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Radiated Emissions of an Electric Drive System
Estimated on a Bench Using Disturbance Currents

and Transfer Functions
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Abstract—Electric drive systems are going to be the future of
the automotive industry. Electromagnetic compatibility (EMC) is-
sues and challenges arise with its growing entry into modern cars.
This contribution provides an overview of the field dominating
disturbance currents of an automotive high-voltage (HV) power
inverter within an electric drive system. In order to minimize the
cost and time needed for EMC measurements and engineering, a
precompliance measurement method is introduced and applied to
the inverter’s setup. The method presented allows the calculation
of radiated emissions, according to CISPR 25, needed during the
development process without the need for an expensive anechoic
chamber. Transfer functions in combination with measured distur-
bance currents on the attached HV harnesses are used to obtain a
cost-efficient estimation of the radiated emissions occurring during
a component test. Its theory is discussed and demonstrated using
a derived model. The method is verified using a rudimentary test
setup, which represents a distributed system, and is later validated
by the active electric drive system test setup introduced. Exami-
nations of repeatability and reproducibility of disturbance current
measurements as well as applied EMC counter measures complete
the contribution.

Index Terms—Automotive high-voltage (HV) power inverter,
CISPR 25, distributed system, electric drive system, estimation,
precompliance, radiated emission, transfer function.

I. INTRODUCTION

THE increasing electrification in the automotive industry
accompanied by high complexity leads to a growing de-

mand for electromagnetic compatibility (EMC) engineering and
EMC measurements. First, each electric component has to be
tested according to standards, such as CISPR 25 [1], in a com-
ponent test, and second, assembled in a car, for a vehicle test.
These tests are the generally accepted main tool for investigat-
ing EMC performance. Each test has to be organized, a test
facility has to be booked, and the component and its peripheral
equipment have to be ready in time. This procedure occurs mul-
tiple times, depending on changes of the component during the
development process and its different prototype stages, which
is costly and time consuming. Hence, alternatives, commonly
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called precompliance methods, with the objective of giving an
estimation of the result expected during standard measurements
are desired [2]. Such EMC precompliance methods have to be
practical and easy to apply during the development process giv-
ing a reliable estimation with an accuracy of 10 dB or better.
They should not be regarded as a full replacement of the tra-
ditional measurements, but they have to be considered as an
additional tool between the design process and the series pro-
duction to ensure the EMC of a component. The advantages of
such tools are fast and early measurement results and a mini-
mization of the expense on measurement time for iterative tests
in certified test sites. This applies especially for the high-priced
radiated emission measurements on which this paper focuses.

Standard radiated emission tests for automotive components
are defined in [1]. Those measurements take place in absorber-
lined shielded enclosures (ALSE). The test setup is placed on
a metallic table bonded to the enclosure acting as a ground
reference. It consists of the device under test (DUT), its ca-
ble harness, a load, optional line impedance stabilization net-
works (LISNs), control units, and power supplies. The mea-
surement antenna is positioned one meter in front of the test
setup. Monopole, biconical, or log-periodic antennas are used
as measurement systems depending on the frequency range of
interest. EMI test receivers are used for recording the antenna
voltage, which is proportional to the electric field strength. In
summary, the test infrastructure necessary is complex and ex-
pensive, and thus, the access to such measurement facilities is
limited.

One type of precompliance tool for predicting radiated emis-
sions is a full-field simulator using, for example, the method of
moments. Simulations need a model of the component to be ex-
amined and its setup environment, including the measurement
equipment, for increased accuracy. All those aspects require a
high modeling effort and a lot of knowhow. The main advantage
of simulations is the decoupling from real hardware. Simula-
tions can be initiated long before the first real hardware exists.
Another possibility of estimating radiated emissions is a hybrid
approach. This uses a calculation model in combination with
measurements on a bench, which are easy to perform. These ap-
proaches mainly use analytic models relying on Hertzian dipole
arrays, which represent the cable harness as a sole radiator carry-
ing common-mode currents and include parts of the test setup’s
geometry. They have often been investigated, e.g., in [3]–[8].
The disadvantages of such approaches are the lack of the near
field coupling of the setup with the spatially distributed antenna
structure and the ALSE characteristic. The field is calculated at
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the position of the antenna feeding point. The influence of the
measurement table is implemented by the image theory, which
is only correct for infinite ground planes [9]. Moreover, reflec-
tion from the grounded floor is omitted completely. Housings
of the DUTs and of accessorial equipment are not taken into ac-
count, neither are diffraction and scattering effects. Therefore,
they are limited to simple setups. A numerical method applying
Huygens’ principle, which can comprise the whole setup except
for the ALSE, is presented in [10].

The drawback of missing aspects can be eliminated by the
use of measurable transfer functions (TFs), including the entire
system in combination with disturbance current measurements
on the harnesses attached to the component tested [11]. TFs rep-
resent the correlation between disturbance currents in an ALSE
setup and the related measurable electric field strength. Cur-
rent measurements for the field estimation can be conducted
in simple laboratory setups. Necessary TFs are available from
previous similar projects or have to be generated during the first
measurements of a component in an ALSE. The main advan-
tage of the TF method is that there is no need for excessive
modeling. All the information of the test setup with the ALSE
and measurement equipment is captured in the TFs. Further-
more, engineers are usually accustomed to measurement-based
approaches. Investigations of the method in the automotive area
show its applicability [12], [13] for nondistributed systems with
single and multiple segment TFs. It is shown that for frequencies
below 30 MHz good results can be achieved.

This contribution adapts and applies the TF method as a
precompliance tool to one of the most challenging automotive
EMC areas nowadays: the electrification of the drive system.
Here, as well as in any other EMC areas, fast and cost-efficient
EMC engineering is desired. The main parts of drive systems
are: a high-voltage (HV) battery, an HV power inverter, and an
electric drive machine. The interconnection is mainly realized
by shielded coaxial HV cables. The inverters applied convert
the HVDC of the traction network (TN) from the HV battery
into a three-phase ac on the phase network (PN) for the drive
machine. Those inverters represent the most critical disturbance
source [14] due to fast slew rates of the insulated gate bipolar
transistors (IGBTs) applied within the electric drive system. Fast
slew rates are mandatory to reduce power dissipation.

A test setup for an electric drive system is introduced in
Section II, which allows the characterization of only the EMC
performance of the HV inverter. The system regarded consists
of a preseries sample of an HV inverter, an HV source, an HV
LISN, a 12 V source, and LISNs for the low-voltage (LV) supply
of the inverter’s electronics, and an electric machine emulation
(EME) (see Fig. 1). Its disturbance currents and current paths
are examined in Section III. The principle of the TF method for
distributed systems is explained. Its theory is discussed and ver-
ified by a SPICE simulation in Section IV. The frequency range
considered is between 0.15 and 30 MHz, which is the range
of the main emissions of this inverter. The application of the
method will be verified by a rudimentary nonshielded setup in
Section V, followed by a validation using an active inverter setup
in Section VI. Repeatability and reproducibility analysis con-
cerning the current probe measurements, this method is based

Fig. 1. Block diagram of the drive system setup investigated.

on, are presented in Section VII and an example concerning
applied EMC counter measures are presented in Section VIII.

II. DRIVE SYSTEM SETUP

The setup investigated is an extension of the setup used in
[15]. The central element is a modified preproduction sample of
an HV inverter. This inverter has a voltage range of 150–430 V
dc from the HV battery or HV LISN over the TN. It is software
adjusted, so it can be operated in a measurement facility, which
is not equipped with an HV source. A minimum of 20 V dc for
the inverter’s intermediate circuit voltage is needed, which has
to be applied at the terminals T+ and T- of the TN. Furthermore,
no active cooling of the inverter is required. This setting allows
an active operational state of the inverter without any additional
communication, such as CAN bus or sensors. This assigns the
inverter and its switching IGBTs as the main noise source. The
operation mode of the inverter is set to a zero-ampere mode,
which is the worst case concerning common mode as the IGBTs
are switching simultaneously. A 12 V car battery in combination
with LV LISNs is used as the power supply for the internal
control unit. Therefore, the terminals 15 (ignition, switched on
plus), 30 (battery plus), and 31 (battery minus) of the inverter
are connected to the two LV LISNs for plus and minus power
supply. This LV harness has a length of 1.5 m. It is placed,
according to [1], 5 cm above the metallic measurement table
and 10 cm away from the table’s edge. The inverter’s terminals
T+ and T- are supplied over an HV LISN connected to a 24 V
battery. The HV LISN consists of a shielding box containing two
LISNs. Due to the influence observed of the connection cables
between HV LISN and the 24 V battery on the TF generation,
the battery is also placed into the shielding box of the HV LISN.
The inverter is equipped with N-type adaptors at its terminals
T+, T-, U, V, and W. This allows measurements, which lead to
a passive high-frequency emulation of the inverter [16].

A further N-type connector is mounted to the inverter’s hous-
ing, which acts as a feeding connector for an external signal
source. This feeding connector is later used for TF generation
and verification purposes. An EME is used as load for the in-
verter, representing the simplified high-frequency properties of
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Fig. 2. Adaptor for shield current measurements on the traction network with
current probe applied.

an electric drive machine. The EME is set up in a shielded
housing. A standard equivalent circuit with three star-connected
randomly chosen inductors (L = 5 μH) is set up on a printed-
circuit board (PCB). In order to emulate the dominating parasitic
capacitances between the terminals U, V, W, and the ground,
capacitors (C = 10 nF) are placed at the three inputs of the
emulation to the ground. The applied HV cables and the termi-
nals of the HV LISN and the EME are equipped with N-type
connectors instead of the automotive HV connectors for easy
laboratory use. The shielded coaxial HV cables, with a wire
cross section of 25 mm2, have a length of 3.3 m for the TN and
0.5 m for the PN. They are positioned 5 cm above the table and
10 cm away from the table’s edge. Due to the shielded networks
and the close cable running of the networks, the common-mode
currents are expected to dominate the electric field strength.
Hence, differential-mode currents are neglected in the follow-
ing analysis. The position of the HV LISN is not compliant
with the standard due to the length of the TN and the limited
size of the measurement table. In order to measure the currents
from the HV LISN and the EME to the ground, each is set up
on one single metallic bolt connected to the ground. Additional
adaptors between the HV LISN and the TN’s HV cables and
between the EME and the PN’s HV cables allow measurements
of currents on the shielding. As an example, Fig. 2 shows the
adaptor used at the TN side with a mounted current probe. The
adaptors can be shielded entirely with U-shaped copper brack-
ets. The measurement table is laminary bonded to the shielded
enclosure with four copper sheets, each 40 cm wide, at the rear
side of the table. This assures small contact impedance and a
good ground concept, which is important for a successful pre-
compliance result compared to real measurements. The setup
introduced is situated in an ALSE (see Fig. 3).

III. DISTURBANCE CURRENTS ON THE NETWORKS

The field-generating disturbance currents have to be exam-
ined in order to understand the radiated emissions of the setup.
Fig. 4 shows the disturbance currents of the active inverter mea-
sured with a current probe positioned at different points in the
setup. The six positions can be seen in a reduced block diagram
in Fig. 5. The currents IHV LISN(f) and ITN GND(f) are equal
and represent a part of the disturbance current generated by the
switching IGBTs. They flow through the TN and back to the

Fig. 3. Equivalent circuit (top) and photograph (bottom) of the measurement
setup of the investigated electric drive system in an ALSE.

Fig. 4. Disturbance currents measured at specific points in the setup.

Fig. 5. Current probe measurement points in a reduced block diagram.

source over the ground plane measurement table. These cur-
rents are called ground currents. ITN SH(f) is the other part of
the disturbance current in the TN, which has its return path over
the shield of the coaxial cables. This current is more than 10 dB
higher in amplitude than the ground current for most frequen-
cies, except in between 0.6 and 6 MHz. The currents IEME(f)
and IPN GND(f) represent the part of the disturbance current of
the PN flowing back to the source over the ground plane. The
part flowing through the shielding of the PN IPN SH(f) is up
to 30 dB higher in amplitude. Fig. 4 provides two main obser-
vations: The disturbance currents on the inner conductors split
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into two parts, as in (1) and (2). The main part of the distur-
bance currents ITN(f) and IPN(f) of each network flows back
over the HV cable’s shielding, which is generally dependent on
frequency, length of the harness, and distance of the harness to
the ground [17], [18]. The second part, flowing back over the
ground IGND(f), can be measured with a current probe around
the entire TN and around the entire PN, respectively [see (3)].

ITN (f) = ITN SH (f) + ITN GND (f) (1)

IPN (f) = IPN SH (f) + IPN GND (f) (2)

IGND (f) = ITN GND (f) + IPN GND (f) (3)

IV. METHOD OF TRANSFER FUNCTIONS

A. Principle of Transfer Functions

The radiated electric field strength of a component in a com-
ponent test can be calculated on the basis of field-dominating
common-mode currents [19] using an analytic model or TFs
of the setup. The analytic approach is practical for simple
setups. Modeling of complex setups with ALSE and antenna
characteristics, spatial current distributions along the entire mea-
surement setup, as well as diffraction and scattering is beyond
practicability if performed analytically. This disadvantage can
be eliminated by numerical solutions or TFs. A TF represent the
correlation between the electric field strength E( f ) and its ap-
pending disturbance current I( f ). They can be obtained by a
measurement procedure including current probe measurements
on a component’s cable harness and an electric field strength
measurement with an antenna. These measurements can be per-
formed by an EMI test receiver. For this purpose, the setup of
a component inside an ALSE is excited by a tracking generator
(TG) instead of the DUT feeding the harness with a common-
mode current. With the measured peak values of the electric
field strength E( f ) and the disturbance current I( f ), TFs can be
calculated as

TF (f) =
E(f)
I(f)

=
UAnt(f)
UCP(f)

· AF (f) · ZT(f) (4)

with the antenna peak voltage UAnt(f), the current probe
peak voltage UCP(f), the antenna factor AF( f ), and the tran-
simpedance ZT ( f ) of the current probe.

An estimation of a component’s radiated emission is now
possible without an ALSE. For this purpose, the DUT is ar-
ranged on a metal-plated bench in a simple laboratory attached
to the according setup, as used for the TF generation, replac-
ing the signal generator. The disturbance current IDUT(f) has
to be measured by an EMI test receiver with peak detector at
the same position as during the TF generation. With the TF ob-
tained, the peak value of the electric field strength Ecalc DUT(f)
can then be estimated by (5). This is a valid procedure as long
as the current distribution of the DUT is comparable to the one
implemented in the TF [13].

Ecalc DUT (f) = TF (f) · IDUT(f) (5)

Fig. 6. Setup for the TF generation of the traction network (TN) with a tracking
generator (TG).

Fig. 7. Setup for the TF generation of the phase network (PN) with a tracking
generator (TG).

B. Combined Transfer Functions

The drive system setup regarded consists of two main
branches: the TN, connecting the inverter with the HV source,
and the PN, connecting the inverter with the electric drive ma-
chine. Two independent TFs representing both subsystems have
to be generated, one for each branch. The cable running of the
networks is important for obtaining correct estimation results as
the TF procedure bases on dominating common-mode currents.
The single cables of each network have to be close to each other
so the contribution of possible differential mode currents to the
electric field is minimized. Because the housing of the inverter
is quite big and defines the position of the HV cables, it has
to be implemented into the TFs for accurate results. Therefore,
an inverter is modified, making it possible to excite the TN of
the setup in an ALSE over its terminals T+ and T- with the
common-mode signal ITN(f) on the two inner conductors of
the shielded HV cables. The same applies to the PN concerning
its terminals U, V, and W with the common-mode signal IPN(f).
A TG is used as a signal source. Fig. 6 and 7 show the block
diagrams of both setups. The inner conductor of the coaxial
feeding cable from the TG is connected via an N-type feeding
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Fig. 8. Top view of the inverter: Example of the interconnection with bus bars
for the phase network (PN) excitation over U, V, and W.

connector to bus bars for excitation. The feeding connector is as-
sembled to the grounded housing of the inverter. This allows the
connection of the TN, the PN or both simultaneously with the
excitation signal and reference to the ground, compare Fig. 8.
Internal inverter electronics are insulated and not connected to
the bus bars or the terminals T+, T-, U, V, and W. There are no
additional voltage sources connected to the inverter during the
generation process. The TG is supplied by a separate insulating
transformer and the connection cable between TG and feeding
connector is equipped with ferrites suppressing unwanted radi-
ation effects and current paths. Successive measurements of the
resulting ground currents ITN GND(f) and IPN GND(f) plus
the according field strengths ETN(f) and EPN(f) with an EMI
test receiver with peak detector lead to the TFs

TFTN (f) =
ETN(f)

ITN GND(f)

=
UAnt TN(f)

UCP TN GND(f)
· AF (f) · ZT(f) (6)

TFPN (f) =
EPN(f)

IPN GND(f)

=
UAnt PN(f)

UCP PN GND(f)
· AF (f) · ZT(f). (7)

By using these TFs and two disturbance current measure-
ments ITN GND DUT(f) on the TN and IPN GND DUT(f) on
the PN, respectively, the radiated electric field strength of an
active inverter being the DUT can be calculated. The applica-
tion of the superposition principle in (8) on the two calculated
electric field parts Ecalc TN DUT ( f ) and Ecalc PN DUT(f) leads
to the calculated field strength

Ecalc DUT (f) = Ecalc TN DUT (f) + Ecalc PN DUT (f)

= TFTN (f) · ITN GND DUT (f)

+TFPN (f) · IPN GND DUT (f) . (8)

Due to the fact that the setup can be considered as elec-
trically small [3] and only near-field coupling occurs in the
frequency range up to 30 MHz, phase information will be ne-
glected for the TFs. Further, the phase of the disturbance currents
ITN GND DUT(f) and IPN GND DUT(f) is neglected as EMI test
receiver measurements give only absolute values. This leads to
a worst case approximation of the electric field strength. As the

Fig. 9. Setup for the verification of a combined transfer function set using a
tracking generator (TG) as DUT.

field is measured with a 1-m-long vertical monopole antenna,
the dominating field coupling mechanism is capacitive. The LV
cable harness is not considered by a separate TF because of its
observed minimal influence on the field strength of the active
inverter setup.

C. Verification Process of Combined Transfer Function Sets

The TN and the PN are excited simultaneously with a TG act-
ing as DUT to verify a generated combined TF set (see Fig. 9).
This is achieved by one bus bar connecting T+, T-, U, V, and
W to the inner conductor of the feeding connector. Voltage
sources are not connected to the setup, and internal inverter
electronics are insulated from the terminals. This leads to the
disturbance currents ITN GND V(f) and IPN GND V(f) shown
in Fig. 9. These ground disturbance currents are measured se-
quentially with a current probe at the same positions as during
the TF generation. A field strength measurement Emeas TG(f)
with a monopole serves as reference. The currents measured
with the corresponding TFs inserted into (8) lead to the verifi-
cation result Ecalc TG(f). This result compared to the reference
measurement Emeas TG(f) indicates the correctness of the TFs
and the measurement procedure.

D. Modeling of the Setup–Antenna Coupling Mechanism

A model of the system has to be derived as an explanation
for the application of the superposition principle in (8). The
quantity regarded is the electric field strength, which is propor-
tional to the antenna voltage measured by a monopole antenna
representing an electric field probe. Both are linked through the
antenna factor. The antenna factor AF( f ) = 1/m is chosen as a
simplification. Thus, only the antenna voltages are considered
in the following. The antenna input impedance ZAnt(f) of the
monopole is modeled with a capacitor CAnt in parallel to a high
ohmic resistor RAnt . The monopole is in the near-field area
of the harnesses because of the geometrical size of the whole
setup. Hence, the coupling mechanism between the setups and
the antenna is capacitive. It can be represented by the coupling
capacitors CTN for the TN and CPN for the PN. Fig. 10 shows
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Fig. 10. Schematic of the electric models for the (a) traction network (TN)
setup, (b) the phase network (PN) setup, and (c) the verification setup.

the schematics of the models for the two TF setups in (a) and (b)
and the verification setup in (c). The impedance ZTN GND(f)
comprises the HV LISNs and the ground impedance seen by the
ground current of the TN. The impedance ZPN GND(f) com-
prises the EME and the ground impedance seen by the ground
current of the PN. The radiation is caused by the potential differ-
ence of the harnesses to the monopole generated by the ground
currents flowing through the networks. Shield currents of the
coaxial HV cables compensate their electric field in relation to
the monopole with its counterpart on the inner conductor. This
is because of the small cable diameter compared to the dis-
tance between cable and monopole and its equal amplitude with
opposite sign [20]. Hence, a model representing the coupling
between setup and antenna only includes the ground current
IGND(f) as source. The mathematical TFs according to the
schematics shown in Fig. 10(a) and (b) are given by (9) and
(10). Coupling effects between the two TF setups are neglected.

TFTN (f) =
UAnt TN (f)
ITN GND (f)

=
ZTN GND (f) · ZAnt (f)
ZCT N (f) + ZAnt (f)

(9)

TFPN (f) =
UAnt PN(f)
IPN GND(f)

=
ZPN GND (f) · ZAnt (f)
ZCP N (f) + ZAnt (f)

(10)

ZCT N (f) and ZCP N (f) are the impedances of the coupling
capacitors CTN and CPN . The estimation of the antenna volt-
age UAnt calc(f) of the verification setup in Fig. 10(c) can be
determined by (11) using the TFs and the verification cur-
rents ITN GND V(f) and IPN GND V(f) out of the schematic
in Fig. 10(c) according to (8)

UAnt calc (f) =
ZTN GND (f) · ZAnt (f)
ZCT N (f) + ZAnt (f)

·ITN GND V (f) +
ZPN GND (f) · ZAnt (f)
ZCP N (f) + ZAnt (f)

·IPN GND V (f) . (11)

The reference antenna voltage UAntV (f) of the verifica-
tion setup in Fig. 10(c) is derived depending on the currents
ITN GND V(f) and IPN GND V(f) according to

UAntV (f) =
ZAnt (f)

ZC (f) + ZAnt (f)

· ZTN GND (f) · ZPN GND (f)
ZTN GND (f) + ZPN GND (f)

· [ITN GND V (f) + IPN GND V (f)] (12)

with ZC (f) as the parallel circuit of ZCT N (f) and ZCP N (f)
comprising the overall coupling capacitance CC between setup
and monopole.

UAnt calc(f) and UAntV (f) have to be equal to proof the
application of the superposition principle. This can be shown
under the following assumption:

ZCT N (f) ,ZCP N (f) > ZC (f) > ZAnt (f) . (13)

This assumption is adequate, because the coupling capaci-
tances between the networks and the monopole are significantly
smaller than the input capacitance of the monopole itself. The
coupling capacitances CTN and CPN are in the range of sev-
eral 100 fF. The input capacitance of a monopole antenna is
comprised of the self-capacitance of the rod and the capacitance
of the matching unit’s high impedance input circuitry. Both to-
gether are at least 10 pF, representing the self-capacitance of
a 1 m rod to the ground. This value is the worst case leading
to the highest possible value for the antenna impedance. With
(13), ZAnt(f) can be neglected in the denominators of (11). Ad-
ditional substitution of ITN GND V(f) and IPN GND V(f) with
U0 (f) /ZTN GND (f) and U0 (f) /ZPN GND (f), respectively,
in (11), leads to

UAnt calc (f) = ZAnt (f) · U0 (f) ·
[

1
ZCT N (f)

+
1

ZCP N (f)

]

= ZAnt (f) · U0 (f) · 1
ZC (f)

. (14)

Extending (14) with (ZTN GND (f) + ZPN GND (f))/
(ZTN GND (f) + ZPN GND (f)) results in

UAnt calc (f)

=
ZAnt (f)
ZC (f)

· U0 (f) · ZTN GND (f)
ZTN GND (f) + ZPN GND (f)

+
ZAnt (f)
ZC (f)

· U0 (f) · ZPN GND (f)
ZTN GND (f) + ZPN GND (f)

. (15)

By substitution of U0(f) in (15) with ITN GND V(f) ·
ZTN GND(f) for the first part of the right side, and with
IPN GND V(f) · ZPN GND(f) for the second part, respectively,
follows:

UAnt calc (f) =
ZAnt (f)
ZC (f)

· ZTN GND (f) · ZPN GND (f)
ZTN GND (f) + ZPN GND (f)

·

[ITN GND V (f) + IPN GND V (f)] . (16)
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TABLE I
COMPONENT VALUES FOR APPLIED SPICE SIMULATION

Component Value Description

CA n t 10 pF Monopole input capacitance
RA n t 10 MegΩ Monopole input resistance
ZT N G N D LISN ‖ LISN HV LISN representation
ZP N G N D 30 nF Common-mode parasitics of the three phases of the EME
CT N 0.05–5 pF Coupling capacitance of the TN
CP N 0.05–5 pF Coupling capacitance of the PN
CC 0.1–10 pF CT N + CP N , overall coupling capacitance

Equation (16) equals (12) with neglected ZAnt(f) in the de-
nominator as all other parameters are unchanged and consistent.
The combined TFs principle is not dependent on the impedance
values ZTN GND(f) and ZPN GND(f). They do not influence
its performance, no matter what values they have as long as
they match between (12) and (16). The use of the superposition
during the verification of the TFs presented is suitable, while
ZC (f) is large compared to ZAnt(f). This is the case in real
verification measurements. Otherwise, deviations between ref-
erence and calculation will occur. This constraint does not exist
in a real active inverter setup because of the transient disturbance
currents and the lack of a permanent short circuit between the
TN and the PN as in the model of Fig. 10(c). Therefore, each
network can be regarded as an independent radiator and the en-
tire electric field strength can be calculated by the superposition
of the two field parts. This leads to the theoretical correctness
of the method for an active inverter. Hence, the implemented
coupling capacitances in the TFs measured in (6) and (7) are the
operative ones.

The verification of the model presented is performed using a
SPICE simulation with schematics according to Fig. 10. Neces-
sary impedances are chosen as shown in Table I. The coupling
capacitors CTN and CPN are equal in a range of 0.05–5 pF.
This allows to show the dependency of the calculated antenna
voltages UAnt calc(f), according to (11), on the ratio between
CAnt and CC influencing the assumption that ZC (f) is large
compared to ZAnt(f). The TFs for the range of the coupling
capacitors are calculated according to (9) and (10). As a ref-
erence, the antenna voltages are simulated as well as the cur-
rents ITN GND V(f) and IPN GND V(f) for the calculation of
UAnt calc(f). Fig. 11 shows the maximum error between the
antenna voltages UAnt calc(f) calculated and the simulated ref-
erence antenna voltages UAnt V (f) as a function of the ratio
between CAnt and CC . With an increasing ratio, CC becomes
equal to CAnt , meaning that ZAnt(f) is no longer small com-
pared to ZC (f). This increases the maximum error from almost
zero to 2.5 dB. Regarding realistic values for the capacitances
mentioned, the ratio will be below 0.3 providing an error of a
maximum of 1 dB. As a result, the calculation will reproduce
the reference curve in shape with a tolerable amplitude error.
This demonstrates the correctness of the model in combination
with the TF method presented.

V. RUDIMENTARY EXPERIMENTAL TEST SETUP

A rudimentary nonshielded test setup is chosen for a first
test of the combined TFs method on a real setup. A simple

Fig. 11. Maximum error between the antenna voltage UAnt calc (f ) calcu-
lated and the simulated antenna voltage UAnt V (f ) of the electric model de-
pending on the ratio of antenna capacitance CAnt and coupling capacitance
CC .

Fig. 12. Top view of the rudimentary setup.

Fig. 13. Comparison of reference measurement Em eas TG (f ) to
Ecalc TG (f ) and Ecalc neg TG (f ) for the verification purpose of the rudi-
mentary setup excited by a tracking generator (TG).

coupling PCB representing an inverter with jacks for the TN
and the PN is used. A signal generator can be coupled to the
PCB via an SMA connector. Jumpers allow coupling of the
inner conductor of the signal generator either with the TN,
the PN, or both. The PCB can be considered either as an L
piece or a T piece, depending on the jumper setting. An HV
LISN replication and the EME presented are applied as loads
for the networks. Laboratory single wires are used for the repli-
cation of unshielded interconnections. Three wires each 2 m
long for the TN (T+, T-, and ground) and four wires each 1 m
long for the PN (U, V, W, and ground) are used. Fig. 12 shows
the setup.

TFs are generated and verification measurements are made
according to Section IV. The comparison of the reference mea-
surement and the result calculated is shown in Fig. 13. The
agreement between the reference Emeas TG(f) and the field
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Fig. 14. Comparison of reference measurement Em eas TG (f ) to
Ecalc TG (f ) for the verification purpose of the electric drive system setup
excited by a tracking generator (TG).

strength Ecalc TG(f) calculated is significant. A resonance is
not replicated properly between 0.8 and 1.7 MHz. This reso-
nance is caused by the EME. Because of the direct connection
of the TN and PN during the verification in combination with
a TG, which has no impressed voltage as for the SPICE sim-
ulation, the current on the TN is affected, leading to a 180°
phase shift. This does not apply to a real inverter setup with
transient signals. This imperfection can be solved for the ver-
ification measurement by a negative superposition of the two
electric field components in the range of 0.8–1.7 MHz by (17)
(see Ecalc neg TG(f) in Fig. 13). Ecalc neg TG(f) delivers the
exact curve shape needed in between 0.8 and 1.7 MHz. This
negative superposition represents a 180° phase shift occurring
at the resonance frequency. The uneven noise floor is caused by
the GPIB line communication into the shielded enclosure for
the TG applied.

Ecalc neg TG (f) = Ecalc TN (f) − Ecalc PN (f)

= TFTN (f) · ITN GND TG (f)

−TFPN (f) · IPN GND TG (f) (17)

VI. APPLICATION OF THE COMBINED TRANSFER FUNCTION TO

AN ELECTRIC DRIVE SYSTEM SETUP

After the evaluation of the combined TF on the basis of a
simplified, unshielded setup, the electric drive system setup
presented previously is examined. The disturbance amplitudes
expected are considerably smaller as a result of the entirely
shielded HV system. For this system, a set of TFs is obtained,
as described in Section IV. Verification measurements are per-
formed and the result is presented in Fig. 14. The comparison be-
tween measurement Emeas TG(f) and calculation Ecalc TG(f)
shows a very good similarity. There are no major deviations
besides 5 dB at the lower end and 10 dB at the upper end of
the frequency range. The calculation without phase information
and considering the setup as electrically small is a good approx-
imation in the frequency range regarded. This result shows the
applicability of the TF set generated for this kind of distributed
system up to 30 MHz. With increasing frequency, the error
will rise, due to neglected phase information for the TFs and

Fig. 15. Comparison of reference measurement Em eas Inv (f ) of the active
inverter (Inv) in the electric drive system setup to the calculation Ecalc Inv (f ).

the currents. Further, the setup will become electrically large,
which leads to an inconstant current distribution along the har-
ness. This current distribution cannot be represented by a single
current probe measurement on each network.

After verification of the TFs, the method is applied to the
setup with an active inverter (Inv). The internal power elec-
tronic of the inverter is connected with the terminals T+ and
T- and the terminals U, V, and W. The LV harness is supplied
with 12 V over the LISNs, and the TN with 24 V over the HV
LISNs. The resulting ground disturbance currents are measured
on the TN 0.5 m from the terminals T+ and T- and on the
PN 0.25 m from the terminals U, V, and W as during the TFs
generation. The electric field strength Emeas Inv(f) is measured
as the reference. With the verified TFs, the disturbance cur-
rents, and (8), the electric field Ecalc Inv (f) is calculated. The
comparison between calculation and reference measurement is
shown in Fig. 15. The calculation reproduces the shape and the
tendency of the reference measurement very well. Minor devi-
ations of a maximum of 7 dB can be observed up to 14 MHz.
At 15 MHz, the maximum deviation is 13 dB. This result is
satisfactory as a precompliance result. The prediction provides
an overall impression of the disturbances expected and can in-
dicate critical frequencies. Some deviations arise because of the
inverter-driven transient and time-variant excitation of the net-
works in contrast to the sinusoidal signal during the verification
procedure. This is because of the controlled mode in which the
inverter is operated. Thus, peak currents and peak field strength
measured must not necessarily correlate by using the TFs. This
problem can be addressed by a time domain approach in the fu-
ture. Here, simultaneous measurements of the ground currents
on both networks and as reference of the electric field have
to be performed. Time snapshots can then be transformed into
the frequency domain. The calculation of the field can still be
performed with (8). Additionally, the feedback of the current
probe on the system has to be considered [21]. The influence
on the electric field strength observed with and without current
probe around the harness is at single frequency points at most
2 dB, for instance. Furthermore, the TF approach reduces the
HV harnesses to a single conductor carrying the disturbance
currents. In reality, currents are not equally distributed over
the two or three coaxial cables, respectively. This is caused by
the switching characteristic of the inverter’s IGBTs.
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Fig. 16. Comparison of the standard deviation of ground currents of (a) the
traction networt and (b) the phase network in an ALSE setup and a bench setup.

VII. REPEATABILITY AND REPRODUCIBILITY OF CURRENT

PROBE MEASUREMENTS

The precompliance method presented is based on current
probe measurements. To ensure reliability of the method, it is
important to know the deviations between the currents occurring
in an ALSE setup and the currents occurring in a bench setup.
In contrast to the ALSE setup, the laboratory setup available has
a zinc-plated steel sheet as a table top instead of copper. There
is no external irradiation on the laboratory setup influencing the
current measurements. The setup is built up ten times in both
environments. This time, the HV LISN is set up directly on the
table tops without the copper bolt mentioned in Section II. The
ground currents on the TN and on the PN are measured for each
iteration. The operation mode of the inverter is a zero-ampere
mode, as above in Section II. At first, the repeatability of the
ground currents in an ALSE and on a bench is investigated. The
plots in Fig. 16(a) and (b) show the two sigma standard devia-
tions leading to a 95% confidence level for each of the ten current
measurement sets on the TN and the PN. The maximum stan-
dard deviation is around 3 dB for the TN and 2.5 dB for the PN,
which is low regarding the possible influences, such as the state
of charge of the battery, changing contact resistances between
the components, positioning of the whole setup on the tables,
and positioning of the current probes. Therefore, measurement
repeatability of this setup is granted in both environments.

Fig. 17 shows the mean values from the ten measurements of
ITN Mean Bench(f) and ITN Mean ALSE(f) of the TN in (a) and
IPN Mean Bench(f) and IPN Mean ALSE(f) of the PN in (b) for
both setup environments. Both diagrams show a good agreement
between the curves with maximum deviation of less than 2 dB.
The reproducibility for ground currents in such a system in two
different measurement environments is given. Hence, ground
currents are a good basis for the precompliance method pre-
sented. This allows the application of the TF method in means
of uncertainty as long as the TFs applied are correct.

VIII. EMC COUNTERMEASURES

To show the benefit of the method, EMC countermeasures
are applied to a DUT and the combined TF method is applied.
An inverter with the possibility to apply and remove the internal

Fig. 17. Comparison of the mean values of ground currents of (a) the traction
networt and (b) the phase network in an ALSE setup and a bench setup.

Fig. 18. Comparison of the disturbance currents on the traction harness with
and without Cy capacitors.

Fig. 19. Comparison of reference field measurements of the active inverter to
the calculations (a) without Cy capacitors and (b) with Cy capacitors.

Cy capacitors acting as common-mode filters at the terminals
of T+ and T- to ground (compare Fig. 3) is used. The setup
is the same as described in Section II. TFs are generated and
verified according to Section IV. Reference field and current
measurements on the harness are performed with and without
the Cy capacitors. The common-mode current on the TN can be
decreased up to 30 dB using the mentioned filters as can be seen
by comparison of ITN no Cy (f) and ITN with Cy (f) in Fig. 18.
The comparison between measured and calculated electric field
strength with and without applied Cy capacitors is shown in
Fig. 19. Both calculations Ecalc no Cy (f) and Ecalc with Cy (f)
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have a good agreement compared with their reference measure-
ments Emeas no Cy (f) and Emeas with Cy (f). The deviations are
mainly lower than 5 dB. Positive and negative effects of the
common-mode filtering can be calculated. Around 0.7 MHz the
field strength is decreased by 15 dB through the application
of the filter, the effect which was intended. Around 4 MHz an
unintentional increase of 7.5 dB can by observed. This exam-
ple shows the applicability of the method for common-mode
interference countermeasures.

IX. CONCLUSION

A combined TF method is introduced and explained for dis-
tributed systems. It allows the estimation of radiated emissions
during a component test according to CISPR 25 without the need
for an ALSE. It is applied to an automotive electric drive sys-
tem with dominating common-mode emissions. A test setup for
characterizing an HV inverter’s EMC performance is presented.
The relevant disturbance currents and paths in such a system are
explained in detail and the coupling mechanism to an antenna
is modeled. The results for verification and validation of the
combined TF method show a good agreement to measurements
throughout the frequency range investigated. The tendency and
shape of reference measurements compared to the calculation
differ with a maximum of 13 dB in the electric field strength.
The precompliance results obtained give a very good and re-
producible estimation of the expectable radiated emissions. It
can indicate upcoming issues and show the impact of applied
common-mode filtering to the DUT. Hence, it fulfills its desig-
nation as a tool supporting the EMC engineer’s work, with the
advantage of saving time and money. In the future, the combined
TF method has to be applied to different operation modes of the
inverter and to different EMC solutions within the drive sys-
tem showing its limits. A time-domain approach will improve
the accuracy as well as the consideration of differential-mode
interferences.
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