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EFFICIENT ROBUST WIRELESS ENERGY TRANSFER

FIELD AND BACKGROUND OF THE INVENTION
The present invention relates to a device and method for wireless energy

transfer.

The search for wireless power transfer techniques is as old as the invention of

* electricity. From Tesla, and through the vast technological development during the 20"

century, many suggestions have been proposed and implemented in this field of
research. Established techniques of performing wireless energy transfer are known both
in the near and far field coupling regimes. Near field examples can be found in optical
wé’veguides, cavity couplers and in resonant inductive electric transformers. For the far
field, one has power beaming mechanisms, where power is beamed at a receiver and is
converted to usable electrical enérgy. These teéhniques, though they reach sufficiently
high efficient energy t_ransfer,‘ suffer either from short range interaction (near field
coupling), or from the requirement of line of sight in the far field approaches.

Recently, it has been shown that a weakly radiative wireless energy transfer
scheme between two identical classical resonant objects is possible with sufficiently
high efficiency. This possibility arises from employing coupled mode theory in the
realm of power transfer. In this research Kurz et. al showed that wireless énergy can be
transferred efficiently over a 2 meter range, generally considered in this field as mid-
range. This technique was adopted by others as well, where the transfer efficiency was

increased tremendously from an efficiency of 40%, previously the best achieved for this

© range, to recently achieved values of around 75%, notably by Intel.

Currently, most efficient wireless energy transfer devices rely on a resonant
constraint. Such a constraint typically means that when the frequency of the source is
shifted from the frequency of the device, intentionally or due to random noise, a
significant reduction of the efficiency of the wireless energy transfer Would occur.
Random noise may be the result of an external object being placed close to either of the
coils When the resonance condition is violated, then one may need to provide a feedback

circuit in order to avoid a possible reduction of the energy transfer.
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SUMMARY OF THE INVENTION

In contrast to the above described sensitivity to noise and other interference in
the neighborhood of the coils due to resonant energy transfer, the present embodiments
provide a technique for robﬁst and efficient mid-rahge wireless power transfer between
two coils, by adapting the process of rapid adiabatic passage (RAP) for a coherently
driven two-mode system, as is explained hereinbelow. The dynamic adiabatic solution
is shown to be both efficient and robust for variation of the parameters driving the
process, such as the resonant frequencies of the coils and the coupling coefficient
variable.

According to oneAaspect of the present invention there is provided a method of
transferring energy between a source coil and a drain coil, comprising:

setting an initial resonant frequency of the source coil as a first condition,;

setting the soﬁrce coil and the drain coil in positions relative to each other to
define an initial coupling coefficient therebetween, the initial coupling coefficient
comprising a second condition; and

adiabatically changing at 1east one member of the group consisting of the first
condition and the second condition while pumping energy into the source coil, thereby
to transfer the pumped energy to the drain coil. |

In an embodiment, both of the first condition and the second condition are
adiabatically changed.- | |

In an embodiment, the first condition is adiabatically changed. Alternatively, the

second condition‘may be adiabatically changed.

In an embodiment, the source coil is part of a resonant circuit having variable
components to allow the initial resonant frequency to be changed.
| In an embodiment, the source and drain coils are mobile with respect to each
other, thereby to allow changing of the ihitial coupling coefficient.
~ In an embodiment, at any given time of the adiabatic changing there is a
detuning value, the detuning value being the difference between a current value of the
resonant frequency of the source coil and the resonant frequency of the drain coil, the

adiabatic changing providing a smooth time dependence of the coup_lihg coefficient

(K(t)) and the dgtuning value (A (t ) ).
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In an embodiment, the adiabatic changing comprises fulfilling an adiabatic

condition relating the coupling coefficient and the detuning value:

,}(t)A(t)-K(t)/&(t)

<< [4/(2 (1)+A? (t)T/2 .

In an embodiment, the coupling coefficient K(t)is relatively larger than a loss
rate (I'), and wherein an initial and a final detuning are both relatively larger than the
coupling coefficient, (I' <k <A).

An embodiment may involve varying the resonant frequency of the source coil

such that a detuning value (A(.t)), the detuning value being a difference between the
resonant frequency of the source coil and the resonant frequency of the drain coii,
sweeps'slowly from a negativé value, the negative value being larger than the coupling
between the source coil and the drain coil, to a positive value being larger than the
coupling between the source coil and the drain coil.

An embodiment may‘involve modifying the changing to reduce an amount of
time that energy is retained in the source coil. |

An embodiment may involve varying the resonant frequency of the source coil
by an amount of up to ten percent over a period of between one and three milliseconds.

An embodiment may involve varying the resonant frequency of the source coil
by an amount of up to ten percent over a period exceeding two milliseconds.

An embodiment may involve varying the coupling coefficient over the period.

According to a second aspect of the present invention there is provided
apparatus for transferring energy comprising:

a source coil having resonance variation circuitry for varying a resonant
frequency of the source Coil;

a position unit for varying a position or orientation of the source coil so as to

vary a coupling coefficient of the source coil with a respective drain coil to which the

“source coil is wirelessly coupled;

and a controller configured to adiabatically vary at least one of the resonant

- frequency and the cqupling coefficient while pumping energy into the source coil,

thereby to transfer the pumped energy to the drain coil.
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In an embodiment, both of the resonant frequency and the coupling coefficient
are adiabatically changed. _

In an embodiment, the resonant frequency is adiabatically changed.

In an embodiment, the coupling coefficient is adiabatically changed.

In an embodiment, the ldcating unit is operative to rotate the source coil,
thereby to allow the adiabatic changing of the initial coupling coefficient.

In an embodiment, at any given time of the adiabatic changing there is a

detuning value, the detuning value being the difference between a current value of the

- resonant frequency of the source coil and the resonant frequency of the drain coil, the

adiabatic changing providing a smooth time dependence _ of the coupling coefficient
(K(t)) and the detuning value (A (t) ).

In an embodiment; the coupling coefficient K(t) is relatively larger than a loss
rate ('), and wherein an initial and a final detuning are both relatively larger than the
coupling coefficient, (I" < k < A). | '

In an embodiment, the controller is configured to vary the resonant frequency of

-~ the source coil such that a detuning value ( A(t) ), the detuning value being a difference

between the resonant frequency of the source coil and the resonant frequency of the
drain coil, sweeps slowly from a negative value, the negatiVe value being larger than the
coupling between the source coil and the drain coil, to a positive value being larger than
the coupling between the source coil and the drain coil.

In an embodiment, the controller is operative to modifying the changing to
reduce an amount of time that energy is retained in the source coil.

In an embodiment, the controller is operative to vary the resonant frequency of
the source coil by an amount of up to ten percent over a period of between one and three
milliseconds. _ |

In an embodiinent, the controller is operative to vary the resonant frequency of
the source coil by an amount of up to ten percent over a period exceeding two
milliseconds.

In an embodiment, the controller is bperative to vary the coupling coefficient

over the period.
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Unless otherwise defined, all technical and scientific terms used herein have the

same-meaning as commonly understood by one of ordinary skill in the art to which this
invention belongs. The materials, methods, and examples provided herein are
illustrative only and not intended to be limiting.

The word “exemplary” is used herein to mean “serving as an example, instance
or illustration”. Any embodiment described as “exemplary” is not necessarily to be
construed as pfeferred or advantageous over other embodiments and/or to exclude the
incorporation of features from other embodiments.

The word “optionally” is used herein to mean “is provided in some
embodiments and not provided in other embodiments”. Any particular embodiment of
the invention may include a plurality of “optional” features unless such features

“conflict.

- Implementation of the method and/or system of embodiments of the invention
can involve performing or completing selected tasks manually, automatically, or a
combination thereof. This refers in particular to tasks involving setting transmission
parameters.

Moreover, according to actual instrumentation and equipment of embodiments
of the method and/or system of -the invention, several selected tasks could be

‘implemented by hardware, by software or by firmware or by a combination thereof
using an operating system. |

For example, hardware f_br performing selected tasks according to
embodiments of the invention could be implemented as a chip or a circuit. As software,
selected tasks according to embodiments of the invention could be implemented as a
plurality of software instructions being executed by a computer using any suitable
operating system. In an exempiary embodiment of the invention, one or more tasks
according to exemplary embodiments of method and/or system as described herein are
perfofmed by a data processor, such as a computing platform for executing a plurality of
instructions. Optionally, the data processor includes a volatile meﬁlory for storing
instructions and/or data and/or a non-volatile storage, for example, a magnetic hard-disk
and/or removable media, for storing instructions and/or data. Optionally, a network
connection is provided as well. A display and/or a user input device such as a keyboard

or mouse are optionally provided as well.
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BRIEF DESCRIPTION OF THE DRAWINGS

- The invention is herein described, by way of example only, with reference to the

accompanying drawings. ‘With specific reference now to the drawings in detail, it is
stressed that the particulars shown are by Way of example and for purposes of
illustrative discussion of the preferred embodiments of the present invention only, and
are presented in order to provide what is believed to be the most useful and readily
understood description of the principles and conceptual aspects of the invention. In this
regard, no attempt is made to show structural details of the invention in more detail than
is necessary for a fundamental understanding of the invention, the description taken
with the drawings making apparent to those skilled in the art how the several forms of
the invention may be embodied in practice.

In the drawings: ,

FIG. 1A is a simplified diagram illustrating a system for transferring power
wirelessly over a two coil system to power a device, using a static resonant frequency
according to the prior art; _

FIG. 1B is a simplified diagram of a system for transferring power wirelessly
over a two-coil system to power a device, using a resonant frequency or a coupling
coefficient varying adiabatically with time according to a first embodiment of the-
present invention; ’

FIG. 1C is a flow chart shoWing a method of transferring energy between a
source coil and a drain coil using an embodiment of the present invention;

FIGs. 2A — 2D are a series of graphs comparing energy transfer between two
coils with and without the assistance of the present embodiments;

FIG. 3 is a graph illustrating a series of adiabatic sweeps of the resonant
frequency with time applied to a source coil according to the present embodiments
compared with a static resonant frequency according to the prior art; |

FIG. 4 shows .t_wo side by sidev graphs comparing efficiency and useful energy
consumed respectively for a RAP system according to the present émbodiments and a
resonance based system, according to the p_ribr art, both as a function of the static
detuning, for a first set of coefficients;

FIG. 5 shows two side by sidé graphs comparing efficiency and useful energy

consumed respectively for a RAP system according to the present embodiments and a
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resonance based system, according to the prior art, both as a function of the static

detuning, for a second set of coefficients;

FIGs. 6, 7, 8A and 8B show contour plots of the efficiency coefficient n as a

function of the coupling X0 and the d'ecay rate of the source and the drain coils
Ip=TIg.

FIG. 9A shows simulation results in which coupling and detuning are plotted as
a function of time according to an embodiment of the present invention;

FIG. 9B shows results of the same simulation as FIG. 9A in which energy
transfer between the coils is plotted as a function of time;

FIG. 10 is a simplified piot in which energy transfer percent is plotted against
the static detuning in a simulation according to an embodiment of the present invention;

FIG. 11 is a’ plot showing energy transfer as a function of time for another

- simulation according to the present embodiments;

FIG. 12 illustrates a prototype embodiment of the present invention on which the
results show_n in table 1 were obtained;
| FIG. 13 is a comparative graph showing dynamics of different coupling
techniques according to the present embodiments and according to the prior art; and
FIG. 14 is a graph showing the differentials of the different coupling technique
dy'namics of FIG. 13. |

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present embodiments comprise a technique for efficient and robust mid-

range wireless power transfer between two coils, by adapting the procesé of rapid
adiabatic passage fora coherenﬂy driven two-state atom to the realm of wireless energy
transfer. This schemeinay transfer energy between the coils without being sensitive to
resonant constraints, noise and other interference that may exist in the neighborhood of
the coils.

The present embodiments thus adapt coupling conditions adiabatically, the
coupling conditions being for example the coupling coefficient and resonant frequency.

The prior art of which applicant is aware, by contrast retains fixed coupling conditions.



WO 2011/107995 » PCT/1L2011/000214
8
The principles and operation of an apparatus and method according to the
present invention may be better understood with reference to the drawings and
accompanying description.

Before explaining at least one embodiment of the invention in detail, an

5 overview is provided of two coupled mode theory and of the resonant solution, with
reference to Fig. 1A. Two coupled mode theory is also referred to as the two state atom
analogue.

Reference is now made to Figure 1A, which 'illustrates two coils 10 -and 12,
~which are designed for wireless energy transfer between them. The source coil 10 is part

10 of a driving circuit and is periodically recharged, while the energy is transferred
wirelessly to the device coil 12 across a space.

In Fig. 1a as implemented by the prior art resonance solution, efficient transfer
from the source and the device may only occur when ws= wp. Otherwise, or for that matter
in the presence of noise, energy transfer may be poor.

5 The interaction between the two coils, in the strong-coupling régime is described
by the coupled-mode theory. In this process the following equation describes the

dynamics of the two classical coils: |
£ I R ) e

20  where variables ag (t) anda, (t) are defined so that the energy contained in the

2’, I's and I', are the

source is |as,(t)|2. and the energy contained in the drain is |a D (t)

intrinsic decay rates of the source and the drain coils respectively, decay being typically

due to absorption and radiation losses. Work may be extracted from the device by means

of the term Iy, . The frequencies of the source and the drain coils are ag (¢) and wj, (¢)

25 - and those are given explicitly as:
w5 (£)=1/\|Lg 5, () Cs 5 (1),

where Lg 1, (¢) and Cs, (t) are the inductance and the capacitance respectively of the

source and the drain coils. The coupling coefficient between the two coils is denoted as

x (¢) and is given as:
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(t)=M (1) TR0 8‘”’) ((’)) ,

where M (t) is the mutual inductance of the two coils.

Equation (1) is equivalent to the Schrddinger equation for a two-state atom

written in the rotating-wave approximation, where the variables ag () and aj () are,

respectively, the probability amplitudes for the ground state (equivalent to the source
coil) and the excited state (equivalent to the drain coil). In the two-state atom case, the

coupling coefficient (off diagonal elements in the matrix formulation) is proportional to

the atomic transition dipole moment d,, and the laser electric field amplitude E(¢); i.e

Q(r)=d,,.E(t). Qt) is known as the Rabi frequency, and parameterizes the strength of
the atom-laser interaction. We define the difference between the resonant frequencies of

the two coils, which corresponds to the detuning A(f) in the two-state atom:

A(t) = wg (t)—ap, (¢). In the case of resonant coupling, the detuning value will be zero.

The dynamic behavior suggésted by Kurz et. al is the case where the resonant
frequencies of the coils are time independent, i.e. when ws(t) = ws = const and wp (t) =
wp = const. In this case, only when wg = wp, which is to say when the system is at
resonance, and A = 0, would there be an efficient transfer of energy between the coils. In
particular, the system suffers from the fact that the power transmittéd between the coils

drops sharply as the system is detuned from resonance. That is to say the off-resonant

case, i.e. wg(t)= ay,(¢) is a very inefficient carrier of energy. The resonance condition

may be ruined by any object which is placed between the two coils, as will be simulated
hereinbelow. ,

The following discusses the present embodiments, and here it is to be
understood that the invention is not limited in its application to the details of
construction and the arrangement of the components set forth in the following
description or illustrated in the  drawings. The invention is capable of other
embodiments or of being practiced or carried out in various ways. Also, it is to bé
understood that the phraseology and temiinology employed herein is for the purpose of

description and should not be regarded as limiting.
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Reference is now made to Fig. 1b which illustrates the concept of the RAP

mechanism in which transfer of energy continues to occur even if most of the time as#

Wpi¥ Wp;.

The Rapid adiabat_ic passage (RAP) formalism

~ As discussed above in respect of Fig. 1a, the resonance technique is not an
optimal solution for wireless energy transfer between two coils. To this end, the present
embodiments provide an alternative and robust adiabatic technique, which uses time
dependent dynamics instead of constant dynamiés. Time dependent dynamics may be
achieved by changing the resonant frequency of the source coil, and the incoming pump
source, with time and/or changing the coupling coefficient between the coils. The
changing of the resonant frequency, or the coupling coefficient, may be carried out in
adiabatic manner, by which is meant relatively very slowly compared to the internal
dynamics of the system, which is a function of the coupling coefficient. In the followihg
is provided a systematic framework of the adiabatic criteria, in the context of wireless

energy transfer.

Let us for a moment assume that the decay rates Ls ) o and Ty are zero and

let us write Eq. (1) in the so-called adiabatic basis. For the two-state atom this is the
basis of the instantaneous eigenstates of the two-state Hamiltonian. Equation (1) thus

modified reads as follows:

-ii[bs (;)]z ~2() ~i(1) [w)}
“Wo O Lide) o) 20

where the superimposed dot denotes a time derivative, and g(t) and the rdtating
angl'e S(t) are defined as follows:

£ (6) =44 (1) + (05 ()~ (1))

() |
= 0 ae )
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The connection between the amplitudes s (t) and P (t) in the original basis

and bs (1) and by (1) in the adiabatic basis is given by:
b (t) = ag (t)cos 9(r)—ap (t)sin 9(r),
by, (t) = ag (t)sin &(t) +ay, () cos 9(1).

When the evolution of the system is adiabatic there are no transitions between
o | t b (¢ by (1 . | :
amplitudes bs (t) and bD( ), thus | § ( )I and | b ( )l remain constant. Mathematically,

adiabatic evolution means that the non-diagonal terms in Eq. (2) can be neglected
compared to the diagonal terms of the same equation, this holds when the following
inequality is valid:

K(t) NOE K(.t) A(t) << [4,(2 (¢)+A? (t)]sxz ' (3)

Hence, adiabatic evolution requires a smooth time dependence of the coupling

K(t) and the detuning A(t),. long interaction time, and large coupling and/or large

IbS,D (t)l2 = const

detuning. If the evolution is adiabatic, then . However, the energy

2
Sy . o (@spt . .
contained in the source and the drain coil I 5.0 ( )l may change if the mixing angle

g(t) changes and thus adiabatic evolution can produce energy transfer between the two

coils.

If the detuning A(t) sweeps slowly from some large negative value, large in
this context meaning larger than the coupling, to some large positive value or vice
versa, then the mixing angle S(t) rotates clockwise from ‘9(—00) =7/2 to '9(00) - O.
If initially the energy is in the first coil, the system will remain adiabatically in bs (t) -
and thus the energy may end up in the second coil. Therefore the detuning sweep may
produce complete energy transfer, a process known as rapid adiabatic passage (RAP).
We emphasize that adiabatic passage in a two-state system does not depend on the sign
of the detuning slope, which means that the sweep direction can be from large resonant

frequencies to lower ones. Furthermore RAP is not restricted to the shape of the
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- coupling K(t) and the detuning A(t) as far as the inequality (3) is valid and the

mixing angle S(t) changes from n/2 to 0 (or vice versa).

The special time dependence for the couplingK(t) , for the RAP mechanism,
P p

could be easily achieved, for example, with the rotation of one, or the two coils,

therefore changing the geometry and thus the mutual inductance M (t) of the two coils.

A(

The variation of the detuning t), for the RAP mechanism, could be achieved by

changing the capacitance, or equivalently, the inductance, of one or both of the two

~ coils.

The above derivation is for the theoretical case of zero decay. In the realistic
case when the decay rates are.not zero, this does not change the essence of RAP. The
nonzero decay rates may merely reduce the final energy in the second coil.
| Fig. 1c is a flow chart showing a method of transferring energy between a source
coil and a drain coil based on the above derivation.

A source coil connected to a power supply is placed at an initial position in
relation to a drain coil which is connected to a device to be powered. In step 14 the
source coil begins with an initial resonant frequency. The position in which it is located
relative to the drain coil prdvides an initial coupling coefficient for the system.

In step 16, either or both of the position and resonant frequency are changed
adiabatically. At the same time, in step 18, energy is pumped into the source coil from
the power supply .at the current resonant frequency. The linked system between the
source and drain coils transfers energy from the source to the drain coil and powers any

devices attached to the drain coil. The link may be more efficient over a wider

“bandwidth and more robust to background noise than the prior art static resonant link, as

will be explained hereinbelow.

The fcsonant frequency of the source coil may be changed by changing the value
of a variable capacitor or a variable resistor or varying the inductance of the circuit that
includes the source coil.

| The coupling coefficient'may be varied by changing the relative positions of the

two coils. Most simply this may be achieved by rotating the source coil.
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‘At any given time there is a detuning value between the source and drain coils.

The detuning value is the difference between a current value of the resonant frequency
of the source coil and the resonant frequency of the drain coil. The adiabatic changing

may be a change which provides a smooth time dependence of the coupling coefficient
K(t)) and the detuning value (A(t ) ).

The coupling coefficient x(1) may be relatively larger than a loss rate (I'). An
initial and a final detuning value over the adiabatic cycle may both be relatively larger
than the coupling coefficient. That is to say a condition is applied of I" < x < A.

The-adiabatic varying of the resonant frequency of the source coil may provide

that the detuning value as a function of time ( A(t)) sweeps slowly from-a negative
value which is larger than the coupling, to a positive value also larger than the coupling.

An embodiment may comprise' modifying the change to reduce an amount of
time that energy is retained in the source coil.

An embodiment may involve varying the resonant frequency of the source coil
by an amount of up to ten percent over a period of between one and three milliseconds.

- An alternative is to vary the resonant fr’equency of the source coil by an amount

of up to ten percent over a period exceeding two milliseconds.

In either alternative, variation may be applied to the coupling coefflclent over
the same period. |

Reference is now made to figure 2, which shows a series of four graphs in which
a numerical comparison between RAP and resonance mechanisms, with and without
losses are shown. Graphs a) and b) show the RAP energy transfer mechanism. Graphs
c) and d) show the resonance energy transfer mechanism. Graphs a) and c) illustrate the

I's=Tp =FW =0, and graphs b) and d) illustrate non-zero

case of zero decay rate,
decay. For the comparison we consider the following coupling and detuning for the

RAP mechanism: :
x(t)=1x, exp[—(t —f)z /T2:|
A(t) = wg (t)—QD (t)=ct-b

and for the resonance mechanism:
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k()= Ko
A(t)= w5 (t)-wp (t)=0

= 41 — -4 _ 104
Here, the coefficients are Ko =5.10"s , ‘T—O,2-10 s 7=0,67.10""s

b=20.10*s"" ¢=30.10*s7"

In fhe comparison of Fig. 2, the dashed line refers to the source coil, and the
solid line refers to the device coil. | _

As can be seen from Figure 2 the energy for the resonance case oscillates back
and forth between the two coils, while in the RAP case once the energy is transferred to
the drain coil it stays there. This feature of RAP is used to minimize the enefgy losses
from the source coil in the presence of decay. ‘

The RAP process may present an advantage over the resonant case partiéularly
when the coupling coefficient is relatively larger than the loss rate, and when the initial
and final detuning is relatively larger than the Coupling coefficient. Mathematically, the

following may hold: I' < x < A.

The efficiency measurement

To describe the efficiency of the present technique we use the efficiency
coefficient 7, which is the ratio between the work extracted from the drain for the time

interval T divided by the total energy, including both absorbed and radiated, for the

same time interval. Mathematically the efficiency is defined as follows:

FwTﬂaD (t) at
0

77:

L g (r)lzdr+<r,;+rw):ﬂa¢ of ar @

In the resonant case where the dynamic is constant, the efficiency value may be

reduced to the following efficiency value:

ne Ty lap| T 3 Ty lap|
Tglag] T+(Tp +Ty Yap| T Tglagf +(Tp +Ty Yap|
In the adiabatic dynamié, in order to maximizé 1, one may reduce the time that

‘the energy stays in the source coil. This can not happen in the resonance case
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(a)5 (t) =®p (t)) because the energy oscillates back and forth between the source and

the drain coils, half of the time in the source coil and half of the time in the drain coil,

“but we may reduce the time that the energy stays in the source coil with the RAP

process.

Reference is now made to Fig. 3, which is a graphical illustration of the RAP
dynamics with time. The RAP dynamics, or for that matter any other tirhe varying
dynamics, may repeat itself after some repetition time, defined herein as Trgp. Trep 1S
of the order of several loss time intervals (equal to 1/T), as shown in Figure 3 — TREP =
N/I". Gamma is a factor of the energy fall — conceptualiy similar to the lifetime measure
for radioactivity or time constants for control loops and the like, and is based on the
enefgy dropping to 10%. As the energy in the first coil drops to 10% (as per Fig 2) the
coil is re-energized, or pumped again. That is to say the timing of the re-energizing
needs to be fast enough to effectively transfer the energy but slow enough to accord
with the time constants involved in the system.

Figure 3 shows the function of the resonant frequency of the source coil. The
‘resonant static case is shown as graph 30, and the repeated linear case, which is the
simplest realization or the RAP dynamics, is shown as graph 32. '

- Another important measurement is thev amount of energy transfer from the

source coil to the device, or the useful energy consumed as a function of time. This

measurement is actually equal to the nominator of the efficiency definition of Eq. (4) .

Simulations
To demonstrate the advantages of the RAP process compared to the resonance
process, several sets of simulations were performed, both for efficiency measurements
and for total energy consumed by the device, as described below:
e Comparison between efficiencies of the resonance dynarhics and the
RAP dynamics as a function of the detuning parameters. The comparison
may be for different distances between the coils, which determine the
ratio x/T". v _
"o Influence of the variation of the coupling and loss coefficients on the

efficiencies of the resonance dynamics and the RAP dynamics.
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e The robustness of the adiabatic energy transfer, in the case of time

dependent couphng coefficient.-
o The robustness of the adiabatic energy transfer, in the case of arbitrary

noise affecting the coupling coefficient.

Detuning Comparison
With reference to Figure 4 and Figure 5, a comparison is made between the

efficiency coefficient "7 of the energy transfer from the source coil to the device, based
on useful energy consumed, as a function of the static detuning b Static detuning refers

to the difference between the source resonant frequency and the drain resonant

frequency, for the following functions of the RAP mechanism:

k(1) =Ky,
A(t)=ct-b,
and for the resonance mechanism:
rc(t) = Ky, |
- A(t)=-b.

More specifically, Figure 4 shows a comparison between the efficiency
coefﬁcieﬁt n as a function of the static detuning, Fig; 4a, and useful energy cohsumed as
a function of the static detuning, Fig. 4b. The RAP case is line 40 and the resonance
case is line 42. The numerical simulations are made for the following parameters:

Kk, =5.10%s7%, ¢=30.10%57%, T, =10%s7 T =T, =&, /17=0,29.10*s™"

Figure 5 illustrates a comparison between the efficiency coefficient 1 as a
function of the static detuning (Fig. 5a) and useful energy consumed as a function of the
static detuning (Fig. 5b). The RAP case is line 50 and the resonance case is line 52. The

numerical  simulations are made for the  following ' parameters:
K, =3.10*s™, ¢ =30.10°s%, T, =10*s™, T’ =T, =«,/10=0,3.10*s™"
As can be seen from Figure 4 and Figure 5, RAP has an advantage because the

maximum efficiency coefficient 1 for the RAP case is high compared to the resonance

case and also RAP is far more insensitive to static detuning b. The maximum for the

resonance case is symmetric about the positive and negative static detuning while the

RAP case is not symmetric and the maximum is shifted toward the negative detuning.



10

15

20

25

T, =T

WO 2011/107995 _ ‘ PCT/IL2011/000214

: 17
An explanatlon is that energy transfer occurs at an early stage and therefore the energy

state is held for less time in the source coil.
The parameters in Figure 4 and Figure 5 are chosen in such a way as to

correspond to distances between the coils of 1m, and 1.25m respectively.

Variation of the coupling and loss coefficients

- Figures 6 7, 8a and 8b show contour plots of the efﬁ01ency coefficient n as a
function of the coupling %0 and the decay rate of the source and the drain coils

S, R'eferring first of all to Fig.6, results are shown for the RAP mechanism with

“the following time dependence of the coupling and the detuning:

x(t) =K,
A(t)= c.t—-b,.
Fig. 7 illustrates the resonance mechanism with the following time dependence
of the coupling and the detuning;:
k(t)=xy,
Ar)=-
- Figures 6 and 7 are contour plots of the efficiency coefficient n for the RAP case

(top frame) and the resonance case (bottom frame), for the following parameters:
¢=30.10s"2%,b=20.10"s",T, =T,T, =10*s™"
Reference is now made to Figure 8, which illustrates a contour plot of the

efficiency coefficient n for the RAP case, Fig. 8a, and the resonance case, Fig. 8b, for

parameters:
c=30.10*s2,b= 1010“"'lr,)zrs,rwﬂo“s“1

It is apparent from the contour plots that RAP is more robust to the change of

parameters compare to the resonance mechanism.

Time dependent coupling comparison

A more realistic situation for simulation is the case in which, when changing the
detuning between the coils the coupling is also changed. This can be seen from the

following formula:
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o o (P (1
x(t)=M (1) _S__(_)__Q_Q,
L; (0L, () |
The maximﬁm of the coupling is expected to be when the detuning is zero.
Therefore we provide simulations with a coupling and a detuning that comprise the

- following functions of time:

A(t)=ct—-b

S K(t)=K0—\/|AT)I=Ko“\/IC‘t._b’(5)

Referring now to Fig. 9, energy transfer is plotted as a function of time and the

detuning and coupling are likewise shown as a function of time. The simulation is

carried out for the same parameters as for the previous simulation, namely
Ko =510"" p=2010*7" c=30.10°s2 s =Tp =Ty =03.10%"
10 Figure 9a illustrates the RAP case coupling and detuning as a function of time
(from equation (5)) and Fig. 9b shows energy transfer as a function of time.
Reference is now made to Figure 10, which illustrates energy transfer as a
function of the static detuning. Comparison is shoWn between the time dependent RAP
case 100 and the resonance case 102. The parameters used in the simulation of Fig. 10
15 are: | |
K, =5.10%7", ¢ =30.10*s%T, =x,/10=0,5.10%s7",
=T, =x,/15=0,3.10s"

‘Noise Robustness

20 The comparison'.between the RAP mechanism and resonance mechanism is
.made for the useful energy consumed as a function of time. For the simulation we
induce 10% noise in the static detuning and in the coupling, so the RAP has the
following time dependence of the coupling and detuning:

x(t)=(5.10* £5.10%)s7",
A(£)=30.10*s7£-(30.10" £3.10%) s,

25 and for the resonance case:
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k(r) = (5.10* £5.10°)s7,
A(r) =43.10s7".
With reference now to Fig. 11, it is seen that RAP efficiency is better than the
resonance case.
‘Specifically, Fig. 11 shows energy transfer as a function of time for the RAP
s case 110 and the resonance case 112. The decay rates used in the simulation of Fig. 11

are:

I, =k,/10=0,5.10%s7, T’y =T, =x,/15=0,3.10*s"
w 0 S D 0

Implementation of the adiabatic wireless energy transfer
10 .Referenc‘e is now made to Fig. 12 which illustrates an implementation of the
adiabatic wireless energy transfer, for carrying out adiabatic wireless energy transfer.

A power amplifier 120 is a pewer source and provides a sawtooth output at a
given frequency in accordance with Fig. 3 above that provides an adiabatic effect. The
power is provided to an RLC. circuit 122 which is inductively coupled with mutual

15  inductance M to a device RLC circuit 124. Device RLC circuit is connected to device
126 which it is desired to poWer from power source 120.-

The exact analysis of the capacitance, inductance and the loss of the system

- illustrated may be carried out by numerically solving Maxwell's equations. In special

designs there are approximate estimates of those parameters using formulae presented

20  hereinbelow. One of the approximate solutions for the inductance measurement is the

wire loop coil with N turns, which may be used in the present analysis. Nevertheless,

- other types of coils and geometry may be used instead, the requirement being for the

generation of two coupled RLC circuits.

The resonant frequency of a coil is defined as (in case of negligible loss):

1
Dy =+
25 LC

c=C,+C

where L is the inductance of the coil, ? is the equivalent parallel

capacitance of the coil, where Cin is the self capacitance and and C, is the parasitic

capacitance.
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In the case of the presence of loss (damping), one can express the damped

resonance frequency in terms of the undamped resonance frequency and the damping

factor.

The quality factor of a coil (series RLC circuit) is defined as:

1 |L

C

ohm T rad

where, Rohm and Rrad are the ohmic loss inside the wire and the radiation
resistance (i.e. the energy that is radiated), respectively. ,

We may use in our analysis an approximate solution of the impedance of the

wire loop coil with N turns, and a radius r conducting wire with circular cross section of

radius a, surrounded by air. The impedance can be calculated as:

L=uN Zr[ln(S—rj - 2}
- \a) .

The magnetic coupling between the coils and therefore the energy transfer
efficiency decreases significantly as the coil sizes shrink, due to the almost linear
relationship between the area of the transmitting and receiving coils and the mutual

coupling between two coils, M, approximated as

z (rr,)
M= n HoN.N,

In case of constant dynamics, those equations are enough to determine. the
efficiency of the wireless energy transfer. We may examine the relevant numbers in the
case of a time dependent design. |

There are several ways to implement time dependency of the resonant
frequency: one can change each one or more of the variables: capacitance, resistance
and inductance. In the following we examine only the first two, namely we provide

variation in capacitance and resistance. However the skilled person will have no
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difficulty in providing variation in impedance, which is connected to the geometry and
size of the device.

We vary the source resonance in a linear fashion, from negative detuning to

- positive detuning (or vice versa), where we define ¢ as the sweep rate and b as a

constant detuning. Mathematically it is defined as:

do
a)s(t):a)0+zt+wb =0, +at+o,

We begin with the case of capacitance variation, in the case of an undamped or

weakly damped circuit. Here, in order to change the resonant frequency in a linear

manner, we may change the capacitance using the ‘following relationship:

1 1
=——_C. = -C,
(0,fL " (0,+a+w,fL "

C=C,+C,= = C,)

®°L

In order to fulfill the requirements of a rapid adiabatic scheme and constraint we
may also vary the- Omiv and Pmax  values, which are the minimal and maximal

frequencies of a frequency sweep. Also we may write Teep , which is the repetition time

of each cycle (which should be of the order of 1/I").

Table 1 below gives some numerical examples of adiabatic energy transfer

“carried out using the apparatus of Fig. 12, showing dimensions, frequencies used, and

-the capacitance which was varied during the course of each experiment.

a

N |r L Wy a 2 Opny | Pumax y Cp

[mm] [em] | [mH] | (Hz) | [H2lSeC] | gz | [Hz] |[Hz] | [ms] | [pF

036 |12 |6 31 10’ 230.10° | —=2-10°| 9.5-10° | 10.2-10° | 3 3.1-3.5

12 |6 |12 |13 107 | 230-10° | -2-10°| 9.5-10° | 10.2-10° | 3 | 7.4-8.5

10 | 10 30 10’ 230.10% | —2.10%| 9.5-10° | 10.2-10° |3 | 3.2-3.7

036 |12 |6 31 10 | 23.10° | -2.10°| 9.5-10° | 10.2-10° | 3 310-350
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12 16 (12 |13 10° | 23-10° | -2-10°| 9.5:10° | 10.2:10° | 3 740-850

10

15

20

25

10 [10 |30 |10° | 23.10° | —2.10°| 95.10° | 102-10° | 3 | 320-370

Table 1 — Numerical Examples of Adiabatic Energy Transfer

Reference is now made to Fig. 13, which is a comparative graph of ®, against
time for different energy transfer regimes. | |

Curves shown are 1310 linear sweep adiabatic coupling, 1320 on resonance
constant coupling, 1330 off resonance consfant coupling, 1340 non-linear sweep
adiabatic coﬁpling and 1350 linear sweep non-adiabatic coupling.

It will be nbted that at time t = Trgp, linear sWeep adiabatic coupling, which is
shown above in Flg 3 is more efficient than resonant coupling. On resonance and off
resonance constant coupling are prior art methods of which on resonance constant
coupling gives good efficiency, but with the prdviso of staying on resonance. '

| It is noted that for the linear sweep case 1310, c¢ is much smaller than kappa.
The linear sWeep non-adiabatic case .1350 is robus.t but not very efficient. |

Finally the non linear sweep adiabatic coupling 1340 may be the optimal sweep
function. The function may still be adiabatic in that it fulfils the condition set by
equation 3 abdve and it may be more optimal than the linear case.

Fig. 14 is the differential of Fig. 13. The constant coupling cases 1320,
resonant, and 1330, non-resonant, both sit at the zero level. The linear adiabatic case

1310 has a differential which is linear and non-zero. The non-linear sweep adiabatic

~ case 1340 is non-linear but Within'a zone 1400 defined by equation 3 which may be

termed the adiabatic zone. The linear sweep non- adiabatic case 1350 has a linear
differential, but the differential is outside the adiabatic zone 1400.

It is appreciated that certain features of the invention, which are, for clarity,
described in the context of separate embodiments, may also be provided in combination
in a single embodiment. Conversely, various features of the invention, which are, for
brevity, described in the context of a single embodiment, may also- be provided
separately or in any suitable subcombination.

Although the invention has been described in conjunction with specific
embodiments thereof, it is evident that many alternatives, modifications and variations

will be apparent to those skilled in the art. Accordingly, it is intended to embrace all
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such alternatives, modifications and variations that fall within the spirit and broad scope

of the appended claims. All publications, patents, and patent applications mentioned in
this specification are herein incorporated in their entirety by reference into the
specification, to the same extent as if each individual publicaﬁon, patent or patent
application was specifically and individually indicated to be incorporated herein by
reference. In addition, citation or identification of any reference in this application shall
not be construed as an admission that such reférence is available as prior art to the

present invention.
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What is claimed is:

1. A method of transferring energy between a source coil and a drain coil,
comprising: '

setting an initial resonant frequency of said source coil as a first condition;

setting said source coil and said drain coil in positions relative to each other to
define an initial coupling coefficient therebetween, said initial coupling coefficient
comprising a second condition; and

adiabatically changing at least one member of the group consisting of said first
condition and said second condition while pumping energy into said source coil, thereby

to transfer said pumped energy to said drain coil.

2. The method of transferring energy of claim 1, wherein both of said first

condition and said second condition are adiabatically changed.

3. The method of transferring energy of claim 1, wherein said first

condition is adiabatically changed.

4. The method of transferring energy of claim 1, wherein said second

condition is adiabatically changed.

5. The method of transferring energy of any one of the preceding claims,
wherein said source coil is part of a resonant circuit- having variable components to

allow said initial resonant frequency to be changed. -

6. The method of transferring energy of any one of the preceding claims,
wherein said source and drain coils are mobile with respect to each other, thereby to

allow changing of said initial coupling coefficient.

7. The method of tfansferring energy of claim 2, wherein at any given time
of said adiabatic changing there is a detuning value, said detuning value being the

difference between a current value of the resonant frequency of the source coil and the
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resonant frequency of the drain coil, said adiabatic changing providing a smooth time

dependence of the coupling coefficient (K(t)) and the detuning value (,A (t) ).

8. . The method of transferring energy of claim 7, wherein said adiabatic
changing comprises fulfilling an adiabatic condition relating said coupling coefficient

and said detuning value:

<(£)A ()~ (1)A (1)

«[at () +22()]".

9. The method of transferring energy of claim 7, wherein the coupling

coefficient K(t)is relatively larger than a loss rate (I'), and wherein an initial and a final

detuning are both reIativeiy larger than the coupling coefficient, (I' < x < A).

10. The method of transferring energy of any one of the preceding claims,

- comprising varying the resonant frequency of the source coil such that a detuning value

(A(t) ), said detuning value being a difference between the resonant frequency of the
source coil and the resonant frequency of the drain coil, sweeps slowly from a negative
value, said negative value being larger than the coupling between said source coil and
said drain coil, to a positive value being larger than said coupling between said source

coil and said drain coil.

11.  The method of transferring energy of any one of the preceding claims,
comprising modifying said changing to reduce an amount of time that energy is retained

in said source coil.

12. . The method of any one of the preceding claims, comprising varying said
resonant frequency of said source coil by an amount of up to ten percent over a period

of between one and three milliseconds.



WO 2011/107995 PCT/IL2011/000214

26
13. The method of any one of the preceding claims, comprising varying said

resonant frequency of said source coil by an amount of up to ten percent over a period

exceeding two milliseconds.

14.  The method of claim 13, further comprising varying said coupling

coefficient over said period.

15.  Apparatus for transferring energy comprising:

a source coil having resonance variation circuitry for Varyin'g a resonant
frequency of said source coil;

a position unit for varying a position 6r orientation of said source coil so as to
vary a coupling coefficient of said source coil with a respective drain coil to which said
source coil is wirelessly couple‘d;

and a controller configured to adiabatically vary at least one of said resonant
frequency and said coupling coefficient while pumping energy into said source coil,

thereby to transfer said pumped énergy to said drain coil.

16.  The apparatus of claim 15, wherein both of said resonant frequency and

said coupling coefficient are adiabatically changed.

17.  The apparatus of transferring energy of claim 15, wherein said resonant

frequency is adiabatically changed.

18.  The apparatus of claim 15, wherein said coupling coefficient is

adiabatically changed.

19.  The apparatus of any one of claims 15 to 18, wherein said locating unit is
operative to rotate said source coil, thereby to allow said adiabatic changing of said

initial coupling coefficient. -

20.  The apparatus of claim 16, wherein at any given time of said adiabatic

changing there is a detuning value, said detuning value being the difference between a
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current value of the resonant frequency of the source coil and the resonant frequency of

the drain coil, said adiabatic changing providing a smooth time dependence of the

| coupling coefficient (K(t)) and the detuning value ( A(t) ).

21. = The apparatus of claim 20, wherein the coupling coefficient K(t)is
relatively larger than a loss rate (I'), and wherein an initial and a final detuning are both

relatively larger than the coupling coefficient, (I" < k < A).

22.  The apparatus of any one of claims 15 to‘21, wherein said controller is

configured to vary the resonant frequency of the source coil such that a detuning value

(A(t) ), said detuning value being a difference between the resonant frequency of the
source coil and the resonant frequency of the drain coil, sweeps slowly from a negative
value, said negative value being larger than the coupling between said source coil and
said drain coil, to a positive value being larger than said coupling between said source

coil and said drain coil.

23.  The apparatus of any one of claims 15 to 22, wherein said controller is
operative to mbdifying said changing to reduce an amount of time that energy is

retained in said source coil.

24.  The apparatus of any one of claims 15 to 23, wherein said controller is
operative to vary said resonant frequency of said source coil by an amount of up to ten

percent over a period of between one and three milliseconds.

25.  The apparatus of any one of claims 15 to 24, wherein said controller is
operative to vary said resonant frequency of said source coil by an amount of up to ten

percent over a period exceeding two milliseconds.

26.  The apparatus of claim 25, wherein said controller is operative to vary

said coupling coefficient over said period.
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