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Abstract—Efficient and compact high-power high-frequency
passive energy storage components are required for miniatur-
ization of power converters, and remain a challenging obstacle
in power electronics. In this work, multiple energy storage
mechanisms are analyzed on an order-of-magnitude basis to
identify potential alternatives for conventional passive compo-
nents, especially magnetics, which have frequencyyeah-dependent
power losses. The high energy density of mechanical storage
methods provides an attractive alternative to the widely-used LC
resonance. Piezoelectric transduction is explored and the perfor-
mance of a piezoelectric resonator is compared to that of an LC
resonator in terms of efficiency and power handling capabilities in
a resonant switched-capacitor type circuit. The analysis provides
a basis for exploring potential passive energy storage component
technologies and comparing their performance limits with those
of electromagnetic passive components. The analysis shows that
both electromagnetic and mechanical resonance, in the ideal
scenarios, can offer much better performance than do passive
component technologies in use today. A prototype resonator is
built with off-the-shelf COG capacitors to confirm the low loss
and high power predicted by the model. The resulting resonator
has an effective resistance of 2.76 m at 2.70 MHz in 1 cm’
volume and can handle 7.42 kW within the rated temperature.

Index Terms—energy storage, piezoelectricity, resonators, res-
onant power conversion, switched capacitor circuits

I. INTRODUCTION

Switching power converters require passive components,
such as inductors, transformers and capacitors, which often
dominate the size and loss of power converters. Recent ad-
vances in wide-bandgap semiconductors such as GaN and SiC
allow for efficient high-frequency power conversion [1], and
further improvement to power semiconductor technology may
be expected. The major limitations impeding further improve-
ment of power converter density are the densities and power
losses of passive components, especially magnetics [2], [3].
Although incremental improvements in magnetics are enabling
advances in power density, the importance of the problem
merits consideration of the fundamental performance limits
of passive components and exploration of possible alternative
technologies.

Recent research activities focus on improving magnetics
technology for the MHz frequency range, including optimiza-
tion of inductor geometries and nanoengineering of mag-
netic materials [4]. Because passive components are used for
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storing electrical energy on the time scale of the switching
frequency, other energy storage mechanisms may be used as
alternatives to the magnetic and electrostatic passives in power
converters. Noworolski and Sanders [5] proposed replacing the
conventional LC tank with an electrostatically coupled micro-
fabricated microresonant structure. Piezoelectric transformers,
vibrating piezoelectric bars tapped at various positions for
voltage transformation [6], can be designed in various types
and structures. They are used in place of electromagnetic trans-
formers for applications such as fluorescent lamp inverters [7],
[8], ac-adapters [9] and power supplies [10] for power ranges
on the order of 10 W.

In this paper, we present a first-order analysis of energy
densities of various mechanical and electrical energy storage
mechanisms to identify potential passive component technolo-
gies for power conversion at MHz frequencies. Kinetic, elastic,
electrostatic and magnetic energy storage are considered. To
analyze the upper performance limit of each mechanism,
we assume best-case scenarios, considering mainly the lim-
its imposed by the properties of high-performance materials
currently available for each method, and ignoring the practical
limitations such as those regarding current fabrication technol-
ogy. The goal of this work is to identify opportunities for tech-
nology development for future power conversion components
and systems and not to provide a design process for power
converters. Realizing the potential identified by such analysis
may require extensive additional research and development
effort.

The analysis of energy density shows that mechanical
energy is attractive, but it requires transduction for use in
electrical power converters. To consider this, we analyze
piezoelectric transduction to couple mechanical and electrical
energy. The Butterworth-Van Dyke circuit model for a piezo-
electric resonator is described and used in the analysis. To
compare the performance of piezoelectric resonators to that of
conventional LC resonators, a simple 1:1 resonant switched-
capacitor (ReSC) type circuit is used as an example power
application to standardize the analysis. This work extends
our conference publication [11] by using a more accurate
inductor model, considering skin effect in inductor windings
and commercially available low-energy-density dielectric, and
adding a more extensive study of power output capability
in a sample application. The results for the LC resonators
with commercial COG capacitors are then verified using an
experimental prototype; the details of the design choices and
the small-signal experimental verification are presented in
another conference publication [12].
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Fig. 1. Comparison of achievable energy densities for different energy storage
mechanisms using high performance materials. The energy densities are
independent of frequency, with the exception of inductors with a single-layer
winding whose energy density depends on the skin depth. The energy densities
are limited by material properties or power rating. The normal supercapacitors
are limited by the response frequency; the higher the response frequency, the
lower the achievable energy density.

II. ANALYSIS OF ENERGY DENSITY

Kinetic, elastic, electrical and magnetic energy storage
mechanisms are analyzed in terms of the maximum possible
volumetric energy density u. The energy density is based on
the volume of the enclosing box of the storage element rather
than the volume of the material. For the preliminary analysis in
this section, ideal scenarios are considered in order to find up-
per limits to possible performance that could be achieved with
further technological development. These idealizations include
mechanical oscillation in vacuum, zero capacitor dielectric loss
and zero magnetic core loss, but conduction loss is considered
for magnetic energy storage. Later sections explore practical
considerations that reduce performance relative to these ideal
assumptions. In order to perform a fair comparison, a fixed
1 cm?® volume, 300 V rating and 10 MHz frequency are used
to standardize the analysis. This section will summarize the
energy density analysis; details are discussed in [11].

A. Mechanical Energy

Kinetic energy stored in mechanisms such as a linearly
oscillating mass or a flywheel is proportional to the square of
the speed of oscillation or rotation. However, a faster motion
requires larger restoring or centripetal forces. This presents
an upper limit to the achievable speed, and hence the energy
density, depending on the compressive or tensile yield strength
of the material o,. The energy densities are given by o, /2 for
a flywheel and o, /6 for an oscillating mass in vacuum. The
factor of three difference is due to the extra space required
for oscillation; the difference will be larger if the air drag
is considered [11]. For steel, one of the strongest materials,
with strength 150 to 1500 MPa [13], the maximum achievable
energy density is 75 to 750 J/cm? for flywheels and 25 to
250 J/cm? for oscillating masses in vacuum. These energy
density ranges are summarized in Fig. 1 together with those
of other mechanisms discussed below.

TABLE I
HIGH ENERGY DENSITY CAPACITOR DIELECTRIC MATERIALS

Dielectric Material & | E(V/um) | uw(J/cm?3) | Ref
polypropylene 22 820 6.5 [14]
alkali-free glass ¢ 6 1200 38 [14]
P(VDF-CTFE)/BNNS/BT 12 552 21.2 [15]
PVDF/ArPTU ¢ 9.2 700 10.8 [16]

“barium boroaluminosilicate

bpoly(vinylidene fluoride-co-chlorotrifluoroethylene)/hexagonal boron ni-
tride nanosheets/barium titanate

¢polyvinylidene fluoride/aromatic polythiourea

For elastic potential energy storage, the energy density
depends on the material strength as well as the stiffness. The
maximum elastic energy density of a rod is o} /(2Y") where
Y is the Young’s modulus of the material. For helical springs,
torsional yield strength and shear modulus need to be used in
place of o, and Y respectively. Geometric factors such as the
spring index (the ratio of the diameter of the spring coil to that
of the wire) and the ratio of the volume of the spring material
to that of the box containing the spring also affect the energy
density [11]. For steel, with o, of 150 to 1500 MPa and Y of
around 200 GPa [13], the achievable energy densities are 56
to 5600 mJ/cm? for rods and 6.3 to 630 mJ/cm? for helical
springs as shown in Fig. 1.

B. Electrostatic Energy

Capacitors’ maximum electrical energy density is given by
€E? /2, where ¢ is the permittivity and E the breakdown elec-
tric field of the dielectric. Polypropylene, a common low-loss
polymer dielectric, has a maximum energy density of around
6.5 J/cm? with €, = 2.2 and E = 820 V/um [14]. Recent ef-
forts in enhancing the capacitor energy density involve forming
nanocomposites of high-breakdown-field polymers and high-
dielectric-constant ceramics [15], [16]. Testing commercially
available glass [14] also shows that alkali-free glass has a
high energy density. Table I compares the performance of
polypropylene and state-of-the-art dielectrics in the literature;
these are the energy densities at the breakdown limits and
derating is necessary for continuous long-term operation.

Electrolytic double-layer supercapacitors are another way to
achieve a high energy density. A permeable separator soaked
with an electrolyte is placed between electrodes with a large
surface area to volume ratio. The opposite charges are sepa-
rated by an ion-level thickness between the electrode surface
and the electrolyte. Graphene is widely used in supercapacitors
due to its large specific surface area of 2675 m?/g [17]. This
large surface area means that supercapacitors have very high
energy densities, as much as 1 kJ/cm?; however, they usually
have large RC time constants on the order of milliseconds to
seconds [18], which is too slow for MHz frequency switching.
For frequencies higher than 1 MHz, the maximum achievable
energy density is about 20 J/cm?.

C. Magnetic Energy

Inductors’ maximum energy density depends on the per-
meability p and the saturation flux density B,,; of magnetic



cores, usually below 1 T. Much higher magnetic flux densities
are achievable with air-core inductors but at the expense of
high current and conductor losses. Pulsed power systems can
have an energy density as much as 39 J/cm?® with a maximum
flux density of 50 to 100 T, with the only limitation being
“the onset of melting at the conductor surface” [19]. However,
such a constraint does not apply in our study of storage
mechanisms for use in switching power converters at MHz
frequencies since the high temperature will result in failure
of the insulation materials. Moreover, the temperature rise of
a pulsed power system is limited by thermal mass and the
same limit could lead to much higher temperatures in the
continuous operation of switching converters. The power loss
at a current density high enough to bring about melting of
the conductor surface will also be too high to be useful in an
efficient switching converter.

Thus, power loss in the continuous operation mode, and the
resulting temperature rise, is an important limit to consider.
In this paper, we use tolerable power loss per unit area
Pro: = 3 W/ch, estimated based on a survey of com-
mercially available millimeter-scale surface mount resistors in
the Digi-Key online catalog [20]. The catalog was scanned
to search for resistor series with a clear correlation between
power rating and surface area; these correlations range from
Prating Aiﬁface t0 Prating X Aiﬁface. For a majority of
these series, Prating X Asurface, ranging from 1 V\//cm2 to
4 W /em?. We choose 3 W /cm? as the tolerable power loss to
use in the analysis. This is an aggressive assumption, based on
resistors which typically tolerate high operating temperatures.
However, as discussed below, inductors have a low energy
density even with this assumption of a high tolerable loss.

The power loss in an inductor winding (Fig. 2) is given by

p=rp 2k, 1)
lptr

where [ is the current through the winding, p. the resistivity,
wr, the inductor width, [; the inductor length and ¢; the
conductor thickness that is actively conducting current, which
may be limited by skin depth as discussed below. For this anal-
ysis, we assume that the design is configured for negligible-
proximity-effect loss, and that the core loss is negligible, in
order to determine an upper limit on possible performance that
might be achievable with improved magnetic materials. Using
(1), the maximum magnetic field H,,,, for a tolerable power
loss per unit area P,,,, can be obtained:

2
p. - T _Ip
2 lLWL l% tL
Prast
Hmaac = 71{ (2)
Pe

For a hypothetical lossless magnetic material with a saturation
flux density By, the winding-loss-limited energy density is

1 tr, 1
=————\dr+ 7Bsa Hmaz7 3
“ dL+2tL<L 3uopt)2 ' )

where the fraction tr,/(3pop:) is to account for the energy
stored in the conductor. This energy density can be achieved

Fig. 2. Sketch of an inductor with a foil winding.

TABLE II
MAGNETIC ENERGY STORAGE DENSITIES
Material Single-Layer Winding Multi-Layer Winding
topt | w (mJ/cm3) | popt | u (mJ/cm3)
Air 1 0.015 1 1.87
Bsat =0.32T 42 0.97 4 5.8
Bsat =1T 11 3 12 17.2

by using an effective permeability piop: = Bgat /o H mqz Par-
ticular values for p,,; can be physically attained by choosing
the correct air gap length. For air-core inductors, the saturation
flux density By is simply poHmaz-

At MHz frequencies, the skin depth J is on the order of tens
of micrometers, which limits the effective conductor thick-
ness. However, this skin effect can be partially overcome by
using multilayer foil windings [21]. Assuming optimistically
that a multilayer technique works perfectly without requiring
additional space or incurring any excess power losses, the
result could conceivably be equivalent to allowing full use
of a conductor much thicker than a skin depth. In this
case, the conductor thickness can be optimized for maximum
energy density subject to the power loss density constraint.
For both single-layer and multi-layer cases, we calculate, and
tabulate in Table II, the energy densities for some hypothetical
lossless magnetic cores, representing ferrite (Bg,: = 0.32 T),
and metal and metal-alloy based materials (B, = 1 T) [22].

Fig. 1 shows a comparison of achievable energy density
ranges for the storage mechanisms discussed above, limited
by the properties of high performance materials. Flywheels
and oscillating masses provide the highest energy density,
about an order of magnitude higher than capacitors, which
in turn have an order of magnitude better performance than
springs. Inductors provide the lowest energy density of all
the mechanisms, about two orders of magnitude lower than
springs. It should be noted that the energy density of inductors
is calculated using power rating of commercially available re-
sistors in continuous operation whereas other mechanisms are
analyzed using electrical or mechanical breakdown. However,
even with an order of magnitude derating on other mechanisms
for continuous operation, inductors’ energy density will still
be about an order of magnitude lower than that of springs.

III. RESONANCE, TRANSDUCTION AND EXAMPLE POWER
APPLICATION

Typical switching converters for MHz frequencies use an LC
resonant tank. An alternative resonant structure with higher
energy density and lower losses could enable smaller, more



efficient converters. In an LC or a mass-spring (MK) resonator,
the element with the lower energy density typically limits
the performance: the inductor in the LC resonator and the
spring in the MK resonator. Given that springs have an energy
density limit about 300 times higher than that of inductors, MK
resonance systems can be better than LC tanks at compactly
storing energy with MHz resonance frequencies.

Electromechanical transduction methods need to be inves-
tigated to exploit this high-energy-density MK resonance for
use in switching power converters. Among electromagnetic,
electrostatic and piezoelectric transduction systems, the first
can be ruled out since the necessary windings are subject to the
same performance limits as inductor windings. Electrostatic
systems, though similar to capacitors, have low energy density
because of the lack of dielectric. Piezoelectric systems are
interesting since they can drive oscillating masses and have
a similar energy density limit to that of springs. Although
flywheels have the highest energy density of all the mecha-
nisms discussed (Fig. 1), to our knowledge, there is not yet an
efficient rotary piezoelectric driving mechanism for the MHz
frequency range [23]-[25]. Thus, we study the performance of
a piezoelectric resonator to use in an MK resonance system
with an oscillating mass. A resonant switched-capacitor type
circuit [26], [27] is used as an example power application to
compare the performance of the piezoelectric resonator to that
of a conventional LC resonator.

A. Piezoelctric Resonator

Fig. 3 (a) shows a piezoelectric resonator in length-
extensional vibration mode, in which the direction of vibration
and poling are the same, and it can be described by the
Butterworth-Van Dyke model shown in Fig. 3 (b). For a
resonator vibrating and poled in the thickness d direction, the
capacitance Cj and the motional impedances R, L and C are
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where A is the poling area (bl in Fig. 3 (a)), n the kinematic
viscosity of the material and the environment, p,, the density
of the material, Y the Young’s Modulus, k2 the electrome-
chanical coupling coefficient and !’ the length of vibration (d
for the longitudinal vibration in Fig. 3 (a)) [28].

The resonance frequency fj and the quality factor @) derived
from (4) — (7) are

1 1 /Y
= —— = — -, 8
f(] 2 V LC QZI Pm ( )
1 /LU |Y
C=rRVE T\ o ©

There is a trade-off between the resonance frequency and
the quality factor with respect to the length of vibration. A

Fig. 3. (a) A piezoelectric resonator with vibration and poling along the
same direction (along d). (b) Butterworth-Van Dyke model of a piezoelectric
resonator. C is the capacitance between the two electrode plates and R, L
and C' are motional impedances.

TABLE III
LITHIUM NIOBATE MATERIAL PROPERTY CONSTANTS

el Relative permittivity 28

Y Young’s Modulus 2 x 10 N/m?
p Density 4700 kg/m3>

v Poisson’s Ratio 0.241

fo@ | Figure of Merit (Maximum fpQ) | 1 x 104

E Breakdown electric field 2.6 x 107 V/m
Ty Yield stress 1.1 x 108 N/m?
Sy | Yield strain 5.5 x 10~

decrease in the length I’ increases the resonance frequency and
decreases the quality factor. Combining (8) and (9) results in

Y
@ =5——.
TNPm

This product is a function of the material properties and
is independent of the resonator dimensions, so it can be
considered as the figure of merit (FoM) for a piezoelectric
material. Some research in piezoelectric materials focuses on
achieving a high foQ FoM, and values as high as 1.1 x 104
have been achieved by some groups [29], [30].

Lithium niobate is chosen as the material for analysis due to
its high electromechanical coupling coefficient and FoM [29],
[31]; its properties are summarized in Table III [29], [30],
[32]-[35]. Fora 1 cm x 1 cm x 1 c¢cm block of lithium niobate,
vibrating and poled in the same direction (parallel mode), with
an optimistic assumption of k> = 0.3, the Butterworth-Van
Dyke model gives R = 2.6 m{2, L = 0.40 H, C' = 0.60 pF
and Cy = 2.5 pF. The resonator has a series resonance at
326 kHz and a parallel resonance at 461 kHz.

For vibration and poling in distinct directions (normal
mode), lower impedance can be achieved with the same
resonance frequency and volume. For operation in the normal
mode, the resonator in Fig. 3 (a) can be poled along the
same direction d with vibration along either ! or b. The same
resonance frequency as that for the parallel mode can be
obtained by adjusting the vibration length to account for the
difference in the material property constants between the two
modes. The impedance can be lowered by reducing the poling

(10)



Fig. 4. 1:1 resonant switched-capacitor type circuit used for comparing the
mechanical and the electromagnetic resonances.

thickness to the minimum required to sustain the required
voltage rating, and connecting multiple layers in parallel. The
smaller poling thickness d increases the capacitance Cy and
reduces the motional resistance R while parallel connections
allow for further impedance reduction. Some of the practical
limitations of this approach are discussed in Section IV-A.

B. Resonant Switched-Capacitor Type Circuit

To determine the potential of the piezoelectric resonator, its
performance needs to be compared to that of a conventional
LC resonant tank. The performance metrics for comparison
are losses in the resonator, and the power output limited by
these losses or other mechanical nonlinearities. As a standard
for comparison, we use a 1:1 resonant switched-capacitor
(ReSC) circuit (Fig. 4) with 300 V nominal input and output
voltages [26], [27]. Although we use a 1:1 converter for
simplicity, the trends found would apply to a variety of ReSC
applications. ReSC converters have recently attracted interest
and have shown to be surprisingly versatile [36]-[40]. For
example, [39], [40] demonstrate that they can be operated in
modes that provide continuous variation of the output voltage.

The process of charge transfer between the input V4 and
the output Vp can be characterized by the effective resistance
Ry in Fig. 4. This effective resistance is given by

1

Repro = 7c (11)

for a capacitor at a frequency f and

1 ™ L R |C
Reff-,LC = foic tanh <4Q> = 27’(\/; tanh (4 T
(12)

for an LC resonator at the resonance frequency fy, with
parasitic resistance R [27]. Because a piezoelectric resonator
can be modeled as a capacitor in parallel with a motional LC
resonance (Fig. 3 (b)), its effective resistance is

1 1 -t
Re iezo0 — .
srw <Reff,c " Reff, LO)

The power output of a ReSC-type circuit with dc bias
voltage V. and capacitance C' at resonance frequency fo is

13)

1
P = 50 ((Vdc + Vac)2 - (Vdc - Vac)z) fO
1
= 2C(‘/dc‘/acfo = 7VchaC7 (14)
™

where V,. is the peak ac voltage across the capacitor and
Iy = Vaer/C/L the peak ac current through the capacitor.

We have explored various electromechanical transduction
methods to exploit the high energy density offered by MK
resonance and ruled out the electromagnetic and electrostatic
transduction mechanisms respectively due to the winding loss
and the low energy density. We also studied the piezoelec-
tric resonator and described an equivalent circuit model. In
addition, a ReSC circuit is described as an example power
application which can be used to compare the performance of
the piezoelectric and the conventional LC resonator.

The two resonators are compared in the following sections.
In the analysis, an air-core inductor and a capacitor with alkali-
free glass dielectric [14] are used for the LC resonator and
lithium niobate [32] is used for the piezoelectric resonator. A
dc voltage rating of 300 V is assumed for both resonators.

IV. RESONANT SWITCHED-CAPACITOR TYPE CIRCUIT:
EFFECTIVE RESISTANCE

A. Effective Resistance of a Piezoelectric Resonator

The effective resistance of a piezoelectric resonator
(Fig. 3 (a)) in a ReSC-type circuit at a resonance frequency
fo can be derived from (11)—(13):

-1
Reff,piezo = (fOCO + fOCCOth <7T>> . (15)

4Q
Assuming a high quality factor (¢ > 1) and using (4) and
(7), the expression can be simplified:

1 8k24Q\
Re iezo X T4 5
Ihv JoCo < T >
2 1 2 2R
~ T2 ae
8k200 27Tf0Q 2 2

where R is the motional resistance described in (5). Thus, the
effective resistance of a high ) piezoelectric resonator in a
ReSC-type circuit depends only on the capacitance Cj, the
electromechanical coupling coefficient k% and the fy@Q FoM.

For a particular material (i.e. fixed k2 and fQ), the lowest
R.ry can be obtained by maximizing Cy. This is achievable
by connecting multiple piezoelectric layers in parallel, each
of which has a poling thickness of d = V/E to sustain
a voltage rating V. For lithium niobate (Table III), we get
d = 11.5 pm and R.py = 18 pQ) for a 1 mm? volume
assuming optimistically that k? = 0.3. This R. s, normalized
by volume, is constant for a particular material. Since vibration
and poling do not have to be in the same direction (for
example, vibration along ! and poling along d in Fig. 3 (a)),
the length of vibration I’ can be varied independent of the
poling thickness d. Thus, the low effective resistance of 18 uf2
can theoretically be achieved with 1 mm?® volume of lithium
niobate independent of the resonance frequency.

However, the above analysis only considers the fy(Q FoM
and the electrical breakdown of a piezoelectric resonator, and
is an optimistic lower bound on the achievable R.;¢. The
Butterworth-Van Dyke model in (4)—(7) is specific to length-
extensional vibration and some material property constants in
Table III are for a specific orientation of the piezoelectric
resonator. The normal mode, with poling and vibration in
different directions, may correspond to less favorable material




Fig. 5. Resonator sketches. (a) A multiple-turn inductor for high inductance.
(b) A single-turn inductor for low inductance in parallel with arrays of
reference capacitors (the capacitor self-inductance is not negligible).

property constants and result in a higher effective resis-
tance. Moreover, because the analysis assumes a multilayer
piezoelectric resonator, the poling electrodes contribute to the
motional resistance. The specific mounting position of the
resonator on the base substrate may also affect the kinematic
viscosity 77 and the FoM. These technological constraints need
to be overcome first to realize the low effective resistance of
the lithium niobate piezoelectric resonator mentioned above.

B. Effective Resistance of an LC Resonator

An electromagnetic resonator as shown in Fig. 5 comprises
a capacitor and an air-core inductor in a total volume V. The
volume of the inductor is a particular fraction r, of the total
volume while that of the capacitor equals (1 —r,)V. For a
particular volume V, voltage rating V' and resonance frequency
fo, the capacitor dielectric type determines the achievable
energy density and the inductor can be designed to obtain
the desired resonance frequency. We assume a 300 V rating
to standardize the analysis.

1) Capacitor Model: The achievable energy density of a
dielectric material can be represented by capacitance C..y,
voltage rating V,..¢ and volume V,..; of a reference capacitor
of that particular dielectric type. For the alkali-free glass di-
electric discussed in Section II-B, Cy.c¢, Vies and Vycs can be
obtained from the dielectric constant and the breakdown field.
For commercially available COG and X7R capacitors, Digi-
Key online catalog for surface mount capacitors [41] can be
scanned to obtain a capacitor with the highest energy density.
Limiting the voltage rating to lower than 400 V to address a
wide range of application, the COG and X7R capacitors with
highest energy density are C2012CO0G2E103K125AA from
TDK and 12061C225KAT2A from AVX respectively (Ta-
ble IV). It is assumed that these capacitors can be redesigned
to obtain the 300 V rating for the analysis. These reference
capacitors, connected in parallel in a volume (1 — r,)V, give
the capacitance

V?ef (1 - rt})v
ef V2 V’ref :

For X7R capacitors, the degradation of the dielectric at high
frequency and operating voltage can be reflected by mul-
tiplying C,.; with a relevant factor. This can be obtained
from experimental measurements or from manufacturer design
tools, namely TDK SEAT2013 [42] and AVX Spicap 3.0 [43].

The effective series resistance of the capacitor R¢ can be
due to conductor plate resistance and dielectric dissipation

C=0C,

a7

TABLE IV
REFERENCE CAPACITORS
Dielectric | Crey F) | Viey (V) | Viyer (mm3) | u (J/cm?)
Glass 849.6 300 1 38
C0G 10 250 3.625 86.2 m
X7R 2200 100 4.813 2.29
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Fig. 6. Dissipation factor of COG and X7R dielectric in optimistic scenarios
respectively based on Kemet C0402C279K8GAC and C0805C103KCRAC
capacitors [44], and for practical implementations based on the reference
capacitors in Table V, to be discussed in Section VI.

factor. The former can usually be ignored because of the
parallel connections among conductor plates. The latter can
be calculated from the dielectric dissipation factor Dy, giving
Dy

n 27 foC
The dissipation factor of COG and X7R dielectric materials can
be extracted from the ESR data of some reference capacitors;
these reference capacitors are distinct from the capacitors in
Table IV. To obtain approximately the intrinsic loss in the
dielectric rather than the conductor plates, these reference
capacitors should have a small capacitance and a large voltage
rating in a small case size. We use Kemet K-Sim design
tool [44] to extract the ESR and D/ data (Fig. 6). Table IV and
Fig. 6 together give an optimistic combination of high energy
density and low dissipation factor; this combination does not
correspond to any commercially available capacitors.

2) Inductor Model: The inductor needs to be designed such
that it gives the resonance frequency fy when combined with
the capacitance in (17). This requires

. 1 . NQK,LL(WL74tL/3)(bL74tL/3)
a 47 Qfg C o l L
where N is the number of turns in the inductor winding and
K Nagaoka’s coefficient, which is the correction factor for
end effects in an air-core coil of finite length [45]. K equals
1 for narrow and long coils (I, > wy,, by) and decreases as
the coil gets shorter and wider.

Low resonance frequencies require a large inductance,
which, given a constrained volume r,V, can be achieved by

Rec (18)

L , (19)



using a multiple-turn winding (N > 1) as shown in Fig. 5 (a).
In this case, the capacitor self-inductance is negligible and the
two sides by, and wy, of the inductor are qualitatively the same
so we can set wy, = by. From the required volume r,), we
can obtain [, = er/w%. Thus, (19) can be rewritten as

N2Kp w? 4t \?
L=—"""1%L -— . 20
Y (WL 3 > (20)
The inductor ESR equals the conductor resistance
N2p, 4wy, —t 2
Ry = e e _tr) Wy, 1)

t L T’UV
where p. is the resistivity of the conductor.

For higher frequencies, only a small inductance is required,
which usually limits the number of turns to one. In this case,
the capacitor self-inductance needs to be considered; a parallel
resonator in this scenario is shown in Fig. 5 (b), which has

K,UQWLbL 4tL 1 —Tw 2tL
L= — == ) (br+0b — L
TV (WL 3 ) < R TR )

K/L()WLbL 4tL 1+2’I"v 2tL
S 2B () (22
oV (WL 3 ) ( L7 3, 3 ) (22)

The by (1 — rv)/(3r,) term is a first-order approximation
for the effective breadth of the capacitors that contribute
to the total inductance. The factor of 3 results from the
assumption that the current is equally distributed among the
capacitor electrode plates, resulting in a magnetic field that
increases linearly and a magnetic energy density that increases
quadratically along by, which, when integrated, gives a factor
of 3 in the denominator. The inductor ESR in this case is
pewLbL 1+ 2rv
= m (WL +2bL3TU> .

3) Resonator Optimization: The effective resistance of the
LC resonator in a ReSC circuit can be calculated by substitut-
ing (17)=(23) into (12). R, rc depends on the following: the
resonator volume V), the dielectric type, the inductor-resonator
volume ratio r, and the inductor geometry (N, wy, by and
tr). According to (19), N can be expressed in terms of wy,
by and tr. Thus, for a fixed volume V and dielectric type,
the design of the LC resonator depends on four independent
variables (r,, wr, bz, tr), which can be used to optimize the
resonator performance.

We perform particle swarm optimization [46] with respect
to these parameters to determine the minimum R.y; of an
LC resonator as a function of the resonance frequency for a
300 V rating and fixed volumes. Fig. 7 shows the optimization
results for the ideal scenario: an inductor that is not skin-effect
limited (i.e. using a multilayer foil winding [21] discussed
in Section II-C) and a lossless capacitor with the high-
energy-density alkali-free glass dielectric (Table I and IV).
Each fixed-volume curve has two distinct sections: a larger
slope at the lower frequency end and a smaller slope at the
higher frequency end. The inductor designs for the boundary
between these two sections are a single-turn inductor with
an approximately cubic shape (Fig. 7 (c)). As the frequency
decreases, the number of turns remain constant at one, and
the coil becomes shorter and wider (wy, = by, > [;). As the

Rp (23)
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Fig. 7. (a) Optimal effective resistance vs. resonance frequency of an LC
resonator and a piezoelectric resonator with 300 V rating and volumes from
1 cm? to 1073 mm3. The optimization assumes an air-core inductor with
no skin-effect limit and a lossless capacitor with alkali-free glass dielectric.
(b)—(d) Representative inductor designs for each section of the plot.

coil becomes very short, further decreases in the frequency
are achieved by increasing the number of turns in the wind-
ings while keeping the dimensions fixed (w;, = by, > [,
Fig. 7 (b)). At frequencies higher than the boundary, the
inductors have a single-turn winding, and becomes thinner and
longer (wy, = by, < I, Fig. 7 (d)) as the frequency increases.
The curve roughness in the higher frequency portion is due
to the accuracy limit in the optimization routine and does not
relate to a physical phenomenon.

This relation between the minimum effective resistance and
the resonance frequency for a fixed volume can be explained
as follows. Because the capacitor ESR Ro is assumed to
be zero, design changes along each fixed-volume curve is
mostly due to changes in the inductor geometry. A large
inductance required for low resonance frequencies is obtained
using an inductor with a multiple-turn winding with a cross-
section larger than the length (wy, = by > 1), resulting
in a large R.y; at the low-frequency end. As the frequency
increases, the inductance is decreased by reducing the number
of turns, thereby reducing Rcfs. As the number of turns
approaches one, the self-inductance of capacitors becomes
significant, reducing the required lumped inductance and the
corresponding inductor ESR, thereby pushing the R.yr vs.
fo curve downwards around the knee in the curve. As the
frequency gets higher, the number of turns remains at one and
further decreases in L and R, ¢ are achieved by decreasing the
inductor cross-sectional area (wr,, br) and increasing its length
lr, resulting in a change in the slope of the curve. Another
contribution to the difference between the two sections is the
Nagaoka’s coefficient K, which approaches 1 as the inductor
becomes narrower and longer with increasing frequency.



According to Fig. 7, very low effective resistances can
theoretically be achieved at high frequencies; however, there
are practical limitations regarding the inductor designs. For
example, R.r¢ as low as 1.32 {2 can be achieved at 100 MHz
in a 0.1 cm® volume, but only with impractical dimensions
of 0.22 mm X 0.22 mm X 0.86 m. Because the optimal
inductor is very thin and long, it can also be constructed
by a parallel connection of multiple shorter inductors with-
out significantly affecting the performance; for instance, 200
0.22 mm x 0.22 mm X 4.3 mm in parallel will give the
same R.;y with a more practical aspect ratio. However, im-
plementing the parallel connections usually requires additional
space and results in higher effective resistances. Thus, Fig. 7
shows optimistic physical limits of LC resonator performance
in the ideal scenario of an inductor with no skin-effect limit
and a lossless high-energy-density alkali-free glass dielectric
without the practical constraints regarding aspect ratios or
implementation of parallel connections.

In order to obtain the performance limit of the LC resonant
tank rather than that of the ReSC converter, switching losses
are not considered in this analysis. As a result, the effective
resistance gets significantly lower at higher frequencies, but
only with impractical aspect ratios as described above. And
at MHz switching frequencies, the switching losses may be
higher than the effective resistance presented in Fig. 7 even if
zero-voltage switching (ZVS) is used to minimize losses [47].
Thus, very high switching frequencies may not be favorable
for designing practical ReSC converters considering all the
losses, and Fig. 7 is to be regarded as the performance limits
of the resonators themselves, independent of any assumptions
about semiconductor technology.

This optimization process is repeated with various modifica-
tions to determine the effect of various assumptions in the ideal
scenario and the results for 1 cm?® volume are plotted in Fig. 8.
We first remove the ideal inductor assumption, i.e. a perfect
multilayer foil winding that allows full use of a conductor
much thicker than skin depth. Adding the skin-effect limit
increases Ry by a factor of five at the high-frequency end.

Keeping the skin-effect limit, we examine the effect of
changing various assumptions regarding the capacitor. First,
the capacitor dielectric is changed from glass to commercial
COG and X7R dielectric materials. The difference in the
energy densities among the three dielectric types translates to
a difference in achievable R, . This is because for the same
resonance frequency, a lower-energy-density dielectric needs
a larger inductance than a higher-energy-density dielectric
does, and larger inductance usually results in higher ESR as
discussed above. Second, the degradation of X7R capacitors
with respect to operating voltage and frequency effectively
reduces the capacitor energy density, resulting in a factor of
3.5 increase in R,y s. Third, adding the capacitor loss (18) does
not change . at the low-frequency end but increases R
at the high-frequency end due to the frequency dependence of
the capacitor dissipation factor (Fig. 6). The effect of capacitor
loss is also more pronounced for X7R capacitors than for COG
capacitors since the dissipation factor is larger.

It is important to emphasize that the dissipation factors
and the energy densities used in the analysis for Fig. 8
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Fig. 8. Optimal effective resistance vs. resonance frequency of an LC
resonator with 300 V rating and 1 cm?® volume. The effects of skin-
effect limit, COG and X7R dielectric energy density, and capacitor losses
are examined.

correspond to distinct reference capacitors. Thus, the “C0G”
and “X7R”curves in Fig. 8 is an optimistic lower bound on
achievable R.sy for these capacitor types, calculated using
the highest energy density combined with one of the lower
dissipation factors found in commercial catalogs. For practical
implementation, the energy density and the dissipation factor
need to corresponds to the same reference capacitor, which
will invariably increase the achievable R, ;. The results for a
practical implementation will be discussed in Section VI.

C. Effective Resistance Comparison

We have modeled and calculated the best possible perfor-
mance of piezoelectric and LC resonators, with optimistic
assumptions, in fixed volumes. Fig. 7 (a) shows the effective
resistance vs. frequency plots of both piezoelectric and LC
resonators of volumes ranging from 1 cm?® to 1072 mm? for
comparing the performance of the two resonator types.

The effective resistance for the piezoelectric resonators,
calculated using the Butterworth-Van Dyke model in Sec-
tion III-A is independent of frequency and is inversely propor-
tional to the total volume. According to Fig. 7, the piezoelec-
tric resonator outperforms the conventional LC resonator in
terms of R,y below 750 MHz. It should be noted that Fig. 7
shows the optimistic lower bounds on the R, s at various reso-
nance frequencies for LC and piezoelectric resonators. Adding
various practical constraints will increase the achievable Iy,
as shown in Fig. 8 for LC resonators.

We have analyzed a ReSC-type circuit with a piezoelectric
resonator or an LC resonator in terms of R.r;. In the opti-
mistic scenarios without considering practical implementation
constraints, both resonators have the potential for a low effec-
tive resistance, orders of magnitude better than today’s passive
components. The optimistic assumptions include a perfect
multilayer piezoelectric resonator without motional resistances
of the poling electrodes, a capacitor with a high energy density
dielectric, and a perfect multilayer winding with thin foils and
equal current sharing. Thus, these results should be interpreted



as the performance limit of piezoelectric and LC resonators
without considering the current technological constraints.

V. RESONANT SWITCHED-CAPACITOR TYPE CIRCUIT:
POWER THROUGHPUT

Because the effective resistances of the resonators are very
small, the more suitable comparison may be in terms of power
throughput. The limitations on power include nonlinearity and
mechanical fracture for the piezoelectric resonator, dielectric
breakdown for the LC resonator, and efficiency and ther-
mal effect of loss for both. Dielectric breakdown is already
considered in terms of voltage rating of reference capacitors
Vier so will not be described explicitly in this section. The
piezoelectric equations in (4)—(10) are only valid for small
linear vibrations and high power may push the resonator
into the nonlinear regime; extreme vibrations may even cause
mechanical breakdown. Efficiency specifications and tolerable
thermal effect of loss also limit the current that can be handled.
The minimum of these limits sets a constraint on the power
handling capability of piezoelectric and LC resonators.

A. Piezoelectric Resonator: Nonlinearity and Yield Strain

To account for nonlinearity in a piezoelectric resonator, the
spring constant can be expanded into higher order terms. For
a vibration amplitude x, the elastic force acting on an object
can be expressed as koz (1l + k1 + ...) where kg is the linear
term and k; the first-order anharmonic term of the spring
constant. As a condition for unacceptable nonlinearity, we use
the bifurcation point above which a small change in the initial
conditions may cause a jump in the amplitude of the steady
state vibration [48]. The critical vibration amplitude before the
vibration becomes nonlinear is given by

16
Te= | =5 (24)
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where ( is the quality factor of the resonance [48]. For a bulk

acoustic wave (BAW) resonator as shown in Fig. 3 (a),
m2A'Y v
0 — Tl/ and kl = 7@,
where A’ is the cross-sectional area of vibration (bl in
Fig. 3 (a)), I’ the vibration length and v Poisson’s ratio [48].
Combining (24) and (25), we can solve for the maximum strain
based on this nonlinearity limit for the piezoelectric resonator,

T 16 3 16 3
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Below this strain level, operation can be considered approxi-
mately linear. Above it, nonlinearity makes operation difficult.
Operation in the nonlinear range might be feasible, but we find
that there is little motivation to develop this capability, once
other limitations and design considerations are included.

The other limit on maximum allowable strain is the yield
strain S,. It can be seen from (26) that for a material with
a particular value of the fy@Q FoM, the nonlinear strain limit
varies with v/fo. Thus, Sy rather than S. becomes the limiting
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Fig. 9. Maximum power output vs. resonance frequency for piezoelectric
and LC resonators with 300 V rating and 1 mm® volume. Lithium niobate is
assumed for the piezoelectric resonator. The three sections of the piezo curves
with different slopes corresponds to power output limits due to nonlinearity,
the yield strain and the thermal effect of loss. The LC resonator power output
is limited by the thermal effect of loss.

constraint at higher frequencies. We define the lower of these
two strain limits as the maximum allowable strain S, ;..

Since C' and L in the Butterworth-Van Dyke model of a
piezolectric resonator (Fig. 3 (b)) corresponds to the stored
mechanical energy, the maximum vibration amplitude .4y,
and hence S,,,z, can be translated into the maximum ac
voltage V,. or ac current I,. that can be sustained in the
resonator. By equating the vibrational energy stored in the
piezoelectric resonator at the maximum amplitude ko2, ,, /2
to the energy stored in the motional inductance at the ac
current limit L12./2, we get

[C
Iac - Vac - =
L

where d is the poling thickness, ¢ the electrode thickness and I’
the vibration amplitude. The power output of the piezoelectric
resonator can be calculated by substituting (27) into (14).

Fig. 9 shows the power throughput of a 1 mm? lithium
niobate piezoelectric resonator with a 300 V rating and dif-
ferent values of the f,Q FoM (10'2,10'® and 10'*). The
curve for each value of fy@ can be divided into three sec-
tions. At the low-frequency end, the resonator is limited by
nonlinearity. Because the ac current limit /,. is proportional
t0 Spaz = Se o v/fo (26) and is inversely proportional to
"< 1/fy 8), P x fg’/ % in this nonlinearity-limited section.
As the frequency gets higher, the nonlinear strain limit S, gets
larger and the yield strain becomes the binding limit. Because
the yield strain is independent of the frequency, the ac current
limit only varies with 1/I’, and hence P o fy. Thus, the
slope of the middle section is smaller than that of the first
section in Fig. 9. At the high-frequency end, the power output
is independent of frequency and is limited by the thermal effect
of loss, which will be discussed in Section V-B.

To calculate the power output for each value of the fy@

4k%272¢Y2 YV Snae
pmd(d+20) U

27)



FoM (Fig. 9), we have used the minimum of the nonlinearity,
the yield strain and the thermal limits at each frequency.
However, if a higher R,y is tolerable, the nonlinearity limit
can be ignored. Because fy@Q@ = 10'* (Table III) is the highest
achieved with lithium niobate and lower fy() products are
often obtained, it is possible to design a piezoelectric resonator
with any lower fy@Q value. As shown in (16), (26) and (27), a
lower fy( increases the nonlinearity limited power output, but
only at the expense of a higher I.yy. For instance, the yield
strain limited power output at 10 MHz is 2.2 kW whereas the
nonlinearity limited power output for fo@Q = 10* is 0.85 kW
(Fig. 9). Thus, the nonlinear power limit of the piezoelectric
resonator at 10 MHz may be increased by as much as 2.6
times if we use foQ = 10'%/2.6%2 ~ 1.5 x 10'3. Thus, by
varying the fo@ product for each frequency, the piezoelectric
resonator can be designed such that the power output is limited
only by the yield strain and the thermal effect of loss.

B. Thermal Effect of Loss

Power dissipation in the effective resistance of the piezo-
electric and the LC resonators increases the temperature of
the resonators. This thermal effect limits the power loss that
can be sustained, which in turns limits the power output. The
tolerable power loss per unit surface area (Section II-C), and
the resonators’ effective resistance and dimensions can be used
to calculate the maximum ac current through the resonator, and
hence the thermal effect limited power output.

As discussed in Section IV-B, long-solenoid inductors can
be redesigned using a parallel connection of multiple shorter
inductors without impacting the achievable R.;;. Thus, for
designs with long-solenoid inductors, it is assumed that the
inductors are redesigned into an approximately cubic shape.
We use this minimum area to calculate the tolerable winding
loss of the inductors in the long-solenoid regime.

The thermal effect limited power output of the resonators are
included in Fig. 9 together with other limits discussed above.
Each “Piezo” curve, which assumes 10 mm?2 surface area for
1 mm? volume, is limited by the thermal effect of loss at
the high-frequency end. This thermal limit is independent of
frequency since the optimal R of a piezoelectric resonator
does not depend on the frequency (16). The LC resonators,
however, have frequency dependent thermal limits since R,
of the LC resonators varies with the frequency.

C. Discussion

Fig. 9 can be used to compare LC and piezoelectric res-
onators in terms of power throughput. In the most optimistic
scenarios for both resonators, the piezoelectric resonator out-
performs the LC resonator both in terms of power throughput
and effective resistance in the frequency range 45-750 MHz.
Although piezoelectric resonators have lower Ry than LC
resonators, they are limited by nonlinearity and yield strain at
lower frequencies, resulting in a lower power output than the
LC resonators. Nevertheless, both resonators have the potential
for power densities that are orders of magnitude higher than
passive components in use today, subject to the caveats noted
below.

The high power density of the piezoelectric resonator can be
explained by the low R,y enabled by the perfect multilayer
resonator we have assumed. Practical considerations such as
the mounting position on the substrate and the poling elec-
trodes may introduce additional motional resistances, which
in turn will decrease the thermal limit for the power output.

For the LC resonator, one explanation for the favorable
power output is the high energy density of the capacitor.
The above analyses assume a capacitor with alkali-free glass
dielectric which has a breakdown electric field of 1.2 V/nm,
which allows for a very high energy density of 38 J/cm3
(Table I). This is many times higher than the energy density
of commercially available capacitors: around 2.3 J/cm?® for
X7R ceramic capacitors and 0.086 J/cm? for COG capacitors
(Table 1V). Using these commercially available capacitors
decreases the achievable capacitance, which in turns increases
the required inductance for a particular frequency, resulting in
a higher effective resistance and a lower thermal effect limited
power output as shown in Fig. 8 and Fig. 9.

The example power circuit we have chosen for the analy-
sis, namely the resonant switched-capacitor type circuit, also
contributes to the very high power output limit. Because of
the dc bias, a ReSC-type circuit can be operated with an LC
resonance in which the power processed by the capacitor and
the inductor may be different by orders of magnitude. For
example, for a 1 mm? LC resonator with an air-core inductor
and skin-effect limit at 10 MHz, the optimal design has a
capacitance of 777 nF, an inductance of 326 pH and a series
resistance of 1.3 m{2, and can sustain an ac peak current of
21.3 A. In this design, the inductor only stores a maximum
energy of 74.1 nJ and processes 0.74 VA at 10 MHz whereas
the capacitor processes as much as 2.04 kVA (14). The fact
that such a large difference is possible with a ReSC-type circuit
is favorable since capacitors have orders of magnitude higher
energy density than do inductors.

In non-ReSC-type circuits, such as series resonant convert-
ers, a small inductance and a large capacitance mean that the
loaded quality factor of the circuit will be too small for useful
power conversion. For instance, the LC resonator discussed
above only has a characteristic impedance of 20.5 m{2 and
an unloaded quality factor of 15.5. To achieve a high loaded
quality factor for a large load using a series resonant converter,
the inductance-to-capacitance ratio needs to be much larger.
Because the underlying loss model is also valid for the series
resonant converter, the optimization in Figs. 7, 8 and 9 can
be repeated with a minimum loaded quality factor constraint
for a series resonant converter. This additional constraint may
reduce the achievable power output of the resonator. Thus, the
ReSC-type circuit plays a significant role in achieving the high
power output discussed in this section.

VI. EXPERIMENTAL RESULTS
A. Design Choices

We built a prototype LC resonator to verify the low effective
resistance predicted by Fig. 7 and Fig. 8. However, the results
in Section I'V-B are based on optimistic assumptions; even the
results for resonators using COG and X7R capacitors are op-
timistic because of the combination of highest energy density



TABLE V
REFERENCE CAPACITORS FOR EXPERIMENTAL VERIFICATION

Type | Manufacturer Part Number Cref (WF) | Vies (V) | Size (mm X mm X mm) | u (J/cm3)
C0G TDK CGAIN4CO0G2E154J230KN 0.15 250 5.7 x5 x 2.5 65.8 m
X7R AVX 22201C106MAT2A 10 100 5.7 X 5 x 2.79 628.8 m
0.1'm TABLE VI
EXPECTED AND MEASURED RESULTS
0pE o i
K Expected Measured | Measured
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Fig. 10. Minimum achievable R.yy normalized by V2 vys. resonance

frequency for LC resonators with 1 cm® volume. The plots include results
for optimistic lower bounds on R.yy of LC resonators using COG and
X7R capacitors, theoretical values of R s using capacitors in Table V and
experimentally measured R.yy for resonators using the COG capacitor in
Table V.

and low dissipation factor found in online catalogs. Moreover,
the volumes of the reference capacitors used in the analysis
(Table IV) are also very small for practical implementation of
a prototype. Thus, for experimental verification, we choose
different reference capacitors with larger volumes (at least
50 mm?®) that have maximum energy density with voltage
ratings lower than around 3—400 V (Table V). The dissipation
factors for these reference capacitors are extracted from TDK
SEAT2013 [42] and AVX Spicap 3.0 [43] software and are
shown in Fig. 6. More detailed explanations of the capacitor
choice and the small-signal experimental verification can be
found in [12].

The energy density and the dissipation factors for these new
reference capacitors are used to calculate the effective resis-
tance of an LC resonator with skin-effect limited conductor
that can be practically implemented, and the results are shown
in Fig. 10. For comparison, the figure also includes R.fy
for optimistic resonators with COG and X7R capacitors from
Section I'V-B. Because the voltage ratings for the resonators are
different, R, is normalized by V2 in Fig. 10, which gives a
function proportional to loss fraction. For LC resonators using
COG and X7R capacitors, the practically achievable R.f
and optimistic lower bounds are similar for low frequencies
(< 100 kHz). However, at higher frequencies, the achievable
Ry are orders of magnitude different, mainly because the
dissipation factors for off-the-shelf capacitors with high energy
density are higher than the optimistic dissipation factors, as
shown in Fig. 6.

We verifed the results for the resonator with COG capacitors
because they have lower ESR than do X7R capacitors at MHz

Fig. 11. The prototype parallel LC resonator using capacitors in Table V.

frequencies. We chose a design with a predicted resonance
frequency of around 3.35 MHz with R,y ~ 2.2 m(2, because
the effective resistance is in the low single-digit m{2 and
the lower R.y; at higher frequencies will be much harder
to measure. The particular resonator design allocates most of
the volume to the capacitors, which means that the capacitor
self-inductance is enough for resonance at around 3 MHz.
The design requires connecting 14 COG capacitors (Table V)
in a4 x 3.5 grid, which is impossible using the selected
reference capacitors. Thus, we chose to connect 16 capacitors
ina4 x 4 grid as shown in Fig. 11. This increases the total
volume to 1.14 cm?, which slightly shifts the “COG practical”
curve in Fig. 10 downwards; however, this shift is negligible
in the order-of-magnitude plot in Fig. 10. Table VI shows the
expected resonance frequency and various impedances of the
resonator. The table also includes the impedance at resonance
of a parallel resonator with the same inductance, capacitance
and loss mechanisms, represented by R, .

We built a parallel resonator (Fig. 11) considering ease of
measuring the 1.07 € R, compared to the 0.44 m) R, .
A series resonator with the same inductance and capacitance
can be obtained by removing the copper foil at the top of
the resonator. The measured impedance at resonance of the
parallel resonator can then be used to calculate the ESR of
the series resonator, which in turn can be used to calculate
Ress of the ReSC converter.



B. Small Signal Test

The resulting parallel resonator was characterized using
an Agilent 4294A impedance analyzer. The resonator has a
parallel resonance at 2.70 MHz with a parallel impedance
Repr = 1.13 € and a measured capacitance C' = 2.35 pF,
resulting in L = 1.48 nH. These measured impedance values
translate to Res = 0.56 m{) for the corresponding series
resonator and R.yy = 2.76 m{2 at 2.70 MHz for a ReSC con-
verter using this series resonator, as shown by the asterisk in
Fig. 10. These measured results are also included in Table VI.
This discrepancy between measured and expected fo and R.s ¢
may be attributed to the prototype resonator volume which is
slightly larger than 1 cm?®, and current crowding at the edges
of the capacitor plates. Experimentally, this current crowding
can be reduced by adding blocks of low-loss magnetic cores at
the ends of the resonator to straighten magnetic field lines. We
tested this using blocks of Fair-Rite 67 material, which resulted
in Repr = 1.76 §, Regr = 0.45 m© and Reypp = 2.22 mQ) at
2.40 MHz (Fig. 10, Table VI). This R, with magnetic cores
is closer to the predicted Ry, verifying the effect of current
crowding. The measured R,y of the prototype LC resonator
matches closely with the calculated R, sy represented by “C0G
practical” curve in Fig. 10. This verifies the R.r; model of
the LC resonator presented in Section IV-B.

C. Large-Signal Test

A large-signal test was performed to measure the ac voltage
capability of the implemented parallel resonator. This ac
voltage capability can be used to compute the ac current
capability of the corresponding series resonator, which in turn
can be used to calculate the outpout power of a ReSC resonator
using this series resonator. The parallel resonator, rather than
the series resonator, was used in this large-signal test because
of the difficulty of matching a 50 €2 output impedance of a
power amplifier to the very low 0.56 mS) R, of the series
resonator; the higher 1.13 2 R, of the parallel resonator is
more easily matched to a 50 €2 impedance. In order to obtain
a more conservative estimate of the power handling capability
of the resonator, the large-signal test was performed without
using the magnetic cores to straighten the field lines and reduce
losses.

The measurement setup (Fig. 12 (a)) includes a 50 Q to
3 0 AVTECH AVX-M4 matching transformer, a Pearson 6585
current transformer and an Agilent 1141A differential voltage
probe. The measurement setup is based on the configuration
detailed in [49]. A sinusoidal voltage signal from a function
generator was amplified by a Tomco BT00500-AlphaS-CW
power amplifier and fed into the matching transformer. The
voltage across and the current through the parallel resonator
(Vp and I,,) were measured using the differential voltage probe
and the current transformer respectively. The frequency was
tuned to resonance, and at resonance, the power loss in the
resonator was calculated from the product of the rms values of
these waveforms. The maximum surface temperature 7,,,, of
the resonator was measured using a FLIR E60 thermal camera.
Fig. 12 (b) shows the temperature profile of the parallel

Fig. 12. The large-signal measurement. (a) The measurement setup showing
the impedance-matching transformer, current monitor, the voltage probe points
and the parallel resonator. (b) Temperature profile of the parallel resonator
operating around 100 °C.

resonator operating near the maximum allowable temperature,
measured using the thermal camera.

The drive level was gradually increased until the maximum
steady-state surface temperature was around 100 °C. Consid-
ering the temperature difference between the surface and the
inner hotspot, higher drive levels would push the capacitors
above the rated temperature of 125 °C. The drive frequency
had to be adjusted for each drive level and temperature
so that the measured voltage and current waveforms are in
phase, indicating that the resonator is operating at resonance.
The resonance frequency varied from 2.73 MHz at room
temperature to 2.64 MHz at 101 °C maximum steady-state
surface temperature. This variation in the resonance frequency
is due to the dependence of the dielectric permittivity, hence
the capacitance, on the temperature and the drive level.

The impedance at resonance I, of the parallel resonator
was calculated by Repr = Vp rms/Iprms. The ESR of the
corresponding series resonator K., was then calculated using
Repr, the drive frequency and the inductance measured in the
small signal test. The measured ., and the corresponding
calculated R are plotted as a function of the measured
maximum surface temperature in Fig. 13. These measured
resistances at room temperature agree with the small signal test
results. At higher drive levels, the higher loss in the resonator
increases the temperature, which results in a lower R, and a
higher R, as shown in Fig. 13. This indicates that the small
signal Ry, and R, accurately represent the resonator loss
at room temperature but high-temperature effects may need
to be considered for a more accurate loss model. However,
because the difference between the resistances at 100 °C and
that at the room temperature is only 21%, the presented loss
model can be considered sufficient in the order-of-magnitude
analysis intended for this paper.

The measured rms voltage of the parallel resonator V, yrs
can be used to calculate the rms current through the corre-
sponding series resonator I ,,,s by equating the energy stored
in the two resonators CV;2,, - = LI?, .. Fig. 14 shows
Vp,rms and I ;. as a function of the measured temperature;
Isrms can be as high as 82.4 A for operation at 101 °C
with 25 °C ambient temperature. This 82.4 A I, with
0.67 mQ R.g. gives a total loss of 4.56 W, resulting in a
loss per unit surface area of 0.6 W/cm?. This is lower than
the 3 W/cm? tolerable loss limit used in Section II-C to
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Fig. 13. Measured impedance at resonance of the parallel resonator and the
corresponding series resonator impedance vs. measured maximum steady-state
surface temperature.
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Fig. 14. Measured rms voltage of the parallel resonator and the rms current of
the corresponding series resonator vs. measured maximum steady-state surface
temperature.

calculate the energy density of inductors and in Section V-B
to compare the power throughput of the piezoelectric and
LC resonators. However, the 3 VV/cm2 limit was used as an
upper limit for loss calculation and a standard for comparing
different resonators rather than as an expected loss; the actual
tolerable loss limit depends on the thermal resistance and the
mechanical design of each resonator.

Consider the application of this resonantor in a simple 1:1
ReSC converter. With the 250 V rated capacitors operated
at 200 V, the input and output voltages of the converter are
also 200 V. Although switching losses in presently available
power devices are likely to be problematic at this voltage
and frequency, we assume ideal switch operation in order to
address the capability of the passive component independent of
available semiconductors. Based on the rms current capability
Is rms, we calculate the dc output current of the ReSC
converter using the series resonator by equating I f,rmsRes,, =
IgcReff [27], resulting in [4. = ﬁ[wms/ﬂ'; the 82.4 A
Is rms results in 15 = 37.1 A. This output voltage and I,
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Fig. 15. Measured power loss of the parallel resonator and the power

throughput of a ReSC converter using the corresponding series resonator vs.
measured maximum steady-state surface temperature.

can be used to calculate the power capability of the ReSC
converter; Fig. 15 shows the ReSC converter power output as
well as the corresponding power loss. At high temperatures,
the increase in P,,; is smaller because the resonator ESR
increases with the temperature.

It can be seen from Fig. 15 that the presented resonator can
handle a power as high as 7.42 kW with a power loss of only
4.56 W (0.06% loss) attributable to the resonator. This result
is specific to operation at 101 °C with an ambient temperature
of 25 °C and operation in a higher ambient temperature
will decrease the resonator power capability. However, given
that the resonator only has a 1.14 cm® volume, it can be
concluded that the power switches and interconnects, rather
than the passive components, limit the performance of a ReSC
converter using this prototype resonator.

VII. CONCLUSION

We have presented a fundamental analysis of various energy
storage mechanisms and a possible power circuit for using
mass-spring resonance in power converters. Mechanical energy
storage is explored as an alternative to LC resonant tanks
because it provides at least an order of magnitude higher
energy density than the electrical alternatives. A comparison
of the two types of resonance in the ideal scenarios show
that the piezoelectric resonator is more efficient overall and
provides a higher power output than LC resonators with skin
effect. However, when used in a resonant switched-capacitor
type circuit, both resonators are capable of very low effective
resistances and high power handling capabilities in the kW
range in a 1 cm® volume, much higher than the capabilities of
the current passive component technology. The low effective
resistance of LC resonators was also verified with a prototype
resonator which has a low 2.4 m{) output impedance at
resonance. A large-signal test shows that the resonator is
capable of handling 7.42 kW with only 0.06% loss attributable
to the resonator with a maximum surface temperature of
101 °C in an ambient temperature of 25 °C.



To examine the future potential, our analysis deliberately
omitted practical constraints of today’s technology. This anal-
ysis allowed us to eliminate many technologies, but it shows
that both piezoelectric and electromagnetic resonators may
have the potential to offer much higher efficiency and power
than do typical passive components in use today. The choice
between these two favored technologies is likely to hinge
on the factors that have been ignored or idealized in this
analysis. For the piezoelectric resonator, such factors include
the specific vibration modes, the mounting type and position,
the poling electrodes and the multilayer structure. For the
LC resonator, factors such as the dielectric loss and the core
loss need to be considered. Because our analysis used high
performance materials, namely lithium niobate and alkali-free
glass dielectric, commercial development of these materials is
also important for realizing the high performance discussed in
this paper. The difference between a ReSC-type circuit and a
series resonant converter, and hence the effect of circuit design,
also needs to be explored. The effects of all of these factors
are important topics for future research.
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