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Abstract. This work is focused on the design of the contactless energy
transmitters and testing of their electrical parameters, varying the working
frequency in the kHz range. The intended application is related to the possibility
to make most efficient wireless charging of different batteries from the grid,
guaranteeing more acceptable use of the electric vehicles.
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1 Introduction

Wireless On-Line Electric Vehicle Energy Transfer (WOLEVET) is a user-project
within the Seventh Framework Programme (FP7) project Distributed Energy
Resources Research Infrastructures (DERri) focused on battery charging when
Wireless Energy Transfer (WET) is included. An exchange of energy is planned
between the AC grid, the battery and the contactless energy converter. The wireless
energy transfer is defined as “On-line” because of the varying position of the energy
receiver in relation to the energy transmitter. To experiment this movement the energy
receiver was displaced at different distance to the fixed charging station. The
described experiments were aimed to prove the most efficient energy transfer
conditions that will facilitate the integration of electric vehicles (EV) in micro-grids,
adding storage capacity (EV batteries) to the grid. This integration will reduce the
battery size as the necessary energy will be directly available from the nearby source
of the grid. This is very important as the price of a propulsion battery is now roughly
80% of the EV price. Smaller batteries mean fewer cells and lower pollution.

The reported work is dedicated to the design and experimentation of a contactless
energy transmitter/receiver set involving some available high frequency (HF)
generators, most of them originally dedicated to induction and dielectric heating. The
shape and construction of the inductors that guarantee a good magnetic coupling and
best efficiency is presented. The magnetic coupling is tested at real power of one or
more kW. The important choice of the power inverter parameters is limited to the type
of resonance and the switching frequencies of the inverter.
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After the introduction, the Chapter 2 establishes a relation between this work and
the scope of the conference. Chapter 3 explains the problem to be solved referencing
previous works. Experimental achievements are revealed in Chapter 4 and followed
by some conclusions in Chapter 5.

2 Relationship to Collective Awareness Systems

The recently adopted concept of Smart Grids is preparing our society to consider the
inclusion of individual lower power generators into the energy system. Those
individual generators will need a more complex control than the traditional grids, but
some benefits will arise, e.g. better efficiency, more safety, more reliability and more
power delivered to the system.

Wireless charging of batteries can be used to easily associate EV with the smart
grid. In fact, if the bi-directional flux of energy will be made possible than every
vehicle can be seen as a collective energy reserve and the grid will be able to manage
all the energy portions resulting in peak shaving or longer time storage.

From the private users’ point of view, the cars and other devices with significant
amount of stored energy would need to be available to a more complex but profitable
control system that will meet the social goals of reducing the price and ecological
footprint and increasing the safety associated with the batteries maintenance.

Certainly this contribution of the EV in re-utilizing the distributed energy would
not be enough to substitute a conventional power plant, but it would help tracing load
profiles for the major cities helping to better plan the operation of the regional dam or
coal power plant reducing their costs. For all these reasons, the EV charged wirelessly
is seen as a Collective Awareness System.

3 State-of-the-Art

The EV is becoming a necessity due to environmental problems and growing prices of
classical energy production. The batteries of the new vehicles will require a large
number of charging in different places and moments. The knowledge about the
resonant WET became very important. The study of the Series Loaded Series
Resonant (SLSR) converter places it as suitable for the WET [1]. There are other
possible resonant configurations too [2].

The operation of SLSR converter is analyzed in many articles, e.g. in [1] but to
obtain a rapid and accurate reaction of this circuit remains a problem. The existence of
stored energy in the resonant reactance elements (inductance and capacitance) makes
the direct control of the power switches quite difficult, especially when the circuit
elements are not ideal (WET). Many articles are published, aimed at resonant
converters control, usually including calculation of normalized phase-plane trajectory
as in [3]. A more complex calculation block (implemented as FPGA) is shown in [4].

All the known methods are not reacting immediately to the demand of the resonant
tank as they measure and control the resonant current. The future Instant Energy
Control (IEC) circuits that respond not only to the resonant current but more to the
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resonant capacitor voltage are presented in [1] and [5]. The IEC allows safer operation
of the transmitter, but there is a lot to do for the bi-directional energy transfer. The
charged vehicle is supposed to give back energy to the common grid.

The control of the bi-directional energy exchange is expected to be similar to the
already known solutions but will be necessary to involve a new information grid,
comparable to the mobile network although much faster. One of the main new
functions will be to recognize and authorize the car (Fig.1), efficiently enough, to
receive or to deliver energy passing near the transmitter cells and to continue this
interchange with the next cell. This problem is similar to the requirements that other
smart grid versions will ask from the information technology.

Charging
Controller

Power _
capture

Wiring Power Source Resonator
Fig. 1. Delphi Automotive’s wireless electric-vehicle [6].
As referred in [6], the unit sales of wireless EV chargers in North America is

expected to reach about 10,000 in 2014 and increase to more than 132,000 units by
the end of the decade.

Detachable
Power Supply Load
: >
Frequency High- ) High- Erlergy
rectifier frequency frequency regulation

inverter rectifier

Fig. 2. The main blocks of the inductive charger [7].

Fig.2 illustrates the AC power (Power Supply) being supplied to the EV (Load)
which concept is also reported in [8] and [9]. The circuit operates as following: the
AC supply voltage is rectified and converted to a high frequency AC (tens or
hundreds of kHz) within the charger station. Based on the resonant processes this high
frequency power is transferred to the EV side by induction. Finally the receiver
converts the high frequency AC power into a DC power for the battery charging.
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4 Experimental Results

The main performed tasks were aimed to verify the efficient operation of the
inductively coupled set of transmitter/receiver. This included the design of the
transmitter, the proper choice of the resonant capacitor, the definition of the power for
the experiments, the reconfiguration of the existing (from induction heating) system
of coupling, the necessary measurements and analyses of the obtained parameters.

165/

Fig. 3. Transmitter magnetic core design with dimensions in mm.

The designed transceiver (transmitter/receiver), illustrated in Fig.3 consists in
ferrite core (FLUXTROL 50) and coils of copper tube with d = 6 mm, N = 5 and
water cooling. The thickness of the plate is 15 mm and the internal column is 9 mm
thick. The parameters of the coil are: L = 40.6 uH and R = 82.0 mQ.

Four different experiments were attempted with four different power sources.

In this text the, indexes “;” and “,” correspond respectively to the primary and the
secondary sides of the transformer (magnetic link). The primary side of the
transformer will be also referred as “the sender” or “the first coil” and the secondary
side as “the receiver” or “the second coil”. The index “;” represents resonance. Upper
case “R” and “D” correspond to electrical Resistance and Distance respectively.

Lower case “r”” and “d” correspond to radius and diameter.

4.1 First Experiment — HF Signal Generator

This experiment was aimed to determine the resonant frequency of the transceiver at
low power.

Table 1. Circuit parameters for f, = 145-175 kHz.

e A B R N VR SN ) VY ) SNV S
5 1458 ‘(‘3)9 +0.048-0.023 (éfig) ;6"2279) 0.93
| am | | an [
10 1735 2‘(‘;58 0.049 (i:g;‘) ‘(’O‘%gz 0.67
15 165.7 5.67 o (2:(5)3) 00325 | 0365
20 166 6.95 oo (}:}g) 0020 | 0.167
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The applied compensation (resonant) capacitor are C;= C,= 0.2 pF and the load was
Rioad = 54 Q. Table.1 reveals the resonant frequencies in both sides of the transceiver
and their measured values of voltage and current. The correlation k = U,/U, for
different distances is also presented. Values in parenthesis represent samples in the
same conditions for different levels of power.

4.2 Second Experiment — HF Vacuum Tube Generator

The power for this experiment was higher. The same ferrite core was used (Fig.4).

Fig. 4. Transmitter with FLUXTROL 50 ferrite.

The experimented distance between the coils was 120 mm and the compensation
was made at the high voltage side of the transformer by capacitance C; = 5000 pF.
The second coil is compensated by a capacitor C, = 3x6800 pF = 20400 pF. The load
iS Rygag = 160 Q (1,2,3) or Ripaq = 60 Q (4). The resonant frequency of the receiver is
f5, = 509.7 kHz and the operating frequency is f = 533 kHz.

Table 2. Circuit parameters for f = 533 kHz.

User Lier 01 P, Le | 92 P, Rigad
vi | ral | e | wr e g e wr [ ] )

187.4 | 12.02 | 88.2 | 70.75 7636 | 0.707 | 9 | 53.32 | 0.75 | 160

281.0 | 18.03 | 88.2 | 159.12 | 11525 | 099 | 9 |112.68| 0.72 | 160

374.7 24 88.2 | 282.47 154 130 | 9 | 1989 | 0.71 | 160

561.7 | 36.0 | 88.2 | 635.00 229 212 | 9 | 479.8 | 0.75 | 60

The primary circuit presents the expected inductive behavior, as shown in Table.2
by the phase shift ¢; = 88.2°. The efficiency is high. A slightly inductive shift from
the resonance is observed in the secondary (¢, = 9 °). For the operation frequency f =
533 kHz and D = 12 cm the output power is P, = 479.8 W and the efficiency is 75%.
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4.3 Third Experiment - MOSFET Inverter with Auto Generation

This experiment was prepared with the necessary rectifier and regulator circuit that
permitted to charge a battery by WET. The equipment used in this case is a high
frequency power converter implemented by MOSFET which is prepared for melting
of gold. The resonant compensation is made both in primary and secondary sides by
capacitors C; = C, = 0.2 pF. The input DC voltage is fixed at Uy = 30 V. For the
distances higher than 10 cm another voltage source was joined in series.

Table 3. Circuit parameters with f, = 177 kHz.

D f1 UO Ulmax Ilrms UZmax IZrms 0 [o] UOut
[em] | [kHz] | [V] [Vl [A] [Vl [A] [Vl
5 226 30 75.5 9.5 21.27 | 0.328 16.36 14.2
10 225.78 74.33 10 6.14 0.172 55.6 3.92
15 225.6 75.13 10.4 2.64 0.106 | 0.365 1.14
20 2253 75.13 10.6 0.2 0.084 | 0.167 0.28

4.4 Fourth Experiment - MOSFET, Phase Shift Regulated and Full Bridge
Inverter

The power converter used in this experiment was prepared for several kW. The
operating frequency range was 100-200 kHz. The compensation is made by C; = C, =
0.2 pF, the experimented distance is D = 100 mm or D = 150 mm. The load was
changed between 2.5 and 95 Q. In this experiment the coils had to be water cooled,
because of the higher currents. The resonant frequency is measured at f, = 184 kHz.

Fig. 5. High power MOSFET inverter.

The experimental results and the circuit parameters are presented in Table.4. The
obtained efficiency is 1 =70 % for the D = 10 cm, U; = 600 V, I; =24 A and Ryp,q =
11.5 Q or Ry,,q = 2.5 Q. For the same input voltage and current and load Ry,,q = 16.7
Q the efficiency goes higher, 1 = 75.1% (Table.4).
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Table 4. Inverter and sender side circuit parameters at frequency around 180 kHz.

D U, I 01 | Pr |Riaa| U I o | P | n
[em] | [Vinax] | [Amacl | [°1 | W] | [Q] | [Vimax] | [Amax] | [F1 [[W]]|[%]

200 72 524|439 | 95 | 71.25 | 2.68 |26.2| 86 |19.5

350 12 |75.6| 522 88.75 | 3.1 |26.6]|123|23.6

300 10.8 [75.6| 403 | 50 116 | 3.74 |26.6| 194 |48.1

10 300 12 |75.6| 448 | 16.7 | 132.14| 4.8 |26.6|284|63.3

600 24 180.0] 1250 24428 | 8.6 [26.6]|939|75.1

600 24 1802|1228 | 11.5| 228 8.4 1249869 |70.7

600 24 | 78.8|1405| 2.5 182 | 12.78 |32.1|985|70.1

15 600 24 1853|590 | 2.5 |102.21| 7.55 |32.1|327 |554

The waveforms of the primary voltage and current for the best efficiency case are
presented in Fig.6. For the secondary circuit, the current waveform is presented in
Fig.7.

w HMO1022 (HW Dx10160001; SW 04.522) 2013-06-27 08:48
H Auto-Trig. / Comnplete
: : i : : : : Save TB:1ps T:920ns CHL: 21V AL 500Msa o —_—
: : : Image ScREENsHOTS
: TN sronmce
Foae . Ink Saver Front USB BE
: Vet vEsEITY FILE NAME
1]/ p— e [V e @
. 3 H FORMAT
| ST SO A SN o -~ B ALY [k M| | i
! RN use
(RS S SEREERE (KRN CXERERE 1 N colr
: : . Save V834 T mv R save
. H . N .
e il L &
N N N N - N - N N Ulllllles [CH2: 500mV % VAmp: 153V cntr:2
RMS: 573.73mV T:5464s oL 274ps t1r272ps
MATH [] Wil EDGE S Vop. 160V f 1630tz Dyt %05 Dty 4978%
CHZ =2u
Fig. 6. Waveforms of the current I; and the Fig. 7. Waveforms of the current I,.
voltage U;.

5 Conclusions

The comparative analysis of the experimental results reveals the complexity of the
problems and results in the following conclusions: the efficiency is related to the
frequency and at the same frequency it is related to the load. The highest obtained
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output voltage depends on the input voltage and the distance transmitter/receiver. For
these generators a cooling was needed at the highest transferred power.

In conclusion, the experiments have proven that the existing induction heating
equipment can be used as a base for developing the new WET technology, especially
for charging the batteries of the EV. It is a fast solution that can achieve a better
cooperation between the electric vehicles and the grid.
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