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Abstract—In this paper, a line impedance stabilization network
(LISN) with frequency bandwidth extended down to 2 kHz is
designed, to address low-frequency measurement not currently
aligned by the IEC and CISPR standards. For instance, different
evaluation methods and limits are defined for the frequency
range from 2 to 150 kHz in IEC 61000-4-7, IEC 61000-4-30, and
CISPR 16-2-1. To this end, the limitations of existing LISNs for
conducted emission (CE) measurement are firstly investigated,
and a two-stage cascaded filter LISN topology is designed by
resorting to multi-objective optimization. To ensure the desired
performance, the influence of component tolerance and parasitic
effects are studied. Eventually, a LISN prototype was manufac-
tured and characterized. It was proven that the proposed LISN
assures improved performance in terms of decoupling factor
(DF), voltage division factor (VDF), and LISN impedance in the
frequency interval starting from 2 kHz.

Index Terms—Conducted emission, line impedance stabiliza-
tion network (LISN), low frequency, multi-objective optimization.

I. INTRODUCTION

HE widespread use of power electronics devices with

switching frequency of a few Kkilohertz (kHz), poses
the challenge of evaluating the conducted emissions (CEs)
exiting these devices in the low-frequency interval from 2
kHz up to 150 kHz, which is not currently covered by
all EMC standards [1]. Several electromagnetic interference
(EMI) attributed to noise between 2 to 150 kHz have been
documented in [2], such as malfunctioning in wind farms
caused by defective generators and abnormal meter readings
in PV farms. In particular, low-frequency disturbances exiting
power converters can lead to coexistence issues between power
and data transmission, mainly because narrowband power line
communication (PLC) systems partially exploit this frequency
range (such as 3 to 95 kHz for CENELEC Band A [3]).
However, neither power quality nor EMC standards fully
address this frequency range. As outlined in [4], [5], the
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methodologies for CE evaluation foreseen by the current IEC
and CISPR standards only partially cover the range from 2
to 150 kHz. Specifically, IEC 61000-4-7 and IEC 61000-4-
30 prescribe different approaches for CE evaluation in the
frequency range from 2 to 9 kHz, and the range of 9 to 150
kHz, respectively. These two IEC standards differ from the
evaluation method defined in CISPR 16-2-1, where only the
frequency range above 9 kHz is considered. Hence, the various
evaluation methodologies may lead to inconsistent results, thus
requiring an alignment.

To ensure reproducible measurements, the CE exiting the
device under test (DUT) is to be measured using a stable
and well-defined impedance. To this end, the use of a line
impedance stabilization network (LISN) is foreseen, which
also performs the following functions. First, the LISN acts
as a low-pass filter (LPF) allowing the transfer of AC or DC
mains power to the DUT. Second, it couples the CE generated
by the DUT to the receiver port. Third, it assures decoupling
between the mains and the receiver/DUT port, preventing the
noise from the mains to be measured by the receiver.

However, since the bandwidths of existing LISNs start from
9 kHz or 150 kHz, according to the standard CISPR 16-1-2
[6], the above LISN functions may not be guaranteed in the
whole frequency range from 2 kHz up to 150 kHz.

Some literature addresses challenges and techniques for
LISN design. For instance, in [7] a multistage LISN operating
from 150 kHz was proposed to ensure the requirement in
the Standard AIAA (S-121A-2017). In [8], a miniaturized
laboratory LISN was designed and characterized up to 100
MHz for pre-compliance measurements. In [9] computer-
controlled LISNs with automated test procedures were devel-
oped for CISPR 16-1-2 Band B. Some studies modified the
receiver ports of LISNs for CISPR 16-1-2 Band A, enabling
simultaneous measurement of phase voltages and common
mode (CM) and differential mode (DM) components [10].
However, none of these studies specifically focused on the
frequency band below 9 kHz.

If standard LISNs were employed to measure CE from 2
to 150 kHz, additional filters would be required to enhance
the LISN performance. For instance, in [11] the conventional
configuration of CE measurement using a CISPR 16-1-2 LISN
(for Band A) was augmented with a high-pass filter (HPF)
and LPF attached to the LISNs’ radio frequency (RF) port.
However, the behavior of this augmented test setup at low
frequencies should be evaluated thoroughly. A theoretical
design of a DC LISN in [12] did not consider formulating
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LISN performance in the design methodology and it was
not experimentally verified. In conclusion, to the best of the
authors’ knowledge, LISNs targeted at low frequencies are
commercially unavailable, and there is scarce research on this
particular topic in the literature.

This study aims to identify the limitations in existing LISNs
for low-frequency CE measurement and propose a new LISN
design. The proposed LISN primarily focuses on enhancing
its performance at low frequencies (starting from 2 kHz) that
is not covered by any existing LISNs, while maintaining its
functionality up to 30 MHz. To this end, three limitations
in terms of decoupling factor (DF), voltage division factor
(VDF), and LISN impedance of the standard LISN for low-
frequency CE measurement are addressed. To overcome these
limitations, a versatile LISN design procedure incorporating
multi-objective optimization (MOO) is proposed to design
and optimize the parameters of a two-stage LISN topology.
Several aspects are considered to ensure the desired behavior
of the designed LISN, including the sensitivity to component
tolerance and the influence of parasitic effects. Eventually, a
LISN prototype is fabricated and characterized.

The manuscript is organized as follows. Section II inves-
tigates the limitations of existing LISN for low-frequency
CE measurement. Section III proposes the design procedure
for the LISN. The considerations for selecting resistors and
capacitors, as well as designing inductors, are discussed in
Section IV. Section V provides an equivalent circuit model of
the constructed LISN prototype to investigate parasitic effects.
Additionally, the LISN characteristics are measured. Finally,
Section VI summarizes this work.

II. LIMITATIONS OF EXISTING LISNS

Depending on the specific DUT and the frequency range
of interest, different LISN topologies are defined in various
standards (CISPR 16, CISPR 25, MIL-STD 461/462, ANSIC
63.4, ISO 7637-2, DO 160G, etc.). A common type is the
V-LISN, which measures the voltage between phases and
ground, also called unsymmetric disturbance. Without loss of
generality, to illustrate the limitations, we will consider two
types of V-LISN with different LISN impedances defined in
CISPR 16 and CISPR 25. The AC LISN defined in CISPR 16,
equipped with a 50 pH inductor, is often employed to evaluate
equipment like inverters and EV charges connected to 50 Hz
(or 60 Hz) power supplies. On the other hand, the automotive
LISN (defined in CISPR 25), equipped with a 5 yH inductor,
is typically used to assess equipment for automotive, vehicles,
boats, and aircraft, which are connected to onboard DC or 400
Hz power mains. This Section investigates the limitations of
both AC and automotive LISN, whose topologies specified in
CISPR 16 and CISPR 25 are shown in Fig. 1.

A. Variability of LISN Impedance

The AC LISN topology see [Fig. 1(a)] is utilized for Band A
(from 9 to 150 kHz), with impedance defined as (50 uH + 5 2)
| 50 © and illustrated as Standard (Std.) Band A in Fig. 2(a).
This topology typically satisfies the impedance requirement
for Band B (from 150 kHz to 30 MHz) (50 puH || 50 Q as
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Fig. 1. LISN topologies specified in (a) CISPR 16, AC LISN: (50 uH + 5
Q) || 50 © and (b) CISPR 25, automotive LISN: (5 uH + 1 Q) || 50 Q, the
notation ’||” represents two impedances in parallel.
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Fig. 2. Impedance of the (a) AC LISN and (b) automotive LISN for different
values of the main impedance.

Std. Band B in Fig. 2(a)). Consequently, the AC LISN can
be employed for the frequency range from 9 kHz to 30 MHz.
CISPR 16-1-2 allows a 20% tolerance for the magnitude and
4+ 11.5° for the phase of the LISN impedance. However, if
the impedance of the AC power supply (typically assumed to
be inductive) fluctuates, the overall impedance seen by DUT
may exhibit significant variations below 9 kHz, as depicted in
Fig. 2(a), where different mains impedances are considered.
Similarly, the automotive LISN topology depicted in Fig.
1(b) is intended for Bands B and C (from 150 kHz to 108
MHz), whose impedance is defined as (5 uH + 1 Q) || 50
Q2. However, when power converters are employed as a power
supply, whose output impedance is commonly capacitive at
low frequencies, the automotive LISN cannot provide stable
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Fig. 3. Definition of the LISN decoupling factor according to CISPR 16-1-2
by two measurement setups.

impedance below 150 kHz. This is shown in Fig. 2(b), where,
for simplicity, the LISN impedance between phase and ground
was considered. However, similar conclusions can be drawn
also for the line-to-line impedance, with consequent issues in
terms of measurement repeatability at low frequency.

B. Decoupling Factor and Voltage Division Factor

Other limitations are associated with two parameters defined
in CISPR 16-1-2, that is the decoupling factor and the voltage
division factor. The DF represents the level of isolation (or in-
sertion loss) between each mains phase and the corresponding
RF receiver port of the LISN, considering the specific source
(Rs) and load impedances (Rpr,) at the mains and DUT port
(specified as 50 €2 resistors in CISPR 16-1-2, as shown in
Fig. 3). With reference to the measurement setup in Fig. 3,

the DF is defined as: DF 2 Viwo/Viw. The VDF is defined as
the voltage ratio between the DUT port and RF receiver port,
with the latter terminated by a 50 €2 load.

Fig. 4 illustrates the DF and VDF of both AC and automo-
tive LISNs, along with their DF requirements. For instance,
in CISPR 16-1-2 [6], the minimal requirement of DF for
AC LISN from 9 kHz to 50 kHz increases linearly with the
logarithm of frequency, and the minimal requirement is 40
dB above 50 kHz, as plotted in dot black line in Fig. 4.
This comparison indicates that the DF (plotted as blue curves)
for both LISNs decreases significantly below their respective
bandwidths, which is insufficient to isolate the spurious signals
from the mains to the RF receiver port. In addition, the VDF
is dramatically higher below 9 kHz for AC LISN and 150
kHz for automotive LISN (plotted as red curves). While the
measurement of VDF is required and should be compensated
for the low-frequency range [6], a large VDF means that
CE from the DUT port to the receiver port is attenuated
significantly, which limits the accuracy of CE measurement
at low frequencies. As outlined in Fig. 4, an increase in DF
and a decrease in VDF are needed in order to improve the
LISN performance at low frequency.

The aforementioned limitations are further assessed in the
CE measurement setup of a three-phase PV-inverter system
in [13] and the cascaded boost converter in [12]. The study
reveals that the unstable LISN impedances lead to a varying
evaluated CE level. Besides, due to insufficient DF, spurious
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Fig. 4. DF (left axis) and VDF (right axis) of both AC and automotive LISNs.

interferences from the mains can pollute the measured CEs
[13].

III. Low-FREQUENCY LISN DESIGN

To enhance the low-frequency performance of the existing
AC LISN, an augmented solution was proposed in [13].
However, this solution requires modifying the adapters and
connectors of each port, with efforts comparable to building
an entirely LISN. Therefore, this Section presents a design
methodology based on a multi-objective optimization algo-
rithm to design a LISN with bandwidth from 2 kHz to 30
MHz.

A. LISN Topology

A basic V-LISN topology (such as the automotive LISN
depicted in Fig. 1(b)) includes an LPF (L;, Ci, and R;)
between the mains and DUT, and an HPF (C3 and R3) between
the DUT and receiver port. The LPF filters out high-frequency
noise originating from the power utility and provides a path
for DC or AC power to reach the DUT. The HPF creates
the CE coupling path from the DUT to the RF receiver
port, meanwhile blocking low-frequency noise components.
To meet the requirements of Band A, an additional LPF stage
is incorporated to extend the frequency range, in order to have
a bandwidth starting from 9 kHz instead of 150 kHz. (an
example of LPF consisting of Lo, C5, and Ry in the case
of the AC LISN is shown in Fig. 1(a)).

Intuitively, to further extend the frequency boundary from
9 kHz to 2 kHz, two approaches can be adopted: (1) create
a multi-stage LISN, such as by adding additional LPF to
form a three-stage LPF structure, and (2) modify the two-
stage structure by properly tailoring RLC parameters for low-
frequency range. The first approach was adopted in [11],
[13] by adding additional filters to the standard AC LISN.
However, this approach leads to a bulky LISN volume, espe-
cially for high power ratings. Besides, more stages introduce
more complexity to the circuit that leads to a concern of
oscillatory response and multiple peaks in DF transfer function
as discussed in [7]. Therefore, the second approach to design
a minimal two-stage structure is employed to develop a LISN
allowing CE measurement starting from 2 kHz.

Accordingly, the LISN configuration considered in this
study, shown in Fig. 5, consists of a two-stage topology,
including two LPFs and one HPF. In the first stage, the
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Fig. 5. Two-stage topology (with two LPFs and one HPF) of the designed
LISN.

inductor L; emulates the inductance of the power line or
grid. For a wiring system on a ship or cargo aircraft, a 50
pH inductor is selected to represent the power distribution
wiring running for approximately 50 meters [14]. A reduced
inductance value, such as 5 pH in the automotive LISN, is
recommended for smaller platforms like fighter aircraft. It
should be noted that some research has shown that usually,
the impedances of power distribution networks exhibit more
complex responses [15]. However, to maintain consistency
with the requirements of CISPR16-1-2, we will consider a 50
pH inductor (L4), to ensure the compliance of the designed
LISN with existing Standards. The nominal values of the other
components in Fig. 5 will be determined using the MOO
method in subsequent steps.

B. Multi-objective Optimization of LISN Parameters

To effectively estimate the RLC parameters of the three
filters, a procedure based on multi-objective optimization is
here adopted for a twofold reason. Firstly, the optimization
allows to directly adapt the filter response to the desired LISN
performance, including (1) a higher DF, (2) a lower VDF, (3) a
more stable LISN impedance compared to standard AC LISN,
and (4) small LC components in LPFs. Secondly, tradeoffs
may arise between the desired LISN characteristics, such as
the need for smaller LC components of LPF and sufficiently
higher DF at low frequencies. A tradeoff can be achieved by
resorting to multi-objective optimization.

Indeed, MOO algorithms are widely applied in problems
involving tradeoffs between multiple objectives. The problem
is defined by formulating a set of objective functions to be
minimized or maximized, considering relevant constraints.
Unlike single-objective optimization, where all objectives are
combined into a single function using a weighted sum, the
MOO treats all objectives equally, resulting in the same
number of dimensions in the Pareto front. The Pareto front is
a set of points in the parameter space with non-inferior fitness
objective function values. For each point on the Pareto front,
one objective can be improved only by degrading other objec-
tives. Thus, evaluating the relationship and possible tradeoffs
among all objectives is achievable with multi-objective opti-
mization. The final solution, represented by a variable vector,
is determined by assessing the chosen evaluation functions on
the Pareto front [16].

Specifically for the case of LISN design, the LISN features
(i.e., DF, VDF, impedance, and LC components in LPFs) are

TABLE I
THE LOWER AND UPPER BOUNDS OF VARIABLES

Ca Ra Lo Cq Ry Cs R3
WF) | @) | (W) | wF) | @) | WF) | )
b 4 1 250 8 1 0.25 1k
ub 40 100 800 80 100 50 100k

formulated as several objective functions to be optimized under
certain constraints. Eventually, the final solution is determined
by evaluating the obtained parameter space. Among available
MOO algorithms, we employ a genetic algorithm to find
non-inferior solutions within the Pareto front by the Matlab
Optimization Toolbox [17].

The MOO workflow for designing the functional parameters
of the proposed LISN can be summarized as follows:

1) Define the variable vector x to represent the unknown
parameters.

2) Establish the lower and upper bounds (Ib, ub) for the
variable vector based on practical considerations.

3) Analytically formulate the LISN behavior as a minimiza-
tion problem using the objective function vector f(x).

4) Set the desired LISN specifications through nonlinear
constraints (nc).

5) Apply the MOO algorithm to identify the feasible so-
lution space by minimizing the objective vector f(x),
while satisfying the bounds (Ib, ub) and nonlinear
constraints (n.c).

6) Determine the final solution by evaluating the value of
the evaluation function E, ().

A detailed explanation of each step will be provided in the
following.

First of all, the variable vector x is defined by collecting all
the parameters in Fig. 5, with the only exception of inductance
Ly, which was set equal to 50 ©H, as previously explained,
that is:

iL‘:[OQ R2 L2 Cl R1 03 Rg] (1)

To ensure a practical solution region, suitable bounds for
the variable vector should be assigned. As a first constraint,
we restrict the upper limit of capacitors C; and Cs to be ten
times larger than their lower bounds to restrain the leakage
current to ground. Also, the upper bound to the inductance
Ly is set to 800 pH, to mitigate the effects of self-resonant
frequency (SRF) in large inductors, which can occur at lower
frequencies. The upper bounds of resistors are set one hundred
times larger than their lower bounds. The lower bounds of the
variable LC are set equal to the values of the parameters of the
standard AC LISN (see Table I). The impact of the SRF of LC
components on the LISN behavior along with considerations
for their selection/design will be discussed in Section IV.

The core part of formulating a MOO problem is to define
objectives and (nonlinear) constraints. In general, all desired
LISN features (in terms of the DF, VDF, impedance, and
LC components) could be set as objective functions and/or
constraints. However, objectives and constraints have different
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functionality and influence on the final MOO solution. Specifi-
cally, each objective creates one dimension in the Pareto front,
where the parameter space must satisfy the set constraints.
Therefore, several aspects should be considered when defining
the objectives and constraints: (1) It is recommended to set the
feature as a constraint if it is regarded as a priority and com-
pulsory requirement with well-defined limits. (2) Features with
potential tradeoffs but without explicit requirements should
be set as objectives. In this work, five objectives are set to
evaluate the DF, VDF, and LC components, and two nonlinear
constraints are set for LISN impedance and DF. The definitions
of objectives and constraints are explained in detail as follows.

The first objective function is defined as the maximum value
of 1/DF in the frequency interval from 50 Hz to 2 kHz,
so to reduce the influence of the harmonics of the 50 Hz
component at mains. Since the limit of this quantity is not
defined in the standard, setting it as an objective rather than
as a constraint is preferable. The second function is set as the
VDF at 2 kHz, since VDF has the highest value at 2 kHz in
the frequency range of interest. According to the standard, the
VDF should be measured and compensated before measuring
CEs, which indicates that setting an objective is more suitable
than a constraint. Besides, the variables C7, C5, and Ly are
also employed as objective functions, aiming to minimize their
values. Therefore, the objective function vector is formulated
as follows:

max{ﬁ} VDFQkHZ CQ L2 Cl (2)
50Hz—2kHz

f(x) =

where the analytical expressions of DF and VDF, which are
omitted here for brevity, are function of the unknown RLC
parameters in Fig. 5. These expressions can be derived based
on the definition of DF and VDF in CISPR 16-1-2 and the
circuit in Fig. 5.

Regarding nonlinear constraints, the variation of LISN
impedance and DF margin are defined, since these two fea-
tures are prioritized LISN performance and the limits can
be well-defined by comparing with the standard AC LISN.
The variation of LISN impedance under two extreme cases
of mains impedance is restricted to 1 percent. The DF is
required to have a 10 dB margin compared to the existing AC
LISN. Both constraints are set for 2 kHz, as it is the lowest
boundary and worst case in the frequency range of interest.
The margin values can be adjusted according to future standard
requirements. Eventually, the desired LISN specifications at 2
kHz are assigned in terms of LISN impedance and DF by the
following nonlinear constraints:

Zs|~|Zo
neaia, = { iz 127 < 1% 3
DF ~ DFso.n

where Zs and Z, represent the impedances of the proposed
LISN when the side of the main is short-end and open-end,
respectively. DF and DF'5¢,5 indicate the decoupling factors
of the proposed LISN and the standard AC LISN, respectively.
Similar to the objective functions, the expressions of LISN
impedance can be analytically derived based on the definition
in CISPR 16-1-2.
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Fig. 6. Parallel plot of MOO results w.r.t. objective functions: All feasible
solutions represented by polylines satisfy the upper and lower bounds (Ib,
wb) and nonlinear constraints (n.c).

TABLE I
TWO SOLUTIONS SCREENED BY EVALUATION FUNCTIONS AND THE FINAL
SELECTED VALUES

. Co Ro Lo Cq Ry Cs Rs3
Solution by | (@) | @) | @B | @ | @B | @
1 39.97 1.88 668.05 79.15 1.0061 1.06 1.09k
2 39.91 1.86 692.13 79.82 1.0070 1.12 1.11k
Designed 40 2 670 80 1 1 1k

After applying the MOO algorithm, the feasible solutions
in Fig. 6 are obtained (number of solutions is 210 when the
population size of the genetic algorithm is set as 600). For
the first two objectives, a trade-off between the VDF and
DF is necessary. Moreover, the analysis reveals that most
solutions cluster towards the upper bounds of capacitors Cy
and Cs (see Fig. 6). Consequently, selecting larger capacitors
seems to be necessary to enhance the LISN performance
at low frequencies, although small capacitance values are
preferable in terms of leakage current. The spread of solutions
obtained for inductor Lo suggests the possibility to exploit
small inductance values.

In principle, evaluation functions could be set for all or part
of the objectives. Based on the analysis in Fig. 6, one of VDF
or DF is sufficient to be set as an evaluation function. Besides,
because the distribution of Lo is sparser than the distribution of
capacitors, selecting Lo as an evaluation function is preferable
to selecting Cy and Cs. Therefore, to select a suitable solution
in Fig. 6, two evaluation functions are defined that is the VDF
at 2 kHz and the inductance of Ls:

Ev(w) = [ VDF2kHz L2 ] (4)

By enforcing the constraints VDFgyy, < 6 dB and Ls <
700 pH, the optimization leads to the two solutions shown
in Table II, which provide similar RLC values except for
inductance L. This inductor can be selected in the range from
668 to 692 uH. Therefore, the values are rounded based on
the first solution in Table II leading to: Cy = 40 uF, Ry =2
Q, Ly =670 pH, C1 =80 uF, Ry =1 Q, C3 =1 uF, and R3
=1 kQ.
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Fig. 7. Theoretical characteristics of the proposed LISN: (a) impedance under
different conditions of mains and (b) DF (left axis) and VDF (right axis)
compared with the standard AC LISN.

TABLE III
THEORETICAL IMPEDANCE, DF AND VDF OF THE TWO LISNS AT 2 KHZ

Standard | Proposed

features @2kHz AC LISN | AC I])JISN
LISN magnitude deviation (%) 33.0 0.6
impedance phase shift (deg) 141.0 5.8
DF (dB) 27.8 38.4
VDF (dB) 16.6 5.8

C. Theoretical Performance of the Proposed LISN

The impedance of the proposed LISN is plotted in Fig.
7(a) for different values of the main impedance. Above 2
kHz, the proposed LISN exhibits a more stable impedance
compared to the standard AC LISN (see Fig. 2(a)). Fig. 7(b)
compares the DF and VDF of the two LISNs, and reveals a
significant improvement for both the two parameters (i.e., a
significant increase of DF, and a decrease of the VDF). Such
an improvement can be further appreciated in Table III, where
values for these parameters at 2 kHz are compared.

Although the theoretical performance of the proposed LISN
looks promising, possible limitations due to tolerances and
non-ideal behavior of the involved components have to be
carefully evaluated and taken into account for the practical
realization of the LISN prototype.

IV. SELECTION OF RLC COMPONENTS
A. Sensitivity to Component Tolerences

In order to select RLC components with acceptable toler-
ance, in this Section a sensitivity analysis is carried out to
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Fig. 8. Sensitivity coefficient of DF (top panel) and Z1,1sn (bottom panel).
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Fig. 9. Deviation of DF (top panel) and Z11sn (bottom panel) under 5%
and 10% tolerance of RLC components at 2 kHz.

estimate the influence of the exploited RLC components on the
expected LISN performance. To this end, the derivative-based
local sensitivity analysis is applied, which allows estimating
the influence of the variability of a single component while
the others are set to their nominal values. Accordingly, the
sensitivity coefficient associated with the LISN impedance and
DF is cast in normalized form as:

Aly
Ox/x

where y represents DF or Zr9N, and x denotes the tolerance
of the value of the RLC component under analysis.

Fig. 8 illustrates the sensitivity coefficients of DF and
Z1isny at 2 kHz, 1 MHz, and 30 MHz. As far as the DF
is concerned, it is observed that Lo, Ro, and R; consistently
play a significant role both at high and low frequency. Con-
versely, the capacitors (C7, Cs, and C'5) demonstrate greater
significance at low frequencies, which suggests the need for
selecting components with smaller tolerance in order to ensure
low-frequency performance. Concerning Zrisn, the 50 pH
inductor L influences the impedance response regardless of
frequency. However, at low frequencies, also the tolerance of
other components (Ly, Co, Rs, C1, and R;) may significantly
influence the frequency response, as expected from Section
II-A.

To select components with appropriate tolerances, the ex-
pected deviations of DF and Zpjsny at 2 kHz values are
estimated, by assuming a 5% and 10% tolerance of RLC
component values (see Fig. 9). The results show that a 10%
tolerance for Ry, Li, and R3 is acceptable. However, to
achieve less deviation in the desired LISN behavior at low
frequencies, a 5% tolerance is recommended for the remaining

Yy _—
Sy =

&)
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(a) (b)

Fig. 10. Wire arrangements of (a) single-layer air-core inductor for 50 uH
Ly and (b) multi-layer air-core inductor for 670 pH Lo.

TABLE IV
SPECIFICATIONS OF TWO AD HOC INDUCTORS IN THE PROPOSED LISN

Parameter | 50 pH inductor L, [ 670 pH inductor Lo
d; (mm) 2.65
do (mm) 2.70
p (mm) average: 5.38 /
D¢ (mm) 103.2 150
51
N 3 from bottom to top: 9-8-8-8-8-8-2
lc (mm) 175 25
L (uH) 51.5 666.6
Ctot (pF) 1.4 74.1
SRF (MHz) 18.5 0.7

parameters. Therefore, resistors and capacitors with a 5% tol-
erance were procured, whereas ad hoc inductors were designed
and manufactured in order to assure the expected performance,
as will be detailed in the next Section.

B. Inductors Design

Several factors were considered when designing the in-
ductors for the LISN prototype. First, air-core inductors are
exploited to avoid saturation. Second, to ensure the desired
behavior of the LISN at high frequencies, inductors with small
stray capacitances (and large SRF) are required. Additionally,
it has to be considered that the size of inductors is limited by
volume constraints of the LISN prototype.

The 50 pH inductor L; and 670 pH inductor Lo are
constructed as single-layer and multi-layer air-core types,
respectively, as shown in Fig. 10.

For the single-layer air-core inductor, the inductance L; and
stray capacitances Ciray can be computed by (6) [18] and the
empirical expression (7) [19], respectively:

,UOACJV2
L, = H0fe
! I.K

4eol. D, D\ P
Cutray = 672 {0.18l+0.25+0.6<l> } )

(6)

C C

where 1o denotes the free space permeability. IV is the number
of turns. D, is the bobin diameter. A, = 7 (D./2)? represents
the cross-sectional area of the bobbin. I, = (N —1)p + d,
is the length of the inductor. K = 1 + 0.9D./(2l.) is
the Nagaoka’s coefficient [18] and e denotes the vacuum
permittivity.

For the multi-layer air-core inductor, the inductance can be
calculated by the empirical expression [20]:

_ 31.6N2p2
"~ 6r+ 90, + 10b

where, r = D, /2 is the radius of the bobbin, [. is the length
of the inductor, and b is the width of total layers.

The stray capacitances of the multi-layer air-core inductor
are computed using an enhanced analytical model based on
the energy-conservation method not reported here for the sake
of brevity [21]. Table IV presents the final design, as well as
the measured inductance and stray capacitances for the two
inductors.

2 x 1076 (8)

V. VALIDATION OF THE PROPOSED LISN DESIGN

This Section is aimed at assess the feasibility of the
proposed LISN design. To this end, as the first step, we
investigate the impact of parasitic on the LISN theoretical
performance, by the use of a suitable circuit model, whose
parameters are obtained by fitting measurement data. Then, the
actual performance of the designed LISN will be evaluated by
experimental measurement carried out on a LISN prototype
fabricated in the Power Electronics and Machines Control
Department at the University of Nottingham.

A. LISN Circuit Model Including Parasitics

To investigate the actual LISN performance, a circuit model
involving parasitics is developed. To this end, all LC compo-
nents are measured using an impedance analyzer (Keysight
E4990A) in the frequency interval from 20 Hz to 100 MHz
(refer to Fig. 11(a)). Since the objective is to verify the
influence of parasitics on the LISN frequency response, the
involved capacitors are represented as the series connection
of a nominal capacitor C, an equivalent series resistor (ESR),
and an equivalent series inductor (ESL). The inductors are
modeled using a nominal inductance L, an ESR, an equivalent
parallel capacitor (EPC), and an equivalent parallel resistor
(EPR). The circuit parameters for LC components based on
fitting the measured impedances are collected in Table V.
The resistors should be modeled by a nominal resistance R,
equivalent parallel capacitor (EPC), and ESL for more accurate
results. Since the measured impedances of resistors exhibit
resistive behavior up to 30 MHz, they are regarded as ideal
resistors.

The LISN impedance obtained by the measurement-based
circuit model is compared versus the theoretical LISN
impedance in Fig. 12(a). The comparison shows that the actual
LISN impedance exhibits a resonance at approximately 17
MHz, which is consistent with the self-resonant frequency of
the 50 pH inductor L;. This observation confirms that the
parasitic effects of inductor L; have a significant impact on the
LISN impedance, corroborating the results of the sensitivity
analysis presented in Section I'V-A.

The comparison in terms of theoretical and actual DF is
shown in Fig. 12(b), which reveals a significant impact of
parasitics on the LISN DF. Specifically, the inductors L; and
L introduce two poles at their respective SRF (indicated by
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Fig. 11. (a) Impedance magnitude of LC components: measured by impedance
analyzer vs fitted circuit model; (b) LISN circuit model including parasitics.

TABLE V
VALUES OF LC CIRCUIT MODEL EXTRACTED FROM MEASUREMENT

Element | Nominal value Parameter of fitted circuit model
C1=81.8 uF, ESR¢1=6.7 mQ
1 80 uF ESLe;=231.6 nH, SRF ¢, =36.6 kHz
C2=40.1 uF, ESRc2=6.5 mQ
C2 40 pF ESLaye200.1 nH, SRE 562 kHz
o L uF C5=1.0 uF, ESRG3=30.0 mQ
3 w ESL¢5=14.2 nH, SRF¢3=1.3 MHz
L1=515 pH, ESRy;=84.1 mQ
L 50 pH EPRy,;=100 k2, EPCy,1=1.4 pF
SRFr,,=18.5 MHz
L2=666.6 uH, ESR;2=91.8 mS}
Lo 670 pH EPRp,,=131.3 kQ, EPCy=74.1 pF
SRF},»=716.3 kHz
L2a=11.6 pH, ESR;,2,=31.9 mQ
Loa 10 pH EPRpoa=11.1 kQ, EPCr2,=1.4 pF
SRF[,2,=39.1 MHz

the two dashed curves in Fig. 12(b)). The parasitic effects
caused by the capacitors maintain the DF at a flat level of
approximately 120 dB (represented by the yellow curve). The
combined influence of capacitors and inductors can decrease
the DF below 40 dB (see the black curve). Therefore, increas-
ing the SRF of both inductors can improve the DF at high
frequencies.

A possible solution to increase the inductor SRF is to
sectionalize the windings of the inductors. Specifically, each
section, consisting of multiple turns, is shunted by a resistor.
This winding configuration helps damping internal resonances
within the inductor. In this study, however, a different solution
was adopted. Namely, an additional 10 pgH inductor Lo,
is connected in series with the 670 pH inductor Ly. The
inductance Lo,, to reach the values in the second solution
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Fig. 12. Comparison of the LISN theoretical performance versus those

predicted by circuit model involving parasitic (a) impedance and (b) DF.

Fig. 13. LISN prototype and setup for LISN impedance measurement.

in Table II, can be selected up to 22 pH. Here 10 uH is
selected as the average value of the two solutions. Thanks to
the high SRF of the inductor Ls,, the DF can be improved
at high frequencies. Compared to the sectionalized windings
that require advanced manufacturing techniques, this approach
achieves a tradeoff between compact LISN volume and DF.
The measured impedance and the fitted parameters of the
circuit model for this additional inductor are shown in Fig.
11(a) and Table V. Thanks to Lo, the DF is raised to above
60 dB from 5 MHz onwards (see the green curve in Fig. 12(b)),
whereas in the original design, the DF gradually decreases to
around 40 dB by 30 MHz (see the black curve in Fig. 12(b)).
Although there is a resonance valley around 5.4 MHz due to
the resonance between the inductance of Lo, and parasitic
capacitance of Lo, the overall DF is above 40 dB after the
compensation. It is worth mentioning that above 10 MHz,
also mutual coupling between components, as well as the
measurement setup, can play a role in the high-frequency
behavior, although these effects were not considered in the
equivalent circuit model for the sake of simplicity.

B. LISN Prototype and Experimental Assessment

The fabricated two-phase LISN prototype and its circuit
diagram are presented in Fig. 13 and Fig. 14, respectively.
The layout in Fig. 13 aims at reducing component coupling
by increasing distance and changing orientations.

The LISN impedance is measured under various mains
conditions using an impedance analyzer in the setup shown
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Fig. 14. Principle diagram of the two-phase LISN prototype.
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Fig. 15. Characteristics of LISN prototype of (a) LISN impedance under
different mains conditions and (b) DF and VDF compared with the standard
AC LISN.

in Fig. 14. Five conditions are selected, including open-
end, short-end, and three different sets of RL components as
dummy mains impedances. The comparisons reveal that the
LISN impedance remains stable starting from 1 kHz. However,
above 10 MHz, both the magnitude and phase exhibit some
resonances attributed to the parasitic effects. Compared with
the standard AC LISN in Fig. 2(a), the proposed LISN proto-
type significantly stabilizes the impedance at low frequencies.

The VDF of the LISN prototype is measured according to
the standard setups specified in CISPR 16-1-2. The measure-
ment results are compared versus theoretical predictions and
the ideal standard AC LISN in Fig. 15(b). The comparison of
VDF shows a good agreement between the prototype and the
theoretical design. In comparison to the standard AC LISN, the

proposed LISN exhibits a significant reduction in VDF at low
frequencies. For instance, at 2 kHz, the VDF of the prototype
is 5.5 dB, while for the ideal standard AC LISN it is 16.6 dB.
The DF of the LISN prototype is measured between the mains
and the DUT port, which agrees with the theoretical design
at low frequencies and shows a significant increase compared
to the standard AC LISN. The DF deviations between mea-
surement and theoretical design in the circuit model is due to
the fact that the circuit model neglects the influence of the
mutual coupling between components, the connecting wires
and layout, which actually play a role in DF reduction in the
prototype.

VI. CONCLUSION

The manuscript has presented the design of a new LISN,
suitable for CE measurement starting from 2 kHz. To this
end, limitations of the available LISNs designed according
to the current standards were firstly investigated, with the
objective to identify the parameters to be optimized. The
design methodology, exploiting a multi-objective optimization
approach, focuses on improving LISN’s characteristics at low
frequencies (starting from 2 kHz) yet retaining the desired
frequency behavior in the standard frequency range (9 kHz to
30 MHz). Various aspects, like tolerances in actual component
values as well as not ideal behavior of the involved compo-
nents, are considered for assuring the desired performance
of the LISN prototype. Experimental results confirms that
the manufactured LISN prototype outperforms the standard
LISN in terms of frequency characteristics, thus allowing the
measurement of conducted emissions starting from 2 kHz.
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