resonant converter is shown in Fig. 4(a).

2) Mode 2 (t1 ∼ t2): This mode starts when the voltage of
the parallel branch of the PRC-LCLC resonant tank is clamped
by the output voltage. The odd diodes D2k−1 and even diodes
D′

2k start conducting for the up-side and down-side CW voltage
multipliers, respectively. During this mode, Lm and Cp do
not participate in the resonance, and the PRC-LCLC resonant
converter works like a series resonant converter as shown in
Fig. 4(b). This mode ends when all the diodes are blocked.
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Fig. 4. Device conduction states of the PRC-LCLC resonant converter under
different operation modes. (a) Mode 1. (b) Mode 2.

Fig. 5. Typical waveforms of PRC-LCLC resonant converter with the CW
voltage multiplier.

The typical waveforms of the PRC-LCLC resonant converter
with the dual-polarity CW voltage multiplier are shown in Fig. 5,
where vAB is the output voltage of the half-bridge inverter, itank

is the current of the PRC-LCLC resonant tank, ipara is the total
current flowing through the parallel branch, idiode lumps the
current of all diodes, and vsec is the second-side voltage of the
step-up transformer.

During the no-conduction mode, the parallel branch is free
to participate in the resonance. During the no-conduction mode,

Fig. 6. Direction of displacement current for CW voltage multiplier.

Fig. 7. RCFMA-based model of PRC-LCLC resonant converter.

due to the variation of vdiode, all diodes are treated as the no-linear
capacitor. Therefore, the accurate estimation of Cj is essential
for the steady-state analysis of a CW-voltage-multiplier-based
PRC-LCLC resonant converter.

Taking a three-stage up-side CW voltage multiplier as an
example, vdiode of D2k−1 begins to decrease and vdioade of D2k

increases during mode 1, thus, the junction capacitance Cj of
D2k−1 is discharging and the junction capacitance Cj of D2k

is charging. The displacement current direction of all diodes is
the same for a three-stage single-polarity CW voltage multiplier
as shown in Fig. 6, where the capacitors C1 ∼ C6 are treated
as voltage sources. Assuming that the output voltage of the per
stage CW voltage multiplier is the same, the charge-equivalent
Cj during the no-conduction mode can be derived as follows:

Cj =

∫ VR

0 Cj(v)dv

VR
(1)

where the reverse voltage of the diode is denoted as VR. More-
over, the displacement currents of both the up-side and down-
side CW voltage multipliers are in the same direction. In this
case, the total equivalent capacitance of a k-stage dual-polarity
CW voltage multiplier is 4 k Cj .

B. RCFMA-Based Model of PRC-LCLC Resonant Converter

A RCFMA-based model, as depicted in Fig. 7, is introduced
for the PRC-LCLC resonant converter with the CW voltage
multiplier. The values of the model elements Lr, Cr and Lm,
remain consistent with the PRC-LCLC tank. The introduced
RC network is comprised of Re and Ctotle, where Re repre-
sents the equivalent resistance, Ctotle includes the equivalent
capacitance Ceq and the parallel capacitance Cp. Ceq acts as
an additional compensation capacitor for the resonant converter
fed by the behavior of the CW voltage multiplier and load. The
coefficient kc quantifies the relationship between Ceq and Cp.
In addition, θ corresponds to the conduction angle of the CW
voltage multiplier, while av1 and bv1 are the Fourier coefficients.
The specified derivations are similar to [31], which is skipped



5404 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 4, APRIL 2025

for brevity. The related expressions are provided as follows:

Re =
k2vRL

32(nk)2
(2)

Cp = n2(4kCj + Cw) (3)

Ceq = kcCp (4)

kc =
2

kv(1 + cos(θ))⎛
⎝−av1

kv
− 1

π

√(
1

2
− cos(2θ)

2

)2

+

(
π− θ+

sin(2θ)

2

)2
⎞
⎠
(5)

Ctotle = Cp + Ceq (6)

θ = 2arctan

√
4n2k2

fsCpRL
(7)

av1 =
2

π

(
sin(θ)− π + θ

1 + cos(θ)
− sin(θ)

)
(8)

bv1 =
2

π
(1− cos(θ)) (9)

kv =
√

a2v1 + b2v1. (10)

The dc voltage gain M of the PRC-LCLC resonant tank at the
resonant frequency is given by the following:

M =
Vo

n4kVin
=

2G

πkv

√
η (11)

where η is the efficiency of the PRC-LCLC resonant converter.

C. Normalized Analysis of PRC-LCLC Resonant Tank

To simplify the investigation of the characteristics of the
PRC-LCLC resonant converter, the following definitions are
provided:

fser =
1

2π
√
LrCr

(12)

fpar =
1

2π
√
LmCtotle

(13)

fn =
fs

fpaar
(14)

Q =

√
Lm

Ctotle

1

Re
(15)

Ln =
Lm

Lr
(16)

Cn =
Cr

Ctotle
(17)

Zo =

√
Lm

Ctotle
. (18)

Here, fser and fpar are resonant frequencies of the series and
parallel branches of the proposed RCFMA model, respectively,

Fig. 8. Magnitude plot of voltage gain under the condition of different Q with
Ln = Cn= 1 for RCFMA model.

fn is the normalized frequency, Q is the quality factor, Ln is the
normalized inductance ratio, Cn is the normalized capacitance
ratio, and Zo is the characteristic impedance of the PRC-LCLC
resonant tank.

The voltage gain and characteristic input impedance of the
PRC-LCLC resonant tank are expressed in (19) and (20),
respectively. Fig. 8 illustrates the magnitude plot of G for varied
Q values, with Ln = Cn = 1

G =

∣∣∣∣∣∣∣∣
1(

1+
1

Cn
+

1

Ln

)
−
(

1

Cnf2
n

+
f2
n

Ln

)
+jQ

(
fn
Ln

− 1

fnCn

)
∣∣∣∣∣∣∣∣

(19)

Zin

Zo
=

f2
nQ

(1− f2
n)

2 + f2
nQ

2

+ j

[
fn
Ln

− 1

fnCn
+

fn(1− f2
n)

(1− f2
n)

2 + f2
nQ

2

]
. (20)

ForQ= 0, the two resonant frequencies, fp1 and fp2 correspond
to the gain peak of the PRC-LCLC resonant converter, defined
as follows:

fp1 =

√
A−√

(A)2 − 4LnCn

2Cn
· fpar (21)

fp2 =

√
A+

√
(A)2 − 4LnCn

2Cn
· fpar (22)

where A is defined as follows:

A = Cn + Ln + LnCn. (23)

Due to the multielement resonance, the component stress
can be significantly high, necessitating an analysis of voltage
and current stress. Using Kirchhoff’s voltage law (KVL), the
ac voltage amplitude of the resonant capacitor VCr and current
amplitude of the resonant tank Itank can be calculated as follows:

Vcr =
2Vin

πZin

Zo

fnCn

√
η +

Vin

2
(24)
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Fig. 9. Plot of lagging angle under condition of different Q with Ln =
Cn = 1 for RCFMA model.

Itank =
2Vin

πZin

√
η. (25)

The lagging angle of itank with respect to the half-bridge output
voltage VAB is essential to realizing ZVS. The lagging angle
∠itank is given by the following:

∠itank =
180

π
arctan

⎛
⎜⎜⎝

fn
Ln

− 1

fnCn
+

fn(1− f2
n)

(1− f2
n)

2 + f2
nQ

2

f2
nQ

(1− f2
n)

2 + f2
nQ

2

⎞
⎟⎟⎠ .

(26)
The plot of the lagging angle ∠itank is depicted in Fig. 9 with
Ln = Cn = 1. ∠itank = 0 marks the boundary between the in-
ductive and capacitive regions for the PRC-LCLC resonant
converter, where the ZVS condition can only be achieved in
the inductive region.

The purely resistive condition of Zin represents the boundary
of the inductive and capacitive regions, simplified as follows:

Q2(fn) =
fn

1−f2
n

(
1

Lnfn
− fn
Cn

)
−
(

1

Lnfn
− fn
Cn

)2

(fn �= 1).

(27)
When Ln = Cn = 1, Q(fn) =

√
1− (fn − 1/fn)2 is derived.

Substituting it into (19), the red line of Fig. 8 is achieved. In
addition, fn = 1 is another solution of Im(Zin (fn) /Zo) = 0,
which is shown as the green line. As depicted in Fig. 8, the
red and green lines divide the G-fn region into four parts:
zone I ∼ IV. The phase of itank in zones II and IV lags behind
VA, allowing the PRC-LCLC resonant converter to achieve
the ZVS condition. Compared to region I, a wider load range
with the ZVS condition as well as a higher switching frequency
can be achieved in region IV. In this case, the proposed design
methodology is conducted in region IV (fn ≥ 1).

III. DESIGN PROCEDURE BASED ON THE PROPOSED

NORMALIZED ANALYSIS

In this section, a voltage-oriented method shown in Fig. 11 is
proposed to achieve the required voltage gain of the PRC-LCLC
resonant tank with the high efficiency, low component stress, and

Fig. 10. Contour plot of PRC-LCLC resonant converter with Q = 0.90 and
fn = 1.74. (a) The lagging angle. (b) G.

Fig. 11. Design flow chart of PRC-LCLC resonant converter.

specific T–R set. The design discussed here mainly focuses on
the PRC-LCLC resonant tank, while components such as the
output capacitor and the switching devices are not considered.

Four independent parameters needed to be determined: the
load condition Q and three normalized parameters fn, Ln, and
Cn. Organizing these four parameters to achieve the desired
specifications is the key aspect of designing the PRC-LCLC
resonant tank.
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TABLE II
SPECIFICATIONS OF PRC-LCLC RESONANT CONVERTER

A new normalized analysis based on the resonant frequency
of the parallel branches is proposed, making the parasitic
parameters-composed parallel branches are separated with the
PRC-LCLC resonant tank characteristics design. This method
allows to adjust Lr and Cr of the series branch to achieve the
design resonant tank characteristics, offering a more practical
and flexible design process compared to the traditional design
methodology.

In the design, the following specifications are given as inputs.
1) Input voltage Vin, output voltage Vout, output power Po,

and switching frequency fs.
2) The parameters of the T–R set include the turn ratio n, the

magnetic inductance Lm, and the stage of the CW voltage
multiplier k.

To further illustrate the selection of the parameters Ln and
Cn, take the plots of gain G and phase angle ∠itank with specific
Q = 0.90 and fn = 1.74 as an example, shown in Fig. 10(a)
and 10(b), respectively. In Fig. 10(a), the black dash line and
white dotted line are ∠itank= 30◦ and ∠itank = 0◦, respectively.
In addition, the white dotted line is closed to the gain peak of the
PRC-LCLC resonant tank, as shown in Fig. 10(b), where the
black line stands for the contour line of G(Ln, Cn) = 1.5. For
contrast, the black dotted line of ∠itank(Ln, Cn) = 30◦ is also
shown in Fig. 10(b).

An ideal selection region of Ln and Cn is formed in the
crossed region of G(Ln, Cn) > 1.5 and 0◦ < ∠itank(Ln, Cn)
< 30◦, in which PRC-LCLC resonant tank can achieve the
step-up voltage gain as well as the low lagging angle. In this
region, with the increasing of the Cn, the gain ridge becomes
wider and the downward gradient of the lag angle is decreasing,
indicating the lower component sensitivity. In addition, a minor
reduction in Cn or increase of Ln results in a slight increase of
G and a decrease of ∠itank.

IV. EXPERIMENTAL RESULTS

A. Specification of the Step-up Converter

To validate the analysis and design method, a 1-kV, 25-W,
MHz-frequency PRC-LCLC resonant converter is designed
and built. The converter incorporates a 1:10 turn ratio planar
transformer and a 2-stage dual polarity CW voltage multiplier.
Specifications for the step-up PRC-LCLC resonant converter
are provided in Table II.

The planar transformer uses a Ni-Zn B65513 core from TDK
and its winding is implemented on a 6-layer print circuit board
(PCB) measuring 11.4 mm × 21.7 mm. The planar transformer
design and the interleaved structure are illustrated in Fig. 12(a)

Fig. 12. Planar transformer: (a) PCB and (b) cross section of winding structure,
where Px and Sx represent the primary windings and secondary windings,
respectively.

TABLE III
SPECIFICATIONS OF PLANAR TRANSFORMER

Fig. 13. Measured impedance and phase curves of the planar transformer at
the primary side.

Fig. 14. Prototype of PRC-LCLC resonant converter. (a) Half-bridge in-
verter. (b) Resonant components and planar transformer. (c) Dual-polarity CW
voltage multiplier.

and 12(b), respectively. Specifications of the planar transformer
are summarized in Table III. The primary-side equivalent induc-
tance Lk includes both the primary and second leakage induc-
tance of the planar transformer, along with Lm are measured at
1 MHz using the LCR meter. Moreover, Cw is calculated by the
resonant frequency between Lm and Cw, as measured with the
Impedance analyzer, as shown in Fig. 13.

The PRC-LCLC resonant converter is shown in Fig. 14. This
prototype comprises three separate boards (inverter, resonant
tank, and rectifier) with the connection by jumpers, which
facilitate the current measurement using the TCP0030 probe.
The control signals are generated by a TI28335 digital signal
processor. In the inverter stage, the GaN high electron mobility
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Fig. 15. Experimental waveforms of PRC-LCLC resonant converter at Vout = 1 kV with varied fs and Po. (a) fs = 900 kHz and Po = 24.8 W. (b) fs =
1.0 MHz and Po = 24.1 W. (c) fs = 1.2 MHz and Po = 21.4 W. (d) fs = 1.3 MHz and Po = 20.2 W. (e) fs = 1.4 MHz and Po = 18.6 W. (f) fs = 1.5 MHz
and Po = 17.7 W.

Fig. 16. Experimental waveforms of PRC-LCLC resonant converter at RL = 40 kΩ with varied fs. (a) fs = 600 kHz. (b) fs = 1.2 MHz. (c) fs = 1.5 MHz.

transistor (HEMT) EPC2014C (40V/ 10A) from EPC is em-
ployed.

B. Resonant Tank Design

SiC Schottky diodes effectively address the reverse recov-
ery issues in high-frequency applications. The SiC Schottky
diode GB01SLT12-214 (1.2 kV/ 1A) from GeneSiC and two
2-kV/33-nF surface-mount ceramic capacitors (X7R) connected
in parallel are applied in the CW voltage multiplier. According
to the datasheet and (1), Cj is calculated as 12.8 pF with VR =
Vout/2 k = 250 V.

Based on (2)–(15), Cp, Ctotle, Re, fn, Q, kv are calculated as
11.29 nF, 25.85 nF, 4.82 Ω, 1.63, 2.31, 1.24, respectively, for
fs = 900 kHz, Vout = 1000 V and Po = 25 W. Assuming η =
0.85, the required G = 1.058 is derived by (11). In this case,
the ∠itank and G with respect to Ln - Cn can be plotted as the
Fig. 17, where the red region represents the lagging angle from
5◦ ∼ 30◦ and the green region is the gain ridge with G≥ 1.058.
It is shown that the brown crossed region is formed to achieve

Fig. 17. Curve of recommended lagging angle and required G regions with
respect of Ln-Cn.

the lagging angle as well as the required G for the PRC-LCLC
resonant converter.

To reduce the reactive power of the PRC-LCLC resonant
tank, (Ln, Cn) = (4, 3) is selected, which is located at the low
limit of the lagging angle as depicted in Fig. 17. The resonant
inductance Lr is implemented by Lk as well as four surface
mounting device inductors connected in parallel from VISHAY
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TABLE IV
COMPARISON BETWEEN EXPERIMENT AND THE RCFMA MODEL

Fig. 18. Measurement of series branch parameters by Impedance analyzer.

(IHLP-4040, 22A): three inductors of 2.2 μH each and one with
1.5 μH. The resonant capacitance Cr is composed of five 15
nF film capacitors connected in parallel from TDK (B32672L,
700 V). After soldering the components onto the PCB, the values
of resonant inductance and capacitance are measured by the
Impedance analyzer E4990A from Keysight, as shown in Fig. 18.
Together with Lk, the total Lr and Cr are 0.80 μH and 76.0 nF,
respectively. The calculated component pressures are Itank = 3.5
A and VCr = 20.8 V within the acceptable limits of the resonant
components.

C. Experimental Results

Table IV compares the experimental results with those ob-
tained from the proposed model for the rated Vout with varied
fs and load conditions. The parameter tθ represents the time
interval of the corresponded conduction angle θ. The comparison
indicates a close agreement between the proposed model and the
experiments. The proposed model slightly overestimates Itank

because it ignores higher-order harmonics in itank, resulting in
a trapezoidal waveform with reduced amplitude [32]. However,
the overestimate is acceptable and does not significantly impact
the accuracy of the current pressure estimation.

The waveforms corresponding to Table IV are illustrated in
Fig. 15. The ZVS condition is achieved under different condi-
tions. For the light-load condition, the switching frequency is
increased to 1.5 MHz to maintain the rated output voltage.

Fig. 19 presents the frequency response of the output voltage
by the experiment and the proposed model withRL=40 kΩ. The
partial experimental waveforms are shown in Fig. 16. The ZVS
condition is lost at fs = 600 kHz when ∠itank < 0◦, as shown
in Fig. 16(a). The model aligns well with the prototype at fs

Fig. 19. Frequency response of the output voltage by the experiments and
proposed model.

Fig. 20. Measured efficiency of the PRC-LCLC resonant converter.

≤ 900 kHz, increased discrepancies occur when fs approaches
higher frequencies.

The discrepancies can be attributed to the following factors.
1) Efficiency deviation: The designed efficiency η = 0.85 is

not maintained under light-load conditions or when the
switching frequency is closed to the resonant frequency.
Fig. 20 shows that when the output power is around
25 W, the efficiency is around 0.85, and the analytical
model gives results with acceptable error. However, as the
output power decreases, efficiency, and model accuracy
also decline.

2) Variation of harmonic components: Fig. 21 further shows
the comparison of harmonics (1st–7st) of itank under three
different fs with RL = 40kΩ. It can be found that high-
order components decay rapidly, especially when fs =
1500 kHz. However, this variation in harmonic compo-
nents under different conditions also affects the accuracy
of the model.
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Fig. 21. Comparison of harmonics (1st–7st) of itank under different fs with
RL = 40 kΩ.

Fig. 22. Two common charging methods. (a) Constant current method.
(b) Constant power method.

Fig. 23. Power loss breakdown of PRC-LCLC resonant converter at 25 W
output.

V. DISCUSSION

A. Controller Design

The control of the high-voltage generator applications is
divided into two main phases: the voltage build-up phase and the
steady-state operation phase. Two common charging methods,
constant current, and constant power charging methods, are
shown in Fig. 22(a) and 22(b), respectively.

For the voltage build-up phase, to obey the specified charging
method, the fs to be updated can be deduced by considering the
established RCFMA-based model, the amplitude limit of itank

as well as the ZVS condition constraint. During the steady-state
control phase, the PI controller can be used. A more detailed
controller design can be found in [25].

B. Power Loss Analysis

The power loss breakdown of the PRC-LCLC resonant
converter at 25 W is shown in Fig. 23. The resonant tank

losses include contributions from the resonant capacitor, reso-
nant inductor, and transformer. The loss analysis reveals that the
primary source of losses is the turn-OFF loss (Poff). According
to (28), Poff is related with fs and the turn-OFF energy Eoff.
It is observed that the percentage of turn-OFF loss is large for
PRCs with extremely high fs (see [33, Fig. 19]). Furthermore,
Eoff increases with the increase of the step-up voltage gain of
the resonant tank, which leads to a decrease in efficiency with
increased voltage gain of the resonant tank (see [34, Fig. 22]).
In fact, achieving the step-up voltage gain of the resonant tank
(M > 1) while maintaining low Eoff is contradicted for PRCs
with the ZVS condition. This is because an increased M results
in a longer turn-OFF time interval for the power switches, thereby
increasing the turn-OFF loss [35]

Poff = fsEoff. (28)

C. High Power Density Design of High-Voltage Generator
Applications

The power density of the planar transformer is calculated as
33.6 kW/L. Several potential design improvements are identified
that can further enhance the power density of high-voltage
generator applications: 1) Integrating Lr in the design of the
step-up planar transformer. 2) Minimizing the number of Cr to
reduce the volume of resonant tank. 3) Vertically aligning the
up-side and down-side CW voltage multiplier circuits on top and
bottom of the PCB to reduce the volume of the rectifier.

VI. CONCLUSION

A steady-state model and novel normalized analysis are pro-
posed for the PRC-LCLC resonant converter with the planar
transformer and CW-voltage multiplier. The proposed model ac-
counts for the nonlinear Cj of rectifier diodes and compensation
effects of rectifier behavior. To separate these complex effects
with the PRC-LCLC resonant tank characteristics, the novel
normalized analysis is conducted on the basis of the resonant
frequency of the parallel branch of the RCFMA model. The
analysis provides the derivation of the lagging angle, voltage
gain, and component stresses of the PRC-LCLC resonant con-
verter. It also introduces a voltage-oriented design methodology
for a miniaturized PRC-LCLC resonant converter operating at
extremely high switching frequencies without requiring exter-
nal parallel capacitors. Experimental results validate the high
accuracy of the proposed model and confirm the enhanced high-
frequency design feasibility and improved parasitic capacitance
integration, demonstrating the effectiveness of the proposed
design method for practical applications.

REFERENCES

[1] H. Peng, J. Chen, Z. Cheng, Y. Kang, J. Wu, and X. Chu, “Accuracy-
enhanced miller capacitor modeling and switching performance prediction
for efficient SiC design in high-frequency X-ray high-voltage generators,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 8, no. 1, pp. 179–194,
Mar. 2020.

[2] S. Mao, C. Li, W. Li, J. Popovic, S. Schroder, and J. A. Ferreira, “Unified
equivalent steady-state circuit model and comprehensive design of the
LCC resonant converter for HV generation architectures,” IEEE Trans.
Power Electron., vol. 33, no. 9, pp. 7531–7544, Sep. 2018.



5410 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 4, APRIL 2025

[3] T. B. Soeiro, J. Muhlethaler, J. Linner, P. Ranstad, and J. W. Kolar, “Au-
tomated design of a high-power high-frequency LCC resonant converter
for electrostatic precipitators,” IEEE Trans. Ind. Electron., vol. 60, no. 11,
pp. 4805–4819, Nov. 2013.

[4] R. Hou et al., “Optimization and design of LCC resonant high voltage wide
range power supply for magnetrons,” IEEE J. Emerg. Sel. Topics Power
Electron., vol. 12, no. 4, pp. 3835–3847, Aug. 2024.

[5] S. Yin et al., “A 1-MHz GaN-based LCLC resonant step-up converter with
air-core transformer for satellite electric propulsion application,” IEEE
Trans Ind. Electron., vol. 69, no. 11, pp. 11035–11045, Nov. 2022.

[6] W. Shen et al., “Sunlight-powered sustained flight of an ultralight micro
aerial vehicle,” Nature, vol. 631, no. 8021, pp. 537–543, 2024.

[7] Z. Zhao et al., “Lightweight design of magnetic integrated transformer for
high voltage power supply in electro-aerodynamic propulsion system,”
IEEE Trans. Power Electron., vol. 38, no. 9, pp. 10501–10515, Sep. 2023.

[8] S. Johnson and R. Erickson, “Steady-state analysis and design of the
parallel resonant converter,” IEEE Trans. Power Electron., vol. 3, no. 1,
pp. 93–104, Jan. 1988.

[9] L. Katzir and D. Shmilovitz, “A matrix-like topology for high-voltage
generation,” IEEE Trans Plasma Sci, vol. 43, no. 10, pp. 3681–3687,
Oct. 2015.

[10] L. Muller and J. W. Kimball, “High gain DC-DC converter based on the
Cockcroft-Walton multiplier,” IEEE Trans. Power Electron., vol. 31, no. 9,
pp. 6405–6415, Sep. 2016.

[11] S. Mao, J. Popovic, and J. A. Ferreira, “An investigation into high
frequency high voltage planar transformer for high voltage generator
applications,” in Proc. Int. Conf. Integr. Power Electron. Syst., 2016,
pp. 1–6.

[12] Z. Ouyang and M. A. E. Andersen, “Overview of planar mag-
netic technology-fundamental properties,” IEEE Trans. Power Electron.,
vol. 29, no. 9, pp. 4888–4900, Sep. 2014.

[13] Z. Ouyang, O. C. Thomsen, and M. A. E. Andersen, “Optimal design and
tradeoff analysis of planar transformer in high-power DC-DC converters,”
IEEE Trans. Ind. Electron., vol. 59, no. 7, pp. 2800–2810, Jul. 2012.

[14] B. Zhao, G. Wang, and W. G. Hurley, “Analysis and performance of
LCLC resonant converters for high-voltage high-frequency applications,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 5, no. 3, pp. 1272–1286,
Sep. 2017.

[15] S. Zhou, Q. Chen, B. Zhang, J. Gao, C. K. Tse, and L. Xu, “Effects
of nonlinear junction capacitance of rectifiers on performance of high
voltage power supplies,” IEEE Trans. Power Electron., vol. 38, no. 12,
pp. 15693–15706, Dec. 2023.

[16] H. Chen and X. Wu, “Analysis on the influence of the secondary parasitic
capacitance to ZVS transient in LLC resonant converter,” in Proc. IEEE
Energy Convers. Congr. Expo., 2014, pp. 4755–4760.

[17] B.-H. Lee, M.-Y. Kim, C.-E. Kim, K.-B. Park, and G.-W. Moon, “Analysis
of LLC resonant converter considering effects of parasitic components,”
in Proc. IEEE Int. Telecommun. Energy Conf., 2009, pp. 1–6.

[18] H. Wen, J. Gong, X. Zhao, C. Yeh, and J. Lai, “Analysis of diode reverse
recovery effect on ZVS condition for GaN-based LLC resonant converter,”
IEEE Trans. Power Electron., vol. 34, no. 12, pp. 11952–11963, Dec. 2019.

[19] N. Shafiei, M. Pahlevaninezhad, H. Farzanehfard, and S. R. Motahari,
“Analysis and implementation of a fixed-frequency LCLC resonant con-
verter with capacitive output filter,” IEEE Trans. Ind. Electron., vol. 58,
no. 10, pp. 4773–4782, Oct. 2011.

[20] Y. A. Ang, C. M. Bingham, M. P. Foster, D. A. Stone, and D. Howe, “Design
oriented analysis of fourth-order LCLC converters with capacitive output
filter,” IEE Proc. - Electric Power Appl., vol. 152, no. 2, pp. 310–322,
2005.

[21] M. T. Outeiro, G. Buja, and D. Czarkowski, “Resonant power converters:
An overview with multiple elements in the resonant tank network,” IEEE
Ind. Electron. Mag., vol. 10, no. 2, pp. 21–45, Jun. 2016.

[22] A. K. Rathore and V. R. Vakacharla, “A simple technique for fundamental
harmonic approximation analysis in parallel and series-parallel resonant
converters,” IEEE Trans. Ind. Electron., vol. 67, no. 11, pp. 9963–9968,
Nov. 2020.

[23] I. Batarseh and C. Lee, “Steady-state analysis of the parallel resonant
converter with LLCC-type commutation network,” IEEE Trans. Power
Electron., vol. 6, no. 3, pp. 525–538, Jul. 1991.

[24] R. Oruganti and F. C. Lee, “Resonant power processors, Part I—State
plane analysis,” IEEE Trans. Ind. Appl., vol. IA-21, no. 6, pp. 1453–1460,
Nov. 1985.

[25] M. Qin et al., “Adaptive optimization charging strategy for LCC resonant
capacitor charging power supply,” IEEE J. Emerg. Sel. Topics Power
Electron., vol. 11, no. 6, pp. 5675–5689, Dec. 2023.

[26] J. A. Martin-Ramos, J. Diaz, A. M. Pernia, J. M. Lopera, and F. Nuno,
“Dynamic and steady-state models for the PRC-LCC resonant topology
with a capacitor as output filter,” IEEE Trans. Ind. Electron., vol. 54, no. 4,
pp. 2262–2275, Aug. 2007.

[27] D. Fu, F. C. Lee, Y. Qiu, and F. Wang, “A novel high-power-density
three-level LCC resonant converter with constant-power-factor-control
for charging applications,” IEEE Trans. Power Electron., vol. 23, no. 5,
pp. 2411–2420, Sep. 2008.

[28] W. Gong, L. Pang, Y. Yao, H. Li, X. Li, and Q. Zhang, “A solid-state
high-voltage RF oscillator with CLLC-type resonant topology and its
parameter optimization,” IEEE Trans. Power Electron., vol. 39, no. 10,
pp. 13285–13299, Oct. 2024.

[29] Z. Ye, K. Surakitbovorn, C. H. Lin, and J. Rivas-Davila, “Design of a high-
voltage low-ripple converter with high-frequency Dickson multipliers,”
IEEE Trans. Ind. Electron., vol. 72, no. 1, pp. 401–410, Jan. 2025.

[30] A. Sengupta, U. Kundu, and V. John, “Characteristic-based design of
an LCC resonant converter with a capacitive filter,” IEEE Trans. Power
Electron., vol. 39, no. 3, pp. 3365–3376, Mar. 2024.

[31] G. Ivensky, A. Kats, and S. Ben-Yaakov, “An RC load model of parallel and
series-parallel resonant DC-DC converters with capacitive output filter,”
IEEE Trans. Power Electron., vol. 14, no. 3, pp. 515–521, May 1999.

[32] S.-R. Jang, C.-H. Yu, and H.-J. Ryoo, “Trapezoidal approximation of
LCC resonant converter and design of a multistage capacitor charger for a
solid-state marx modulator,” IEEE Trans. Power Electron., vol. 33, no. 5,
pp. 3816–3825, May 2018.

[33] S. Li, X. Yu, Y. Yuan, S. Lu, and T. Li, “A novel high-voltage power supply
with MHz WPT techniques: Achieving high-efficiency, high-isolation,
and high-power-density,” IEEE Trans. Power Electron., vol. 38, no. 12,
pp. 14794–14805, Dec. 2023.

[34] Y. Xu et al., “Multimode constant power control strategy for LCC resonant
capacitor charging power supply based on state plane analysis,” IEEE
Trans. Power Electron., vol. 36, no. 7, pp. 8399–8412, Jul. 2021.

[35] R. Wang, S. Mao, S. Yin, H. Liu, Q. Tan, and J. Fan, “Analysis and mod-
eling of zero-voltage-switching condition for LCC resonant converter in
above-resonance operation mode,” IEEE Trans. Power Electron., vol. 39,
no. 9, pp. 10950–10961, Sep. 2024.

Runze Wang received the B.S. and M.S. degrees in
electrical engineering from the University of Elec-
tronic Science and Technology of China, Chengdu,
China, in 2018 and 2021, respectively. He is currently
working toward the Ph.D. degree in electrical engi-
neering with the Fudan University, Shanghai, China.

His research interests include wide band gap de-
vice applications and high-frequency resonant dc/dc
converters.

Saijun Mao (Senior Member, IEEE) received the
B.S. and M.S. degrees from Nanjing University of
Aeronautics and Astronautics, Nanjing, China, in
2003 and 2006, respectively, the Ph.D. degree from
Delft University of Technology, Delft, The Nether-
lands, in 2018, all in electrical engineering.

From 2006 to 2017, he was a Senior Engineer
and Project Leader with the GE Global Research
Center, Shanghai, China. He was a Professor with
Fudan University, China. He is currently with UniSiC
Technology (Shanghai) Company Ltd., China. His

research interests include wide-bandgap power semiconductor devices-based
high frequency power conversion.

Dr. Mao authored or coauthored more than 70 conference and journal papers.
He holds more than 100 issued patents and pending patent applications. He was
a recipient of one IEEE Best Paper award and also the recipient of more than 15
awards in GE Global Research Center, including annual technology excellence
award, annual technology excellence team award and top inventor award. He
served as Session Chair in 2020 IEEE Applied Power Electronics Conference.
He was Industry Relations Chairs in 2022 IEEE Transportation Electrification
Conference and Expo, Asia-Pacific.



WANG et al.: MODELING AND ANALYSIS OF MHZ-FREQUENCY PRC-LCLC RESONANT CONVERTER 5411

Shan Yin (Member, IEEE) received the B.S. de-
gree in microelectronics from the University of Elec-
tronic Science and Technology of China (UESTC),
Chengdu, China, in 2010, and the Ph.D. degree in
electrical engineering from the Nanyang Technolog-
ical University (NTU), Singapore, in 2016.

From 2013 to 2016, he was a Research Student and
then a Research Fellow with the Rolls-Royce@NTU
Corporate Lab, NTU, Singapore, which is a research
facility of Rolls-Royce. From 2016 to 2021, he was
an Associate Professor with the China Academy of

Engineering Physics, Chengdu. From 2021 to 2023, he was a System Engineer
with the Innoscience (Shenzhen) Semiconductor Company Ltd., Shenzhen,
China. He is currently the System Engineer with the Huawei Technologies
Company Ltd., Shenzhen, China. His research interests include wide band gap
power device applications.gate drivers, high power density converters, power
integration and resonant topologies.

Jinshu Lin (Student Member, IEEE) received the
B.S. degree from the Guangdong University of Tech-
nology, Guangzhou, China, in 2018, and M.S. degree
from the University of Electronic Science and Tech-
nology of China (UESTC), Chengdu, China, in 2021,
both in electrical engineering. She is currently work-
ing toward the Ph.D. degree in electrical engineering
with the UESTC.

Her research interests include resonant dc/dc con-
verter and magnetics design.

Hongyao Liu received the B.S. and M.S. degrees
in electrical engineering from the Beijing Institute
of Technology, Beijing, China, in 2012 and 2015,
respectively.

From 2015 to 2016, he was an Engineer with the
Qingdao Si fang Rolling Stock Research Institute co.,
ltd., Qingdao, China. From 2016 to 2019, he was
with the Delta Power Electronics Research Center,
Shanghai, China. He is a System Engineer with the
UniSiC Technology Company Ltd., Shanghai, China.
His research interests include wide band gap de-

vice applications, gate drivers and high-voltage high-frequency resonant dc/dc
converters.

Hui Li (Senior Member, IEEE) received the B.S.,
M.S. degrees in mechanical manufacturing engineer-
ing and Ph.D. degree in aerospace manufacturing en-
gineering from the Northwestern Polytechnical Uni-
versity, Xi’an, China, in 1983, 1987, and 1991, re-
spectively.

From January 2009 to June 2009, he worked as
a Visiting Scholar with the University of Toronto,
Toronto, Canada. He is currently a Professor with
the University of Electronic Science and Technology
of China, Chengdu, China. He is also a Member of

System Simulation Committee of the Chinese Society of Automation, a Member
of Chinese Society of Astronautics, and the Director of Chengdu Mechanical
Engineering Society. His research interests include space-craft simulation and
fault diagnosis, space-launching technology, intelligent mechanical electrical
systems, and power electronics.

Jiajie Fan (Senior Member, IEEE) received the Ph.D.
degree in industrial and systems engineering from
the Hong Kong Polytechnic University, Hung Hom,
Hong Kong, in 2014.

He is currently a Youth Researcher with the
Academy for Engineering and Technology and
Shanghai Engineering Technology Research Center
for SiC Power Device, Fudan University, Shanghai,
China. His main research interests include prognos-
tics and health management and wide bandgap power
electronics packaging and reliability modeling.

Dr. Fan is an Associate Editor of IEEE ACCESS JOURNAL.



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

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


