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Abstract: Even though today’s electromagnetic compatibility (EMC) standards and measurement
techniques set specific limitations and a clear methodology to measure the conducted emissions (CE)
of equipment under tests (EUTs), the design methodology of a suitable power-line filter (PLF) to
solve non-compliance is, in general, neither accurate nor efficient. This is due to different reasons,
such as unknown actual load and line impedances, unknown dominant mode in the CE, and/or
inappropriate instrumentation for the appropriate measurements. The objective of this paper is
to investigate if different topologies of switching mode power supplies (SMPSs) lead to different
PLF structures. For the sake of exemplification, the analysis is focused on switched-mode DC-DC
converters. From an EMC point of view, these devices can be completely modeled by means of
Scattering (S)—parameter and CE measurements. Additionally, an analysis of their circuit models
has been performed to allow a better comprehension of their characterization. In this paper, the
circuit models of three different types of DC-DC converters are presented, and their component
values (including nonlinearities and parasitic effects introduced by the actual behavior of the circuit
elements) are estimated using the S-parameter characterization. Then, a new methodology for PLF
design, based on accurate insertion loss (IL) estimations, is applied to obtain the optimal PLF for one
of the converters. This methodology is experimentally tested and validated.

Keywords: power line filter; filter design; S-parameters; EMC; conducted emissions; common mode
(CM); differential mode (DM)

1. Introduction

International standards set specific limits and methodology for conducted emissions
(CE) levels [1,2]. The measurement methodology involves the use of an Artificial Network
(AN) inserted between the power source and the equipment under test (EUT), which
present a known power source impedance to the EUTs. The most common way to reduce
the CE of equipment under test (EUT) that does not meet the requirements of the standard
is by adding a power line filter (PLF) between the power-line network (PLN) and the
EUT [3-10].

A common strategy to select a suitable PLF involves relying on its insertion loss (IL),
a figure of merit provided by manufacturers. It is stated in CISPR 17 [11], Annex C, that
the IL of PLFs can be measured with 50-() impedances at their input and output ports or,
to evaluate a worst-case scenario, with 0.1-Q) and 100-Q) impedances at their input and
output ports respectively, and vice versa. However, actual EUTs and PLNs present complex
input impedances very different from the aforementioned values, which vary with the
frequency (in most cases, from a very high magnitude value to a very low one due to
the parasitic effects and/or to the electrical component behaviors). Therefore, it is not
possible to accurately estimate the real IL of a PLF when connected between them [7-10].
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Furthermore, it has been demonstrated that an impedance mismatch in the EUT, in the
PLN, or in the same PLF leads to an unexpected energy exchange between common-mode
(CM) and differential-mode (DM) noise, modifying the PLF performance and results in
unexpected values of CE levels [6-10]. Finally, commercial PLFs present static structures
to mitigate both CM and DM interference (almost all PLFs contain, at least, an X-type
capacitor at the line side, a CM choke, and two Y-type capacitors at the load side), and some
of these components may not be strictly necessary or may not be placed in their optimal
position for a specific EUT. Therefore, an oversized PLF is usually used to obtain the same
mitigation that an optimal but much smaller PLF could achieve [10].

The other way to obtain an appropriate PLF is by designing it. This problem has been
extensively discussed in the literature with different approaches and methodologies [3-34].
Accordingly, most EMC designers have developed their own modus operandi based on
their experience, knowledge, and available instrumentation. In most cases, it ends up being
a trial-and-error process since, again, there is a lack of information regarding the actual
impedance of the EUT and the PLN, essential information to obtain an optimal result.

Hence, it seems that measuring the impedance of EUTs and PLNss should solve both
problems stated above, but although this is something that can be done [7,8], it is tricky,
and specific instrumentation, not always available (such as a two-port line impedance
stabilization network (LISN)), is needed.

In this paper, in order to make the PLF design easier, the input impedances of different
topologies of switched-mode power supplies (SMPSs), the most common electronic circuit
found at the power-line terminals of electric and electronic devices, have been analyzed.
The aim of this analysis is to check if different topologies of EUTs need different structures
of PLF for optimal CE mitigation (that is, different order of components within the PLF). If
that were the case, the relationship between the EUT topology and the PLF structure could
be established, making the design of the optimal PLF much easier for EMC engineers.

To this end, the Scattering (S) parameters of different topologies of DC-DC converters
(which are a type of SMPS) connected to a power source, which include a Buck converter,
a Boost converter, and a single-ended primary-inductor converter (SEPIC), have been
measured switched on. From these measurements, the circuital models of each topology,
along with their parasitic components, have been extracted [35-38]. Special care has been
taken to model the component parasitic effects, circuit layouts, and couplings since they
all strongly affect the behavior of the input impedance [37,38]. Working with equivalent
circuits instead of the measured S-parameter matrix allows a better comprehension of
the SMPS input impedance and the CE phenomena while this information is scattered
within the S-parameter matrix. Then, a PLF design methodology, based on an accurate
IL estimation of the PLF for the CM and DM CE, developed and described in this paper,
has been applied to find the optimal PLF structure for one of the DC-DC converters. The
results obtained show that the work presented in this paper is useful to reduce the cost and
the time duration for the optimum PLF selection or design since it provides the optimal
PLF structure for three specific DC-DC converters and the methodology to find the optimal
PLF for any other kind of SMPS.

This paper is organized as follows: Section 2 describes the models used to characterize
the three SMPSs and which considerations have been taken into account. Section 3 reviews
the measurement setups needed to obtain a complete characterization of an SMPS. Section 4
introduces the PLF design methodology. In Section 5, three actual DC-DC converters are
modeled and analyzed, and the optimal PLF structure is designed, implemented, and
tested. Finally, Section 6 summarizes a final discussion of the work.

2. Circuit Models of the SMPSs

This section illustrates the circuital models of three SMPSs.
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2.1. Model of Buck Converter

A Buck converter, also known as a step-down converter or step-down chopper, is
a DC-to-DC power converter designed to perform a step-down conversion of the input
signal and typically operates with a switching frequency between 100 kHz and a few MHz.
The model that describes the behavior of a real Buck converter [35-38], with parasitic and
non-ideal components, is seen in Figure 1.
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Figure 1. Model of Buck converter including parasitic components.

The inductor L, the controlled switch S, the capacitor C, and the diode D are the
main components of the circuit. The load, in this case, is considered purely resistive and
represented by a resistance Ry, (since the DC-DC converter is evaluated alone). The rest
of the components are the nonlinearities and parasitic effects introduced by the actual
behavior of the circuit elements [35-38]. The parameters ry, rc, rs, and rp describe the
equivalent series resistances of every component, and the Lpar1 and Lparo represent the
parasitic inductance of the PLN. Finally, the capacitor Cpar represents the stray capacitance
towards ground.

The two modes of operation of the Buck converter are described below:

- Mode 1: The switch S conducts, and the diode D is blocked. The inductor L produces
an opposing voltage across its terminals in response to the changing current. This
voltage drop counteracts the voltage of the source and therefore reduces the net
voltage across the load;

- Mode 2: The switch S is blocked, and the diode D conducts. The inductor becomes a
current source (the stored energy in the inductor’s magnetic field supports the current
flow through the load).

2.2. Model of Boost Converter

A boost converter is sometimes called a step-up converter since it “steps up” the
source voltage. The equivalent circuit of a real Boost converter is shown in Figure 2.

The same ideal and parasitic components as in the case of the Buck converter are considered.

The two modes of operation of the Boost converter are described below:

- Mode 1: The switch S conducts, and the diode D is blocked. The current is diverted
through to the MOSFET through the inductor;

- Mode 2: The switch S is blocked, and the diode D conducts. The output capacitor is
charged to the sum of the input voltage and the inductor voltage, stepping up the
input DC voltage to higher output.
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Figure 2. Model of the Boost converter, including non-ideal components.

2.3. Model of a SEPIC Converter

A SEPIC is essentially a boost converter followed by an inverted buck-boost converter.
Therefore, it is similar to a traditional buck-boost converter but with some advantages due
to its non-inverted output (the output has the same electrical polarity as the input). Figure 3
shows its equivalent circuit.

Loans i L fa

LZ C2 T

Figure 3. Model of SEPIC converter including non-ideal components.

The two modes of operation of the SEPIC converter are described below:

- Mode 1: The switch S conducts, and the diode D is blocked. The energy in L, is
increased, and the capacitor C; transfers energy to the inductor L,. Since the diode D
is blocked, the load’s energy comes from the capacitor Cy;

- Mode 2: The switch S is blocked, and the diode D conducts. The inductors L; and L,
are discharged and provide energy to the load and to the capacitors C; and C,.

3. EUT Characterization

In order to characterize a EUT (which includes the converters described above) con-
nected to the PLN, to the LISN, or to any other kind of power network, two measurements
are needed: S-parameters and CE [7-10]. To facilitate the measurements, SMA connectors
have been added to the LISN-EUT interface ports and the wires of the DC-DC converters so
they can be easily connected. The SMA connectors of the LISN-EUT interface are grounded
to the RF ground of the LISN.

S-parameters can be measured using the setup described in Figure 4a, which basically
consists of a vector network analyzer (VNA) and a LISN [7,9]. As described in CISPR
16-2-1 [39], the LISN, needed to isolate the impedance present at the power-line ports, is
bonded to a reference conducting surface by means of its grounding bar placed on the rear
panel. The reference conducting surface is additionally connected to the ground of the
electric power distribution system. The VNA is calibrated at the LISN-EUT interface (at
the ‘+” and ‘—’ terminals of the EUT) using a standard through-open-short-match (TOSM)
calibration method to compensate the effects of the LISN, the transient limiters, and the
cables (in this particular case, a commercial 50-(2 SMA calibration kit was used). Finally, to
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obtain a correct S-parameter measurement, the power of the interference generated by the
EUT has to be negligible in front of the power delivered by the VNA.
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Figure 4. (a) S-parameter measurement setup; (b) CE measurement setup.

The setup used to measure the CE at the terminals of the EUT (Figure 4b) consists
of a two-port EMI receiver (for instance, an EMSCOPE, an EMI receiver manufactured
by EMZER, which includes a LISN [40]). The two-port EMI receiver provides direct
information about the CM and DM CE, obtaining a complete representation of the EUT.
Besides, this instrument automatically compensates for the effect of the LISN, the transient
limiters, and the cables, making the measurement easier and faster.

With both measurements, a complete characterization of the EUT is obtained from the
EMC point of view and can be used in a circuit simulator to estimate the actual IL of a PLE.
Besides, S-parameters can also be used to find the component values of the circuit models
presented in Section 2.

4. PLF Design

The main problem in evaluating the effectiveness of a PLF is that its actual IL cannot
be estimated if line and load impedances are not known (which, for sure, will be different
from 50 3). However, if the EUT impedance is characterized (using, for instance, the
measurement setup described in Section 3), and the PLN impedance is known (in EMC
measurements, the PLN impedance is always provided by the LISN, which internal cir-
cuitry is known), the actual IL of any PLF can be estimated using a circuit simulator or
resolving the circuit equations using a programming computing platform. In this section,
the method to estimate the actual IL of a PLF is described and latterly used to implement
the optimal PLF.

4.1. Accurate Estimation of the IL of a PLF

Figure 5 shows the equivalent circuit of the EUT connected to the equivalent circuit of
a LISN according to CISPR 16. The impedance of the EUT is represented with the measured
S-parameters. The two voltage noise sources, Vn, and V,—, are added to provide a fixed
amplitude signal at all frequencies, which will be used to compute the accurate IL of the
PLF (since the actual impedances of the EUT and the PLN are used instead of the usual
50-0), 0.1-Q), and 100-Q) measurements). CM or DM-conducted emissions can be emulated
by switching the V,_ phase from 0° to 180°. The impedance of the LISN is represented by
its internal circuit.
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Figure 5. Equivalent circuit of the EUT connected to the equivalent circuit of a LISN according to
CISPR 16.

This is one among other different representations since the EUT could be modeled
using the equivalent circuits shown in Section 2, and the LISN could be modeled using the
measured S-parameters, but the same idea remains.

In any case, the IL of the PLF for one of the lines can be obtained with

V-I-
IL| 3, = 20+ logyg (V"’f> (1)
and, for the other line
- Vref
IL|;5 = 20 % logyo v | 2)

where Vrﬁf and Vr;f are the voltage at the ‘+” and ‘~’ terminals of the LISN, respectively
(or line and neutral in an AC system) when the signal is unfiltered (as seen in Figure 5, the
measurement point is placed between the 0.25 pF capacitors and the 50-Q2 resistors), and
V7T and V™~ are the voltage at the ‘+” and ‘—’ terminals of the LISN, respectively, when the
signal is filtered (as seen in Figure 6).
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Figure 6. PLF connected between the equivalent circuit of a EUT and the equivalent circuit of a LISN
according to CISPR 16.

The relationship between the voltage at the ‘+’ and “—’ terminals and the modal
voltages is [7]

vVt 4+ V- _
VCsz; Vo=Vt -Vv~. 3)
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Accordingly,
vi+vo
Vewmrer = —L5—"L; Vourer = Viip = Vg @

Therefore, the actual modal IL of any PLF can be obtained with

V, Vi 4+ Vv
CM IL| 5 = 20 * log1g (IC/M”f) =20 % log1g (H) ©)
CM
v vt v
DM IL| :2O*log10< gM”f) :20*log10<m>. ®)
DM -

4.2. PLF Design Methodology

The simplest structure of a PLF contains one or two X-type capacitors (Cx) between

line and neutral, usually located on the sides of the CM choke, to mitigate the DM, and a
CM choke (with an inductance L) and two Y-type capacitors (Cy) from line to ground and
neutral to ground, usually placed on the load side, to mitigate the CM (Figure 7). A resistor
(Ry) is usually added to discharge the capacitors when the voltage is disconnected.

O 00 —O——O+
L
CM Choke (L) J;
= —— HAAANM 2
S E
J— Cy
O O-O O O -
O O O
l Protective Earth

Figure 7. Typical structure of a PLE.

However, the PLF structure shown in Figure 7 may not be optimal for a specific EUT.

Nevertheless, using the PLF modal IL estimation described above, different structures can
be easily added and tested to find the optimal one. Therefore, the methodology to design
the optimal PLF consists of the following steps:

1.
2.

Measurement of the S-parameters of the EUT;

Measurement of the modal CE and determination of the IL needed to mitigate each
mode under a threshold level;

Introduction of the S-parameters in a circuit simulator as a black box with two ports.
The circuit is completed by adding two voltage sources and a LISN circuit, as seen in
Figure 5. The two voltage sources emit the same amplitude at all frequencies, and their
phase can be modified between 0° and 180° to have pure CM or DM CE, respectively;
The same circuit is implemented again in the simulator adding the PLF, as seen in
Figure 6;

Both circuits are simulated in the frequency domain, obtaining the voltage amplitude
at the measurement ports of the LISN in both cases (that is, Vrj » Vietr V+,V7). The
CM IL is computed using (5), and the DM IL using (6) (they are both introduced in
the simulator, which provides the result);

Since each simulation needs less than a second to be completed, the determination of
the optimal values for each PLF component and its optimal position inside the PLF is
done manually using iterative simulations. Optionally, optimization techniques can
be implemented to improve this methodology.
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5. Experimental Validation

In this section, the three models of the converters are validated using S-parameter
measurements. These equivalent circuits make understanding the input impedance and
the CE phenomena easier since this information is scattered within the S-parameter matrix.
Then, the CE of one of the converters is measured, and its optimal PLF is designed.

5.1. Validation of the Circuit Models

In order to validate the three models of the converters described in Section 2, the
S-parameter matrix of the three converters has been measured using the setup described
in Section 3, Figure 4a. The load impedances connected to the DC-DC converters were
known (preliminary measurements of the DC-DC converters were done using different
load conditions, and, for each converter, the ones that provided the worst conditions, that
is, the ones that caused the higher values in their conducted emissions, were selected). An
actual picture of this same setup is shown in Figure 8.

Figure 8. S-parameters measurement setup, which contains a EUT (front row, left side, placed above
the foam), a VNA (right side) connected to two transient limiters, a two-port LISN (background,
middle) and a programmable DC power supply (background, left side).

In order to find the values of the parasitic components, the following procedure has
been followed:

1.  The circuit model is implemented in a circuit simulator using the values provided
in the datasheet for the normal components (Cyn, D, C, ...). Parasitic components
(Cpar, Lpar1,s Lpar2, Ts, Ip, 1C, T, - - . ) are added with a ‘0" value. For each parasitic
component, a margin of possible values is considered in the simulator;

2. The S-parameter measurements obtained from the actual EUT are also introduced in
the circuit simulator;

3. An optimization algorithm, based on the gradient search method, modifies the values
of the parasitic components (within the specified margin) until the computed S-
parameters of the circuit model are as equal as possible to the measured ones. When
the results are satisfactory (that means that measured and computed S-parameters are
very similar both in phase and amplitude), the values of the parasitic components are
updated with the values found in the last iteration of the algorithm.

The results obtained are shown below.
5.1.1. Circuit Validation of the DC-DC Buck Converter Power Supply Module Output
1.23 V=30 V, Model LM2596

Table 1 shows the values of the parasitic components obtained for the Buck converter
model shown in Figure 1.
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Table 1. Values of the parasitic components of the Buck Converter model LM2596.

Symbol Description Value
Cpar Parasitic capacitance 14 pF
Lpart Parasitic inductance 56 nH
Lpar2 Parasitic inductance 1nH

s, Ip, I'c, IL Parasitic resistances 200 mQ)

A few considerations should be added. Lyar1 and Ly, are placed before Cpy, and they
play an important role in the circuit. The difference between the obtained values of Ly,
and Ly, is due to the difference in the wire length used for the measurements. Although
they do not significantly affect the computed amplitude of the S-parameters, these values
influence their phase. On the other hand, although the capacitor impedance is small, its
value is frequency dependent. At lower frequencies, its impedance is higher; therefore, the
rest of the circuit is less isolated. The parasitic values obtained for Cpag, rs, Ip, ¢, and i,
may not be as precise as Lya;1 and Lyarp, but their combination in the circuit model helps to
introduce the same effect as the actual circuit does after Cyy.

Figure 9 shows the comparison between the measured S-parameters and the computed
ones using the circuit component values shown in Table 1 (to simplify the comparison, only
the magnitude and the phase of the parameters S1; and S, are shown since S11 ~ Sy and
S12 = 521).

S11 magnitude S21 magnitude

Simulated — 0

EUTpower_ON LE LR B b
-10 EUTpower OFF === =

Magnitude (dB)
Magnitude (dB)
S
|

30— Simulated L
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B L L e e B L o 50
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Frequency (MHz) Frequency (MHz)

Figure 9. Comparison of the S-parameters obtained by simulations (red), EUT powered (blue), and
EUT not powered (pink) for the Buck Converter Model LM2596.

S-parameters were measured with the EUT switched on first and with the EUT
switched off latterly. As can be seen in Figure 9, both measurements are similar. Looking
at the circuit model of Figure 1, this behavior can be expected since the small impedance
introduced by the input capacitor Cpy at the frequencies of interest isolates the rest of
the circuit. This capacitor does not usually appear in an ideal representation of a Buck
converter, but it is always used since it stabilizes the input voltage and mitigates the CE
(a measurement without this capacitor is shown latterly for the SEPIC converter case as
an example).
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Regarding the circuit model, two simulations were done to emulate the switching be-
havior of the MOSFET and the diode. First, with the MOSFET active and the diode inactive,
and second, the other way around. In both cases, active values were represented with a
small resistance (200 m(2) and inactive values with a high resistance (5 m(}). However, the
S-parameters obtained in both cases were identical, and the reason behind this is, again,
the effect due to the small impedance introduced by the input capacitor Cyy. Therefore,
only the first simulation (MOSFET active and diode inactive) is shown in Figure 9.

In any case, a good agreement is obtained when comparing both measurements with
the simulation of the circuit model after updating the component values.

5.1.2. Circuit Validation of the Boost Converter Model MCP1640EV-SBC

Table 2 shows the values of the parasitic components obtained for the Boost converter
model shown in Figure 2.

Table 2. Values of the parasitic components of the Boost converter Model MCP1640EV-SBC.

Symbol Description Value
CparR Parasitic capacitance 10 pF
Lpart Parasitic inductance 199 nH
Lpar2 Parasitic inductance 199 nH

15, Ip, I'C, I, Parasitic resistances 200 mQ)

Figure 10 shows the comparison between the measured S-parameters and the com-
puted ones with the resulting circuit. The same considerations described for the Buck
converter apply here. A good agreement is obtained between measurement and simulation,
validating the circuit model of Figure 2.

S11 magnitude $21 magnitude
10 10
0— o
i% -10— 5 10—
oy 7 4} )
S 20 3 20
£ | c 4
(= o
2 304 Simulated — S 304 Simulated —
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Figure 10. Comparison of the S-parameters obtained by simulations (red), EUT not powered (pink),
and EUT powered (blue) for the Boost Converter Model MCP1640EV-SBC.
5.1.3. Circuit Validation of the DC-DC SEPIC Converter Model MCP1663

Table 3 shows the values of the parasitic components obtained for the Buck converter
model shown in Figure 3.
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Table 3. Values of the parasitic components of the SEPIC converter model MCP1663.

Symbol Description Value
Cpar Parasitic capacitance 21 pF
Lpart Parasitic inductance 33nH
Lpar2 Parasitic inductance 9nH
rs, Ip, 'C1, L1, TC2, T2 Parasitic resistances 200 mQ)

Figure 11 shows the comparison between the measured S-parameters and the com-
puted ones with the resulting circuit, obtaining, again, a very good agreement, although
small differences are observed for the two phase plots at lower frequencies.
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Figure 11. Comparison of the S-parameters obtained by simulations (red), EUT not powered (pink),
and EUT powered (blue) for the SEPIC Converter Model MCP1663.

In order to show the effect of the input capacitor Cyy on the circuit, an additional
measurement was done for this particular converter with the capacitor removed. Measure-
ment and simulation results to show how S-parameter measurements are affected by the
increment of the CE levels are shown in Figure 12. At those frequencies where the CE levels
are close to or above the levels of the transmitted and reflected waves of the VNA (which
has already been configured to supply its maximum output power), the S-parameters
become significantly inaccurate and useless. This measurement justifies the necessity of the
capacitor Cyy from an EMC point of view since it reduces the CE and, therefore, improves
the EUT characterization via S-parameter measurements.

Since the three converters present a similar input impedance (due to Cyy), the following
analysis (CE and PLF design) has only been applied to one of the converters.
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Figure 12. Comparison of the S-parameters obtained by simulations (red), EUT not powered (pink),
and EUT powered (blue) for the SEPIC Converter Model MCP1663 after removing Cyy;.

5.2. Conducted Emissions Measurements

In this subsection, the CE of the Boost converter Model MCP1640EV-SBC has been
measured. The setup for the conducted emissions measurements described in Section 3
(Figure 4b) is seen in Figure 13.

Figure 13. CE measurement setup, which contains a EUT (front row), an EMSCOPE (a two-port EMI
receiver, background, left side), and a two-port LISN (background, right side).

Figure 14 shows the CE measurement at the positive terminal (+) of the Boost converter
using the quasi-peak (QPK) and average (AVG) detectors (similar results are obtained in
the negative terminal (—)). It can be seen that at 500 kHz, the registered measurement is
above the CISPR 32 class B limit [2] for both detectors. A minimum mitigation of 20 dB
for the AVG detector is needed to meet this standard (a constant that will be later used to
design its PLF).
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Figure 14. CE measurement at the positive terminal (‘+’) of the Boost converter using the quasi-peak
(QPK, blue) and average (AVG, red) detectors. Amplitude units are in dBuV, and Frequency units are
in Hz.

Figure 15 shows the modal decomposition of the CE noise generated by the EUT,
i.e., the CM and DM CE measured using the QPK detector. As it can be seen, the DM
is the dominant mode, and this is, along with the input impedance (or S-parameters),
essential information to design a suitable PLF. The CM emissions are far below the limit
and, therefore, do not need further mitigation.

EMSCOPE

Traces

Ti1DMQPKCLR T2CM QPKCLR

Limits:

CISPR 32 CLASS Bband B: QP AV

Figure 15. CM (red) and DM (blue) decomposition of the CE measurement of the Boost converter
using the QPK detector. Amplitude units are in dBiV, and Frequency units are in Hz.

5.3. PLF Design for the Boost Converter

Looking at the emissions of Figure 15, it seems obvious that this EUT does not need a
CM choke because CM and CE are far below the limit. Therefore, the specific PLF for this
EUT needs to be implemented using those components that mainly affect the DM, i.e., the
X-type capacitors.

Considering that a minimum reduction of 20 dB is needed for the DM CE (so that
the AVG detection falls below the limit), the question now is which capacitor value could
be used to obtain such mitigation at 500 kHz. In order to avoid tedious trial-and-error
practices, the methodology described in Section 4 has been applied. The PLF simulated
consists of only an X-type capacitor, as shown in Figure 16.
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Figure 16. PLF connected between the EUT and the LISN consisting of only an X-type capacitor.

The procedure described in Section 4.2 (step 6) is repeated, giving different values to
the capacitor until an IL of 20 dB is achieved, obtaining a value of 2.6 uF (Figure 16, PLFy).
For an X-type capacitor, this is a very high value (since typical commercial values go up to
0.47 uF). Therefore, a good alternative is to add an additional component to the circuit, i.e.,
to increment the order of the PLF, which allows the relaxation of the capacitor value while
keeping the same attenuation at 500 kHz.

Figures 17 and 18 show two possibilities for a second-order filter (PLF, and PLF3),
both composed of a capacitor and a normal inductor in each line. Due to the use of different
configurations of PLFs, the resulting input impedances of the DC-DC converter will also be
different. Therefore, both circuits will present different mitigation at the LISN ports. The
circuit models of Section 2 show that the input impedance of the converter is capacitive
(due to Cjy), which means that the best option should be PLF, since it is the one that
maximizes the mismatch between its input impedance and the input impedance of the
DC-DC converter.

|
|
i
|
i [Seur]
|
i
i

Figure 17. PLF connected between the EUT and the LISN consisting of an X-type capacitor and a
DM inductor.

The procedure described in Section 4.2 is repeated again for these two filters. The
inductance values for PLF; can be easily found by fixing the value of the capacitor to
0.47 pF (which is a standard value) and giving values to both inductors until an IL of 20 dB
is achieved. In this particular example, an inductance of 1 pH was obtained.
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Figure 18. PLF connected between the EUT and the LISN consisting of a DM inductor and an
X-type capacitor.

Figure 19 shows the simulated DM IL achieved using PLF; (composed of a single
X-type capacitor of 2.6 pF), PLF, (composed of two inductors of 1 uH at the load side and
an X-type capacitor of 0.47 uF at the line side), and PLF; using the same values as in PLF,
(that is, an X-type capacitor of 0.47 uF at the load side and two inductors of 1 uH at the line
side). The IL for the three cases has been obtained by applying the procedure of Section 4.2
and, in particular, using (6). As expected, PLF3 has a negligible effect on the CE, while
PLF,, which has the same components but in the correct configuration/order, obtains the
desired IL. PLF3 can achieve the 20 dB of IL using inductors much larger (149 pH in this
case), but this is not an optimal implementation, and therefore, it is discarded as a solution.

PLFs DM IL
500 kHz

1
|
|
|
|
| -~
|
]
|
|
|
|

P
60 LT L
= / -
" -
S 40 - _-~
- i /"
- -
s 20 .AL/"‘
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20 \* I
v [}
}
40 | !
1x10° 1x10’ 3x10’

Figure 19. DM IL of PLF; (solid red line), PLF, (dotted blue line), and PLF3 (dashed pink line).

Although isolated inductors are not typical components in PLFs, they can also be
used. An alternative, but more bulky option, is to use, as a DM inductance, the leakage
inductance of a CM choke, which can achieve values between 1-3% of the total inductance
of the choke (with the benefit of additional mitigation on the CM, which may be needed in
other applications).

The PLF obtained has been implemented and tested. Figure 20 shows the CM and DM
CE measured with the QPK detector. As expected, an attenuation of 20 dB is obtained.
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Figure 20. CM (red) and DM (blue) were obtained with a filter composed of a Cx = 0.47 uF and an
L =0.99 uH. Amplitude units are in dBuV, and Frequency units are in Hz.

This result shows that the optimal structure for a PLF to be connected to a DC-DC
converter, as the ones shown in this paper, is composed of an inductance at the load side of
the PLF (that can also be implemented using a CM choke), and an X-type capacitor at the
line side of the PLF, which differ from the typical structures provided by commercial PLFs
(as seen in Figure 13). Fixing the value of the X-type capacitor, any EMC engineer can easily
find the value of the inductors (or the CM choke) and implement the optimal PLF quickly
and accurately to mitigate the CE under the threshold level, even without obtaining the
proper characterization of the EUT. This result also shows that even in those cases where
the dominant mode is the DM, increasing the value of the X-type capacitor may not be
enough to obtain the desired mitigation. Moreover, this problem worsens if the switching
frequency decreases since a smaller cutoff frequency could be needed.

Another consideration is that different SMPS, which can be contained in different
types of enclosures made of different types of materials, may produce different CE (where
the CM may become predominant). In that case, and following the methodology described
in this paper, the CM choke value and the Y-type capacitor values, along with their optimal
position inside the PLF, can easily be found. Therefore, this paper provides a good basis
for establishing a reliable standard method to design optimal PLFs for any electric and
electronic product.

6. Conclusions

Commercial PLFs provide standard structures that may not be optimal for specific
EUTs. In this paper, the input impedances of three different DC-DC converters, a Buck
converter, a Boost converter, and a SEPIC converter, have been measured and modeled
using circuit models to analyze their differences and determine the optimal PLF topology
for each case. However, due to a common input capacitor in all circuits, typically used to
stabilize the input DC voltage of the converter and mitigate the CE, all three converters
present a similar input impedance. Therefore, the same PLF structure can be used for all
of them.

Analyzing the CE of the Boost converter and using a circuit simulator that contains its
S-parameter characterization, the optimal PLF topology was found. Its internal structure
contains an inductance on both lines at the load side of the PLF to mitigate the DM noise
(that can also be implemented using a CM choke) and an X-type capacitor between lines at
the line side of the PLF. This structure differs from typical structures used in commercial
PLFs and obtains optimal IL results with fewer and smaller components. From now, EMC
engineers with the necessity to design the PLF for similar DC-DC converters will be able to
depart from the PLF structure presented in this paper, reducing the time and cost devoted
to EMC and accelerating the time-to-market.
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