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A wireless energy transceiver based on induction
heating equipment

Stamimir Valtchev, Fui Neves-Medeiros
Department of Electrical Engineering, UNINOVA
Nova Umiversity of Lisbon

Capanca, Portugal
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Absiract—A  contactless energy transmitter receiver set iz
desizned and itz elecirical parameters are tested varyving the
working frequency in the kHz ramge and the tramsceiver’s
diztance, The zoal iz to improve the efficiency of the wireless
charging of different batteries from the smart grid, guarantecing
more acceptable uze of the electric vehicles.

Kevwords—asireless; emergy; inductien heaning: ransmifter;
conmtactless; power; converter; smart grids; barrery; elecmic vehicles

L INTRODUCTION

Wireless On-Line Electric Vehicle Energy Tramsfer
(WOLEVET) 1s a user-project within the Seventh Framework
Programme (FP7) project Dismbuted Energy Resources
Besearch Infrastructures (DERnN) focused on battery charging
when Wireless Energy Transfer (WET) is included. A -
directional exchange of energy is planned between the AC
grid, the battery and the confactless energy comverter. The
wireless energy ‘transfer is defined as “On-line” because of the
varying position of the energy receiver in relation to the
energy fransmitter. To e this movement the energy
recerver was displaced at different distances to the fixed
charging stahon. The descnbed expenments were aimed to
prove the most efficient energy transfer conditions that wall
facilitate the mtegration of electne velicles (EV) in micro-
gnds, adding storage capacity (EV batteries) to the gnd This
mtegmton will reduce the battery size as the necessary energy
will be directly available from the nearby source of the gnd
This 15 very important as the price of a propulsion battery is
now roughly 80% of the EV price. Smaller battery capacity
means a fewer mumber of cells and hence lower environment
pollution.

The WOLEVET project included the desizm and
experimentation of two prototypes of contactless energy
transmitter/receiver sets volving some available high
frequency (HF) generators, most of them onginally dedicated
to induction and dielectric heating. One of the sets was built
with “FLUNTROL 50" type ferrite plates and water cooled
copper tubes and the other set, which is the subject of this
work, was built with EE6327 ferrite plates and air coeled large
section litz wire. The shape and the construction of the
inductors that guarantes a good magnetic coupling and best
efficlency are presented. The mapmetic coupling is tested at
active power of one or more kW. The important choice of the
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power Inverter parameters 15 limted by the type of resonance
and the switching frequencies of the already existing inverters.

After the infroduction, the Chapter 2 explains the problem
to be solved referencing the previous works. Chapter 3 mtends
to estabhsh a mathematical relation between the crcwmt
charactenshics  and  the resulng mutual  mdoctance.
Experimental achievements are revealed in Chapter 4 and
followed by some conclusions m Chapter 3.

II. STATE-OF-THE-ART

The EV and the hybrid electric vehicles (HEV) are already
an urgent necessity due to environmental problems and
growing prices of classical energy production. The available
batteries, due to their specific energy capacity, will obligate
the new vehicles to require a large mumber of charging cycles
i different places and moments [1]. The resonant WET
became wital. not enly from the techmical pomt of view,
facilitating ]n'gher power transfer and mereasing secunty, but
also from the economical point of view, presenting itself as an
easier, faster, cleaner and hence, more appealing solution for
the daily wser. As referred in [2], the unit sales of wireless EV
chargers in North America will reach about 10,000 m 2014
and merease to more than 132,000 wmits by the end of the
decade.
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Fig 1 illustrates the operation of a simplified WET system.
This flm;:tioni.ug of the system is also reported in [3], [4] and
[5]. The circwut action may be presented by the following
blocks: the AC supply voltage is rectified and converted (in
the charging station} to a thh frequency AC pulses or other
AC waveforms (usually sinusoidal or almest sinusoidal AC
voltage at a frequency of several tens or lnmdreds of kHz).
Based on the resonant processes this high frequency
(electromagnetic or mainly magnetic) power is transferred to
the EV side by induction. Finally the receiver comverts the
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Fiz. 1. Simplified WET system (based on [4]).
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high frequency AC power into a DC power for the battery
charging.

The descmibed process i1s m fact, very samilar to the
induction heating one. It is possible to see, by companng Fig.1
and Fig.2 that the first two blocks of the systems are very
alike. In the same time, instead of using the high fraquency
AC to mductively ransfer electnic energy. the electromagmetic
excitation 15 applied to heat inductively the kitchen wutensil
closely positioned to the inductor, exhibited in Fig.2a and
Fiz. b I:EItI.{‘le [6] refers to a domestic pan-inductor pair).

N Rt-l.hl'i '_'.'_ ﬁlﬂvm»;— _"__ Paninductor
¥ ¥ ¥
) SRS AR %
—
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transformer
N Inductor
HF Generator =

c.

Fiz. 2. Induction heafing systems: a. Simplified domestic cooker [6]; b
Cooker indunctor photo; ¢ dnstrizl High-Frequency (HF) heating equipmens
with HF transformer.

In the industry, as shown in Fig. 2e, for the purpose of
mfensifying the inductive heating m specific zones, the
magnetc field 15 concentrated by water-cooled “inductors”
conducting very high currents in a reduced number of tums, as
mentioned in [7]. This operation (and the high voltage output
of the HF generator require a current transformer constructed
on air core. This “wsual” inductive heating commection
provokes difficulties in applying diectly the ligh-power
induction heating equipment to transfer DC power to the
receiver side. For the experiments some of the ongimal air core
transformers were left attached as a matching circwt.

The mductively coupled power transfer for DC battery
charging is based on the same principle of electromagmetic
mduction at high frequency. It 15 shown that the on-board
receiver and the ground based transmitter of the charging
station mm Fig 3 transfer the AC (High-Frequency) energy to
the electnic vehicle (EV) through mductive transfer of energy.
i.e. magnetic induction coupling. The only essential difference
15 the rectification and regulation process on the receiver side.
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Many (all of them resonant) confisurations are
implemented in different wireless energy transfer
constructions. The study of the Senes Loaded Senes Resonant
(SLSR) converter places it as {maybe) the most smtable for
the contactless energy transfer [8]. There are other possible
resonant configurations as descnbed m [9]. equally capable to
transfer energy and some of them quite effectively applied
already.

Charging
Condroller

Wiring Power Source Resonator

Fiz 3. Automotive wireless electric-energy transfer [2].

The SLSE power comverter is becoming a popular
after it appeared in the late 60-s and early 70-s m [10]. This
happened first because of its Zero Voltage Switching (ZVS)
characteristics and now it happens because of the growing
necessity for contactless power transfer applications. The
operation of SLSE. converter 15 analyzed in many articles, e.g.
i [8] but the obtaining of a rapid and accurate reaction of this
cirowt continues to be a problem The existence of stored
energy in the resonant reactance elements (inductance and
capacitance) makes the direct control of the power switches
quite diffieult especially when the circuit elements are not
ideal and is not possible to be idealized (as 1s the case with
WET).

Many articles are published, aimed at resonant converters
control, usually including calculation of normalized phase-
plane trajectory as in [11]. A more complex calculation block
(implemented as FPGA) is shown in [12]. A computer model,
developed in Korea Railroad Research Institute is presented in
[13]. It 15 based on the so called “Valtchev model”. Another
control method that contemplates relatively large air gap 1s
explamed in [14].

All the known methods are not reacting immediately to the
demand of the resonant tank as they measure and control the
resomant current. The future Instant Energy Control (IEC)
circuits that respond not so nmich te the resonant current but
more to the resonant capacitor voltage are presented in [1] and
[15]. This method of control gives a good perspective to the
application of the SLSE converters, applymng their current-
source oufput characteristics and their good zero-voltage
switching (ZV5} behavior. The IEC allows safer operation of
the transmitter, but there is a lot to do for the fuhwe ba-
directional energy tramsfer. Although the bi-directional
transfer 15 not explicitly necessary, 1t will be a nmst for the
future smart grids when the EV on the road will be included.
In that case the charged vehucle is suppesed to give back
energy to the commen grid (when necessary). The control of
the bi-directional energy exchange is expected to be similar to
the already knmown sclutions but will be necessary to involve a
new information gnd,  comparable to “the mobile
commmmications network although it seems to be necessarly
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much faster. One of the main desirable fimetions will be to
identify and authorize the car (e.g. that m Fig3), efficiently
and rapidly enough, to receive or to deliver energy passing
near the transmitter cells and to continue this mmterchange with
the next cell.

The US company Evatran, which is ta.\gehniihm users,
announced charging devices compatible Nissan Leaf
BEV and Chevrolet Volt PHEV and converters adaptable for
the Tesla Foadster and older Toyota BAVY electnic vehicles.
The company installed its Plugless Power umt at Google's
headquarters, where low-speed EVs are used to take workers
and wisitors around. Meamwhile, the WiTncity Corp. based in
Watertown, Massachusetts, is banking on its relationships with
larger companies (and MIT of course) to take a leadershup
posiion in the mndustry. The company last year started
working with Delphi Automotive, General Motors™ former
automobile parts division, on developing a wireless electric-
vehicle charging system that uses magnetic resonance between
a floor-mounted charging source and a vehicle. The possible
posifionmg of the chargers in public and pnvate places is
shown in Fig.3 and Fig 4.
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Fiz. 4. Differently mownted wirelass chargers [2].

1

A solution for the inductive charger of a bus mmplemented
in Daejeon, Pepublic of South Korea, is shown in Fig 5. This
version 15 different from the stationary charger as 1t nses many
transmitters on the road I order to obtain an “on-line”
charging, i.e. during the movement of the vehicle.
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Fiz 5. ThaKAIST charging station 440V, 3 phase line [16], [17].

A soft-switching parallel converter is used for thus
application because this kind of topolegy 1s not sensitive to the
parasitic inductance of the comnecting cables between the
high-frequency generator and the transmithng windings.

Although the comnected by wires charger has a lot of
definitive advantages such as simplicity and high efficiency.
the inductive charger is safer, flexible and easy to use mder
any weather conditions ([16], [17]). The main drawbacks of
the contactless charger are the high investment cost and the
inevitable higher losses.
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1L MUTUAL INDUCTANCE OF CIRCULAR COILS

It 15 mmoportant to understand how the nmtual mductance
will be affected by the dimensions of the coils. Although the
planar elliptical shape of the transformer was the chosen one
for the project, 1t 15 believed that the followng equations,
deduced from [18] for circular coils will provide sufficiently
accurate results.

Mutual inductance is given by the expressions 7-34 and 7-
36 from [18]:

M=oty (1)
ir
"N the nmumber of turns and the diameter 15
represented by “d”.
N
/ ".._,. — . \
Al \'._ Rt
.II [ j II'I I| d
Y 1] ,.'
by . r
N .h__,./‘ o
— - D

Fiz 6. Sketch of oo circular coils.

The design on the left side in Fig.6 shows the considered
average interior diameter. The drawing on the nght side
demonstrates the height “h™ of the coils and the distance “D7
between the two coils In magnetic coupling. Some parameters
are used as normalized vanables m (2) and (3).

h
=_ 2
p=5 i2)
D
F== 3
- (3
(. 3 . p* 13 7 11 )
1 _;_-3 _;;4_ 2 2+ 4 .
1 T et T 28807 J
16 (, 5.. 161, 53
=In 1+ 28t -2t 45t
gt |~_ §° 5%° 8 © ]
_ EPoEr4pet 02, e 2,
¢ == F].l]. {f! —4|‘.1—§§ —E\, —Eﬁ 2 .= (-4:!

To approximate the circular shaped coi formmlas to the
elliptical shape described in the Expenimental results chapter,
the following values were used:

h=50mm; d =140mm; D =50mm; N=5.

Therefore, the following parameters, necessary for the
calculation in (4) were prepared:
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£ =0128: £ =0,0163

o7 =0128; o* = 00163

20 —4135; = o
£+t @

m= TP _ 603 ﬂ:ﬂ:'tgg 0,785

$=3.623
The nmtual inductance, as a consequence of (1), results -
M=1268uH

IV. EXTERIMENTAL RESULTS

The mam performed tasks were ammed to venfy the
efficient operation of the mductively coupled set of windings,
together with their comesponding magmetic core, further
designated as transmitter and recerver. This mcluded the
practical design and construction of the transmitter and the
recerver (at this stage, identical), the proper choice of the
resonant capacitor, the defimtion of the power for the
experiments, the reconfizuration of the existing (from
mduction heating) system of coupling, the necessary
measurements and analyses of the obtained parameters.

o

o —
198 \

155 s/ Ol
m

N

Fiz. 7. Trasmifterraceiver desipn with dimensions in mm

The designed transnutter (or receiver), lllustrated in Fig 7
consists in farmite core (EE6327 - CF139) and coils of litz wire
with number of fums N = 5 and air cooling. The thickness of
the plate is 15 mum and the infernal column is 9 mm thick. The
parameters of the codl are: L = 10.88 pH and B = 23.0 mQ
with the ferrite core and L = 416 pH and R = 43.6 mQ2
without the core.

Four different expenments were attempted with four
different power sources.

In this text the indexes “;” and “*y” correspond respectively
to the primary and the secomdary sides of the tramsformer
(named together “magmetic lnk™ or “fransceiver”). The
primary side of the transformer will be also refermed as “the
sender” or “the first coil” and the secondary side as “the
receiver or “the second codl”.

The index *,” represents resonance.

The upper case “B” and “D” comespond to electrical
Besistance and Distance respectively. Lower case T and “d”
correspond to radins and diameter.

PEMC 2014

A First experiment — Laboratory HF signal generator

Fiz. 8. Transceiver with EES527 farmite and compencating capacitors

This iment was aimed to determuine the resonant
frequency of the ransceiver at low power. The circuit main
parameters, such as veltages, currents and phases in pnmary
and secondary sides, were simultanecusly measured.

Both first and second coils are compensated by capacitors
Cy; =Cz =02 pF (Fig.B). The experiments were realized at
different distances from 5 to 20 cm with the resistve load
Bl = 54 Q, maintaiming the resonant frequency of the
secondary circwt as the most important reference.

The measured and calculated parameters together with the
efficiency are presented in Table I and in Table IL

TABIEL MEASURED PARAMETERS FOR THE PRIVARY SIDE
iv] i, o, I, L]
[cm] | [1E] | [Vims] | fmarms] | 7]
5 11181 LH 17,30
10 | 10094 360 1880 | 2653
15 | 10296| 495 1260 | 326
X0 | ;o) 522 1310 | 404
TABLEIL MEASURED AND CALCULATED PARAMETERS
D U 1, F, | B, [ n
fem) | [Vrms) | (marms] | [mW] | [mW) | (%]
5 130 16,60
10 | 194 2600 | 7343 | 5044 | 6BT
15 131 18,60 | 49.74 | 2437 [ 480
W | 075 1140 | 6143 | B56 | 139

Some part of the oscilloscope images obtained in the first
series of expeniments 1s presented mm Fig.9, Fig 10 and Fig 11.
The blue lines represent voltage waveforms and the red lines
represent current waveforms.

1022
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Fiz. 9. Voltages U, and owrents I, for distance D= 10 cm.

In Fig9 it is possible to draw the conclusion that the
voltage and the current in the secondary side of the transceiver
for the distance of D = 10 cm are in phase, 1.e. the resonance 1s
obtamed in the secondary.

Fig.10 and Fig.11 reveal an abnormal distortion affecting
the current wave form. The growing distance aggravates that
distortion. This atypical behaviowr is justified by the
predictable generator limitations, as the worst condition for the
laboratory generator 15 observed when the load dees not exist
(the load 15 far away and the primary operates n short-circuit
mode, receiving and delivering the same portions of energy
from the mput power supply).

HIDLETS (Y BILBORL. 7 B422T1 108 1ear
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Figz. 10. Voltages 1T, and oarrents I, for distance D= 10 cm.
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Fig 11. Voltages 1T, and omrents 1) for distance D=0 cm
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B. Second experiment - HF vacuum tube genevator

The power for this expenment was mmuch higher. The HF
vacium tube generator is prepared for industrial high power
HF heating (Fig.1)). Internally it has a transformer with a
primary (vacuum fube output stage winding) and secondary
(winding that is connected to the heating inductor, as shown m
Fig 2). The primary codl (the transmutter) is now Ieplacmg the
induction heating inductor and it is connected in parallel to the
secondary side of the HF generator output transformer. This 1s
not the best connection for obtaining the highest efficiency,
but in this way the generater schematic changes are kept fo the
minimum and it is easy to reconfigure it again for inductive
heating purposes. The high power generator is visible in
Fig 12 m the background of the phaoto.

Fiz 12 Magmetic comes of the codls, shaped as two bdenfical plansr
feromametic EEG52T plates.

The primary compensating capacitor has a capacitance
Cy= 5000 pF. The secondary coil of the transceiver (it 15 the
receiver if the energy flux is unidirectional, as in this case) has
in parallel a compensating capacitor of C,=6800 pF. The
switching frequency is £ = 338 kHz, applyng the calculated
secondary mductance of the recerver Ly = 12,3 uH. In this
photo CFlg 12} as a load to the transceiver l:lts recelver side) is
comnected an incandescent lamp of 100W, ie By =45 Q.
Experiments are made for different distances between the two
colls: D=12cm D=18 cm and D = 24 cm Two values are
used as supply voltage in the generator anode: Ua = 1500 V
and Ua=2100V.

The expenmental results and the values caleulated, based
on those results, for D = 18 em, are presented in Table I and
in Table IV.

TABIEIL FESULTS FOR D= 18 CM AND A FREQUENCY OF OPERATION F

= 53R EHz(4)

Ua | Umax | I,max | @& P,
v vl [A] 1| W
1500 240 114 | 580 | 7240
2100 320 153 | 580 | 12040

1023
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TABLEIV. ERESULTSFORD= 18 OM AND OPERATION FREQUENCY F=
$33EHZ(E)
Ua | Uymax | [;max | P, n

v vl [4] [W] [ %]
1500 E] 085 | 3825 | 527
2100 140 114 T8 | 616

Primary and secondary voltages are measured also for D =
12 em and D = 24 cm and shown in Table V:

TABLE V. PRDMARY AMD SECOMDARY VOLTACGES

Ua D Timax | U;max
[V] | [cm] v v
1500 | 12 280 200
2100 | 24 280 ]

The data concemning the ancde woltage in this case show
that the generator here is a vacimm tube type, which is still the
most widely used generator for the frequency range of 400-
500 kHz. The mduction heating and meltmg of highly
conductive, non-ferromagmetic details requires that frequency.
To regulate the power it 1s a common practice to regulate the
anode supply voltage of the vacmm fubes.

C. Third experiment - MOSFET, phase shift regulated and
full bridge imverter
The power converter used in this experiment was prepared
for several (more than 3) kW. The compensation is made by
C;=C, =102 yF, the experimented distance is D = 10 cm, D
=15 cm, or D =20 cm The load was vaned between 2.3 and
1159

TABIEWVL PARAMETERS OF THE INVERTER. MEASURED IN THE PRIMARY
SIDE OF THE TRAMEMITTER
D|f U, L (e |B
[om] | [Hz] | [Vimax] | [Amax] | [] | [W]
30,1 | 600 I ERIEE
10 [1300] 600 | 3125 [853 775
1300 | 600 I

1517 | 600 336 853|826
1300 [ 60D 3125 |853 | T68
X | 1300 | 60D 30 208|184

15

The obtaned parameters for the r side of the
transceiver are presented i Table VI. For the secondary side
of the transmitter, the values of the electric parameters and the
efficiency are presented in Table VII. The rectifier circuits
this case were not apphed, becanse of the battenes that were
not properly prepared The active power in the secondary is
the main parameter for the corowt companson The active
power 1s the parameter that is required for the mductive
heating too.

PEMC 2014
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TABIEVIL PARAMETERS OF THE SECONDARY SIDE OF THE TRANSMITTER

AND CALCULATED EFFICIENCY

D | ERload LI I. L} P n
[cm] | [ |[Vmax] | [Amax] [ [7] | [W] | [%]
25 11204 [ B16 | 304|385 | 446
0| 11,5 | 13004 | 522 |ZL1|317 (409
25 100,14 7.5 80| 332 (450
15 25 ] 7 31,5 | 269 (315
115 | 115,65 | 498 |225(261 | 340
] 25 24,02 543 (453 46 [ 250

A part of the oscilloscope images obtaimed i the third
expeniment 1s presented m Fig 13, FIE 14 and Fig.15.
= : S [SOVE/OOC

L]
Images

1 k. Sawest
1T
| Pt

USE

HEIH [] [] EGE S

Fig. 13. Voltage U, andcument [, fr D=10cmamd B, =25 &

Fig.13 demonstrates the phase shift between the primary
voltage and the primary current for the case D = 10 cm and
Bia = 2.5 Q. Even without measurements it can be eye
witnessed that the phase shift is too high. In this case its value
15 around ¢ = 85°. Consequently the power drops
considerably.

Fig.14 and Fig 15 together are useful to deduce the phase
shift between the secondary voltage and the secondary current.
For the case D = 10 cm and By = 2.5 Q. the phase shiftis ¢
=30".

Fig 14 Voltaze U, for D= 10 cmamd Ry =25 Q.
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Fig 15 Coment], for D= 10 cmand B, . =25 Q.

COMCLIUSIONS

The comparative analysis of the tal results
reveals the complexity of the problems and results in the
following conclusions: the efficlency i1s related to the
frequency and at the same frequency if is related to the load.
The highest obtamed oufput voltage depends on the input
voltage and the distance transmitterreceiver. For these
generators a cooling was needed at the highest transferred

POWET.

Several measurements were acquired with different
distances from 5 to 20 cm For the transceiver based on
EE632T7 fernte plates and air cocled litz wire, the highest
efficiency value was nearly 70% with a comespondent
distance of 10 cm. All the expenments were hold at almost the
same HF generator schematics, as it was onginally projected.
In the future, by applying a dedicated construction the
efficiency will be higher.

In conclusion, the experiments have proven that the
existing induction heating equpment (and the knowledge
accumulated n the mductive heating laboratories) can be used
as a base for developing the new WET techmology. espeaally
for charging the batteries of the EV. It is a faster solution of
the future problem and it can guarantee a befter cooperaton
between the electnc vehicles and the gnd.
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