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Summary

This paper presents a study of the magnetic leakalge of a 7 kW wireless electric vehicle charging
(WEVC) system. The leakage field was measuredffardint test configurations and environments. Tgpic
system parameters, such as coil offset and aingap evaluated in order to determine their inflieean the
leakage field distribution. All measured resultgevihen validated by magnetic field simulationss&hon
the results of this study, a magnetic leakage skkkssment method based on simulation is proposed.
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1. Introduction

The majority of wireless electric vehicle chargif@/EVC) systems are based on the principle of
electromagnetic resonant induction, whereby thengry and secondary coils are tuned to a specific
frequency. Most systems use a time-varying lowdesgry magnetic field in the frequency range ofap t
100 kHz. The current in the primary coil of theaeant transformer creates an oscillating magnétld f
around the primary coil. When a secondary coiléae@d within this oscillating magnetic field, aretrical
voltage is induced across its terminal. This vatagn be converted and then used to charge eleehicle
batteries.

WEVC includes both infrastructure and vehicle comgris. The infrastructure components consist of: a
base charging unit (BCU), which includes a higlyiirency power supply (PSU) and a base pad (BP). The
vehicle components consist of a vehicle chargingMtU) which includes the vehicle pad (VP) andam
board controller. (Fig. 1).
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Fig. 1: WEVC system components.

The coils used for WEVC are magnetically looselymled due to the physical air gap between the pyima
coils in the BP and secondary coils in the VP [1Tle magnetic field between and around both caifsbe
differentiated into two parts: the magnetic magidiand the magnetic leakage field. The magnetin fied

is responsible for power transfer and it is chaméwed by the magnetic coupling factor k (typically
k =0.1..0.3) [7-15]. The magnetic leakage fisldnherent in inductive power transfer. It is gexted by
the WEVC system but does not contribute to the powansfer. Instead, the leakage field may cause
unwanted electric and magnetic field exposure (EBtk) electromagnetic interference (EMI). In order t
allow coexistence and electromagnetic compatih(liyIC) with electronic devices and implantable ncadli
devices (IMD) as well as to ensure safe operatidarms of EMF exposure, the WEVC system must cgmpl
with existing standards and regulatory requiremériisrefore, the H leakage field around the WEV&eayn
must meet defined emission limits at defined distarfrom the equipment under test (EUT) [20-23].

To better understand the WEVC system magnetic tgaleld distribution, this paper investigates the
leakage field of a 7 kW WEVC system by measuremantssimulation. Measurements for different system
configurations (e.g. charging system on a tesvsigcharging system on an actual car), at diffesgatem
parameters (coil offset, lifted EUT etc.) and iffetient environmental conditions (e. g. EMC chamlbgen

air test site) were conducted. All measurement®hezn validated by magnetic field simulations ggime
FEM simulation software ANSYS Maxwell.

2. WEVC System Description

For the measurements and simulations conductddsrstudy, a 7 kW WEVC system, also referred to as
EUT, comprised of a (250x260x20)rAiMP, a (650x650x50)mfBP, a vehicle shield made of aluminum
and primary and secondary power electronics, wad.usA VP to BP distance of z = 95 mm was used

(Fig. 2).

The considered frequency range was from the funda@h&equency of 85 kHz used by the EUT, up to the
10" harmonic (f< 850 kHz). However, since in this study the fundatakfrequency is always dominant
compared to the frequency harmonics only the madaitt fundamental frequency (85 kHz) is discugsed
this paper. During the measurements the elecpimakr was kept at the nominal valug£R 6.6 kW) and

all the pad currents and the currents phase-ghift)(as well as the battery voltagg.Mvere tracked to allow
reproducible measurements and simulations.
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Fig. 2: BP (650x650x50)m#r{left picture) and VP (250x260x20)mirgright picture) of the 7 kw WEVC system
considered in this study.

3. Test Configuration

For EMC there are typically two different test dgufations. First, a test rig configuration is usedan
EMC characterization and comparison of different WZE systems (component test). Second, a car
configuration is used for an EMC characterizatiborme specific WEVC configuration at a specificteys
integration level (system test). Both configurati@me subject of investigation in this paper. Irtipalar, for

all measurements and simulations conducted irstody, two configurations of the EUT were considere
mounted on a test rig and mounted on a BMW i3 \ehithe test rig configuration was comprised of the
VP, BP, the electronic parts and an (1.5x1%amminium shield placed and centered above theTvie.
power electronics (primary side inverter, secondidy rectifier, etc.) as well as the electronicafintrolled
load were positioned separate from the test rig Vghicle setup consisted of the WEVC system maunte
on a BMW i3 car and feeding the car battery. Irtipalar, the VP and a small vehicle shield were nied

on the car underbody. The VP was located closeg@¢hicle’s front axle and the on-board controi@U
was mounted on the car and all supply cables weisteld and shielded to allow focus on low frequency
magnetic leakage fields only.

4. Test Environments
For each configuration, the EUT was tested in theseenvironments:

1) Semi-anechoic EMC chamber 1 (SAC1). Dimensions ughiet absorbers: (20x12x7.79m
Construction: metal ground floor, ferrite walls.

2) Semi-anechoic EMC chamber 2 (SAC2). Dimensions ughief) absorbers: (25x16x8.79m
Construction: metal ground floor and metal walls.

3) Open air test site (OATS). Contrary to EMC teshdtads [20, 21] no electrical conductive ground
was used.

SAC1 and SAC2 differed in the size of the chamiver material used to construct the chamber. SAC1 was
constructed with magnetically conductive (ferritgglls and an electrically conductive floor. SAC®vall

and floor were both electrically conductive. Fig.shows some example pictures of the different test
environments.
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Fig. 4: Example measurement setups: a. 7 kW WEV@sysounted on BMW i3 car in SAC1;
b. 7 kW WEVC system Test rig setup in SAC2; c. 7 KBYC system Test rig setup in OATS

5. Measurements

Fig. 5 illustrates all considered combinationsestt tenvironments and investigated EUT configuratiamd
setup parameters. In addition to the test configara and test environments described in Secticarsd34,

the EUT configuration was tested at perfect cagrahent and at worst case offset conditions. Funtloee,

the influence of the electrical conductive groufithe test environment was investigated by liftthg EUT

by 10 cm as defined in EMC standards [20, 21]. Tittéd EUT scenario was used to emulate steefogied
concrete ground conditions. In all, over 260 systamfigurations were measured which resulted in the
evaluation of more than 17,500 data points (irrelqfiency components, H components, antenna camecti
factor etc.).

EUT Measurements

Envircnment
SAC1 SAC2 OATS

Configuration Carm rig

Zero offset Max offset

Voa—

Non-lifted EUT Lifted EUT

Antenna Positions \[E ;ﬁ ZN
P1

P2 P3 P4

Magnetic Field
Vector Components Hx Hy Hz

Fig. 5: The combinations of WEVC system configunasioparameters and test environments subject teureaent.
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The leakage field was measured using a 60 cm loggnaa (Electro Metrics EM-6879) and an EMC test
receiver (R&S ESRP3) using a Quasipeak detectdefised in [20, 21]. The loop antenna was placed at
1 m height above ground level and at a constatdrdie of 10 m from the EUT. In order to enable kegp
this distance constant in the SAC environmentBRewvas centred on the turntable. According to thECE
standards [20,21], the leakage field was measurealifmagnetic field vector components,(Hly, H;) and

for different antenna positions around the EUT;4€f1, right - P3, front - P2, back - P4, (Fig.l@)the SAC
environments, this was achieved by rotating thatalnle in 90 increments and by keeping the antenna
position constant. In the OATS environment, theana positions were set up manually and indivigtfah

all the four points around the EUT. For both, tloerdinate system was always referenced to theritgst
and/or to the vehicle orientation according to Big.

P3

a) OATS "
Hy
]:mm
Hx < « 7 Hx A
Hy 4-$Y ) Hy
10m
P1
HXx
Hy
b) SAC @P1/3 c) SAC @P2/4

Turn-
table

10m 4?

Antenna
position

Antenna
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HXx

Hy €—>
10m

Hx
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Fig. 6: Definition of measurement points and coaatinsystems in different environments: a) OATS,ALS- for P1
and P3 antenna positions; ¢) SAC — for P2 and Pifigus

Prior to the measurements, the worst case WEV@msysbnfiguration in terms of magnetic leakage field
was determined by considering different test camigons (car vs. test rig) and system parametai (
offset, battery voltage) and performing simulatamtording to the methodology presented in [24, B6}.
the WEVC system considered in this study, the woaise parameters were determined to be a coilt affse
X =-75 mm, y = 100 mm and battery voltage @f¥ 320 V.

Tab. 1 shows the maximum measured magnetic ledieldenagnitudes (at the highest vector component
Hy, Hy or H,) for all considered environments and for all antepositions (P1, P2, P3 or P4). It was found
that the H vector component was dominant compared to thend H vector components. The highest field
magnitudes were located at P2 and/or at P4 anfgosidons. It must be noted that this might beedght

for other WEVC coil topologies, measurement envinents and loop antenna distances. The maximum
measured magnetic field magnitude was 74.1 dBuAlhe measurement results show that the test
environment and the WEVC system configuration ggnificantly influence the emission magnitude level
For example, the measurement results in SAC2 shawbither leakage field magnitudes of about 10 dB
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compared to the OATS environment. Aside from tlili@nce of the test environment, the results aisms
a higher leakage field magnitude of additional BOrdsulting from the different EUT configuratione<t
rig vs. car) and EUT parameters (offset, lifted E&48.). In particular and considering all measurnetndata,
the leakage field magnitude increased by up to 4ot test rig compared to car setup, increaseapbiyp
5 dB for a coil offset configuration and increassdup to 1.5 dB for the configuration where the EWds
lifted by 10 cm above electrical conductive grotindr level (Tab. 2).

Tab. 1: Maximum leakage field over all antenna fass (P1, P2, P3 or P4) and
over all magnetic leakage field vector componehis Ky, H).

SACL Car -75/100  not lifted 70.90
0/0 not lifted 71.20

car -75/100  not lifted 73.50

0/0 lifted 61.20

-75/100 lifted 74.10

SAC2 0/0 not lifted 58.13
Testria | 75/100  notlifted 71.11

g 0/0 lifted 70.44

-75/100 lifted 72.34

0/0 not lifted 63.87

OATS car 75/100  not lifted 65.73

Tab. 2: Influencing parameters on H leakage fielgmitade.

Setup parameter Maximum difference

Car vs. Test rig < 4.0 dBPA/m

Offset: 0/0 vs. -75/100 mm < 5.0 dBpA/m

EUT not lifted vs. EUT lifted | < 1.5 dBpA/m

6. Simulation

Magnetic field measurements require high efforieirms of time and cost. For this reason, the gb#iis
study was to validate measurements by simulatioéiéw emission characteristics for any WEVC syste

to be assessed in different environments and aangfiipns by simulation. Therefore, each EUT measarg
configuration and test environment considered is study was modelled in ANSYS Maxwell, which is
capable of simulating time-harmonic magnetic profdelt was found that it is important to use proper
simulation domain and region size, specific boupdamnditions, a reasonable meshing setup and dorrec
assumptions for material properties and coil cusigfor the simulations of the WEVC system congider

in this study, the magnetic coils, ferrite layersl ashield plates were modelled using the actuaénaht
properties of the Litz wire, soft ferrite and aluninim parts provided by data sheets [15-17]. Thétatiens

of the BP and VP coil currents used were basedamil aurrent measurement. The BP and VP coilsthed
test rig and car were modelled according to thaaeheasurement configurations. The simulation risode
were also designed to emulate the real test enmigots. For the SAC1 test environment, the grouma fl
and walls were modelled as a box with walls made pérfect magnetic conductor and a ground floatena
of a perfect electrical conductor. The SAC2 tesirenment was modelled as a box with walls and gdou
floor made of a perfect electrical conductor. THEIS test environment was modelled as air by usifigla
sphere region. In order to enable the evaluatidgh@magnetic leakage field at the observationtp@hnl0 m
distance in the simulated OATS environment, adphere region domain with a diameter of d = 80 rm wa
used. For both of the SAC environments, a box regias modelled using the actual measured chamber
dimensions. For OATS, the EUT was always placetthénsphere region center and for both SAC the EUT
was placed on the turntable center.
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Fig. 7 shows the simulated magnetic leakage figdttidution of the vector component ith SAC1 and in
the height of 1.30 m above ground floor level arample. Out of all the considered data points. Bab
summarizes the measured and simulated field matgstaf the EUT configurations that resulted thébagg
differences between measurement and simulationthése configurations, only the most relevant (eggh
field vector component (H as well as the worst case antenna position (P1PB or P4) were considered.
Tab. 3 shows that in the SAC2 and OATS environmemd when considering the relevant field magnigude
and vector components only, the maximum differebeveen measurement and simulation was below
3.6 dB. For the vector components with a relatigshall field magnitude (Hand H), the measurement and
simulation differences can be significantly higheinly due to the used FEM solver convergence ptigge
For SAC1, the maximum difference between measurearghsimulation was initially determined to >7 dB
which can be explained by the more complex physffakts in the ferrite absorber material of tharober
walls at low frequencies. As shown in Tab. 3, tosrelation was improved to a maximum difference of
4.3 dB by increasing the model accuracy, in padichy using real meshed ferrite elements and ntindel
the actual ferrite material instead of perfect neignconductor properties. However, this optionulissin a
significantly higher number of finite elements Imetsimulation model and therefore would result in a
significantly higher overall simulation effort atiche.

o :

Antenna

O

e =
I . Chamber wall

Fig. 7: Simulation of the magnetic vector fieldtdisution (H,) for SAC1. Top view of control plane @1.3 m above
chamber ground level. Example setup: P2 antennéigrofor car configuration at maximum offset.

Tab. 3: Comparison of the simulated and measurepheti leakage field magnitude for selected WEVQesys
configurations, parameter and test environments.

SAC1 Car -75/100 0 70.90 | 66.56 4.31
0/0 0 60.40 | 57.78 2.62
. -75/100 0 62.60 | 60.13 2.47
ar
0/0 100 60.40 | 57.78 2.62
-75/100 100 63.20 | 60.85 2.35
SAC2
0/0 0 58.13 | 55.23 2.90
Test -75/100 0 60.24 | 56.71 3.53
rig 0/0 100 70.44 | 66.86 3.58
-75/100 100 61.42 | 57.83 3.59
0/0 0 62.61 | 61.95 0.66
OATS  Car
-75/100 0 59.16 | 60.17 1.02

It is demonstrated that by using a proper modelirgghod (e. g. useful simulation domain and regias,
boundary conditions, meshing setup, assumptiongriaterial properties, etc.) a very good correlation
between measurement and simulation can be achiangdiifference between measurement and simulation
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can be explained by simulation model simplificatignodel approximation depth) and by measurement
uncertainties. Therefore, it can be concluded amgygiested that a WEVC system leakage field assessmen
can be conducted based on simulation only. Sudim@ation assessment should include the deternoinati

of the worst case WEVC system configuration, theemheination of the leakage field hot spot positions
around the system to identify reasonable antensdi@us and a final set of simulations to determtime
actual leakage field magnitudes. In some casesydbdation purposes, measurements should also be
conducted to confirm the simulation model and soheeuracy.

7. Conclusion

In this study, a 7 kW wireless electric vehicle rgiag (WEVC) system was measured and simulated in
different configurations and test environments. Aximum magnetic leakage field of 74.1 dBuA/m was
measured in an EMC chamber. It was found that desfigurations, parameters and environments can
significantly influence the leakage field magnituBler the WEVC system considered in this studyBNC
chamber measurements showed higher leakage figditndes compared to an open area test site byt abou
10 dB. The test configuration (test rig vs. caupgtthe coil offset or lifting the equipment undest above
electrical conductive ground level were identifadresulting in an additional uncertainty of trekkege field
magnitude by up to 10 dB.

The WEVC system configurations were modelled ugiieg=EM simulation software ANSYS Maxwell. The
correlation between measurement and simulationvegsgood and the maximum error was determined to
be 3.6 dB.

Future work should focus on the influence of thet avironment and the WEVC system configuration on
the magnetic leakage field distribution. Additiowéstigations are planned.
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