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ABSTRACT

BACKGROUND: Today, automotive research organizations worldwide are actively developing wireless power transfer systems
for electric vehicles. The key advantage of such systems is their ability to resupply power on board the moving vehicle without
using a contact slider.

AIM: This study aims to increase the energy efficiency of electric vehicles by using a hybrid wireless power transfer system.
MATERIALS AND METHODS: The study used a mathematical model of urban driving cycle as provided by UNECE Regulation
No. 83.

RESULTS: We developed a structural diagram of a hybrid wireless power transfer system and determined its operational
algorithm for the urban driving cycle. The author reviewed and analyzed the relative contemporary research and development
and various wireless power transfer systems for electric vehicles. The target of this study is a magnetic coupling resonant
wireless power transfer system with one primary coil for power transfer and a battery of supercapacitors for accumulation.
CONCLUSION: Automotive companies and research institutes may use the proposed traction voltage system and its operational
algorithm to design urban passenger vehicles.

Keywords: electric vehicle; traction voltage system; capacitive storage; wireless power transfer system.

To cite this article:
Klimov EM, Fironov AM, Maleev RA, Zuev SM. Developing a Hybrid Wireless Power Transfer System for Electric Vehicles. lzvestiya MGTU «MAMI».
2025;19(1):401-409. DOI: 10.17816/2074-0530-629143 EDN: WULWVI

Submitted: 13.06.2024 Accepted: 26.07.2025 Published online: 26.07.2025
I The article can be used under the CC BY-NC-ND 4.0 International license moscow
A © Eco-Vector, 2025 polytech

ECOeVECTOR


https://doi.org/10.17816/2074-0530-629143
https://doi.org/10.17816/2074-0530-629143
https://elibrary.ru/wulwvi
https://elibrary.ru/wulwvi
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://crossmark.crossref.org/dialog/?doi=10.17816/2074-0530-629143&domain=PDF&date_stamp=2025-07-26

402

TPAHCTIOPTHBIE 11 TPAHCTIOPTHO-
TEXHOMNOMMHECKYIE KOMITTTEKCHI Tom 19,Ne 1, 2025 VisBecTa MITY «MAMM»

OpurvHansHoe mccneaoBaHme

DOI: https://doi.org/10.17816/2074-0530-629143 EDN: WULWVI

Pa3paboTka éMKOCTHO-MHAYKTUBHOU CUCTEMbI
3/1IeKTPOCHabXXeHua 3neKTpoMobuns

E.M. Knumos', M.A. ®upoos’, P.A. Manees', C.M. 3yes??

! MOCKOBCKMIA MosiuTeXHU4ECKUi yHUBEpCuTeT, Mockea, Poceus;
2 MUP3A — Poccuiickuit TexHoNOryeckui yuueepcuTet, Mocksa, Poceus;
3 LleHTpasbHbIit Hay4HO-MCCNEA0BATENLCKMA aBTOMOBUIILHBIA M aBTOMOTOPHBIA MHCTUTYT «HAMW», MockBa, Poccus

AHHOTALMUA

O6ocHoBaHMe. B HacTosiLee BpeMs aBTOMOOMIbHbIE HAY4YHO-MUCCNeL0BaATENbCKUE OpraHM3aLmu No BCeMy MUPY BefyT aK-
TUBHble pa3paboTku B 065acT¥ BECKOHTAKTHOro 3neKTpocHabxeHus anekTpomobunen. OCHOBHBIM MPEUMYLLECTBOM TaKUX
CUCTEM SIBNISIETCA BO3MOXHOCTb MOMOJHEHMS 3aMacoB 3Heprv Ha bopTy TpaHCMOPTHOro CpeACcTBa B MPOLIECCE ero ABUKEHUS
6e3 UCnoMb30BaHMS CKOMb3ALLETO KOHTAKTA.

Lienb paboTbl — noBbILLEHWE IHEPro3HEKTUBHOCTU 3NEKTPOMODBUNA NYTEM NPUMEHEHUS| EMKOCTHO-UHAYKTUBHOM CUCTEMBI
3NeKTpOCHabKeHuA.

Matepuansl u MeToapl. [py npoBeaeHUM uccnefoBaHuiA bbina Ucmonb3oBaHa MaTeMaTUyecKas Mofeslb FOPOACKOr0 LMKIA
ABWKeHusa cornacHo lMpasunam N 83 E3K OOH.

PesynbTatbl. PaspaboTaHa CTPYKTypHas cxeMa EMKOCTHO-UHAYKTMBHOW CUCTEMbI 3NIEKTPOCHAbXKEHUS, U ONpeaeneH anro-
puTM eé paboTbl B ropoAckoM Lmkne. lpoBefeHbl 0630p U aHanu3 COBPEMEHHBIX HayYHO-WUCCNEA0BATENbCKUX U OMbITHO-
KOHCTPYKTOPCKUX pa3paboToK no TeMe paboThl, @ TaKKe Pa3MuHbIX CUCTEM HECKOHTAKTHOrO 3NIEKTPOCHabXeHUs 3neKTpo-
Mobuneit. B kauecTBe 06beKTa uccneaoBaHus BolbpaHa pe3oHaHCHas cucTeMa HeCKOHTAKTHOMO 31EKTPOCHabKEHMSA C 0LHOM
nepBuyYHOI 06MOTKOM Kak cnocob nepegaun aHeprim 1 6atapes MOHUCTOPOB KaK Crocob HaKoMIeHus.

3akntouenue. MpeanoxeHHas cucTeMa TAFOBOrO 3M1eKTPO0OOPYA0BaHUA M anropuTM eé paboTbl MOryT BbITb MCMO/b30BaHbI
aBTOMOOUNBHBIMY NpeanpusaTuaMn u HAW ons KOHCTpYMpoBaHMA FOPOACKMX NAcCaXKMPCKUX TPAHCMOPTHBIX CPEACTB.

KnioueBble cnoBa: 3J'IeKTp0M06VIJ'Ib; CUCTeMa TArosoro 3ﬂeKTp0060py,El0BaHVIﬂ; €MKOCTHBIN HaKoMUTeNb JHepruu; DeckoH-
TaKTHoe 3ﬂeKTp0CHaﬁ)K9HVIe.
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TPAHCTIOPTHBIE 11 TPAHCTIOPTHO-
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INTRODUCTION

Analysis of storages for contemporary electric vehicles
has identified the main disadvantages of batteries,
including low energy density, power, and performance
with increased current and low ambient temperature [1].
As a result, the electric vehicle has a range several
times less than that of a similar wheeled vehicle with
an internal combustion engine. In addition, the charging
time of a traction battery is several hours, while it takes
about a minute to fill the fuel tank of a passenger car.
In the premises, the problem of developing an alternative
traction voltage system is highly relevant.

A system of wireless power transfer to an electric
vehicle could be a promising solution. Table 1 summarizes
research and development related to wireless power
transfer systems for electric vehicles [2-11].

MAGNETIC COUPLING RESONANT
WIRELESS POWER TRANSFER SYSTEM
WITH ONE PRIMARY COIL

Fig. 1 shows the circuit of an electric vehicle's wireless
power transfer system with one primary coil [1].

To compensate for reactive power, capacitors C,, and
C, and inductors L are used in the circuit. The primary
coil L, is installed under the road surface and has
inductive coupling with the secondary coil L, installed
in the electric vehicle. The voltage to the primary winding
is applied from the power source U1. The output voltage is
converted by a single-phase full-wave rectifier to charge
the traction battery.

The highest system efficiency is achieved by
transferring power at the resonant frequency:

1 1
\/Llsclp B \/LZSCZp

Inductivity of compensating coils are determined based
on the inductivity of primary and secondary coils [12]:

(1)

W, =

L,=oL; L, =a,L,, 2)
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where a is the design factor randomly selected in the
range 0<a<l.
Capacity of series capacitors:

1 1

1s = 2 ’ 2s = 2 . (3)
o, L,(1-a,) o,L,(1-a,)
The inverter output voltage characteristic:
242 . (D
U = U, pcsin ' (&)
2
where D is the filling factor of the inverter.
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Fig. 1. Circuit diagram of an electric vehicle's wireless power transfer
system with one primary coil.

Puc. 1. 3nektpuyeckas cxema cucTeMbl HECKOHTAKTHOrO 3neKTpocHabxe-
HWA 3NeKTPOMObMNA ¢ OAHON NepBUYHOI 0BMOTKON.

Table 1. Some developments of wireless power transfer systems for electric vehicles

Tabn. 1. HekoTopble pa3paboTku B 0611aCTM GECKOHTAKTHOIO 31eKTPOCHabKeHMs aneKTpoMobuneit

R&D Country Year Vehicle type Power, kW Efficiency, % | Frequency, Hz
Bombardier PRIMOVE Canada 2018 Tram, electric bus 200 85 20
KAIST OLEV 4G Republic of Korea 2015 Electric bus 100 80 20
Qualcomm FABRIC USA 2017 Electric vehicle 20 85 85
ORNL USA 2022 Tractor, electric bus, electric vehicle 200 85 85
Electreon Israel 2023 Tractor, electric bus, electric vehicle 70 85 85
Toyota Japan 2020 Electric bus, electric vehicle 10 85 85
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The applicable rectifier input voltage is determined
by formula (5):
12

U, = TUZ,DC =0,9U, pc - ©)
Primary and secondary currents:
U U
1, =— 1 v L T 2 . (6)
Jo,0L Jo,0,L,
Inverter output current:
MU
h=—l_ )
(’Od(X‘ILI(X‘ZLZ
Rectifier output current:
MU
[ =—2—. ®)
o,o0L0,L,
Thus, the transferred power can be calculated as:
MUU
f’z — #_ )
o,o,Lo,L,

The main advantages of single primary coil systems
are ease of control and high specific primary power.
The disadvantages include low specific secondary
power.

Fig. 2 shows the circuit of an electric vehicle's
magnetic coupling resonant wireless power transfer
system with multiple primary coils [1].
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MAGNETIC COUPLING RESONANT
WIRELESS POWER TRANSFER SYSTEMS
WITH MULTIPLE PRIMARY COILS

In this system, inverters and compensators are connected
in parallel, allowing to implement a system with multiple
primary coils. Voltage is separately supplied to each coil.
In all other respects, the design and the operating principle
are similar to the system discussed above.

The output power:

])2 - Zn:l;3;5..

MnZUnU2 ) (10)
‘oo, Lo, L,

Analyzing (10), we may conclude that the transferred
power is determined as the modulus of the sum of powers
of primary coils. Thus, turning on any primary coil does
not necessarily lead to increased power in the secondary
one as the magnetic induction vector may be directed
against the main flux. In this case, the inverter controlling
the negatively coupled coil must be switched off.

Fig. 3 shows the temporal variation curves of system
efficiency [12]. The characteristic indicates that the system
efficiency is very high (about 92%).

The main advantage of the system is its high efficiency.
Disadvantages include a complex control system and low
specific primary power.

ELECTRIC COUPLING WIRELESS POWER
TRANSFER SYSTEM

The above-mentioned vehicle power transfer systems
include the air-core transformer. Thus, their operation is
based on Faraday’s law of induction:
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X

Fig. 2. Circuit diagram of an electric vehicle’s magnetic coupling resonant power transfer system with multiple coils.
Puc. 2. 3neKTpuyeckas cxeMa pe3oHaHCHON CUCTEMbI 3MIEKTPOCHABKEHWS 3NEKTPOMOBUAS C HECKOMBKUMU NEPBUYHBIMM 06MOTKaMM.
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Fig. 3. Temporal variation curves of system efficiency: DC to DC efficiency (%) is the energy transfer efficiency from inverter to battery in percent; time t, (s)
is the time in seconds; nycpc is the efficiency; moving average of np._p is the average efficiency.

Puc. 3. Kpusble usmeHenms KINJ cuctembl Bo BpeMeHM.

E=w—, (1m

where w is the number of coil turns; @ is the magnetic
flux (Wb).

This section discusses power transfer using an air
capacitor.

The electric coupling power transfer system [13] is
shown in Fig. 4.

The power supply feeds a transformer connected
to power supply cables. An electrostatic field is generated
between them and the neutral plate of the capacitor.
To match the input voltage and the charging voltage of the
on-board storage, a switching converter is used.

Power transferred through the air capacitor to
the vehicle:

P=2K,nf,CV?, (12)
where f, is the resonance frequency (Hz); C is
the capacitance of the air capacitor (®); V is the line
voltage (V); K, is the coupling factor.

Advantages:

« High efficiency;

« High controllability of the electric vehicle;

« Able to supply other vehicles, including those with
dielectric propellers.

Disadvantages:

« Large dimensions;

» Low energy density;

» High power supply requirements.

DEVELOPING A STRUCTURAL DIAGRAM
OF A TRACTION VOLTAGE SYSTEM

OF AN ELECTRIC VEHICLE WITH A HYBRID
WIRELESS POWER TRANSFER SYSTEM

The review and analysis of various wireless power
transfer systems and relative R&D showed multiple

DOl https://doiorg/10.17816/2074-0530-629143
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Fig. 4. Electric coupling power transfer system of an electric vehicle:
I: aelectric vehicle; 2: power supply; 3: secondary coil of transformer;
4: primary coil of transformer; 5, 8, 9: power supply cables; é: neutral
plate; 7: switching converter; 10: bearing surface; 17: on-board energy
storage; 12: air gap; 13: wheel.

Puc. 4. YcTpoiCTBO CUCTEMBI 3N1EKTPOCHAOMKEHMS TPAHCMOPTHOIO Cpea-
CTBa METOOM 3/IeKTPOCTaTUYECKON WHAYKUMW: | — 31eKTpoMobunb;
2 — WCTOYHMK 3MEKTpO3HeprM; 3 — BTopUyHasi 06MoTKa TpaHcdopMa-
Topa; 4 — NepBMYHas Lienb TpaHchopMaTopa; 5, 8, 9 — ceTeBble Kabenu;
6 — HeWTpanbHas nnacTuHa; / — npeobpa3oBaTeflbHO-KOMMYTaLMOHHasA
annapatypa; 10 — onopHas noBepxHocTb; /] — HopToBOM HakonuTeNb
3Heprum; 12 — BO3AYLUHbINA NPOMEXYTOK; 13 — Koneco.

prospects for using inductive coupling systems with one
primary coil. Their advantages include small dimensions,
high energy density, possible use of power supplies
with low parameters, ease of operation, and high
efficiency.

Electric traction systems for vehicles have some
advantages [14]. However, the specific energy of traction
batteries does not exceed 576 J/g, which is about 100 times
lower than that of gasoline or diesel fuel. In the premises,
electric vehicles are equipped with batteries weighing
about 30% of the vehicle's gross weight with the range
equal to a similar vehicle [1]. On the contrary, electric
vehicles are now mainly used in cities, where the driving
cycle involves constant alternation of acceleration, steady
movement, braking, and stopping.
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The cycle provided by UNECE Regulation No. 83 [14]
is taken as the fuel efficiency and exhaust toxicity test
cycle. According to the rules, the cycle consists of two
parts, namely urban and highway. The research and
calculations will be based on the urban electric vehicle;
thus, it is advisable to use the first part of the cycle only
(Fig. 5). The total duration of the urban driving cycle
is 195 s.

Let us analyze the urban driving cycle. The distance
between stops is small (about 300-500 m) as there
are multiple traffic obstacles, including traffic lights,
pedestrian crossings, speed bumps, etc. In the premises,
an electric vehicle requires a relatively small amount
of power to cover the distance from stop to stop. However,
frequent acceleration requires high power consumption.
Overcoming the vehicle's inertia requires up to 80%
of the storage capacity [1]. Therefore, power storages
shall have a high specific power to have acceptable weight
and dimensions.

It is a well-known fact that capacitive storages (CS)
have high specific power, but relatively low energy density,
while properties of chemical accumulators are exactly
the opposite [1]. In addition, electric double layer capacitors
offer simple design, ease of use, safety, environmental
friendliness, and, most importantly, the ability to quickly
accumulate and release stored energy. CS may be
operated at low below-zero temperatures and withstand
deep discharges, overcharges, and short circuits.
In particular, molecular energy storages (MES) have
more than 500,000 battery cycles, which is three orders
of magnitude longer than that of batteries [15-18].

V, km/h 55

Yol 19 (1) 2025
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Fig. 6 shows a traction voltage system for an electric
vehicle with a hybrid wireless power transfer system
developed by the Trucks Laboratory (Land-Based Vehicles
Department) of Moscow Polytechnic University.

The primary coil of the air-core transformer, to which
the alternating supply voltage is applied, is located under
the bearing surface. The primary current flow generates an
alternating magnetic field that penetrates the turns of the
secondary coil, which can be installed either inside the tires
or at the bottom of the electric vehicle. In the secondary
coil, a self-induction EMF is generated and supplied to
the rectifier input. If the secondary coil is installed inside
the buses, brushes and slip rings are used to supply the
EMF. A single-phase full-wave rectifier is provided to
convert alternating current to direct current and control
the charging voltage of the capacitor. During acceleration
or steady movement of the electric vehicle, the capacitor
voltage is supplied to both the armature coil and the
excitation coil of the traction motor. The DC motor torque
is transferred to the drive wheel via the drive gear. During
regenerative braking, the torque from the drive wheel is
supplied to the DC machine using the above systems, and
the DC machine is switched to the generator mode.

Fig. 7 shows the operational algorithm of the traction
voltage system (TVS) in the urban driving cycle.

CONCLUSION

Thus, the study allowed to build a diagram of the
traction voltage system of an electric vehicle with hybrid
wireless power transfer system and its operational
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Fig. 5. Estimated urban driving cycle as provided by UNECE Regulation No. 83.
Puc. 5. PacyéTHbIN ropofcKoii LMKN ABUKeHUs cornacHo Mpaeunam E3K OOH Ne 83.
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Fig. 6. The traction electric system of a prototype: 7: secondary coil; 2: capacitor; 3: rheostat; 4: rectifier; 5: traction motor; é: axle drive.
Puc. 6. CucteMa TaroBoro anekTpoobopyaoBaHMs X0L0BOro MakeTa: | — BTOpUYHas 06MoTKa; 2 — KoHAeHcaTopHas batapes; 3 — peocTart; 4 — Bbl-
NpsMUTENb; 5 — TATOBbLIN 3NEKTPOABUraTeNb; 6 — rnaBHas nepepaya.

algorithm for the urban driving cycle based on UNECE ADDITIONAL INFORMATION

Regulation No. 83. Author contributions: EM. Klimov: writing the text of the manuscript;

This work will be continued in the form of the AM. Fironov: expert opinion, search for publications on the topic
implementation of a mathematical model of the developed  of the manuscript; RA. Maleev: approval of the final version; SM. Zuev:
system. The introduction of traction electrical equipment  creation of images. All the authors approved the version of the manuscript
system with inductive energy transfer and its capacitive  to be published and agreed to be accountable for all aspects of the work,
storage will improve the energy efficiency of electric  ensuring that issues related to the accuracy or integrity of any part

vehicles. of the work are appropriately investigated and resolved.
V. km/h K5
50
Kb Pr
' K6

K5 L/

Capacitor charging by inductive grid / 3apsia KoHaeHcaTopHO batapeu oT MHLOYKTUBHOM CeTn

Fig. 7. Operational algorithm of the traction voltage system in the urban driving cycle: Kb: the capacitor is used for driving; PT: regenerative
braking.

Puc. 7. Anroputm pabotel CT30 B ropoackom Lmkne asuxenmns: Kb — mcnonb3oBaHne aHeprv KOHAeHcaTopHoi 6atapen ans apuxenns; PT — peky-
nepaTuBHOE TOPMOXKEHMUE.
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a TaKXKe COMTIACWIIMCb HECTU OTBETCTBEHHOCTb 3a BCE acneKThl paboThl,
rapaHTVpys HaA/exallee pacCMOTPeHWe W pelleHre BOMpOCOB, CBA3aH-
HbIX C TOYHOCTbIO 1 J0BPOCOBECTHOCTbIO 06O €€ YacT.

JTuyeckan aKcnepTMsa. HenpuMmeHumo.

UcTouHuKmn dmHaHcupoBaHus. OTcyTCTBYIOT.

PackpbiTue WHTepecoB. ABTOpbI 3asBIAIOT 06 OTCYTCTBMM OTHOLLEHMHA,
LEeATeNbHOCTU M MHTEPECOB 3a NOCNeAHWe TPY roAa, CBA3aHHbIX C TPETbU-
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