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Abstract

English:

The recent increase of interconnected electrical systems such as power sup-
plies and communication links are creating problems associated with electro-
magnetic fields generated at different voltage levels and frequencies. Semi-
conductor switches used in for example Switched Mode Power Supplies are
constantly increasing in power rating and frequency limits. In addition,
wired communication links are also increasing the working bandwidth and
channel capability to transfer more information in less time.

Smart grids are receiving much attention from companies and researchers
all over the world. Two concerns that drive the research carried out on
smart grids are Power Quality and Signal Integrity. This work presents an
analysis of conducted emissions with two aims.

Firstly, an analysis is made of the simulated and measured data when
a DC system generates electromagnetic interference and how to improve
or mitigate it with certain frequency modulation techniques by spreading
the spectrum of the switching frequency in agreement to an established
standard.

Secondly, a demonstration of the coupling effects as one of the major
concerns when dealing with Electromagnetic Interference sources is pre-
sented experimentally. Statistical analyses for these tests are performed to
understand the main causes and possible actions to suppress interference
and to address Electromagnetic Compatibility between devices.

The work presents the following findings.



1. An understanding of the important parameters for frequency modula-
tion techniques called as Spread Spectrum. These parameters are the
rate of change for the modulating signal and the modulation index that
controls the switching frequency of a modulated DC-DC converter to

mitigate the interference measured.

2. The importance of an auxiliary time domain (Bit Error Rate) analy-
sis to measure the interference of a DC-DC converter modulated by
Spread Spectrum to understand the main drawback in the emissions
measured from a different point of view by means of a Crosstalk

environment.

3. The conclusion that Bit Error Rate measurement of a communication
signal cannot be decreased using Spread Spectrum Modulation for the

power converter as the EMI source.

The results obtained use data measured using an EMI receiver and where
possible a simulation describing the most important parameters. This
work provides interesting and useful points to analyse the Spread Spectrum
technique applied to DC power converters and the main advantages and

disadvantages.
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German:

In jingster Zeit fithren die zunehmend vernetzten elektrischen Systeme
wie Stromversorgungen und Kommunikationsverbindungen zu Problemen,
die mit elektromagnetischen Feldern verbunden sind, die bei verschiede-
nen Spannungsebenen und Frequenzen erzeugt werden. Halbleiterschalter,
die beispielsweise in geschalteten Stromversorgungen verwendet werden,
nehmen stetig an Leistungsfahigkeit und Frequenzgrenzen zu. Zudem wer-
den kabelgebundene Kommunikationsverbindungen zunehmend erweitert,
um mehr Informationen in kiirzerer Zeit zu tibertragen.

Smart Grids erlangen weltweit grofle Aufmerksamkeit von Unternehmen
und Forschern. Zwei wesentliche Anliegen, die die Forschung in Bezug auf
Smart Grids antreiben, sind die Netzqualitit (Power Quality) und die Sig-
nalintegritit. Diese Arbeit prasentiert eine Analyse der leitungsgebundenen
Emissionen mit zwei Zielen.

Erstens wird eine Analyse der simulierten und gemessenen Daten durchgefiihrt,
wenn ein Gleichstromsystem elektromagnetische Interferenzen erzeugt, und
wie diese mit bestimmten Frequenzmodulationstechniken verbessert oder
reduziert werden konnen, indem das Spektrum der Schaltfrequenz gemaf
eines etablierten Standards verbreitert wird.

Zweitens wird experimentell eine Demonstration der Kopplungseffekte als
eine der Hauptursachen fiir elektromagnetische Interferenzquellen prasentiert.
Statistische Analysen fiir diese Tests werden durchgefiihrt, um die Haup-
tursachen zu verstehen und mogliche Mainahmen zur Unterdriickung von
Interferenzen und zur Behandlung der elektromagnetischen Vertraglichkeit
zwischen Geraten zu ermitteln.

Die Arbeit présentiert folgende Ergebnisse:

1. Ein Verstandnis der wichtigen Parameter fiir Frequenzmodulation-
stechniken, die als Spread Spectrum bezeichnet werden. Diese Pa-
rameter sind die Anderungsrate des modulierenden Signals und der

Modulationsindex, der die Schaltfrequenz eines modulierten DC-DC-
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Wandlers zur Verringerung der gemessenen Interferenzen steuert.

2. Die Bedeutung einer zusétzlichen zeitorientierten (Bitfehlerrate) Anal-
yse zur Messung der Interferenzen eines durch Spread Spectrum mod-
ulierten DC-DC-Wandlers, um das Hauptproblem bei den gemessenen
Emissionen aus einer anderen Perspektive in einer Kreuzkopplung-

sumgebung zu verstehen.

3. Die Schlussfolgerung besagt, dass die Bitfehlerrate-Messung eines Kom-
munikationssignals durch Spread Spectrum-Modulation fiir den Leis-

tungswandler als EMI-Quelle nicht verringert werden kann.

Die erzielten Ergebnisse basieren auf den gemessenen Daten mit einem
EMI-Empfanger und gegebenenfalls einer Simulation, die die wichtigsten
Parameter beschreibt. Diese Arbeit liefert interessante und niitzliche As-
pekte fiir die Analyse der Spread Spectrum-Technik, die auf Gleichstromwan-

dler angewendet wird, sowie deren Hauptvorteile und -nachteile.”
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Chapter 1

Introduction

1.1 Main Issues in Modern Grids

The state-of-the-art electrical and electronic devices are changing their cur-
rent operation to have more interconnected systems and complexity. This
fast-growing trend has been pushed by the microgrid concept. In fact,
microgrid usage has increased over the past years. On the one hand,
the main reasons behind it are the transition to non-fossil fuels such as
photovoltaic (PV), wind turbines, fuel cells and storage devices (batteries
and supercapacitors). It is during recent years that microgrids have been
providing solutions to meet the local demands of distributed power systems
[1].  On the other hand, the human need to communicate along other
areas with or without cables has encouraged new and challenging ways to
transfer data over considerable distances using cables or high gain antennas.
However this can create interference between all of the devices involved in
a certain area or environment.

According to the synthesis report titled, “Scenarios for the Development
of Smart Grids in the UK” [2], Smart Grids employ concepts such as
new kinds of power company, time-of-use tariffs to create a new paradigm

for managing and distributing electrical power, with the main focus of
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decarbonising the UK’s electricity system. This approach is being developed
in other countries as well to move to a more sustainable future.

In reality, sustainable energy is one of the main drivers for the use of
smart grids all over the world as is presented in Figure 1.1, in this graph
it can be seen the investments of countries such as China (approximately
400 USD billion), United States (approximately 350 USD billion) and Eu-
rope (approximately 200 USD billion) in energy as the main leaders in the
technology with a clear focus on Fossil fuel supply, Power sector, Energy

efficiency and Renewables for transport and heat.

Energy investment by sector in selected markets in 2018

) Fossil fuel
mPower sector
mEnergy

Middle East - efficiency
Russia -
mRenewables
far transport
India - and heat
Southeast Asia -I

0 50 100 150 200 250 300 350 400

USD (2018) billion

Figure 1.1: Energy investment by sector in selected markets for 2018.

Considering this increasing trend towards power networks which include
a high penetration of Power Conversion and Integrated Circuit (IC) technol-
ogy, issues related to Electromagnetic Interference (EMI) become important
for reliable system operation. EMI is generally classified as conducted
and/or radiated interference. For both classifications, these issues can
impact performance on; digital devices, converters, cables, smart devices,
communications and plenty of other systems, as devices working on the
same system all generate and can be susceptible to EMI. As illustrated in

Figure 1.2, it can be seen the two main paths for EMI in which there is a
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source and a victim.
Therefore, EMI analysis is a task that should be considered very seriously
when designing electrical and electronic systems since one system can affect

the behaviour of other systems through the different EMI coupling paths.

Radiated —<>>>

Conducted

1
T

Figure 1.2: Interference of different devices over a common point.

Another important topic that encourages the study of EMI is the use of
Power Line Communications (PLC) applied to smart grids [3]. In fact, a
new topic called Supraharmonics has been taking attention nowadays due to
the frequency bandwidth 9-150 kHz covered. This band will be considered
as an important part for researching purposes in the low frequency band.

The IEEE 1901.2 “Standard for Low-Frequency (less than 500kHz) Nar-
rowband Power-Line Communications for Smart-Grid Applications” [4],
provides the most important recommendations to avoid interference and to
address a balanced and efficient channel for PLC technologies. For example,
technologies which can create or to be susceptible to EMI when PLC is
present are grid to utility meters, electric vehicle to charging stations, light-
ing and solar panels, and other equipment requiring PLC communications

for data or control [4].
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1.1.1 Electromagnetic Interference Issues

Over the recent years, there has been an increase of grid connected power
electronic converters (e.g. for renewable energy, motor drives, power sup-
plies for electronic devices). These devices can cause high frequency currents
and high rates of changes of current and voltage, which can combine at
different parts of the distribution systems. The frequencies emitted by a
particular piece of equipment might be bounded within the limits given
by the manufacturer of the device or between the most suitable frequency
limits for the power system to maintain correct functioning without any dis-
ruption in other devices, particularly for communications systems, medical
equipment and aircrafts [5]. A brief list of the most common issues of EMI

according to [6] and [7], is usually identified as listed below.

e Related to Power Electronic Interfaces (PEI):
Power converters’s switching frequency used for renewable sources.

Errors in communication for Smart Meter.

e Power Line Communication (PLC):

EMI generation and signal propagation along the power lines.

e Flexible AC Transmission System (FACTS):

Continuous transient operation due to switching devices.

e Other Communication technologies:
Ever increasing network capacity to cover demands in challenging and

changing environments given by the electric car market.

1.1.2 Power Quality Issues

In order to define what are the main Power Quality (PQ) issues in power
systems the general meaning of PQ should be defined. According to the

IEEE Recommended Practice for Monitoring Electric Power Quality [8],
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PQ refers to a variety of electromagnetic phenomena that can characterise
the voltage and current at a given time and at given location on the power
system. It can be applied to any Low Voltage (LV) or High Voltage (HV)
system that is able to generate electrical energy. Most of the PQ anal-
yses and standards are currently based on AC systems and refer to the
system fundamental frequency. One of the most important standards is
the EN- 50160 [9] which explains the voltage characteristics in the Public

Distribution. The main characteristics of the supply power are given by,

e Frequency
e Magnitude
o Waveform

e Symmetry of three phase voltages

These characteristics are applied for both LV and HV systems to deter-
mine the main issues generated in AC. According to G. T. Heydt, the most
common power quality engineering indices are listed in [10]. However, the
application of these standards to a DC system requires a complete rethink
of the nature of a switching device in both Time and Frequency domains in
order to create systematic standards.

The possible standardisation of DC power has been a topic which is
attracting attention due to the EMI issues created by noise and the nonlinear
effects from the devices used. In [11], a set of different indices based on
statistical analyses is presented, however the results might be dependant on
the recorded time of the signal to be analysed. The main cause for the EMI
in DC microgrid systems is due to Switched Mode Power Supplies (SMPS),
these systems tend to generate considerable levels of EMI because of its
switching nature. There are no specified Electromagnetic Compatibility

(EMC) limits for DC rails, so there are no specific tests, for example in the
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European Commission (EC) or in the Comité Européen de Normalisation
Electrotechnique (CENELEC) regulations that can be applied directly to
this situation. Likewise, a Power System Unit (PSU) and the DC supplied
circuit may be considered as sub-systems, possibly even components; as a

result, they may be exempt from the EC directive [12].

1.1.3 Signal Integrity Issues

Signal Integrity (SI) is an important topic to provide reliable communication
in today’s systems. According to [13], SI is considered a set of measures
of the quality of an electrical signal transmitted through the interconnects.
However, as the definition states it can have a double relationship con-
sidering the quality and degradation (at the same time) of a signal for
a communication link. The authors in [13] and [14] present important

parameters when signal integrity is studied. These issues are:
e Losses
e Impedance mismatch
e Crosstalk

Losses are caused by the dielectric (electrical field) and conductor losses
(skin effect and conductivity). Impedance mismatch depends on the geome-
try and materials for the transmission line model and the impedance used for
termination, also the nature of the connections or connectors. Crosstalk is a
more complex issue which depends mostly on the coupling effects (conducted
and inductive) from two or more conductors and can vary according to
different frequencies.

In fact, the important issue of EMI that will be addressed in this work
is how the interference generated by a converter can affect the quality of

a signal on a nearby communication link by means of Crosstalk. In recent
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research focused on DC converters that will be discussed in this thesis,
it has been demonstrated that coupling methods are an important aspect
of understanding how EMI generates between devices. Moreover, both
capacitive and inductive couplings are important paths for EMI activity, and
the cable coupling that happens in real applications can be a combination

of both effects.

1.2 Low Frequency Issues: Supraharmonics

In the recent literature a problem with regards to low frequency distortion is
referred to as Supraharmonics [3], [15], [16]. In this context, the interference
generated appears to include all the frequency content that is above the well-
known harmonics bands as stated in AC standards. However the usage of
this bandwidth is analysed for frequencies ranging from 2 kHz to 150 kHz
[3]. To understand better this issue, [15] has compared different spectrums
for three different load test cases for specific SMPS; no load, 25% load and
90% load. As inferred, bigger amplitudes are generated in the frequency
domain areas where loads were higher. [16] states that different devices
tend to generate a particular band of interference, this is more noticeable
in non linear devices which defines an interesting path to research about
standardisation in these kinds of devices. Due to the nature of the low
frequency band to be analysed in this thesis, it seems important to account
for EMI in the Supraharmonics and standardisation of limits as suggested
in [17].

In [18] the interference generated to a PLC channel when it is tested in
a low voltage network is analysed under five different testing cases. This
work concludes that the frequency range from 9 kHz to 95 kHz is the most
affected by the most common interactions such as high voltage/current

levels, low impedance path at the communication frequency, overheating
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of components in the voltage systems, non-linear equipment that generate
harmonics and waveform distortion.

The mitigation of EMI in the Supraharmonics range for Power Electron-
ics was considered in [19]. In this research it is concluded that different
topologies can generate different harmonic content and it is important to
account for the methods used to drive them. This work [19], analysed the
usage of methods for spreading the spectrum is introduced to overcome
an undesired interference caused by Supraharmonics in conventional PWM

power converters.

1.3 Research Objectives

This research work is aimed at developing an understanding of EMI issues
in DC micro grids to account for mitigation techniques in both the time
and frequency domains applied to DC power converters. The investigation
is focused on one converter having a switching frequency modulation tech-
nique, however different techniques are applied and analysed on the same
device in order to understand how these interactions can generate different
EMI.

The task of understanding the EMI generated by a switching converter
will be performed by investigating the nature of modulation techniques to
reduce the EMI impact on DC converters. This thesis will provide valuable
points on how these switching devices can potentially have considerable
impact on other devices such as wired communication links.

Finally, the points and conclusions obtained in this thesis can be used
to inform for future standardisation for DC micro grids and create new
frameworks to measure and understand the EMI generated in emerging DC

complex systems.
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1.3.1 Specific Objectives

This research work has the following specific objectives:

e Test two Spread Spectrum Modulation techniques to determine ad-
vantages and disadvantages in the time and frequency domains for

the DC converter.

e Assess the effects of the Spread Spectrum Modulation technique for
a DC converter by considering the CISPR-16 Standard framework of

measurement.

e Determine the impact or the side effects of Spread Spectrum Modula-
tion for a DC converter in a Crosstalk interaction to a communication

channel by measuring the Bit Error Rate.

e Design a controlled pseudorandom variant of Spread Spectrum Mod-
ulation for an FPGA to shape the noise by considering a repetition

rate control of switching frequencies over time.

1.4 Main Contributions

The knowledge gathered from the experimental tests supported by the main
theory and simulations in this thesis has led to the main contributions listed

below:

1. The first contribution is the understanding of the trade-offs when mod-
ulation techniques such as Spread Spectrum are used as a solution to
reduce EMI. The EMI energy is being re-distributed over a wider range
of the frequency spectrum. However, many researchers consider only
the benefits in the frequency domain (FD) while there are important

drawbacks which can be observed in the time domain (TD).
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2. A second important contribution of this work is the demonstration of
the signal integrity for a communication data link over a cable which
is coupled to an EMI source such as a power converter. The Bit Error
Rate (BER), figure of merit is used to quantify the channel quality of
these EMI effects of power systems to data systems. Crosstalk between
conductors/devices is a situation that happens frequently and must be
minimised or avoided while possible. The use of different modulation
techniques applied for power converters has shown that the impact on
the BER value is not mitigated, in fact, it can generate a considerable

increase in the error rate figure.

3. Finally, this work aims to define the main parameters which influence
the propagation of interference when a system as a DC-DC converter
is modulated using switching frequency modulation techniques. These
parameters can be used as recommendations for researchers or com-
panies that are interested in strategies to mitigate the effects of the
switching frequency of a power converter knowing about the drawback

effect seen in time domain.

1.5 Thesis Structure

The structure of this thesis is so as to provide a practical and useful study
about the use of modulation techniques and its influence on different envi-
ronments that can exist in real cases. To address these points, the thesis is
divided into seven chapters:

In Chapter II, a literature survey of main EMI concepts and issues with
special focus on EMI for DC power converters is presented. In this chapter
the required background theory is presented as well as important EMI
definitions, frequency limits, standards and main interactions given by cable

coupling (capacitive and inductive) mainly used for transmission line models
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to address Crosstalk. All of these topics are taken into consideration to de-
fine how a DC converter can be analysed as an EMI source by understanding
the generation, propagation and mitigation.

In Chapter III, a broad explanation of Spread Spectrum Modulation
(SSM) considering the most important parameters is presented. In this
chapter the theoretical background is presented along with information
about the importance of time and frequency domains. The signals used
to modulate a converter are considered as well as the modulator to be used.
A simulation is presented based on the formulas presented in the chapter.

The measured results obtained with an EMI receiver are presented in
Chapter IV along with a discussion about the best mitigation profile to be
used as well as the best modulating signal parameters for CISPR-16 Band A
with regards to mitigation purposes. In addition, this chapter considers
the information of the previous chapter to discuss the experimental results
about mitigation for modulating signal in the frequency range covered in
the frequency range from 9 kHz to 150 kHz.

In Chapter V, an analysis based on BER is carried out to determine the
effect of different parameters when SSM is used with a power converter, the
Crosstalk between cables (power and data) is tested under different param-
eters in order to determine the impact of this technique for two different
modulating signals. Crosstalk interaction is usually found in modern smart
grids when the switching frequency of a converter creates interference that
must be considered to meet EMC.

A different approach for the SSM technique is presented in Chapter
VI. A Pseudorandom signal with a controlled repetition rate of switching
frequency is used to drive a converter under a similar environment as the
converter used in Chapter IV. This chapter demonstrates the importance
of the EMI receiver parameters such as the resolution bandwidth and the

dwell time of the instrument. Different test cases are shown to support the
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idea of different rates of change for the generation of the driving signal and
its relationship to the mitigation of the switching interference.

Finally, Chapter VII presents the conclusions of the thesis mainly based
on the EMI issues found in DC systems and its possible mitigation strate-
gies. The chapter includes conclusions for the use of SSM with a single
converter with regards to time and frequency domains. In addition, recom-
mendations are provided for Spread Spectrum techniques and the need for
time domain standards for DC systems with a focus on frequency domain

procedures is highlighted.



Chapter 2

EMI in DC Microgrids

In this chapter, the main theory behind EMI for DC microgrid technology
is introduced and explained. The chapter contains theoretical information
about the nature of the emissions, the electrical and electronic devices
that can generate EMI, the valid standards and set-ups for measuring
EMI as well as the coupling methods that can generate issues in microgrid
technology. In addition, there is a section with information about common
EMI mitigation techniques such as filtering and modulation in frequency,
but mainly focused on the latter. These topics are necessary to introduce
and explain the generation, propagation, and mitigation of EMI presented

in the next chapters of the thesis.

2.1 EMI Basic Concepts

Theoretically, there are two main types of emissions generated by any elec-
trical or electronic device. According to Clayton’s book, “Introduction to
Electromagnetic Compatibility” [20], the EMI can be radiated or conducted.

In Table 2.1, the explanation of both situations can be seen with the
main limits or frequency ranges and common listed cases. The limits are

according to the Federal Communications Commission (FCC) in the United

13
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States.
Table 2.1: Common emissions limits and examples.
Emission | Frequency Examples
Type Range

Conducted | 9 kHz - 30 MHz AC Power cords and cables (50 or 60
Hz frequency), light bulbs, compact
fluorescent lamps (CFL).

Radiated 30 MHz - 40 GHz | Antennas, radio communication dis-
turbance (radars), resonances of
passive devices, damped oscillatory
magnetic fields.

Considering the nature of the two given cases that generate emissions,
there exist coupling mechanisms that must be addressed as well. This is
due to the nature of any conductor which has resistive, capacitive (related to
electric field) and inductive (related to magnetic field) behaviour at different
frequencies. It is important to mention that wire insulations do not affect
magnetic field properties caused by the currents in the cables.

In the frequency band for conducted emissions there are two main paths
for noise flow as can be seen in Figure 2.1. Firstly, the Differential Mode
(DM) noise (Figure 2.1a) is the noise generated the go and return in two
conductors, for example an AC system which has Phase and Neutral.

However, this is not the only path for noise flow, another path is given by
the Common Mode (CM) noise (Figure 2.1b). Considering the same case of
an AC system with two main conductors, if both conductors have the same
current then that is a common current and there must be an return current
in a separate third conductor. Common mode noise is often flowing to the
lowest potential, in this case the physical ground via the stray capacitance.

With regards to parallel conductors, the coupling mechanisms are conduc-
tive, capacitive and inductive leading to Crosstalk. The transmission line
models are often used to demonstrate these effects for a pair of cables with

similar geometrical properties [20], and for simplicity cylindrical conductors
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Figure 2.1: Noise propagation along two different paths.

are considered.

2.2 Crosstalk Effects

The conductors (cables) can be represented as a transmission line with
lumped parameters. Consider the case that the wires might have the same
radius (r,,) and length (.£), with a separation (s) between them. The inter-
action of these two conductors are graphically presented in Figure 2.2. In
here, the capacitive (2.1) and inductive (2.2) coupling effects are highlighted
in red with the corresponding differential equations representing the relation

in the transmission line model.

Figure 2.2: Cable conductor model, on the left the EMI “aggressor”, on
the right the “victim”.
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dV

Tonm = Cop 2.1
dl

VL 7 (2.2)

Equations (2.1) and (2.2) show that coupling to a victim conductor is
related to the rate of the change of voltages and currents on the interference
source conductor. The lumped circuit model can be useful for analysing for
both radiated and conducted cases.

The DC resistance R of a round wire of radius r,, conductivity o, and

total length .Z is [20)].

Z

2
onrg

R:

(2.3)

In Figure 2.2, referring to one of the cylindrical conductors, higher fre-
quencies will make the electrons flow towards the outside. This is the skin
phenomenon or skin depth. The skin depth of the conductor is then given

by [20],

1
Vrfuo’

where 1 = 47x107"H/m represents the permeability of the conductor,

5 —

(2.4)

o is the conductor conductivity and f is the the frequency of the wave
flowing across it. The skin depth phenomenon will cause the inductance

and resistance to be frequency dependant.

2.2.1 Capacitive Coupling

This coupling mechanism is generated by an electric field. In order to have a
capacitive relationship between a source of EMI and a victim the conductors

must be in close proximity.
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Considering the capacitive effect in which both conductors have similar
characteristics, the contribution to capacitance (¢) in F/m is given by [21],
T€EQ

c= m, (2.5)

where, r,, represents the radius of the two conductors, s represents the
distance between them and ¢; is the relative permittivity of the conductor.
The capacitive relationship explained in [22] of the two conductors is shown

in Figure 2.3.

5 }10-11 Mutual capacitance - two parallel wires
' —Radius: 0.1 cm
—Radius: 0.2 cm
4 Radius: 0.3 cm
—Radius: 0.4 cm

—Radius: 0.5 cm
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N w

N (] w ()]
T

-
[¢)]

1
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Separation between cables (cm)

Figure 2.3: Capacitive behaviour of two parallel wires with different
separations.

2.2.2 Inductive Coupling

This coupling mechanism has similarities with the capacitive coupling. How-
ever, the inductive behaviour is found when the two cables couple by a
magnetic field. If we assume that the wires are sufficiently separated the
mutual inductance (H/m) with a ground plane placed below the conductors

is given by [21],
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where h¢ is the height above ground of the first cable, hg is the height
above ground of the second cable and S is the separation between cables.

The graphical result presented in [22] of the equation above can be seen in

Figure 2.4.
5 }10-6 Mutual inductance - two parallel wires over ground plane
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Separation between cables (m)

Figure 2.4: Inductive behaviour of two parallel wires over a ground plane.

Here it can be noticed a relationship of distance and mutual inductance,
when the separation exceeds a few centimeters the mutual inductance be-

comes less significant.

2.2.3 Multiconductor Transmission Line Equations

In [23], the explanation of the multiconductor transmission line model equa-
tion focused on Spice simulation software is presented. This model is based
on the theory stated by [20]. The authors consider an arrangement of cables
as shown in Figure 2.2. In this figure there exist two conductors and one
ground plane which composes a cable bundle.

If the per-unit length parameters are considered, the matrices of the trans-
mission line model for inductance [L], capacitance [C], resistance [R] and
conductance [G] are obtained. The voltage and current on the cylindrical

conductors widely spaced along the z axis may be described in time by the
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following equations [23]:
2 W) = IR 0]~ (L1, 0),
11z, 0] = ~[CNV (1)) ~ [T [V (= 1), 2.)

where [V(z,t)] and [I(z,t)] are vectors of the conductors time domain
voltage and current at a distance z along the bundle. The frequency domain
equations are expressed as:
d -~ = . =
V) = —[B]lI(2)] - jw[L][I ()],
d -~

()] = =[GV ()] = jw[C][V(2)], (2:8)

The resistance and conductance can be combined into a single matrix with

frequency dependence, and the same can be applied for the capacitance and
conductance which yields.

(2.9)

where

(2.10)

Equations (2.7) to (2.10) fully express how the the conductors in a bundle
couple.

Having considered the coupling methods and the transmission line model,

it is clear that Crosstalk is the resulting effect of the coupling given by
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the mutual inductance and mutual capacitance between conductors. There
exist accepted methods to mitigate Crosstalk such as cable shielding, wider
separation between conductors, decrease of edge rates, etc [13]. However,
the intention of this research work is to decrease the EMI seen in the
aggressor (the power converter) and address the effects of such a procedure
with a time domain index seen in the victim (the communication link).

A practical example of the Crosstalk phenomena between conductors can
be simulated and measured experimentally by considering a cable bundle
with inputs and outputs in which 3 cables (transferring predefined signals)
are placed in parallel above a ground plane with a certain separation be-
tween them and with certain height, the interference between cables can
be simulated by employing state-of-the-art tools such as SACAMOS [24].
This is a software to generate cable bundles for Spice simulating softwares
like Ltspice [25]. The results obtained were presented in [26] and are
used in here to demonstrate a simple effect of interference. The block
diagram in Figure 2.5 shows the Crosstalk-based set-up used for simulations

and experimental tests, where the ”Bit Sampling Error” is used as a the

Bit Sampling Error

Data out
Cable Bundle:
S':n Ieat':;: a:d Data gnd out
imulath Emission out
experiental Gnd plane out

Figure 2.5: Crosstalk set-up with three conductors for simulation and
experimental test.

Crosstalk metric.

Error

Emission in
Gnd plane in

The cables are labelled as follows along with the resulting effect of the

“Bit Sampling Error” function block providing the Error.

e Data in, is the input signal of the victim, for simulation purposes

digital pulses are used.

e Data gnd in, is the ground reference of Data in.
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e FEmission in, is the signal injected (EMI source) to the bundle to

interfere Data in.
e (Gnd plane in, is the input of the ground plane.

e Data out, is the output signal after being interfered by the Emission

cable.
e Data gnd output, is the output ground of Data out.
e Emussion out, is the output emission injected to the cable bundle.
e (Gnd plane out, is the output of the ground plane.

e FError, considers a digital system that is able to read an error if a

certain threshold is reached.

The simulation results can be seen in Figure 2.6, while the experimental
measurement can be seen in Figure 2.7. Both the simulation and the exper-
imental tests consider Data In (in orange) and Emission (in blue) without
phase delay, in the top panel, Figure 2.6a and Figure 2.7a, respectively. A
phase delay of approximately 50% of the time period is added for the two
cases analysed in order to determine the effect at a different moment. The
simulation result is shown in Figure 2.6b and the experimental measurement
is shown in Figure 2.7b.

When a phase delay of zero is used (Figure 2.6a and Figure 2.7a), the
effect of interference in the victim (Data in/Data out) can be easily ap-
preciated if the Emission changes from negative to positive amplitude, a
bump is generated in the falling edge of Data out (in green). For the
experimental tests measurement, a considerable noise added by means of
the equipment used and non-ideal effects can be noticed. However no errors

are generated (purple). In the case of 50% phase delay added (Figure 2.6b
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and Figure 2.7b), errors can be generated due to the fast change of the
electromagnetic field from the EMI source to the victim (Data out in green).

In summary, the effects shown previously are an interesting problem in
EMC for digital devices that are mainly caused for the rapid change of %
of the given interfering signal (Emission) and can lead to digital errors as is

shown in both cases with a bump present when Data out has zero potential

being interfered by the EMI source change from positive to negative voltage.

Data_in
24 — Data_out
— Emission
Error
1
S .

T T
0.0 2.0
Tlme (us

Data_in

21 b) — Data_out

— Emission
Error

2

0.0
T|me (us

Figure 2.6: Simulation test: Crosstalk issue for a digital signal, a) With
EMI of 0% phase delay, b) With EMI of 50% phase delay.

Having introduced the previous results of this experiment, a comparison
between simulation and real experiment is carried out to determine the
differences and similarities between the results obtained. The following can

be noticed from Figure 2.6 and Figure 2.7.

e A simulation will present ideal behaviour which can be difficult to
replicate on a real laboratory demonstrator even including parasitic

components. A good example of this can be appreciated by the
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Figure 2.7: Experimental test: Crosstalk issue for a digital signal, a) With

EMI of 0% phase delay, b) With EMI of 50% phase delay.

noise in the experimental test (Figure 2.7) which is not present in

the simulation (Figure 2.6).

e The time response in the signals can be different due to the non ideal

response of the equipment used as well as the signal delay.

2.2.4 Modulating Converters as EMI Sources

Nowadays, Switched Mode Power Supplies (SMPS) are widely used in com-

mon applications such as battery chargers, communications and, energy

conversion. The most common EMI issues in microgrid are given by the

nature of the switching frequency of the emission itself.

Due to their

switching behaviour, these devices can be considered as EMI sources if the

proper mitigation procedures are not taken into consideration.

The main strategy followed by most of the electrical and electronic engi-

neers all over the world to control these devices is the usage of Pulse Width
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Modulation (PWM) with a constant switching frequency. This is termed in
this thesis as Deterministic Modulation (DetM). DetM can contribute to a
certain level of interference at the fundamental switching frequency and its
higher order harmonics [27]. In some cases there will be hundreds of devices
having the same or different switching frequencies which can be a difficult
and demanding task to measure and understand. Individual or group effects
can account for larger EMI.

In the following section, the main concepts needed for conducted EMI
between electronic devices and its coupling will be reviewed and explained
for the purposes of the thesis. Important considerations for the following
chapters are considered such as the interference generated by SMPS and its
possible mitigation.

Special focus discussed in this section about the coupling mechanisms due
to the high importance for the generation of a Crosstalk environment. This
information will be used to account for a time domain index in Chapter 5
to determine the impact of the mitigation technique developed and their

advantages and disadvantages.

2.3 EMI Measurements

Generally, the recent research carried out for power converters with con-
stant load are for switching frequencies below 200 kHz [28]. This usage
of a single switching frequency can make a converter an adequate research
subject, specially for uncovering aspects in the current standards such as
that developed conventionally by International Special Committee on Radio
Interference (CISPR).

The level of interference generated by a converter depends on the band-
width used to measure it. In order to account for the propagation of

interference there are established standard procedures that work over certain



2.3. EMI Measurements 25

bandwidths. In this research work, the use of CISPR-16 is considered for
the analyses carried out for all the measurements and results. However a

brief explanation of other important standards is discussed below.

e CISPR 11. This standard covers disturbances (in Radio Frequency)
in the range of 9 kHz to 400 GHz. The limits in emissions apply to
low voltage in AC and DC without considering the direction of the
power flow. The current changes allow for example, the use of RF
equipment used for measurement of Wireless Power Transfer (WPT),

for instance for power supply and charging purposes [29].

e CISPR 12. This standard is designed to protect broadcast receivers
in the frequency range from 30 MHz to 1000 MHz in the residential
environment. The emissions can come from vehicles propelled by a
combustion engine or electrical motor (or both), boats propelled by an
combustion engine or electrical motor (or both) and, devices equipped

with combustion engines [30].

e CISPR 14. This standard applies to the emissions in the frequency
range from 9 kHz to 400 GHz from households, electric tools and
similar apparatus. These appliances can be whether powered by AC

or DC (including a batteries) [31].

e CISPR 15. This standard applies to conducted and radiated emis-
sions in lighting equipment, Ultra Violet (UV) and Infra Read (IR)
radiation, advertising signs, decorative lighting and emergency signs.

The frequency range covered is 9 kHz to 400 GHz [32].

e CISPR 16. This standard provides a guidance of characteristics and
performance for measuring equipment in the frequency range from
9 kHz to 18 GHz. The specifications in this standard apply to electro-

magnetic interference (EMI) receivers and spectrum analysers. The
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whole information related to this standard is used for the measurement

in this thesis [33] and the information is summarised in Appendix A.

e CISPR 25. This standard applies to vehicles, boats, internal com-
bustion engines, trailers, devices and any electronic/electrical compo-
nent on board vehicles, boats, trailers and devices. This standard is

intended for the automotive sector. The frequency range is 150 kHz

to 5925 MHz [34].

e CISPR 32. This publication provides requirements and protection
for radio services to operate as intended in the frequency range 9 kHz
to 400 GHz. It specifies procedures to ensure the reproducibility and

repeatability of results [35].

2.3.1 EMI Standardised Measurements

There exists a specific setup to measure the interference generated by a given
device according to a given standard. This ensures the repeatability and
reproducibility of the results. To this end, the proposed setup measurement
in CISPR-16 is considered. This standard covers 5 different bands (as can
be seen in Table. 2.2). Since the focus of this work is in the low frequency,
Band A of the standard is used to analyse the EMI generated by the
converter as well for the whole analysis in the following chapters (Chapter
IV). The other bands are out of the scope for the analyses carried out in
this thesis work. The complete table considering all of the parameters used
for the different bands can be found in Appendix A.

The setup to measure the emissions generated by a Device Under Test
(DUT) is given by the EMI Receiver and the Line Impedance Stabilisation
Network (LISN). The LISN provides stable impedance in the frequency
range 9 - 150 kHz which covers the Band A of CISPR-16.

The block diagram according to the CISPR-16 standard is shown in
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Table 2.2: CISPR 16 band limits.

CISPR A B C D E
Band

Frequency| 9 kHz - 150 kHz - | 30 MHz - | 300 MHz | 1 GHz -
Range 150 kHz 30 MHz 300 MHz | -1 GHz 18 GHz

Figure 2.8. The explanation of all the blocks involved is given as follows.

Controller

Supply LISN
1 2 3
N Lo =Sl
— 1A
T- % % 7T
DUT

FD measuring
device

Figure 2.8: CISPR-16 Standard: Measurement Setup.

In block 1), the Supply is used to provide power to the DUT. In block
2), the LISN provides a fixed steady impedance between the supply and the
DUT and prevents possible interference from the supply outside. The LISN
allows for any measuring device or oscilloscope due to the signal conditioning
according to the standard or an EMI Receiver, However it should be noted
the impedance of the measuring device is assumed to be 50 ohms. When
using a device with a high impedance such as an oscilloscope a 50 ohm
impedance should be added in parallel to the connection to the LISN. The
EMI Receiver is compliant to CISPR-16 as well as the LISN. Finally, block
3) shows the DUT the subject to the EMI analysis. The DUT for the
purposes of this thesis is one DC-DC buck converter switching at different
frequencies below 150 kHz (CISPR-16 Band A). The switching signals are
generated by a microcontroller. Having to measure the EMI generated for

an electrical device, a measurement using an oscilloscope is used to show
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the time domain (TD) interference generated of one DC-DC converter that
will be used for the experimental tests in the results. The measuring device
can also be a spectrum analyser or an EMI receiver if necessary.

In order to provide initial measurement obtained from the previous set-up
diagram (Figure 2.8), the Picoscope 5444D [36] which is a PC oscilloscope
is used to measure the signal in the TD and through the use of Fourier
transforms used to determine its frequency domain (FD) behaviour. The
equipment diagram is shown in Figure 2.9 which includes the Power Supply,
the LISN and the Power Converter. Important information with regards to
the linearity and resolution of the Picoscope can be found in Table B.1 of

Appendix B.

Supply

DUT

Figure 2.9: Measurement set-up with Picoscope including power supply,
LISN and DUT.

The oscilloscope is used to measure in the TD (shown in Figure 2.10 with
an amplitude of 0.5 V) with a fixed sampling frequency of 10 MHz. To obtain
the spectra of the signal from the LISN (shown in Figure 2.11 demonstrating
the Peak value of the switching frequency of 109 dBuV at 50 kHz). The use
of an oscilloscope can provide a good understanding of EMI in particular
applications, however these measurements can not be considered valid for

the current standards from established bodies and organisations because the
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framework used to assess different emissions at different frequencies rely on
much complex procedures to decompose the interference.

The interference between 9 - 150 kHz for FD has been obtained by means
of the FF'T algorithm with the TD previous data stored from a file provided
by the oscilloscope. The FFT algorithm focused on CISPR-16 standard is
explained in detail in Chapter 4. The procedure to obtain the result in FD

is discussed in the next chapter.
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Figure 2.10: 50 kHz switching frequency DC converter TD signal from the
LISN.

In real applications such as pre-compliance and compliance procedures
for devices there are limits and measurement steps that must be met to
determine if a system is suitable for using in certain applications. Since
there is no agreement on how to deal with the electromagnetic interference
generated by DC converters in low frequencies, this work will follow the
standardised setup of CISPR-16 for the future experimental tests.

Having this initial standard is helpful to account for the indices used
in the measurements. The steps for a measuring equipment compliant to
CISPR-16 are shown in Figure 2.12 and explained as follows.

The explanation of the procedure is presented in [37] and considered in the

EMI measuring steps as follows. The EMI signal is filtered according to the
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Figure 2.11: 50 kHz switching frequency DC converter F'D signal from the
LISN.
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Figure 2.12: EMI Receiver measurement procedure according to

CISPR-16.

RF pre-selection bandpass filter (1). The signal is then amplified for a low
noise figure (2). The next step mixes the amplified signal and superimposes
it to a signal from a Local Oscillator by means of the Intermediate Frequency
(IF) (3). The next steps is the filter that determines the bandwidth and the
characteristics of the EMI receiver (4). The result is then rectified and base-
band limited to the half of the IF (5). Finally, the detectors are displayed (6)
by including the critically damped delay of the mechanical instrument (7).

This standard has three main indices that should be taken into consid-
eration. According to [38] and other authors [37], [39], [40], [41], the main

idea behind the indices are explained as follows.

e Peak value (PK). The PK considers the maximum value of the peak
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for a measured signal over a time constant. This means that in TD
the PK works independently of the possible number of pulses repeated
over a time period generated from the Electromagnetic source of noise.

This effect is referred to as the Pulse Repetition Frequency (PRF).

e Quasi Peak value (QP) The main parameters for QP detector are
given by the charge and discharge time of an envelope detector circuit
(Re, Rg and C'). This circuit represents a demodulator circuit with
dynamics given in Table. A.1. Therefore, the PRF will have a big
influence in the measured QP value. The more pulses repeated over a
certain time, the higher the QP value will be. The QP demodulator

is shown in Figure 2.13

Rc D

Intermediate

frequency C === R4
voltage

Meter with
time constant

Figure 2.13: Quasi-peak demodulator circuit.

e Average value (AV). The AV index demonstrates the mean value of
the demodulated intermediate filter over the time interval measured.

Generally, the AV detector is not suitable for impulsive disturbances.

The behaviour in the time domain for the signals obtained from these
detectors should follow the expected demodulation as shown in Figure 2.14.
In summary, a continuous signal will generate the same values for PK, QP
and AV when measured by an EMI Receiver. However, when a modulated
signal is measured, the results for the three main indices (PK, QP and
AV) will generate different results when the Duty Cycle of the signal is

different as shown in Figure 2.14. For a continuous signal the condition
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P, QP, A
continuous
= — &p
A
modulated
I

_/\/\/\/\/\/\/\/\/\/\/‘\/‘\ — QP
2 R B

pulsed — high duty cycle

A

pulsed — medium duty cycle

QP
— / /A

pulsed — low duty cycle

P = peak, QP = quasipeak, A = average

Figure 2.14: Example of a demodulation procedure as presented in [42].

PK = QP = AV is true and a modulated signal presents the condition
PK > QP > AV.

2.3.2 Standardised Measurement Compliant with CISPR-

16

To account for an accurate and repeatable measurement in different environ-
ments that can be considered compliant to a standard (for future purposes),
the CISPR-16 standard set-up is used. This standard includes equipment
and instructions on the devices used to have a correct measurement. Due to
the nature of noise generated on DC systems (either Differential or Common
mode), the connection used is as follows in Figure 2.15. Notice the use of
two branches for measuring the emissions coming from the positive side and
the negative side. The schematic of the LISN used can be seen in Figure 2.15
and its main features will be explained in Chapter IV for the experimental
measurements.

In the tests carried out in this thesis only the differential mode noise
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is taken as the research subject due to the equipment and the laboratory

facilities.

2.3.3 Crosstalk in Wired Communication Links

Crosstalk between two different conductors can be represented by the trans-
mission line model as explained in Section 2.2. In [43], and [44] it has
been demonstrated that a digital system using serial communication can be
seriously compromised if a situation like this takes place. What is more,
it has been concluded in both works that this is a highly non-linear effect
even if the nature of the interference is somehow controlled periodically.
The main cause of this is due to the effect of generating an error over a
data bit. The voltage shape of the data signal is important to account for
a reliable transmission of data.

To better explain this issue, the basic idea of a communication envi-
ronment is considered. A complex communication system should consider
different parameters. These parameters are taken into consideration by the
Open Systems Interconnection (OSI) model and divided into different layers
[45]. The layers and its explanation can be found in Table 2.3.

Crosstalk occurs when an EMI source generates compromises (wanted or
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Table 2.3: OSI Model Layers.

Layer| Description Function

7 Application Layer | Considers the interaction between the end
user that controls the applications with
network services.

6 Presentation Layer | Considers the encryption for the data
exchange between network layer and ap-
plication layer

5 Session Layer Considers the communication channels
between devices which are called sessions.
4 Transport Layer Considers data transmission protocols,

includes mechanisms to request data again
if was not received.

3 Network Layer Considers the routing of information usu-
ally using addresses for destination.

2 Data Link Layer Considers the data framing. FError de-
tection and correction mechanisms can be
used.

1 Physical Layer Considers the raw bit stream, based on the

electrical medium and properties.

unwanted) to a signal. One example of this was analysed in [43], where the
authors created two different environments to generate errors, one based on
radiation and other based on conduction. The one that matters to the study
carried out in this thesis is the one based on conduction. However, in their
experimental setup, the authors used two cables and one ground plane (as
was explained previously), and a Crosstalk situation takes place. The victim
for this case is a TTL generated stream of bits transmitted and quantified
by a Bit Error Rate Tester (BERT) while the aggressor is a signal with a
controlled waveshape. The aggressor signal is based on the Square Series
Fourier Wave (SSFW) (as can be seen in (2.11)) where n is the number of
terms. This equation was proposed to generate the noise signal to measure

the affect on the Bit Error Rate (BER) of a digital stream of data.

SRS

Xm: sin(izmt) (2.11)

n=1,3,5...

(t) =

The authors found that, as the number of terms increases the BER
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measured increases. The main explanation of this is because of the increase
in the maximum value of % contained in the interfering signal as the
Fourier terms increase which then creates a larger interference magnetic field
L%. From a mathematical point of view, this is mainly caused by Gibbs
phenomena, which represents a difficulty of Fourier series in approximating
functions near their jump discontinuities, hence it manifests in overshoots
and undershoots near such changes [46]. In this situation there is a moment
in which adding more sinusoidal terms will lead to a discontinuity in the

measured signal. An example of this effect with three different values for

the number of terms can be seen in Figure 2.16.

Square Series Fourier Wave
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Figure 2.16: Gibbs phenomena caused by the increasing number of terms.

For the main purpose of the thesis, the simulated signal based on Fourier
terms is changed to a power converter switching at different frequencies and
with different schemes to investigate EMI and whether it can be reduced or

mitigated.

2.3.4 Bit Error Rate in Communication Links

One useful measure of communication efficiency used in this work is the
BER measurement. To measure BER specialised equipment is used, in

this case a Bit Error Rate Tester (BERT). Unlike many other types of



36 Chapter 2. EMI in DC Microgrids

measurement, examining the BER permits an understanding of the full end
to end performance of a communication system including the transmitter
and the receiver, all within a single parameter [47].

Fundamentally, a BERT provides the ratio of incorrectly transmitted bits

to transmitted bits, as given by (2.12).

(2.12)

where N,.,, is the number of incorrect bits whilst Ny is the total number
of bits sent in a time period. When data is transmitted over a data link,
there is a possibility of bit errors being introduced to the system. If this
occurs the system integrity may be compromised [48] with potentially severe
repercussions. The likelihood of a given bit being incorrectly determined by
a receiver, and therefore the value of the BER, is affected by many factors
including the signal to noise ratio of the signal, distortion, and jitter [49].

Recently, Power Line Communications (PLC) has been widely studied
due to the recent issues discovered in the low frequency band. The usage
of the same cable as used for electrical appliances can be considered as an
advantage from an infrastructure point of view, however there are important
drawbacks due to the switching converters and the noise generated [50]. The
main issue considered by the authors in this research is the inclusion of a 3
phase motor in combination with a transmission line that transfers power
to it [50]. Coupled to this set-up a PLC communication link was placed
to measure the effect of the BER. Interestingly, the BER increased when
the emitted power of the motor decreased. Another conclusion given by
the authors is the length of the cable which is one of the most problematic
topics when analysing the EMC between devices.

This experimental test can be partially reproduced by the inclusion of a

Power Line signal using the input voltage of a DC-DC converter, which is
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the experimental test that will be explained in Chapter 4.

This section has explained the basic points for EMI measurements for
electrical and electronic devices. It has introduced ideas for measuring in
time and frequency domain as well as the standard needed for all the mea-
surements. In addition a common problem in digital communications was

introduced and the required equipment to measure this kind of interference.

2.4 EMI Mitigation Strategies

In real practice, there are many options to decrease the conducted interfer-
ence generated by SMPS. In the review work carried out by Mainali et al.
[51], the authors describe a list of different methods. These methods are

divided into two different categories.

e Reducing the noise after its generation. This include the use of filters
(either passive or active). Another important point here is the topol-

ogy of the converter and the layout (shielding and similar techniques).

e Reducing the noise at the generation stage itself. This mitigation
category includes considerations given by the circuit development and
component selection, another consideration is usually the Switching
Scheme (PWM techniques and Switching Frequency Modulation) and
finally the Switching Transition which can be focused on the use of
auxiliary circuits to decrease the slope of transitions (snubber cir-

cuits).

Considering the aims of this thesis a brief description of both methods
will be explained. However, the focus of the research is in the mitigation of

EMI using PWM techniques (second category).
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2.4.1 Filtering

Historically, EMI filters and shielding have been a used as a practical and
straightforward solution to comply with EMI standards and regulations of
different countries, the main drawback of using passive components is the
increase in volume and the addition of more components to the final designs
which in some cases is translated into the change of design from the manu-
facturer side. According to [52], the filter value depends on the requirements
and the impedance interaction to the supply which is connected. Hence, the
dynamics of the converter and its operating conditions will be dependant
on the other equipment connected, which at the very end can generate more
uncertainties in the conducted emissions.

If a DC-DC converter is used for a particular application it will be required
to generate the lowest EMI possible. The use of a simple LC filter can
improve Differential Mode (DM) noise. However, the Common Mode (CM)
noise might be considered as well (both Differential and Common were
introduced in Section 2.1). The LC filter at the input of the DC converter
is shown in Figure 2.17, this filter is used by the majority of converters
to mitigate DM and to mitigate the noise from the source. On the other
hand, a modification can be made to suppress Common Mode (CM) noise

by using an inductor. The modification can be seen in Figure 2.18.

Figure 2.17: Differential mode filter for the input of a DC converter.
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Input filter ~ Switched converter

Figure 2.18: Common mode filter for the input of a DC converter.

The combination of both filter configurations (CM and DM) is called an
EMTI filter, this filter must comply with the following functional requirements

[53],

e Stopband attenuation with a transfer function at the designed fre-

quency.
e Low losses at line frequency (low passband attenuation).

e Low cost.

Considering the points mentioned before with regards to passive filter
usage for EMC purposes, a list of disadvantages is presented according to

[54], [55] [56], [57].
e Volume e Potential resonances

e Heat generation/efficiency e Reduction of robustness

For these reasons other mitigation techniques might need to be explored
and analysed in more detail.
In addition, [58] and [59] suggest additional requirements for the success-

ful design of EMI filters. In addition to the aforementioned points, filter
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stability is also a requirement needed for more reliable systems along with

the following.

e Knowledge of the noise impedance given by other parameters such as

impedances and parasitics.
e Definition of the dominant components affecting the noise generation.
e Provide stability to the SMPS.

Stability and impedance are often related to Middlebrook’s criterion ([60],
[61]), which states that the filter should be comparable and able to han-
dle the impedances in between the systems connected to provide stability.
Consider two systems as shown in Figure 2.19, i.e. the source and the load
subsystems both with a finite impedance (Figure 2.20). The ratio of these
impedances is then referred to as the Middlebrook criterion. The condition
that must be met is that the load subsystem’s input impedance is larger

than the magnitude of the source subsystem’s output impedance.

Source subsystem Load subsystem

i
07 O ______ :r ..... .o O
+ + ! + +
Vout,A i Vout,B
Vina Ga = Vina Vouta Ving | G = Vins Vouts
C)— _C)- _---E.--- _{)_ O
Zout,A Zin,B

Figure 2.19: Middlebrook’s Criterion explained as subsystems.

The mathematical description considers the two impedances with two
different gains (G4 and Gp). Focusing on the transfer function given by

the output voltage (V,,;) and the input voltage (V;,).

Vout,B Zin,B _ Ga-Gp
= GA . GB . =
‘/m,A Zin,B + Zout,A 1+ TM

(2.13)
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Figure 2.20: Middlebrook’s Criterion explained as impedances.

The relation given by the ratio of the Source Impedance to the Load
Impedance should have the following condition and is often referred to as

the Minor Loop Gain (Ty),

ZOU
Ty = 2244 << (2.14)
in,B

In summary, the source impedance must be less than the load impedance
for the system to be stable. This brings an interesting discussion on how to
design a filter for a single converter. As mentioned many parameters and
variables will play an important role and the usage of it should be designed

according to particular needs.

2.4.2 Switching Frequency Modulation

To deal with the considerable disadvantages of filtering to mitigate EMI
as presented before, the active frequency modulation approach can be con-
sidered. These techniques are referred to as Spread Spectrum Modulation
(SSM). In Chapter III, the background of frequency modulations based on
simulations are explored with a literature survey with regards to the main
issues that can have a considerable impact in the generation of interference.

The application of this technique to real measurements is presented in

Chapter IV.
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Recently, modulations of the switching frequency for DC-DC converters
have been used to decrease the level of interference generated by a single
and fixed frequency. There are several approaches to modulate a switching
frequency, for example using a number of frequencies with a defined time
change as presented in [62] or a dithering for a set number of predefined
frequencies [63]. In most of the cases, frequency dithering or frequency
hopping refer to the same nature of jumping between switching frequencies
with the final aim of spreading the noise of a given undesired source by
changing switching frequencies from one to another over a given time. These
techniques can be applied to DC converters if the only aim is to improve the
interference generated (in the frequency domain) by the switching frequency
of the SMPS at the cost of slightly decreasing the steadiness of the output
voltage and current of the converter.

In the work carried out in [27], the authors presented the application
of Frequency Modulation Techniques to reduce EMI in Switched Power
Converters by considering different modulating signals, the conclusion of
this work states that the modulating signals depends on the target and
all of them will behave differently according to the parameters chosen for
the Spread Spectrum Modulation (SSM) technique. There exist different
schemes with regards to the driving signal, but the most used are given
by periodical and stochastic signals. Interestingly, both schemes can be
combined to create hybrids that can decrease the EMI to lower limits
when comparing them individually. These methods spread the interference
across the frequency spectrum and even though there is a definition of the
maximum and minimum limits for the bandwidth to spread.

Having explained briefly the Frequency Modulation for DC converters,
the mathematical expression to account for it is shown in (2.15). This
equation presents the complete background of Spread Spectrum that will be

explained in Chapter III and Chapter IV focused exclusively on modulation
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of the switching frequency [27].

f(t) =A-cos(2mfe-t+0(1)), (2.15)

where, A is the amplitude of the original signal (modulating), fc is the
non-modulated frequency (carrier) and, 6(t) is the phase angle function.

The function #(t) can be expanded to,

o(t) = /O . um(t) - dr, (2.16)

in which, k,, is the factor controlling the frequency deviation and wv,,(t)
is the driving modulation function. The driving function v,,(¢) can be peri-
odical or non periodical. A complete explanation of Frequency Modulation
with regards to Spread Spectrum purposes is presented in Chapter III. It
is worth mentioning that the use of a certain signal in the time domain
will generate a particular shape in the frequency domain. The frequency
modulation in the time domain for four different signals (Sine (b), Sawtooth
(b) and Random (d)) can be seen in Figure 2.21. In this figure, the SSM
graphs consider the factor in (2.16) as k,, this is highlighted considering the
symmetrical parts above and below the carrier frequency f.. In fact, the
parameter 0(t) in (2.15) is in reality the function of the generated signal.

The definition of the modulating signal in time domain is an important
consideration for the application of this technique. As an introduction to
the expected results, the different shapes generated in time domain are
presented in the frequency domain by means of the FFT are shown in
Figure 2.22 for a) Deterministic Modulation, b) Sine wave Spread Spectrum,
¢) Sawtooth wave Spread Spectrum and d) Random wave Spread Spectrum
are shown in Figure. 2.22.

In this section the most common EMI mitigation strategies based on

modifying the power converter switching frequency were introduced. The
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Figure 2.21: Time domain graphs of different driving signals for Spread
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generation of the noise itself predominantly determines the method to apply,
for instance two methods were highlighted in which one of them requires
additional components and hardware and the other only requires a control

of the switching frequency.

2.5 Chapter Conclusion

In this chapter the most important concepts for the analysis of mitigation of
EMI have been introduced. Starting from the nature of the interference and
coupling methods for measurements and standards. Several standards have
been analysed to account for its bandwidths and the origin of disturbances,
in particular the standard CISPR-16 has been considered mostly due to the
equipment used for testing in the laboratory.

In addition, an explanation of Crosstalk as a part of a problem that can
create EMI between communication devices and power grids was presented.
Since a parameter must be used to determine a particular effect, the BER
value is introduced as a way to determine the impact of different distur-
bances, what is more this value will be used to account for mitigation of
EMI.

With regards to the main contributions mentioned in Chapter 1, the

following bullet points are concluded:

e The re-distribution of noise when switching frequency modulation
techniques were introduced. It can be concluded that different effects
are obtained for different modulating signals in time and frequency

domains.

e The Crosstalk theory and its effects have been demonstrated and it
is concluded that the integrity of the signal is compromised when a

potential noise (from a switching converter) can be used. For this
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reason, the BER is introduced to measure as an auxiliar parameter.

e The propagation of interference has been presented (cable coupling)
and it is concluded that a DC converter with a switching frequency

modulation can be used as an EMI source.

Finally, this chapter presented the most common ways of EMI decrease by
Filtering and Switching Frequency modulation. The requirements for filter
design either for Common Mode or Differential Mode have been shown. Of
particular interest for this research is the mitigation by Switching Frequency

modulation which is the main topic that support this thesis.



Chapter 3

Spread Spectrum Modulation
(SSM) for DC Converters

In this chapter, the use of SSM techniques is explored to show the perfor-
mance of these EMI mitigation methods applied to a DC-DC power con-
verter. The historical usage of Spread Spectrum will be discussed to develop
ideas about the origins of this modulation technique. A literature survey
of similar works is undertaken and analysed to support the application of
SSM to this topic.

The chapter explains the mathematical background of frequency modu-
lation used in SSM and the steps to program this technique for simulation
software. There will be a discussion about the advantages and disadvantages
when using different parameters to control the main properties of SSM.
In addition, simulation results are introduced to understand the “ideal”
performance of these modulation schemes when analysed using the Fast
Fourier Transform (FFT) Decomposition and to provide the foundation of
the CISPR-16 standard for measuring devices as employed by modern EMI
receivers.

The aim of this chapter is to provide sufficient results and measurements

to understand how frequency modulated DC converters can be considered as

47
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EMI sources and the specific parameters which must be modified to decrease

a given, undesired EMI behaviour to an acceptable level.

3.1 SSM Background

The Spread Spectrum technique was initially investigated as a communica-
tion procedure to optimise the bandwidth of a communication channel. In
fact, there are many reports that it that was developed and practiced in
World War II [64]. This was due to the battle for the electronic supremacy
between combatants. Most of the the development of this theory took place
during the same period in which Shannon’s work started to be appreciated.
Many people from well-known laboratories and universities worked on sim-
ilar topics [65], and it is difficult to know exactly who invented Spread
Spectrum and when.

It is during recent years that this technique has been brought to the
attention of EMI research, mainly caused by the growing importance of
microgrids as discussed in the first chapter. State-of-the-art microgrids
make use of several switching power supplies to control the power flow.
Communication systems are also part of these complex systems and will be
affected by the behaviour of switching converters such as Switched Mode
Power Supplies (SMPS). Spread Spectrum techniques are being used and de-
veloped for EMI mitigation for the automotive industry and other purposes,
for example, Texas Instruments (TI) [66] has developed EMI mitigation
SSM devices for SMPS which can help to reduce the effect of conducted
emissions.

An interesting example of a device manufactured as an Integrated Circuit
(IC) from TT which can have programmed modulation schemes for automo-
tive drives mainly used in industrial transport, avionics and others is the

device LM62460 [67]. The voltage range is from 3 to 36 V and this family of



3.1. SSM Background 49

devices is designed for low EMI and they incorporate pin-selectable spread
spectrum modulation techniques.

On a similar application for EMI mitigation TI produces the LM25148-
Q1 controller [68] that complies with automotive systems (CISPR-25). This
is to deal with most of the interference generated by switching converters
between 150 kHz to 30 MHz for 42 V systems.

Using a wide frequency range for a carrier signal. Spread Spectrum
Modulation has the main objective of changing a narrowband interfering
signal (green) of a considerable noise amplitude to a broad band signal
(orange) that also decreases its magnitude of any individual harmonic with

the condition of wider bandwidth occupied as can be seen in Figure 3.1.

EMI Reduction
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Figure 3.1: Basic spread Spectrum basic theory applied to an interfering
signal to achieve an EMI reduction.

In the research review presented in [51], a survey of different methods
for conducted EMI mitigation is carried out, in particular methods for
SSM are analysed and it was concluded that SSM can provide an EMI
Reduction of the switching frequency (as seen in Figure 3.1) of a SMPS
by approximately 18 dBuV using common methods for switching frequency
modulation. More complex methods are also presented in which the chaos

generation of switching frequencies is adopted as a modulation pattern. This
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review also concluded that the choice of a particular mitigation technique
depends on various factors such as frequency bandwidth, magnitude to
mitigate and the average noise spreading, hence the solution to a problem
must be tailored in the sense that frequency limits have to be considered.

In [69], the authors present a random algorithm focused on Randomised
Carrier Frequency Modulation with Fixed Duty Ratio (RCFMFD). In this
strategy the randomisation is achieved by using a 12-bit Linear Feedback
Shift Register (LFSR) programmed on a FPGA for a Boost converter. The
authors state that Chaotic Modulation demonstrates interesting advantages
over periodic PWM signals in most of the tests conducted. A similar study
based on a Chaos generator has been analysed in [70]. In this work an
analogue chaotic PWM was selected to generate the switching pattern.
It was shown experimentally a reduction of the peak level of a switching
frequency interference of 20 dBuV.

In other works, [71], [72] and the results from this thesis [73], the aim
is to control the rate of change of the modulating signal (and therefore its
associated EMI) by modifying the profile at the generation of the driving
signal itself to modulate the DC converter.

What is important when using these frequency modulation methods is to
understand how to modulate the driving signal and how this will be demod-
ulated by the measuring equipment to achieve the best result when dealing
with the mitigation of EMI. The intention of this chapter is to demonstrate
what is the best possible way to reduce EMI considering the trade-offs seen
from the converter point of view. To achieve the aforementioned intention, it
should be noted that the analysis must consider two ends of the experimental
tests, i.e. the converter control, and the behaviour of the EMI measuring
process (Spectrum Analyser or EMI Receiver), so that a full understanding
of their relationships can be achieved [74]. Measurements of EMI in the

frequency domain alone might not present a full or true measure of the
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effects of SSM on the electromagnetic emissions of the device [75]. Other
measurement techniques should be considered and included when evaluating
the EMI associated with SSM. Usually the most important parameters to

be considered are given as follows:

Time domain signal shape of the driving signal for the DUT.

Rate of change of the driving signal, related to the sampling ratio for

a periodical signal.

Band of the standard to be measured.

Resolution bandwidth (RBW) of the equipment or method to account

for frequency domain.

Dwell or measuring time.

3.1.1 Analogue Spread Spectrum Modulation

The usage of SSM is mainly based on analogue frequency modulation as-
sumptions. The main idea behind frequency modulation is achieved with

two main signals, the carrier and the modulating signal as given by:

= COS(Ww 5f
Foalt) = st + 2L [ (o), (3.1)

where the term w, is the carrier frequency, oy is the frequency deviation,
fs(t) is the modulating signal frequency and S(t) is the modulating signal
function. This theory can be extended to account for a rule that defines
the limits of the frequencies to be modulated. This rule is referred to as

Carson’s rule as can be seen in [76].

Af

Jout = fo £ - €(t) (3.2)
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In (3.2), Af is the frequency deviation (same as d¢) based on the spread-
ing range defined to the baseline frequency modulation to be mitigated (f.).
The value of €(t) is the modulating signal and can be periodic (e.g. sine

and triangular) or non-periodic (random and chaotic).

3.1.2 Bessel Function of its First Kind

The background of Spread Spectrum modulation can be explained by the
representation of frequency modulated sinusoidal signals. Bessel functions
are used to describe the propagation of physical phenomena [77] such as
wave propagation in cylindrical coordinates. In this particular case, the
propagation of electromagnetic waves is across a conductor (cable). Bessel
functions of the first kind provide the introduction of the modulation index
parameter for frequency modulation. This function provides a given mag-
nitude of the wave of study according to a particular value of modulation
index.

According to [78], the frequency modulation technique (shown in (3.1))

can be represented in two parts as shown in (3.3).

A
F(t) = A, - cos (wct 4 o sinwmt> = A, - {Jo( wc) . cosw,t
W, W
ch [ wc ch
+ Ji( o ) - _cos(wc + —m)t — cos(w, — o )t]
A I A A ]
— Jo( wc) - | cos(we + Q&ﬁ + cos(w, — 2 wc)t
wm wm wm i
AU}C [ W, ch B (33)
+ Js( ) - |cos(we + 3—)t — cos(w. — 3 )t
wm L wm U)m i
A Cc [ A C A c T
— Ja( ww ) - |cos(w. + 4= )t + cos(w. — 4 ww )t

With the main values defined as:




3.1. SSM Background 53

A.: amplitude of the carrier signal (switching central frequency).

w,: angular frequency of the carrier signal.

Wy,: angular frequency of the modulating signal.

Jz: corresponding Bessel functions of the first kind.

Aw,.: peak deviation of the carrier frequency.

A value that relates the effect of the frequency deviation and the modulating
signal is the modulation index (m) and will be explained in the next sub-
section. The complete theory of Bessel functions as differential equations
can be found in Appendix C. The first ten solutions for (3.3) can be seen
in Figure.3.2.

Bessel functions of its first kind (First 10 values)
g,y —d —J g Jg‘

0.5~

Figure 3.2: Bessel function of the first kind with the first ten values,
represents the modulation index.

The magnitude of the value calculated by the Bessel function of the first

kind for every [ is in reality the magnitude at a given modulation index

that satisfies the function in (3.3) for a given value of Jx(ﬁi‘f). This is an
advantage and can be used to suppress a given component that could be
a potential interference source by selecting the parameters that agree with

that component as shown in [79].
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3.1.3 Modulation Index

In the context of SSM, the modulation index (m) has a different meaning
when compared to conventional Pulse width Modulation (PWM), where m
is commonly used to define the ratio of the modulation wave peak, to the
carrier peak. Here, the modulation index (m or f3) is a variable related
to two important parameters for frequency modulation, i.e., the sampling
frequency (f,,) of the modulating signal and the frequency deviation (Af),
or 0y in the analogue function. The value of Af can be renamed the
“spreading factor” («) i.e. a percentage which deviates with regards to
the baseline frequency (f.) to be mitigated ((a - f.)/2).

These parameters are then considered with the sampling frequency ( f,,,) of
the modulating signal to obtain the modulation index (m). The modulation
index relates the degree of modulation compared to a non-modulated case
for a carrier frequency. This value is calculated as shown in (3.4).

fm
The use of this modulation index applies as well for the implementation
on a digital controller such as an FPGA or a microcontroller. In fact, the
microcontroller can be programmed to provide different spreading factors for
different carrier signals at different modulating frequencies. The relationship
for the modulation index in the context of the analogue mathematical

expression is then obtained as follows,

_ O
fsw)’

Which combined with (3.1) leads to,

m (3.5)

Foutlt) = cos(uwet +m / dtS (1)), (3.6)
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It is worth mentioning that for different values of «, the value of the
modulating index will be different even if a similar value of f,, is used.
For this reason the modulation index is a parameter that must be chosen
carefully and can only be applied after a complete understanding of the
advantages and disadvantages of a device or a group of devices. A better
explanation of the effect of using SSM for power converters can be seen in
Figure 3.3. In this figure additional considerations are shown with regards
to Carson’s rule. The complete Bandwidth covered is represented by B
while the frequency deviation from the carrier frequency (f.) is represented
by Af. This will have the exact same impact of decreasing an interfering
signal (green) to a lower amplitude interfering signal (orange) for the carrier
signal chosen (f.) as shown previously in Figure 3.1.
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Figure 3.3: Extended Spread Spectrum theory applied to an interfering
signal considering Carson’s band (B).

An interesting measurement carried out at different sampling frequencies
for a sine wave signal can be found in Appendix D. These measurements
were obtained from a TD-EMI receiver at a Summer School in Zielona
Gora, Poland. These graphs show how the sampling frequency variation
for different cases is an important parameter for obtaining the different PK

values and shapes of the spectrum measured for a DC converter using this
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TD-EMI Receiver.

The theoretical background and use of SSM has been introduced in this
section, and there are three important parameters (modulating signal, spread-
ing factor and modulation index) that must be considered properly when
using these techniques for a DC converter. In fact, the understanding of

these parameters in the TD is important to determine the effects in the FD.

3.1.4 Measurements in Time and Frequency Domains

Depending on the modulation technique used for Spread Spectrum Mod-
ulation (SSM), the parameters to be used for driving a converter (such
as modulating signal, sampling ratio and spreading factor) can provide
different measurement results if the measuring instrument uses a different
resolution. This happens even in the case with Deterministic Modulation,
and is due to the time needed to demodulate a signal from the measur-
ing equipment. It is important to account for a measurement Resolution
Bandwidth (RBW) of the equipment in which the complete nature of a
signal can be decomposed. In fact, all the SSM parameters can be kept
the same and it can be possible to obtain different measurement results
depending on the sampling frequency and window length of the measuring
equipment. This approach can been seen in Figure 3.4 when comparing
four values of period used for the exact same data measured at the input
voltage of a DC converter when calculating the FFT of the converter driven
by a DetM of 20 kHz. The sampling time of the algorithm was 1 uS. In
this figure it can be seen how the peaks for periods of the FFT differ one
from each other. For a period of 5 ms a value of -98.2402 dB was measured
(Purple Signal), which is different when compared to a period of 20 ms
(Yellow Signal) with a measured value of -85.5752 dB. If a higher period is

considered such as 50 ms (Orange Signal) and 200 ms (Blue Signal), values
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of -78.6788 dB and -65.6166 dB are measured, respectively. This test clearly
shows the importance of the period chosen for calculating the FFT. It is
worth noticing the slight difference between the Y axis values. Ideally, all
of them must be equal to 20 kHz, however when the decomposition of the
FFT is carried out (frequency points from time points) there are frequencies
that can not be decomposed into the exact value and are rounded to the

next possible value.

FFT Voltage Input (0 kHz - 150 kHz)

—FFT(200 ms) Vin

—FFT(50 ms) Vin
FFT(20 ms) Vin

100 —FFT(5 ms) Vin
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Y 20045
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Figure 3.4: Frequency domain analysis for the buck converter as a DUT (0
- 150 kHz).

A similar task was performed by the EMI receiver employed for the
experimental results in the next chapter, however additional filtering and
signal processing is required which depends on the standard being used.

In this section, the main background of Spread Spectrum has been pre-
sented, an important literature review has been surveyed to determine the
generation of the signals and how this is translated into a mitigation for
EMI. The analogue representation has been explained along with important
parameters such as the modulation index and the modulating frequency.

Finally, a simple example to demonstrate the importance of the measuring

process has been introduced to understand the effects of the sample period
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chosen for the FFT algorithm which is needed for future measurements and

standards.

3.2 Design and Simulation of the SSM

When designing a Spread Spectrum modulator it should be noted that the
complete modulator can be broken down in two blocks. The Frequency

Modulator and the PWM Generator.

3.2.1 Spread Spectrum Modulator Block Design

The generation of the Spread Spectrum modulator is based on analogue
frequency modulation as seen in (3.6), for simulation purposes the analogue
blocks can be used to generate a straightforward method to modulate a
converter, however when this technique is applied to a real modulator some
considerations must be taken into account.

In (3.6) the frequency modulator equation was shown. The implementa-
tion of this is shown in Figure 3.5 for the purpose of simulation using Matlab
as well for the experimental implementation. The complete modulator block

relies on the theory and formulas presented previously in Section 3.1.

H_HDSP KT
» 2500 —15 cos [fm_out]
Z_

Integrator

Modulating signal
Frequency deviation

20e3

Carrier signal

Figure 3.5: Simulation blocks for frequency modulation.

A brief explanation of the blocks involved is presented as follows.

e The use of a “Modulating signal” which generates a signal in the
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time domain with the considerations of sampling frequency and signal

frequency.

e The “Carrier signal” is the central (or baseline) frequency of the

frequency modulator.

e The block “Frequency deviation” represents the deviation from the
carrier signal to be used. In Figure. 3.5, a value of 2500 Hz was used

because of the representation of a deviation greater than the 10%.

e The use of the block “Integrator” calculates the integral of the signal

with the previous operations added in the previous operation point.

e Finally, after the operation of integration, the calculation of the cosine
wave with the results provided (in radians) is calculated to generate

the output modulated frequency.

The block diagram shown in Figure 3.5 generates at the output a modu-
lated sine wave signal. In order to convert this to be used as a carrier signal
and to be compared, a conversion is needed. A convenient way to convert
a sine wave to a triangle is by using the inverse sine wave (arc sin). The

triangle relation to a Square wave is then as follows,

x(t):/o sz’gn(sinz—?)du, (3.7)

A triangle wave with period P and amplitude A can be expressed in terms
of sine and arcsine as follows:
2A 2

s(x) = 7arcsin(sz’n?x), (3.8)

Having considered this it is only required to apply the arcsin function to

the modulated frequency.
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s(x) = éarosin(sinw), (3.9)

This equation is then represented by the block diagram show in Figure 3.6.

N P asin w [triangle_oult]

Sine wave

Figure 3.6: Conversion to a sine wave.

The demonstration for the modulation in frequency process and how to
convert the sine wave into a triangle wave has been shown, however the
PWM modulator must be explained in a simple mathematical equation.
Considering a deterministic PWM, A Constant Frequency (C'F') signal can
be produced by comparing a reference signal r(t) with a carrier signal (¢(t)).

The binary PWM output can be mathematically written as,

Spuwm = Sign(r(t) — c(t)), (3.10)

where, sign is represents the sign (positive or negative) of the function.
The carrier signal in the Spread Spectrum modulation is then modulated

with a defined Duty cycle as shown in Figure 3.7.

0.5 » -+
o %m_frequency_modulated]
Duty cycle

[triangle_out]

Figure 3.7: Conversion to a square modulated signal.

The complete modulator considering the analogue background is then

shown in Figure. 3.8.
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Figure 3.8: Simulated SSM block for driving a converter.

3.2.2 Pulse Width Modulator Block Design

The PWM works with a Carrier Signal and a Modulating Signal that are
compared at every clock cycle to generate the output pulse. The PWM
is an important block. Common techniques for PWM are explained in
[80], and shown in Figure 3.9. These can be with a) Sawtooth Carrier,
b) Inverted Sawtooth Carrier and c) Triangle Carrier . For the frequency
modulation block diagram designed, the triangle carrier was chosen due to

the conversion carried out previously.

3.2.3 Simulation Results Using Matlab/Simulink

The implementation of the modulator for simulation purposes is discussed
in this section by employing Simulink blocks. The solver configuration
uses a fixed sampling frequency of 10 MHz using a discrete solver. This
value for the solver is high enough to provide accurate measurements for

the frequency band under analysis. In order to demonstrate a practi-
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c(t)

Figure 3.9: Different PWM carrier signals for Power Converters.

cal procedure for understanding SSM with regards to switching frequency
PEAK mitigation before any laboratory measurement some considerations

are explained as follows,

e The simulation parameters are given by:
The spreading factor of o = 0.25,
The carrier frequency is set at f. = 20 kHz,
The sampling frequency of the system /solver is configured as fsq,, = 200 kHz,
The bandwidth covered is given by, Af = f, * e = 20000 * 0.25 = 5000 Hz.
All the values have been selected to demonstrate in a clear and simple

way the effects of Spread Spread Modulation.

e The relation between the frequency of the modulating signal ( fs;,) to

the value of Af is considered to be a factor using 3 as follows:

Af
fog = =2, 3.11
g ﬁ ( )
where the resulting values are shown in Table 3.1 to generate a sweep

analysis from low to high signal frequencies to test.

e The results based on simulation rely on a FFT resolution of 200 ms
(5 Hz) similar as the band used for Power Quality analyses suggested
in [81].
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Table 3.1: Modulating signal division by the factor 5.

[ | Signal Frequency (Hz)
5000 1 Hz
1000 5 Hz
500 10 Hz
100 50 Hz
50 100 Hz
10 500 Hz
1000 Hz
1 5000 Hz

e The measurements as stated by standards (employing a LISN) are

considered when possible.

e The results obtained in this section are not focused on matching
experimental measurements in future chapters since it is not possible
to have all the required equipment at the laboratory and most of the
measurements were carried out at different times and different places

over the course of the three year PhD.

e The procedure that was followed in this section provided the frame-

work for the experimental tests in Chapter 4.

e The comparison of the noise mitigation is with the ideal simulated

case when the converter uses DetM.

The results from the simulation have the only aim to provide an interest-
ing introduction for understanding the parameters used for SSM in a real
laboratory application. This is due to the difficult task of replicating the
environment in a real experimental measurement. The step size and the
solver of the simulation are important to obtain accurate results, however
these are not a guarantee for having similar results in a real application
provided by a laboratory measurement.

The schematic of the buck converter used can be seen in Figure 3.10,

while the list of parameters of the buck converter used can be found in
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Table 3.2.
Scope
L
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Figure 3.10: Buck converter used for the simulation.

Table 3.2: Buck converter main parameters for the analysis.

Parameter Value
Input voltage (V;,,) 48 V
Output voltage (Vi) 24 V
Switching frequency 20 kHz
Duty Cycle 50%
Inductor (L) 1 mH
Input capacitor (Cy,) | 5.1 puF
Output capacitor (Cyyy) | 470 pF
Output load (R) 47 Q

In the next part of this section the different factors of 5 are shown. Two
pair of [ are considered for every graph presented to better explain the

changes.

SSM Simulation for 5 = 5000 and S = 1000

Considering the values of § introduced in Table 3.1, these pair of results
rely on the usage of a slow modulating signal. The modulating frequency
is 1 Hz and 5 Hz. Hence a steady signal can not be expected from the FFT
algorithm.

The results obtained when [ is used for 5000 and 1000 can be seen in
Figure. 3.11. When 5 is 5000 (top panel) the resolution of the FFT can

not decompose the signal, because of the low frequency for the modulating
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signal of 1 Hz (lower than the 5 Hz of the FFT). When £ is 1000 or 5 Hz
(bottom panel) the FFT algorithm is able to decompose the signal and the
characteristic shape of a time domain sine wave modulated signal in the
frequency domain is clearly seen as introduced in Section 2.4.

The main reason behind the correct decomposition is due to use a mod-
ulating signal frequency similar as the FFT resolution which is in fact
5 Hz (200 ms), for this case a value of -42.1895 dB has been obtained

in comparison to the ideal value of -21.9858 dB for the DetM case.
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Figure 3.11: SSM simulation for § = 5000 and S = 1000.

SSM simulation for § = 500 and 5 = 100

When the value of § is then changed to 500 (top panel) and 100 (bottom
panel) the results can be seen in Figure. 3.12. Along with a decreasing value
B the frequency of the modulating signal will increase as seen in Table 3.1.
This effect of frequency increase can be noticed with the increase of peaks for
the following Spread Spectrum cases in which additional peaks are generated
within the whole band under analysis. The main reason behind it is for the
high frequency used that the resolution of the FF'T method is not able to
handle. When £ is 500 (10 Hz) a value of -40.3881 dB was measured when
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compared to a value of -34.7934 dB for 5 equal to 100 (50 Hz).
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Figure 3.12: SSM simulation for § = 500 and £ = 100.

SSM simulation for § = 50 and § = 10

Figure 3.13 shows what happens if the value of 3 is further decreased to
50 and 10, top and bottom panels respectively. The FFT starts to develop
peaks in the whole range of frequencies measured. When g = 50 (100 Hz),
the peak value obtained is -35.4375 dB and when § = 10 (500 Hz) the
location of a peak value is difficult to define given the fast change of the
signal. However three points are highlighted for the Spread Spectrum signal
in the bottom panel (-29.1344 dB, -29.982 dB and -21.9858 dB to determine

which one could be the lowest).

SSM simulation for § = 5 and =1

For the lowest values of 5 = 5 (top) and 1 (bottom) in Figure.3.14 the
results do not agree with the expected results of peak decrease. For § =5
(1000 Hz), there exist two highest peaks, -27.9564 dB and -27.5365 dB. In
these, the peak difference is very low when compared to some of the cases

presented before. For f = 1 (5000 Hz), the signal generates two peaks, one
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Figure 3.13: SSM simulation for § = 50 and § = 10.

lower peak of -31.5955 dB when compared to the DetM case of -22.5553 dB

and one peak of -22.5553 dB at the same frequency (20 k Hz) of a DetM

case.
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Figure 3.14: SSM simulation for § = 5 and g = 1.
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3.2.4 SSM: Discussion of the Simulation Results

With all the results obtained previously it is clear that there is one point
at which the peak decrease obtained can be considerable whilst also being
steady in the frequency domain signal, by the appropriate choice of the time
domain parameters. The results for every value of § are shown in Table 3.3
along with the respective PK value and the additional column of relative

peak decrease when compared to the value obtained for DetM.

Table 3.3: Peak value relative decrease for 5.

8 | PEAK value dB | Relative reduction dB
1 -31.5955% 9.0402
5 -27.9564 5.9706
10 -29.9820 7.9962
50 -35.4375 13.4517
100 -34.7934 12.8076
500 -40.3881 18.4023
1000 -42.1895 20.2037
5000 -35.4172 13.4314

It is worth mentioning that these results rely on the resolution of the FFT
algorithm which is 200 ms (or 5 Hz). Interestingly, the FFT develops a good
agreement at this point (f = 1000) due to the equal value of FTT resolution
and sampling frequency of the modulating signal. This is the main reason
for obtaining a reduction of approximately 20 dB, with 5 Hz. This brings the
conclusion that the results of a peak decrease must be analysed according to
the instrument or algorithm used to measure the interference. In an effort
to determine the point at which the signal improves the most, a graphical
conceptualisation is shown in Figure 3.15. The spectral components are
shown by green triangles. Along with these values the equivalent value of
f and frequency of modulation (F'M) can be seen below. Two values are
highlighted with a circle, 5 = 500 and S = 1000 which are the best results
measured when the FFT is used with a sample period of 200 ms.

Considering the measurement procedure carried out in this section, the
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Figure 3.15: Relation between [, frequency of the modulating signal
(F'M) and Resolution Bandwidth of the FFT.

following can be concluded.

e If the intention of SSM is to find the best peak decrease, then the idea
is to be as close to the resolution of the FFT or the resolution of the

EMI instrument in use.

This section has provided the implementation of a simulation for a DC
converter using Spread Spectrum modulation. The fundamentals of fre-
quency modulation were included in the simulation. In addition, a starting
framework for future laboratory measurements was presented. In the next
chapter one of the main tasks is to find a similar point when measuring
according to a certain established standard (with a defined resolution band-

width).

3.3 Chapter Conclusion

This chapter has presented the background theory and the main effects in
the frequency domain when Spread Spectrum Modulation is used for EMI
mitigation for a DC buck converter. Important considerations for time and

frequency domains were discussed as well as the generation of the signal.
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Important parameters were highlighted to understand better the usage of
SSM such as the modulation index. The simulations carried out in this
chapter shown that there is a point at which a good peak decrease can be
achieved just by controlling the frequency of the sine modulating signal. The
points in which steady measurements can be found are when the modulating
signal used 10 Hz and 5 Hz. This was due to the value of the resolution
for the FFT used. To assess a future analysis, the simulation with a sine
wave modulating signal was developed as an introduction for the laboratory
measurements with real devices. An important point to comment on is the
that the mitigation is dependant on the resolution bandwidth of the FFT

algorithm used for measurement.



Chapter 4

SSM According to CISPR-16
Band A

This chapter provides the measurements carried at the laboratory for a DC
buck converter driven by SSM. For the first part of the analysis in this
chapter, the generation of the driving signal is explained in Section 4.1
and Section 4.2 due to its important role. The second part of the analysis
(Section 4.3 and Section 4.4) relies on the understanding of the Standard
used to measure as well as the usage of the SSM parameters to generate an

agreement of the results obtained.

4.1 SSM Generation of Signals

The generation of the modulating signal should be introduced since a digital
system uses a fixed master clock to generate the driving signal. This means
that inherently the driving signal (either random or sinusoidal), will have
fixed steps at every point of the switching frequency generated to modulate
the DC converter. A graphical explanation of this behaviour can be seen in
Figure 4.1, the given steps in both cases, a) and b) show the same duration

for both signals, sine and random. The parameter F, refers to the frequency

71
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of the carrier signal while the parameters (F;_) and (F;) are the minimum
and maximum frequency allowed by Carson’s rule considering the spreading

factor used.

Microcontroller with fixed
clocking
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Figure 4.1: Master clock for a fixed clocking generation, a) for a periodical
sinusoidal driving signal, b) for a random driving signal.

v
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In the analysis presented in Chapter VI, a different approach for the
generation of a random signal with a random clocking generator is used.
To achieve this behaviour in the Spread Spectrum Modulation technique, a
FPGA is used to control every step of the clock generator randomly. By do-
ing this it is possible to achieve better mitigation objectives. An example is
presented in Figure 4.2 to show how a change in the instantaneous sampling
frequency can be understood. In this figure it can be seen that there is no
fixed sampling frequency for the given signal. In fact three different points
have been considered which all show a different instantaneous sampling
frequency (Fy1, Fyo, and Fy,). When having a generator like this, there will

be n values of instantaneous values for F,.
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FPGA with random clocking
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Figure 4.2: Master clock for a random clocking generation.
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4.1.1 Time Domain (TD) Effects of SSM

In the TD, the effects of a fixed RBW or dwell time will provide stable and
repeatable results for a given signal. In order to demonstrate a practical
explanation of how important the TD effect is, a signal that changes quickly
can lead to the wrong idea that it will cover more points if it is compared
to a signal that changes slowly. It is because of this assumption that design
engineers might have to rethink how to modulate a converter with SSM
to comply with different standards and consequently different resolution
bandwidths. A graphical explanation of these effects with regards to RBW
can be seen in Figure 4.3. In this graph a sine wave is specifically changing
from fy; =40 kHz to fy» = 10 kHz, then to f,3 =20 kHz and finally to
fra =30 kHz. The dwell times (or RBW) are equal to: (a) 25 ms, (b)
125 ms, (c¢) 200 ms and (d) 1000 ms. In the case of (a), the dwell time
is not long enough compared to the frequencies to be measured, hence the
demodulation can not be achieved steadily. In (b) the dwell time has been
increased and allows more time for the signals to be demodulated. The
same holds for the remaining cases in which the dwell time is changed to

200 ms and 1000 ms. It is clear that there is one point at which a good
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demodulation can be achieved, even measuring with a low dwell time.
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Figure 4.3: MATLAB simulation of Short Time Fourier Transform
(STFT) for a sinusoidal signal .

This section has shown the importance of the frequency domain effects for
SSM. The most straightforward method to calculate the FD spectra from
the TD signal is the FFT method as shown in Chapter II and Chapter III.
In this method a signal is decomposed into several sinusoidal components
according to the frequency recorded for a given time window at a given
sampling frequency. Hence, one of the important parameters is the record-
ing time window which can be referred to as the resolution bandwidth of
the measurement equipment in combination with the sampling frequency.
However, these do not directly relate to the Bandwidth of the signal to be

measured since there can be other considerations e.g. measurement filters.

4.2 Importance of Driving Signals

The generation of the signal used in this thesis chapter is based on simple
waveforms generated by a microcontroller. It is worth noting that in digital
and discrete systems an important parameter is the Sampling Time (7}) or
Sampling Frequency (F}) of the signal to be generated. As stated by Nyquist

(4.1), the Sampling Frequency must be at least two times the frequency to
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be measured or as a simple mathematical expression,

fsampling >= 2 - fsignal, (4.1)

The signals used for this chapter are based on a simple sine and random
wave modulation considering the important assumptions with regards to
the fixed clocking signal, which means the use of a fixed sampling signal
that is based on the analogue modulation techniques that were developed

initially for communications as presented in Section 4.1.

4.2.1 Periodic Driving Signals

Most of the common periodic signals can be used to drive a converter as
suggested in [76]. The most common signals used are Sine and Triangu-
lar /Sawtooth waveforms. The effect of such TD signals in the FD will have
a different impact in the frequency domain analysis as shown in Chapter II.

An interesting example of a periodical driving signal is stated in [73].
The algorithm designed considers a ramp profile with frequencies close to
20 kHz. The ramp profile has 4 different frequencies with a separation of

1 kHz. Figure 4.4 shows the output signal that drives the converter.
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Figure 4.4: Proposed ramp profile for the frequency modulation.

What can be concluded from [73] is that the main advantage of using a

certain profile or driving signal for SSM is the ability to set fixed frequency
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steps for the frequencies used in the modulation scheme. The full control-
labity at every PWM period keeps the energy changes between switching
frequencies defined, resulting in the energy from one switching frequency to

another being kept the same.

4.2.2 Non-periodic Driving Signals

The stochastic generation of non-periodical signals for SSM (often called
Random Modulation (RanM)) is one of the most interesting topics when
considering modulating a given DC-DC converter focused on EMI issues
and their mitigation[82], [83] and [84].

[82] shows a method to generate random switching frequencies considering
Carson’s rule for a Buck converter. This research mentions that it is very
important to account for the total impact of these strategies when designing
measurement by an EMI Receiver. It also compared different modulation
schemes and the number of the switching actions over a long time period
when a FPGA is used as a switching frequency generator, concluding that
the maximum Peak level of interference does not reduce the aggregated
measurement of noise power.

When addressing the effect of modulation based on Random distributions
it can be difficult to decide which method is the best when measuring or
understanding the effect of EMI. A method of spectrum aggregation is
proposed in [83], which simulates a similar procedure to the windowing
techniques of state-of-the-art EMI receivers to account for the impact of
Random Modulation. It uses a cosinusoidal window (EMI receivers use
Gaussian windows) to aggregate the spectrum. The authors state that
this method can make the measurement accurate and reliable. From this
research work it can be concluded that the evaluation of the mitigation of

EMI using random modulation depends entirely on the measurement pro-
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cedure employed. This is achieved by comparing the effect of the resolution
bandwidth to aggregate the spectrum.

The aggregation of conducted emissions mentioned in [83] is also analysed
in [85] to account for the effect of converters using random modulation with
identical converters. In this research work it is concluded that the statistical
parameters of the Random Modulation can lead to misleading conclusions
due to the limitations of EMI receivers to demodulate a signal.

Considering previous research work based on random generation of switch-
ing frequencies it appears that the statistical aspect is important to mitigate
the EMI generated by a DC converter. This generation of random values for
a switching frequency introduces a discussion to produce the best shape with
the lowest energy located at the fundamental frequency. To demonstrate
these effects two different distributions are analysed. These distributions
are normalised between -0.5 to 0.5 as the lowest and the highest values
representing the limits of the frequency deviation, respectively. The value
of 0 represents the location of the carrier frequency (F,). For comparison, a
value of @ = 15 % has been chosen along with a Sampling Frequency (Fy) of
10 kHz to demonstrate two possible outcomes. The generation of the graphs
to analyse the random distributions consider 1000 bins for an entire data
measured for 1 second with a sampling ratio of 1 MHz. This can be seen as
an average of 1000 samples for the complete data. A Gaussian distribution
(red line) in both graphs has been plotted to highlight the differences of
the distributions obtained. If the distribution of switching frequencies is

analysed to generate random patterns two possible cases are considered,

e Normal Gaussian distribution.

In this generation of random switching frequencies the main parameter
to control the distribution is given by the variance which has been

chosen as 0.0225 to cover the limits from -0.5 to 0.5 for the normal
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distribution. The distribution of the Gaussian stream of switching
frequencies can be seen in Figure 4.5.
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Figure 4.5: Random normal distribution for the switching frequencies in
the Spread Spectrum mitigation technique.

e Linear random distribution.

In this way of creating random switching frequencies all of the possible
options will have exactly the same probability to appear in the ran-
dom switching frequency generation. There is no variance parameter
because of this reason. The distribution for this case is shown in

Figure 4.6.

Considering the shapes and maximum values obtained for the Frequency
distribution in Figure 4.5 and Figure 4.6, it seems that the magnitude for
frequency distribution presents a lower value for a Random Linear dis-
tribution of approximately 1500 while a Random Gaussian distribution
has a maximum value of Frequency distribution of 4000. This shows an
interesting form to generate the best shape for mitigation EMI at the point
of generation i.e. the switching frequency. A different and more complex

approach for generating random modulating signals is explained in Section

VL
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Figure 4.6: Random linear distribution for the switching frequencies in the
Spread Spectrum mitigation technique.

In this section an important point to be stated is the interesting differ-
ences that can be found when using different strategies applied to SSM.
In fact, the distribution of random variables can also affect the mitigation
objectives if these are not carefully chosen. In the next section, the measure-
ments carried out considering SSM with a Sine wave and Linear Random
distribution are shown to discuss what are the main differences between

both testing cases.

4.3 CISPR-16 Measuring Background

In order to provide a brief explanation of the functioning of the state-of-
the-art EMI receivers the FFT decomposition algorithm for EMI receivers
is considered in [37] for the standard CISPR-16.

The modern digital EMI receivers use a Fourier Analysis, which requires
sampling in the time domain by the Analogue to Digital Converter ADC.
The sampling period of the instrument is important to define the maximum

frequency possible. This follows the Nyquist-Shannon theorem, which states
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that to measure a certain frequency, we need to sample at more than twice
the signal frequency. The FFT algorithm can be summarised using the

Discrete Fourier Transform (DFT). The DFT is defined as follows in (4.2).

z
L

X[k] = z[n] - e=I2mkn/N (4.2)

n

I
o

where, x[n] is the sampled signal in time domain, X[k] is the discretised
amplitude spectrum, n is the integer value starting at the measure 0 to N-1
in the time domain. Finally, k£ is the starting integer at the measure 0 to
N-1 of the signal in frequency domain.

However, the measurement should not only consider steady state signals
as it is possible to improve the measurement of transients and noise in real
scenarios. This is why the Short Time Fourier Transform (STFT) is used

with a bandpass filter. The STFT formula is as follows:

2
L

Zm, k] = z[n — m] - wn] - e 32N (4.3)
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o

Based on (4.3), the parameters given by x[n — m] are the sampled signal
measured in time domain, w[n] is the discretised window, N is the length of
a DF'T signal calculation, n is an integer ranging from 0 to N-1. Finally, k is
an integer from 0 to N-1 that stores the element number of the spectrogram
Z|m, k| in the frequency domain and m is the integer value of the element

number for the spectrogram.

4.3.1 EMI Receiver Bandpass Filter

The bandpass filter of the EMI receiver is described in terms of the window
function. This measurement step considers the sampled window function
w|n] to the sampled input signal z[n|, in which n is the integer representing

the number of the data measured. This can be explained by the expression,
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z[n] = x[n] x win].
Thus, considering that the input signal is measured according to a certain
sample interval T, a Gaussian window is obtained. The window function

can be seen in (4.4).

1 1 s 2
_ 1 44
win) = Gy o [ 2 (\/2 In QB,FTOn> (4.4)

where, Brr is equivalent to the bandwidth of the Intermediate Frequency

(IF) filter of a Heterodyne Receiver for the CISPR A frequency band, Tj is
the sampling ratio of the discrete samples, and n is the current number of
the sample. The parameter G, is a scaling factor to compensate the energy

loss because of the window used. It is calculated as follows:

G, = win| (4.5)

The IF bandpass filter parameters are necessary for the EMI measure-
ments obtained when driving frequency modulation techniques with any
signal. In Table 4.1, the main parameters are shown for the CISPR-16

frequency band A.

Table 4.1: CISPR 16 Band A parameters.

Parameter Value
Frequency range | 9 kHz - 150 kHz
IF Bandwidth 200 Hz

The EMI receiver generates a sweep of windows over the frequency band
to be measured by computing several FFTs at the same time. These
operations are carried out with a small shift percentage to keep steadiness
between one FFT and the next one. According to information of Rhode and
Schwarz in [86] the scanning procedure carried out by the EMI receiver is
shown in Figure 4.7. Considering this procedure, the signals are measured

correctly along the desired bandwidth under test.
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Gaussian window with overlapping

Continuous overlapping:
Short-time FFT (STFFT)

Figure 4.7: EMI Receiver demodulation process [86].

Having considering the discussion in this section regarding the generation
of a signal to be analysed, the important points to account for are the
capabilities of the measuring equipment such as resolution bandwidth and
sampling frequency, with the understanding of these parameters a mitiga-
tion technique might be used to avoid undesired results. For this reason the
CISPR-16 standard has been chosen to analyse a signal due to its frequency

range as it is similar to the switching frequency of typical power converters.

4.3.2 EMI Experimental Test Set-up for FD

The main goal of this thesis chapter is based on the mitigation of EMI by
analysing a low frequency band (below 150 kHz). Therefore the standard
CISPR-16 has been considered for different spreading factors (). In order
to analyse these effects there are two main pieces of measurement equip-

ment,

e The EMI Receiver

e The LISN

According to [37], the main set-up proposed is presented in Figure 4.8.
This set-up was briefly explained in Chapter II but is repeated here for
convenience.

The description of the equipment involved is as follows,
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Figure 4.8: Frequency domain test set-up.

1. Power Supply. The Power Supply provides 100 V with a maximum
current of 14 A. The power supply can be controlled remotely in order
to generate sweeps of different voltages. The complete information of

the Power Supply can be found in its datasheet [87].

2. LISN. The LISN used is the Schwarzbeck NSLK 8127. This LISN is
CISPR-16 compliant with a frequency range from 9 kHz to 30 MHz,
the schematic was shown in Chapter II. More information can be found

in [88].

3. EMI Receiver. The EMI Receiver is the R&S ESL3 with a frequency
range of 9 kHz to 3 GHz (CISPR-16 compliant), more information can
be found in [89]. This EMI Receiver covers the most important bands
(A,B,C and D) of the CISPR-16 Standard for the main three indices,
PK, QP and AV (detailed in [89]). The theoretical background of
these indices was explained in Chapter II and more information can

be found in the manual.

4. DC Converter. The DC-DC converter development board, the
model is KIT8020-CRD-8FF1217P-1 and is a half bridge converter
with SiC-based Mosfet transistors (manufactured by Cred/Wolfspeed)
[90]. This board allows the user to configure several topologies for DC

and even AC converters under specific circumstances. The converter
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topology is a Synchronous Buck Converter with a base switching
frequency of 50 kHz. More information about the Mosfet and the
Diode can be found in Table E.1 and in Appendix E. The converter
uses an input capacitor of 5.1 uF and the output capacitor is 470 uF
to decrease the ripple generated and to provide a steady voltage at
the output. A TI C2000 board is used to generate the SSM patterns:
for all the cases, a 50 % of Duty Cycle is used. The output load of

the converter is 10 ).

4.3.3 Experimental Test Measurements

Considering the main points discussed from Section 4.1 to this Section,
the aim here is to choose modulation indices with sufficient separation
between values to understand how a wide range of different frequencies
can adversely generate an important effect for the measurement assessment
of EMI. Initially, the measurement procedure must consider the signals
without the use of Spread Spectrum. This is the case for Deterministic
Modulation (DetM) which is briefly explained as the starting point to have
values to compare. After measuring the Deterministic Modulation cases the
modulating frequency is divided by a common factor for all the different
spreading factors. The RBW of the EMI Receiver is kept at 200 Hz to
analyse the effect of the low frequency band (9 kHz - 150 kHz). The
laboratory test set-up used is shown in Figure 4.9. This is based on the
block diagram presented in Figure 4.8.

A selection of various modulation indices will be used to analyse the effect
of modulating the switching frequency applied to the DC-DC converter. The
baseline case to be shown is when the converter uses DetM, this is when
the DC converter is considered as the DUT as presented in the CISPR 16

standard set-up. In this procedure, a Peak (PK) of 109.74 dBuV has been
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[l n

EMI

Receiver Power
- converter

Figure 4.9: Experimental test set-up used for the FD analysis: EMI
Receiver, DC power supply, CISPR-16 Lisn over a ground plane and the
Power converter.

obtained for the switching frequency of 50 kHz. The complete spectrum
(obtained from the EMI receiver) between 9 kHz to 150 kHz can be seen
in Figure 4.10a in which the second and third harmonics of the switching
frequency are also measured, while the zoomed version considers only the
peak of the first harmonic (shown in Figure 4.10b). Interestingly there is
a Peak of low amplitude (approximately 40 dBuV) which could be caused
by the cabling between devices and the layout in the laboratory test set-up

and the auxiliary power supply used.

Deterministic Case [9 kHz - 150 kHz] Deterministic Case [Switching Frequency]
—DetM —DetM = 109.7417]

ZOMJA ksl 2
2 4 6 8 10 12 “ o 3 35 4 45 5 55 6 6.5 7
Frequency (Hz) «10% Frequency (Hz) «10%
(a) DetM - 9 kHz to 150 kHz. (b) DetM - 50 kHz Switching frequency.

Figure 4.10: Deterministic modulation results from the EMI Receiver for
the DC converter.

In an effort to present graphically the effect of SSM for the low frequency
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band and its effect over the entire CISPR-16 Band A bandwidth, a graph
of every modulation case is shown and compared to the main DetM result

in the following sections.

4.3.4 SSM Measurement Procedure Key Points

In this part, a sine and a random wave modulating signals have been chosen
for the different values used for the frequency deviation and the Frequency
of the Modulating signals (F,,). There will be a different impact on the
measured conducted EMI. For the measurement procedure three important
points are considered for sine and random modulating signals to provide

stability to the converter.

e The lower limit of the percentage given by the spreading factor should
be significant to avoid scenarios close to Deterministic Modulation.

This is greater or equal to a 5 % of the carrier frequency.

e The higher limit of the percentage given by the spreading factor must
be lower than 45 +% since high values can cause more problems than

benefits to the voltage and current of the converter.

e The frequency of the modulating signal should be varied according to

the different spreading factors used.

Having considered these important points, Table 4.2 presents the results
of the modulation indices used for all the cases measured. These modulation
indices are based on (3.4) and they describe the behaviour of the signal
according to the important parameters. In this table it can be seen the
value of F}, in the left column and the value of « in the top row, considering

these values a unique value of m is obtained for all the different cases.
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Table 4.2: Different modulation indices for different spreading factors («)
and modulating frequencies (F,).

o)
5% 15% 25% 35% 45%

1,000,000 | 0.0025 | 0.00775 | 0.0125 | 0.0175 | 0.0225
200,000 | 0.0125 | 0.0375 | 0.0625 | 0.0875 | 0.1125
100,000 | 0.025 0.075 0.125 | 0.175 | 0.225
= | 20,000 0.125 0.375 0.625 | 0.875 | 1.125
10,000 0.25 0.75 1.25 1.75 2.25

2,000 1.25 3.75 6.25 8.75 11.25

1,000 2.5 7.5 12.5 17.5 22.5
200 12.5 37.5 62.5 87.5 112.5
100 25 75 125 175 225

4.3.5 SSM Sine Modulating Wave Signal

For every spreading factor («) from 5% to 45% the graphs obtained are
shown in the next group of figures. Figure 4.11 shows the spectra for each
test using SSM with a Sine wave modulating signal with o = 5%, the
modulation indices used are given in Table 4.2. The use of 5% for a central
frequency of 50 kHz will generate a lower limit at 48,750 Hz while the higher
limit 51,250 Hz. Each graph shows a spectrum for a specific test, together
with the measurement of the dBuV of the peak component in the spectrum
at the top right.

In Figure 4.11, it can be seen that from Figure 4.11a to Figure 4.11c there
is a noticeable generation of peaks and the mitigation achieved is very low
compared to the DetM case (i.e. there is little difference between the peak
value measured for DetM, and the peak value measured for the SSM case).

If the values of Figure 4.11d and Figure 4.11e are analysed, the values
of the PK are lower and steady with values of 102 dBuV to 103 dBuV
approximately. In fact, Figure 4.11e presents the lowest PK value of all
the graphs. Finally, for the graphs from Figure 4.11f to Figure 4.11g, the
Peak value measured is close to the DetM case which shows that a correct

demodulation can not be achieved.
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Figure 4.11: Spread spectrum Sine wave modulating for o = 5%.

For a spreading factor of o = 15%, the results obtained are shown in
Figure 4.12. The minimum and maximum limits with regards the spreading
factor are 46,250 Hz and 53,750 Hz, respectively. From Figure 4.12a to
Figure 4.12c the graphs show that there is a small decrease in the PK
magnitude (105-107 dBuV) and the generation of peaks are noticeable.
The lowest values obtained are found in Figure 4.12d and Figure 4.12¢, in
fact the latter shows the best mitigation case with a value of 99.23 dBuV.
For the cases shown in Figure 4.12f and Figure 4.12g the shapes look
smooth, however the EMI Peak reduction is not considerable with PK values
of 106.91 dBuV and 108.54 dBuV. The remaining cases in Figure 4.12h
and Figure 4.12i actually increase the PK value over 109 dBuV, i.e. no
mitigation is achieved with these values of m.

As for the results when o = 25% the results are shown in Figure 4.13. The
limits covered for this spreading factor are between 43,750 Hz to 56,250 Hz.
In these graphs, the cases from Figure 4.13a to Figure 4.13c show a good per-
formance with a PK decrease of 102.06 dBuV, 103.96 dBuV and 104.15 dBuV
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Figure 4.12: Spread spectrum Sine wave results for a = 15%.

respectively. It is in this value of a in which the mitigation effect is clearly
seen even with lower values of m. The lowest PK values obtained can be seen
in Figure 4.13d and Figure 4.13e. In fact, the value measured in Figure 4.13e
represents the best reduction with a PK of 98.31 dBuV. Considering the
remaining cases in Figure 4.13f, Figure 4.13g, Figure 4.13h and Figure 4.13i,
it seems that using these modulation indices the effect of mitigation does
not provide good results with values from 106.16 to 110.70 dBuV.

If the value of « is increased to 35%, the effect of mitigation can be seen
in Figure 4.14 for all the modulation indices used, the frequency limits in
this particular case are from 41,250 Hz to 58,750 Hz. In a similar way, the
graphs from Figure 4.14a to Figure 4.14c, start to develop interesting values
of PK mitigation but can not be considered as the best ones. The values
obtained are 101.47 dBupV, 103.29 dBpV and 103.23 dBuV, respectively.
The lowest values are shown in Figure 4.14d with a PK of 98.95 dBuV and
Figure 4.14e 97.89 dBuV being the better optimisation cases. Considering

the other values in Figure 4.14f and Figure 4.14g there is an interesting



90 Chapter 4. SSM According to CISPR-16 Band A

SSM - Sine, m = 0.0125 SSM - Sine, m = 0.0625 SSM - Sine, m = 0.125
100 ~DetM = 109.74 100 ~DetM = 109.74 100 ~DetM = 109.74
~SSM = 102.06 -SSM = 103.96 ~SSM = 104.15
> 80 > 80 v > 80 vy
@ 60 @ 60 @ 60

Frequency (Hz) x10* Frequency (Hz) x10% Frequency (Hz) x10*
(a) m = 0.0125 (b) m = 0.0625 (¢) m = 0.125
SSM - Sine, m = 0.625 SSM - Sine, m=1.25 SSM - Sine, m = 6.25

—~DetM = 109.74 100
~SSM=99.27

~DetM = 109.74 100
~SSM =98.31

—DetM = 109.74
—SSM = 106.16

3 4 5 6 7 3 4 5 6 7 3 4 5 6 7

Frequency (Hz) x10* Frequency (Hz) x10* Frequency (Hz) x10%
(d) m = 0.625 (¢)m =125 (f) m = 6.25
SSM - Sine, m =12.5 SSM - Sine, m = 62.5 SSM - Sine, m =125

—DetM = 109.74 100
—SSM = 108.39

—DetM = 109.74
-SSM = 110.70

~DetM = 109.74 100
~SSM = 110.58

3 4 5 6 7 3 4 5 6 7 3 4 5 6 7
Frequency (Hz) x10% Frequency (Hz) 104 Frequency (Hz) x10%

(g) m = 12.5 (h) m = 62.5 (i) m = 125

Figure 4.13: Spread spectrum Sine wave results for o = 25%.

mitigation of the PK magnitude but the limit of the demodulation from the
EMI receiver point of view has been reduced with values of 105.88 dBuV
and 108.75 dBuV.

Finally, the remaining cases that perform worse with regards to mitigation
purposes are the ones with values of 111.27 dBuV and 111.07 dBuV for
Figure 4.14h and Figure 4.14i.

The results obtained for o = 45% are shown in Figure 4.15. There
are interesting points to mention in this group of graphs. The limits for
this experimental tests are 38,750 Hz to 61,250 Hz. The analysis of the
results demonstrates that Figure 4.15a presents a good value for mitigation
with a PK of 100.87 dBuV. The other cases shown from Figure 4.15b
to Figure 4.15d present values between 98.79 dBuV and 102.81 dBuV.
The best case for the Peak reduction can be seen in Figure 4.15e with
a PK of 97.75 dBuV. Considering, Figure 4.15f and Figure 4.15g the peak
change is going towards an increasing trend with values of 106.05 dBuV and

109.00 dBpV. The remaining cases shown in Figure 4.15h and Figure 4.15i
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Figure 4.14: Spread spectrum Sine wave results for a = 35%.

develop worse scenarios for mitigation with PK values of 111.83 dBuV and
111.33 dBuV. In all of these pictures it can be seen how the spreading
factor () affects the measured EMI peak value generated by the switching

converter as well as the characteristic shape.

4.3.6 SSM Random Modulating Wave Signal

In this section the measured results for SSM driven by a linear random mod-
ulation signal are presented. In these graphs the different spreading factors
of Table 4.2 are gathered for the effect of switching frequency harmonic
mitigation. As was presented in the previous case for sine wave results,
these graphs show the different results of changing the value . What is
interesting is the different shape generated with the exact same parameters.

The results when o = 5% are shown in Figure 4.16. The limit consid-
erations are the same as per the parameters used in the previous section
when a sine wave was used. The bandwidth limits for this group of graphs

are 48,750 Hz to 51,250 Hz. The cases from Figure 4.16a to Figure 4.16d



92 Chapter 4. SSM According to CISPR-16 Band A
SSM - Sine, m = 0.0225 SSM - Sine, m = 0.1125 SSM - Sine, m = 0.225
100 ~DetM = 109.74 100 ~DetM = 109.74 100 —DetM = 109.74
—SSM = 100.87 —-SSM = 102.79 —~SSM = 102.81
> 80 v > 80 w > 80 ~
@ 60 @ 60 @ 60
© o °

3 4 5 6 7 3 4 5 6 7 3 4 5 6 7
Frequency (Hz) x10* Frequency (Hz) x10% Frequency (Hz) x10*
(a) m = 0.0225 (b) m = 0.1125 (¢) m = 0.225
SSM - Sine, m = 1.125 SSM - Sine, m = 2.25 SSM - Sine, m = 11.25
100 ~DetM = 109.74 100 ~DetM = 109.74 100 ~DetM = 109.74
—SSM = 98.79 —SSM =97.75 —SSM = 106.05
> 80 Ty > 80 N > 80
@ 60 @ 60 @ 60

3 4 5 6 7 3 4 5 6 7 3 4 5 6 7
Frequency (Hz) 104 Frequency (Hz) 104 Frequency (Hz) %x10%
(d) m = 1.125 (e) m = 2.25 (f) m = 11.25
SSM - Sine, m = 22.5 SSM - Sine, m=112.5 SSM - Sine, m = 225
100 ~DetM = 109.74 ~DetM = 109.74
—SSM = 109.00 —SSM = 111.33

4 5 6 7
Frequency (Hz) x10*

Frequency (Hz)

(h) m = 112.5

x10*

Frequency (Hz)

(g) m = 22.5 (i) m = 225

Figure 4.15: Spread spectrum Sine wave results for o = 45%.

show a very low value with regards to peak reduction, in fact all of these
results present values close to 109 dBuV i.e. the DetM peak value used
as a reference. For the graphs of Figure 4.16e and Figure 4.16f, it is
difficult for the EMI receiver to demodulate the signal because small peaks
appear in the signal obtained, the measured values are 108.40 dBuV and
107.42 dBuV, respectively. The best case for peak reduction purposes is
when m = 2.5 shown in Figure 4.16g with a value of 107.03 dBuV. The
remaining cases shown in Figure 4.16h and Figure 4.16i show very small
values of mitigation but interestingly the shape looks squared due to the
linear random distribution used.

The graphs measured when the value of « is then changed to 15% are
shown in Figure 4.17. The limits are 46,250 Hz to 53,750 Hz. In these
graphs Figure 4.17a, Figure 4.17b, and Figure 4.17c¢ show PK values close
to 107 dBuV. The cases presented in Figure 4.17d and Figure 4.17e show
changes in the PK with a trend of flattening the peak shape. It is worth

noting the lowest value of peak reduction when m = 3.75 presented in
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Figure 4.16: Spread spectrum Random wave results for @ = 5%.

Figure 4.17f. The remaining values shown in Figure 4.17g, Figure 4.17h and
Figure 4.17i develop a squared shaped (due to the linear distribution chosen)
with almost no mitigation and the latter even increases the magnitude of
interference with a value of 110.20 dBuV.

For a spreading factor of 25%, the graphs obtained are shown in Fig-
ure 4.18. There is a low peak reduction effect for Figure 4.18a, Figure 4.18b,
and Figure 4.18c with PK values of 104.44 dBuV, 104.66 dBupV and 105.31
dBuV. The best modulation cases are presented in Figure 4.18d and Fig-
ure 4.18e when the PK values are 101.60 dBuV and 101.32 dBuV. After us-
ing these values of m the trend of mitigation develops higher PK values such
as 103.75 dBuV and 104.52 dBuV for the cases presented in Figure 4.18f
and Figure 4.18g. Finally, the cases with poor mitigation and even worse
performance are show in Figure 4.18h and Figure 4.18i.

When the value of alpha is 35%, the mitigation effects are clearly seen. For
Figure 4.19a, Figure 4.19b and Figure 4.19c¢, the values of PK measured are
103.58 dBuV for m = 0.0125, 103.80 dBuV for m = 0.0125 and 103.64 dBuV
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Figure 4.17: Spread spectrum Random wave results for a
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Figure 4.18: Spread spectrum Random wave results for a = 25%.
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for m = 0.175. The graphs in Figure 4.19d and Figure 4.19e show the best
options for peak reduction. In fact the latter develops a mitigation PK value
0f 99.85 dBuV. As for the other cases shown in Figure 4.19f and Figure 4.19g
the values between them are 103 dBuV with a peak square shaped. The
remaining cases in Figure 4.19h and Figure 4.19i increase the PK value close
to the DetM case, which presents a problem for the mitigation purposes.
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Figure 4.19: Spread spectrum Random wave results for o = 35%.

The highest value of o used is 45%, the graphs obtained are shown in
Figure 4.20, in similar manner as presented in the previous cases with a
lower value of a.. For Figure 4.20a, Figure 4.20b and Figure 4.20c, the mit-
igation achieved is considerable with values of 101.34 dBpV, 101.58 dBuV
and 102.03 dBuV. The best cases to mitigate the effect of the switching
frequency are in Figure 4.20d when m = 1.125, and Figure 4.20e when
m = 2.25. The PK value increases again in Figure 4.20f and Figure 4.20g
with values of 102.40 dBuV and 104.35 dBuV. Finally, in Figure 4.20h and
Figure 4.20i the peak reductions are not effective with even worse values of

110.05 dBuV and 111.44 dBuV for the PK values measured.
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Figure 4.20: Spread spectrum Random wave results for o = 45%.

From the results obtained when the two different signals are used, the
Sine wave and Linear Random modulating signals. It can be concluded that,
when peaks are generated close to the carrier frequency the signal may not
be able to be demodulated by the measurement device. In addition, a clean
and steady signal might not be the best in terms of reducing peak values.
Another important point to mention is the modulation indices that are close
to one (m = 1) as shown in the graphs presented, lower or higher values
appear to be good choices to achieve a reduction of the peak. Considering
the comparison of both signals analysed (sine and random), the two of them
perform in a similar way in many cases. In the case of a random signal, the
higher the modulation index value the more square the shape of the signal
in FD. This means that the spectrum can be shaped accordingly to the

random distribution used along with the change in the modulation index.
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4.4 Importance of the Modulating Signal and
the Spreading Factor

In order to gather all the measurements carried out to determine the best
possible operating point to reduce the effect of the switching frequency of
the DC-DC converter driven by SSM, a multivariable graph considering
the important parameters («, F, and PK value) has been plotted for both
cases, the Sine and the Random wave modulating signals. After considering
the parameters used, a heatmap seems to sum up all the information of the
measurements obtained from the EMI Receiver. This graph, provides a two
dimensional and interesting way to find similarities and differences when
analysing Sine and Random modulating signals.

This graph is generated with the help of two main algorithms. Initially
an algorithm was developed to find the peaks located in the Carson’s band
for the first switching harmonic.

Secondly, with the peaks obtained at the different modulation indices a
cubic interpolation algorithm is used to interpolated between these values.
With the complete values (o and Fj) the heatmap is generated consider-

ing all the data. These considerations can be seen in the Flowchart in

Figure 4.21.
EMI Receiver Finding (e Heatmap
[ e —— Peaks =/ interpolation .
algorithm with Peak values| | &€neration

Figure 4.21: Heatmap generation flowchart for the driving signals used,
green blocks show functions while blue blocks show input/output.

With the heatmaps generated as shown in Figure 4.22 and Figure 4.22,
the analysis to find the best mitigation points is carried out. By a simple
observation, the lowest PK values of mitigation are obtained when the colour

bar at the right develops to dark blue. This happens when the Sampling
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Time is 107* s, however this zone shows two main limits as highlighted by
the red dots which are T's = 203 us and T's = 102 uS (in Figure 4.22 and
Figure 4.22).

The calculation of the modulation index (if needed) for this band will
rely on the same Equation in 4.6, however the Sampling Frequency must be
used instead of the Sampling Time. The equation showing this can be seen
in (4.6), as follows.

(a-F)/2

™= Ty o

The use of these heatmaps will provide an understanding about the best
points to obtain a good mitigation of EMI with regards to the Sampling
Time (or Sampling Frequency) according to different Modulation Indices.

Sine Wave Modulating Signal

The heatmap for the Sine wave modulating signal is shown in Figure 4.22.

Sine - Peak Values

110

0 108
m —
£ 3
= 106 %
= 10 3
= 4
s
% 102
n

100

108 98
5 10 15 20 25 30 35 40 45
Spreading factor («)

Figure 4.22: Spread Spectrum heatmap for a sine wave signal highlighting
the best mitigation zone of Sampling Time.

Random Wave Modulating Signal
The heatmap for the Random wave modulating signal can be seen in

Figure 4.23.
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Figure 4.23: Spread Spectrum heatmap for a random wave signal
highlighting the best mitigation zone of Sampling Time.

Having considered the highlighted points in both heatmaps, Table 4.3
shows the obtained lowest and highest modulation indices with the value
of the PK decrease. With the help of this graphical resource, it seems that
the modulation indices have to increase according to the spreading factor
used, however the Sampling Time can be kept close to 107* s or 10 kHz

(Sampling Frequency).

Table 4.3: Heatmap Sine/Random wave points of interest for best EMI

mitigation.
« m: Low | m: High | Sine Sine Random| Random
(%)| Limit limit Low High Low High

(102 ps) | (203 us) | PK PK PK PK

(dBuV) | (dBuV) | (dBuV) | (dBuV)
5 0.1275 0.25375 102.044 | 103.166 | 108.376 | 107.864
15 | 0.3825 0.76125 99.2316 | 101.037 | 104.348 | 103.698
25 | 0.6375 1.26875 98.3269 | 100.234 | 101.297 | 101.688
35 | 0.8925 1.77625 97.9238 | 99.842 99.8607 | 100.603
45 | 1.1475 2.28375 97.786 99.9357 | 99.2547 | 100.106

Important observations can be discussed in the generation of the heatmaps

for different spreading factors as well considering Table 4.3 as a supporting

resource.
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e For modulation indices when the Sampling Time is 102 ps better
mitigation PK values are obtained when compared to the higher limit
of Sampling Time given by 203 us. This provides the best mitigation
zone for the Switching Frequency used as well as the modulation
indices related to it. An example of this is the extreme case of o = 45%
which decreases the PK interference to a value of 97.78 dBuV for a

Sine wave and to 99.2547 dBuV for a Random wave.

e The use of a Sine wave as a modulating signal shows consistent and
smooth behaviour in the Sampling Ratio region approximately be-
tween 107% s to 20~% s, this applies for most of the points from a = 5%
to 45 %. On the other hand, the Random modulating signal starts to
decrease the value close to 10~* s with spreading factor between 15 %

and 20 %.

e The Random modulating profile seems to work better over a limited
range of spreading factors (from 35 % to 45 %) with a Sampling
Ratio between (107* s to 207* s) when the dark blue colour remains
consistently. The mitigation is very low if the same zone is considered

at lower values of spreading factor (from 5 % to 25 %).

4.4.1 EMI Modulation Index Graphs

Finally, to demonstrate the complete effect for the SSM mitigation tech-
nique, a study based only on the modulation index has been carried out
considering the graph and results in Section 4.3.5 and 4.3.6.

The modulation index indicates how close a signal is modulated close to
the non-modulated case i.e. how steady a signal is according to the carrier
signal. To support the usage of SSM to find the best mitigation point, a
graph is plotted comparing both modulating signals with the exact same

parameters. The results obtained from all of the different spreading factors
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and different modulation indices are shown in Figure 4.24.
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Figure 4.24: Relative Peak Decrease for different spreading factors and
different modulation indices (higher is better).

In Figure 4.24, the expected results of increasing the spreading factor will
decrease the PK value measured. However, there are interesting cases in
which Random and Sine driving signals will perform in a similar manner,
when the modulation index is near one (or 10° in Figure 4.24). This applies
slightly differently for the five cases of a presented but it does happen,
especially for higher spreading factors.

It should be mentioned that the lower the modulation index the lower the
best mitigation is. This presents a good challenge for designers and EMC
compatibility researchers to find the best mitigation point for a particular
application.

This section has presented a comprehensive procedure for analysing two
different Spread Spectrum modulating signals in order to understand the
nature of the EMI generated. This process was carried out by employing
the heatmaps which are an interesting graphical resource to demonstrate
the regions in which SSM will create the best peak reduction compared
to DetM. In addition, the importance of the modulation index has been

highlighted and it can be concluded that there exists an optimum point for
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peak reduction with regards to the frequency domain measurements.

4.5 Chapter Conclusion

This chapter has provided the technical and theoretical background of CISPR-
16 band A for measuring and accounting for the effects of SSM for a buck
converter.

The measured results from the EMI Receiver have shown that there exists
one point (values close to m = 1) where the best optimisation point can be
achieved in the low frequency band of CISPR-16. However this point tends
to change with the spreading factor as seen in Table 4.2. This conclusion is
helpful for EMI design engineers to account for the modulation cases that
do not impact the performance of the converter in the frequency domain for
the CISPR Band A under test.

An important point worth noting is given by the similarities in the demod-
ulating process of the signals used and compared against. For the higher
modulation indices both signals generated some undesired spikes, this is
mainly caused by the frequency used of the modulating signal.

Another important point is given by the similarities in the measured
results when both signals are compared (sine and random). However they
tend to develop in a similar manner: this is mainly caused by the use of a
fixed clocked generator which is inherently to the microcontroller used.

An interesting conclusion that can be considered is that when a random
clocking method is used to generate random switching frequencies for the
Spread Spectrum modulation technique, it performs similar to a sine wave
approach as the clocking circuit used for the SSM generation is the same for
both approaches. However the floor noise is increased between the minimum

and maximum limits given by a.



Chapter 5

BER Measurements in the
Presence of a Spread Spectrum

Modulated Converter

In this chapter an analysis of a communication link under the interference
of a DC converter controlled using the SSM modulation techniques is pre-
sented. The important task is to determine experimentally the effects of
using SSM as a mitigation technique when the noise is superimposed on
a digital communication signal to determine the Bit Error Rate (BER)

created.

5.1 SSM Interference and its Relation to BER

To support the experimental work carried out in this chapter similar re-
search has been surveyed. In work presented in [91] and [92] a communica-
tion channel is interfered by a controlled noise in a Crosstalk environment.
The communication channels are tested using similar interference sources
demonstrating that DC converters which use SSM techniques can be harm-

ful for the devices close it.

103
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In [91], the BER measured for a communication system in the presence of
the interference generated by a converter is analysed. The coupling method
uses a two-layer Printed Circuit Board (PCB) in which the traces are close
to each other to generate interference between both lines. This configuration
presents a Crosstalk case from which the experimental tests in this research
work are based. As was explained in Chapter 2, Crosstalk takes places when
two conductors are close together and one conductor has the capability to
interfere with the second conductor. Similar effects are found in automotive
grids and smarts grids considering the amount of cables without shielding
and even in PCB routes.

In [92], the research focus was based on a standardised communication
(I2C) link to determine the effect of Spread Spectrum modulation. This re-
search demonstrated the increase of the BER for different spreading factors
for the switching frequency of the DC converter.

The topic of interference in communication is considered in [93]. In
this research an analysis is made of the PLC channel performance when a
converter with Spread Spectrum modulation is used with a carrier frequency
of 63 kHz. The coupling method is based on a capacitive link which can be
considered as Intentional Electromagnetic Interference (IEMI). This work
showed a decrease of the EMI generated from the converter side whilst at
the same time it increased the BER on the PLC communication link

This chapter shows experimentally what is the real effect of the two
SSM modulation techniques developed from Chapter 3 to Chapter 4. The
analysis considers the same theoretical background and values with regards
to the main parameters of SSM such as Spreading Factor, Modulating Signal
Frequency and Modulation Index. To determine these effects a Crosstalk-
based experimental set-up is proposed to investigate these effects and sta-
tistical analyses are made to determine the advantages and disadvantages

of SSM under different circumstances. The first study provides a simple
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but interesting statistical test to measure the BER for different spreading
factors by using Boxplots. The relationship of BER and PK measurements
obtained in Chapter 4 are considered to calculate Relative Values (with
DetM as the reference case) to investigate the correlation of variables. This
chapter then proposes a time domain analysis using BER as the main value
of interest in order to analyse when these SSM techniques are used to
improve the frequency domain characteristics and, the consequences for the
time domain measurements. Having considering this important point, the
combined effort is then focused on generating a rule of thumb to address

both domains when SSM is applied to a power converter.

5.2 Figure of Merit: BER

The reliability of a communication channel, for digital purposes is often
tested by measuring the BER. This parameter is a good indicator of the
susceptibility of a communication link against external interference and
undesired effects generated by different devices.

The device used to measure BER is often called the Bit Error Rate Tester
(BERT), which transmits bits from its output and receives data bits at
its input for comparison. The bits are generated with the use of Linear
Feedback Shift Registers (LFSR). The voltage levels can be different from
one system to another but the main idea of the comparison remains the
same. Fundamentally, Bit Error Rate is calculated as (5.1),

Nerr

BER = —— 5.1
Nbits ( )

Considering that the equipment is capable of handling high frequency bit
counting, one important parameter is the measurement period. This value
will provide reliability for the BER measurement in case of reproducing the

results in similar conditions with similar equipment. In addition, it helps
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to align measuring devices and protocols. To account for a reproducible
Bit Error Rate measurement, the Confidence Level (CL) index can be
implemented. This index should consider the period for a measurement
and what BER value can be tolerated by the communication system.

In [94], different communication channels are shown with regards to the
allowable limits of the BER, Table 5.1 shows these parameters and infor-
mation about each communication channel. Different values of CL are
presented for five different communication protocols to define a common

time to determine the BER.

Table 5.1: Standard confidence levels at 95% for different communication

protocols.
CL PCI PCI IEEE IEEE IEEE
Express | Express | 802.3 802.3 bs | 802.3 bs
5 Gb/s |16 Gb/s | j25.78125| 26.5625 26.5625
NRZ NRZ Gb/s Gbd Gbd
NRZ PAM4 PAM4
1.0E-15 | ~ 165 hrs | ~ 51 hrs ~ 32 hrs ~ 31 hrs ~ 16 hrs
1.0E-12 | ~10min |~ 3.1min | ~1.9min | ~ 1.9 min | ~ 1 min
1.0E-09 | ~ 59 secs | ~19secs | ~ 12secs | ~ 11 secs | ~ 6 secs
1.0E-06 | ~ 2 psec ~ 0.7 psec | ~ 0.4 psec | ~ 0.4 psec | ~ 0.2 psec

By defining the CL value, a comparison of different tests for protocols
can be achieved with a common point for understanding the Bit Error Rate
created by frequency modulated DC converters acting as EMI sources. The
equation for the Confidence Level (CL) is given in (5.2),

CL =1 — ¢ NoitstBERs (5.2)

where, Ny;s is the total bits transmitted, and BER, is the maximum
allowed BER for the test (usually provided as one standard value). Ny

can be calculated as,

(5.3)
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and the time period needed to achieve a given C'L, can be derived as:

: —In(1-CL)
T - 4
ime(s) = FER « BitRate (5:4)

These expressions are used to consider the maximum value of BER al-
lowed on a system with a desired maximum Bit Error Rate over a certain
time period.

The parameters for the BER experimental tests described in this thesis
are given in Table 5.2. A value of 95 % has been used in this test for the

Confidence Level as it is an industry standard rule of thumb [94].

Table 5.2: BER Confidence Level for 500 kHz.

Parameter Value
Ber,,az. le-10

Bit Ratio 1e9
CL 95 %

With these parameters a time period of 30 seconds has been obtained,
the frequency of the BER tester has been set at 500 kHz which is then
translated into a value of 1 Mbit/s. This Sampling Rate for the BER is
sufficient for the 50 kHz used for the Switching Frequency of the converter
considering the sampling theorem for signal analysis.

In this section a brief introduction to the Confidence Level parameter as
a rule for measuring the quality of a communication channel was explained.
It is important to account for a value that provides a good agreement in
the measuring process as was suggested in Chapter III and Chapter IV with
regards to the recorded time (resolution time) to calculate the spectra of
a signal from a time domain signal. It has also been shown about other
standardised communications protocols with regards to the allowed number
of errors and their most common confidence levels to have an initial idea of

the experiment in this chapter.
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5.3 BER Measurement Set-up

The measurement test set-up aims to measure Crosstalk, as was mentioned
in previous section. This is a basic concept used in EMI theory. It is mainly
based on the situation when two conductors interfere each other. For the
purpose of the thesis, three conductors are used.

For this set-up, the EMI receiver and the LISN are not required since the
analysis is purely focused on the time domain effect seen in the communi-
cation channel generated by the Crosstalk between lines. The equipment is
based on the power supply, the cable bundle, the Bit Error Rate tester and
the DC-DC converter. This set-up is based on a Crosstalk environment in
which the cable bundle includes an EMI Source cable and one EMI Victim
cable. The block diagram of the set-up is shown in Figure 5.1. The same
bundle structure has been used in [43] to demonstrate the adverse effect of

a Square Fourier Series wave and the BER effect.

{3
(e f— )
(- asasas“tCaas) 4'3

(L P

Figure 5.1: Experimental setup for the Bit Error Rate measurements.

A brief explanation of the equipment involved is now given:

1. Power Supply. The Power Supply is the same as used in the Fre-

quency Domain experimental test set-up.

2. Cable bundle. The cable bundle generates a Crosstalk effect between
the cables involved. The cable bundle has 3 conductors: two are AWG-

36 and they are used for the BER tester data transmission (Data and
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Data Ground). The other is AWG-14: this is used for the input
voltage of the DC-DC converter. By having this cable arrangement,
the switching behaviour of the converter modulation will have an
interfering effect in the Data Lines, and errors will be generated. The
main parameters of the cable bundle can be found in Table 5.3. These
parameters were chosen because this research follows previous research
carried out in the laboratory. For convenience, it was then decided to

continue with the same set-up.

Table 5.3: Cable Bundle Parameters.

Parameter Value
Distance between cables 1 cm
Height of cables 3 cm
Length of bundle 1.5 m
Cable connections SMA

The termination of the cable bundle (input of the BER tester), in-
cludes a 50 €2 load to match the impedances of the BER tester input

by providing signal stability.

3. BER Tester The Bit Error Rate Tester (BERT) is an Anritsu BERT
MP8302A [95]. This equipment can generate data with a bit ratio from
1 kHz to 155 MHz. The waveform used is a TTL signal modulated
as a Non-Return to Zero (NRZ). For the purposes of this work, the
frequency has been set at 500 kHz (10 times the switching frequency to
comply with Nyquist Shannon theorem). The BERT is programmed
as an automated device to get measurements at every desired time.
A program routine created in LabView is in charge of sending the
control signals over a Serial Communication protocol to get accurate

measurements without human intervention.

4. DC Converter. The DC-DC converter is the same as that used pre-

viously, with the same components and the same switching frequency



110Chapter 5. BER Measurements in the Presence of a Spread Spectrum Modulated Converter

parameters. However, the output load has been changed to 4.7 €2
to generate a higher load current which is directly translated into an

stronger electromagnetic field in the power cable.

Power
& conerter

PDC Power
Supply

Figure 5.2: BER experimental test set-up.

5.3.1 Automated BER Measurements

To control every step of the measuring procedure for the BERT a repetitive
but programmable routine was developed in Labview [96]. This program
requires input parameters to generate the measurements of the BER. In
addition, it can control the voltage of the power supply but this has been
kept fixed for the purposes of this chapter. A flowchart with the three
important tasks of the program is shown in Figure 5.3 followed by a complete
explanation of the signals. The Labview block diagram can be found in

Appendix F.

e a) Number of voltages (No_Volt). This defines the number of volt-
ages to measure. This parameter controls the maximum count to be
reached for directly controlling the power supply. For this specific case

it is not used.

e b) Input voltage (Input_voltage). This defines the starting value of the

voltage for the power supply. For the measurements carried out in this
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BERT Modulator
( START N_Volt = NO
N_Volt_count
¥ YES 4
T > L. N_Meas = no| |
P _ N )
b,)ll:pl:\tn_voltage ) BERT Stop count N_Meas_Count Data conversion
c) No_Meas
d) TR Control
e p— :
e)BERtime Register VS l
v )
( Stop ) | Stop count Data save

) 1) 1)

Figure 5.3: Programmed flowchart block in Labview for the control of the
BERT.

chapter a value of 60 V has been programmed as can be considered a

standard value used in DC grids.

e ¢) Number of measurements (No_Meas). This value defines the num-
ber of times a measurement with the same voltage has to be obtained.
For the measurement purposes in this chapter a value of 100 has been
used. This value was decided to provide a good statistical agreement

while getting the average of the total measurements.

e d) Anritsu MP8320A Port (BERT_Port). This parameter defines the
Serial Port to be used by the BERT and allows the Labview interface

to control the equipment.

e ¢) Time for BER (BER_Time). An important parameter to determine
the effect of the interference over a desired time. The BERT program
is ready to measure any time in a minute time base, for the following
tests a value of 0.5 min (30 seconds) is used. After several experimen-
tal tests this value provided stability in the parameter measured from

the BER tester.

e f) BERT Control Register. In this block all the registers to control
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the main parameters of the BERT are programmed. In this block it

is possible to change the data type, frequency of data, etc.

e g) Data conversion. The measured values from the BERT are obtained

and converted from text to decimal.

e h) Data save. In this part the data converted is transferred to the txt

file generated.

Having considered the inputs and outputs of the program in Labview, the

front panel is shown in Figure 5.4.

C:\Users\Dell Inspiron 13\Desktop\BER_Program2012\Vin60_Ber120k_Convf70k_24_08_2022.bd

Figure 5.4: Labview front panel for controlling the BERT over a serial
communication link.

This section has provided the explanation of the equipment under use.
It is important to notice the parameters used that refer to the Confidence
Level that defined the required time for measurement. Due to the large
time to be used for the measurements, an automated process was carried

out to measure and save at the same time using Labview.
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5.4 BER Analysis for Driving Signals

In this section the results for a Sine and a Random wave modulating signal
are shown. Five different spreading factors are considered, 5 %, 15 %, 25 %,
35 % and 45 % for the nine values of modulating signal frequency as was
presented in Table 4.2. It is worth mentioning the BER value obtained for
a Deterministic Modulation case which was 6.148 x 10~* as a comparison
point. Due to the nature of the BER (adimensional) there are no units
in this measurement. All the graphs have been plotted by using the free
downloadable plotting toolbox ”Gramm” which can be found in [97]

The graphs given are based on Boxplots. This graphical resource is a
good way to demonstrate a good number of statistical values of a sample
under analysis. The Boxplots show the average value of the measurement
at the centre of the box as a line, the quantile extremes limiting the box
upper and lower sides. The values that represent statistical inconsistencies
are shown by dots and are referred to as outliers. These values are indeed
part of the data, but they do not take part of useful data since they can

distort the overall distribution.

1. BER with @ = 5 %. In Figure 5.5 it can be seen that increasing the
modulation index (m) has a very low impact for the Random signal
(red) and the Sine signal (green). It can also be seen that when the
modulation indices are less than 1 the difference is noticeable. This
trend changes when the modulation index is increased to values bigger
than 1. The two modulating signals perform almost identically with a

BER value close to the deterministic modulation case from 4.0 % 10~*

to 6.7 % 1074

In this first case of a = 5% it can be concluded that the percentage
of spreading is very low and will create similar values of BER as the

deterministic case. Moreover, it seems that a considerable level of
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Figure 5.5: BER values for o = 5% and different modulation indices.

outliers have been obtained in the Random results when compared to

the Sine results.

2. BER with @ = 15 %. It can be seen in Figure 5.6 that the modulation
index does not have a considerable impact when the two modulating
signals are compared. However, the change from oo = 5% to a = 15% is
considerable. The BER values change almost one order of magnitude

which is a big difference from the BER obtained in the previous case.

The comparison of the performance for both signals is close to 1 * 1073
and decreases with higher values for the modulation index. The BER
value seems to be steady over the whole modulating index range

proposed within the limits from 0.5 % 1073 to 1 % 1073,

3. BER with a = 25 %, in Figure 5.7 is where the effect of the spreading
factor with regards to the BER value starts to change when different
modulating signals are used. It can be seen that the modulation index
values below 1.25 generate a large difference in the BER measurement
when the Random signal is used compared to the Sine wave modulat-
ing values that remain steady for the whole test with a BER between

1%1073 to 2x1073. In this graph it can be concluded that random and
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Figure 5.6: BER values for o = 15% and different modulation indices.

sine wave modulating signals start to perform differently according to

the chosen parameters.
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Figure 5.7: BER values for a = 25% and different modulation indices.

4.

BER with a = 35 %. The measured results for « = 35% are shown
in Figure 5.8. For this specific case, the performance of the two
modulating signals show a completely different behaviour when the
modulation index is below 1.75. In fact, the random modulating signal
generates higher BER when compared to the Sine modulating signal.
However, there is a point at which both signals will perform in a

similar way, i.e. when reaching values higher than 8.75 with BER of
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approximately to 3.5 x 1073.
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Figure 5.8: BER values for o = 35% and different modulation indices.

5. BER with o = 45 %. Finally, the results obtained for the highest
case measured in this thesis are shown in Figure 5.9. For this specific
graph the behaviour of both signals should be analysed. Both signals
generate the highest BER. This is to be expected due to the increasing

trend given by the spreading factor.

The comparison of both signals provides interesting points to discuss.
Firstly, the random modulation has a considerable change for modula-
tion indices from the initial modulation index value of 0.0225 to 2.25,
in fact there is an increasing trend that goes to a decreasing trend for

a value slightly greater than 2.25.

5.4.1 Discussion of BER Results

From the results obtained the following can be concluded,

e Considering the cases from o = 5% and a = 15%), it is worth noting
that both signals (sine and random) perform similarly with a BER
value close to 6 % 107* (o = 5%) and 1 % 107® (o = 15%). These

are low values but the the modulations approaches do not present a
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Figure 5.9: BER values for o = 45% and different modulation indices.

remarkable difference. However, a considerable number of outliers are
obtained. This is mainly caused by the short distribution and the slow

modulating frequency cannot be tracked by the BER.

e When the value of « is increased to 25%, the differences between the
Sine and Random signal start to be noticeable. This happens for
modulation indices that are lower than m = 1.25. In fact it seems
that the BER measured can be almost four times bigger for random
than sine. This happens because the modulation index does not give

steady measurements below m = 1 for the random signal.

e For the remaining cases of @ = 35% and o = 45%, the behaviour
of the random graph in both cases presents a change of trend when
m < 1. This is slightly different for the sine graph. It appears to
be that the random distribution has a considerably higher impact at

modulation frequencies lower than one.
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5.5 BER and its Relationship to EMI Peak
Decrease

The results from the previous chapters are considered to provide more
information to generate an understanding when both values (EMI PK and
BER) are measured for the same modulation index (m). This information
will be helpful to relate these important values into a single statistical
parameter to correlate them. The results are gathered in tables for a better
analysis: the tables will consider the modulation index and the BER and
Peak measurements. In addition, the quantile values are also calculated (Q1,
Q2, Q3) to determine possible inconsistencies. For practical and structural

purposes with regards to the thesis, these tables can be found in Appendix

G.

5.5.1 Experimental Test Results

The tables (Appendix G) were gathered together to plot a single graph in
order to determine the complete behaviour of spread spectrum for the two
signals used at different modulation indices.

To provide a useful understanding about the effects of the two modulating
signals used for the SSM, the average values of all of the 100 measurements
per individual case have been calculated. The graph showing the modulat-
ing index and its relationship to the BER is shown in Figure. 5.10. The
resulting trend of increasing the spreading factor will increase the BER
measured.

Analysing the pairs given by Sine and Random the following can be
observed and discussed with regards to the minimum and maximum values
in Table 5.4.

There are interesting cases in which Random and Sine driving signals
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Figure 5.10: Average values of BER for the different spreading factors
with different modulation indices.

perform in a similar way, especially for spreading factors lower than or
equal to 25 %. In these results the trend is quite linear along the complete
range of modulation indices. This minor change is due to the low value of
« used, which does not compromise the complete bandwidth covered in the
Spread Spectrum Modulation and the BERT measures in a similar way.

The difference in results becomes noticeable when the value of o = 25%.
While the behaviour of the sine wave does not change within the range of
modulation indices, the random starts from a high value to end on a low
value: this applies for the lowest value of m to the highest m.

When both signals are analysed (Sine and Random) with a@ = 35% it
seems that they find a point at which both have similar results (m = 8.75).
From the previous points, they are completely different with the BER
measured.

Finally, for a value of a = 45%, a similar change of BER measured
happens when the signals reach a modulation index close to one (10°).
In fact, it seems that this might be a good operating point in which both

signals become similar.
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Table 5.4: Minimum and maximum values for the BER measured at
different values of a.

Sine Random
o min max min max
5 m 0.01125 56.25 5.625 0.1125
BER | 0.010414 | 0.0132 0.00849 0.01772
15 m 0.4375 43.75 87.5 0.00875
BER | 0.0020676 | 0.0034133 | 0.002985 | 0.0095045
95 m 0.00625 3.125 6.25 0.00625
BER | 0.001285 | 0.00168 0.001036 | 0.0044235
35 m 0.0375 0.01875 18.75 0.00375
BER | 0.000727 | 0.000965 | 0.000675 | 0.001012
A5 m 0.00125 1.25 1.25 6.25
BER | 0.0004125 | 0.0005683 | 0.0005939 | 0.00124

The graph used in Chapter IV is shown in here to give a better under-
standing with regards to the analytical process of relating both measure-

ments in the next part of this section.
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Figure 5.11: Relative Peak Decrease for different spreading factors and
different modulation indices (higher is better).

5.5.2 Relative Values for Peak and BER

Considering the relationship between the BER measured and the PEAK

value, it is possible to relate these measurements, at least graphically with
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the data gathered in Section 5.5. To achieve this, an additional mea-
surement has to be calculated taking into consideration the Determinis-
tic Modulation (DetM) results obtained previously (PK = 109.74 dBuV,
BER = 6.148 * 107%). For this reason, relative values have been used.
The relative value considers the substraction of the DetM modulation case
(as a reference value) to the SSM values for both measurements, the Peak
decrease and the BER values as seen in (5.5) and (5.6). A table showing
the relative values can be seen in Appendix H.

Relative values for PEAK

PK,e = PKpeinr — PKgg, (5.5)

where PK,.; is the relative PK, PKpgs is the result obtained when the
converter was using Deterministic modulation at 50 kHz, and PKgg, consid-
ers the different 7 values of modulation indices used according to the value
of a.
Relative values for BER

The same procedure for PK decrease value is considered for the BER

measurement. The converter using Deterministic modulation at (50 kHz).

BER,. = BERp.y — BERss, (5.6)

In Figure 5.12 and Figure 5.13 the measurements from Section 5.5 are
considered. It can be seen that the sine modulating signal (Figure 5.12)
shows a steady performance and stability with regards to BER and EMI
Peak decrease from 5 % to 35 %. This is seen if a straight line is considered
individually for a single case. What is interesting is the big change when
the spreading factor is changed to 45 %. Both indices increase but BER
increases considerably. It is worth noting that every cross symbol represents

one individual value of modulation index (m).
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The Random modulating signal (Figure 5.13) is used, and an interesting
trend develops with the increasing values of the spreading factor and its
impact on the Relative Peak Decrease. There is a continuous increase of
the relative BER. From 5 % to 25 % the effect of mitigation is steady, while

this trend changes sharply from 35 % to 45 %.
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Figure 5.12: Sine wave, relative Peak decrease and relative BER increase.
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Figure 5.13: Random wave, relative Peak decrease and relative BER
increase.
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5.6 Statistical Correlation of the Modulations

The correlation of parameters is not a recent topic with regards to Spread
Spectrum Modulation, in fact many researchers have been working on sev-
eral theories such as structural properties, functions, methods of generation
and its application to various electronic systems problems [98]. Having
considered this, a simple method is used for correlation by applying the
Pearson correlation factor [99]. This correlation factor has been chosen as
it is a straightforward method to determine a value that can state how well
two variables are linked. The calculations were carried out using a Matlab
script.

To provide an interesting analysis of how the different modulation schemes
behave, it was decided to calculate the correlation value of both cases, the
Sine and the Random for the relative values obtained. It was interesting
to see how the correlation changes according to the measured values. The

correlation factor is obtained as follows [99],

Y i (i — 7)Y =) (5.7)

r = R

Vi@ — )2y — )

where, n is the number of elements, z; and y; are the sampled points
(measured), while T and 7 are the mean of x and y values, respectively.

According to the correlation factor analysis there are three possible out-
comes with regards to the correlation; Positive correlation, Negative corre-
lation and No correlation. Considering the two cases (Sine and Random)
the results are shown in Figure 5.14. The relative values are presented
using a similar scale for both signals (Random and Sine) to determine the
relationship of both measurements (BER and PK), and determine how they
are or are not related.

The correlation factor obtained for a random modulating signal is 0.5

which represents a positive correlation, not too strong but this effect can be
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Figure 5.14: Comparison of correlation factors for the modulating signals

(Random and Sine).

improved by the usage of more modulation indices. As for for the sine wave
modulating signal, the value of correlation factor is 0.09 which represents a

very low correlation almost close to a no correlation case.

5.7 Chapter Conclusion

This chapter has analysed and demonstrated an important drawback in the
application of Spread Spectrum Modulation for DC power converters with
a nearby communication channel. In this process, the Confidence Level
parameter has been considered in the measurement process to provide a
common point of reference for different measurements.

The measurement procedure followed in this Chapter has shown an useful
method to account for the interference generated from the DC converter and
how this is translated into the communication channel. The most important
recommendation is to determine a suitable value of spreading factor («) for
the switching frequency used. In the results obtained, « close to 25% do

not increase the BER in a major way.
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It was demonstrated that the BER increases with an increase of the
spreading factor («). However, this is not the case for increasing the modula-
tion index because when both signals (Sine and Random) are compared they
behave differently. In a few cases (from 25% to 45%), when one modulating
scheme presents a decrease the other scheme increases with different values
of modulation index.

The correlation factor between the two variables was calculated in an
effort to determine a relationship or a trend in the modulating signals used.
An interesting value of 0.5 from the random modulating signal was obtained.
This means a strong relationship between the variables under test i.e. the
PEAK decrease and the BER increase. The resulting value of correlation
is a good parameter for addressing the random effects over a certain point
of interest. From the results obtained it seems that this point of interest is
when the modulation index is close to one. This considers Figure 5.10 and

Figure 4.24 in Chapter IV.



Chapter 6

Pseudorandom Clocking

Spread Spectrum

In this chapter the development of a modified generation for a Spread
Spectrum random profile is contemplated only focused on the effects in the
frequency domain (from the EMI Receiver) seen at the converter specifically.
The important point that is under consideration in this chapter is to develop
a pseudorandom Spread Spectrum modulation with a control of switching
repetitions.

To achieve this, a similar measurement framework is used as the one pre-
sented in Chapter IV. The modulation presented here considers a controlled,
clocked random generation of values as shown previously in Figure 4.2.
However, it should be noticed that when a signal of this nature is used there
is no modulation index (m), hence the understanding and the measurement
procedure becomes a difficult task and it must rely on the measurement

from the EMI Receiver and its programmed parameters.

126
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6.1 Repetition Rate Clocking Driving Signal

In DC/DC converters, Spread Spectrum techniques are often implemented
with regards to basic frequency modulation assumptions, and a comparison
is carried out with the reference case of Deterministic Modulation. However,
the generation of switching frequency streams can be controlled to define
the number of possible repetitions of a given switching frequency, i.e. the
generation of the same switching frequency for a defined or random number
of periods. As a starting point, a periodical generation of frequencies with a
predefined rate of switching frequency change has been analysed in [100] and
expanded to control the repetition pattern of a driving switching frequency
for the mitigation of EMI by employing a Sigma Delta Modulator (SAM).
A simple FFT algorithm is used in combination with a Hanning window to
determine the characteristics of these type of modulations. Two cases are
presented: one based on the control of fixed separation and other based on
fixed bandwidth; these are analysed as strategies to control the number of
repetitions for a Spread Spectrum modulation scheme based on a previous
programmed signal profile. An example of the time domain repetition
control is shown in Figure 6.1. For one repetition, the graphs are shown in
the top panel. In this figure a change from 19 kHz to 20 kHz can be noticed.
In the case of two repetitions, the change from 19 kHz to 20 kHz requires
to repeat the same frequency twice.

The results of [100] have demonstrated the important effect of defining a
measuring window for a signal in the time domain to account for its results
in the frequency domain and how the bandwidth is an important parameter
to consider. Two cases are presented, the usage of Fixed Bandwidth and
Fixed Separation test cases were analysed. As a conclusion with regards
to EMI mitigation, the number of repetitions should be high enough and

the number of frequencies must increase in a similar manner to be able to
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Figure 6.1: A time domain example of the repetition effect for a switching

demodulate them from the

frequency.

FFT algorithm, otherwise beating frequencies

will generate undesired effects. The results with regards peak decrease will

show different behaviour as shown in Figure 6.2 for the two strategies. The

increase in the X axis refers to the increase of the number of frequency

repetitions for the same switching frequency applied to the SSM.
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A similar procedure for the generation of a given signal can be applied for

a random modulating signal generated by means of an FPGA in order to
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control the repetition of a certain switching frequency. Similar approaches
can be implemented to other modulation techniques such as the ones pre-
sented in [82, 84] to achieve EMI mitigation as was shown previously in
Chapter IV.

As mentioned in Chapter IV, there exist important parameters to define
the modulating signal such as the carrier frequency (f.) and the frequency
deviation (Af). These considerations also apply for the scheme proposed
based on a random generation of switching frequencies with controlled rate
of change (or repetitions). Considering the equipment used to measure
the interference, the number of repetitions must be determined for a given
resolution time of the EMI receiver, hence a tuning procedure such as the
one proposed in [76] has to be considered. This chapter proposes another
modulation scheme which controls the number of repetitions with a random
generation of switching frequencies. The experimental validation presented
and its results were carried out as a collaboration between the author in [82]
and the author in [100] during a Summer School of the European Projects

(Scent and Etopia).

6.1.1 Pseudorandom Modulation

Typically, the generation of pseudorandom numbers for digital systems is
often carried out by means of microcontrollers (as presented in Chapter IV)
or an FPGA. In these devices, there are dedicated blocks that can provide
pseudorandom streams of numbers which can be periodic in time. For this
reason, the word pseudorandom is often used to refer a random generation
of numbers by means of hardware.

Considering the usage of an FPGA to generate the random stream of
switching frequencies, the number of clock cycles must be understood before

going further. On a continuous operation cycle there will be N values of
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clock values required to generate a particular frequency, for example, the
desired carrier frequency f.. In a similar manner, the deviation must be
related to NV as the minimum and maximum limits i.e. N + AN/2, hence
the same equation as show in Chapter IV with regards the generation of
Spread Spectrum is shown in (6.1) in terms of clocking cycles for the output
Random Frequency (four)-

o= F(N) £ 550 () (6.1)

in which €(t) represents the driving signal. An interesting approach is
shown in [76] in which a random Pulse Amplitude Modulation (PAM) is

employed as is shown in (6.2).

e(t) = apg(t — kT), (6.2)

where 7, € [—1,1] C R, and represents the transition point between
—l1<t<0and 0 <t <1 of the g(-). g() is the normalized rectangular
pulse train, where g(¢) = 1 for 0 < ¢ < 1 and 0 elsewhere, and T is the
duration of the pulse [76]. If a hardware point of view is assumed, for
every iteration of €(¢) one iteration count (i) is performed, as can be seen
in Figure. 6.3.

When z;, is randomly generated by any desired distribution such as k = 0,1...
the spectrum can be considered continuous. The generation of different
values with a defined sampling ratio can then generate stochastically a
stream of numbers for the switching frequency of the power converter.
Indeed, the value of x; can be repeated by means of an ¢ value which is
controlled outside the main frequency calculation.

The ¢ value defines the N value needed to generate one unique f,,; as
presented in [84]. The lower and higher limits of f,,; are calculated using

the frequency deviation formula in (6.1). This is translated in the lower
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Figure 6.3: The relation between ¢ (a) and fo,: (b) for a set of 10 €(¢). The
A four is approximately 20 kHz, and the AT is approximately 50 us. Also,
considering in both cases k = 1, and f, = 20 kHz with a Af = 10 kHz.

limit as —% -€(t) and the higher limit as +5f - (). The execution rate of
1 is related to the features of the control hardware available. To explain the
concept of RanM repetition rate control, it is assumed that £ = 1 means
allocating all control hardware features to execute just one . In this context,
(6.2) shows that when considering constant but broader values for k, one
unique €(t) can be repeated more times, i.e., broader values for k make the
1 slow.

The implementation of the PWM technique can make use of several i for
different purposes. For example, Figure 6.4-B illustrates how ¢ becomes slow
for k£ = 3, in comparison with Figure 6.4-A (with & = 1). For one period of
t = 1500 ps with k = 1, the set of 10 ¢(¢) was performed three times, in the
case of Figure 6.4-A. For the same period of ¢ = 1500 us, with k = 3, the
same set of 10 €(t) was performed just once, in the case of Figure 6.4-B.

For the correct implementation, the values Af,,; and AT must remain
approximately in correspondence for frequency and time, i.e.,, f,. = 20 kHz
and T" = 50 us (see Figure 6.3). Figure 6.4-C shows that regardless of the

influence of k£ in the set of 10 €(t), the number of turn-on and turn-off

switching actions (Tpwa), and consequently the Af,,; and AT are not
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Figure 6.4: The RanM repetition rate control based on k value: (a) €(t)
with k = 1, (b) €(t) with £ = 3, and (c¢) both RanM with &k = 1 and k = 3.
drastically changed in both approaches, i.e., RanM with £ = 1 and RanM
with £ = 3. Furthermore, Figure 6.4-C also shows that instead of ten Ty,
where each one is based on one €(t) (RanM with k& = 1), the RanM with
k = 3 assumes the same €(t) value for a set of three consecutive Tpyy ;.

From a practical point of view, implementing the RanM repetition rate
control is possible since it is assumed that one i is dedicated to €(t), and
another ¢ is committed to Tpy . In this way, the PWM time is not
influenced by k. In other words, the broader the range of values assigned
to k, the longer it takes to randomly alternate the frequencies considered in
the random pattern of the RanM.

This section explained the main concepts for a pseudorandom generation
of switching frequencies to drive the DC converter. It has shown how
the repetition rate of a certain frequency can be controlled with a simple

background proposed by using a fixed profile. The same idea has been
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extended to generate the random switching frequencies with a previously

defined repetition rate with its application based on an FPGA.

6.2 Test Set-up: Random Clocking Driving

Signal

6.2.1 Random PWM Control Generator

The PWM control algorithm has been implemented using the LabView
environment for the embedded controller NI PXIe-8135, and of the FPGA
PXI-7854R. The Labview block diagram is shown in Figure 6.5 and is based
on two important blocks to generate the pseudorandom stream of numbers
to be used as switching frequencies. Initially, this generation of switching
frequencies is based on the Labview program implemented in [82] with
few modifications to control the pulse repetition. In this implementation
the Output Frequency (f,.:) and the Duty Cycle (D) can be modified by

considering (6.3) and (6.4).

FPGA Random Modulator

( START )
FALSE
A 4
Ndm ;
Nm ) i=0
N=Nm
Nd = Ndm

) 1)

Figure 6.5: Labview block diagram based on [82].
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N = frpaa/(fo - SCrr) (6.3)

Ny=D-N (6.4)

In (6.3) and (6.4), frpea represents the master clock frequency of the
FPGA, f. is the carrier switching frequency and SCT'L is the Single Cycle
Time Loop (in clock cycles) to divide the master clock.

To achieve the pseudorandom generation the FPGA has a clock frequency
of 40 MHz (frpca). There is a division by 10 given by SCTL to achieve
lower frequencies. The control of the duty cycle in relation to N is obtained
by the parameter D and it can be controlled from 0 to 100 %. It is worth
mentioning that there is a process to scale the values due to the use of a
fixed point operation in the FPGA. The complete explanation of Figure 6.5

is as follows,

e ) Defines the Linear Congruential Generator (LCG) that generates a
stream of pseudorandom variables along the desired time of execution.
In this part the initialisation of the clock cycles is made to calculate
the desired frequency needed with the low and high limits defined by

Carson’s rule.

e II) Controls the duty cycle parameters with regards to the previous
calculation of switching frequency, the ramp profile is then generated
with regards to the desired scaled frequency to be used for the power

converter.
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6.2.2 Modified Random PWM Control Generator

Having a simple method to control the generation of random switching
frequencies (Figure 6.5) the modification (seen in Figure 6.6) to control the
repetition rate is carried out by controlling the execution of II) with an
external value provided by k& as mentioned in Subsection 6.1.1. At every
step of k, the N,,, and N, values are recalculated for the m’th PWM period
(Tpw aprm)- In the same process, the duty cycle is dynamically changed. The
RanM repetition rate implementation is only possible because each envi-
ronment considers one iteration count (i). With the randomisation made
by considering Carson’s rule the distribution will be close to a Gaussian
distribution. This distribution is often chosen due to the favourable results
in terms of the average frequency and converter losses. The modified block

diagram for the control of random repetition rates is shown in Figure 6.6.

FPGA Random Modulator with Rate Control

Execution

Nm N=Nm
Nd =Ndm
Ndm k = km
km ibE=0 ouT=Y
iFPGA =0 = i ;

F Y
@ N
-] [0

irPGA

) 1)

Figure 6.6: Labview block diagram based on [82] with controlled rate of
change.

Some important changes were made in comparison of the previous block,

these changes are explained as follows,

e I) Defines the modified Linear Congruential Generator (LCG) to gen-
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erate the same pseudorandom stream of data for the control of repeti-
tion rate. An important point worth noticing is the control of the rate
repetition given by i;pp with its value of k (k,,,) to define the number

of repetitions.

e II) The generation of the ramp profile with regards to the desired
scaled frequency is calculated for every value of k, in fact the param-
eter k is the one responsible for defining the number of repetitions in
the modified random modulation block as defined in the part I) of the

flowchart.

To demonstrate the usage of the modifications with regards to the repeti-
tion rates, a result with three and five repetition is shown in Figure 6.7a and
Figure 6.7b in a simulation for the Labview environment. Red rectangles
are used to demonstrate the switching frequency repetition effect generated
from the Labview environment. The two block diagrams used to achieve the

implementation of the pseudorandom modulation can be found in Appendix

Normalised Ramp Generator [ Plot0 AT | Normalised Ramp Generator [ Ploto [T |
50 3 repetitions 3 repetitions 3 repetitions 3 repetitions 3 repetitions 50 5 repetitions 5 repetitions
15 15
40 40
35+ repetition f repetition 35+ 5 repetitions 5 repetitions
e e
8 8
E E
£ 25 £ 25
£ £
< 204 < 204
15 15
10 10
5 5
b b
1482258 1339028
Time Time
(a) Ramp control for 3 repetitions. (b) Ramp control for 5 repetitions.

Figure 6.7: Labview generator for the control of repetitions.
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6.2.3 Experimental Test Set-up for the Modified Al-

gorithm

Having defined the modifications for the algorithm presented to control the

repetition rate, the experimental test set-up is shown in Figure 6.8.

Leybold
3 it T TDEMI X6
PXIe-8135 et wo-Transistor EMI Receiver

with the 3 1.5 A/320 QO Step-down DC/DC
Design Converter
Tool- .
LabVIEW

TR [ N| SCB-68A Shielded |
FPGA PXI-7854R ‘ Connector Block
LISN
DC Power Supply

Figure 6.8: Experimental setup.

The description of the equipment is as follows,

e PXIe-8135 and PXI-7854R. The programmable modules used respec-
tively to generate the Random modulated signal to drive the converter

used. All these equipment is manufactured by National Instruments

(NT).

e DC Power Supply. The power supply provides the required energy for
the drivers used in the converter used; the other power supply is the

one used to fed the converter at its input.

e Leybold Sliding Resistor. This resistor is used as converter load, the

maximum resistance is 320 €.

e DC Converter. The DC converter uses IGBTs. The important pa-

rameters of the converter are summarised in Table 6.1.
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e TDEMI X6 EMI, is the measuring equipment i.e. the test receiver
with a dwell time of 100 ms. The dwell time in the EMI receiver can
be configured by using the user interface at different values. More

information about this EMI receiver can be found in [101].

Table 6.1: The main parameters of the two-transistor step-down DC/DC

converter.
Component /function ‘ Specification ‘
Transistors type IXGH40N60C2D1

Ic (max) 40 A

ton 40 ns

to ff 180 ns
Transistor Gate Drivers HCPL-316J
Diode rectifier KBPC3506

Converter Power

1800 W (max)

Capacitor 1 puF
Max DC voltage 450 V
Load Leybold sliding resistor

In this section the implementation of the algorithm designed in Section
6.1 has been presented, the main block diagram programmed in Labview has
been presented as well as important assumptions to program this algorithm
in the FPGA. The graphical demonstration of the pulse generation was
shown by using the formula as well as the result obtained by means of

Labview resources.

6.3 Conducted EMI Measurements

Tests have been performed on the converter to determine the mitigation
results of the Random modulation strategy. The comparison of performance
is by measuring the Random modulated case and the DetM case. The
measurements carried out in this work are considering the reference case
of Deterministic modulation, then the case with Fast Switching Rate of

Change is analysed to conclude with the case with Slow Switching Rate of
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change.
Due to the fast processing of data in the EMI receiver the three main
indices are measured, (PK, QP and AV), to provide more information to

compare the designed algorithm.

6.3.1 Deterministic Modulation Results

The results will be given by the Spectrogram of the TDEMI Receiver, it is
important to notice that the interval of sampled values (V) discretised in
the STEFT (4.3) are much smaller than the dwell time [37].

As was mentioned in Chapter IV, defining a dwell time is an important
task to have stable and steady signals, in fact, some standards suggest spe-
cific dwell time values to measure the interference of specific signals. Having
mentioned these important points, the measurements are presented in this
section for the Deterministic Modulation case with a switching frequency of
90 kHz. This frequency is chosen due to the maximum frequency covered
for the Prime PLC standard (42 - 90 kHz) to have a reference.

The PK spectrogram generated from the EMI Receiver is shown in Fig-
ure 6.9, with the highest magnitude of 0 dBuV at f, = 90 kHz.

Magnitude [dBuV]

Time [sec] 130 40 ™70 Frequency [kHz|

Figure 6.9: DetM with f, = 90 kHz and PK detector.
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In Figure 6.10, it can be seen the Quasi-Peak (QP) detector spectrogram

for the EMI shape of DetM, with also the highest magnitude of 80 dBuV
at fp = 90 kHz.

e

110 P
Time [sec] 130140 70 Frequency [kHz|

Figure 6.10: DetM with f, = 90 kHz and QP detector.

Finally, the average (AV) detector spectrogram for the EMI shape of

DetM can be seen in Figure 6.11, with also the highest magnitude of
80 dBuV at f, = 90 kHz.

D
GAUSS

%
Time [sec] 130 40 7 Frequency [kHz|

Figure 6.11: DetM with f, = 90 kHz and AV detector.

Therefore, in the case of DetM, the given rule for detectors: PK = QP = AV,
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is demonstrated for Figure 6.9, Figure 6.10, and Figure 6.11. The noise floor
of the three indices is close to 0 dBuV and the characteristic peak shape for
one switching frequency is seen in the spectrograms. Smaller peaks develop
across the frequency band but these are not considered important if they

are compared to the magnitude of the switching frequency.

6.3.2 RanM with Fast Switching Rate of Change

When a modification in the algorithm is applied to achieve the Random
Repetition Rate Control, the expected behaviour for the signal spreading for
the spectrum is achieved. For the specific case to determine the suitability
of this technique, a value of AN = 30% is chosen along with the parameter
k = 1, which means a very fast rate of change for a centre frequency of
90 kHz. The results of the spectrogram for this case are shown in the
following figures.

Figure 6.12 shows the result for the PK detector. The highest magnitude
of 64 dBuV at f, = 90 kHz is measured when the parameter £ = 1 and the
AN = 30%.

22
GAUSS

Magnitude [dBuV]
(@
o

110

90

30140 70 Frequency [kHz|

Figure 6.12: RanM with AN = 30%, k = 1, f, = 90 kHz, and PK detector.

Figure 6.13 presents the QP detector spectrogram which has a highest
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magnitude of 60 dBuV at f, = 90 kHz.

Magnitude [dBu
S

110

90

10
Time [SeC] 130140 70 Frequency [kHZ]

Figure 6.13: RanM with AN = 30%, k = 1, f, = 90 kHz, and QP detector.

Figure 6.14 presents the AV detector spectrogram with 57 dBuV at
fo = 90 kHz.

110

90

80
40 70 Frequency [kHz]

Figure 6.14: RanM with AN = 30% , k = 1, f, = 90 kHz, and AV
detector.

For all the three indices, the signals develop a flat and stable surface across
the bandwidth under analysis. Interestingly, the noise floor has increased to
similar levels to the maximum index values measured. This is the well-know

trade-off when considering any SSM either periodical or random.
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Nevertheless, the following should be noted:

e The spreading of the spectrum components will always be a conse-

quence of the RanM;

e The spreading of the EMI noise levels as presented in Figure 6.12,
Figure 6.13 and Figure 6.14 does not mean EMI noise level or even

power spectrum have been reduced;

e The RanM provides changes in the frequency of a given PWM signal
and provides random changes between the frequencies considered in
this PWM signal. It then becomes imperative to find the trade-
offs between RanM, dwell time and RBW to achieve a stable EMC

measurement.

6.3.3 RanM with Slow Switching Rate of Change

For the slow switching rate of change used, the EMI receiver is allowed
to have more time to properly characterise the non-periodic signal without
increasing the dwell time, as presented by Figure 6.15, Figure 6.16, and
Figure 6.17.

Therefore, by using & = 4 % 10%, it takes longer to randomly alternate
the frequencies considered in the pseudorandom control used by RanM.

Considering the dwell time equal to 100 ms for all the results obtained, it
is possible to define what are the stable EMI measurements by comparing
the two cases presented.

The highest magnitudes presented in Figure 6.15, Figure 6.16 and Fig-
ure 6.17 of 80 dBuV are the same as those presented in Figure 6.9, Fig-
ure 6.10, and Figure 6.11, respectively. This is mainly caused by the
switching nature of the carrier frequency of the RanM and the EMI receiver
resolution parameter mismatch. Which in reality are not spreading the

noise and represents a non-reliable measurement.
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" 110

10 70 Frequency [kHz|

Figure 6.15: RanM with AN = 30% , k = 4 x 10°, f, = 90 kHz, and PK
detector.

Magnitude [d

0
Time [sec] 130 40 70 Frequency [kHz|

Figure 6.16: RanM with AN = 30% , k = 4% 10°, f, = 90 kHz, and QP
detector.
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/}Q-Q
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Figure 6.17: RanM with AN = 30% , k = 4% 10°, f, = 90 kHz, and AV
detector.

All of the results obtained for the three testing cases were shown. An
interesting conclusion that can be obtained from the results is that only one
repetition could be enough to mitigate the effect of the switching frequency.
However different frequencies can be tested for further work in order to
determine the advantages and disadvantages of controlling the repetition
rate.

In addition, the effect of using Random Modulation is entirely dependant
on the equipment configuration and how it is measured as an increase in
the dwell time can indicate that there is no improvement in the maximum

peak values emission of the interference.

6.4 Chapter Conclusion

The use of pseudorandom modulation techniques for spreading the spec-
trum components of a signal in DC/DC converters is a topic that must
be considered according to particular needs. In the past, many authors
have suggested that it was a misleading way of complying with EMC stan-

dards. This holds true if there is not enough information about all the
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pseudorandom modulation parameters as well as the functioning of the TD-
EMI test receiver. In other words, it is not enough to just determine the
pseudorandom modulation parameters. In addition, the control of the rate
of change of switching can be used as a parameter to control the EMI
generated by switching power converters.

The results in this chapter have demonstrated the application of the
repetition rate control for the pseudorandom modulation. From the results
obtained it seems that a fast repetition is enough to have a reasonable
decrease of about 16 dBuV for Peak, a decrease of 20 dBuV for Quasi-Peak
and, 23 dBuV for Average. These results seem to be a good indicator since
a AN = 30% was used with a frequency of 90 kHz. The dwell time for all
the measurements was 100 ms. These tests clearly show a way of shaping
the spectrum.

In general, many power electronic researchers are not looking at the
potential EMI effects of fixed modulated converters nor the system emissions
in combination. Therefore can be considered the main contribution of the
pseudorandom repetition rate control presented here is as a possible solution
for future standards.

Furthermore, as was explained in the previous sections (Section III), the
stability of a signal measured by the TD-EMI test receiver depends on
the STFT calculation. The Fast Fourier Transform calculation relies on
essential parameters such as the resolution bandwidth, dwell time, and the
IF filter. Thus, finding the trade-offs with the dwell time and resolution
bandwidth to achieve a stable EMC measurement with pseudorandom mod-
ulation becomes imperative to understand how to comply with restrictive

standards.
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Summary and Reflections

7.1 Importance of EMI Analyses

This thesis has presented an analysis to assess for the most common Power
Converter EMI mitigation techniques which use Spread Spectrum Modula-
tion in the frequency domain, and demonstrates the important drawback
seen when analysing EMI in the time domain.

The theoretical background of SSM was presented and the important pa-
rameters were highlighted with regards to signal generation. A time domain
simulation was carried out with a modulator designed to generate different
modulation profiles to understand and to control the EMI generated by a
switching frequency of a buck converter. The results were analysed by both
of time and frequency domain techniques with a defined sampling ratio. The
modulation was then implemented using a bespoke laboratory experiment.
The CISPR-16 standard was used to define the measurements and analyses
focused on the Low Frequency band A (9 kHz - 150 kHz).

It has been shown that there probably exists a best point for reducing the
EMI generated by a Buck Converter when Spread Spectrum Modulation is
used with the proposed parameters, this value is given by the Modulation

Index (m) which has to be close to one. However, the spreading factor
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along with the frequency of the modulating signal play an important role
in defining this and must be considered as a part of the holistic analysis as
presented in the experiments of this thesis.

The conclusions of every chapter can provide important guidance or rules
of thumb for EMI/EMC engineers who are looking for solutions to improve
certain undesired switching frequency related emissions from a power con-
verter. However, these methods are not enough to completely understand
the nature of a signal which has either a periodic or random nature. In
the frequency domain analyses made, the Resolution Bandwidth of the
measuring equipment is a key component in the process of understanding
the emissions of a specific device.

In this work, two different random distributions were used as a part of
the SSM process (in Chapter IV), Random Linear and Random Gaussian.
The former was used for the research as it has a flat distribution across
the switching frequencies applied to the converter. Random Gaussian dis-
tribution was also analysed but experimental tests were not carried out.
However, in the Random distribution usage for SSM a Peak shaped signal
was seen in the frequency domain measurements, this is due to the central
frequency used according to the limits defined.

Finally, special mention should be made of the additional method pre-
sented in Chapter VI in which the generation of a random signal can follow
a repetition rate control. In this analysis, it can be difficult to determine
the best point to be used but the generation of random numbers and its
repetitions must be high enough to guarantee a process of demodulation
from the EMI receiver side. By applying a technique based on these points
a tuning procedure might be needed to find the best operating point. In a
similar way, the distribution also plays an important role in spreading the
signal to reduce peaks to an acceptable level. When a point close to this

was found, an interesting value of 18 dbuV was measured in comparison to
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the previous method presented (with clocked cycles) in Chapter IV which
decreased the noise of a similar converter by 14 dbuV. Better results for
the EMI reduction were found in Chapter VI due to the higher switching
frequency 90 kHz, when compared against 50 kHz when both experimental

tests are compared.

7.2 Time Domain Importance

This thesis has presented a simple method for measuring the effect of EMI
in the time domain by means of measuring BER i.e., direct measurements
of the performance of the communication system. The resolution of the
measurement (time recorded) is a key parameter that must be chosen care-
fully to have reliable and reproducible results. In Chapter V, a method
considering statistical parameters for measuring BER was presented. Most
of the values are defined considering the modulation index that controls the
effect of the SSM algorithm to show a relationship to the BER measured,
and to other measurements of EMI.

The clocking signal used for the experimental tests should be highlighted.
For the first analysis, the converters used a fixed frequency (from the micro-
controller). This means that most of the EMI generated will come directly
from the converter itself and from the devices to which it is connected.

It has been shown in Chapter IV that different signals can generate
different shapes in the frequency domain when the DUT is analysed. This
introduces the idea of a complete understanding of a time domain signal to
fully decompose the noise measured in the frequency domain. In fact, the
CISPR-16 standard was explained in Chapter IV to have a broad knowledge
of the time domain operations and its relationship with the results measured
from the EMI receiver perspective.

Finally, the use of measured BER has demonstrated the disadvantages
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of modulating the switching frequency of a converter, which is to sharply
increase this parameter across the whole measurement time when compared
to the reference case of Deterministic Modulation. This provides important
additional data for engineers who are only looking at the frequency domain
measurements and not considering the important drawbacks seen in the time
domain. What is more, Crosstalk between devices in modern smart grids
is becoming a considerable problem, and few engineers are being trained in

this technical area.

7.3 Frequency Domain Importance

When EMI is analysed in the frequency domain important indices are
required which change according to different standards. In Chapter IV,
the PK index has been taken as the main index for this research topic,
as other indices (Quasi-Peak and Average) required large demodulation
time for the EMI receiver available for this PhD work. However, the
measurement of just the PK wvalue still allowed to determine interesting
trends. Interpolation methods were used to determine the best parameters
(spreading factor, modulating signal frequency) to decrease the interference
caused by clocked signals. In addition, the correlation between the BER
and PK has been determined with an interesting value of correlation of 0.5
for a Linear Random distribution for SSM. This can provide an interesting
starting point future studies to investigate different spreading factors and
their relationships.

The frequency domain analyses have shown that there exist a best point
of EMI Peak reduction for the switching frequency of a power converter with
regards to the modulation index close to one (m = 1). However many of
the assumptions made for these analyses are tailored to specific conditions,

and they must be tested extensively for complex grids in which many power
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converters are interacting with each other.

7.4 Final Conclusion

Finally, this thesis has provided useful considerations with regards to the
time and frequency domains to understand EMI in microgrids specially
focused on DC converters that can generate high levels of interference. In
fact this interference can compromise a whole system if mitigation actions
are not considered.

This thesis has informed the effects generated with a mitigation technique
in bottle the time and the frequency domains and the highlighted drawbacks
that are not often addressed in current EMI research.

Considering the method presented with regards to the theoretical and
experimental background, it can be proposed as an idea for future standard

development to address a different way of measuring EMI.

7.5 Future Work

Considering the knowledge gathered from the literature review and exper-
imental tests, it is clear that the effort to relate time domain analyses to
frequency domain analyses still needs more development. For this reason,
future work continuing this thesis should be focused on different statistical
indices that correlate the same data measured over the same time window.
However, the same question arises for both domains: what is the allowable
value or what is the appropriate time window to be measured for a signal.
This has to be chosen carefully as the results will rely on it.

For future consideration is the analysis of a multiconverter case in which
plenty of devices can coexist together with different modulation techniques.

This is a challenging work as different devices will generate different EMI
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levels. For this reason new methods or even more complex computational
methods may bring solutions to problems such as the multiconverter case.

Finally, the idea of standardisation can be taken as a good starting point
to define limits in conditions or environments when Crosstalk can cause
major issues. The analysis carried out in this thesis can provide a good
way of analysing the advantages and disadvantages of Spread Spectrum
Modulation techniques and turn these ideas into an accepted framework for

frequency modulation techniques.
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Appendix A

Cispr 16 Main parameters

Table A.1: CISPR 16 Band Parameters.

CISPR A B C D E

Band

Frequency| 9 kHz - 150 kHz - | 30 MHz - | 300 MHz | 1 GHz -

Range 150 kHz | 30 MHz | 300 MHz | -1 GHz | 18 GHz

BW B6 200 Hz 9 kHz 120 kHz | 120 kHz |1 MHz -
18 GHz

QP 45 ms 1 ms 1 ms 1 ms not

Charge defined

Time

Constant

QP Dis- | 500 ms 160 ms 550 ms 550 ms not

charge defined

Time

Constant

Meter 160 ms 160 ms 100 ms 100 ms not

Time defined

Constant
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Appendix B

Picoscope 5444D Main

Features

Table B.1: Picoscope important parameters.

Technical specification

Value

Resolution Bandwidth

200 MHz

Vertical Resolution

8, 12, 14, 15 or 16 bits

Input sensitivity

2 mV/div to 4 V/div

Offset accuracy

+500 pV +1% of full scale

Analog offset range
(vertical position
adjust)

+250 mV (10, 20, 50, 100,
200 mV ranges),

425V (500 mV, 1V, 2V
ranges)

+20 V (5, 10, 20 V ranges)

Analog offset control ac-
curacy

+0.5% of offset setting, ad-
ditional to basic DC offset
accuracy

Noise (on +10 mV

range)

8-bit mode:
12-bit mode:
14-bit mode:
15-bit mode:
16-bit mode:

120 1V RMS
110 1V RMS
100 1V RMS
85 1V RMS
70 uV RMS
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Appendix C

Bessel Function of its First

Kind

The values of J, are obtained from the solution of the Bessel function
of first kind. To provide a practical understanding the Bessel function
can be represented by a second order differential equation as shown in
Equation C.1,

2dzy dy

ay o ay 2 _ 2\
xdx2+xdx+(x vy =0 (C.1)

Due to the nature of the Bessel function as a second-order differential

equation, there must exist two linearly independent solutions as shown,

y = AJy(z) + BY,(x) (C.2)

The Bessel function can be represented as using an infinite power series

expansion as follows,

0 (_1Yk (g /ou2k
AEED ph = AL ©3)
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Appendix C. Bessel Function of its First Kind

Which produces,

) {i- e (- 2 (- e =)}



Appendix D

Measurements of Spread

Spectrum at Zielona Gora

The value of § refers on how fast the signal is sampled according to a certain

maximum sampling frequency. The maximum frequency is 100 kHZ.

D.1 Sine wave profile
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Figure D.1: Spectrum for a sine wave signal when 5 = 5000.
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Figure D.2: Spectrogram for a sine wave signal when 5 = 5000.
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Figure D.3: Spectrum for a sine wave signal when g = 500.
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Figure D.4: Spectrogram for a sine wave signal when £ = 500.
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Figure D.5: Spectrum for a sine wave signal when g = 100.

Time [sec]
Magnitude [dBuV]

9 12 14 16 18 20 22 24 26 28 30
Frequency [kHz]

Figure D.6: Spectrogram for a sine wave signal when 5 = 100.
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Figure D.7: Spectrum for a sine wave signal when § = 50.
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Figure D.8: Spectrogram for a sine wave signal when § = 50.
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Figure D.9: Spectrum for a sine wave signal when g = 10.
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Figure D.10: Spectrogram for a sine wave signal when = 10.
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Figure D.11: Spectrum for a sine wave signal when = 1.
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Figure D.12: Spectrogram for a sine wave signal when g = 1.



Appendix E

CREE Board Information

Table E.1: Main parameters for the CREE board development board.

Component \ Value/Specification

Transistor C2M0080120D
Vbs 1200 V
Z.d(maalc) 36 A
ton 5.2 nS
toff 10.8 nS
RDS(on) 80 mf
Diode C4D20120D
Vi 1200 V
if 33 A
Q. 104 nC
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Appendix F

Labview Control Block for the

BERT

Murniber ofoltages

E |
a ) ] xm i 2 Loop condetions
+—[ETE]| :

xy
b) EE== [ oo G
(I T
Purnber of reeasurernents E *
o
C) E Murmenc 3 \ el
J - %=y
ETF]
B> -] [
Mumeric 2

Error Rete

Anritsu MPEZNA Port
d) = -

—eed  Total Bits
] b=l
e Tirme for BER: )}
GEL B In X RV — - .- =
5 AR
I'.l'vultage BER Total Bits M Ermrsl Murnber Errars]
fhrnrccnc] Wik
Save too | == = =
[ N | [ : __i-mll # data to file
)

f)

-

Figure F.1: Programmed flowchart block in Labview for the control of the
BERT.

e a) Number of voltages. This defines the number of voltages to mea-
sure, this parameter controls the maximum count to be reached for

directly controlling the power supply.
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Appendix F. Labview Control Block for the BERT

b) Input voltage. This defines the starting value of the voltage for the

power supply.

¢) Number of measurements. This value defines the number of times

a measurement with the same voltage has to be obtained.

c¢) Anritsu MP8320A Port. This parameter defines the Serial Port to
be used by the BERT and allows the Labview interface to control the

equipment.

d) Time for BER. An important parameter to determine the effect of
the interference over a desired time. The BERT program is ready to

measure any time in a minute time base.

f) Time for BER. The blank array of data is defined in this parameter,

four values are taken in order to generate a list for the voltage defined.

g) BERT Control. In this block all the registers to control the main
parameters of the BERT are programmed. In this block it is possible

to change the data type, frequency of data, etc.

h) Data conversion. The measured values from the BERT are obtained

and converted from text to decimal.

i) Data save. In this part the data converted is transferred to the

“txt” file generated.



Appendix G

BER and PK values Results

Table G.1: Analysis of BER for Sine Signal with a= 45% and EMI
Receiver result.

Sine Wave

m BER Mean Q1 Q2 Q3 PK (dBuV)
0.01125 1.041E-02 1.040E-02 1.040E-02 1.050E-02 100.86
0.05625 1.146E-02 1.140E-02 1.150E-02 1.150E-02 102.78
0.1125  1.289E-02 1.290E-02 1.290E-02 1.300E-02 102.80
0.5625  1.193E-02 1.190E-02 1.190E-02 1.200E-02 98.79

1.125 1.203E-02 1.195E-02 1.210E-02 1.230E-02 97.75
5.625 1.305E-02 1.300E-02 1.300E-02 1.310E-02 106.04
11.25 1.311E-02 1.310E-02 1.310E-02 1.310E-02 108.99
56.25 1.320E-02 1.320E-02 1.320E-02 1.320E-02 111.82
112.5 1.315E-02 1.310E-02 1.310E-02 1.320E-02 111.33
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Appendix G. BER and PK values Results

Table G.2: Analysis of BER for Random Signal with a= 45% and EMI
Receiver result.

Random Wave

m BER Mean Q1 Q2 Q3 PK (dBuV)
0.01125 1.706E-02 1.700E-02 1.710E-02 1.710E-02 101.34
0.05625 1.750E-02 1.750E-02 1.750E-02 1.750E-02 101.58
0.1125 1.773E-02 1.290E-02 1.290E-02 1.300E-02 102.02
0.5625 1.312E-02 1.190E-02 1.190E-02 1.200E-02 99.32

1.125 9.491E-03 1.195E-02 1.210E-02 1.230E-02 99.24
5.625 8.493E-03 1.300E-02 1.300E-02 1.310E-02 102.4

11.25 8.550E-03 1.310E-02 1.310E-02 1.310E-02 104.34
96.25 8.624E-3 1.320E-02 1.320E-02 1.320E-02 110.05
112.5 9.471E-3  1.310E-02 1.310E-02 1.320E-02 111.44

Table G.3: Analysis of BER for Sine Signal with a= 35% and EMI

Receiver result.

Sine Wave

m  BER Mean Q1 Q2 Q3 PK (dBuV)
0.00875 2.871E-03 1.040E-02 1.040E-02 1.050E-02  101.47
0.04375 2.967E-03 1.140E-02 1.150E-02 1.150E-02  103.28

0.0875  2.862E-03 1.290E-02 1.290E-02 1.300E-02  103.24

04375 2.068E-03 1.190E-02 1.190E-02 1.200E-02 98.95

0.875  2.283E-03 1.195E-02 1.210E-02 1.230E-02  97.89

4375  2.950E-03 1.300E-02 1.300E-02 1.310E-02  105.88

8.75  3.393E-03 1.310E-02 1.310E-02 1.310E-02  108.74

43.75  3.413E-03 1.320E-02 1.320E-02 1.320E-02  111.26

87.5  2.985E-03 1.310E-02 1.310E-02 1.320E-02  111.06
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Table G.4: Analysis of BER for Random Signal with a= 35% and EMI
Receiver result.

Random Wave

m BER Mean Q1 Q2 Q3 PK (dBuV)
0.00875 1.706E-02 1.700E-02 1.710E-02 1.710E-02 103.57
0.04375 1.750E-02 1.750E-02 1.750E-02 1.750E-02 103.8
0.0875 1.773E-02 1.290E-02 1.290E-02 1.300E-02 103.63
0.4375 1.312E-02 1.190E-02 1.190E-02 1.200E-02 100.5

0.875 9.491E-03 1.195E-02 1.210E-02 1.230E-02 99.84
4.375  8.493E-03 1.300E-02 1.300E-02 1.310E-02 103.00
8.75 8.550E-03 1.310E-02 1.310E-02 1.310E-02 103.01
43.75 8.624E-3 1.320E-02 1.320E-02 1.320E-02 109.95
87.5 9.471E-3  1.310E-02 1.310E-02 1.320E-02 110.48

Table G.5: Analysis of BER for Sine Signal with a= 25% and EMI
Receiver result.

Sine Wave

m  BER Mean Ql Q2 Q3 PK (dBuV)
0.00625 1.29E-03 1.040E-02 1.040E-02 1.050E-02  102.05
0.03125 1.40E-03 1.140E-02 1.150E-02 1.150E-02  103.96

0.0625  1.49E-03 1.290E-02 1.290E-02 1.300E-02  104.14

0.3125  1.40E-03 1.190E-02 1.190E-02 1.200E-02 99.27

0.625  1.62E-03 1.195E-02 1.210E-02 1.230E-02  98.31

3125 1.69E-03 1.300E-02 1.300E-02 1.310E-02  106.16

6.25  1.36E-03 1.310E-02 1.310E-02 1.310E-02  108.39

31.25 1.28E-03 1.320E-02 1.320E-02 1.320E-02  110.57

62.5  1.29E-03 1.310E-02 1.310E-02 1.320E-02  110.69
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Table G.6: Analysis of BER for Random Signal with a= 25% and EMI

Receiver result.

Random Wave

m BER Mean Q1 Q2 Q3 PK (dBuV)
0.00625 4.42E-03 1.040E-02 1.040E-02 1.050E-02 104.44
0.03125  2.28E-03 1.140E-02 1.150E-02 1.150E-02 104.65
0.0625 2.01E-03 1.290E-02 1.290E-02 1.300E-02 105.31
0.3125 1.36E-03  1.190E-02 1.190E-02 1.200E-02 101.31
0.625 1.32E-03 1.195E-02 1.210E-02 1.230E-02 101.60
3.125 1.09E-03 1.300E-02 1.300E-02 1.310E-02 103.74
6.25 1.04E-03 1.310E-02 1.310E-02 1.310E-02 104.52
31.25 1.14E-03 1.320E-02 1.320E-02 1.320E-02 108.99
62.5 3.33E-03  1.310E-02 1.310E-02 1.320E-02 110.40

Table G.7: Analysis of BER for Sine Signal with a= 15% and EMI
Receiver result.

Sine Wave

m  BER Mean Q1 Q2 Q3 PK (dBuV)
0.00375 9.17E-04 1.040E-02 1.040E-02 1.050E-02  105.23
0.01875  9.66E-04  1.140E-02 1.150E-02 1.150E-02  107.69

0.0375 7.27E-04 1.200E-02 1.290E-02 1.300E-02  105.36

0.1875  T7.69E-04  1.190E-02 1.190E-02 1.200E-02  100.23

0.375  7.91E-04 1.195E-02 1.210E-02 1.230E-02  99.22

1.875  8.02E-04 1.300E-02 1.300E-02 1.310E-02  106.53

3.75  831E-04 1.310E-02 1.310E-02 1.310E-02  108.53

18.75  8.40E-04 1.320E-02 1.320E-02 1.320E-02  110.38

375 832E-04 1.310E-02 1.310E-02 1.320E-02  110.06
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Table G.8: Analysis of BER for Random Signal with a= 15% and EMI
Receiver result.

Random Wave

m BER Mean Q1 Q2 Q3 PK (dBuV)
0.00375 3.974E-04 1.040E-02 1.040E-02 1.050E-02 107.69
0.01875 4.068E-04 1.140E-02 1.150E-02 1.150E-02 107.5
0.0375  4.056E-04 1.290E-02 1.290E-02 1.300E-02 107.73
0.1875  2.128E-04 1.190E-02 1.190E-02 1.200E-02 106.38

0.375 3.209E-04 1.195E-02 1.210E-02 1.230E-02 104.40
1.875 9.170E-05 1.300E-02 1.300E-02 1.310E-02 102.74
3.75 8.764E0-05 1.310E-02 1.310E-02 1.310E-02 105.82
18.75  6.008E-05 1.320E-02 1.320E-02 1.320E-02 109.51
37.5 9.651E-05 1.310E-02 1.310E-02 1.320E-02 110.20

Table G.9: Analysis

of BER for Sine Signal with a= 5% and EMI
Receiver result.

Sine Wave

m  BER Mean Ql Q2 Q3 PK (dBuV)
0.00125 4.12E-04 1.040E-02 1.040E-02 1.050E-02  106.73
0.00625 4.22E-04 1.140E-02 1.150E-02 1.150E-02  108.75

0.0125  5.02E-04 1.290E-02 1.290E-02 1.300E-02  108.77

0.0625  5.50E-04 1.190E-02 1.190E-02 1.200E-02  103.37

0.125  5.54E-04 1.195E-02 1.210E-02 1.230E-02  102.03

0.625  5.45E-04 1.300E-02 1.300E-02 1.310E-02 107.9

1.25  5.68E-04 1.310E-02 1.310E-02 1.310E-02  108.53

6.25  5.65E-04 1.320E-02 1.320E-02 1.320E-02  109.75

125  4.21E-04 1.310E-02 1.310E-02 1.320E-02  109.75
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Table G.10: Analysis of BER for Random Signal with a= 5% and EMI
Receiver result.

Random Wave
m BER Mean Q1 Q2 Q3 PK (dBuV)

0.00125  6.03E-04  1.040E-02 1.040E-02 1.050E-02 109.25
0.00625 6.42E-04  1.140E-02 1.150E-02 1.150E-02 109.27
0.0125 6.67E-04  1.290E-02 1.290E-02 1.300E-02 109.1
0.0625 6.70E-04 1.190E-02 1.190E-02 1.200E-02 109.07
0.125 6.20E-04  1.195E-02 1.210E-02 1.230E-02 108.39
0.625 6.20E-04  1.300E-02 1.300E-02 1.310E-02 107.42
1.25 5.94E-04  1.310E-02 1.310E-02 1.310E-02 107.02
6.25 1.24E-03 1.320E-02 1.320E-02 1.320E-02 108.77
12.5 6.10E-04  1.310E-02 1.310E-02 1.320E-02 109.72




Appendix H

Relative Values of BER and
PK
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Appendix H. Relative Values of BER and PK
Sine Random
o Relative PK | Relative BER | Relative PK | Relative BER
3.01 -2.02E-04 0.49 -1.16E-05
0.99 -1.93E-04 0.47 2.70E-05
0.97 -1.13E-04 0.64 5.21E-05
6.37 -6.52E-05 0.67 5.53E-05
0.5 | 7.71 -6.07E-05 1.35 5.14E-06
1.84 -6.99E-05 2.32 4.80E-06
0.15 -4.65E-05 2.72 -2.09E-05
-0.01 -4.96E-05 0.97 6.25E-04
-0.01 -1.94E-04 0.02 -4.58E-06
4.51 3.02E-04 2.05 3.97E-04
2.05 3.51E-04 2.24 4.07E-04
4.38 1.12E-04 2.01 4.06E-04
9.51 1.54E-04 3.36 2.13E-04
0.15 | 10.52 1.76E-04 5.34 3.21E-04
2.83 1.87E-04 7 9.17E-05
1.21 2.16E-04 3.92 8.76E-05
-0.64 2.25E-04 0.23 6.01E-05
-0.32 2.17E-04 -0.46 9.65E-05
7.69 6.70E-04 5.3 3.81E-03
5.78 7.88E-04 5.09 1.66E-03
5.6 8.76E-04 4.43 1.39E-03
10.47 7.88E-04 8.14 7.47E-04
0.25 | 11.43 1.01E-03 8.42 7.03E-04
3.58 1.07E-03 6 4.75E-04
1.35 7.477E-04 5.22 4.221E-04
-0.83 6.692E-04 0.75 5.214E-04
-0.95 6.720E-04 -0.66 2.711E-03
8.27 2.256E-03 6.17 8.890E-03
6.46 2.352E-03 5.94 8.504E-03
6.5 2.247TE-03 6.11 8.587E-03
10.79 1.453E-03 9.24 6.056E-03
0.35 | 11.85 1.669E-03 9.9 4.132E-03
3.86 2.335E-03 6.74 2.903E-03
1 2.778E-03 6.73 2.680E-03
-1.52 2.799E-03 -0.21 2.660E-03
-1.32 2.370E-03 -0.74 2.370E-03
8.88 9.799E-03 8.4 1.645E-02
6.96 1.084E-02 8.16 1.688E-02
6.94 1.228E-02 7.72 1.711E-02
10.95 1.132E-02 10.42 1.250E-02
0.45 | 11.99 0.01141123 10.5 0.00887593
3.7 0.01243423 7.34 0.00787853
0.75 0.01249323 5.4 0.00793523
-2.08 0.01258523 -0.31 0.00800923
-1.59 0.01253523 -1.7 0.00885653




Appendix 1

Pseudorandom Algorithms

Used in Labview

I.1 Random Modulation Scheme
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Figure 1.1: Programmed block in Labview for generating simple random
modulation streams.

e [) Defines the linear congruential generator (LCG) that generates a

stream of pseudo-random variables along the desired time of execution.

e II) Generates the clock cycles to generate the desired frequency needed

with the low and high limits defined by Carson’s rule.
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e III) Controls the duty cycle parameters with regards to the previous

calculation of switching frequency.

e IV) Generates the ramp profile with regards to the desired scaled

frequency to be used for the power converter.



1.2. Random Modulation Scheme with Rate Control 191

1.2 Random Modulation Scheme with Rate

Control

& G

Figure 1.2: Programmed block in Labview for generating simple random
modulation streams.

e ) Defines a modified linear congruential generator (LCG) to generate
the same pseudo-random stream of data for the control of repetition

rate.

e IV) The generation of the ramp profile with regards to the desired
scaled frequency is calculated for every value of, in fact the parameter
k is responsible for defining the number of repetitions in the modified

random modulation block.



	Abstract
	Publications
	Acknowledgements
	List of Figures
	List of Tables
	Glossary
	Introduction
	Main Issues in Modern Grids
	Electromagnetic Interference Issues
	Power Quality Issues
	Signal Integrity Issues

	Low Frequency Issues: Supraharmonics
	Research Objectives
	Specific Objectives

	Main Contributions
	Thesis Structure

	EMI in DC Microgrids
	EMI Basic Concepts
	Crosstalk Effects
	Capacitive Coupling
	Inductive Coupling
	Multiconductor Transmission Line Equations
	Modulating Converters as EMI Sources

	EMI Measurements
	EMI Standardised Measurements
	Standardised Measurement Compliant with CISPR16
	Crosstalk in Wired Communication Links
	Bit Error Rate in Communication Links

	EMI Mitigation Strategies
	Filtering
	Switching Frequency Modulation

	Chapter Conclusion

	Spread Spectrum Modulation (SSM) for DC Converters
	SSM Background
	Analogue Spread Spectrum Modulation
	Bessel Function of its First Kind
	Modulation Index
	Measurements in Time and Frequency Domains

	Design and Simulation of the SSM
	Spread Spectrum Modulator Block Design
	Pulse Width Modulator Block Design
	Simulation Results Using Matlab/Simulink
	SSM: Discussion of the Simulation Results

	Chapter Conclusion

	SSM According to CISPR-16 Band A
	SSM Generation of Signals
	Time Domain (TD) Effects of SSM

	Importance of Driving Signals
	Periodic Driving Signals
	Non-periodic Driving Signals

	CISPR-16 Measuring Background
	EMI Receiver Bandpass Filter
	EMI Experimental Test Set-up for FD
	Experimental Test Measurements
	SSM Measurement Procedure Key Points
	SSM Sine Modulating Wave Signal
	SSM Random Modulating Wave Signal

	Importance of the Modulating Signal and the Spreading Factor
	EMI Modulation Index Graphs

	Chapter Conclusion

	BER Measurements in the Presence of a Spread Spectrum Modulated Converter
	SSM Interference and its Relation to BER
	Figure of Merit: BER
	BER Measurement Set-up
	Automated BER Measurements

	BER Analysis for Driving Signals
	Discussion of BER Results

	BER and its Relationship to EMI Peak Decrease
	Experimental Test Results
	Relative Values for Peak and BER

	Statistical Correlation of the Modulations
	Chapter Conclusion

	Pseudorandom Clocking Spread Spectrum
	Repetition Rate Clocking Driving Signal
	Pseudorandom Modulation

	Test Set-up: Random Clocking Driving Signal
	Random PWM Control Generator
	Modified Random PWM Control Generator
	Experimental Test Set-up for the Modified Algorithm

	Conducted EMI Measurements
	Deterministic Modulation Results
	RanM with Fast Switching Rate of Change
	RanM with Slow Switching Rate of Change

	Chapter Conclusion

	Summary and Reflections
	Importance of EMI Analyses
	Time Domain Importance
	Frequency Domain Importance
	Final Conclusion
	Future Work

	Bibliography
	Appendices
	Cispr 16 Main parameters
	Picoscope 5444D Main Features
	Bessel Function of its First Kind
	Measurements of Spread Spectrum at Zielona Gora
	Sine wave profile

	CREE Board Information
	Labview Control Block for the BERT
	BER and PK values Results
	Relative Values of BER and PK
	Pseudorandom Algorithms Used in Labview
	Random Modulation Scheme
	Random Modulation Scheme with Rate Control


