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Abstract—Thispaperintroducesacapacitivedifferentialwire-
lesspowertransfer(DWPT)architecturetoefficientlychargean
arrayofunmannedaerialvehicles(UAVs)onatelecomtowerasa
UAVairport.Aswitchedcapacitor(SC)basedladderdifferential
powerprocessing(DPP)converterisutilizedtoregulatethe
voltagesof multipleseries-stacked wirelesscharging modules
fromahigh-voltageDCbus.Thehalf-bridgeswitchesintheDPP
circuitarereusedasaninverterinacapacitivepowertransfer
(CPT)systemwithadouble-sidedLC-compensationnetwork,
featuringreducedsemiconductorcomponentcountanddevice
stress.Thecapacitivecouplingplatesareintegratedintolanding
platformsandUAVlandinggearsforhighcouplingcapacitance
and minimuminfluenceonaerodynamics. Anexperimental
prototypeandrelateddesignconsiderationsarepresentedto
achievehighefficiencyandensurerobustperformanceagainst
misalignments.TheDWPTarchitectureisverifiedthroughan8-
portDPPconvertersupportingupto8CPTchargingmodules.

IndexTerms—differentialpowerprocessing,capacitivewireless
powertransfer,multi-portconverter,wirelessUAVcharging

I.INTRODUCTION

Unmannedaerialvehicles(UAVs)areincreasinglyutilized
acrossvariousindustriesduetotheirversatilityandefficiency.
Theyarepromisingtoserveinagriculturefor monitoring
crophealth,inlogisticsfordeliveringgoods,insurveillance
forenhancingsecurity,andinenvironmentalmonitoringto
trackchangesinecosystems.However,oneoftheprimary
limitationshinderingthebroaderdeploymentofUAVsistheir
restrictedoperationaltime,affectedlargelybybatterycapacity.
Asbatterylifelimitstherangeanddurationofflights,full
automationofUAVsystemsrequiresfrequentlandingand
recharging. Additionally, UAVstypicallyoperateinfleets,
requiringthemtobechargedsimultaneously.
Wirelesspowertransfer(WPT)isanattractivetechnology

forchargingUAVsbecauseofitsflexibility,safetyfeatures,
andconvenience.AsillustratedinFig.1,itisattractiveto
placewirelessUAVchargingstationsontelecomtowersso
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Fig.1. Principlesofthedifferentialwirelesspowertransferplatformwith
series-stackedUAVchargingstations.Powerisdeliveredfrom400Vonthe
groundtoeightseriesstacked50Vchargingstationsonthetopofthetower.

UAVscanautonomouslylandonwirelesschargingtransmit-
tersandstartchargingwithoutphysicalconnectionsorhuman
interactions,thusfacilitatingcontinuousoperationsofUAVs
andgreatlyextendingthecapabilitiesofUAVsinvarious
applications. WPTcanbeimplementedwitheitherinduc-
tivecoupling[2]orcapacitivecoupling[3].Inductivepower
transfer(IPT)usesamagneticfieldtotransferpower,while
capacitivepowertransfer(CPT)usesanelectricfieldforpower
delivery[4],[5].ComparedtoIPT,CPThastheadvantageof
eliminatingtheneedforbulkymagneticcomponents,reducing
theweightoftheUAVs,andallowingforlargerpayloadsto
beserviced.CPTreceiverscanalsobeintegratedwithUAV
structuressuchaslandinggears,andthecouplingbetween
thetransmitterandthereceiverisgenerallylesssusceptible
tomisalignment[6].OnecanalsocombineIPTandCPT
technologiestofurtherimprovethewirelesspowertransfer
capability[7].
Traditional multi-access UAVchargingsystemsdonot
leveragetheuniformchargingprofileofUAVfleets[8]–[10].
Differentialpowerprocessing(DPP)isappealingwhenthereis
asinglehigh-voltagepowersourceavailabletopowermultiple
deviceswithsimilarpowerneeds[11],[12].Itfeatureshigh
efficiencyandhigh-powerdensity,whichhavebeenvalidated
invariousapplicationssuchasdatacenterpowersupplies
[13],photovoltaicconverters[14]–[16],batterybalancers[17]–
[19],etc.DPPcaninherentlystepdowntheinputvoltage,
alleviatingvoltagestressesonseries-stackedloadsanden-
ablinghighvoltagepowerdelivery.Ratherthandealingwith
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Fig.2. Anexamplemulti-accesswirelessUAVchargingsystemusinga400Vhighvoltagedcbusbasedonagrid-edgetelecomtowerecosystem:(a)
thetraditionalarchitecturechargingeachUAVindependently;(b)theproposedhybrid-switched-capacitorDWPTsolution,usingDPPforefficientpower
distributiontoeach WPTmoduleforUAVcharging.The WPTmodulesandtheDPParchitecturearecombinedtoreducethecomponentcountandpower
conversionstress.Thisarchitectureallowspowerdeliveryathighvoltage(400V)inthetelecomtowersandreducestheweightofthepowerdeliverycables.

Fig.3.(a)Anexampleoftheloadpowerdistributionforan8-portDPPconverter.Thetotaloutputpoweris800Wandtheaverageloadpoweris100W.Each
loadhaslessthan20%powervariationfromtheaveragepower.(b)Theblockdiagramofan8-portDPPconverterdemonstratesthepowerflowmanagement.
400Vvoltagebusissuppliedasinputandeachloadrequiresa50Vdcvoltage.(c)TheDPParchitecturebasedonamulti-windingtransformer.(d)The
DPParchitecturebasedonladderswitchedcapacitors.

thefullpowerratingofeachload,DPPaimstoequalize
thedifferentialpoweracrossloads,significantlyminimizing
losses.ThesystemefficiencyofaDPPconverterisdetermined
bytheconditionsoftheloads[20].

Fig.2comparesaconventionalindependentarchitecture
andtheproposeddifferentialwirelesspowertransfer(DWPT)
architecture.Theconventionalsolutionutilizesseveraldc-
dcconverterstoreducevoltagesfroma400Vhigh-voltage
dcbus.DWPTarchitecturelinksaseriesof WPTmodules,
handlingonlythedifferentialpoweramongthemodules.

Thispaperproposesadifferentialcapacitive wireless
powertransfer methodthatintegrates WPT modulesand
theswitched-capacitor(SC)basedladderDPPconverterto
efficientlychargemultipleUAVsonthetopofthetelecom
tower.Bycombiningandreusingtheswitchesinboth WPT
modulesandtheDPPconverter,itreducesthenumberof
components,improvesthepowerdensity,reducesthepower
loss,andenablespowerdeliveryatahighervoltage(400Vvs.

48V).Thecapacitivewirelesspowercouplersareembedded
inboththelandingplatformsandtheUAVlandinggearstoen-
hancecouplingcapacitance.Adouble-sidedLC-compensation
networkisimplementedtooptimizesystemefficiencyandim-
provetolerancetomisalignment.Theeffectsofmisalignment
isthoroughlyanalyzedandthepracticaldesignconsiderations
ofcombiningDPPand WPTaredemonstrated.An8-port
DWPTUAVchargingarrayisbuiltandtestedtovalidatethe
effectivenessoftheproposedarchitectureandsystemdesign.

II.HYBRIDSWITCHED-CAPACITORWIRELESSPOWER
TRANSFER WITHDPP

A.PrinciplesandComparisonsofDPPConverters

VariousDPPsolutionshavebeenemployedfordifferent
applications,especiallyfordrivingmultipleloadswithsimilar
powerlevels[13],[17].WPTforUAVchargingiswell-suited
forDPPconverters,as multipleUAVs,typicallyrequiring
similarchargingpower,areoftenchargedsimultaneously.
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Fig.4.(a)StandaloneDWPTarchitecturewithswitchesworkingindependentlyfortheDPPconverterandtheCPTmodules.(b)ProposedintegratedDWPT
architecturemergestheDPPconverterandtheCPTmodulestogetherinonesystemtodriveanarrayofseries-stackedCPTtransmittersandreceivers.Both
inductiveandcapacitivewirelesspowertransfermechanismsareapplicable.

Fig.3(a)illustratesanexampleoftheloadpowerdistribution
inan8-portDPPconverter.Thebluebarsrepresentthepower
requirementforeachload,whiletheredbarsrepresentthe
differencebetweeneachload’spowerandtheaverageload
power.Inthisexample,thepowerrequiredbyeachloaddiffers
fromtheaveragebylessthan20%.Fig.3(b)demonstratesthe
powerflowinthis8-portDPPconverter,whichoperateswitha
400Vbusvoltageanddeliversatotaloutputpowerof800W.
Abuscurrentflowsthroughallseries-stackedloads,providing
them withequalpower.Loadsrequiringlesspower will
redistributetherecesstothoseneedingmorethroughtheDPP
converter.Ultimately,thedcvoltageacrosseachloadbalances
at50V,enablingthesystemtoachieveinherentvoltagestep-
downfromthehigh-voltagebus.Inthisscenario,theDPP
converteronly manageslessthan20%ofthetotaloutput
power,significantlyreducingpowerlossanddevicestress.
Fig.3(c)and(d)depicttwocommonDPParchitectures:
oneutilizingamulti-windingtransformer[13]andtheother
basedonswitchedcapacitors[21].Thetransformer-basedDPP
converteroffersbenefitssuchascompactsystemdesignand
port-to-portgalvanicisolation.However,themagneticfluxand
powercouplinginamulti-windingtransformerrequiresmore
sophisticatedphase-shiftcontrol,addingtodesigncomplexity
[22].ThispaperspecificallyfocusesontheSC-basedladder
DPP,leveragingitslowcomponentcount,compactsize,and
straightforwardcontrol.TheoperationprinciplesoftheSC-
ladderDPParealsocorrelatedtothe multitrackarchitec-
tureaspresentedin[23],[24],replacingthemulti-winding
transformercouplingwithcapacitivewirelesscoupling.The

SC-basedladderarchitecturealsoequalizesthevoltagestress
acrossallcapacitors,ensuringthatthedcvoltagesoftheDPP
outputcapacitorsmatchthoseoftheswitchedcapacitors.

B.DesignofaCPTSystemforUAVCharging

AtypicalCPTmoduleshowninFig.4(a)consistsofahalf-
bridgeinverter,LCcompensators,capacitivecouplers,anda
half-bridgerectifier.InUAVapplications,thesmallareaofthe
couplingplateonthereceiverendmayleadtoweakcoupling,
makingcapacitivecouplingattractive[6].Todeliverhigh
powerdespitethelimitedcouplingcapacitance,eitherhigh
frequencyorhighvoltageisnecessary.TheLCcompensator
actsasavoltagestep-upmatchingnetworkonthetransmitter
sideandavoltagestep-downtransformeronthereceiverside,
aimingtoincreasethevoltageacrossthecapacitivecoupler
andthusenhancethepowerlevel.Toachievehigherpowerand
efficiency,multi-stagecompensationnetworkssuchasLCLC
orCLLCmaybeutilizedattheexpenseofamorecomplicated
circuit[25].Thispaperusesasingle-stageLCcompensator
asanexampletodemonstratetheeffectivenessoftheDWPT
architecture.Additionally,thehalf-bridgecircuitemployedby
theDPPconvertercanalsoserveasahalf-bridgeinverter
thatgeneratesthehigh-frequencysquarewavefedintothe
compensationnetwork.Thehalf-bridgerectifier,togetherwith
theoutputcapacitors,regulatestheDCcurrentsuppliedtothe
UAV.ThisstructureisreplicatedacrossalleightCPTmodules
whicharedesignatedasPort#1throughPort#8.
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Fig.5. Workingprinciplesofan8-portDWPTconverter:(a)Phase1when
thetopsideswitchesS1atoS8aturnonandhighvoltagesarefedintoCPT
modules;(b)Phase2whenthebottomsideswitchesS1btoS8bturnonand
0VisfedintoCPTmodules.

C.ProposedIntegratedDWPTArchitecture

TheDPPconverterand multiple WPT modulescanbe
combinedasa DWPTarchitecturetodeliverlow-voltage
UAVchargingpowerfromahigh-voltagebus.Thestandalone
DWPTarchitectureshowninFig.4(a)hastwosetsof
switchesworkingindependentlyfortheDPPconverterand
theCPTmodules,makingthesystembulkyandlossy.The
proposedDWPTarchitectureenablescombinedusageofthe
switchesforDPPandWPT,leadingtoasignificantlyreduced
componentcount.Fig.4(b)demonstratestheintegrationofthe
DPPswitcheswiththeCPTswitches.Notably,theproposed
DWPTarchitectureisversatileandcanbeappliedtobothIPT
andCPTstructures,withthispaperemphasizingCPTasan
illustrativeexample.

TheDPPconvertershowninFig.4(b)consistsofeight
series-stackedDPPoutputcapacitorsC1−C8,sevenswitched
capacitorsCsw1−Csw7,andsixteenseries-stackedswitches
S1a−S8b,with“a”and“b”referringtothetopandbottom
switchofeachhalf-bridgeunit.Theoutputcapacitorsofthe
DPPconverterarereusedastheinputcapacitorsoftheCPT
modules.Fig.5presentstheDPPworkingprincipleforvoltage
balancingattheinputofeachCPTmodule.Inphase1,when
thetopswitchesS1a−S8aofhalf-bridgecircuitsturnonas
depictedinFig.5(a),theswitchedcapacitorCsw1−Csw7
isconnectedinparallelwiththecapacitorC1−C7.Asa
result,thecapacitorsCnandCswnjointlyprovidetheinput

voltageVswntotheCPTmodule.Inphase2,whenthebottom
switchesS1b−S8bofhalf-bridgecircuitsturnonasshownin
Fig.5(b),theswitchedcapacitorCsw1−Csw7isconnected
inparallelwiththecapacitorC2−C8.Therefore,theinput
portoftheCPTmoduleisshortedinthiscase,resultingin
zeroappliedvoltage.Thehalf-bridgecircuitfunctionsasthe
inverter,generatingasquarewavefortheCPTmoduleby
periodicallyswitchingbetweenphases1and2withequal
timeduration.TheswitchedcapacitorCswnservesasan
energybuffer,transferringchargebetweenthetwonearest
capacitorsCnandCn+1 andmaintainingvoltagebalancefor
allDPPoutputcapacitors.Differentialpoweristransferred
betweentwoadjacentports,resultingintheintrinsicbalancing
ofvoltages. Whenthetransmitterisnotloaded,thepower
consumptionoftheunloadedportisverylow.The DPP
converterredistributesexcesspowerfromunloadedportstothe
otherconnectedwithUAVs,ensuringthathighinputvoltageis
evenlydistributedacrossthecircuit.Thisallowsforabalanced
andlowerdcvoltageateachindividualport.Thevoltage
stressesoftheDPPoutputcapacitorsandswitchedcapacitors
areconstantlykeptat50V.
Cut-offswitchesSc1∼Sc8showninFig.4(b)areadded
inseries withCPT modulesto mitigatelargecirculating
currents whenthe UAVsarenotconnectedtotheports.
Thisadditionisnecessarybecauseallhalf-bridgeinverters
requirecontinuousoperationtomaintainvoltagebalanceinthe
DPPconverter.Consequently,squarewavesarecontinuously
suppliedtotheCPTmodules,evenintheabsenceofUAVS,
resultinginexcessivepowerlossthroughtheLCcompensation
networks.Thisissuecanbeaddressedbyturningthecut-off
switchesonwhenUAVsarepresent,andturningthemoff
whenUAVsarenotconnectedorfullycharged.Although
theLCcompensationnetworknecessitatescut-offswitches,
higher-ordercompensationnetworksmaysolvetheissueof
circulatingcurrentsbyexhibitinghighimpedanceatno-load
conditions.

III.CAPACITIVEWIRELESSPOWERTRANSFERFORUAVS

Fig.6(a)showsasingleCPTmodulewiththecapacitive
coupler,representedbytwoseries-connectedmutualcapacitors
Cm1 andCm2,andtwoparallelself-capacitorsCin1 and
Cin2.TwoexternalcapacitorsCex1andCex2areconnected
inparallelwithCin1andCin2toincreasetheequivalentself-
capacitanceandresonatewiththeseriesinductorsLpandLs
tocreatethehighvoltage.Fig.6(b)illustratesthedesignof
thecapacitivecoupler.Thetransmittersidehastwoterminals
T1andT2thataredesignedasthetwometallandingplatform
platescoveredwiththeinsulator.Thereceiversidehastwo
terminalsR1andR2integratedintotwolandinggearsofthe
UAV.

A.CharacteristicsoftheCPTSystem

Fig.7(a)showsasimplifiedCPTcircuitmodelmodified
fromFig.6(a).Themethodoffundamentalharmonicsapprox-
imation(FHA)isusedtoreplacetheinputsquarewavewitha
puresinusoidalwaveandtheoutputhalf-bridgerectifierwith
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Fig.6. (a)TheschematicofthedesignedCPTsystemwithahalf-bridge
inverter,half-bridgerectifier,capacitivecoupler,andadouble-sidedLC
compensator.(b)Capacitivecouplerdesignbasedonmetalplatesandthe
landinggearsoftheUAV.

anequivalentresistor,resultinginequivalentacoutputresis-
tanceRL=Rdc×2/π

2.Theequivalentacrmsinputvoltage
isVin1=Vin×

√
2/π.Theequivalentcouplingcapacitanceis

Cm=Cm1Cm2/(Cm1+Cm2).Theequivalentself-capacitance
onthetransmittersidecanbeexpressedasCp=Cex1+Cin1,
whiletheequivalentself-capacitanceonthereceiversideis
Cs=Cex2+Cin2.InUAVapplications,theweakcross-
couplingbetweenlandingplatformsandlandinggearsresults
inrelativelysmallerCin1andCin2comparedtoCex1and
Cex2.Hence,itisreasonabletoassumethatCp≈Cex1and
Cs≈ Cex2.VpandVsrepresentthevoltagesacrossself-
capacitanceCpandCs.Vm1andVm2representthevoltage
acrossthecouplingcapacitanceCm1andCm2.Iin1andIout1
representthecurrentsflowingintoandoutofthecompensation
network.Theyalsodenotethecurrentsflowingthroughcom-
pensationinductorsLpandLs.Fig.7(b)showsthebehavioral
circuitmodelwherethecapacitivecouplingisrepresentedby
twovoltage-controlledcurrentsources.Theself-capacitances
areexpressedasC1=Cp+Cm andC2=Cs+Cm,while
thecouplingcoefficientisdefinedaskc=Cm/

√
C1C2.If

thecompensationnetworkissymmetricallydesigned,theself-
resonantfrequencyisω0=1/ LpC1=1/

√
LsC2

+

-

+

-
Vin1

+

_
Vout1

+

_
Vp Vs

Lp LsCm1

Cp Cs
Iin1 Iout1

RL

I1 = jωCmVs

I2 = jωCmVp

+

-
Vp

+

-
Vs

Lp Ls

C1 C2
Iin1 Iout1

RL
Vout1

+

_

(a)

(b)

Vin1

+

_

+Vm2

Vm1

-

+ -

Cm2

.

Toanalyzetheoutputvoltageandcurrent,theKCLequa-

Fig.7. (a)Simplifiedcircuitmodelofthesystem.(b)Circuitbehavioral
modelofthesystem.

tionsareobtainedwiththeadmittancesofthecomponents[5]:






YLp·(Vin1−Vp)+Ym·Vs=Vp·YC1

YLs·(Vout1−Vs)+Ym·Vp=Vs·YC2

YLs·(Vs−Vout1)=Vout·YRL

(1)

whereYm,YLp,YLs,YC1,YC2andYRLdenotetheadmittance
ofCm,Lp,Ls,C1,C2andRL,respectively.

ThevoltagegainGv=Vout1/Vin1canbeexpressedas:

Gv=
YLpYLsYm

(Y1Y2−Ym
2)YRL+(Y1YC2−Ym

2)YLs
(2)

whereY1= YLp+YC1andY2= YLs+YC2. Whenthe
voltagegainisindependentoftheloadYRL,theoutputcan
beconstantvoltage(CV).Themagnitudeofthevoltagegain
andthefrequencyinCVmodeare:






|Gv|=
C1
C2

ωcv1=
1

√
1+kc

·ω0

ωcv2=
1

√
1−kc

·ω0

(3)

ThetransconductanceGi=Iout1/Vin1canbeexpressedas:

Gi=
YLpYLsYm

(Y1Y2−Ym
2)+(Y1YC2−Ym

2)YLsRL
. (4)

Whenthetransconductanceisindependentoftheload RL,
theoutputcanbeconstantcurrent(CC).Themagnitudeof
thetransconductanceandthefrequencyinCCmodeare:






|Gi|=
ωccCm(1−k

2
c)

k2c

ωcc=
1

1−k2c
·ω0

(5)
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TABLEI
PARAMETERDESIGN

Parameter Value Parameter Value

Vin 400V Vout 50V

fsw 1.5MHz kc 18.2%

Lp 5.0µH Ls 5.0µH

Cp 2250pF Cs 2250pF

Cm1 1000pF Cm2 1000pF

B.ParameterDesign

When aUAVlandsontheplatform,thelandinggears
andthelandingplatformareclosetoeachother,thusthe
systemcanachieveasignificantlygreatercouplingcapaci-
tancecomparedtootherCPTapplicationssuchasElectric
Vehicle(EV)wirelesscharging[5].Forasimilarresonant
frequencyandcouplingcoefficient,thisenhancedcoupling
capacitanceallowsforacompensationnetworkdesignwith
largercapacitanceinparallelandreducedinductanceinseries.
FortypicalCPTapplications,thecapacitanceisinthenFrange
andtheinductanceisintheµHrange.Thesizeandweight
ofthesystemaremostlyaffectedbytheinductor.Therefore,
reducingtheinductancecanhelptomitigatetheadditional
sizeandweightoftheUAV,thusmaintainingtheaerodynamic
performanceoftheUAV.
TheSC-based DPPconverternecessitatesaconsistent

switchingfrequencyacrossallhalf-bridgecircuits, making
individualfrequency modulationimpracticalforeachCPT
module.Thepotentialmisalignmentorforeignobjectsbe-
tweenthecapacitivecouplerscangreatlyimpactthecoupling
capacitance.Iftheselectedresonantfrequencyiscorrelatedto
thecouplingcapacitance,anydeviationofresonantfrequency
duetomisalignmentorforeignobjectsmaydecreaseoutput
powerandsystemefficiency.Toaddressthischallenge,the
idealswitchingfrequencyshouldbetheresonantfrequency
oftheLCcompensationnetwork,excludingthecoupling
capacitors.Thisfrequencycanbeexpressedas:

ωsw=
1

LpCp
=

1

Lp(C1−Cm)

=
1

1−CmC1

1

LpC1

=
1

√
1−kc

·ω0=ωcv2

(6)

Theselectedswitchingfrequencyisthesameasthehigher
resonantfrequencyωcv2fortheCVoperationalmode.The
switchingfrequencyisfixedacrossalloperatingconditions,
andthesystemoperatesinanopenloop.Additionalbattery
managementmodulesmayberequiredbetweentheDWPT
converterandthebatteriesofUAVstoregulatethecharging
power.
TokeeptheCPTsystemsymmetricandhaveaunity

gain,thecomponentvaluesofthecompensationnetworks
areselectedthesameforboththetransmittersideandthe
receiverside,whichyieldL1 = L2 andCp = Cs

(a)

(b)

(c)

fcv1 fcv2

fcc

fcv1

fcc
fcv2

.All

Fig.8.FrequencyandloadcharacteristicsofthedesignedCPTsystemwith
adouble-sidedLCcompensationnetwork.(a) Magnitudeofvoltagegain
Gv.TwotypesofCVmodefrequencyareshownhere.(b) Magnitudeof
transconductanceGi.OnetypeofCCmodefrequencyisshownhere.(c)
PhaseofGvandGiwith0°forfcv1,−90°forfccand−180°forfcv2.

thedesignedparametervaluesareshowninTableI.The
individualcapacitancebetweeneachplateandeachlanding
gearis1000pF,resultinginanequivalent500pFcoupling
capacitanceCm.Thecouplingcoefficientkc isdesigned
as18.2%,strikingabalancebetweenCPTefficiencyand
systemvolume.Fig.8showsthefrequencycharacteristics
ofthedesignedCPTsystemunderdifferentloadconditions.
Fig.8(a)displaysthemagnitudeofvoltagegainGvasa
functionoftheswitchingfrequency,showcasingtwotypes
ofCVmodefrequency:fcv1=ωcv1/2π=1.25MHzand
fcv2=ωcv2/2π=1.5MHz.Thelatterfrequency fcv2is
selectedastheswitchingfrequencyofthesystemtominimize
theimpactoffluctuatingcouplingcapacitance.Fig.8(b)
showsthemagnitudeoftransconductanceGi,featuringone
typeofCCmodefrequencyatfcc=ωcc/2π=1.38MHz.
Fig.8(c)showsthephaseangleofbothGvandGiwith0°
atfcv1,-90°atfcc,and-180°atfcv2.



(a) (b) (c)

(d) (e) (f)
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Fig.9. Effectsofmisalignmentonthecharacteristicsofthesystem:a)Voltageofthecompensationcapacitoronthetransmitterside;b)Voltageofthe
compensationcapacitoronthereceiverside;c)Voltagebetweentwocapacitivecouplers;d)Currentflowingthroughthecompensationinductoronthe
transmitterside;e)Currentflowingthroughthecompensationinductoronthereceiverside;f)Phaseanglebetweentheinputvoltageandcurrent.

C.AnalysisofMisalignmentTolerances

MisalignmentofcouplersinaCPTsystemcanleadtore-
ducedoutputpower,decreasedsystemefficiency,over-voltage
risks,andpotentialdevicefailure.Althoughtheoutputvoltage
islesssusceptibletothe misalignmentundertheselected
resonantfrequency,understandingtheimpactofmisalignment
iscrucialformaintainingthesafeandefficientoperationof
thesystem. Misalignmenttypicallyoccursintwoscenarios:
1)horizontalmisalignment,wheretheUAVdoesnotland
preciselyonthedesignatedspotofthelandingplatform,
reducingthecouplingarea;2)verticalmisalignment,caused
byforeignobjectsbetweenthelandingplatformandtheUAV’s
landinggear,increasingthedistancebetweenthecouplers.
Bothscenariosresultinacouplingcapacitancelowerthanthe
intendeddesignvalue.

Thevariationofcouplingcapacitanceleadstochangesin
thevoltagesandcurrentacrossthecompensationnetworks.
Theanalysisbelowisbasedonthedesignedparametersand
selectedswitchingfrequencyfcv2 =1.5MHz,wherethe
outputvoltageisnotaffectedbythecouplingcapacitanceand
theloadresistance.Fromtheequivalentcircuitmodelshown
inFig.7(b),thereceiversidecapacitorvoltageVscanbe
expressedintermsofVout1as:

Vs=Vout1(1+
1

YLsRL
) (7)

wherethevoltageisaffectedbytheloadresistanceandis
irrelevanttothecouplingcapacitance.
ThetransmittersidecapacitorvoltageVpcanbeexpressed
intermsofVout1as:

Vp=Vout1
YLs(Y2−YLp+Y2YRL)

YmYLs
(8)

wherethevoltageisaffectedbothbytheloadresistanceand
thecouplingcapacitance.
Forthesymmetricaldesign,thecouplers’airgapvoltages
Vm1=Vm2.TheycanbeexpressedintermsofVout1as:

Vm1=Vout1
YLs(Y2−YLp−Ym)+YRL(Y2−Ym)

2YmYLs
(9)

withtheswitchingfrequencyfcv2,Y2isequaltoYm andthe
equationcanbefurthersimplifiedas:

Vm1=Vm2=−Vout1
YLp
2Ym

(10)

wherethevoltageisaffectedbythecouplingcapacitanceand
isirrelevanttotheloadresistance.
ThetransmittersideinductorcurrentIin1,thereceiverside
inductorcurrentIout1,andtheinputphaseangleθincanbe
expressedas:






Iin1=(Vin1−Vp)·YLp

Iout1=Vout1·YRL

θin≠Vin1−̸Iin1

(11)
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Fig.9illustratestheimpactofvaryingcouplingcapacitance
Cm duetomisalignmentintheCPTsystem,usingthede-
signedparametersandswitchingfrequency.Fig.9(a)shows
thevoltageVpofthecompensationcapacitoronthetransmitter
side,whichincreasesascouplingcapacitancedecreasesand
loadpowerincreases.Fig.9(b)presentsthevoltageVsofthe
compensationcapacitoronthereceiverside,whichriseswith
increasingloadpowerbutremainsunaffectedbychangesin
couplingcapacitance.Fig.9(c)depictsthevoltageVm1/Vm2
betweenthecapacitivecouplerswhichincreasesascoupling
capacitancedecreasesbutisindependentofloadpower.Fig.9
(d)showsthecurrentIin1flowingthroughthecompensation
inductoronthetransmitterside,whichrisesasbothcoupling
capacitancedecreasesandloadpowerincreases.Fig.9(e)
presentsthecurrentIout1flowingthroughthecompensation
inductoronthereceiverside,whichincreaseswithloadpower
butisunaffectedbychangesincouplingcapacitance.Fig.9
(f)showstheinputphaseangleofthesystem,whichincreases
withbothreducedcouplingcapacitanceandhigherloadpower.
Fromthisanalysis,itisclearthatthemisalignmentpri-

marilyaffectsthetransmittersideandthecapacitivecou-
plers.Theincreasedairgapvoltagebetweenthecouplers
generatesastrongerelectricfielddistribution,necessitating
additionalsafetyprecautions.Thehighervoltageacrossthe
transmitterside’scompensationcapacitorresultsinincreased
voltagestressesonexternalcapacitors.Additionally,therisein
inductorcurrentonthetransmittersideincreasespowerlosses
inboththeinductorandswitches,whichcanultimatelylead
todevicefailure.Despitetheeffectsonthetransmitterside,
thereceiversideremainsunaffectedbymisalignment.This
isadvantageousforUAVapplications,asUAVsaresensitive
totheweightandsizeofreceivercomponents.Therefore,no
additionaldesignconsiderationsarenecessaryfortheUAV
sidetomitigatemisalignmentissues.

IV.ANALYSISANDDESIGNFORNO-LOADCONDITIONS

TheSC-basedDPPconverterrequiresthecontinuousop-
erationofallswitches.Thus,high-frequencysquarewaves
arealwaysfedintoalltheCPT modules. However,this
canpotentiallyleadtounintendedcirculatingcurrentsand
excessivepowerlosswhencertainmodulesarenotactively
supplyingpowertotheloads.Thesystemtypicallyencounters
twodistinctno-loadconditions:1)whenthelandingplatform
hasnoUAVpresent,causingtheabsenceofthereceiver
sideintheCPTmodule;2)whenaUAVissittingonthe
landingplatformbutisfullycharged,incapableofdrawing
anyadditionalpower.Bothoftheseconditionsneedtobe
effectivelyaddressedtoreducepowerlossandenhancethe
overallsystemefficiency.

A.No-LoadCondition1:UAVisnotpresent

(a)

(b)

(c)

Cm2

Vin

+

_
Vin

+

_

L1 L2

Cp Cs

Cm1

Vout

+

_
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+

_+

_

+

_

Cm2

Vin

+

_
Vin

+

_

L1 L2

Cp Cs

Cm1

Vout

+

_
Vout

+
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_
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_

Cm2
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_
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+

_
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Cp Cs

Cm1

Vout

+

_
Vout

+

_

IcirIcir

IcirIcir

+

_

+

_

Circulating Current

Cut-off Switch

Rdc

Rdc

Rdc

Fig.10(a)demonstrateswhatoccurswhennoUAVis
dockedonthechargingplatform,leadingtothedisconnection
oftheUAV’sreceiversidecircuit.Additionally,thecoupling
capacitorsarenotengagedduetotheabsenceofthecou-
plingbetweenthelandinggearandthelandingplatform.In
thisconfiguration,onlythetransmitterside’scompensation

|Zin| = 0ΩΩ 

|Zin| = 7.3ΩΩ 

Fig.10.(a)Equivalentcircuitmodelunderno-loadcondition1whenUAV
isnotpresent.(b)Equivalentcircuitmodelunderno-loadcondition2when
aUAVispresentbutnotactivelycharged.(c)ProposedCPTcircuitwitha
cut-offswitchtomitigatecirculatingcurrents.

Fig.11. Magnitudeofinputimpedanceandinputphaseanglewithdifferent
switchingfrequencyunderno-loadcondition1,no-loadcondition2and5Ω
outputACresistanceRL.

inductorL1andcapacitorCpremainconnectedinserieswith
theinput.Ifthecompensationnetworksaresymmetrically
designed,theresonantfrequencyωn1inthisconditionaligns
withtheselectedswitchingfrequency,calculatedinEqu.6.It
isexpressedas:

ωn1=ωsw=ωcv2 (12)
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Fig.12.TheprototypeofthemainpowerboardincludestheDPPconverterandthetransmittersideoftheCPTmodules:(a)topsideview;(b)bottomside
viewwithoutinductors;(c)bottomsideviewwithinductors.

Theresonantfrequencyofno-loadcondition1isthesameas
thehigherresonantfrequencyfortheCVoperationalmode.
TheinputimpedanceofaCPTmoduleisdefinedas:

Zin=
Vin1
Iin1

(13)

ThebluecurveinFig.11showstheinputimpedanceunder
no-loadcondition1.Notably,thezeroinputimpedanceand
shortcircuitoccurat1.5MHzswitchingfrequency,potentially
leadingtoasubstantialcirculatingcurrentthatcoulddamage
thecircuit.

B.No-LoadCondition2:UAVispresentbutnotcharging

Fig.10(b)depictsthecasewhenaUAVispositionedon
thechargingplatformbutisnotactivelycharged.Underthis
circumstance,theloaddoesnotdrawanycurrentfromthe
CPTmoduleandthecompensationinductorL2isdetached
fromthecircuit.However,acirculatingcurrentcontinuesto
flowthroughtheremainingcircuitcomponents.Theresonant
frequencyωn2forthisspecificconditioniscalculatedas:

ωn2=
1

Lp(Cp+Cm1//Cs//Cm2)

=
1

Lp(C1−Cm)+
(C2−Cm)Cm

C2

=
1

C1C2−Cm 2

C1C2

1

LpC1

=
1

1−kc
2
·ω0=ωcc

D1a

D1b

Co1
Cs1

Ls1
20 mm

30 mm

(a) (b)

(14)

Theresonantfrequencyofno-loadcondition2isthesameas
theresonantfrequencyfortheCCoperationalmode.
TheredcurveinFig.11showstheinputimpedanceunder

no-loadcondition2.Althoughtheshortcircuithazarddoesnot
appearhere,themagnitudeofinputimpedanceremainslowat
1.5MHzswitchingfrequency,resultinginexcesscirculating
currentsandlargepowerloss.Therefore,itisnecessaryto

Copper Foil

Polycarbonate Sheet

Insulation Tape

Fig.13. TheprototypeofthereceiverboardincludesaLCcompensation
networkandahalf-bridgerectifier:(a)topsideview;(b)aircoreinductor.

Fig.14. Prototypeofthecapacitivecouplerdesign.Thetransmitterplate
consistsofaPCBwithasinglecopperlayerservingastheconductorand
alayerofsoldermaskactingastheinsulator.Thereceiverplateisadapted
fromtheUAVlandinggearandfeaturesapolycarbonateframeencasedina
singlelayerofconductingcopperfoilforconductionandasinglelayerof
Kapton®tapeforinsulation.

implementstrategiestomitigatethesecirculatingcurrentsand
enhancesystemefficiencyacrossallconditions.

C.AdditionofCut-offSwitch

Thepresenceofthecirculatingcurrentinno-loadconditions
1and2leadstosignificantpowerlossandpotentialshortcir-
cuitrisks.Toaddressthisproblem,acut-offswitchisincluded
inthereturningpathofeachCPTmoduleasshowninFig.10
(c). Whenthebatteryneedstobechargedandpowerneeds
tobeextractedfromtheCPTsystem,thecut-offswitchesare
switchedon. Whennoloadcondition1or2occurs,thecut-
offswitchareswitchedoffandthetransmittersideexhibits
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Fig. 15. Examples of load configurations: (a) Port #1,#3,#5 and #7 are
connected with UAVs in an interleaved DPP operation; (b) Only Port #4 is
connected with UAV, while all other ports remain inactive.

high impedance at the switching frequency, preventing any

circulating currents and associated losses in the system. A

switch with low turn-on resistance and relatively small drain-

source capacitance is desirable for the cut-off switch.

V. EXPERIMENTAL VERIFICATION

A. Experimental Setup

An eight-port DWPT converter is designed and tested to

step down the voltage from 400 V to 50 V. The wireless

charger output voltage is also 50 V. The entire system is

a combination of three parts: a main power board, multiple

receiver boards, and arrays of capacitive couplers. The main

power board, shown in Fig. 12, contains eight series-stacked

half-bridge circuits which form the backbone of the DPP

converter. Each of these half-bridge circuits is linked to one

of the eight CPT modules by means of a cut-off switch, an

LC compensation network, and a DPP output capacitor. In

addition, there are seven switched capacitors, which together

with the series-stacked half-bridge circuits function as the SC-

DPP, facilitating voltage balancing. These half-bridge circuits

simultaneously function as the inverters for the CPT modules.

GaN Systems 100 V, 38 A (GS61004Bs) GaN switches are

utilized as the switching devices, operating at 1.5 MHz with

a fixed 50% duty ratio. All half-bridge circuits are controlled

by one pair of complementary pulse-width-modulation (PWM)

signals with 50% duty ratio and the system operates in an

open loop. An isolated power supply (ISE0505A) along with

Port #1

Port #7

Port #3

Port #5
Main Board

Receiver

Load

DC Source

Oscilloscope

Receiver

Load

Load

Receiver

Receiver

Load

Multimeters
Multimeters

Multimeters

Fig. 16. Experimental setup for four ports operation, including a main board
connected to landing platforms, four capacitive couplers built from landing
gears and platforms, four receiver boards on top of UAVs, four adjustable
resistors as loads, and a high-voltage DC power source.

an isolated half-bridge gate driver (2EDF7275K) is used in

the gate driver circuitry to drive the half-bridge switches

with series-stacked floating grounds. GaN Systems 100 V,

90 A (GS61008Ps) GaN switches are utilized as the cut-off

switches for all CPT modules, which are turned on when an

output port is loaded, and turned off at no load conditions to

prevent circulating currents. A Digital Isolator IL711 and a

low-side gate driver LM5114 are used to drive each of these

cut-off switches. The cut-off switch is placed to share the

same floating ground as the bottom switch in the half-bridge

circuit, reducing the complexity of the gate driver circuit. The

DPP output capacitors and the switched capacitors are both

132 µF. The component values of the compensation network

are selected the same as in Table I with a 2250 pF capacitance

and a 5 µH inductance on the transmitter side. Fig. 12 (a)

shows the top side view of the main board including the half-

bridge circuits, the switched capacitors and the transmitter side

capacitors. In Fig. 12 (b), the bottom side view of the main

board is presented which includes the cut-off switches and

the DPP output capacitors. The placement of the transmitter

side inductors on the bottom side of the main power board is

shown in Fig. 12 (c). Eight CPT modules are symmetrically

distributed around the center, with two on each side of the

rectangular board.

The receiver board, shown in Fig. 13 (a) holds the rectifier

diodes, output capacitors, receiver side capacitors and induc-

tors. Vishay VB20100S-E3 is utilized as the rectifier diode for

efficient rectification. The output capacitors are 132 µF. The

receiver side LC compensator has a 2250 pF capacitance and

a 5 µH inductance, which are the same as the transmitter side,

resulting in a symmetric CPT system. Fig. 13 (b) shows the
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Vrec1 (25V/div)
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ZVS

Fig. 17. Waveforms of Port #1,#2,#3 and #4 under 400 V input voltage,
scenario (2), 100 W total output power, and 1.5 MHz switching frequency:
(a) input voltages and current of Port #1 and Port #2; (b) input voltages and
current of Port #3 and Port #4; (c) input and output switched-node voltages
and currents of Port #1. Soft switching is achieved at all ports.

(a)

(b)

(c)

Vsw1 (25V/div)

ILp1 (5A/div)

ILp2 (5A/div)

Vsw2 (25V/div)

Vsw3 (25V/div)

ILp3 (5A/div)

ILp4 (5A/div)

Vsw4 (25V/div)

200 ns200 ns

Vsw1 (25V/div)

ILp1 (2A/div)

ILs1 (2A/div)

Vrec1 (25V/div)

200 ns200 ns

200 ns200 ns

Non-ZVS

Non-ZVS

Non-ZVS

Non-ZVS

Fig. 18. Waveforms of Port #1,#2,#3 and #4 under 400 V input voltage,
scenario (2), 400 W total output power, and 1.5 MHz switching frequency:
(a) input voltages and current of Port #1 and Port #2; (b) input voltages and
current of Port #3 and Port #4; (c) input and output switched-node voltages
and currents of Port #1. A few ports lost soft switching.
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Fig. 19. Waveform under 400 V input voltage, scenario (3), 25 W output
power, and 1.5 MHz switching frequency. The switched node voltage Vsw4

and input current ILp4 of Port #4 are shown. The voltage ripples of DPP
output capacitor VC4 and switched capacitor VCsw4 are also shown.

air core inductor, used for both the transmitter side and the

receiver side. The air core frame is 3D printed with an inner

diameter of 20 mm and a length of 30 mm, and is wrapped

by 23 turns of the AWG 46 Litz wire with #420 strands.

The design of the capacitive couplers is shown in Fig. 14.

The landing/charging platforms are realized with two printed

circuit boards (PCB). These two PCBs are put together to form

the capacitive plates connected to the transmitter side. They

contain a layer of copper, covered by a layer of solder mask

for electric isolation. The rectangular UAV landing gears are

made and utilized as capacitive plates for the receiver side.

Polycarbonate sheets are used for this purpose, to provide the

UAV with stiff but lightweight landing gears. These sheets are

then wrapped with a layer of copper foil for conduction and

an outer layer of Kapton ® tape for insulation. This design

procedure is demonstrated in the enlarged picture shown on

the right side of Fig. 14. The dimensions of each landing

gear are 450 mm × 40 mm, whereas each PCB plate is

500 mm × 150 mm. The larger size of the PCB plates provides

increased tolerance for misalignment of the landing gears. The

capacitance between each PCB platform and UAV landing

gear is approximately 800–1000 pF, yielding an equivalent

total coupling capacitance of 400–500 pF. When the UAV is

positioned on the charging platform, the minimal clearance

between the landing gear and the landing platform ensures

considerable coupling capacitance, thereby enhancing system

efficiency and reducing the voltage stress across the plates. The

proper operation of the power stage of DPP charging system

does not rely on identifying whether a single UAV or multiple

UAVs are being charged. In practical applications, wireless

communication between UAVs and the landing platforms can

be used to identify UAVs’ charging requirements and activate

the corresponding port.

Four different load configuration scenarios are tested:

• 1) interleaved four port operation: Four UAVs are charged

at Ports #1, #3, #5 and #7, with an interleaved placement. The

other ports are idle with no load, hence the cutoff switches

for these ports are turned off. This scenario of the load

configuration is shown in Fig, 15 (a).

• 2) series four port operation: Four UAVs are charged at

Ports #1, #2, #3 and #4, with a series placement. Other ports

are idle with no load, hence the cutoff switches for these ports

are turned off.

• 3) single port operation on Port #4: Only one UAV is

present at Port #4, which sits in the middle of the series-

stacked architecture. This scenario of the load configuration is

shown in Fig, 15 (b).

• 4) single port operation on Port #8: Only one UAV is

present at Port #8, which occupies the bottom of the series-

stacked architecture.

Comparison tests between scenarios (1) and (2) are impor-

tant to determine the optimal placement when multiple UAVs

are present and charged. Comparison tests between scenarios

(3) and (4) help to identify the optimal placement when a sin-

gle UAV is present and charged. The full load condition with

all eight ports active and driving maximum load is not tested

because there is no power imbalance between each module. In

this case, the series-stacked system achieves intrinsic voltage

balancing without the DPP function and operates like eight

independent CPT modules. Obtaining results for unbalanced

load configurations (1)-(4) is more attractive. The experimental

setup shown in Fig. 16 demonstrates the load configuration in

scenario (1) (interleaved operation of four ports). The central

hub of this setup is the main transmitter board, which hosts

four UAVs on each side of the board. The receiver board and

the adjustable resistive load are placed on top of the UAV,

imitating real-world operating conditions. Litz-wires are used

to interconnect all the boards, couplers, and loads. A single

DC voltage source supplies the DPP converter with the 400 V

high-voltage dc bus, resulting in a balanced 50 V on each DPP

output capacitor. This balance is essential for achieving 50 V

output voltage with unity gain on the UAV side, facilitated by

the utilization of the CV operation mode in the CPT module

and the design of the symmetrical compensation network. The

oscilloscope displays the voltage and current waveforms of the

CPT modules.

B. Experimental Results

Fig. 17 depicts the waveforms of the light load operation in

scenario (2) (series operation of four ports). Fig. 17 (a) and

(b) show the input voltages and currents of the CPT modules

for Port #1, #2, #3 and #4. This configuration operates with a

400 V system input voltage, and the high levels of switched

node voltages Vsw1−Vsw4 are at 50 V, representing the voltage

balancing achieved by the DPP converter. All four ports are

loaded with resistors set to identical values. Each port delivers

an output power of approximately 25 W, resulting in a total

output power of 100 W. This power balancing demonstrates

the effectiveness of the compensation network design, as it

enhances the tolerance of the system to variations in the

coupling capacitance. Fig. 17 (c) shows the input and output

switched-node voltages and currents of Port #1. The lagging of

the input current to the input voltage helps the system achieve

zero voltage switching (ZVS) and high efficiency.
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Fig.20. Measuredsystemefficiencyunderdifferentloadconfigurations:(a)
efficiencycomparisonbetweentwoscenarioswithinterleavedandseriesfour
portoperation;(b)efficiencycomparisonbetweentwosingleportoperations
withPort#4andPort#8activelyconnected;(c)efficiencycomparison
betweentheinterleavedfourportoperationandasingle-stageCPT.

Fig.18showsthewaveformsofthefullloadoperationin
scenario(2)(seriesoperationoffourports).Eachportdelivers
approximately100W,resultingin400Wtotaloutputpower.
Fig.18(a)and(b)showtheinputvoltagesandcurrentsfor
Port#1,#2,#3and#4atahigherpowerlevel.400Vbus
voltageissetasthesysteminput,andthehighlevelsofthe
switchednodevoltagesVsw1−Vsw4

(a)

Lmisalignment

Ltotal

              

(b)

(c)

85% Eff.

55 W

200 pF

arestillkeptat50V,
illustratingtheeffectivevoltagebalancingmechanismofthe
DPPconverterforwideoperatingconditions.Fig.18(c)shows
theinputandoutputswitched-nodevoltagesandcurrents
ofPort#1.Underthefullloadcondition,thetransmitter
sidelosesZVSunderthefullloadoperationbecausethe
inputcurrentleadstheinputvoltage.Furtheranalysiscanbe

Fig.21.UAVmisalignmenttestforasingle-stageCPT:(a)setupshowingthe
definitionofthemisalignmentpercentage;(b)equivalentcouplingcapacitance
versusthemisalignment;(c)outputpowerandCPTefficiencyversusthe
misalignment.

conductedtocalculatethecurrentthrougheachswitchunder
variousloadconfigurations.Withanaccuratecircuitmodeling
[23],[24],theparameterscanbeoptimizedtoensureZVS
acrossawiderangeofoperatingconditionsandminimize
charge-sharinglossesbetweenswitchedcapacitors,atthecost
ofincreasedcirculatingcurrentandconductionlosses

Fig.19showsthewaveformsoflightloadoperationin
scenario(3)(singleportoperationonport#4).Theswitched
nodevoltageVsw4andinputcurrentILp4areconsistentwith
thoseinscenario(2),validatingtheindependentoperationof
eachport.Thepeak-to-peakvoltageripplesoftheDPPoutput
capacitorVC4andswitchedcapacitorVCsw4arewithin0.5V.

Fig.20showstheefficiency mapsunderdifferentload
operations.Fig.20(a)depictstheoverallsystemefficiency
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for scenarios (1) and (2). The efficiency of the interleaved

configuration is 92.7% at 100 W output power and 82.8% at

390 W output power. The efficiency of the series configuration

is 92.3% at 100 W output power and 81.7% at 390 W output

power. The light load efficiency is similar for both cases while

the efficiency is better for the interleaved configuration at

heavier loads. Therefore, the interleaved configuration is more

desirable for the operation of the DPP converter. Fig. 20 (b)

shows the overall system efficiency for scenarios (3) and (4).

The peak efficiency of the Port #4 connection is 76.3% at

57 W output power and the full load efficiency is 66.3% at

100 W. The peak efficiency of the Port #8 connection is 75.7%

at 47 W output power and the full load efficiency is 64.4% at

100 W. The light load efficiency is also similar for both cases

while the efficiency is higher for Port #4 connection at heavier

loads since the DPP converter has lower loss when the load

is connected in the middle of the series-stacked architecture

instead of on the top or the bottom side. The efficiency of

single port operation is much lower than that of four port

operation, primarily due to higher hard switching loss and

charge sharing loss. In four ports operation, the inductors in the

compensation networks help more switched capacitors have

soft charging and more switches have soft switching, which

contributes to the overall efficiency improvement. Therefore,

the proposed DWPT architecture is more attractive when

multiple UAVs are being charged simultaneously. Fig. 20

(c) demonstrates the efficiency comparison between the in-

terleaved four-port operation and a single-stage WPT. This

single-stage WPT module consists solely of one CPT module,

which operates with a 50 V input voltage and does not involve

the DPP operation. The CPT module exhibits a peak efficiency

of 93.6% at 31 W and maintains a full load efficiency of

85.5% at 92 W. The efficiency of the CPT module closely

aligns with that of the four-port configuration, illustrating the

minimal power loss and high efficiency of the DPP converter

in stepping down a high input voltage of 400 V to multiple

outputs of 50 V as CPT input voltages.

Fig. 21 (a) illustrates the misalignment test for a single-stage

CPT module. The total length of the UAV landing gear is de-

noted as Ltotal while the length of the landing gear extending

beyond the landing platform is represented as Lmisalignment.

This setup simulates the scenario where the landed UAV

does not align perfectly with the landing platform. The mis-

alignment percentage is defined as the ratio of Lmisalignment

and Ltotal. Fig. 21 (b) demonstrates the relationship between

the misalignment percentage and the equivalent coupling ca-

pacitance Cm. As misalignment increases, the capacitance

decreases linearly, consistent with the theoretical equations for

parallel plate capacitors. Fig. 21 (c) shows the output power

and efficiency of the CPT module with a 35Ω load resistor.

The output power remains stable at approximately 55 W,

regardless of the misalignment, validating the effectiveness of

the designed CV operational mode in maintaining consistent

output power. The efficiency gradually decreases from 91% to

85% as misalignment increases from 0 to 60%. The system

can maintain relatively high CPT efficiency over a wide range

of misalignments. However, beyond 60% misalignment, the

efficiency significantly drops due to the decreased equivalent

coupling capacitance and greatly increased conduction loss.

VI. CONCLUSIONS

This paper presents the theoretical principles, design meth-

ods, and hardware implementation of a capacitive differential

wireless power transfer architecture designed for a multi-UAV

charging station. The DPP converter and the CPT modules

are merged to reduce the component count and increase

system efficiency. The capacitive coupler employs the landing

platform and the UAV landing gears to achieve large cou-

pling capacitance. The compensation network and the system

resonant frequency are thoroughly analyzed and designed

for a high misalignment tolerance and high efficiency. The

practical concerns under no-load conditions are identified and

addressed. An eight-port DPP converter is built and tested

to drive multiple WPT ports with inherent voltage step-

down. The high system efficiency for the proposed DWPT

architecture is validated through the experiments for multi-

UAV charging from a high input voltage.

REFERENCES

[1] M. Liao, T. Sen, Y. Elasser, H. Al Hassan, A. Pigney, E. Knapp,
and M. Chen, “Drone charging stations on telecom towers with series-
stacked capacitive differential wireless power transfer,” Proc. IEEE Appl.

Power Electron. Conf. Expo., vol. 2, pp. 100–108, vol.2, 2024.

[2] J. M. Arteaga, S. Aldhaher, G. Kkelis, C. Kwan, D. C. Yates, and P. D.
Mitcheson, “Dynamic capabilities of multi-mhz inductive power transfer
systems demonstrated with batteryless drones,” IEEE Transactions on

Power Electronics, vol. 34, no. 6, pp. 5093–5104, 2019.

[3] P. K. Chittoor, B. Chokkalingam, and L. Mihet-Popa, “A review on UAV
wireless charging: Fundamentals, applications, charging techniques and
standards,” IEEE Access, vol. 9, pp. 69 235–69 266, 2021.

[4] C. Cai, X. Liu, S. Wu, X. Chen, W. Chai, and S. Yang, “A misalignment
tolerance and lightweight wireless charging system via reconfigurable
capacitive coupling for unmanned aerial vehicle applications,” IEEE

Transactions on Power Electronics, vol. 38, no. 1, pp. 22–26, January
2023.

[5] F. Lu, H. Zhang, H. Hofmann, and C. C. Mi, “A double-sided LC-
compensation circuit for loosely coupled capacitive power transfer,”
IEEE Transactions on Power Electronics, vol. 33, no. 2, pp. 1633–1643,
2018.

[6] S. Sinha, A. Kumar, B. Regensburger, and K. K. Afridi, “Design of
high-efficiency matching networks for capacitive wireless power transfer
systems,” IEEE Journal of Emerging and Selected Topics in Power

Electronics, vol. 10, no. 1, pp. 104–127, 2022.

[7] F. Lu, H. Zhang, H. Hofmann, and C. C. Mi, “An inductive and
capacitive combined wireless power transfer system with lc-compensated
topology,” IEEE Transactions on Power Electronics, vol. 31, no. 12, pp.
8471–8482, 2016.

[8] Y. Zeng, C. Lu, R. Liu, X. He, C. Rong, and M. Liu, “Wireless power
and data transfer system using multidirectional magnetic coupler for
swarm auvs,” IEEE Transactions on Power Electronics, vol. 38, no. 2,
pp. 1440–1444, 2023.

[9] Z. Yan, K. Zhang, L. Qiao, Y. Hu, and B. Song, “A multiload wireless
power transfer system with concentrated magnetic field for auv cluster
system,” IEEE Transactions on Industry Applications, vol. 58, no. 1, pp.
1307–1314, 2022.

[10] L. Tan, R. Zhong, Z. Tang, T. Huang, X. Huang, T. Meng, X. Zhai,
C. Wang, Y. Xu, and Q. Yang, “Power stability optimization design
of three-dimensional wireless power transmission system in multi-load
application scenarios,” IEEE Access, vol. 8, pp. 91 843–91 854, 2020.

[11] P. S. Shenoy and P. T. Krein, “Differential power processing for dc
systems,” IEEE Transactions on Power Electronics, vol. 28, no. 4, pp.
1795–1806, 2013.

[12] R. C. N. Pilawa-Podgurski and D. J. Perreault, “Submodule integrated
distributed maximum power point tracking for solar photovoltaic appli-
cations,” IEEE Transactions on Power Electronics, vol. 28, no. 6, pp.
2957–2967, 2013.



IEEE TRANSACTIONS ON POWER ELECTRONICS: REGULAR PAPER 15

[13] P. Wang, Y. Chen, J. Yuan, R. C. N. Pilawa-Podgurski, and M. Chen,
“Differential power processing for ultra-efficient data storage,” IEEE

Transactions on Power Electronics, vol. 36, no. 4, pp. 4269–4286, 2021.
[14] J. T. Stauth, M. D. Seeman, and K. Kesarwani, “Resonant switched-

capacitor converters for sub-module distributed photovoltaic power
management,” IEEE Transactions on Power Electronics, vol. 28, no. 3,
pp. 1189–1198, 2013.

[15] K. A. Kim, P. S. Shenoy, and P. T. Krein, “Converter rating analysis for
photovoltaic differential power processing systems,” IEEE Transactions

on Power Electronics, vol. 30, no. 4, pp. 1987–1997, 2015.
[16] A. H. Chang, A.-T. Avestruz, and S. B. Leeb, “Capacitor-less photo-

voltaic (pv) cell-level power balancing using diffusion charge redis-
tribution,” in 2014 IEEE Applied Power Electronics Conference and

Exposition - APEC 2014, 2014, pp. 712–720.
[17] M. Liu, Y. Chen, Y. Elasser, and M. Chen, “Dual frequency hierarchical

modular multilayer battery balancer architecture,” IEEE Transactions on

Power Electronics, vol. 36, no. 3, pp. 3099–3110, 2021.
[18] A. M. Imtiaz and F. H. Khan, ““time shared flyback converter” based

regenerative cell balancing technique for series connected li-ion battery
strings,” IEEE Transactions on Power Electronics, vol. 28, no. 12, pp.
5960–5975, 2013.

[19] M. Evzelman, M. M. Ur Rehman, K. Hathaway, R. Zane, D. Costinett,
and D. Maksimovic, “Active balancing system for electric vehicles with
incorporated low-voltage bus,” IEEE Transactions on Power Electronics,
vol. 31, no. 11, pp. 7887–7895, 2016.

[20] P. Wang, R. C. N. Pilawa-Podgurski, P. T. Krein, and M. Chen,
“Stochastic power loss analysis of differential power processing,” IEEE

Transactions on Power Electronics, vol. 37, no. 1, pp. 81–99, 2022.
[21] C. Pascual and P. Krein, “Switched capacitor system for automatic

series battery equalization,” in Proceedings of APEC 97 - Applied Power

Electronics Conference, vol. 2, 1997, pp. 848–854 vol.2.
[22] M. Liao, H. Li, P. Wang, T. Sen, Y. Chen, and M. Chen, “Machine

learning methods for feedforward power flow control of multi-active-
bridge converters,” IEEE Transactions on Power Electronics, vol. 38,
no. 2, pp. 1692–1707, 2023.

[23] M. Chen, K. K. Afridi, S. Chakraborty, and D. J. Perreault, “Multitrack
power conversion architecture,” IEEE Transactions on Power Electron-

ics, vol. 32, no. 1, pp. 325–340, 2017.
[24] M. Chen, S. Chakraborty, and D. J. Perreault, “Multitrack power

factor correction architecture,” IEEE Transactions on Power Electronics,
vol. 34, no. 3, pp. 2454–2466, 2019.

[25] F. Lu, H. Zhang, H. Hofmann, and C. Mi, “A double-sided lclc-
compensated capacitive power transfer system for electric vehicle charg-
ing,” IEEE Transactions on Power Electronics, vol. 30, no. 11, pp. 6011–
6014, 2015.

Mian Liao (Student Member, IEEE) received the
B.S. degree in electrical engineering from Virginia
Tech, VA, USA, in 2020, and the M.A. degree
in electrical engineering in 2022 from Princeton
University, NJ, USA, where he is currently working
toward the Ph.D. degree. His research interests in-
clude machine learning control in power electronics,
point-of-load converters for data center applications,
wireless power transfer for UAV applications, and
grid-tied three-phase inverters. Mr. Liao was the re-
cipient of Fralin Undergraduate Research Fellowship

(2019) while at Virginia Tech, New Jersey Economic Development Authority
Wind Institute Fellowship (2023) while at Princeton University, Rao R.
Tummala Best Paper Award and First Prize Presentation Award at 3D-PEIM
(2023), and the Best Presentation Award in the 2024 IEEE APEC.

Tanuj Sen (Student Member, IEEE) received the
bachelor’s degree in Electrical and Electronics En-
gineering from Birla Institute of Technology and
Science, Pilani, India in 2015 and his Master of
Sciences degree in Electrical Engineering and In-
formation Technology from ETH Zurich, Zurich,
Switzerland in 2019, respectively. He received his
M.A. degree in Electrical and Computer Engineering
from Princeton University, NJ, USA in 2022. He is
currently pursuing his Ph.D. degree in Electrical and
Computer Engineering at Princeton University. His

research interests include the design of high-power density, high-frequency
resonant power electronic inverters for powering plasma heating coils in fusion
reactors, as well as the design and analysis of coupled inductors and their
application in high-frequency power electronic circuits.

Youssef Elasser (Member, IEEE) received the B.S.
degree in electrical engineering and computer sci-
ence with a concentration in electric power from
Rensselaer Polytechnic Institute, Troy, NY, USA, in
2018, and the M.A. and Ph.D. degrees in electrical
engineering from Princeton University, Princeton,
NJ, USA in 2020 and 2024, respectively. Since
2024, he has been with the Circuits Research Group,
NVIDIA, Durham, NC, USA. His research inter-
ests include dc-dc power conversion, microprocessor
voltage regulation and power delivery, and power

magnetics design and optimization. Dr. Elasser was the recipient of the
Grainger Scholars Award for distinguished undergraduates studying electric
power while at Rensselaer Polytechnic Institute (2018), two IEEE Transactions
on Power Electronics Prize Paper Awards (2020, 2022), the first place award
for IEEE Energy Conversion Congress and Exposition Student Demonstration
(2021), and the prestigious National Science Foundation Graduate Research
Fellowship while at Princeton University.

Hashim A. Al Hassan (Member, IEEE) is currently
the Director of Power Systems Analysis at Utili-
tyInnovation Group where he leads power system
modelling, analysis, system studies , and R&D for
data centers and utility-scale microgrid systems.
With over thirteen years of experience in the electric
power industry, his roles spanned R&D, applications
engineering, and product management. Specializing
in power system modelling and solutions devel-
opment, Dr. Al Hassan has developed numerous
models for system analysis, informing innovative

solutions and product development in microgrids, medium voltage primary
distribution systems, and transmission systems. He has authored or co-
authored many peer-reviewed technical papers, and was awarded one patent.
Dr. Al Hassan served as a reviewer for multiple IEEE journals and confer-
ences. He held leadership roles in IEEE, including Topic Chair for the IEEE
ECCE 2020 conference and Chair for the IEEE Power Electronics Society’s
Pittsburgh Chapter from 2021 to 2022. Dr. Al Hassan earned his B.S., M.S.,
and Ph.D. degrees in electrical engineering from the University of Pittsburgh
in 2010, 2014, and 2018, respectively.



IEEE TRANSACTIONS ON POWER ELECTRONICS: REGULAR PAPER 16

Andrew Pigney (Member, IEEE) is currently em-
ployed 15 years as Technology Principal at Amer-
ican Tower Corporation. Over 42 years of expe-
rience with the Wireless Communications Industry
including Ericsson, Verizon and AT&T performing
RF engineering, design and deployment for macro,
small cell, DAS to C-RAN, vRAN and oRAN.
Also skilled in RF antenna design and development,
wireless infrastructure product engineering design
and innovation for 4G, 5G and 6G technologies.
U.S. Air Force (8 years) Electronic Warfare ECM,

COMINT surveillance on a variety of airborne platforms. University of the
Air Force Avionics/ECM Systems Engineering Degree. Honorable Discharge
from USAF in 1990.

Ed Knapp (Senior Member, IEEE) is American
Tower’s Chief Technology Officer. He is responsible
for leading the company’s global innovation pro-
gram, technology investments and strategy for the
wireless and data center platforms. Prior to joining
American Tower in 2017, Mr. Knapp served as
Senior Vice President of Engineering at Qualcomm.
His research interests focused on 5G mmWave, small
cells, CV2X and device to device communications.
He joined Qualcomm after its acquisition of Flarion
Technologies where his research and development

efforts served to enable OFDMA for 4G. Prior to that he served as the Chief
Technology Officer of PacketVideo Corporation where he worked on the initial
MPEG streaming services over cellular networks. He co-founded NextWave
Telecom, Inc. in 1995 and served as its Chief Technology Officer, and was
Executive Director of Technical Services for Bell Atlantic/NYNEX Mobile
(Verizon Wireless).

Mr. Knapp serves on the Board of Directors of AST SpaceMobile and
the Center for Automotive Research. He is a member of the CEAS Dean’s
Advisory Council at Stony Brook University as well as the Rutgers University
Industry Advisory Board. Mr. Knapp currently has five granted U.S. patents
and one pending application. He earned an M.B.A. from Columbia University,
a Master of Science in Electrical Engineering from Polytechnic University
(NYU) in New York and a Bachelor of Science in Engineering from Stony
Brook University.

Minjie Chen (Senior Member, IEEE) received the
S.M., E.E., and Ph.D. degrees in electrical engi-
neering and computer science from Massachusetts
Institute of Technology, Cambridge, MA, USA, in
2015 and the B.S. degree in electrical engineer-
ing from Tsinghua University, Beijing, China, in
2009. He is an Associate Professor of Electrical and
Computer Engineering and the Andlinger Center for
Energy and the Environment at Princeton University.
His research interests include modeling, design, and
application of high-performance power electronics.

Dr. Chen is the recipient of the IEEE PELS Richard M. Bass Outstanding
Young Power Electronics Engineer Award, the Princeton SEAS E. Lawrence
Keyes, Jr./Emerson Electric Co. Junior Faculty Award, the NSF CAREER
Award, seven IEEE Transactions on Power Electronics Prize Paper Awards,
the C3.ai Faculty Award, the Princeton Innovation Award, the ASAE Power
of Associations Silver Award, the MIT EECS D. N. Chorafas Ph.D. Thesis
Award, and numerous conference Best Paper Awards from COMPEL, ICRA,
IROS, ECCE, APEC, 3D-PEIM, and OCP. He was listed on the Princeton
Engineering Commendation List for Outstanding Teaching multiple times.
He is an Associate Editor of the IEEE Transactions on Power Electronics and
the IEEE Journal of Emerging and Selected Topics in Power Electronics. He
is an IEEE PELS Distinguished Lecturer, the vice chair of IEEE PELS TC10-
Design Methodologies, and has launched the IEEE PELS MagNet Challenge.


