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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-LC LC 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-LC LC' 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-LC LC 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-LC LC resonant converter, rectified-
compensation fundamental mode approximation (RCFMA).

I. INTRODUCTION

HE trend toward miniaturization and lightweight design
T 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 acommon
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.
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Fig. 2. Comparison of different resonant tanks. (a) PRC-LCC. (b) LLC.
(¢) PRC-LCLC.

One of the challenges faced by the most popular resonant con-
verters is that both the PRC-LC'C and L LC 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 L,, ranges from several to tens of
pH [11], [14], which cannot satisfy the assumption of the large
enough L,, for the PRC-LC'C resonant converter. Simultane-
ously, the parasitic capacitance originating from the secondary
winding C, of the transformer and the junction capacitance C);
of the rectifier diodes will be amplified by n? 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 C; 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 the L LC' resonant converter can only
tackle the parasitic capacitance of tens of pF [16], [17], [18]. For
comparison, the PRC-LC LC resonant converter, as depicted in
Fig. 2(c), combines the PRC-LCC' and L LC resonant converter
and enables the incorporation of L,,, C.,, and C}, 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-LC'LC 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].
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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-LC LC' 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 f, is widely adopted in high-voltage
generator applications [5], [19], [20], [28]. In this case, the char-
acteristics of the PRC-LC'LC resonant converter can be further
deduced based on the normalized analysis of fy, which is the
function of the capacitor ratio C,, = C../C,, and the inductor
ratio L,, = L,,/L,. Based on these conditions, the resonant
components of the parallel branch can be determined by the
predetermined L,, and C,,. 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-LC LC' resonant
tank. a) Adjustable L,,: Modifying L,, 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 C),: While the parasitic capacitance (C;, C\,) 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-LC'LC 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 f; to
the MHz range by raising fp,r, 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-LC'LC resonant
converter with the specified T-R set. The design approach
takes full utilization of the characteristics of the PRC-LC'LC
resonant tank. The two parameters L,, and C),, are flexible to



5402

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

TABLE I
DESIGN METHODOLOGICAL COMPARISON OF PRC-LC'LC RESONANT CONVERTER

Ref. and time  Rectifier type Z;)l"?l%esi?in (\)/?lrt:sg:nfr?intaifign igj:l:::;%%epiaf}lel ];Erjtr::r}:lal Cp iI_rIrilf)?eI]r:Zntation ?rr]jzfementation
[19] 2011 Ilj:il(ige 43 Unsupported Not required Not required E(;l(; f}[;;)rted, Unsupported
[14] 2017 (\ilgllltli‘l%:i 120 Unsupported Not required 11{58 qnulired, ggglﬁg;rted’ Unsupported
[5] 2022 \C/(:);/;age multiplier 92 Unsupported Required Not required ?}lzpizlr_;id’ Unsupported
[29] 2025 \]l)oilctlgzznmultiplier 45 Unsupported Required Not required f%piz)ﬁezd’ Unsupported

This work Sovl‘:age multiplier 80 Supported Not required Not required g_ugprfrfg’MHz Supported

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 L, and C,. Finally,
the RCFMA model and comprehensive design only utilizing
the parasitic capacitance as C, are given and verified through a
25-Vinput, 1-kV output, MHz-frequency PRC-LC'LC 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-LC'LC' 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-LC'LC 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-LC LC 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-LC LC 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.

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.

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-LC'LC' resonant
characteristics from the compensation effect of rec-
tifier behavior and the nonlinear effect of parasitic
capacitance.

A 25-V input, 1-kV output, MHz-frequency PRC-LC'LC
resonant converter prototype is built. In this prototype,
the parallel capacitor is comprised solely of the parasitic
capacitance of the T-R set.

2)

3)

4)

—

Lrank

Fig. 3.

Circuit diagram of PRC-LC'LC resonant converter.

II. STEADY-STATE CIRCUIT MODELING AND ANALYSIS OF THE
STEP-UP CONVERTER

A. Operation Modes Analysis and C;j Estimation

The circuit diagram of the PRC-LC LC' resonant converter
with the dual-polarity CW voltage multiplier is shown in Fig. 3,
where L, is the resonant inductor, C), includes the winding
parasitic capacitance C,, 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 Ry, is the
load resistance.

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

1) Mode I(ty ~ t1): During this mode, the parallel branch
is not clamped, and both L,, and C,, join into the resonance.
The current of resonant tank 7., continues to decrease until it
crosses zero. After that, i,k increases reversely. In addition, C';
of Dyj_1 and DY, (Do, and D), ;) are discharged (charged)
during this mode. This mode ends at ¢; 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 (t; ~ t9): This mode starts when the voltage of
the parallel branch of the PRC-LC'LC resonant tank is clamped
by the output voltage. The odd diodes Ds;_1 and even diodes
D), start conducting for the up-side and down-side CW voltage
multipliers, respectively. During this mode, L,, and C), do
not participate in the resonance, and the PRC-LC LC' 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-LC L resonant converter under
different operation modes. (a) Mode 1. (b) Mode 2.

A

Vap |

Tiank|

0p

Idiode | ;

7T I3 = 7

v

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

The typical waveforms of the PRC-LC LC resonant converter
with the dual-polarity CW voltage multiplier are shown in Fig. 5,
where v 4 g is the output voltage of the half-bridge inverter, ¢,nx
is the current of the PRC-LCLC resonant tank, %pr, is the total
current flowing through the parallel branch, 74ioqe lumps the
current of all diodes, and vy 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,
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Fig. 6. Direction of displacement current for CW voltage multiplier.
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Fig. 7.  RCFMA-based model of PRC-LC LC' resonant converter.

due to the variation of vg;oqe, all diodes are treated as the no-linear
capacitor. Therefore, the accurate estimation of C; 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, vgioge Of Daj—1 begins to decrease and vg;pade Of Doy
increases during mode 1, thus, the junction capacitance C; of
Doy, is discharging and the junction capacitance C; of Dy,
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 C; ~ C§ are treated
as voltage sources. Assuming that the output voltage of the per
stage CW voltage multiplier is the same, the charge-equivalent
C; during the no-conduction mode can be derived as follows:

Jo " Ci(w)dv
C; = Vi (1)
where the reverse voltage of the diode is denoted as V. 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 C';.

B. RCFMA-Based Model of PRC-LC LC' 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 L,., C, and L,,,
remain consistent with the PRC-LCLC tank. The introduced
RC' network is comprised of R, and Ciye, Where R, repre-
sents the equivalent resistance, Ciye includes the equivalent
capacitance Ceq and the parallel capacitance C),. Ceq acts as
an additional compensation capacitor for the resonant converter
fed by the behavior of the CW voltage multiplier and load. The
coefficient k. quantifies the relationship between C,q and C),.
In addition, € corresponds to the conduction angle of the CW
voltage multiplier, while a,,; and b, are the Fourier coefficients.
The specified derivations are similar to [31], which is skipped
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for brevity. The related expressions are provided as follows:

_ k2Rg
Re = 32(nk)? @
Cp = n*(4kCj + Cy) 3)
Ceq = kccp (4’)
b — 2
" ky(1+cos(9))
—avi 1 [(1 cos(20))” sin(20)\°
ko _w\/<2_ 2 ) +<7T_9+ 2
®)
Ctotle = Cp + C1eq (6)
[ 4212
0 = 2arctan % 7
2 (sin(d) —m+6 .
v = — <% — Sm(9)> (8)
bt = 2(1— cos(8)) ©)
™
ky = y/a?, + V2. (10)

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

Vs 2G
= wanv, kYT
where 7) is the efficiency of the PRC-LC'LC resonant converter.

1L

C. Normalized Analysis of PRC-LC LC' Resonant Tank

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

Joar = Wﬁ (13)
fn = fpfa (14)
o\ a3
L, = LLTZ (16)
Zy = \/E (18)

Here, fer and fp,r are resonant frequencies of the series and
parallel branches of the proposed RCFMA model, respectively,
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Fig.8. Magnitude plot of voltage gain under the condition of different Q) with
L,, = C,,= 1 for RCFMA model.

fn 1s the normalized frequency, @ is the quality factor, L,, is the
normalized inductance ratio, C), is the normalized capacitance
ratio, and Z,, is the characteristic impedance of the PRC-LC LC
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
@ values, with L,, = C),, =1

G = 1
B L YN
(”cﬁm) B (cnf;f*Ln) +5Q (Ln_ fnC’n>
(19)
Zin _ f2Q
A ey R 7
| fn 1 fal = f2)

i {L T hG, ta-py +f3Q2} NCY

For @ = 0, the two resonant frequencies, f,1 and f,2 correspond
to the gain peak of the PRC-LC'LC resonant converter, defined
as follows:

A—\/(A2—14L,C,
fpl = 20 'fpar

21
A+ /(A)? —4L,C,
fp2 = \/ 20, : fpar (22)
where A is defined as follows:
A=C,+L,+ L,C,. 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 V¢, and current
amplitude of the resonant tank /i, can be calculated as follows:

2Vin Z, Vi
mn \/ﬁ_'_?n

V. =
“ T Zin fncn

(24)
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Fig. 9. Plot of lagging angle under condition of different Q with L,, =
C'), = 1 for RCFMA model.

2V
Itank = 7TZI::1 \/7_]

The lagging angle of 4,k With respect to the half-bridge output
voltage V4 p is essential to realizing ZVS. The lagging angle
Zignk 1s given by the following:

J A S )
Liank = 17? arctan Ly faCn f(ﬁlQ_ [2)?%+ 207
(1= f3)2+ f7Q?
(26)

The plot of the lagging angle Ziynk is depicted in Fig. 9 with
n = Cp = 1. Zign = 0 marks the boundary between the in-
ductive and capacitive regions for the PRC-LC'LC' resonant
converter, where the ZVS condition can only be achieved in
the inductive region.
The purely resistive condition of Zj, represents the boundary
of the inductive and capacitive regions, simplified as follows:

2

i (r8)- ()

n nJn n nJn n
27)
When L,, = Cp, = 1, Q(f) = /1 — (fn — 1/f5)? is derived.
Substituting it into (19), the red line of Fig. 8 is achieved. In
addition, f,, = 1 is another solution of Im(Z;, (f,) /Z,) = 0,
which is shown as the green line. As depicted in Fig. 8, the
red and green lines divide the G-f,, region into four parts:
zone I ~ IV. The phase of 4y, in zones II and IV lags behind
V4, 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 (f,, > 1).

(25)

QQ(fn) =

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-LC' LC'
resonant tank with the high efficiency, low component stress, and
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Fig. 10.  Contour plot of PRC-LC LC resonant converter with QQ = 0.90 and
frn = 1.74. (a) The lagging angle. (b) G.

Specification of the step-up converter
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Calculate C,, 6, f,. O based on:
Eq. (1)-Eq. (15)

Select L,, and C,based on:
Eq. (19), Eq. (26)
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Check
component stresses

Calculate L,, C, from Eq. (16) and Eq. (17)

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

specific T-R set. The design discussed here mainly focuses on
the PRC-LC'LC 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 @ and three normalized parameters f,,, L,,, and
C,,. 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-LC'LC' RESONANT CONVERTER

Parameter Symbol Value
Input voltage Vin 25V
Output voltage Vout 1 kV
Switching frequency fs 0.9 ~ 1.5 MHz
Rated Output power P, 25 W
Stage of CW voltage multiplier k 2
Turn ratio of transformer n 10

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 L,. and C,. 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 Vj,, output voltage V,y, output power P,
and switching frequency fs.

2) The parameters of the T-R set include the turn ratio n, the
magnetic inductance L,,,, and the stage of the CW voltage
multiplier k.

To further illustrate the selection of the parameters L,, and
C,,, take the plots of gain GG and phase angle Zi,x with specific
@ = 0.90 and f,, = 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 Ziyn= 30° and Ly, = 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(L,,, C;,) = 1.5. For
contrast, the black dotted line of Ziyuw (L, Cy) = 30° is also
shown in Fig. 10(b).

An ideal selection region of L, and C, is formed in the
crossed region of G(L,,C,) > 1.5 and 0° < Ziyn(Ly, Cy)
< 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 C),, 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 C), or increase of L,, results in a slight increase of
G and a decrease of Zigk.

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-LC'LC' 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-LC'LC' 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 x 21.7 mm. The planar transformer
design and the interleaved structure are illustrated in Fig. 12(a)
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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

Parameter Symbol Value
Primary turn number np 4
Secondary turn number Ng 40
Turn ratio 1:n 1:10
Magnetic Inductance L, 3.20 uH
Leakage inductance Ly, 0.22 uH
Self resonant frequency SRF 2.75 MHz
Secondary winding capacitance Cw 10.50 pF

Az1.8389MHz
75.31484
88.177 °

B:2.7533MHz
1.722404k0
-10.906  °

Z #UPPER: 1.9800k LOMWER:-258.00
8 UPPER: 107.00 LOMWER:-105.00

[
4.00 Hz 1D1V:1.0000MHz 5.0000MHz

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

(a)

Fig. 14. Prototype of PRC-LC'LC' 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 Ly, includes both the primary and second leakage induc-
tance of the planar transformer, along with L,,, are measured at
1 MHz using the LCR meter. Moreover, C,, is calculated by the
resonant frequency between L,, and C,, as measured with the
Impedance analyzer, as shown in Fig. 13.

The PRC-LC LC 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 TCP0O030 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-LC LC' resonant converter at Vo, = 1 kV with varied fs and P,. (a) fs = 900 kHz and P, = 24.8 W. (b) fs =

1.0 MHz and P, =24.1 W. (¢) fs = 1.2 MHz and P, =21.4W. (d) fs = 1.3 MHz and P, =202 W. (e) fs = 1.4 MHz and PP, = 18.6 W. (f) fs = 1.5 MHz

and P, = 17.7 W.
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Fig. 16.

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 GBO1SLT12-214 (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), C; is calculated as 12.8 pF with Vi =
Vou/2 k =250 V.

Based on (2)—(15), Cp, Ciotie, Re, [, Q, k. are calculated as
11.29 nF, 25.85 nF, 4.82 €, 1.63, 2.31, 1.24, respectively, for
fs =900 kHz, V4, = 1000 V and P, = 25 W. Assuming 1 =
0.85, the required G = 1.058 is derived by (11). In this case,
the Ziynk and G with respect to L,, - C), 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

Experimental waveforms of PRC-LC LC resonant converter at Ry, = 40 k2 with varied fs. (a) fs = 600 kHz. (b) fs = 1.2 MHz. (¢) fs = 1.5 MHz.

Fig. 17. Curve of recommended lagging angle and required G regions with
respect of L,,-C,.

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, (L,,, C,) = (4, 3) is selected, which is located at the low
limit of the lagging angle as depicted in Fig. 17. The resonant
inductance L, is implemented by L; 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
Vout!V Liank/A tg/ns

fs/kHz  RL/KQ Exp. Model Error Exp. Model Error Exp. Model  Error

900 40.0 995 996 0.01% 334 350 4.8% 418.0  390.8 6.5%

1000 412 996 1006 0.9% 323 358 10.9% 3682 3429 6.9%

1100 433 998 1009 1.1% 3.16 351 10.9% 312.1  302.8 3.0%

1200 46.5 997 1015 1.8% 3.07 342 11.4% 277.8 2683 3.4%

1300 50.0 1002 1017 1.1% 3.05 333 9.1% 240.1  239.1 4.0%

1400 54.0 1002 1018 1.6% 3.02 325 7.6% 209.2  214.0 2.3%

1500 57.0 1001 993 1.1% 3.00 3.15 4.8% 189.7 1934 2.0%

Vour (V) —o— Exp. —&— Prop.
1000 - - ‘ :
950
900
850
800
750
700
Fig. 18. Measurement of series branch parameters by Impedance analyzer. Fig. 19. Frequency response of the output voltage by the experiments and

(IHLP-4040, 22A): three inductors of 2.2 pH each and one with
1.5 pH. The resonant capacitance C,. 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 Ly, the total L, and C,. are 0.80 uH and 76.0 nF,
respectively. The calculated component pressures are ik = 3.5
A and V¢, =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 Vg, with varied
fs and load conditions. The parameter ¢y represents the time
interval of the corresponded conduction angle 6. The comparison
indicates a close agreement between the proposed model and the
experiments. The proposed model slightly overestimates [ink
because it ignores higher-order harmonics in ¢y, 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 with R, =40k2. The
partial experimental waveforms are shown in Fig. 16. The ZVS
condition is lost at f; = 600 kHz when Zig < 0°, as shown
in Fig. 16(a). The model aligns well with the prototype at f

proposed model.

1.00
0.95
0.90
0.85
0.80
0.75
0.70
0.65
0.60

Efficiency 7

18 20 22
Output power P (W)

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

<900 kHz, increased discrepancies occur when f, approaches
higher frequencies.

The discrepancies can be attributed to the following factors.

1) Efficiency deviation: The designed efficiency n = 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.
Variation of harmonic components: Fig. 21 further shows
the comparison of harmonics (1st—7st) of ¢k under three
different f, with R, = 40k(2. It can be found that high-
order components decay rapidly, especially when f, =
1500 kHz. However, this variation in harmonic compo-
nents under different conditions also affects the accuracy
of the model.

2)
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Fig. 21. Comparison of harmonics (1st-7st) of 4k under different f; with
Ry, = 40kQ.
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Fig. 22.  Two common charging methods. (a) Constant current method.
(b) Constant power method.

I GaN conduction loss
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[ Rectification loss

Power loss

435W

Fig. 23.
output.

Power loss breakdown of PRC-LC LC' resonant converter at 25 W

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 f, to be updated can be deduced by considering the
established RCFMA-based model, the amplitude limit of ¢y
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
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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 (P,g). According
to (28), Py is related with fg and the turn-OFF energy Fi.
It is observed that the percentage of turn-OFF loss is large for
PRCs with extremely high f (see [33, Fig. 19]). Furthermore,
Eo 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 FE is contradicted for PRCs
with the ZVS condition. This is because an increased M results
in alonger turn-OFF time interval for the power switches, thereby
increasing the turn-OFF loss [35]

Fott = fs Eofr- (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 L, in the design of the
step-up planar transformer. 2) Minimizing the number of C,. 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-LC LC' resonant converter with the planar
transformer and CW-voltage multiplier. The proposed model ac-
counts for the nonlinear C; 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-LC'LC resonant con-
verter. It also introduces a voltage-oriented design methodology
for a miniaturized PRC-LC'LC 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.
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