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Examining Wireless Power Transfer
John Rice

ABSTRACT

Since 2009 international consortiums, including the Wireless Power Consortium (WPC), Power Matters
Alliance (PMA) and more recently the Alliance for Wireless Power (A4WP), have been advancing wireless
power standards for the safe, reliable and efficient transfer of power wirelessly. In this topic the principles
behind wireless power are examined as well as the existing and emerging standards intent on accelerating

market acceptance.

The topic covers the theoretical and practical design considerations of wireless

power transfer (WPT), including a study of the field behavior of loosely coupled coils, application of high
O resonant coils to overcome losses associated with poor coupling, communication between the isolated
coils, foreign object detection (FOD), EMI/EMC and safety requirements imposed on electromagnetic

fields.

I. INTRODUCTION

A. Wireless Power Transfer (WPT)

Wireless power is usable power transmitted
over a distance and sufficient to charge a battery or
power an electric circuit. The technology has been
understood and applied for decades, even a
transformer constitutes wireless power transfer,
albeit over a very short distance. So what has
changed to make this topic relevant again? In a
word, it is vision, a vision that aligns and facilitates
our wireless world and an “internet of things” — an
infrastructure where objects in our world are
uniquely identifiable and virtually represented on
the Internet.

Nicola Tesla was the first to envision a world
powered wirelessly. Like Tesla, Marian Soljaci¢
of MIT envisions a world where highly tuned,
resonant circuits focus energy transfer over meters
of distance and deliver it efficiently to power TVs,
lights and electronics. In fact, in 2007 Soljaci¢
and his research team at MIT were able to transfer
60 W of power over 2 meters at >40% efficiency
using a pair of 60 cm, helically wound coils [1].

But the application of WPT goes beyond vision
and infrastructure and is often driven by pure
necessity. For example, wireless power technology
is often used as an alternative to wired power
where electric shock, corrosion or spark ignition
of explosive gases is possible and hazardous. It is
also used in powering or charging surgical tools
and biomedical implants where a sterile, hermetic
seal is necessary. Clearly WPT is a useful and

necessary technology, but in the absence of a
“killer app”, it remains largely dormant in the
arsenal of power electronic care-abouts.
Interestingly, the rebirth of wireless power is not
being driven by necessity, at least not yet, but by
convenience. The most widely deployed
application for a standard based, wireless power
infrastructure is in charging cell phones, “wearable
electronics” and other internet-connected battery
operated devices.

Making wireless power viable requires a deep
understanding of power electronics,
electromagnetic field theory and the emerging
standards that help ensure the reliable, safe and
efficient transfer of power wirelessly. Figure 1
illustrates one configuration where a transmit (TX)
coil, wrapped around an alignment magnet,
generates a time varying magnetic flux that
couples to a receiver (RX) coil — electromagnetic
induction. Coil separation in these applications is
often less than 15 mm and magnetic shielding is
necessary to contain leakage flux that otherwise
reduces power transfer efficiency and causes
heating in foreign and friendly metals — a friendly
metal is defined as any conductive material the
system is aware of, for example the alignment
magnet.

Considering the number of cell phones that are
shipped per year, each with a power adapter and
cable, one quickly realizes the benefit of a wireless
power infrastructure where the RX coil is
integrated into the phone electronics and the TX
coil is embedded in a mat on a kitchen counter, in
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a table at a favorite coffee shop or inside an
automobile passenger compartment — no adapters
or cables to worry about connecting and being
tethered to, no adapters or cables that often end up
in landfills when you decide to update your
electronics.

Battery

Magnetic Shield

RX Coil RX Coil
-<— AC Magnetic
Flux
DC
TX Coil Alignment TX Coil

Magnet

Figure 1 — Typical WPT application diagram.

As this paper demonstrates, achieving an
efficient, cost effective wireless power solution is
possible by careful application of familiar power
electronics design theory and by using state-of-
the-art wireless power technology.

i. How Much Power?

At the most basic level, the design of a wireless
power transmitter is defined by the required
transmit power and any requirement for spatial
freedom. Spatial freedom is a term that describes
the operational tolerance of a wireless power
system to transfer power between coils that are
separated and/or misaligned. When it comes to
charging a battery, the required power is determined
by battery capacity and battery chemistry.
Assuming the majority of portable electronic
devices use a single cel Li-lon battery with a
plateau voltage of 3.3 V and a battery capacity of
under 3000 mAh, the typical power level required
can be determined. Limiting the charging current
of'a Li-Ion battery to 2 the battery capacity extends
battery life [2]. As such, a 3000 mAh battery is
charged at a maximum current of 1.5 A — a current
that may be applied through most of the charging
cycle. Consequently the mainstream application

for wireless battery charging is at a power level of
under 1.5 Ax 3.3 V=5 W. This is not to say that
wireless power cannot or is not applied at much
higher power levels. Over 20 years ago an
inductive charging standard, J1773, was advanced
to safely and efficiently charge lead acid batteries
used in battery electric vehicles including General
Motor’s EV1 and the Toyota RAV4 [2]. Introduced
in 1996, the Magne-Charge system, a tightly
coupled system, was capable of inductively
charging a battery at 6.6 kW (level 2 charging) and
50 kW (level 3) by inserting a TX paddle into a
RX slot. Today wireless power systems are
advancing to charge electric cars and buses at
power levels exceeding 30 kW and at distances of
up to 30 cm [3]. Wireless charging enables the
design of electric buses with batteries that are
smaller, lighter and lower cost by embedding TX
coils along a street path and/or at strategic locations
along a deterministic route.

ii. Foundations in Electromagnetism

The progression of knowledge in the area of
electromagnetism began with the early work of
Biot and Savart, Ampere and Oerstead, who
quantified the relationship between electric current
and magnetic fields, and it progressed to the great
discovery of electromagnetic induction by Michael
Faraday in 1831. By 1864 James Clerk Maxwell
synthesized all previous observations and in
elegant mathematical form explained the full
behavior of electromagnetic radiation and wave
propagation. Nicola Tesla’s work, most notably
his work with AC power transfer, resonance and
the induction motor significantly advanced the
practical application of electromagnetic theory
including wireless power transfer. [4]

In the world of portable electronics, biomedical
implants and battery electric vehicles the idea of
efficient WPT has been reborn and, since 2007, a
great volume of work has been published to
advance this technology. But the challenges of
wireless power remain — how to safely and
efficiently transfer power over a distance.
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B. Near-Field vs. Far-Field — How to
Transfer Usable Power

In 1909 Guglielmo Marconi won the Noble
prize in physics for advancing wireless
telecommunications, a form of wireless energy
transfer. In telecommunication, a signal is
transmitted over great distance, but the energy at
the receiver needs only be large enough to
distinguish it from noise — much of the energy at
transmission is dispersed and lost through
radiation. In contrast, making WPT practical
necessitates the efficient transfer of power with
minimal radiation losses over a much shorter
distance.

An electromagnetic wave within a media is
characterized in terms of the distance from the
source and its properties in that region, i.e. which
fields dominate and how quickly they decay.
These properties are illustrated on the wave
impedance plot shown in Figure 2. The red trace
represents the impedance of a dipole antenna and
the blue trace a loop antenna similar to what is
used in inductive wireless power transfer. The
product of r, and B is proportional to the wavelength
and representative of the distance from the source.
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Figure 2 — Wave impedance of a dipole
and loop antenna.

Wave impedance is the ratio of the electric
field in V/m to the magnetic field in A/m. In the
far-field, where the r.8 >>1, the electric and
magnetic field impedances converge and approach

the impedance of free-space, Z,, a constant of 377
ohms. In this region magnetic and electric fields
behave the same regardless of the source (antenna).
Where one defines the “near-field” is somewhat
subjective, but is generally accepted to be below
one wavelength from the transmitting antenna.
The reactive near-field occurs at and below a
fraction (1/2m) of a wavelength and is a non-
radiative storage field — this is the region of most
interest for inductive wireless power transfer. In
this region the H-field and E-Field are strong and
out of phase by 90 degrees producing a reactive
impedance [5]. A dipole antenna produces a wave
impedance much greater than Z, in the reactive
near-field because E is much greater than H.
Similarly, a loop antenna produces a wave
impedance that is much less than Z, because H is
much greater than E in this region.

Usable wireless power is accomplished in the
far or near field as illustrated in Figure 3. Far-field
energy radiates (and disperses) through space and
the received power varies inversely with the square
of the distance from the source. In the far-field,
microwave and lasers have been used to transfer
significant power over great distance using high
directivity antennas or well collimated laser beams
— power beaming. However, the practical
application of far-field radiation for transferring
power over great distances is beyond the scope of
this paper. Instead, this topic focuses on inductive
power transfer that occurs at a small fraction of the
transmit wavelength in the reactive near-field,
where the magnetic field strength is strong but
falls off at a rate proportional to the inverse cube
of the distance from the source. This, combined
with safety restrictions imposed on electromagnetic
fields, typically limits the practical application of
wireless power to a few meters. As presented
shortly, magnetic induction (MI) and magnetic
resonant (MR) represent the most efficient
methods of transferring any significant amount of
power wirelessly.

Where MI may operate over a relatively wide
range of frequencies, MR typically operates near
or at resonance [6]. In wireless power terminology
the terms “loosely coupled” and “tightly coupled”
coils are often used to differentiate MI from MR.
But, in this context, “tightly coupled” is a reference
to coil proximity more than flux coupling and is
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Figure 3 — Wireless energy transfer technologies.

misleading when compared with a transformer
where the coupling coefficient, a measure of how
tightly a coil pair is flux coupled, is nearly 1. In
terms of the coupling coefficient, the practical
operating range for MI is between 0.8 and 0.3 —
MR extends this range down to less than 0.01.

C. A Race to Standardize Wireless Power
The current vision and projection for a wireless
power infrastructure necessitates a certification
standard. Certification enhances consumer
confidence and helps ensure product safety and
reliability. Since 2009 international consortiums
have been looking to advance a robust wireless
power standard that accelerates market acceptance.
A key advantage of being standards compliant or
compatible is product interoperability — a term
that describes the ability of any certified transmitter
to communicate with any certified receiver.
Presently there are three evolving standards as of
the writing of this paper. The Wireless Power
Consortium Qi (energy) standard is the most
developed with over 200 member companies,
hundreds of products and 50 M devices already in
the market. The WPC also has endorsement by
the Consumer Electronics for Automotive (CE4A),
an organization working with European

automakers to standardize mobile interfaces [7].
Another consortium of companies, the Power
Matters Alliance (PMA), advances inductive
wireless power technology that is similar in
operation to the WPC Qi standard. In fact, so
called “dual mode” receivers and transmitters are
available that support both standards [8].
Leveraging corporate relationships with General
Motors, Starbucks, AT&T and others, the PMA is
positioned to participate in the explosive growth
in wireless power. The last wireless power
standard, the Alliance for Wireless Power (A4WP),
now called Rezence, appeared in 2012 proposing
magnetic resonance for greater coil separation and
spatial freedom. Notable differences between the
standards are illustrated in Table 1. While the
WPC and PMA operate between 100 and 400 kHz
the AAWP standard operates at the low end of the
ISM band at 6.78 MHz. Another key difference is
in how the receiver communicates with the
transmitter to facilitate load regulation. Where the
WPC and PMA both communicate with the
transmitter using secondary side load modulation
over the same forward power path, the A4WP
requires a secondary wireless communication
technology — typically Bluetooth Low Energy
(BLE), Zigbee or WiFi.

Communication
Products Power Frequency Band Frequency Band Range of Coupling
Wireless Power Consortium (WPC) 105-205 kHz Same as power transfer band 0.41t00.7
Powermat (PMA) 277-357 kHz Same as power transfer band 0.6 t0 0.8
Alliance for Wireless Power (A4WP) 6.78 MHz 2.4 GHz (ZigBee or BLE) 0.1t00.5

Table 1 — Existing WPT standards.
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Initially targeting cell phone battery charging,
WPT technology has evolved from wireless power
“receiver sleeves” that slip onto an electronic
device to fully integrated solutions where the
receiver is designed into the electronic device.
Verizon, Samsung, Nokia and others all have
advanced phones with integrated wireless
receivers.

D. Safety Matters — Limiting Field
Exposure

How electromagnetic fields affect health is an
important consideration in advancing any wireless
technology, wireless power included. In the
United States many follow guidelines set by the
IEEE (C95.1 standard, whereas Europeans
generally adhere to stricter guidelines imposed by
the International Commission on Non-lonizing
Radiation Protection (ICNIRP). As Figure 4A
illustrates, the electromagnetic spectrum includes
non-ionizing radiation, which extends from DC to
visible light and ionizing radiation including ultra-
violet, x-ray and gamma-rays and other high
energy radiation that has enough energy to alter or
break DNA bonds. Figure 4A also illustrates the
separation point between ionizing and non-
ionizing radiation and where wireless power is
typically employed. In order to protect against
known health effects, these agencies publish

Electromagnetic Spectrum

guidelines for maximum exposure differentiating
between general public and occupational limits
[9]. Guidelines like the one shown in Figure 4B
exist for magnetic (H-field), electric (E-field) and
current density fields (J-fields).

The guidelines are based on an extensive
number of related scientific publications and
volunteer studies and have been reviewed by
dozens of national expert committees. The ICNIRP
states that based on these studies: “There is no
substantive evidence that adverse health effects
can occur in people exposed to levels at or below
the ICNIRP limits.” That said, consideration of
these limits should be considered carefully by
anyone hoping to transmit significant amounts of
power using electromagnetic fields. Take for
example the ICNIRP guidelines at 10 MHz. The
guideline indicates that at 10 MHz the general
public should not be exposed to magnetic fields in
excess of 0.073 A/m or electric fields greater than
28 V/m. According to their 2007 Science paper
[10], Solja¢i¢ and his colleagues measured a
magnetic field of 1 A/m at halfway between TX
and RX coils—nearly 14 times the ICNIRP limit.
The electric field was 210 V/m, which exceeds the
ICNIRP limit by a factor of 7.5. Twenty centimeters
away, the magnetic field was more than 100 times
and the electric field 50 times the ICNIRP limits.
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Figure 4 — The electromagnetic spectrum safety considerations.




I1. THEORY OF OPERATION

A. Maxwell’s Equations

The theory behind WPT is explained using
Maxwell’s equations, shown in integral form in
Figure 5. These equations relate everything
currently known about electric and magnetic field
behavior. They include Gauss’s laws for electric
and magnetic fields, Faraday’s law and the
Ampere-Maxwell law. The Ampere-Maxwell
equation is a transverse wave equation where the
velocity of the wave is exactly the speed of light
and directly related to the permeability (u,) and
permittivity (g,) of free space. From Faraday’s
law of induction (Maxwell’s third law) it is
understood that a changing magnetic flux in a coil
induces a voltage in that coil such that the field
produced opposes the field that generated the
voltage in the first place. This is Lenz’s law and it
is true for any magnetically coupled coil pair.
Coils used in wireless power transfer are generally
separated and/or horizontally misaligned — either
displacement negatively affects the percentage of
flux that couples between the coils and significantly
limits the amount of energy that is transferred
efficiently.  Hence, the challenge of wireless
power is to come up with an efficient way to
transfer energy through low permeable air between
two coils that are not necessarily in close contact
or center aligned.
2Q
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Figure 5: Integral form of Maxwell s equations.

B. Magnetic Link Efficiency

The mutual inductance of a pair of current-
carrying coils is proportional to the amount of
magnetic flux linkage between them. It is
mathematically expressed in terms of the
individual coil self-inductances and the coupling
coefficient (k) as shown in Equation 1 and
graphically as in Figure 6. Clearly the flux
generated by the transmitter and the flux captured
by the receiver is a related to the coil arrangement
and geometries, but is also influenced by the
materials used to make the coils.

M=k,/L L (1)
12

Like a transformer, the flux generated by the
transmitter (primary) is proportional to the
ampere-turns (A-T) in that coil. Unlike a
transformer where the coupling coefficient, k, is
nearly 1, k is typically between 0.1 and 0.8 in
wireless power applications — a direct result of coil
separation, coil misalignment and the materials
used to build the small, cost effective coils used in
consumer electronics. The electrical representation
for the voltage induced in the secondary is shown
in Figure 6 where the induced voltage, V2, is a
function of the mutual inductance and the rate of
change in current of coil 1.

21

i (t)

({ % V1 (t)

(A)

\'Al V2

(B)

Figure 6 — Graphical (A) and electrical (B)
illustration of mutual inductance.
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The induced voltage is also opposed by the
rate of change of current in coil 2 and any
resistance, AC or DC, in series with it. Making a
wireless power transfer system efficient is then
largely about optimizing flux coupling and
canceling leakage inductance through resonant
power transmission.

C. Circuit Model of a WPT

The wired transfer of power from a voltage
source to a load is well-understood and easily
quantified using Kirchhoff’s voltage and current
laws. Losses in the interconnect wires and source
impedance are generally negligible compared with
the power delivered to the load. The analysis
extends to isolated power transfer, as in Figure 7.
Using an ideal transformer the voltage at the
secondary is transformed by the ratio of the
number of turns on the primary and secondary
coils. In this configuration the coupling between
the primary and secondary is considered to be
ideal with no winding or transformer core losses.
The power seen at the secondary is then the same
as in the wired application transformed by the
ratio of the secondary and primary turns squared.
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Figure 7 — Power transfer model of an ideal
transformer.

Things get more interesting moving from an
ideal transformer to loosely coupled inductors. A
non-ideal transformer with coupled inductors can
be represented as a leakage inductance and
magnetizing inductance transformed using the
cantilever model as shown in Figure 8.

—(1—k2Ye
Lkg=(-k")eL,

Figure 8 — Cantilever transformer model with
non-ideal coupling.

The leakage and magnetizing inductances are
expressed mathematically in Figure 8 and are a
strong function of the non-unity coupling
coefficient, k. The magnetizing inductance
quickly diminishes with decreasing k forcing a
greater A-T and associated losses to support a
given load. The leakage inductance, shown on the
primary side impedes power transfer and goes up
exponentially with a reduction in k. Likewise, the
turns ratio N decreases with k and is represented
by the square root of the primary and secondary
inductances multiplied by the coupling coefficient.
Reflecting the load to the primary using N, the
effective load resistance seen by the primary
becomes very small as k decreases.

Likg

Lm RL

. L
RL =N?eRL=RLek’>e—E
LS

Figure 9 — Secondary load reflected to primary.

Collectively, a poor coupling coefficient works
against wireless power transfer by increasing
source impedance and reducing reflected load
impedance. Hence, impedance cancelation of the
distributed leakage inductance and loss mitigation
with high Q coils is what makes the wireless
transfer of usable power possible.

D. Resonance to the Rescue

In wireless power, series or parallel resonance
must be applied to overcome the effective leakage
inductance associated with poor coupling [11]
[12]. For battery charging applications, a secondary
parallel resonant circuit works well as this appears
to the battery as a current source. The leakage
inductance, Ly, in Figure 10, is in series resonance
with C2. At resonance the reactive impedance of
the inductor cancels the reactive impedance of the
capacitor, essentially connecting the source to the
load. C3 is in parallel resonance with L. A
defining and critical characteristic of any resonant
wireless power design is the circuit quality
coefficient, Q. As shown later in this paper, a high
Q mitigates losses coincident with poor coupling
and helps improve power transfer efficiency. Q is
a dimensionless number that is expressed in
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several ways, but fundamentally relates the
reactive losses of a component or circuit tank to
the real losses.

¢ L% ]

Figure 10 — Applying resonance to cancel
effective leakage.
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The unloaded Q of a coil is easily measured on
a vector network analyzer (VNA) using a single
port measurement. In a single port measurement,
the VNA variable frequency oscillator is applied
directly to the coil to measure coil impedance,
from which the resonant frequency and bandwidth
are also determined [13]. The family of curves in
Figure 11 was plotted in SPICE for a typical WPC
TX series resonant tank. The resonant waveform
in Figure 11 is defined by the 3 dB points on the
right and left side of resonance from which Q can
be calculated.
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Figure 11 — Resonant frequency and Q of a
resonant tank.

The circuit behavior of a wireless power
transmitter can be modeled in SPICE if the
combined coil impedance is known, but AC losses

are frequency dependent, so modeling the coil
behavior is not trivial [14]. By definition, a high
Q wireless power converter facilitates lower losses
and greater spatial freedom, but operating near or
at resonance with high Q coils requires higher
control precision and bandwidth. As a general
rule-of-thumb, the precision of frequency tuning
for a magnetic resonant control is proportional to
1/Q — the higher Q, the greater the required
precision of frequency. As with any resonant
control topology, the option for input voltage
modulation at a fixed frequency is also available.
This method is generally employed when EMC
concerns restrict the frequency band of operation.

E. Transmit and Receive Coil Losses

Just as winding losses of a transformer must be
considered carefully, the AC winding losses of a
wireless power converter’s coupled inductor pair
must also be considered. To achieve good transfer
efficiency one must address coupled inductor skin
and proximity effects. As seen in Equation 2,
using high Q coils can minimize coil losses
associated with frequency dependent AC winding
resistances. Because the A-T in the TX increase
exponentially with smaller k, the Q of the TX is
generally more important in mitigating losses.
Typically a 5 W TX coil has an unloaded Q
between 50 and 100, but making a high Q coil is
expensive, so trade-offs must be made, especially
in consumer electronics intended for portable
applications where both coil size and cost matter.

o-L
R =——" )

With a goal of achieving good efficiency and
an understanding that the most widely deployed
applications for wireless power are under 5 W, it is
worthwhile to quantify the Q and AC resistance of
a typical 5 W coil pair.
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Figure 12 — TX and RX coil impedance
and Q, unloaded.

Figure 12 illustrates the typical coil impedance
ofan RX and TX coil pairused ina 5 W application.
The TX coil has 20 turns, 2 layers and 105 strands
of Litz wire and a diameter of 43mm. The
unloaded Q of this coil is measured to be 100 at
130 kHz and has an AC winding resistance of 176
mOhms. The RX coil measuring 40 x 30 mm is
typical of what might be integrated into a cell
phone “sleeve”. It is bifilar wound with 2 strands
and 14 turns and has a Q of 2.3 and an AC winding
resistance of 515 mOhms at 130 kHz. In a typical
5 W application, the system Q is relevant to
efficiency and is a geometric mean of the two
coils.  As previously mentioned, high Q coils are
expensive, but they can also be large, so for high
volume, portable electronics the determination
needs to be made when “good is good enough”.
Later in this paper it is shown that this coil pair is
sufficient to achieve system efficiencies close to
80% at a 5 W output.

F. Predicting Primary Current as a
Function of the Coupling Coefficient, k

The primary tank circuit of a wireless power
transmitter is driven by trapezoidal waveform at
50% duty cycle similar to an LLC power converter
topology.

Primary winding losses increase by the square
of the primary current and exponentially as the
coupling coefficient decreases. Unless high Q

[oJrA WK

=

Control &
Demodulation

L

Figure 13 — TX side 7> bridge power
stage and control.

coils are used, particularly on the TX coil, AC
winding losses not only result in poor power
transfer efficiency, but can also impact reliability
and safety. For example, in battery charging
applications with “tightly” coupled coils the
battery may be thermally coupled with the TX
coil. Therefore, losses in the TX winding must be
managed carefully, especially in applications
operating at elevated ambient temperatures to
avert reliability and safety issues associated with
elevated battery temperatures.

To quantify how primary current and operating
frequency varies with load, coupling coefficient
and Q a first harmonic approximation (FHA)
method of the trapezoidal voltage is presented
here. The cantilever model previously developed
is also used in this AC analysis. The circuit leakage
and magnetizing inductance have previously been
defined (Figure 8) in terms of the coupling
coefficient, and the turns-ratio is determined based
on measured coil inductances. The resonant
components are selected based on the input voltage
and operating frequency range and an impedance
transformation is applied to reflect the secondary
impedance to the primary [15] [16]. The input
voltage in the analysis is set at 19.5 V from which
we get an FHA fundamental voltage of 2*19.5/n =
12.4 V. The resonant tank current is expressed in
terms of the fundamental voltage and calculated
complex input impedance, Zin, using the cantilever
circuit model and Q transformation described
earlier.

Vfundamental

K= K

3)
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R(k)-Qp(f.k)
XC(f,k)
XLp(f,k)

Zin(f,k) = Rp+

1+Qp(f.k)%-

Zin(f,k) is derived with the Q-transformation
and cantilever model previously discussed, as
shown in Equation 4.

Figure 14A and B represent the predicted
behavior of a 5 W wireless power transmitter.
From Figure 14A with k=0.6 it is seen that a 1 A
output current corresponds with an operating
frequency of 163 kHz, consistent with
measurement. If the tank is run at 163 kHz, the
corresponding resonant current from Figure 14B
is 1.43 A and the input current is equal to (SW/eft)/
Vfundamental=0.4A. This assumes a modest
conversion efficiency of 70%. From the expression
in Equation 4, if k is reduced to 0.3, the resonant
tank frequency moves closer to resonance and the
current increases to 2.5 A. Clearly the increased
amper-turns further increases losses associated
with AC and DC winding resistance unless high Q
coils are used.

Output Current (A)

0 5x10* 1x10°
Frequency (Hz)

(4)

S +j XLs(f.k)— XCr(f)+

1.5x10° 2x10°

_ XC(f.k)
XLp(f.k)

p (4)

_ XC(f.k)
XLp(f.k)

R(1<)~Qp(f,k)2 -XC(f,k)- 1

1_Qp(f,k)*- 1

G. Coil Coupling Efficiency
The “flux net” of a receiver is intuitively a
function of the coil diameter; the bigger the coil
the more flux captured by an RX or generated by a
TX to induce voltage. Often the RX coil needs to
be made as small as possible to accommodate a
product’s form-factor at the expense of power
transfer efficiency. The family of curves in Figure
15 relates the efficiency of a coil pair to the coil
diameters and vertical displacement where the
displacement is normalized to the TX coil
diameter. Take for example an RX coil that is
equal to the transmit coil (red curve). If the
vertical separation is 1 TX diameter (1 on the
horizontal axis), then the magnetic efficiency
based on flux coupling is approximately 60%.
Note that this is not the power transfer efficiency,
but rather an indication of flux linkage. Note also
that the family of curves varies with Q, so higher
Q resonant circuits afford greater flux linkage and
ultimately higher efficiency.
6

— k=03
----- k=04

k=0.5
4 k=0.6

Resonant Current (A)

o
s

0 5x10* 1x10° 1.5x10°  2x10°
Frequency (Hz)
(B)

Figure 14 — RX and TX coil current.
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Figure 15 — Magnetic flux coupling as a function of Q, coil geometries and displacement.
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Figure 164 — 30 mm coil pair k relative to
vertical and lateral displacement.

H. Coupling Efficiency

To further investigate the effect of the coupling
coefficient on efficiency consider the graphic in
Figure 16A. The graph measures the coupling
coefficient of two 30 mm coils with vertical and
lateral displacement.  The horizontal axis
represents a lateral displacement from center
alignment and each curve represents a separate
measurement of vertical displacement. For
example, the lowest dashed line represents a 10
mm vertical coil displacement and k = 0.38 when
the lateral displacement equals 0 mm — center
alignment. Adding 10 mm of lateral displacement
reduces k from 0.35 to 0.2. The graphic in Figure
16B represents the theoretical magnetic efficiency
and how a higher Q compensates for poor coupling.
For example, the magnetic figure of merit of a
system with a Q of 100 and a k = 0.2 has a flux
coupling efficiency >80%.

293p = M

[
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P

—
[I—
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[alig 1.5x10" 2.0x10°

fiHz
:'— TRE MagiGain] e tamsry 1 | Mas{Gain)
0.516 .
y=0 mm)= =083, M=1306n
Lrx

Lix

1
0.8
)
c 0.6
2
o
£ 04
w — Qsys=100
Qsys=50
02 — Qsys=30
- Qsys=10
0
0 0.2 0.4 0.6 0.8 1

Coupling Coefficient, k

Figure 16B — Transfer efficiency
relative to system Q.

I. Measuring Mutual Inductance and the
Coupling Coefficient

The transfer gain of a pair of unloaded, coupled
inductors can be measured using a vector network
analyzer (VNA). Figure 17 illustrates the setup
and measurement of a typical 5 W coil pair; notice
that the coils are in close vertical and center
alignment. Using the oscillator port of the VNA
and one of the channels to plot the transfer gain, k
is calculated indirectly from this using the
measured coil inductances. The RX coil (top) has
14 turns and is bifilar wound. The TX coil
(bottom) has 20 turns and uses 105 stranded Litz
wire. The WPC defines an operating frequency
between 105 kHz and 205 kHz, so at a frequency
of 125 kHz the converter is heavily into resonance.
The coils are measured with a 0 mm gap and an 8
mm gap and the corresponding coupling
coefficients and mutual inductance are calculated
from this plot and are shown in Figure 17. Notice
that as the gap increases from 0 mm to 8 mm the
mutual inductance drops by over 50% from 13.6

pH to 5.2 pH.

Vix Gain
Vix Lrx ! :
1 A,
Lix ® 3 \
Typical 5 W coils
connected toa VNA
kigap = 8 mm) = —= = 0321, M=527p

Lrx

Lix

Figure 17 — Transfer gain.
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Figure 18 — Typical 5 W WPT architecture.

J. Architecting a WPT Transmitter

As stated earlier, the circuit architecture of a
wireless power transmitter depends fundamentally
on the required power level and coil separation/
alignment. Other care-abouts include standards
compliance and specified end user requirements
including source voltages and possible keep out
frequencies. The power stage driving the TX coil
must be a resonant topology to achieve respectable
efficiency. This requires a frequency modulated
power architecture where the operating frequency
of the resonant tank is dependent on line and load
changes. It is also possible to modulate the input
voltage and maintain a fixed frequency [17]. In
Figure 18 the transmitter is a series resonant coil
driver in a Y5 bridge topology operating at 50%
duty cycle, much like an LLC converter. The
receiver is a tuned resonant circuit that
magnetically couples the primary flux, rectifies
the induced AC voltage and conditions it. As far
as wireless power is concerned, that is about it.
Now suppose the need arises to communicate with
the primary while remaining wireless. One
approach is to intelligently modulate the load such

that the load impedance is reflected to the primary
as a modulated voltage and current; these can then
be demodulated by the TX and interpreted.
According to the WPC and PMA specification,
communication from the RX back to the TX uses
the same magnetic coupling path as the forward
power transfer. The RX side load modulation can
use either a resistive or capacitive modulation.
Capacitive modulation is lossless on the secondary,
but does show up as an increased modulation loss
term on the primary.

K. Modeling Circuit Behavior in SPICE

A simplified SPICE open loop analysis of a
wireless power converter with resonant coupled
inductors is presented in Figure 19. The
components are selected for a typical 5 W
application. The frequency domain plot shown in
Figure 20A represents the transfer gain as a
function of frequency and coupling coefficient, k.
Lower k values result in lower operating
frequencies closer to resonance for the same
output power. Like an LLC converter, operation is
always above the resonant frequency to facilitate

VAC

Cr100n Resr_TX452m Resr_RX 641m Cr_RX 183n SD2 Cour 4.7
11 ° |
H K10.8 W ! |
+ K
Veoil_TX X LTX 25 p }4—»{ LRX 10.8 p 1:
-+
VG1 o N‘_‘
Internal SD1
Resistance 30m 1
+—(Vour 1

Figure 19- Simplified AC analysis of a WPT.
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Figure 20 — Frequency (A) and time domain (B) plots of WPT.

zero volt switching (ZVS) and allow for the lowest
possible inductance. At resonance the primary and
secondary output voltages reach their maximum
value, which can be substantial depending on the
circuit Q. As frequency is increased above the
resonance point, the primary/secondary amplitudes
decrease. The AC simulation illustrates the typical
operating range of a WPC solution where the
required gain is calculated based on an input
voltage of 19 V. The gain is simply 20 x log(Vo/
Vin) which corresponds to -7.9 dB on the gain
transfer plot at an AC secondary voltage, VAC, of
7.65 V. This corresponds with an operating
frequency of 170 kHz for the components selected.
To examine behavior in the time domain, VGI is
modified to be a 19 V square wave with an
operating frequency of 170 kHz and a 50% duty
cycle. The same circuit can now be used to
generate the time domain plot in Figure 20B.
Notice that coil voltage is quasi-sinusoidal and the
output voltage is 4.5 V when loaded by a 5 Ohm
resistor. In an actual implementation the receiver
sends communication packets back to the TX

reporting the regulation point and received power.
The transmitter then adjusts the switching
frequency to deliver the appropriate power.

L. Examining Behavior in the Time
Domain

One of the more challenging aspects of
designing a wireless power transmitter is in
comprehending coil currents and voltages as a
function of the coupling coefficient and associated
mutual inductance. Although not appropriate for
modeling load step response, the simplified open
loop simulation in Figure 21 is effective in
comprehending circuit waveforms and stresses in
the time domain. The model is also used to
examine input current harmonic content and
conducted emission implications if the LISN is
modelled [18]. The simulation uses a SPICE
model of a gate driver with dead-time to drive a
half bridge resonant tank. The frequency is
controlled by any pulse source or a voltage-
controlled oscillator (VCO).
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Figure 21- Time domain model of a 5 W power transmitter:
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Note the quasi-sinusoidal behavior of the RX and
TX coil voltages in Figure 22, whereas the resonant
current in the tank is more sinusoidal. As the
converter operating frequency moves closer to the
tank resonant frequency voltages increase and
become more sinusoidal.

M. Using Finite Element Analysis to
Examine Field Behavior and Losses

Using Finite Element Analysis (FEA) one can
visualize the electromagnetic field behavior
influenced by shielding materials, coil windings
materials and geometries and other influences.
This provides a deep insight into wireless power
and how it is optimized. This 2D analysis uses a
free software package called FEMM [19]; the
software is easy to configure and versatile in
analyzing field behavior. The axisymmetric
simulation shown in Figure 23 comprehends all
the significant physical parameters of the TX and
RX coils and shielding material. The power
dissipation associated with AC skin and proximity
effects is simulated to be 320 mW at an output
power of approximately 5 W, corresponding
closely with measured results.

T
.73m

T T T 1
1.74m 1.75m 1.76m 1.77m

Time (s)

Figure 22 — Time domain waveforms of a 5 W WPT.

N. Quantifying Losses

Principal losses on the transmit side include
AC winding losses in the TX coil, bridge driver
and power stage conductive and switching losses,
control logic and any overhead associated with
control side DC-DC power conversion. Receiver
side losses include the AC winding losses of the
RX coil, AC rectifier conduction and switching
losses and post regulation (LDO) losses that are
mitigated using intelligent voltage positioning as
explained later. Losses are also associated with
load modulation, but if capacitor load modulation
is used the losses are seen on the primary as a
reflected load impedance and not on the secondary.
Optimal efficiency is realized using multi-stranded
Litz wound planar coils. PCB coils may be
fabricated for both the TX and RX, however these
coils cannot perform as well as helically wound
coils. Typically, size and cost are more relevant to
the RX where AC winding losses are also lower.
A typical 5 W planar TX coil wound with 105
stranded Litz wire achieves an efficiency of > 80%
using MI. Compared with a PCB coil, expect a
10-20% hit in efficiency at 5 W depending on the
WPT technology used.

Figure 23 — Axisymmetric FEA of a 5 W coil pair.
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Figure 24 — Complete TX, 5 W power transmitter solution.
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II1. DESIGNING A WIRELESS POWER
TRANSMITTER

Practical design considerations of
implementing a WPT solution are examined next.
Compliance with a WPT standard is not necessary,
but it does have advantages including coil
optimization, built-in foreign object detection and
optimal EMC compliance. Another key advantage
to standards compliance is marketability and
interoperability.

A. Circuit Configuration and Integration
Developing a cost effective solution for
wireless power that is also compliant with a
standard necessitates a high level of integration
and understanding of the principles presented in
this paper. The two chip TX reference design
shown in Figure 24 includes a microprocessor for
frequency modulation and communication with
the RX as well as an intelligent, highly integrated
coil driver that facilitates demodulation of the RX
side load modulation. The solution is capable of
delivering 5 W to any WPC Qi compliant RX.

B. Communication Protocol

The communication protocol from the RX to
the TX uses the same magnetic coupling path as
the forward power transfer. A simple load
modulation method is used to communicate status
and commands back to the TX side controller.
When the RX circuit is placed in proximity to a
compliant TX, the TX generates a magnetic field
sufficient to power the RX. The TX waits until its
field is perturbed by the RX and then extended
communication begins. The resulting amplitude
modulation of the primary coil voltage/current is
detected and demodulated by the TX. The RX
then reports the required power and the TX adjusts
the operating frequency to facilitate the need. The
RX load modulation uses either a resistive or
capacitive load element. If feedback is lost the
power transfer is interrupted.

The RX microcontroller has control of two
load switches and uses them to implement a
“differential bi-phase” bit-encoding scheme. The
TX demodulates the resulting amplitude modulated
signal using analog filters or digital demodulation.

Apply Power

|

No Response
Abort Digital Ping

o
- T
Power Transfer (PT) &3
Complete Ja
)
-
@ Identification and

No PT Contact Configuration

Unexpected Packet
Transmission Error A
Time-Out

Reconfigure

paysiiqe;s3
JoRJU0D

|

PT Contact Violation
Unexpected Packet
Time-out

Power Transfer

Power Transfer
Complete

Figure 25 — WPC communication protocol.

A fixed clock frequency of approximately 2 kHz
and a start bit is used before each 8-bit transmission,
followed by parity and stop bits. The
communications packet consists of four specific
sections (preamble, header, message field and
checksum) with the most common messages
being:

1) Signal strength: Helps align the RX unit on

the charging pad.

2) Control error packet: A signed integer value
(—128 to +127) that represents the degree of
error between the voltage at the RX LDO and
its required voltage. In response, the TX adjusts
its operating frequency using a proportional
integral differential algorithm (PID). In
steady-state, error packets are updated every
250 ms, but under a load step when a large
error exists, the RX sends error packets at a
faster rate of approximately 32 ms.

3) End power transfer packet: RX request
instructing the TX to terminate power.
Typically this is due to a fault condition or if
the RX no longer requires power, for example,
when the RX device's battery has been fully
charged.
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4) Rectified power packet: This is an unsigned
integer value that communicates the amount of
power the RX sees at the output of the rectifier
circuit and is used in assessing coupling
efficiency, maximum power limit and FOD.
The TX terminates power transfer when no
packets are received for a fixed interval of 350
ms minimum or 1800 ms maximum, indicating
that a RX device is not present [20].

C. Equipment Needed to Advance a WPT

To close out this discussion, this paper
examines the circuit behavior of a 5 W WPC
compliant solution on the bench. The optimization
of a wireless power solution necessitates tools for
measuring complex impedances and circuit
behavior. As such, a vector network analyzer
(VNA) is an invaluable tool for building an
understanding of a coil pair and modeling circuit
behavior. Having a scope with a built-in spectrum
analyzer is also helpful in assessing losses and
EMI harmonic content. For this paper, a Bode
100 network analyzer capable of 40 MHz
measurements and a mixed domain MDO4104
scope with integrated spectrum analyzer is used.
A set of E-field and H-field probes [21] is used
with the MDO4104 to evaluate radiated emissions.
A non-contact IR imager or IR probe is also
necessary when considering battery thermal
coupling between the TX coil power losses and
the portable electronic device.

TX RX I
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%y
2 o B

f T - .

:I'—-—|| L HAE ELE L B eee—

i 1= T T T T Id--l |
| FET . e |

TX Coil Harmonics

Centered coils force operation
further from resonance
Vpp tx=20V, fgw = 170 kHz
RMS gain = 0.56

Figure 26 — Bench equipment and setup.

D. Coil Voltages and Harmonic Content —
5W, WPC

Figure 27 is a scope plot of the TX/RX voltages
and coil harmonics measured with an E-field
probe. With the RX/TX coils in good alignment
the TX voltage measures to be 20 Vpp and pseudo-
sinusoidal and the RMS gain between the TX and
RX calculates to be 0.56. Notice that when the TX
moves to its maximum misalignment point the
voltage nearly doubles to 40 Vpp and the gain
drops to 0.509. Notice also that although the TX
coil voltage does appear more sinusoidal there is
little, if any, reduction in the resulting E-field
harmonic content.

.
— RX
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By - _— "'“--,_f s )
""'-_\_ -\"‘-\-._
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Figure 27 — TX and RX coil voltage and harmonic content.
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E. Intelligent Voltage Positioning

Figure 28 illustrates the behavior of a
bqTesla™ receiver to intelligently position the
rectified input voltage to the LDO thereby
improving power converter efficiency and
transient response. The RX sends load modulated
error packets to the TX controller over the same
power path as the reflected voltage and/or current
to facilitate closed loop operation. To maintain
good load regulation the TX responds by adjusting
the input to a post regulator LDO. When the
output is lightly loaded, the RX sends a control
error packet (red trace) to increase the rectified
input voltage (blue). Since the load current is light,
the input-to-output differential voltage across the
LDO does not represent significant power loss.
The rectified level is set higher at light loads to
accommodate the relatively slow digital
communication loop and position the rectified
voltage at a level to support the load under a low-
to-high current transient (green trace). When
steady-state is achieved the RX sends error packets
back to the TX to minimize the differential voltage
across the LDO. For example, at the maximum
load current of 1.0 A, the rectified voltage is set to
approximately 5.20 V.
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Figure 28 — Intelligent voltage positioning
in response to a load step.
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F. Transient Load Step Response

Now it is time to examine how an oftf-the-shelf
WPC solution responds to a high current 1 A load
step. Note that the time scale in Figure 29 is 100
ms per division. Two transmitters were used for

this measurement, one based on a 12 V, 2 bridge
and another based on a 5 V full bridge. The load
response in Figure 29 is nearly independent of the
transmitter and the voltage drops from 5 Vto 4V,
requiring multiple communication packets and
nearly 700 ms to recover to the regulation point.

: .(__—-— WPC Wireless Power RX
I Phone “Skin”

|

Voltage Response 1
|
| 5V TX Supply Current
'™

"~ orarre ~
) 12V TX Supply Current

@ 100Ve @ S00mA ‘)llooms ”woksgs “ o\ 452V
(R 500mA 100ms ) _1.00 v iooms | 10k points

Figure 29 — Transient load step response —
1 A load step.

The green and black traces represent the TX
current and the black and purple curves represent
the output voltage response. Notice that packets
of information being transmitted to the TX
effectively modulate the load. After approximately
seven packets of information (about 600 ms) the
input voltage to the RX has been increased
sufficiently to regulate at 5 V. The 250 mA load
step response in Figure 30 is representative of a
load step where a TX power correction packet is
not necessary. As such the load step behavior is
representative solely of the integrated post
regulator LDO. The RX is removed from the
phone sleeve; both the control circuitry and coil
are fabricated onto a flex PCB. The design uses
the TI WPC compliant bq51013B receiver IC.
The 45 mm transmitter coil is driven by a soon-to-
release and highly integrated coil driver IC that
interfaces with a system pP. A very fast 1 A/us
pulse is applied at the load and the response is
illustrated in Figure 30.
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(TX coil driver with uP interface)
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Figure 30 — 250 mA load step with
the two chip TX solution.

G. Electromagnetic Compatibility

As with all power conversion, achieving an
EMI compliant wireless power solution
necessitates careful attention to parasitic board
resonances as well as the resonant tank layout.
Although a wireless power converter is a resonant
converter topology with sinusoidal waveforms the
coil voltage waveforms are typically pseudo-
sinusoidal and rich in E-field harmonic content.
As such, pay careful attention to board parasitics,
field surfaces and layout loop area. To address
E-field radiated emissions off the TX coil a “finger
shield” is constructed to shunt the radiated E-field

|

: I

| I Cc
| Common Mode Filter s J"H|
|

Wireless
Receiver

Wireless
Transmitter | :

= T
T‘I _____ T‘%

l_ Multilayer Electric Shield

Figure 31 — EMI mitigation using a CM choke
and “‘finger shield”.

to ground where it can be addressed by a common-
mode choke. Snubbers and shielding are also
commonly required. The constructed shield uses a
PCB with interleaved, thin copper strips that act as
a solid shield with minimal eddy losses [20]. The
shield significantly reduces radiated emissions by
as much as 20 dB with minimal impact on
efficiency.

H. Foreign Object Detection

Leakage flux near the power transfer edges
couples into foreign objects and, depending on the
specific heat of the material, quickly results in
unsafe temperatures. In particular, the battery
must be shielded from this leakage flux to avert
potentially catastrophic conditions — just 0.5 W of
induced losses in 1 g of silver results in a 75 °C
rise in temperature in 15 s. To mitigate a potentially
unsafe condition, foreign object detection is
necessary and required by all standards. As
indicated earlier, the RX reports its received power
and the TX constantly monitors its losses. Figure
32 illustrates how loss accounting in a wireless
power transfer responds to induced losses by
foreign objects. A software tool was developed
for this purpose and an experiment constructed.
Figure 32 shows the results where an artificially
high fault threshold (1.9W FOD induced loss) is
selected to ensure constant power transfer while
the foreign object is present; typically once the
threshold is exceeded power transfer is interrupted.
At time = 0 an alligator clip is placed adjacent to a
5 W field of misaligned coils. As stated earlier
near-field inductive energy is conserved unless
intercepted by a coil or metallic surface, in this
case the alligator clip. The misalignment of the
coils creates a flux area where foreign objects are
introduced. The additional losses in the alligator
clip measure 1.36 W and the object reaches 55 °C
in under 60 s. When the object is removed, the
reported losses drop to less than 100 mW. This
kind of intelligent loss reconciliation is a safety
consideration that must be integrated into any
WPT solution.
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Figure 32 — Loss reconciliation between TX and RX.

IV. CONCLUSION

Wireless power transfer is a technology
positioned to be as ubiquitous as the cell phones
people depend on. Whether an internet-connected
cell phone, wearable fitness device or other battery
operated device, wireless power makes charging
devices more convenient and, in some cases, safer
too. Does WTP represent a more or less efficient
solution? Well, that depends. An intelligent TX
can operate in many modes, for example turning
off once a battery is charged, rather than dwelling
in some higher power-dissipating state. When
thinking about the number of wired power adaptors
operating overnight in a typical household, WTP
certainly could translate into a greener overall
solution.

For the 5-15 W use case, there is little
questioning that wireless power with MR/MI
makes sense in many applications and it is already
positioned for wide deployment. What about
charging your laptop battery at 45 W from across
the room? Well, there are issues to resolve here,
most notably power transfer efficiency and the
associated health implications. Lastly there are
the high power applications for battery electric
vehicles and buses. Again, application and
infrastructure challenges are there, but in the

isolated region under a car a TX/RX coil pair that
is separated by 20-30 cm is not burdened by the
same field strength implications and therefore is
more readily imagined.

In a world fitted with battery-operated portable
electronics and wireless communication,
intelligent wireless power facilitates convenience,
eliminates the clutter of cables and connectors and
creates an invisible power source well suited for
charging batteries. A great deal of opportunity
exists for innovation in the area of WPT for those
able to imagine the possibilities and overcome the
obstacles presented in this paper.
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