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RESUMEN

Este proyecto presenta una metodologia integral para la estimacion de la interferen-
cia electromagnética conducida (EMI) en fuentes de alimentacion conmutadas (SMPS). El
enfoque principal radica en el desarrollo de un modelo de circuito que predice las pertur-
baciones conducidas mediante simulaciones en los dominios del tiempo y la frecuencia. El
estudio emplea el software LTspice para modelar una topologia de fuente de alimentacion
compuesta por un convertidor de alta tensiéon operando en modo de conduccién discontinua

(DCM) y un convertidor de baja tension operando en modo de conducciéon continua (CCM).

Ademas, el proyecto abarca los procesos de automatizacion y optimizaciéon de conver-
tidores Buck en tres configuraciones: baja tension, alta tension y convertidores Buck dobles.
Estos procesos fueron fundamentales para agilizar la evaluaciéon de su rendimiento en tér-
minos de EMI, permitiendo ajustes rapidos de pardmetros y logrando disenos 6ptimos. A
través de una combinaciéon de enfoques de simulacion directa e indirecta, la investigacion
compara la precision y eficiencia computacional de estos métodos con los resultados experi-
mentales obtenidos mediante el dispositivo EMSCOPE. Los hallazgos demuestran la validez
del modelado en el dominio de la frecuencia para la optimizacion de filtros de compatibilidad
electromagnética (EMC), reduciendo la necesidad de pruebas iterativas de prototipos. Los
resultados indican que la metodologia propuesta puede anticipar eficazmente las perturba-

ciones conducidas, permitiendo asi un diseno més temprano y eficiente de filtros EMC.



ABSTRACT

This project presents a comprehensive methodology for estimating the conducted
electromagnetic interference (EMI) in switched-mode power supplies (SMPS). The primary
focus is on developing a circuit model that forecasts conducted disturbances through both
time and frequency domain simulations. The study utilizes LTspice software to model a power
supply topology consisting of a high-voltage converter operating in discontinuous conduction

mode (DCM) and a low-voltage converter operating in continuous conduction mode (CCM).

Additionally, the project includes the automation and optimization processes for Buck
converters in three configurations: low-voltage, high-voltage, and double Buck converters.
These processes were essential for streamlining the evaluation of their EMI performance,
enabling rapid adjustment of parameters and achieving optimal design outcomes. Through
a combination of direct and indirect simulation approaches, the research compares the ac-
curacy and computational efficiency of these methods against experimental results obtained
using the EMSCOPE device. The findings demonstrate the validity of frequency domain
modeling for optimizing electromagnetic compatibility (EMC) filters, reducing the need for
iterative prototype testing. The results indicate that the proposed methodology can effec-
tively anticipate conducted disturbances, thereby enabling earlier and more efficient EMC

filter design.
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Chapter 1

Introduction

Until now, the design phase of power electronics devices has been carried out without an
effective means to predict electromagnetic disturbances. Only once the device has been
completed and pre-certification tests have been conducted is it possible to determine the
levels of conducted interference and, consequently, the appropriate EMC filter to reduce
these disturbances. In this regard, a methodology for the rapid estimation of the disturbance
spectrum would allow for the preliminary sizing and optimization of EMC filters to reduce

conducted disturbances.

1.1 Objectives

The objective of this study is to define a methodology to estimate the conducted disturbance
spectrum for switched-mode power supplies. This means that the design and optimization
of EMC filters can be anticipated as early as the design phase. In EMC, two main families of
models compete with each other in terms of their advantages and disadvantages: direct ap-
proach modeling and indirect approach modeling. The indirect approach involves simulating
a system in the time domain and applying a Fourier transform to the resulting waveforms
to obtain the spectrum. The direct approach involves performing calculations directly in
the frequency domain. This approach is often preferred for optimization because it has a

very low computational cost. In this study, the frequency modeling method of the transfer
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function was chosen. In fact, the modeling of disturbance sources and the implementation
of propagation paths remain intuitive within the framework of L'TSpice following the direct
approach. The objective of the work carried out was to model a power topology as shown

in Figure 1.1 .

12V DC

Cutput 3.3V DC

EMC FILTERS High Voltage [Low __.:aga
— Buck Buck

PROTECTIONS

v

Figure 1.1: Topology of a power supply type.

In fact, this power supply includes a high-voltage converter (300V DC to 12V DC)
that operates in discontinuous conduction mode and a low-voltage converter (12V DC to 3.3V
DC) that operates in continuous conduction mode. Therefore, this study presents the details
of the implementation of frequency domain modeling under LTSpice for Buck converters
operating in both continuous and discontinuous conduction modes. A comparison was made
between the simulation results (direct and indirect approaches) and the experimental results.

This has allowed for highlighting the frequency validity domain of the established models.

Including a program where the LTspice software will be automated, allowing us to
modify the parameters of Buck converters and obtain their frequency response for future
analyses following rigorous criteria. Additionally, this will enable the optimization of these

converters to approximate as closely as possible to our measurements performed with EM-

SCOPE.

EMSCOPE is an advanced instrument used for electromagnetic compatibility (EMC)

testing and analysis. It allows for precise measurements of electromagnetic interference
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(EMI) and helps in diagnosing and mitigating potential issues in electronic circuits. By
providing detailed insights into the EMC performance, EMSCOPE plays a crucial role in
ensuring that electronic devices meet regulatory standards and function reliably in various

environments.

1.1.1 Ethics and health and safety at work

Sustainable development

This study has made it possible to establish a fast and less expensive approach to modeling
perturbations. As the environmental issue is a priority at Somfy, this methodology will
allow the designer to reduce the number of prototypes designed and developed. With this
approach, optimizing the footprint of EMC filters is possible, thus avoiding the oversize filter

design.

Ethics

Simulation-based approaches are often welcomed by some and rejected by others. Indeed,
very often, the other side of the calculation methods is unknown to users. Thus, instead
of providing a tool that has already been implemented, this study proposes a method of

approach, thus allowing a designer to build and control his design.

Health and Safety

On the one hand, during this study, the vast majority of the work was carried out in sim-
ulation, which represents several hours in front of a screen. Appropriate provisions have

been made available in this context. Also, training on good practices to adopt when you
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are behind a workstation was provided. On the other hand, during the anechoic chamber
measurement phases, the provisions and training relating to electrical risks were applied in
order to prevent any risk of danger. For example, an electrical accreditation training course
(delivered by SOCOTEC) was carried out at the beginning of the internship, detailing the
various risks existing within the Somfy R&D Center. During the measurements carried out
with voltages of 300V, the electronic boards were placed under an insulating envelope to
prevent risks. In addition, fire simulations are carried out regularly to familiarise employees

with the evacuation procedure.
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Chapter 2

Literature Review

2.1 Reminder on Electromagnetic Compatibility

2.1.1 General

Electromagnetic compatibility is a field that aims to study the problems related to elec-
tromagnetic cohabitation [1]. According to the international electrotechnical vocabulary
VEI 161-01-07, EMC is the ability of an electronic device, equipment or system to func-
tion satisfactorily in its electromagnetic environment without introducing electromagnetic

disturbances intolerable for anything in that environment [1].

"Emission and Susceptibility" are two key words to understand EMC. Emission rep-
resents the ability of a device to transmit electromagnetic disturbances by conduction or
radiation to its surroundings. Susceptibility refers to the ability of that same device to be
disturbed by its electromagnetic environment. These terms allow us to define the three basic
notions of Electromagnetic Compatibility analysis, which are: Sources, Paths and Victims

as presented in Figure 2.1.

‘ It is important to note that there is always a level of disturbance generated by a
device or environment. This is the reason why standards have been defined for limiting

conducted and radiated disturbances, which vary from one field to another depending on the
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Emission by
conduction

Susceptibility

By conduction :
v in conduction

Propagation

Victims
Paths

Sources

Emission by
radiation

Susceptibility

By radiation o
v in radiation

Figure 2.1: EMC Emission and Susceptibility [2].

device or system developed. In power electronics, the main sources of conducted disturbances
are due to sudden changes in the states of the converter’s power switches. These sudden

changes cause rapid variations in current or voltage across the various components [3].

2.1.2 EMC Standards

The analysis of EMC problems is guided by European and international standards that
will dictate the marketing of electrical equipment. In the civil field, EMC standards define
disturbance levels that must not be exceeded over a frequency band of 150kHz-30MHz for
conducted disturbances and 10kHz-18GHz for radiated disturbances. The standards for the
disturbances conducted will vary from one product to another depending on the country of

implementation and the case of application.

As an example for Somfy products, a European standard that defines the EMC test
methods and limits to be complied with is the CISPR EN 55032 standard (Figure 2.2). This
standard is defined by the International Special Committee on Radio Interference (CISPR).
It defines global agreements on electromagnetic interference in a way that simplifies inter-
national trade. For the American continent, FCC standards are applied. The difference

between these two categories of standards lies in the limits to be respected. The prescriptive
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test methods remain broadly the same for both. As Somfy is a multinational, it must ap-
ply the standard relating to the country where its products will be used. Compliance with
standards is often a guarantee of the quality and competitiveness of manufacturers’ prod-
ucts. These standards are generally classified into two groups: 1. Conducted and radiated

emission level and 2. Equipment susceptibility level.

20 TodBpV a0
| 73dBuvV
0 6BV »
60dBuvV 60dBuv
. u o X 56dByV W
50dBuv
S 50 S 50 x 46dBpV r——*—-"—-
§ ¢
20 = 40
H Class A 3 Class B
- 30 - 30
20 20
0= QP detector == EN 55022/32 Class B (GP) w0l ™ QP detector | == EN 55022/32 Class B (QP)
- AVG detector == EN 55022/32 Class B (AVG) - AVG detector == EN 55022/32 Class B (AVG)
0 [}
0.1 1 10 100 0.1 1 10 100
Frequency [MHz) Frequency (MHz)

Figure 2.2: CISPR/EN 55022/32 Class A and B Emission limits [1].

The standards also set out the methods for measuring and interpreting results. In
general, disturbance levels should be defined on a normative logarithmic scale in dBuV.

Thus, this will be the scale used for all spectral analyses in this report.

Vv
dBuV (V) = 20logy, <m) (2.1)

Equation 2.1 : conversion V to dBuV

2.1.3 Prescriptive measures and simulation

For conducted disturbances, the measuring device will depend on the current level absorbed
by the equipment under test (EST). For line currents below 100A (which is the case of

this study), it will be necessary to use the Line Impedance Stabilizer Network (LISN). The
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LISN is a device for defining a stable characteristic impedance of the measuring branches
over the entire normative frequency range (150kHz-30MHz) for conducted disturbances. It
thus makes it possible to validate the reproducibility of the measurements and to partially
set the measurement conditions. There are different structures of LISN depending on the
field of application. The fact remains that everyone must respect an impedance of 50¢2 over
the analysis frequency range (150kHz-30MHz). This value allows impedance matching with
measuring devices such as the spectrum analyzer [4]. Figure 2.3 shows the overall structure

of the LISN in the context of a conducted disturbance measurement.

PiL Lz .
M e
Cs ;
R: R : |
2 1 I ;
o X : Equipment : : Measurin
o o quip i : unng
: under test : : receiver
i —
Rz Ry 4 : | o T
N (.'.! Cy I R5
o0—= I :I; . 1 11— Rs
Jr.p .lf.'| (.3

Figure 2.3: Circuit of two LISN for normative disturbance measurements conducted [2].

L2, C2, R2, C3, R3 and RLISN (Table 2.1 and Figure 2.3) make up the structure of
a single LISN. There are different models of LISN depending on the frequency range you
want to study. Thus, the values of the components and the structure adopted were defined
according to the normative band of the emission measurements conducted and the number
of components [5]. Indeed, a more complex structure of LISN increases the calculation times
of the simulations and does not change anything in terms of the simulation measurements

on the normative emission band conducted.
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Table 2.1: LISN Structure

Component Value

Ry
Ry
Ry
Ry
Rs
G
Ca
Cs
Ly
Ly

50

10 ©

1000 €2

50 €2

50 © (input impedance the measuring receiver)
8 uF

4 uF

0.25 puF

50 puH

250 uH

In simulation, power source faults are partially considered through line impedances.

Therefore, a simplified structure of the LISN was used. The latter has a satisfactory frequency

behavior (Appendix 2.) on the study frequency band (150kHz-30MHz). This simplified

structure therefore reduces the calculation load of the simulator [4].

2.2 Continuous and Discontinuous Conduction of a Buck

Converter

2.2.1 Description of a Buck Converter

Figure 2.4 shows the most common converter topologies for power supplies, which are Buck,

Boost, Buck-Boost, and Cuk [6].
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il

Buck-Boost Converter Cuk Converter

Figure 2.4: Converter topologies (a)Buck, (b)Boost, (¢)Buck-Boost, (d)Cuk [6].

A buck converter consists of DC (Vs) or rectified AC power supply, a switch
(transistor-S), a freewheeling diode (D), a low-pass filter (LC), and the load. The buck
topology is typically used for systems that require DC power. Designers often opt for the
topology of a Buck when it is necessary to have an output voltage (Vo) that is lower than
the input voltage and that is not isolated from the input (i.e., the output and input voltage

share a common ground plane).

During normal operation of a buck converter, the S switch opens and closes repeti-
tively according to a control voltage Vg that drives the gate of a transistor. When S is closed,
a current flows from the source to the load through S. However, when S is open, the current
stored in the output inductor flows to the load through the freewheeling diode D. In this
study, the type of transistor used for measurement and simulation was NMOS transistors
due to the fact that they are faster and have a relatively low RDS(on). This minimizes losses

at the switch [5].

A buck converter can be operated in two conduction modes: Continuous Conduction
(CCM) and Discontinuous Conduction (DCM). These modes of operation are described in

detail in [6] and are discussed briefly in the following sections.
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2.2.2 Continuous conduction

In continuous conduction, the buck converter admits two operating states: 1.ON-state and
2.0FF-state. The ON-state phase occurs when the Pch FET switch is closed and the Nch
FET switch is open as shown in Figure 2.5. The OFF-state is when the Pch FET switch
is open and the Nch FET switch is closed (also called the freewheeling phase). Figure 2.6

shows the theoretical waveforms appearing in continuous conduction [5].
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Peried O© @ @ @

Figure 2.6: Waveform in continuous conduction mode [5].

In continuous conduction, the load current is large enough to allow a direct flow of
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current through the inductor. In other words, the current through the output inductance
is never zero. The TON duration defines the time for which Pch FET is closed and TOFF
defines the time for which Nch FET is closed. These durations are defined by a parameter
called the duty cycle. The duty cycle is defined as the ratio between the time at high
state (TON) of a signal and its period [5]. In continuous conduction, the output voltage is
directly proportional to the product of the duty cycle and the input voltage as described in

the following equation 2.2:

Ton

V(out) = Duty Cycle(D) x V(in) where D = ———M——
(out) = Duty Cyele(D) x V/(in) o —

(2.2)

Equation 2.2: Relationship between output voltage and duty cycle in continuous conduction.

2.2.3 Discontinuous conduction mode

Unlike continuous conduction, discontinuous conduction has three operating states. In addi-
tion to the two (ON-state and OFF-state) states described for continuous conduction, there
is a third state called IDLE-state (inactive) during which both Pch FET and Nch FET are
open (Figure 2.7). In the IDLE phase, there is only a leakage current that flows to the load
through the parasitic capacitance CL of the Pch FET transistor. In discontinuous conduc-
tion mode, the charging current is not large enough to allow a continuous flow of current
through the inductor (IL in Figure 2.8). The red rectangle indicates the discontinuity of the

current through the output inductor, which is almost 0A for a fraction of the period [5].

This time, the output voltage is no longer only proportional to the duty cycle (D) as

presented in equations 2.3 and 2.4.

Equation 2.3 : Relationship Between Output Voltage and Duty Cycle in Discontinuous
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V' (out): The output voltage of the system.

e V/(in): The input voltage to the system.

L: The output inductance in the circuit.

R: The output resistance in the circuit.

Toi: The off-time of the switching cycle.

e D: The duty cycle, which is the ratio of the on-time to the total time period of the

switching cycle.

where:

Equation 2.4: Formula of duty cycle in Discontinuous conduction Mode

2 x Loutput X fd X [output

: 24
Vo (2222 1) 20

Voutput

D=

2.3 Method for modeling conducted disturbances

The objective of EMC modeling is to be able to transcribe the different couplings that can

appear with maximum plausibility.

2.3.1 Indirect methods: time domain simulation

The indirect approach consists of performing a time domain simulation of the behavior of

a system and then performing a Fourier transform on the desired signals to obtain the
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spectra. This method makes it possible to simulate the inherent non linearity’s of a circuit.
However, it remains poorly suited for simulations taking into account parasitic elements,
time constants introduced by LISN and loading. This is due to the fact that time domain
simulation requires a very large number of simulation points for complex structures if the
model is to be exploitable [5]. Figure 2.9 presents an algorithm describing the steps involved

in indirect approach modeling.

Run LTSpice Simulation

Extract .four from LTSpice

[ Extract Phase Datal

N

[ Convert to Fourier Component l

’Handle Errors]

Extract Frequency Data
Convert to Frequency Value

Convert to dBuV

[Store Frequency Data] [Store Frequency in Ust] [Store Phase Data] [Store dBuV in List]

Store Results

Figure 2.9: Algorithm describing the steps of an indirect approach modeling

However, time domain simulation remains an effective analytical tool for the func-
tional validation of electrical systems. However, it remains poorly suited for automatic opti-

mization due to very long computation times and convergence problems. All the simulation
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are taking into account the Shannon criteria [2].

2.3.2 Direct methods

Direct methods, on the other hand, consist of carrying out simulations directly in the fre-
quency domain. However, these types of methods require more hindsight than indirect
methods. The mechanisms of perturbation generation as well as all propagation paths must

be well understood to arrive at a representative frequency domain modeling [3].

To perform frequency domain modeling, two steps are necessary:

1. Identification and linearization of disturbance sources.

2. Definition of propagation paths.

Nowadays, many modeling techniques directly in the frequency domain have been de-

veloped. A previous work proposed a comparison regarding the different modeling techniques

2]

The frequency domain method presents a non-negligible advantage in terms of calcu-
lation speed, suitable for iterative calculations for optimization. In this type of modeling,

several assumptions are made:

1. Linear behavior of disturbance sources.
2. Simulation performed only in steady-state and one single operation point.

3. Switches are idealized and thus the waveforms at their terminals are perfect
trapezoidal or triangular without oscillations at the opening and closing of

the switches.
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4. Disturbance sources are independent of propagation paths.

Following these assumptions, the disturbance sources are replaced by linearized equiv-
alent generators. This step can thus cause a certain number of inaccuracies in the calculation
of the disturbance spectrum. Moreover, frequency domain simulations are often preceded
by phases of equation formulation and analytical development which can be sometimes long

and complex.

In this study, as the implementation of the frequency domain models was carried out
on LTspice, the method adopted was inspired by the transfer function approach [7]. This
method allows to define a global frequency domain structure without separation of common
and differential mode propagation paths. The fact that LTSpice allows to implement transfer

functions guided the choice of this modeling approach.
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Chapter 3

Methodologies for modeling conducted

disturbances

As mentioned earlier, in order to determine the validity of implementations of a frequency do-
main model under LTSpice, the results of frequency domain simulation were compared with
the results of time domain simulation and measurement. Therefore, this section describes
the implementation of time domain and frequency domain modeling of a buck converter
according to the two conduction modes CCM and DCM. Then, the measurement benches
and the results obtained are developed before a comparison of the different simulation and

measurement results [2].

3.1 Modeling a Low Voltage Buck Converter

3.1.1 Continuous conduction Time Domain Modeling
Time Domain structure in continuous conduction Mode

In order to confirm the implementation of a frequency domain model under LTspice, a first
phase of time domain simulation of a Buck converter in continuous conduction was performed.

The objective is to be able to validate the simulation results of frequency domain modeling
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by comparing them to the spectra obtained by indirect approach. The following Figure 3.1

shows the time domain structure of a Buck converter operating in simulated LTspice CCM.

.tran 0 {Stop_time} {Ttssd} {Maximum_timestep}

.param Stop_time={{Ttssd }+(10/freq)}
.param Ttssd = 50e-3
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.param ESL = 3.17085e-09
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O .param ESR = 0.205721
G =
Z .param D=0.275

Figure 3.1: Simulated Time domain structure of a Low Voltage Buck Converter in Continuous Conduction.

To reach this time domain structure, a functional validation step was implemented

as described in a previous work [2]. This step enabled us to understand the behavior of a

buck converter in continuous conduction, as well as the influence of various components.This

approach complements the results measured with the EMSCOPE device.

The structure in Figure 3.1 accounts for the parasitic elements of each component,

which are detailed in the following table 3.1 along with their respective descriptions.
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Table 3.1: Parameters of Marked Components

Component Characteristic

LISN The simplified structure of the LISN with an acceptable

frequency behavior over the frequency range studied.

L6, L7 Represents a cable between the LISN and the power

converter with an inductance of 1uH/m of cable

Ch, C6 Represents the capacitance’s of the prototype PCB
model
C9 Input capacitor of 1uF with ESR=0.2057Q2 and

ESL=3.17085 nH

Zmc A common-mode impedance=0.05357pF that models
the impedance between the ground plane of the con-

verter and that of the EMSCOPE setup.

NMOS transistor IPFO39N03L that acts as a switch for

the buck converter topology.

D4 Represents an ideal freewheeling diode

L2 Output inductance of 41.8uH with ESR=1.0512.

C7 330uF  output capacitor of the LC filter with a
ESR=115mf2

Rload Output ideal resistor with a value of = 332 to reach the

operating point of the prototype.

Extraction of the disturbance spectrum from Time Domain Simulation.

In Figure 3.1, it can be noted that the ".four" function under LTspice was used on the

VLISN1(Phase), VLISN2(Neutral), Differential Mode, voltages in order to obtain the spec-
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trum of multiple harmonics of the switching frequency (switching frequency = 437.418kHz).
The use of this function makes it possible to obtain the amplitudes of these harmonics. In-

deed, only these frequencies will be able to carry energy and thus contribute to the conducted

EMI.

Thus, the spectrum obtained is consistent over the frequency range specified by the
conducted disturbance standards (150kHz - 30MHz). Figure 3.2, 3.3 and 3.4, shows the
spectrums obtained from VLISN1, VLISN2, Differential Mode.

Phase Low Voltage Buck Analysis

@ Time Domain Phase (ursil1)

Figure 3.2: Perturbation spectrum extracted with the function ’.four’ in continuous conduction of VLISN1 (Phase).

Neutral Low Voltage Buck Analysis

. ® Time Domain Neutral (Vrsil2)

Figure 3.3: Perturbation spectrum extracted with the function *.four’ in continuous conduction of VLISN2 (Neutral).
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Differential Mode Low Voltage Buck Analysis

@ Time Domain Differential Hode:

ourier Companent / dBuv.
.
.

Figure 3.4: Perturbation spectrum extracted with the function ’.four’ in continuous conduction of Differential Mode Volt-

age(DM).

A very different method is used for obtaining the Common Mode since we do not

have any nodes provided by LTspice to apply the ".Four" analysis. We use the program’s

"FET" function where we calculate YE5N 1"5VLISN 2 The obtained spectrum is converted to
txt format and its information is post-processed to obtain the Common Mode values, shows

in Figure 3.5.

Common Mode Low Voltage Buck Analysis

Frequency (Hz)

Figure 3.5: Perturbation spectrum extracted with the function ’.txt’ in continuous conduction of Common Mode Voltage (CM).

3.1.2 Continuous conduction Frequency Domain modeling

As mentioned earlier, to perform frequency domain modeling, two criteria are needed:
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1. Identification and linearization of disturbance sources

2. Identification of propagation paths

The objective is to be able to achieve the frequency domain structure presented in

Figure 3.6.
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Figure 3.6: a. Diagram of the time domain representation b. First configuration of Frequency domain structure c¢. Second

configuration of frequency Domain structure [8].

Modeling of disturbance sources

As mentioned earlier, the first step is to perform a modeling of the sources of disturbance.

The EMC problem in the design of power converters defines the cell as a "source" of dis-
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turbance [3]. Conventional modeling consists of modeling the switching cell by equivalent

generators as shown in Figure 3.7.

Figure 3.7: Modeling of the switching cell by equivalent generators [2].

These equivalent generators take into account the influence of the load and the source
through the different parameters of their equation [2]. However, in this type of modeling,
it is important to consider the location of the generators as this is what will determine
the characteristics of the voltage generator Vs and the topology of the linearized frequency

domain model.

For this, two options are possible. Indeed, one could choose to place Vs to model
VT (voltage across the transistor) or Vd (voltage across the freewheeling diode) as shown in

Figure 3.8.

Figure 3.8: Two different topologies with respect to the midpoint of the equivalent generators [2].

Both topologies can be chosen as they will both undergo the discontinuities due to

switching. However, when making this choice, it is important to note the change in circuit
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topology with respect to the midpoint "M’ of the switching cell. In our study, the modeling
of Vi by Vs (Vs = Vr) is chosen.

Once this choice is made, it is now necessary to define these sources of disturbances
Iyios and Vpg. The chosen method consists of linearizing the behavior of the converter
through a trapezoidal approximation of the voltage Vi (Vpg) of the transistor and the
current I; (Ipos) flowing through the transistor. For this approximation, the formulation
in the Laplace domain was chosen because it remains simple to implement under LTspice

allowed us to arrive at equations 3.1 and 3.2.

Let be the generic equation of the Laplace transform of a trapezoid shapes:.

Equation 3.1: Laplace transform of 1ds following a trapezoidal shape approximation.

L. — Al
]MOS(S) =2- fsw —

el (1 — exp(—s - tri))

AT
(d- Ty —tri —tg) - s

+ exp(—s - tri) - (1 —exp(—=s-(d- Ty —ty — tri)))

I,
tfi . 82

—exp(—s- (d- Top —tg;)) - (1 —exp(—s-tg))

(3.1)

® \ios(s): Current through the MOSFET transistor, expressed as a function of s, which could be the complex variable

used in Laplace analysis.
® s: Complex variable used in Laplace transforms, representing complex frequency.
® fo: Switching frequency of the transistor or associated circuit.
® [,;: Peak current, representing the maximum current that the circuit can achieve.

® AJ: Change or variation in current during a specific interval.
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® tri: Rise time, the interval during which the current or signal rise from its minimum value to maximum value.

d: Duty cycle of the transistor or circuit, a fraction of the total period during which the transistor is active.

Tsw: Switching period, the total time for one complete switching cycle (1/(fsw)-

® {;;: Fall time, the interval during which the current or signal falls from its maximum value to zero or a residual value.

Equation 3.2: Laplace transform of Vds following a trapezoidal approzimation.

. _Vs
VDS(S) =2- fsw exp(—s ’ tl"l) : tf—dSQ ’ (1 - exp(—s ’ tfv))
’ (3.2)
Vie

+ exp(—s . (d . Tsw — tfz — tfm,)) . m

(1 —exp(—s-tw))

® Vps(s): Represents the drain-to-source voltage of the MOSFET as a function of s. This function typically involves the

Laplace transform, indicating it describes how the voltage behaves in the frequency domain.
® s: Complex variable used in Laplace transforms, representing complex frequency.
® fou: Switching frequency of the transistor or associated circuit.
® tri: Rise time, the interval during which the current or signal rise from its minimum value to maximum value.

® V;s: The peak or steady-state drain-source voltage across the MOSFET during operation. This voltage is crucial for

determining the operating point and the efficiency of the device.
® t;;:Fall time, the interval during which the current or signal falls from its maximum value to zero or a residual value.
® d: Duty cycle of the transistor or circuit, a fraction of the total period during which the transistor is active.
® Ty: Switching period, the total time for one complete switching cycle (1/(fsw)-

® V;.: Represents the DC voltage level applied to the circuit. This voltage is crucial for the operation of electronic

circuits, especially in power electronics where DC voltages are converted to AC or different levels of DC.
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The trapezoidal approximation does not take into account the high-frequency oscillations at
the opening and closing of the NMOS as shown in Figure 3.9 . The advantage of this approximation
is however a simple description of the behavior of the converter thus allowing to have an estimate

of the real spectrum.

&

UDS

|MOS

d.Tsw

Al

Figure 3.9: Idealized waveform through trapezoidal approximation in VDS and IMOS.

Implementing the Frequency Domain Structure in LT Spice

As elaborated above, for frequency domain modeling, the sources of disturbances are modeled by
equivalent voltage and current generators. These generators are then defined by Laplace equations,
thus allowing the linearization of their behavior. The equation in the form of a Laplace transform
is performed in order to be able to perform the implementation and simulation directly in the

frequency domain under LTSpice [9].

For a buck converter consisting of a single switching cell, the sources of disturbance are
modeled as Ids and Vds (corresponding respectively to the current flowing through the NMOS

switch and the voltage across the NMOS switch).

Their behaviors are approximated as perfect trapezoids (continuous conduction) and the

waveforms are periodic square signals. In order to allow the implementation of the equations
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defined previously under LTspice, voltage controlled voltage source (E1) and voltage controlled
current sources (G1) are used as shown in Figure 3.10. Both are controlled by Laplace equations
and correspond to the waveforms of MOSFET drain current (equation 3.1) and drain to source
voltage (equation 3.2). These generators are excited by an AC voltage of 1V in order to allow the

realization of a frequency domain simulation [1].

LAPLACE =2*fd*((((Ipk - AT)/tr)/(s"2))*(1-exp{-tr*s)) )+ ((eup{-tr*s)*({(Al/Ton) (s~ 2) )*(1-exp(-s*Ton) ) ) }-{ (exp(-s*(Ton+er)) ) *((Ipk/ 1)/ (s~ 2))*(1-exp{-s*tf))})
LAPLACE =Vamp®{fd}*2*(1/(s"2))* (({1-swp(~s*trmv) )/ tmw }-{{ {1-axp(~5*tchv)}  tedv) *{axpl-s* ({1 /) + (tmw] 2)-( e 2))))))*axp{ -s*Tan)
] * LS El 4.01270707022129-10
S0a'6 €4 '
+ [0.25e
Vrsil1 .ac lin 10000 150k 10MEG
“R? [=} o param tr=89%-9
b - - { Jparam = 1e-9
Moy Tges - u L3 -] param Al=1e-8
"R3 S50 ) param ESL=3.17085¢-09
~sg “RG 617 " param ESR = 0,205721
< - param fd=437.41a3
a2 ) § g param Vamp= 12.77
7§ |,:‘J param d =0.34
S Jparam tmv=189,406-9
) | ta-t) param tdv=15e-9
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) RS I g o
50 “RE :
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Figure 3.10: Simulated Frequency domain Structure of a Buck Converter in Continuous Conduction.

The implementation of Laplace’s sources and equations has been validated according to the
work carried out where it has been demonstrated that LTspice can be used to simulate frequency

domain structures composed of linearized equivalent generators [2].

The advantage of using LTspice for frequency domain modeling is that propagation paths
can be defined intuitively by arranging perturbation sources in series or parallel. In this way, we do
not have to do with an analytical calculation phase of propagation paths and save a considerable
amount of time. Indeed, a purely analytical frequency domain modeling would lead to complex
transfer function calculations in order to model the overall impedance on which the sources of

disturbance are reflected [9].
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Extraction of the disturbance spectrum from Frequency Domain simulation

The frequency domain analysis begins with the setup and simulation of the circuit using LTspice,

where each component is accurately placed according to the schematic provided.

Perform a frequency sweep analysis from 150 KHz to 10 MHz (to clearly obtain the data
of interest for future analysis with the data measured on the implemented prototype) and save the
output in a .raw file. After simulation, extract and process the data from this file using a specialized
script, focusing on extracting voltage traces from the nodes of interest. These voltage values are then
converted to microvolt decibels for clarity and ease of analysis. Subsequent steps involve plotting
the frequency response for the critical nodes, including VLISN1, VLISN2, Differential Mode and

Common Mode voltages, as shown in Figures 3.11, 3.12, 3.13 and 3.14.

Figure 3.11: Spectrum extracted in continuous conduction of VLISN1 (Phase) Frequency Domain.

Figure 3.12: Spectrum extracted in continuous conduction of VLISN2 (Neutral) Frequency Domain.
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Figure 3.13: Spectrum extracted in continuous conduction of Differential Mode (DM) Frequency Domain.

Figure 3.14: Spectrum extracted in continuous conduction of Common Mode (CM) Frequency Domain.

3.1.3 Comparison of the results of continuous conduction simula-

tions

Before being able to compare the perturbation spectra, it is important to be able to validate the
correct implementation of the equivalent generators. If, however, significant differences are identified
at this level show in Figure 3.15 and 3.16, it is very likely that the two models are not at the same
point of operation. It is important to check and confirm the values of the various parameters of the

frequency domain modeling [9].

The spectum of the signal of Ids and Vds agree well on the frequency range of 150kHz-
5MHz. This frequency range of interest is enough for our study in the perspectives of a filter design.
Moreover, the lowest the frequency of the EMI to filter, the biggest the size of the filter’s passive

components.
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Figure 3.15: Comparison of Ids by Time and Frequency approach.

® Time Domain VD
— Frequency Domain VD
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Figure 3.16: Comparison of Vd by Time and Frequency approach.
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The advantage of frequency domain modeling is highlighted through very short simulation

times shows in the Table 3.2.

Indeed, with very low computation time between time domain

modeling and frequency domain modeling we can obtain results like in the figure 3.17, 3.18. 3.19

and 3.20.
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Figure 3.17: Comparison of VLISN1 (Phase) in Time and Frequency approach.

Neutral Low Voltage Buck Analysis
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.18: Comparison of VLISN2 (Neutral) in Time and Frequency approach.
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: Comparison of Differential mode (DM) in Time and Frequency approach.

49



20

Common Mode Low Voltage Buck Analysis

Figure 3.20: Comparison of Common Mode (CM) in Time and Frequency approach.

Table 3.2: Computation Time between Frequency Domain simulation and Time Domain simulation - Low Voltage Buck Con-

verter

Frequency Domain Modeling | Time Domain Modeling

Calculation Time

0.412s

3.2 Modeling a High Voltage Buck Converter

3.2.1 Discontinuous conduction Time Domain Modeling

Time Domain structure in Discontinuous Conduction Mode

In the same vein, the subsequent modeling was performed on a Buck converter operating in Discon-

tinuous Conduction Mode (DCM). Despite the limited resources available for modeling in discon-

tinuous conduction, the goal was to apply the same methodology used for continuous conduction.

Figure 3.21 illustrates the time domain structure of a Buck converter simulated in LTspice operating

in DCM.
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Figure 3.21: Time domain Structure of a High Voltage Buck Converter in Discontinuous Conduction Mode.
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This step enabled us to understand the behavior of a buck converter in discontinuous con-

duction, as well as the influence of various components. This approach complements the results

measured with the EMSCOPE device. The structure in Figure 3.21 accounts for the parasitic ele-

ments of each component, which are detailed in Table 3.3 along with their respective descriptions.



Extraction of the disturbance spectrum from Time Domain simulation

Table 3.3: Parameters of Marked Components
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Component Characteristic

LISN The simplified structure of the LISN.

Represents a cable between the LISN and the power
converter with 1uH/m of cable

C6 Represents the capacitance of the Filter =3.3uF with
ESR=2.2192 , ESL=0.694nH.

L7 Represents the Inductance of the Filter
Input capacitor of 3.3uF with KESR=2.17473€),
ESL=0.397nH.

Zmc A common-mode impedance= 0.13678pF, that models
the impedance between the ground plane of the con-
verter and that of the EMSCOPE setup.

MOSFET NMOS transistor IPF039NO03L that acts as a switch for
the buck converter topology.

D4 Represents an ideal freewheeling diode.

L8 Output inductance of 1000H

C8 470uF output capacitor of the LC filter with ESR=1m(2

Rload Output ideal resistor =133 to reach the operating
point of the prototype.

In Figure 3.21, it can be noted that the .four function in LTspice was used on the VLISN1

(Phase), VLISN2 (Neutral), and Differential Mode voltages to obtain the spectrum of multiple

harmonics of the switching frequency (30.886 kHz). The use of this function allows for the deter-

mination of the amplitudes of these harmonics, which are the only frequencies capable of carrying

energy and thus contributing to conducted disturbances.
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Consequently, the obtained spectrum is consistent over the frequency range specified by the
conducted disturbance standards. Figures 3.22, 3.23, and 3.24 show the spectrum obtained from

VLISN1, VLISN2, and Differential Mode voltage.

Figure 3.22: Perturbation spectrum extracted with the function ".four" in Discontinuous conduction of VLISN1 (Phase).

o Time Doman Neweral (rsiz)

Figure 3.23: Perturbation spectrum extracted with the function ".four" in Discontinuous conduction of VLISN2 (Neutral).

Differential Mode High Valtage Buck Analysis

Figure 3.24: Perturbation spectrum extracted with the function ".four" in Discontinuous conduction of Differential Mode

Voltage (DM).
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For the Common Mode voltage analysis, a different method is employed due to the absence

of suitable nodes in LTspice for the .four analysis. Instead, the program’s FFT function is used,

VLISN1+4VLISN2
2

where is calculated. The obtained spectrum is converted to .txt format and its

information is post-processed to obtain the Common Mode values, shows in Figure 3.25.

Figure 3.25: Perturbation spectrum extracted with the function ’.txt’ in discontinuous conduction of Common Mode Voltage

(CM).

3.2.2 Discontinuous conduction Frequency Domain modeling
As mentioned earlier, to perform frequency domain modeling, two criteria are needed:

1. Identification and linearization of disturbance sources.

2. Identification of propagation paths.

The objective is to be able to achieve the frequency structure presented in Figure 3.26.
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Figure 3.26: a. Diagram of the time domain representation b. First configuration of Frequency domain structure c. Second

configuration of frequency Domain structure.

Modeling of disturbance sources

The methodology used here is the same as that previously employed in the modeling of the low

voltage buck converter. We will only highlight the crucial differences in the configuration for high

voltage.

One big change appears in the formulation on the equations in the Laplace domain. This

domain was chosen because it remains simple to implement under LTspice. This allowed us to arrive

at equations 3.3 and 3.4.

Equation 3.3: Laplace transform of Ids following a triangular approximation.
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® I\ios(s): Represents the current through the MOSFET as a function of the complex frequency variable s in the Laplace
transform domain.
® s: The Laplace transform variable representing complex frequency, used to analyze systems in the frequency domain.

® fow: The switching frequency of the device or circuit. This frequency indicates how often the MOSFET is turned on

and off per unit of time and is crucial in determining the response time and efficiency of power converters.

® [,: The peak current, likely representing the maximum current that flows through the MOSFET during its operation

cycle.

® d: The duty cycle, which is the fraction of the total period during which the MOSFET is conducting. It significantly

affects the average output in power electronic applications.
® Tiy: The total switching period, representing the time for one complete on/off cycle of the MOSFET 1/(fsw-

® ¢5: The fall time, indicating the duration over which the current or voltage falls from a higher to a lower value (or zero).

This time is critical in determining the speed at which the MOSFET can stop conducting.

Equation 3.4: Laplace transform of Vds following a trapezoidal approximation.

Vdc

(1 ) g T,
try - 52

. (1 — e_s't”’)

_osdtB) T AW
w? + 52

(3.4)

® Vps(s): The drain-to-source voltage of the MOSFET as a function of s, represented in the Laplace transform domain,

indicating how the voltage responds over time in the frequency domain.

® s: The Laplace transform variable representing complex frequency, used to analyze systems in the frequency domain.
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® fow: The switching frequency of the MOSFET, which affects how often the MOSFET turns on and off, influencing the

efficiency and operation of the circuit.

® V;.: The DC voltage applied across the MOSFET, which is a primary factor in determining the operation and power

level of the device.

® {4, Fall time of voltage, the duration it takes for the voltage to decrease from a high value to a low value or zero during

each cycle.

® {,,: Recovery time voltage, the time required for the voltage to recover or return to a normal state after a transient or

interruption.

® d: Duty cycle of the MOSFET, which describes the fraction of one complete cycle during which the MOSFET is active.

® Tiy: The total switching period, representing the time for one complete on/off cycle of the MOSFET 1/(fsw-

® t;;: Fall time of the current, the time taken for the current to fall from a specified level to zero or a lower level during

the switching process.

® [3: A parameter possibly modifying the duty cycle or other temporal characteristics in the circuit, reflecting phase shifts

or adjustments in timing.

® A: Represents an amplitude or scaling factor in a term that might describe a resonant or oscillatory component in the

circuit.

® w: The angular frequency related to the oscillatory or resonant components of the circuit, involved in defining the

response characteristics at specific frequencies.

The trapezoidal and triangular approximation does not take into account the high-frequency
oscillations at the opening and closing of the NMOS. The advantage of this approximation, however,
is its simple description of the behavior of the converter, thus allowing an estimate of the real
spectrum. Let us consider the generic equation of the Laplace transform of trapezoidal shape for

voltage and triangular shape for current, as shown in Figure 3.27:
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Figure 3.27: Time domain representation of VDS(t) and IMOS(t) used in the Laplace transform expressions (DCM).

Implementing the Frequency Domain Structure in LTSpice

The sources of disturbances for frequency domain modeling are represented by equivalent voltage
and current generators, defined using Laplace equations. This approach enables linearization and
direct simulation in the frequency domain with LTSpice. For a buck converter with a single switching
cell, the disturbances are modeled as Ids and Vds, corresponding to the current flowing through and
the voltage across the NMOS switch, respectively. To implement these equations in LTspice, voltage
controlled voltage source (E1) and voltage controlled current sources (G1) are used, as illustrated
in Figure 3.28. These generators, controlled by Laplace equations, correspond to the MOSFET
drain current (equation 3.3) and drain-to-source voltage (equation 3.4), and are excited by a 1V AC

voltage for frequency simulation [10].

The implementation of Laplace sources and equations has been validated through previous
work [2], demonstrating that LTspice can effectively simulate frequency structures using linearized
equivalent generators. The key advantage of using LTspice for frequency domain modeling is the
intuitive definition of propagation paths by arranging disturbance sources in series or parallel, elim-
inating the need for complex analytical calculations of propagation paths. This approach signifi-
cantly saves time compared to purely analytical frequency domain modeling, which involves intricate

transfer function calculations to model the overall impedance affecting the disturbance sources [9].
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Figure 3.28: Simulated Frequency Domain structure of a buck converter in Discontinuous conduction Mode.

Extraction of the disturbance spectrum Frequency Domain

The frequency domain analysis begins with setting up and simulating the circuit in LTspice, ensuring
that each component is accurately placed according to the provided schematic. A linear frequency
sweep analysis is performed from 0 Hz to 10 MHz to obtain a comprehensive representation of the
entire spectrum. This data will later be compared with the measured data from the prototype in

Chapter 4. The output of this simulation is saved in a .raw file.

Following the simulation, the data is extracted and processed using a specialized script, with
a focus on the voltage traces of the relevant nodes. These voltage values are then converted into
decibel microvolts (dBpV) for clarity and ease of analysis. The subsequent steps involve plotting the
frequency response for critical nodes, including Differential Mode and Common Mode, as illustrated

in Figures 3.29 and 3.30.

In this buck converter, we will only consider the differential mode voltage and the common
mode voltage, as they are the most critical factors for filter modeling. Since we are not taking all
elements into account, there is a trade-off effect between the differential mode and the VLISNI,

VLISN2 voltages. This trade-off prevents a perfect alignment of the three voltages.
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Figure 3.29: Comparison of Differential Mode(DM) - Time domain Mode vs Frequency Domain.

Figure 3.30: Comparison of Common Mode (CM) - Time domain Mode vs Frequency Domain.

3.2.3 Comparison of the results of discontinuous conduction simu-

lations

Before comparing the perturbation spectra, it is crucial to validate the correct implementation of the
equivalent generators. If significant differences are identified, as shown in Figures 3.31 and 3.32, it is
likely that the two models are not operating under the same conditions. Therefore, it is important

to check and confirm the values of the various parameters used in the frequency modeling.
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Figure 3.31: Comparison of Source ID - Time domain Mode vs Frequency Domain.
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Figure 3.32: Comparison of Source VD - Time domain Mode vs Frequency Domain.

The advantage of frequency domain modeling is highlighted through very short simulation

in comparison with the time domain as shows in the Table 3.4. Indeed, with very low computation

times, frequency domain modeling is a suitable tool for optimizing an EMC filter like in the figures

3.33 and 3.34.

Table 3.4: Computation Time between Frequency Domain simulation and Time Domain simulatio - HIgh Voltage Buck Con-

verter

Frequency Domain Modeling | Time Domain Modeling

Calculation Time

0.512s
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Figure 3.33: Comparison of Differential Mode(DM) - Time domain Mode vs Frequency Domain.

Figure 3.34: Comparison of Common Mode (CM) - Time domain Mode vs Frequency Domain.

3.3 Modeling a Double Buck Converter

3.3.1 Time Domain Modeling

The double Buck converter design includes two stages as shows in figure 3.35, a high-voltage stage
(RED) operating in discontinuous conduction mode (DCM) and a low-voltage stage (BLUE) oper-
ating in continuous conduction mode (CCM). This dual-stage approach optimizes the converter’s

efficiency under varying load and voltage conditions [11].
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Figure 3.35: Time domain Modeling of the double buck converter structure.

Structure in Time Domain

In Figure 3.35, it can be noted that the ’.four’ function of LTspice is used for FFT calculations to
visualize the present harmonics. Since this function operates at a specific frequency, in this double
buck converter configuration, the predominant frequency is that of the initial buck converter. In

this case, it is the high-voltage buck converter (RED). Considering this, we know that the switching

frequency is 30.886 KHz.

Thus, the spectrum obtained is consistent over the frequency range of interest (150 KHz -

10 MHz) [1].

Extraction of the waves in Time Domain

In the following figure 3.36, we can observe the extraction of the Fourier components 'four’ of the

mentioned structure especially of the Differential Mode voltage.

A different method is used for obtaining the Common Mode since we do not have any nodes

provided by LTspice to apply the ".Four" analysis.
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Figure 3.36: Time domain spectrum of double buck Differential Mode (DM).

We use the program’s "FFT" function where we calculate YLLSN 1-5VLI SN2 - The obtained

spectrum is converted to .txt format and its information is post-processed to obtain the Common

Mode values, shown in Figure 3.37.

Common Mode Voltage Double Buck

0
Frequency (H2)

Figure 3.37: Time domain spectrum of double buck Common Mode (CM).

3.3.2 Frequency Domain Modeling

The methodology used here in figure 3.38 , is the same as that previously employed in the modeling
of the low voltage buck converter and the high voltage. We will only highlight the crucial differences

in the configuration for Double Buck Configuration.
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Figure 3.38: Diagram of the time domain representation.

Structure in frequency Domain

In the structure of the double buck converter we can delimit the 2 previous structures mentioned
above united in a single scheme as shown in figure 3.39, where the section delimited by the blue
squares belong to the high voltage stage and the sections enclosed by the orange squares determine

the low voltage stage.

Z2n—-—r
—
—

Figure 3.39: Diagram of the Frequency domain representation.

Extraction of the waves in Frequency Domain

The frequency domain analysis begins with the setup and simulation of the circuit using LTspice,
as shown in the figure 3.40, where each component is accurately placed according to the schematic

provided.



66

LAPLACE =Vamp®fd*2"(1/(s2))"(((1-exp(- )-(((1-exp(-s"tdv)) /tdv)* (exp(-* (( ))))))"exp(-s*Ton)
LAPLACE =2"fdiv™((((Ipklv - dIv)/ triv)/ (s2))"(1-exp(-triv™s))) +{(exp(-triv™s)"((( )/(52))" (1-exp(-s"Toniv))))-((exp(-s*(Tonhv-+triv)))((Tpkiv/ tiv)/ (5~ 2))"(1-exp(-s"tiv))))
LAPLACE =Vamplv=*{fdiv}*2*(1/(s~2))*(((1-exp(-: ((1-exp(- )] )*(exp(-s*( 2)-(tdviv/2))))))*exp(-s*Tonlv)
K kiv = .2 >
LAPLACE= 2°fd"(1/(52))"Ipk" (((1-exp(-5"Ton))/ Ton)-((1-exp(-streg))/ treg)"exp(-s"Ton)) Param Ton= 1141450 6
param treghv =4e-9

-param triv=2.5e-9
-param tilv=4e-9

1.2551112281885236e-07 param ESRL = 5.68666 -param dilv=-1e-9
L4 L3 .param fdlv=437.41e3
c lin 1968 0.001 10004679.362779541 1.860192199500877¢-05 -param Vamph= 3.50
“param div =0.47

param Ipk=156.65135e-3 .param tmviv=49.07e-9
baram Ton=559.58882e-9 ————Vrsilt _param tdviv=1e-9
param treg=3.4934211e-9

=30.886e3

param vamp
param d = o.
baram tmy= 78.75e-9
baram tdv=10.21e-9

Act

< §,jn.,,, [y O\

1
B o os

B 33e6

R3 To.ze Tie-4
w336 he le6
s 21 E
R4, 5 PacVi ) av L e
" . > T 1l e
50e-6 8 ¥ cs
Re €3 Vavi
Mege 6 L vesin C1
| o4

a

Acv

o
8
L 1735728573513718)e-13
02506 L
ey ssersarissisie s
_param ESL = 3.21214e-10  -Param ESL2 = 3.42606e-10 -param St = 3.47675¢-10
paramESR = 0710446 -Param ESR2 = 7.62102 -param ESRlv = 3.21821

Figure 3.40: Diagram of the Frequency domain representation.

Perform a frequency sweep analysis from 150 KHz to 10 MHz and save the output in a .raw
file. After simulation, extract and process data from this file using a specialized script, focusing
on extracting voltage traces of the interest nodes. These voltage values are then converted into
decibels micro volts for clarity and ease of analysis. In the figures 3.41 and 3.42 they show the
subsequent steps involve plotting the frequency response for critical nodes including Differential

Mode and Common Mode respectively.

120 — Frequency Domain Diferential Mode.

urier Component / dauv

Frecuencia (M)

Figure 3.41: Extraction of the waves of differential Mode in Frequency Domain.
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Common Mode Voltage Double Buck

Figure 3.42: Extraction of the waves of Common Mode in Frequency Domain.

3.3.3 Comparison of the simulations results

Before comparing the perturbation spectra, it is essential to validate the correct implementation
of the equivalent generators. If significant differences are identified, as shown in Figures 3.43 and
3.44, it is likely that the two models are not operating under the same conditions. Therefore, it is
important to verify and confirm the values of the various parameters used in the frequency modeling

11].

In this buck converter we have the same effect like the high voltage buck so, we will only
consider the differential mode voltage and the common mode voltage, as they are the most critical
factors for filter modeling. Therefore, only the differential mode and common mode are considered,

as they are the prioritized data in the modeling process.
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Figure 3.43: spectrum of the Frequency domain vs Time domain voltages of Differential Mode.

Common Mode Voltage Double Buck

108
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Figure 3.44: spectrum of the Frequency domain vs Time domain voltage of Common mode.

The advantage of frequency domain against time domain modeling is highlighted through

very short simulation times shows in the Table 3.5.

Table 3.5: Computation Time between Frequency Domain simulation and Time Domain simulatio - Double Buck Converter

Frequency Domain Modeling | Time Domain Modeling

Calculation Time 0.512s
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Chapter 4

Modeling methodology validation

4.1 Experimental phase-perturbation measurement

In order to validate the use of frequency domain modeling to estimate the spectrum of conducted
disturbances, an experimental phase was carried out. The objective of this phase is to compare these
simulation results obtained in Chapter 3. The measurements were carried out using the EMSCOPE
device, where they were compared with the prototypes developed on a low-voltage buck converter
board, a high-voltage buck converter, and finally a model of a double buck that combines a high-
voltage buck and a low-voltage buck. A waveform study conducted in Chapter 3 was used for the

construction of the models in both the time domain and the frequency domain.

4.2 Comparison of Results

In order to confirm the use of frequency domain modeling for the estimation of conducted disturbance
spectra, the simulation results of a high voltage buck converter, a low voltage buck converter and a
double buck converter, the first two in continuous and discontinuous conduction respectively, were

compared with the measurement results.



70

4.2.1 Low voltage Buck configuration

Figure 4.1 shows the EMSCOPE device, which is used to field the voltage spectrum of both dif-
ferential mode and common mode, this spectra are shown in Figure 4.2 and 4.3 in blue where it

compares with the simulations previously performed in Chapter 3.

Figure 4.1: Generation of the measure data with EMSCOPE and connection of low voltage buck converter.

In the figure 4.2, the blue line represents the measured harmonic components of the differ-
ential mode across the frequency spectrum. The red curve corresponds to the frequency domain
spectrum, while the black points show the spectrum in the time domain. The agreement between the
simulated (red and black) and measured (blue) data validates the proposed model in the theoretical

analysis within the frequency range of interest.
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Differential Mode Low Voltage Buck Analysis

100

80

Fourier Component / dBuv

20

108 107
Frecuencia (Hz)

Figure 4.2: Diagram of the Frequency domain representation with measurement data

In the figure 4.3, the blue line represents the measured harmonic components of the Common
mode across the frequency spectrum. The red curve corresponds to the frequency domain spectrum,
while the black points show the spectrum in the time domain. The agreement between the simulated

(red and black) and measured (blue) data validates the proposed model in the theoretical analysis.

Common Mode Low Voltage Buck Analysis

—e~ Time Domain Common Mode
60 —e— Common Mode Measures EMSCOPE

=~ Frequency Domain Common Mode

dBuv

108 107
Frequency (Hz)

Figure 4.3: Diagram of the Frequency domain representation with measurement data.

The differences observed between the measurement and simulation, especially at higher

frequencies, could be attributed to unmodeled effects in the analysis or limitations of the measure-
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ment instruments. Nonetheless, the results generally show good agreement, thereby validating the
approach used to model the electromagnetic interference characteristics of the low voltage Buck

converter .

4.2.2 High voltage Buck configuration

Figure 4.4 shows the EMSCOPE device, which is used to field the voltage spectrum of both dif-
ferential mode and common mode, this spectrum is shown in Figure 4.5 and 4.6 in blue where it

compares with the simulations previously performed in Chapter 3.

Figure 4.4: Generation of the measure data with EMSCOPE and connection of high voltage buck converter

Figure 4.5 and 4.6 shows the analysis of the differential mode and common mode in a high-
voltage Buck converter using the EMSCOPE device. The blue line represents the measured voltage
spectrum, while the black curve shows the frequency domain spectrum, and the red points represent

the time domain spectrum.

The close alignment between the measured (blue) and simulated (red and black) data sup-



73

Differential Mode High Voltage Buck Analysis
80

4
— " |
« ?
'«'
< /°
< I°
d——u:
?::.‘“'.i;

TTUTY

N,
100y

“lw Wi, .
20

Fourier Component / dBuV/

N
S
R

3
<

7,

N wntricey

10°
Frecuencia (Hz)

AN

51

Figure 4.5: Diagram of the Frequency domain representation with measurement data.

Common Mode High Voltage Buck Analysis
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Figure 4.6: Diagram of the Frequency domain representation with measurement data.

ports the accuracy of the theoretical model. Minor discrepancies at higher frequencies may be due
to unmodeled effects or measurement limitations, but overall, the results confirm the validity of the

electromagnetic interference analysis of the high voltage Buck converter.
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4.2.3 Double Buck configuration

Figure 4.7 shows the EMSCOPE device, which is used to field the voltage spectrum of both dif-
ferential mode and common mode, this spectra are shown in Figure 4.8 and 4.9 in blue where it

compares with the simulations previously performed in Chapter 3.

Figure 4.7: Generation of the measure data with EMSCOPE and connection of double buck converter.

Figures 4.8 and 4.9 shows the analysis of the differential mode and Common mode in a
double Buck converter using the EMSCOPE device. The blue line represents the measured voltage
spectrum, while the red curve shows the frequency domain spectrum, and the black points represent

the time domain spectrum.
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Figure 4.8: Diagram of the Frequency domain representation with measurement data.

Common Mode Voltage Double Buck

e~ Time Domain Common Mode
e Common Mode Measures EMSCOPE
—— Frequency Domain Common Mode

dBuv.

106
Frequency (Hz)

10

Figure 4.9: Diagram of the Frequency domain representation with measurement data.

The strong correlation between the measured (blue) and simulated (red and black) data
confirms the accuracy of the theoretical model. Although there are slight discrepancies at higher
frequencies, possibly due to unmodeled effects or measurement limitations, the overall results vali-

date the electromagnetic interference analysis for the differential mode in the double Buck converter.

The failure to take into account all these elements could explain the differences observed
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between 3MHz and 10MHz. However, the results of the frequency domain modeling in black agree
well with the time domain modeling in red. Comparison with the measurement (blue) in Figures
4.2, 4.5 and 4.8 shows that the estimation up to 3 MHz works correctly. Therefore, by making the
model more complex to account for additional elements, it is very likely to increase the validity

domain of the estimation by frequency domain modeling.
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Chapter 5

Automatizing and Optimization circuit

Process

5.1 Automatizing

The frequency domain modeling could make some users scary. Indeed, the use of the Laplace
equations could be considered as too much complicated and therefore prohibitive. To prevent this,
one goal of my internship was to develop an automatic tool. Its goal is to help the people using
easily frequency domain modeling for switch mode power supplies instead of the well known time

domain modeling.

For the automation process, an open-source environment was developed due to its greater
reach and adaptability. The choice for this mission was Python, as it provides immense versatility
when analyzing data from LTspice, thanks to libraries that work directly with LTspice looks in the

figure 5.1. The features of the tool will be shared in the upcoming paragraph.

e Initial Configuration: First, the script establishes the path to LTspice, which must be
provided as an argument when running the script from the command line. This ensures that

the system can locate and execute LTspice for the simulation.

e Preparation for Simulation: The user specifies the schematic or netlist file to be simulated.
The script constructs and executes a command that involves LTspice in batch processing mode,

allowing the simulation to be performed without manual intervention and directly from the
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Figure 5.1: Automatizing tool for circuit analysis in frequency domain

script.

User Interface: A graphical interface developed with customtkinter is used, allowing the
user to input specific parameters that will influence the simulation. These parameters may

include switching frequency, current peaks, voltage amplitude, among others.

Dynamic Netlist Editing: Before executing the simulation, the script dynamically modifies
the netlist according to the parameters entered by the user. This is done using the SpiceEditor
class from PyLTSpice, allowing precise customization of components such as voltage and

current sources, as well as other passive and active elements as needed.

Simulation Execution: Once the netlist is configured, the script re-executes LTspice with
the modified file. The simulation result is checked, and the user is notified whether it was

completed successfully or if there were errors.

Result Analysis: The simulation results are read using the RawRead class from PyLTSpice,
which allows extracting specific data such as voltages and currents at different points in

the circuit. Various graphical visualizations based on these data are offered, allowing the
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user to analyze components in the frequency domain or compare standard and simulated

measurements.

e Interaction and Visualization: The graphical interface also allows loading real measure-
ment data from CSV files to compare them with the simulated results. Additionally, it
provides interactive tools to adjust visualizations and better understand the circuit behavior

under different operating conditions.

This approach not only automates circuit simulation and analysis but also provides a pow-
erful and flexible tool for designers and engineers, facilitating experimentation and optimization of

electronic circuits in a controlled and accessible environment.

5.2 Optimization

To be able to have better match between simulation results and measurement data, an optimization
approach was developed. The circuit optimization process used in this methodology follows a
structured approach to adjust the parameters of the circuit components (Dynamic netlist) and
minimize discrepancies between simulated results and real-world measured data. The methodology

employed is described below,as shown in the figure 5.2:
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Figure 5.2: Optimization process to identify all stray elements. The EMC frequency models are included into an optimization

loop to identify the model parameters, thanks to a comparison between measured and conducted EMI

e Circuit Initialization and Simulation: The process begins with a predefined electrical cir-
cuit, whose behavior is simulated to obtain specific response values, such as signal magnitudes

at different frequencies.

e Result Analysis: The simulation results are compared with reference data obtained from
real measurements. This comparison is conducted at specific points in the frequency spectrum,

identifying differences between the simulated and measured magnitudes.

e Error Identification: If the differences between the simulated and measured magnitudes
exceed a predefined threshold, the circuit model is considered to be inadequately adjusted.

At this point, the components responsible for these discrepancies are identified.

e Parameter Adjustment: The parameters of the circuit components (such as resistances,
inductances, and capacitances) are randomly adjusted within a reasonable range. This ad-
justment aims to modify the circuit’s response so that the differences with real data are

reduced.
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e Iteration: The process of simulation, result analysis, and parameter adjustment is repeated
iteratively. In each iteration, the new component values are tested, and the results are again
compared with the real measurements. The goal is that with each iteration, the discrepancies

are minimized.

e Convergence: The iteration process continues until the differences between the simulated
values and real measurements are sufficiently small, indicating that an optimal circuit config-

uration has been reached.

e Validation: Finally, once the differences are within an acceptable range, the results are vali-

dated to ensure that the optimized circuit meets the desired requirements and specifications.

In the figure 5.3 and 5.4, the impact of the optimization process in Differential Mode Voltage
of a Low voltage buck converter, is illustrated. After executing the process, values for the

components are obtained that align well with the analyzed prototype.
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Figure 5.3: Result before the optimizing process
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Figure 5.4: Result after the optimizing process
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Chapter 6

Conclusions

This study has presented a robust methodology for the estimation and modeling of electromagnetic
interference conducted in switched-mode power supplies. Through the implementation of models in
the time and frequency domains and their validation with experimental tests using the EMSCOPE
device, we have demonstrated that frequency domain modeling is an effective and efficient tool to

anticipate and mitigate conducted disturbances, facilitating the preliminary design of EMC filters.

The obtained results not only validate the accuracy of the proposed models compared to
experimental approaches, but also highlight the usefulness of LTspice software for fast and accurate
simulation of these complex phenomena. This research provides a solid foundation for future devel-
opments in the design of more efficient power converters that are less susceptible to electromagnetic

interference.

However, we recognize some inherent limitations of our approach, such as the reliance on
linear assumptions and the idealization of certain switching conditions that may not be fully rep-
resentative of real operating scenarios. These limitations suggest the need for future research to

explore more inclusive models that consider more complex nonlinear and dynamic behaviors.
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Chapter 7

Recommendations and prospects

The following recommendations are proposed based on the insights gained during the internship:

1. Expansion of Simulation Models: Integration of non-linear effects and transient behavior
in simulation models is recommended. This could be achieved through the development of
additional modules in LTspice or by using alternative simulation software that offers greater

flexibility to model complex dynamics and transients.

2. Enhanced Experimental Validation: To ensure the applicability of the models under a
wider range of operational conditions, it is essential to expand experimental validation. This
would include testing under different load configurations and with variations in temperature

and other environmental factors.

3. Development of EMC Filter Prototypes: Based on the results obtained, it is suggested
to design and manufacture optimized EMC filter prototypes. These filters should be evaluated
in real environments to measure their effectiveness in reducing electromagnetic interference

in industrial and commercial applications.

4. Training and Education: Implement training programs for electronic and power system
designers, focused on advanced modeling and simulation techniques for EMC. This will help
bridge the gap between theory and practice, equipping professionals with the necessary skills

to face emerging challenges in the field.

5. Interdisciplinary Collaboration: Establish collaborations between academics, industry

engineers, and electronic component manufacturers to foster innovation in EMC filter design
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and interference mitigation. These collaborations could also explore the use of new materials

and technologies to improve the efficiency of EMC filters.

. Adoption of Artificial Intelligence: Investigate the use of artificial intelligence techniques
to predict and dynamically adjust EMC filter parameters in real-time. This could include
developing algorithms that automatically adjust filter components based on continuous mon-

itoring of the electromagnetic environment.

. Publications and Dissemination: Promote the publication of research findings and de-
velopments in international forums and specialized journals to share knowledge and best

practices in the field of electromagnetic compatibility.
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Appendix A

1. Behavior of LISN Model

A LISN (Line Impedance Stabilizer Network) is a device that allows for measurement while isolating
the source from a device under test (DUT) [13]. It facilitates the direct reading of conducted
disturbance voltages in both phase and neutral power supply channels. A LISN can be simulated

using LT'Spice software, following the structure shown in Figure 2.

L
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Figure A.1: Model of LISN.

Observing the frequency behavior of the LISN (Figure 3), we note that as the frequency
increases, the LISN maintains an impedance of 50£2. This means that impedance variations between
the source and the DUT do not affect the disturbance voltage measurements at the LISN’s terminals,

because the impedance remains almost constant at 50€2 across the entire analyzed frequency band.

Therefore, as disturbance measurements are carried out in both the phase and neutral, a
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LISN is incorporated for each power supply channel. Figure 4 illustrates the LISN model that will

be implemented to allow the measurement of waveforms or spectra in simulation on these channels.

In Figure 4, it can be observed that the measurements from the phase (VLISN1) and neutral

(VLISN2) are correctly referenced to 502.

1Z pgl Impedance as function of frequency from 10 KHz to 100 MHz (AB short-circuited)
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Figure A.2: Frequency behaviour of the input impedance of LISN.
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Figure A.3: Model of LISN high side (Blue), low side (yellow).
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However, as mentioned before, there are two possible propagation modes: common mode and
differential mode (Figure 1). The structure presented in Figure 4 does not distinguish these modes.
If only one of these modes were considered, different LISN configurations would be necessary. For
common mode propagation, the two 5012 resistances would be in parallel, resulting in an impedance
almost of 252. In contrast, for differential mode propagation, the two 50€) resistances would be

connected in series, increasing the impedance almost to 10082, [2]
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Appendix B

2. Explanation of Common Mode (CM)

Noise and Differential Mode (DM) Noise

Common Mode (CM) Noise

Common mode (CM) noise in conducted emissions refers to electromagnetic interference that ap-
pears between the power lines and the ground plane. This type of noise is characterized by its
tendency to emit the same signal across all power lines simultaneously relative to the ground or

mass, acting symmetrically and balanced.

CM is particularly problematic because it can couple through the parasitic capacitance
present in the environment of electronic devices. For example, in the case of a buck converter
(voltage step-down), CM noise is generated due to stray capacitance towards a ground plane, like a
copper test table, through which the noise transmits or "leaks." This type of noise can be measured
using power combiners in 0° configurations, which vectorially sum the input signals to obtain the

magnitude of the CM noise.

Differential Mode (DM) Noise

On the other hand, differential mode (DM) noise is generated between the supply and return lines
directly, without directly involving the ground plane. This noise results from voltage differences
along transmission lines or circuits, manifesting as a signal that varies differentially between these

lines.
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In testing configurations for DM, power combiners in 180° configurations are used. These
combiners vectorially subtract the input signals to determine the magnitude of the DM noise.
Identifying and measuring this type of noise is critical because the techniques for mitigating CM

noise are not effective for DM, and vice versa.

Common Mode and Differential Mode propagation path

The provided figure 4 illustrates a circuit used for measuring common mode (CM) and differential
mode (DM) emissions in conducted emissions (CE) testing employing a buck converter. Such tests

are crucial for assessing the electromagnetic compatibility (EMC) of electronic devices.

The power supply provides energy to the circuit, while a Line Impedance Stabilization
Network (LISN) is utilized to filter any external noise, ensuring that only noise generated by the
buck converter is measured. The LISN also serves to isolate the device under test from the power
source. Two 50 Ohm resistors are included in the circuit to detect the voltages V1 and V2, which

are essential for calculating the CM and DM noise components.

Common mode noise (depicted in red in the diagram) arises from potential differences be-
tween the power lines and the ground plane. This noise is characterized by being symmetric and
balanced across the lines relative to the ground. On the other hand, differential mode noise (indi-
cated in blue) occurs between the power lines, i.e., between V1 and V2. This noise results from

differences in current flow through these lines and is not symmetric.

The equations shown in the diagram, V1 = Vo 4+ Vo and V2 = Vo — Vs, demonstrate
how the measured voltages can be decomposed into their common mode and differential mode
components. To calculate these components, the equations Vopr = W and Vpyr = V1 -V2
are used. Vs represents the average of the voltages, reflecting the noise that is common to both
lines relative to the ground. Vpjs represents half of the difference between the voltages, indicating

the differential noise between the lines.
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Understanding and being able to measure and separate these two types of noise are crucial for
designing effective electromagnetic interference (EMI) suppression solutions. Different mitigation
techniques are effective against specific types of noise, so knowing their origins and characteristics
allows for the application of the most appropriate corrective measures. This not only helps to
improve the electromagnetic compatibility of the device but also ensures compliance with regulatory
standards, thereby enhancing the reliability and functionality of the device in real operational

environments.

Power
Supply

—» CMPath = Ground Plane in CE Test

— DM Path v Converter Reference Ground

Vz:vCH_VDM E> VCH 2 VDH Vi-V2

Figure B.1: Common Mode and Differential Mode propagation path [17].
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