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Abstract—Inductive power transfer (IPT) and capacitive power
transfer (CPT) are the two most pervasive methods of wireless
power transfer (WPT). IPT is the most common and is applicable
to many power levels and gap distances. Conversely, CPT is only
applicable for power transfer applications with inherently small
gap distances due to constraints on the developed voltage. Despite
limitations on gap distance, CPT has been shown to be viable in
kilowatt power level applications. This paper provides a critical
comparison of IPT and CPT for small gap applications, wherein
the theoretical and empirical limitations of each approach are
established. A survey of empirical WPT data across diverse ap-
plications in the last decade using IPT and CPT technology graph-
ically compares the two approaches in power level, gap distance,
operational frequency, and efficiency, among other aspects. The
coupler volumetric power density constrained to small gap sizes is
analytically established through theoretical physical limitations of
IPT and CPT. Finally, guidelines for selecting IPT or CPT in small
gap systems are presented.

Index Terms—Capacitive power transfer (CPT), inductive
power transfer (IPT), noncontact, wireless power transfer
(WPT).

NOMENCLATURE
Qqap Gap reactive power [V - A].
P, Output power [W].
C Coupling capacitance [nF].
L Coupling inductance [nH].
Uclc  Coupling capacitor voltage [V] and current [A].
I Ur Coupling inductor current [A] and voltage [V].
E0Er Vacuum permittivity and relative permittivity [F/m].
s Vacuum permeability and relative permeability
[H/m].
Biax Maximum magnetic flux density in the core [T].
FErax Maximum electric field strength in the air gap [V/m].
Jmax Maximum current density in conductor [A/m?].
Ac Electric/magnetic field cross-sectional area [m?].
d Gap distance [m].
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Fig. 1. Teslademonstrating wireless power transmission using capacitive cou-
pling at Columbia College, New York, in 1891.

Vaap Gap volume [m?].

Veoupler Coupler volume [m?].

T Gap ratio (d//Ac).

TATw Core dimension ratios (defined in Section III).

ro Capacitor coupler dimension ratio (defined in Section
I10).

ke Coupler volume coefficient.

ku Winding area fill factor.

EcDce  Coupling capacitor electric field in gap [V/m] [C/m?].

H; B;r  Coupling inductor magnetic field in gap [A/m] [T].

pc Coupling capacitor gap power density [W/m?].

PL Coupling inductor gap power density [W/m?].

fsw Switching frequency [kHz].

fo Resonant frequency [kHz].

wo Resonant angular velocity [rad/s].

1. INTRODUCTION

near-field electromagnetic induction, which can be di-
vided into two methods: magnetic induction (or inductive power
transfer—IPT) and electrostatic induction (or capacitive power
transfer—CPT). The first public WPT demonstration to power
a “commonplace” load was capacitive coupling to tube lighting
by Tesla in 1891 [1], [2]. Fig. 1 illustrates the setting with Tesla
and his tubes standing between the plates of a large capacitor.
Electromagnetic induction over a distance was demonstrated
shortly thereafter (again by Tesla) and proved to be more ver-
satile for wireless power applications. Eventually, these tech-
niques evolved into wireless communications. Continuing into
the 1900s, Tesla’s IPT methods progressed [3], [4] and some
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far-field radiative techniques were also developed [5]. In the
1960s, use of IPT in biomedical applications kindled [6]-[9].
Higher power IPT research targeting electric highway systems
started in the late 1970s [10], with some projects launched in the
1980s [11], but were unsuccessful due to the lack of good ma-
terials, semiconductor switches, and capacitors [12]. However,
the lack of success highlighted the need for continued research
and development in these areas. In the early to mid-1990s, IPT
became established commercially in materials handling appli-
cations [12], roadway lighting [13], and the first commercial
people mover (transport) systems were deployed [14]. As more
consumer electronics chargers became mainstream from 1999
to 2012, IPT research and development renewed/pivoted again
[15]-[18]. Development for dual functionality as a power trans-
fer method and near-field communication (NFC) applications
also occurred [19], [20]. Most recently, high-power IPT emerged
as a means for electric vehicle charging [21]-[23]. However,
until 2008, capacitive coupling for WPT remained largely over-
looked since Tesla introduced it in 1891. From 2008 to 2014,
CPT has experienced rapid development from several watt loads
[24] to kilowatt-scale loads [25].

Although CPT is developing quickly, it is perceived as only
suitable for low power levels over short transfer distances, while
IPT is for low to high power levels spanning a larger distance
range [26]. While CPT is limited in range to short gap distances,
it is not necessarily limited in power level. To date, there has
been no analytical or empirical research to establish the appli-
cation boundaries between CPT and IPT, or give a guideline
for what concept should be used in different applications of
power level, gap distance, transmitter/receiver size, and cost.
In this paper, a comprehensive survey of both IPT and CPT
is given in Section II, illustrating the past, present, future, and
application spaces of the two approaches. Section III provides
a critical comparison between IPT and CPT coupling structures
typical for small gap applications focused on power density for
short transfer distances followed by discussion of guidelines for
choosing the appropriate approach.

II. SURVEY OF WPT DEVELOPMENT

The aim of this section is to secure an understanding of the
current capabilities of WPT as a whole, and how these capabili-
ties have evolved over the last decade via a survey of published
experimental work. Within this survey, the attributes of IPT
and CPT will be examined empirically to establish trends and
operational/application spaces for each technology.

A. Inductive Power Transfer

Table V in the appendix is a collection of recent major efforts
to implement IPT technology, and these efforts are sorted by
power transfer level from low to high. Very low power level
(<1 W) applications tend to be biomedical implantable devices
or sensors. These applications operate at a relatively high fre-
quency, low efficiency, and a short gap distance. Low-power
(1 W to <1 kW) applications typically are consumer electron-
ics, e.g., cell phones, TVs, and lighting. Some niche biomedical
applications may also get significant power but <1 kW. In this
range, the efficiency, frequency, and gap distance vary greatly,

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 11, NOVEMBER 2015

rT: @

o'l | cpT: o
— Efficiency:
E’ 1
s 2,
g 10°) 0.8
~
§ 0.6
3 1o°
0T 0.4
Gap distance [m]
Fig. 2. Output power versus gap distance.

but short distance high-frequency IPT appears to have accept-
able efficiency and cost as it is already commercialized. Longer
distance low-power IPT systems are still in development. De-
ployed medium- to high-power level (>1 kW) applications in-
clude automotive assembly lines, clean factories, and general
industrial automation applications. Research is ongoing into
electric vehicle charging with interest growing steadily. These
types of applications usually have a higher gap distance (e.g.,
>10 cm) and the operational frequency is generally low due to
power electronics limitations.

B. Capacitive Power Transfer

Table VI in the appendix is a collection of recent major ef-
forts to implement CPT technology, and these efforts are sorted
by power transfer level as well. Compared with IPT, CPT is
clearly still emerging as a viable option given the fewer points
of reference, but the variety of applications is strikingly sim-
ilar to IPT. CPT shares common applications with IPT, such
as low-power biomedical devices and mobile device charging.
Also, a clear trend of increasing power throughput is apparent
with power levels approaching industrial automation and vehi-
cle charging suitability. However, despite power level advance-
ment, the physical limitations on air gaps generally preclude
applications whose gap length is >1 mm.

C. Survey Data Analysis

The survey data assembled in the appendices is graphically
compiled into Fig. 2-Fig. 7. These figures plot the empirical
relationships between different aspects among IPT and CPT
systems, namely power, efficiency, frequency, gap distance, cou-
pler area, and volume. The plots establish general trends for IPT
and CPT individually, as well as WPT as a whole over the last
decade or so.

Fig. 2 plots power transfer capability versus transmitter to
receiver gap distance with efficiency indicated by data point
color. The figure clearly indicates that the IPT techniques are
generally applicable in small to large gap regions (i.e., > 1 mm),
while CPT techniques are applicable in very small to small gap
regions (i.e., <l mm). Although IPT is seen to have higher
power capability based on surveyed research, it is evident that
CPT power levels are increasing. Fig. 2 also indicates that both
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Fig. 7. Output power versus frequency with publication year.

IPT and CPT can achieve > 90% efficiency at kilowatt power
levels in their respective gap ranges.

Fig. 3 plots source to load efficiency versus gap distance with
data point power level indicated by color. This is the same data
as contained within Fig. 2 but the axes have been reassigned.
Again, it is clear that CPT is suitable for gaps <1 mm, and
that IPT is suitable for larger gap distances. Interestingly, Fig. 3
suggests CPT possesses comparable or even greater efficiency
than IPT for very small to small gap applications. As an overall
trend for WPT, efficiency drops with increasing air gap but IPT
is able to maintain ~90% efficiencies for gaps up to tens of
centimeter.

Fig. 4 plots the efficiency versus power level with color also
indicating data point efficiency. Fig. 4 demonstrates that al-
though IPT is able to transfer more power than CPT currently,
CPT may have an efficiency advantage for applications of com-
parable power levels.

Fig. 5 plots the transmitter/receiver area versus throughput
power with efficiency indicated by data point color. The coupler
area is the cross-sectional area through which magnetic or elec-
tric fields transfer energy. In most cases, as shown in Tables V
and VI, coupler area is defined as the receiver area. This is due
to the form factor of some transmitters as elongated paths along
which a mobile receiver can travel. Fig. 5 shows that as output
power increases, larger coupling surfaces are needed. This is
true for both IPT and CPT. At comparable power levels, the
area needed for IPT and CPT is also comparable.

Fig. 6 plots gap power density versus operational frequency
with data point efficiency indicated by color. The gap power
density is calculated as the output power divided by the gap
volume, and the gap volume is the gap distance multiplied by
the coupler area.

Fig. 6 reveals that IPT can utilize a broad frequency range,
10’s kHz to 10’s MHz, while CPT utilizes a narrower higher
frequency range, 100’s kHz to 10’s MHz. Within these respective
frequency ranges, IPT and CPT are seen to achieve the same
level of air gap power density. To be sure, the accuracy of this
statement is subject to the previously identified constraints on
IPT and CPT, namely that CPT is limited to small gaps.

Fig. 7 plots power transfer capability versus operational fre-
quency with data point publication date indicated by color. Two
trends may be observed from this plot. 1) As a whole, WPT (both
IPT and CPT) throughput power decreases in a linear trend (for
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TABLE I
WPT AVERAGE Power—Frequency PRODUCTS

Before 2005 Pout fsw = 10%°9 W - kHz
2005 to 2009 Pout fow = 10492 W . kHz
2010 to 2014 Poui fsw = 10427 W - kHz

Best until 2015 Pout fsw = 105 W - kHz

TABLE II
OBSERVATIONS ON SURVEYED IPT AND CPT DATA

IPT CPT

Frequency 10’s kHz to 10’s MHz 100’s kHz to 10’s MHz

Gap distance 10’s cm (efficiently) <1 mm

P-F product 10x increase in 10 years

Power ~Watt to ~kilowatt with >90% efficiency possible

Gap power density Comparable air gap power density (power stored in

overlapping operational spaces)

alog scale) with frequency. It is likely that this limitation is pri-
marily determined by power electronics limitations, rather than
coupling characteristics, since it affects IPT and CPT equally.
2) The “y-intercept” of power versus frequency capability curves
for distinct time periods of WPT is increasing. The current em-
pirical limitation is plotted as a solid black line in Fig. 7 and
is mathematically written as the power—frequency product (en-
ergy). The product specifically consists of output power P,
[W], and the operational frequency f;,, [kHz]. The output power
is limited by losses as the frequency increases. This limitation
appears in both IPT and CPT applications. The average power
frequency product over four-year intervals starting at 2005 is
summarized in Table I and graphically depicted in Fig. 7.

Between 2005 and 2014, the research community has ad-
vanced IPT and CPT of an order of magnitude in power—
frequency capability. The average power increased ~10x in the
last 10 years, and the frequency increased ~10x as well. This
is attributable, in part, to the development of wide bandgap de-
vices and refinement of coupling structures to minimize losses.
It is expected that the power—frequency curve empirical limita-
tion will continue to increase with time, essentially a “Moore’s
Law” trend or variant thereof for WPT.

D. General Survey Observations of IPT and CPT

After surveying the empirical data graphically, a number of
generalized conclusions on IPT, CPT, and WPT as a whole are
made in Table II.

Based on the conclusions above, IPT is broadly applicable;
however, CPT is competitive with, and even potentially superior
to, IPT for some small gap applications. This observation merits
a deeper analytical inspection of the two coupling approaches
with a strict focus on small gap applications where the opera-
tional spaces of IPT and CPT overlap. The following section
provides a critical analytical comparison of the two techniques
for small gaps (<1 mm) by examining the physics of common
coupling structures used in these applications.
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III. IPT AND CPT ANALYTICAL COMPARISON FOR SMALL
GAP APPLICATIONS

The previous section identified that either IPT or CPT may
be used in small gap applications (<1 mm) with comparable
air gap power density. This empirical comparison based on sur-
veyed data provides high-level insight, but the finer details of the
coupling structures themselves were not presented. This section
critically compares IPT and CPT as they are commonly de-
ployed for small gap applications, i.e., gapped permeable cores
and parallel plate structures, respectively, by analytically exam-
ining field strength, coupler volume, and materials.

Power density is defined as the throughput power divided by
the coupler volume (including the gap). To simplify the compar-
ison between IPT and CPT, coupler power density is investigated
rather than the overall system volume. The system combines the
coupler, power electronics design, thermal management, and
other mechanical design issues, which are beyond the scope of
this paper. Fig. 8 illustrates the relationship between gap power,
circuit power, and coupler size used for comparison.

To compare the power density, the gap energy density of
the magnetic field and electric field is compared first (i.e., the
electric/magnetic energy that can be stored in the gap volume).
Then, the gap power density is used as an intermediate variable
to establish a relationship between the air gap power and coupler
volume. The IPT and CPT coupler geometries for analysis are
illustrated in Fig. 9 with dimensional definitions assigned to
calculate the volumes V., and Veoupler-

Both IPT and CPT facing areas are defined as Ac, separated
by a gap of d, with both structures perfectly aligned. For small
gap conditions, the IPT coupler herein is functionally a gapped
transformer and modeled as two pot cores with identical center
posts and back iron areas. The CPT couplers consist of two sets
of parallel plates of identical surface area separated by a gap.
It should be noted that for the CPT coupler, each of the square
surfaces can be replaced by a stacked surface of Nlayers (N = 3
in Fig. 9(d2). As illustrated, the gap is divided into five pairs, and
the surface thickness can be decreased to 1/3 as well. Although
this is a different form factor, the total volume is unchanged.

The comparison may be more transparent if the couplers are
redrawn from their actual implementation by lumping gaps and
surface thicknesses together as in Fig. 9(b1) and (b2). Determin-
ing the volume of a CPT coupler is relatively straightforward.
It is the sum of the gap volume and the volume of the coupling
plates. IPT is less transparent; the core must be sized to ac-
commodate space for windings, while simultaneously directing
magnetic flux at a reasonable density in a closed path. For an IPT
coupler, a spiral winding and pot core in Fig. 9(d1) is modeled
in the same fashion as in Fig. 9(al), just by increasing R,, and
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Fig. 9  Gap volume and coupler volume. (al) IPT coupler. (a2) CPT coupler.
(bl) IPT coupler equivalent. (b2) CPT coupler equivalent. (c1) IPT coupler
dimensions. (c2) CPT coupler dimensions. (d1) IPT coupler example: Spiral
winding . (d2) CPT coupler example: Stack array .

decreasing h. Ultimately, different dimensional permutations
may be fed into these volume models suitable for analyzing
coupler power density.

A. IPT Gap Energy Density
Field energy is stored in the gap. For the IPT system specified

here, it is assumed that the current is purely sinusoidal with the
peak value of I;. The inductive reactive power and the power
density are

anp = WLI%Jms = Tr.fSW.uolu‘TACdH%,max (1)

Q a B2 max
% = WfSWM(]/“LTH%,nlax = TrfSW # (2)
gap

pL =
Ho [y
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In (2), the maximum magnetic field Hy ,,,x or induction
B _ax 1s limited by the voltage integration over time (V/Hz),
a familiar condition in inductive systems as described by

1 UL,max
A(; 27Tfsw '

These formulae reveal the limiting factors concerning IPT
throughput power. Namely, the power density is limited by the
operational frequency and maximum flux density (energy stored
in the gap). Operational frequency is determined by the loss
characteristics of the power electronic drive circuitry and the
coupler core (back iron) material. Additionally, the saturation
properties of the core limit the peak value of flux density. Com-
monly used core materials such as ferrite or powdered iron regu-
larly achieve flux densities of 0.2 T with core losses of 3 MW/m?
and 10 MW/m?, respectively, at a frequency of 500 kHz [27].
Depending on specific operating conditions, either saturation or
core losses will determine the maximum flux density.

BL,max — M(l/ffrHL,max = (3)

B. CPT Gap Energy Density

Similarly to IPT, the field energy is stored in the coupler gap.
Unlike IPT, however, there is no core or back iron needed in a
CPT system. Electric field lines terminate on charge and due to
the cancellation of the field outside the coupling plates, a “back
iron” pathway is not required. Thus, for a CPT system, the
coupler volume will be only slightly larger (an integer multiple)
than the gap itself. For the CPT system specified here, it is
assumed that the voltage on the coupling capacitor is purely
sinusoidal with a peak value of Uc. The capacitive reactive
power and the power density are

2 2
anp = u}C’[JC,rms = 7-‘-fSW“50“57"’4(»‘dl?c‘,max 4)
Qgap 2 D s
po = PP = T w08 Bl max = Tfsw =22 (5)
Vrg;ap E0Er

Similar to (3), the displacement D¢ . or electric field
FE¢ _max limits the current integration over time (A/Hz) as spec-
ified in (6) [28]. This reflects the physical duality between IPT
and CPT: IPT—magnetic flux, CPT—electric charge

DC,max = 505TEL,111;1X = ALCIQCTE% (6)

Much like IPT, CPT power density is limited by the oper-
ational frequency and gap displacement field strength. With-
out any core material or back iron as in IPT, the operational
frequency is limited essentially by the power electronic drive
circuitry because air gap losses are negligible. A limit on maxi-
mum field strength does exist, in the form of electric breakdown,
rather than saturation [28], [29]. In air, the highest electric field
possible under dry atmospheric conditions is ~3 kV/mm before
breakdown occurs. This electric field strength is also indicative
of why CPT is generally not utilized for applications with gap
distances >1 mm, the resultant voltage between the transmit-
ter and receiver plates is large. The field strength for CPT may
be pushed higher in applications residing in vacuum or possi-
bly when coatings are utilized to prevent a direct galvanic path
between plates during gap (air) breakdown.
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Fig. 10 IPT and CPT gap power density comparison (Bpax =
0.27T,Enax =3 MV/m).
TABLE III
WPT COUPLER GEOMETRY
Name Symbol  Expression  Expression
(IPT) (CPT)
Common Gap distance d d
Parameters Cross-sectional area A, TR? A,
o 1 d
Gap geometry ratio Ty Jic
IPT Winding area Ay, 2hy Ry -
Parameters Winding-core ratio N jg‘ -
Winding area geometry ratio Tw 1’; li -
CPT Surface thickness dsurt — dgurf
Parameters
Thickness ratio rC - d“‘d—“‘

Fig. 10 plots the gap power density to compare IPT and CPT.
The gap power density of the IPT system is substantially higher
(~400x larger) than CPT while operating in air. For further
comparison, in vacuum the electric field strength may be much
higher, allowing CPT to increase power density, while IPT is
still limited by its core material. For a more complete picture of
IPT and CPT power density, a thorough analysis of the coupler
itself is needed. The gap volume is not the total volume; thus,
the following section calculates and compares the volume of the
couplers by including the core, windings, plate thickness, etc.

C. WPT Coupler Volume Calculations

Table IIT describes the pertinent variables for the IPT and
CPT couplers in Fig. 9. For the sake of comparison, normalized
ratios are used to describe the shape of the couplers.

1) IPT Coupler Size: According to Fig. 9(cl), the magnetic
flux passes through three areas in the core, the center post mR?,
back iron 27 Ry hy, and the core edge m(R3 — R3). To prevent
the flux density in the core from saturation, these three areas
should be the same as defined in

Ac = R? = 27R hy = ©(R3 — R3). @)

Using the geometric definitions in Table III, the total IPT
coupler volume V(,,pler can be written as (8). Note that the
factor ko (71 : 1.1) is introduced to fulfill the extra volume that
may be caused by the nonideal core shape (e.g., oversizing the
core for winding area, saturation prevention area, etc.)

d
choupler = |:2h1 + 2h2 + 2:| [2AC + W(R% - R%)] k(]. (8)
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Next, Veoupler €xpressed in (8) may be normalized to the gap
volume V., and after algebraic simplification, (9) is obtained

M — 3 ra 4 i 4 1

Veap rg \\ 2ry  Vdr 2
2

247 (w/"::w + rA?)} koo (9)

Equation (9) indicates that the IPT coupler size is determined
by three parameters: 74,7, and r,.r 4 is determined by finding
the winding area A, of the IPT coupler (as in a transformer). To
estimate A,,, (10) assumes that the current through each winding
is the same with equal number of turns, while constraining
the current density to be Jy,,x with a fill factor of k,,. After
substitution of (10) into Table III, the definition of 74,74 is
written into terms of 7, and the gap volume Vj,,, in (11)

IlN1+IlNl ~ 2 Bmaxd
Jmaka - Jmaka \/5/10
4
\/QBsat d \/EBsat T_(?
TA ~ _— -
max kw A max ku' 3
J, Ho AC J, o o ‘/gglp

Ay = (10)

an

Ultimately, (9) suggests that IPT possesses greater power
density with lower 7,4, which is intuitive because relative cou-
pling area increases as r4 decreases. The empirical value for r 4
should be around 0.5-2 [30]. However, the coupling area has
an important impact on the parameter r,, which is a significant
factor affecting IPT coupler volume. With a small gap and large
cross-sectional area (i.e., smaller r,), the core may be easily
saturated. Increasing the gap and decreasing the cross-sectional
area will reduce this issue but the larger gap will cause the
coupling factor to drop. Empirical values for r, are typically
0.01-0.1 (e.g., For a 1-mm gap, the cross-sectional area is usu-
ally around 1-100 cm?, and the gap volume is 0.1-10 cm?) [31].

For every 74 and r,, there is an optimal r,, to minimize
Veoupler according to (9). Fig. 11 plots Vigypler normalized
to Vgap (i.e., the coupler to gap volume ratio). As plotted in
Fig. 11(a), the optimized r,, is generally between 0.1 and 1. For
a spiral winding, the shape of the winding has larger area (R,, is
high) and reduced depth (h; is small); therefore, r,, (= Ry, /h1)
is very high (e.g., > 10), increasing coupler volume to be larger
than optimal, as shown in Fig. 11(b). For a general small gap,
IPT coupler of the pot core design herein, the ratio Veoupier/ Veap
can be optimized to ~100, and a typical value is ~500. For ex-
ample, a 1-mm gap (d), 10 cm X 10 cm cross-sectional area
(Ac¢) coupler, at frequency 1 MHz, Vioupler/Viap = 498.

2) CPT Coupler Size: Calculating Viqypler is easier for CPT
since it has the advantage of being coreless. The only differ-
ence between gap volume and the coupler volume is the thick-
ness of the conductive plate surfaces. The surface should be
thick enough to carry current efficiently (Jyax < 5 A/mm?).
Also, its thickness should be manufactured practically (e.g.,
aluminum foil thickness da; = 0.025 mm). The CPT coupler
models are shown in Fig. 9(c2). Similar to the IPT coupler, a
factor k¢ > 11s used to fulfill an operational safety or manufac-
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Fig. 11 Coupler volume optimization. (a) Optimization of r, (with r4r,

fixed). (b) Coupler volume with different gap ratio r, [with fixed r,, and
optimized 74 in(11)] Bgay = 0.2 T, ky = 0.2, Jpax = 5 A/mmz, ke = 1.

turability margin for extra coupling plate thickness should it be
desired.

The surface thickness dg,¢_. for a square surface planar cou-
pler may be sized using

1
IC = Jmaxdsurf_(’, V AC = %EmaxngC-

After solving (12) for dgy,¢_., and substitution into the ratios
in Table III, the minimum surface thickness to satisfy electrical
constraints is written as

L
Ty

EmaxW5V AC _ Emaxwg
\/5‘]111&)( \/EJIH%)X

Usually there are mechanical constraints as well, imposing a
minimum thickness (d,,;,) that can be manufactured. For off-
the-shelf foils, the mechanical thickness is suitably large to sat-
isfy electrical requirements. Assume dgy f_; = dpin = 0.025
mm, which is the thickness of standard metal foils (~0.001 in).
The thickness ratio in Table III is written as

ro = max dsurt_e  dsurt_m — max B axwe i dwin
: d ) d \/iJmax rg , d .
(14)

The coupler to gap volume ratio is (15) after substitution of
(14) into the coupler volume equation in Fig. 9

12)

dsurf_e = (13)

V;touplcr

= (1+4 k,
Ve (L ArC) R

2 2Emax 4dmin
= |1+ max V2 we’ d

.
Ty koo (15)
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Fig. 12 Coupler/gap volume ratio versus gap/area ratio: Capacitive cou-
pler volume optimization Epax =3 MV/m, Jyax =5 A/me, fsw =
1 MHz, ke =1.2,Ac = 0.1 m?.

| Bua | | Bua | P Wew Qeap
| MaximumFlo | | 2Hp |GapEnergy Gap Energy Gap Power
C | Deasity
Physical | | Jow
Limit | Frequency
| '
| | *
Vear Vcoupler V coupler
Gap Volume o Vgap lcoupler volume
Geometry )
Limit 7g }
Gap ratio
IPT power analysis chart
r=———=- ] =
| Era e’ | P Weap Qeap
| Maximum Field | 2 |GapEnergy Gap Energy Gap Power
: | | Deasity A
Physical | | Jow
Limit | | Frequency
| I -
| Current Density | **V
i— T ; - _! Veap Vcaupler Veoupler
| Gapdistance | Gap Volume Veap  [coupter volume
Geometry : | (15)
Limit | 4, | re } A
| Cross-section area| Gap ratio Goin

Minimum thickness
CPT power analysis chart

Fig. 13 Power density analysis chart. IPT power analysis chart. CPT power
analysis chart.

As shown in Fig. 12, the volume ratio can be optimized to
ko (e.g., ~1.2), and the general value can be set to be (1-4)
kc. As an example, a 1-mm gap (d), 10 cm x 10 cm cross-
sectional area (A¢) coupler, at frequency 1 MHz, if k¢ = 1.2,
V;oupler/‘/:gap = 1.68.

D. Discussion of Analytical Comparison of IPT and CPT
Coupling and Correlation With Survey Data

Given the physical limitations of permeable material and
air, along with volumetric constraints, an analysis of air gap
power density and coupler volume for IPT and CPT was
performed. Each coupling techniques’ respective calculation
process is documented in block diagram form in Fig. 13. Calcu-
lation blocks within the diagram refer back to the equations in
the previous sections (equation numbers in lower right-hand cor-
ner of blocks). The coupler power density can be calculated by
Qgap /Veoupler- The air gap power Q. and the coupler volume
Veoupler are limited by the material’s physical characteristics
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Fig. 14  Coupler power density and gap power density. Whend = 1 mm, Ac =
10 cm x 10 cm, capacitive coupler Vegupler/Vgap = 1.68, inductive coupler

‘/coupler/vg,ap ~ 500.
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Fig. 15  Air gap power versus gap distance. Frequency: 1 MHz. Lines: Ana-
lytical data. Scatter points: Survey data.

(physical limits, i.e., saturation flux density, electric field
strength, etc.) and the gap geometry requirements (geometry
limits, i.e., gap distance d and transmitter/receiver area A,).

In Sections III-A and III-B, it was calculated that IPT has
~400x greater air gap energy storage capability than CPT under
normal atmospheric conditions (air). Conversely, Section III-C
demonstrated that the coupler to gap volume ratio favors CPT
with a value of Vooupler/Veap = 1.68 compared to the IPT best-
case scenario of ~100 and typical value of ~500. This con-
stitutes up to a ~300x coupler to gap volume ratio advantage
for CPT over IPT in small gap applications. The overall power
density of these systems is reflected by the product of air gap
power density and volume ratio as plotted in Fig. 14. Ultimately,
Fig. 14 indicates that, despite disparate gap energy and coupler
volumetric characteristics, IPT and CPT are roughly equivalent
in power density for small gap applications. Another observa-
tion is that the coupler power density is much closer to the gap
power density for the CPT technique.
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Fig. 16  Coupler power density versus air gap distance. Frequency: 1 MHz.
Lines: Analytical data. Scatter points: Survey data.

TABLE IV
EMPIRICAL AND ANALYTICAL COMPARISON SUMMARY

Empirical Survey Results

IPT CPT
Frequency 10’s kHz ~ 10’s MHz 100’s kHz ~ 10’s MHz
Gap distance < 10’s cm (efficiently) <1 mm
P-F product 10x increase in 10 years
Power ~Watt to ~kilowatt with >90% efficiency possible
Gap power density Empirical data suggests comparable gap power density,

Theoretical limit favors IPT
Analytical Comparison of IPT and CPT

IPT CPT
Power density is Core saturation flux Air gap electric field strength
limited by (0.2 T) (Constant V/Hz) (3 MV/m) (Constant A/Hz)
B? - .

Energy density 750'2‘,_” =10° L meoer Bl oy = 25025
Veoupter /Vaap >100 <4

~500 ~2
When does it have Fixed gap distance Fixed coupler volume
higher power?
When does it Gapd > 1 mm Gapd < 1 mm
have higher
power density? Smaller transmitter/receiver area

According to the analysis flow chart in Fig. 13, the following
plots in Figs. 15 and 16 can be drawn to compare the suitable
applications for IPT and CPT. In addition, theoretical limits are
plotted against the surveyed data presented earlier in Section II.
The analytical and surveyed data plotted together provide a level
of verification of the analytical modeling. Limitation inputs for
the model are Fyp = 3MV/mM; Jyax = 5 A/mm?; Byax = 0.2
T; dypin = 0.025 mm; k,, = 0.2; and fsw = 1 MHz.

Fig. 15 plots air gap power versus distance with efficiency
indicated by color. In applications where the gap distance is
fixed, and the coupler size is not a concern, IPT has the advantage
of overall higher power capability. In applications where space
is a commodity, CPT may have the advantage because of the
lower coupler to gap volume ratio. Clearly, for a fixed gap, both
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IPT and CPT exhibit the property that larger area allows higher
coupler power as shown in Fig. 15.

Fig. 16 plots coupler power density verses gap distance with
efficiency indicated by color. In applications where the coupler
volume is fixed (rather than the gap), coupler power density
Qgap/Veoupler is of greater concern. For small gaps (<1 mm),
CPT has a higher power density. When the gap is ~1 mm, CPT
and IPT have similar power densities. For gaps >1 mm IPT has a
better power density. This provides additional support to the no-
tion that the boundary between IPT and CPT’s efficacy with re-
spect to gap size occurs at ~1-mm gap, for a given coupling area.

IV. CONCLUSION

This paper surveyed the WPT landscape via empirical data
and analytical modeling to compare IPT and CPT approaches.
The empirical data revealed that WPT as a whole is capable of
watt to kilowatt power levels with greater than 90% efficien-
cies in many cases. In the last decade, WPT has seen a tenfold
increase in both power and operational frequency. The growth
is expected to continue, given advances in wide bandgap semi-
conductors and coupler design approaches. In effect, a “Moore’s
Law” like trend is being established in the WPT community.

The surveyed data revealed an empirically established ap-
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Overlap of IPT and CPT application spaces occurred at ~1 mm,
meriting a closer inspection in that gap range. An analytical
comparison of applications with small air gaps (~1 mm or less)
focused on IPT and CPT coupling structures that utilize gapped
permeable cores and planar conductive surfaces, respectively.
It should be noted that this inspection focused on inductive
approaches rather than coupled resonator antennas, due to the
small gap size. Given the magnetic core saturation flux and the
electric field strength of the air, the IPT coupler air gap power
density is potentially 400x greater than the CPT coupler under
normal atmospheric conditions. However, because the magnetic
flux needs a core (“back iron”) to form a closed-loop path, the
IPT coupler size is much larger than the gap size (>100x, gen-
erally ~500x). In the case of the CPT coupler, the difference
between coupler volume and gap volume is the thickness of the
conductive surfaces, typically an integer multiple of the gap.
The overall coupler volume can be made >4 x the gap volume
for CPT. As aresult, the total power density of the IPT and CPT
couplers are nearly the same for ~1-mm gaps. Generally, gaps
>1 mm favor IPT, and gaps <1 mm may favor CPT. General
findings of the analytical comparison correlate with the empir-
ical data. Table IV summarizes unique findings, both from the
empirical data survey and theanalytical derivations.

plication boundary between IPT and CPT based on gap size. APPENDIX
TABLE V
IPT APPLICATIONS DEPLOYMENT
Ref. Power [W] n[%] Frequency [kHz] Gap [mm] Transmitter area Receiver area Institute Year
[em?] [em?] began
[32] 0.1 10 ~ 20 6.78 MHz 15 21 0.785 University of Utah, UT 2007
[33] 04~2 35 500 520 50 Philip, Germany 2009
[34] 0.794 80 27 MHz 15 ~4 University of Newcastle, 2010
Australia
[15], [35] 1 1 MHz 1.54 1 1 City U. Hongkong, Hong Kong 1999
[36] 1.2 40 500 130 314 314 KAIST, Korea 2013
[16] 1.3~ 158 130 Hex pads 12 City U. Hongkong, Hong Kong 2005
[37] 3.7 66 240 288 20 University of Florida, FL 2009
[38] 4.5 60 ~ 70 65 ~ 140 1.5 6.24 6.24 Delta Electronics, Inc. NC 2003
[39] 5 60 ~ 60 4 Kumamoto, Japan 2000
[17] 5 115 ~ 200 2 ~ 16 ~ 16 Qi standard 2012
[40] 10 70 9.82 1 Tohoku Univ. Japan. 1996
[41] 12 50 7650 700 2734 2734 Intel Labs Seattle 2011
[42] 12 80 418 35 122 25 City U. Hongkong, Hong Kong 2008
[43] 15~35 64.9 ~ 67.6 100 1 ~ 452 Tohoku Gakuin University, 2002
Japan
[44] 24 68 950 2.4 9.08 9.08 Hanyang University, Korea 2004
[45] 25.6 73.4 13.56 MHz ~ 283 ~ 283 Industrial Technology Research 2012
Institute, Taiwan
[46] 30 90 38.4 100 792 792 University of Auckland, New 2006
Zealand
[47], [48] 48 72 ~ 76 53~ 123 20 37 37 Virginia Polytechnic Institute & 1992
State University, VA
[49] 50 80 3.54 MHz 300 1257 1257 Univ. of Wisconsin, Madison, 2013
WI
[50] 60 60 500 Sony, Japan 2009
[51],[52] 60 40 9.9 MHz 2000 2827 2827 MIT, MA 2007
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TABLE V
(CONTINUED)
Ref. Power [W] n[%] Frequency [kHz] Gap [mm] Transmitter area  Receiver area  Institute Year
[em?] [em?] began
[53] 100 80 NCSU, NC 2011
[54] 100 97 coil 15.9 MHz 200 707 707 The University of Tokyo, Japan 2009
[55] ~ [57] 10, 100, 209 ~ 16 ~ 50, 95.4 20 200, 3000 ~ 7000 100 ~ 1936 100 ~ 1936 KAIST, Korea 2012
1403 coil
[58] 220 95 coil 3.7 MHz 300 908 908 Univ. of Wisconsin, Madison, 2011
WI
[59] 315~ 522 75~ 83 90 0~2 ~0.25 ~0.25 Instituto de Telecomunicacdes, 2009
Portugal
[60] 390 10 Univ. of Auckland, New 2008
Zealand
[61] 500 89 38.4 Univ. of Auckland, New 2010
Zealand
[21], [62] 600 10.2 Univ. of Auckland, New 1994
Zealand
[63], [64] 1k 90 100 30 ~ 300 133 ~ 1257 133 ~ 1257 Institut f. Automation u. 2004
Kommunikation, Germany
[65] 1.5k 95 coil 20 70 600 600 Saitama University, JAPAN 2010
[66], [67] 2k 91 235 75 1134 855 ~ 1134 ORNL, TN 2013
[68] ~ [72] 2k 85 5~50 50 ~ 80, 200 1385 ~ 3849 1385 ~ 3849  Univ. of Auckland, New 2009
Zealand
[73] 3k 89 22.95 6~8 ~25 ~25 Grenoble Institute of 1997
Technology, France
[74] 5k 90 20 246 2.1 m? 2.1 m? Utah State University, UT 2012
[23], [711,[75] ~ [78] 2~4k;6~Tk 82~ 92,95 coil 22,48 ~ 81 125 ~ 254 ~ 3600 ~ 3600 ORNL, TN 2011
[79] 7k 20 125 3200 3200 Univ. of Auckland, New 2011
Zealand
[14] 17k 12.9 ~ 50 Univ. of Auckland, New 2000
Zealand
[22], [69], [80]-[83] 3~25k 71 ~ 87 20 10 ~ 250 (1~ 14)«N 990 ~ 13 % 103 KAIST, Korea 2010
[84] [85] 30k 20 45 4800 4800 Univ. of Auckland, New 2005
Zealand
TABLE VI
CPT APPLICATIONS DEPLOYMENT
Ref. Power [W] n[%] Frequency [kHz] ~ Gap [mm]  Transmitter area [cm?]  Receiver area [cm?] Note Year began
[86] 0.0008 15 MHz 0.008 8.1% 1073 8.1 %1073 Johns Hopkins University, MD 2006
[87] 0.001 ~ 0.1 250 ~ 18000 0.1~1 6.25 6.25 K. N. Toosi University of Technology, Iran 2009
[88] 1 1000 0.1 680 162 Univ. of Wisconsin, Madison, WI 2015
[89] 0~ 1.46 0~72 1000 0.4 750 100 Univ. of Auckland, New Zealand 2012
[90] [91] 1.6 54 449 0.5 50 50 Univ. of Auckland, New Zealand 2011
[92] 2 150 0.5 Univ. of Auckland, New Zealand 2009
[93] 3.7 80 4200 0.13 6 6 UC Berkeley, CA 2011
[94] 4 70 ~0.5 Murata, Japan 2011
[951, [96] 6.5 94.3 626 0.8 817 653 Univ. of Wisconsin, Madison, WI 2011
[97] 7.6 41 840 0.5 100 100 Univ. of Auckland, New Zealand 2011
[98], [99] 10 20 Utunomiya University, Japan 2012
[100] >25 >80 1000 Brunel University, UK 2012
[24] 40 443 217 1 ~ 54 Univ. of Auckland, New Zealand 2008
[28] 100 94 848 0.125 2413 2011 Univ. of Wisconsin, Madison, WI 2014
[25] 1034 90.1 200 Univ. of Wisconsin, Madison, WI 2014

[101] 1021 83 540 0.25 2000 2000 Univ. of Wisconsin, Madison, WI 2015
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