SYSTEM AND METHOD FOR ACTIVELY CONTROLLING OUTPUT
VOLTAGE OF A WIRELESS POWER TRANSFER SYSTEM

BACKGROUND

[0001] Embodiments of the present invention relate gelyetal wireless power
transfer systems and more particularly relate ®ystem and method for actively

controlling an output voltage of a wireless powansfer system.

[0002] An electric vehicle or a hybrid vehicle, for exampincludes one or more
batteries that supply electrical power to drive thehicle. In one example, the
batteries supply power to an electric motor to elravshaft in the vehicle, which in
turn drives the vehicle. The batteries may bendidiand hence need to be charged

from an external power source.

[0003] In general, power transfer systems are widely usddansfer power from a

power source to one or more electric loads, sudbrasxample, batteries in a vehicle.
Typically, the power transfer systems may be cdriiased power transfer systems or
contactless power transfer systems. In the corifased power transfer systems,
components such as plug, socket connectors, amed ane physically coupled to the
batteries. However, due to environmental impasthsconnectors and wires may be
affected. Further, establishing a physical conoadbetween the power source and
the batteries in the vehicle may involve cumbersmatety measures since high

current and voltage are used for charging the teste

[0004] In the contactless power transfer systems, powewearters are used to
convert an input power to a transferrable powerctvhs further transmitted to an
electric load such as the batteries in a vehiglee power converter includes switches
which are operated at a particular operating/switglirequency to convert the input
power to the transferrable power. Typically, depeg upon the load, the
operating/switching frequency of the power conwvelite changed to regulate or
control an output voltage of the power transfettesys However, if the electric load



is disconnected or varied, the output voltage efgbwer transfer system may attain a
very high value in a very short time period. Aseault, voltage gain of the power
transfer system may also vary drastically. Sucbudden increase in the output
voltage and/or drastic variation in the voltage nganay affect one or more

components and operation of the power transfeesyst

[0005] Therefore, there is a need for an improved systedhnaethod for actively
controlling an output voltage of a wireless powansfer system without changing an

operating frequency of the wireless power transystem.
BRIEF DESCRIPTION

[0006] In accordance with one embodiment of the presergnition, a wireless
power transfer system is disclosed. The wirelessep transfer system includes a
first converting unit operable at a constant opegafrequency and configured to
convert a first DC voltage of an input power toistf AC voltage. Further, the
wireless power transfer system includes a constb®wer transfer unit coupled to
the first converting unit and configured to transthie input power having the first
AC voltage, wherein the contactless power transf@t comprises at least a first
power exchange coil and a second power exchangenegnetically coupled to each
other and operable at a resonant frequency. Asowireless power transfer system
includes a second converting unit coupled to thetamiless power transfer unit and
configured to receive a power having a second Altage corresponding to the first
AC voltage from the contactless power transfer,wuonvert the second AC voltage
of the received power to a second DC voltage, aadsimit the power having the
second DC voltage to an electric load. In addjtibe wireless power transfer system
includes an active voltage tuning unit coupledhe tontactless power transfer unit
and configured to control the second DC voltagesthasn a difference between the
second DC voltage and a reference voltage andaat lene among a difference
between the resonant frequency and the constaratopefrequency and a difference
between a phase angle of the first AC voltage apldase angle of an AC current.



[0007] In accordance with another embodiment of the ptaseention, a method
for operating a wireless power transfer systemisglosed. The method includes
converting, by a first converting unit, a first D@Itage of an input power to a first
AC voltage. Also, the method includes receiving, & contactless power transfer
unit, the input power having the first AC voltagerh the first converting unit and
transmitting a power having a second AC voltageresponding to the first AC
voltage. In addition, the method includes conwextby a second converting unit, the
second AC voltage to a second DC voltage. Furtbeemthe method includes
transmitting the power having the second DC voltiagen the second converting unit
to an electric load. In addition, the method idles controlling, by an active voltage
tuning unit, the second DC voltage based on aréifiee between the second DC
voltage and a reference voltage and at least onengna difference between a
resonant frequency of the contactless power trangié and a constant operating
frequency of the first converting unit and a diféfiece between a phase angle of the

first AC voltage and a phase angle of an AC current
DRAWINGS

[0008] These and other features, aspects, and advanthgies present disclosure
will become better understood when the followingaded description is read with
reference to the accompanying drawings in which tikaracters represent like parts
throughout the drawings, wherein:

[0009] FIG. 1 is a block diagram representation of a wselpower transfer system
having an active voltage tuning unit in accordawdé an embodiment of the present

invention;

[0010] FIG. 2 is a detailed schematic representation wfiraless power transfer

system in accordance with an embodiment of thespteavention;

[0011] FIG. 3 is a detailed schematic representation wfiraless power transfer

system in accordance with another embodiment optbesent invention;



[0012] FIG. 4 is a flow chart illustrating a method forofecting a wireless power

transfer system in accordance with an embodimetiteopresent invention;

[0013] FIG. 5 is graphical representation of variationaofirst AC current with
reference to a first AC voltage in accordance vath embodiment of the present

invention; and

[0014] FIG. 6 is graphical representation of a second [@BRage, a reference
voltage, and a switching signal in accordance wvaithembodiment of the present

invention.
DETAILED DESCRIPTION

[0015] As will be described in detail hereinafter, varimmbodiments of a system
and method for actively controlling output voltagfea wireless power transfer system
are disclosed. In particular, the system and nekthsclosed herein employ an active
voltage tuning unit to change an impedance of tirel@ss power transfer system,

which in turn controls the output voltage of theeless power transfer system.

[0016] FIG. 1 is a diagrammatical representation of a les® power transfer

system 100 in accordance with an embodiment optasent invention. The wireless
power transfer system 100 is used to transmit ectrgdal power from a power source
102 to one or more electric loads 152 such as riettemobile devices such as cell
phones, laptops, “heating, ventilation, air comhing” (HVAC) systems, and the

like. Particularly, in an automobile industry, alectric vehicle or a hybrid vehicle
includes one or more batteries that supply eleaitpower to drive the vehicle. Such
batteries may be electrically charged from the posaurce 102 via the wireless
power transfer system 100. In one embodimentwineless power transfer system

100 may also be referred to as a contactless poaresfer system.

[0017] In the illustrated embodiment, the wireless powemdfer system 100
includes a first converting unit 104 (inverter)c@antactless power transfer unit 108,
and a second converting unit 110 (rectifier). Tiret converting unit 104 is

electrically coupled to the power source 102. phwer source 102 is configured to



supply an input power having a first DC voltage 1d2he first converting unit 104.

In some embodiments, the input power may be imgedrom about 100W to about
6.6 kW. In one embodiment, the power source 109 bea part of the wireless
power transfer system 100. In another embodintéet,power source 102 may be

positioned external to the wireless power transystem 100.

[0018] The first converting unit 104 is configured to rizeethe input power having
the first DC voltage 112 from the power source 168rther, the first converting unit
104 is configured to operate at an operating fraquéo convert the first DC voltage
112 of the input power to a first AC voltage 11%he operating frequency may be
referred to as a frequency of switching pulses #rat provided to switches (not
shown) in the first converting unit 104 to convi first DC voltage 112 of the input
power to the first AC voltage 114. Also, the opie@ frequency may be pre-
determined based on the one or more electric Id&@s and/or impedance of the
wireless power transfer system 100. In one ennbet, the first converting unit
104 may include a control unit 106 that performe onmore functions based on pre-
stored instructions or programs to determine theratpmg frequency. Upon
converting the first DC voltage 112 of the inputyao to the first AC voltage 114, the
first converting unit 104 is further configured transmit the input power having the

first AC voltage 114 to the contactless power tfangnit 108.

[0019] The contactless power transfer unit 108 includedeast a first power
exchange coil 132 and a second power exchangel@dilthat are magnetically
coupled to each other. Specifically, the first powexchange coil 132 is coupled to
the first converting unit 104 and the second posx&hange coil 134 is coupled to the
second converting unit 110. It may be noted thatdontactless power transfer unit
108 may include two or more such power exchangs ooian array of coils that are
magnetically coupled to each other. The first powrchange coil 132 and the
second power exchange coil 134 are used for wsglésansmitting the input power
having the first AC voltage 114 from the first centing unit 104 to the second
converting unit 110 as a second AC voltage 116tidedarly, a first AC current 136
corresponding to the first AC voltage 114 flowsoilgh the first power exchange coll

132 resulting in excitation of the first power eaadlge coil 132, which in turn



generates a magnetic field that excites the sepomeer exchange coil 134. When
the second power exchange coil 134 is excited bByginerated magnetic field, a
second AC current 138 corresponding to the seco@idvéitage 116 flows through
the second power exchange coil 134. Further,tpetipower having the second AC
voltage 116 is then transmitted from the second guoexchange coil 134 to the

second converting unit 110.

[0020] In one embodiment, the contactless power transfierl®8 may include one

or more resonant coils (not shown) between the piosver exchange coil 132 and the
second power exchange coil 134. Such resonarst @y be electrically coupled to a
resonant circuit (not shown) to enhance the trassion of the input power to the
second converting unit 110. In one example, tls®mant circuit may operate or
oscillate at a resonant frequency that is proxintatthe operating frequency of the
first converting unit 104. The details pertainitogtransmitting the power using the
power exchange coils 132, 134 are explained intgreketail below with reference to
FIG. 2.

[0021] Upon receiving the power having the second AC galtd16 from the

contactless power transfer unit 108, the secondearting unit 110 is configured to
convert the second AC voltage 116 of the input powea second DC voltage §/

118. Further, the second converting unit 110 r€igared to transmit the input power
having the second DC voltage 118 to the one or neteetric loads 152. In one
embodiment, the input power having the second Difage 118 may be used for
charging the electric load including one or morétdsges that are coupled to the

wireless power transfer system 100.

[0022] Additionally, the wireless power transfer systen0 liicludes a voltage
sensor 120, a first transceiver 122, and a seaamddeiver 124 that together form a
feedback loop 126. The voltage sensor 120 is tsegnse the second DC voltage
(output voltage) 118. The feedback loop 126 iglusdransmit a voltage signal {V
128 representative of the second DC voltage 11@ fitee voltage sensor 120 to the
control unit 106 of the first converting unit 10#authe first transceiver 122 and the

second transceiver 124.



[0023] In conventional power transfer systems, a contril i$ used to adjust the
operating frequency of the first converting uniséd on a received voltage signal to
control or regulate an output voltage across actmteload. However, since the
voltage signal (¥) is communicated using a wireless communicatioti fetween
the first transceiver and the second transceiver, dontrol unit may receive the
voltage signal (V) after a certain time delay. In one embodimdrg,delay may be in
a range from about 1 millisecond to about 5 milm®ds. In such a scenario, the
control unit may not be able to timely control thetput voltage across the electric
load due to the delay in communicating the voltagmal. As a result, the output
voltage may increase above a critical value and tbe#tage gain may vary
substantially, which in turn may affect the conwegtunit and/or other components in
the wireless power transfer system. The critigdl® may be a voltage value above
which the components in the wireless power trarsjstem may be affected. In one

embodiment, the critical value may be in a rangenfabout 400V to about 500V.

[0024] To overcome the issues related to increase of diygud voltage above the
critical value, the exemplary wireless power trandystem 100 includes an active
voltage tuning unit 130 to control the second D@age 118 across the one or more
electric loads 152. Particularly, the first cortireg unit 104 is configured to operate
at a constant operating frequency. Further, theveawoltage tuning unit 118 is
configured to control the second DC voltage 11®s&the one or more electric loads
152 without changing the constant operating frequenf the first converting unit
104. Variation of a voltage gain of the wirelesswer transfer system 100 is
substantially minimized by controlling the secon@ oltage. It should be noted that
the voltage gain is referred to as a ratio of #moad DC voltage 118 and the first DC
voltage 112.

[0025] Specifically, the active voltage tuning unit 13Celectrically coupled to the

contactless power transfer unit 108. More spedificin one embodiment, the active
voltage tuning unit 130 is coupled to the first govexchange coil 132. In another
embodiment, the active voltage tuning unit 130 ésipted to the second power

exchange coil 134.



[0026] In the embodiment where the active voltage tunimi¢y 180 is coupled to the
second power exchange coil 134, the active voltageng unit 130 is electrically
coupled to the voltage sensor 120 to receive thtag® signal (\¥) 128 representative
of the second DC voltage 118. The active voltageng unit 130 is further coupled
to the first converting unit 104 via the first teaeiver 122 and the second transceiver
124 to receive a frequency signal 140 from thet fasnverting unit 104. The
frequency signal 140 is representative of a diffeeebetween the constant operating
frequency and the resonant frequency. In one ebanfpthe frequency signal 140
includes binary “1”, then the resonant frequencgresater than the constant operating
frequency. Similarly, if the frequency signal l#étcludes binary “0”, then the

resonant frequency is lesser than the constanabpgifrequency.

[0027] Furthermore, the active voltage tuning unit 13@asfigured to receive a
phase signal 142 from the first converting unit @& the first transceiver 122 and
the second transceiver 124. The phase signal 44@presentative of a difference
between a phase angle of the first AC voltage Iidlaaphase angle of the first AC
current 136. In one embodiment, if the phase $it#h2 includes binary “1”, then the
phase angle of the first AC current 136 is less tthee phase angle of the first AC
voltage 114. In other words, the phase anglerst AC current 136 is lagging the
phase angle of the first AC voltage 114. If thag#angle of the first AC current 136
is less than the phase angle of the first AC veltad4, the active voltage tuning unit
130 determines that the contactless power tranafet 108 is inductive in
nature/operation. Similarly, if the phase signdP lincludes binary “0”, then the
phase angle of the first AC current 136 is gretitan the phase angle of the first AC
voltage 114. In other words, the phase angleref AC current 136 is leading the
phase angle of the first AC voltage 114. If thag#angle of the first AC current 136
is greater than the phase angle of the first AGagel 114, the active voltage tuning
unit 130 determines that the contactless powersteanunit 108 is capacitive in

nature/operation.

[0028] Further, in the embodiment of coupling the actiefage tuning unit 130 to
the first power exchange coil 132, the active \g#tauning unit 130 is electrically

coupled to the voltage sensor 120 via the firshdcaiver 122 and the second



transceiver 124 to receive the voltage signa) A28 (represented by dotted lines in
FIG. 1). The active voltage tuning unit 130 isedity coupled to the first converting
unit 104 to receive the frequency signal 140 amdphase signal 142 from the first
converting unit 104 (represented by dotted lineBSI{a. 1).

[0029] During operation, the active voltage tuning unid termines whether the
contactless power transfer unit 108 is inductiveapacitive in nature based on the
phase signal 142. Further, the active voltagenyonit 130 compares the second DC
voltage () 118 with a reference voltage £Y and the resonant frequency with the
constant operating frequency. It may be noted ttiatreference voltage is a voltage
value that is predetermined based on one or maeacteristics of the one or more
electric loads 152. In one embodiment, this refeeevoltage value may be changing
depending on change in the characteristics of kbetree load 152. Further, in one
embodiment, the active voltage tuning unit 130 gesnan impedance of the
contactless power transfer unit 108 based on tfiereince between the phase angle
of the first AC current 136 and the phase angléheffirst AC voltage 114 and the
difference between the reference voltage and tleense DC voltage 118. As a
consequence, the second DC voltage 118 is cordrtl@ value proximate or equal
to the reference voltage. In another embodiméet,aictive voltage tuning unit 130
changes an impedance of the contactless powerfdéraogit 108 based on the
difference between the resonant frequency and dhstant operating frequency and
the difference between the reference voltage aadsdrtond DC voltage 118. As a
result, the second DC voltage 118 is controllec talue proximate or equal to the

reference voltage

[0030] The active voltage tuning unit 130 is configuredegulate the second DC
voltage 118 without decoupling the one or more taledoads 152 from the
contactless power transfer unit 108 and/or withchdnging the constant operating
frequency of the first converting unit 104. Furtheriation of the voltage gain of the
wireless power transfer system 100 is substantmallyimized, which in turn reduces
stress on the components of the wireless powesfgaisystem 100. The aspect of
controlling the second DC voltage 118 is descriimegreater detail with reference to
FIGs. 2 and 3.



[0031] Referring to FIG. 2, a schematic representationth&f wireless power

transfer system 200 in accordance with an embodiroethe present invention is
depicted. In the embodiment of FIG. 2, the actisltage tuning 130 is electrically
coupled to the second power exchange coil 134. fifse converting unit 104

includes a plurality of switches 220 and diodes 22& are electrically coupled
between an input terminal 219 and an output terh#8a. In one embodiment, the
switches 220 include electronic switches such asSMET's or IGBTs. The switches
220 are activated and deactivated based on thdarwrgperating frequency of the
first converting unit 104 to convert the first DGItage 112 of the input power to the
first AC voltage 114. Particularly, the controliuh06 of the first converting unit 104
is configured to send one or more gate signals th26 are representative of the
operating frequency to the plurality of switche€28 convert the first DC voltage
112 of the input power to the first AC voltage 114h. one example, the control unit
106 may include one or more of an arithmetic lagid, a microprocessor, a general
purpose controller, and a processor array to paridesired computations/functions.
While the control unit 106 is shown as a singlet,um certain embodiments, the
control unit 106 may include more than one processelocated or distributed in

different locations. In one embodiment, a nongramy computer readable medium
may be encoded with a program having a sequendastiictions to instruct the

control unit 106 to perform desired computations¢tions. It may be noted that the
constant operating frequency may also be refersed awitching frequency of the

first converting unit 104.

[0032] In the illustrated embodiment, the contactless powansfer unit 108
includes the first power exchange coil 132, theosdcpower exchange coil 134, a
resonant coil 216, and a compensation coil 218e rBisonant coil 216 is positioned
between the first power exchange coil 132 and #wersd power exchange coil 134.
Further, the resonant coil 216 is magnetically ¢edipo the first power exchange coil
132 and the second power exchange coil 134. Iredaeenplary embodiment, the
resonant coil 216 is coupled in series with a capa202 to form a resonant circuit
208. In one embodiment, the resonant circuit 20@perated at a resonant frequency

that is proximate to the constant operating fregydn enhance the transmission of
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the input power to the second converting unit 1T0e magnetic field generated by
the first power exchange coil 132 excites the rasbroil 216, which in turn aids in

focusing the generated magnetic field towards deoisd power exchange coil 134.
The compensation coil 218 is magnetically coupledhie second power exchange
coil 134. The compensation coil 218 is configutednatch an impedance of the
contactless power transfer unit 108 with the impedeaof the second converting unit
110.

[0033] The second converting unit 110 includes a pluralftgwitches 278 that are
electrically coupled between an input terminal 2nt an output terminal 273. The
switches 278 are arranged to form a bridge rectifimfigured to convert the second
AC voltage 116 to the second DC voltage 118. mes@mbodiments, the switches
278 may be controlled switches such as MOSFETSs,TEG& uncontrolled switches
such as diodes. The sensor 120 is electricallpleduto the output terminal 273 of

the second converting unit 110.

[0034] The first transceiver 122 has an antenna 248 ooty to receive the
frequency signal 140 and the phase signal 142 fmonantenna 250 of the second
transceiver 124. Further, the first transceivel 12 configured to transmit the
frequency signal 140 and the phase signal 142 tooraroller 234. In one
embodiment, the first transceiver 122 is positiopedximate to the one or more
electric loads 152. The second transceiver 12dosdtioned proximate to the first

converting unit 104 and/or the power source 102.

[0035] The active voltage tuning unit 130 includes a siitg sub-unit 232 and the
controller 234 coupled to each other. The cordral34 is configured to generate a
switching signal 284 having a plurality of switchipulses. Also, the controller 234
is further configured to vary a duty cycle of theitshing pulses of the switching
signal 284 based on the voltage signal 128, thguéecy signal 140, and the phase
signal 142. Further, the controller 234 is confeglito transmit the switching signal
284 having the varied duty cycle to the switching-sinit 232. In one embodiment,
the controller 234 is configured to generate ramti€ontrol signals 290, 292 having a

plurality of switching pulses based on a differehetween the second DC voltage
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118 and a reference voltage. The controller 23drriher configured to transmit the
rectifier control signals 290, 292 to the switct#&8 of the second converting unit
110 to control the second DC voltage 118. In omdbadiment, the controller 234
concurrently sends the rectifier control signal§,2202 and the switching signal 284.
In another embodiment, the controller 234 may a#terly send the rectifier control
signals 290, 292 and the switching signal 284. tHeuy it may be noted that the
controller 234 may include one or more of an arghimlogic unit, a microprocessor,
and a processor array to perform desired computfinctions. While the controller
234 is shown as a single unit, in certain embodis)eghe controller 234 may include
more than one controller co-located or distribubeddifferent locations. In one

embodiment, a non-transitory computer readable umedinay be encoded with a
program having a sequence of instructions to iostilie controller 234 to perform

desired computations/functions.

[0036] The switching sub-unit 232 includes a first elesicoswitch 280 and a
second electronic switch 282 that are coupled ardlfel to each other. In one
embodiment, the first and second electronic swgch80, 282 include thyristors.
Further, these first and second electronic swit@®&® are coupled in parallel to an
impedance element 204 coupled in series with thergkpower exchange coil 134.
The first and second electronic switches 280, 282aativated and deactivated based
on the switching signal 284 generated by the cdiatr@34 to change the impedance
of the second power exchange coil 134. More sipadly, the varied duty cycle of
the switching signal 284 changes the impedancéefecond power exchange coil
134, which in turn changes overall impedance ofdbietactless power transfer unit
108. As a result, the second DC voltage 118 igroted to regulate the second DC
voltage 118 to a value proximate or equal to tHeremce voltage. It may be noted
that the switching sub-unit 232 may include anyetgp electronic switches capable of
allowing the second AC current 138 to bypass thgentance element 204 when the
electronic switches are activated.

[0037] During operation, the active voltage tuning uniDl®&ceives the voltage
signal 128 from the voltage sensor 120. The aivaltage tuning unit 130 further
receives the frequency signal 140 and the phasmlsigli2 from the first converting

12



unit 104 via the first and second transceivers 122, Further, the controller 234
determines a difference between the phase angleedirst AC current 136 and the
first AC voltage 114. Further, the controller 28dtermines a difference between the
second DC voltage 118 and the reference voltageadtition, the controller 234
determines a difference between the resonant freguand the constant operating

frequency.

[0038] In one embodiment, if the second DC voltage 1118ss than the reference
voltage and if the resonant frequency is less th&nconstant operating frequency
and/or the phase angle of the first AC current ik3@ss than the phase angle of the
first AC voltage 114, the controller 234 increasles duty cycle of the switching
signal 284 to increase the second DC voltage 1i8sadhe one or more electric
loads 152. Particularly, the controller 234 deteesn that the contactless power
transfer unit 108 is inductive in nature. The coler 234 increases the duty cycle of
the switching pulses of the switching signal 284responding to the difference
between the second DC voltage 118 and the refereoltage and the difference
between the resonant frequency and the constaratopefrequency. As a result, the
impedance of the second power exchange coil 13é4daced and the second DC
voltage 118 is increased across the one or momdrieldoads 152 to match the
reference voltage. In one embodiment, the secdddi@ltage 118 is increased to a

value proximate or equal to the reference voltage.

[0039] If the second DC voltage 118 is greater than tifereace voltage and if the
resonant frequency is less than the constant opgréiequency and/or the phase
angle of the first AC current 136 is less than phase angle of the first AC voltage
114, the controller 234 decreases the duty cyclehef switching signal 284 to
decrease the second DC voltage 118 across the romeo® electric loads 152.
Particularly, the controller 234 determines tha&t tontactless power transfer unit 108
is inductive in nature. The controller 234 decesathe duty cycle of the switching
pulses of the switching signal 284 correspondinthéodifference between the second
DC voltage 118 and the reference voltage and tfiereince between the resonant
frequency and the constant operating frequency.a Assult, the impedance of the

second power exchange coil 134 is reduced ancdetteind DC voltage 118 is reduced
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across the one or more electric loads 152 to mttehreference voltage. In one
embodiment, the second DC voltage 118 is decre@asadsalue that is proximate or

equal to the reference voltage.

[0040] If the second DC voltage 118 is less than the eefe voltage and if the
resonant frequency is greater than the constamatipg frequency and/or the phase
angle of the first AC current 136 is greater thae phase angle of the first AC
voltage 114, the controller 234 decreases the clgdhe of the switching signal 284 to
increase the second DC voltage 118 across the pmaooce electric loads 152.
Particularly, the controller 234 determines tha&t tontactless power transfer unit 108
is capacitive in nature. Further, the controll®4 Zecreases the duty cycle of the
switching pulses of the switching signal 284 cqomexling to the difference between
the second DC voltage 118 and the reference voladethe difference between the
resonant frequency and the constant operating érexyu  As a result, the impedance
of the second power exchange coil 134 is increagsedhe second DC voltage 118 is

increased across the one or more electric loadsdlBatch the reference voltage.

[0041] If the second DC voltage 118 is greater than tfereace voltage and if the
resonant frequency is greater than the constamatipg frequency and/or the phase
angle of the first AC current 136 is greater thae phase angle of the first AC
voltage 114, the controller 234 increases the dutye of the switching signal 284 to
decrease the second DC voltage 118 across the roneo@ electric loads 152.
Particularly, the controller 234 determines tha&t tontactless power transfer unit 108
is capacitive in nature. The controller 234 insemathe duty cycle of the switching
pulses of the switching signal 284 correspondinthéodifference between the second
DC voltage 118 and the reference voltage and tfiereince between the resonant
frequency and the constant operating frequency.a Assult, the impedance of the
second power exchange coil 134 is reduced ancettend DC voltage 118 is reduced

across the electric load 152 to match the refergoltage.

[0042] Thus, the controller 234 controls the second DGagal 118 across the one
or more electric loads 152 by varying the duty eyof the switching signal 284.

Moreover, the second DC voltage 118 is controllethaut decoupling the one or
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more electric loads 152 from the wireless powarndfer system 100. The second DC
voltage 118 is controlled without changing the agieg frequency of the wireless
power transfer system 100. Further, variationh&f voltage gain of the wireless
power transfer system 100 is substantially minimhjzghich in turn reduces stress on

the components of the wireless power transfer sy4i@0.

[0043] Referring to FIG. 3, a schematic representatioa wfireless power transfer
system 300 in accordance with another embodimenthef present invention is
depicted. The wireless power transfer system 308imilar to the wireless power
transfer system 200 of FIG. 2 except that the actntage tuning unit 130 is coupled
to the first power exchange coil 132. Particulathe active voltage tuning unit 130
is coupled in parallel to an impedance element@pled in series to the first power
exchange coil 132. The active voltage tuning A3® is configured to receive the
voltage signal 128 from the voltage sensor 120tlh&afirst transceiver 122 and the
second transceiver 124. In addition, the activkage tuning unit 130 is directly
coupled to the first converting unit 104 to recetlie frequency signal 140 and the
phase signal 142 from the control unit 106. Asulésed earlier, the second DC
voltage 118 is controlled based on the differeretsvben the second DC voltage 118
and the reference voltage and at least one amendiffierence between the resonant
frequency and the constant operating frequencytlaadlifference between the phase
angle of the first AC current 136 and the phasdeaofjthe first AC voltage 114.

[0044] Referring to FIG. 4, a flow chart illustrating a thed 400 for protecting a

wireless power transfer system in accordance withembodiment of the present
invention is depicted. At step 402, a first DCtagke of an input power is converted
to a first AC voltage by a first converting unithe first converting unit is operated at
a determined switching frequency to convert thst fidC voltage of the input power

to the first AC voltage.

[0045] Subsequently, at step 404, the method includesviegethe input power
having the first AC voltage, by a contactless potk@nsfer unit, and then transmitting
a power having a second AC voltage correspondintheofirst AC voltage. The

contactless power transfer unit transmits the pdweing the second AC voltage to a
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second converting unit. Further, at step 406,sdmnd AC voltage of the received
power is converted to a second DC voltage by argeconverting unit. At step 408,
the power having the second DC voltage is transohiftom the second converting
unit to one or more electric loads. In one embautitnthe one or more electric loads
may be one or more batteries that are electricgtigrged using the input power

having the second DC voltage received from thersgconverting unit.

[0046] At step 410, the method includes controlling theosel DC voltage based
on a difference between the second DC voltage lamdeference voltage, and at least
one among a difference between the resonant freguamd the constant operating
frequency and a difference between a phase angledirst AC voltage and a phase
angle of an AC current. The controller varies thay cycle of a switching signal
based on the difference between the second DCgeotiad the reference voltage and
one among the difference between the resonantdrexyuand the constant operating
frequency and a difference between a phase angtheofirst AC current and the
phase angle of the first AC voltage. Further, ¢batroller transmits the switching
signal having the varied duty cycle to a switchgudp-unit to control the second DC

voltage across the one or more electric loads.

[0047] Referring to FIG. 5, a graphical representation b0®ariation of the first
AC current with reference to the first AC voltageaccordance with an embodiment
of the present invention is depicted. Referenameral 506 represents Y-axis that is
indicative of magnitude of the first AC current atie first AC voltage. Similarly,
reference numeral 508 represents X-axis that igatile of phase angle of the first
AC current and the first AC voltage. Further, refeze numeral 502 is representative
of a current waveform of the first AC current oktlvireless power transfer system.
Similarly, reference numeral 504 is representativa voltage waveform of the first
AC voltage of the wireless power transfer systdmthe illustrated embodiment, the
phase angle of the current waveform 502 is lagwitly reference to the phase angle
of the voltage waveform 504. Particularly, the gghangle of the first AC current is
less than the phase angle of the first AC voltageich in turn indicates that the

contactless power transfer unit is inductive irunafoperation.

16



[0048] Referring to FIG. 6, a graphical representation 6D0ariation of a second
DC voltage, a reference voltage, and a switchirgnadi from the controller in
accordance with an embodiment of the present imwens depicted. Reference
numeral 610 represents Y-axis that is indicativenafgnitude of the second DC
voltage (W), the reference voltage . Reference numeral 614 represents Y-axis
that is indicative of magnitude of the switchingrgl. Similarly, reference numerals
612, 616 represent X-axis that is indicative ofetinfurther, reference numeral 602 is
representative of the reference voltage. Referemicaeral 604 is representative of
the second DC voltage. Further, reference numgbél is representative of the
switching signal received from the controller. depicted in FIG. 6, the second DC
voltage 604 is reduced below the reference vol&ifdue to variation in the one or
more electric loads at a time instant 608. Howew¢rthe time instant 608, the
controller varies a duty cycle of the switchingreiy 606 that is transmitted to the
switching sub-unit of the contactless power transigt to control the second DC

voltage so that the second DC voltage is matchéud tive reference voltage.

[0049] In accordance with the exemplary embodiments dssmlisherein, the
exemplary system and method facilitate to protew or more components in the
wireless power transfer system without disconngctthe load. Further, the
exemplary system and method facilitate to contmolregulate the output voltage
without changing the operating frequency of thesl@gs power transfer system. As a
result, one or more components in the wireless pdrwaasfer system are protected
without decoupling the components from each ottknther, variation of the voltage
gain of the wireless power transfer system is suttistlly minimized by controlling
the second DC voltage, which in turn reduces stvaghe components of the wireless

power transfer system.

[0050] While only certain features of the present disdlesuave been illustrated
and described herein, many modifications and clhemgk occur to those skilled in
the art. It is, therefore, to be understood that appended claims are intended to
cover all such modifications and changes as fathiwithe true spirit of the present

disclosure.

17



CLAIMS:

1. A wireless power transfer system comprising:

a first converting unit operable at a constant operating frequency and configured to

convert a first DC voltage of an input power to a first AC voltage;

a contactless power transfer unit coupled to the first converting unit and configured to
transmit the input power having the first AC voltage, wherein the contactless power transfer
unit comprises at least a first power exchange coil and a second power exchange coil
magnetically coupled to each other and operable at a resonant frequency;

a second converting unit coupled to the contactless power transfer unit and configured
to receive a power having a second AC voltage corresponding to the first AC voltage from the
contactless power transfer unit, convert the second AC voltage of the received power to a
second DC voltage, and transmit the power having the second DC voltage to an electric load,;

and

an active voltage tuning unit coupled to the contactless power transfer unit and
configured to control the second DC voltage based on a difference between the second DC
voltage and a reference voltage and at least one among a difference between the resonant
frequency and the constant operating frequency and a difference between a phase angle of the
first AC voltage and a phase angle of an AC current.

2. The wireless power transfer system of claim 1, wherein the active voltage tuning unit

comprises:

a switching sub-unit coupled in parallel to an impedance element which is coupled in

series with one of the first power exchange coil and the second power exchange coil;
a controller coupled to the switching sub-unit and configured to:

vary a duty cycle of a switching signal based on the difference between the second DC

voltage and the reference voltage, and at least one among the difference between the resonant
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frequency and the constant operating frequency and the difference between the phase angle of

the first AC voltage and the phase angle of the AC current; and

transmit the switching signal having the varied duty cycle to the switching sub-unit to

control the second DC voltage across the electric load.

3. The wireless power transfer system of claim 2, wherein the controller is configured to
increase the duty cycle of the switching signal if the second DC voltage is less than the
reference voltage and if at least one of the resonant frequency is less than the constant operating
frequency and the phase angle of the AC current is less than the phase angle of the first AC

voltage.

4. The wireless power transfer system of claim 3, wherein the controller is configured to
increase the duty cycle of the switching signal to increase the second DC voltage so that the

second DC voltage matches with the reference voltage.

5. The wireless power transfer system of claim 2, wherein the controller is configured to
decrease the duty cycle of the switching signal if the second DC voltage is greater than the
reference voltage and if at least one of the resonant frequency is less than the constant operating
frequency and the phase angle of the AC current is less than the phase angle of the first AC

voltage.

6. The wireless power transfer system of claim 5, wherein the controller is configured to
decrease the duty cycle of the switching signal to decrease the second DC voltage so that the
second DC voltage matches with the reference voltage.

7. The wireless power transfer system of claim 2, wherein the controller is configured to
decrease the duty cycle of the switching signal if the second DC voltage is less than the

reference voltage and if at least one of the resonant frequency is greater than the constant
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operating frequency and the phase angle of the AC current is greater than the phase angle of
the first AC voltage.

8. The wireless power transfer system of claim 7, wherein the controller is configured to
decrease the duty cycle of the switching signal to increase the second DC voltage so that the

second DC voltage matches with the reference voltage.

9. The wireless power transfer system of claim 2, wherein the controller is configured to
increase the duty cycle of the switching signal if the second DC voltage is greater than the
reference voltage and if at least one of the resonant frequency is greater than the constant
operating frequency and the phase angle of the AC current is greater than the phase angle of
the first AC voltage.

10.  The wireless power transfer system of claim 9, wherein the controller is configured to
increase the duty cycle of the switching signal to decrease the second DC voltage so that the
second DC voltage matches with the reference voltage.

11.  The wireless power transfer system of claim 2, wherein the switching sub-unit
comprises a first electronic switch and a second electronic switch coupled antiparallel to each
other, wherein the controller is configured to activate and deactivate at least one of the first
electronic switch and the second electronic switch based on the varied duty cycle of the

switching signal.

12.  The wireless power transfer system of claim 11, wherein at least one of the first
electronic switch and the second electronic switch is activated and deactivated to change an
impedance of the contactless power transfer unit so that the second DC voltage is
correspondingly changed across the electric load.

13.  The wireless power transfer system of claim 2, further comprising:
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a voltage sensor electrically coupled to the electric load and configured to determine

the second DC voltage across the electric load;

a first transceiver coupled to the voltage sensor and configured to receive a voltage
signal representative of the second DC voltage and transmit the voltage signal representative

of the second DC voltage; and

a second transceiver communicatively coupled to the first transceiver and configured

to receive the voltage signal and transmit the voltage signal to the first converting unit.

14.  The wireless power transfer system of claim 13, wherein if the active voltage tuning
unit is coupled to the second power exchange coil (134), the controller is configured to:

receive the voltage signal representative of the second DC voltage from the voltage

Sensor,

receive a frequency signal representative of the difference between the resonant
frequency and the constant operating frequency from the first converting unit via the first

transceiver and the second transceiver; and

receive a phase signal representative of the difference between the phase angle of the
first AC voltage and the phase angle of the AC current from the first converting unit via the

first transceiver and the second transceiver.

15.  The wireless power transfer system of claim 13, wherein if the active voltage tuning

unit is coupled to the first power exchange coil, the controller is configured to:

receive the voltage signal representative of the second DC voltage from the first

converting unit via the first transceiver and the second transceiver;

receive a frequency signal representative of the difference between the resonant

frequency and the constant operating frequency from the first converting unit; and

receive a phase signal representative of the difference between the phase angle of the

first AC voltage and the phase angle of the AC current from the first converting unit.
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16. A method for operating a wireless power transfer system (100), the method comprising:

converting, by a first converting unit, a first DC voltage of an input power to a first AC

voltage;

receiving, by a contactless power transfer unit, the input power having the first AC
voltage from the first converting unit and transmitting a power having a second AC voltage

corresponding to the first AC voltage;
converting, by a second converting unit, the second AC voltage to a second DC voltage;

transmitting the power having the second DC voltage from the second converting unit

to an electric load; and

controlling, by an active voltage tuning unit, the second DC voltage based on a
difference between the second DC voltage and a reference voltage and at least one among a
difference between a resonant frequency of the contactless power transfer unit and a constant
operating frequency of the first converting unit and a difference between a phase angle of the

first AC voltage and a phase angle of an AC current.

17.  The method of claim 16, wherein controlling the second DC voltage comprises:

varying, by a controller, a duty cycle of a switching signal based on the difference
between the second DC voltage and the reference voltage, and at least one of the difference
between the resonant frequency and the constant operating frequency, and the difference

between the phase angle of the first AC voltage and the phase angle of the AC current; and

transmitting the switching signal having the varied duty cycle to a switching sub-unit

to control the second DC voltage across the electric load.

18. The method of claim 17, wherein varying the duty cycle of the switching signal

comprises:

increasing the duty cycle of the switching signal if the second DC voltage is less than
the reference voltage and if at least one of the resonant frequency is less than the constant
operating frequency and the phase angle of the AC current is less than the phase angle of the

first AC voltage; and
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decreasing the duty cycle of the switching signal if the second DC voltage is greater
than the reference voltage and if at least one of the resonant frequency is less than the constant
operating frequency and the phase angle of the AC current is less than the phase angle of the
first AC voltage.

19.  The method of claim 17, wherein varying the duty cycle of the switching signal

comprises:

decreasing the duty cycle of the switching signal if the second DC voltage is less than
the reference voltage and if at least one of the resonant frequency is greater than the constant
operating frequency and the phase angle of the AC current is greater than the phase angle of

the first AC voltage; and

increasing the duty cycle of the switching signal if the second DC voltage is greater
than the reference voltage and if at least one of the resonant frequency is greater than the
constant operating frequency and the phase angle of the AC current is greater than the phase
angle of the first AC voltage.

20.  The method of claim 17, wherein controlling the second DC voltage comprises:

receiving, by the active voltage tuning unit, a voltage signal representative of the second
DC voltage from a voltage sensor;

receiving a frequency signal representative of the difference between the resonant
frequency and the constant operating frequency from the first converting unit via a first

transceiver and a second transceiver; and

receiving a phase signal representative of the difference between the phase angle of the
first AC voltage and the phase angle of the AC current from the first converting unit via the

first transceiver and the second transceiver.

21.  The method of claim 17, wherein controlling the second DC voltage comprises:

receiving, by the active voltage tuning unit, a voltage signal representative of the second

DC voltage from a voltage sensor via a first transceiver and a second transceiver;
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receiving a frequency signal representative of the difference between the resonant

frequency and the constant operating frequency from the first converting unit; and

receiving a phase signal representative of the difference between the phase angle of the

first AC voltage and the phase angle of the first AC current from the first converting unit.
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