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Abstract—New topologies of electric car use high power
switching devices which must be integrated with a growing range
of electronic systems in small places. A good performance of the
car relies on the electromagnetic compatibility among these
systems, which requires the characterization of the noise and
interferences present in the system. To characterize the noise,
both emission and susceptibility issues as well as coupling
mechanisms must be studied. This paper presents the work
performed for the electromagnetic mapping of a 4-wheel fully
electric car, which involves both simulation and experimental
measurements. It has been carried out within the E-VECTOORC
project (FP7-INFSO-284708), in collaboration with car
manufacturers such as Jaguar Land Rover and Skoda.

Index Terms—electric vehicle, electromagnetic compatibility,
noise measurement, electromagnetic fields

I. INTRODUCTION

HE progressive electrification of the car has brought about

a growing use of electronics on board the vehicles to
replace former mechanical devices as well as enhance the
safety and driving conditions. But this intense presence of
electrical components is forcing designers to integrate sensing
and monitoring elements with high power distribution systems
and switching devices such as power converters, which are an
essential part of the incoming topologies of electric cars.

This however raises new problems since power converters
are a critical source of electromagnetic noise [1][2]. The
switching mode of these components may increase the current
harmonic content in frequencies over the kHz [3], which may
in turn reach sensitive elements such as control boards of
sensing equipment installed on the car throughout the electric
layout. Furthermore, the car circuit can form loops in which
the conducted noise may cause radiated noise and affect
external systems in the infrastructure such as communications
and signaling devices [4][5][6]. But the on-board systems can
also be affected by external noise coming from neighboring
devices as radiated fields. The presence of coupling
phenomena might add noise to the system which could
compromise the safety and performance of the vehicle.

Because of these issues, more efforts are devoted to
guarantee a safe and optimal performance of the car and, at the
same time, the nearby systems are protected. The European
EMC Directive (2004/104/EC) [7] provides a framework to
regulate emissions of vehicles as well as onboard components.

However, this regulation is limited in the frequency domain to
radiated emissions of electric field from 30 MHz to 1 GHz.
Methods for conducted emissions measurement can be found
in CISPR 25 standard [8], but these are restricted to
component level. In the case of immunity, a set of methods are
provided by the ISO series (ISO 11451, ISO 11452). Though
these methods can be used as a benchmark for car
electromagnetic robustness, they may not provide enough
information for the noise characterization since coupling
mechanisms and noise propagation issues are not directly
assessed. This forces manufacturers to eventually develop
their own requirements and testing procedures, which are
specific for the electric car scenario and meet their needs for
product safety and performance. To do so, the electromagnetic
map of the vehicle plays a very important role.

This map is of the utmost importance especially for
designers, as it helps to identify the critical areas in terms of
emissions, the most susceptible parts of the car and the
predominant characteristics of the interferences present in the
system. To obtain this map, the emission sources and victim
circuits must be identified, as well as the coupling paths
between them. For this identification, a component level study
is especially helpful before analyzing the complete system,
since it provides useful information about the main sources
and the characteristics of the noise. This approach has been
applied in the mapping of very complex scenarios, such as
particle detectors [9][10][11], where the noise emission,
immunity and propagation issues are analyzed. This paper
presents the work performed in a study devoted to the
electromagnetic mapping of a 4-wheel drive fully electric
vehicle [12][13].
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Fig. 1 shows a compilation of the performed studies in
which the electromagnetic interactions identified in the vehicle
are represented. The study has been carried out on a vehicle
demonstrator of E-VECTOORC, a project in the 7th
Framework Programme which has involved car manufacturers
such as Jaguar Land Rover and Skoda. The results presented
in this paper are focused on the emission characterization,
noise propagation in cables and their correlation with the
coupling phenomena that takes place in the whole vehicle.
After a description of the system under study in section II, the
characterization of the conducted noise emissions is presented
in section III. Later on, the propagation study on the power
cable is exposed in section IV, and the characterization of the
radiated interactions is afterwards analyzed. First the radiated
emissions are characterized in section V, and then the
coupling mechanisms that take place in the car in section VI.
Finally, the main conclusions and relevant remarks are
presented in section VII.

II. SYSTEM UNDER STUDY

The study has been carried out on a 4-wheel drive fully
electric vehicle, which has been used as a demonstrator for the
E-VECTOORC project. The car and the main information are
shown in Fig. 2 and Table L. It consists of a fully electric
topology with four switched reluctance (SR) motors each
controlled by a power converter. The four converters are fed
by a 600 V link supplied by a battery pack located at the rear
of the car. Additionally, a DC/DC power converter is used to
adapt the 600 V battery voltage to the 12 V line which feeds
the on-board electronic equipments. Fig. 3 shows a schematic
of the main electric elements that form the car power layout.
The control and monitoring of the vehicle is performed
through a micro-processor (Autobox) installed at the back.
This device is used to set a fixed demanded torque in each
motor in a way that a stable speed is achieved during the tests.
Measurements required in this study have been taken inside
the ITAINNOVA 10x18x7m semi-anechoic chamber. Control
and monitoring of the car are performed through a USB
connection to a laptop located in the control room outside the
chamber.

In order to characterize the noise generated by the car, the
main emission source must be identified. In this case, the
power converters are the critical components since their
switching operation contributes to the harmonic content.

III. CONDUCTED NOISE CHARACTERIZATION

The switching operation of the power converters used in the
car powertrain can turn them into important sources of
conducted noise [14][15]. This noise can distinguish two
components. One defined as Differential Mode current (DM),
which is related to the intrinsic switching conversion process
where produced residual high frequency harmonics are not
fully filtered by the input/output filters. The other component
defined as Common Mode current (CM) finds a coupling path
through parasitic elements in nonsymmetrical filters, heat
sinks and other devices attached to the power converter case.
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TABLEI

VEHICLE DEMONSTRATOR CHARACTERISTICS

Manufacturer Jaguar Land Rover
Model Range Rover Evoque
Traction 4x4

Topology Fully electric

Maximum speed 195 km/h

Total weight 2200 kg

Dimensions 4365 x 2125 x 1635 mm

Power (per motor) 42 kW (rated) - 100 kW (peak)
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Fig. 3.Vehicle electric layout

In the present section, measurements of both component
emissions have been performed on the car while it runs at a
fixed speed of 40 km/h. For these tests, a current clamp has
been placed embracing the cables at the DC input in one of the
converters (front-right converter is chosen so that the power
circuit includes the harnesses that crosses the vehicle). Two
measurements have been performed: one with the clamp
embracing both terminals, and another with the clamp
embracing only one terminal.

The first measurement provides the CM component, while
the later provides the sum of both CM and DM components. A
direct comparison of both measurements results in the
identification of the frequency range in which the CM
component prevails over the DM. This can be seen in Fig. 4,
where both CM and CM+DM measurements are displayed.
Since both traces are very similar above 10 kHz, the graph
shows that the conducted noise contains a dominant CM
component over this frequency. As a result, the following
analysis will be focused on this component.
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Common mode noise generated by power converters may
reach susceptible parts of the system, or produce radiated
noise. Both effects can be increased by the cables, which act
as propagation paths for the noise in the system. Modeling
these elements allows identifying the effect of resonance
characteristics and the connections to the system ground on
the noise propagation.

IV. NOISE PROPAGATION

Cables can be modeled using the Multi-Conductor
Transmission Lines (MTL) theory [16][17][18]. This
approach, in which the cable model is represented in per-unit
parameters, assumes transverse electromagnetic (TEM) wave
as the propagation mode. The direction of propagation is
coincident with the z axis of the cable rectangular coordinate
system [11].

In the MTL theory, a cable with N inner conductors is
represented by the set of 2N partial differential equations (1).
The complete model of the cable including the shield consists
of the inner system representing the central conductors and the
inner part of the shield augmented by the coupling effect of
voltage and currents flowing through the shield [19]:
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where i(z, t) and v(z, t) are Nx1 vectors representing the
current and the voltage with respect to the reference
conductor; the parameters L, C, R, G, are the per-unit-length
inductance, capacitance, resistance, and conductance NxN
matrices, respectively, containing the cross-sectional
dimensions and properties of the line; z is the position along
the transmission line; and t denotes the time variable. The
generators (i (z,r) i,(v,(zr) represent the coupling effect in

the central conductors of currents flowing through the cable
shield and the voltage between the shield and the structure.

In this study, the traction harness that feeds the power
converter has been selected, since it runs along the car
structure, resulting in long paths which, combined with

common mode currents and high power conversion, might
present a significant contribution to the radiated noise profile
of the vehicle. The harness is composed of two cables, each
surrounded by a shield. The geometrical characteristics of the
cable are used for the theoretical estimation of the L-C-R
parameters [20]. These are shown in eq. (2). For the cable, a
2m length is used to represent the case of a front inverter fed
by the battery at the back of the vehicle.
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Common mode noise is directly injected by connecting the
two conductors at one end of the cable to a voltage source, in a
way that an interfering current is forced to flow through both
terminals. At the other end, each terminal is connected to a ZL
impedance, which is introduced in the model as a generalized
Thevenin equivalent. Two load conditions are analyzed: first,
a balance load in which each terminal is connected to 150 Q
(150 Q is used as the normalized impedance for studies in CM
propagation in cables); a second case represents an unbalance
load in which one terminal is connected to a 150 Q load and
the other terminal is connected to ground.

Since the R, L, C, G parameters are directly related to the
cable geometry, deviations in the conductor position may
result in parameter variations which must be also taken into
account. This is achieved by applying stochastic methods in
the assessment which account for geometry deviations. In this
approach, a Monte Carlo method [21] is applied in a way that
a batch of 100 samples is simulated.

As the attenuation in the signal along the cable pays an
important role, this can be analysed with the transfer function
in eq. (3), which relates the common mode currents at the end
of the cable (z=L) with the common mode currents at the
beginning (z=0).
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Fig. 5 shows the transfer function profile for both load
conditions. As it can be seen, the balance case attenuates the
currents at high frequencies, while an unbalanced situation
would results into an amplification of the common mode
resonances over 10 MHz. These results show the impact that
the impedance at the end of the power cables has on the noise,
in a way that low impedances like the presence of
capacitances used in filters may cause higher resonances,
resulting in noise amplification at certain frequencies. As the
common mode is strongly related to the radiating interactions
of the car, the characterization of the radiated noise emissions
and coupling capacity of the whole system has been analyzed.
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V. RADIATED EMISSION CHARACTERIZATION

The car radiated emissions have been measured with a set
of antennas (Fig. 6 and Fig. 7 show some of the antennas
used) covering the low and high frequency ranges. The
antennas have been placed 3 m from the vehicle (clause 5.2.3
of CISPR 12 standard), and both lateral and frontal sides of
the car have been measured. For the magnetic field testing, a
loop antenna (10 kHz — 30 MHz) has been used. Electric field
has been measured with a dipole antenna in low frequency
range (30 Hz — 50 MHz) and a log-periodic antenna in high
frequency range (30 MHz — 2 GHz) in both vertical and
horizontal polarizations. Tests have been performed with the
car in standby mode (motors powered but not driving
traction), and traction mode (vehicle running on free coupling
rolls at steady speed of 40 km/h, as defined in clause 5.3 of
CISPR 12 standard).

Fig. 8 shows the spectrum profile of the magnetic field
emissions as measured in both front and sideways positions.
The graph also displays the measurement with the vehicle
completely switched off for reference. The measured spectrum
shows a rather low content of noise, with the main
contribution over 10 MHz. This involves a correct grounding
and shield connection strategies in the power cables which
bring a reduction in the radiating effects of the common mode
noise component, as it was shown in the emission studies
performed at component level in [12].

Fig. 6.Electric field measuring with log-periodic antenna
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Fig. 7.Magnetic field measuring with loop antenna
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Fig. 9. Electric field emissions (low frequency)

Fig. 9 shows the electric field emission in the low frequency
range, and Fig. 10 shows the electric field emission in the high
frequency range for horizontal polarization (a similar profile is
obtained in vertical polarization). Limits are defined in
standards (ECE R10) over 30 MHz for average and quasi-peak
detector. Though the measurements have been taken with
maximum detector, these limits are included in the plot as a
reference. The results show that emissions are slightly lower
when the antenna is placed in frontal position below 10 MHz,
however similar profiles are found in higher frequencies. It
can also be observed that the harmonic content in the electric
field range is significantly higher over the reference static
mode when compared with the magnetic field spectra, which
suggests a predominantly electric behaviour of the car.
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VI. RADIATED NOISE COUPLING

Incidental radiated noise coming from the environment
external to the car involves a source of interferences that
might induce disturbances inside the vehicle. These
disturbances may come typically as induced currents in the
cables due to the coupling mechanisms that take place when
the incoming field reaches the frame of the car. The currents
induced may flow along the metallic enclosures and produce
inner fields that might induce currents as well in the cables. To
analyze this phenomenon, a radiated coupling test has been
performed at system level on the car.

Coupling effects of external fields are usually assessed with
transfer functions [22] that relate the incidental field measured
at a fixed point with the induced current in a cable, as it is
shown by eq. (4).

current in cable (mA) )
radiated  field level (V / m)

To perform the tests, a radiated electric field has been
injected at different frequencies selected along the range under
study (from 10 kHz up to 400 MHz). The radiated field has
been produced with an antenna connected to a signal generator
(Fig. 11 shows one of the injecting antennas placed in front of
the car). A current clamp is used to measure the induced
current (a signal-to-noise ratio -SNR- is extracted to obtain the
real contribution of the field).
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Fig. 13. Noise coupling characterization

At the same time, the radiated field that reaches the car is
measured with an E-field probe located on the roof (Fig. 12).
The measuring process is represented in Fig. 13. If the transfer
function in eq. (4) is computed for each injected frequency,
the transfer function frequency profile can be obtained for the
whole frequency set in one measuring point of the vehicle. A
total of five points have been selected over the car electric
layout, in a way that both power and signal cables are
assessed. These points are shown in Fig. 14.

In the following, the coupling transfer function at each point
has been obtained for both horizontal and vertical injected
fields. This provides a set of functions that represent the
coupling characteristics of the radiated noise reaching the car.
These functions are shown in Fig. 15 and Fig. 16 (horizontal
and vertical polarization respectively).

In each point, the common mode noise component has been
measured and used in eq. (4), so the coupling functions
represent the way radiated noise couples common mode noise
in the car. The results show a similar behavior among the
tested points, especially at higher frequencies. At low
frequencies, point P4 show lower coupling levels in both
polarities, which can be explained as it is a signaling cable
and, therefore, has high impedance.

This point belongs to a shorter cable in comparison with
the rest of the points, and its location lies close to the vehicle
ground plane. Besides, this cable runs in the rear next to the
battery pack, which together with the boot structure provides
higher shielding. All these features contribute to a reduction in
the cable coupling capacity, as the plot shows.
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In the case of the cable measured at the 12V output of the
DC/DC (P3), a significant increase in the coupling is observed
when switching from horizontal to vertical polarization. This
shows the influence of the cable routing, since the cable runs
along the vehicle from rear to front connecting the DC/DC
converter (located in the back) with the 12V car battery
(located in the front).

A similar effect can be found in pint P2, which corresponds
to the power cable at the 600V input of the right front
converter. This cable, as well as in P3, runs along the vehicle
length connecting the battery pack in the rear with the
converter in the front. In this case the coupling level is higher
in comparison with P2 which belongs to the DC power
network that connects the four converters in the vehicle. This
increases the circuit area and length, resulting in a higher
coupling capacity. In fact, coupling noise can be seen as a

current source which depends on the incident field and the
circuit geometry. In this case, the overall contribution at the
DC input of the inverter is higher, producing higher levels of
induced current (as it can be seen in both polarities).

Point P1 corresponds to the 600 V output of the battery
pack. While this belongs to the same electric point than P2 and
gets also affected by the polarization of the incident field, the
length of the cable is shorter and its location limited to the
back part of the vehicle. As a result, the coupled noise in this
point is lower in comparison with P2.

A global analysis of the results reveals a lower level of the
coupling transfer function in the points that are located in the
rear of the car, which suggests that this part of the vehicle
provides a higher shielding in lower frequencies when
compared with the front part. If the average value of the
transfer function is computed for each polarization over the 6
points under study, the plot in Fig. 17 is obtained. As the plot
shows, the coupling mechanism is higher in frequencies above
10 MHz, which correlates with the results obtained in Section
IV in which resonances of common mode currents were
observed above this frequency. A higher capacity of the wire
to amplify the common mode currents involves also a higher
capacity to receive noise as common mode currents. This
leads to the conclusion that the common mode path of the
currents in the car layout drives the noise propagation
especially over 10 MHz.

The measured signal spectrum in emission tests contains the
narrow band noise produced by the vehicle, considered as an
uncontrolled noise source. On the other hand, radiated field
injected into the car may involve a broadband spectrum
produced by a controlled generator as well as ambient sources.
However, in the case of the coupling tests the field is
generated at one specific frequency in a way that a sufficiently
high signal-to-noise ratio is obtained in the cable. Therefore
the spectrum can be analyzed as a narrow band signal.

Broadband spectra coming from other ambient sources are
also avoided since the tests are performed within an isolated
semi-anechoic chamber. As a result, the narrowband profile
obtained in the coupling tests can be compared with the
narrowband profile in the emission spectra in order to compare
the phenomena observed in the radiated coupling tests with the
emission capacity of the car.
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Fig. 17. Average CM transfer function for horizontal and vertical
polarizations
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Fig. 18 and Fig. 19 show the stand-by radiated emissions in
the frequency range tested for coupling with both horizontal
and vertical polarizations respectively. On the graphs, the
obtained coupling transfer functions are also plotted in order
to compare the shape of the functions. As it can be seen, the
coupling factor increases along with the emissions, reaching in
both cases its maximum between 20 MHz and 100 MHz,
which illustrates that the emission efficiency of the car
matches the coupling profile in the same way an antenna emits
with more efficiency in the frequency range where the
receiving efficiency is higher.

VII. CONCLUSIONS

The work presented in this paper has provided a way to
characterize the noise present in a high power electric car
distribution system. The results obtained throughout the
analysis reveal that common mode currents play a very
important role in the noise interactions of the car.

First, a conducted noise study has shown the emission
profile of the most critical component, that is, the power
converter. Here, the switching process contributes with a
significant harmonic content in the common mode component
of the currents within the power cables. Common mode
currents might be an important source of radiated noise when
the path they follow includes loops and ground returns.
Besides, the impedance of the cables may increase the
resonance effects of common mode currents when capacitive
elements are used, which involve low impedances at high
frequencies, as the MTL models have shown in this study.

Those frequency ranges in which resonances occur may be
related to a higher capacity of the cable to couple noise. This
has been observed in the results of a radiated coupling test, in
which the coupling transfer function of the whole car in

different points of the electric layout reveal a higher capacity
for external radiation to induce noise in frequencies over 10
MHz. When comparing the coupling results with the emission
spectra, similarities have been detected in the 10kHz-400MHz
profile, in which the coupling mechanism grows towards the
80 MHz at the same time the electric field emission. This
illustrates the geometrical effect of the electrical layout on the
electromagnetic interactions of the car, since a dual behaviour
emitter-receiver takes place.

The results exposed herein, as part of a detailed
electromagnetic mapping of the vehicle, offer information
which can be used by designers to increase the robustness of
the car, enhance the safety and optimize the performance once
the critical parts and relevant noise interactions are identified.
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