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Summary

As society and technology are developing, the amount of electrically powered
devices is ever increasing. The traditional electrical grid, structured in a hi-
erarchical way, is not capable of sustaining the rapid development and imple-
mentation of a more dynamical consumer. By incorporating solar panels and
wind turbines at farm, businesses and even households the consumer becomes a
producer as well. This transforms the conventional grid into a more dynamical
and also distributed one. The project of which this thesis was a part of, deals
with the integration of renewable energy by applying a new architecture that
enables point-to-point power transmission and thus reduces instabilities and
improves dynamical behavior. The key objective for the University of Twente
(UT) is to find the best options for reducing interference, associated with fast
switching semiconductors as applied in the novel converter type.

This thesis starts with the development of a theoretical model based on the
control signals applied to switching power devices. The model can be used to
predict and estimate the conducted Electroagnetic Interference (EMI) gener-
ated in switching devices using sinusoidal Pulse Width Modulation (sPWM)
waveforms. The model was verified in a conducted emission measurement.
Combining the model with a radiated emission estimation model, gives a de-
scription of a noise source that is applied in the newly developed multi-level
converter.

For application in multi-level converters a sPWM generator was developed,
which with its flexibility is used to perform measurements on Galium-Nitride
(GaN) and Silicon-Carbide (SiC) based DC/AC converters, and multilevel con-
verters. In case of conducted EMI measurements, the results were used to verify
the theoretical model. In case of the magnetic radiated EMI measurements,
a time domain measurement technique was developed that is comparable to
using a traditional EMI receiver. The technique reduces measurement times
from minutes to several seconds per orientation and placement. In case of large
stacked multi-level converters it was deemed necessary to asses the magnetic
radiation produced in such a structure. The electric field measurements are
eventually used together with the developed mathematical model to determine
the effective radiation efficiency of the system under test.

The developed technique of determining the effective radiation efficiency,
together with the concept for optimal placement of EMI in fully integrated

v
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vi Summary

systems are considered to be part of the main contributions of this thesis and
can be seen as Mitigation through EMI placement. Another mitigation tech-
nique, which is a fairly classical Electromagnetic Compatibility (EMC) one,
consist of implementing a filter along the propagation path of the disturbance.
Part of the research objectives was developing behavioral circuit models based
on full wave model and thus optimized filters implementing nano-crystalline
materials.

This thesis contributes with the development of an automated method for
back annotating field effects into equivalent circuit simulations. Part of this
work was the development of Gauss-Newton optimization algorithm that can fit
impedance curves to equivalent circuit elements. This was applied to measure-
ments and full-wave 3D simulations of relatively simple components like capac-
itors, which showed optimal capacitor placement can be investigated through
circuit simulations rather then Electro-Magnetic (EM) field simulations. Ex-
tending the research to more complex structures and components, required the
development of a 3D full wave high frequency models. This has been done for
a two phased sectionally winded Common Mode Choke (CMC), incorporating
complex permeabilities through a dispersion model.

Overall it can be concluded that this thesis has contributed to the de-
velopment of the future electrical grid, by investigating components that are
attributed to the Multifunctional Multilevel Modular Converter (M3C), which
is considered to enable the development of the ’smart grid ’. Much work still
needs to be done, from refining and applying the developed measurement tech-
niques to larger and fully integrated systems to developing more accurate and
faster fitting algorithms for determining equivalent circuit component values.
Also the effect of proposed mitigation techniques on various functionalities of
the M3C have to be investigated.
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Samenvatting

Met de ontwikkeling van de maatschappij en de technologie die hiermee gepaard
gaat, neemt het aantal elektrisch aangedreven apparaten toe. Het traditionele
elektriciteitsnetwerk is gestructureerd in een hiërarchische vorm en is niet in
staat de ontwikkeling en implementatie van de dynamische consument te onder-
steunen. Door het toevoegen van zonnepanelen en windturbines aan boerder-
ijen, bedrijven en alledaagse huishoudens vindt er een transitie plaats van
consument naar producent. Dit leidt uiteindelijk tot de transformatie naar
een meer dynamisch en gedistribueerd netwerk. Het project waar deze thesis
onderdeel vanuit maakt, houdt zich bezig met de integratie van nieuwe “re-
newable” energie voorzieningen door middel van het toepassen van een nieuw
ontwikkelde vermogenselektronica architectuur. Deze architectuur is in staat
om vermogen onderling te leveren van en naar gebruikers en de daarbij mogeli-
jke instabiliteit te reduceren. Het hoofddoel voor de universiteit Twente, en
dus deze thesis, is het vinden van de beste mogelijkheden om storingen te ver-
minderen die voortkomen uit de snel schakelende vermogenselektronica zoals
gebruikt in de nieuw ontwikkelde type omvormer.

Deze thesis start met de ontwikkeling van een theoretisch model dat is
afgeleid van de signalen die toegepast worden op de schakelende componenten.
Het model kan gebruikt worden om te voorspellen welke elektromagnetische
interferentie ontstaat in schakelende voedingen die aangedreven worden door
sinusvormige puls modulatie golfvormen (sPWM). Het model is geverifieerd
door middel van elektrische geleidingsmetingen. Door dit model te combineren
met een elektromagnetisch stralingsmodel kan een volledige beschrijving van
de storingsbron worden gemaakt die veelvuldig aanwezig is in de nieuw on-
twikkelde “multi-level” omvormer.

Doordat er onderzoek gedaan wordt naar specifieke “multi-level” omvorm-
ers is er een sPWM generator ontwikkeld die zeer flexibel in te stellen is en
gebruiksvriendelijk is. Uiteindelijk is deze gebruikt als aansturing van DC/AC
omvormers en “multi-level” omvormers, die gebruikmaken van Gallium-Nitride
en Silicium-Carbide halfgeleiders. In het geval van elektromagnetische gelei-
dingsmetingen, zijn de resultaten ter verificatie gebruik voor het eerder on-
twikkelde theoretische model. In het geval van magnetische staling, zijn er
tijd-domein metingen ontwikkeld en uitgevoerd die één op één te vergelijken
zijn met de conventionele meetontvanger. Deze techniek reduceert meettijd

vii
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viii Samenvatting

van enkele minuten naar luttele seconden per oriëntatie en locatie. In het
geval van de “multi-level” omvormer, welke een groot geometrisch oppervlak
heeft, was het nodig het magnetisch veld op verscheidende locaties te evalueren.
Door middel van de nieuwe test techniek is de totale meettijd hierdoor signifi-
cant afgenomen. De elektrische veld metingen zijn uiteindelijk samen met het
ontwikkelde wiskundige model gebruikt om de effectiviteit van de straling te
bepalen. Met andere woorden, hoe goed straalt het systeem elektromagnetische
straling onder de werkende condities.

De ontwikkelde techniek voor het bepalen van de stralingseffectiviteit, samen
met het optimaal “plaatsen” van storingscomponenten in volledig gëıntegreerde
systemen worden gezien als hoofdonderdelen van de bijdrage van deze thesis aan
de wetenschap. In een uitspraak samengevat “Mitigation through EMI place-
ment”, oftewel “vermindering door middel van EM storingsplaatsing”. Andere,
meer conventionele, methodes bestaan uit het invoegen van filters tussen de
storingsbron en het slachtoffer. Deel van het hier uitgevoerde onderzoek was
het ontwikkelen van circuit modellen gebaseerd op 3D simulaties ter optimal-
isatie van filters die nano-kristallijne materialen bevatten. Deze thesis heeft een
bijdrage geleverd aan een volledig geautomatiseerde methode voor het invoegen
van veld-effecten in circuit simulatoren. Onderdeel hiervan was de implemen-
tatie van een Gauss-Newton optimalisatie algoritme dat gebruikt kan worden
om equivalente circuit component waardes te vinden aan de hand van een in-
gegeven impedantie curve. Deze techniek is toegepast op zowel de resultaten
van metingen als 3D simulaties voor relatief eenvoudige passieve componenten,
zoals condensatoren. Uiteindelijk is ook aangetoond dat de optimale plaatsing
van een condensator op deze manier bepaald kan worden, zonder een groot
aantal volledige veld simulaties uit te voeren. Uitbreiding naar meer complexe
structuren en componenten is mogelijk, maar hiervoor moeten 3D modellen
ontwikkeld worden die bruikbaar zijn buiten de normale bandbreedte van op-
eratie. In deze thesis is dit gedaan voor een twee fase gekoppelde smoorspoel
(CMC).

In het algemeen kan geconcludeerd worden dat deze thesis bijgedragen heeft
aan de ontwikkeling van het toekomstige elektriciteitsnetwerk, door het on-
derzoeken van componenten die toebehoren aan “Multi-functional Multilevel
Modular Converters (M3C)”. Dit type omvormer acht men instaat de on-
twikkeling van de toekomstige “Smart Grid” te bewerkstelligen. Er moet nog
veel uiteenlopend werk verzet worden, van het ontwikkelen van meettechnieken
voor grotere en volledig gëıntegreerde systemen tot aan snellere optimalisatie
algoritmes voor equivalente circuit componentwaarde bepalingen. Ook moet
nog bepaald worden of de voorgestelde storingsreductietechnieken een negatief
effect hebben op de functionele gedragingen van de omvormers.
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Chapter 1

Introduction

1.1 The Electrical Grid

As society and technology are developing, the amount of electrically powered
devices per household is ever increasing. As energy in the form of electricity
is inherently clean and can be relatively efficiently transformed in any other
form of energy (i.e. heat, mechanical, lighting etc.), it is at the center of
developing a sustainable society. One could have noticed this transition into
a more electrically powered society with the replacement of well established
technologies. Considering a common household: the gas stove is being replaced
by one based on induction or thermal conduction, central heating boilers based
on gas are being replaced by heat pumps, and combustion based vehicles are
being replaced by electric vehicles. Next to this, in the Netherlands, cyclists
are now using electrically powered bikes. All of this contributes to an increase
in the worlds total energy consumption, which can be seen in Figure 1.1. An
increase in demand also requires an increase in generation. It is increasing over
the past few decades, as can be seen, together with its total waste.

Distributed energy generation is being implemented to cope with rapidly
increasing demand of energy. The traditional electrical grid, structured in a
hierarchical way, is not capable in its current form of sustaining the electrifi-
cation of society. By incorporating solar panels and wind turbines at farms,
businesses and even households the consumer has become a producer as well.
The transformation of the conventional grid into a more dynamical and also
distributed one posses several challenges. A (r)evolution is required to be able
to solve them. Many systems and architectures are proposed, developed and
researched to provide/support the next big development in power electronics
which many have been calling the Smart Grid. The Smart Grid has regularly
come to be described as:

”The next-generation electrical power system that is typified by the increased
use of communications and information technology in the generation, delivery
and consumption of electrical energy.”

1
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Figure 1.1: World energy generation, consumption and waste. Data acquired
from ’EIA - Electricity Data’ [1].

Table 1.1, which is adopted from [2], shows a comparison of the envisioned grid
compared to existing grid, which depicts several key transformations that either
already are being implemented or are under development. Figure 1.2 visualizes
the transformation as envisioned. To meet the demand for increased efficiency,
flexibility and system capability a novel converter-based solution was proposed
and described in [3] called the Multifunctional Multilevel Modular Converter
(M3C). Research on the M3C topology is part of a joint project between India
and the Netherlands dubbed ’Smart Grids’ and funded by The Netherlands
Organization for Scientific Research (NWO).

Table 1.1: The smart grid compared with the existing grid adopted from [2].

Existing Grid Smart Grid
Electromechanical Digital

One-Way Communication Two-Way Communication
Centralized Generation Distributed Generation

Hierarchical Network
Few Sensors Sensors Throughout

Blind Self-Monitoring
Manual Restoration Self-Healing

Failures and Blackouts Adaptive and Islanding
Manual Check/Test Remote Check/Test
Limited Control Pervasive Control

Few Customer Choices Many Customer Choices
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1.2. Research Project - Smart Grids 3

Figure 1.2: The IEEE’s version of the Smart Grid involves distributed gener-
ation, information networks, and system coordination, a drastic change from
the existing utility configurations. Adopted from IEC-IEEE challenge: ”100%
Green Computing At The Wrong Location?” [4].

1.2 Research Project - Smart Grids

With the development of the future smart grid, more is required from the ca-
pabilities of power converters. New methods to perform energy transactions,
self-healing and increased resilience to various anomalies exited by electrical
networks are the requirements posed on the next generation electrical grid [2].
This research project is aimed at developing solutions by utilizing additional
frequencies in Multilevel Modular Converter (M2C) topologies, as was pro-
posed in [5,6] resulting in the development of M3C systems, i.e. it enables the
possibility of power transfer at other frequencies than the conventional DC or
50Hz.

The idea of utilizing Multiple Frequencies (MF) in a single system is not
novel, however its implementation in power transmission is. A main issue is
that the powers at different frequencies do not interact ‘by nature i.e. by
themselves’, but only via control of switching power devices which brings an
inherent improvement of stability. In the ”SMART GRID” project research
topics are split between 4 universities (Figure 1.3).

• Technical Univeristy of Delft (TUD)

• University of Twente (UT)

• Indian Institute on Technology, Delhi (IITD)

• Indian Institute on Technology, Bombay (IITB)

Concerning applications in power system the Delft group is mainly focused
on hardware research and development and prototyping of devices for power
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systems whereas the IITD and IITB are more interested in the dynamical
aspects at system level. Several challenges were identified during the develop-
ment, most notable are optimal control strategy [7–9], potential Electroagnetic
Interference (EMI) issues, and module interactions [3]. The research presented
in this thesis is from the UT and it addresses the potential EMI issues that can
arise from implementing MF in a system designed with modular fast switching
building blocks. The research of UT, described in this thesis, complements the
research of TUD, IITD, and IITB as it addresses EMI at the module level.

Figure 1.3: Full DC micro-grid and medium voltage demonstrator system.

1.3 Motivation

Key features of the M3C system are modularity, multi-functionality and mul-
tilevel implementation. The modules that will be used in the system are not
going to represent a single, universal converter. Instead, they are intended to
be configurable to fit the requirements of a specific device, which implies an
increased flexibility of the system. Multi-functionality (or multi-frequency) al-
lows power flow between any source and load in the system, without affecting
the other loads and sources. It thus features a controllable network that is
capable of operating with multiple-frequencies and is highly dynamic.

The possibility of designing of the novel electrical power system based on
a bottom-up approach is described in [3], where it shows that it utilizes power
transfer via multiple, different frequencies, using the concept of orthogonal
power flow in nestled secondary power loops, as described in [5, 6]. The prin-
ciple of orthogonal power flow can be described by using the Fourier series



536329-L-bw-Moonen536329-L-bw-Moonen536329-L-bw-Moonen536329-L-bw-Moonen
Processed on: 3-10-2019Processed on: 3-10-2019Processed on: 3-10-2019Processed on: 3-10-2019 PDF page: 19PDF page: 19PDF page: 19PDF page: 19
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expansion to express the non-sinusoidal voltage and current inside a system.
The active power is then defined as the mean value of the product of the
instantaneous values, in which case all the cross product terms of different (in-
teger valued) frequencies are zero for non-sinusoidal periodic waveforms. As
presented in [10], a Modular Multilevel DC converter (M2DC) prototype was
developed, which demonstrates some of the key features of the M3C topology.
The prototype shows bidirectional DC/DC conversion via two modes of op-
eration, while capacitor charge balancing is achieved using AC currents. The
orthogonal power flow decouples the active power in the different frequencies.
By implementing nestled secondary power loops in a M2C, [6] demonstrates
that it is possible to add multiple sources without requiring a transformer.
Each Sub-Module (SM) allows for a connection of source or load, therefore by
increasing the amount of SMs in the system additional sources and loads can
be supported.

As part of the TUD objectives a demonstrator was developed, which is
described in [10] and can be seen in Figure 1.4. This is considered to be the
starting point of the analysis performed in this thesis. The topology is novel
and thus not very well known, especially not in the world of Electromagnetic
Compatibility (EMC). In this introduction a simplified description is given for
its functional behavior, as it is required to understand experiments and analyses
performed in this thesis.

The circuit model shown in Figure 1.4 depicts the situation in which the
system operates as a DC/DC boost converter, in which a ”low” voltage source is
applied at the left hand side and the ”high” voltage load on the right hand side.
The source is decoupled from the system’s secondary power loop via a band-
stop notch filter consisting of parallel connected inductor (Lbs) and capacitor
(Cbs), while the load resistor is disconnected via a low pass filter consisting
of a single inductor (Lo). The secondary power loop is then created using
the bandpass notch filter consisting of a series connected inductor (Lbp) and
capacitor (Cbp). Effectively this results that ideally only the DC-current escapes
and enters the secondary power loop, where both the DC-current and AC-
current are existing. The SM can have different designs, however to reduce the
amount of switches and thus reducing complexity of control signal generation
it is implemented using a half bridge consisting of two switches. The AC-
current running in the shown power loop has the effect of balancing the charge
between the multiple SMs. Thus it keeps the capacitors charged at all times
during operation. From [10] it can be seen that when operating in the resistive
coupled mode, the system acts as a voltage controlled voltage source. Based on
the set control parameters, which are elaborated on in Chapter 3, the transfer
voltage ratio can be controlled.

1.4 Research objectives

As the research objectives of this thesis are related to the EMI generated,
it is imperative to first simplify and model sub-systems. It was shown that
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6 Chapter 1. Introduction

Figure 1.4: Circuit model of the tuned filter M3C, adopted from [10].

investigation in the generated EMI remains difficult, due to the complexity
and flexibility of the total system and the dependency on (often unpredictable)
parasitics that only surface during integration stage of the total system [11–14].
Throughout this thesis the complexity of the system increases, however it is
always linked to functional behavior as was described in the previous section.

Figure 1.5: Basic decomposition of EMC coupling problem.

In the classical image of EMC one can identify a source, a victim and a
coupling path (Figure 1.5). With respect to the investigated architecture, the
individual SM is considered to be the source generating the possibly devastat-
ing interferences. Any source (e.g. photo-voltaic panel, battery, wind-turbine)
or load (e.g. battery, motor, appliance) could be the victim. In case of the
coupling path, two types of interference are identified, radiated and conducted
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phenomena. The objectives at which this thesis is aimed are related to iden-
tifying and possibly mitigating these conducted EMI, and radiated magnetic
and electric fields based on:

1. Full wave models of M3C components and module

2. Behavioral circuit models for network simulation based on the full wave
models

3. Experimental validation of the models

4. Optimized filters using novel nano-crystalline materials

5. EMI performance of the prototype

1.5 Outline of the thesis

This thesis is structured in line with the research goals stated in the previ-
ous section. Chapter 2 describes the origin of the generated noise. It starts
with a theoretical analysis of the spectral content of a sinusoidal Pulse Width
Modulation (sPWM) waveform, while eventually linking it to conducted and
radiated noise arising in a single SM. It is then extrapolated to the multi-level
system in Chapter 3 which incorporates a multitude of SMs. As can be seen in
Figure 1.3 the switching modules can be connected in series as well as parallel.
In the depicted medium voltage applications this will cause voltage and current
switching behavior, inducing electric fields and magnetic fields respectively.

As the source is then identified, modeled and verified, mitigation techniques
can be sought. Many mitigation techniques exist which focus on either the noise
source or the propagation path [15]. Figure 1.6 shows an overview of known
conducted EMI mitigation techniques. It is well known that the control scheme
is directly related to the amount of EMI being generated [16–19], and many
papers describe methods for reducing EMI inherently [20–22] or by optimiz-
ing the usage of parasitics [23–26]. Chapter 3 focuses on the switch control
scheme at the source, while Chapter 4 focuses on applying passive filters in the
propagation path and optimizing their design.

Figure 1.6: Mitigation techniques adopted from [15].



536329-L-bw-Moonen536329-L-bw-Moonen536329-L-bw-Moonen536329-L-bw-Moonen
Processed on: 3-10-2019Processed on: 3-10-2019Processed on: 3-10-2019Processed on: 3-10-2019 PDF page: 22PDF page: 22PDF page: 22PDF page: 22

8 Chapter 1. Introduction

Chapter 3 will first introduce the developed sPWM generator that was used
in the experimental setups described in this thesis. It is required for exclud-
ing the signal generation as a possible origin of any unexpected behavior at
the high power side of the system. It also shows the constraints with which
the M3C demonstrator can be tested. As was mentioned, flexibility is a key
feature as it allows modularity on which the system is based. The generator
is developed to support at most eight SM’s, while maintaining synchroniza-
tion at high switching frequencies (up to 2MHz). On the fly control through
software without recompiling or uploading the bit-stream allows for fast and
flexible testing scenarios. The carrier based sPWM generation is a relatively
simple and known technique, and was implemented without optimizing for noise
generation. Many control techniques exist, each with optimized features [9].
Implementation of these advanced control systems is omitted in this thesis as it
does not represent the demonstrator as was created in [10]. Also research into
implications for the functional behavior of the system is required and consid-
ered part of the project partners their objectives. Next to optimization of the
generation of EMI, reduction of interference levels can still be achieved by de-
signing low-impedance paths for disturbances away from the possible victims
that have relatively low susceptibility levels [14, 27]. In Chapter 4 the ap-
plication of filters is discussed with emphasis on layout optimization through
parasitic cancellation of coupling, and optimized Common Mode Choke (CMC)
modeling. The analyses are performed through full wave 3D simulation tech-
niques and back-annotating 3D field effects into lumped circuits which can be
used in (2D) circuit simulators. For automated back annotation a generalized
impedance to equivalent circuit fitting algorithm was implemented to deter-
mine optimal R,L,C component values. It is mathematically shown that the
algorithm potentially can fit an unlimited amount of components, in practice
this is limited by computational power.

Chapter 5 describes novel EMI mitigation techniques, by combining the
mitigation along the propagation path with mitigation at the source through
the switch control scheme. It investigates the possibilities to reduce radiated
as well conducted emissions in a sPWM controlled system. For conducted EMI
optimization, it is assumed the system is implemented in its final stage and
unknown parasitics are decreasing a filter’s expected performance to inadequate
levels. Being in control of switching frequencies, one can control the frequency
components of the generated noise, thus allowing an optimal placement in-situ.
Radiated EMI optimization relies on the same principle, however a technique
is first developed for determining the effective radiation model that allows to
asses optimal EMI placement.

Finally a summary per chapter is provided with conclusions in Chapter 6,
followed by recommendations for further research.
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Chapter 2

Noise source modeling

In the introduction of this thesis a simplified description was given of a M3C
implementation under investigation. Its functionality depends heavily on the
switching behavior in each SM. This chapter presents the EMI analysis of single
SM as it is the basic building block of the converter topology under study. The
SM is a half-bridge consisting of two semiconductor switches, effectively having
three legs at the power side and two on control side (Figure 2.1). Stacking SMs
in series is done by interconnecting middle (Mid) leg with the lower (Low) leg
of the next SM. This effectively means the lower leg is input while the middle
one is the output. Evaluating the signal at the output (Mid) leg, will result in
a voltage that either equals Vlow or Vlow + Vcap.

(a) Bypass capacitor (b) Insert capacitor

Figure 2.1: Basic operational states of a half-bridge.

In case of multilevel converters, the control signals are generated using
multi-carrier Pulse Width Modulation (PWM) techniques. A review on the
operation, control and applications of the M2C is given in [9]. For the correct
operation in the M3C topology as described by [10], a multi-carrier scheme is
required in combination with two reference signals to control the upper and
lower arm of the converter. In Figure 2.2 several possible multilevel carrier

Parts of this chapter have been published in [28] and received the second best student
paper award at EMC Europe 2018 in Amsterdam.

9
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10 Chapter 2. Noise source modeling

(a) Phase disposition (b) Phase opposition disposition

(c) Alternate phase opposition dispo-
sition

(d) Saw-tooth phase shifted

(e) Triangular phase shifted

Figure 2.2: Multi-level converter carrier schemes, adopted from [29].

generation schemes are shown. According to [29] the necessary voltage bal-
ancing at the flying capacitors can only be achieved by the schemes using the
phase-shifted carriers shown in figures 2.2d and 2.2e, therefore in this thesis
only the phase shifting schemes are used and investigated.

PWM generation is achieved by comparing a carrier wave with a reference
waveform. The reference signal is therefore the ’wanted’ signal. In case of
the setup shown in Figure 1.4, the waveform inside the secondary power loop
consists of sinusoidal modulated PWM, which is dubbed sPWM. This implies
the reference waveform has to be a sinusoidal signal.

In short, each SM is controlled by an sPWM signal that is phase shifted
according to the carrier waveform attributed to the individual SM. Under the
assumption that the capacitor in the half-bridge is always charged (i.e. acts as
an ideal voltage source) the SM operates as a conventional DC/AC-converter.

This chapter presents an EMI investigation of a half-bridge used as a DC/AC-
converter. This is an imperative step in evaluating the EMI of the M3C proto-
type. It gives possibilities to mitigate EMI at the very origin, with a very broad
and wide source of known solutions. The contribution of this chapter is firstly
the simplified theoretical model for determining the output EMI spectrum of
an sPWM waveform based on several functional, control parameters that were
identified in the work of [10]. Secondly the contribution of this chapter is the
conducted and radiated EMI analysis of a very fast switching Galium-Nitride
(GaN) based half-bridge.
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2.1. Theoretical Analysis of sPWM 11

2.1 Theoretical Analysis of sPWM

sPWM is a digital modulation technique that uses a high frequency pulse train,
to approximate a low frequency reference voltage or current. The desired out-
put wave is generated by comparing a reference wave to a carrier wave. While
a lot of different forms of sPWM have been developed in the past, they are
often slightly different variations. Six basic variations of two level sPWM will
be investigated for this model [30]:

1. unipolar trailing-edge modulation
2. bipolar trailing-edge modulation
3. unipolar leading-edge modulation
4. bipolar leading-edge modulation
5. unipolar double-edge modulation
6. bipolar double-edge modulation

Where leading and trailing edge modulation schemes use a sawtooth shaped
carrier and double edge modulation schemes use a triangular shaped carrier.
Although the mathematical representation of these six modulation types are
very different, their properties have commonalities:

Modulation frequency : fm

Carrier frequency : fc

Harmonics : mfc ± nfm, ∀{m,n} ∈ N

Afm ∝ M

2

AH ∝ C

m
Jn(X)

where:
Afm = Amplitude of the modulation frequency
AH = Amplitude of the harmonics
C = Amplitude factor
M = Modulation index
Jn(X) = The Bessel function of the first order for positive or integer
values of n
X = The argument of the Bessel function
m = carrier harmonic number
n = sub-harmonic number
M = modulation index

In [30] the modulation index is defined as:

M =
2 ·Afm

Ap−p,carrier
(2.1)
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12 Chapter 2. Noise source modeling

In case of the sPWM generator designed for this research: Ap−p,carrier is the
peak to peak amplitude of the carrier signal, which is set to 1. The amplitude
of the modulation frequency (Afm) is normalized with respect to the value of
Ap−p,carrier, which implies values of Afm between 0 and 0.5.

Figure 2.3 shows an example of an amplitude spectrum resulting from an
sPWM signal. In case of the sPWM signal (and its inverse) is used for con-
trolling two switches in a single half-bridge, one has the basics for creating a
DC/AC converter. In the DC/AC converter setup, fm can be considered to
be the wanted AC output signal, whereas the rest of the signals are consid-
ered to be EMI and related to the used pulse train for generating the output.
The goal of the model is to approximate all the carrier frequency harmonics
and sub-harmonics. This is done by estimating the maximum amplitude and
bandwidth of each band of harmonics. A band of harmonics is considered to
be a single carrier harmonic together with its sub-harmonics (ifc ± jfm, with
i denoting the band under consideration).
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Figure 2.3: Example of a sPWM spectrum.

2.1.1 Amplitude

As indicated in the previous section the amplitude of the harmonics are pro-
portional to the Bessel function and a constant amplitude factor.

AH ∝ C

m
Jn(X) (2.2)

Here C is the amplitude factor and Jn(X) is the Bessel function of the first
order for positive integer values of n. The amplitude factor is dependent on
the power supply voltage, which can be unipolar or bipolar. A peak to peak
voltage is used for the DC power supply, as a sPWM wave switches between
plus and minus the supply voltage or between zero and the supply voltage. The
argument of the Bessel function is dependent on the carrier harmonic number,
modulation index and a correction factor for different types of modulation
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techniques. In the resulting equation, for leading- or trailing-edge modulation
k = 1 and for double-edge modulation k = 2:

C =
k · Vp−p

π
, X =

mπM

k
(2.3)

where:

Vp−p = peak to peak, DC , supply voltage

m = carrier harmonic number

n = sub-harmonic number

M = modulation index

SinceX is proportional tom and form → ∞, it can be concluded that X → ∞.
Therefore it is assumed that Jn(X) can be approximated by the envelope of
the asymptote of the Bessel function which can be described when n is fixed
and |X| → ∞ [31] with:

Jn(X) ≈
√

2

πX
(2.4)

Bessel functions with n = 0, . . . , 3 and the proposed asymptote are shown in
Figure 2.4. This figure shows that the approximation follows the envelope
of the Bessel functions nicely after the first local maximum. Combining the
approximations for the amplitude factor (C) and the Bessel function (Jn(X))
results in Equation 2.5, which can be used for the estimation of the amplitude
of the side harmonics.

AH ≈ kVp−p

mπ

√
2k

mπ2M
(2.5)

Where k = 1 for leading- or trailing-edge modulation and k = 2 for double-edge
modulation.

2.1.2 Bandwidth

The bandwidth of a sub-harmonic band is equal to the area in which most
of the power is concentrated. The amount of power within a certain band-
width is proportional to the amount of side harmonics that are taken into
account, where the amplitude of the sub-harmonics is proportional to Jn(X).
To determine this bandwidth, the spectrum of one carrier frequency and its
band of sub-harmonics can be compared to the passband spectrum of a Fre-
quency Modulation (FM) wave. Equation 2.6 shows the discrete spectrum for
FM. The spectrum consists of a number of peaks spaced at fc ± nfm where
n = 0, 1, . . . ,∞ whose amplitudes are proportional to Ac

2 Jn(β).

SFM =
Ac

2

∞∑
−∞

Jn(β) [δ(f − fc − nfm) + δ(f + fc + nfm)] (2.6)
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14 Chapter 2. Noise source modeling

Figure 2.4: Envelope of the asymptote of the Bessel function.

Carson’s rule estimates the bandwidth in which 98% of the power from the
carrier is located for FM signal. In [32] it is defined as:

BFM ≈ 2 (fmβ + fm) (2.7)

Since FM sinusoids and sPWM both have their energy spread proportional to
harmonics weighed by Bessel functions, it is assumed that Carson’s rule is also
applicable here for estimating the bandwidth of one band of side harmonics.
Noticing that the argument of the Bessel function for FM is β [32] while it is X
for sPWM, they can be substituted. Which results in the bandwidth estimation
shown in 2.8.

Bsh ≈ 2

k
fmmπM + 2fm (2.8)

Here Bsh is denoting the bandwidth of sub-harmonics, and again k = 1 for
leading- or trailing-edge modulation and k = 2 for double-edge modulation.

2.1.3 Model

As the estimation of bandwidth and amplitude holds for a single carrier har-
monic with its sub-harmonics, thus a single harmonic band, one can extrapolate
the results to include all harmonic bands. This is done by using the property
that a rectangular pulse train comprises of the superposition of all harmonics
of the fundamental (i.e. the carrier frequency), which is shown by the Fourier
series. The sPWM spectrum has the harmonic bands located around the carrier
harmonics at m ·fc where m = 1, 2, . . . ,∞. Each band will therefore be plotted
using a rectangular function centered at the corresponding carrier harmonic.
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The width and the height of a rectangular function is equal to the predicted
bandwidth and amplitude of that band. This results in m rectangular func-
tions, one for each harmonic band. Combining these three properties results in
the final model shown in Equation 2.9.

SsPWM ≈
∞∑

m=1

AHrect

(
f −mfc
Bsh

)
(2.9)

Substituting Equations 2.5 and 2.8 into Equation 2.9 results in:

SsPWM ≈
∞∑

m=1

kVp−p

mπ

√
2k

mπ2M
rect

(
f −mfc

2
kfmmπM + 2fm

)
(2.10)

Now the theoretical model has been derived, the next sections will evaluate
the GaN half-bridge in operation. This is first done in a conducted EMI test
setup followed by a radiated electric field test based on CISPR 16-2-3 standard.
These tests were both performed at Thales Hengelo in a semi-anechoic cham-
ber. After that the Device Under Test (DUT) was moved into the laboratory
of the university of Twente and a time efficient magnetic field measurement
was performed using the technique developed in [33]. This is a time domain
measurement of the magnetic field according to the MIL-STD RE101 in which
case the Digital Signal Processing (DSP) effectively replaces the traditional
EMI test receiver function.

2.2 Conducted Emissions

The validity of the model is experimentally verified by measuring sPWM sig-
nals and comparing those to the predicted spectra of the model. The device
under test (DUT) consists of a Field-Programmable Gate Array (FPGA) based
sPWM generator controlling a GaN half-bridge to drive a resistive load. The
development and implementation of the FPGA based sPWM generator is dis-
cussed in Chapter 3. The used setup allows for measuring the sPWM control
signal, and the output signal. Figure 2.5 shows a picture of the DUT without
a source and load. One of the advantages in using an FPGA based sPWM
generator is the flexibility it offers. The design specifications can be altered
by changing the design parameters and reprogramming the FPGA. The devel-
oped generator allows to freely adjust parameters related to the M3C prototype
identified in [10]:

1. Carrier Frequency (fc)

2. Modulation Frequency (fm)

3. AC-amplitude (mi)

4. DC-offset (Di)
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16 Chapter 2. Noise source modeling

Figure 2.5: The DUT, consisting of a sPWM generator (left) and half-bridge
(right). The load can be connected to the panel seen on the right.

5. Dead-time (tdead)

6. Number of levels (set carrier phase shifts)

The AC-amplitude and DC-offset are parameters of the sinusoidal reference
signal. The AC-amplitude is related to the derived mathematical model for
spectral estimation. Due to Ap−p,carrier = 1, the modulation index is effec-
tively M = 2 ·Afm = 2 ·mi. The EMI characterization is highly dependent on
the used parameters. So in this measurement, fc is varied between 24.4 kHz and
1MHz, fm is varied between 1 kHz and 100 kHz while not exceeding fm < fc

10 ,
M is varied from 1

4 to 1, Di is set to be 0.5 and tdead is set to 50 ns. Only bipolar
double-edge modulated sPWM is generated. The half bridge module is a Com-
mercial Of The Shelf (COTS) available evaluation kit created by GaN systems.
The half-bridge module consists of the GS665MB-EVB evaluation platform ac-
commodating the GS66508B-EVBDB daughter board. The switches used have
typical rise and fall times of ≈ 10 ns. The half bridge is loaded by one of two
different loads, where Z1 = 27.2Ω+7.1μH and Z2 = 10.2Ω+26μH. Figure 2.6
shows a detailed schematic of the setup where:

DUT = The test system

V1 = Profilter SP430 power supply

V2 = V3 = Delta SM 7020-D power supplies set at 35V DC

Load = One of the two tested loads

2.2.1 Conducted Emission Results

The different measurement waveforms are shown in Figure 2.7. In black the
recorded sPWM is displayed, while in red an ideal filtered version is shown.
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2.2. Conducted Emissions 17

Figure 2.6: Schematic representation of the used measurement setup for the
sPWM and half bridge outputs. Cables from the source are coaxially shielded
cables.

The filter passes the low frequency modulation wave, while blocking the har-
monic bands produces by the switching behavior at the carrier frequencies.
Comparing Figure 2.7a and Figure 2.7b shows that the modulation amplitude
is directly related to the amplitude of the resulting AC output. Note that the
figures shown only the first 2ms of the recorded 100ms.

First, to validate the simplified model from Equation 2.10, a measured
conducted spectrum together with the predicted spectrum from the model is
shown in Figure 2.8. The results of a single set of frequencies are shown (i.e.
fc = 24.4 kHz and fm = 1kHz), while in the measurements a large amount
of frequency combinations have been measured. It takes a very long time to
measure all possible configurations, when also combined with different combi-
nations of modulation indexes, dead-times and DC-offsets.

From Figure 2.8 it can be seen that the model is over estimating the lower
frequencies (f < 100 kHz) while it is under estimating the higher frequencies
(f > 100 kHz). The variation seen here is within 3 dB for the first 25 harmonics.
Next to this, the increase in bandwidth at a harmonic can be seen, when
the sub-harmonics become more dominant. The results show the model is
adequately predicting the conducted EMI behavior. Therefore, the theoretical
model is considered to be a useful tool for estimating the expected conducted
EMI generated in a single SM.
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Figure 2.7: Time domain measurements recorded during the conducted mea-
surement tests are shown in black. In red a digitally (almost ideally) filtered
version is shown, which demonstrates the sinusoidal waveform resulting from
the sPWM. The filtered version is shifted with the group delay of the imple-
mented FIR filter.
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(a) Modulation index of 0.25
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(b) Modulation index of 0.5

Figure 2.8: Measured conductive spectrum plotted with their respected theo-
retical harmonic bands for different values of modulation index. The spectra
plotted are for a carrier frequency of 24.4 kHz with a modulation frequency of
1 kHz.
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(c) Modulation index of 0.75
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(d) Modulation index of 1

Figure 2.8: Measured conductive spectrum plotted with their respected theo-
retical harmonic bands for different values of modulation index. The spectra
plotted are for a carrier frequency of 24.4 kHz with a modulation frequency of
1 kHz.
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2.3. Radiated Emissions 21

2.3 Radiated Emissions

Interference from fields can be split into two main contributors when consid-
ering low-frequency (approximately f < 30MHz) radiation. The electric field
and magnetic field can be assumed weakly coupled in this region. However it
is of interest in power electronics, as the generated currents and voltages con-
tain frequency components in this bandwidth. A relation between the studied
emitted fields and conducted EMI is found. First electric field is treated, as
the setup is identical to the conducted emission measurement setup, apart from
the measurement device now using an antenna.

2.3.1 Radiated - Electrical Field

In this section the electric field emitted is studied. Due to the high switch-
ing voltages and stray capacitances between the components and eventually
between the stacked SMs, EMI risks are expected in the fundamental imple-
mentation. To model and simulate the fields originating from a single SM,
measurements were performed under varying operating conditions.

Basically the setup used in the conducted EMI tests was slightly altered
to perform electrical field strength measurements. Comparison of Figure 2.6
and Figure 2.10 shows the laptop and oscilloscope are moved outside the ane-
choic chamber, while an antenna is placed within. The measurement setup is
shown in Figure 2.9. The distance between the DUT and the antenna is 3m,
the height of the table is 75 cm. The radiated signals were measured in time
domain using a Pico Technology PicoScope 2208B using a measurement time
of 100ms. The recorded time domain signals are processed as described in
appendix C, which results the corresponding frequency spectrum. The mea-
surement bandwidth spans from 1 kHz to 100MHz, due to limitations of the
antenna and measurement bandwidth of the PicoScope. However the DUT
operates within this bandwidth, thus the measurement setup is considered ad-
equate for characterization.

Where

A1 = A.R.A SAS-2/B measurement antenna

DUT = The test system

V1 = Profilter SP430 power supply

V2 = V3 = Delta SM 7020-D power supplies set at 35V DC

Load = One of the two tested loads

2.3.2 Electric Field Results

In the classical EMC emission test one tests an object to determine whether it is
compliant with the appropriate standards. Note however in this case the DUT
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22 Chapter 2. Noise source modeling

Figure 2.9: Measurement setup inside the anechoic chamber, the oscilloscope
is for monitoring outside the anechoic chamber.

Figure 2.10: Schematic representation of the used measurement setup for the
radiated emission test.

is not tested for compliance, but its emissions are analyzed for dependencies on
control parameters. An example of the measured radiated spectra is shown in
Figure 2.11 together with Figure 2.12, which zooms in on the 1st, 2nd and 3rd
harmonic. The acquired spectra is for a single set of parameters, again with a
varying modulation index.
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(a) Modulation index of 0.25
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(b) Modulation index of 0.5

Figure 2.11: Measured radiative spectrum for different values of modulation
index. The spectra plotted are for a carrier frequency of 24.4 kHz with a mod-
ulation frequency of 1 kHz.
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(c) Modulation index of 0.75
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(d) Modulation index of 1

Figure 2.11: Measured radiative spectrum for different values of modulation
index. The spectra plotted are for a carrier frequency of 24.4 kHz with a mod-
ulation frequency of 1 kHz.
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(b) Modulation index of 0.5

Figure 2.12: Zoomed in versions of the radiative spectra in Figure 2.11.
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(c) Modulation index of 0.75
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(d) Modulation index of 1

Figure 2.12: Zoomed in versions of the radiative spectra in Figure 2.11.
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The results in Figure 2.11 and Figure 2.12, show similar results as seen in
case of the conductive emission results. For higher modulation indexes the sub-
harmonics are increasing, while power in the carrier harmonics is decreasing.
Also the sub-harmonics that have significant amount of power are increasing,
i.e. the bandwidth of each harmonic carrier is increasing with modulation
index. Also the amount of power located at the modulation frequency increases
with modulation index, which is related to the increased output AC waveform
as can be seen in Figure 2.7.

2.3.3 Radiated - Magnetic Field Strength

Next to high switching voltages, the system produces high switching currents
which in turn are expected to generate high magnetic fields which can interact
with electronic systems nearby. Experience from power converters in motor
drive systems learned that these currents are very difficult to predict, and
often a trial and error process is followed. Therefore the full wave modeling
of the SM as used in the M3C requires to incorporate magnetic fields as well.
The models can eventually be used to analyze and investigate coupling paths.
This will assist predictions for possible EMI reductions.

A time efficient magnetic field measurement has been developed in [33]
based on COTS Time-Domain Electromagnetic Interference (TDEMI) mea-
surement equipment, which compared to MIL-STD RE101 reduces measure-
ment time from many minutes to mere seconds. DSP has been implemented
to mimic the traditional EMI receiver. The magnetic field is measured using a
loop antenna, which acts as a transducer for magnetic flux. An output voltage
of the antenna is created by means of a varying magnetic flux, which can be
seen using the following equations:

E = −dΦ

dt
, Φ =

∫∫
S

μH · dA (2.11)

In the measurement setup, Differential Mode (DM) current and magnetic field
have both been recorded simultaneously. Allowing an analysis of the relation
between transients and magnetic fields in time. However first the measure-
ment setup is described, followed by the results for processing measured fields
according to the RE101 standard.

GaN Half-bridge Measurement setup

In Figure 2.13 it can be seen that the ’DC’ source is a galvanic isolated grid that
has been rectified. By using sPWM driver logic, the switches are operated in
such a way, that the switching node is either connected to the +165V or -165V.
This results in an sPWM voltage waveform that contains two main frequency
components, fc and fm, which are the switching frequency and AC output
frequency respectively. Similar as the earlier described setups, the FPGA allows
for large flexibility in choosing these frequencies. Three unique combinations
of fc and fm are processed.
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28 Chapter 2. Noise source modeling

• fm = 50Hz and fc = 25 kHz

• fm = 2.3 kHz and fc = 240.4 kHz

• fm = 50Hz and fc = 80.4 kHz

Di and mi are constant in all setups, being 0.5 and 0.35 respectively. This
implies that, when the output waveform is low pass filtered, the resulting AC
signal consists only of a fm component with an approximate Vrms = 116V.
The load used in this setup was a resistive heater that was designed for 230V
at 50Hz. Its impedance was measured with and without attached cable up
to 200 kHz, the results are included in appendix D and verify that it can be
considered to be a broadband resistor. The conducted measurement device is
described in Appendix F, and is used to safely measure DM voltages that are
being applied to the load.

Conduct.

Meas.

Device

2:1

PE

PE

PE

250 Ω

N

L

N

+165 V

-165 V

sPWM

Solar loop

7 cm

Figure 2.13: Schematic representation of the measurement setup, with the Solar
Type 7334-1 Loop Sensor placed near the GaN evaluation board. A detailed
description of the conducted measurement device can be found in Appendix F.

2.3.4 Magnetic Field Strength Results

The results shown are created through post-processing the recorded time do-
main signals according to [33]. After which it is corrected with the calibration
data of the loop antenna used resulting in a magnetic field in dBpT. Figure 2.14
shows emissions levels below approximately 80 dBpT, based on the limits set
in the MIL-STD, the results show compliance with all army application even
though no EMI mitigation was applied. However, in this case the entire sys-
tem under test is large and only one position and loop-antenna orientation is
considered. It is possible that the loop emitting the radiation is perpendicu-
lar to the receiving loop antenna, which reduces measured values considerably.
The test performed is therefore not considered to be a full compliance test
but a demonstration of the effectiveness of measurement. Figures 2.14a, 2.14b
and 2.14c show high emission peaks at fm and fc. Figure 2.14b shows that
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the environment in which the measurement was performed is already polluted
with 50Hz and its harmonics. It was previously shown that the AC current
generated in the system at either 50Hz and 2.3 kHz should be equal due to
similar settings of modulation index and DC-offset. Figures 2.14b and 2.14c
both show emission peaks of approximately 123 dBpT at fm which confirm the
expectation. Figure 2.14a however shows a difference of approximately 8 dB, it
is assumed to be a measurement deviation due to slightly different orientation
angle of the loop antenna. Also a reduction of the 50Hz harmonics can be seen
between in comparing Figure 2.14a with figures 2.14b and 2.14c. It was as-
sumed to be the result of the rectifying diodes, which were at first placed close
to the GaN half-bridge. This was placed further away in the measurements of
figures 2.14b and 2.14c, which also slightly altered the orientation of the loop
antenna, compare to the measurement of Figure 2.14a. The results presented
show that also for magnetic fields, the generated EMI can be tuned by choosing
different combinations of modulation and carrier frequency. Further develop-
ment of the measurement technique will allow a more accurate assessment of
highly radiative or suppressed frequencies in the system under test, first steps
where taken in this endeavor in [34,35].

2.4 Summary

This chapter has been dedicated to describing and evaluating a single half-
bridge submodule that can be used in the final multi-level converter. As the
SM is the basic building block of setup, it is necessary to understand its impact
as a noise source. At the beginning of the chapter a basic theoretical model for
EMI estimation was given. The model has been compared to measurements,
which verify the EMI generated is directly related to sPWM control signals.

Conducted and radiated measurements were performed considering the rel-
ative low frequency range between 2 kHz and 150 kHz, as this has become a
significant research interest. At the moment of writing this thesis, no civil
standards exist in this frequency range, but EMI generated here has been iden-
tified as the culprit in a rising number of EMC related instances. As the M3C is
considered to be a possible cornerstone of the future Smart grid, compatibility
in this frequency range is required even before standards exist. As susceptibil-
ity issues are to be expected in existing equipment. This chapters contribution
thus has been a simple noise source model can be used to predict the magnitude
as well as the frequencies at which EMI is being generated. In later chapters of
the thesis it will be shown that it can also be used to predict possible mitiga-
tion techniques. However in the next chapter a multi-level FPGA controller is
developed, and the control parameters are evaluated in their influence on the
generated EMI. As the current chapter has shown the direct relation between
sPWM control signal and the generated EMI, a study is required into the con-
trol parameters in a multi-level case which is basically the series connection
between a multitude of already identified noise sources.
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(a) Results for fc = 25 kHz and fm = 50Hz
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(b) Results fc = 240.4 kHz and fm =
2.3 kHz
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(c) Results for fc = 80.4 kHz and fm =
50Hz

Figure 2.14: Measured magnetic radiation spectra processed according to
RE101. Red shows peak values while black is showing average values over
time.
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Chapter 3

sPWM in M3C

The introduction of this thesis has described the envisioned multi-level
converter system. Investigations in the generated EMI remain difficult, due
to the complexity of the total system and the dependency on (often unpre-
dictable) parasitics [11–13]. Previous chapter has described a single SM as a
noise source inside the system, however the interaction between multiple noise
sources within such a system are highly dependent on the integration and im-
plementation of the system. Correlation (i.e. non-independence) between SMs
exists, as they work together to determine the functional behavior of the con-
verter. The origin of the correlation is in the control system. Hence this chapter
starts with the development of a flexible signal generator capable of control-
ling an 8 SM converter. The EMI generated in the system is directly related
to the behavior of the signal generator, therefore an elaborate evaluation of
performance has been done. Further a verification has been performed by im-
plementing the generator inside multiple systems. First in a DC/AC converter,
as the behavior is well known and directly comparable with results shown in
the previous chapter. Next the generator has been implemented in a simplified
multi-level implementation, that represents the subsystem of the M3C. Two
SMs were interconnected with the assumption their capacitors are charged and
capable of providing power, which is based on the functional behavior described
in the introduction. The secondary power loop as implemented in the M3C uses
a frequency different from the output frequency to keep the voltage balanced
over each SM. After the verification of its functional behavior, a study is per-
formed on the generated EMI in the system.

The first part of this chapter is part of a manuscript under revision and to be submitted,
while the second part of this chapter has been published in [36]

31
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3.1 sPWM Generator Design

Several challenges were identified in the development of M3C, most notable are
optimal control strategy [7–9], potential EMI issues, and module interactions
[3]. It is well known that the control scheme is directly related to the amount of
EMI being generated [16,17], and many papers describe methods for reducing
EMI inherently [20–22] or by optimizing the usage of parasitics [23].

A trend in switching controls for inverters and converters has been the
development of FPGA based control [37, 38]. FPGAs have been found highly
suitable for control for a multitude of reasons, like parallelism, speed, reprogram
ability, and possible feedback schemes [39].

This section focuses on the development of an FPGA based sPWM genera-
tor for high switching frequency, multi-level converters possibly implementing
GaN and Silicon-Carbide (SiC) based switches. A low modulation frequency
(fm i.e. the output frequency) is often chosen in DC/AC converter topologies
(i.e. 50/60 Hz), however in the M3C topology of [10], one is limited by approx-
imately fc > 10fm. With fc being the switching frequency of the individual
semiconductors. DC/AC converters typically operate at switching frequencies
ranging between 1 kHz to 100 kHz. GaN and SiC technologies enable even
higher switching frequencies [40]. M. Lakka et al. has shown in [41] that FP-
GAs are suitable to achieve switching in the order of 1MHz, while [42] showed
this is also possible using a Digital Signal Processor (DSP). Benefits of DSPs
are often lower cost and also capable of being an Analog-to-Digital Converter
(ADC) and Digital-to-Analog Converter (DAC). J. Liu et al. also showed the
ability to produce higher frequency AC voltages of 1 kHz, this however often
requires a modified sampling method [19]. Also due to the high switching
frequency required, the functionality of the microprocessor might be limited.
FPGAs allow concurrent operation of control algorithms, which allows scalabil-
ity. FPGA based sPWM generators for multilevel converters have been shown
in for instance [43, 44], and often require an understanding of a Hardware De-
scription Language (HDL). The method presented here, solves this issue by
using automated code generation algorithms available in Simulink.

The flexible sPWM generator is required to study the EMI generated (and
possible mitigation methods) in an M3C system. The generator is created
with adjustable parameters related to the application shown in [10] and de-
scribed in the introduction of this thesis. The demonstrator of the proposed
topology by [5] was developed and the feasibility and modularity were demon-
strated (Figure 1.4). Based on the developed demonstrator, the following con-
trol parameters are identified, which are directly related to the design chal-
lenges/requirements of the developed generator:

1. Carrier Frequency (10 kHz - 2MHz)

2. Modulation Frequency (0Hz - 250 kHz)

3. AC-amplitude (0.0 - 0.5)
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4. DC-offset (0.0 - 1.0)

5. Dead-time ( 0 - 630 ns)

6. Number of levels (1, 2 or 4)

The novelty of the proposed development lies in its flexibility in input pa-
rameters, which allows the generator to be tuned to a wide range of appli-
cations [45–48]. From low to high switching frequencies and low to high AC
frequency applications, like induction heating or wireless power transfer. The
architecture is also not limited to a single type of power converters. It can
be used in half and full bridge typologies, as well as multi-level or multi-phase
systems. The system is developed to be dependent on the internal clock fre-
quency, increasing possible switching speeds and output frequencies is as simple
as interchanging the FPGA development board by one that runs on a higher
internal clock frequency. The spectral pureness of the signals is dependent on
the clock frequency. Thus increasing switching frequencies while the clock fre-
quency is constant will result in larger errors. A large benefit of the MATLAB
implemented design, is that a simple for-loop allows for a highly time efficient
investigations with respect to the controllable parameters (e.g. efficiency de-
pendence on switching frequency).

In section 3.1.1 a description of the developed generator is given. The sub-
sections are created based on the architecture and control parameters of the
developed sPWM generator. In section 3.1.2 the implementation of the archi-
tecture and its evaluation are discussed through measurements at the board
level. Its applicability is shown in section 3.1.3 by applying the generator to a
GaN DC/AC-converter and a simplified SiC multi-level converter.

3.1.1 sPWM Generator

Automated generation of VHSIC Hardware Description Language (VHDL)
code was used to program the FPGA. I.e. the sPWM generator for multilevel
converters was designed without writing a single line of code. This enables en-
gineers to investigate the M3C (or any other converter with an sPWM control
scheme) operation without knowledge of any HDL. The control strategy used
is Phase Shifted sinusoidal Pulse Width Modulation (PS-sPWM), which means
the reference waves are shifted for every SM (Figure 2.2e). The comparator
runs on the system clock, which allows for scalability in frequency when FP-
GAs are used with higher internal clocks. After the comparator, a variable
dead-time is inserted. Dead-time is required to prevent shorting faults. The
architecture used can be seen in Figure 3.1. This section is divided according
to these three sub-controlsystem stages. Future development of the generator
can be done by adding subsystems.
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Figure 3.1: 1. sinewave generator, 2. triangle-wave generator, 3. comparators.

Sine-wave Generator

The sinusoidal waveform is used for modulating a PWM and hence its frequency
is dubbed the modulation frequency (fm). The sinusoidal waveform is produced
using ”DDS compiler” and ”CORDIC”. Which are a Direct Digital Synthesizer
and COordinate Rotational DIgital Computer algorithm respectively. In this
case, the DDS compiler produces a clock dependent phase and the CORDIC
core translates this into a sine wave. The DDS compiler has a sin/cos Look-
Up Table (LUT) however the output frequency becomes non-programmable,
creating a less flexible system. The DDS is therefore used as a phase generator
only, which output is controlled by a phase increment value ΔΘ. The frequency
resolution of the synthesizer is a function of the clock frequency and can be
determined by:

Δf =
fclk

2BΘ(n)
(3.1)

With BΘ(n) being the number of levels determined by the number of bits n in
the phase accumulator. High flexibility of the output frequency is wanted and
requires a certain spectral purity. The output frequency is defined as:

fm = Δf ·ΔΘ (3.2)

Combining Equations 3.1 and 3.2 shows that for a 100MHz clock frequency,
one requires at least 27 bits to attain a frequency resolution of 1Hz. The phase
output ranges from −π to π that is translated by the CORDIC ip-core to sine
(and cosine) functions that can be scaled and offset. In case of the M3C, the
outputs of the sinewave generator are synchronous sine and cosine waveforms
of similar frequency. These can independently be scaled and independently an
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offset can be added. Which can be seen in the following equation:

x(t) = mi · sin(2π · fm · t) +Di (3.3)

With i being either u or l depending on whether the SM is part of the upper
or lower arm respectively. The following five control inputs are then identified:

1. modulation frequency: fm

2. AC-amplitude: mu,ml

3. DC-offset: Du, Dl

The inputs are normalized to the triangular wave amplitude, as can be seen in
Figure 3.2 with the exception of the desired modulation frequency.
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Figure 3.2: Amplitudes normalized to max of the up and down counter (Ncnt).

Triangle-wave Generator

In case of Multilevel Converters (MC), comparing the phase voltage reference
waveform with carriers produces an sPWM, with transitions corresponding to
inserting or bypassing submodules. S. Debnath et al. discusses carrier schemes
with a phase rotation scheme as a possible solution to equally distribute the
voltage ripple across the SMs [9]. In the developed architecture this phase
rotation scheme was implemented through the creation of four phases φ =
[0, 90, 180 and 270 deg]. The basic structure consists of a single up/down-
counter that is the reference waveform φ = 0. Two techniques are implemented
to create the different phases from this reference signal. The φ = 180 wave is
created by inverting (i.e. multiplied with -1) and offsetting the reference wave.
The φ = 90 and 270 are created by interchangeably selecting and offsetting
previously generated waveforms.

With the continuously output of four phases, one is able to create a converter
with 1, 2, or 4 levels. The switching frequency is determined by the counter
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and related to the clock frequency of the FPGA:

fc =
fclk

2 ·Ncnt

Where Ncnt is the highest integer value it counts up to. The resulting
frequency is halved, due to it being an up and down counter.

Dead-time Inserter

The basic functionality of the dead-time inserter is based on delaying a rising
edge in the PWM signal. The delay is controllable by setting an integer value.
The input signals can be seen in Fig 3.3, which are each others inverted outputs
of the comparator. As the PWM is high, a counter starts to run which is
compared to the set integer at every clock instance (Figure3.4a). When the
counter is equal or exceeds the set value, the relational statement produces
a high output. Only when the original PWM signal and the output of the
relational statement are high, the output is high. Effectively delaying the rising
edge with a set number of clock counts (Figure3.4b). Note that dead-time is
specifically required in half-bridges since they are DC-fault prone [9].

The sPWM generator is specifically developed for the project described
in [3,6,10,22]. The architecture was therefore implemented on an FPGA with
a clock frequency of 100MHz, as it would be powerful enough to create a
sPWM signal based on a fc = 24.4 kHz and fm = 1.983 kHz. The next section
will discuss the implementation on an Xilinx FPGA development board. In
short, the architecture is designed with Simulink and compiled to a binary
file. For simplicity of control, the binary file is also uploaded via Simulink to
the board, together with the controllable parameters. These can be set either
from MATLAB in the current workspace, or set in the Simulink simulation
environment.

Figure 3.3: Comparator and dead-time insertion subsystem.

3.1.2 Implementation

The previous section has addressed the method of creating the desired sPWM
signals based on parameters that are used in a specific architecture for MCs.
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(a) Rising edge delay system (b) Delayed rising edge

Figure 3.4: Rising edge dead-time insertion.

The following section is focused on the realization of the system. As an FPGA-
evaluation board is chosen, certain limits are imposed. Amount of Memory,
DSP slices, LUTs, clock frequency and rise/fall times of the I/O ports all have
an influence. In this section a general characterization of the setup is given,
based on parameters that are controllable. These are restated here: fc, fm,
mi, Di, tdead and number of levels.

Digilent

The Digilent Nexys3 evaluation board is used in this setup. The FPGA eval-
uation board contains a Xilinx Spartan 6 FPGA running on a 100MHz clock.
As was demonstrated in [41], the approximated highest possible PWM wave-
form switching frequency is about 1MHz. The developed architecture is com-
pletely dependent on the internal clock frequency. Using a development board
(e.g. Nexys4 at 450MHz) with a higher clock, will increase the maximum
achievable switching frequencies and power frequency. The processing chain
can be seen in Figure 3.1. fm and fc are set in MATLAB and implemented in
Simulink. A auto-generated bitstream is uploaded to the board. The device re-
source utilization is independent of the control parameters, carrier-, clock- and
modulation-frequencies. The required FPGA resources are stated in Table 3.1.
The architecture has not been optimized, however the required resources are
comparable to [41] and occupy a small fraction of medium-sized FPGAs.

The resulting digital signals are routed to a set of I/O pins that are located
within a Digilent specific Peripheral Modules (PMOD) connector. The board
contains four identical PMOD connectors designated A to D, shown in Fig-
ure 3.5. It contains two pins with 3.3V, two grounding pins and eight signal
outputs that will individually control the switches.

# of channels

The sPWM generator has 32 outputs and is therefore suitable for a multi-level
converter. Depending on the submodule topology one could design a system
with 1 to 8 levels. In the prototype version of sPWM generator 16 outputs
are simultaneously switched, therefore 8 submodules can be controlled in sync,
which results in 4 levels. They are controlled based on the control parameters
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Table 3.1: Device Utilization.

Absolute To max.
DSP’s 14 43%
Slice Registers 2,278 12%
Slice LUT 2,825 31%
BRAMs (16k/8k) 2/9 6%/14%

Figure 3.5: PMOD Input/Output.

that are available in [10]. Depending on the settings, the 16 ports all have
individual PWM outputs. To determine the performance of simultaneously
switching 16 I/O ports, the rise and fall times were individually measured with
a Keysight DSO-X 3024A oscilloscope with 4 GSa/s and averaged over 512
samples. The generator was set to a switching frequency of 100 kHz with a
50% duty-cycle. The trigger was set to 1.65V at which is t = 0 in Figure 3.6.
Rise and fall times are calculated with 90/10% values. Based on the resulting
waveforms, we can consider the FPGA to be suitable for MCs containing 16
switches. Which in case of the studied M3C and PS-sPWM results in 5 voltage
levels.

Phase Error

To accommodate the 4 SM MCs, the triangular waves should be phase shifted
equally resulting in four phase shifted PWM signals as seen in Figure 3.7. A
phase shifted carrier is a delayed version of the one considered to be the ’origi-
nal’ triangular wave. The system is digital and delays can only be implemented
in integer clock-cycles. Therefore the period (in clock-cycles) should be divid-
able by the number of phases produced. This results in a limited set of possible
carrier frequencies determined by:

fc =
fclk
2Ncnt

with Ncnt

Nφ
= Z≤0

With Nφ being the number of phases, which in our case is four. Therefore
the counter should always count up to multiples of 4. In case of using a Ncnt
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Figure 3.6: PMOD performance with PMOD A and B respectively upper and
lower plots.
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Figure 3.7: PMODA all four phases measured at 40% duty-cycle 1.25MHz,
measured at port 1, 3, 5 and 7 from Figure 3.5.
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that is not dividable by the number of phases, one will introduce a phase error
which is compared in Table 3.2 for Ncnt = 39, 40 and 41. However this error
decreases for lower carrier frequencies.

Table 3.2: Measured phase.

Δφ Ncnt = 39 Ncnt = 40 Ncnt = 41
1→ 2 91.6◦ 89.3◦ 86.9◦

1→ 3 -88.4◦ -90.7◦ -93.1◦

1→ 4 179.8◦ 179.8◦ 179.6◦

Maximum switching frequency

To determine the highest possible switching frequency a sweep was performed
by increasing the carrier frequency. In this case, the amplitude of the sine-
wave was set to 0 with a DC-offset of 0.5. Resulting in PWM signals with a
50% duty-cycle. As the carrier frequency is set by an up and down counter,
the maximum frequency would be at Ncnt = 1, resulting in 50MHz. In this
extreme case, no dead-time can be inserted and only the 50% duty-cycle can
obtained. In case of Ncnt = 4, fc = 12.5MHz. This is assumed/considered to
be the maximum achievable fc while maintaining the possibility to introduce
dead-time and still have a duty-cycle, as it consists of 8 clock-periods and 5
integer levels.

Duty-Cycle Error

Based on the measurement sweep done, the deviation of set duty-cycle increases
with switching frequency. In case of the fc,max = 12.5MHz this results in a
23.5% deviation over the high and low switches, as is shown in Figure 3.8.
The pulse-period is set to 80ns, therefore the deviation is approximately 9.4ns
in each switch. Intuitively this can be explained by the fact that the I/O
pins have a fall and rise time of approximately 11ns. Every period an error of
approximately 10ns is being made, which can become significant when reducing
the period time, as the number of rising and falling edges increase.

Quantization Error

Anytime a digital system is representing a continuous waveform a ’quantization
error’ is apparent. The integer values of the counter can be seen as quantization
levels, by setting a threshold for the comparator a decision error is made in the
transition across the threshold. The duration of this error is depended on the
clock time and the decimation/remainder of the threshold.

terror = (1− α)tclk
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With α being the value behind the decimation point. However this should only
cause a delay in the waveform. Based on the assumption that a 5% deviation
(over both switches) is considered acceptable, the highest possible switching
frequency is determined to be 2.6MHz.

A more interesting phenomena appears when the threshold is set to an
integer value. In this case, there is a moment per period that the carrier wave
equals the threshold voltage. Due to the comparator being complementary
either with ≤ and > or ≥ and <, the occurrence of an equal valued threshold
favors a state. For the assumed maximum carrier an easily envisioned example
shows that for Ncnt = 4, at 50% duty-cycle results in the same waveform as
60% duty-cycle. The waveforms recorded with a setting of 50% duty-cycle can
be seen in Figure 3.8, which by post-processing show to be nearly identical to
a 60% duty-cycle.
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(a) High switch PWM signal
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Figure 3.8: The measured duty-cycles for high and low at 12.5MHz switching
frequency with set duty-cycle to 50%.
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Modulation Frequency

In the previous sections the generation of a standard PWM signal with a static
duty-cycle has been discussed and evaluated. However considering the genera-
tor to be used as the control logic in any (multilevel) converter, this PWM can
be sinusoidally modulated. This is particularly useful in DC/AC conversion,
with the modulating frequency being the resulting sinusoidal wave at the out-
put. In the currently available power systems, this AC signal is of extremely
low frequency (16.6Hz to 1 kHz) compared to the possible switching frequency.
In the developed system, one is only limited by the set switching frequency and
by general rule of thumb the following relation holds [10]: fc > 10fm

In case of a half bridge based submodule the signals of the pin pairs respon-
sible for a single phase, shown in Figure 3.5, should be inverse. For the evalua-
tion of the implemented architecture, the generator was set to fc = 1.25MHz,
fm = 80 kHz, Di = 0.4, mi = 0.25 with zero dead-time inserted. In Figure 3.9
the measurement result is displayed. Since the switching transitions are diffi-
cult to distinguish, an ideal lowpass filtered version of the sPWM is displayed
on top of the waveform. This shows the generator is capable of producing
control signals for DC/AC converters with high frequency alternating current.
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Figure 3.9: The frequency modulated output of pin 1 and 2 (Figure 3.5) with
a lowpass filtered version at fc = 1.25MHz and fm = 80 kHz.

Dead-time insertion

The dead-time insertion mechanism was discussed in section 3.1.1. Apart from
the fact that it will have an influence on the perceived duty-cycle, carrier and
modulation frequency, here only a verification of its implementation is given.
In Figure 3.10 the sPWM waveforms with similar settings that were used in
the frequency modulation verification section can be seen. fc = 1.25MHz,
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fm = 80 kHz, Di = 0.4, mi = 0.25. In the upper and lower figure, one can
see the result of inserting respectively 50 ns and 100 ns of dead-time. It shows
that the space between rising and falling edges increases for larger inserted
dead-times, thus both pins are longer in a low state together.
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Figure 3.10: The frequency modulated output of pin 1 and 2 (Figure 3.5) with
different dead-times at fc = 1.25MHz and fm = 80 kHz.

This section has shown the possibility to generate high carrier and modula-
tion frequency sPWM signals for multi-level converters using a MATLAB/Simulink
controllable FPGA. It has been verified using multiple test setups. In the next
section first a GaN based DC/AC converter is controlled using this generator
and later a SiC based multi-level converter. Which provides a validation of the
usability of such a powerful and flexible sPWM generator.

3.1.3 Evaluation

In this section two evaluation setups of the designed sPWM generator are
discussed, to verify the applicability in conventional DC/AC type of converters
and in the desirable multi-level converters.

DC/AC converter

Using different carrier and modulation frequencies, power is shifted to many
different frequencies. Verification measurements have been performed by mea-
suring the output power of the converter while a broadband linear load is ap-
plied. A Yokogawa WT500 power analyzer is used while applying three in-line
lowpass filters in parallel. Figure 3.11 is a schematic representation of the mea-
surement setup. The filters that are applied have cut-off frequencies at 500Hz,
5.5 kHz and 100 kHz. The DC power supply used was set to ±10V. The mea-
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surements have been performed for a high number of different configurations
within the following parameters:

1. Carrier Frequency: 50 kHz - 800 kHz

2. Modulation Frequency: 50Hz - 50 kHz

3. AC-amplitude/Modulation index: 0.25 / 0.5

4. DC-offset: 0.5

5. Dead-time: 100 ns - 200 ns

Figure 3.11: DC/AC converter setup using a GaN based COTS half-bridge
used to verify the designed sPWM driver.

Figure 3.12 and Figure 3.13 are displaying a subset of these results with
every marker representing a frequency measurement point. In Figure 3.12
the three parallel lowpass filters (LP) can be seen in different colored lines.
Black, red and green are respectively 500Hz, 5.5 kHz and 100 kHz. The spectral
content of an sPWM signal has been shown in for instance [22]. Thus the power
is also concentrated around fm and fc and all of their harmonics and sub-
harmonics. In Figure 3.12, the green line depicts the situation that measures
the power up to approx. 100 kHz. As fm and fc are below the filter’s cutoff
frequency it shows the total dissipated power. While the other lines exclude a
part of the power as fc is larger then their cutoff frequencies. Thus the large
difference in recorded output power is due to the carrier frequency being below
the filter’s cutoff frequency. By increasing fm, the power located at fm will be
excluded, as fm surpasses the cutoff frequencies. The results show the output
power to be (almost) independent of generated AC frequency, confirming the
broadband characteristic of the load. The effect of the applied inline filters can
also be clearly seen. The black line shows a -3 dB at 500Hz, while the green
line shows it at 5.5 kHz, as expected.

In Figure 3.13 the three colored lines are representing different implemented
dead-times. Results presented in this figure are for a single LP filter only,
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Figure 3.12: Measured output powers, for different filter configurations at a
large set of different output frequencies. The carrier frequency is kept constant
at 50 kHz.

with a cutoff of 100 kHz. It shows the generator is capable of achieving high
switching frequencies. Result for 11 different carrier frequencies are presented,
varying from 50 kHz to approximately 800 kHz. As can be seen, with increasing
frequency the measured power is decreasing towards 0.5W. This is similar to
the effect observed in Figure 3.12, when the carrier frequency is much higher
than the cutoff frequency of the filter. Another interesting effect can be seen in
different dead-time insertions. At higher switching frequencies, the dead-time
inserted becomes more significant. Thus, reducing the amount of power at the
output.

This subsection has shown the designed sPWM generator to be capable of
generating high frequency AC signals at different switching frequencies. This
has been verified by measuring output power with different filters. In the next
section the generator is implemented in a multi-level converter demonstrator,
which can (eventually) incorporate multi-frequency components as described
in for instance [49].

Multi Level converter

Applying the sPWM generator to a setup similar as shown in Figure 1.4 will
verify the intended use. However building the setup as depicted in Figure 1.4
will limit the evaluation to a single carrier frequency and only allows a DC/DC
conversion as was shown in [10]. Therefore a simplified test setup was created
that is shown in Figure 3.14. Compared to Figure 1.4, it can be seen that
the filters and voltage source are removed, while the charged capacitors are
represented by 2 ideal voltage sources (10V). The measured voltage is applied
to a load R of 88Ω.
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Figure 3.13: Measured output powers at different carrier frequencies with an
LP filter cutoff at 100 kHz. The different lines represent different dead-times
inserted: black 100 ns, red 150 ns, green 200 ns.

Figure 3.14: Simplified test setup for M3C.
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Figure 3.15c shows the measured output voltage, which consists of three
levels as expected. The used settings were: fc = 102 kHz, fm = 23.7 kHz,
mi = 0.5, Di = 0.5 and tdead = 450 ns

Figure 3.15 shows three waveforms that were collected asynchronously. This
means the phases of each waveform (and each of their frequency components)
are out of sync. They are not exactly the same, however they show similar
trends. Note that the waveforms of Figure 3.15a and Figure 3.15b are created
by adding the control signals of the upper switches inside the SM. As one
can see, in all cases the pulses are not (perfectly) symmetrical nor identical,
which is as expected. When fc is not an integer multitude of fm, then the
sinusoidal waveform from Figure 3.2 is being sampled differently every period
of fm. Together with a large, but common dead-time the signal will become
non-symmetrical.

This section continues with measurements at higher switching frequencies,
to push the setup to its limits. The setup is similar as in the previous mea-
surement (Figure 3.14), however with slightly different settings: fc = 2MHz,
mi = 0.25, Di = 0.5 and tdead = 10ns. AC-amplitude was decreased to
prevent the possible over-modulation, and the dead-time was decreased signif-
icantly. This can only be done for a short measurement at low-voltages. The
SiC semiconductors used are rated for 1.2 kV and a pulsed drain current of
80A, thus more than capable of surviving the short circuit of the 1A limited
power supply. Figure 3.16 shows 4 different high frequency output waveforms,
that are highly distorted due to the high switching frequency. However one
can clearly distinguish the three voltage levels and ’sinusoidal’ output, thus
verifying the operation of the high frequency and multilevel sPWM generator.
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(c) Measured at the load (Figure 3.14)

Figure 3.15: First 200μs of the recorded waveform during time domain mea-
surements of M3C simplified setup.
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(b) 150 kHz

Figure 3.16: First 60μs measured waveforms of simplified M3C setup using a
2MHz switching frequency creating different output frequencies.



536329-L-bw-Moonen536329-L-bw-Moonen536329-L-bw-Moonen536329-L-bw-Moonen
Processed on: 3-10-2019Processed on: 3-10-2019Processed on: 3-10-2019Processed on: 3-10-2019 PDF page: 64PDF page: 64PDF page: 64PDF page: 64

50 Chapter 3. sPWM in M3C

0 10 20 30 40 50 60
time [s]

-10

-5

0

5

10

15

20

25

30

Am
pl

itu
de

 [V
]

(c) 233 kHz

0 10 20 30 40 50 60
time [s]

-10

-5

0

5

10

15

20

25

30

Am
pl

itu
de

 [V
]

(d) 250 kHz

Figure 3.16: First 60μs measured waveforms of simplified M3C setup using a
2MHz switching frequency creating different output frequencies.
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The sPWM generator has been shown capable of providing a research plat-
form in a very wide sense. The signals have been verified on logical voltage levels
as well as in simplified test setups. The development of the flexible generator
has been done in parallel with the functional demonstrator that was created
in Delft. The approach taken in Delft was focused on functional behavior and
thus related to the transfer functions of the two operational modes attributed
to the DC-M2C setup [10]. Relative to the flexible generator, the following
parameters are fixed: Modulation frequency, switching frequency, and number
of levels (i.e. SM). In the following section a study has been performed related
to the conducted emission present in the M3C demonstrator. The contribution
of this section from an EMI point of view, is the effect of stacking SMs in series
on the generated conducted emissions.

3.2 Harmonic Cancellation

In this section, a first characterization of conducted EMI within the novel M3C
topology is investigated via measurements. Section 3.2.1 describes the pro-
totype used to investigate the secondary power loops. Section 3.2.2 explains
the different control parameters available within the demonstrator, which are
directly related to the ones available in the developed signal generator. Com-
pared to the previous chapter, the effects of the control parameters related to
the transfer function are investigated. This is done by numerical simulations
in section 3.2.3, as the theoretical model described in Chapter 2 was simplified
to exclude the influence of phase-offset, DC-offset and AC-amplitude. Results
from the investigation are verified in section 3.2.6 and 3.2.7. Firstly, two types
of measurements are described, based on a single possible configuration of the
prototype. Finally it will be shown that the harmonics of the secondary-loop
frequency are of concern in the output as well as the higher switching frequency
of the MOSFETS.

Figure 3.17: Envisioned High Voltage Direct Current (HVDC) Power Electron-
ics System.
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3.2.1 Demonstrator M3C

A circuit model of the current prototype of the M3C, as developed by Delft
University of Technology, can be seen in Figure 1.4. The device in question
serves as a DC/DC converter with a secondary power loop tuned to 1.953 kHz.
A simplified way of understanding how the converter operates is based on the
assumption that a ”sinewave” of 1.953 kHz with a DC offset is generated in-
side the secondary loop. The sinusoidal part of the signal only exists within
the secondary power loop. This is equivalent to the main AC component in
conventional M2C converters and is essential in order to balance the electrical
charge across the sub-module capacitors. The ”DC-offset” of the secondary
power loop is provided by series connections of the four sub-modules, which,
when configured properly, also provide the specified input and-or output volt-
age. They are drained by the load via the output filter.

Fundamental Frequencies

In this simplified view of the converter, one assumes only two existing frequen-
cies. f0 = DC and f1 = 1.953 kHz. However, to create the secondary loop,
the circuit implements four cascaded sub-modules consisting of half-bridges to-
gether with three filters. A band-stop filter, a band-pass filter and an output
filter. The half-bridges are driven by a PWM signal with a carrier frequency of
fsw. This carrier frequency is at least 10 times higher than f1 due to the band-
width and to limit the ripple on the capacitors. In this design, the switching
frequency of the power MOSFETS (IRFB4127PbF) is fsw = 24.4 kHz.

Harmonics

Next to these fundamental frequencies, higher order harmonics exist due to the
switching nature of the device. The harmonics will be denoted as H1,i and
Hsw,i, following the notation of the fundamental frequency of the secondary
loop and switching frequency respectively. With i denoting the order of the
harmonic.

The existence of the two distinct fundamental frequencies and their har-
monics is characteristic of sPWM. Like in conventional systems, leakage of
additional harmonics are generally undesirable due to decreased efficiency, con-
trol issues and EMI [3]. Leakage reduction by implementing filters is common
practice.

Filters

As the new topology provides unique challenges for filtering, we will distinguish
between power frequency filters and EMI-filters. The challenge in filtering arises
from the fact that many (sub-)modules can share the same filter, and series
modules can experience large dv/dt’s. Another unique challenge is the voltage
rating a single filter has to have. Due to stacking of submodules, the filters can
be subject to voltages in the range of kV’s, depending on the application. Note
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that in the prototype only power frequency filters have been implemented, with
no regard for the EMI performance of the converter.

3.2.2 Power Shifter Module

A power shifter module may consist of multiple Sub-Modules (SM’s) stacked to
provide the desired voltage levels. In Figure 3.17 the power shifter is depicted
by a single submodule. However, for the HVDC systems, this will in practice
represent a stack of multiple SM’s, due to the limitation of the voltage on the
capacitors and/or the current through a single IGBT/MOSFET. This can be
solved by cascading and cascoding SMs respectively. The prototype created as
a proof of concept for the M3C consists of four cascaded SM’s. The prototype
is create by K. Huang and studied in [10], where the focus is on the two possible
operational modes of the M3C. These modes are considered to be one of the
control parameters that show the modularity of the topology. Apart from the
chosen operational mode, several parameters have been identified and described
in the following subsection for the purpose on control.

Power flow direction

The direction of power flow can be switched between the following two modes.
Either the power flows from high voltage side to the lower voltage side or from
the lower side to the higher side, referred to as High-to-Low (HTL) and Low-
to-High (LTH) respectively.

Coupling Mode

Based on [10] the multilevel converter has two operational modes. Resistive
Coupled Mode (RCM) and Inductive Coupled Mode (ICM). In RCM the con-
verter acts as a Voltage Controlled Voltage Source (VCVS), while in ICM it
operates as a Voltage Controlled Current Source (VCCS).

Input/output Voltage ratio

The multilevel converter has 4 control parameters in RCM and 6 control pa-
rameters in ICM. These parameters control voltage transfer ration and/or the
output current, depending on the mode of operation. The details of which are
shown in [10] and will be neglected in this study, due to the implementation of
the prototype that has been previously presented. A predefined set of control
parameters is programmed into the FPGA that controls the sub-modules. At
a macro-scale, the relevant aspects for this analysis are the voltage ratios, not
the exact values of the control parameters required to achieve this ratio.

Modularity: Order of load/source complexity

At this point, the complexity of the M3C system appears in the foreground.
The system is build in such a way that it is possible not only to transfer power
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from HTL or LTH, but also between sources and loads connected directly to a
submodule. This means that controlling the capacitor voltage balance actually
enables sources and loads to be connected per module. This increases the
possible EMI-nightmare since the number of submodules implemented in series
and/or parallel is not limited.

Spectrum of Single Power Shifter Module

In this subsection, a spectral analysis will be preformed to eventually assess
the dependency of the power spectrum on the voltage transfer ratio. Every
submodule consists of a half-bridge with two power MOSFETs, as can be seen
in Figure 1.4. Each of the sub-modules can be considered an individual noise
source, which was investigated in chapter 2. The spectral characteristics of
these noise sources are determined in section 3.2.3 by numerical methods. In
contrast to the mathematical model derived in Chapter 2, the numerical model
includes a study into the effect of the parameters of the modulating waveform,
i.e. the amplitude, phase and DC-offset compared to the reference triangu-
lar wave. As was presented in [50] obtaining an analytical expression for the
harmonics (and subharmonics) is quite cumbersome.

In case of the studied demonstrator, the control signal is generated by a
comparator receiving a triangular wave of 24.4 kHz and a sinusoidal wave of
1.953 kHz. In this analysis, we assume the triangular wave to be a fully known
ideal signal. This signal does not change over the different modes of operation,
available in the prototype of the M3C. The effects of a non-ideal reference signal
on the EMI spectrum is shown in [51].

The sinusoidal signals used to generate the PWM signal contains the control
parameters that eventually determine the voltage transfer ratio. Equations for
the reference signals, as defined in [10] are restated in this section, together
with the transfer ratios. This demonstrates that, by controlling either the AC-
and/or DC-component of the reference signals, the voltage transfer ratio is
adjusted. Note however that Equation 3.6 only holds for resistive coupled mode.
While Equation 3.7 is a simplification and holds for the inductive coupled mode.

uref,u = Du −mu · cos(ω · t+ φ) (3.4)

uref,l = Dl +ml · cos(ω · t) (3.5)

Vo

Vi
= 1 +

Du ·ml

Dl ·mu
(3.6)

Io
Vi

=
mu ·ml · sin(φ)

2ω ·Dl ·Du · (Larmu + Larml
)

(3.7)

The parameters used in Equations 3.4 to 3.7 are listed in Table 3.3. Equa-
tions 3.4 and 3.5 depict the reference voltage for the upper and lower SMs re-
spectively, while Equation 3.6 gives the voltage transfer ratio and Equation 3.7
is the ratio of output current with respect to input voltage. In the case of the
prototype ω = 2 · π · fsec, Du and Dl are the DC components of the reference
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Table 3.3: Parameters of the M3C circuit model as adopted from [10].

Vi Input DC voltage
Vo Output DC voltage
Io Output DC current

uref,u Upper Reference signal
uref,l Lower Reference signal
Du Upper DC offset
Dl Lower DC offset
mu Upper modulation index
ml Lower modulation index

Larmu
Upper arm inductor

Larml
Lower arm inductor

signals, mu and ml the AC components (amplitudes) of the signal and φ is
the phase offset between the two reference signals. In the following section,
an analysis of the spectrum’s dependency on amplitude, dc-offset and phase is
given. Note that for resistive coupled mode, the phase offset between upper
and lower reference signals is φ = 0. Also in case of Equation 3.7 the input
voltage is corrected for the voltage drop across the input resistance due to the
input current.

3.2.3 Spectrum of PWM

The analysis of the spectrum is performed using terminology adopted from
the field of communications engineering as used for instance in [32]. In this
setup, the PWM signal is the result of a comparator with two input waves, a
triangular and sinusoidal waveform, which have a frequency of fc = 24.4 kHz
and fm = 1.953 kHz respectively. The generated sinusoidal wave is:

x(t) = A · sin(2 · π · fm · t+ φ) +DC (3.8)

In the following analysis the carrier and modulation signals are presented. How-
ever, the spectrum is derived from the ”rectangular” PWM, resulting from the
comparator’s output. The most pronounced harmonics and subharmonics were
empirically determined from the parameter sweeps shown in Figures 3.4, 3.19
and 3.20. Based on this, we defined the following frequencies of interest.

Fundamental Frequencies: fm, fc

Harmonics: fm · i, fc · i
Sub-Harmonics: fc · i± fm · j
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Amplitude

In the case of the amplitude analysis the parameters in Equation 3.8 were set to
DC = 0.5, φ = 0 and A = [0.01, 0.11, 0.21, 0.31, 0.41, 0.51]. The amplitude was
changed according to the values shown in the vector. Figure 3.18a shows the
increasing modulation amplitude with respect to the carrier signal, consisting
of triangular waveform.

Figure 3.18b shows, that increasing the amplitude of the modulation signal
actually increases the power flowing into the odd numbered sub-harmonics.
Notice the even numbered sub-harmonics are orders of magnitude weaker than
their odd numbered counterparts. Another noticeable feature is the amount
of power in the sub-harmonics around the even numbered harmonics of the
carrier frequency. The first sub-harmonics appear to constantly have more
power than the corresponding even harmonic. When increasing the amplitude
of the sine wave, these sub-harmonics tend to become more dominant, while
simultaneously reducing harmonics.

(a) Time signals

Figure 3.18: Amplitude dependency.
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(b) Spectra

Figure 3.18: Amplitude dependency.
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DC-offset

In the case of the DC-offset analysis in Equation 3.8, A = 0.25, φ = 0 and
DC = [0, 0.2, 0.4, .6, 0.8, 1]. Figure 3.19b shows in situation 1, 2, 5 and 6 more
dominant frequencies arise during clipping phenomena. This behavior was also
visible in situation 6 of Figure 3.18b and is a result of over-modulation. A no-
ticeable difference however is the fact that the sine wave in case of the DC-offset
sweep is placed non-symmetrically around the mean of triangular wave. This
offset remained symmetric during the amplitude sweep. From this, it can be
concluded that the even numbered subharmonics become dominant due to this
non-symmetrical placement of the sine wave. Also, the even numbered har-
monics of the carriers seem to become more dominant in the non-symmetrical
situation.

(a) Time signals

Figure 3.19: DC offset dependency.
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(b) Spectra

Figure 3.19: DC offset dependency.
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Phase

For completion of the analysis, a phase sweep was also performed. Even though
it is expected to have no impact on the power spectrum of the PWM signal.
It was done to show that the spectrum will not alter, despite the period of the
carrier not being a multiple of the sinusoidal wave period. The phase sweep
would introduce a linearly increasing or decreasing phase shift between the car-
rier and modulation signal. In the case of the phase analysis in Equation 3.8,
A = 0.25, DC = 0.5 and φ = [0, 2π

5 , 4π
5 , 6π

5 , 8π
5 , 2π]. Figure 3.20b shows com-

parable spectral peaks in all six situations, which is similar to situation 3 of
the amplitude sweep. Note that here the phase between the carrier and mod-
ulation signal is investigated. Likewise, the phase difference between reference
signals of different submodules. This becomes interesting when the cascading
of multiple SM’s is investigated.

(a) Time signals

Figure 3.20: Phase dependency.
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Figure 3.20: Phase dependency.
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3.2.4 Numerical Analysis Summary

To summarize the findings in this numerical analysis, we can identify the fol-
lowing phenomena:

1. Symmetric: when the sinusoidal waveform is symmetrically placed within
the triangular waveform, the even numbered subharmonics are suppressed.

2. Asymmetric: when the sinusoidal waveform has a dc-offset compared to
the mean of the triangular waveform, the odd numbered subharmonics
are in the spectrum.

3. Increasing the amplitude of the sinusoid, the subharmonics will become
more significant.

A qualitative analysis of the noise produced by a single submodule has been
given, based on the variable parameters of the driving signals. The parameter
sweeps were confined to the cases that are available in the M3C prototype. In
the following section, the numerical analysis of the EMI spectrum generated in
a multi-submodule system is continued.

3.2.5 Harmonic Cancellation in Multi SM converter

It was demonstrated in the analysis of a single SM that both fundamental
frequencies and their (sub)-harmonics were all present in the spectra. In the
following analysis, multiple SM’s are cascaded, therefore their voltages are su-
perimposed as shown in the equivalent circuit diagram in Figure 3.21. It is
assumed here that every SM has an ideal voltage source attached (shown as
capacitors), that is either bypassed or inserted into the secondary frequency
loop as shown in Figure 1.4. In the numerical results, there is no dead-time
inserted and all signals are assumed ideal. i.e. no ringing, no rise time, and
no fall time. In Figure 3.22 the results are shown from 1 kHz to 1MHz. As

Figure 3.21: Equivalent circuit diagram.
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can be seen, a single SM will result in all frequencies as defined in section 3.2.3
to be present. When a second SM is inserted into an arm, a cancellation of
the carrier frequency (fc = 25 kHz) and its even numbered harmonics and
their sub-harmonics is seen. This Harmonic Cancellation effect can even be
extended. With the insertion of a third SM, it is possible to cancel the car-
rier and the first harmonic, while the second harmonic is the ’first’ frequency
present. Note the effect is a result of the multiphase-carrier scheme. By phase
shifting the triangular waveform, the reference sinusoidal waveform is sampled
at different moments in time by each carrier. This can be seen in Figure 3.23.
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Figure 3.22: Spectral densities of cascaded sub-modules with according phase
offsets between the reference signals.
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Here the amplitude of the resulting arm voltage is normalized to the number
of SMs used. In this time domain analysis, it can be easily seen that switching
events are occurring more often with the increasing collection of SMs. Also
more voltage levels become available by increasing the number of SMs. This
results in a couple of implications. By increasing the number of SMs, the noise
generated due to switching events will shift towards higher frequencies. From a
power electronics designer point of view, this allows the SMs to be operated at
lower switching frequencies, which decreases switching losses, while the passive
components used can still remain small, as the total system is still running on a
high switching frequency. To verify this numerical analysis, a measurement was
implemented using the demonstrator. In the next section, the measurements
performed on the converter are explained.
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Figure 3.23: Time domain simulation cascaded sub-modules.
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3.2.6 M2C-DC/DC Demonstrator

The complexity of the system increases exponentially by increasing the number
of submodules, loads, sources and frequencies used in the system. Here the
characterization was confined to possibilities provided by the prototype of the
M3C. Note that the demonstrator was built without any regard for EMI, only
some basic automated Printed Circuit Board (PCB) checking tool was used.
The characterization of the EMI produced in this setup will be shown, according
to different settings within the same configuration. For the sake of simplicity we
have decided to start with only a single load and a single source. We maintain
the power flow direction from low to high voltage side and use the converter as
a VCVS. i.e. the mode of operation is RCM. Two independent measurements
where performed:

1. Input/Output (I/O) measurement
2. Lower arm measurement

During the I/O measurements the transfer voltage ratio is varied according to
Table 3.4, while in the lower arm, only modes 1 through 3 where measured.
”D” and ”m” are integer values due to the FPGA implementation. Using
Equation 3.6, one can predict the transfer ratio. The resulting measurement
configurations can be seen in Figure 3.24.

Table 3.4: Transfer Voltage Ratios.

Mode Vin [V] Vout [V] Ratio Du Dl mu ml

1 29.41 39.58 1.35 1024 3072 6 7
2 29.39 41.94 1.43 1024 3072 5 7
3 29.36 45.89 1.56 1024 3072 4 7
4 29.30 53.34 1.82 1280 2816 5 9
5 29.22 61.95 2.12 1536 2560 6 11
6 29.16 68.86 2.36 1792 2304 7 13
7 29.01 78.07 2.69 1792 2304 6 13
8 28.91 83.20 2.88 2048 2048 11 15

The schematic representation of the two measurement setups can be seen in
Figure 3.24, while Figure 3.25 shows the actual prototype with measurement
equipment as used in the I/O measurement. This equipment is depicted in
Figure 3.25 and consists of the following:

• 4 channel Osciloscope: Yokogawa DLM2000
• Current Probes: Yokogawa 701929 (BW: DC to 50 MHz)

The measurements are all preformed at 62.5Msamp/s for 20ms, which provides
125000 samples. A periodogram is created, showing the frequency range from
1 kHz to 30MHz. The scopes where used in AC coupled mode, therefore the
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Figure 3.24: Measurement setups.

DC component is filtered. Expected are spectra that are similar to the ones
shown in sections 3.2.3 and 3.2.5.

One important thing to notice, is that there are in total three connections
to the mains. Each metallic box in Figure 3.25 has an AC/DC converter which
either provides a 60V or 30V DC voltage. No Line Impedance Stabilization
Network (LISN) has been added to the setup, however, no EMI from the mains
was measured on the DC side of the converter. A spectral analysis of the source
connected with a resistor of 47Ω showed an average noise of approx. -90 dbA
from 20Hz to 1.25MHz.

3.2.7 Results

The mean of the spectra resulting from the measured currents are shown in
Figure 3.26. In case of the I/O measurements the mean is taken over 8 mea-
surements, while in the arm measurement it is taken over three measurements.
Based on the analysis of section 3.2.3, the importance of the harmonics and
subharmonics were identified. The secondary frequency (fm) and its harmonics
(Hm) are indicated with red vertical lines, while the switching frequency(fc)
and its harmonics (Hc) are indicated with green vertical lines.

Based on the analysis in sections 3.2.3 and 3.2.5, it was expected that the
carrier and all even numbered harmonics (and sub-harmonics) were suppressed
in the EMI spectrum. The result shown in Figure 3.26 is exactly as expected
[52].

Interference produced by a single submodule was canceled by cascading
multiple SMs in a single arm. The measurements have shown that harmonic
cancellation occurs in a multi-level system based on the M3C topology, when
the reference signals used in the gatedrive signal have a phase-offset. Based
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Figure 3.25: Measured currents in I/O measurements.
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Figure 3.26: Mean of measured spectral densities of input, output and arm.
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on the theory, the effect of shifting the interference into higher frequencies
increases with an increasing number of SMs being used in a single arm. Scaling
the technology to high voltage DC networks should therefore be beneficial with
respect to EMI emissions.

3.3 Summary

This chapter has described the development of a sPWM generator for use in
a multilevel converter. Its development is aimed at flexibility for research into
power systems at much higher frequencies than the conventional approached.
Based on the measurements performed in this chapter it is expected to be able
to make the system response less effective in creating emissions. As functional
behavior is dependent of low frequency components. These are at least ten
times smaller than the individual SM switching frequencies.

The modulation frequency is the functional frequency used within the con-
verter system. The carrier frequency can be altered to shift the generated EMI
spectrum. The control parameter AC-amplitude and DC-offset are directly re-
lated to functional behavior of the system, i.e. the system’s transfer function is
dependent on their setting. They have a direct impact on the generated EMI
spectrum, however combined with the results of the theoretical model this can
only be seen in the sub-harmonics of the carrier. Dead-time is inserted for
practical reasons, to not create a DC fault inside individual half-bridge mod-
ules. Based on the measurement results, it has an increasing impact on power
transfer at increased switching frequencies. i.e. increasing the dead-time will
result in less power being transferred to the load (Figure 3.13). Increasing the
number of SMs has shown to effectively canceling carrier frequencies. Basically
shifting the zeroth harmonic of the switching frequency proportional to the
number of modules.

Concluding this chapter, the possibility to make the system response less
effective in creating emissions by playing with the parameters is identified.
This way optimization for higher-frequency EMI becomes possible and will be
studied in following chapters. In general, many power electronic researchers
are not looking at the EMI potential, nor the system emission which can be
considered the main contribution of this thesis.
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Chapter 4

Filtering

The previous chapters described the M3C and more specifically the noise
generated inside such a system. Parameters influencing the generated EMI have
been studied and identified. In general, the next step in designing a system will
be related to containing or mitigating the noise. It has already been mentioned
in the outline of this thesis, that in [15] a classification of conducted EMI
mitigation techniques has been shown. Following Figure 1.6, two main streams
were identified, mitigation at the source, and along the propagation path. As
the first one has been partially addressed in chapter 2 and 3, the following
chapter will focus on the latter. Also from Figure 3.24 it is clear that filters
are an integral part of the converter design, and thus one of the key objectives
of the project is optimizing filters.

Filter design is a research area of importance for EMC as these are com-
monly used for EMI mitigation in a wide range of applications, while their usage
is especially relevant in power systems. With the increasing trend of miniatur-
ization, modularization and higher switching speeds in power electronics, a
need for accurate high frequency component models arises due to unexpected
high frequency behavior [13].

This chapter is split into three major parts. The first part focuses on
obtaining equivalent circuit component values based on impedance curves. The
mathematical extraction method is generalized to equivalent circuits with a
theoretically infinite amount of RLC components and any impedance curve. In
the second part of the chapter, the full wave 3D modeling of passive components
is discussed, with a big focus on the CMC as it is one of the most important
(and most challenging) components to model accurately at higher frequencies.
The last part is about integrating the obtained results from 3D field simulations
into equivalent circuits and optimizing filter design using these tools.

Parts of Section 4.1, Section 4.1.2, Section 4.3 and Section 4.4 are published in [53], [54],
[55] and [56] respectively.

69



536329-L-bw-Moonen536329-L-bw-Moonen536329-L-bw-Moonen536329-L-bw-Moonen
Processed on: 3-10-2019Processed on: 3-10-2019Processed on: 3-10-2019Processed on: 3-10-2019 PDF page: 84PDF page: 84PDF page: 84PDF page: 84

70 Chapter 4. Filtering

4.1 Automated Equivalent Circuit Values

In industry the optimization towards maximum profit never stops. The elec-
tronics industry is no exception, thus the produced devices need to become
cheaper, better and smaller. Every inch of performance is being squeezed
out of every single component, while compliance is met. The level of Engi-
neering/Designing required is increasing as well. Simulation software is being
used to verify designs in a cheap and fast way, thus less, costly prototyping
is required. The most widely used tool for an electrical engineer remains an
equivalent circuit simulator.

Since the used frequencies are increasing, while component sizes are reduc-
ing, accurate simulations tend to become harder. Circuit simulations based on
ideal component values proved to be inadequate for EMI performance evalu-
ation. Adding non-idealities of components, PCB-traces, wires etc. lead to a
temporary solution. However, even this is showing inadequacy at the task at
hand [13]. The investigation of parasitic effects of individual components has
lead to simplistic models where physical origins were derived from, as is for
instance explained in [57]. The equivalent circuits shown in [57] are displayed
in Figure 4.1.

(a) Resistor (b) Inductor

(c) Capacitor

Figure 4.1: Equivalent circuit models of non-ideal components

In case of a non-ideal capacitor, the frequency dependent impedance can
be modeled with an equivalent circuit consisting of a series connection between
three ideal RLC-components. Where the inductance and resistance are consid-
ered to be a parasitic effect and named Equivalent Series Inductor (ESL) and
Equivalent Series Resistor (ESR) respectively and shown in Figure 4.1c. In case
of a non-ideal inductor, they are parallel connected as shown in Figure 4.1b,
with the capacitance and resistance to be parasitic and named Equivalent Par-
allel Capacitor (EPC) and Equivalent Parallel Resistor (EPR) respectively.
The origin of ESL is often explained through the leads of the capacitors, while
ESR is the conductivity of the materials. EPC is often thought to be the sum
of several capacitances, while EPR is the considered to be a turn to turn field
effect. Their values can be determined via impedance measurements.
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The parasitic effects can be extended to higher complexity by incorpo-
rating mutual coupling effects between components, traces or even between
component-parts. For relatively simple passive components like capacitors
or inductors, inter-component coupling effects can be incorporated (based on
curve-fitting) to increase circuit simulation accuracy [56,58]. The physical ba-
sis of these simplified models are explained in for instance [59]. For instance,
the leads of a capacitor form an AC-current loop with produces a magnetic
flux that is picked up by any other loop and can be considered an inductive
coupling.

3D simulators are used to investigate these cases, to go where a circuit sim-
ulator cannot. Such full-wave solvers include the near-field coupling between
components. Analysis and optimization strategies based on 3D simulations
have been suggested in [60–63]. However, it requires expert knowledge and
experience to create an accurate 3D simulation. Alternatives for 3D modeling
to acquire the mutual coupling impedance (Zmc) do exist. In case of wires,
analytical expressions for predicting the amount of crosstalk are actively being
improved [64–66]. It was shown in [67] that from measuring scattering param-
eters between different components, one can determine mutual coupling effects
and add these to the equivalent circuit simulation. From this point on G. As-
manis et al. has shown that it is possible to determine the mutual coupling
through 3D simulations using simplified models [68]. As has been suggested
in [58,69], one can combine both worlds into a method, which can be applicable
to for instance filter design, digital PCB or power electronics. Here it is sug-
gested to further extend the research and incorporate an automated equivalent
circuit extraction for self-parasitics as well as for mutual-parasitics.

This section focuses on the automated extraction of circuit model parame-
ters using a Gauss-Newton algorithm for the purpose of back-annotating this
into a system equivalent circuit simulation. The main problem to be ad-
dressed is the accurate representation of impedances into equivalent circuits.
Impedance is used here in broadest sense possible, since it can be either the
measured, simulated (3D) or even calculated impedance of any phenomenon.
The optimization is a general method for finding a possible equivalent circuit
that represents the impedance in passive elements. The method is applied to
multiple cases. In the following section 4.1.1, the algorithm is explained in a
mathematical form, showing that there is no limit to the amount of parameters
to be used. In section 4.1.4 the method is applied to the design of a filter. The
possible couplings between components will be discussed and inserted into the
equivalent circuit simulation.

4.1.1 Optimization problem

This section describes the optimization procedure which is used to find appro-
priate equivalent circuit representations. It will be described in general form,
to show its applicability to equivalent circuits with an arbitrary number of
elements. Assume that the impedance of a certain coupling phenomena that
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has to be simulated is known, either by measurement, 3D simulation or any
other method. The impedance of an equivalent circuit can then be matched to
this impedance data in the frequency domain by performing an optimization.
Therefore, a representation of the impedance of this equivalent circuit in terms
of its passive elements (inductors, capacitances and resistances) is required.
Assume that this has the following form:

Z (f,x) = g (f, C1, . . . , Ci, L1, . . . , Lj , R1, . . . , Rk) (4.1)

which contains in total p elements, consisting of i capacitors, j inductors and
k resistors. The aim is to find optimal values for these p elements, which are
contained as entries in the p-dimensional vector x.

Define a vector containing the absolute value of the evaluation of this func-
tion at different frequency values f1, . . . , fn:

Z =

⎛
⎜⎝

|Z (f1,x) |
...

|Z (fn,x) |

⎞
⎟⎠ (4.2)

Denote the simulated or measured impedance data in absolute value as Zmc,
which is also a vector containing entries for the same frequencies. Then the
optimization objective is to find values for all inductors, capacitors and resistors
in the equivalent circuit, such that the impedance values in (4.2) match the
values in Zm. To obtain a least-squares fit the following objective function
should be minimized:

h (x) = ||r (x) ||22 = ||Z− Zm||22 (4.3)

Here || · ||2 represents Euclidean distance, and r (x) is the vector of residues
when the values of Z are compared to Zm.

An overdetermined objective function (assuming n > p, meaning more fre-
quency points than passive elements) such as (4.3) can be minimized by the
iterative Gauss-Newton method. Starting from an initial x0, iteration steps
are defined by:

xn+1 = xn +
(
JT
r Jr

)−1
JT
r r (xn) (4.4)

Here the superscript T denotes transpose and the n by p Jacobian matrix of
the residues Jr contains the following entries:

(Jr)ij =
∂ri
∂xj

(xn) (4.5)

Here ri and xj are the ith and jth entries of the vectors r and x, respectively.
Stopping criterion of the iteration is usually a threshold value δ for the norm
given in (4.3).

To avoid divergence and improve convergence, the Levenberg-Marquardt
extension of the Gauss-Newton algorithm is applied. In this case, the update
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step in (4.4) changes in:

xn+1 = xn +
(
JT
r Jr + λD

)−1
JT
r r (xn) (4.6)

in which D is the diagonal matrix containing the diagonal elements of
(
JT
r Jr

)
.

The parameter λ is the Marquardt parameter. When it equals zero, the it-
eration reduces to that of the Gauss-Newton algorithm. However, when with
λ = 0 the residue with xn+1 is larger then that with xn (so with the new iter-
ation step the residue is increased), then λ > 0 should be set and the iteration
step repeated. The value for lambda could be calculated by a line search, but
since this implies an extra optimization for each update step, this is less effi-
cient then simply increasing λ until it results in an update step that reduces
the residue. From there, if possible, lambda could again be reduced until it
reaches zero.

An essential and sometimes challenging aspect of the Gauss-Newton opti-
mization is acquiring an initial guess x0. This can be obtained by an educated
guess based on knowledge of the system to be modeled. However, based on this
knowledge some constraints can usually be imposed, such as:

C1,low ≤ C1 ≤ C1,up

...
Ci,low ≤ Ci ≤ Ci,up

L1,low ≤ L1 ≤ L1,up

...
Lj,low ≤ Lj ≤ Lj,up

R1,low ≤ R1 ≤ R1,up

...
Rk,low ≤ Rk ≤ Rk,up

(4.7)

In view of an automated extraction of the equivalent circuit these constraints
can be utilized. Together they form the solution space in which the optimal
values of the passive elements can be found. An initial guess can then be
obtained by performing a coarse search through this solution space, i.e. taking a
logarithmic uniform grid between the lower and upper bound of each parameter,
calculating the corresponding residues of each combination. Then x0 is taken
to be the set of values that yields the lowest residue. From there on, the
above iteration can lead to an optimal value for x. The above procedure has
been implemented in MATLAB, and in the following sections this optimization
algorithm is applied.

4.1.2 Components

The previous section has showed a general method for determining the val-
ues of RLC components present in any equivalent circuit that can represent
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a certain frequency dependent impedance. Increasing the amount of parame-
ters only increases complexity of the optimization and therefore computational
time. In this thesis, the number of equivalent circuit components per physical
component is limited to three. In other words, capacitors, inductors, CMCs,
resistors, field-couplings etc. are all represented with three equivalent compo-
nents. This implies that the fitting will be accurate only at the lower frequency
range, which means up to or just beyond the first resonance. The technique
developed will be applied to a Common Mode (CM) filter shown in Figure 4.2.

Figure 4.2: Measured filter, its schematic is shown in Figure 4.6a

It consists of eight physical components of which three are unique, with four
unique combinations of field couplings. The components and mutual couplings
are listed below:

1. C. Capacitor (TDK - MKP B81123)

2. L1. Common mode choke (WE744823210)

3. L2. Common mode choke (WE744823110)

4. Mutual Coupling parallel C and C

5. Mutual Coupling parallel L1 and C

6. Mutual Coupling parallel L2 and C

7. Mutual Coupling parallel L1 and L2

The non-ideal behavior of inductors and capacitors has been studied exten-
sively in the past. The self-parasitics of these components are mainly related
to the geometry and determine their behavior at high frequency. As [63] men-
tioned, the EPC, EPR, ESL and ESR are well known and described in liter-
ature. Therefore, their explanation is omitted here, while the focus remains
on recreating impedance curves with passive elements only. The CMC much
more complex, and sections 4.2 and 4.3.1 will be dedicated to modeling this
component, however here the CM impedance of the chokes are modeled as the
non-ideal inductors shown in Figure 4.1b.
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For the given components, the frequency dependent impedance data used
for the optimization is obtained by measurement. The measurement device that
was used is an impedance analyzer (Keysight ENA 5061B). An illustration of
the measurement is shown in Figure 4.3a.

Z1

v

Z2

v

S21
S11 S22

(a) S-parameter measurement using a Vector Network Analyzer (VNA) with two
individual components connected that are not interconnected.

Z
11

Z
22

Z
21

= Z
12

(b) Schematic representation of coupling be-
tween impedances that results from the stan-
dard S- to Z-parameter transform.

(c) Equivalent circuit for Z-
parameters of a reciprocal two-
port network, adopted from [67].

Figure 4.3: Impedance measurement using a VNA.

In this section, seven impedances will be fitted to separate equivalent cir-
cuits as shown in Figure 4.1b and Figure 4.1c. Based on the standard S-
to Z-parameter transformations with the assumption that the characteristic
impedance (Z0) is 50Ω, which holds for the Keysight ENA 5061B, three impedances
can be derived from a single S-parameter measurement as has been shown
in [67]:

Z1 = 50 · 1− S22 − S22S11 + S11 − 2S21 + S2
21

(1− S22 + S22 · S11 − S11 − S2
21)

(4.8)

Z2 = 50 · 1 + S22 − S22S11 − S11 − 2S21 + S2
21

(1− S22 + S22 · S11 − S11 − S2
21)

(4.9)

Zmc = 2 · 50 · S21

(1− S22 + S22 · S11 − S11 − S2
21)

(4.10)

By performing the S-parameter measurement as shown in Figure 4.3a and
transforming them into Z-parameters, the results would represent the schematic
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as shown in Figure 4.3b. To incorporate these results in an equivalent cir-
cuit simulator like LTSPICE, one needs to convert this coupling either to the
coupling factor, similar as with a transformer. However, [67] showed this is
equivalent to a T-network of impedances, which can be seen in Figure 4.3c.
Combining these steps, results in the Equations 4.8 to 4.10. Note that the re-
sulting impedances are complex, while in the fitting algorithm the magnitudes
are used. Also (Zmc) in Figure 4.5 should not to be confused with common
mode impedance (Zcm) which is shown in Figure 4.4.

1k 10k 100k 1M 10M 100M 1G
Freq. [Hz]

100m

1

10

100

1k

10k

100k

Z 
[Ω

]

Capacitor
CMC 1
CMC 2

Figure 4.4: Impedance of used components, individual curves can be seen in
Figure 4.8.

1k 10k 100k 1M 10M 100M 1G
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100μ

10m

1

100

10k

Z 
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]

C-C
C-L1
L1-L2
C-L2

Figure 4.5: Mutual Coupling Impedance, individual curves can be seen in Fig-
ure 4.9.
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4.1.3 Impedance Fitting

The measured components and their mutual couplings are used in a common
mode filter as shown in Figure 4.2. It is a C-L-C-L-C filter, that exhibits
numerous combinations with mutual coupling: 3 times C-C coupling, 4 times
L-C coupling and a single L-L coupling. However, the L1 and L2 are spatially
separated and therefore their coupling can be neglected.

(a) Ideal Component simulation

(b) Self-parasitic Component simulation

(c) Self-parasitic and Mutual Coupling Component simulation

Figure 4.6: LTSPICE Filter Schematics.

The impedance measurements as shown in Figure 4.4 and Figure 4.5 are
fitted to the equivalent circuits in Figures 4.1b and 4.1c. Their individual fitting
results are shown in Figure 4.8 and Figure 4.9. The original measurements are
shown in black, while the results from the initial guess (as described in section
4.1.1) are shown in red and the fitted results in green. The resulting RLC
values are displayed in Table 4.1.
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Figure 4.7: Comparison of LTSPICE simulations with the actual filter mea-
surement.

It can be seen that the components are fitted nicely by the optimization
algorithm. However, deviations occur when fitting the coupling impedances.
Up until approximately 10MHz the fitting of C-C and C-L are fairly accurate.
However the fit of the extracted mutual impedance between the two CMCs
holds only between 200 kHz and 1MHz. The coupling does not behave linearly
with increasing frequency, hence the complexity of equivalent circuit that is
fitted should be increased. In the following section the filter is simulated using
LTSPICE and compared to a measurement using a VNA.

4.1.4 Filter

The filter has been simulated with LTSPICE in three different configurations.
First, only the ideal component values were used (Figure 4.6a), then the self-
parasitics of the CMC and capacitors are added (Figure 4.6b) and at the
third instance the mutual inductances are added (Figure 4.6c) according to
the method given in [67] and further clarified in section4.4. Note however that
in Figure 4.6c, the lowest two inductances are based on the coupling between
the capacitor stages. It is here assumed that only 10% of the coupling be-
tween capacitors in a single stage is remaining due to the increased distance.
In Figure 4.7 the three simulations are compared to measurement results. In
case of the ideal simulation, it is approximately valid up to 100 kHz. Adding
self-parasitics will increase accuracy from this point, however one needs to also
incorporate the mutual parasitics as they tend to play a role in the same fre-
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(a) L1 - CMC WE744823210
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(b) Capacitor - MKP B81123
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(c) L2 - CMC WE744823110

Figure 4.8: Fitting applied to multiple components. In all cases the curves are
representing Measurement (black), Initial Estimation (red) and Fitted Curve
(green).
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(a) Mutual Impedance between parallel
placed capacitors)
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(b) Mutual Impedance between parallel
placed C and L1
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(c) Mutual Impedance between parallel
placed C and L2
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(d) Mutual Impedance between parallel
placed L1 and L2

Figure 4.9: Fitting applied to multiple mutual coupling impedances. In all cases
the curves are representing Measurement (black), Initial Estimation (red) and
Fitted Curve (green).

Table 4.1: Fitted parameter values and time it took for the initial guess (tinit)
and optimization (topt) to complete, with the amount of optimization iterations
(N).

Type Circuit R L C tinit topt N
Capacitor series 313.2mΩ 21.1 nH 4.9 nF 3.6 s 129ms 96
CMC1 parallel 47.5 kΩ 11.3mH 51.1 pF 2.6 s 5.7ms 10
CMC2 parallel 38.1 kΩ 9.8mH 23.9 pF 2.6 s 5.8ms 9
C//C parallel 9.7mΩ 1.6 nH 2.9 fF 2.2 s 1.8 s 4.1 k
L1//C parallel 4.6Ω 1.2μH 482 nF 2.9 s 16ms 8
L2//C parallel 3.2Ω 824 nH 288 nF 2.1 s 10ms 16
L1//L2 parallel 262Ω 59.8μH 5.4 nF 2.2 s 18ms 36
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quency bandwidth.
In this study, an algorithm has been implemented to automate the ex-

traction of passive component values from measured impedance curves. Even
though the method is not limited to only measurements of components, it has
been applied to a CM filter and its components. The self-parasitic values were
extracted and their mutual coupling impedance was represented in an equiv-
alent RLC-circuit. The assumption was made that a simple three parameter
RLC-circuit is an accurate representation of this coupling, however the results
have shown that there is some deviation. For the mutual coupling between two
capacitors and, capacitor and inductor, the fitted results hold up to approxi-
mately 1MHz. However for CMC to CMC coupling, the deviation is large and
different equivalent circuits should be sought. In general, it can be concluded
that the fitting algorithm works, however more complex equivalent circuits
need to be added to increase flexibility in fitting all forms of impedance curves
accurately. Note that in our implemented case a good fit will only occur when
the slopes are 20 dB/decade, due to the fact that the C and L in Figure 4.1
are linearly related to frequency. To conclude, the algorithm has shown the
possibility to automatically back-annotate parasitics and mutual inductances
into circuit simulators.

4.2 CMC - Equivalent Circuit Modeling

For more complex components, such as the CMC, the self parasitics are already
a challenge to address [70, 71]. Not only a mutual coupling exists within the
component itself, but it is dependent on the type of current (CM/DM). Also
non-linear behavior of the magnetic core material contributes to the complexity
of modeling the component accurately [72]. As power electronic components
are switching faster, i.e. rise and fall time, and more often per second, it
becomes important to include the real physical behavior of filter components
and especially the CMC. Here in this section the CMC is introduced through
equivalent circuit modeling with a focus on the capacitive behavior occurring
above the first resonance. In section 4.3 field effects are taking into account
through full 3D modeling of a CMC.

Many models exist for describing a choke’s behavior [70–76]. In Figure 4.10
three models are shown that were adopted from the literature mentioned before.
They all show similarities with the equivalent impedance of a non-ideal inductor
shown in Figure 4.1b.

Sometimes the characteristics of the core are taken into account, but often
only by including the mutual inductive coupling or frequency dependent re-
sistance (Figure 4.10c). Based on the equivalent circuit for three parallel and
(magnetically) coupled inductors (Figure 4.10c) one should be able to predict
the approximate CM impedance based on a measurement of a single phase.

In [73, 74] it is assumed that the inductive coupling has negligible, to no,
effect on the capacitive behavior of the CMC. Based on the explanation of the
physical origin and analytical calculation of the capacitive behavior from [70]
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(a) Adopted from [73]

(b) Adopted from [76]

(c) Adopted from [74]

Figure 4.10: Equivalent circuit models of common mode chokes.
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and [77], this assumption seems to be a valid one. In the calculation, it is
assumed the capacitance is an infinite sum of small contributing capacitances.
Integrating them all (or most of them at least) the surface integral will result
in approximately the total capacitance. Their results show good agreement
between measurements and calculations.

Equivalent circuit modeling based on curve fitting is a useful tool for de-
scribing a component or systems behavior in terms of circuit elements. In many
cases it has been shown that the resulting equivalent circuit has a physical ori-
gin and can thus be explained by physical parameters. This section focuses on
the modeling of the equivalent parasitic capacitance of a CMC and its physical
origin.

In section 4.2.1 it is shown that the curve fitting method is not suited
as a basis for deriving a physics based model. Section 4.2.2 increases the
contribution of turn-to-turn capacitance (Ctt). In section 4.2.3 the effect of
coupling through the magnetic core is investigated by measurements, which
shows a need for incorporating inductive behavior in modeling a CMC at higher
frequencies.

4.2.1 Modeling through Curve Fitting

In Figure 4.1b a possible equivalent circuit for a single inductor was introduced
and Figure 4.10c shows that by placing three magnetically coupled impedances
in parallel the CMC could be modeled. From the impedance measurement
of a single phase (Zphase), also known as line impedance, the RLC-values of
the non-ideal inductor circuit can be extracted. Putting three of these cir-
cuits in parallel, with the addition of the mutual coupling, should result in
the CM-impedance (Zcm). Using the following equations, one could derive the
appropriate values of the RLC-circuit and model the Zphase and Zcm. The
coupling coefficient k is often considered to be equal to 1.

L =
|Zxx|
2πf

(4.11)

EPC =
1

2πf · |Zxx| (4.12)

EPR = max(Zxx) at fL=EPC (4.13)

M = k ·
√

L1L2 (4.14)

In Equations 4.11 to 4.13 Zxx can be either Zphase and Zcm. Using Equa-
tion 4.11 the ideal inductance value can be calculated from the impedance
under consideration, while from Equation 4.12 the ideal capacitance value can
be derived. Note however that the impedance should be evaluated before and
after the resonance peak respectively with these equations in the areas of where
the magnitude of the slope is 20 dB/dec.. The ideal capacitance is in case of an
inductance a parasitic one, which in the equivalent circuit is denoted as EPC.
Equation 4.13 is used to calculate the Equivalent Parallel Resistor. In case of
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the equivalent circuit presented in Figure 4.1b this is where the impedance is
at a maximum, in which the magnitude of the reactances of L and EPC are
equal but opposite in phase, i.e. the resonance peak of the impedance.

The resulting fitted line, which represents the Zphase as it was derived from
the line impedance measurement, is then compared with the CM impedance
measurement. Since this shows a good agreement, one would assume the mod-
eling has been done correctly in this case and physical origins for the equivalent
circuit components can be sought.

In [77,78] a combination of numerous of capacitive effects results in the total
EPC. They consist of, among others, Turn-to-Turn (Ctt) , Turn-to-Core (Ctc)
and Turn-to-Ambient capacitance (Cta). The simplest models only incorporate
the Ctt. The measured EPC of a single phase should therefore be twice as small
as the measured parasitic capacitance from the CMC. Due to the mere fact, that
only half the amount of windings are being measured and that they are placed
in parallel. It was demonstrated for a single CMC, that the derived capacitance
of a single phase is equal to the measured capacitance of two parallel phases.

In the following section, an investigation on the parasitic capacitance is
performed. Another approach is proposed to address the physical origin of the
equivalent ’capacitive’ behavior of CMCs and inductors in general.

100k 1M 10M 100M
Freq. [Hz]
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100

1k

10k

100k

1M

Z 
[
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Ideal C
Ideal L
ideal R
Fit
Measurement Zcm

Figure 4.11: Equivalent circuit (Figure 4.1b) fitting based on the Zphase mea-
surement with N = 26 compared to a Zcm measurement. Zcm �= Zphase is
expected.
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4.2.2 Towards a Physics Based Approach

Several two-phase (Figure 4.12a) and three-phase (Figure 4.12b) common mode
chokes have been measured. A choke can be considered as two (or three)
inductors on the same core, that introduces a mutual coupling effect through
magnetic flux. The modeling of their non-ideal behavior has been addressed in
section 4.2.1 and shown in Figure 4.1b. The investigated EPC is considered to
arise from a combination of multiple physical phenomena. The most obvious
ones have been addressed in numerous publications, which are mostly capacitive
in origin. Ctt, Ctc and Cta are considered to be the dominant effects in most
cases. In case the combined contribution of these capacitances are relatively
small compared to some other unknown one, the assumption that they are
dominant might be inaccurate. This section is divided into two subsections.
Section 4.2.2 shows the phase and CM measurements of three different chokes.
By increasing the windings it is assumed the EPC increases and the summed
capacitive phenomena becomes the dominant effect. In section 4.2.3 the effect
of mutual (inductive) coupling is investigated, by removing and introducing
coupling in several measurement setups.

V1 V2

I1 I2

(a) 2-phase

I1

I3

I2

H1

H2H3

V1

V2V3

(b) 3-phase

Figure 4.12: Sketches of CMC.

Dominant Capacitance

The investigation has been performed for three sectionally wound CMCs (Fig-
ure 4.13a) with increasing number of windings. They have been measured
in two configurations shown in Figure 4.14. Their measured common mode
impedance Zcm and phase impedance Zphase are shown in Figure 4.16a. As ex-
pected, their inductance value increases with increased amount of turns. This
is also confirmed by the physical derivation of the inductance value of toroidal
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inductor given by [79].

L =
μN2A

l
=

μN2h ln do

di

π
(toroid) (4.15)

(a) Datasheet values are 5mH, 10mH and
20mH and their number of turns from left
to right. The core material is MnZn.

(b) Data-sheet value is 3.5mH with a Vit-
roperm noncrystalline core.

Figure 4.13: The measured chokes are from left to right: WE-CMB744823-305,
WE-CMB744823-210, WE-CMB744823-220, and VAC T60405-S6123-X225.

Measurement 
device

(a) Phase impedance, also known as line
impedance

Measurement 
device

(b) Common Mode impedance

Figure 4.14: Impedance measurement, adopted from [71].

Figure 4.16a and Table 4.2 show that the EPC of the choke with N = 45 is
lower than in the case of N = 34. Which is contradictory to the assumption:
”the amount of turns is directly related to the total EPC”. To investigate
the capacitive behavior and compare the different chokes, the measured ratios
between CM-EPC and Phase-EPC are displayed in Figure 4.16b according to:

Ratio =
EPCcm

EPCphase
(4.16)
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Figure 4.15: Test fixture used from the impedance measurements as shown in
Figure 4.14. It is the HP16092A spring clip fixture that can accurately be used
in conjunctions with the Keysight E5061B to approximately 500MHz after
de-embedding.

In the previous section it was already mentioned, that a ratio of 2 is ex-
pected. As a CMC consists of two inductively coupled inductors in parallel.
In the high frequency domain the inductors act as capacitors, and therefore
should add up in the parallel case.

In Figure 4.16b, the resonant peak of the Zcmc curve can be seen as the first
asymptote. In each of the cases, the EPC ratio is equal to 1, up to a certain
higher frequency. Even though the assumption of more turns is higher capaci-
tance doesn’t hold, the ratio between phase and CMC EPC is constant within
a certain bandwidth. As the parasitic capacitance exhibits a more complex
behavior than a mere physical capacitance would suggest, further investigation
is required. In the next section mutual coupling through the core-material is
investigated.

Table 4.2: Measured values for the three investigated chokes with amount of
turns N.

Chokes L [mH]
@100 kHz

EPC [pF]
@1MHz

EPR [kΩ] Ratio EPC

N=26 5.2 17.7 28 1

N=34 11.9 47.4 68 1

N=45 27.2 42.2 144 1
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(a) Common mode Zcm and phase impedance Zphase, solid and dashed displayed
respectively.

100k 1M 10M
Freq. [Hz]

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5
N = 26
N = 34
N = 45

(b) Measurement of EPC with impedance analyzer

Figure 4.16: Impedance measurement.
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4.2.3 Mutual Coupling Effect

A relative simple model of a CMC consists of two parallel placed and inductively
coupled inductors. In section 4.2.1 it has been shown by using Equations 4.11
to 4.14, to calculate the values of the equivalent circuits displayed in Figure 4.1,
one is able to model a CMCs impedance. However, based on the assumption
that the total parasitic capacitance increases by placing two identical inductors
in parallel, the high frequency behavior of the CMC should not be equal to that
of a single inductor.

In this subsection two identical three-phase CMCs were used to investigate
the mutual coupling between phases and its effect on the impedances. The
measurements have been done for combinations between 2, and between 3
windings. For simplicity, only the measurements of 2 phases are shown.

In case of common mode currents the (non-ideal) inductors are connected
parallel wise as shown in Figure 4.10c. They have near perfect inductive cou-
pling for low-frequencies. In this case, we define low-frequencies as those that
are below the first resonant frequency of the choke. The ferromagnetic or
nano-crystaline core provides an inductive coupling that influences a choke’s
behavior differently for DM and CM currents. The mutual induction between
two inductances has been defined with Equation 4.14.

Assuming near perfect coupling (k ≈ 1) and identical winding L1 ≈ L2 =
L, one can calculate the resulting impedance. A CM measured CMC (Fig-
ure 4.14b) would have an inductance equal to L.

(L1 +M) · (L2 +M)

(L1 +M) + (L2 +M)
=

(L+M)

2
= L (4.17)

while DM measured (Figure 4.17d) it would become approximately zero:

(L1 −M) · (L2 −M)

(L1 −M) + (L2 −M)
=

(L−M)

2
≈ 0 (4.18)

A VNA with impedance analyses feature has been used to measure the
chokes in multiple configurations. As explained only two out of three phases
are shown, however the measurements have also been performed with a third
identical choke. This resulted in similar results, however scaled to the amount
of used phases. The ratios have again been calculated with respect to a single
phase measurement (Figure 4.14a). The following configurations were used in
the measurement setup:

1. series-decoupled (Figure 4.17a)

2. parallel-decoupled (Figure 4.17b)

3. series-coupled (Figure 4.17c)

4. parallel-coupled (Figure 4.14b)
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Which considers the phases as single inductors, that can be connected in series
or in parallel. Either on the same core (coupled, M = L) or on different cores
(decoupled, M = 0). Note however that in case of the coupled series connection
the flux of the phases are additive in nature, as opposed to a DM measured
CMC. As the coupling is primarily inductive in nature, it is expected that it
has no influence on the EPC. Based on these assumptions Table 4.3 summarizes
the expected values for each configuration. The DM results have been omitted
in the graphs and table to reduce display complexity.

Table 4.3: Expected values for two phases and their approximated measured
values from Figure 4.18.

Exp. L Meas. L Exp. EPC Meas. EPC

ser.-decoup.
(Fig. 4.17a)

L+ L = 2L ≈ 2L 1
1
C + 1

C

= 0.5C ≈ 0.5C

par.-decoup.
(Fig. 4.17b)

L·L
L+L = 0.5L ≈ 0.5L C + C = 2C ≈ 2.3C

ser.-coup.
(Fig. 4.17c)

2(L+M) = 4L ≈ 4.1L 1
1
C + 1

C

= 0.5C ≈ 0.5C

par.-coup.
(Fig. 4.14b)

(L+M)2

2(L+M) = L ≈ L C + C = 2C ≈ C

By comparing the results from Figure 4.18, which are summarized in Ta-
ble 4.3, one can see the expected inductances agree. In contrast to the expected
EPC values. In case of two decoupled parallel phases the equivalent parasitic
capacitance is additive and the ratio becomes ≈ 2, while in the coupled case
the ratio becomes 1 again. It appears the EPC is influenced by an induc-
tive coupling. Therefore we can conclude the simplistic model as described
in section 4.2.1 holds for low frequencies only. Also the assumption that the
capacitive behavior of a CMC is merely a sum of physical capacitances seem
to be a common misconception, this however has to be investigated. Further
research is required to produce a high frequency model of a CMC that in-
corporates physical inductive effects at these frequencies. Hence this chapter
continues with the development of a full wave CMC simulation model.

4.3 CMC - 3D Full Wave High Frequency Modeling

The results presented in the following section are published in IEEE Transac-
tion on Electromagnetic Compatibility [55].

It has been shown in [80] that mutual coupling between components can be
investigated using 3D simulation software. FEKO, CST and Ansys all provide
the possibility for complex Electro-Magnetic (EM)-model simulations, however
circuit designers often do not understand, and thus lack training in, EM fields.
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Measurement 
device

(a) Decoupled series impedance

Measurement 
device

(b) Decoupled parallel impedance

Measurement 
device

(c) Coupled (constructive) series
impedance

Measurement 
device

(d) DM i.e. Coupled (deconstructive) se-
ries impedance

Figure 4.17: Impedance measurement, adopted and extended from [71].
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(b) Inductance ratios
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Figure 4.18: Impedance measurements with the extracted inductance and ca-
pacitance values.
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The modeling procedure developed is aimed at providing a hands-on guide for
3D CMC modeling, while it eventually can contribute to automated field effect
extraction and back annotation into circuit simulators. Challenges that are
addressed in this section are the geometrical modeling, incorporating frequency
dependent complex permeability and eventually extracting the impedances of
the choke that are needed by the designer, together with an investigation on
dependencies of parameters.

The 3D model that is described in section 4.3.1, can be used to investigate
effects that are often assumed to be dominant or hard to control. It also al-
lows for prediction of in-situ parasitic effects. These have a significant impact
in performance of the final product. It is followed by an S-parameter based
impedance extraction method in section 4.3.2. In a ”2-phase” CMC case, the
simulation has four single ended ports representing a four port VNA setup.
Then the results are presented in section 4.3.3, first verifying the simulation
and later identifying the most critical parts of the component and measurement
setup that need to be accurately modeled. This was done not only for the DM
and CM impedance, but also for leakage inductance, inter-winding impedance,
and phase impedance. Their relation to parasitic effects are elaborately de-
scribed in [71]. The results shown are for a typical CMC available in the EMI
filter design kit from Würth Elektronik, and a ferrite core from FerroxCube
that is wound manually.

4.3.1 Modeling 3D: FEM

In this section a detailed description is given about modeling a toroidal shaped,
sectional wound CMC. The main elements of the simulation procedure are
discussed, as well as the challenges that arose during the modeling. This should
be useful for anyone creating their own simulation setup or eventual parametric
study. One can consider this to be used as a cookbook recipe for creating a 3D
choke model opening a world of possible different recipes with some examples
shown in Figure 4.19.

Core

The three main parameters used in the design of a toroidal core material are:
inner radius (ri), outer radius (ro) and height (h). A 3D-polygonal line is used
to draw the center of the core material. From here, the full 360◦ are covered
by incrementing single degrees. To reduce meshing complexity, it is advised to
increase the step size. From here, a cross section of the toroid is drawn and
swept along the previous drawn circle. The models used here have a rectangular
cross section. The 3D-model of the core is now described, and only the material
parameters are missing. The inclusion of the exact complex material properties
are crucial in correctly modeling a CMC in a 3D full wave simulator.
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Ports

In [81] and [76] it was shown that different techniques exist in measuring CMCs.
Either with balanced or unbalanced methods in two or four port measurement
setups. A four port model is used to investigate a multitude of parasitic effects
with a single 3D simulation. The setup that has been investigated is shown
in Figure 4.19a. It is good practice to avoid lengthy discrete ports, due to
possible simulation errors resulting from either increasing parasitics or meshing
issues [82]. The port length depends on the height above the ground plane,
which is often much less than the separation distance between the leads of the
CMC.

(a) FerroxCube TX22 (b) Small winding angle

(c) Large winding angle (d) 3-phase simulation option

Figure 4.19: Multi-port Simulations.

Windings

Windings are created with a polygonal curve, with each turn having four sets
of x,y,z parameters. x and y are calculated from a circular motion around the
center of the core material.

x = r · cos(φ), y = r · sin(φ)
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The main limitation of this method of winding is its single layer and therefore
limiting the number of turns and/or thickness of the wire.

By adding a parameter to account for layers of winding, the method could
be extended to multi-layer winding. One has to be careful that the resulting
structure is not overlapping anywhere, as it will be considered to be a single
solid. i.e. if the turns are overlapping in 3D space, the wire acts as a foil that
is wrapped around the core material.

Boundary, Frequency range, Background material

An important aspect of the 3D simulation environment are the boundary con-
ditions in which the component is simulated. Important to notice is the amount
of background material and type. They should represent the physical situa-
tion. In case of the measurements, the background material should be set to
normal, which represents air, while the distance to the simulation boundaries
should be sufficient (i.e. approx. a quarter of the maximum wavelength). Also
the boundaries used are open. Note however, that one boundary will be set to
Perfect Electric Conductor (PEC) to be electrically grounded. This represents
the surface of the table at which the components were measured.

Figure 4.20: Boundary simulation setup.

Solver: Frequency Domain

As [13] mentioned, the solver was set to the frequency domain to incorporate the
magnetic permeability dispersion model for materials at high frequencies. The
3D simulation will then be performed with a Finite Element Method (FEM)
in CST Microwave studio. Defining the amount frequency points and their
spacing will be directly related to simulation accuracy and duration. Good
practice is to define the frequency points related to the used dispersion model.
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i.e. select points on curve bends and other parts of the permeability curves that
are not linear interpolatable. As the most important parameter in designing the
simulation, the magnetic permeability is elaborated on in the next subsection.

Permeability

Exact complex permeability values with a large frequency range are often diffi-
cult to acquire. Datasheet values have a challenge of often being limited at their
frequency range and the accuracy during the data extraction method. Most
of them also lack complex values. Permeability measurement techniques can
be found in [83–86], each technique has their benefits and disadvantages. Two
core materials are investigated in this section, the FerroxCube TX22/14/6.4-
3E27 and the CMC WE-CMBM744823-601 (Figure 4.21). Note that based on
production process and differences between datasheets of the same material
deviations of 20% to 30% are possible and not uncommon. To increase the fre-
quency range of the simulation model, the complex impedance of the inductors
have been measured and the complex permeability is extracted as described
in [86].

μ′ − jμ′′ =
−j[Zr + jZi]

μ0fN2h ln do

di

(toroid) (4.19)

It is not in the scope of this thesis to address the accuracy as we focus on
the modeling parameters of the inductors, like core width and height. A
short overview of possible permeability extraction methods can be seen in Ap-
pendix E.

Permittivity

Next to permeability, the core material also has a dielectric permittivity. The
effect on the CMC parasitic behavior can be investigated in a similar manner as
done for permeability, by including a frequency dependent permittivity curve
in the simulation material, however the investigation is simplified in this thesis
by including a constant permittivity. This allows for a sensitivity analysis to
determine the impact of the parameter on the resulting impedances.

Simulation Output

FEM simulation programs can have an infinite amount of different output files.
They can contain information about voltages at different points in the simula-
tion space, or current density in a certain cross-section of the 3D structure, and
even electric and magnetic field information. From this point on, we assume
that the software is capable of providing complex valued S-parameters for each
of the simulation ports. In the setup depicted in Figure 4.19a this would result
in a 4× 4× n matrix, with n being the number of simulated frequency points.



536329-L-bw-Moonen536329-L-bw-Moonen536329-L-bw-Moonen536329-L-bw-Moonen
Processed on: 3-10-2019Processed on: 3-10-2019Processed on: 3-10-2019Processed on: 3-10-2019 PDF page: 111PDF page: 111PDF page: 111PDF page: 111

4.3. CMC - 3D Full Wave High Frequency Modeling 97

(a) Permeability as shown in the
datasheet for Ferroxcube 3E27 material

(b) Attenuation as shown in the datasheet
of WE-CMBM744823-601

Figure 4.21: Datasheet examples.

4.3.2 Impedances Extraction

Extracting the DM and CM impedance of a simulated (or measured) common
mode choke from S-parameters, requires a set of transformations based on the
measurement or simulation method. A derivation is given for the 4-port (single
ended) setup is given, based on the work in [81]. Note that the order of the
ports and thus the location of the ports are crucial when using the manipulation
matrix M.

S-parameter mode decoupling

In case of using four ports, one can convert the single ended 4-port measurement
results into mixed mode S-parameter set, from which a CM and DM impedance
can be derived. Notice that the order of the ports has to be taken correctly,
depending on the simulation.

S =

⎡
⎢⎢⎣
S11 S12 S13 S14

S21 S22 S23 S24

S31 S32 S33 S34

S41 S42 S43 S44

⎤
⎥⎥⎦

Smm = [M]S[M−1]

with M:

M =
1√
2

⎡
⎢⎢⎣
1 −1 0 0
1 1 0 0
0 0 1 −1
0 0 1 1

⎤
⎥⎥⎦



536329-L-bw-Moonen536329-L-bw-Moonen536329-L-bw-Moonen536329-L-bw-Moonen
Processed on: 3-10-2019Processed on: 3-10-2019Processed on: 3-10-2019Processed on: 3-10-2019 PDF page: 112PDF page: 112PDF page: 112PDF page: 112

98 Chapter 4. Filtering

Resulting in:

Smm =

[
Smm,11 Smm,12

Smm,21 Smm,22

]
(4.20)

Smm,ij =

[
Sdd,ij Sdc,ij

Scd,ij Scc,ij

]
(4.21)

Z = Z0
(1 + S11)(1 + S22)− S21S12

2S21
(4.22)

Note that the resulting matrix of eq. 4.20 is a 4 by 4 matrix as it consists
of four mixed mode matrices. Selecting the differential mode parts (Sdd,ij),
will result in a 4 element matrix that can be applied to Equation 4.22 and will
result in DM impedance of the choke. The same holds for Scc,ij , resulting in
the CM impedance.

Additional Impedances

Following the 4-port simulation approach, it is now possible to investigate a
CMC’s designable parameters influence on Zcm and Zdm under the assumption
the incorporated permeability is correct. However, from [71] it can be seen
that Zcm and Zdm are not enough to accurately derive a behavioral model.
An interesting feature of 4-port simulation (and measurements) of CMCs is
the possibility to also investigate the phase impedance (Zph), inter-winding
impedance (Zint) and leakage inductance simultaneously by mathematically
introducing the measurement setups as presented in Figure 4.22.

Measurement 
device R

(a) Transistion between interwinding
capacitance and DM impedance

Measurement 
device R

(b) Transitions between leakage induc-
tance to phase impedance

Figure 4.22: Physical representation of mathematically applied resistors. R is
increasing from approx. 1Ω to 10MΩ, this mimics the short to open circuit
measurements.
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4.3.3 Results

The previous sections have shown how to model a CMC and how to extract
the multiple useful impedances from the S-parameter simulation. The meth-
ods are now applied to determine the dependency on designable parameters. In
table 4.4 an overview of the parameters investigated is shown. It shows quali-
tatively how important a parameter is to be modeled perfectly. It summarizes
the sensitivity of the resulting impedances, which is displayed in the Figures
on the right hand side. The sensitivity as is defined in [87] is computed using:

Sensitivity = κ =
σout/μout

σin/μin

With σ the standard deviation and μ the average of the output impedances
and input parameters per frequency point respectively. The shown values have
been limited from 0 to 2. The lower the value, the less sensitive the output is
for variations in input parameter. A value κ = 1 represents a linear relation,
while a value of κ = 2 shows a quadratic relation. For summarizing the effect
a parameter has on a certain impedance, we define 4 qualitative regions of
sensitivity:

• none: κ ≈ 0

• low: 0 < κ < 0.5

• medium: 0.5 < κ < 1.5

• high: 1.5 < κ

This can be applied to any design parameter defined in the simulation. A
similar study performed with measurements can take hours or even days, while
by automation one is able to do it within minutes.

First the simulation is verified for an inductor that is wound on the toroidal
core measured in Figure 4.23. Then the results are presented based on the simu-
lation setups as described in Figure 4.22, this verifies that 5 types of impedances
can be extracted from a single 4-port simulation which are related to differ-
ent designable parameters [88]. After the verification results, the investigation
continues by presenting the results that show the effect of 6 parameters on the
extracted impedances: Winding angle, height of the core, width of the core,
height of the core above the ground plane, lead length, and wire radius.
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Table 4.4: Effect of 3D model parameters on simulated impedances for: f ≤
100MHz / f > 100MHz.

Parameter ZCM ZDM

Core • Width None/High Fig. 4.26c Low/High Fig. 4.28c
• Height Med./Med. Fig. 4.26b Med./Med. Fig. 4.28b
• μ Highest - - -
• ε None/Low Fig. 4.30a None/Low Fig. 4.30b

Wire • Radius Low/Low Fig. 4.26f Low/Low Fig. 4.28f
• Turns High (N2) Fig. 4.24 - -
• Angle None/Med. Fig. 4.26a Med./Med. Fig. 4.28a

Setup • Ht. abv. GND None/Low Fig. 4.26d None/Low Fig. 4.28d
• Lead Length None/None Fig. 4.26e None/Low Fig. 4.28e

Sim. • Port Length None/Low Fig. 4.26d None/Low Fig. 4.28d

Parameter Zint Zph

Core • Width Low/Med. Fig. 4.29c None/High Fig. 4.27c
• Height Med./Med. Fig. 4.29b Med./High Fig. 4.27b
• μ - - - -
• ε None/Low Fig. 4.30c None/Low Fig. 4.30d

Wire • Radius Low/Med. Fig. 4.29f Low/Low Fig. 4.27f
• Turns - - - -
• Angle Med./Med. Fig. 4.29a None/Med. Fig. 4.27a

Setup • Ht. abv. GND Low/Low Fig. 4.29d None/Low Fig. 4.27d
• Lead Length Low/Low Fig. 4.29e None/Low Fig. 4.27e

Sim. • Port Length Low/Low Fig. 4.29d None/Low Fig. 4.27d
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Results for the Inductor

The simulation results presented in Figure 4.24 show a good agreement with
the measurement results up until approx. 100MHz. The permeability used in
each of the simulations was extracted from a single measurement. So increasing
the turns was the only parameter that changed between the simulations, as a
result the length of ’wire’ increases with increased number of turns.

As Equation 4.19 shows, the permeability depends heavily on N2. Counting
the ’exact’ number of turns is therefore crucial for permeability derivation via
the winding measurement. Using an adapter measurement circumvents the
ambiguity. Note however in the 3D model, the same dependency holds and
should therefore also be modeled perfectly.

Figure 4.23: Winding measurement using the HP 16092A spring clip fixture.
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Figure 4.24: Measurement versus simulation of increased windings.
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CMC Results

Based on the 4-port S-parameters simulation results, the impedances in Fig-
ure 4.25 were derived. Note that it is derived from a single simulation result,
and by mathematically terminating the choke as depicted in Figure 4.22 one
can investigate the transition from a DM setup to an inter-winding capacitance
setup (Figure 4.25a). This also holds for the phase impedance to leakage induc-
tance setup, by mathematically terminating the other ports one can investigate
this transition (Figure 4.25b).

The results presented in Figure 4.25 show the transition from one measure-
ment to the other. This can have an interesting effect on how certain resonances
are perceived and eventually modeled. But furthermore shows the possibility
to derive 5 impedances from a single full wave simulation. The verification
can be seen in the results presented in figures 4.26 through 4.29. Here next to
the simulation derived results, the physical measurement results are presented
together with a sensitivity curve. The effect a certain deviation of an input
parameter has on the output parameter, i.e. different impedances, is summa-
rized in Tab. 4.4. It is split into a low and high frequency region, f ≤ 100MHz
and f > 100MHz respectively. The sensitivity shown in Figures 4.26 through
4.29 are related to the effect parameters have on the CMC model as described
in [88]. The effect seen is also an indication on how important it is to perfectly
model this part of the simulation. i.e. how much effort should be put in mea-
suring these parameters of the physical object. As the effects can be easily seen
in the figures, we only discuss the deviations and possible errors seen.

In Figure 4.27 it can be seen that the extracted phase impedance simulation
results show a resonance at approximately 65MHz, which is absent in the
Figure 4.26. This also holds for the measurements performed, which can be
seen as a dashed line in the figures. As the permeability is derived from CM
impedance measurement performed on the choke, it is safe to say the resonance
is not a material property but a geometric property. In case of the CM it
appears the resonance is canceled. Figure 4.30 shows the influence of core’s
permittivity for the four extracted impedances. Relative permittivity values
up to 27 have been chosen to be displayed, as these cover a wide variety of core
materials. Note however relative permittivity up to 1000 has been simulated
and the sensitivity calculated, which did not significantly alter the results due
to low sensitivity. As expected, the low-frequency region is hardly sensitive to
the permittivity, except for the interwinding impedance which is capacitive in
nature and has a nearly constant sensitivity to the variation.



536329-L-bw-Moonen536329-L-bw-Moonen536329-L-bw-Moonen536329-L-bw-Moonen
Processed on: 3-10-2019Processed on: 3-10-2019Processed on: 3-10-2019Processed on: 3-10-2019 PDF page: 117PDF page: 117PDF page: 117PDF page: 117

4.3. CMC - 3D Full Wave High Frequency Modeling 103

100k 1M 10M 100M 1G
Freq [Hz]

1

10

100

1k

10k

100k

1M

10M

Im
pe

da
cn

e 
[Ω

]

1 Ω

10 Ω

50 Ω

100 Ω

1 kΩ
10 kΩ
1 MΩ

10 MΩ

1 Ω

10 MΩ

(a) DM to inter-winding impedance
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Figure 4.25: 4-port simulation results to impedances measurements by mathe-
matical transformations as seen in Figure 4.22.
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Figure 4.26: CM impedance.
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Figure 4.26: CM impedance.
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Figure 4.27: Phase impedance.
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Figure 4.27: Phase impedance.
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Figure 4.28: DM impedance.
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Figure 4.28: DM impedance.
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Figure 4.29: Interwinding impedance.
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Figure 4.29: Interwinding impedance.
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Figure 4.30: Permittivity influence on the different types of impedance.
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This section has shown the possibility to model a CMC accurately in 3D
simulation environments. This allows for parametric studies on parasitic be-
havior, as well as in-situ performance optimizations within minutes to hours.
Compared to measurements with trial and error design strategies this is a sig-
nificant improvement. Using an automated 3D model creation will also allow
for in-situ testing multiple chokes within minutes. The possibilities of investi-
gating hard to control parameters using 3D models have been made apparent
in this paper. Specifically the effects on CMC behavior have been investigated
and presented. Table 4.4 summarizes the effect simulation parameters have on
the resulting impedances of the modeled choke. In this paper the most critical
simulation design parameters were identified as quite obviously being magnetic
permeability, amount of windings but also the thickness of the wire and the
core size. The effect of angle of winding is seen in the parasitic behavior in the
form of leakage inductance and inter-winding capacitance.

4.4 Layout Optimization

Previous section has shown field effects can be accurately investigated using 3D
simulation software. In the following subsections, 3D simulations are used to
identify different stray coupling effects on EMI filter transfer functions and back
annotated into circuit simulations. The goal is to achieve component placement
optimization in an EMI filter, however in 3D simulators the computational
time will increase drastically with the amount of coupling parameters that are
being included. To overcome this problem, it is suggested to back annotate
the mutual coupling impedance into equivalent circuit simulators and then use
fast optimization algorithms to discover near optimal solutions with respect to
best filtering performance, but optimal with respect to the trade-off of speed
and costs versus performance. In this case the mutual induction between two
components is modeled in CST microwave studio, while its field effect results
are incorporated multiple times in a LTSPICE simulation.

4.4.1 Case Study

EMI Filter

The studied filter topology is a Π-filter with the leakage inductance acting as
a differential mode inductance separating the two stages of differential mode
capacitors. The filter reduces DM and CM currents simultaneously, i.e. it
is an integrated EMI filter. The equivalent circuit of the filter is shown in
Figure 4.31a. It is based on the common EMI filter topologies described in
[15]. These type of filters can be applied for instance in switch mode power
supplies. Focus in the design process is on the inter component coupling and
the back annotation of these field parameters into SPICE models. The back
annotation optimization strategy has been applied to the DM part of the filter.
Figure 4.31a shows not only the mutual inductive couplings between the leakage
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inductance and capacitors, but also the mutual coupling inside the CMC core.

Figure 4.32 shows the implementation of the filter, while the equivalent DM
and CM filter circuits are shown respectively in Figure 4.31b and Figure 4.31c.
As is often the case, the design process splits the CM- and DM- filter design
under the assumption of DM-components not effecting the performance of CM-
components and vice versa. Here the effect of leakage inductance of the CMC
coupling into the DM capacitors is shown to degrade performance.

(a) EMI filter with Phase, Neutral and Protective Earth

(b) DM decomposed filter (c) CM decomposed filter

Figure 4.31: Integrated EMI filter, showing internal inductive couplings.

First the basic design of the filter will be shown. An analytical approxi-
mation for coupling will be given, to estimate the possible influence. As the
influence was considered to be possibly significant, a 3D simulation for mutual
coupling extraction was done. The filters performance was then investigated
using back annotation of the mutual inductance parameter into LTSPICE. In
conclusion, the simulation results are compared to measurements. The place-
ment/orientation optimization is done manually in this case, due to the limited
amount of configurations. In case of more complex design filters, this process
should be automated as the number of coupling parameters increase.

The optimization is applied to the inter component coupling between the
DM inductance of the CMC and shunt capacitors. In this particular filter it
shows that optimizing the layout, the insertion loss in DM can increase with
approx. 15-20 dB.
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Figure 4.32: Photo of Measured EMI-Filter.

Coupling

The studied integrated EMI-filter and its DM/CM equivalent circuits are shown
in Figure 4.31. The two stages of the differential mode filter are separated
by a common mode choke. The DM and CM impedance are split and both
have their own parasitic model. For simplicity, here only an inductor with
parallel capacitance and resistance were used and not a full behavioral model.
To determine the component value and the parasitic values, the impedance
measurement was done with the Keysight E5061B Enhanced Network Analyzer
(ENA) as was shown in the beginning of this Chapter and further elaborated
in Appendix B. Figure 4.14 shows the two configuration in which the CMC
was measured. The results are shown in Figure 4.33a. From this the following
parasitic values were obtained :

Ldm = 112μH, Cp,dm = 10pF Rp,dm = 370 kΩ

Lcm = 18mH, Cp,cm = 45pF, Rp,cm = 15 kΩ

The EMI-filter has two stages with two parallel capacitors which are identical
and placed as Cx capacitors. To determine their parasitic ESL and ESR
values, an similar impedance measurement was performed using the Keysight
E5061B ENA. From this measurement the following values were obtained:

Cx = 4.7 nF, ESL = 8.2 nH, ESR = 0.141Ω

In Figure 4.31 four coupling paths are distinguished, while the mutual cou-
pling between capacitors are neglected. This is based on the results of [58]. The
mutual inductance between adjacent capacitors is 1.6 nH, which has a relatively
small impact on the high frequency behavior of the overall filter. The four cou-
pling paths are split into subcategories. The distinction is made between intra
and inter component coupling effects. The coupling between the phases of the
CMC is considered intra, while CMC to capacitor coupling is inter-component.
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Intra-component

M3 and M4 are not modeled as separate mutual coupling impedances, as they
are intra component coupling paths. By measuring the Ldm and Lcm of CMC as
shown in Figure 4.14, the coupling is already included. Therefore the ”physical”
placement in SPICE (Figure 4.35) of M3 and M4 is omitted.

Inter-component

M1−1, M1−2, M2−1 and M2−2 are the inductive coupling paths between the
CMC and the four shunt capacitors. This mechanism can be seen in the upper
circuit of Figure 4.34a. In the bottom it is shown how the values of inductors
would change by incorporating the mutual inductive coupling between the two
components. The mutual inductive coupling values are approximated by:

M = k ·
√

L1 · L2 (4.23)

With M being the mutual inductive coupling, k the coupling factor, L1 be-
ing the leakage inductance and L2 the equivalent series inductance of the
capacitors. From the impedance characteristic of the CMC shown in Fig-
ure 4.33a, it can be seen that L1 = LDM = 108μH and from [58] follows
that L2 = ESL = 19nH.

The coupling factor k shows the percentage of flux produced by one compo-
nent is absorbed by the second component. It is highly dependent on placement
distance and orientation of the components. Assuming a coupling of 10% will
result in a mutual induction ofM = 145 nH. As the high frequency filter perfor-
mance degradation can often be attributed to a large inductance to the ground
connection [13, 61], the coupling would drastically increase the induction to
ground. Even if the coupling factor would be 1% it would still approximately
double the induction to ground. In most cases, this coupling would have been
neglected due to the low DM inductance of the CMC. To determine the im-
pact on filter performance, the filter is simulated with LTSPICE as shown in
Figure 4.35.

4.4.2 Simulations

Circuit Simulations

A distinction is made between the mutual inductances Mi−1 and Mj−2, with
i, j ∈ {1, 2}, according to the physical distance to the CMC. In case of the
capacitors placed closest to the CMC, in Figure 4.31b the capacitors with
inductive coupling M1−2 and M2−2, the distance is approximately 3mm. For
the outer capacitors the distance is approximately 12mm. A coupling of 10%
is assumed for Mj−2 and 5% for Mi−1. This is based on the orientation and
placement of the components shown in Figure 4.32. For simplicity, only the
connection schemes shown in Figure 4.36 are considered and three coupling
configurations are investigated:
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Figure 4.33: Measured DM and CM impedance of the CMC. Calculation has

been done by L = |Z|
j·ω .



536329-L-bw-Moonen536329-L-bw-Moonen536329-L-bw-Moonen536329-L-bw-Moonen
Processed on: 3-10-2019Processed on: 3-10-2019Processed on: 3-10-2019Processed on: 3-10-2019 PDF page: 132PDF page: 132PDF page: 132PDF page: 132

118 Chapter 4. Filtering

(a) Inductor to capacitor (b) Two parallel capacitors

Figure 4.34: Equivalent circuits for inductive coupling mechanisms as were
shown in [89]. The capacitors are non-ideally represented.

Figure 4.35: Spice equivalent circuit diagram of the filter used to investigate
the coupling.
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a) Parallel, which is the conventional type, where all generated currents are
in phase.

b) Cross-symmetric, is an alternative type, where the configuration is I-O,
O-I. Therefor is symmetric around the CMC

c) Cross-asymmetric is an alternative type, where the configuration is I-O,
I-O. Therefor is asymmetric around the CMC

The distinction is made based on the current being generated in the capacitors
either to be in-(I) or out-of phase(O) compared to the first capacitor on the
left hand side of the filter.

Figure 4.36: Different coupling configurations.

These are shown in Figure 4.36. Crossing the phase and neutral between two
parallel capacitors is an idea described in [58]. It creates a negative coupling
between the capacitors and results in a reduction of the combined ESL. The
mutual coupling between CMC and two capacitors should also be reduced.
When in parallel, the currents generated in one capacitor add constructively
to the currents in the adjacent one. When using this crossing method, the
currents are 180 ◦ out of phase.

Figure 4.37 shows a theoretical improvement of 15 − 20 dB. Note however
this is assuming the coupling factor to be 5-10%. To confirm the approximation
a 3D simulation was created in CST Microwave studio. This is explained in
the following section.

Field simulation

The 3D EM-field simulation has been carried out using the simplified inductor
model shown in [90] and the simplified capacitor model described in [68]. The
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Figure 4.37: The theoretical improvement gained by using a cross-over of phase
and neutral between capacitors in individual stages of the filter.

models are shown in Figure 4.38b. Since the focus is on back annotation, only
the resulting mutual inductance will be presented here. Which was derived
from Equation 4.24 in [62].

M =

∣∣∣∣ 2 · Z0 · S21

(1− S22 + S22S11 − S11 − S2
21)

∣∣∣∣ · 1

(2πf)
≈ 90 nH (4.24)

This shows the coupling to be in the order of magnitude of ESL and there-
fore a limiting factor to the filter performance. Next the multiple configurations
are measured and compared to the SPICE simulations.

Verification of 3D Simulation

Measurements were done to verify the results from the 3D EM-field simulation.
The S-parameters were measured between the actual used capacitor and CMC
using the Keysight ENA. Figure 4.38a shows the setup used. The capacitor was
positioned at a similar distance as it is going to be implemented. The mutual
inductance is then calculated through Equation 4.24 and results in:

Mi−1 = 90.3 nH Mj−2 = 56.1 nH

Back Annotation

To back annotate the 3D EM-field parameter of mutual inductance in the used
circuit simulator, the coupling factor needs to be determined. By rearrang-
ing Equation 4.23, the coupling factor can be determined based on the self
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(a) Measurement for verification (b) Simplified 3D EM-field simulation

Figure 4.38: Determining mutual inductive coupling.

inductances of the components and the mutual inductance between them. To
determine the coupling factors value the following equation is used:

k =
M√

L1 · L2

(4.25)

Using the results of the two mutual inductances together with the values of
ESL and Ldm, the coupling factors were found to be k1 ≈ 0.1 and k2 ≈
0.06 respectively. By implementing these in the circuit simulation (shown in
Figure 4.35) an appropriate component orientation can now be chosen based
on the filter requirements.

4.4.3 Filter Measurements

The back annotation of DM driven CMC to capacitor coupling suggests it is
possible to increase the high frequency attenuation (by 15-20 dB) of a common
EMI filter topology by choosing a more optimized connection of components.
This is a noticeable achievement for two reasons. Firstly, the Ldm is often ne-
glected, and thus the coupling from this DM inductance to other components
as well. Secondly, the optimized connection scheme was found using equivalent
circuit simulations. The circuit simulations were verified by measuring the con-
figurations using a VNA. The configurations were all implemented on the same
PCB, using the same exact components. The PCB consists of four electrically
separated conducting planes in which the topside (shown in Figure 4.32) is
used as neutral and bottom side as phase. The two planes on either side of the
board are only connected through the CMC (and VNA). The capacitors are
then alternately connected as shown in Figure 4.39
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Figure 4.39: Sketch of a section of the measurement setup that shows how to
inverse the magnetic coupling.

4.4.4 Results

The measurements are shown in Figure 4.40. As was predicted, the coupling
between CMC and capacitors severely degrades the high frequency performance
of the EMI filter. However an optimal placement of components found via back
annotating the 3D EM-field coupling parameters increases the performance
with approximately 15 dB from 5MHz to 200MHz.
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Figure 4.40: DM - Measurement of filter.

Based on a simple approximation of the inductive coupling between com-
ponents it was suggested that through optimized component placement an im-
provement of 15 dB or more could be achieved for frequencies between 5MHz
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and 200MHz for this specific passive filter. The approximation was verified
by 3D EM-field simulations and the mutual inductance parameter was back
annotated into circuit simulations. It showed possibilities for high frequency
performance improvement. Measuring multiple component orientations of the
same implemented filter verified the expectations based on the circuit simula-
tions. It has been shown that mutual coupling between components are also a
limiting factor in high quality passive filters. Therefore the understanding of
these coupling mechanisms and their modeling should be encouraged. It has
also been shown that the connection to ground, or safety earth in case of CM,
is determining the performance degradation at high frequencies. The parasitic
induction of a capacitor plus the inductive coupling into a capacitor is often
the limiting factor. By using coaxial feed through capacitors the loop of the
capacitor its input to output is minimized, i.e. the equivalent series induction
is minimized [13].

4.5 Summary

At the beginning of this chapter an algorithm has been developed for extracting
equivalent circuits from impedance curves based on a Gauss-Newton optimiza-
tion scheme. It has been applied to individual measurements of components
used in CM filter and the measured mutual coupling between these components.
The algorithm searches for optimal values for an X-amount of RLC-components
in a predefined equivalent circuit. It was shown that it will increase the simu-
lation results accuracy. The development of this algorithm was a necessity for
automated back annotation of fields into circuit simulators.

As the CMC is one of the most important parts of any EMI filter, the second
part of this chapter has described the design of a 3D full wave model for high
frequency (100 kHz to 1GHz) simulations. Many researchers have investigated
and developed modeling techniques for several passive components e.g. film-
capacitors, toroidal inductors, surface mounted capacitors and inductors. Due
to the complexity of the CMC, it was required to develop this 3D modeling
technique for eventual back annotation of coupling fields.

The third and last part of this chapter describes the technique to include
mutual inductive coupling into equivalent circuit simulations and how it can be
used to investigate optimal component placement in filters. It has been shown
that the filter performance improved with 15 dB between 5MHz and 200MHz.

Combining the three techniques shows a method that can automatically
back annotate a field effect between components and optimize filter design
based on the placement and thus utilizing the field effects, without compromis-
ing the speed of the design and the required skill and expertise necessary. This
can be considered to be the major contribution of this chapter to the thesis. It
implies that designing more optimal filters is possible for engineers with limited
expert knowledge, which is of great practical value to EMC, power electronic
engineers or anyone designing filters.
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Chapter 5

EMI Mitigation through EMI
Placement

The development principle of conventional Switch Mode Power Supply (SMPS)
is aimed at reducing weight and cost, while delivering a maximum achievable
efficiency. In general, this translates into implementing faster semiconductor
switches, in order to reduce dissipation losses. This, in turn, leads to high
amounts of harmonic distortion [91] and generated EMI. Mitigation techniques
have been studied extensively in a wide range of possibilities and application
levels.

The application of the M3C topology is envisioned for a HVDC network.
Traditional mitigation methods are often costly and require specific develop-
ment. The M3C is consisting of multiple sub-modules, which in principle are
two semiconductor devices in a half-bridge formation.

This chapter addresses possible mitigation techniques for conducted as well
as radiated EMI. It will follow a similar approach as shown in Chapter 2. First
the conducted EMI will be investigated and one of its most common mitigation
techniques ’filtering’. Previous chapter has shown some techniques that could
help improve overall filter performance by assisting in the design phase through
accurate high frequency modeling techniques. In the first part of this chapter,
it will be shown that EMI can be shifted in frequency without compromising
the functional behavior of the system. It can then be applied to carefully place
the EMI in regions that a filter will work most optimally. Traditionally one
would design the filter to reduce the emission level most optimally, however
due to increasing switching frequencies the noise is generated at frequencies in
which parasitic behavior of components or even the entire system become more
dominant. Instead of trying to define all parasitics and minimize their effects,
a more practical approach is suggested to accept them and shift the EMI.
Of course a good designer takes care of the parasitics a much as possible, but

Parts of this chapter have been published in [23] and [28].
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eventually there will some that were overlooked or even that are un-containable
and reduce the performance of a filter.

Next to containing conducted EMI, also radiated noise should be addressed.
Especially in systems where high dv/dt’s and high di/dt’s are expected as ra-
diated EMI is a time derivative effect. Chapter 2 has shown a direct relation
exists between the sPWM voltage at the output of a SM and the radiated elec-
trical field. The second part of this chapter explores the possibility to create an
effective radiation model based on the in-situ operation and the mathematical
model derived in Chapter 2. Here it is assumed the entire system acts as some
radiating entity, with a known input signal and a measured received signal.
By varying the sPWM generation parameters (fc, fm, mi, Di and tdead), one
is able to sweep the entire spectrum of interest in a similar fashion as a test
receiver with tracking generator. The measurement is not a small signal anal-
ysis as it is performed under operating conditions. The results are useful for
a multitude of reasons. In compliance testing of a Switch Mode Power Sup-
ply (SMPS) that is as flexible as the one used in this study, one is unable to
test each possible setting without spending an enormous amount of time (and
money) in the test facilities. By using the developed technique one can test a
limited set of possibilities and estimate the amount radiated EMI for any com-
bination of control parameters. Next to this, it can also be used as a possible
EMI mitigation technique that is quite similar to the one described in the first
part of the chapter. By determining the transfer function of the system, one
inherently identifies the most and least radiative frequencies of the system. By
shifting and placing the generated noise to those that are least radiative, one
reduces the EMI by optimally using the system characteristics.

The techniques presented in this chapter are focused on reducing EMI,
without any regard for some critical design parameters of a SMPS or M3C, e.g.
efficiency, energy density, cost of components, reliability, output power, voltage
transfer ratio, complexity of control signals. The mitigation proposed is most
useful at the integration stage of the converter. i.e. at the moment the complete
product is EMC compliance tested in-situ, as all the parasitic components are
included and the product might be failing the tests. Theoretically it would
not affect the cost of components, output power, voltage transfer ratio, and
complexity of control signals. For the effect on efficiency, energy density, and
reliability, future studies are needed.

5.1 Conducted EMI Mitigation - Optimal Filter Us-
age

5.1.1 Carrier Frequency Shift

This section investigates the EMI produced in a half-bridge, while mitigation
is achieved by using an existing filter optimally by placing most of the EMI
generated in its most effective bandwidth. The SMPS consists of two SiC based
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MOSFETS with a SiC recovery diode in parallel. A commercially available
evaluation kit has been used as a DC/AC buck-converter (Figure 5.1).

Figure 5.1: SiC based half-bridge

Figure 5.2a shows a schematic representation of the setup and is similar to
the DC/AC converter studied in Chapter 2. The sPWM signals provided to
the driving circuit of the half-bridge is provided through a chain connection
depicted in Figure 5.2b which is elaborately explained in Chapter 3. The
main contributing frequency components were identified based on the analytical
model derived and numerically verified in [22]. The findings are restated here:

Fundamental Frequencies: fm, fc

Harmonics: fm · i, fc · i
Sub-Harmonics: fc · i± fm · j

In which fm and fc are considered to be the wanted signal and switching fre-
quency respectively. i and j are positive integer numbers. From this it follows
that it is possible to shift the EMI spectrum, without compromising the desired
signal. i.e. it is possible to shift the carrier frequency and eventually reduce
the peak output EMI. Not by reducing or spreading the generated EMI, but to
optimally use the output filter, therefore the mitigation technique investigated
is related to the coupling path and not the source.

The system designer is flexible in choosing fm, fc and the output filter.
Depending on the design criteria, one chooses a combination best suited for the
application. In Figure 5.3 it can be seen that the choice of operating frequencies
influences the possible output filter transition band, i.e. it could relax the design
constraints of the filter by increasing the gap between desired and unwanted
power. In theory this seems like a trivial and easy task, by choosing an as high
as possible switching frequency. In that case one neglects the possible decrease
in functional behavior, which in case of a SMPS can be efficiency. Next to the
functional behavior it has often been the case that unknown parasitics (at the
higher frequencies) will compromise the performance or even the service of the
system.
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(a) SiC based half-bridge DC/AC converter

(b) sPWM driver

Figure 5.2: Setup
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Figure 5.3: Amplitude spectrum of sPWM

In the following sections the implementation of the buck converter is dis-
cussed, with the emphasis on carrier/switching frequency shifting and its pos-
sible benefits in mitigating EMI.

5.1.2 Application

It is clear that SiC based semiconductor technology combined with FPGA
generated sPWM enables new possibilities for power electronics. A key benefit
is flexibility based on several design parameters. The power line and carrier
frequency can be adapted based on the application. Voltage transfer ratio
can be controlled and is related to sPWM generation. Based on output voltage
measurements a control loop can be implemented to stabilize this value. Also in
case of usage in MC a Selective Harmonic Elimination (SHE) Model Predictive
Control can be implemented [92].

Power Line Frequency fm

This is determined by the application of the converter and can go as high as
100 kHz when needed. Several application areas with different frequency bands
are already implemented, e.g.:

• DC - any small household electronic device (phone charger, USB powered
devices), high voltage power lines etc.

• 16.7-25Hz - Railway systems

• 50/60Hz - Conventional power system
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• 400Hz - Airplanes

• 20-100 kHz - Induction heating

• 80-100 kHz - Wireless power transmission

Carrier Frequency fc

The carrier frequency is often chosen to be an order of magnitude larger than
the power line frequency, for more accurate waveform creation even higher fre-
quencies are used. The higher the carrier, the smoother/better the resulting
waveform. Increasing frequency, can also relax EMI filter requirements. One
can trade off cuttoff frequency and filter order. A lower order filter is often
cheaper (and smaller), and might be desired. Thus, by increasing the carrier
frequency one can save money and space. At increased frequencies, system
design can become more complex due to the non-ideal behavior of components.
Figure 5.4 shows a sketch of a possible frequency spectrum with a non-ideal
filter behavior as an example. Good filter design will increase the bandwidth
of the stop-band and/or maximum attenuation. However even good filter de-
signs can fail at integration into a system, as was described in [13]. Given
these circumstances here will be shown that given a certain filter one can ad-
just the carrier frequency such that it and its harmonics are in most effective
filter bandwidth. Using the example in Figure 5.4, one can clearly see that
the carrier frequency will be attenuated adequately, however due to some un-
predictable resonance the first harmonics can propagate almost unattenuated.
Shifting the fundamental switching frequency, either lower or higher, might re-
duce the attenuation of itself but increases the attenuation drastically of the
first harmonic. To demonstrate the possible mitigation technique, in the exper-
imental setup a COTS filter was used, knowing it performed poorly at higher
frequencies (> 1MHz). Its transfer characteristic can be seen in Figure 5.5.
The filter represents a real situation in which a good design fails at the end
of the integration process. By shifting the EMI spectrum to the appropriate
frequencies, EMI compliance might still be achieved.

This only holds if the designer is truly free to chose the carrier frequency,
which is the case if there are no optimal combinations of fc and fm. Here it
was chosen to use Signal to Noise Ratio (SNR) as figure of merit. As SNR is
defined as SNR = Ps

Pn
, an increased SNR shows that either the power of EMI is

decreased or power of the functional power line frequency is increased. In case
of a constant SNR, one can conclude there is no optimal or pessimal choice. A
numerical analysis on combinations of power line and carrier frequency is per-
formed. Figure 5.6 shows a contour plot of the SNR at different combinations
between fm and fc. For fc > 5fm the SNR is approximately constant. At
fc = i · fm, with i being a positive integer, an increase in SNR can be seen, as
a subharmonic of the carrier will coincide with the desired signal and is thus
excluded from the calculation of Pn.
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Figure 5.4: Possible transfer characteristic of non-ideal filter while showing the
ability to shift carrier frequency into desired bandwidth
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Figure 5.6: Near constant SNR for any combination of modulation and carrier
frequency.

Based on the results and filter response shown in Figure 5.5, the EMI of the
setup is evaluated at three different carrier frequencies while maintaining the
same power line frequency (2 kHz). The frequencies 24 kHz, 50 kHz and 80 kHz
have been chosen, which in theory should be suppressed with approximately 8,
40 and 50 dB respectively. The carrier frequencies are chosen in the predictable
region of the filter. For two main reasons:

1. The upper limit of the sPWM generator frequency (approx. 1MHz)

2. The predictability of the filter response

As the shifting of the carrier frequency in this particular case is limited up to
1MHz, it is not possible to show the effect of shifting in the ’parasitic’ region
of the filter, which is shown as a gray box in Figure 5.5. Switching frequencies
near 100MHz would be able to demonstrate the possibility to reduce EMI
with approximately 20 dB ’after’ integration into the system. The effectiveness
of the filter can be rather unpredictable and could be devastating to passing
the EMI test, as was shown in [13]. By showing the effect in the predictable
region, we demonstrate the possibility to optimize the carrier frequency by
means of a ’software’ update, i.e. changing the switching frequency after system
integration. This could eliminate the need for redesigning a failed system and
save time and money.

5.1.3 The Test Setup

The setup is shown in Figure 5.2a. The low pass filter at the output is shown as
an LC-filter, however the applied output filter has two stages, i.e. it is an L-C-
L-C filter. It is a COTS filter described in [13], which has a poor performance
above approximately 1MHz as can be seen in Figure 5.5. The equipment used
is:
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1. sPWM generator: Digilentic Nexys3 - Xilinx spartan 6

2. Half-bridge: Cree KIT (KIT8020CRD8FF1217P-1)

(a) SiC based semi-conductors

3. COTS Filter [13]

4. DSO Keysight 3200 with 10:1 voltage probes.

The voltages measured at the input and output of the power-line filter are in the
order of several volts. They are acquired at a sampling frequency of 31.25MHz,
without any load attached to the system. The DC power supply is set to 7V,
while the dead-time is 150 ns. The dead-time can be set in incremental steps
of 10 ns by the FPGA. Furthermore, the sinusoidal waveform being compared
to the triangle carrier wave has a DC-offset of 0.5 and a modulation amplitude
of 0.25. The modulation frequency is set to 2 kHz, while the carrier is switched
between 24, 50 and 80 kHz.

At the input of the filter a unipolar sPWM signal is applied with an am-
plitude of 7V provided by the DC power supply. Low pass filtering the output
results in an AC power line signal with a DC offset. To remove the DC off-
set, a bipolar sPWM at the input of the filter can be used. The resulting
measurements are presented in the following section.

5.1.4 Results

The measured output voltage waveforms for different carrier frequencies are
shown in Figure 5.7, note the phases are not perfectly aligned as the waveforms
are recorded with different trigger events. As is to be expected, the resulting
waveforms all show the 2 kHz waveform. However in case of the lowest carrier
frequency (shown in black), the 2 kHz waveform is modulated with the carrier
of 24 kHz. To show the effect of the applied filter, the spectral densities of the
signals before and after the filter are computed and compared. In Figure 5.8
the input and output spectra are shown in black en red respectively.

It can be seen that for the carrier frequency the peak noise values of the
output were reduced with 1, 30 and 40 dB respectively, without reducing or
spreading the generated EMI. This might be straightforward as the filter is
used in the ’predictable’ regime, however here it should be emphasized that
the applicability of this technique is to reduce EMI at the integration stage of
a system. The filter’s response at high frequencies can become unpredictable
and dependent on the implementation, due to uncontrollable or unknown par-
asitics. The reduction of EMI can thus be achieved without compromising the
functional behavior of the system.
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Figure 5.7: Filtered 2 kHz sinewave at 24, 50 and 80 kHz carrier.

5.2 Radiated EMI Mitigation - Optimal System Us-
age

In Chapter 2 a fast switching GaN DC/AC converter was studied in terms of
conducted and radiated emissions. The previous section has shown how choos-
ing the switching frequency carefully can improve conducted EMI, by placing
the noise at frequencies where the filter is performing adequately. In the follow-
ing section a mitigation technique is explored for reducing radiated emissions.
The concept is very similar to the conducted mitigation technique, however the
filter is now replaced with the system its radiative transfer function. First an
explanation of the concept investigated, followed by a short recapitalization is
given about the measurements performed in Chapter 2.

5.2.1 Concept of Radiation Efficiency

In a modular system like the M2C and M3C it is difficult to predict and mitigate
the radiated emissions, as they are highly dependent on the final implementa-
tion and operation conditions. Nonetheless based on the measurements and/or
the theoretical model the spectral components existing in an SM system can
be determined. Thus describing the conducted emissions under operating con-
ditions. Combining the knowledge of what components exist in the system and
measuring the resulting radiated emissions, one can determine how well these
components are transformed into electrical field radiation, i.e. determine the
radiation efficiency of the system. Radiation efficiency in this thesis is defined
as the ratio between power radiated and power supplied (Equation 5.1). It
can be seen as a figure that shows how well something radiates, i.e. a transfer
function between conducted and radiated.

Here an effective radiation model is explored, to be used for estimating
and predicting radiated noise produced in a sPWM driven power system. In
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(a) Result of 2 kHz modulation at 24 kHz carrier
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(b) Result of 2 kHz modulation at 50 kHz carrier
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(c) Result of 2 kHz modulation at 80 kHz carrier

Figure 5.8: Power spectral densities of the voltages measured at input(black)
and output(red) of the filter.
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the introduction of this chapter it has already been mentioned that it can be
used as a mitigation technique but also has potential to be used as a tool for
compliance testing. One of the key benefits is that it can estimate emissions
of the system under different operational conditions (i.e. different settings for
the sPWM generation.) without the need to measure all combinations.

The proposal is based on the transfer function determination in Linear
Time-Invariant (LTI) systems. Assuming the entire system to be a LTI black
box radiator, which receives a known time signal. In this case the signal is
actually created inside the black-box by non-linear switching devices. From
LTI system theory it is known that by using the input and output signals one
can calculate the transfer function. In Laplace domain this would result in:

H(s) =
Y (s)

X(s)

Which in case of antennas translates into radiation efficiency:

η(ω) =
Prad(ω)

Psup(ω)
(5.1)

Psup is determined through the theoretical analysis of a sPWM signal, which
is the output signal of the DC/AC converter in this study. A simplified theo-
retical model for determining X(s) is derived in section 2.1, which is based on
parameters available in the generator. Prad is the measured radiated power,
this is done using electrical field measurement through DSP. The power spectra
are represented in Figure 5.9aX(ω) and Y (ω) respectively. In our measurement
setup Y (ω) is to be derived from the measured time signal y(t).

5.2.2 Application - DC/AC Converter

Following the study in [23] the radiated emission of a DC/AC converter is
studied. Due to the flexibility in operational modes in the M3C, the amount
of measurements required to determine a pass or fail in a EMC test-lab is near
infinite. As this requires a lot of time and money it is proposed to estimate the
radiation efficiency of the test setup under operating conditions. The switching
power system is modeled as a LTI-system that is excited by a known sPWM
source, i.e. the switching node voltage waveform. The developed theoretical
model in Chapter 2 simplifies the estimation of the sPWM power spectrum.
By measuring radiated electric fields and calculating Effective Radiated Power
(ERP) one can estimate the system radiation efficiency. Using the radiation
efficiency to optimize the EMI spectrum is a novel developed strategy to min-
imize the total radiated emissions. The generated spectrum can be optimized
by removing highly radiative frequency components trough filtering [14] or even
harmonic cancellation as was shown in [22,93].
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proximated known spectrum and y(t) the measured time signal
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Figure 5.9: Schematic representation of the radiated emission test setup
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5.3 Radiation Efficiency Determination

The radiation efficiency is defined as the ratio between radiated power and
power supplied to the radiative object or in this case system. In case of an
antenna, one could use a VNA with a ’known’ and ’unknown’ antenna and
look at the S21 or even use only the S11 of unknown antenna. The VNA
basically sweeps/chirps a single frequency continuous wave and measures its
input/output ports. In case of a system like the DC/AC converter, this is
difficult to achieve and therefore other methods should be sought. As proposed
here, the sPWM generator is able to sweep through different combinations of
fc and fm to cover all frequencies as if it was sweeping continues waves.

In Chapter 3 the development of the control system was explained, and
shown that the generator has its limits:

1. Carrier Frequency (10 kHz - 2MHz)

2. Modulation Frequency (0Hz - 250 kHz)

3. AC-amplitude (0.0 - 0.5)

4. DC-offset (0.0 - 1.0)

5. Dead-time ( 0 - 630 ns)

6. Number of levels (1, 2 or 4)

The maximum carrier frequency limits the highest investigatable frequency. In
the study performed in [28] the upper limit was set to 100MHz, which results in
an approximate wavelength of 3m. The amplitude of the spectral components
are difficult to determine as they are dependent on fc, fm, mi, DC-offset and
even dead-time [22]. Thus their attenuation is also difficult to determine. By
taking the maximum measured component and assume equal transmission over
entire bandwidth as determined by Carsons rule at all harmonics, removes the
influence mi, DC-offset and dead-time by use of overestimation. During the
comparison of the theory with measurement results, it is assumed the highest
measured peak within a frequency band is radiated anywhere in that rectan-
gular band that was calculated with Equation. 2.10. The radiation efficiency is
then determined by averaging the results for different combinations of fc and
fm, that together will cover almost the entire frequency range of interest.

The measurement setup used is described in Chapter 2 and schematically
represented in Figure 2.10. It is the radiated emission test setup that was also
used to model the noise source. The results provided there are presented here
again, but with the addition of the theoretically determined rectangular bands
containing 98% of the energy at each harmonic of the carrier. This is including
the subharmonics present at these frequencies. Figure 5.10a shows this for the
first 25 harmonical bands, starting at the switching frequency of approximately
123 kHz. In Figure 5.10b a zoomed in version is shown, to explain the extraction
method.
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(a) Calculated radiation spectrum with theoretically determined rectangular bands
up to the 25th harmonic
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(b) Zoomed in version of plot 5.10a displaying 1st and 2nd harmonic

Figure 5.10: Radiated emission test results
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The theoretical model from Chapter 2 allows the creation of the rectangular
black boxes shown in Figure 5.10. As the goal of the model is to approximate
all the carrier frequency harmonics and sub-harmonics, it uses the maximum
amplitude and bandwidth of each band of harmonics. The maximum amplitude
is found by using an approximation for the envelope of the asymptote of the
Bessel function (Figure 2.4). i.e. the model does not determine the height of
each sub-harmonic, but just calculates the magnitude of the highest (whichever
one that is) and uses this as the amplitude of the black box. While the com-
bination with Carsons rule will make sure that the maximum sub-harmonic
is located somewhere within this particular harmonical bandwidth. A critical
point in the usefulness of this model is that it will create an independence in
the final estimation of radiation efficiency on the control parameters Di, mi

and tdead.

So the height of the black box shows the theoretically calculated input
power at that particular harmonical band, and the deviation is calculated to the
maximum received power inside that band. The deviation is directly related to
Equation 5.1, as the plot is shown in logarithmic scale the deviation is the ratio
between power supplied and received. For further calculations, it is assumed
that the found efficiency is constant within this harmonical band.

As Figure 5.10b shows the efficiency results for two harmonical bands. Com-
bining the results of a large set of modulation and carrier frequencies, a single
line in Figure 5.12 is created from 100 harmonical bands. Each line shown
is created with the same set of frequencies measured, for different modula-
tion indices. i.e. different combinations of Di and mi. Figure 5.11 shows the
frequency combinations of fm and fc used.

From the results shown in Figure 5.12, it is recommended to avoid gen-
erating frequencies of approximately 7.8MHz, as there is clearly a resonance
present in the system at that frequency. By shifting the EMI to a more pre-
ferred and thus less radiating part of the spectrum, one can reduce emissions
by several decibels. Combining the result of Figure 5.12 and the theoretical
model, one can now also estimate for non-measured combinations of fm and fc
the radiated emissions. Thus a novel method for estimating the radiated EMI
spectrum of a half-bridge DC/AC converter in-situ has been developed.

Assuming the generated sPWM is exciting an unknown or undefined passive
device/system, that acts as any other LTI system. It was shown in Chapter 2
that in case of a flexible sPWM generator, the amount of possible operational
modes is high, which implies a difficult to near impossible task of emission test-
ing. Based on the simplified theoretical model of sPWM presented in Chapter 2,
the excitation signal’s power spectrum can be estimated. This model has been
verified and used for determining the radiation efficiency, i.e. transfer function,
of the system under test. In final it was shown that under different operating
conditions, i.e. modulation indices and DC-offset combinations, an effective
radiation model was found within a 6 dB margin. It has also been suggested
that the generated EMI should be tuned to non-radiative frequencies to lower
total emissions.
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Figure 5.11: 131 measurements have been performed to asses the radiation
efficiency for a single line in Figure 5.12
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Figure 5.12: Determination of effective radiation model for multiple modulation
indexes and DC-offsets represented by each individual line.
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5.4 Summary

EMI mitigation is one of the fundamental themes that is used to ensure EMC.
Figure 1.6 differentiates different techniques to reduce conducted EMI. In this
thesis two paths within this scheme have been explored, mitigation along the
propagation path by optimizing filter layout, and mitigation at the source by
investigating the switch control scheme. This chapter has combined both to
mitigate conducted as well as radiated EMI.

In case of conducted emissions, filtering is applied to reduce EMI. As was
shown in amongst others [13], filters can still fail during the integration phase of
a system, as is often the case, due to unpredictable parasitic effects. By control
of the sPWM generation scheme, one is able to shift the generated noise away
from the critical areas of failure. Hence the switch control scheme can be used
to reduce EMI by increasing an already implemented filter’s effectiveness. This
can be done in sPWM control schemes, as the fundamental useful frequency is
related to the modulation frequency, while the switching frequency is related
independently to the generated EMI.

Following the same principle, the radiated emission can also be reduced.
However the challenge here is slightly different, as the parasitic characteristics
are challenging to determine in this case, while in case of the filter one might to
be able to model them to some extend. Hence for reducing the radiated emis-
sions, a model was derived and a technique developed for estimating the radi-
ation efficiency of a complete system. It assumes the system under test to act
as an LTI system, with a known and controllable input source and the output
recorded. The input source in this case was the sPWM control scheme, which
again has the advantage of controlling the noise generated through changing
the switching frequency freely. By sweeping through a set of switching frequen-
cies and measuring the electric fields, one can calculated by post-processing a
transfer function of the system. This can then be used to identify an optimal
switching frequency with respect to radiated emissions.
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Chapter 6

Conclusions and Directions
for Further Research

This chapter will shortly recapitulate the key objectives set for the University
of Twente in the SMART Grid project. As the chapters have addressed them
individually, the chapters are summarized to eventually allow the conclusions
to be drawn. At the end of the chapter some directions for further research are
given based on some key features of this thesis.

6.1 Conclusions

The key objective, as stated in the project proposal plan, for the UT is ”to find
the best options for reduction of interference, associated with fast switching (and
thus highly efficient) semiconductors as applied in the M3C”. This resulted in
sub-objectives which are related to identifying and possibly mitigating ”low-
frequency” conducted EMI, and radiated magnetic and electric fields based
on:

1. Full wave models of M3C components and module

2. Behavioral circuit models for network simulation based on the full wave
models

3. Experimental validation of the models

4. Optimized filters using novel nano-crystalline materials

5. EMI performance of the prototype

6.1.1 Chapter 2

This chapter has been dedicated to describing and evaluating a single half-
bridge submodule that can be used in the final multi-level converter. As the
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SM is the basic building block of setup, it is necessary to understand its impact
as a noise source. At the beginning of the chapter a basic theoretical model for
EMI estimation was given. The model has been compared to measurements,
which verifies the EMI generated is directly related to sPWM control signals.
Conducted and radiated measurements were performed considering the relative
low frequency range between 2 kHz and 150 kHz, as this has become a significant
research interest. At the moment of writing this thesis, no civil standards exist
in this frequency range, but EMI generated here has been identified as the
culprit in a rising number of EMC related instances. As the M3C is considered
to be a possible cornerstone of the future SMART GRID, compatibility in
this frequency range is required even before standards exist. This chapter’s
contribution thus has been a noise source model can be used to predict the
EMI generated.

6.1.2 Chapter 3

This chapter has described the development of a sPWM generator for use in
a multilevel converter. Its development is aimed at flexibility for research into
power systems at much higher frequencies than the conventional approached.
It has been shown that the FPGA is able to control 8 half-bridge SM’s syn-
chronously, i.e. 16 switches are operated. Carrier frequencies are achieved
between 10 kHz and 2MHz, with modulation frequencies between 0Hz and
250 kHz. Errors introduced by discretization/quantization have been identified
and found unacceptable above 5% deviation. As they are directly related to
the carrier frequency, its upper bound has been established as 2MHz for an
FPGA running on a 100MHz clock. The control logic has been implemented
in two AC/DC converters measurement setups. It was demonstrated that the
modulation and carrier frequency both controllable and the generator capable
of being used in multi-level setups.

In the second part of this chapter a numerical analysis was performed to
determine the effects of the control parameters mi, Di and phase difference
between carrier and modulation wave on the sPWM generation and its spectral
content. Apart from the fact that over-modulation generates an enormous
amount of noise, the results can be summarized as:

1. Symmetric: when the sinusoidal waveform is symmetrically placed within
the triangular waveform, the even numbered subharmonics are suppressed.

2. Asymmetric: when the sinusoidal waveform has a dc-offset compared to
the mean of the triangular waveform, the odd numbered subharmonics
are in the spectrum.

3. Increasing the amplitude of the sinusoid, the subharmonics will become
more significant.

It has also been shown that increasing the amount of stacked sub-modules will
effectively increase the switching frequency of system, due to the phase-shifted
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carrier scheme the SM’s will switch at different time instances, i.e. increasing
the number of SM’s has shown to effectively cancel carrier frequencies. Basically
shifting the zeroth harmonic of the switching frequency proportional to the
number of modules. Intuitively it can also be seen that increasing the number
of switchable levels, also reduces the ’to be filtered’ noise as it is analogous to
quantization noise in which SNR increase with the amount of bits.

Stacking SM’s has a large amount of implications, from a power electronic
perspective as well as an EMC perspective. The total efficiency of the con-
verter is directly related with the amount of switching operations performed
per period of the AC signal, as every turn-on and turn-off event of a switch
will dissipate some power. However, lower switching frequencies will increase
size and costs of the EMI filtering needed. By stacking modules, the system
filters can still be of reduced cost and size, while efficiency can be increased.
Semiconductor components also create an upper-level of switchable power often
expressed as maximum rated current combined with maximum rated voltage.
By stacking either in series or parallel, power systems can divide the load and
thus switch high power without the need for specialized development of semi-
conductor components. In this thesis the trade-offs between the aspects dis-
cussed here are neglected and considered to be future work, but in general it is
concluded that increasing the amount of sub-modules is beneficial for reducing
EMI when using a phase shifted triangular carrier scheme.

6.1.3 Chapter 4

Chapter 4 is dedicated to optimizing filter performance through developing
more accurate models. First an algorithm has been developed for extracting
equivalent circuits from impedance curves based on a Gauss-Newton optimiza-
tion scheme. It has been applied to individual measurements of components
used in CM filter and the measured mutual coupling between these components.
The algorithm searches for optimal values for an X-amount of RLC-components
in a predefined equivalent circuit. It was shown that it will increase the simu-
lation results accuracy. The development of this algorithm was a necessity for
automated back annotation of fields into circuit simulators. The chapter con-
tinued with the development of a high frequency full wave model of the CMC.
As the CMC is one of the most critical parts of any EMI filter, the development
of a 3D full wave model for high frequency (100 kHz to 1GHz) simulations was
required for eventual back annotation of coupling fields.

The third and last part of this chapter describes the technique to include
mutual inductive coupling into equivalent circuit simulations and how it can be
used to investigate optimal component placement in filters. It has been shown
that the filter performance improved with 15 dB between 5MHz and 200MHz.

Combining the three techniques shows a method that can automatically
back annotate a field effect between components and optimize filter design
based on the placement and thus utilizing the field effects, without compromis-
ing the speed of the design and the required skill and expertise necessary. This
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can be considered to be the major contribution of this chapter to the thesis. It
implies that designing more optimal filters is possible for engineers with limited
expert knowledge, which is of great practical value to EMC, power electronic
engineers or anyone designing filters.

6.1.4 Chapter 5

In Chapter 5 mitigation at the source by investigating the switching control
scheme was done. This chapter has combined both mitigation of conducted
as well as radiated EMI. Reducing EMI is one of the fundamentals to ensure
EMC.

In case of conducted emissions, filtering is applied to reduce EMI. Filters
can fail during the integration phase of a system, as is often the case, due to
unpredictable parasitic effects. By control of the sPWM generation scheme, one
is able to shift the generated noise away from the critical areas of failure. Hence
the switch control scheme can be used to reduce EMI by increasing an already
implemented filter’s effectiveness. This can be done in sPWM control schemes,
as the fundamental useful frequency is related to the modulation frequency,
while the switching frequency is related independently to the generated EMI.

Following the same principle, the radiated emission can also be reduced.
However, inside a complex system it becomes difficult to identify (all) radiative
elements. The technique developed in this chapter estimates the radiation
efficiency of the entire system with no regard where it originates or what is
radiating. It identifies critical frequencies that seem to easily radiate, thus
their generation should be avoided to reduce EMI. It assumes the system under
test to act as an LTI system, with a known and controllable input source.
By sweeping through a set of switching frequencies and measuring the electric
fields, one can calculate a transfer function of the system. This can then be used
to identify an optimal switching frequency with respect to radiated emissions.
It should also hold for magnetic field, however this has not yet been explored
and considered to be future work.

6.2 Directions for Further Research

The future of the present day electrical grid is still very volatile, in the sense that
it is unclear how it will develop. Many new technologies are being developed,
that all promise to be the next big breakthrough. The amount of different
types of inverter and converters is ever increasing, simultaneously their control
schemes and logical processors units are rapidly developing. Regulatory units
are unable to cope with the speed of development, which leads to a lack of
regulations or even an inability to develop them.

The new technologies do have some similarities that are common in the
development of power electronics. Faster switching, leads to lesser losses as the
semi-conductor spends less time in a heat dissipating mode. Higher switching
frequencies, as this allows for miniaturization of components thus increasing
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power density. Modularization, which reduces costs and allows development
of a variety of converters for different applications using the same building
blocks. This increases the amount of flexibility required in a converter, that
eventually also increases the complexity of the entire system and eventually
the grid. Distribution of loads and sources also increase the complexity, while
decreasing the possibility to predict EMI.

This thesis has analyzed the M3C as it was developed by TUD in a very
general way. The theoretical model developed in Chapter 2 applies to triangular
as well as sawtooth wave carriers, while the effects of applying these sawtooth
waves were neglected. Also the effects from different types of multi-level carrier
schemes have not been investigated. The phase shifted carrier schemes do
however show a possibility of canceling switching harmonics as was shown in
Chapter 3. Effects of spread-spectrum techniques are considered to be a large
topic of interest for the future in these type of converters. Much research
in this area exists, however the effect in the novel developed M3C has yet
to be investigated and the means for implementation as well. Feedback of
measurement data into the control schemes can also still be developed. One
of the key benefits of the in-house developed sPWM generator, described in
Chapter 3, is that it is developed in Simulink. This allows for rapid development
of feedback systems, without an in-depth knowledge of the VHDL programming
language which allows the systems control engineers to stay within their area
of expertise. Increasing the complexity of sPWM generator should therefore be
relatively easy, and is identified as one of the major future research directions
as the control signals are directly related to the functional behavior as well as
the generated noise.

This thesis has focused on relative low frequency EMI generation and mit-
igation. The models presented here are often valid up until a few 100MHz. In
case of conducted EMI this is considered to be high, however for radiated its just
the start. Together with the trend of miniaturization, and increasing switching
speeds and frequencies studies addressing frequencies above 100MHz are also
required. Models with increased accuracy with wide applicable bandwidths
are necessary, which often increases complexity of the models. This thesis has
addressed several key issues, but merely scratched the surface. However the au-
tomated back annotation and equivalent circuit model value finding/fitting in
Chapter 4 shows promising possibilities to support further research in this area.
Increasing complexity of equivalent circuit models inherently increases appli-
cable frequency ranges, however it becomes difficult to ascertain the correct
values. Research done in this thesis has shown the applicability in component
modeling as well as field modeling. Due to increased interest in power distri-
bution network impedance analyses and modeling, future investigations into
speed and accuracy optimization of the algorithm are recommended.

During the research performed in this thesis, several measurement tech-
niques have been explored as well as newly developed. For instance, in Chap-
ter 2 a relation between magnetic field and fast switching DM current has been
shown. It exploits the recent developments in low cost base-band digitizers
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with multi-channel capabilities. Further research has already started for de-
veloping new measurement techniques for analyzing time-varying impedances,
power and energy consumption, fast transients and fields, and even decompo-
sition of EMI. Development of these concepts and thus usage of multi-channel
measurement systems are required to cope with the speed of development of
power electronics. Availability of cheap, adequate measurement tools allow for
better understanding and more carefully design of power systems that from the
start are taking care of EMI to allow interoperability.

As is apparent, the complexity of the electromagnetic environment is ever
increasing, which implies more expertise is required of the designers to ensure
interoperability. This thesis has shown the complexity of a single type of power
converter, and contributed in the development of practical analysis tools that
can be used in future studies where power electronics meets EMC. The societal
necessity for highly skilled engineers with an expertise in conducted EMC can
be seen with the approval of two new projects, SCENT and ETOPIA, which
will start at the end of the project Smart Grids as described in this thesis.

• SCENT - Smart Cities EMC Network and Training

• ETOPIA European Training network Of PhD researchers on
Innovative EMI analysis and power Applications

Both these project have an emphasis on training young researchers, as there
is an urgent need to train new researchers with a closer interaction of electrical
power and power electronics with information technology and communications
equipment. Interference in the future SMART Grid is one of the most social
relevant topics at the moment in EMC. For example, one impactful publica-
tion in the recent years have been the erroneous readings in “SMART energy
meters”, due to the directly related economical impact.
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Appendix A

Protection Circuit

The Nexys3 FPGA board is used as operation control board. During the up-
loading process of the FPGA, all the logical outputs go high. During automated
measurements of a half-bridge, this would result in a short-circuit fault. This
would result in high currents during the connection to the grid that might de-
stroy the switches. Therefore a simple protective circuit was designed, that acts
as a pass-through for the control signals unless when both are in high state.
Then the outputs will be inverted, and thus no short circuit fault will occur.
Figure A.1 shows for a single SM the circuit used, while Table A.1 shows the
resulting outputs for all possible combinations of input signals. The circuit is
designed using the following components:

• XOR - CD74HC08E

• AND - SN74HC86N

Figure A.1: Logical protection circuit

Extensive amount of measurements have been performed varying the cor-
rect operation of the control board with and without the protection circuit
connected. As can be seen from Figure A.2, the protection board decreases
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170 Appendix A. Protection Circuit

Table A.1: Truth Table of Protection Circuit

A B A’ B’
0 0 0 0
0 1 0 1
1 0 1 0
1 1 0 0

the fall and rise times significantly. The direct output of the FPGA evaluation
board is providing logical signaling with rise and fall times between 9 ns and
16 ns, while the protective circuit provides signaling between 3 ns and 4.4 ns.
COTS available GaN and SiC switches can have transition speeds in this order
of several nanoseconds.
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(b) Through protection circuit

Figure A.2: Measurements of Nexys3 logical Rise and Fall times, for varying
dead-times, and output frequencies
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Appendix B

Impedance Measurement
ENA

Throughout this thesis, many times impedance measurements have been per-
formed using the E5061A. Here in this Appendix the procedure used to measure
them is explained.

B.1 E5061B

Using the Keysight E5061B ENA (Figure B.1) in conjunction with the impedance
analyzer options allows for using spring clip fixture 16092A (Figure B.2) in ac-
curate impedance measurements from 5Hz to approx. 500MHz. In our case the
spring clip fixture is used in conjunction with the HP 41951-69001 Impedance
Test Adapter (Figure B.3d). It is based on the already documented steps of
impedance measurement in any situation.

The HP 41951-69001 has a reflection and transmission port, as well as an
input and bias port. This allows for large range of possible investigations. We
have used it to determine impedances of ferrites and extract complex perme-
ability, but it is not limited to this. Figure B.4a shows the DUT impedance
regions, and which method is most useful/accurate for measuring this. In
case of the HP 16092A, the transmission port will be used of Port 1-2 series
measurements, while the reflection port can be used for the Port 1-2 shunt
measurement. Note however that the other port should always be terminated
with a broadband impedance of 50Ω.

The calibration stage consists of 2 steps, first the HP 41951-69001 test
adapter is calibrated using a standard 7mm open/short/load calibration kit,
which can be seen in Figure B.3. While afterwards the HP 16092A spring clip
fixture is added, and fixture compensation can be used to remove its influ-
ence. Which again is a open,short and load calibration. However no standard
kit is available. The open is quite obvious, however using a wire and leaded
resistor (or something similar) will add parasitics to the calibration of which
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172 Appendix B. Impedance Measurement ENA

the user should be aware of. Using SMD type of 50Ω resistor will most likely
allow for the most accurate calibration, as most influential parasitics will be
insignificant up until the upper limit of the analyzer (3GHz). The short can be
accomplished by using the movable part of the spring clip fixture, but should
be done prior to open calibration as one doesn’t want to move this part after
the open measurement was done.

Figure B.1: Keysight 5061B ENA in use.
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B.1. E5061B 173

(a) (b) Implemented spring clip fixture HP
16092A

Figure B.2: Spring clip fixture and its implementation with a E5061B ENA
and HP 41951-69001 impedance test adapter.

(a) Short (b) Open

(c) Load (d) Calibration Plane

Figure B.3: Open, short and load calibration of impedance testing adapter in
Port 1-2 Series mode.



536329-L-bw-Moonen536329-L-bw-Moonen536329-L-bw-Moonen536329-L-bw-Moonen
Processed on: 3-10-2019Processed on: 3-10-2019Processed on: 3-10-2019Processed on: 3-10-2019 PDF page: 188PDF page: 188PDF page: 188PDF page: 188

174 Appendix B. Impedance Measurement ENA

(a) DUT impedance ranges with 10% ac-
curacy per measurement method.

(b) Configurations of measurements.

(c) Characteristics of the measurement methods.

(d) Conditions where the 10% measurement accuracy range shown in Figure B.4a is
specified.

Figure B.4: Manual info, adopted from [94]
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Appendix C

Processing Radiation

Radiated emission testing is done in this thesis to characterize a single SM.
Figure 5.9a shows the basic setup and processing steps. In this appendix the
more practical details of the digital signal process is described. As this is
mostly textbook material it is omitted as core material of the thesis, however
it is important for discussing the results and their implications.

The goal of the signal processing is discussed in chapter 5. By assuming
a known input signal and known output signal one would be able to calculate
the transfer function of any LTI system.

H(s) =
Y (s)

X(s)

Which in case of antennas translates into a radiation efficiency:

η(ω) =
Prad(ω)

Psup(ω)

Psup is effectively the power supplied to a unknown system, and the Prad

the radiated power by this system. In case of Figure 5.9a, x(t) is the known
voltage supplied and y(t) the recorded waveform from the oscilloscope. The
following section describes the procedure to calculate the wanted powers from
these signals, thus: x(t) → Psup and y(t) → Prad

C.1 Received signal y(t)

In Figure 5.9a the signal y(t) is recorded using an oscilloscope and the start of
the applied DSP.

F [y(t) · w(t)] = Y (ω) (C.1)

with w(t) being a time windowing function which is necessary in performing
an Fast Fourier Transform (FFT) over a non-integer number of cycles. In case
of the results presented in this thesis a Hann window was chosen, as it has very
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low aliasing with a slight trade-off in decreasing the resolution. Its discrete
version is denoted as

w[n] = sin2
(

πn

N − 1

)

with N being the total amount of samples. For conservation of power, the
resulting signal needs to be corrected using a windowing correction factor.
In case of the Hann window the amplitude correction factor is 2. Next to
correction for windowing, the output needs to be normalized by the amount of
samples in which the time-signal y(t) is recorded. By correctly applying these
processing steps the resulting Y (ω) has units of voltage similar to the input.

The voltage is recorded at the output of an antenna, thus is proportional/related
to the electric field measured by it. The antenna acts as a transducer for fields,
using the calibration data one is able to acquire fields strength values according
to:

E [dbVm−1] = V0 [dBV] +AFE [dBm−1]

Continuing to obtain Prad from the field-strength, a few assumptions need
to be made. The measurements were performed in a situation that represents
free space (i.e. wave impedance is η = 120π) and the radiator under test is
considered isotropic (i.e. the power is distributed uniformly over a sphere).
Using the Poynting’s theorem the relation can be found as:

Prad =
E2 · r2
30

[
V2

m2 ·m2

Ω
] (C.2)

Pdens = E ×H

|Pdens| = E ·H =
E2

η

Pdens =
Prad

4πr2

C.2 Supplied signal x(t)

The supplied signal is described in Chapter 2, in this thesis it is the result of
the mathematical model:

Sdem ≈
∞∑

m=1

kVp−p

mπ

√
2k

mπ2M
rect

(
f −mfc

fmmπM + 2fm

)
(C.3)

In this case, this is the amplitude spectrum in which case the dimension
is voltage. Only by applying this to a load with a known impedance one can
relate this to Psup.
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Table C.1: Settings for EMI test receiver in case of RE101

Freq. Range Bandwidth Step Size
30Hz - 1 kHz 10Hz 5Hz
1 kHz - 10 kHz 100Hz 50Hz

10 kHz - 100 kHz 1 kHz 500Hz

C.3 Magnetic field

C.3.1 RE101

The digital signal processing done for this work, is related to the MIL-STD
RE101. We want to examine the relation between transients and B-fields
in time, however the recorded signal is always a time varying voltage. The
recorded signal x(t), should first be transformed into a spectrum in dBμV, to
which the antenna factor can be applied. Using the Short Time Fast Fourier
Transform (STFFT) one can, through digital signal processing, mimic many
parallel connect EMI test receivers all tuned to a different band. The basic
operation of STFFT can be described with:

X(m,ω) =

∞∑
n=−∞

x[n]w[n−m] exp(−jωn)

As a result, one can recreate different types of EMI detectors by applying
functions as averaging or selecting the maximum value over the dimension m
of |X(m,ω)|, resulting in Xavg(ω) and Xpk(ω).

In case of the processing done for the RE101 magnetic field test, there
are some requirements on the resulting spectrum summarized in Table C.1. In
which case the bandwidth is related to the windowing function and overlap used
in the STFFT, while the step size basically is frequency resolution (Δf). In
creating the spectrogram, there exists a trade-off between frequency resolution
and time resolution, which can be seen as an inverse proportionality: Δf ∝ 1

Δt

From Xavg(ω) and Xpk(ω) one can then derive the single sided power spec-
tra. If correctly applied, one ends up with dBμV similar and comparable to
the output of the EMI test receiver. Note that deviations can exist though, as
the receivers are operating under the condition the disturbance is periodic.

C.3.2 Time domain

Measuring the magnetic field over time using a loop antenna requires some post-
processing to recover the actual signal as opposed to the measured waveform.
The time variant magnetic field can be recovered via Fourier transform and its
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178 Appendix C. Processing Radiation

inverse, while applying the antenna factor to account for the loop antenna used
in frequency domain.

F [x(t)] = X(ω), Y (ω) = X(ω) ·AF (ω) (C.4)

F -1[(Y (ω))] = y(t) (C.5)

With x(t) being the recorded voltage from the loop antenna, y(t) the magnetic
field measured, and AF the antenna factor. Performing these operations will
result in a complex valued time series, of which only the real values have mean-
ing. The imaginary part is a result of rounding errors and applying a perfect
filter for frequencies above 100 kHz. Assuming a perfect symmetrical spectrum
around the Nyquist frequency removes this issue.
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Appendix D

Heater as load

A resistive heater has been used in this thesis as a load for many of the mea-
surement setups, as this was expected to act as a broadband resistor for the
operating frequencies of the power converters. Also the resistance is variable,
which is related to the amount of heat it produces. The six different power set-
tings can be seen in the legend of Figure D.1, it ranges from 190W to 1800W.
The impedance was measured at each of these settings for different frequen-
cies. Even though the impedance increases slightly with increasing frequencies,
the measurements show that the heater can be considered to be a broadband
resistor.

0 20k 40k 60k 80k 100k 120k 140k 160k 180k 200k
Freq. [Hz]

0

50

100
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200
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300

Z 
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]

 190 W
 310 W
 500 W
 800 W
1300 W
1800 W

Figure D.1: Impedance measurement of heater with cable
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Appendix E

Permeability

Lots of research exist into the development of different core materials. The
design usually ended in a trade-off of effective permeability vs the maximum
magnetic saturation flux density. The latest developments include laminated
nano-crystalline material, which is using the best of both worlds. The mag-
netic permeability is the main property of the core material that influences the
overall performance of a CMC. It is a crucial component in accurately model-
ing an inductor’s high frequency behavior, and thus its parasitic behavior. [80]
has shown excellent results in inductor modeling using precise magnetic ma-
terial characteristics, i.e. frequency dependent conductivity, permitivity and
complex magnetic permeability, which are often unavailable or protected by
intellectual property. We try to solve this problem and compare three methods
for obtaining the permeability:

• Data sheet

• Measurement of the core

• Measurement of the choke/inductor

This will result in a discussion on the benefits and challenges arising from these
methods.

E.1 Data sheet

Data sheet values have a challenge of often being limited at their frequency
range to be used and the accuracy during the data extraction method. Either
reading or a plot extraction method to acquire data-points. Hence, two meth-
ods of obtaining the permeability from data sheets are identified. The direct
method, using the core-material data sheet. The indirect method, using the
attenuation, impedance or equivalent measurements of the used inductor type
component.
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182 Appendix E. Permeability

E.1.1 Direct

In the case of winding a custom inductor or even a CMC, often a core is used
with a ”known” permeability is used. Often only single valued permeabilities
are used in calculation and thus these are most often available. In some cases
a frequency dependent complex permeability is given. Figure 4.21a shows this
for a COTS available magnetic core named: ”TX22/14/6.4-3E27”.

E.1.2 Indirect

Often the case with data sheets of CMC’s, the permeability is not shown, but
the insertion loss or attenuation profile. These measurements of the manufac-
turer are directly related to the impedance. In case of toroids, the relation
between impedance and complex permeability of the core material is shown
in section E.3. Therefore the relation between insertion loss and impedance is
shown here, and verified to be useful to derive the absolute permeability, due
to the fact the data sheet provides only magnitude values. Verification will be
done comparing impedances (Figure 4.25a). from insertion loss:

IL = −20 log |S21|, Z = 50 · 2(1− S21)

S21

E.2 Core measurement

Accurately measuring a core’s complex magnetic permeability often posses
quite some challenges. It requires specialized equipment, or is dependent on a
large number of parasitic influences. [83–86]

E.2.1 Adapter usage

The adapter used was based on [85]. It showed a coaxial magnetic cavity mea-
surement for determining the complex permeability at low frequencies (100 kHz
- 1MHz). Following their methodology, our measurement setup was used from
(1 kHz - 3GHz). Using Equation E.1 together with Z = Zcore − Zempty and
N = 1 gives the results shown in Figure E.2.

(a) Adapter measurement
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Figure E.2: Permeability of Ferroxcube - TX22/14/6.4-3E27 from adapter mea-
surement

E.3 Inductor measurement

Using a VNA/Impedance analyzer measuring the complex impedance, one can
derive the complex permeability based on the shape of the core material. In
case of toroidal shapes we know from [79] the following:

L =
μN2A

l

With:

l =
π(do − di)

ln do

di

, A = h · (do − di)

2

l is the average length of the magnetic field lines inside the toroid. Assumed
here is that the material used is homogeneous and thus the field H is uniform
in the toroidal shaped core. from this follows:

L =
μ0μrN

2h ln do

di

2π
(toroid)

Here it is assumed that μ is real valued and the measured toroid to be a perfect
inductor with only an inductance. Replacing the inductance with complex
impedance shows directly that the permeability is also complex and frequency
dependent. With Z ∝ jωL it follows follows:

μr =
2πZ

jμ0ωN2h ln do

di

=
Z

jμ0fN2h ln do

di

(toroid) (E.1)
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184 Appendix E. Permeability

μ′ − jμ′′ =
−j[Zr + jZi]

μ0fN2h ln do

di

(toroid)

μ′ =
Zi

μ0fN2h ln do

di

(toroid) (E.2)

μ′′ =
Zr

μ0fN2h ln do

di

(toroid) (E.3)
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Figure E.3: Result for CMC - WECMBM744823601

In Figure E.3 the result is shown for a typical CMC. Notice real part of μ
crossing zero and becoming negative. From Equation E.2 it can be seen this
is related to a negative imaginary part of the impedance, which has a physical
representation of a capacitance. It is debatable whether this is a material
property or it can be attributed to parasitics of the measurement setup.

E.4 Comparison of methods

As has been shown, there are multiple ways of acquiring permeability informa-
tion. In Table E.1 a distinction of four methods have been made, together with
their respective availability and accuracy. Figure E.5 shows a comparison be-
tween the available permeability extraction methods. In case of the FerroxCube
toroidal core, the datasheet indirect method is unavailable as it is a toroidal
core and not a full CMC or even an inductor. A large deviation exist between
the measured and the datasheet permeability extracted from Figure 4.21a. Ac-
quiring ’correct’ permeabilities is very challenging, as the manufacturer already
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(a) Impedances while increasing windings
with equal wire length
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(b) Impedance normalized to N2
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(c) Calculated mu from measured impedances

Figure E.4: Measurements performed of Ferroxcube - TX22/14/6.4-3E27

Table E.1: Permeability Acquisition

Availability Accuracy Parasitics Incorporation
Datas. Direct poor high unknown
Datas. Indirect good lowest yes (unknown)
Meas. Core poor best no
Meas. Inductor good good yes
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186 Appendix E. Permeability

has deviations between datasheets of the same core material with different di-
mensions. The datasheet of the ’TX22/14/6.4-3E27’ core shows μ ≈ 5300,
while for the ’TX22/14/13-3E27’ μ ≈ 5000. While in case of the 3E27 material
datasheet values above 6000 are shown. In these three cases the material itself
is identical, but not the dimensions. As the permeability is a material property,
it should be independent of the material dimensions.
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Figure E.5: Comparison of three methods of extracting permeability for Fer-
roxCube 3E27 material
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Appendix F

Conducted Emission
Monitoring

Measuring large stationary equipment for EMC compliance is difficult, there-
fore on-site testing is required. Measuring in-situ can be hazardous for people
but also for the measurement equipment. Conventional solutions are 1:1000
dividers between the Line-PE and Neutral-PE, which are thus normal-mode
measurements only. They are bandwidth limited only by the parasitic behav-
ior of the resistors used. In [95] a new type of monitoring device has been
developed. It is able to monitor the mains, with and without a load attached
with the conventional 1:1000, but it also includes DM and Normal Mode (Line
and Neutral) measurements with a galvanic separated output. A filter has also
been included, to suppress the 50Hz components and its harmonics, which is
useful in case of usage with equipment with low dynamical range. Their out-
puts are stable over a frequency range of approximately 2 kHz to 2MHz. In
the following sections, the box will be shown with instructions how to use it,
followed by the measurement results.

F.1 The Box

Figure F.1a shows the IEC C14 plug and the regular EU wall socket, the IEC
plug is used as input and thus connected to the either the grid or LISN/AMN.
The load can then be connected to the regular EU socket. If required one can
always use a conversion adapter for the different loads. In Figure F.1b four
BNC type of connectors can be seen with labeling:

• L+N/1000

• DM/50

• N/50
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188 Appendix F. Conducted Emission Monitoring

• L/50

The schematic with component values and names can be seen in Figure F.4.
The L+N/1000 is the conventional resistive divider that is the top path in the
schematic. The resistors are placed in parallel to increase the power that can
be handled. Similar design has been applied in the filtered outputs, however a
CMC was used as a 1:1 transformer to provide galvanic separation. Note that
this will introduce a phase shift in the output.

(a) Grid and Load connections (b) Outputs to measure disturbances

Figure F.1: The conducted disturbances monitoring device that was used in
this thesis.

F.2 Measurement

The mains monitoring device, a VNA measurement has been performed to
determine transfer ratios. Fig F.2 shows how the EU power socket to BNC
connection was achieved by using a banana to BNC plug. In case of the VNA,
two coaxial cable from SMA to BNC where used. The measurement results can
be seen in Figure F.3. Expected are attenuations of 34 dB, which is depicted
with the dashed black line. Two vertical lines are added to indicate the fre-
quency range of interest for which this device was developed. This particular
box has also been used in [34,96].
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F.3. Usage 189

Figure F.2: How to connect to a VNA/EMI receiver with tracking generator.
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Figure F.3: Voltage transfer ratios of mains monitoring device.

F.3 Usage

The filtered outputs require a 50Ω termination. So either use an external one,
or switch it internally in the scope. The resistive divider does not require this
termination.
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Figure F.4: The inside schematic of the monitoring devices as was provided by
Frits Buesink.
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