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Conducted Electromagnetic Compatibility (EMC) is studied. High-density high-switching
frequency modern power converter conducted Electro-Magnetic Interference (EMI) for
low power applications, within the automotive and handheld applications, have been
analysed. The noise source and path were modelled with accurate conducted Electro
Magnetic Compatibility (EMC) noise levels comparable to accredited MIL-STD-461F
noise measurements (100 kHz to 10 MHz) and expanded to 100 MHz. Common-mode
conducted emissions in the high frequency band (beyond 30 MHz), were shown to appear
as radiated emissions. A general lumped element high frequency analyses model was
developed and verified utilising different analysis packages for accuracy, affordability and
ease of use. Furthermore, the common-mode and differential-mode signals were separated
digitally from the recorded Line Impedance Stabilising Network (LISN) data. These
separations were verified for accuracy with a wideband LINDGREN EMC high frequency

current probe.

Conducted noise effects of multilevel, multiphase and synchronous converters were
investigated. In addition, the effects of very high switching frequencies on noise levels are
presented. In addition, the effect of combining electrically conductive and non-conductive
polymer heatsinks reducing common-mode noise was investigated. This will be shown to
be a viable and very effective possible solution to reduce the increased common-mode

noise levels due to higher switching frequencies.
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Geleidende Elektromagnetiese Steurings (EMS) is ontleed vir moderne draagbare
kragomsetters met ho€ pakkingsdigthede sowel as hoé¢ skakelfrekwensies. Die bron van die
geraas asook die voerpad is gemodelleer en die resulterende geraasvlakke is vergelykbaar
met Elektromagnetiese Versoenbaarheid (EMV) opstelling soos vervat in MIL-STD-461F
(100 kHz tot 10 MHz) maar die ontleding daarvan is uitgebrei tot by 100 MHz. Daar is
verder bewys dat die gemeenskaplike modus bokant 30 MHz uitstraalvlakke toon. 'n
Algemene hoé frekwensie stroombaan elementmodel is ontwikkel en ontleed. Die resultate
van verskillende analiseringspakkette is vergelyk met die werklike metings wat betref
akkuraatheid, bekostigbaarheid en gemak vir die gebruiker as kriteria. Verder is die
gemeenskaplike modus- en differensiaalseine digitaal geskei van die Lynimpedansie
Stabiliseeringsnetwerk (LISN) data. Die akkuraatheid van die skeidingstegniek is vergelyk
met metings van 'n wyeband LINDGREN EMV hoé frekwensie stroomtaster.

Die geraaseffekte van multivlak en multifase asook gesinchroniseerde omsetters is verder
ondersoek. Die gevolge van baie hoé¢ skakelfrekwensies op geraasvlakke is ook ontleed en
verduidelik. Verder is die gebruik van ‘n termies-geleide polimeer hitteput ondersoek met
die oog op die vermindering van gemene modus geraas. Dit bewys dat polimeer hitteputte
'n lewensvatbare en effektiewe oplossing bied om die verhoogde gemenemodus

geraasvlakke te verminder.
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CHAPTER1 INTRODUCTION

1.1 PROBLEM STATEMENT
1.1.1 Context of the problem

Electromagnetic interference (EMI) can be described as any unwanted electromagnetic
energy that interferes with the operation of a device either generated by the device itself or
received by other devices nearby. The electrical or electronic device or system needs to be
able to operate without interfering with other systems, and must have the ability to operate
as intended within a specific electromagnetic environment. We can quantify the
electromagnetic noise of a device as conducted and radiated emissions from the device as
well as conducted and radiated susceptibility to the device. International standards and
regulations govern these levels to be within certain limits, and is a requirement to conform

to in the open marketplace.

The current publications on conducted Electromagnetic compatibility (EMC) analysis
mostly simplifies converter circuits and thus can achieve only accurate results below about
1 MHz, as typically seen in [1]. Better accuracies are seen with simplified noise path
circuit models considering switching transient modelling [2], but accurate switching
waveforms are only available when measured on the end-product. Some references use a
trapezoidal waveform with simplified noise path models, but high frequency accuracy is
then compromised. It will be desirable to perform conducted emission modelling and
measurement up to 100 MHz. This can easily be achieved by careful design of parasitic
circuit models and by the measuring equipment normally found in a power electronics
laboratory, to analyse conducted emission up to the point where radiation effects starts
occurring. While modelling conducted EMC with lumped element SPICE circuit analysis,
spectral results are usually not presented over the entire conducted band due to
inaccuracies and the difficulty to obtain. Results of only a small portion of the band are
presented in [3]. In [4] a common-mode model is offered as well as high frequency

impedance measurements up to 100 MHz, whereas the actual model results are fairly
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accurate compared to the measurements up to 1 MHz, thereafter large discrepancies appear
of more than 20- 30 dBpV. Furthermore, the predicted common-mode follows the
measurement values only up to 300 kHz, thereafter fails to follow any measured result.
Accurate high frequency models, up to 100 MHz are not available. The decomposition into
the common- and differential-mode currents, necessary for optimal filter design, is
normally done by complex analog radio frequency (RF) circuitry splitting and combining
techniques, providing inaccurate results due to the handling of sensitive high frequency
signals as well as impedance issues [5]. Setting up high frequency EMI current coils
provides very good results, as in [6], but these instruments are not always readily available
in the laboratory. Digital splitting by signal processing should be possible when
simultaneous digital recordings of the LISN noise currents are made. Some equations
found in literature for the decomposition in common-mode and differential-mode noise,
mostly sited from an early publication in [7], provide inaccurate results. Performing
accurate measurements, supplemented with first principle equation extraction, a 6 dB
discrepancy was found, that highlights the need to clarify these equations. Although in [8],
a current probe was used enabling the correct splitting of common- and differential-mode
noise, but no comparative simulation results were presented. Furthermore, splitting the
common- and differential-mode noise digitally by using the LISN, verifying the equations
thereof, is not seen in literature. The measurement of conducted EMI noise with a
wideband digital acquisition technique, (e.g. GHz digital Oscilloscope) and consequent
signal processing as described in [9] is rarely seen. In most measurements, EMI receivers
are used, and due to the dwell-time and frequency binning principle, is a very time-
consuming exercise. The conducted EMC environment is in urgent need to clarify the
modelling environment and provide an instinctive modelling mechanism to design for

EMC, and rid itself from the ‘black art’ principle as well as trial-and-error [4] filter design.

The EMI management of a power converter should be an integral part of the converter
design process. As the EMI verification is normally done when the product is at its final
stage and qualification tests are underway, redesign at this stage can extend the crucial
time-to-market date. For this reason proper modelling, of both EMI noise generation and

propagation in power converters is of absolute importance right from the start of the design
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phase. Numerical predictions of the electromagnetic behaviour prior to prototyping help
reduce post prototyping electromagnetic compliance risk, costly redesigns and subsequent
modifications [10]. It is thus of utmost importance to try and model the electromagnetic

compatibility concurrently with the power processor design stage.

Power electronic designers are in need of an accurate and practical EMI modelling and
prediction method suitable for use as a design tool [11]. The complexities of
electromagnetic noise generation and propagation mechanisms make modelling prediction
difficult. It depends on many variables, for example, component density, placement
position, lead length, track layout, and the subsequent interaction with the environment
under which the converter is to operate. An understanding of the converter behavior can
assist in eliminating the EMI problems at the design stage rather than by excessive
filtering. Understanding conducted EMI behavior will also substantially influence
packaging density and cost as low frequency conducted noise requires large filter
components. These large filter components are not only physically large but have

enormous parasitics and consequently poor high frequency performance [12].

The project proposed here is to analyse and model the mechanisms of conducted
electromagnetic noise originating from densely packaged components in DC-DC
converters. The proposal also includes the identification of typical EMI sources, and a
study of their coupling mechanisms. A case study of a selected power converter will
illustrate the typical techniques for dealing with conducted noise. The study will further
show how an iterative process between the theoretical and practical results will improve
the accuracy and understanding of the conducted EM noise mechanisms, and in this way

manage, as well as suppress EMI noise in a systematic way.
1.1.2 Research gap

The approach to conducted EMC modelling is usually to simplify the circuit so as to
provide for an easier analysis method. These simplifications make it difficult to predict
high frequency effects. When SPICE circuit modelling is used, the extraction of the

parasitic elements does not receive the proper attention, as the switching elements do play
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a large role in the conducted EMC levels [13]. Recently, in [14], equivalent parasitic model
extraction by vector fitting is taken to the extreme, creating complex equivalent noise
circuit models from the end-product, accurately modelled to 10 MHz. These complex
equivalent circuit models seem not to relate to the functionality of the power circuit, or to
the switching waveform slope information and high frequency effects that is crucial in high

frequency modelling.

Power converter designers are in need of an EMC modelling and design methodology at
reasonable cost. So often, power converters are designed without proper attention being
given to EMC related issues. Standard recipes are normally followed during the design
process, and the EMC tests are only done when the design is complete. Failing this test,
modifications need to be performed and in a worst case, redesign. In a market where time
and cost is of utmost importance, this is seen as a high risk. By designing for EMC at the
initial design stages, optimal components can be selected, layout can be optimised and by

accurate modelling and design, the accredited EMC tests can be executed with confidence
1.2 RESEARCH OBJECTIVE AND QUESTIONS

It would be useful to develop an EMC design methodology suited for the power electronics
designer, knowing that through design, the applicable conducted EMC levels can be
achieved. A conducted emission test bench will be designed, tested and calibrated up to at
least 100 MHz, so as to see if radiated emissions start to emerge. The conducted test is a

much easier test to perform in a laboratory.

Power converter designers very often see EMC design as a burden, as it can in some cases
be very difficult and frustrating. Currently, the EMC modelling should form part of the
converter design, so the method should be intuitive, easy to perform and provide accurate

results. Questions that need to be answered are:

e s it possible to accurately model conducted EMC without using expensive and

complex EMC modelling packages?
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e Is it possible to construct a LISN and consequently a test bed to be able to
accurately measure conducted emissions up to 100 MHz?

e Is it possible to accurately measure conducted EMC in a development laboratory
with commonly available instruments, such as a digital oscilloscope and signal
generator?

e What is the accuracy in digital recording of the noise levels compared to
measurement by a traditional EMC spectrum analyser?

e Can conducted emissions be split digitally by recording data from the LISN ports,
into common-mode and differential-mode noise signals so as to provide inputs for
optimal filter design?

e What are the effects of the required EMC measurement setup prescribed by the
accreditation organisations on conducted emission; for example the power feed-line
from the LISN to the power converter under test?

e What is the effect of the physical structures such as the heatsink, the enclosure,
component and PCB fasteners on common-mode emissions?

e How do power components in close proximity influence conducted emissions?

e Closing the complete modelling and measurement cycle is needed. The modelling
as well as measurement results in the power electronics laboratory is to be
compared to accredited noise measurements. This provides confidence that the
modelling as well as measurement techniques can be used in a pre-compliance test.
This improves the assurance that the power unit under test will pass the accredited
conducted EMC measurement qualification test performed at the final design stage

before the unit can be released into the marketplace.
1.3 HYPOTHESIS AND APPROACH

A conducted EMC design philosophy will be developed and tested. The test and
implementation environment will be the general power converter lab. Modelling, test and
measurement techniques will be developed, up to a frequency of at least 100 MHz to be
able to show radiating effects starting to emerge. The end result of this design

methodology will be that if the converter design is completed, the designer will have the
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confidence that the converter will adhere to the applicable EMC standard imposed on the

converter.

The EMI noise source analysis will firstly consider the idealised square wave switching
signal. The noise path consists of components, traces and structures. The high frequency
models of these devices and structures are part of the noise path. High frequency circuit
models of the passive components and circuit traces are generated and where applicable,
verified with an impedance analyser or network analyser. As these expensive instruments
are not readily available in a power development laboratory, a practical scheme is
presented to accurately determine the high frequency impedance of components. The
measurements will be verified with an impedance analyser (lower frequency) as well as a

network analyser (higher frequency).

Where applicable, component and environment modelling is supplemented with finite
element electromagnetic analysis. Mostly COMSOL Multiphysics will be used, but for
larger structures, such as enclosure modelling, the electromagnetic analysis package FEKO
will be used. This analyses the broader effects of parasitic inductance and capacitance as

well as the component effects on the circuit board and the environment.
1.4 RESEARCH GOALS

Modelling and design for high frequency conducted EMC and all the aspects around it
such as the noise source, the noise path and component interactions are the primary design
goal. Accurate test, verification and validation should be performed. Pushing the limit of
conducted EMC measurement frequencies beyond the required frequency limit so as to

investigate radiated phenomena in an easier conducted EMC measurement setup.
1.5 RESEARCH CONTRIBUTION

The research goals were met. The main contributions were the accurate intuitive modelling
of conducted EMC up to 100 MHz, accurate bench design and measurements, the accurate
digital splitting of common-mode and differential-mode signals by means of the LISN

voltages. Additional contributions included identifying a practical way of determining the
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most and least susceptible side of the component as design input to a printed circuit board
component placement and optimal orientation. Spinoffs achieved were a calibrated
measurement technique that can be used in a development laboratory environment. Due to
the noise mechanism an in-depth analysis was performed on the heatsink contributing
towards common-mode noise, lowering common mode noise by using a polymer
composite heatsink and the further advantages thereof, creating accurate EMC SPICE
models as well as structural COMSOL FEA models applicable for a wide range of
converter types. Various conducted EMC lowering techniques were tested, for example
PWM jittering and slope compensation. The equations for deriving common-mode and
differential-mode signals from the LISN voltage ports found in literature were not always
correct. Although a simple derivation, most references to the differential-mode equation

and to a lesser extent, the common-mode equation, were found not to be valid.

During the course of the EMC studies, seven conference papers were delivered and also
published in conference proceedings. Three journal articles were submitted of which one
has been provisionally accepted and two are undergoing revisions. These publications do
provide practical solutions to the power converter designer in looking for solutions to EMC

problems in converters:

I. I. Grobler and M. N. Gitau, “Common-mode noise in three-level DC-DC
converters,” in Proc. IEEE AFRICON, Nairobi, Sept. 23-25, 2009, pp. 1-6.

II. I. Grobler and M. N. Gitau, “Low cost power lead extended pre-compliance
conducted EMI measurement setup and diagnostics with compact LISN,” in

Proc. IEEE ECCE, Melbourne, June 3-6, 2013, pp. 1144-1149.

III. 1. Grobler and M. N. Gitau, “Characterising and modelling extended conducted
electromagnetic emission,” in Proc. IEEE ECCE, Melbourne, June 3-6, 2013,
pp. 1131-1136.

IV. L Grobler and M. N. Gitau, “Characterising and modelling extended conducted
electromagnetic interference in densely packed DC-DC converter,” in Proc.

IEEE ECCE, Denver, Sept. 15-19, 2013, pp. 1676-1681.
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V. I. Grobler and M. N. Gitau, “Component proximity effects in high density and
high switching speed power converters,” in Proc. Energy Conversion Congress

and Exposition (ECCE), Denver, Sept. 15-19, 2013, pp. 1251-1258.

VI. L. Grobler and M. N. Gitau, “Modelling and Measurement of High Switching
Frequency Conducted EMI,” in Proc. IEEE IECON2013, Vienna, Nov. 10-13,
2013, pp. 1029-1034.

VII. 1. Grobler and M. N. Gitau, “Conducted EMC modelling for accreditation in
DC-DC converters,” in Proc. IEEE IECON 2015, Yokohama, Japan, Nov. 9-12,
2015, pp. 2329-2335.

Three journal papers have been prepared and are in review process /accepted in IET

Journal of Science, Measurement & Technology:

1. SMT-2016-0188: “Modelling and Measurement of High-Frequency Conducted EMI in
DC-DC Converters,” reviewers comments have been incorporated and final

submission was on 3 February 2017.

2. L Grobler and M. N. Gitau, “Analysis, Modelling and Measurement of the Effects of
Aluminium and Polymer Heatsinks on Conducted EMC in DC-DC Converters,” IET
Science and Measurement Technology, Online ISSN 1751-8830, Available online: 20
January 2017.

3. In preparation for re-submission: “Component Placement Effects in High Density and

High Switching Speed Power Converters”, that will incorporate up to 300 MHz

conducted emission model and measurements with a CISPR 15 CDN.

1.6 OVERVIEW OF STUDY

The noise source and the noise path has been analysed in detail. The noise mode equations
were derived and tested. A conducted EMC design method has been implemented and

component as well as enclosure interaction scrutinised. The heatsink capacitances were
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modelled in detail, as this is a prominent common-mode conduction path. The test bench
has been designed and consistent and accurate calibrated measurements could be

performed on the test devices. EMC design solutions were presented.
1.7 THESIS STRUCTURE

Chapter 2 starts off with a background and literature study on EMI noise research. Chapter
3 gives a theoretical noise generation concept. Chapter 4 deals with the noise propagation
concept, component proximity effects and coupling mechanisms. Chapter 5 presents the
design and simulation method for conducted EMC. Chapter 6 provides results from
experimental work and Chapter 7 presents the discussion and conclusion. Chapter 8 closes
down indicating suggestions for future work. Appendix A gives an EMC regulative

summary, the different regulatory bodies and applicable standards.
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2.1 BACKGROUND

A detailed literature review will be carried out in this chapter to establish the current status
in EMI modelling. Research gaps will be identified and based on these, research goals will

be determined.
2.1.1 Overview of current literature
2.1.1.1 High density packaging

The first generation converters were implemented using only discrete components [15]
populated with a low component packaging density. The main switching devices and
diodes were typically mounted directly onto a heatsink. The power devices were connected
to one or more printed circuit boards that housed the gate drive circuitry, as well as all the
protection and control circuitry. Depending on the power rating, magnetic components
could also be mounted on the PCB. Larger components for higher power ratings were

mounted on a separate bracket or even directly onto the heatsink.

The next power packaging technologies on the market called brick and half brick hybrids
are still very popular and provide fair packaging densities at affordable costs. These are
complete packaged converter structures built with discrete components that have been
packed into smaller volumes than the equivalent first generation converters. This was
possible due to higher switching frequencies and improved thermal management that
allowed more energy to be processed with smaller components. The components are then
partially or fully encapsulated into a brick-like structure. The power substrates take up the
most of the volume, about 12.5%, followed by the magnetic components with about 11 %.
Next the capacitors and control components with each about 3% of the total volume. It
further shows that between 30% to 50% of the total volume is still not used by components
in this technology [15].
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To further improve packaging, power modules called Direct Copper Bonded (DCB)
substrate are used to pack multiple semi-conductor power devices on a single substrate and
therefore replace the old discrete power devices. It is then possible to implement the
converter switching functions with a single power module with increased thermal
performance. Fewer external interconnections are required due to the already made internal
connections. Depending on the power rating, the magnetic components, driver, and control

circuitry are normally mounted on a PCB.
2.1.1.2 Integrated electromagnetics

The new generation power converters, known as power processors, contain distributed
structures or integrated Electromagnetics [12], [15]. Integrated Electromagnetics is the
three dimensional integration of the functions of conduction, inductance, resistance, and
capacitance in one component, namely the integrated power module. This is the
electromagnetic integration of multiple passive components into a single integrated
structure, also called a planar power passive module. The structure normally consists of the
combination of alternative layers of conductors, dielectrics, and magnetic materials. These
alternative layers realise components such as inductors, capacitors, and transformers in a

series and/or parallel configuration, normally configured for a specific converter topology.
2.1.1.3 Electromagnetic environment

From the foregoing paragraphs one can conclude that in the new generation power
converters, passive as well as active devices, are in closer proximity to each other now
more so than ever before. This close proximity enhances parasitic capacitance and
inductive coupling, creating a complex electromagnetic environment. Furthermore,
switching frequencies have been dramatically increased leading to reduced passive
component sizes, but also generating greater EMI levels at higher frequencies, resulting in
high conducted common-mode disturbance [10]. Component parasitics, magnetic or

electrostatic coupling effects can therefore not be neglected.

Currently, external to most power converters, is a modern environment consisting of

sensitive electronic devices, such as communications and Information Technology. These
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IT equipment are usually sensitive to electromagnetic interference levels. It is thus very
important that power processors comply with the electromagnetic limits and even in some

cases, that they generate less noise than proposed by the compliance authorities.

Typical power processors may have multiple converters, and although they might be
synchronised, they still produce an array of broad-band EMI emissions of up to several
hundred mega Hertz. The low frequency range can extend down to several Hertz and
conventional methods such as shielding and typical filtering techniques do not adequately
contain this noise. The space and boundary conditions necessary for the EMC design are

also very complex.

The belief is that if conducted EMI can be contained by firstly, understanding the
mechanism thereof, and secondly, by designing for minimum conducted emissions with
this knowledge, the radiated emissions that are more difficult to analyse, could also be
effectively lowered in the process [16]. The conducted EMI is considered as the source of

the radiated EMI.
2.1.14 Modelling criteria

Due to the switching operation of power converters, enabling reduced size and weight and
increased efficiency, large dv/dt and di/dt currents exist, generating unwanted noise.
Placing any power product into the marketplace, it needs to adhere to stringent
international EMI requirements. If a power converter does not pass the EMI qualification
test, its use become limited and will be unable to enter the marketplace. Traditionally, EMI
is known to many power electronics designers as a ‘black art’, implementing recipes and
hope the power product will eventually pass its EMI qualification test. If not, expensive
rework is performed; adding more filtering etc. and this process can be disastrous, missing
deadlines and at worst, enter a re-design phase. This is why most power engineers will
overdesign filters and add extra measures that might not be necessary. Designing for EMI
is becoming extremely important, especially in lieu of factors even more detrimental to
EMI noise, such as converters constantly evolving into better efficiencies, moving to

higher frequencies and smaller packaging.
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In many situations, EMI modelling is not being performed with all the required starting
data. EMI models are often based on estimates and on cases where component tolerances
and environment variations can be extensive. EMI modelling should be approached with

the idea of bounding the problem region to reduce the uncertainty to a minimum [17].

The three basic criteria for comparing different EMI modelling methodologies can include

accuracy, feasibility, and generalization [11], [18].

Both frequency and magnitude levels of the predicted EMI need to be accurate as to
address the different aspects of EMI mechanisms. Most models are only accurate in the
lower frequency region (below 5 MHz [11] or below 8 MHz [10]. The modern high density
packaging of components introduces an increase in parasitics and creates an easier
conduction path for the unwanted high frequency electromagnetic noise. It is thus very

important to model these higher frequencies more accurately.

Feasibility is important as some EMI models are complicated to use, while others sacrifice
accuracy to achieve simplicity. The need for less complex and practical models accessible
to the power designer is becoming a valuable necessity. Generalisation is important as
some models are only valid for specific applications and topologies. Even in larger
converter systems or power processors, as well as in the design of different converters, a

generic modelling methodology is indispensable.
2.1.2  What has been done before

From the results of reviewing the existing literature, it is obvious that conducted EMI
modelling research is still not adequate and in most cases, addressing only specific
topologies. Due to simplification and as a result of the techniques used, most EMI models
deal only with the lower 15% of the frequency range. To incorporate the high frequency

part of the conducted EMI noise, a more accurate modelling methodology is required.

In the converter design process, the EMI management tends to be included in the last step,
leading to expensive rework if the EMI levels fail compliance testing. Failure of EMI
management in the early design process is mostly because of lack of EMI noise source

models.
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The present EMI modelling research is still at the converter level. Specific topologies have
specific EMI models, but in a power processor system where multiple converters are in
close proximity, system level EMI is often inefficient and ineffective. This inefficiency is
due to a lack of proper consideration of the appropriate interactions and inter-modulation
phenomena induced by the system. This is due to the fact that a general modelling
approach for the power processor system is not available and thus not implemented in the

early stages of the design.

Some important EMI phenomena, such as common-mode and differential-mode noise
interaction are not fully explored [12]. This type of noise interaction is not easily
controlled and subsequently not suppressed by traditional EMI management. It is thus

important to develop modelling technologies that take them into account.
2.1.3  EMI noise research

The objective of the conducted EMI research proposal is to understand the primary causes
of EMI and how to manage and suppress EMI in a systematic, methodical yet practical
manner. The basic conducted EMI modelling process includes 2 steps, namely: the EMI
noise source [16] and the EMI noise propagation [10], [11]. The purpose of modelling the
propagation path and noise source separately is to try to understand the EMI noise
methodology. All links between the noise source and noise coupling effects are considered
possible noise propagation paths. The noise paths consist of cables, wires, PCB traces,
magnetic components, capacitors and their parasitics. The noise source and noise path need

to be addressed simultaneously.

An important aspect of conducted EMI noise research is the verification of the simulated
models. Verifying the models for accuracy needs a well-designed EMI bench to be able to
take measurements of the intended noise. Unwanted noise paths, for example the DUT
auxiliary power or the load interface to the test bench, has to be screened if not part of the
model. Similarly for the measurement cables, it needs to terminate into 50 Q because the
LISN is a 50 Q measurement device. The test bench needs a proper ground and care must

also be taken with regards to external noise interference
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Regardless of which simulation approach is taken, the key to successful EMI performance
prediction is accurate noise source and path information [16], [19]. This information could
also reveal the significant roles of parasitic elements combined with device switching

processes in EMI.

Many EM noise simulators have not considered skin and proximity effect, non-linear
characteristics, intermodulation and hysteresis. The influence of enclosures, bulky
structures such as heatsinks and the effects that nuts, bolts and washers have on EMI are
not considered in the present literature. Furthermore, EMC modelling on high-density
packaging and power passive structures is not well researched. The PWM effects on EMI
performance are also not well documented. In conclusion it seems that the requirement for
further research in the above mentioned field would be of great value to the affiliated

industries.
2.1.3.1 Problem and objectives

As is the case with any power converter, where current changes rapidly i.e. large di/dt and
dv/dt, EM radiation will take place. This radiation needs to be limited or contained so as
not to interfere with other nearby sensitive electronic equipment, by meeting

internationally accepted test standards.

Most designers use the basic EMC recipes and make use of good EMC design practices
when designing power processors. This design process may contain the EMI sufficiently in
most cases, but poses a huge financial risk when the initial EMC qualification tests are
performed for the first time on the prototyped unit. If this unit fails the initial qualification
test as often happens, minor changes to the design might not solve the problem completely.
This can lead to very expensive modifications, adding bulky filters or may even lead to the
redesigning of a part of the converter, and extending the critical time to market deadline in

a competitive marketplace.

The design goal is to develop a practical model for accurate broadband conducted EMC
analysis for high density power processor packaging that could well be expanded to

different structures and components. This will enable the designer to accurately predict the
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EMC parameters in the early design stage and thus through the model understand the
mechanisms that create EMI and solve the EMC aspects early in the design stage. The
ultimate goal would be a modeling technique that would guarantee test compliance by

yielding noise characteristics that are as accurate as those from an accredited test facility.
2.1.3.2 Design methodology

At this point, the proposal presents a broad research methodology. Firstly, a
comprehensive literature study will be performed on the subject of conducted EMI,
mathematically assessing how it relates to high density power processors and integrated
power passive components. The outflow will be a model or models to do a prediction on
simple packaging, verifying the accuracy of these models against practical measurements.
This process will also enable a wider understanding of the mechanisms involved in EMC
with regard to the close proximity of components and should lead to a substantial
contribution towards more effective techniques and ideas with regards to the design of high

density packaging and ultimately better EMC compliance.
2.2 ELECTROMAGNETIC INTERFERENCE ISSUES

The physical sizes of the passive energy storage elements such as transformers, inductors
and capacitors in power converters decrease in size as well as in component values with an
increase of the switching frequency [20].Therefore, high-density power supplies generally
demand high switching frequency and fast semiconductor devices. However, the increased
switching frequency, together with the increased current and voltage slew rates, dv/dt and
di/dt, has negative effects on the electromagnetic compatibility (EMC) performance of the

power converter.

Decreasing the EMI to acceptable levels as dictated by the applicable EMI regulatory body
for the application is of utmost importance. Switch-mode power supplies were known in
the past for their overwhelming electromagnetic noise interference, causing disruption to
especially communication equipment such as AM/FM receivers and microprocessors.

Recently, care needs to be taken to comply with the applicable regulation as power
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converters are more and more utilized near sensitive radio frequency circuitry and

MiCroprocessors.

Different countries call for different EMI standards, depending on their internal regulatory
bodies. The major standards are normally slightly adjusted or in some cases such as in
South Africa, adopted a given standard as is. The four major bodies implementing
standards are the International Electrotechnical Commission (IEC), the Federal
Communications Commission (FCC) in the United States, the European Committee for
Electrotechnical Standardization (CENELEC) and the European Telecommunications
Standards Institute (ETSI) in European countries. Two IEC technical committees are
devoted full time to EMC work, namely the TC77, who study electromagnetic
compatibility between equipment, including networks, and the International Special
Committee on Radio Interference (CISPR). The major output of TC77 is printed in various
parts of IEC Publication 61000. CISPR publications deal with the limits and measurement
of radio interference characteristics or potentially disturbing sources. CISPR publications

co-exist with IEC 61000.

For military applications, a different requirement exists, explained in the DOD document
MIL-STD-461F [21]. Conducted emissions are applicable down to 30 Hz for submarine
applications and regulated up to 10 MHz for all equipment. Table 2.1 provides more detail
pertaining the popular limits. Figure 2.1 shows a graphical representation. The MIL-STD-
461F limits are standard values and guidance for relaxation of these limits is given. The
basic limits are for system source voltage of lower than 28 V. Up to 115 V, a 6 dB
relaxation is applicable, and for 220 V systems, 9 dB is given. Furthermore, if equipment is

housed in less sensitive areas, relaxation can be negotiated.
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Table 2.1 Popular conducted emission limits.

CLASS A
FCC Part 15 CISPR 22
Frequency Quasi Peak Quasi Peak Average
[MHZz] [dBpV] [mV] [dBuV] [mV] [dBuV] [mV]
0.15-0.45 _ _ 79 9 66 2
0.45-0.5 60 1 79 9 66 2
0.5-1.705 60 1 73 4.5 60 1
1.705 - 30 69.5 3 73 4.5 60 1
CLASS B
FCC Part 15 CISPR 22
Frequency Quasi Peak Quasi Peak Average
[MHZz] [dBpV] [mV] [dBuV] [mV] [dBpV] [mV]
0.15-0.45 _ _ 66-56.9 2.0-0.7 56-46.9 | 0.63-0.22
0.45-0.5 48 0.25 56.9-56 0.7-0.63 46.9-46 | 0.22-0.2
0.5-1.705 48 0.25 56 0.63 46 0.2
1.705 - 30 48 0.25 60 1.0 50 0.32
MIL-STD-461F

Submarine Application Other Platforms
Frequency Quasi Peak Frequency Quasi Peak
[Hz] [dBuA] [Hz] [dBuV]
30-2.6k 95(<3 A) 10k — 500 k 94-60 (28 V)
26kto10k 95 -76 (<3A) 500k—-10M 60 (28 V)

dBuv

100}

90 MIL-STD-461F

80 8

~ CISPR Class A

70 FCC Class A
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Figure 2.1. Applicable limits for conducted emissions.
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The EMC bench setup as explained in MIL-STD-461E is shown in Appendix A, Figure
A.3. The bench consists of a double LISN, a 2 m power feed-line suspended 50 mm above

the conducting surface with wooden blocks, as well as the test equipment.

Figure 2.2 shows the conducted EMI emission path as from the noise source, a coupling
path to the power source matched with a Line Impedance Stabilising Circuit (LISN). The
noise source generates the EMI noise, a coupling path transfers the noise to the LISN
through cables or wires. The LISN creates a standardized means to measure the EMI noise

into a 50 Q impedance and to isolate the power source noise from the converter noise.

Power
Source

LISN Coupling Path Noise Source
LYY

T

Receiver

Figure 2.2. Conducted EMI emission concept.

It is worth noting that annex B of CISPR 15 [22] presents an alternative method for
complying with radiated disturbances for electrical lighting and similar equipment by
means of a conducted emission test ranging from 30 MHz up to 300 MHz. A specially
constructed high frequency LISN, called a Coupling/Decoupling Network (CDN) is
specified for this test. The test-setup recommends a power-feed length of between 10 cm
and 30 cm, opposed to the MII-STD-461F requirement of 2 m. This is a simpler test that
can be performed on a test bench as opposed to having, for example, a more complex
radiated test setup that requires an anechoic chamber with expensive antennas and

measurement equipment.
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A small 50 pH ring-core LISN [23] and earthed copper sheet bench setup, according to
MIL-STD-461F specifications, was manufactured and implemented to verify the simulated
data. A 2.4 GHz Tektronix oscilloscope was used to record the data, with a vertical
resolution of 11 bit. MATLAB was then used as a post-processing tool analysing the
recorded data and calculating the spectrum slope. The complete setup had been verified
and calibrated to an accredited EMC laboratory test bench using a reference switch-mode
noise generator. All spectral plots were compared to the MIL-STD-461F conducted EMC
limit [21].

2.3 COMPONENT PROXIMITY EFFECTS

Advances in power semiconductor component capability allow the power density of power
converters to increase. This in turn creates a complex electromagnetic environment for the
components. Parasitic effects due to layout and packaging have to be addressed. Elaborate
modelling of parasitic elements with for example Finite Element Analysis (FEA) software,
provide good results, but can show limited insight into the problem and is very time
consuming [24]. Proximity interactions between components are mainly magnetic coupling
effects although capacitive coupling gains more influence at higher frequencies due to the
Effective Series Inductance (ESL) value [25], [26], [27]. Placement of passive components
significantly influences the Electromagnetic Interference (EMI) behaviour of the power
electronic system, in particular the filter components. Modelling a switching cell with
components parasitic effects and neglecting magnetic coupling may lead to differences
between measured and simulation results [25]. The placement distance of components can
be reduced due to effective rotation [28] or enclosing. The power filter has been
extensively studied in literature, but the consequences of the coupling effect in power

converters, especially relating the CM and DM noise, is not readily available.

A Helmholtz coil can be used for determining the least- and most susceptible face of a
component, placing components close to each other facing their least susceptible vectors.
Furthermore, the Helmholtz coil can also be used to characterise Radio Frequency (RF)

inductors [29].
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3.1 NOISE CHARACTERISTICS

The fundamental noise source characteristics will be presented in this chapter, providing
insight to the noise modelling environment. Ground theory publications that include the

noise generation mechanisms are referred to in [30], [31], [32] and [33].
3.2 EMI NOISE MODES

Modern switch-mode converter units and motor drive systems use high speed
semiconductor devices such as IGBT’s and MOSFETs. The trend towards smaller
packaging, higher power densities, improved performance, reduced weight and lower cost
require high switching frequencies as well as higher dv/dt and di/dt for lower switching
losses. The higher switching frequencies cause higher levels of interference to move into a

higher frequency band than previously anticipated [31].

Two main conducted emission modes exist: the differential-mode (DM) of conduction and
the common-mode (CM) of conduction as defined in Figure 3.1, the single LISN in (a),
dual LISN in (b) and the DM and CM impedances in (¢) and (d) respectively. Differential-
mode noise is mainly caused by the current flow in the circuit, the magnetic coupling
L.di/dt where L is mainly the parasitic loop inductance [34]. The DM propagation path is
normally made up of the dc-link capacitors, high frequency capacitors, the bus bars or

tracks, and connectors such as screw terminals.

Common-mode noise is dictated by the voltage amplitude of the switching signal [35],
[36], implying the charging and discharging of parasitic capacitances, C-dv/dt, [34], [37].
The CM propagation path is made up mainly of the parasitic capacitance between the bus
bars or tracks and the ground plane, and the parasitic capacitance between the switching

device and the ground plane, the latter normally separated by a thin insulator .
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A third component is present, called mixed mode IMM when the EUT is not connected to
ground, with common-mode noise coupling through the EUT enclosure to the wires

through parasitic means [38], [39], without an earth wire.
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Figure 3.1. Defining conducted noise current-modes: (a) Single LISN DM, (b) dual LISN CM and
DM, (c) DM LISN impedance and (d) LISN CM impedance.

Referring back to Figure 3.1 (a), it shows a single LISN measurement where a safety earth
or ground return is not incorporated. Only differential-mode conducted noise is of concern

and measured at port V. Hence the expression for differential-mode current and voltage

arc:
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1

X

=1/

DM 4

Ve =Vry (3.1)

The double LISN with ground return is shown in Figure 3.1 (b). The expressions needed to
separate differential and common-mode voltages will be derived from first principles using
the above measurement protocol. This is necessary so as to address discrepancies relating
to the equations found in the available literature. With reference to Figure 3.1 (c) an

expression for differential-mode current in terms of Vx and Vy is obtained as:

L—1, _V,/50-V,/50
2 2

I =

DM

(3.2)

An expression for the differential-mode voltage is obtained in terms of Vx and Vy as:
Vo =100-1,, =V =V;) (3.3)

An expression for converting the differential-mode voltage to current is obtained with:

4
Tp ==2L 3.4
o =700 (3.4)

Following a similar approach, the expressions for LISN common-mode current and

common-mode voltage in Figure 3.1 (d) are then obtained as:

I, =1,+1,=V,/50+V,/50 (3.5)
+
v, =251, =2 . 4 (3.6)

The conversion of common-mode voltage to current is achieved using the expression:
V.
I, =—<L (3.7)

Figure 3.2 (a) and (b) shows the signal magnitudes of the common- and differential-mode

noise.

Department of Electrical, Electronic and Computer Engineering 23
University of Pretoria



CHAPTER 3 MODELLING — NOISE GENERATION
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Figure 3.2. Extracting (a) differential-mode and (b) common-mode noise.

Figure 3.3 show the setups needed to measure the CM and DM signals with a high
frequency LINDGREN EMC current probe [30]. Measuring the differential-mode in
Figure 3.3 (a), the LISN power feed wire currents are subtracted using the EMC current
probe, to yield 2Ipy. Similarly, measuring common-mode in Figure 3.3 (b), the power
feed-lines currents from the LISN to the DUT are added using the EMC current probe, to

yield Iem.
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Figure 3.3. Double LISN Lindgren probe measurement: (a) Differential-mode and (b) common-
mode.

Equation (3.1) — (3.7) were tested to separate noise digitally and confirmed to be correct
and in agreement with those derived in [5], [40], [6]. However, expressions derived in
some of the other available literature such as [20], [38], [41], [42], [43], [44], were found
to give inaccurate differential-mode results due to the differential mode voltage in terms of
the LISN ports being expressed as %(Vx-Vy), causing a 6 dB discrepancy. In [7] the
common-mode return current is defined as 2-/cy, instead of the general assumption of only
Iy and can also create confusion. It also seems that in general, if the derived equations can
follow the backward approach, the Vpy signal is defined as 2-Vpy (but 1-Ipy) and Veu as
Vem (0.51¢m), creating confusion. As the equation to extract common mode and
differential-mode noise from the LISN ports seems simple, care need to be taken to
implement it correctly. The discrepancy are only detected if accurate calibrated
measurements can be performed on a repetitive scale whilst comparing it to the derived

expressions, and due to the nature of high frequency noise, it is very difficult to achieve.
3.3 COMMON-MODE RADIATING EFFECT

Basic electromagnetic (EM) theory shows that a current flowing around a loop generates a

magnetic field (H) proportional to the area of the loop. This is of particular interest in the
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case of common-mode currents. As already mentioned, common-mode currents normally
form a larger loop than differential-mode currents, thus contributing to the radiated EMC,

as portrayed in Figure 3.4.

Differential
Mode Loop
Viinet | Area

PWM
CONVERTER
(EUT)
LOAD

< }_‘
LISN

\
Common REFERENCE
Mode Loop GROUND

Area

Figure 3.4. CM and DM loop areas.

The common-mode loop area can be redrawn as in Figure 3.5.

P
v
Loop icw .~
N4
I CcM
K

Figure 3.5. Common-mode radiation loop.

The simplified expression in (3.8) obtained referring to Figure 3.5, gives the approximate
magnetic far-field at an arbitrary point, p, a distance, s, from the current loop with surface

area, S.

S
Hy =l (4] (3.8)

The magnetic field, H, is proportional to the surface area, a, and the current, I. Thus, an
increase in a (or I) will cause an increase in the magnetic field strength at a distance s. The

typical radiated emissions limit at a distance of 10 m is approximately 37 dBuV/m. If the
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power feed-line is in the order of 2 m in length, positioned 50 mm from the ground plane
on wooden blocks, the loop area can easily be resonant at a half wavelength, that is, at
around 30 MHz, within the conducted emission band. In general, a loop current of
approximately 5 pA at 30 MHz will cause the unit to fail the radiated limit at the required
10 m distance. The same order of current magnitude will cause the conducted limits to be
exceeded and hence the unit to fail to comply. Thus, if the common-mode conducted
emissions can be contained effectively, this will in turn have a positive effect on the

radiated emissions.
3.4 THE EMI NOISE SOURCE

The power converter switching waveform is analysed, first as a square wave and then a
trapezoidal wave. From this analysis, a spectral slope is drawn to determine the influence
of the waveform parameters on the spectral slope, showing that higher switching frequency
and faster rise — and fall-times moves the noise slope to higher frequencies, causing

interference in higher frequency bands than previously anticipated.
3.4.1 Square wave expansion coefficients

The Fourier expansion coefficients of the square wave drawn in Figure 3.6 will now be
determined [7]. The square wave has amplitude A, period Ts and duty cycle D. The duty
cycle is defined as the on-time t divided by the period Ts.
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Figure 3.6. (a) Square wave defined, (b) square wave derivative and (c) spectral slope

presentation.

The derivative of the square wave can be presented by a train of impulses as shown in

Figure 3.6 (b). The expansion coefficients for the derivative of this function are the sums

of the expansion coefficients of each pulse train component.

—_ 1 () —
" = Gnogk C, n+0, k=1 (3.9
Thus
W _ 41 41 _jnwet
C, —ATS ATSe 0 (3.10)
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Manipulating and rearranging further gives

1) A JnweT [ jnwgT Jnwot
Cn = —e 2 [e 2 —e 2 ]
Ts
_ A _jnt;of [2 i nwoT ]
—Tse jSin( > )
. sin( /21—
= jnwyAt/Tg [% e~ /nwot/2 (3.11)
From (3-9) — (3.11),
_ Sin(nwgt/2) —jnwet/2
C, = At/T; [—nw e GGt (3.12)

Replacing 1/Ts=D and multiply by two, the one sided magnitude spectrum can be

expressed as:

C, = 24D

(3.13)

sin(nn’D)l
nmD
The low frequency amplitude is dependent on the duty cycle D and the amplitude A. The
first frequency cut-off is at 1/(nDTs). Figure 3.7 shows two different scenarios, Figure 3.7
(a) and Figure 3.7 (b) with a change in the period Tgs, from 50 us to 5 us and the duty cycle
set at D=0.5. The amplitude was set at 100 V. With a decrease in the period (increase in
switching frequency), the noise spectrum moves to a higher frequency. The Figure 3.7 (c)
and Figure 3.7 (d) shows a spectral plot with period Tg set at 50 pus, but the duty cycle D
varied from 0.9 to 0.1. The high frequency is not affected at all, but in the lower band the
spectral amplitude increases for small duty cycles. It might then be advantageous to use
converters operating with smaller duty cycles. For instance, the step-up (boost) converter’s
useful operating duty cycle is normally below 0.8 with the step-down (buck) converter’s
making good use of the high duty cycle, shown in Figure 3.8, and with this parameter,

better suited for lower EMI.
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Figure 3.7. Square wave spectrum: (a) Variable period time domain, (b) variable period frequency
domain, (c) variable duty cycle time domain and (d) variable duty cycle frequency domain.
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Figure 3.8. Step-up and step-down output voltage vs. duty cycle.
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3.4.2 Trapezoidal wave expansion coefficients

Similarly as for the square wave, expansion coefficients for the trapezoidal wave shown in
Figure 3.9 will now be calculated. The trapezoidal wave is a closer match to the practical
switching waveform compared to the ideal square wave, incorporating a rise-time t. and a
fall-time t; shown in Figure 3.9 (a). Figure 3.9 (b) and (c) show the first- and second

derivative of the waveform and Figure 3.9 (d) the spectral slope.

X(t)
/)
A2 |
| |
L !
‘tr t; T t
(a)
dx(t)/dt
t; T t
-Alt;
, , (b)
d2x(t)/dt
( A/tr) (A/ tf) (A/ tr)
tr ~te] |
l l T t
(-Alty)  Y(-Alty)
©
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c=4% ‘Sin(nm'/]})‘ ‘Sin(nmr/TS)‘
! Tr‘“ nrt /T H nrt, | T ‘
1/mDTs it
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Figure 3.9. (a) Trapeziodal wave defined, (b) trapeziodal wave derivative, (c) trapeziodal wave
second derivative and (d) spectral slope presentation.
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The Fourier coefficient is obtained as follows [7]:

C,=——C®  n=x0 k=2 (3.14)

T (jnwk M

thus:

tr—t tr+t
) 1A 1A _jnwot 1A —jnwo(‘r+ L f) 1A —jnm0<r+ L f)
C,” == —-=e nwotr ——Zo 2 ) +-Ze 2
T ty Tty Tty Tty

t t
1 —iner iy I —inea i 1 : —inwa i i Ciman L
[_e Jnwoe=, (e+]nﬂ)02 —e anoz) — — e inwet pTINWo, [ ,HINWoY, T N0,

A
T |ty tr

— ]i (nwy)2e~/mwo(T+tr)/2 [Sin(nmorr/z) eNwoT/2 _ Sin(nwots/2) _ enmor/z] (3.15)
2nn nwoty/2 nwoTr/2

Combining (3-14) and (3-15) gives:

C, = _]i g~ inwo(T+ty)/2 [Si"(nwofr/z) eNWoT/2 _ Sin(nwots/2) _ enwor/z] (3.16)
2nn nwoty/2 nwoTs/2

The special case of t; = tg simplifies the analysis. This then gives:

Cn _ T . Sin(nwgt/2) 'Sin(nwo‘rr/z) . e—inwo(T+tr)/2 (3.17)
T nwoet/2 nwety/2

The equation for the one-sided spectrum then becomes:

ICa | = 2.1C,|
_ T Sin(nnt/T)| |Sin(nmt,/T) _
= 2.AT. o oy forn # 0 and t, = tf (3.18)

Equation (3-18) is plotted in Figure 3.10 (a), for two different rise-times t. = 100 ns and t, =
1 us (note t, = tr) in order to demonstrate the effect of rise- and fall-times on noise. The
amplitude of the waveform, A, is 100 V and the duty cycle D is 50%. The first cut-off is at
1/(=DTs) and the second at 1/(nt;), as set out in Figure 3.10 (b). Thus, a lower rise-time and

slower switching device technology (previous generation) reduces the high frequency
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content of the trapezoidal waveform. In modern power converters the trapezoidal switching
waveform can be manipulated to lower the conducted EMI, but it will increase the

switching losses and hence lower the total efficiency of the converter.

200 T
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= A\ Fal 3
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1mTD 1/mT.D f
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Figure 3.10. Trapezoidal wave frequency spectrum showing different rise-and fall-times (a)
defined and (b) presented.

The key parameters that contribute to the high frequency spectral content of the waveform
are the rise- and fall-times of the pulse. The same waveform as above can be generated in a
SPICE type software package, Spectrum Software and compared to the above
mathematical presentations. Utilising the SPICE simulations, more complex waveforms
can be analysed with ease, for example different trapezoidal rise- and fall-times to help

visualise their effect on noise.

Department of Electrical, Electronic and Computer Engineering 33
University of Pretoria



CHAPTER 3 MODELLING — NOISE GENERATION

Figure 3.11 shows a SPICE simulation of a trapezoidal waveform frequency spectrum,
confirming the theory. The SPICE simulations furthermore investigate different rise- and
fall-times on the trapezoidal signal spectral content. Figure 3.11 (a) shows the arbitrary
SPICE trapezoidal waveform setup, with a period of 50 us and a duty cycle of 50%, a rise-
time of 10 ns and the fall-time of 100 ns. The peak-to-peak amplitude is 100 V. Figure
3.11 (b) is trapezoidal signals with a combination of rise- and fall times. Trace 1 has
parameters t;; = tr; = 100ns as a reference trace. The second trace change the rise time to t;,
= 10 ns (same effect if fall- and rise-time swopped) and shows an increase in the spectral
content above 3.18 MHz. The third trace shows t;3 = t; = 10 ns and a further but slighter
increase in noise spectral content is shown, placing the second trace with different rise- and

fall-times in perspective.

4B Voltage Source [=
Name value ﬁ
‘VAL\JE [~ show ‘DC 0 AC 100 0 Pulse 0 100 Ej J I~ show Change ﬂ ﬂ ﬂ
Display Shape
[” PinMarkers [~ PnNames | PinNumbers W Curren t [¥ Power W Condition gorder D3| Fil Dy
|voltage vs. Time =~ 150 T T
~
= ~,
= -~ -
POVER = —n 200'8/0,
SHAPEGROUP=Default S ec
"~
~,
"~
> e
(0%
> L Rl
@ 100 ST
o
oK | Cancel ‘ Font... | Add ‘ | ‘Defau\tsemr\gs‘ ;‘ (3
| ‘ Flot. | Syntax. ‘ | Help.... ‘ Save Settings ‘ g
=
¥ Enabled ¥ Help Bar File Link g
None Puse | i | Exp | P | SPF | Moise | Gaussian | Define | g S0
oc|o AC magnitude [ 100 AC Phase [0 2 Haeene Trapezoidal t  =100ns t =100ns N
- - =Trapezoidal t _=10ns t =100ns =
vifo va[ 100 ™[0 2 12
= = ®| 1/mt,
N e o e R N Trapezoidal t ,=10ns t, .=10ns - [Tty
0 I 1 | 1/nty, |
PER [50u *
7
10* 10° 108 10 108
Defutt | Typisl | squere | Trenge | mpuse | sawtootr Frequency [Hz]
(a) (b)

Figure 3.11. Trapezoidal simulation: (a) SPICE setup and (b) simulated trapezoidal plots for
different rise- and fall-times.

Changing the switching frequency, while keeping the rise- and fall-times constant at 100
ns, the duty cycle at 50%, the amplitude at 100 V has the effect as shown in Figure 3.12.
The increase in switching frequency increases the spectral slope amplitude, showing that
the high switching speeds achieved with the present Silicon Carbide (SiC) and Gallium
Nitride (GaN) devices will have a detrimental effect on the high frequency spectral
amplitude.
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Figure 3.12. Trapezoidal waveform spectral slope variable frequency.

3.4.3 Trapezoidal wave with superimposed ringing

To further investigate an even more realistic switching signal, the ringing effect is imposed
on the trapezoidal signal. The effect of a 1 MHz ringing signal as a result of parasitics is
imposed on the trapezoidal signal is illustrated in Figure 3.13. It consists of the sum of 3
periodic waveforms, trapezoidal wave, damped sinusoidal at the rising slope and the same
damped signal inverted and shifted ahead in time by 0.5 Ts imposed on the falling slope. A

clear increase in the spectral content is visible at the ringing frequency .
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Figure 3.13. (a) Ringing effect on switching waveform and (b) frequency domain spectral content.

A SPICE generated trapezoidal ringing signal is shown in Figure 3.14 (a), representing a
typical switching signal with parasitics. The rise-and fall-times are set to 100 ns, the
amplitude 100 VPP, period is 50 ps and the duty cycle 50 %. The ringing frequency is a
sine wave with a damping coefficient of 10° and frequency 3 MHz and in a second case,
with the same parameters at 10 MHz, showing a clear rise in the spectral content at that
frequency as well as the effect of a higher ringing frequency, raising the high frequency

slope amplitude.
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Figure 3.14. Ringing imposed on trapezoidal signal.

3.5 SUMMARY

The noise source switching signal was analysed in detail. First the simpler square wave and
its expansion coefficients calculated showing the frequency spectrum slope amplitude
effects on switching frequency as well as duty cycle. Secondly, the trapezoidal wave was
introduced and analysed, showing the effects of rise- and fall times. Lastly, a ringing
sinusoidal wave was superimposed on the trapezoidal wave, analysing a realistic switching
wave, and the effects thereof analysed. This allowed the effects of practical simulating

waveforms on noise to be investigated.
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The LISN and conducted emission modes were introduced defined and calculated. The
discrepancy in literature with the differential and to a lesser extent, the common mode
noise equations in terms of the LISN ports was pointed out. New equations were derived

from first principles and verified to be correct.
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4.1 INTRODUCTION

The fundamental noise path characteristics will be presented in this chapter, providing

insight to the noise modelling environment.
4.2 NOISE PATH MODELLING

The noise path consists of components, traces and structures. The high frequency models
of these devices and structures form part of the noise path [45] and is an important aspect
of noise modelling. Accurate component models form the basis of noise modelling, for the
inclusion of all applicable frequency dependant effects in a typical time domain simulation.
Extracting the high-frequency component models is done by measuring the impedance of
such components. Three methods will be used to measure impedances of the noise path
components; Vector method using an oscilloscope and signal generator calibrated to 100
MHz, the HP 4192 LF Impedance Analyser operating from 5 Hz to 13 MHz and a network
analyser, the HP8753C operating from 300 kHz to 3 GHz. The first method utilises general
laboratory instruments normally available in a power laboratory and is a practical
inexpensive method, but very time consuming. The second method utilising the impedance
analyser is quick and accurate, but only frequencies below 13 MHz can be characterised.
Higher frequencies are measured with a network analyser, and the third method, provides
the s-parameters of the component and need to be converted to impedance. A LABVIEW
program was written to extract the s-parameter data from the network analyser’s GPIB port
to USB on a PC. All methods described are implemented, but the most convenient are the
combination of the impedance analyser and the network analyser, covering all the

frequencies of concern.

Equivalent circuit parameters are extracted from the impedance graphs and the results

verified with a SPICE simulator and compared to the measured impedance. For simple
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components, as portrayed in Table 4.1, the technique is well suited. From the impedance
graph, the high frequency circuit parameters are extracted. When high frequency resonance
occurs as well as when non-conventional impedance plots are to be extracted, a more
comprehensive method is needed. An example is the vector fitting (VF) technique [46],
[47], widely used for fitting a rational function for frequency domain response. The

equivalent circuit for a rational function can be obtained from the measured impedance.

Table 4.1 Simple component circuit extraction.

Component Capacitor Inductor
Low
Frequency ~H~ LYY L
Symbol
1Z| 1Z]
Aw Aw
Impedance AZ
Measurement £2
REsr - Rs
f f
High Co | b R
Frequency Resr
Equivalent
Circuit
Cp

In VF computation, the frequency domain responses are replaced with rational function

approximations (4.1), fitting a ratio of two polynomials to the data [46]:

N
f) =Y ——tm+ jon (4.1)
n=1 ]a)_pn

The residues 1, and poles p, are real quantities or conjugate pairs, while m and n are real

values.
4.2.1 Practical complex impedance measurement — Method 1

Accurate impedance modelling and measurement of components are important when
assembling an EMC model of a power converter [35], [48]. High frequency complex

impedance measurement, up to 100 MHz, is more difficult to achieve. It requires much
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more than to simply measure the capacitance or inductance of a component with standard
laboratory instruments. Expensive measurement equipment that can perform this task
exists, but the infrequent use of these instruments doesn’t justify the cost. Therefore it is
difficult to motivate the purchase of such instruments for the electronic laboratory.
Although more tedious, simpler methods with acceptable accuracies to create conducted

emission models up to 100 MHz are possible.

Practical components have a series resistance, in addition to multiple contributors to their
reactance. For instance, a capacitor has an effective series inductance (ESL) that becomes
dominant at high frequencies. When measuring the capacitance, it will impact on the

reading, but ESL is not measured as a separate distinct component.

The impedance of a device can be calculated through complex division of the voltage and
current i.e. as a ratio of voltage to current. This can be measured by applying a sinusoidal
voltage to the device in series with a known resistor, and measuring the voltage across the
resistor. The measurement is performed by sweeping the frequency over the band and thus
providing required impedance phase and magnitude. The unknown impedance is modelled
as a series circuit consisting of an unknown resistance R and an unknown reactance jX.
The magnitude of the impedance is Z. The circuit for measuring the complex impedance of
applicable components, traces and power feed-lines, is shown in Figure 4.1. The voltages
in Figure 4.1 (a) can be portrayed as vectors, as shown in Figure 4.1 (b) where values of
Va, Vz and ¢ are known. Figure 4.1 (c) shows the test setup, the signal generator on the

left hand side and the oscilloscope measurement on the right.
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Figure 4.1. Complex impedance measurement: (a) The circuit, (b) impedance vectors and (c) the
set-up with signal generator and digital oscilloscope.

The impedance Z can be easily derived:

z="2_ 1z (4.2)

TIg  Vga-Vz Cref

Rewriting in polar-form and using the law of cosine to determine 6, gives rise to the

following expressions

Vz-R
Z= Z0rd (4.3)
\/VAZ—ZVAVZ-cosH+VZ2

the angle 0 can be calculated as:
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_ =1 —Vysing
o=g-an| asine (44)

Converting back to rectangular form yields:
1Z|=Z cos @+ jZ -sin@ 4.5)
the resistive part, for example Rgsg, is obtained as:
R=Rpgp =Z-cosb (4.6)

The expression for capacitance is obtained as:

1

¢= 2w fZq-sin@ 4.7)
The expression for inductance is given by:
sin@ (4.8)

" 2n/z,

The method presented was used to determine analytically values of the various passive
components constituting the noise path in the converter. Those include: input- and output
capacitors, filter inductors, traces as well as the very important power feed-line to the
converter. The power feed-line is constructed according to MIL-STD-461F, with the only
difference being that it is shortened from the prescribed 2 m to 1 m, increasing the half-
wavelength (A/2) frequency from 75 MHz to 150 MHz, outside the measurement band,
reducing radiating losses. This was to enable measurements of conducted emissions to be

carried out more accurately up to 100 MHz.
4.2.2 The impedance analyser — Method 2

Figure 4.2 shows the HP 4192 LF Impedance Analyser, used for gain- phase measurements
as well as impedance measurements (|Z|, [Y|, R, X, G, B, L, C, D, Q) from 5 Hz to 13

MHz. No equivalent circuit capability exists on this unit, but is available on newer models.
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Figure 4.2. The impedance analyser HP 4192A.

With the impedance analyser, the components are characterised from 10 kHz to 13 MHz.
No external interface exist on this machine, values are written down at intervals and

captured in a .csv file for further analyses and presentation.
4.2.3 The network analyser — Method 3

Figure 4.3 (a) shows the HP8753C network analyser operating from 300 kHz to 3 GHz.
The conducted emission technical measurement capability is calibrated to 100 MHz, and
modelling accuracy maintained to similar frequencies. For clarity as well as to get
accuracies up to and around 100 MHz, some critical components are characterised up to
200 MHz. Figure 4.3 (b) gives the LABVIEW object orientated code for the GPIB to USB
port. The information is captured on a PC in a .csv file format. The graphical interface is
seen in Figure 4.3 (c). This new software capability on a very old and legendary machine

provides it with a modern upgrade extending its useful lifespan.
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Figure 4.3. (a) The HP8753C s-parameter network analyser, (b) the LABView code and (c) the PC
graphical interface output.
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To convert from s-parameter to impedance, (4.9) is applied, with Zy = 50 Q.

4.2.4 Characterising the power circuit noise path

Components making up the noise path of a typical converter are characterised. The step-
down as well as step-up converter in various formats, such as multi-level and multi-phase,
will be modelled in the next chapter. The component models for such circuits are now
modelled and verified with measurement. A typical surface mount circuit, about 30 W total
power is envisaged, open loop as well as microprocessor controlled (up to 7 levels).
Furthermore, incorporating large component effects, a 200 W discrete component
converter will also be modelled and analysed, including the heatsink effects. The
measurement bench will be incorporated in the conducted EMC models. The component

models and effects described further on are based on these converter units.
4.2.5 Converter capacitor modelling

The circuit models will be for surface mount as well as radial capacitors. The applicable
selection of capacitors is shown in Figure 4.4. Surface mount technology uses the SMT
electrolytic capacitors and high capacitance (in the order of 100 pF) 1206 ceramic

multilayer capacitors that can be paralleled to form larger capacitance values.

MXR ;
Aluminium - YXF Miniature
Electrolytic : ¥ Aluminium

: Electrolytic

Ceramic
Multilayer
X5R Pack

of

3900pF, 400V
Aluminium
Electrolytic

" SMT Aluminium
Electrolytic

o~

Figure 4.4. Electrolytic and ceramic capacitor selection.
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Effective Series Resistance (ESR) of a capacitor depends on the dielectric loss due to the
dielectric materials. The resistivity of the electrode material, the shape and number of
layers determine the ESR. At higher frequencies around the resonant point, the skin- as
well as proximity effects have an influence on the ESR. The Effective Series Inductance
(ESL) in ceramic capacitors is largely affected by the capacitor internal electrode structure,
together with the lead length of the capacitor. The ESL determines the self-resonant

frequency which in smaller surface mount capacitors is generally very high.

0 Lest

B

Low Frequency  High Frequency

() (b)
Figure 4.5. Capacitor models (a) low frequency and (b) high frequency.
An expression for the capacitor’s high frequency impedance is obtained with reference to

Figure 4.5 (b) as follows:

Z.=2, +Z, +Z (4.10)

ESL ESR 0

. . 1
ZC=R+]X=RESR+](wLESL—WO) (4.11)

1zl 72" R4 x2

2
- 2 1
1Zc| = \/{RESR J{Z’fﬂm _Z”fco]] (4.12)
With 0 being given by
X,
6 . =arctan € 4.13
¢ Risr (413)
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If X¢ > 0, the reactance is inductive, purely resistive if X¢ = 0, and capacitive if X¢ < 0.

The self-resonant frequency (the series resonant frequency) of a capacitor is given by:

1
Toof =2p LG, (4.14)

The standard 3-element capacitor model [49] [50], has been verified and provides accurate
results up to 100 MHz for the regular sized capacitors. Figure 4.6 (a) shows the impedance
plot and (b) the phase results of a 470 uF, 63 V metal film electrolytic capacitor. Three
techniques have been used to determine the impedance plot; the oscilloscope and signal
generator measurements (up to 100 MHz), the impedance analyser measurements (up to 13
MHz) and the network analyser (up to 300 MHz). This model can be generalised for other
capacitors utilised in the switch-mode DC-DC conversion supplies. Figure 4.6 (c) provides

the high frequency ESR plot, and an increase is seen beyond 10 MHz.
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Figure 4.6. Converter capacitor model impedance verification: (a) Magnitude (b) Phase and (¢)

ESR.

The input capacitor to the step-down DC-DC converter is aluminium electrolytic, 470 uF

and rated at 63 V. It exhibits a large ESR value, because of the high resistivity of its

electrolyte material. This will be shown to be detrimental to conducted EMC levels. The

ceramic capacitor uses metallic materials for its

electrodes and therefore exhibits much

lower ESR values than aluminium electrolytic capacitors or even tantalum capacitors and

will be shown to lend to lower conducted EMI. Due to the physical construction and

paralleling of the ceramic capacitors by using PCB tracks, the Lgg of the two components

are approximately the same.
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Figure 4.7. (a) Ceramic and electrolytic capacitor and (b) impedance magnitude comparison.

Larger capacitors, the 3900 pF, 400 V electrolytic as in Figure 4.4, show a slight

discrepancy close to 100 MHz as seen in Figure 4.8 (a). For a better approximation, the

high frequency model of the capacitor is upgraded in Figure 4.8 (b), showing Cy, Lgsp and

Rgpsr with added resonant loops to trace the measured impedance at 100 MHz more

accurately. A higher order equivalent circuit can improve the overall performance of the

model.
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Figure 4.8. (a) Larger capacitor high frequency effects and (b) equivalent circuit.

4.2.6 Power inductor modelling

Of all the basic passive components models, the inductor is the most difficult to realise.
The inductor types to be used in the subsequent noise modelling circuits, will have a
combination of surface mount, leaded as well as toriodal types, the latter comprising of two

types; solid wire as well as litz wire, as shown in Figure 4.9.

SER2915L-103

1217D

Figure 4.9. Surface mount and leaded inductor selection for modelling.

The commonly used high frequency 3-element inductor model is shown in Figure 4.10.
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Lo
oYY L,
Low Frequency High Frequency

(a) (b)
Figure 4.10. Inductor models: (a) Low frequency and (b) high frequency (model 1).

An expression for the total high frequency inductor impedance is given by:

L Z, -(ZLO +7Z, )

— = (4.15)
Z, ZL0 +ZRS +ZCP
By expanding (4.15) and rearranging, impedance magnitude is obtained as:
BiE)
2| - |~RL AP (4.16)
R S2+ ol —]
P
The self-resonant frequency (parallel resonant frequency) of the inductor is given by:
1
J prf = W (4 1 7)

The inductor model (model 1) shown in Figure 4.10 and expressed in (4.17) gives an
infinite peak at the self-resonant frequency. If the inductor is to be used as an AC blocking
component, for example, the three-element inductor model might be good enough.
However, in high frequency EMC analysis applications, the generally accepted inductor
model needs improvement to make it more accurate for each inductor type, especially
around resonant frequency and beyond. There are three possible ways to improve the
model. If one progresses to a 4- or 5-element inductor: a resistor, Rp, could be added in
parallel with the capacitor as in Figure 4.11 (a) a resistor, Rcp, could be added in series
with the capacitor as in Figure 4.11 (b), or both Rg and Rp could be added to the model as

shown in Figure 4.11 (c). However, the latter complicates model analysis even further. The
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more complex 5-element model can be considered, but is usually implemented with tuned
circuits where the quality factor, Q, of the inductor and the accuracy of the frequency

where it occurs is of utmost importance.

(a) (b) (c)

Figure 4.11. Improved 4-element inductor circuit model: (a) Model 2 adding parallel resistor, (b)
model 3 adding R, and (c) 5-element model with both Rp and R,

The impedance for the 4-element inductor model in Figure 4.11 (a) is given as:

2 2
Ls'Rp ~ Rs'Rp
C oC
2= |-~ L

5 (4.18)
(R +R )2+ oL
s P N wCP
The impedance for the 4-element inductor model in Figure 4.11 (b) is given as:
2 2
L—S+ﬁ - R +@RepL
Cp ch a)cp P~
|z = (4.19)

2
(R, +Rep )2+[wLS —wclpj

The above inductor models are compared to the measured results of a flat conductor wound
10 puH inductor on an E20-core, and yield the impedance plots in Figure 4.12. Model 1 is
the generalised 3-element model, showing an infinite peak at resonance. Model 2 with the
added parallel resistor Rp = 1 k€, compared exactly to the measurement. Model 3 with the
resistor Rep set at 250 €, added to the generalised version, with slight discrepancy at and
above the resonant frequency. Model 4, the 5-element version, compares exactly to the

measured results.
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Figure 4.12. Compare inductor models to measured data.

The model in Figure 4.11 (a) (as well as the more complex model in (c)) compares
accurately to the measured data up to 100 MHz. The model in (b) is shown with two
values, 250 Ohm and 10 Ohm, both not providing accurate comparisons to measured data.
The 5-element model gives the same accuracy as the 4-element model in (a), but due to the
added complexity it will not be used. Given the above background, specific inductors, from
small sizes (tens of watts) up to higher power applications (around kW) will be

investigated in more detail.
4.2.6.1 Coilcraft SER29151L-103

A 10 pH inductor, the SER2915 from Coilcraft, impedance plot is shown Figure 4.13. The
inductor is analysed and verified with measured results, the oscilloscope-signal generator
technique, the impedance analyser as well as the network analyser for the high frequency
impedance and compared to the SPICE model. The 4-element model yields an accurate
representation of the impedance close to the resonant peak. Its results show very good
correspondence with the measured impedance. This model can be generalised for other

power inductors in the DC-DC conversion topologies.
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Figure 4.13. Power inductor equivalent high frequency impedance.

The SER2915 inductor is modelled with COMSOL Multiphysics. Due to its enclosed core
design, the magnetic flux is well contained, as shown in Figure 4.14 (a). Figure 4.14 (b)
shows the surface current density on the windings, initiated with a 1 A current at | MHz.

The currents are concentrated towards the edges of the conductor.

=

\' surface Current Density at 1 MHz [A/m]

N

(@ (b)

Figure 4.14. COMSOL simulation of SER2915 inductor (a) flux density (a) and (b) coil current
density.

The larger toroidal inductors as shown in Figure 4.9 consist of multiple resonant effects
and require more complex circuitry to realise the equivalent circuit to incorporate the in-
band resonant effects. The solid-wire toroidal inductor impedance shown in Figure 4.15 (a)
has 22 turns, measures 135 pH, Cp = 5.3 pF and Rs = 13.8 Q, but requires a 7-element
equivalent circuit, shown in Figure 4.15 (b), to realise the impedance plot up to 100 MHz.
The litz-wound toroidal inductor shown in Figure 4.16 (a) has similar parameters, except
Cp = 22 pF and requires a 10-element equivalent circuit, as shown in Figure 4.16 (b), due

to the increased parasitic effects of the litz wire.
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Figure 4.15. Impedance characteristics of (a) the solid-wire toroid and (b) its equivalent circuit.
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Figure 4.16. Impedance characteristics of (a) the litz-wound toroid and (b) its equivalent circuit.
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4.2.7 Wirewound resistive load

Most tests are conducted with a 200 W load as in Figure 4.17 (a), consisting of a wire
wound resistor on a ceramic former. The equivalent circuit as derived from the impedance
measurement is given in Figure 4.17 (b). The load is inductive, with Ly = 30 pH, the
resistance is set to Ry = 15.76 Q and the capacitance Cy is 8.5 pF. The impedance plot is
provided in Figure 4.17 (c¢) showing the multiple resonant points beyond 20 MHz. The
inductor model, Model 1, shows good correlation up to 10 MHz, thereafter it is not usable.
The 9-element model Model 2, in the impedance plot, shown in Figure 4.17 (c) provides a

more accurate presentation of the load impedance.

3 a\ \\\l\wumunmull'"

) M!{{(M{{{W{ i
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e °
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w

102k
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Figure 4.17. (a) 200 W test load, (b) the equivalent circuit and (¢) its impedance characteristics.

4.2.8 PCB traces and wires

Stray inductance and capacitance in both power devices and PCB traces have an influence

on the high frequency content during the switching transients. Quantifying these effects is
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a relevant issue since they play an important role in different power loss mechanisms as

well as EMI.

The self-inductance of a single wire as shown in Figure 4.18 can be given using the

following well known equation, [51] and [52].

wire )

Figure 4.18. Single wire.

L[nH /mm] = 0.2 + {ln [é] ~3 /4} (4.20)

Figure 4.19 shows a plot of inductance versus wire length with variable diameter d. Wire
diameters of 1 mm, 5 mm and 10 mm are shown. An impedance analyser was used to

verify these analytical values, all measured at a reference frequency of 100 kHz.

700

600|--

500/

400 —

300 —

Inductance [nH]

200

1001

Wire Length [em]

Figure 4.19. Wire Inductance.

The resistance of above wire is obtained using the following equation:

R =p,t/Ay
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=7 (4.21)

Oculw

where p., is the electrical resistivity of copper, € the wire length and A, the cross section
of the conductor. The inverse of the electrical resistivity pe, is the conductivity oc,. The

conductivity for copper is:
Oq = 5.81 X107 S/m

In a typical scenario, for instance a power conductor feed to a small power converter, the
copper wire of diameter d=1 mm and length 0.03 m can be used, and the resistance would

calculate to be:

?
Raoem = 5 a2 /)

= 6.57mQ

Increasing the 30 cm long copper wire diameter from 1 mm to 5 mm, the high frequency

impedance shows a decrease in inductance as shown in Figure 4.20.

120

100+

60

40¢

Impedance Z [Ohm]

20}

Frequency [H2]

Figure 4.20. Single wire impedance with variable thickness.

Figure 4.21 (a) shows a single PCB trace with thickness b, width w, length / and distance /
above a solid ground plane. For FR4 PCB material, u. =1 and & = 5.
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From [51] the inductance of a trace, as depicted in Figure 4.21 is given by the expression:

l
(w+b)

L[nH/mm] = 0.2 » {zn[ ] +1.193 +0224(w + b)/l}  (422)
Equation (4.22) is graphically presented in Figure 4.21 (b) with variable trace lengths
commonly used in practice, of 10 mm, 15 mm and 20 mm. The trace thickness b was set at
70 um (typical copper thickness of a power PCB) and the width w varied from 1 mm to
10 mm. For example, a 20 mm long trace with a set width of 5 mm, the inductance

calculates to 10.5 nH.

120 —

100

80—

Inductance [nH]

40—

20—

Trace Length [mm]

(b)

Figure 4.21. Trace inductance for variable length /.

The resistance of the above trace can be calculated using (4.21). For a copper trace 1 mm

wide, 10 cm long and 70 um thick, the resistance would work out to be:

Rlomm S 24’.6mﬂ
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When current changes in one conductor and induces a voltage in another, mutual
inductance occurs. The mutual inductance between two conductors or traces can cause
unwanted coupling. The coupling coefficient k, with a value between 0 and 1, is a

convenient way to specify the relationship between inductors.

@) (b)

Figure 4.22. Trace mutual inductance layout.

The total inductance for the two layouts shown in Figure 4.22 is equal to:
LT=L1+L2_2XM (4.23)

where L; and L, are the self-inductance of the specific conductors while M is the mutual
inductance between the pair. So to minimize the total inductance of the complete current
path, the mutual inductance between the conductors must be maximized. This can be
achieved by placing the two conductors as close together as possible to minimize the area

between them. The equation for mutual inductance for the layout in Figure 4.22 (a) is:
M(nH) = 200 x I X In(1 + (3)?) (4.24)

and thickness and width neglected for the layout in Figure 4.22 (b),

M(nH) =200 x [I X In(l + VIZ + hZ) + VIZ + hZ + h] (4.25)
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Mutual inductance will be positive if the trace currents are in the same direction, the. If the
currents are in opposite directions, the mutual inductance will be negative. Plotting these
values for a strip length of 10 cm and varying the track spacing from 1 mm to 10 mm gives

the mutual inductance values presented in Figure 4.23 for case (A) and case (B).

200; : . : :
— (a) - Variable distance d

- == (b) -Variable spacing h
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Figure 4.23. PCB trace mutual inductance for case (a) - Side by side and case (b) - Top-bottom.

Introducing a ground plane as shown in Figure 4.24 (a) and the consequent circuit model in
Figure 4.24 (b), lowers the inductance of the trace substantially. The following equation

can be used to calculate the inductance of the trace when a ground plane is present:

2
Lyyace = 1 +1n [1 + 2 (1 + Jux %)] (4.26)

The ground plane inductance is not affected by the PCB trace width and can be evaluated

using the following expression:

5Xh
Lyiane = we (4.27)
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Figure 4.24. PCB trace (a) with ground plane and (b) the equivalent PCB trace model.

Figure 4.25 shows the inductance of the trace and the ground plane separately. The trace is

10 cm long and 1 mm wide. The ground plane is 10 cm wide. In the graph, the distance h

between the trace and plane are varied.

Trace Inductance

[ Lyace=48nH |

=
o

w
(=]

Inductance [nH]

Plane Inductance

Trace separation [mm]
Figure 4.25. Inductance for a PCB trace and PCB plane.

For example, if the PCB thickness h is 1.6 mm, the inductance for the plane is 0.8 nH and
for the PCB trace 48 nH. Note that, from Figure 4.21, a PCB trace inductance plot is given
without the ground plane. Comparing with similar lengths and widths, the same trace
inductance is 117 nH without the ground plane and 48 nH with a ground plane, an almost

2.5 times reduction in the trace inductance.
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The PCB trace above a ground plane will have capacitance as well due to the two plate
surface areas and the dielectric material separating them. The capacitance plate equation,
as commonly presented in literature [53], is given by:

Er&oS

Czh,

S > h? (4.28)

where g() is the permeability of vacuum and equals 8.854x10-12 F/m, gr 1s the relative

permittivity and for FR4 PCB it is about 4.8 and S is the total plate area of the trace with h
the distance between the plates. This equation works well if two planes are of equal area,
but will have substantial fringing effects if one plate is much larger than the other, thus

giving a higher capacitance value. One such equation dealing with these effects is:

. 0.67(gr+1.41
C(pF /in) = % (4.29)

0.8w+b

In this particular instance, all dimensions are in inches. Using for example a copper trace
of 1 mm wide, 10 mm long and 1.6 mm from the ground plane, the trace capacitance
calculates roughly to 0.27 pF using (4.28), and when using (4.29) calculates a higher
capacitance: 0.64 pF.

Making use of (4.28) and (4.29) the above equations and simulations the wire and trace
characteristics can be modelled. A typical PCB trace has resistance, inductance,
capacitance as well as conductance due to the dielectric material and its impedance as

shown in Figure 4.26.
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Figure 4.26. Trace impedance: RLGC transmission line.

4.2.9 PCB via inductance

Whenever there is vertical interconnected access (via) on a PCB, a parasitic inductance is

formed. At a given diameter (d) the approximate inductance (L) of a via of a height (h)

may be calculated as follows:

Ly ~ %(1 +in (%)) [nH] (4.30)

Figure 4.27 shows the via between the top-and bottom layer and applicable dimensions.

TOP
- LAYER
h VIA
(mm)
BOTTOM
r — LAYER
‘ d (mm)

Figure 4.27. Via dimensions

As an example, a 0.4 mm diameter via through a 1.5 mm thick PCB has an inductance of

1.1 nH. Normally, in power circuits, multiple vias are used on a track to increase the
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current throughput. Placing multiple vias in parallel can reduce the inductance

exponentially.
4.2.10 The skin and proximity effect

At DC and very low frequencies, current in a PCB trace or wire conductor follows the
route of the lowest resistance. The low resistance path for current flowing in a PCB trace
fills the volume of the trace, flowing uniformly throughout the conductor. When this
current returns through the ground and /or power plane, it spreads out tending to occupy as

much of the surface area of the ground planes as possible on its way back to the source.

At higher frequencies, above a few megahertz, the electromagnetic wave interacts with a
conductive material; charges within the material are oscillating with the same frequency as
the imposing fields, constituting an alternating electric current, with the magnitude of these
alternating currents greatest at the conductor's surface. Skin effect is the tendency of an
alternating electric current to distribute itself near the surface of the conductor. The decline

in current density versus conductor depth is known as the skin effect.

In Figure 4.28 the conductor can be viewed as a guide for the electrical and magnetic fields
around it. The current in the conductor is caused by the changing magnetic flux that
penetrates into the conductor. This current opposes the magnetic field that causes it. The
result is that the magnetic field decreases exponentially in strength as it penetrates the
conductor. Skin effect is thus the tendency of the current in a wire to flow towards the

surface of the wire more and more as the frequency of excitation is increased.

Inductors sometimes have some AC component induced on a large DC current component
and the skin effect does not play a significant role. When no DC or small DC component is
present with a large AC component, the skin effect plays a large role in determining the

AC inductance and resistance of the conductor.
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Figure 4.28. (a) Electric and magnetic fields around and inside circular conductor, (b) magnetic
flux and (c) surface current.

The inverse of the attenuation constant a of the conductor is defined as the skin depth 6

reaching a value of 1/e times the surface current density, and is defined as:

1 1
= - = 4.31
J @  nfleo “.31)

The skin depth for three different materials, copper, silver and aluminium, is presented in
Figure 4.29. Silver comprises of the shallowest skin depth while Aluminium portrays a

deeper skin depth at the same frequency.

10’ =
] == Copper
X O Silver |/
Cea. = = = Aluminium| |
T 0L
£ 10
=
=
5]
a
£
% 107
1 0-2 . I I L - | . .
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Frequency [Hz]
Figure 4.29. Skin depth for different materials.
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Where o is the conductivity of the material (conductivity for copper ¢y = 5.8x107 S/m)

and the permeability of air is p = 47x10-7 H/m (uy for copper is unity).

For example, at 50 Hz, the skin depth for a round copper conductor is calculated to be

9.3 mm, and at 100 kHz it is down to 0.21 mm.

In two current carrying parallel wires, the current distribution across a cross-sectional area
is not uniform. The magnetic fields from each wire affect the current flow in the other,
resulting in a slightly non-uniform current distribution, which in turn increases the
apparent resistance of the conductors. In parallel round wires it is called the proximity
effect. The proximity effect mainly causes an increase in resistance loss. These transversal
current distribution disturbances move the current off-centre from the conductor thereby

reducing the effective diameter and the resultant inductance [52].

When only two conductors are in close proximity the influence of the proximity effect is
relatively small compared to that of the skin effect. However, when more conductors are
used, such as multi-layer windings of an inductor, or even high density layouts, it might
have to be taken into account. The skin effect is more pronounced in conductors at high

frequency than the proximity effect.

The frequency-dependent impedances for conductors with respect to resistance and self-
inductance is discussed in [52] in the form of a numerical solution and will be expanded on
further. The Bessel-Kelvin functions for frequency dependency of resistance and
inductance will be taken from [54] and presented graphically with actual measurements.

The frequency-dependent resistance of a wire is given by:

R = IR, |Ber(q)Bei'(q) — Bei(q)Ber'(q)
V2mr (Ber'(q))” + (Bei'(q))*
Where
f
R, = %, q =/2nf U0y 1 (4.32)
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and r is the radius of the conductor, [ the length of the conductor and o, the conductivity

of copper. The permeability of copper p, is the same as for air. In the same manner it can

be shown, from [54] that the internal inductance of the conductor with radius, r, and length,
[, is equal to:

o IR Ber(q)Ber'(q)—Bei(q)Bei'(q) (4.33)
L 2y2m2fr (Ber’(q))2+(Bei’(q))2 ’

Both equation (4.32) and (4.33) are in terms of Bessel-Kelvin functions where:

Ber(x) + jBei(x) = J,(j~Y% x) (4.34)

The self-inductance of a non-magnetic round wire at DC is given in (4-8). The frequency
dependency of the total inductance can now be calculated. A 1 mm diameter solid copper

wire, 30 cm long has a frequency dependent resistance and inductance due to the proximity

effect as shown in Figure 4.30.
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Figure 4.30. (a) Frequency dependent conductor resistance and (b) inductance.

In Figure 4.30 the resistance starts increasing considerably and the inductance of a wire

decreases slightly when the skin-effect starts developing at above 10 kHz.

4.2.11 Magnetic loops

A current flowing around a loop generates a magnetic field (H) proportional to the area of

the loop. This is particularly of interest in common-mode currents normally forming a
69
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larger loop area than differential-mode currents, thus contributing to the radiated EMC.
Figure 4.31 shows a concept of the magnetic loop. The magnetic field equation can be
expressed in two different propagation modes, the near-field and the far-field, with

boundary distance s approximately:
s =— (4.35)

The electrically small magnetic loop, as in our case, is where the loop area Ar is smaller
than 0.1A. The following equations show the approximate magnetic field at an arbitrary
point p, a distance s from the current loop with loop surface area, Sy:

Hnear = 1 * =%, and Hpqy = mx %25 [4/p] (4.36)

ns3’ A2s

The magnetic field H is proportional to the surface area, A;, and the current, I, Thus, an

increase in Ap (or I) will cause an increase in the magnetic field strength at a distance, s.

Figure 4.31. The magnetic loop.

4.2.12 Power feed-line model

The conducted emission test setup according to MIL-STD-461F is implemented. The
power feed-line from the LISN to the device under test (DUT) as shown in the setup in
Figure A.3 is an important component that is very often neglected in EMI analysis and will
be modelled in detail. The test bench comprises of a twin power feed-line, spaced evenly
20 mm apart and elevated 50 mm above a solid copper ground plate utilising solid wood
spacers. At 30 MHz, a 2 m long power feed-line is equivalent to 1/5 wavelength. At 100

MHz, this becomes 2/3 of a wavelength and an increase of radiation effects occurs. For
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practical reasons, this power feed-line is halved to 1 m, to reduce the radiation effects at

100 MHz. The power feed-line parameters are defined in Figure 4.32 (a).

R/2 L/2
¥
{0 _____________________________ )_,_
d
G C
_()_‘_._._._._.l_ ________________ )_,_ R/Z L/2
(a) (b)

0.4
0.2
Surface Magnetic Flux Density [T]

(©)

Figure 4.32. (a) Power feed-line physical dimensions, (b) simplified model and (c) magnetic flux
density.

A balanced power feed-line model, referred to as the Passive Distribution Network (PDN),
is shown in Figure 4.32 (b). It comprises of series surface resistance and inductance as well
as shunt capacitance and electrical conductance. It is based on the distributed LC lossless
lumped element equivalent circuit of the classical transmission line model [55]. The
magnetic flux density model is shown in Figure 4.32 (b), demonstrating the proximity

effect of a parallel line. A transmission’s line characteristic impedance is represented by

_ |R+jwL
Z= /G+ja)C (4.37)

A power feed-line that is modelled has the following parameters:

the general expression:

Line length, /=1 m, DC resistance with ends shorted is Rs=26 mQ and the diameter of the

copper conductor is d = 1.4 mm, which results in a radius, r = 0.7 mm. The wires are
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equally spaced 20 mm apart over the entire length. The skin depth of the conductor is

needed to calculate the surface resistance of the wire and is given by.

2
o= |— = 4.38
27 f-OcyHeu ( )

At 1 MHz, the skin depth is 65.8 um. An expression for the surface resistance R for radius

r > 9 1is then obtained as:
R='uﬂ-acosh(ij (4.39)
/4 2r

With pe= 47107 H/m, 6= 5.84-107, R works out as 0.118 Q/m at room temperature. An

expression for power feed-line inductance L is obtained as:
_H d
L=" acosh(zrj (4.40)

For the given power feed-line parameters, inductance per meter length is obtained as1.34

uH/m. An expression for power feed-line shunt capacitance is obtained as:

C= (4.41)
acosh| -
2a

With permittivity of air being close to that of free-space, e= 8.854:10"% F/m, the
capacitance per unit length works out as 8.3 pF/m. The electrical conductance of the power

feed-line can be calculated with the following expression:

0qir

G= (4.42)
acosh| -
2a

With conductivity of air G =3-10" S/m, the electrical conductance per unit length is
obtained as 2.8-10"° S/m. If simplified to a lossless line, the expression for the

characteristic impedance reduces to:
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t~

Zo=\¢ (4.43)
For the given power feed-line parameters, the characteristic impedance works out as

Zy=401.8 Q.

The power feed-line is measured by using a two-part approach. The lower frequency range
is measured using the impedance analyser up to 13 MHz and verified with the
oscilloscope-signal generator impedance measurement technique (setup shown in Figure
4.33 (a)). For the high frequency band the power feed-line is verified with a network
analyser up to 200 MHz (setup shown in Figure 4.33 (b)). The scattering parameters (S;;)

are then converted to impedance using (4.9).

Figure 4.33 (b) shows the impedance characteristic plot of the classical high frequency
model compared to measured data. Up to the resonant frequency there is very good
agreement between measurements and model. However, beyond that point, the ideal

model impedance is inaccurate.
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Figure 4.33. (a) Twin power feed-line (MIL-STD-461 F) scope impedance verification, (b)
network analyser measurement, (c) complete line and (d) PDN Impedance.
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The new SPICE power feed-line model is created in Spectrum Software as shown in Figure
4.34 (a). A two-cell distributed network is chosen. The model is constructed using the
improved inductor model that is derived. The added capacitors connected to ground,
simulate the power feed-line that is suspended 50 mm above a solid ground plane. Figure
4.34 (b) shows a comparison between the impedance characteristic of the new high
frequency model with the measured impedance results. There is very good correspondence

between the two thus verifying model accuracy [37].
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Figure 4.34. (a) The power feed-line model and (b) new model impedance compared.

Due to the high frequency conducted emission measurements performed on a specific line
length, some radiation losses are expected. Figure 4.35 shows s11 return transmission loss
for three types of power feed configurations, having an influence on the differential-mode
measurement. For the parallel line, about 0.5 dB return transmission loss at 60 MHz.

Implementing a LMR400 coaxial power transmission line shows almost zero radiating loss
75
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for the same length of power feed-line. The twisted pair line shows a larger return loss, due

to the tight winding and larger inter-capacitance.

10° = —
— .,.‘—\_.#—
¥
)
= 1
- 10
»
e | MR400 Co-ax 511
------ Parallel Line s11
Twisted Pair s11
-2 1 I
10
10° 108 107 108

Freguency [Hz]

Figure 4.35. Parallel-line s11 transmission parameters compared to coaxial LMR400 power line
and twisted pair.

The common-mode loop s11 transmission parameters are much more complex due to the
large ground plate area as well as larger loop area, and are shown in Figure 4.36. Similar

transmission loss valleys as in the differential line are noticed between 40 MHz and 60

MHz. The wider frequency band is due to the larger plate area.

10¢
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Figure 4.36. Power line-to-ground s11 transmission parameters compared to coaxial LMR400
power line and twisted pair.

Replacing the parallel line with a coaxial feed-line will further improve the high frequency
measurement accuracy, causing less radiation losses for the differential-mode measurement

and to a lesser extend for the common-mode loop. Thus, for accurate high-frequency
76
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common-mode measurements, modelling the power line from the LISN to the DUT is of

utmost importance.

To completely eliminate resonant effects from the feed-line, up to 100 MHz, the optimal
length is derived to be 0.3 m. In the products of concern, for example handheld power
management equipment running from a mobile battery source, a shorter line is impractical,
but the results provided to note the high frequency effects. Running through the same
design procedure as the 1.2 m power feed-line, the simpler equivalent circuit is provided in
Figure 4.37 (a), and the shorter 0.3 m power feed-line impedance in Figure 4.37 (b),
showing the first resonance effect outside the 100 MHz band.
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Figure 4.37. (a) Lumped element model 0.3 m power cable and (b) impedance characteristics.
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4.2.13 Active devices

In a basic DC-DC converter, the active devices are the switching transistor, either a

MOSFET or IGBT, and the power diode.
4.2.13.1 MOSFET high frequency model

The high-frequency MOSFET model will be discussed in this section to understand the
high frequency effects when switching at high dV/dt and dI/dt. The SMD-packages such as
the DPAK and the larger D2PAK has source inductances between 1.5 nH and 7 nH with at
least an added extra PCB trace inductance of 5 nH to 10 nH. Reference [56] states that the
non-linear effects of the drain current rise and fall times is directly related to the package

and trace parasitic inductances.

High density packaged converters are at a point where utmost care should be taken to
reduce this parasitic inductance to improve the converter performance. Some low-
inductance packages have been out in the marketplace, such as the BGA (Ball Grid Array)
technology and the DirectFET claiming very little source inductance [57]. Figure 4.38 (a)
shows the typical TO-247 MOSFET package and in (b) the skeleton view show the
bonding wires attached to the silicon substrate as well as the leads, creating the parasitic
inductance effects. The FlipFET (Courtesy of IR) is the modern usage for high density
MOSFETS with very low parasitic inductances with the ball grid array soldering directly
on the PCB, without any leads.
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CMF10120

@ (b)

Figure 4.38. Physical MOSFET: (a) The TO247 package CMF10120 and (b) the MOSFET
skeleton with drawn-in bonding wires.

Combining a lumped element high frequency MOSFET model showing all the critical
parameters and parasitic elements can now be drawn with the help of reference [50], [58],.

The diagram is shown in Figure 4.39.

1R, |
%LLS

Figure 4.39. MOSFET high frequency model.

Most of the values as defined in Figure 4.39 can be found in the applicable datasheet.

Values Lg and Lq can be calculated and are a function of the silicon substrate bonding

wires and track parameters of the PCB. The Input Transfer Capacitance (Ciss) Output
Transfer Capacitance (Coss) and Reverse Transfer Capacitance (Crss) given in the

datasheet, can be calculated using the following equations:
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Ciss = Cgs + Cgq (Cqs = shorted)
Coss = Cys + ng
Crss = ng (4.44)

The gate-to-drain capacitance, Cgq, 1S a non-linear function of voltage and provides a
feedback loop between the drain and the gate of the MOSFET. It is also called the Miller
capacitance [59] and causes the switching capacitance to become greater than the sum of
the static capacitances. Cgq can be modelled as a step value with a peak-hold function,
creating multiple spectral plots. The increased input capacitance due to the Miller effect is

given by:
Cy =Ceq =C(A+A4,) (4.45)
where A, is the gain of the amplifier and C is the feedback capacitance.

Another aspect of noise path modelling is the capacitive coupling from the switching
element to the heatsink, normally connected to ground, and responsible for the common-

mode noise.
4.2.13.2 IGBT High frequency model

The IGBT high frequency model will be presented in order to predict and eventually
reduce the EMI due to the IGBT high frequency characteristics. Reference [60]
characterised the high frequency behaviour and validated it with experimental results. A
simpler behavioural model is presented in [78]. The IGBT model accounting for the high
frequency behaviour is given in Figure 4.40, a slightly modified version as from [60],

adding emitter inductance and resistance.
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Figure 4.40. High frequency IGBT model.

4.2.13.3 Power Diode High Frequency Model

Figure 4.41 (a) shows the DSEI30-06 TO247 packaged diode that will be used frequently
in EMC modelling analysis. Figure 4.41 (b) shows the skeleton view, depicting the copper
tab, and the 3 parallel bonding wires. The diode equivalent circuit is presented in Figure

4.41 (c). It consists of a series resistor rq and a charge, Qp_

J ¢ ol <
" d 1 LAY o)
B N 3 K N-type ] C P
=\ | _ R
p il - o
- | " L
c—— ip p

5 Bonding Wire Jf
Cathode (K) Anode (B) B B

(a) (b) (c)

Figure 4.41. Physical diode (a) showing TO247 package DSEI30-06, (b) the diode skeleton with
drawn-in bonding wires and (c) diode equivalent circuit.

C; represents the diode depletion region capacitance and Cp is the device contact leads and

pads capacitance. L, is the inductance associated with the device package.
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An expression for the diode impedance can be found with the following technique:

Y, =% + joC, (4.46)
Z,=Z,+r (4.47)
Y =Y,+joC, (4.48)
Z,=Z,+joL, (4.49)

Manipulating (4.49) with (4.48), (4.47) and (4.46) and noting ¥ =1/Z gives an expression

for the diode impedance:

Z, = + joL, (4.50)
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Figure 4.42. Diode DSEI30 impedance.

4.2.14 Aluminium and polymer heatsink

It is beneficial to be able to model the EMC issues concurrently with the power processor

hardware as well as the thermal management design phase [61]. The parasitic couplings
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between the semiconductor power devices and the heatsink are largely responsible for
common-mode currents [62]. Due to the normally large physical size of the heatsink, it has
a huge effect on the transmission of unwanted noise [63]. For thermal management, power
semiconductor devices are in general mounted on aluminium heatsinks, but polymer

(plastic) composite heatsinks are becoming popular in low-power applications.

A heat conducting plastic is a polymer composite material in which for increased heat
conductivity, a high-heat conductivity filler is added [64]. The thermal conductivity of
these polymers can be improved considerably by adding highly conductive fillers such as
graphite, carbon fibres, ceramic, or metal particles [65], [66]. Desirable properties can be
obtained that would not be achievable through the use of a single material. Thermally
conductive compounds are generally not considered to be direct drop-in replacements for
metals. However, they do offer a broad range of new opportunities for thermal
management applications [67]. Recent improvements in the thermal conductivity of
polymer composite materials have seen a thermal conductivity in the range of 20W/mK
[68]. In addition to the manufacturing advantages offered by such mouldable composites,
their relatively low density (around 1000 kg/m’ opposed to 2700 kg/m’ for aluminium) and
lower coefficient of thermal expansion (7 ppm/K) can provide a significant weight
reduction and improve the reliability of the converter enclosure [68], [69]. Some
applications require exclusive use of polymers because of their unique physical properties:
flexibility, low cost, lightweight, corrosion resistance, and ease of manufacturing [64],
[70]. In most applications metals are the more appropriate materials in many applications.
Where weight and expansion coefficients are a factor, they are less suitable [71]. By using
polymer heatsinks, cooling rates as high as 200 W appear to be achievable [68]. Thermally
conductive polymers can be broadly grouped as either electrically conductive or insulative

types, with the former being used in shielding applications [66], [72].

Two examples where polymer heatsinks are used in commercial quantities are in mobile
phones and motor vehicles. Designers at Apple Computer realised that they needed a heat
spreader to dissipate heat from the video processor in the PowerBook computer. Due to
limited space, the design of the heat spreader was only possible because the thermally

conductive plastic was injection mouldable. To make a metal or ceramic part to fit into the
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available space as well as meet all component clearance requirements proved impossible
[72]. In the newer generation of motor vehicles polymer heatsinks in LED headlights are
responsible for a 25 % reduction in headlight weight [73], contributing to the overall

efficiency of the vehicle.

The heatsink capacitance and heat characteristics are numerically modelled with COMSOL
Multiphysics, a finite-element analysis simulation package. The effects on common-mode
noise due to grounding [62], are investigated in respect of the enclosure as well as the
device fastening interactions, be it a threaded fastener (metal or nylon) or a spring clamp.
The relevant conducted EMC results from this model, such as parasitic capacitances, are
fed into an EMC circuit model. The application for polymer compound heatsinks is mostly
in lower power applications. However, for higher power applications, SiC devices can be
considered as these power semiconductor devices consist of very high junction temperature
specifications [44], [69]. They have to be used with care, as too high operating

temperatures can cause thermal runaway or lead to gate oxide degradation [74], [75].
The ground theory publication on the heatsink analysis is presented in [76].
4.2.14.1 Heatsink EMC analysis — simplified model

Simplified circuit models for conducted EMC are found in the literature [42], [38] and are
generally accurate enough to predict conducted noise slopes and to show general trends
with accuracy within a few dB’s. Although not accurate enough for certain aspects of noise
modelling, particularly at high frequencies, they should be sufficient for the purpose of
establishing a base line model and verifying the heatsink conducted noise effects. These
effects will be demonstrated with a test circuit and simplified conducted EMC modelling,
but can be extended to other converter topologies. The test circuit comprises of a step-
down DC-DC converter with a heatsink, power feed-line and a LISN as shown in Figure
4.43 (a). This circuit example can be extended to other converter topologies. Two power
devices are attached to the heatsink; the MOSFET and the diode. Figure 4.43 (b) shows the
physical circuit layout of the sample circuit, defining the stray capacitances and the

parasitic inductances. A 12 V sealed lead-acid battery suspended on a wooden block, so as
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not to influence the noise path, supplies the auxiliary power for the test circuit that

comprises of the MOSFET drivers and PWM controllers.

With reference to the physical layout as in Figure 4.43 (b), the converter track inductance,
Lcmrcurr, with model given in Figure 4.43 (c), is defined as the series track inductances
between input and MOSFET drain (Liy = 40 nH), the track between MOSFET source and
L; (Lsk = 20 nH), between L; and Ryoap (Lour = 130 nH), paralleled with the negative
PCB return plane from Ry oap to negative input (Loy = 100 nH). This provides a measured
value of 65 nH. The step-down converter circuit model consists of the capacitance from the
PCB tracks to ground-plane Cpcp and the combined device tab capacitance to the ground-
plane Cy. These models show that the DM noise is not influenced by the heatsink
capacitance Cy, which however influences the CM noise signal. Consequently, to be able
to accurately determine the CM noise, the total heatsink capacitance, Cy, defined as the
capacitance from the device tab-pin (as close as possible to the body), through the heatsink

to the ground plane, should be correctly determined.

Figure 4.43 (d) and (e) shows the simplified DM and CM models respectively for the test
step-down DC-DC converter [77]. They are used to discuss and analyse the conducted
noise mechanisms due to the heatsink capacitance. The heatsink capacitance, Cp, is defined
as the combined capacitance from the power converter devices and traces, through the
heatsink to a ground connection point, creating the common-mode noise path to ground.
The DM model consists of the LISN with two 50 € resistors in series representing the
LISN impedance, the power feed-line parameters Ligap and Crpap, based on the
transmission line theory, and the step-down DC-DC converter parameters, Cp, Rp and Lp
representing the converter capacitor equivalent impedance. The current source, Is,
represents the trapezoidal switching waveform. Similarly, the CM model shows the LISN
noise impedance as two parallel 50 Q resistors, the power feed-line to the step-down
converter represented by Ligap/2 , CLeap g the capacitance of the power feed-line to the
ground plane as well as the ground-plane return inductance Lgnp. The power feed-line and
ground plane parameters were deducted from a series of open- and short-circuited

impedance measurements.
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Figure 4.43. (a) Step-down converter test circuit, (b) physical layout of the converter, (c) PCB
inductance model and (d) DM- and (e) CM simplified models.
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Referring to the equivalent DM and CM circuits in Figure 4.43 (c) and (d), the transfer-
function Hpy of the simplified DM circuit is the ratio between the noise source /s and the

differential-mode current /p,,, obtained as:

S):IDM(S) (4.51)

§)= Yo (S) (4.52)

The expression for the one-sided Fourier transform of the DM LISN voltage can now be

obtained as:

IV Go)| =2 2:(C,p | S(0- ) (4.53)
The complex Fourier expression is represented by C,, o is the unit impulse function (Dirac-
delta function) and w,=n.®y where wo is the angular switching frequency in rad/s. The

coefficients C, are computed as follows:

1
C l=——|l.(jo)H. (jo 4.54
nDM| T\/E| S(-] n) DM(-] n) ( )

Hpm(joN) represents the transfer-function obtained as the ratio of the equivalent current

source, Iy(s), to the LISN current. Similarly, an expression for the CM signals can be

written as
v, (o) =Y.2:|c..| do-o) (4.55)
With:
1
C.|=—=|L(w) H, (jo) (4.56)
== |
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The coefficients derived in (4.54) and (4.56) are for a trapezoidal waveform. For special
cases where the rise-time, t, and the fall-time, t;, are equal, the expression for the
trapezoidal waveform can be simplified as follows:

T Sin(nw,7/2) Sin(no,t, /2) oo imon(r+ )2

I,(jo)= A—.

) (4.57)
T  no,T/2 nw,t, /2

Figure 4.44 (a) and (b) shows the voltage amplitudes across Cy and the CM LISN resistor
respectively. The differential- and common-mode impedance is calculated and plotted for
two values of Cy as shown in Figure 4.44 (c). The differential-mode impedance is seen not
influenced by the heatsink capacitance. On the other hand, there is a noticeable difference
in the common-mode impedance when Cy value changes from 80 pF to 20 pF. The benefit
of the lower capacitance on EMC decreases at frequencies beyond 30 MHz due to other
impedance branches in the circuit becoming more prominent. The common mode transfer
functions defined in Figure 4.43 (d) are presented in Figure 4.44 (d). Hcy(s) is defined as
the ratio between heatsink capacitance voltage V(Cy) and common mode voltage Ve,
Hpca(s) the ratio between the PCB capacitance voltage V(Cpcp) and Vem and Higap(s) the
ratio between the power lead capacitance voltage V(Creaq) and Veu. It shows the relevant
influence these branches will have on the common mode voltage. The heatsink transfer-
function is dominant in the lower frequency band, below 20 MHz. Beyond 20 MHz, the
capacitance Cpcg becomes more prominent and at around 90 MHz, the power lead
capacitance Crgap dominates. The common- and differential-mode spectrum noise plots
are obtained from the models and presented in Figure 4.44 (e) and (f) respectively, against
the MIL-STD-461F limit as a reference. The switching signal was modelled with a period
of 10 ps (100 kHz switching frequency) and a duty cycle of 50 %. The rise- and fall-times

are set to 100 ns.
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Figure 4.44. (a) Voltage over heatsink capacitance for Cy = 80pF and 20 pF, (b) CM voltage at
LISN for Cy = 80pF and 20 pF, (c) DM and CM impedance for two different heatsink capacitances,
(d) CM transfer-function, (¢) DM spectral plot up to 200 MHz and (f) CM spectral plot for Cy =

80pF and 20 pF.

The effect of the inductance, Lpcg and Lgnp on the heatsink impedance can also be

determined. With lower ground- and circuit inductances, the impedance resonance moves

to higher frequencies, as expected and shown in Figure 4.45.
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Figure 4.45. Heatsink impedance effect when inductance Lgyp is varied.

The inductance effect Lgnp on the common-mode noise is shown in Figure 4.46. For the
proposed aluminium heatsink with Cy = 80 pF, lowering the inductance lowers the high
frequency common-mode noise. Similarly with the proposed polymer heatsink, lower high
frequency common-mode noise can be expected. Decreasing the heatsink capacitance
lowers the lower frequency common mode noise and lowering the common mode

inductance (Lpcp as well as Lgnp) lowers the higher frequency common mode noise.
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Figure 4.46. Effect on CM noise for two values of Lgnp (2) with Cy = 80 pF, and (b) Cy = 20 pF.

4.2.14.2 Heatsink model

The device tab capacitance-to-ground plays a very important role in both the generation
and propagation of the common-mode noise. It can be estimated using the parallel-plate

capacitance expression Cpjye, as given in (4.58)
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Chiae = %, (4.58)
where A is the area of the MOSFET tab and d the SILPAD insulator thickness taken as
0.152 mm, g is the permittivity of air and &, the permittivity of the heatsink insulator taken
as 2.9 F/m. If the standard sized TO-247 metal tab (14 mm x 16 mm) data are substituted
into (4.58) the capacitance Cpjye Works out as 38.3 pF. Figure 4.47 (a) shows the physical
component layout on an aluminium heatsink and Figure 4.47 (b) shows the heatsink

capacitance model. The diode switching voltage is Vp and the MOSFET switching voltage
AY%Ve

The MOSFET and diode are mounted onto the heatsink with stainless steel cheese-head
threaded fasteners with a silicone insulating pad in between the devices and the heatsink as
in Figure 4.47 (a). From Figure 4.47 (b), the capacitance between the MOSFET and diode
is Cuvp, from the MOSFET tab to the heatsink, capacitance is Cyy, and between the diode
tab and heatsink it is Cpp. Cpyo is the capacitance to the zero-volt plane of the PCB and Cyc
indicates the heatsink-to-chassis capacitance. The diode switching voltage is Vp and the
MOSFET switching voltage V. Cpym, and Cyp are the dominant capacitances coupling
common-mode noise to the chassis and are considered the main common-mode noise path.
There are other additional capacitances such as the PCB trace capacitances Cypcp coupling
to the heatsink. In this case, the heatsink is connected to the chassis, so Z(Cyc) = 0. If the
heatsink is to be connected to the zero-volt line Vyy, Cyoy would have zero impedance. In
this case, the heatsink capacitance to the 0 V ground plane, Cyp measures 0.9 pF. The
capacitance Cy is all the capacitances coupled directly to the heatsink with Cyc short

circuited and followed by Lgnp to the earth point, and is expressed in (4.59)

+0

CMD

CH :(CHM +CHD)+CH0V +C

HPCB

where O0cvp the small capacitance contribution due to the capacitance between the
switching devices on the heatsink. Considering the noise path from Vp through Cyp to the
heatsink as well as the noise path from Vy through Cyp to the heatsink, dcvp can be

expressed as:
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O =2:C,ry » Cpp<<Cpp,Cpo. (4.59)

The heatsink impedance is now expressed as:

. 1
Z, = ]((()(LPCB +LGND)— j (4.60)
w-C,
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Figure 4.47. Devices and heatsink models: (a) physical component layout on an aluminium
heatsink, and (b) heatsink capacitance model.

The heatsink and its behaviour will be modelled with a finite element analysis tool
COMSOL. FEA is a numerical method for solving partial differential equations, well
suited for electromagnetic and heat transfer modelling. A COMSOL model was developed
and simulations carried out to validate (4.58) as well as determining a more accurate value
of heatsink capacitance. A TO-247 package is modelled on an aluminium block 0.5 cm
high, 3 cm wide and 3 c¢cm deep, shown in Figure 4.48. The metal enclosure around the
model is a variable, incremented in steps from an initial size of 5 cm wide, 5 cm deep and
an inside height of 2.5 c¢m, to final 13 cm wide, 13 cm deep and 6.5 cm high. This is done
in order to model the enclosure proximity effects on the devices to the heatsink
capacitance. The same enclosure is modelled in two modes: when the casing is at a
floating potential and also when the casing is connected to earth. The polymer material is

chosen from the library, with relative permeability €, = 4 and density of 1150 kg/m’.
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Figure 4.48. COMSOL heatsink model.

The COMSOL model graphical results showing the normalised electrical field plot in
Figure 4.49 (a), illustrates the influence of the threaded fastener, with capacitor fringing
fields visible in the electric field plot. Figure 4.49 (b) and (c) display the model setup
showing the electric potential for aluminium and polymer heatsinks respectively at 100 V.
These models are less detailed and are used to analyse different materials and compounds

for comparison purposes in heatsink applications.

Figure 4.49 (d) and (e) show the capacitance plots for aluminium and polymer heatsinks
respectively. In both cases they illustrate the slight differences in capacitance due to the
two enclosure modes. When the enclosure is grounded, the capacitance starts off slightly
higher compared to the case where the enclosure is floating. As the enclosure around the
device increases in size, the heatsink capacitance converges to an average of 39.4 pF for
the aluminium heatsink. This is higher than the calculated plate capacitance, Cpiate, of 38.3
pF. The increase is predominantly due to the fringing effects as well as the threaded
fastener effects, and demonstrates the importance of including other effects on devices to
ground capacitance. Moreover, it is seen that device-to-ground capacitance is also
influenced by the size of the enclosure. By replacing the stainless steel threaded mounting
fasteners with nylon ones, the capacitance decreases by 1.2 pF. On the other hand, securing
the devices with a spring loaded metal clamp instead of stainless steel cheese-head
threaded fasteners lowered the capacitance by another 0.7 pF. A further, even greater,
reduction in device-heatsink-ground capacitance is achieved by introducing polymer
composite material. From Figure 4.49 (e), it is seen that this causes capacitance on average

to decrease from 39.4 pF to 3.8 pF for a single device.
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Figure 4.49. (a) Normalised modelled electric field plot, (b) aluminium and (c) polymer device
capacitance model, (c¢) the aluminium heatsink capacitance and (e) the plain polymer heatsink
capacitance.

The heat capacity of a polymer without any heat conducting fillers is very low. A filler
material therefore needs to be added to increase the heat capacity. This also has the effect
of increasing the capacitance. Fillers can be included in various ways, in sandwiched

composite, particle composite or even fibre composite. Modelling the polymer compound
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as 60 % Cu sandwich layers, increased the overall heatsink capacitance to chassis with
roughly 60%, up to 6.1 pF. Figure 4.50 (a) shows the temperature distribution in an
aluminium heatsink test block, 70 mm x 70 mm x 10 mm, and a TO247 device dissipating
1 W, corresponding to an output power of 50 W if switching losses are 2 %. The room
temperature was set to 294 K. A SILPAD insulator of 0.15 mm separates the TO247
device from the heatsink, and has a thermal resistance of 1.3 K/W. The temperature on the
die increased to 307.5 K. Replacing the aluminium heatsink with a polymer without fillers,
the die temperature rose to an incredible 413 K. Adding only 25 % copper filler, reduces
the die temperature to 335.4 K. With 60 % copper filler the modelled die temperature
reduces even further to 316.5 K shown in Figure 4.50 (b).

Surface: Temperature (degC)

Surface: Temperature (degC)

(a) (b)
Figure 4.50. Temperature distribution: (a) in aluminium and (b) in Polymer with 60 % Cu filler.

The above values are determined through modelling and will be compared with

measurements in a later section.
4.3 COMPONENT PROXIMITY

Component proximity effects are defined as the effect components will have on each other,
thus influencing their behaviour in terms of operational processes when participating in the
power conversion processes as well as its noise characteristics due to being in close

proximity to each other. The influence is mostly inductive, but can be capacitive as well.
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4.3.1 Enclosure effects

Power converters can achieve very high switching frequencies, in some cases within the
MHz range, with the introduction of Silicon Carbide and Gallium Nitride devices. The
Electromagnetic Compatibility (EMC) therefore becomes more difficult to design for, due
to the more complex noise propagation coupling effects of these higher switching
frequencies. Enclosure effects, Printed Circuit Board (PCB) coupling and component
proximity effects start playing a vital role. For not only adding to the increase in noise
levels that are of concern, but also the interference may cause erratic circuit behaviour or

even failure.

The common-mode loop as found on an EMI test bench is shown in Figure 4.51. The
common-mode current typically forms the larger loop-area contributing to the radiated
EMC. Equation (4-36) is used to calculate the approximate magnetic field at an arbitrary
point p, a distance d from the current loop with surface area, Ar. Figure 4.51 shows the

larger common mode loop area, prone for radiated effects due to its larger surface area Ay.

Viine+ 14
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Vi z sk |+— 9
2] Suw> g
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Common REFERENCE
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Area AL

Figure 4.51. Common-mode radiation loop.

The typical limit for radiated emissions at a 10 m distance is about 37 dBuV/m. If the
power feed-line is about 1 m in length, the loop area can easily be resonant at a half
wavelength, thus close to 30 MHz. In general, a loop current of only 5 pA at 30 MHz will
cause the unit to fail the radiated limit at 10 m distance. The same order of current will

cause a failure of the conducted limits.

Capacitive coupling between components and traces can be obstructed by effective

shielding. Inductive coupling or magnetic field coupling is however more complex. In any
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power circuit, current loops are inevitable, causing coupling to other loops and

components. The following factors summarise the coupling effects:

e A larger loop-area perpendicular to the flux will increase the induced voltage,
e A higher current frequency will increase the induced voltage,

e A higher current amplitude will increase the induced voltage.

The skin-depth is an important parameter of the wall thickness of the enclosure. For the
majority of the noise frequencies of concern, the enclosure wall should be thicker than a
skin-depth. The wall skin-depth is calculated using the well-known expression in (4.38). At
a frequency of 100 kHz, the skin-depth for a metal enclosure is calculated to be less than
0.2 mm. Thus for an enclosure wall thicker than 0.2 mm, the noise current will flow on the

outer surface of the wall and the magnetic-field will not be able to penetrate the wall.

Positioning sensitive components such as open wound inductors used in filter circuits and
power converters to specific areas in an enclosure can reduce outside loop coupling effects
due to power feed and load cables, common-mode loops and multiple converters in close
proximity. The EM software package FEKO is used to investigate the effect of enclosing
components. Simulations were performed to establish optimal component placement for a
handheld power converter with a 1 m power feed-line operating in the vicinity of an HF
transmitter. Simultaneously, the common-mode effect of a noisy power feed-line on the
handheld converter and how to minimize the common-mode noise due to the power feed-

line is also investigated.

The enclosure is typically a box-type design with non-conductive openings at the top,
housing the display and interface buttons. In an ideal case, with a completely sealed
conductive enclosure, no current will flow on the inside of the box due to outside magnetic

noise and vice-versa.

The FEKO simulations are performed by the Method of Moments (MoM), a solution of
Maxwell’s integral equations in the frequency domain. The model is set up with a linear

plane wave excitation, single incident wave at 30 MHz and amplitude of 1 mV/m,
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converting to 60 dBuV/m. This value is the radiated emission at the power feed-line close
to the conducted emission limit. The effect of an incident wave on a typical component
size similar to the power inductor (25x17x12.5 mm) to be used is analysed. The optimal
placement inside an enclosure of electromagnetically susceptible components such as filter
inductors and power switching inductors are identified. The size of the box is 100mm x

150mm x 25mm.

Initially, a component is radiated without the enclosure, with an EM field as shown in
Figure 4.52 (a). The peak current induced on the component is an expected maximum of
- 108 dBA/m. This translates to about 60 dBpuV/m, or 1 mV/m in air. Adding the open top
enclosure as shown in Figure 4.52 (b), to the component is subjected less radiation. The
peak radiation current is seen on the top rim of the enclosure. Placing the component in the
middle of the enclosure it experiences about -110 dBA/m and components at the inside
perimeter of the enclosure experiences slightly less, about -112 dBA/m. From Figure 4.52
(b) it is clear that the inside perimeter of this specific enclosure are the best shielded
positions to place sensitive electromagnetic components, where surface currents are less

than -112 dBA/m.

Raising the edges of the box from 25 mm to 50 mm as seen in Figure 4.52 (c) shows an
improvement in component protection from outside fields as the components are more
shielded from the currents flowing at the top of the enclosure wall. Surface currents of less
than -115 dBA/m can be achieved if components are placed in the perimeter. The
enclosure as proposed in Figure 4.52 (d) provides an additional 3 dB shielding effect from
outside radiated fields. It is a completely sealed unit with the front open, instead of the top.
The front face of the enclosure is reserved for the cable entry as well as the interactive
interface, such as buttons or light indicators. The enclosure, if at all possible, should be
properly earthed. Any common-mode noise injected into the signal cables will be shunted
to earth. High frequency interference on power cables should be filtered and will be

redirected to earth.
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Figure 4.52. Components radiated: (a) No enclosure, (b) inside enclosure, (c) raised enclosure
sidewall and (d) cut plane with lid and front open.
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4.3.2 Trace coupling

Two coupling mechanisms exist, magnetic field (inductive loop) in Figure 4.53 (a) as well
as electric field (capacitive) coupling in Figure 4.53 (b), between closely spaced parallel

traces.
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Figure 4.53. Coupling loops: (a) Magnetic and (b) electric.

The magnetic field coupling is explained as follows. Referring the inductive loop in Figure

4.53 (a), the voltage excited across R, due to current in Loop 1 is:

[=— (4.61)
Where
Z, =R +R+ o +joL,, (4.62)
and
= J %da ‘; EL .1n§(d;f)z‘ (4.63)
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with, r, the wire radius. Using Faradays law of induction, the EMF denoted by E in Loop 2

in Figure 4.53 (b) can be found in a simpler form using relevant derived values as:

(2d - r) T

E=—jfuilLln [—} (4.64)
(d + r) (d - r)

As can be seen from (4.65) the coupling effect is directly proportional to frequency,

causing an increase in noise current due to the increase in E. In the case of capacitive

coupling, the coupling capacitance is calculated by using the well-known physical

expression in (4.58).
The capacitive coupling impedance is given by:

1
C:—
j2rnf-C

Coupling

P (4.65)

Equation (4.66) shows yet again that with increase in frequency, the impedance decreases,

with the consequence of easier noise transmission along the path.
4.3.3 Component coupling — Helmholtz Coil test bed

The Helmholtz coil is a device for producing a region of uniform magnetic field. It consists
of two identical circular coils with radius Ry that are placed symmetrically along a
common axis and separated by a distance Dy=Rpy as shown in Figure 4.54. The two coils
carry an electric field of the same magnitude and flows in the same direction, creating an

uniform field in the test region.
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Figure 4.54. Helmholtz coil schematic.

The accuracy of the magnetic field uniformity mainly depends upon the accuracy with
which the Helmholtz coil pair is constructed. Axial magnetic field strength, Hy in A/m can
be calculated at any point P on the common axis joining the two coils using the Biot-Savart

law as in (4.67).

2 2
H, = R M (4.66)
2 (R +a’) 2R +a,)
NI
Hy ,=——p—= (4.67)
R, -3/(1.25)

N and Ry are the number of turns and the separation distance between the coil pair
respectively. X is the axial position of the magnetic field (in meters) and I the current
flowing through the coils. At the centre position C, (4.67) can be simplified when both coil
pairs have equal numbers of turns, coil diameter and radius, resulting in the average field

strength in (4.68).

The wire resistance can be calculated with the well-known equation in (4.21). The
Helmholtz coil series inductance Ly is calculated with the following expression using

relevant derived values.

L, =2-N"R, u [mw—z} (4.68)

u
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The symbol u is the coil wire bundle diameter.

A Helmholtz coil according to MIL-STD-461-E specifications was manufactured to
generate an equal B-filed to test the orientation effects of different components. The
Helmbholtz coil is an alternative method for testing radiated magnetic field susceptibility, if
EUT size permits. The loop sensor specifications according to MIL-STD-461-E are as

follows:

e Coilradius Ry=117/2 mm
e Distance between Coils Dy = 58.5 mm

e Turns per coil, N =37t

The average currents through the coils are 0.707 A, and the average field calculates to 0.2

mT.

Figure 4.55. Helmholtz coil testing enclosure effects.

Due to the dimensions of this Helmholtz coil, it is usable for measurement up to 10 MHz,
shown in Figure 4.57 and will not suffice in testing smaller components exhibiting higher
frequency coupling effects. If higher frequencies are to be tested, a smaller sized coil need
to be designed and manufactured. The Helmholtz coil shown in Figure 4.56 (a) is
simulated in COMSOL, to verify the higher frequency design parameters and investigate
the effect of the field on an object, in this case a single loop as in Figure 4.56 (b).
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The measurement setup includes a network analyser, as depicted in Figure 4.58 (a). The
component coil test bed and a test component are shown in Figure 4.58 (b). The
component is rotated in the uniform electromagnetic field to determine the least and most
susceptible angle. This is measured with a network analyser and recorded onto a PC
through the GPIB port. The scattering parameters, S;; or Si;, converting for instance to

impedance, using the following expressions:

Ziy |ZL=ZO = (4.69)
I-s,
VYour _ 5 (4.70)
Vi 2
(@) (b)
Figure 4.56. COMSOL simulation: (a) test bed and (b) calibrated object 15mm diameter loop
single turn.

Three Helmholtz coils were manufactured, the MIL-STD-461 with coil diameter 117 mm,
a smaller one with coil diameter 48 mm and a third and even smaller one with coil
diameter 25 mm. The S;; parameter of these Helmholtz coil pairs, without any objects
inserted in the field, is shown in Figure 4.57. This determines the maximum reliable
operating frequency point. At least an order of a magnitude below the resonant point is the
operating point. Beyond this frequency, the magnetic field homogeneity starts degrading

[29], but it is reasonable for relative measurements up to 10 MHz.
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Figure 4.58. (a) High frequency component orientation sensitivity test bed and (b) end product.

A single turn calibration test coil, 15 mm in diameter, is inserted in the field. The results in
Figure 4.59 (a) show what is expected. Turning the loop so that the field cuts through an
almost zero area, the coupling effect is low and the transfer scattering parameter S, is
obtained as -65 dBmV. When showing the maximum loop area perpendicular to the
homogeneous field, it yields the maximum S;, value of about -55 dBmV. This clearly

shows the most- and least susceptible angle of the particular component.
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Figure 4.59. (a) Test loop, (b) switching inductor and (c) capacitor susceptibility.

Similar to the single loop test, passive components can be examined in this field. The
components are mounted on the open end of a co-axial cable, so the mounting pins will
also influence the readings, just as if mounted on a PCB. When the capacitor legs are in

line with the homogeneous field, the coupling effect is at its lowest as it agrees with the
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field cutting through the minimum surface area.
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44 CHAPTER SUMMARY

A practical and inexpensive method for measuring the power converter component
impedances up to 100 MHz was presented. Dedicated instruments, an impedance analyser
as well as a network analyser were used to verify and further analyse the component
impedances in detail. Component models were derived as well as improved on to be able to
accurately model components to at least 100 MHz. Accurate EMC modelling of selected
key components such as the power feed-line from the LISN to the device as well as other
converter noise path components, including the input- and output capacitor, power inductor

as well as heatsink, was carried out.

Furthermore PCB trace effects, power lines and mutual coupling effects were analysed.
Models for the switching components, MOSFETs, diodes and IGBT’s equivalent circuits
were derived. These will be used in the SPICE models as well as in ideal component

modelling analysis software.

Proximity effects were investigated, in particular enclosure component positioning effects
as well as component susceptibility effects. A Helmholtz testing technique was introduced
to test component orientation sensitivity to susceptibility. This can be used to orientate
components in close proximity in such a way that the least influence is exerted on adjacent

components.
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5.1 MEASUREMENT BENCH DESIGN

Academic papers dealing with in-house conducted EMC testing [79], [80], [81], [82] were
consulted. The use of a spectrum analyser is common to all. In [80], [82] a large air core
inductor Line Impedance Stabilising Network (LISN) was built and verified. In [81], noise
separation techniques, using complex RF circuitry or additional ETS-Lindgren current
probes, not readily accessible in most power development laboratories are discussed. A
shortcoming of the currently published in-house pre-compliance testing is that verification
and calibration with accredited laboratories is not included. In [82] the manufactured
LISNs are merely compared to a commercial LISN. Furthermore, the conducted noise
levels beyond 30 MHz [33] are out of the scope of the normal EMC directive and thus not
investigated. This is despite some directives for automotive requirements and also some
military applications [83] being required to be tested up to 100 MHz. In modern high
density high switching frequency converters (up to 1 MHz), EMI problems can occur
beyond the standard measurement frequency of 30 MHz, making it necessary to test to at
least up to 100 MHz. Furthermore it is mentioned in [83] that smaller ferrite-cored
inductors can be used to manufacture a more compact LISN. Some negative consequences
to be careful of include inductor core saturation as well as adequate core frequency

response, as most mains input converters draw distorted sine-wave currents.

Performing pre-compliance tests with expensive measurement receivers and spectrum
analysers consisting of pre-selectors can be costly and not viable in most cases. If these
instruments are not frequently used in the laboratory, it becomes difficult to justify
investing in them. Performing measurements with reasonable priced laboratory equipment,
such as a digitising oscilloscope and a PC will be investigated and the results compared to
compliance tests. A test bench is designed to accurately measure conducted EMC up to
100 MHz. A LISN is manufactured and tested at an accredited measurement facility.
Thereafter the bench including the digital measurement technique is calibrated. This will

form the basis of the experimental work.
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A LISN is designed, manufactured and validated to measure power lead conducted
emissions on a modified workbench. The validation is done in conjunction with an
accredited Electromagnetic Compatibility (EMC) test facility. These measurements are
used in the power converter design phase for diagnostic testing. A final pre-compliance test
is performed in the design laboratory before visiting the accredited measurement facility.
This technique will build confidence in the conducted EMC design and will eventually
save time and cost in the power converter’s qualification process. Basic 3-element lumped
element EMC models will be created and compared to the measured results to determine if

it is feasible. The ground theory publication based on this chapter was published in [23].
5.1.1 LISN design

Measurement of conducted EMI requires ambient power line noise to be isolated from that
emitted by the equipment under test (EUT). This is necessary for ensuring that what is
measured is from the EUT operation. The LISN is connected between the electric power
source (mains or DC) and the EUT. The LISN presents defined standard impedance to the
EUT power input terminals at high frequencies. Therefore, impedance variations of the
power supply line are adequately isolated from the EUT. Furthermore, unwanted
electromagnetic conducted interference on the power supply line is filtered out by the
LISN. The LISN design should be aligned to the applicable test standard as well as the

intended current carrying capability.
5.1.1.1 LISN configurations

The LISN is the standard transducer for measuring conducted emissions in most
applications, although not the only way of measuring conducted emissions. Close field
magnetic and electric probes can also be used in the power converter development phase.
Larger diameter magnetic loop probes can also be used. In some instances voltage probes
are also used for conducted measurements on power terminals, mostly because a LISN

might not be appropriate, due to excessively high currents [21].

The basic configuration of the 50 pH MIL-STD-461 and ANSI LISN (also called the IEC
LISN) are shown in Figure 5.1 (a) and (b) respectively. Both consist of a series 50 pH
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inductor and one has an 8 uF capacitor and 5 Q resistor to ground while the other has a 1
uF to ground on the line side. The EUT side has a 0.25 pF capacitor or 0.1 puF, and 1 kQ
resistor to ground. All measurement ports are terminated into 50 Q. The ANSI LISN (FCC
Requirement) has two models. The 150 kHz to 30 MHz and the 10 kHz to 30 MHz (also
mentioned as 10 kHz to 150 kHz) shown in Figure 5.1 (¢). The latter is required for the low

frequency tests in CISPR 15 for electrical lighting with additional inductors and capacitors

for filtering.
MIL-STD-461 LISN (10kHz — 10MHz) ANSI LISN (150kHz — 30MHz)
50pH | \ 50pH “
LINE O YN O EUT LINE O—t YN 0O EUT
\

|

[

| - |

| ] V, T

| i Measure = |

| 5R 1K Port = Measure
: | \ Port

(a) (b)

ANSI LISN (10kHz — 150kHz (or 30MHz))

250uH 50pH

N "N
1.2uF 8uF 0.25F

Va?
10R 5R 1k Measure
Port

LINE O O EUT

.||—1

(©)

Figure 5.1. LISN configurations: (a) the MIL-STD-461 LISN, (b) the ANSI LISN 150 kHz to 30
MHz and (c) 10 kHz to 30 MHz configuration.

The impedance of the LISN is defined from the EUT port and the LINE port terminated

with 0.2+j50x10-6Q. The configurations of Figure 5.1 have been modelled and the results
displayed in Figure 5.2. The low frequency IEC LISN (10 kHz — 150 kHz) in Figure 5.1
(c), shows a slight resonance between 3 kHz to 10 kHz and this ought to be taken into
consideration when measuring at lower frequencies. The MIL-STD-461 LISN shown in
Figure 5.1 (a) is approximately linear at the low end due to the 5 Q resistor added in series

with the line input capacitor to quench the resonance at this point. Thus, the current
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measurements such as specified in CE101 [21] from 30 Hz to 10 kHz can be correlated to
the voltage measurement using the impedance plot of Figure 5.2. The characteristic

impedance for all three models eventually stabilises at about 48 Q.

102 = ; . = ‘
b | =—MIL LISN i
[ |= = =IEC LISN .01-30MHz |
[ e IEC LISN ,1_5-3DMH2_|
=z 10" ¢ 1
@
o
=
[0
]
B}
o
£ 100t ]
107! ‘ ' j '
10° 102 10° 10° 10°

Frequency [Hz]
Figure 5.2. LISN impedance plot: MIL-STD-461 and ANSI LISNs.

The MI-STD-461 LISN will be manufactured to be able to measure and investigate non-
compliant conducted emissions on power converters in the electronic development

laboratory.
5.1.2 LISN manufacturing

An ETS-Lindgren LISN, 10 A per line, operating from 9 kHz to 30 MHz, can be purchased
for around US$2500. A non-accredited self-built unit demonstrating reasonable accuracies
can be manufactured for much less [79]. It can be very helpful in identifying conducted
emission problems, analysing problem areas and implementing effective filters in the

design stage. Manufacturing such a unit for laboratory testing will now be investigated.

A miniaturised toroidal inductor based dual MIL-STD-461 LISN was manufactured for
non-compliance measurement of conducted emissions in DC-DC power converters. An
attempt will be made to manufacture a LISN accurate enough and much smaller than the

large air-cored wound inductor LISN’s. It will be easier to carry, easier to store, and much
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more convenient to use. The schematic as extracted from MIL-STD-461F is shown in

Figure 5.3.

Power
Source
+

50uH

TO EUT

YY)
8uF 0.25uF

+

Signal Out
(50 Ohm)

JT_— —$75R 1k .
jLw L %}
TwTo.zsuF

- 50uH -

Signal Out
(50 Ohm)

.||—l

Power

Source TO EUT

DUAL LISN

Figure 5.3. MIL-STD-461 dual LISN schematic.

Standard polypropylene film capacitors are selected and the resistors are 0.25 W carbon,
1% tolerance. The inductor was designed around a Kool My distributed air gap toroidal
core, part number 65AX 77548-A7. Some calculations concerning the 50 pH inductor
design will be shown. The design current of the inductor will be 10 A. The winding

inductance can be calculated from (5.1).

. . . 2.
[ OA T pn A,

[ 108 G-
Where the following parameters from the datasheet are:
p = Core Permeability (125 H/m)
N = turns
A, = Core Cross Section (0.627 cm?)
l, = Magnetic Path Length (8.15 cm)
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Re-arranging (5.1) and populating with the relevant values, yields N = 19.8, which is

rounded-off to 20 turns.
The magnetic flux density can now be calculated.
The magnetic flux in Weber (Wb) is given as:

L-1
== 5.2
0= (52)
Where L = inductance in H, I = maximum current in A and the magnetic flux density in

Tesla:

_9
B = ) (5.3)

Using (5.1) and (5.3) the maximum flux density can be calculated to be 401 mT. From the

datasheets this is well within the saturation limits.

Calculating the current density is more involved. One can utilise the heat calculation of
copper, by using a specification from EN 60076-5 stating that the windings should be able
to withstand a short circuit for at least 2 seconds. An acceptable copper heat rise value can
be estimated and an acceptable wire gauge can be chosen. An acceptable continuous

maximum operating current temperature rise also needs to be within acceptable

temperatures. Choosing an initial copper wire current density of 5 A/mm?2 (value can be
adjusted using an iterative process), the approximate heat rise within 2 s can be calculated

with a simple equation based on certain assumptions. During the heat rise, parameters such

as the eddy current loss, the I2R loss, the specific heat value will change. By using average
values, and ensuring that the temperature rise is not excessive, the following equation from

[84] will be adequate:

t(1+ej.J2 -p~F2

g, =100 (5.4)
DM ’ h.v
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Where
Or= Temperature rise in K

e = Percentage winding eddy current loss

J = Winding current density in A/mm?2

p = Resistivity of conducted material (1.68x10-8 €.m)
Dy = Density of conducted material (8.9 g.cm'3)

hy = specific heat of conductor material (0.385 J/gK)

F = Factor for short circuit current (multiple of rated full load current, say 5x)

Calculating a value using (5.4) gives a temperature rise of 10°C, which is acceptable. This

confirms that the initial selection of current density is acceptable.

The wire thickness is calculated from the current density, J. For a 10 A current, the copper

area Ag, will be 2 mm?2. The copper conductor diameter is thus 1.6 mm.

Now the series resistance can be calculated. The standard equation is given as:

R — pcu .lcu — lcu (55)

Where:

R = total resistance of copper conductor
Py = resistivity of copper (1 7x10-8Q.m)
ooy, = conductivity of copper (5.8x107 S/m)

[, = copper wire length from datasheet (0.6 m)
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Substituting these values into (5.5) yields a total DC resistance of 5 mQ. The I2R losses
work out as 500 mW.

The maximum voltage drop across the LISN at full load is specified by CISPR16 to be
within 5%. Using the coil DC resistance as an initial estimate, the voltage drop across the
coil at 10 A is 50 mV. The wiring and connectors measured 20 mQ, giving the total
resistance as 25 mQ. The voltage drop works out as 250 mV, and was confirmed on the
test bench. At a worst case of 10 V input, the voltage drop is 2.5%, well within the
specified 5%.

The inductor will be used mainly in DC-DC power converters and eddy current loss and
loss due to hysteresis will be negligible. Temperature rise in a wound inductor core due to

the operating current will now be considered. The temperature rise depends on the wire

resistance and the current through the coil (12R losses), as well as the core excitation loss.
The heat dissipated due to the loss depends on the total exposed surface of the wound unit.
In [85], an approximate formula is provided to calculate the dissipated heat at operating

current. The equation is given in (5.6).

TotalP I 0.833
olalrower. 0SS:| (56)

TemperatureRise =
SurfaceArea

Where:
Temperature Rise is the increased temperature from nominal 1 (°C)

Total Power Loss in mW

Surface Area (cm2) from the MAGNETICS specifications sheet, 48.0 cm?2
Substituting relevant values into (5.6) gives a total temperature increase of 7°C.

The surface temperature increase was measured at constant full load over a period, using

an infra-red instrument as displayed in Figure 5.4. The initial temperature was revealed as
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22.0°C. After about three hours on a wooden block, the temperature was measured to be

30.4°C, an acceptable increase of 8.4°C, slightly higher than the calculated value.

08/14/2012
Figure 5.4. Inductor temperature rise.

The self-resonant frequency of the inductor needs to be outside the measurement band,
implying as low as possible interwinding capacitance. The inductor was wound as shown
in Figure 5.5. The spacing B between the windings (about 5 mm) reduces interwinding
capacitance and the gap A (about 12 mm) reduces the start/finish gap capacitance.
Damping resistors were placed on the windings to reduce the resonance peak, similar to the

proposed damping resistors on the large air-core inductor.

- iy P
et e ol

Figure 5.5. MIL-STD-461 LISN damped toroidal inductor.

Figure 5.6 shows the damped toroidal inductor impedance, an undamped version with the
resonant peak at about 20 MHz, a stranded litz-wound version is also shown, with higher
inter-winding capacitance and a resonant peak occurs at 10 MHz. A large inductor single

layer air core version impedance is also shown for comparison.
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Figure 5.6. LISN 50 puH inductor type impedance.

An impedance plot, similar to Figure 5.2 was generated to measure the impedance of the
constructed LISN. The measured impedance, with measurement set-up shown in Figure 5.7
(a), is similar to the simulated values shown in Figure 5.7 (b). An impedance variation of

20% tolerance is allowed by the standards. The impedance was measured with an LF

Impedance Analyser, the HP4192A
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Figure 5.7. LISN impedance measurement comparison: (a) The setup and (b) the measured results.

The manufactured LISN and circuit diagram test setup is shown in Figure 5.8 (a) and was
verified and the frequency response is given in Figure 5.8 (b). The LISN was terminated
with the standard 50 puH/0.2 Q circuit. The source impedance of the signal generator was
50 Q, set to a 10 dBm output level. The MIL-LISN is able to perform measurements up to
100 MHz.
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Figure 5.8. LISN frequency response: (a) the test setup and (b) measured results.

The complete LISN module is shown in Figure 5.9, its dimensions measuring 120x95x60

mm, making it easy and convenient to store, carry around and use.

Figure 5.9. Complete LISN module.
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5.2 LISN AND MEASUREMENT BENCH VALIDATION

The LISN will be validated with a circuit containing a single resistive switch and a known
capacitor to earth. The conducted EMI will be predicted, measured at an accredited
laboratory and verified in the LAB with the miniaturised LISN. The purpose of this will be
to understand the origin of the conducted EMI noise and show a simple way of predicting

the noise for future designs as well as to validate the predictions with measurements.
5.2.1 Houwteq accredited measurements

Houwteq is situated in the Western Cape province of South Africa. At this site there is a
well-equipped EMC laboratory with calibrated instruments and accredited facility. The
resistive switch noise source conducted EMC was measured at Houwteq with their
calibrated LISN. Their LISN was afterwards replaced with our LAB prototype and the
measurements repeated. These two graphs were then compared to each other. Figure 5.10
shows the measurement setup at Houwteq, comparing the large air wound inductor LISN

to the compact damped toroidal inductor LISN.

Figure 5.10. Houwteq measurement setup.

5.2.2 LISN Results

The LISN comparative conducted emissions tests were performed from 10 kHz to 30 MHz

on a conductive surface utilising a resistive switch noise source. The two setups were
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exactly the same with only the LISNs being swopped. Figure 5.11 (a) presents the
characteristics measured with the Houwteq LISN and Figure 5.11 (b) shows the
characteristics measured with the constructed laboratory LISN. Both were recorded with a

calibrated R&S spectrum analyser.
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Figure 5.11. LISN comparison: (a) Houwteq LISN and (b) laboratory LISN.

The LAB LISN is thus proven to be accurate enough for pre-compliance test
measurements when used in a controlled environment. Small deviations can be attributed

to noise fluctuations (measurement inaccuracies). These measurements need to be repeated
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in a LAB environment on the workbench to be able to claim pre-compliant measurements
in the development laboratory that can be used for testing during product development

phase.
53 LAB COMPARISON

Some differences exist between the accredited facility and the laboratory measurements.
The one is the anechoic chamber room properly grounded and fully screened from outside
interference and inside reflections, up to tens of GHz. Conducted emissions is mostly
performed at the lower frequencies, in this case below 100 MHz. The laboratory room is
very well grounded, with a ground pin right outside the room and copper bar railings
around the inside of the room. The walls have been plastered with chicken mesh-wire and
grounded so as to create a fairly consistent EMC laboratory environment. The mains power

inlet is filtered and isolated through a 10 kW mains transformer.

The accredited EMC facility records the conducted EMC with the traditional EMC
spectrum analyser. In the power laboratory, a Tektronix MDO4034B oscilloscope
consisting of four 11-bit analogue channels at 4 GS/s each and one frequency spectrum
channel is used to record the data. MATLAB is used as a signal-processing tool for
analysing the recorded data and calculating the spectral slopes [9], [86] - [89]. Due to the
dwell-time in traditional spectrum analyser measurements, the time-domain measurement
system yields a reduction in the measurement time [9]. The function of the dwell-time is to
measure unwanted noise occurring at irregular intervals. Dwell-time can be simulated by
recording multiple digital traces or even to set up an oscilloscope trigger to investigate

irregular behaviour.
5.3.1 EMC measurements in the time-domain

Traditionally, superheterodyne EMC receivers are used to record the EMI spectrum.
According to the EMC standards, the measurements are performed by sequentially running
through the frequency band, dwelling for several seconds at each frequency bin to be
measured, thus taking several hours to complete a proper scan. The time-domain EMI

measurement technique is based on a broadband analogue-to-digital conversion, in this
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case accomplished using the digital oscilloscope. This recorded time-based data is further
processed by signal processing routines, including the Fast Fourier Transform (FFT), to
provide frequency domain results. Signal processing techniques can also be used to

calculate the average, RMS, peak and quasi-peak values of the EMI signals if need be [86].

The digitising bandwidth in the time-domain has to be high enough to fulfil the Nyquist
criterion. In real-time systems, the data-throughput of the hardware normally limits the
bandwidth, but if a post-processing method is followed such as in this case, full sampling
bandwidths are utilised. In MATLAB, the function ff#(f(n),n) computes the discrete Fourier
transform of a signal. It is important to choose the data length, n, equal to a power of two,
or to pad the data with zeros to equal the data length to a power of two. The fft

implemented in MATLAB follows the commonly used complex exponential form:

F(k)=FFT{f (n)}
N .
F(ky=> f(n)-e’>",  k=0,1,..,N-1
n=1
Since MATLAB does not allow zero indices, the values are shifted by one index value.
N .
F(k)y=Y"f(n)-e 27D 0 k=12, N
n=1

A guassian window function w = guasswin(length(t)) is generated in MATLAB and
multiplied with the signal to model the IF filter. Taking the fft in MATLAB is simply Y =
fft(signal,n). Avoiding taking the log of zero, find all zeros by index = find(Y==0), and
replace with a very small value, Y(index) = le-17. Further computations perform a quasi-
peak value, followed by a spectral peak slope function for clear graphical presentation as
only the spectral slope is of concern. The presentation output is a plot with function
semilogx. The conducted EMC time-domain recordings and consequent FFT signal
processing routine outputs are comparable to the traditional EMC spectrum analyser

measurement system.
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5.3.2 Step-Down DC-DC compliance comparison

The step down DC-DC converter is manufactured to compare the Houwteq accredited
facility measurements to the laboratory bench measurements, thus calibrating the
laboratory bench. The schematic is given in Figure 5.12 (a), incorporating the CMF10120
SiC MOSFET. The MOSFET drive circuitry is shown in Figure 5.12 (b) realised with a
LTC4440 MOSFET gate driver. The oscillator is realised with a TL494 control chip. A
picture of the prototype DC-DC converter is shown in Figure 5.12 (c).
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Figure 5.12. (a) Schematic of step-down converter circuit with LISN, (b) the MOSFET drive
circuit and (c) the test construction.
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The LAB measurement block diagram is shown in Figure 5.13 (a) and the actual setup in
Figure 5.13 (b). The EUT will be the step-down DC-DC converter. The noise currents
from the LISN will be recorded simultaneously with a 4 Gs/s oscilloscope and with post
processing techniques that are applicable in the frequency domain. These results will be
compared to the calibrated measurements. The LAB tests are processed digitally and not
with a spectrum analyser. The reason is that in a power converter LAB, a spectrum
analyser is normally not part of the instrumentation. A high speed digital oscilloscope can
be an asset in many ways and is regarded as a preferred instrument for development.
Furthermore, the post processing can be performed on a standard PC, with for example
MATLAB or MathCAD. The digital; recording noise floor is presented in Figure 5.13 (¢)

showing a level close to 20 dBuV, showing good dynamic range up to the noise limit level.
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Figure 5.13. Laboratory measurement setup: (a) Block diagram, (b) construction and (c) digital
recording noise floor.

Figure 5.14 (a) shows the LISN Port A output (Vx) comparison between the accredited
measurement and the laboratory bench measurement. Up to 100 MHz the two
characteristics compare very well. Similarly, Figure 5.14 (b) shows the LISN Port B output
(Vy) comparison. Again there is a good agreement. Above 50 MHz, the accredited
measurement shows a lower value, due to the high-power dual LISN at the accredited
laboratory that is specified only up to 50 MHz. The laboratory LISN on the other hand, is
manufactured for up to 100 MHz [23]. A very good agreement exists between the two
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measurement techniques confirming that the proposed conducted EMC pre-qualification

technique is capable of yielding acceptable results.

MIL-STD-461-F ———V, Bench MIL-STD-461-F

V., Bench

o

o
(=]
(=)

[o<]

o
o
o

B
o
B
(=]

Magnitude [dBuV]
3
Magnitude [dBuV]
3

o~}
o
[
o

o
o

-
(=]
S

10° 108 107 108 10% 108 107 108
Frequency [Hz] Frequency [Hz]

(a) (b)

Figure 5.14. (a) LAB Test Comparison Port A (Vx) and (b) LAB test comparison port B (Vy).
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The above tests were significant due to the two different measurement techniques and
setups. At the accredited laboratory, a calibrated R&S spectrum analyser was used for the
measurements and due to the instrument configuration, measurement traces cannot be
recorded simultaneously thus the differential-mode and common-mode slopes could not be

extracted.
5.4 COMMON-MODE AND DIFFERENTIAL-MODE EXTRACTION

Due to the simultaneous digital measurement of the dual LISN ports, common-mode and
differential-mode can be extracted. This is done according to the calculations as described
in section 3.2, and measurement setup as in Figure 3.3. The LISN port signals are recorded
on channel 1 and channel 2 of the digital oscilloscope. The Lindgren EMC current probe
data is recorded on the 3™ channel. The slope calculations are performed with MATLAB
up to a 100 MHz. Both the differential-mode shown in Figure 5.15 (a) as well as the
common-mode spectral slopes in Figure 5.15 (b) show good correlation, and thus validate
the derived common-mode and differential-mode equations. This is an important
contribution as it provides engineers with alternative methods to obtain common-mode and

differential-mode noise signals.
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Figure 5.15. (a) Extracted differential-mode slope comparison and (b) extracted common-mode
slope comparison.

5.5 ACCURATE HIGH FREQUENCY MODELLING

Conducted EMC noise qualification tests are normally carried out after a prototype has
been designed, built and tested and the process is repeated in the event of non-compliance.
The ability to determine compliance with EMI standards at the design stage is therefore
desirable. This paper will present conducted EMC noise modelling and measurement
techniques, yielding simulated and measurement noise results accurate enough to serve as
a prequalification tests at the design and prototyping stages respectively. Accurate models
of the power feed-line connecting the LISN to the DUT (converter) and the converter,
including the load are developed. Predictive conducted EMC modelling is accomplished
using detailed active level 3 SPICE-based models, creating a real-time circuit model
consisting of a complete converter in its operational state, without the need to separate into
equivalent models. Effects of the power feed-line length on EMI noise measurements are
investigated as currently available literature has not dealt adequately with this issue. To
detect possible radiating frequencies that might merge with the conducted noise and are
detectable in the conducted emission test, results have to be accurate not just in the
prescribed frequency band, but all the way up to 100 MHz. The modelling and
measurements are performed using software and instruments available in a development

laboratory.

A simplified EMC model was presented in section 4.2.14, analysing the heatsink

interaction properties. The simplified models are ideal for investigating certain EMC
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aspects, in this case the heatsink interaction. But more accurate and versatile models are
needed to provide calibrated levels and high frequency effects not necessarily seen from
simple models. Putting a complete model together of the converter in its test environment

will be a more versatile op

The step-down sample circuit from Figure 5.12 will be used to demonstrate the modeling
methodology. Based on the lumped-element models generated previously, a complete
active parasitic lumped element model is created, simulating the complete power converter
operation. Transient SPICE simulated output signals are stored and as before, MATLAB
will perform the signal processing environment to calculate the spectral slopes. The active
components such as the MOSFETS are implemented with model data gathered from

datasheets for instance the SiC MOSFET [90] and free-wheel diode [91].
5.5.1 Conducted EMC modelling software

It is feasible to generate active lumped-element predictive EMC models, quantifying
emissions without measurements, with readily available software, even with fairly complex
converter topologies. In the literature, many attempts have been made in the past with
generally not very good accuracies. In [92] the simulation tool ORCAD, a level 3 analog
behavioural model (ABM), was utilised to build a flyback converter circuit with parasitic
elements included, but simulations were performed only to 150 kHz. Similarly, Whole-
Link was used. Recently, good accuracies have been achieved but mostly up to 30 MHz. In
[44] a good predictive conducted EMC modelling method is presented, but utilising
expensive Saber time analysis software not always in reach for a normal power design
laboratory. The common-mode (CM) and differential-mode (DM) noise separation
equations are provided but not defined, and presumed inaccurate. Furthermore,
measurements are not calibrated, raising doubts about the accredited nature of the results.
The important power feed-line is also not considered in detail. A high-frequency
impedance modelling technique is shown in [14] with very good accuracies up to 30 MHz,
based on vector modelling by impedance measurements, providing a very good analysis
and complex high order models, but omits the qualification/measurement setup. Further,

VHF measurement based frequency component modelling is done in [35], but providing s-
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parameter results and omitting the power feed-line and LISN. A need thus exist to verify
the conducted emission results for accuracy to give confidence that this converter will be

accredited.

Two types of software will be investigated, PSIM, an ideal component analysis tool and
Micro-Cap SPICE simulator from Spectrum Software. PSIM is easy to use and widely
available in electronic power laboratories for designing power converters and its control
circuitry. It also provides very fast and fairly accurate results, and quick analysis times,

even with complex circuitry.

Most small-scale models can be generated with PSIM, a power simulation software
package using ideal components. It is accurate and complex circuitry easy to run on this
platform. The main drawback is that trapezoidal switching slope parameters are not
adjustable. Furthermore, comprehensive models of the active components do not exist in
PSIM and have to be created. The drawback is that it lacks the ability to model the non-
linear effects of the switching components and changing the rise- and fall time slopes on
the PWM is not possible. As output, a text data file gets generated from the LISN ports
simulated results and MATLAB is utilised to analyse the data further, calculating CM and
DM noise levels and plotting spectral slopes. Other SPICE-type packages such as
Spectrum Software’s Micro-Cap, were also investigated for ease of use and accuracy. The
SPICE-based analysis software on the other hand, is more complex to set-up and use. It
takes about 10 times longer to analyse, sometimes the complex circuitry can run into
convergence problems and crucial high value resistors need to be placed at certain nodes,
but once set-up, it provides very useful and accurate information. It is easy to select
different component models from the build-in SPICE library, and if not available, it is
recommended to set-up a new library from datasheets. It is furthermore quick to change the
topology or even add multiple converters. The output is a .TNO file extracted from the
simulated LISN ports; space delimited, and can easily be imported into MATLAB for
further analysis.
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5.5.2 Modelling process

For now, component proximity effects are not included in the model, as it pertains mostly
to larger components, mostly for converters in excess of 500 W. However, in this case, due
to the magnetically shielded construction of the inductor, and fairly low power conversion,
the proximity effects are expected to be minimal [93]. The aim is to create a complete
conducted emission model simulating accreditation measurements, building confidence in

the process that the converter will pass Electromagnetic Compatibility qualification tests.

The model block diagram is given in Figure 5.16. The LISN and power feed-line model is
the same for all converters, as derived in Chapter 3. The rest of the models are converter
specific, such as the input- and output capacitors, the MOSFET and diode, the inductor as
well as the load. In SPICE simulators, models exist for most of the switching components,

but in an ideal component simulator, these models need to be created as shown in Chapter

3.
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Figure 5.16. Active conductive EMC step-down DC-DC converter model block diagram.

The parasitic parameters are from the sample step-down DC-DC circuit given in chapter 3.
The circuit model including the LISN and power feed-line is given in Figure 5.17 (a) and
that for the step-down DC-DC converter is shown in Figure 5.17 (b). These models are a
more accurate version of those used in [93]. The two parts are combined to create a model
for the entire system. This is then modelled in PSIM, as it provides fast lumped element
modelling times due to its ideal component solution method. The power converter

switching frequency is set to 100 kHz, a duty cycle D = 0.5 and input voltage Vi,=30V.
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The wirewound load is set to 16 Q, and has a 30 uH inductance and an 8.5 pF stray

capacitance.
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Figure 5.17. Equivalent PSIM circuit models: (a) LISN and power feed-line and (b) DC-DC step-
down converter.

The resultant conducted EMC plots for LISN port Vx are given in Figure 5.18 referenced
to MIL-STD-461F standards. They present the bench measurements, the PSIM prediction
as well as a comparison to an accredited measurement. It is seen that there is very good
agreement between the PSIM model prediction and the measurements for this basic step-
down converter. Additionally, there is much better agreement between the PSIM and

measured characteristics compared with those obtained in [93]. This is primarily due to
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the more accurate models for the power feed-line and DC-DC converter implemented for
the current investigation. It is further confirmation for the need to have accurate models if
the predicted emissions are to be comparable to measurements. For the converter to pass
accreditation, both V, and V, LISN ports spectral plots need to be within the limits
provided by the standard.

Beyond 30 MHz more discrepancies arise, as it is in this frequency band where trace
parasitics and components interaction effects will play a role, and they are not included in
this model. Due to this shortcoming, slight adjustments to the model are made for better
accuracies. The active components, the diode and the MOSFET, are the main cause of
discrepancies. To be able to predict the magnitude lump at just over 10 MHz, the diode
datasheet capacitance had to be increased from a value of 35 pF to 135 pF. This increased
value is needed to compensate for the trace and proximity effects. Similarly, the MOSFET
Cop had to be increased from 7.5 pF to 45 pF, mostly to cater for Miller effect as well as
trace effects. The low frequency discrepancy in the calibrated accredited measurement in
Figure 5.18 is due to a 150 MHz peak detector attenuator that was in line to be able to
accurately measure the high frequencies. However, it attenuated the measured signal below

1 MHz.
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Figure 5.18. Simulated, measured and accredited LISN port signals.

In Figure 5.19 (a) the common-mode signal is compared to the MOSFET switching signal.
The common-mode measurement shows that a faster dv/dt rising switching signal of 20 ns
creates a larger common-mode noise signal if compared to the slower falling dv/dt of 80

ns. The CM pulse in Figure 5.19 (b) is similar to the simulation performed in [20], but the
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latter excludes the high frequency oscillations. A slight switching offset can be seen, as the
prototype step-down DC-DC converter switches at a slightly higher frequency at about 110
kHz, due to component tolerances. The amplitude difference is due to the slightly faster
switching speed in the model. Nevertheless, there is very good correspondence between the
two waveforms. Figure 5.19 (c) shows a comparison between the PSIM predictions and the
actual measured on the LISN Vx port spectral plot data. Again, there is a good agreement
between the simulated and the measured data curves. The oscillations at 2 MHz as well as
at 10 MHz are accurately predicted. Figure 5.19 (d) shows the same prediction, but with a
SPICE model. Similar accuracies are achieved, but beyond 60 MHz, the SPICE prediction
seems more accurate, as noticed by the slope as well as the more accurate prediction of the
CM spike at 100 MHz. The two comparison graphs shows that PSIM, an ideal component
model simulation tool, adding parasitic components, can be a fast and easy first-order
conducted emission simulation tool. Changing switching slopes and modelling the active

components more accurately for better accuracy, a SPICE model is necessary.
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Figure 5.19. Simulated and measured common-mode signal: (a) and (b) common mode noise
waveforms and (c) PSIM model Vy spectral slopes and (d) SPICE model Vy spectral slopes.

The SPICE model circuitry is the same as shown in Figure 5.17, and provides similar

results, but more parameters are available. Figure 5.20 shows the SPICE signal parameter

setup as well as the MOSFET level 1 SPICE parameters setup. Additional to PSIM, the

SPICE parameters for the switching waveform can be modelled in detail, programming

different rise- and fall-times. The detail setup of the active component parameters makes

the SPICE simulator a superior tool in common mode conducted EMC analysis.
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Figure 5.20. (a) Sample SPICE Signal and MOSFET parameter lists, (b) capacitor SPICE
parameters, (c) PWM wave setup and (d) SPICE circuit model.

The relevant parameters for the SPICE models with regards to EMC modelling can be

found in [50], also showing the effect critical parameters will have on EMC.

The Vx port results from the SPICE model given in Figure 5.21, with very good

accuracies.
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LISN Vx Port Noise Waveforms
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Figure 5.21. (a) LISN VX Port model and measurement comparison time base plot and (b) port Vx
spectral slope.

5.6 CHAPTER SUMMARY

This chapter has set the basis for modelling and accurately measuring conducted EMC. A
LISN was designed manufactured and calibrated up to 100 MHz. The laboratory bench,
including the power feed-lines, the ground plane as well as the digital recording technique
and subsequent signal processing routines were all verified against an accredited facility. A
step-down DC-DC converter was analysed and a simplified model was extracted and
compared to measured results. A more comprehensive, and eventually an active model was
presented showing the accuracies that can be achieved up to 100 MHz. The PSIM ideal
component software was utilised for this exercise, showing that an ideal component

modeller can achieve acceptable results more easily and quicker. The SPICE simulator
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shows slightly better accuracies, and with comprehensive component libraries and full
programming is available for the switching pulse, in particular where rise- and fall times
need to be adjusted. Furthermore, the SPICE model can easily be extended to multi-level
DC-DC converters due to the programming freedom in the switching signal, as will be

shown in a later section.

A good correlation is seen all round between predicted and measured characteristics for the
step-down converter. The modelling technique developed can be extended to different
converter topologies, including multi-phase, multi-level and combined converters.
However during the model experimentation phase, it was found that with larger converters,
above the 1 kW power level, the effect of component interaction and power traces plays a
larger role due to their increased size and thus increased magnetic field vulnerability at
these conducted emission frequencies and hence these effects need to be incorporated in
the circuit models. As switching signals and converter complexity increases, the ideal
model simulator will not be able to perform well, and a SPICE simulator needs to be

utilised.

Department of Electrical, Electronic and Computer Engineering 138
University of Pretoria



CHAPTER 6 SIMULATED AND
EXPERIMENTAL WORK

6.1 MEASUREMENT PLATFORMS

Two measurement platforms were constructed to analyse conducted emission tests. The
discrete step-down DC-DC converter introduced in Chapter 4 as well as a digitally
controlled multi-phase surface mount converter. Similar step-up versions were also

manufactured. On all units, simulation and measurements were performed.
6.2 SURFACE MOUNT TECHNOLOGIES

A surface mount multiphase step-down DC-DC converter as shown in Figure 6.1 was
manufactured to investigate conducted emissions. The microprocessor can be set for single

phase and multi-phase, driving the surface mount power converter.

Surface Mount
Multi-Level
Converter

Figure 6.1. Surface mount multi-phase test converter.

The step-down DC-DC converter switching signal alone was analysed to compare the
trapezoidal mathematical analysis to practical measurements. Figure 6.2 (a) shows the
measured step-down DC-DC converter switching signal at 50 kHz. The duty cycle is set to
D=0.5 and the rise- and fall-times about 9 ns. The ringing effect can be clearly seen
emerging in the spectral plot at about 35 MHz in Figure 6.2 (b). The rise- and fall times as
well as the ringing frequencies for each case are also shown in Figure 6.2 (c) and Figure

6.2 (d) respectively. This corresponds to the analysis performed in section 3.4.2.



CHAPTER 6

SIMULATED AND EXPERIMENTAL WORK

Magnitude [V]

X: 2.001e-06 |}
v:295

s

i
2 2.05
Time [s]

32.2 MHz

i i
21 215 22
x10°

(©)

Magnitude [dBul

i eoknz | i

10° 10°

10
%Iﬂ H Frequency [Hz] %zt,
(b)

Magnitude [V]

)
o

772] NSO SUUU U SO SRR U NS SO 8

MRS

4 405 41 415 42 425 43 435 44
Time [s] x10°

33.3 MHz

(d)

Figure 6.2. (a) Trapezoidal switching signal, (b) spectral slope, (¢) rise- and (d) fall-time ringing
signal frequency.

The surface mount circuit is given in Figure 6.3 (a) and the EMC model in Figure 6.3 (b).

This model is simulated and compared to measured results.
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Figure 6.3. (a) Surface mount step-down DC-DC circuit and (b) PSIM EMC model.

The components were modelled as in chapter 3. A single phase step-down surface mount
converter is modelled in PSIM and compared to measured results. The Vx port and the Vy

port of the LISN is shown in Figure 6.4 (a) and Figure 6.4 (b) respectively.
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Figure 6.4. Simulated and measured Vx port (a) and Vy port (b) signal slope.
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The rising slope resonant ringing frequency at 32.2 MHz and falling slope frequency at
33.3 MHz are caused, by among others, the capacitance effect of the switching devices.
The PSIM model in Figure 6.3 shows capacitances for the MOSFET switch and the
freewheel diode close to each other. A similar effect of almost equal ringing frequency will
occur when synchronous switching is applied and the two devices are identical. If the two
synchronous devices are selected so that the switch capacitance effect is mismatched, the

peak frequency is spread and thus a lower peak value can occur.

This peak at just above 30 MHz would not be visible on standard conducted EMC test as
this is beyond the normal test frequency. A radiated test was performed to show that the
high frequency common-mode peak, as measured with a LISN, shows up in the radiated
test. The differential-mode conducted spectrum, on the contrary, had no visible effect on
the radiated emissions. A handheld FSH3 Rohde&Schwarz (R&S) spectrum analyser
connected to a tuned helical antenna was positioned at a 3 m distance from the LISN and
converter test circuit. Substituting into (3-8) the relevant parameters and variables gives a
fairly accurate prediction of the common-mode radiated frequency component magnitude
prominently visible at 35 MHz. Figure 6.5 shows the radiated results together with the
reference noise floor (converter switched off). The common-mode conducted resonance
close to 35 MHz shows clearly in the radiated spectrum, with a peak of close to -63 dBm.

The noise floor is also shown, due to the fact that the test was not performed in an anechoic

chamber.
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Figure 6.5. Common-mode radiation test.
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6.3 COMPONENT PROXIMITY EFFECT

The component proximity effect or component interaction has a more prominent effect at
higher switching frequencies or in converters with physically large components. Taking the
practical component mounting positions into consideration, the least and most susceptible
side of the component can be determined with the Helmholtz test bed as in section 4.3.3
and then marked appropriately. This determines component layout rotation priority. The
component placement is then arranged in such a manner that the least affected directions

face each other. The ground theory publication on component proximity effects are given

in [93].

The discrete step-down DC-DC converter prototype was used to verify the component
orientation and enclosure effects on conducted emissions. Figure 6.6 (b) shows the power
component placement and the most susceptible component faces indicated by arrows.
Figure 6.6 (c) shows the same circuit but with components orientated such that the most
susceptible component faces are rotated away from the maximum susceptible edge. An
enclosure is added to screen the power feed-line from the step-down converter

components.
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Enclosure
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Figure 6.6. Discrete buck converter: (a) Standard component placement, (b) orientation
susceptibility vectors and (c) power component placement optimised.
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Figure 6.7 show the common-mode and differential-mode plot for the two different layout
orientations. The standard open orientation shows a higher noise level in both common-
mode and differential-mode plots. The noise level improvement seems to be more
prominent at the higher frequency band as this is where component proximity starts having

a noticeable effect. In general, an improvement between 3 dB and 9 dB is achieved.
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Figure 6.7. (a) CM noise signal and (b) DM noise signal.
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A practical procedure has been demonstrated to verify component susceptibility to
magnetic fields. The common-mode as well as differential-mode noise plots show a noise
improvement of the step-down DC-DC power converter when basic coupling

considerations are met.
6.4 DISCRETE POWER CONVERTER TECHNOLOGY

The discrete power converter, in this case a step-down DC-DC converter designed for 200
W, is analysed, shown in Figure 6.8 (a). A SPICE model is constructed for this circuit and
it is given in Figure 6.8 (b), showing the LISN, the power line and the converter with
parasitic components included. In Figure 6.8 (c¢) the MOSFET model level 1 SPICE
parameters are given and next to it, the diode parameters. The MOSFET drive switching
waveform setup is also shown in Figure 6.8 (c), with period 7.6 ps and pulse-width 4.5 ps.
The transient analysis simulation SPICE module is enabled, but the circuit will go through
a transient mode, until it eventually stabilises to its operational mode. This will take a few
analysis cycles, about 6 or more, until the operation data is ready to be captured. The

model will create a .TNO file listing time and voltage, for both the Vx port and the Vy
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port. This file is then imported into MATLAB to provide the time signals and calibrated

spectral slope plots.
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Figure 6.8. Discrete converter: (a) schematic, (b) SPICE circuit model and (¢) MOSFET, diode and
pulse parameter settings.
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The complete result for the discrete converter and the modelling results are presented in
Figure 6.9. The first plot is the Vx port in Figure 6.9 (a). The converter needs to pass this
test levels for qualification. Figure 6.9 (b) and Figure 6.9 (c¢) show the common-mode
waveform and the spectral slope measurement as well as model prediction respectively.
Good accuracies are achieved. Figure 6.9 (d) and Figure 6.9 (e) shows the differential-
mode signal and spectral slope measurement as well as model prediction. It is less accurate
than the common-mode slope, especially at the higher frequencies. This is due to a much
more complex noise transmission mechanism as with the common-mode case, with
currents in the power path and coupling effects need to be dealt with in detail. Overall,
accuracies are good enough for analysis purposes as well as for the purpose of optimised

filter design.
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Figure 6.9. (a) Vx port noise comparison, (b) CM time signals, (¢) CM spectral slope (d) DM time
signal and (e) DM spectral slope.

Replacing the SER2915 coilcraft inductor with a toriodal inductor lowers the common

mode conducted EMC in the upper band as shown in Figure 6.10, due to the dominant

larger parasitic components in the toriodal inductor. Similarly, the resonant peak that was

prominent just over 100 MHz, moved to a lower frequency, about 70 MHz.
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Figure 6.10. CM conducted EMC comparison: Toroidal inductor and SER2915 Coilcraft inductor.

All above tests were performed with a SiC MOSFET, the CFM10120. As this is new
technology, it will be interesting to see how the noise spectrum will change when replacing
the SiC switch with a standard IRFP460. It is a drop-in replacement and no other changes
to the converter are made. A definite increase in common mode noise can be seen, due to

the lower c;s and ¢ values between the two switches.

MIL-STD-461-F ——CFM10120 MIL-STD-461-F — CFM10120;
----- IRFP460 | | ~ =sees IRFP460 | |

=)
3
7
¥
1
N
!
g

~—
~
.

@
=3

©

S

@
S

&
=)

Magnitude [dBuV]
IS
S

Magnitude [dBuV]
g

n
=]

N

S

0 1 i 1 0 1 i 1
10 10% 108 107 108 10* 10° 108 107 108
Frequency [Hz] Frequency [Hz]
(a) (b)

Figure 6.11. (a) CM noise slope and (b) DM noise plot for two different MOSFET technologies.

6.5 REDUCING COMMON-MODE NOISE WITH POLYMER HEATSINK

In section 4.2.14 the heatsink-to-chassis capacitance was modelled with a finite element
package COMSOL. As the heatsink capacitance plays an important role in common-mode
noise, it is therefore necessary to investigate it further through analysis and
experimentation. The thermal image measurements are performed with a Fluke Thermal

Imager, model Til0. For more accurate temperature readings to determine thermal
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conductivity, a Fluke 87 with a temperature probe is used. The impedance measurements
are performed with an HP4192 LF Impedance Analyser up to 13 MHz and complimented
with an HP8753 Network Analyser up to 100 MHz and beyond. Experiments will be
performed on a 120 W step-down DC-DC converter tested in a MIL-STD-461F test

environment

A variety of plastic heatsink materials were manufactured and tested for heat transfer
properties as well as their effects on common-mode noise. Two base materials are selected,
EpoxAcast 690 and F19 Urethane Resin. The filler material is fine copper particles, 80 nm
to 100 nm in diameter. The variable size is to increase the packaging density of the
material. The maximum percentage copper filler mass that could be achieved is 64 % for
poly eurethane and 82 % for epoxy. Table 6.1 shows the mixing table for the epoxy and the
polymer heatsink blocks. A similar sized aluminium heatsink, composite 6082 alloy, is

used as a reference.

Table 6.1 Plastic heatsink mixing table.

Parameter EpoxAcast | EpoxAcast 690 F19 Urethane | F19 Urethane
690 Ref. Cu Filler 82 % Resin Ref. Cu Filler 64
%
Length [cm] 7.00 7.00 7.00 7.00
Width [cm] 5.95 5.95 5.95 5.95
Thickness [cm] 0.9 0.9 1.0 0.8
(Average)
Volume [cm’] 37.49 37.49 41.65) 33.32
Measured Mass [g] 43.25 232.35 43.65 103.92
Resin Mass [g] 41.23 41.23 43.32 36.65
Resin Density [g/cm’| 1.10 1.10 1.04 1.04
Filler Mass [g] 191.12 67.27
Filler % (Mass) 82.25 64.73
Copper Density [g/cm3] 8.96 8.96
Mass if Solid Copper [g] 335.86 298.547

The effects of polymer heatsinks on common-mode noise are investigated using a MIL-
STD-461F based measurement setup. Also not to be ignored is the important assembly
procedure when tightening a device onto the heatsink. A 0.7 N-m torque setting is used on
the nylon threaded fastener to guarantee consistency in all measurements carried out.

Devices are mounted with a thin layer of white heat-paste. Heat transfer characteristics will
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also be measured. COMSOL was used to model the heatsink capacitance (i.e. device tab to
earth), the prominent cause of common mode noise in DC-DC converters. The capacitance
for a single device, a TO247 package to aluminium heatsink through an insulator was
measured to be 39 pF. Referring to Figure 4.47 (a), the MOSFET and diode device pair
capacitances are measured and the results shown in Figure 6.12 (a). Measuring both device
capacitances to ground gives 80 pF, and a small capacitance contribution between the two
devices. The Stainless steel threaded fastener added 2.2 pF to the device-to-ground

capacitance. The measured capacitance between the two devices is about 0.7 pF.

The high frequency test setup and impedance plot for all applicable heatsink materials are
performed with the impedance analyser and network analyser combined. The test setup is
shown in Figure 6.12 (b). It consists of the device, fastened with a nylon threaded fastener
to the heatsink and a small ground plane acting as the reference earth. The measurement is
taken between the reference earth and the shortened device legs soldered together which in

turn is attached to the device tab. The heatsink to be analysed is sandwiched in between.

The results in Figure 6.12 (c) provide information about high frequency resonant effects as
well as inductive effects that might occur in the measurement band. A summary of the
capacitances Cy and permittivity measured are given in Table 6.2. The inductive resonant
effects fall outside the 100 MHz high frequency conducted emission band. Up to 100
MHz, the heatsink impedance is capacitive, and does not need complex equivalent circuitry
to model the heatsink effects. The resonant effects beyond 100 MHz are due to the short
device leg length and bonding wires as well as the small ground sheet inductance. The
polyurethane as well as the epoxy materials shows an increase in capacitance (permittivity)
from 2.15 pF to 4.37 pF for polyurethane consisting of 65 % copper powder filler and from
2.93 pF to 7.07 pF for epoxy base material consisting of 82 % copper powder filler. This
suggests that it is possible to significantly attenuate the common-mode noise (lowering the
device-to-ground capacitance and hence increasing path impedance) using these thermal

solutions.

Department of Electrical, Electronic and Computer Engineering 151
University of Pretoria



CHAPTER 6 SIMULATED AND EXPERIMENTAL WORK

100

80

60 -

40 freme e m T e T T T T T T T T T T T T R T T T T T

Capacitance C [pF]

Diode and FET to Heatsink
20 H = = —FET to Heatsink
====: Diode to Heatsink

====Between FET and Diode

0 C LI

10* 10° 108 107 Ground plane
Frequency [Hz]

= Aluminium

= = =Polymer
+ Polymer 65% Cu Filler |

.......... Epoxy

x Epoxy 82% Cu Filler

Impedance \ZH_M| [

10° 108 107 108 10°
Frequency [Hz]

(©)

Figure 6.12. (a) Polymer heatsink capacitance, (b) the heat transfer and (¢) boron polymer device
heatsink test.

Figure 6.13 (a) presents the measured common-mode impedance for both the aluminium
and the polymer heatsinks as measured with an impedance meter from the LISN looking
towards the step-down converter, with the LISN disconnected. Up to 10 MHz polymer
heatsinks show higher impedance, thereafter the impedance is roughly equal. Figure 6.13
(b) shows the Vx LISN port conducted noise spectrum from 10 kHz to 200 MHz. The Vx

port noise is a combination of differential- and common-mode noise, and is obtained as:

Vv = VDM +2VCM

= 6.1)

In the case of the test step-down converter, the polymer heatsink common-mode noise
advantage can be deduced from the port Vx characteristics on the dual LISN between 1
MHz and 30 MHz. Figure 6.13 (c) shows the measured differential-mode noise spectrum,

and as predicted from the theory, using polymer heatsinks has no significant effect. The
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common-mode noise spectrum, presented in Figure 6.13 (d) shows a good reduction in
common-mode noise (10-15 dB) up to 30 MHz. As predicted, beyond 30 MHz the
common-mode reduction due to heatsink capacitance to ground has almost no effect as

other parasitic effects becomes more prominent. This graph is in good agreement with the

theory.
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Figure 6.13. (a) CM impedance measurement compared to model, (b) polymer heatsink effect on
LISN Vx port, (c) DM noise effect and (d) CM noise reduction.

Figure 6.14 (a) shows the polymer urethane temperature test sets placed on a wooden
block. Each device dissipates 1 W corresponding to an output power of 50 W, if switching
losses are 2%. All devices tested are mounted with nylon threaded fasteners to the
heatsinks as not to influence the capacitance as well as heat distribution readings as would
be the case with stainless steel threaded fasteners. The room temperature is 20 °C and the

readings are taken 1 hour after switch-on. Figure 6.14 (b) shows the infrared images of the
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urethane tests. Similarly, Figure 6.14 (c) and (d) shows the epoxy test blocks and the

infrared images respectively.

Table 6.2 provides a summary of the measured device tab-to-ground capacitances for
different materials as well as the measured temperature difference between the ambient and
device temperature, against the device dissipating just over 1 W continuously. The Poly-
Urethane as well as the Epoxy materials shows an increase in capacitance (permittivity)
from 2.1 pF to 4.3 pF and from 2.5 pF to 9.2 pF, when copper powder filler is added. An
enhanced heat transfer capability is evident. The boron polymer shows a very good heat
transfer capability, and has a fairly low capacitance. The temperature measurements were
performed at an ambient temperature of 21 °C. The results for Aluminium as well as Poly-
Urethane are slightly lower than the simulated values, due to natural convection not
simulated in the COMSOL model as well as the probe contact thermal resistance not
incorporated. Without exception, polymers yield very low capacitances compared to
aluminium. This suggests that it is possible to significantly attenuate the common-mode
noise (lowering the device-to-ground capacitance and hence increasing path impedance)

using these polymer thermal solutions.

The temperature measurements are performed at an ambient temperature of 20 °C. A
T0247 device dissipating 1 W is fastened to the heatsink under test with a nylon threaded
fastener. The heatsink is placed on a wooden block, and natural convection takes place.
After 1 hour, the temperatures for different materials were measured with an infra-red
camera aimed at the top section of the device, close to the die. Table 6.2 provides a
summary of the measured temperature on the device, compared to the heatsink
capacitances measured previously. The aluminium heatsink has a clear advantage when the
temperature increase is considered. The heat transfer coefficient is calculated with the

following equation and the results presented in Table 6.2
f=—9 (6.2)

where k is the heat transfer coefficient [W/m*-K], g the heat flux or amount of heat

transferred [W/m?], 4 the heatsink area [m’] and A7 the temperature differential between
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ambient and the average heatsink temperature [K]. In this case, a higher value of k£ means

better performance.

The temperature measurements were performed at an ambient temperature of 20 °C. A
T0247 device dissipating about 1 W is fastened to the heatsink under test with a nylon
threaded fastener. The heatsink is placed on a wooden block, and natural convection takes
place. After 1 hour, the temperatures for different materials were measured with an infra-
red camera. The values are used to give approximate thermal conductivity values for
material comparative purposes. Only the aluminium heatsink has an insulator pad. A thin
layer of heatsink paste is used in all instances. Table 6.2 provides a summary of the
quantitative thermal performance value compared to the heatsink capacitances as measured
previously. The aluminium heatsink has a clear thermal performance advantage, but shows
a poor capacitance to ground value. Three heatsink temperature readings are taken with a
thermocouple and averaged [94]. Populating (6-2) with all known values and heatsink area

as 5x10° m’, provides the thermal conductivity, listed in Table 6.2.

Table 6.2 Heatsink material capacitance and device temperature for single TO-247 device.

Base Material TO-247 Relative Average case Average Thermal
(10 mm Capacitance to | Permittivity | Temperature Heatsink Conductivity
thickness) GND [F/m] [K] Temperature [W/m’-K]
[pF] [K]

Aluminium 29
Wlth silpad | 40.0 pF (SILPAD) 310.8 305.5 30.6
insulator
Poly-urethane
base, no filler 2.15 pF 2.7 328.8 299.0 13.1
Poly-Urethane,
65% Cu | 4.37 pF 5.4 321.8 302.2 16.5
powder
Epoxy base, no |, 93 ¢ 3.61 32738 299.2 12.7
filler

0,
Epoxy,  82% | 5 67 oF 8.73 315.4 304.0 212
Cu powder

The downside to polymer heatsinks managing heat transfer is that due to lower thermal
performance [67], higher device temperatures need to be tolerated. The thermal
conductivity of aluminium was measured at 30.6 W/m’K, close to the value as measured in

[73]. The bare polyurethane and epoxy heatsinks show a thermal conductivity of 3 times
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that of aluminium, but adding heat conductive filler, such as fine copper powder, reduced
the heat conductivity to less than 2 times compared to aluminium. Approximately 284 K
difference in temperature is observed when comparing measurements of an aluminium
heatsink with those of a similar sized epoxy composite heatsink at just over 1 W device
dissipation, as shown with the thermal camera in Figure 6.14 (a) - (d). This result compares
well with the COMSOL model in Figure 4.50 (a) and (b), where a 60 % sandwiched
copper filler model raised the die temperature to 316.5 K. Figure 6.14 (b) shows the
polymer heatsink temperature effect with no filler material, raising the temperature to
327.8 K, much lower than the simulated temperature due to measurements performed on

the casing instead of the die.

Extrapolating the temperature values to represent a converter delivering 120 W using the
thermal conductivity readings in Table 6.2, and switching losses at 98 % with about 2x2.4
W device losses to be dissipated by the heatsink (the diode and the MOSFET), the
aluminium block will have an expected device temperature of 349 K. Replacing with an
epoxy block having 82 % copper powder filler, this temperature will rise to 376 K. This is

still within the operating temperature of the silicon devices.

However, with higher junction-temperature devices becoming more readily available, this
should not be a serious concern in the near future. For example, the SiC platform can
operate at higher junction temperatures (600 K) as compared to traditional Si-based
technologies [74]. In Figure 6.15 an example of a converter product employing polymer
materials and utilised in a military environment is shown. It is a 60 W ruggedised P68
solar panel switch-mode regulator encapsulated by a heat conductive injection moulded
polymer, which passed the stringent MIL-STD-461F conducted emission tests as well as

military shock, vibration, drop and temperature variation tests.
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Aluminium Reference

Urethane No Filler Urethane 65 % Cu

Wood Block

Urethane No Filler A Urethane 65% Cu ﬁgo &g ! Aluminium Reference

23/07/2016 :07:36 23/07/2016
SRS 23/07/2016 :24: —
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s
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23/07/2016 13:25:08123/07/2016

(d)

Figure 6.14. (a) Polymer urethane heatsinks and aluminium reference test, (b) urethane infrared
images, (c) epoxy heatsink test and (d) infrared images.
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Figure 6.15. Thermal polymer packaged product.

To conclude, the theoretical analysis section the EMC setup as well as common-mode and
differential-mode noise was defined. A simplified EMC conducted noise model showed the
noise mechanism due to heatsink capacitance and the interaction with the rest of the
converter and the conducted noise setup. Transfer functions were extracted to show the
dominant noise path versus frequency and showed that beyond 30 MHz the heatsink
capacitance effect is no longer prominent and is surpassed by the converter power lead and
the PCB impedances respectively. Thereafter the heatsink capacitance was defined, and
accurately modelled, showing the effects fasteners and enclosures might have on this
capacitance. Polymer materials and composites were introduced showing the capacitance
advantage in common-mode noise. An interesting conclusion from modelling the heatsink
capacitance and determining the effect thereof, showed that decreasing the inductances
associated with the heatsink capacitances, Lgnp and Lpcp, reduces the high frequency
common mode noise (see Figure 4.46). The heat spreading properties are also modelled.
Polyurethane and epoxy base materials as well as fine copper powder filler composites are
manufactured and compared to a similar sized aluminium heatsink. The experiments
validate the theory, verifying capacitances, the common-mode impedance, as well as
differential and common-mode plots up to 100 MHz. Thermal measurements and the

thermal conductivity of the different heatsink materials were presented.

The manufacturing advantage of polymer heatsinks is quite vast, it enables more design
freedom, it is lighter, lower thermal expansion, high breakdown voltages and less
expensive to manufacture compared to aluminium heatsinks. Forming aluminium heatsinks
are in certain applications being machined from a solid aluminium billet with a CNC

milling machine, but the polymer heatsinks require the manufacture of a once-off mould

Department of Electrical, Electronic and Computer Engineering 158
University of Pretoria



CHAPTER 6 SIMULATED AND EXPERIMENTAL WORK

and thereafter heatsink cost turns out much lower, even for complex forms. Comparing
aluminium to the polymer and epoxy thermal conductivity, it is about 3 times higher, but
adding a heat conductive powder improved the thermal conductivity to less than 2 times
compared to aluminium, making it viable for heatsink applications. Furthermore, careful
design of the junction temperatures need to be performed, indicating that polymer
heatsinks are, for the time being, more suited for lower power converters of less than 120
W. It was noted that future commercial SiC MOSFET devices might tolerate a significant
high reliable operating junction temperature, making these devices possible candidates for
polymer heatsink applications in transportation power electronic devices where weight as
well as cost is important, although care should be taken with too high junction
temperatures. It can also be considered in highly corrosive environments such as in sea

water and it was shown to be well applied in robust outdoor applications.
6.6 SHORTER FEED-LINE EFFECT

A shorter power feed-line can be incorporated in the measurement bench setup as shown in
Figure 6.16 (a). Figure 6.16 (b) shows the result for common-mode conducted emission
for two conditions, the 1.2 m power feed-line presented in the solid trace and the shorter 30
cm power feed-line. As expected, around 60 MHz, higher common-mode amplitudes are
measured for the shorter power feed-line. Figure 6.16 (c) shows the power feed-line over
ground plane scattering parameter reflection coefficient s11, and confirms attenuating and
radiating effects occurring around 50 MHz. The power line in effect acts like a filter at that
frequency, showing a lower common mode conducted signal for the 1.2 m power feed-line,
but aggravating radiating effects at that frequency. Figure 6.16 (d) confirms the radiating
effects on the 1.2 m power feed-line, measured at a distance of 3 m from the bench setup
with an un-calibrated antenna, recorded with a Rohde&Schwarz FSH3 spectrum analyser.

The 0.3 m power feed-line shows no radiating effects up to 100 MHz.
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Figure 6.16. (a) bench Setup with 0.3 m power feed-line, (b), shorter power feed-line CM effect
and (c) scattering parameter s11.

6.7 MULTIPHASE ANALYSIS

The SPICE model in Figure 6.8 is extended to model multi-phase conversion based on the
step-down DC-DC converter. The phase configuration is shown in Figure 6.17. The

periods are set-up in an 8 ps duty cycles, on-time 5.4 us and off-time 2.4 ps.
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Figure 6.17. Phase configuration.

The results for the multi-phase noise plots are shown in Figure 6.18 (a), the Vx port noise,
Figure 6.18 (b) the common-mode noise and Figure 6.18 (¢) the differential mode noise. In
all cases, the high frequency at around and over 100 MHz (un-calibrated but for reference
purposes) shows a reduction in noise amplitude. The lower frequencies, below 10 MHz,
show an increase in the Vx port noise as well as in common-mode noise. This is expected
due to the heatsink capacitances more dominant, playing a dominant effect in that region
for common-mode noise. The differential-mode noise is unaffected by the heatsink
capacitance, thus showing an all-round decrease in the amplitude noise spectrum.
Similarly, in [32], multi-level topologies showed a conducted emission noise reduction,

also shown in the differential-mode as well as common-mode noise plots, up to 3 levels.
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Figure 6.18. Multi-phase step-down DC-DC converter: (a) Vx port noise, (b) common-mode noise

and (c) differential-mode noise.
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6.8 CHAPTER SUMMARY

In this chapter highlights of experimental work carried out, was presented. The
microprocessor controlled surface mount step-down converter was modelled and the
results compared to measurements. The smaller components with less complex parasitic
effects as compared to larger structures were modelled in PSIM and the results compared
well with measured results. In this converter, a resonant peak formed just outside the
official conducted emission band, and is clearly visible in the frequency extended
conducted emission band. This resonance was also shown to have formed radiated effects,
showing that the frequency extended conducted emission test can predict radiated
problems starting to emerge. With the same circuit, a multi-phase converter was realised
and it was seen that up to 3-levels an advantage in conducted emission levels is visible;

thereafter no further improvement was seen.

A discrete converter was assembled testing the larger component effects. The proximity
effects were investigated and a technique tested to find the susceptibility vector, the most
vulnerable orientation of the component. By re-orientating the components as to have the
least effect on each other, a slight improvement in conducted emissions was seen, mostly

prominent at high frequencies due to the smaller parasitic values encountered.

The effect of polymer heatsinks on common-mode noise was investigated due to the
marketplace starting to implement polymer heatsinks in smaller converter applications. A
large reduction was seen in the lower frequency band, but at the high frequencies, the
positive effect was much smaller, due to other resonant components becoming more
prominent. Due to the smaller heat capacity of polymer composite heatsinks, the power

limit for these converters are around 120 W.

The multi-phase converter has been analysed. It was shown that overall, the reduction in
noise is only visible in the top frequency range, but lower down common mode increases.
Differential mode noise shows a decrease from 1-phase to 2-phase, but 3-phases or more

no reduction in spectral amplitude takes place.
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An accurate high frequency modelling technique was developed with the aid of PowerSim
as well as SPICE circuit analysis software to design for conducted EMC up to 100 MHz.
The high frequency impedances of the power elements were obtained through impedance
measurement and modelled as circuit elements. A combined high frequency circuit was
then developed. The circuit is modelled in its active state, driving the MOSFET with the
proper drive signals. The converter model operates as intended. Simulation results were
compared with measured data. Active circuit models performed well on the high frequency
switched circuit model and provided results comparable to the bench measurements and in
turn accredited measurements. Due to the good correlation between the circuit model and
the practical measurements, the model can be utilized to investigate the main contributing

factors of conducted EMI as well as experimenting on different component solutions.

Measuring the common mode noise up to 100 MHz some basic high frequency noise
principles need to be adhered to. The oscilloscope inputs need to be terminated to 50 €,
and spare channels cannot be used to measure other circuit parameters, as the ground clip
of the probe will create a different noise path to the oscilloscope, creating erratic
measurements. Similarly, using for example a bench signal generator as input to the
MOSFET gate diver, to drive the MOSFET pulses, the grounding of the signal generator
cannot be the same as the measuring instrument. It needs to be isolated and if possible,
long cables must be suspended as not to return noise to the bench. If the auxiliary supply of
the converter under development is a bench supply, similar care needs to be taken. Even
using a battery for an auxiliary supply, it is fully isolated, but it can form a good noise path
to the bench, and need to be suspended as not to influence the measurement. The load is
part of the test and need to be modelled and taken into account, but if the load is positioned
right on top of the measurement bench it will influence the measurement. It is good
practice to suspend the load on wooden blocks, moving it away from the bench, and even

screening the load is advisable.
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In accredited measurements, the feed cable from the LISN to the device under test is a
loose cable, suspended on wooden blocks and in many cases fastened with Velcro. This
created slightly different noise slopes every time a setup is performed. For high frequency
conducted measurements it will be good practice to fix the power line on a wooden
structure at the prescribed height from the table as well as the spacing between the wires
constant at all times. This will ensure repetitive measurements and additionally, make the

power feed-line easier to characterise.

The SPICE circuit simulator consists of component libraries, most of the popular
MOSFETS and diodes used for power applications. Replacing the circuit model with
different types and manufacturers of power components, the effect of different components
on the conducted emissions can quickly be verified, even before purchasing components
for the prototype circuit. Replacing the MOSFETS and running the simulation will show a
vast difference in the conducted noise slopes, such as the SiC types, and will emit more
high frequency noise as for example compared to the standard IRF-series silicon
MOSFETS. Even selecting for example free-wheel diodes, it was seen that when the
parasitic parameters compares to the applicable switching MOSFET, these two
components contributes to a resonant peak. Changing to a different free-wheel diode

reduces the resonant peak, and two smaller resonant peaks are visible.

A conducted EMC bench measurement setup was manufactured, utilising the
manufactured high frequency LISN and a digital oscilloscope. Extracting the data from the
oscilloscope, it was further analysed on a PC, in MATLAB or MathCad, to provide the
spectral noise slopes as well as noise modes. This laboratory setup was calibrated and the
measured noise slopes compares to calibrated accredited conducted noise measurements.
Thus, this bench can be utilised as a pre-compliance test in the laboratory, ensuring that the
power unit will pass the accredited conducted EMC tests. Although the bench is designed
around the MIL-STD-461 standard, the same LISN and bench can be used for the CISPR
test. In this case, the unit under test has to be suspended above the ground plane as not to
be influenced by it. A wire ground is then used instead, returning common mode noise to
the LISN. This test bench is a fixture in the laboratory and is currently used as a pre-

compliance test station verifying that the power converter that has been developed will
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pass the conducted EMC tests when submitted for accreditation. The test bench is also
extremely handy in verifying the conducted EMC during the design phase of the product.
Early in the product design, conducted EMC problems can be sorted out. This is a much
easier way and cost-effective option opposed to changing a design later on should
conducted EMC problems arise while the product is submitted for EMC accreditation. The
calibrated EMC test bench is a well-used asset in the laboratory, and was very cost-

effective to manufacture.

The digital recording of the noise measurement and the subsequent signal processing to
create the calibrated conducted noise slopes was tested against the cumbersome EMC
spectrum analyser measurement technique that can take several hours. Normally a quick
spectrum analyser scan is performed and if possible problem areas are seen, a proper scan
around that area will be performed, saving some time. The digital recording and signal
processing technique is much quicker and it provides the same results. It was later seen that
many publications were written on digital EMC recording and is used with great success;
although the accredited EMC laboratories still use the EMC spectrum analyser technique in

accordance with the standards.

On both the model and the practical experimentation, common-mode and differential-mode
noises were extracted with two different techniques. One of the techniques used the LISN
voltages from which the CM and DM signals were calculated. The second technique used
direct measurement with a high frequency LINDGREN EMC current probe. Both
techniques yielded similar results. The LINDGREN EMC current probe is a specialised
measuring tool and not readily available in a power development laboratory. Extracting the
common-mode and differential-mode noise from the LISN ports is convenient way to
extract the noise modes for filter design applications. Normally, the noise splitting is
performed by complex RF circuitry, and from literature, not very accurate. With this noise
splitting technique, the set of equations describing the noise as deducted from the LISN
ports, cannot be accurately verified. The widely adopted mathematical analysis method for
separating the common-mode and differential-mode noise signals from the LISN ports
came in for scrutiny. This was after it was found that a 6 dB magnitude difference existed

between the analytical measurements obtained, mostly on the differential-mode equation.
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These equations are widely accepted in the literature and the verified experimental
measurements as well as with the simulated results. A set of equations to separate
common-mode and differential-mode noise signals was derived from first principles and
their accuracy verified. This led to analytical, simulated and experimental results being in
very good agreement. In literature though, these equations are not well defined and used

lightly, mostly referencing from untested sources.

It was also shown that a common-mode current of about 5 pA and greater can cause a
device under test to fail the general EMC limits in both conducted and radiated scenarios.
Furthermore, it was demonstrated that high frequency common-mode conducted noise
shows up as radiation effects when operating at high switching frequencies due to the
relatively large common-mode current loop effects. Recording conducted noise up to 100

MHz is an easier test to perform than a radiated test.

The modelling method that was developed can be extended to different converter
topologies, including multi-phase, multilevel and combined converters. As the simulation
results were adequately validated, one can have a high degree of confidence that the
modelling and simulation process will lead to an accurate EMC design process. Moreover,
the same simulation package can be used to assist in the converter design itself, taking into
account the high frequency parasitic effects. At first, simulations were performed with
PSIM, an ideal component simulator. Good results were achieved on simple circuits, but
for more complex circuitry a SPICE simulator such as Micro-Cap, can be a very good
conducted EMC simulation tool. The SPICE model for the step-down converter took some
time to give accurate results, but once the setup and the link to MATLAB is setup, it
worked very well. The active SPICE simulation will take a few minutes to complete, as it
needs to get beyond the transient start-up before the model LISN waveforms can be
recorded. Once recorded, the MATLAB program will grab the generated .TNO file and
due to large files and multiple fft’s to perform, will take less than a minute to present
applicable graphs, the LISN Vx port, the Vy port, common mode as well as differential
mode plots in time- and frequency domains. The spectral plot can be presented as a peak-
hold function, showing only the spectral slope of concern, making the spectral graphs

easier to read.
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Effects of multilevel, multiphase and synchronous converters on common-mode noise
were also investigated. It was demonstrated that reducing common-mode noise levels can
be achieved by using different techniques. Multi-level topologies showed a general
conducted high frequency noise reduction up to 3 levels, mostly in differential mode.
Common mode showed an increase in noise levels, due to the heatsink capacitance effect.
Changing the converter topology to a multi-phase or multi-level converter to reduce
conducted EMC might not be worth the while, but in all cases, the noise around and above
100 MHz decreased. If this is an important objective, then multi-phase converters can be

considered if noise is the only reason.

The advantage of using electrically insulated heat conductive polymer heatsinks on
common-mode currents was also investigated and very promising results obtained. It was
demonstrated that the common-mode capacitance due to the switching devices can be
vastly reduced by replacing aluminium with non-conductive polymer heatsinks. This has
the potential of being a viable and very effective solution to reduce the increased
conducted common-mode noise levels due to higher switching frequencies. Additionally, a
number of manufacturing advantages are achieved as well. Surprisingly, it was shown that,
at the very high end, above 50 MHz (out of the traditional conducted frequency band), the
heatsink capacitance has a lesser influence on common-mode noise. Similarly, replacing
stainless steel threaded fasteners that normally hold the devices onto the heatsink, with
nylon fasteners reduced the common mode effect in the traditional measurement frequency
band. Even replacing the fastener with a spring loaded clamp reduces the heatsink

capacitance slightly.

Component proximity effects were investigated. A technique was developed, using a
Helmholtz coil, so that the components susceptibility vectors can be calculated. This is
rotating the component in the generated field and measuring the angle of susceptibility on
the component over the frequency range. The readings are referenced to a single loop
calibrator, showing the least- and most vulnerable angles of the component. Using this
information, the component placement is done so as to have the least effect on each other,
that is the lower values of the susceptibility vectors on the component faces each other,

thus ensuring the least proximity effects. A few dB’s reduction in noise were seen when
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this technique was used. Similarly, when packing sensitive components in an enclosure,
such as open magnetic inductors, it was shown that the most vulnerable position for such a

component is in the middle of the enclosure due to outside radiation effects.
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It was shown that a parasitic lumped element analytical model can provide accurate
common-mode simulated results. In smaller converters and surface mount applications, the
modelling technique works well. Larger discrete converters, component interaction start
playing a vital role. More care is needed when modelling large scale converters (kW

range).

It would be advantageous to compile a software package dedicated to conducted EMC
design opposed as described in this thesis, as switching between various packages to
perform certain tasks can be time consuming. Furthermore, shortcomings encountered can
be addressed, for instance slope compensation on PSIM is difficult to control, but
simulation times vs. complexity are very favourable. A SPICE package, such as Micro-Cap
from Spectrum Software, can easily handle slope compensation and complex multi-phase

converters have been modelled successfully with this software.

The conducted EMC modelling technique can be further extended to compare different
topologies, even complex ones, for optimal noise levels. Component selection can easily
be verified for optimum noise levels. Modelling multiple converters in a system will also

be possible by adding the converters to the model, similar to the multi-phase concept.

Component proximity will remain a difficult topic, and modelling the effects with a finite
element package such as COMSOL Multiphysics is time consuming, but very effective. It
can be extremely useful if EMC proximity templates can be created so any power design
engineer can with minimal training, properly populate power circuits effectively with

minimal proximity influences.

The initial goal was to do conducted emissions up to 100 MHz. During the simulation and
verification process, it was achieved. Nevertheless, it was found that modelling and

measurement can be performed up to 300 MHz with the equipment and processes used.
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The LISN will be the limitation, but replacing the LISN with a 300 MHz
Coupling/Decoupling Network (CDN) according to the IEC61000-4-6 (as well as CISPR
15) standards, conducted emissions can be performed covering the VHF frequency band.
Then, measuring conducted emissions can show radiated effects as well, as most power
converters, due to relatively low frequency switching signals, do not as a rule emit large

noise components beyond 300 MHz.

Future studies extending from the present baseline on conducted EMC can include the

following:

e Injected EMI, emanating from external sources, propagating over mains networks
or from other converter sources is an important aspect in a power network. These
secondary disturbances can be seen as harmonic sources of current and voltage
impacting on the primary converter. This puts a new constraint on the modern
power network design where an increase number of power electronic converters in
close proximity become more crucial. Study trends are focused on reducing the
EMI at the source stage. This cannot be accomplished without performing formal
analytical models of the network, including the converters and cables. This allows
researchers to provide a better understanding of the parameter impact on the EMI
noise, opposed to empirical models, which are limited to only show final results
rather than revealing the EMI mechanism. Analytical models guide engineers to
solve EMI problems without elaborate EMI tests. It is thus proposed to analyse the
global network’s EMC behaviour and contribute to reduce margin in filter design
stages, with developing formal analytical models of the network, based on
modelling switching impedance and harmonic sources of the converters.

e C(lass-D amplifiers are a widespread industrial solution. These amplifiers have a
similar architecture of a buck converter but having the audio signal as reference.
The switching nature of these devices allows users to increase significantly the
power efficiency compared to linear audio amplifiers without reducing the audio
quality. However, because of the switching behaviour, Class-D amplifiers have
high levels of electromagnetic (EM) emissions which can disturb the surrounding

electronics or might not comply with electromagnetic compatibility (EMC)
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standards. To overcome this problem much architecture appeared in the state of the
art that reduces the emissions, however, this has never been enough to remove
electromagnetic interference. It is then useful to design optimal EMI filters for
Class-D amplifiers. This will improve the EMI response, reducing additional power
losses and to evaluate impact on the audio quality.

e [t is now possible to predict the EMC compliance with Electromagnetic standards
as well as accurately computing a common and differential mode conducted noise.
At present, the modern car power networks supplying large quantities of electrical
actuators necessitating many power converters to manage the power transfer
efficiently. However using long harnesses creates new issues due to interaction
between cable and converter's noise sources, and therefore the EMC study becomes
more complex. Proposing an analytical model to compute common mode
equivalent conducted noise sources along the network, can minimise and optimise
the cable network. The model can be tested with time domain simulations and
validated by experimental measurements.

e EMI modelling of power converters is crucial to develop EMI attenuation solutions.
Recently, more and more modelling and mathematical analysis of electromagnetic
interference sources and propagation path had allowed a better understanding of the
EMI generation mechanisms. Calculation times and accuracy determine the
efficiency of EMI models in the studied circuit frequency range. It is thus proposed
to develop a circuit-based model for predicting the spectra of conducted
interferences in a DC-DC converter in the scope of reducing calculation times of
sequential simulations. The proposed new approach for high-frequency disturbance
estimation can be based on the knowledge of circuit parasitic elements and
semiconductor devices parameters. A good trade-off between simulation time and
accuracy can be registered; making the EMC modelling process attractive for

power converter designers.
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Appendix A EMC REGULATION

Al PURPOSE

It is important to know the noise level to design for, to be able to accurately filter the
excessive noise. If a power system is cost sensitive and size matters, overdesigning for the
lowest possible emission levels will increase cost and most probably size. On the other

hand, failing the emission standards can be catastrophic.

Modelling for EMC in any power converter is of utmost importance and should be part of
the design phase. Due to the switching operation, physical placement and structural
limitations, conducted noise will be generated. Designing EMC friendly switch-mode
topologies and eventually optimum sized filters to quench certain frequencies, if needed,

improves the overall cost effectiveness.
A2 BACKGROUND

The general definition for conducted emissions as stated from the IEEE EMC Society is
that conducted emissions are currents that travel on circuit wiring or conductive portions of

assemblies and structures. It can occur on power and/or signal wires.

This report starts with the diverse conducted emission accreditations available for the
different end-users and destinations. For instance, the military specification is more
stringent in certain aspects as it measures the peak disturbance opposed to the quasi peak
or average disturbance for commercial accreditation. If a soldier transmit the voice
command ‘don’t shoot!” and a momentarily disturbance wipes out the ‘don’t’ the faulty
message can have major consequences. On the other hand, if listening to music from the
commercial FM radio and the air conditioner motor starts up causing a few tics on the
radio and blobs out a word or two, it will just be a short frustration with no serious
consequences. A weighted quasi-peak level for the occasional flicker noise is thus

acceptable.
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Conducted emissions are important as it can be easier identified and corrected compared to
the more complicated path of radiated emissions [A1]. Depending on wiring length and
frequency of conducted disturbance currents, it may result in radiated emissions. Paying
attention to conducted emissions can eventually prevent additional compliance issues.
Conducted emissions compliance testing involves the use of a Line Impedance Stabilising
Network (LISN). It is the standard prescribed means of powering the device for testing and

it provides a port for measuring the conducted noise levels.

The regulating bodies set forth by law requirements to regulate power devices. It is worth
noting that individual companies self-impose their own set of regulations on their products
and could be much more stringent than the required regulations. This is mostly seen in the

automobile manufacturing environment where competition is very tight.

A3 CONDUCTED EMC STANDARDS
A3.1 Standards background

The EMC conducted emission standards are there to define: "the ability of an equipment or
system to function satisfactorily in its electromagnetic environment without introducing
intolerable electromagnetic disturbances to anything in that environment”. It is thus about
limiting the EM pollution by defining limits to the emitted conducted power of any

electrically operated piece of equipment.

The term conducted emissions refer to the mechanism that enables electromagnetic energy
to be created in an electronic device and coupled to its input power cord. Regulatory
agencies control the radiated emissions (not covered in this document) and conducted

emissions from electronic devices.

Cables connected to a device carry unwanted transient signals and other disturbances to
other devices. [Al]. The conducted emissions are measured with voltage and current
measurements on the cables. Such measurement methods are standardised, for instance, for

automotive appliances in CISPR25 [A2]. The voltage measurement method measures the
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conducted emissions only between the power lines and a ground cable with a LISN (Line
Interface Stabilisation Network), or sometimes called an Artificial Network (AN). DC
converters without a safety ground (for example two-wire DC-DC supplies housed in
isolated casings) use the negative (zero volt line) as the ground reference. The LISN should

only be used on the high-side of the power line [A2].

All radiated and conducted emission measurement methods have different measurement
sensitivities for different emission frequency ranges and different emission coupling
mechanisms. This is the main reason for the application of different methods for device

EMC compliance measurements.
A.3.2 Regulating bodies overview

Technical Committee 77 (TC 77) and CISPR (Special International Committee on Radio
Interference) are technical commitees having responsibility for developing emission limits

and measurement requirements to achieve EMC. Generally, CISPR is responsible for

emissions above 9 kHz and TC 77 for emissions below 9 kHz [A3].

In South Africa, the SABS (South African Bureau of Standards) maintains the standards
pertaining to EMC. The national standards have been adopted and re-designated as SANS
(South African National Standard). The SANS EMC standards deal with unintentional
emissions from any electrical or electronic apparatus. The technical committee within
Standards South Africa that deals with EMC is TC 73, heavily influenced by the IEC and
its two EMC bodies, TC 77 and CISPR. The standard for radio interference characteristics

of information technology equipment is for example SANS CISPR 22 (1993).

Figure A.1 shows a diagrammatic presentation of the prominent EMI regulation bodies.
The top row shows the military standards from the USA, NATO, UK and Germany. The
MIL-STD-461 documents have been evolved for use by the U.S. Department of Defence.
The armed forces in several other countries follow these standards, either closely or with
minor variations [Al]. The international bodies concerned with EMC in the commercial
market, namely ISO and IEC is shown in the left. To the right of the figure, the FCC and
CENELEC are shown, applicable to the USA and Europe respectively.
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EMISSIONS STANDARDS OVERVIEW
MILITARY
STANAG DEF STAN DIN
EERl (NATO) (UK) (German)
Y 4 Y Y
MIL-STD-461 X | | STANAG-4435-x | | DEF-STAN-59-411 VG95370-xx

__NTQN:TK;«AT__—-__—-US —————
Fcc RTCA

IEC 61000-X

ACEC (Advisory Committee for EMC) —
Coordinates between all TC'’s involved with
EMC to prevent conflicting standards.

IEC (International Electrotechnical
Commission) — promote international
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Figure A.1. Standards overview — EMC regulation bodies in context.
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A33 Regulating bodies summary

The ACEC is the Advisory Committee on Electromagnetic Compatibility reports and
considers all aspects of the ability of an equipment or system to function satisfactorily in
its electromagnetic environment without introducing intolerable electromagnetic
disturbances to anything in that environment. The object of ACEC is to guide and
coordinate IEC (International Electrotechnical Commission) work relating to
electromagnetic compatibility matters in order to ensure consistency and avoid duplication
and conflict in IEC standards [A4]. The IEC prepares and publishes international standards

for all electrical, electronic and related technologies [A5].

ACEC is responsible for the mandatory IEC Guide 107 which provides guidelines on
drafting electromagnetic publications and through which it coordinates the EMC work of
IEC's technical committees. Members of ACEC are representatives of the following TC’s

(Technical Committees) [A4]:

e TC77 : Electromagnetic Compatibility
e CISPR : International special committee on radio interference

e  Other sector technical committees or subcommittees whose activities include EMC

matters as an important part of their work.

The IEC is one of three global sister organizations that develop International Standards of
the world. The other two is ISO (International Organization for Standardisation) and ITU
(International Telecommunication Union) [AS5], [A6], [A7]. IEC has issued four generic
standards IEC 61000-6-1, 2, 3, and 4, which specify emission and immunity requirements.
The generic standards list the individual test standards (generally, IEC and CISPR
documents) that are applicable and the limits that apply.

The FCC (Federal Communications Commission, United States of America) regulates the
interstate and international communications of the USA by radio, television, wire, satellite
and cable in all 50 states, the District of Columbia and USA territories. It has
responsibilities such as developing and implementing regulatory programs; processing

applications for licenses and other filings; encouraging the development of innovative
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services; conducting investigations and analysing complaints and is involved in public
safety and homeland security. The FCC forms advice from various objective advisory
committees [A8]. ANSI (American National Standards Institute) is the official U.S.
representative to the ISO and IEC. It oversees the creation, promulgation and use of norms
and guidelines [A9] as formed by the FCC. The FCCalso requires that testing be performed
following the American National Standard Institute (ANSI) C63.4-1992 measurement

procedure.

RTCA DO-160G is used by the international commercial airline industry to qualify
equipment as part of Federal Aviation Administration certification of aircraft. Among
commercial standards, DO-160G is the most similar to MIL-STD-461F. The test
methodology addresses many issues important in MIL-STD-461F including ground planes,
electrical cabling, and consistency among setups. DO-160G provides a number of different
categories to which equipment can be certified depending on the type of equipment, its

installation location, and the needs of the equipment and aircraft manufacturers [A3].

CEN (Comité Européen de Normalisation - French) is the overlooking body for the
European Committee for Standardisation. CENELEC (European Committee for
Electrotechnical Standardisation) is mandated by the European Community to produce
product standards CEN and CENELEC, as European Standards Organisations, have sought
to provide a comprehensive overview of the multiple standards issues [A10]. CENELEC is
largely responsible for approving detailed standards, which are acceptable for
demonstrating compliance with the EMC Directive. Most CENELEC approved standards
are identical to or contain only minor deviations from those developed by the IEC and

CISPR [A3]. Note that CEN and CENELEC do not distribute or sell standards.

ETSI (European Telecommunications Standards Institute, France) produce globally
applicable standards for Information & Communications Technologies including fixed,
mobile, radio, broadcast, internet, aeronautical and other areas. ETSI is recognised as an

official European Standards Organisation by the European Union [A11].

Moving to the top row of Figure A.1, the most prominent military standards are shown.

Military standards constitute a most comprehensive set of standards in electromagnetic
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compatibility [Al]. MIL-STD-461 is the USA DoD EMC standard for defence
procurement [A3] and the most widely used standard for defence products. It establishes
the requirements for the control of electromagnetic interference characteristics of
subsystems and equipment for applicable military requirement. The armed forces in several

other countries follow this standard, either closely or with minor variations [A1].

DEF STAN 59-411 is the UK EMC standard for defence procurement, aligned to MIL-
STD-461. Ministry of Defence, Def Stan 59-411 Issue 1 on Electromagnetic Compatibility
(EMC) was published in January 2007 and supersedes Def Stan 59-41 and other EMC-
related Def Stans [A12].

STANAG is the NATO abbreviation for Standardisation Agreement, which sets up
processes, procedures, terms, and conditions for common military or technical procedures
or equipment between the member countries of the alliance. Each NATO state implements
STANAG within its own military. The purpose is to provide common operational and
administrative procedures and logistics, so equipment can me mutually exchangeable.
STANAGs also form the basis for technical interoperability between a wide variety of
communication and information (CIS) systems essential for NATO and Allied operations

[A14].

DIN stands for ‘Deutsches Institut fiir Normung’ which means ‘German Institute of
Standardisation’. DIN established special standardization offices for the drawing up of

defence standards (so-called Verteidigungsgerdtenormen — VG Standards) [A15].
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A4 MEASUREMENT DIFFERENCES

Large military platforms, such as ships, have a large concentration of sensitive electronic
devices and therefore the need for more severe EMC limits than for commercial equipment
[A16]. The different test levels, test standards, frequency coverage and different detectors

used in measurements will be shown in this paragraph.
A4.1 Conducted emission frequency coverage

The main test frequency limits for DC and AC power leads, relevant to conducted
emissions, is shown in Figure A.2. Deciding on the applicable standard to design for, will
depend on where the product will be used. If a military product is developed, it will need to
adhere to MIL-STD 461. In this instance, the conducted emission test spans from 10 kHz
up to 10 MHz. If commercial equipment are manufactured in the United States and/or
intended for sale in the United States, it has to be tested to FCC Part 15. Applicable
frequency range for FCC is from 450 kHz up to 30 MHz. Commercial products for the
European market need to comply with CISPR (EN or IEC specification), to be tested
between 150 kHz and 30 MHz. Commercial avionics need to comply to the RTCA/DO-
160G, spanning from 150 kHz to 152 MHz [A17].
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Figure A.2. Conducted emission compatibility test frequency limits.

A4.2 Setup Differences between standards

10M

There are basic differences in the various measurement set-ups. MIL-STD 461F calls for

using the standard military environment set-up, with the test equipment placed on a solid

ground plane. The presumption is that military installations are mostly mounted on a metal

platform. Commercial test procedures call for mounting the test unit on a non-conductive

tabletop 80 cm above the ground plane. This difference is not considered to affect

measurement levels in a significant way [A16].

The MIL-STD-461 conducted EMC bench setup is shown in Figure A.3. The two LISNs

(both supply lines) conditions and stabilises the power source to the equipment under test

(EUT). The LISNs measure the positive line and the negative line disturbance separately.

This can be recorded with a spectrum analyser.
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Figure A.3. Conducted EMC Setup (copied from [A13]).
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CISPR 25 uses a very similar setup as in Figure A.3, except that the EUT is raised 50 mm
from ground plane with a low relative permittivity support (g <1.4). CISPR 22 on the

other hand, does not support a solid ground plane. The DUT has to be 700 mm above the

ground plane.

The measurement bandwidth for conducted emission tests are 10 kHz for both military and
commercial tests. The only difference between commercial and military bandwidth is when
measurements are performed at very low frequencies, outside the normal conductive
emission test frequencies. If conductive tests need to be performed between 10 kHz to
about 150 kHz the measurement bandwidth is 220 Hz (commercial) and 1 kHz (military)
[A3].

A detector is used to calculate a single point that represents the signal at an instant in time.

EMI receivers can detect the peak, RMS (or average) value and the quasi-peak value.

The MIL-STD 461F standard calls for measurement of the conducted disturbance voltage
at the LISN with a peak detector, shown in Figure A.4 (a). It indicates the highest signal
level seen during the time the analyser dwells at a frequency The prevailing commercial
practice, when measuring EMI from a device under test, is to measure peak values first to

find problem areas that exceed or are close to the specified limits.
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Quasi-peak (QP) measurements, as shown in Figure A.4 (b), which are by nature slow, are
then made only on the signals that approach or exceed the limits. The QP detection is a
weighted form of peak detection. QP detection is a way of quantifying the “annoyance
factor” of a signal. The measured value of the QP detection is higher as the repetition rate
of the measured signal increase. Thus, an impulsive signal with a given peak amplitude and
a 1 kHz pulse repetition rate will have a higher quasi-peak value than a signal with the
same peak amplitude but having a 10 Hz repetition rate. This signal weighting is
accomplished by specific charge, discharge, and display time constants [A18]. The

receiving signal uj(t) from the EMI receiver charges the capacitor C through Ry with a
time constant 7. If the EMI receiver signal uq(t) is lower than up(t), the capacitor C
discharges through Rj with a time constant 74. For conducted EMI measurements,
typically between 150 kHz and 30 MHz, the QP detector fast attack (charge) time 7 is

1 ms and the slower decay (discharge) time 74 is 160 ms [A19].

Figure A.4 (c) shows the average detector circuit. It applies a linear average to the

incoming signal. With this detector, R1 =R2 and 7 is 100 ms.
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Figure A.4. Analog detectors:

The quasi-peak detector will be

(a) Peak detector, (b) QP detector and (c) average detector.

analysed in more detail. Figure A.5 shows a 20 ms pulse

with a 100 ms frequency response combining the quasi-peak detector and the associated

LPF to visualise the QP operation. The graph shows the input response (a repetitive pulse,

seen in blue), the resultant quasi-peak detector response, exhibiting the fast-attack, slow-

decay characteristic in red, and

black. The LPF averages the QP

the combined response of the detector and the meter in

ripple.
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Figure A.S. QP attack and decay.

The following will show some effects when measuring noise with a QP detector. For a
continuous wave, say sine wave at 100 kHz frequency, the QP detector will yield the same
result as a peak detector. This is set as the reference. Signals that occur more frequently
will result in a higher QP measurement than infrequent pulses. The circuit in Figure A.4
has been modelled and the analog signal response is shown in Figure A.6. A 100 kHz
square wave with different duty cycles were generated as input. The dotted line shows the
sine wave reference signal at 0 dB. The different duty cycles on the square wave results in
different QP measurement levels. Duty cycles greater than 10% results in slightly higher
values. Lower duty cycles, even down to 5% will read slightly lower values in QP, up to
1 dB, compared to peak measurements. Duty cycles in the 1% range will read almost 5 dB

lower.
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Figure A.6. QP detector analog response.

Figure A.7 shows the relationship between the duty cycle and QP loss compared to peak
response at 100 kHz.
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Figure A.7. QP response vs. variable duty cycle.

The peak detector measures the peak value of the signal. It can be visualised as the quasi-

peak detector with a fast attack time constant and infinitely slow decay time constant.
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The types of detectors vary for the test methods, but for the most part this will not cause
large differences in detector signal levels [A16]. When a CISPR scan is performed, the
measurement is done with a peak detector, as this is much quicker than performing a test
with the QP detector. When problem areas are encountered where the set levels are not
met, those frequencies are rescanned with a QP detector. Only when wideband noise
characteristics are present in those bands, a lower level might be measured with the QP

detector.
A5 Conclusion

This Appendix described the background of conducted electromagnetic compliance, the
bodies involved as well as the different limits, frequencies and measurement techniques to
adhere to. A broad overview was covered mostly including the standards of the western
world. Commercial conducted limits for Europe and the USA were provided as well as the
USA DOD military specification that is widely accepted in the military field. The avionics
RTCA/DO160G were also shown as this shows a very high upper frequency limit

compared to other standards.

Measuring the disturbance signal with a peak detector, quasi-peak detector or average
detector has to be comprehended. The quasi-peak detector is normally prescribed, but the
dwell-time on the measurement frequency is very long. Normally, a peak detector is used
to speed up measurements and only if possible failures occur, that portion will be re-
measured with a quasi-peak detector. The relationship between these detectors are quite
complex. The quasi-peak detector has been analysed and a few sample plots were

presented to show its operation.

The conducted EMC test applicable for a certain product would depend on the end
destination of that product. If, for instance, it is for the commercial market in Europe, the
CISPR tests would be sufficient. Those limits will be the design goal for the power

converter.

Department of Electrical, Electronic and Computer Engineering 198
University of Pretoria



APPENDIX A EMC REGULATION

A.6 REFERENCES

[A1] P. Kodali, Engineering Electromagnetic Compatibility, TEEE Press, 1996, pp. 315-
331.

[A2] Vehicles, boats and internal combustion engines, radio disturbance characteristics,
limits and methods of measurement for the protection of on board receivers,
CISPR25 International Standard International Special Committee on Radio

Interference, Edition 3.0, 2008.

[A3] Results of Detailed Comparisons of Individual EMC Requirements and Test
Procedures Delineated in Major National and International Commercial Standards
with  Military  Standard  MIL-STD-461E, DoD/Industry  Electromagnetic
Environmental Effects Standards Committee, Engineering Practice Study, March

2001.

[A4] , IEC - ACEC Advisory Committee on Electromagnetic Compatibility, (May 2012)

Scope [Online]. Available:
http://www.iec.ch/dyn/www/f?p=103:41:0::::FSP_ORG _ID,FSP_LANG 1D:3236,2
5

[AS] IEC, (May 2012). About the IEC, Vision and Mission [Online]. Available:
http://www.iec.ch/about/

[A6] International Organization for Standardisation, (May 2012). International Standards
for Business, Government and Society [Online]. Available:

http://www.iso.org/iso/home.html

[A7] ITU (May 2012). About ITU [Online]. Available:

www.itu.int/en/about/Pages/default.aspx

[A8] FCC, Federal Communications Commission, (May 2012). [Online]. Available:

http://www.fcc.gov/what-we-do

[A9] ANSI, (May 2012). About ANSI:  Overview [Online].  Available:

http://www.ansi.org/about ansi/overview/overview.aspx?menuid=1

Department of Electrical, Electronic and Computer Engineering 199
University of Pretoria



APPENDIX A EMC REGULATION

[A10] CEN-CENELEC (Oct. 2011). Focus Group on European Electro-Mobility
Standardization for road vehicles and associated infrastructure Report in response

to Commission Mandate M/468 concerning the charging of electric vehicles

[Online]. Available: http://www.rechargebatteries.org/wp-
content/uploads/2013/04/CENELEC-REport-on-Standardization-of-EV-Oct-
2011.pdf

[A11] ETSI, (May 2012). Welcome to the world of ETSI [Online]. Available:
http://www.etsi.org/WebSite/homepage.aspx

[A12] Defence Standard 59-411 Issue 1 Part 3 Electromagnetic Compatibility Test
Methods and Limits for Sub Systems, Ministry of Defence, United Kingdom,
January 2007.

[A13] Requirements for the Control of Electromagnetic Interference Characteristics of
Subsystems and Equipment, MIL-STD-461F, US Dept. of Defense Interface
Standard, December 2007.

[A14] STANAG, (March 2012). Standardization Agreements / Accords de normalisation
[Online]. North Atlantic Treaty Organisation. Available:

http://www.nato.int/cps/en/natolive/stanag.htm

[A15] Development of standardization management: best practices and initiatives,
European Defence Standardization Journal, European Defence Agency, Issue 2,

2009.

[A16] Oak Ridge National Laboratory, “Comparison of U.S. Military and International
Electromagnetic Compatibility Guidance,” U.S. Nuclear Regulatory Commission
Office of Nuclear Regulatory Research Washington, DC 20555-0001, Final Report,
NUREG/CR-6782, document number ORNL/TM-2001/140.

[A17] E.J. Borgstrom, “New EMC Requirements For Commercial Avionics: RTCA/DO-
160G,” Interference Technology, EMC Directory & Design Guide 2011, pp56-65.

[A18] S. Braun, F. Krug and P. Russer, “A novel automatic digital quasi-peak detector
for a time domain measurement system,” in Proc. Electromagnetic Compatibility,

vol. 3, Aug. 9-13, 2004, pp. 919-924.

Department of Electrical, Electronic and Computer Engineering 200
University of Pretoria




APPENDIX A EMC REGULATION

[A19] Tektronix Application Note, “Real-Time Spectrum Analysis for EMI Diagnostics,”
Document Number 37W_ 22084 0 EMI_0.pdf, 15 June 2009.

Department of Electrical, Electronic and Computer Engineering 201
University of Pretoria



