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Abstract. The noise source impedance has a major impact on the insertion loss (IL) of the
traction inverter electromagnetic interference filter in electric cars. It is possible to determine
the source impedance conditions at which the IL will be minimum or maximum. This paper
exploits this to present a method for identifying critical frequency ranges regarding the mini-
mum IL when the information about the source impedance is limited. Thus, the expectable IL
can be predicted before the exact source impedance is known, and responses to changes in the
termination impedance can be made more efficient.

1 Introduction
The electromagnetic interference (EMI) filter on the DC side of the traction inverter in electric
cars usually has only a few stages or orders due to the high voltage and current levels present. The
fewer the stages of a passive EMI filter, the more dependent its insertion loss (IL) is on the termi-
nation impedances [1]. Therefore, the IL of these filters depends highly on the terminations, which
property is accounted for in modern filter optimization methods [2]. The termination impedance
on one side of the filter is well-known, which is the AC resistance of the line impedance stabiliza-
tion network(s) (LISN) used in electromagnetic compatibility (EMC) testing. On the other side,
however, the termination impedance depends on the inverter, the electric machine and the overall
system (Fig. 1), i.e. the noise source. Its exact value cannot be known at every moment throughout
the entire development process, since the filter is not only an electrical, but an electro-mechanical-
thermal product. Thanks to the mentioned high voltage and current levels, the filter needs to meet
severe mechanical a thermal requirements, and the modifications made for achieving these often
results in the change of the termination impedance. This makes it difficult for the exact noise
source impedance to be available all the time. Additionally, in a lot of cases the focus is on the
magnitude of the source impedance only, which does not reflect the reality.

Hence, this paper attempts to study the dependence of the insertion loss of typical low-stage
filter topologies on the complex noise source impedance at different frequencies. Furthermore, a
graphical method is presented which can be used if the parameters of the filter are known but the
information on the noise source impedance is only approximate. The method can identify critical
frequency ranges at which the IL could differ heavily from its expected value measured in a 50 Ω
system. In the second section, the general terms and equations are introduced which were used
during the course of the study. Section 3 presents the calculation of the noise source impedance
condition at which the insertion loss will be minimum or maximum along with illustrations. The
graphical method which can be used for identifying the critical frequency ranges is introduced in
the fourth section. Finally, Section 5 summarizes the conclusions of the work.
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Figure 1: System diagram from an EMC point of view.

2 Mathematical Context
The EMI filter of traction inverters is a two-line filter forming a three-port network as depicted in
the upper part of Fig. 2 (a) (the ground (G) in this case is the chassis of the car as indicated in
Fig. 1). The filter can be divided into differential-mode (DM) and common-mode (CM) parts. The
resulting two-port networks are easier to grasp from a mathematical point of view, because the
insertion loss taking into account the termination impedances can be expressed using four two-
port network parameters of arbitrary type [3]. In this problem area, the IL in decibels is written
using the chain, cascade, transmission or ABCD-parameters:

IL = 20 log10

∣∣∣∣AZ l +B + C Zs Z l +DZs

Zs + Z l

∣∣∣∣ (1)

Note that by definition, insertion loss is the ratio of power at the load before and after inserting a
device into the system. In the context of EMI filters, IL is defined as the quotient of the voltage
measured on the load before and after the insertion of the filter. This is a significant difference
from the point of view that in terms of signal power, the insertion loss of a passive filter cannot
be negative in decibels. In other words, a passive network cannot have power gain. However,
defining IL in terms of chain parameters as in (1) allows it to take negative values in dB, because
the formula is derived from the voltage ratio [4], and voltage gain can occur due to resonance.

In (1), Zs denotes the varying complex noise source impedance, and Z l is the complex load
impedance from the LISN(s) as illustrated in Fig. 2 (b). In the following sections, using the alge-
braic form of the impedances, the real part is denoted by R and the imaginary part by X:

Zs = Rs + jXs Z l = Rl + jXl (2)

The also complex ABCD-parameters in (1) make up the chain parameter or transmission matrix
(T) of the studied two-port filter and it is defined as follows:

T =

[
A B
C D

] [
V 1

I1

]
=

[
A B
C D

] [
V 2

I2

]
(3)

where V 1 and I1 are the input voltage and current, V 2 and I2 are the output voltage and current
of the two-port network, respectively (Fig. 2 (b)).

For the rest of the study, the focus is on the CM part of the EMI filter. The CM part is a low-
pass filter with a few stages consisting of series inductors (CM chokes) and parallel capacitors
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(Y-capacitors). Such topologies are the L, C, LC ( Γ), CL (Γ), LCL (T) and CLC (Π) filters (Fig. 3
(a)), whose T-matrices, assuming that the values of the inductors and the capacitors are the same,
are shown below:

TL =

[
1 ZL

0 1

]
TC =

[
1 0
Y C 1

]
TLC =

[
1 + ZLY C ZL

Y C 1

]
TCL =

[
1 ZL

Y C 1 + ZLY C

]
TLCL =

[
1 + ZLY C ZL

2
Y C + 2ZL

Y C 1 + ZLY C

]
TCLC =

[
1 + ZLY C ZL

ZLY C
2
+ 2Y C 1 + ZLY C

] (4)

The transmission matrices of the topologies with higher number of stages can be obtained by per-
forming the non-commutative matrix multiplication of the TL and TC matrices in the appropriate
order. ZL above is the impedance of the series inductor, and Y C is the admittance of the parallel
capacitor in the parameterized low-pass filter:

ZL = j2πfL Y C = j2πfC (5)

where f denotes the frequency. Also, ZL and Y C can be complemented with parasitics of the
inductor and the capacitor [5]. The inductor can be modeled as a parallel RLC, and the capacitor
as a series RLC network as shown in Fig. 3 (b). ZL and Y C in this case is as follows:

ZL =
1

1
j2πfL

+ j2πfEPCL + 1
EPRL

Y C =
1

1
j2πfC

+ j2πfESLC + ESRC

(6)

where EPCL and EPRL are the equivalent parallel capacitance and resistance of the inductor,
ESLC and ESRC are the equivalent series inductance and resistance of the capacitor, respectively.
Having determined the terms used in the computations of the following sections, Section 3 will
define and visualize the critical points of the insertion loss.

3 Noise Source Impedance at Which the Insertion Loss Will Be Minimum or Maximum
Assuming that the fixed load impedance is known because the impedance of the LISN is available
as mentioned previously, the dependency of insertion loss on the noise source impedance can be
provided. According to [6], the IL takes its minimum or maximum values at a certain frequency
when the imaginary part of the source impedance is respectively Xsmin or Xsmax, while its real
part, Rs, is minimum. Xsmin and Xsmax can be calculated the following way, which formulas are
the result of the minimum and maximum search of the insertion loss using derivatives:

Xsmin =
−Rl

2 +Re1
2 −Xl

2 +Xe1
2 +

√
∆

2(Xl −Xe1)
(7)

Xsmax =
−Rl

2 +Re1
2 −Xl

2 +Xe1
2 −

√
∆

2(Xl −Xe1)
(8)

where Re1 and Xe1 are the real and imaginary parts of impedance Ze1 introduced in [6] to shorten
the otherwise long formulas for Xsmin and Xsmax.

Ze1 =
AZ l +B

C Z l +D
(9)
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The parameter ∆ in (7) and (8) after performing the minimum and maximum search of the inser-
tion loss expressed with the use of Ze1 is

∆ =
(
−Rl

2 +Re1
2 −Xl

2 +Xe1
2
)2−

−4
(
−Xl +Xe1

) (
XlXe1

2 −Xe1

(
Rl

2 +Xl
2
)
+Re1

2Xl

) (10)

To illustrate the minimum and maximum insertion loss where the imaginary part of the source
impedance takes the value of Xsmin or Xsmax, Fig. 4 shows the dependency of IL on Zs at dif-
ferent frequencies for an ideal LC filter without parasitics (L = 10µH and C = 100 nF). The
load impedance was assumed to be (25 + j0)Ω from the LISNs in common mode. The compu-
tations were done in Python using the mathematical relationships presented in Section 1. The x-
and y-axis in Fig. 4, on which the real and imaginary parts of the source impedance are indicated,
are logarithmically scaled. For the negative values of Xs, symmetric logarithmic axis scaling was
used [7]. Also, relatively wide ranges have been specified for Rs and Xs to capture the trends in
the contour plots. It can be seen that the insertion loss takes its minimum and maximum values
at every studied frequency indeed where the real part of the source impedance is minimum. This
can be explained by the formulas for IL presented in [6], which imply that the insertion loss will
be minimum if Rs = −Re1 and Xs = −Xe1, and maximum if Rs = −Rl and Xs = −Xl. But,
because Rs cannot be negative, theoretically the minimum and maximum IL will be at Rs = 0Ω.
Since the source impedance always has some ohmic resistance, the minimum and maximum of
the insertion loss will be at minimum Rs. The Xs values indicated in red at these points were cal-
culated separately using expressions (7)-(10) above. It can also be deduced from the figures that
if the real part of the source impedance is sufficiently large, the imaginary part has no effect on
the insertion loss. These Rs values are indicated with vertical black lines, at which the variation
of IL is less than 10% of its maximum at that real part value. Furthermore, the worst cases where
the insertion loss will be minimum only happen at certain Xsmin values. This means that the same
noise source impedance imaginary part will degrade the IL of the filter at different frequencies
depending on the topology. There are methods to compensate this effect of the source impedance
by impedance mismatching [8].

4 Method for Identifying Critical Frequency Ranges
The CM noise source impedance can be approximated by a series RLC network up to 30 MHz
according to measurements of previous publications [9]. The value of the capacitance in the equiv-
alent circuit is in the order of 10 nF which represents the parasitic capacitive coupling to the chassis
ground. Here, it is chosen to be exactly 10 nF. The series inductance of the CM noise propagation
path is in the 100 nH range, so it is set precisely to 100 nH. The resistance is a few ohms (1 Ω)
which is low enough for the imaginary part of the modeled source impedance (XsRLC) to have an
effect on the insertion loss according to Fig. 4. The load impedance is still assumed to be purely
25 Ω. The resulting XsRLC is plotted against frequency in Fig. 5 with a black line. The change
from capacitive to inductive characteristic is clearly observable at the 5 MHz resonance frequency.
The contour of the 3D surface that represents the insertion loss with the modeled source impedance
at RsRLC = 1Ω is also plotted in the same plane. These projections can also be thought of as the
edges of the surfaces whose contours are shown in Fig. 4 at all of the studied frequencies, as seen
from the imaginary part. The insertion loss is indicated in percentage relative to the insertion loss
measured in a 50 Ω system, for example with a vector network analyzer (VNA). The negative
values in dark red indicate that the studied filter will amplify the noise signal’s amplitude at those
frequencies, as can be seen from the negative values in Fig. 4 due to resonance. The values of
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Xsmin calculated by (7) for every frequency are also plotted with red dots. Discontinuities are
visible here due to the discrete resolution of the frequency domain. The minimum of the insertion
loss marked with dark red and increasingly darker blue corresponds well to the computed Xsmin

values. For every topology in Fig. 5, parasitics were included with the use of the expressions in
(6). The values of the parasitics are as follows: EPCL = 10 pF, EPRL = 10 kΩ, ESLC = 1nH
and ESRC = 100mΩ.

It can be observed from the plots that XsRLC will deteriorate the insertion loss of the filter
compared to its expected value differently for the topologies in the first column and the second
column in Fig. 5. For the L, LC and LCL topologies in the first column, the IL has a steep minimum
at a few 100 kHz at the intersection of XsRLC and Xsmin. The IL of the LC topology takes its
minimum at 525 kHz for example, but the critical frequency range determined by this point is
relatively narrow, a few 100 kHz. This means that the IL of the LC topology will only be less
than expected in the vicinity of the point determined by the intersection of XsRLC and Xsmin.
However, the topologies in the second column have a much wider critical frequency range, since
XsRLC overlaps with the area of low relative IL. For the CL topology, this means that between
650 kHz and 30 MHz approximately the IL will be less than expected from a VNA measurement.

Another study is shown in Fig. 6, using the proposed technique. The capacitances in the CLC
(Π) topology can also be asymmetric, not exceeding the maximum CY budget (200 nF in this
case). Two scenarios were investigated regarding the values of C1 and C2 as in Fig. 3 (a). If
the distribution of C1 and C2 is respectively 50 nF - 150 nF, the relative IL at around 260 kHz
encounters a steep minimum, deteriorating the performance of the filter. On the other hand, if the
distribution is 150 nF - 50 nF, the critical frequency range around 260 kHz is avoided, resulting in
better attenuation. This is due to a resonance caused by the 10 µH inductor and the series resultant
capacitance of C1 and C2 (37.5 nF). In the second configuration, the damping of this resonance is
greater, which results in higher insertion loss.

The presented graphical method can be used if the noise source impedance is not known ex-
actly by measurement, only the approximate parameters in its equivalent circuit. These are much
easier and faster to obtain, like the CM parasitic capacitance of the electric machine indicated in
Fig. 1. With a baseline model for Zs, the frequency ranges can be predicted as described above
where the IL will be less than expected, and also to what extent. Additional measures can be
applied accordingly, for example choosing a different topology which has a narrower critical fre-
quency range. Furthermore, the effect of a change in the parameters of the noise source impedance
model can also be plotted and studied with the presented method. The parasitic capacitance for
instance can change by orders of magnitude due to a modification for mechanical or thermal rea-
sons. This way, responses to changes in the noise source impedance from EMC side can be made
more effective and faster, which is important from the point of time-to-market.

5 Conclusion
The effect of the complex noise source impedance on the insertion loss of low-stage filter topolo-
gies used in the traction inverters of electric cars was studied. First, the relationship between the
insertion loss and the termination impedances was established with the use of ABCD-parameters.
Then, the calculation method for computing the extreme source impedance values at which the in-
sertion loss will be minimum or maximum was overviewed. Exemplary results of this computation
were shown with illustrations. Finally, a graphical method was proposed to identify critical fre-
quency ranges at which the insertion loss will differ compared to its expected value measured in a
50 Ω system. The method can be used to tackle modifications affecting the termination impedance
of the electromagnetic interference filter. Further improvements can be made to make the model on
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which the method is based more accurate. Such is the inclusion of a more detailed representation
of parasitic effects in order to extend the frequency range over which the method is applicable.
Also, realistic noise sources need to be taken into account to make the EMC development of
inverter filters even more efficient.
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(a) (b)

Figure 2: (a) Dividing the three-port EMI filter into two two-port networks. (b) Connecting the
noise source impedance (Zs) and the load impedance (Z l) to the filter. The noise source (V s) is
only for indication.

(a) (b)

Figure 3: (a) The studied low-pass filter topologies: L, C, LC ( Γ), CL (Γ), LCL (T) and CLC (Π).
(b) Models of the inductors and capacitors with parasitics.
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Figure 4: Variation of the insertion loss of an ideal LC topology (L = 10µH, C = 100 nF) as a
function of the complex noise source impedance at different frequencies. The load impedance is
(25 + j0)Ω.
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Figure 5: Contour of the insertion loss surface stretched by the frequency and the imaginary part
of the noise source impedance.
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Figure 6: Changes in the critical frequency range for the CLC (Π) topology with asymmetrical
capacitances.
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