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Modeling and Design of a Frequency-Regulated
Series Resonant Inverter With a Linear
Variable Capacitor

Ujjwal Pratik

Abstract—Resonant power inverters are among the most ef-
ficient power conversion topologies. However, their widespread
adoption is hindered by inefficient operation and control limitations
under light-load conditions. This research focuses on facilitating the
operation of a series resonant inverter (SRI) by utilizing the recently
introduced passive linear variable capacitor (LVC) structure. LVC
utilizes the nonlinear parasitic capacitance of two back-to-back
reverse-biased diodes to establish a voltage- or current-dependent
linear capacitor. This research analyzes combining LVC and con-
stant linear capacitors to dynamically change SRI’s resonant fre-
quency for varying load and, that way, reduce the frequency regu-
lation band of the SRI. This article presents a complete analytical
framework and describes a design procedure for an SRI with
integrated LVC. The proposed framework is verified through simu-
lations and experimentation. A control frequency band reduction of
39% and 37 % is experimentally demonstrated for the two studied
SRI designs. In addition, the effects of temperature variation and
device heterogeneity on LVC characteristics are analyzed, along
with their impact on SRI performance.

Index Terms—Capacitors, integrated circuit modeling, passive
components, resonant power converters, semiconductor diodes.

I. INTRODUCTION

ERIES resonant inverters (SRIs) find application in many
S systems, either independently or as part of a series reso-
nant converter (SRC). SRIs are commonly used for low and
mid-power applications because of their high efficiency and
power density resulting from high operating frequency. SRIs are
often preferred because of their 1) low component count, 2) zero
voltage switching (ZVS) operation over a wide range of loads,
3) ability to effectively integrate an isolation transformer, and 4)
ability to integrate parasitic inductance (e.g., transformer’s leak-
age inductance) into the circuit or even use them as a replacement
for circuit elements [1], [2]. A full-bridge voltage-sourced SRI
is shown in Fig. 1(a). Resistance R represents an electric load
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Fig. 1. Full bridge SRI. (a) Circuit diagram. (b) Voltage gain versus frequency
characteristics for variable load.

or an equivalent load of the isolation—rectification section of
an SRC. Replacing the rectifier and isolation transformer with
equivalent resistance R = Ry ¢q allows the same SRI analysis
to be conducted, whether the SRI operates independently or as
a part of a resonant converter.

Maintaining constant output voltage and efficient operation
under fluctuating load R and input voltage Vp¢ is challeng-
ing for an SRI. Impedance transformation networks (ITN) are
sometimes used to maintain soft switching conditions and reduce
the effective range of load variation [3], [4]. However, an ITN
increases circuit complexity and adds extra losses while not
solving the problem entirely. Control of the output voltage can
be accomplished by means of varying i) inverter’s input voltage
Vpbe, ii) the SRI’s operating frequency, or iii) the SRI’s resonant
frequency. Most reported approaches utilized sensing and active
feedback control for load regulation [5], [6]. Control methods
with constant frequency operation, including pulsewidth mod-
ulation (PWM) [7], [8], asymmetric PWM, phase-shift [7], and
fixed on-time modulation [9] actively vary the first harmonic of
the inverter’s output voltage. However, these methods typically
provide a suboptimal ZVS range and lower efficiency compared
to other methods.
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Inductance Variation Methods Capacitance Variation Methods

Active Method Active Method
- Mechanical movement of coil/core [10]| - Switched capacitors [15], [16]
- DC-flux bias control method [11] - DC bias-control of ceramic caps [17]
- Piezo electric resonators [12]. [13] - Fractional-order capacitors [18]
Passive Method - Piezo electric resonators [12]. [13]
- Duffing resonator [14] Passive Method
- Linear variable capacitors [19], [ 20]

Fig. 2.  Methods of adjusting resonant frequency based on varying SRI’s
reactive components (inductors or capacitors).

Frequency regulation (FR) is traditionally the preferred way
to regulate SRI because of the simple control approach and ZVS
operation above the resonant frequency. To maintain the required
output voltage, a controller varies the operating frequency from
fmin tO fmax as operating conditions change, establishing a region
of operation and frequency band illustrated in Fig. 1(b). The
difference between fii, and fiax is defined as frequency band
Af. The main challenges of regulating an SRI with FR are as
follows:

1) The frequency band requirement is theoretically infinite

for a full load to no-load voltage regulation.

2) Conduction losses of many components increase at higher

frequencies and may counteract the ZVS benefits.

3) Operating in a wide frequency range may lead to subopti-

mal magnetics design.

Alternative solutions based on varying SRI’s reactive compo-
nents (inductors or capacitors) to adjust the resonant frequency
and indirectly regulate the output voltage are summarized in
Fig. 2. Active inductance variations can be achieved using a
mechanical actuator to move the core or inductor coil to change
the airgap between the core and coil [10]. However, it is featured
by slow dynamics, reliability issues, and design complexity.
Flux-bias control adjusts inductance by biasing the core with
dc flux, though the complexity of the bias circuit and additional
flux losses hinder widespread adoption [11]. Piezoelectric res-
onators vary impedance based on vibration mode, but damping
from connection resistance and nonlinear material properties
limits their application [12], [13]. Nonlinear saturable inductors
employ partial core saturation to introduce nonlinearity, but
high-frequency core losses often limit their application to lower
frequencies (tens of kHz) [14].

Researchers have also explored capacitance variation meth-
ods as capacitors generally have higher quality factors and lower
volumetric footprint than inductors in the MHz range. The
switched capacitors method is straightforward, but its implemen-
tation can be complex depending on the required capacitance
resolution. They need a passive capacitor bank and an auxiliary
switching circuit for capacitance control [15], [16]. DC-bias
control of ceramic capacitors relies on the voltage-dependent
capacitance behavior of Class II and Class III ceramics [17].
However, its implementation is challenging due to the need
for auxiliary dc-bias circuitry. Fractional-order capacitors use
phase-shift control on regular capacitors to achieve fractional-
order dynamics, necessitating additional switching, sensing, and
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Fig. 3. LVC application in an SRI and a typical LVC characteristic. (a) SRI
with alinear capacitor and an LVC in parallel. (b) Current-dependent capacitance
model of an LVC made of RB238T150 at f =1 MHz [21].

control circuitry for each component [18]. Recently intro-
duced linear variable capacitor (LVC) consisting of back-to-back
reverse-biased diodes [19], [20] demonstrates significant poten-
tial as a variable capacitance method. It utilizes the parasitic
capacitance of back-to-back diodes to form a harmonic-less
(linear) current-dependent capacitor. LVC operates as a simple
passive component, without auxiliary circuitry and control, but
requires a careful design and an integrated device maximizing
parasitic capacitance for enhanced performance. The LVC ca-
pacitance profile and relevant characteristics have been studied
in detail in [21]. An example of an LVC in an SRI is shown in
Fig. 3(a), and the current-dependent capacitance model of an
LVC made of diodes RB238T150 operating at 1 MHz is shown
in Fig. 3(b) [21]. C}o is the zero bias capacitance of diode and
Iivc,m is the magnitude of peak LVC current. Passive operation
(no biasing circuit needed), small size, high efficiency at high
frequencies, and low cost make an LVC highly appealing for
resonant power applications.

The authors in [19] and [20] utilized a polynomial approx-
imation of the diode charge model and Duffing equation to
describe an LVC and integrate into a wireless power transfer
(WPT) system. In [19], they replaced the compensation ca-
pacitance on the transmitter side of an LC-LC-compensated
WPT system with an LVC made of two Schottky diodes.
The equivalent capacitance of the LVC acts as negative feed-
back to regulate output power for coupling variation. It is
reported that the LVC doubled the acceptable misalignment
range of the WPT system. Chai and Mortazawi [20] replaced
both compensation capacitors of an LC—LC-compensated WPT
system with LVCs. The results show that the minimum cou-
pling coefficient required for power transfer has reduced by
60%.

While Class II and Class III ceramic capacitors, such as X7R
capacitors, exhibit voltage-dependent capacitance due to high-
permittivity dielectric materials like BaTiOs3, their suitability as
substitutes for diode-based LVCs is limited. These capacitors
are recognized by their ability to handle low-frequency ripple
currents, but their performance diminishes at high frequencies
(in the MHz range) due to a higher loss tangent, sometimes
reaching 0.1 to 0.2 [22]. Temperature stability also presents
a notable challenge— - Class II ceramic capacitors exhibit a
temperature-dependent capacitance variation of + 15%, while
Class III models demonstrate even greater sensitivity, ranging
from +22% to —82% [23]. Finally, the unique C-V profile of the
pn junction with m = 0.5 results effectively in the harmonic-less
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LVC operation. This is not the case with Class IT and Class III ce-
ramic capacitors, which generate harmonics even for sinusoidal
excitations.

This study explores how an LVC can be integrated into a
frequency-regulated SRI to improve its characteristics when op-
erating under variable load or input voltage. The goal is to main-
tain the positive FR features (ZVS operation, high efficiency, and
low current stress) while reducing the FR operation band Af. As
explained in the following sections, an LVC achieves this by
a) reducing the network’s natural resonant frequency at light
load, b) increasing the slope of the gain curve in the inductive
region, and c) facilitating ZVS for lower current phase lagging
at light load despite lower operating frequency. This causes the
operating region and frequency band to reduce. The paper em-
ploys power electronics methodology and accurate LVC models
presented in [21] to derive an analytical model of an SRI with
an LVC integrated in parallel to the linear capacitor. It describes
the optimum LVC design procedure and derives boundaries of
bifurcation-less converter operation. The key contributions of
this research are as follows:

1) Deriving the analytical model of an SRI with an LVC
added parallel to the constant capacitor in the resonant
network.

2) Describing the relationship between LVC specifications
and the reduction of the frequency band of frequency-
regulated SRI for variable load and/or input voltage.

3) Deriving the maximum LVC participation to ensure a
bifurcation-less operation of the control algorithm.

4) Analyzing the effects of temperature variation and device
heterogeneity on LVC characteristics, along with their
impact on the performance of an SRI.

The rest of this article is organized as follows. In Section II, an
analytical model of an SRI with added LVC is presented. Section
IIT presents the analysis of a frequency-regulated SRI with an
LVC under variable load conditions, focused on deriving an
expression for the frequency band. It also includes a comparative
evaluation of the impact of LVC on SRI losses. Section IV
discusses the same band but for the case when both the load
and input voltage vary. Section V presents the experimental
results obtained for two different LVCs, including detailed loss
modeling, a comparative analysis of measured losses, and a
discussion on overall system efficiency. Section VI discusses key
considerations for a practical LVC implementation, including
the effects of temperature and device heterogeneity. Finally,
Section VII concludes this article.

II. MODELING AND SRI WITH AN LVC

This section derives an analytical model of an SRI with an
LVC connected in parallel with a linear capacitor and verifies it
through LTSpice simulations. The analysis starts from a conven-
tional SRI with a linear capacitor and establishes an LVC-based
SRI by adding an LVC in parallel with the linear capacitor, as
illustrated in Fig. 3(a). In the two cases, the system is designed
to achieve the same operating condition for the maximum load
(R = Rmin), including the same output current, output voltage,
and switching frequency. Therefore, the equivalent capacitance
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of both designs must be the same at the common design point
(abbreviated as CDP in the text) designated by f= f, and
R=Rpnin (Q=Qmax)- The CDP is marked in Fig. 1(b) with a
red dot and letter A. This should ensure fair comparison as the
minimum operating frequency is the same. For a general SRI,
voltage gain M, between the first harmonic of the full-bridge
switching nodes voltage Vi, and the output load voltage V5, is
given by

M, = R/\/(er —1/wC,)? + R2. (1)

The phase of the SRI resonant network input impedance,
which determines the switching behavior of the inverter, is

¢ = arctan((wL, — (1/wC,)) /R). 2

For a specified gain M, at the CDP, the equivalent capacitance
C, is calculated using (1) as

C’r' = ((wminL'r'/Rmin) - \/ 1/Mv2 - 1)/(wminRInin)- (3)

For the SRI circuit with added LVC capacitor Cpyc shown in
Fig. 3(a), the equivalent capacitance at the CDP is given by

Creq (Wmins I5,4,m) = Cive (Wmins ILve,am) +C (4)

where Ig 4., and Ipyc, a,m are the magnitudes of total branch
and LVC currents, respectively. Many C,-C'yc pairs can satisfy
(4), each of them resulting in different f,,x for light load R =
Ruax- To analyze possible solutions, capacitance ratio kcp is
defined at a CDP A as

kcp = Crve (Wmins Tive,a,m) /Creq (Wiins Is,4,m). (5)

For a specified operating point with parameters C',. .q and kcp,
Cyc and O, can be calculated as

Cive (Wmins Tive, a,m) = kcpCreq (Wmin, Is,4,m)  (6)
Cr = (1 - kCP)Cr,eq (Wmim IS,A,m)- (7N

This study relies on the definition of the commonly used diode
differential junction capacitance [21], [24], where

oV
Cj(vp) = Cjo(1+vp/Vp) - 7B <vp <Veny (8

1) Cjg is the zero-bias junction capacitance of a single diode.
Accordingly, C. jo=nCjo used in this article is the equiv-
alent zero-bias capacitance of n identical parallel diodes
constituting one LVC side;

2) Vpis the forward bias junction threshold voltage;

3) m is the grading exponent. For most power devices in the
market, m is from 0.3 to 0.6, most frequently being at or
near 0.5; and

4) Vpy is the diode breakdown voltage.

Cj 0, m, and Vp can be derived using the capacitance model
of p-type and n-type (PN) and Schottky diodes, as explained
in [21] and [24]. The next step is to calculate C., jofor given
diode parameters m and Vp to satisfy (6) at the CDP A.

The following set of equations (9)—(13) are solved to obtain

Ceq,jo

Cive (Wmin, Is,4,m) = Is,A,m/(WminVive,a,1m) — (9)
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where Vivc A,1m 18 the magnitude of the first harmonic compo-
nent of the LVC voltage vpyc at the CDP A. vpyc is expressed
as derived in [21]

vLve = VBpl/(l_m) ([1 + PS — COS (9]1/(177”)

—[1+ Ps +cos ]/ 7) (10)

where
P=1Isam(1-m)/(wWninCeq.joVB) (11)
Ps=(1/P)/(1-Vs/Vg)'"™. (12)

Fundamental voltage magnitude Vivc, 4,1 is calculated as

1 2m
Vive, A,1m = ;/ vrye(0) cos(0)do.
0

(13)

The presence of harmonics in an SRI can result in control
and EMI issues and additional losses. In [21], total harmonic
distortion (THD) of the voltage of a sinusoidal current-supplied
LVC is studied as a function of /,, and m. It is concluded that
the THD is less than 2% for m < 0.6. However, for m = 0.5,
the LVC operates as a linear device not producing harmonics,
which makes diodes with m = 0.5 a preferred choice for de-
signing/manufacturing LVCs. A generalized explicit solution of
Cleq,j0 can be determined by solving (9)—(13) only for m = 0.5.
For other values of m, (9)—(13) must be solved numerically to
obtain Ceq jo. After Ceq,jo is obtained, which effectively decides
the LVC, the next step is to establish a method of calculating
circuit current and voltages for an arbitrary load and frequency
(for operating points different than CDP A). Calculating Clyc is
a prerequisite for that, but Clyc depends on Iy yc. The following
equations are derived by applying simple circuit analysis to SRI
in Fig. 3(a), and they have to be simultaneously solved to obtain
Cryc at every frequency and load

Isn = Vingn/\/(@Lr = 1/wCreq (@, Is.m))? + B2 (14)
Cr,eq (w7 IS,m) = C’LVC (wa ILVC,m) + C'L (15)
Ism/(WCeq (W, Is,m)) = Iive,m/ (wCive (W, Tive,m)) (16)
Cive (W, Ism) = Ism/(wVive,n) (17)

where Vi, ., =4Vpc/m is the magnitude of Vi, ,,, and Viyc 1 is
the fundamental voltage component of V1 yc. An explicit solution
of (14)—(17) to obtain Cyyc is only feasible for m =0.5, while
numerical methods must be used to solve the equations for other
m values. M, is then calculated using (1).

A simplified approach, possible only for m = 0.5, is discussed
here. For m=0.5, Cpyc of an LVC is given by [21]

2
Ceq,jowVn

Cive (w, Iive,m, m = 0.5) = (18)

~ Iivem + 2wCeq joVs

For typical Iyyc currents, Iyyc ., is significantly greater than
2wCeq,joVs in (18), allowing the approximation

Cive (w, Ive,m = 0.5) = CZ, 0wV /Iive,m. 19)
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TABLE I
SRI TEST SETUP CHARACTERISTICS (kcp = 0)

Circuit Parameters | Baseline SRI/ SRI-1/ SRI-2
Vbe [V 15715730

My 0.8

Vout [V] 13.50 / 13.50 / 27
Pout at Ryin [W] 23.3/233/932
Qmax; Qmin 8, 0.8

Rmim Rmax [Q] 5, 50

fr [MHz] 1

Jmin [MHz] 1.048

Ly [pH] 6.36

Using (5), (16), and (19), Ceq,j0 can be calculated for CDP A
(condition Iyyc,m = Iive,A,m and w = wpiy) as

Cegjo = ker\/Ts, A mCreq/(@ainV).  (20)

To calculate M, for other operating frequencies and loads,
the SRI is solved for steady-state values of circuit parameters.
Therefore, substituting (1), (6), and (16) into (14) leads to quartic
equation in terms of Iyc

aI4chLVC + bIgchLVC + CI2chLVC

+dIyvcLVC+e=0 201

where
a=w'L?C? +1-2L,w*Cp + R?W?C?

b= 2(,03082%]»0‘/3 (CLWQLE - LT + RQCL)

c=wlL2Cy ;oVi + R Co ;0Vi
d=0
e=—w'V2 C*

2
in,m eq,jOVB .

Once Cq,jo is obtained from (20), (21) can be solved for
specified w and R. Finally, Cryc, M, and I ,, can be calculated
using (19), (1), and (14), respectively.

The baseline SRI system (kcp = 0) shown in Fig. 1(a) is
designed as per Table I. A load range is selected to represent a
battery charger’s typical constant-voltage (CV) operation [25].
The L, selection is essential to maintain an adequate loaded
quality factor Q and apply the first harmonic approximation-
based SRI analysis. This consideration becomes particularly
important as the load often varies up to 10 times during a
typical constant current (CC)—constant voltage (CV) charging
operation [see Fig. 1(b)]. The adoption of a high Q factor
effectively suppresses current harmonics but leads to a high
voltage rating for reactive components and makes the system
sensitive to variations in component values caused by component
tolerance, aging, or changes in operating conditions. In contrast,
a low Q could lead to harmonic generation, which can cause
EMI issues and increased losses. In this study, Q is defined at
the resonant frequency of 1 MHz, and its boundary values are
calculated as O ax=w,L/Rmin=8 and Qin=w L,/Rmnax=0.8.
This range of Q allows the system to operate with mostly the
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Fig. 4. Comparison of analytical and simulation results for kcp = 0.25. (a)
Gain plot. (b) Phase of the input impedance of the SRI resonant network as seen
by the inverter.

kCP, critical =041
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60

S Tnaspeasiie °TL ] S
5 50 40 "%
% J-E 2430F 20°
I o : 0
0 0.2 0.4 0.6 0.8 1
kCP
Fig. 5. Reduction in Afas a function of kcp for M,, =0.80.

fundamental harmonics through the entire load range while still
utilizing low-voltage-rated diodes.

An LTspice model is developed to verify the analysis for an
LVC made of diodes RB238T150 for kcp = 0.25. The simulation
and analytically obtained voltage gain magnitude and phase
values are presented in Fig. 4, demonstrating a close matching
and verifying the proposed analytical model for kcp =0.25.

III. ANALYSIS AND DESIGN OF A FREQUENCY-REGULATED
LVC-BASED SRI FOR VARIABLE R CONDITIONS

This section describes the methodology and operational
boundaries of integrating an LVC into a frequency-regulated
SRI with varying load R. The role of FR is to maintain constant
output voltage (voltage gain M,) as the load varies, while the
role of LVC is to reduce the required frequency band Af. To
solve for Af, (21) is solved for M, =0.8 and R= Ry,,x to get
fmax @S fmin 18 maintained constant for all kcp values.

The blue trace corresponding to the left y-axis plot in Fig. 5
describes the percentage of Af reduction as kcp changes from
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Fig. 6.  f, and Cpyc as a function of R in an SRI without (kcp =0) and with
(kcp=0.25) an LVC for M,, =0.80.
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Fig. 8. SRI voltage gain for kcp =0.41. (a) @ =8. (b) @ =0.8.

zero (only linear capacitor) to one (only LVC). It can be observed
that A freduetion inCreases as kcp increases. approaching 100% as
the relative LVC contribution approaches kcp = 1. The required
Ceq,jo as a function of kcp is presented on the orange trace
corresponding to the right y-axis in Fig. 5. It can be seen that the
required Ceq jo increases with kcp, demanding a larger silicon
area or more discrete diodes. In Fig. 6, the effect of adding LVC
capacitance to an SRI can be observed in the change of network
resonant frequency f, as a function of loading conditions for
constant gain M, =0.80. While f, is constant for kcp =0, as
expected, it decreases by almost 30% at minimum load for
kcp=0.25. f, changes because CLyc increases as Iy yc reduces
for lighter loads. The LVC is designed to contribute 25% of total
capacitance C,. at the CDP (R=15 Q). CLyc increases by almost
500% at the minimum load R=150 2, boosting CLyc contri-
bution to total capacitance Ceq, by 2.5 times to 62.5%. This
increase in Cpyc reduces A f and lowers operation frequency.
M, curves using different Clyc are plotted for cases kcp =
0.25,0.41, and 1 in Figs. 7 -9, respectively. In Figs. 7(a), 8(a),
and 9(a), it is observed that the natural resonant frequency in-
creases slightly for high load operation (Q=8) as kcp increases.
On the contrary, in Figs. 7(b), 8(b), and 9(b), it is observed that
the natural resonant frequency reduces significantly for light
load operation (Q=0.8) and that shift becomes even higher for
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Fig. 10.  Phase plot for kcp =0, 0.25,0.41, and 1. (a) @ =38. (b) @ =0.8.

larger kcp. A lower natural resonant frequency leads to a lower
fmax, reducing Af.

As visible in Fig. 9(a), for higher kcp values, the resonant peak
bends, causing a hysteresis loop and jump phenomenon known
in nonlinear systems [19], [20]. The arrows in Fig. 9(a) mark the
jump transitions when moving along the frequency axis. The
direction of frequency change determines the transition. If the
frequency increases, transition J, occurs, while .J, is observed if
the frequency decreases. These “jumps” could cause high phase
and gain transitions leading to instability.

A comparative phase plot is presented in Fig. 10 for kcp =0,
0.25, 0.41, and 1. For Q=8, phase ¢ monotonously increases
with frequency for kcp =0, 0.25,and 0.41. The phase curve slope
increases as kcp increases up to the point when the hysteresis
loop appears, as observed for kcp = 1 and marked by black
arrows. The gain and phase plots for all kcp values merge at
higher frequencies. On the other hand, for 0=0.8, the phase
monotonously increases for all cases, with the slope reducing
for higher kcp.

As the jump phenomenon is typically unwanted in control
of power electronic systems, it is important to determine the
maximum kcp value that guarantees jump-less operation. The
hysteresis occurs if all four solutions of (21) are real for any
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Fig. 11.  Quax and m impact on Afand kcp citical-

w between wpi, and wmax, Which, as per [26], will occur if
conditions (22)—(25) are satisfied

A>0&P <0&D <0 (22)
A = 256a%e® — 192a%bde® — 128a°c?e? + 144acd?e
—927a2d* + 144ab’cd® — 6ab*d%e — 80abc?de

+18abed® + 16acte — dac®d? — 27b*e? + 18bcde

—4b3d® — 4b% e + b 2d? — dacPd® — 27b*e? (23)
P = 8ac — 3b* (24)
D = 64a’e — 16a°c* + 16ab’c — 16a%bd — 3b*.  (25)

In the studied system, the hysteresis occurs for kcp critical
greater than 0.41. However, the rate of A f change reduces as
kcp increases, causing the zone above kcp crisical to contribute less
to A f reduction, as visible in Fig. 5. Therefore, a design with
kcp < 0.41 can still provide considerable Af reduction without
instigating the hysteresis behavior.

Therefore, the goal of an LVC-based SRI design would be to
maximize LVC contribution by operating close to kcp critical
for a given system defined by Q,,,x and m. Fig. 11. illustrates
the relationship between Qmax, ko P criticat M, and Afreduction-
For simplicity, it is assumed that Q pin = Qmax/10. It is observed
that ko p criticar Values are higher for systems with lower Oy ax,
and m, but systems with higher Q. and m result in more
Afreduction- However, designing an SRI system with a higher
Omax leads to a high component rating and high design sen-
sitivity, whereas a higher m greater than 0.5 introduces more
harmonics. Moreover, Fig. 11 indicates that kcp crisical 15 rela-
tively low when operating at high ) and m for the same Af, i.e.,
capacitance contribution from LVC can be kept low if high @
and m values are used.

A. Comparing the Effect of LVC on the Losses in an SRI

Table II compares power losses in SRIs with and without an
LVC, highlighting how frequency reduction affects efficiency
at various loads. It examines inverter conduction and switching
losses, inductor core and copper losses, and losses in resonant
capacitors, focusing on LVC’s role in reducing power loss and
boosting efficiency. In the table, fi,;, denotes the switching
frequency at CDP A, Af; is the extra frequency bandwidth
required to operate at R > Ry, for the SRI with constant
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TABLE II
LOsS RATIO AS A FUNCTION OF FREQUENCY FOR SRIS WITH AND WITHOUT
LVC FOR R> Ry AND m =0.5

Parameter Poss, kep 720/ Ploss, kcp=0
Conduction loss 1
Inverter Switching loss Fr
Core loss Fg
Proximity loss F}%
Inductor Skin-effect loss 1
rez + A2 ye
retn(A+1)2
Capacitor th)(rlnlzlcr:teodr lirrllzar \— Tive _ kep R Fr
EVC loss fer (1 = kce) Rmin

capacitor case, and Afj-eduction 1S the reduction in bandwidth
achieved when LVC is employed (k¢ p #0). Parameter Fg is the
ratio between the SRI’s operating frequencies with and without
an LVC deployed

_ fmin + Afl - Afreduction
fmin + Afl

Since the operating input voltage, voltage gain, and loads are
the same for both systems, the conduction losses in inverter
switches do not differ between the two designs. Switching losses
are directly proportional to the switching frequency, favoring
LVC-based designs operating at lower frequencies. For induc-
tors, variations in core loss are attributed to the frequency-
dependent Steinmetz term f, as A/ is identical for both de-
signs under identical load currents. Parameter « is the core
material-dependent and typically ranges between 1.8 and 2 for
high-frequency magnetic materials, such as PC200 [27]. Induc-
tor copper loss is affected by both the skin and proximity effects.
Since the inductor used in this research employed subskin-depth
size Litz wire with a short twisting pitch length, the skin effect
loss variation can be neglected at both strand and bundle levels.
However, the strand level proximity effect varies with £ as
described in [28], favoring the LVC SRI operating at a lower
frequency. The resonant capacitor losses are a combination of
losses inside the constant capacitor and the LVC. For any load
R > Ry, the circuit equation is to be solved to calculate
Crv ¢ and then compute the total current through Cr, and Cry ¢
for the LVC-based design. In the table, r¢ 1 is the equivalent
series resistance (ESR) of the constant capacitor Cy, used for
the non-LVC design. ror2and rpy o are the ESRs of Cy, and
Crvc for the LVC-based design, respectively. The expressions
are derived assuming m=0.5.

Fr (26)

B. Analyzing the Effect of LVC on the ZVS Condition of an SRI

SRI systems with and without LVC are designed to maintain
constant M, for a specified load variation. Since both systems
operate with identical input voltage, voltage gain, and load
conditions, their net impedance seen by the inverter is the
same. The key distinction is that the LVC system achieves the
same impedance angle at a lower switching frequency than an
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Fig. 12. Effect of switching frequency on required lagging phase under

different load currents for Vpo=15V, Vp=1V, and Cyss(Vpc)=200 pF.
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Fig. 13.  Equivalent loss model of an LVC.

equivalent non-LVC system. This allows LVC-based systems to
facilitate ZVS for lower current phase lagging, thereby enabling
soft switching at lighter loads, less circulating reactive power,
and, consequently, higher efficiency.

The charge that load current 1,,, can provide during dead time
tq4 for current commutation is:

Q1
B _/"d Ismsin(0—¢) I
0

— - “Zm (cos ¢ — cos (¢ — 64))

27

where Ig ., is the peak load current, ¢ is the lagging phase,
and 64 is the phase corresponding to dead time #,4. The charge
needed to switch polarities of two output capacitors C,ss of two
half-bridge switches between 0 and Vp¢ is

2Qj (VDC) =2 [2 (VDC + VB) Coss (VDC)]

where Vp is the body diode forward voltage drop, and
Coss(Vpe) is the switch output capacitance dependent on the
blocking voltage Vp¢. For the ZVS condition, the load current
charge should be enough to charge/discharge the two capacitors,
resulting in the inequality Q;>20,(Vpc).

A plot depicting the relationship between the required min-
imum ¢ and Ig ,, is presented in Fig. 12 for constant 6. It
is observed that, under light load conditions, low-frequency
systems can ensure ZVS with lower ¢ values. On the other
hand, under high load conditions, the difference becomes almost
negligible.

(28)

C. Equivalent Loss Model of an LVC

The equivalent loss model of an LVC is shown in Fig. 13,
with rpy ¢ being the LVC equivalent series resistance. rpy ¢
represents the sum of the resistances of the undepleted active
layers, spreading resistance, and ohmic contact resistance [29],
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Fig. 14. Rpvc for an LVC made of two diodes RB238T150 (a) versuspeak
voltage at 2 MHz and (b) versus frequency.
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Fig. 15. Operation region of a full-bridge SRI with a linear capacitor for
variable load and input DC voltage.

[30]. Measuring rry ¢ presents a challenge due to significant
junction reactance in series with ¢ in the blocking state, mak-
ing it difficult to measure through dc measurement techniques.
Moreover, high reactance makes it challenging to estimate r7,y ¢
with RF-based extraction methods [31].

LVC losses are simulated in LTspice with the LVC made of
two RB238T150 diodes to characterize its high-frequency ac
resistance for LVC applications. The resultant ry, ¢ values are
shown in Fig. 14. It is observed that r1,y ¢ is relatively small and
reduces with higher frequency and applied voltage. A significant
challenge with these results is that manufacturers rarely charac-
terize diodes in the MHz range in blocking mode. Consequently,
the existing simulation models may not accurately reflect loss
modeling. Therefore, obtaining an accurate characterization of
the LVC loss model remains a challenge.

IV. ANALYSIS AND DESIGN OF A FREQUENCY-REGULATED
LVC-BASED SRI FOR VARIABLE R AND Vpc

Often, an SRI is designed with the expectation to operate
under a variable input voltage condition along with the load
variation, demanding a more robust controller with a larger A f
to regulate V. The operating region for a full-bridge SRI with
a constant capacitor under R and Vpc variation is illustrated
in Fig. 15. Four lines bind the region: the two horizontal lines
are the M, values required for Vpc=Vpcmax (My min) and
Ve = Voc,min (M max) Operations, while the other two M, side
lines belong to gain plots derived for the minimum and maximum
loads. Frequency band Af'is the difference between frequencies
at point A (fmin) and point B (fiax)-

This analysis compares conventional SRI with a constant
capacitor and an LVC-based SRI with a parallel combination of a
constant capacitor and an LVC, as illustrated in Fig. 3(a). In both
cases, the system is designed to achieve the same output voltage
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and switching frequency at CDP (labeled with a red dot in Fig.
15) characterized by maximum load Ry, and minimum input
voltage Vpc, min- The equivalent capacitance of both designs must
be the same at the CDP, and it can be expressed by rewriting (3)
as

Cr = (wmin L/ Runin = /1/MZ sz = 1) / @oain i)

(29)

The SRI circuit with constant capacitor described in Section IT
is analyzed considering a 10% variation of Vpc min (15-16.5V),
resulting in M., max range between 0.80 and 0.72. CDP A remains
the same as in the SRI circuit with a constant input voltage of
15 V. Maximum frequency fiax is obtained to be 1.668 MHz
for Rpax = 50 © and Vpe max =16.5 V. Frequency band A f'is
calculated to be 0.62 MHz.

For an SRI with an integrated LVC, the analysis is similar
to the one described in Section II. Starting from the C, value
at CDP, C¢q jo is calculated using (4)-(13) for given diode
parameters m and Vp. After Ceq jo is calculated, Cryc is ob-
tained for the operational frequency, load, and input voltage by
solving (14)—(17). M,, is then calculated using (1) for the range
of operating frequencies and loads. As already mentioned, an
explicit solution of Ceq jo and Cpyc is possible only for m = 0.5,
while for other LVCs, (4)—(17) must be solved numerically.
Ceg,jo for the harmonicless case of m=0.5 is calculated using
(20) at the CDP A. To calculate M, for different operating points,
the SR is solved using a quartic equation for steady-state values
of circuit parameters (21).

An SRI with an integrated LVC made of diodes RB238T150
(m=0.5, V=0.5) is analyzed for kcp varying from O to 1.
A f reduction for the SRI with 10% variation of Vpc and with
constant Vpc is plotted in Fig. 16. It can be observed that
achievable A frequction decreases from 67% to 50% for k¢ critical
for the SRIwith 10% Vp variation compared to the constant V¢
operation. Moreover, A fiequction reduces more with the increase
in Vpc variation, revealing a limitation of the LVC deployment
in an SRI. However, k¢ critical T€mains the same as the CDP is
the same for both systems.

V. EXPERIMENTAL SETUP AND VALIDATION

This section describes the experimental setup and presents
experimental results to verify the analysis of an SRI with an
added LVC. Two experimental SRI systems (SRI-1 and SRI-2)
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TABLE III
SPECIFICATIONS OF SELECTED LVCS

Diode Specifications LVC-D1 LVC-D2
Part Number RB238T150NZC9 | C6D50065H
Voltage Rating 150 vV 650 V
Number of Diodes 20 10
TABLE IV

EXPERIMENTAL SETUP FOR SRI TESTING

Equipment Specification
Full-Bridge Custom PCB built using two half-bridge
Inverter evaluation boards GS-EVB-HB-61008P-ON
(GaN devices GS61008P)
Capacitor | Johnson Technology | 1111 S42E-Series
C,Cr, Capacitors
Variable New England Litz Wire | Strand AWG 438 |
Inductor | L No. of strands 2200
Resistor | R OHMITE TGHM series | 300 W | 10 MHz

(@) (b) ()

Fig. 17. Experimental setup elements. (a) Full-bridge inverter. (b) Auxiliary
board for the constant capacitor. (c) Air-core coaxial coupled inductor. (d)
Resistive loads on a heat sink.

(@

Fig. 18.
LVC-D2.

LVCs made from discreet diodes for SRI testing. (a) LVC-D1. (b)

are designed to measure the control band Af to validate the
analysis. The circuit characteristics of the two testing setups are
listed in Table I for the constant capacitor case kcp = 0. The two
systems are designed to have the same f,. and A f for kcp = 0,
resulting in the same component values and load variation range.
The difference is that SRI-2 is supplied by twice the voltage Vpc
used for SRI-1, capable of delivering four times more Fyy.

The specifications of an LVC selected for experimental test-
ing are presented in Table III. The SRI-1 setup is tested for
kcp=0.29 using an LVC made of RB238T150NZC9 diodes
(LVC-D1). The SRI-2 setup is tested for kcp =0.35 using an
LVC made from higher rated C6D50065H diodes (LVC-D2).
Circuit components used for experimental setups are listed in
Table IV and shown in Fig. 17. The systems comprise a gallium
nitride (GaN)-based full-bridge inverter, a variable air-core in-
ductor used as a resonant inductor, and high-quality ceramic
capacitors used as constant capacitors. A printed circuit board
(PCB) is designed to combine multiple diodes to form LVC-D1,
as shown in Fig. 18.
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The high Q operating point determines the LVC voltage rating
as

4
V;n,QOaxMV = 7_:_)C QmaxMV'

For the LVC-D1 diode used in the SRI-1 setup, the maximum
Vive is determined to be 122 V, while the chosen LVC diode
has a rating of 150 V and m=0.5 capacitance profile. In the
SRI-2 setup, the maximum V¢ is calculated to be 244 V. The
ideal LVC diode for this experiment would have a rating between
300 and 400 V. The 650-V LVC-D2 diode was selected due to
its m=0.58 being far from the commonly found m=0.5 and to
investigate the impact of larger package diodes.

In their operation, LVCs do not exhibit direct current con-
duction; instead, they conduct displacement current or, in other
words, they capacitively couple current through the junction
capacitance. Generally, diodes rated for higher direct current
have a large junction area, leading to more junction capacitance.
On the contrary, LVCs with smaller package discrete diodes and
the same voltage requirements would demand more diodes to
achieve the required Ccq ;o capacitance and the displacement
current rating. The assembly of a higher number of smaller
package diodes for LVCs may lead to more parasitic losses.
Therefore, an integrated LVC design is needed in the future,
not optimized for direct current but rather for the pn junction
capacitance value and voltage rating.

The experiment is conducted in three stages to obtain voltage
gain plots as a function of frequency. At first, the SRI with
the constant capacitor only (kcp=0) is tuned to resonate at
fr=1MHz. Thereafter, the SRI is connected to a dc source and
tested by varying the switching frequency for different resistive
loads. The circuit parameters are noted, and voltage gains are
calculated. Finally, the constant capacitor is replaced by the
parallel combination of linear capacitors and the LVC, and power
tests are repeated.

VLVC,maX = (30)

A. Experimental Results for SRI-1

The SRI circuit with the constant capacitance C. =4 nF and
load R=15 Qs tuned to 1 MHz using a vector network analyzer
(VNA). The resonant inductance is tuned to L,, = 6.33 uH, close
to the design value of 6.36 pH. The SRI is then connected to
a dc voltage source and tested by varying switching frequency
between 0.75 and 2 MHz for resistive loads R= 5, 10, 25,
and 50 2. The experimental setup is shown in Fig. 19. The
analytical M, ca. and experimental M, gy, voltage gains for
four loads are presented in Fig. 20, and they match each other.
The experimental gains are calculated by extracting the first
harmonic of Vi, and V.

Next, capacitor C,. is replaced by the Cp-LVC-D1 pair,
resulting in kcp=0.29. Cp is calculated to be 2.98 nF, and
Crvc=1nF is expected to be achieved at the CDP. Diode
RB238T150NZC9 with experimentally characterized parame-
ters Cjo=1.62, m=0.51, and Vp=0.74 is selected for this
LVC.LVC-D1 is designed with a total of 20 diodes (10 Cj¢). The
analytical and experimental M, plots are presented in Fig. 21,
and they closely follow each other. Analytically calculated A f
relative to the linear case as a function of load R is presented
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Fig. 20. My ca. and M, gxp. as a function of frequency in SRI-1 with a
constant capacitor (kcp = 0) and for four loads.
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Fig.21. My ca. and My, gxp. as a function of frequency in SRI-1 with LVC-
D1 for kcp =0.29 and four different loads.
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Fig. 22.  Analytically calculated A f relative to the benchmark linear case as
a function of R and four experimental values measured in SRI-1 with LVC-D1.

in Fig. 22 together with four experimental values measured for
four loads. The experimental points closely follow the analytical
curve with a maximum error of 3% for R=25 (). Calculated
and experimentally measured A fiequction are 40.6% and 39.50%,
respectively. Simulated and experimentally measured phases be-
tween the inverter voltage and load current are shown in Fig. 23

Experimental setup used for tuning and testing SRI with a constant
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Fig. 23.  Phase of the input impedance of SRI resonant network seen by the
inverter for R=50  and kcp =0 and 0.29 in SRI-1 with LVC-DI. The two
green markers represent the two operating points.
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Fig. 24. Experimental waveforms of SRI-1 with LVC-DI for R=15 €2 oper-
ating close to resonant frequency at 1.05 MHz.
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Fig. 25. Experimental waveforms of SRI-1 with LVC-D1 for R=50 Q
operating at 1.495 MHz.
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for light load R=50 . It is observed that experimental and
analytically calculated phase match well, and that the difference
reduces with frequency.

The experimental waveform for full-bridge SRI with constant
capacitor C';, and an LVC-D1 at rated load and light load
conditions is shown in Figs. 24 and 25, respectively. Voltage
and current waveforms are sinusoidal at the rated load, but
harmonics appear at the light load. Therefore, the first harmonic
of experimental voltages is calculated for fair comparison with
analytical gain calculations.

In the following experimentation, Vpc is varied 10%, from 15
to 16.5 V. To maintain the same V,y, the voltage gain must be
reduced by 10% to M, =0.72. The analytical SRI-1 model for
kcp=0 and kcp=0.29 predicts this M, to be achieved at 1.76
and 1.55 MHz, which is close to the experimentally measure
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Fig. 26. SRI-1 operating region for kcp =0 and kcp=0.29 and Vpo

varying between 15 and 16.5 V.
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Fig. 27. My ca. and My, gxp. as a function of frequency in SRI-2 with a
constant capacitor (kcp = 0) for four loads.

values of 1.795 and 1.539 MHz, respectively. The experimental
A freduction 18 calculated to be 34.3%, a reduction from 39.5%
for the Vpc =15 V case. The SRI-1 operating region for kcp =0
and kcp=0.29 and variable load and Vpc is shown in Fig. 26.
The analytical gain curves for R,x and Ry, and experimental
boundary points (A, B1) mark the operating zone for kcp=0.
When LVC is deployed, the operating region is bound by point
B2, shrinking significantly from the case when only Cp, is
employed.

The parasitic inductance of the PCB and diode packages may
influence the SRI operation at higher frequencies. The effect of
parasitic PCB and package inductances is studied in [21]. The
experimental results remain unaffected, as the frequency range
is confined to 2 MHz, which is significantly below the 3 MHz
where parasitics begin to have a more notable impacton LVC-D1
operation [21].

B. Experimental Results for SRI-2

The objective of this experimentation is to verify the valid-
ity of the model and the design procedure for another LVC
(LVC-D2) and a different kcp parameter (kcp =0.35). Similar
to the test procedure for SRI-1, the SRI-2 circuit with constant
capacitor C. = 4 nF at kcp =0 and R=35 ) is tuned to resonate
at 1 MHz using a variable inductor and a VNA. SRI-2 is then
tested by varying the switching frequency between 0.75MHz and
2MHz for the four resistive loads R =15, 10, 25, and 50 2. The
analytically M, cq. and experimentally M, gxp. derived voltage
gains for four loads are presented in Fig. 27, closely matching
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Fig. 28. My, ca. and M, gxp. as a function of frequency in SRI-2 with LVC-
D2 for kcp =0.35 and four different loads.
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Fig.29. Analytically calculated A f relative to the linear case as a function of

R and four experimental values measured in SRI-2 with LVC-D2.

each other. Next, capacitor C,. is replaced by the C'-LVC-D2
pair, resulting in kcp = 0.35. C'1, and Cyc are calculated tobe 2.6
and 1.4 nF at the CDP A, respectively. Diode C6D50065H used
for LVC-D2 is experimentally characterized, and its parameters
are Cjo=3.3nF,m=0.58,and Vg =3.4 V.LVC-D2 is designed
with a total of 10 diodes (5 Cjo), establishing kcp =0.35. An-
alytical and experimental M, plots are presented in Fig. 28.
They mostly follow each other with a slight deviation at high
load due to an imperfection in tuning the experimental setup.
However, its effect on Af is negligible as it affects both fi,
and fiax. Analytically calculated A f relative to the linear case
as a function of load, together with four experimental points,
are shown in Fig. 29. The experimental points reside on or close
to the analytical curve. The calculated and experimental values
of A freduction are 37.9% and 37%, respectively. Simulated and
measured phase differences between Vi, and Vg, are shown in
Fig. 30 for light load R =50 €2, showing a good match.

SRI-2 is also tested while varying Vpc from 30 to 33 V.
This requires the voltage gain M, to be varied between 0.8 and
0.72 for the same output voltage. The calculated frequencies for
kcp =0 and kcp =0.35 to achieve these gains are 1.76 and 1.57
MHz, close to the experimental values of 1.77 and 1.54 MHz,
respectively. Experimental A frequction 18 found to be 31.6%,
reduced from 37% for constant Vpc.

C. Experimental Efficiency of an SRI With an LVC

Theoretically, it is expected that an SRI with an LVC will
demonstrate the same or better efficiency than a conventional
SRI. This is because the inclusion of LVC reduces the operating
frequency and extends the ZVS range at light load, reducing
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Fig.30. Phase of the SRI resonant network impedance seen for R =50 €2 and
kcp =0 and 0.35 in SRI-2 with LVC-D2. The two green markers represent the
two operating points.

Fig. 31.  Definition of npcac and nacac efficiencies.

switching losses. Moreover, the LVC itself is expected to have
low losses and high-quality factors because of its dominant oper-
ation under reverse-biased conditions. Two efficiencies, 7pcac
and nacac, are experimentally measured to compare losses in
SRIs with and without LVC for a constant gain operation. The
input and output ports for efficiency measurements are marked
in Fig. 31. npcac represents the overall SRI efficiency and is
measured from the dc input power source to the load. nacac
represents the resonant network efficiency and is measured from
the full-bridge output to the load. The experimental efficiencies
of SRI-1 and SRI-2 with and without LVCs are presented in
Fig. 32(a) and (b), respectively. It is observed that nacac in-
creases as the load decreases. The LVC-based resonant network
is less efficient at CDP A than in the Cp-only case, but the
difference between them significantly reduces as the load drops.
Thermal images of PCBs containing LVC and C', are shown in
Fig. 33(a) and (b) for SRI-1 and SRI-2 systems, respectively.
For the low-power SRI-1 system, almost no temperature change
is observed in LVC-D1 diodes while operating at CDP A, but
thermal hotspots are observed on the PCB. This is due to low
current (only 63 mA) flowing through each of the 20 diodes with
no exposed thermal cases. Similar thermal tests are conducted
for the high-power SRI-2 system, and a 9°C temperature in-
crease is observed on the exposed thermal cases of the LVC-D2
diodes and thermal hotspots on the PCB. This time, 300 mA
flows through each of the 10 diodes of LVC-D2 with exposed
thermal cases. The thermal hotspots on the PCB are attributed
to the resistive jumpers and PCB trace resistances. This thermal
analysis revealed that the difference in 75cac under high load
could be attributed to PCB and package parasitics.
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Fig.32. Experimentally measured efficiencies npcac and nacac as a function
of load. (a) SRI-1 with LVC-DI for kcp = 0 and kcp = 0.29. (b) SRI-2 with
LVC-D2 for kcp = 0and kcp =0.35.

(b)

Fig.33. Thermal images of the PCB containing LVC and C'f, under operation
at CDP A. (a) SRI-1 with LVC-D1 for kcp = 0.29. (b) SRI-2 with LVC-D2 for
kcp = 0.35.

(@) (b)

Fig.34.  Currentconduction paths on PCBs used for SRI-2. (a) C,.. (b) LVC-D2
and C'r, (top and bottom view).

Current conduction paths are marked on SRI-2 constant-
capacitor and LVC-D2 PCBs, as shown in Fig. 34. The constant-
capacitor PCB contains only traces for paralleled high-Q capac-
itors. On the other hand, the joint (LVC-D2)-C;, PCB contains
three resistive jumpers along the current path, marked with
yellow stars in the figure. The same jumpers are identified
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Fig. 35. Experimentally measured ESR of conduction paths of PCBs used for
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Fig. 36.  Effect of PCB parasitic resistance on efficiency. (a) SRI-1. (a) SRI-2.

as hotspots in Fig. 33(b). To get an estimate of the elevated
PCB’s parasitic ESR, an impedance measurement with a VNA
is conducted by shorting the LVC and C, for the LVC-based
design and shorting C,. for the constant capacitor design. The
PCB parasitic resistances are plotted in Fig. 35, showing that
the resistance of LVC-D1 PCB rpcg,1vc—p1 and LVC-D2 PCB
TpCB,LVC— D2 are approximately 7% and 21% higher than the C'.
rpce,cr PCB resistance, respectively. The difference between
the path resistances is analytically removed from experimentally
measured values for a fair efficiency comparison. The resulting
efficiency plots are shown in Fig. 36(a) and (b) for SRI-1 and
SRI-2, respectively. It is observed that the PCB ESR has minimal
effect on the efficiency of SRI-1 with LVC-D1, while they con-
tribute to almost 50% of the loss difference for SRI-2 between
the C, and LVC-D2 systems. The remaining loss difference
could be attributed to the loss inside the LVC diode packages. A
major difference between constant-capacitor and LVC designs
is the package itself. C, capacitance is made of six parallel
surface mount capacitors of the 1111 package intended for RF
applications, while LVC diodes have large surface areas and long
leads for power applications. LVC-D1 is made using 20 pieces of
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Fig. 37. Loss breakdown for SRI-2 design with and without LVC under (a) R
=5 Q. (b) R =50 Q2 loading conditions.

TO220FN package with 15-mm long leads. LVC-D2 is built us-
ing 10 pieces of TO-247-2 package with 20-mm long leads. The
skin and eddy effect in the 1-2 MHz frequency range could be
the source of extra losses. This problem can be resolved by man-
ufacturing an integrated LVC with an RF package for MHz range
operation. When comparing the overall efficiency of LVC and
non-LVC designs, it is observed in Fig. 32 that npcac increases
and then decreases as a function of load in both SRI systems.
The efficiency increase could be because of lower switching
losses as the switching current is reduced to 50% at R=10 €2
compared to R =5 2. The cause of the efficiency reduction for
R > 10 € might be because of the increased switching losses
at higher frequencies. The overall LVC and non-LVC system
efficiency is almost the same for light loads, as higher conduction
losses in LVC diodes and PCB parasitics are offset by lower
switching losses due to lower operating frequency. This leads
to the same conclusion as above that an integrated LVC design
would benefit the SRI+LVC efficiency. Fig. 37 illustrates the
breakdown loss on the example of the SRI-2 design for two com-
pensation cases (ko p=0 and ko p=0.35) and two loads (R=5
Q and R=50 ). Inductor losses are calculated based on exper-
imental load currents and ESR measurements at the operating
frequency [32]. Capacitor+PCB losses were computed using
experimental current measurements, measured PCB parasitics,
and Cp, capacitor quality factors obtained from its datasheet.
Due to the C’s high-quality factor, the Capacitor+PCB losses
are dominated by PCB parasitics for kcp=0 and PCB and
LVC package parasitics for kcp=0.35 designs. Inverter losses
were measured utilizing the oscilloscope power calculation
functionality.
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Fig. 38.  Equivalent LVC circuit consisting of two diodes with different non-
linear capacitance parameters.

VI. CONSIDERATIONS FOR APPLICATION OF LVCs

This section discusses the impact of key application consider-
ations, including device heterogeneity and temperature effects,
as well as the limitations and research opportunities for integrat-
ing LVCs within the broader field of power electronics.

A. Effect of Heterogeneity on LVC and SRI Characteristics:

The LVC capacitance model used in this research is derived
for homogeneous LVCs [21], i.e., the LVC is assumed to be
composed of identical diodes D1 and D, with the same nonlinear
capacitance profiles, C;1(V)=Cj2(V), as shown in Fig. 38. How-
ever, manufacturing identical diodes may not be possible be-
cause of imperfections in the manufacturing process. An LTspice
simulation model is built to vary the D, capacitance parameters
Cjo2 and my for analyzing their effect on the LVC connected
to a current source. The nominal diode parameters are adopted
as Cj01: Cj02:10 HF, ny :m2:0.5, and VBliVBQZO.S V. A
current source supplies the LVC at /,,=0.5 A and f=1 MHz. D,
parameters are fixed at the nominal values, while Dy parameters
Cjo2 and mo vary £5% with respect to their nominal value.
Two cases are considered: (a) varying Cjo2 while keeping mo
at the nominal value and (b) varying my while keeping Cjo2 at
its nominal value. The relative change in the equivalent LVC
capacitance with respect to the nominal value for the variation
of Dy parameters is presented in Fig. 39(a). It is observed that
the change in C,y ¢ is linear but asymmetric across the nominal
point as Dy parameters vary. The total variation in Cr,y ¢ for the
net 10% variation of the selected parameter is approximately
10% for ACjo2 and 18% for Amy. It is observed that Cjpo
reduction causes the voltage magnitude across Dy to be much
greater than that across Dy. It is understood that a large voltage
swing allows Dy to create the same current for diodes with
lower Cjp2, resulting in higher THD and nonzero dc bias voltage.
The THD of the voltage signal of a current-supplied LVC as a
function of the relative change in D, parameters is presented in
Fig. 39(b). Overall, THD increases as either my or Cjo2 deviates
from their nominal values in either direction, with ms impacting
the THD more. Moreover, the Do parameter deviation leads
to the appearance of a dc bias voltage across the LVC. The
dc bias voltage of a current-supplied LVC as a function of a
relative change in Do parameters is presented in Fig. 39(c) after
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Fig. 39.  Effect of Dy parameter variation on a current-supplied LVC for 7,
= 0.5 A and f = 1 MHz. The nominal D; and Dy parameters are based on
diode GD2 [21]. (a) Effect on the equivalent LVC capacitance. (b) Effect on the
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and Amo.

Effect of nonhomogeneity on Afr.cduction for variation of ACjo2

being normalized with the peak value of V< obtained for
identical diodes. The total variation in Vi, ¢, pcbias for the net
10% variation of the selected parameter is approximately 8% for
ACjo2 and 12% for Ams. The effect of a nonhomogeneous LVC
on SRI operation is studied through LTspice simulations on the
example of the baseline SRI system in Table I for kc=0.25 and
an LVC made with RB238T150 diodes. The analysis evaluates
the impact of C;jpand m mismatch of up to 5% on Af;cduction at
boundary operating points A and B, and the results are shown in
Fig. 40. Itis observed that Af,.cquction reduces by approximately
2.5% for the maximum LVC nonhomogeneity. The LVCs used
in this research are constructed by paralleling multiple discrete
diodes, helping average out individual nonuniformities and mak-
ing a more homogeneous LVC.

B. Effect of Temperature on LVC Characteristics and Its
Impact on SRI Operation:

When designing LVC applications for resonant converters, it
is crucial to understand how junction temperature affects the
resulting LVC capacitance. As no diode datasheet provides a
temperature-dependent junction capacitance model, this effect
can be analyzed using the known temperature dependence mod-
els of Vg and Cjo [24]. The V(T) as a function of temperature
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Fig.41. Effectof temperature variation (a) on parameters of RB238T150 diode
deployed in the LVC (Cjo=16.2 nF, m=0.5, V3=0.5) and (b) on Afycduction
for the kc=0.25 case.

is given by

VB (T) = VB (Tnom)

T 2kT ni(Tnom)
Tnom+ q hl( nz(T) ) @D

where T is the junction temperature in Kelvin, 7,,,,,=298 °K
(25°C), kis Boltzmann’s constant, ¢ is the charge of an electron,
and n; is the intrinsic carrier concentration in cm~2, which is
itself temperature dependent. n,(7) is given by

1.5
m(T)=1.45-101°<T> AL} )

nom
where E(T) is the energy gap temperature-dependent function
(in eVs) for silicon. Based on experimental data, E,(7) is esti-
mated as [24]
7.02-10°4.7?
T+ 1108

The Cjo temperature dependence is calculated using m and
Vg as [24]

E,(T) =1.16 — (33)

14+ 4% 107*m(T — Thom)

+m (1 — V‘;%;T)“))

Fig. 41(a) shows the effect of temperature on normalized Vp
and Cjo of the LVC made of RB238T150 diodes. In Fig. 41(a),
Vp shows a negative temperature coefficient, while Cjo has
a positive one. Equations (31) and (34) are then deployed to
analyze the impact of temperature on Af,.c gy ction Of the SRI with
the above LVC and for k£=0.25, compared to the baseline SRI
in Table I. The temperature effect on Af,.cquction 1S calculated
by determining finin at Ryin and finax at Ryax. Fig. 41(b)
illustrates the variation in Afycguction relative to the nominal
circuit parameters at 25°C. The total change in Afj-cquction for
the temperature variation between 0°C and 50°C is ~2.5%.

Cio(T) = Cy0(Thom) (34)

C. Challenges in Implementing LVCs for Broader Power
Electronics Applications and Future Research Directions:

1) Integrated LVC design for parasitic mitigation and en-
hanced current capability: The influence of PCB and
diode package parasitic inductances is examined in [21].
Larger parasitics can cause self-resonance, which may
obstruct the operation of resonant converters, including
SRI. Therefore, an integrated LVC with maximum LVC
capacitance and minimal parasitic inductance is essential
for high-frequency applications. Furthermore, diodes de-
signed to reduce parasitic capacitances result in the LVC
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current rating being a small fraction of the discrete diode
current rating, even at MHz frequencies [21]. Integrated
LVCs optimized for maximum junction capacitance and
voltage rating can enable higher device utilization and
improved power density.

2) Harmonics and control challenges: The presence of har-
monics in a power topology, including SRI, can result
in control and EMI issues and additional losses. In [21],
THD of the voltage of a sinusoidal current-supplied LVC
is studied as a function of /,,, and m. It is concluded that the
THD is less than 2% for m<0.6. However, for m = 0.5, the
LVC operates as a linear device not producing harmonics,
which makes diodes with m=0.5 a preferred choice for
manufacturing LVCs. Despite aiming for m=0.5, realistic
manufacturing processes may still lead to m not equal to
0.5, introducing harmonics.

3) Effect of dc bias: Given the scope of our study, we have
focused on ac current flowing through LVC to demonstrate
its capabilities. However, many applications in power elec-
tronics involve some degree of dc voltage that is blocked
by the LVC, inserting a dc bias voltage across one of
the LVC diodes. Unfortunately, the existing LVC model
presented in [21] does not apply in that case, and a more
comprehensive analysis incorporating dc bias is required.

VII. CONCLUSION

This study analyzed the integration of passive LVC devices
into an SRI to reduce the frequency control band requirements
under variable load and input voltage conditions. An analyt-
ical SRI-LVC model is derived and experimentally validated
on two setups. It also discusses the impact of key application
considerations, including device heterogeneity and temperature
effects. The experimental results corroborate the theoretical
analysis, demonstrating a frequency band reduction of 39%
(37%) for variable load conditions and 34.3% (31.6%) for vari-
able load and dc input voltage for two SRI setups, respectively.
This application demonstrates the ability of an LVC to tune
resonant circuits, compelling the need to further research and
develop integrated LVC devices for improved characteristics and
efficiency.

REFERENCES

[1] J.-P. Vandelac and P. Ziogas, “A DC to DC PWM series resonant converter
operated at resonant frequency,” IEEE Trans. Ind. Electron., vol. 35, no. 3,
pp. 451-460, Aug. 1988.

[2] R. Steigerwald, “A comparison of half-bridge resonant converter topolo-
gies,” IEEE Trans. Power Electron., vol. 3, no. 2, pp. 174-182, Apr. 1988.

[3] Y.Guanetal., “Analysis and design of high-frequency converter with resis-
tive matching network and spiral inductor,” IEEE Trans. Power Electron.,
vol. 33, no. 6, pp. 5062-5075, Jun. 2018.

[4] Y.Han,O.Leitermann, D. A. Jackson, J. M. Rivas, and D. J. Perreault, “Re-
sistance compression networks for radio-frequency power conversion,”
IEEE Trans. Power Electron., vol. 22, no. 1, pp. 41-53, Jan. 2007.

[5] E C.Lee, Q. Li, and A. Nabih, “High frequency resonant converters: An
overview on the magnetic design and control methods,” IEEE J. Emerg.
Sel. Top. Power Electron., vol. 9, no. 1, pp. 11-23, Feb. 2021.

[6] Y. Wei, A. Mantooth, Q. Luo, and D. Woldegiorgis, “Control strategies
generation mechanism for LLC resonant converter,” in Proc. IEEE Energy
Convers. Congr. Expo., 2020, pp. 2892-2897.



PRATIK AND PANTIC: MODELING AND DESIGN OF A FREQUENCY-REGULATED SRI WITH A LINEAR VARIABLE CAPACITOR

[71 V. Sidorov, A. Chub, D. Vinnikov, and A. Bakeer, “An overview and
comprehensive comparative evaluation of constant-frequency voltage buck
control methods for series resonant dc—dc converters,” IEEE Open J. Ind.
Electron. Soc., vol. 2, pp. 65-79, 2021.

[8] J. Kong, K. M. Smedley, and H. Cheng, “‘Full-range regulation method for
half-bridge series resonant converter,” IEEE Trans. Ind. Electron., vol. 70,
no. 2, pp. 1905-1915, Feb. 2023.

[9] V. Sidorov, A. Chub, and D. Vinnikov, “Performance improvement of

PWM control methods for voltage step-down in series resonant dc—dc

converters,” Energies, vol. 13, no. 17, 2020, Art. no. 4569. [Online].

Available: https://www.mdpi.com/1996-1073/13/17/4569

D. Thenathayalan and J.-H. Park, “Highly flexible high-efficiency

multiple-resonant wireless power transfer system using a controllable

inductor,” IEEE J. Emerg. Sel. Top. Power Electron., vol. 7, no. 3,

pp. 1914-1930, Sep. 2019.

Z.Zhang, F. Zhu, D. Xu, P. T. Krein, and H. Ma, “An integrated inductive

power transfer system design with a variable inductor for misalignment

tolerance and battery charging applications,” IEEE Trans. Power Electron.,

vol. 35, no. 11, pp. 11544-11556, Nov. 2020.

J. D. Boles, J. J. Piel, N. Elaine, J. E. Bonavia, J. H. Lang, and

D. J. Perreault, “Piezoelectric-based power conversion: Recent progress,

opportunities, and challenges,” in Proc. IEEE Custom Integr. Circuits

Conf., 2022, pp. 1-8.

W.-C. B. Liu and P. P. Mercier, “A series/parallel magnetic-less step-down

converter based on piezoelectric resonators,” in Proc. IEEE Appl. Power

Electron. Conf. Expo., 2023, pp. 484—489.

X. Yang, C. Jiao, J. Yang, J. Fan, D. Li, and B. Wang, “Bandwidth

enhancement for wireless power transfer system employing non-linear

resonator,” IEEE Access, vol. 9, pp. 485-496, 2021.

W. Zhong and S. Y. Hui, “Reconfigurable wireless power transfer systems

with high energy efficiency over wide load range,” IEEE Trans. Power

Electron., vol. 33, no. 7, pp. 6379-6390, Jul. 2018.

J.Zhang,J.Zhao, Y. Zhang, and F. Deng, “A wireless power transfer system

with dual switch-controlled capacitors for efficiency optimization,” IEEE

Trans. Power Electron., vol. 35, no. 6, pp. 6091-6101, Jun. 2020.

L. Zhang et al., “Voltage-controlled capacitor—Feasibility demonstration

in DC-DC converters,” IEEE Trans. Power Electron., vol. 32, no. 8,

pp. 5889-5892, Aug. 2017.

Y. Jiang and B. Zhang, ““A fractional-order wireless power transfer system

insensitive to resonant frequency,” IEEE Trans. Power Electron., vol. 35,

no. 5, pp. 5496-5505, May 2020.

O. Abdelatty, X. Wang, and A. Mortazawi, “Position-insensitive wireless

power transfer based on nonlinear resonant circuits,” IEEE Trans. Microw.

Theory Techn., vol. 67, no. 9, pp. 3844-3855, Sep. 2019.

R. Chai and A. Mortazawi, ““A position-insensitive wireless power transfer

system employing coupled nonlinear resonators,” IEEE Trans. Microw.

Theory Techn., vol. 69, no. 3, pp. 1752-1759, Mar. 2021.

U. Pratik and Z. Pantic, “Comprehensive modeling of a back-to-back

diodes-based linear variable capacitor,” IEEE Trans. Power Electron.,

vol. 39, no. 2, pp. 2489-2504, Feb. 2024.

R. Fiore, “ESR losses in ceramic capacitors,” Accessed: Jun. 4, 2025.

[Online]. Available: https:/rfs kyocera-avx.com/userFiles/uploads/pdfs/

esrlosses_appnote.pdf

Ceramic dielectric capacitors classes i, ii, iii and iv—part i: Character-

istics and requirements EIA Standard EIA-198-1-F, Electronic Industries

Alliance (EIA) Nov. 2002, Part I.

H. Russell, “The spice diode model,” in Rectifier Applications Handbook,

W. Rochr, Ed. Denver, Colorado, USA: ON Semiconductor, Nov. 2001,

pp. 47-72. [Online]. Available: http://www.introni.it/pdf/Motorola%?20-

9%20Rectifier%20Applications%20Handbook.pdf

S.-H. Ryu, D.-H. Kim, M.-J. Kim, J.-S. Kim, and B.-K. Lee, “Adjustable

frequency— Duty-cycle hybrid control strategy for full-bridge series reso-

nant converters in electric vehicle chargers,” IEEE Trans. Ind. Electron.,

vol. 61, no. 10, pp. 5354-5362, Oct. 2014.

S. Neumark, Solution of Cubic and Quartic Equations. New York, NY,

USA: Elsevier, 2014.

TDK Electronics AG, “High-frequency, low-loss ferrite material PC200,”

Accessed: Jun. 6, 2025. [Online]. Available: https://product.tdk.com/en/

techlibrary/productoverview/ferrite_pc200.html

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

18069

[28] C.R. Sullivan and R. Y. Zhang, “Analytical model for effects of twisting
on litz-wire losses,” in Proc. IEEE 15th Workshop Control Model. Power
Electron., 2014, pp. 1-10.

L. Dickens, “Spreading resistance as a function of frequency,” IEEE Trans.
Microw. Theory Techn., vol. 15, no. 2, pp. 101-109, Feb. 1967.

J. Stake, S. Jones, L. Dillner, S. Hollung, and E. Kollberg,
“Heterostructure-barrier-varactor design,” IEEE Trans. Microw. Theory
Techn., vol. 48, no. 4, pp. 677-682, Apr. 2000.

J. Stake, “Planar heterostructure barrier varactor diodes for millimetre
wave applications,” Doctoral dissertation, 1999. [Online]. Available: https:
//publications.lib.chalmers.se/records/fulltext/879/879.pdf

U. Pratik and Z. Pantic, “Design of variable air-core coupled co-axial
solenoidal inductors,” in Proc. IEEE Energy Convers. Congr. Expo., 2022,

pp. 1-6.

[29]

[30]

[31]

[32]

Ujjwal Pratik (Graduate Student Member, IEEE)
received the B.Tech. degree in electrical engineering
from the National Institute of Technology, Silchar,
Assam, India, in 2016, the M.S. degree in electrical
engineering from Utah State University, Logan, UT,
USA, in 2019, and the Ph.D. degree in electrical
engineering from North Carolina State University,
Raleigh, NC, USA, in 2024.

After graduation, he joined WiBotic, Seattle, WA,
USA, as a Power Electronics Engineer, developing
wireless charging systems for autonomous robotic
applications. In 2023, he was a power electronics intern with the ABB Corporate
Research Center, Raleigh. During his doctoral studies, he was a Research
Assistant with the FREEDM Systems Center, Raleigh. He also participated in
the NSF I-Corps Program as the Entrepreneurial Lead. His research interests
include resonant power converters, magnetic component design, wireless power
transfer (inductive and capacitive), and transportation electrification.

Zeljko Pantic (Senior Member, IEEE) received the
B.S. and M.S. degrees in electrical engineering from
the University of Belgrade, Belgrade, Serbia, in 1998
and 2007, respectively, and the Ph.D. degree in electri-
cal engineering from North Carolina State University,
Raleigh, NC, USA, in 2013.

After graduation, he joined Utah State University,
Logan, UT, USA, as an Assistant Professor. He also
served as the Associate Director of the Electric Vehi-
cle and Roadway research facility with Utah State
University. Since 2019, he has been an Associate
Professor with North Carolina State University. His research interest include
broad area of power electronics, specifically wired and wireless charging sys-
tems, personal mobility and micromobility systems, resonant power converters,
systems for wireless power transfer, pressure-tolerant electronics, and magnetic
circuit design.

Dr. Pantic is an Associate Editor for [IEEE TRANSACTIONS ON TRANSPORTA-
TION ELECTRIFICATION and an IEEE IAS Transportation Systems Committee
Member. He was the Program Chair for the Conference on Electric Roads
and Vehicles in 2015 and 2016 and Guest Editor on IEEE TRANSACTIONS ON
TRANSPORTATION ELECTRIFICATION special issues on High-Power Fast Chargers
and Wireless Charging in 2019. He is a Reviewer for more than 20 transactions,
journals, and grant panels. He was the recipient of the multiple patents and the
ECE Teaching Award at USU in 2017.


https://www.mdpi.com/1996-1073/13/17/4569
https://rfs.kyocera-avx.com/userFiles/uploads/pdfs/esrlosses_appnote.pdf
https://rfs.kyocera-avx.com/userFiles/uploads/pdfs/esrlosses_appnote.pdf
http://www.introni.it/pdf/Motorola%20-%20Rectifier%20Applications%20Handbook.pdf
http://www.introni.it/pdf/Motorola%20-%20Rectifier%20Applications%20Handbook.pdf
https://product.tdk.com/en/techlibrary/productoverview/ferrite_pc200.html
https://product.tdk.com/en/techlibrary/productoverview/ferrite_pc200.html
https://publications.lib.chalmers.se/records/fulltext/879/879.pdf
https://publications.lib.chalmers.se/records/fulltext/879/879.pdf


<<
  /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


