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PARTIES

Ali Ahdolkhani, an Iran citizen of ¢\-111 Franklin Road, Freemans Bay, Auckland, 1011, New Zealand
{Assignor}

PowerbyProxi Limited, a New Zealand company (No. 1967622) whose registered office is located at 111
Franklin Road, Freemans Bay, Auckland, 1011, New Zealand (Assignee)

INTRODUCTION

A. The Assignor has devised or contributed to the Invention either during the course of employment with the
Assignee or under a commission from the Assignee.

B. The Assignor acknowledges that the Assignee is or should be the legal and beneficial owner of the Invention
and the Intellectual Property Rights.

c. The Assignor has agreed to assign the Invention, the Know How and the Intellectual Property Rights to the
Assignee subject to the terms and conditions of this assignment.

COVENANTS

1. DEFINITIONS

1.1 In this assignment, including the Introduction, the following terms will have the following meanings:
Copyright means:

(a) all copyrights and all rights in the nature of copyright, in any original artistic, literary and other works;
and

(b} any database rights,
comprising or relating to the Invention, that exist or may in the future exist anywhere in the world;

Design Rights means all rights in and to the designs to be applied to articles of, or relating to, the Invention,
that exist or may in the future exist anywhere in the world including, but not limited to:

{a)  theright to apply for and obtain protection for such designs in relation to such articles and the rights
conferred by such protection when granted;

{b)  the right to claim priority under any international convention or agreement, inciuding the Paris
Convention {(as amended), from any such application referred to in paragraph (a) above;

(c} all unregistered design rights arising from the Invention; and

(d}  all semi-conductor topography or integrated circuit layout rights arising from the Invention;
Improvement means an improvement in, modification of, or addition to:

(a)  theInvention;

{b)  any original artistic, literary or other works relating to the Invention; or

(c) any designs to be applied to articles of or relating to the Invention,

Assignment of Intellectual Property Rights 1
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2.1

Assipnews, oy under any-commission feom the Assignes;

intellectual Property Rights means all industrial and inteliectual property dghts hvhether protectable by
statute, at common aw orin equityiirand o thednvention that exist ar may in the future exist anywhere in
theworld and whether or not registered or registrable, including the Patent Rights, Copyright and Design
Righty

invention means any and all inventioss described in the Schedule {as ‘:mprou‘ed, modified, developad or
amendad atany time before execution of thisassignment by the Assignotl:

Enow-Haw wigans gny information, knowledge, expefignce, data: and designs in the pussession. of the
Assignorthat are confidential sad that valate tothe invention o the process o making or using & and

Patent Applications means the patent applications identifivd in the Schedulerand

Patent Rights means all patent rights in and to the hvention thatexist or may in the fulure wxist anywhere
ke world including, but oot Breites to

{2 the rightto spplyfor end obistrpatentsor other similar forms of protection far the Invention insay
COLERY;

{hi the dght to datm priovity ondere sy inteenational convention or agreementincluding the: Pals
Corvantion {as amended) fronvany application referred o in paragrash{al above;

{e} il vights conferred Gy any patents or sirilar forms of grotection obuained from eny applications
refercsd to bvpsmgraphs{al and (b} shove and

{d} the Patent Applications togethsrwith:
i any patents that may be granted pursuant o the Ratest Applicativos; sad
i aty fature patentis) and patent applications] that are bazedonorderive priority from or have
equivatent clalms fothe Fatenb-Appiications In any country i the world{including divisionals,

contivuations, conlinnations in part, patents .of addition, supplementary  grotection
cerfificates, reissuss, sxiensions, innovation patents, x_:ti}ity modelsand petty patents),

ASSIGNMENT

Assignment: 11 consideration of the sunt of NZ31.00 paid by the Assignee to the Assignor, the raceiptand

sufticiency sEwhish i Hevsby ackaowledeed by the Sssignor ths Assigror assigns fo the Assiznse alisolutely
allof the Azdigrords nghts,Aitle andinterest o gnd !

) the vention;
) wheintelisctosl Fropeny Rights; and
) theRnow-How, intluding:

{1 the exclusive and worldwida right touse, copy. fmadify and disclosg the €now-How for any
purpose whatsoeversnd

(i) the right to file patent and design applications over any part of the Know-How,

Assignmant of Iiteliectnal Proparty Rights
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4.1

Rights uf action: The assignments effected by clause 2.0 inciudey

b the assipnment and transfer of;

s
21

{3 therighttosuefor damages for infringementor misuse of thedntellectual Broperty Rights: and

(it sl other rights of action: powers, fegal and sgurtable remedies, and benetits Srising from
ownership of the tntelisctual Property Bights;

th ratation to ali tauses ot aglion arlsinn before; un &r after the date of this assighinent; and
i thedssignment and transfer of any materiald thatfobm part of the EnowsHow.
Maoral rights: The Agsignor:
{a} waives sl of the Assignod’s moral rights avising from the invention throughout the world; and
) comsertsto adl usesand treatments of thednvention and thedntelectusl Peoperty Rights,
to the axtent that the Assignoryaay tawfulhrdorso.
Authority ta add application particulears:
The Sscianor scknowlvdges that s the intention. of the Ausignee o fils one o wmore gatend
spplications in various sountrieracound thewarld i respectiof the iavention. The Assighor hereby
trevorably authorises the Assignes or its agent to add in the Schedule particalars of any patent

apglinationys (9 respect of the hvention that may Be filed Tollowing the date of sxscution ¥y the
Assignorof this sssignivient,

=
2

by TheAssignatagrees and acknowladges that any addition under clayse 2.4{a) wilk be valid angd bindivig
upon the Asdgoar as. i the addiion has been made poad o execution by the Assignor of this
assignment.

ENGW-HOW
The Assignor will, abthereguest of the Assighee and to the extent it has not 3lready done 5o
{2 discluse all Know-How Lo the Assignes inweithug

{h grovide all other reasanable assistance and information that may be reazonahly hécessary to assist
the Assignes, of its nomings, 1o develop and tormake or use the Invention: and

{e} where possible; provide all originel versiong of the invention and aoy matenisls that ooy part of the
Know-How,

CONFIDENTIAUTY
Confidentiatity obligations: The Assighar agrees to treat alb inforigtioh yslating to the lnvention, the Khows
How and the Intelleciyal Property Bights as seeratand confidential. The Assignor will patuse, dikeise or

publishisuch information without the Assignge's prior writterconsant,

Exceptions to confidentiality: The cbligations of confidentiality in clause 4.1 do not sxtend ta any
wiferrmation that fs or becomes geoersliv-avetlable to the gublic through no act or default of the Asdignor.

Assigraent ot isheciial Propere Righis 3
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potential lass e:f secrecy or conﬁdemcahty of the m‘mmatton referred toin clause 4-.1,

HAPROVEMENTS

Disclosure: The Assignoe will immediately disclose tothe Assignee-all Improvements as and-when such
frpproavamants atse.

Ownership of mprovemants:

{a} The Assignee will exchusivaly own all Improvements ared all intelleciual property rights in thoss
mprovemsnts.

{ Hoany nprovemente orintellectus! property dghts infthose improvements are not swned: by the
Assignes on theircreatinn hut are owned by the Assignor the Assignor will hold those Improvements
Snd intellectval propoerty rights antrost forthe Assigneia

{ch The Asslgnor will at any time ressonebly refuested by the Assignee, and 3t the Adsigness expanss,
Appropriately exepule all documents necessary to:

£} confiom the Assignee’s ownership of the Improvements.and all intellectual property sights in
thuse hiviprovements; oF

(it} file, prosecite and defend any protectiveapplication for the improvements and it intellectual
propety - fights in those mproversents,

EXECUTION OF DOCUMENTS AND FURTHER ACTIONS

Furthar:agtions:. If requested by the Assigree:the Assignor will, et the: Assignes’s expanse, ‘exspute all
dacuments, gvesuch &ss;staﬁ w-and do ¥t otheratts and things thdi the Assignes congidery necessaty or

desirable 1o

{a) appty Torand ool o G fhe Assignes thinks Stk joly with this Assigneeincapplying fov ang abigining,
protection of the Intellectual Property Rights. The Assignor acknowledges that aff dehts, title and
interest in sad torsuch applications and any granted protection will be owned by the Assighse;

{of vestin this Assignde ownership of any protettion referred to v paragraph (8} stove;

£} amend, maintain, oF rénew any protection referred toin pamgraph (a);

{d} enforce any of the tnteliectual 2

Property Rights {indudiag by ebtaining any remedies that may be
avsitable for infringsmsnt el the Intsl

Hecwual Pragarty Rightsl
{e} defeat any thallenge to the validity of any of the Intellentual Prapenty Rights;

{f defend any opposition procesdings brought by thied party inrelation to the Intellectusl Froperiy
Rights;

&) conduet spposiian progeedings regarding any. dpplication for intellectust property protection by a
th:rd party, where such application may adversely affect the Assipnes’s ability 1o euploit the

intelisctuad Progarty Rights; and

) otherwise mplament and caery dul the Assignor's abligations under this sssignment.

Assignment of INfellestual Property Bights 4
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7.3

7.4

States, and any official of any other cotintry or state, whose duty it {s to issue patents, 1o isaue the samefo
the Assighue I accordance with this essignment.

Power of attorney: The Assignorirrevocably appoints the Assigries as the Assignor’s atternay with full poveer
to act in the Assigrior’s name ahd an the Assignor’s behall to do any of the things required to he dore by the
Assignor under clause g 1and 8.2

{a) to the extent that the Assignor fails to do any of those things within 3 reasonable thve after being
catted upon to desa by the Assignee ot

iy if thedssignes is ungols, after making ressonsile and proper ingquirics, o fonate the Assigrior to a5k
the Assignor foedg those things

1S

GENERAL
Assigivment binding and deliverag: thiz sasignrasnis

{3l izintended tn beimmediately and unconditionally binding upon the Assignor as-sonrnas the Assignor
executes ang delivers this assignment;and

iy without limiting any othermode of defivery, will be defivered by the Assignoc immmdiately upon the
eariierof:

{3 physical delivery of an ariginaliome of this assigniment executed by the &ssignor; or

Ji transraissinn (whether by facstinite or emall) of & copy. of this asslgnmaest-exesitad by the
AsSigoT,

o the Assignee orits solicitor, patent attormey, oragent,
Wasivers No Falluce wodelay by sny party In exerclsing any tight, power or privilege unider this agsignment will
operateas s waver of suchiright, poweror privilege, norwill any single or partisl exergise prechudaany other

or further exercise of any right, power of grivilege under this dssignment.

Countesparis:

{a} This assignment may be executed ity any number of sountarpants focinding Tacsimile or slectrodicsily
seannest copies) atlof whick, when takentogether wilk canstitite une and the samesinstrunient.

By A party may enterinto thisasdgnment by expcuting any counterpart., The parties acknowledge that
this gssignment may be executed onthe basis ofen exchange-of facsimile or slectronically scanoed
copies and sonfinn thatthelr respectiveexecution of this ssugnment by such mesns will he avalid
and suffictent execution.

Governing law: The formation, validity, constriction and perfarfance of this sssighent will be gaverned
by and construsd- iy accordance with the faws of New Zealard. The parties rtevocatdy agres that the Cogrts
of New Zealandwill have non-eiclusive jurisdiction to hear and detenvine all disputes under orin conpection
with this assignment.  The parties irrevocably ‘waivs any objections to.Mew Zealand as the forum for
groceedings onthe grounds of Tocum nonsconvenions or any siniar grounds,

Assigriment of Intefiectual Propety Rights ¥
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SIGNED

AR Abdolichani in the presence of:

WITMESS

signaiire:

&
R
S R
N

Signature

18 Nov 2016 NZDT

MNamea:

Addrass

Qccupation:

Assignment of Intellectual Prapeny Rights
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SCHEDULE

INVENTION

The invention entitled “INDUCTIVE POWER RECEIVER” described in the specification sent to the Assignee by email
dated 18 November 2016 New Zealand Daylight Time.

Assignment of Inteltectual Property Rights 7
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INDUCTIVE POWER RECEIVER
FIELD OF THE INVENTION

This invention is in the field of inductive power transfer {IPT}. More particularly, the

invention relates to receivers for use in IPT systems.
BACKGROUND OF THE INVENTION

Electrical converters are found in many different types of electrical systems.
Generally speaking, a converter converts a supply of a first type to an output of a
second type. Such conversion can include DC-DC, AC-AC and DC-AC electrical
conversions. In some configurations a converter may have any number of DC and AC
‘parts’, for example a DC-DC converter might incorporate an AC-AC converter stage

in the form of a transformer.

One example of the use of converters is in inductive power transfer (IPT) systems.
IPT systems are a well-known area of established technology {for example, wireless
charging of electric tocothbrushes) and developing technology (for example, wireless

charging of handheld devices on a ‘charging mat’).

IPT systems will typically include an inductive power transmitter and an inductive
power receiver. The inductive power transmitter includes a transmitting coil or coils,
which are driven by a suitable transmitting circuit to generate an alternating
magnetic field. The alternating magnetic field will induce a current in a receiving coil
or coils of the inductive power receiver. The received power may then be used to
charge a battery, or power a device or some other load associated with the inductive
power receiver. Further, the transmitting coil and/or the receiving coil may he
connected to a resonant capacitor to create a resonant circuit. A resonant circuit
may increase power throughput and efficiency at the corresponding resonant

frequency.

al

)
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Typically, receivers used in |PT systems consist of a power receiving coil and a circuit
topology configured to convert the induced power from AC to DC and to regulate the

voltage of the power ultimately provided to a load.

A common problem with receivers used in IPT systems is that switched-mode
regulators may include a DC inductor. The DC inductor acts as an energy store so
that power can be suitably regulated. Such DC inductors can be a hulky circuit
component, significantly affecting the total size occupied by the receiver. This can be
a particular problem in applications where it is preferable that the receiver be as

small as possible (for example, receivers used with mobkile devices).

Another problem with known receivers is that they can include a substantial number
of components. For switched-mode regulators this can include multiple switches.
This adds to the bulk and complexity, and ultimately cost, of the receiver, As there is
a growing desire to adopt IPT systems in consumer devices (such as smartphones),
such increased bulk, complexity and cost presents a barrier to wide spread adoption

that needs to be minimised.

[t is therefore an object of the invention to provide a receiver for an IPT system that

minimises component count, cf at least provides the public with a useful choice.
SUMMARY OF THE INVENTION

According to one exemplary embodiment there is provided an inductive power
receiver, comprising: a receiving ccil; a bridge circuit configured to connect to the
receiving coil comprising: a first branch including a first semiconductor device; a
second branch including a second semiconductor device; a third branch including a
first capacitor; and a forth branch including a second capacitor, and a controller
configured to control at least one of the first semiconductor device and the second

semiconductor device to regulate power provided to a load.

I L3

It is acknowledged that the terms “comprise”, “comprises” and “comprising” may,
under varying jurisdictions, be attributed with either an exclusive or an inclusive

meaning. For the purpose of this specification, and unless otherwise noted, these

PATENT
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terms are intended to have an inclusive meaning—i.e. they will be taken to mean an
inclusion of the listed components which the use directly references, and possibly

also of other non-specified components or elements.

Reference to any prior art in this specification does not constitute an admission that

such prior art forms part of the common general knowledge.
BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings which are incorporated in and constitute part of the
specification, illustrate embodiments of the invention and, together with the general
description of the invention given above, and the detailed description of

embodiments given below, serve to explain the principles of the invention.
Figure 1 shows a block diagram of an IPT system;

Figures 2 shows a circuit diagram for a receiver topology according to one

embodiment of the present invention;

Figures 3A to 3C show effective circuit diagrams corresponding to the different
stages of operation of the receiver of Figure 2 according to one

embodiment;

Figure 4 shows a block diagram of a controller according to one embodiment

of the present invention;

Figure 5 shows a timing diagram corresponding to a control strategy according

to one embodiment of the present invention;

Figures 6A to 6B show circuit diagrams for receiver topologies according to

further embodiments of the present invention;

Figure 7 shows a circuit diagram for a receiver topology according to one

embodiment of the present invention;

PATENT
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Figures 8A to 8C show effective circuit diagrams corresponding to the different
stages of operation of the receiver of Figure 7 according to ane

embodiment; and

Figure 9 shows a circuit diagram for a receiver topology according to a further

embodiment of the present invention.
DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

An inductive power transfer (IPT) system 1 is shown generally in Figure 1. The IPT
system includes an inductive power transmitter 2 and an inductive power receiver 3.
The inductive power transmitter 2 is connected to an appropriate power supply 4
{such as mains power or a battery). The inductive power transmitter 2 may include
transmitter circuitty having one or more of a converter 5, e.g., an AC-DC converter
{depending on the type of power supply used) and an inverter 6, e.g., connected to
the converter 5 {if present). The inverter 6 supplies a transmitting coil or coils 7 with
an AC signal so that the transmitting coil or coils 7 generate an alternating magnetic
field. In some configurations, the transmitting coil(s) 7 may also be considered to be
separate from the inverter 5. The transmitting coil or coils 7 may be connected to

capacitors [not shown) either in parallel or series to create a resonant circuit.

A controller 8 may be connected to each part of the inductive power transmitter 2.
The controller 8 may be adapted to receive inputs from each part of the inductive
power transmitter 2 and produce outputs that control the operation of each part.
The controller 8 may be implemented as a single unit or separate units, configured
to control varicus aspects of the inductive power transmitter 2 depending on its
capabilities, including for example: power flow, tuning, selectively energising

transmitting coils, inductive power receiver detection and/or communications.

The inductive power receiver 3 includes a power pick up stage 9 connected to power
conditioning circuitry 10 that in turn supplies power to a load 11. The power pick up
stage 9 includes inductive power receiving coil or coils 13. When the transmitting

coil(s) 7 of the inductive power transmitter 2 and the receiving coil(s) 13 inductive
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power receiver 3 are suitably coupled, the alternating magnetic field generated by
the transmitting coil or coils 7 induces an alternating current in the receiving coil or
coils 13. The receiving coll or coils 13 may be connected to capacitors {not shown)
either in parallel or series to create a resonant circuit. Some inductive power
receivers may include a controller 12 which may control tuning of the receiving coil

or coils 13, operation of the power conditioning circuitry 10 and/or communications.

The term “coil” may include an electrically conductive structure where an electrical
current generates a magnetic field. For example inductive “coils” may be electrically
conductive wire in three dimensional shapes or two dimensional planar shapes,
electrically conductive material fabricated using printed circuit board (PCB)
techniques into three dimensional shapes over plural PCB ‘layers’, and other coil-like
shapes. Other configurations may be used depending on the application. The use of
the term “coil”, in either singular or plural, is not meant to be restrictive in this

sense.

Referring to Figure 2, there is shown an inductive power receiver 200 for use in an
IPT system according to an example embodiment of the present invention. The
receiver includes a receiving coil 202. The receiving coil 202 is connected between
the branches of a bridge circuit 204 (which in this embodiment is an H-bridge
circuit). The bridge circuit 204 comprises four branches: a first branch 206 and a
second branch 208 stemming from one end of the receiving coil 202; and a third
branch 210 and a fourth branch 212 stemming from the other end of the receiving

coil 202.

The first branch 206 includes a first semiconductor device 220 {which in this
embodiment is a semiconductor switch) and the second branch includes a second
semiconductor device 222 {which in this embodiment is a diode). The semiconductor
switch is a low-side controlled switch. In one embodiment, the semiconductor switch

may be a MOSFET switch.

The third branch 110 inciudes a first capacitor 224 and the fourth branch 212

includes a second capacitor 226. In this embodiment, the first capacitor 224 and

PATENT
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second capacitor 226 provide resonance o the receiving coil 202. The values of the
receiving coil 202 and the capacitors 224 226 will impact the resonant frequency of
the receiver 200. Therefare, the receiving coil 202 and the capacitors 224 226 may
be selected so as to resonate at the operating frequency of at the operating

frequency of the IPT system.

The bridge circuit 204 is connected to a load 214. The load 214 may be any suitable
load, such as the battery charging circuit of a mobile device. The load 214 is
connected in parallel to a smoothing capacitor 216. Finally, the receiver 200 includes
a controller 218 {represented as a block). As will be described in more detail below,
the controller is configured to control at least one of the first semiconductor device
220 and the second semiconductor device 222 to regulate the power provided to the

load 214.

Having described an example embodiment of the topology of the present invention,
its operation will be described, with reference to Figures 3A to 3C. Upon the
inductive power receiver 200 heing suitably coupled with an inductive power
transmitter, an AC voltage will be induced acrass the receiving coil 202 such that the

receiving coil acts as an AC voltage source.

A first half cycle is shown in Figure 3A. During the first half cycle, current Is flows
though the receiving coil 202 from the semiconductor switch 220 to the first and
second capacitors 224 226. The semiconductor switch 220 is shown as closed,
thereby permitting current flow through the first branch 206. However, it will be
appreciated that even if the semiconductor switch 220 were open current would
flow as shown in Figure 3A due to the semiconductor switch’s body diode (not
shown). Conversely, the orientation of the diode 222 prevents current flow through
the second branch 208. Power is supplied to the load 214 {and the smoothing

capacitor 216 is charged).

A second half cycle is shown in Figures 3B and 3C, in which current s flows through
the receiving coil 202 in the reverse direction. If the voltage across the load {Vicad) is

higher than a specified reference voltage {Vr), then the semiconductor switch is
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controlled so that the switch is closed for an interval t2a, as shown in Figure 3B. Since
the semiconductor switch 220 is closed, current flows through the first branch 206,
and ‘re-circulated’ through the first capacitor 224 and the smoothing capacitor 216.
As a result, power from the receiving coil 202 is effectively not supplied to the load

216.

Once interval 2, has elapsed, the semiconductor switch is controlled so that the
switch is open, as shown in Figure 3C. Since the semiconductor switch 220 is open,
current flow though the first branch 206 is prevented. As a result current flows
through the second branch 208 (the orientation of the dicde 222 being such that

current flow is now permitted) and power is supplied to the load 214.

Thus, by controlling whether semiconductor switch 220 is open or closed during the
second half cycle, it is possible to control whether power is supplied to the load
(Figure 3C) or not (Figure 3B), thereby regulating the power provided to the load. It
will also be appreciated that the output provided to the load 214 is DC. Therefore,
the proposed topeclogy achieves both regulation and rectification with cone stage.
This eliminates that need for distinct rectification and regulation stages, thereby

minimising component count and cost,

Another feature shown by Figures 3A to 3C, is that for the first cycle and the first
part of the second cycle {(Figures 3A and 3B) the first capacitor 224 is in parallel with
the receiving coil 202 and the second capacitor 226 and the smoothing capacitor 216
are in parallel with the receiving coil 202. Provided the smoothing capacitor 216 is
relatively large compared to the first capacitor 224 and the second capacitor 226,
then analysis of the parallel capacitance shows that the resulting capacitance is
simply the sum of the capacitances of the first capacitor 224 and the second
capacitor 226. By the same analysis as above, for the second part of the second cycle
{Figure 3C) the resulting capacitance is simply the sum of the capacitance of the first
capacitor 224 and the second capacitor 226. Therefore, the resonance of the
receiver 200 for the full cycle is determined by the first capacitor 224 and the second

capacitor 226 (and the receiving coil 202). As such, the proposed topology shown in
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this embodiment does not need a separate resonant capacitor to satisfy the

requirement for resonance, further minimising component count and cost.

Figure 4 shows an example embodiment of a controller 218, suitable for controlling
the semiconductor switch 220 in the receiver 200 described in relation to Figures 2
to 3C above. The controller 218 includes a comparator 402, which compares Viead
with Vrer. The output of the comparator is connected to a PID controller 404, which
generates a DC signal proportional to the difference between Vicas and Ver. The
controller also includes a phase detection module 406 for detecting the phase of the
receiving coil current |s (for example by detecting the zero points of k). It will be
appreciated that other parameters of the circuit may be used to determine phase,
for example, voltage. The output of the phase detection module 406 is supplied to
an in-phase ramp generator 408, which generates a ramp signal in phase with the
receiving coil current Is. The DC signal is compared to the output of the ramp signal
by a further comparator 410, generating a switch control signal. The switch control
signal is then supplied to the semiconductor switch 220, thereby controlling the

switch to achieve the regulation described in relation to Figures 3B and 3C.

Figure 5 illustrates a timing diagram corresponding to the control strategy described
in relation to Figures 3A to 3C and the controller 218 described in Figure 4. The
timing diagram shows the AC receiving coil current |s and the resulting output of the
phase detection module 504. During the first half cycle t1, since the receiving coil
current ls is negative, the output of the phase detection module 504a is zero, and
therefore the ramp signal 506a is also zero. In Figure 5, during the first half cycle tg,
the DC signal 508a is a non-zero value. Since the DC signal 508a is greater than the
ramp signal 506a, the switch control signal is ON, therefore the semiconductor

switch 220 is closed, as is shown in Figure 3A.

During the second half cycle ta, since the receiving coil |5 is positive, the output of the
phase detection module 504b is non-zero, and therefore the ramp signal 506b
begins to ramp upwards. During the first part of the second half cycle tz,, since the

DC signal 508b is greater than the ramp signal 506b, the switch control signal is ON.
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Therefore, the semiconductor switch 220 is closed resulting in current re-circulation,
as described in relation tc Figure 3B. However, once the ramp signal 506c¢ is greater
than the DC signal 508c (i.e. during the second part of the second half cycle ta), the
switch control signal is OFF. Therefore, the semiconductor switch 220 is opened,

resulting in current being provided to the load, as described in relation to Figure 3C.

It will be appreciated from Figure 5 that the amount of energy recirculation is related
to the proportion of the second haif cycle tz of which the semiconductor switch 220
is closed {i.e. interval t2a). The duration of interval tza (and therefore the amount of
energy recirculation) is dependent on the relative magnitude of the DC signal
compared to the amplitude of the ramp signal. Thus, if the DC signal is relatively
small compared to the amplitude of the ramp signal, then this would result in a
relatively short interval tz; and a smaller amount of energy recirculation. Conversely,
if the DC signal is similar to or larger than the amplitude of the ramp signal
{indicating that Vou is higher than Vi), then this would result in a relatively long
interval ty2. This would give a larger amount of energy recirculation, as is needed
since Vou is higher than V. The controller 218 can therefore be calibrated so as to
achieve the desired amount of energy recirculation for the particular receiver 200.
The controller 218 may be calibrated by adjusting the relative amplitudes of the DC
signal and the ramp signal. In one embodiment, the controller 218 may be
configured such that for full load conditions, interval t2, is essentially zero (i.e. the
semiconductor switch 220 would operate at 50% duty cycle), and under no load
conditions, interval tza equals t1 (i.e. the semiconductor switch 220 would operate at

100% duty cycle).

It will also be appreciated from Figure 5, that the semiconductor switch 220 is closed
{i.e. that switch signal is ON) when the current through the semiconductor switch

220 is zero. This results in zero-current switching and minimised losses.

In another embodiment of the receiver 200 described in relation to Figures 2 to 5,
the diode 222 may be replaced by a further semiconductor switch. The further

semiconductor switch would need to be controlled such that it s closed during

Y

PATENT
REEL: 045238 FRAME: 0407



10

interval tap (permitting current flow through the second branch 208, as shown in
Figure 3C) and open at all other times (preventing current flow through the second
branch, as shown in Figure 3A). Such operation could be achieved using a signal that

is the negation of the switch control signal. Such a signal is also shown on Figure 5.

In another variation of the inductive power receiver 200 shown in Figure 2, the
receiving coil 202 may be connected with a dedicated resonant capacitor. Figure 6A
shows an embodiment in which the receiving coil 202 is connected in parallel with a
resonant capacitor 228. A benefit of this embodiment is that the smoothing
capacitor is eliminated, with the first capacitor 224 and second capacitor 226 acting
as smoothing capacitors. Figure 68 shows another embodiment in which the
receiving coil is connected as part of an LCL topology including a resonant capacitor
228 and a further inductor 230. Again, the first capacitor 224 and second capacitor
226 act as smoothing capacitors, eliminating the need for a separate smoothing

capacitor.

In a further variation of the inductive power receiver 200 shown in Figure 2, the first
branch 206 may include a further semiconductor switch connected in series with the
semiconductor switch 220. The further semiconductor switch may be orientated
such that its body diode is opposite to the body diode of the semiconductor switch
220. The combination of switches in the first branch 206 can then be controlled

using an open circuit control strategy during the first part of the cycle.

Figure 7 shows another embodiment of the receiver 200 in which the receiving coil
202 is connected in series with a resonant capacitor 228. The first branch 206
includes a further diode 232 connected in series with the first semiconductor switch
220. It should be noted that the polarity of the first semiconductor switch 220 has
been reversed (as compared to the embodiment described in relation to Figure 2). It
will be appreciated that the further diode 232 prevents current flow in the reverse
direction through the first branch 206, therehy effecting the operation of the circuit,

as will be described with reference to Figures 8A to 8C.

M
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A first half cycle is shown in Figures 8A and 8B. During the first half cycle, current Is
flows though the receiving coil 202 from the semiconductor switch 220 to the
second capacitor 226. The semiconductor switch 220 is controlled so that the switch
is closed for an interval t1a, as shown in Figure 8A. Since the semiconductor switch
220 is closed, current is permitted to flow through the first branch 206. The
orientation of the diode 222 prevents current flow through the second branch 208.

Power is supplied to the load 214.

If the voltage across the load (Viead) is higher than a specified reference voltage (Vrer),
then the semiconductor switch 220 is controlled so that the switch is open for an
interval tip, as shown in Figure 8B. This prevents current flow through the first
branch and the receiving coil 202, and no power is supplied to the load. It will be
appreciated that the orientation of the semiconducter switch 220 is such that

switch’s body diode {not shown) also prevents current flow.

A second half cycle is shown in Figure 8C, in which current Is flows through the
receiving coil 202 in the reverse direction. Current flows through the second branch
208 and power is provided to the load 214. The semiconductor switch 220 is shown
as open. However, it will be appreciated that even if the semiconductor switch 220

were closed current would not flow on account of the further diode 232,

Thus, by controlling whether semiconductor switch 220 is open or closed during the
first half cycle, it is possible to control whether power is supplied to the load (Figure
8A) or not (Figure 8B), thereby regulating the power provided to the load. Those
skilled in the art how the controller of Figure 4 may be adapted to implement the

power control strategy described in relation to Figures 8A to 8C.

In yet a further variation of the inductive power receiver 200 shown in Figure 2, the
third branch 210 may include a further semiconductor switch connected in parallel
with the first capaciter 224. The further semiconductor switch can then be
controlled so as to achieve closed circuit control during the first part of the cycle by

selectively shorting the receiving coil 202.
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Figure 9 shows a further variation of the receiver 200 shown in Figure 2. In some
embodiments, it may be desirable to have less current flowing through the receiving
coil 202 {for example, under light load conditions when the power demand is low).
To decrease the current, the receiver 200 may include a detuning network 230. The
detuning network 230 is configured to allow the receiving coil 202 to be selectively
detuned, thereby decreasing the amount of power received by the receiving coil 202
and the current preovided to the load 214. For example, the detuning network may
comprise a detuning component (e.g. a capacitor or an inductor) connected in
parallel with a detuning switch. Such a detuning network may be positioned in series
with other components in the receiver 200 (for example, the first capacitor 224 in
the third branch 210 or the receiving coil 202 itself). In the embodiment shown in
Figure 6, the detuning network comprises a detuning capacitor 232 connected in
paraltel with a detuning switch 234, The detuning network 230 is part of the third
branch and connected in series with the first capacitor 224. Under normal
operations, the detuning switch is closed. However, when the detuning switch is
closed, the detuning component is introduced into the resonant circuit and the
receiving coil 202 is detuned, reducing the current through the load. The switch may
be controlled by a controller, configured to detect the current through the load 214,
and open or close the detuning switch accordingly. For example, if the load current
falls below a particular threshold, the detuning switch may be opened to detune the
receiving coil and decrease the current provided to the load. One particular
advantage of a detuning network is that upon startup of the receiver 200, the
receiving coil 202 can be initially detuned, limiting the current supplied to the lead,
which eliminates the possibility of voltage overshoots. Once the power demand
exceeds a certain threshold, the receiving coil may then be tuned so that the power

demand can be met.

While the present invention has been illustrated by the description of the
embodiments thereof, and while the embodiments have been described in detail, it
is not the intention of the Applicant to restrict or in any way limit the scope of the
appended claims to such detail. Additional advantages and modifications will readily

appear to those skilled in the art. Therefore, the invention in its broader aspects is
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not limited to the specific details, representative apparatus and method, and
illustrative examples shown and described. Accordingly, departures may be made
from such details without departure from the spirit or scope of the Applicant's

general inventive concept.

Ay
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CLAIMS
1. Aninductive power receiver, comprising:
a. areceiving coil;
b. a bridge circuit configured to connect to the receiving coil comprising:
i. afirst branch including a first semiconductor device;

ii. asecond branch including a second semiconductor device;
jii. a third branch including a first capacitor; and
iv. aforth branch including a second capacitor, and

c. a controller configured to control at least one of the first
semiconductor device and the second semiconductor device to

regulate power provided to a load.

2. The inductive power receiver as claimed in claim 1, wherein the first

semiconductor device is a first semiconductor switch.

3. The inductive power receiver as claimed in claim 2, wherein the second

semiconductor device is a diode.

4. The inductive power receiver as claimed in any one of claims 1 to 2, wherein

the second semiconductor device is a second semiconductor switch.

5. The inductive power receiver as claimed in any preceding claim, wherein the
receiver includes a smoothing capacitor connected in parallel across the

load.

6. The inductive power receiver as claimed in any preceding claim, wherein the

bridge circuit is an H-bridge circuit.
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7. The inductive power receiver as claimed in any preceding claim, wherein the

receiving coil is connected to a resonant capacitor.

8. The inductive power receiver as claimed in claim 7, wherein the resonant

capacitor is connected in series with the receiving coil.

9. The inductive power receiver as claimed in any preceding claim, wherein the
first branch includes a further semiconductor switch connected in series

with the first semiconductor switch.

10. The inductive power receiver as claimed in any preceding claim, wherein the
receiver includes a detuning network, comprising a detuning component
and a detuning switch, the detuning switch controlled so as to detune to

receiving coil.

M
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