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Chapter 1

Introduction

1.1 Background

Electromagnetic Interference (EMI) is defined asgy alectromagnetic disturbance that
interrupts, obstructs, degrades or limits the ¢iffecperformance of electronic or electrical
equipment [Pau06]. Adopting the practice of meetiByll standards is defined as
Electromagnetic compatibility (EMC), which is thbilgy of a device, unit of equipment or
system to function satisfactorily with other electic systems, and not produce or be
susceptible to interference. Before being placedhenmarket, any power electronics product
must be not only functionally compatible with othgystems but must also meet legal
requirements in virtually all countries of the wabrl

The switched mode power conversion systems gendfdtl noise at each switching
transient. Usually the noise is separated intorveales: differential mode (DM) and common
mode (CM). The CM noise is defined as the type M Boise induced on signals with respect
to a reference ground [Ski99]. The DM noise is midi as the type of noise flowing between
power supplying cables. As the application of skt power converters increases, concerns
about EMC strategies grow for both power electresigstem designers and users.

EMI can be categorized into two groups of conducked radiated emissions [Pau06].
Conducted emission mainly concerns electromagesicgy that is propagated through cables
connecting the system to the grid or interconngc8obsystems. These interference signals
pass together with the functional signals. The despy range where conducted emissions are
regulated is generally up to 30 MHz. Radiated eimisgnainly concerns electromagnetic
energy the frequency of which is higher than 30 MHhzthis frequency range the energy is
generally propagated in the form of electromagnetives through air rather than by direct
conduction through cables. In power electronicdesys a conducted emission can produce a
radiated emission and vice versa.

1.2 Research target and EMC challenges

1.2.1 Research target

As power electronic technology grows, power coremsrare present everywhere and modify
the form of electrical energy in industrial, comwiat, and residential environments. As a
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result, frequency converters have become the misihsBurces and design efforts are needed
to ensure an electromagnetic friendly environment.
In this thesis Variable Speed Drives (VSDs) areestigated, and for the following reasons:

1. VSD for speed control of motors provides energyirggss and ease in control.
Nowadays it is estimated that 60% ~ 65% of eledtjrigenerated in the United States
is consumed by motor drives. [Asa93].

2. The switching frequencies of VSDs are in the raofge0 ~ 20 kHz when Insulate
Gate Bipolar Transistors (IGBTs) are used. It isgiode to increase switching
frequencies of existing motor drives by employingwnSilicon Carbide (SiC) or
Gallium Nitride (GaN) devices.

1.2.2 EMC design in motor drives

The standard industrial solution for VSDs uses atidm motors fed by voltage source
inverters (VSI). The inverter generates Pulse Widibdulated (PWM) voltages, with dv/dt
values of 10kV/us or more. Consequently, both cotetliand radiated EMI have become
major problems which make EMC design essential. Weonducted EMC strategies have
been developed in the past decades for motor dyiseems. They can be categorized into three
groups: passive filtering, active cancelling, atigeo techniques, as shown in Fig. 1.1.

Traditionally, passive filtering methods especigliywer line filters have mostly been used
to suppress conduced EMI. Filter solutions includwkes, high frequency filters, dv/dt
suppressors, sine-wave filters, and filters with G connection [Han06; Han07].

Methods of active cancelling usually apply actievides and control to compensate for the
dv/dt transients generated by the PWM switchingesa{Jul99; Pia09]. Generally an extra
winding is needed to form a coupled transformercivtgenerates the opposite voltage to the
other three inverter phases.

The other techniques include: modification of PWNtategy, impedance balancing,
modification of motor structure, etc. Detailed mws on various EMC design strategies will be
given in Chapter 2.
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Passive filtering Active cancelling Other techniques
Chokes Fourth leg Modification of
L compensator PWM strategy
High frequency
filters Cancelling circuits Impedance
balancing

dv/dt suppressors Modification of

Sine-wave filters motor structure
Filters with DC

Snubber circuit,
bus connection

etc.

Fig. 1.1 Summary of EMC strategies for motor drives

1.2.3 Technological advances in power electronics and mlance to EMC
challenges

Two important technology developments that willeatf EMC are SiC power devices and
increased integration of inverters.

SiC power devices — faster switching but increasegMI

After 30 years of development, wide band-gap malteBiC now has great potential to
replace Si as the dominant transistor technologyaliee of its having a humber of superior
qualities [Ozp10]:

* SiC material’s critical breakdown field is approxitely 10 times that of silicon,
which enables the development of a thinner strectira stated breakdown voltage,
which in turn reduces the channel on-resistancgla

* SiC has a thermal conductivity of 2.8 times higthen that of Si, providing a much
higher current density at a given junction tempeet

* With a band-gap of approximately 3 times wider tisanthe SiC devices also exhibit
significantly lower leakage current at high tempera operation [Onl11b].

Although the advantages of SiC material have bemrognized since 1980s, immature
technology that limited the breakdown performancecame the main barrier for the
introduction of SiC devices. In 2004, the first sessful commercial adoption of SiC Junction
Barrier Schottky (JBS) diodes and power switch pobd- 1200V,80mQ SiC MOSFET from
Cree - was reported [Das11]. In 2008, the enhanuede SiC Junction Field Effect Transistor
(JFET) that can be used as a direct replacemer&iffOSFETs and IGBTs was announced
by the SemiSouth Laboratories, Tennessee, USA. Waeg applied on an off-the-shelf solar
inverter, whose energy loss is effectively redulbgcs much as 50% [Onl08]. In this research
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the normally-OFF trench SiC power JFETs have bdmsen because of the good match of
their blocking voltage and current levels with theditional Si IGBT.

Over the last couple of years, the SiC devices baen subjected to extensive research in an
attempt to exploit the above properties. For examnipl [Kra09; Fun07], very high converter
efficiencies were reported under high temperatme law switching frequency conditions. A
comparative study shows that the losses of SiC MEXScan be reduced by a factor ranging
from two to five, compared to normal Si MOSFETS d@Gl]. The enhanced switching
performance of the SiC switches, allowing for irased switching frequencies and lower
losses, leads to increased power density by sihection of magnetic components and heat
sinks [Jos11b]. At the same time, EMI emissions inoeeasing due to the SiC transistors’
faster switching speed. Nowadays, with a more gttt EMC environment due to the fast
growing power electronics applications, smart EMef development that has better filtering
abilities becomes essential for the acceptance®p8wer converters.

Higher integration levels — small filters and incrased EMI coupling

Increasing the power density is one of the mairecbjes. Therefore a compact EMI filter
design is essential. Nowadays, EMI filters arel stibst commonly composed of passive
components that can make up more than 50% of theneof the entire system. Numerous
techniques, such as topology optimization, comptsm@ackaging and manufacturing have
been developed to reduce the size of EMI filterBilevmaintaining high filter performances,
for example:

» Filter topology optimization

This technique optimizes filter design to fulfilbise attenuations while avoiding over
sizing and large components. Usually the focusisdvanced measuring techniques and
elements extraction methodology in order to devalogccurate model [Har10; Tar10].

* Integration technology

Integration technology is mostly realized througtgwncomponent material [Wul1l], and
reshaping or unifying the component profiles [JosC8e03]. Hence optimized spatial
design and packaging are achieved.

» Parasitic cancellations

This technique aims to make EMI coupling effectdas as possible [NeuO4a; Hel08;
Wan06a; Wan08b]. It improves the filter high fregog performance. Generally
additional components are added to cancel higlhienfte parasitics such as those in CM
capacitors [Wanl10; Tao 11].

* Thermally enhanced passives

This technique aims to enhance the components #igranformance of the components in
order to operate under high temperature and highep@onditions. Examples such as
[Wyk03] where the inductor is encapsulated into eathsink, and [Dir05] the heat

extractors are integrated into power passive madulénprove the thermal performance.
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1.3 Problem description and thesis objectives

1.3.1 Problem description

EMC problems addressed in this thesis are:

Increased EMI due to the use of SiC devices

The first problem is increased noise emissions tduthe employment of SiC transistors.
Depending on the circuit configurations, the swiitghspeed of a SiC JFET can be two to six
times higher than a traditional Si IGBT [Hor06], istn leads to degraded EMC performances.
To accommodate SiC switches in motor drives, ingatbns are necessary to improve filter
designs. The questions that need to be answered.af@w much would the spectral contents
would be increased? 2. How would the filter desigrinfluenced?

Complicated coupling paths and the role of parasitis

Circuit parasitics that were previously neglectedtgo play a role in EMI production due to
the faster switching transients. The capacitivepliog existing in the circuits become more
prominent, because they create loops for high #aqy noise propagation generated with fast
switching due to SiC devices. Hence EMC designs Haave high frequency attenuation
abilities are essential. Traditional filter desigrageting a too low frequency range may
become inadequate.

More sensitive EMI receptors

The third problem is that EMI receptors have becanwe sensitive due to the reduced
logical and threshold levels of the electronic desi It is necessary to put more effort into
limiting the emitted noise in the source or dedmgshe coupling effects. For example, the
gate threshold the SiC JFET has been reduced ¥ dtich is half of the 3.0V threshold
voltage of a traditional Si IGBT. For embedded &agidevices as the controller part, the
general power supplying voltage has been drambticatluced from 5V to 3.3V in order to
reduce power consumptions, for example, DSP TMS3808 which is 3.3V as opposed to
classic ADMCF328 from Texas Instruments for motontcol. Innovative methods rather than
traditional methods, e.g. shielding, insert of tiekes, are preferred in order to lower the
system cost and the volume.

1.3.2 Thesis objectives
Based on the problems listed above, the obgsbf this thesis are:

* To improve filter performances without increasirggume and cost.

e To provide quantitative understanding on EMC d#fares when using SiC JFETs
and Si IGBTs in motor drive systems.

* To accommodate SiC JFETs in motor drives from EN@{pof view.



6 Chapter 1

* To develop a systematic EMI Filter design procedure

In this thesis the focus is on the remedies ankinigoes to suppress the conducted EMI of
inverters in VSD systems, using wide band-gap SKET® as the switches, within the
frequency range of interest frd@rkHzto 30 MHz

1.4 Research method

In this thesis, the following approaches areettgped in order to achieve the aforementioned
objectives.

1. System modeling using equivalent circuits.
It is proposed that equivalent circuits be usedrialyze and predict EMI levels in

VSD systems. The predictable frequency range isoup0 MHz of conducted EMI
range.

The state of the art approach and significance ohe approach:

Elements extraction is traditionally used for mauglthe behavior of discrete
components. Depending on the investigation purpowt prediction at concerned
frequencies, the model can be adjusted by includéhgments that cause the
corresponding influences, thereby extending thdiptable frequency range.

2. Parasitic cancellations in 3D spatial layout.
The filtering performance is enhanced by applyiagapitics cancellation techniques
which are implemented in 3D spatial layout.

The state of the art approach and significance ohe approach

Previous techniques in this field are implemented®D and limited by space and
spatial constrains. With the generation of innoxatpassive components a new
concept named 3D parasitic cancellations is prapho€®mpared to traditional 2D
methods it is more effective in obtaining cancéleé while without lowering power
density and increasing parasitic loops.

3. EMC comparison between SiC JFETs and Si IGBTs bdsed systems.
For comparative EMC studies, two 2.2 kW invertastptypes which are IGBTs and

SiC JFETs based respectively are built using thmesdayout. Their switching
waveforms and spectra are compared in order tdifgdeheir EMC differences.

The state of the art approach and significance ohe approach

Nowadays the EMC remedies are mostly applied orctimyentional Si IGBT based
inverter systems. Even though the previous reseanemimously concludes that the
use of new SiC power devices increases the leveEMf noise, a quantitative

understanding of the differences compared to Sicesvs still elusive.

4. SiC noise source suppression.
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The implementation of the discrete SiC JFET wittemal free wheeling diode on top

of the substrate creates capacitive coupling thagecloops with considerable high

frequency EMI propagations. Two substrates of at®ad metal substrates (IMS) and
heat sinks are employed. The proposed methodsd@alising separated substrates
layout, damping circuits, and insert of ferrite #eat difference positions.

The state of the art approach and significance ohe approach

During recent investigations the influence of stadstlayout was ignored because the
influence is not evident in IGBTs based invertetsere dv/dts values are relatively
low. Minimization on substrate influences thus bmes critical when SiC power
devices are directly attached on top of substrates. proposed approaches suppress
the SiC noise at its source.

5. The procedure of systematic filter design.
Equivalent circuit modeling as introduced in ChapBis used to develop the
procedure. The designed filter is applied to th&lidverter.

The state of the art approach and significance ohe approach

Nowadays, the trail-and-error process is still Uguavolved when designing EMI
filters. The proposed procedure adopts the fiteeition losses as the modeling target,
which avoids the onerous tasks of noise sourceysisallThe model is able to evaluate
insertion losses of various filter topologies oeebroad conducted EMI frequency
range, which is essential in order to achieve atinoped filter design balanced
between performance and cost.

1.5 Thesis layout
The layout of this thesis is illustrated in Fig2.

Chapter 2 reviews the EMC strategies for VSD systeidechanism of EMI
generation and propagation is investigated. Theewead filter strategies include
active and passive ones.

Chapter 3 proposes the equivalent circuit modetimethod for EMC performance

predictions. A commercial industrial drive is takas the case study. The parasitic
elements are characterized by curve-fitting of idgree-frequency characteristics
with the aid of inverter hardware disassembling.

Chapter 4 presents parasitic cancellation techsidae EMI filters. A new concept
named 3D parasitic cancellations for better fifierformance is presented.

Chapter 5 investigates the EMC differences, caasésapproaches to improve filter
design for SiC JFETs based motor drives, with apamative Si IGBT based drive as
the reference. The inverter prototypes are builtgishe same layout. Comparisons
include switching waveforms and spectra measuredhbyLISN. The equivalent
circuit modeling method is used for analyzing ttsgectral differences.
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Chapter 6 presents two methods namely the use mdrated substrates and a
broadband modeling procedure to suppress EMI utiderinfluence of substrate
capacitive coupling. The implemented substratetud® Insulated Metal Substrate

and Heat sink.

Chapter 7 concludes the achievements and recomnfendsture research of this
thesis.
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Chapter 2

Conducted EMC Strategies for
Variable Speed Drive Systems

2.1 Introduction

Like any other power electronics product, VariaBgeed Drives (VSDs) must be designed
S0 as not to interfere with other equipment ingheoundings. To ensure compliance with this
requirement, numerous EMC standards are imposethdyauthorized departments. In this
chapter a common understanding of the EMI genaratind propagation mechanisms is
provided and the recent research on conducted Efké=gies of variable speed PWM drive
systems is reviewed.

Conducted EMI emission is often defined as the sindele electromagnetic energy emitting
from an emitter and entering a receptor via anytofespective connecting wires or cables.
The conducted EMC strategies for a VSD system eanabegorized into two groups namely
passive suppression, and active suppression methbdyg can be used in the following three
basic ways:

1. Suppress the emission at the noise source
2. Suppress the noise propagation path.
3. Increase the immunity to the noise emission ofréoeptor

Nowadays passive suppression methods especiallyshef a passive filter, are common,
because of their relevantly low cost, high effidgrand because they are easy to implement.
However, because the switching frequency of the \6&ems is usually below 20 kHz, which
is relatively low in the power electronics fielthet sizes of the passive filters are usually very
bulky. Additionally, as the switching speed of setor increases, EMI level also increases.
The requirements regarding product volume, weight| cost, lead to the EMI filter becoming
smaller and smaller. As a result, in recent yeariyve suppression methods have been under
extensive investigations and developed fast.
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2.2 Standards for conducted emission

Standards of conducted EMI can be divided intolieiviand military standards and further
sub-divided into categories in accordance withedéht application environments. This thesis
focuses on the civilian standards [Yaz79].

There are four major standard imposing authoritibg: International Electromechanical
Commission (IEC), the Federal Communications Corsiois(FCC) in the United States, and
the European Committee for Electro-technical Stedtidation (CENELEC) and the European
Telecommunications Standards Institute (ETSI) inoBaan countries.

IEC has the biggest number of committees and wgrgioups that are active in more than
40 countries including the United States and mbshe European countries [Win88]. Now
there are major two IEC technical committees: TGVRich is associated with the IEC 61000
series, and the international special committeeadio interference (CISPR) which is a branch
committee initially specializing on radio interfee. Nowadays, CISPR has grown into a
major authority issuing standards that are useddwide. Examples of some main standards
for conducted emission are:

e CISPR 11: limits for industrial, scientific and nmieal radio frequency equipment
» |EC 61800-3: limits for variable speed electricalyer drive systems

« EN 55011: limits and methods of measurement foustiial scientific and medical
radio frequency equipment

o CISPR 12: limits for ignition systems in vehicles

e CISPR 15: limits for lighting
* CISPR 16: measurement equipment and testing tewbsiq

Some EMC standards stipulate the same limits, ¥amgle: IEC 60000 series, which define
the safety characteristics of environments, measené instructions, etc. and CISPR 11, which
specifies the quality and interoperability requiests for specific equipment types or product
families [Onl1l1a]. Examples of conducted emissiohBCC and CISPR are shown in Fig. 2.1.
For the harmonized standards, the equipment argedivnto two classes (class A and class B)
according to the environment where the applicatibthe equipment takes place, for example,
residential, commercial, light industry and indystr

Standard for VSD

The product specific standard IEC 61800-3 dealk thie emission limits especially defined
for VSD systems. Therefore it is the main standbed is used in this thesis. This standard is
further divided into two categories. The first dentical to CISPR 11 class B. The second
depends on the agreement among the manufacturehamadustry. It is usually the same as
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the limits of CISPR 11 class A. Therefore the Ismaf CISPR 11 are valid for directing VSD
as well.

IEC61800-3 Class 2 Op

dBuV —— FCC 15 Class A QP
CISPR 15 Class B OP
90 —— FCC 15 Class B QP

85
80
75 l
70

65

60 - l—
55
50
45

40
150k 10M 30M

Sfrequency (Hz)

Fig. 2.1 Conducted emission standards of FCC afiPRI

Measurement for VSD

Fig. 2.2 shows the configuration of EMI measuremtt the VSD system. The Line
Impedance Stabilizing Network (LISN) provides ttomstant impedance (80) as seen by the
inverter. The noise received by the LISN transrotshe Spectrum Analyzer. A three phase
cable is used to connect the inverter and motoe dduipment under test must be placed at
least 80 cm away from the LISN according to CISPRstndard. To ensure all emitted noise
is picked up by the LISN, a copper plate that isnmxted to Protective Earth (PE) is used to
provide the lowest grounding impedance. A detaifledcription of the LISN is given in
Chapter 3, Section 2.1.

Spectrum
F Analyzer
80cm at least Motor
Power Grid < >
Oo— |
O—— LISN Inverter |—— Cable v
w
: a S

—|_—0 T FFFF FFFF FFFF FFFFYE F 7]

— Copper plate

Fig. 2.2 EMI measurement for VSD system
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2.3 EMI generation and propagation

Fig. 2.3 illustrates the schematic diagram of ac@fpvoltage source VSD system. The
system consists of the three-phase AC source frengtid, line cable, diode rectifier, DC bus
capacitors, power semiconductors (IGBT), motor e€alid a three phase motor. Usually bulky
inductors are needed to reduce harmonic distodfahe line current and to absorb the surges
and spikes of the line voltage. The power IGBTs swéched under pulse width modulation
(PWM) schemes to generate the three phase fundamgine waveforms at the inverter
outputs. These fundamental sine waveforms are tgukted a desired variable output frequency
to control the motor speeds, torque, etc. Wherséimsiconductors are fast switched on and off,
pulsed voltages appear at the semiconductor dsdiinearesult of the high dv/thansitions.

In the case of a simple loop with only a singleuctr and capacitor, when a pulsed voltage
source is induced, the inductor stores the mageetcgy and the capacitor stores the electric
energy. Overvoltage occurs at the very beginninthefresonance, and then the two energy-
storage components start resonating at a certaquéncy. Additionally, fast di/dts are also
created as a result of the semiconductor’s switgHinthe circuit dimension is comparable to
the wavelength of this particular resonant freqyettze current loop acts as an efficient loop
antenna. The produced current and voltage spiké®scillations are directly transformed into
the contents in the EMI spectrum. These constitutefirst level that generates the conducted
EMI. Subsequently, the electric and magnetic energytinues propagating and is received by
the energy-storage components in the surroundiogsloin this stage the inductive and
capacitive mechanisms start playing dominant rolesse constitute the second level that
generates the conducted EMI.

Rectifier Inverter

| AC grid % % % Car | Cas| _”#} _”3} _”3} Motor

shaft

Cacz | Caes w
— —

I T e o o TRl

Ear s s //f 3 Inverter frame

Protective Earth

Fig. 2.3 Schematic diagram of a typical invertévein motor system

2.3.1. EMI propagation mechanisms

EMI propagation can also be regarded as the praxfessupling. As the result, one of the
most important schemes for EMI suppression is tkarthe coupling path as less effective as
possible. The capacitive and inductive couplingwe dominant mechanisms [Lan06]. The
principles are explained in Fig. 2.4 (a) and (Ispextively. The noise sourtg is as the result
of the abrupt voltage change at the transistorchivig transitions. As shown in Fig. 2.4 (a),
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capacitive coupling occurs due to the stray capacé ;) existing between the two
conduction loops. The higher the frequency of thiseV,, the more easily it is coupled into
the external loop. It is estimated that two wiragdw2mm diameter and spaced by 1cm creates
about 0.1 pF/cm of parasitic capacitance.

As shown in Fig. 2.4 (b), inductive coupling occuhge to the mutual magnetic coupling
between two inductors located in two loopgse iS introduced by a variable current noise
sourcel, across the coupled inductbg;. Coupling magnitude is proportional to the valde o
di/dt, mutual inductance, distance between two d¢tahg, and the radius of the two loops.
Direction ofl,qiseis determined by the right hand rule. It is estiedathat two wires with 2mm
diameter and spaced by 1cm have about 10 nH/crarakjtic inductance.

\
. oY .
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e X
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1 7

(b)

Fig. 2.4 Fundamental mechanisms propagating EMigpacitive coupling (b) inductive
coupling

In the motor drive system there are numerous cpaa@nd inductive coupling points. For
the sake of analysis the noise modes are sepanabeivo parts: the Common Mode (CM) and
the Differential Mode (DM). CM noise is defined th& noise flowing from the system to earth,
and back to the system. Because inverter threeeptaag considered as symmetrical, all three
phase switching nodes are usually summed into dMes@urce. It can be modeled as square
waveform voltage source with respective to the gdburhe DM noise is defined as the noise
flowing between the system power leads. It is nyagnturrent source considering the power is
mainly flowing in the form of DM.

Another type of elementary EMI is identified as molance coupling. It occurs when
different circuits (e.g. loop andB) use the common lines or grounding path whose dapee
is Zn. When noise current iA flows throughz,, a voltageV,, acrossZ,, is generated. As the
consequencey,, is also seen by. If the noise current or/and,, are large enough, the
superimposed voltagé,, could be large enough compared to the functionatgyin loopB.
The disturbance is induced. In a power systemnthige generated in the power stage can be
substantially coupled into its control circuit whancommon piece of ground is used. An
example is presented in Fig. 2.5.
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Vo O

Control \}

Ground -

Fig. 2.5 Example of impedance coupling

2.3.2. Noise emission at input

A VSD system can be divided into the rectifyingggtas the input and the inverting stage as
the output. Noise emits at the switching transiehtany semiconductor. Therefore both
rectifying diodes at the input and inverting swishat the output are noise sources. Numerous
capacitive and inductive coupling points propag#te generated noise to the LISN.
Consequently, suppression at the source and makiisg coupling as less effective as possible
are the two important suppression strategies. ¢nMBD system, the output inverter part is
dominant for noise generation. Therefore this thé&stuses on noise suppressions at the output.
Noise propagations are introduced in DM and CM s#pd in the next sections.

The input source can be either a passive or aueagictifier. Since active rectifier such as
buck-type PWM rectifier is much more complicatedsiout of the investigation scope of this
research [Nus06].

In a power grid connected three phase diode bridgese generates at each transient of
phase change. Fig. 2.6 (a) shows the voltage wawsfof the grid which consists of three
phased ;, L,andLs. PointsA, B, C indicate the phase change transients. Fig. 2.6htvs the
current flow at the transients of phase change ftgito L,. C; is the parasitic capacitor of the
diode D;. During the period between poift and B, the current flows througi®; in the
direction of the arrow. The voltage acr@sis the conducting voltage &f; (around 0.7 V). At
the transient of poinB, the DC+ bus voltage is taken over by phbgeD; is blocked.C,
discharges and then recharged in the reversedidime@ reverse recharging current which is
also the noise current is formed, as indicated iy B.6 (c). The voltage acros3 is the
difference betweerh,; voltage andL, voltage. The noise magnitude is proportional te th
values ofC; and voltage change speed (dv/dt). The noise fusd&ahfrequency is three times
of the power grid frequency. During phase chanbe,resonances betwe€n and parasitic
inductance of the diode generate the noise harrmonic
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Fig. 2.6 Transient of phase change in the passistifier

Applying input filters is very common in power efiemmic converters. Due to the presence of
bulky inductors, noise coupling occurs betweerffiind power inductors. [He05] investigates
the magnetic coupling effect in a PFC converters iound that the filter attenuation level is
greatly deteriorated due to the magnetic coupliegwben the input CM filter and PFC
inductor, while the electric coupling is not thatgortant. [Poo03] analyzes how coupling can
substantially influence the EMI that is measuredthiy LISN. A lumped circuit model that
contains essential coupling paths is proposed.

Noise can be coupled into the converter from irgueé to the use of long input cables. Fig.
2.7 illustrates an example. Converter 1 and 2 amenected to the same power source.
Converter 1 applies CM capacitors both from inpuPE C;) and from output to PE%). CM
loopl is formed, and CM current from converter Indlwantly circulates in this loop. Since
long input cable for converter 2 is used, the raguof both CM and DM current flowing loops
are increased. Based on inductive coupling mechaniwise coupling from CM loopl into
CM loop2 and DM loop2 becomes much easier.



18 Chapter 2

Coupled into both

LISN 3 DM and CM loops

Converterl Load

j— CM loopl _—

Converter?2

PE loop2

Fig. 2.7 Noise coupling due to long input cables

2.3.3. Noise emission at output

Inverter generates the output signals and it isviae noise source of the VSD system. It is
the focus of this thesis.

DM propagation

DM source has a smaller propagating loop. In VS&iesy it appears as the current spikes or
oscillations superimposed on the functional sigmaveforms at the inverter output. Fig. 2.8
presents the DM noise propagation due to capacitiugling at the VSD output. The noise
currents are shown in dash line and flow througBN.Iphases in series. At the turn on
transition of the upper switcty, the DM noise is generated from the following dingp paths:

* lysdue to the dv/dt imposed across the parasiticaigpere in parallel to the lower
switch Cps).

* Iywdue to the dv/dt imposed across the parasitic dzp@e between the output
phase cables}).

* |y due to the dv/dt imposed across the series commestiline-to-ground parasitic
capacitance g and back to the phase through the drain-to-ground parasitic

capacitance(yg).

The DM noise magnitude depends on the voltage ifahslope and the impedance along
the DM current propagation path. The DM noise fesgry depends on the contents frequency
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from the source and the oscillations occurring leefw the inductive and capacitive
components along the DM propagation path.
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Fig. 2.8 DM noise propagation due to capacitiveptiog

DM noise propagation due to inductive coupling jmmthantly occurs in the cables and
motor windings. Fig. 2.9 shows the DM inductive pling occurring between two phases in
the output cable. As can be seen from Section ,2g®dd coupling nature between cables and
motor windings makes this form of coupling veryréul.

1 (} g (} Stray inductor

Fig. 2.9 DM noise propagation due to inductive dimgp

O

Fig. 2.10 shows a measured typical line-to-lingtage ;) and the PWM modulated sine
wave output phase currern)(of the inverter. Fig. 2.10 (b) is the time-expaddscale of Fig.
2.10 (a). The repetition rate of the voltage pugsthe carrier frequency. There are no external
filtering components when performing the waveforneasurements except four DC bus
capacitors positioned across the DC bus, as shoviigi 2.3. It can be seen that the current
noise is generated at the moment of each switchiagsition. The conducted DM noise
consists of all those current spikes that are sopaised on the fundamental current sine wave.
The waveform, consists of three components:
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* The fundamental sine waveform which is generatesddan the PWM modulation
scheme.

* The ripple current which is generated due to théctwd mode at the carrier
frequency.

» Current spikes to charge and discharge the coypdealsitic capacitorsCs, Cyw,
Cug andCyyin Fig. 2.8) as introduced in the previous paralgrap

The source or victim from inductive coupling can &ecomponent, for example, filter
inductor, parasitic inductance of a capacitor, fedncircuit board (PCB) trace loop, or a motor
winding. As DM loops are much smaller than CM lgop&luctive coupling mainly induces
DM sources [He05].
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Fig. 2.10 (a) Pulsed DM voltage and current waveof a PWM switched variable speed

drive (b) DM waveforms in expanded scale, whéyés the inverter output line-to-line voltage,
andl, is the motor phase current

CM propagation

The CM noise is much more harmful and dominatesBli spectrum. In VSD system it
appears as the noise currents flowing though PBbairdy picked up by the LISN. Capacitive
coupling is the main mechanism. Fig. 2.11 is thrapéified presentation of the CM noise
propagation from the inverter. The noise curremes shown in dash line and flow through
LISN phases in parallel. When the switeh is turned on, CM noise is generated from the
different coupling paths:

* lgg due to the dv/dt imposed across the parasitic atgmece Cqy) between the
switch drain and the grounded heat sink.

* lugdue to the dv/dt imposed across the parasitic dap@e between the output
phase cabley and the earthd,g).
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* I,gdue to the dv/dt imposed across the parasitic dzpae between the neutral
point of the motor windings and the motor frar@gy.

The CM noise magnitude is dependent on the voltesyesient slope and the impedance
along the CM current propagation path. CM noiseguencies are the result of the spectral

contents from the source and the oscillations oecwibetween the L&omponents along the
CM propagation path.
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Fig. 2.11 CM noise propagation due to capacitiugptiog

Following the same theory as DM inductive couplingchanism, CM noise is also coupled
into PE cable from phase cables as shown in Fig. 2.

Qutput cable Motor
(% A o

1]
/—\

shaft

F I I 2 PE

Fig. 2.12 CM noise propagation due to the inductieepling

Measured typical CM waveforms of a VSD system dr@ng in Fig. 2.13. Fig. 2.13 (b) is
the time-expanded scale of Fig. 2.13 {4);is the voltage between the neutral point of motor
windings and earthy is the earth current that is contributed from\élD phases and motor
windings. It can be seen that thgwaveform is comprised of a low frequency 150 Hz
modulated ripple component which is further modedatby the PWM high frequency
switching. Generation of thelg-at 150 Hz is due to the summed plus voltage ofirilierter
three phase outputs referred to the earth, andileegeneration ofigat 150 Hz is due to the
summed minus voltage of the inverter three phasgutaireferred to the earth. Corresponding
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to each switching transient, there is a generat®dcUrrent spike. According to the PWM
switching technique, the voltage at the invertetpat phase nodes of v andw are pulsed
between the DC+ bus voltageM#/2) and DC- bus voltage\(s/2). When taking the motor
winding neutral point n as the reference, the CMage source between n and earth is step-
wised with the discrete values of4/2 and +Vy/6 (see Fig. 2.13 (b)). The frequency is three
times that of the carrier frequency. The componehtie waveform consist of the charging
and discharging currents of the parasitic capagi@y, C,g andC,gshown in Fig. 2.11).
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Fig. 2.13 (a) CM pulse voltage and current wave®oha PWM switched VSD (b) CM
waveforms in expanded scale

2.4 Review of suppression strategies along noise couplipath

The noise suppression strategies on noise coumaths can be categorized into four
methods as follows:

» Front stage passive filters positioned at the itereénput
» Output passive filters positioned between the itaresutput and motor cables
* Proper low and high frequency grounding

» Other passive methods to capture and return theenoithe source

2.4.1. Passive filters

Passive filters are the most widely used to supptes noise along the propagation path
because of the relatively low cost and high effextess. Their general functions are hindering
the noise current propagating to the mains by piiogi high impedance in the direction to the
mains and/or by providing paths with low impedaaceund the rectifier elements which are
responsible for the generation of the noise sourtiess the noise currents are circulated back
internally. The EMI filter is a combination of indiors and capacitors. Design of the EMI
filters is based on the needed attenuation whi¢chddifferential amplitude between the noise
magnitude and the standard to be complied withviBus research has developed many filter
design procedures to determine the filter topolaegyl component values [Cap02; Oze96;
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Nag00; Yua96; Nus06; Har10]. However at certaigesathe trial-and-error process is always
involved. Because the complicated high frequendyabi®r of the filtering components, the
influence of circuit parasitics, and the dynamicwpo signal flowing make the precise
calculations or measurements of the noise couipgdance nearly impossible.

EMI passive filter performance is dependent on aspects:

1. The frequency-impedance characteristic of therfitself.

2. The frequency-impedance characteristic from thecoof the inverter system under
test.

This can be seen from the simplified CM equivalgrtuit model of the VSD system shown
in Fig. 2.14, where ¥y is the CM noise sourc&sis the impedance-frequency characteristic of
the inverter sourcé is the impedance-frequency characteristic of yh@ied filter, Z, is the
impedance-frequency characteristic of the LISNcdh be seen when excluding the noise
emission from CM source, the CM noise magnitudeixed by the LISN is determined by the
Zs and Z; together. Moreover, the impedance provided by tloam not be constantly high
within the frequency range of conduced emissiorer&fore for an effective EMI filter design,
it is critical to determine the impedance vallelyattare caused by the component resonances,
both among the components of the filter itself anmtbng those between the filter and external
circuits. Some of the modeling methods target caratterizing the noise source impedance,
for example, the methods described by [Zha00; YaHK@410], some of the methods target on
characterizing the filter itself, for example, hethrods described by [Kotll; Stell; Mir07],
while most of them consider the entire impedancer alre coupling path, as was done in the
studies of [LeilOa; Liu07; Ran98; Men06; Gra04].

Fig. 2.14 Simplified CM equivalent circuit model @VSD system

Although there are basic guidelines for filter detmation, specific considerations are
always needed to figure out the most suitable desiglifferent cases. There are normally two
install locations for the passive filters in a VSizstem. They are shown in Fig. 2.15. The first
is at the inverter input before the power flowsotigh the switches. The placed filter is
accordingly called a front stage filter. Dependorgbeing placed before or after the rectifier,
the front stage filter can be separated into A€ fitter and DC bus filter. Since AC line filters
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can mostly fulfill the filtering requirements, DQibfilter is rarely seen [Zha09]. The second is
at the inverter three phase output and the plattedis called output filter.

Inverter

Kk A kg

O———— Front u o o
Ie stage v utput

Sfilter W filter O
O———

Fas s s s )

Fig. 2.15 Install locations in the VSD system fasgive filters

From the function point of view the passive filteage divided into CM and DM filters
respectively. They are usually combined in ordesawe the volume and cost. The leakage
inductance is usually taken as the DM inductanag. £16 depicts an expanded CM model of
the VSD system from Fig. 2.14 to explain the role @M passive filters, which is
fundamentally conducting the CM leakage currentsktia the sourceM,) before they flow
into the LISN. The CM voltage noise source formgdthe arbitrary PWM voltage signals is
shown asvi,,. The assumption is that the layouts from the thmeerter legs are symmetrical
to the earth. The generated CM leakage currents dlong the motor load, ground, LISN and

then back to the AC lines.

Viyec DC bus Vinw
- - - n
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H Z1ISN H
- A Heat sink ZMotor
+ A <
Zeh Motor ; ltoop1
e ‘el Frame < lloop2
— H
Inverter Frame i ¢ loop3
< << St —4—  jpopg

Fig. 2.16 Simplified CM model to explain the rolie@M passive filters in directing the CM
currents

where:

» V,, is the common-mode voltage source

* V. iS the noise source of the rectifier
* Z,s\ IS the equivalent impedance of LISN
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* Z,is the lumped inductance of the DC-bus

* Z, is The impedance between the LISN and inverteutitgrminals

+ Z, is The impedance between the inverter input aagthtective earth

* Z, is the impedance between the inverter DC-bus laadheat sink

» Z_, is the impedance between inverter output termiaiatsthe heat sink
» Z_. is the impedance between the inverter output tealmiand the motor
* Z,.o IS the equivalent impedance of motor

* Z, isthe impedance between the inverter heat sidKklaminverter frame

* Z, is the impedance between the motor frame anchtreter frame

out

In VSD systemyV;, appears at the switching nodes of low side switcteevery switching
transient. For simplification the three phase nodes summed as on¥,.. appears at the
transients that diodes are turning on or turnirfg lofs simplified as a 150 Hz (three times of
the grid frequency) low frequency noise source.tRerfront stage filter the rule is to increase
the ratio ofT; or T, which are expressed by (2.1) and (2.2) respegtivel

Tl — loopl (21)
IIoopl +1 loop2 +1 loop3 +l loopd
I| 2
T, = oo 2.2
T (2.2)

loopl loop2 +1 loop3 +l loop4

Likewise for the output filter the rule is to inaese the ratio of; as expressed by (2.3).

I| 3
T, = = 2.3
: I +1 +1 loop3 +l loopd ( )

loopl loop2

Front stage filter

A front stage filter is the most common solutiorM8D systems. Apart from the reasons of
simplicity, low cost and effectiveness, anothersoemnis to prevent EMI noise interaction
between the tested power electronic system anduhreundings [Nav91l]. A comprehensive
design procedure for a CM input filter design wasf@grmed in [Tus06]; A two stage CM filter
is designed to comply with the standard of CISPRs@R Fig. 2.17). Beforehand a simplified
model of the CM noise propagation was developedthadelevant parasitic impedances are
identified.
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Fig. 2.17 Two stage CM filter topology designedNus06]

The inductor choke inserted in the propagation patiigates the peak value of the noise
currents. The choke design involves many issue$) as core material and geometry selection,
power losses, winding arrangement and inductancesd are investigated in many papers, for
example, A. Muetze, et al. provides a simplifiedcaokation method for CM choke design
which significantly reduces the task [MueO6]. Ogesa, et al. proposes a simplified CM
equivalent model to calculate the CM current reidictmagnitude in the VSD system (given in
Fig. 2.18) [Oga96]. The method shows that the choklectance can be calculated for any
desired reduction of the CM peak current. Basedgasawara’s work, a higher order CM
equivalent circuit model is proposed in [Mei02].€Téelection of the choke parameters and the
corresponding response of the system are discu$tedauthor also provides guidelines for
core material selection and winding arrangementiehavioral model to evaluate the CM
choke is proposed in [Roc07]. Designers could usasured values of currents, voltages and
physical system impedance, etc. to model the dymdmahavior of the choke. Thus the CM
current magnitude with inserted CM choke can belipted. All the above information is very
useful when seeking to understand the role ofripatiinductors.

L L, R

CM coke Motor with cables

VCM

icm

Fig. 2.18 The CM equivalent circuit model proposeflOga9s].

In the commercial production of motor drives, esglgcin the medium power range, front
stage passive filters are implemented in more @ of the drives. Of these the simplest
topologies of C and LC are mostly selected. Fid.92presents the circuit diagram and
photograph of the employed front stage CM filterao2.2 kW commercial motor drive (SEW
MovitracO7A). It can be seen from Fig. 2.19 (b)ttha four capacitors are in donnection
which on one hand limits the capacitance to pretlemthigh leakage currents flowing into the
earth, and on the other hand serves as both DMChhdilters. Fig. 2.20 presents the circuit
diagram and photograph of the employed front s@gkfilter of another 2.2 kW commercial
motor drive from Schneider Electric (Telemecanicplgévar 31ATV31HU22N4). It can be
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seen that a LC filter consists of a three phas&ehand five Y- capacitors are employed as the
CM filter at the AC line side.
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Fig. 2.20 2.2 kW Schneider Electric (Telemecaniglievar 31ATV31HU22N4) commercial
motor drive (a) overall schematic diagram (b) Ekbint stage CM filter — LC

In addition to the AC lines, another position whtre front stage filter can be inserted is the
DC bus, and this is where DM DC-bus filters are thyosstalled. However the CM DC bus
filters are rarely seen. Because in this way thisenemitted from the rectifier is omitted. Zhao,
et al. proposes to use transfer ratio measurentergsaluate and compare the performance
between AC line filtering and DC-bus filtering [Z0&]. This shows that with the careful
design, the CM DC-bus filter can achieve the sameven better noise suppression than to
insert in the AC lines.

Output filter

Compared to the front stage filters, applicatiomuotiput filters can achieve better modulated
sine waveforms which results in better EMC perfanoeaand moreover increases the motor
operation reliability. However relative large vasuef inductance or resistors must be added to
limit and damp the current overshoot and osciltaiorhe overshoot and oscillations are due to
the large dv/divalues appearing at the inverter three output gheBesides classical output
filters, Y. Sozer et al. proposes the filter togplonamed LC trap to reduce the high frequency
harmonics, which eliminates the need to use lowofufrequency filters, thereby avoiding the
use of damping resistors [So0z00].

Output filters suppress the noise in the first pigadion place before propagating to the
motor. Therefore they present considerable benediteh as decreasing bearing currents,
extending life of insulation, and decreasing stfssiotor windings. In the past years, various
output filter topologies have been developed tqsess the CM voltages or currents. Akagi is
one of the main contributors. For example, an dufpter is proposed to cancel the high
frequency common-mode and normal-mode voltageshawrs in [AkaO4a], where the pure
line-to-neutral and line-to-line voltages are ob&al. A similar approach but with different
filter configuration is proposed in [AkaO4b], theoposed passive filter requires the motor
neutral point to be accessible to utilize the statmdings as a part of the filter. Later, a new
filter structure (see Fig. 2.21) is proposed toneiate both the bearing current and ground
leakage current, which are fundamentally the bydpod of the motor shaft voltage as the noise
source [AkaO06].
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Other authors, such as Hanigovszki et al. comphee&MC performance of a VSD system
in different configurations: without output filtewith a classical LC output filter and with an
advanced output filter with DC link feedback [HahObBhe advanced output filter is proposed
to reduce EMI to acceptable levels when using widbd cables instead of shielded cables.
Since there is no feed-back control the systembemome unstable. The improvement can be
done by applying active filters, which will be iattuced in the next section. The passive filters
mentioned above behave as voltage compensators.olitpat filters are simultaneously
designed as the DM filters to save the volume arsd [Pal02; Ren98; Che07].
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Fig. 2.21 Output passive filter to eliminate begraurrent and ground leakage current, as
proposed in [Aka06]

2.4.2. Proper low and high frequency grounding

Grounding of the VSD system is divided into twoeggdries, one from the mains side and
the other from the VSD system side. The groundifdglopophy for process industry
applications has historically been based on the@ms of providing safe and reliable power
distribution, while insuring maximum protection &g transient voltages and maintaining
uptime availability during grounding safeties [N&]9Significant EMC improvement can be
achieved by careful grounding design.

Neutral grounding configurations

There are three neutral grounding configurationshef power input, namely ungrounded,
high resistance grounded and solidly grounded aswvshin Fig. 2.22 (a), (b) and (c)
respectively [Ski99]. Different grounding configtioms influence the CM noise magnitude
through providing different line-to-ground impedandVith respect to the EMI from VSD
systems, the ungrounded configuration beneficiatlyak the CM noise return path to the AC
lines connected to the VSD input. Thus the CM n@ssubstantially reduced. However many
disadvantages exist:

 The primary line-to-ground voltages are transfertedthe secondary without
attenuation.
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* The floating potential may overstress the insutagstem.

* An arcing ground fault can cause escalation okgstem line-to-ground systems to
several times higher than that of normal line-toegrd values.

The solidly grounded configuration eliminates thielppems that may be encountered in the
ungrounded configuration. However since the neatnal the ground have the same potential, a
disadvantage is that the line-to-ground fault mdijdat a great damage due to the large energy
dissipation. The resulting EMI magnitude is the heigt among the three grounding
configurations.

Due to existence of above advantages, the higbta@sie grounded configuration is most
commonly adopted. The added impedanc&gpgreatly increases the fault current capability
therefore a line-to-ground fault will not cause iedifate shutdown of the affected device,
however it may corrupt the sense voltage for tloengd fault indicator. From the EMC point of
view, the increased resistance decreases the phak of the CM current.

Transformer AC mains

Earth

Transformer AC mains Transformer AC mains

Earth

Fig. 2.22 Neural grounding configurations of theveo input (a) ungrounded (b) high
resistance grounded (c) solidly grounded
Grounding of VSDs

Grounding configurations of the EMI filter and hesinks are the two aspects that
significantly influence the EMC performance of 8D systems. CM EMI filter performance
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is mainly limited by the Equivalent Series Indua@en(ESL). The mutual coupling between

ESL and its surrounding inductance further degrabesperformance. It has been more and
more popular to apply cancellation techniques tiuce the filter grounding impedance. Some
methods cancel the ESL of filter capacitors by agdixternal circuits [Pie07; Wan04b; Pie06].
Wang et al. reduces the mutual coupling betweendayacitor branches to improve the high
frequency filtering performance [Wan08b]. Howeuéeir validations are mostly done through

small signal measurements from a network analyr#ead of being performed by LISN.

Transistors are usually mounted on top of the badds to achieve the best cooling effect.
However, at the meantime parasitic capacitanceeated between the switch drain plate and
the heat sink, for exampl€g, as shown in Fig. 2.23. A TO-220 package draindoatult in
40pF parasitic capacitance or more, depending anymarameters, such as the thickness of
the thermal pad, switching frequency, current flogvilevel. During the PWM switching,
pulsed voltages (dv/dts) appear at the transistaindthus resulting in the pulsed currents
flowing through this capacitor, which becomes anpartant mechanism that propagates EMI.

Transisitor

Heat sink

Fig. 2.23 Parasitic capacitance is created dueisistor drain being attached on top of the
heat sink

Due to existence oy, grounding the heat sink is the worst solutionnfrethe EMC
perspective. FoCq= 20pF 200V DC bus voltage, and 40ns switchingsiemt will result in a
pulsed current of TRA. 12uA of steady-state currents flowing in the LISN $aihe FCC class
B standard. Fig. 2.24 illustrates the best solufmmheat sink referencing, which to a large
extent prevents the CM noise propagation by minimgizhe current flowing loops. However,
the volume of the heat sink is proportional to thaverter power rating. Especially for VSDs,
bulky heat sinks are inevitably used to achieveughccooling. Since heat sinks of the VSDs
are usually integrated with the enclosure, hardhegrounding is necessary to comply with
safety requirements.
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Fig. 2.24 Best solution for heat sink referencingeat sink is connected to DC bus- to
minimize the CM current flowing loop

A compromise way between safety and EMC perspectiv@n be achieved by “low
frequency” referencing the heat sink to the eaghd simultaneously “high frequency”
referencing it to the DC- bus, as is shown in Ri@5, whereC;.is added to circulate the high
frequency noise, anld,.is used to prevent the shock hazard. This conftgur&eeps the heat
sink energy within the safe range, at the same itinpeoves EMC performance.
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Fig. 2.25 Proper low and high frequency referendhthe heat sink

2.4.3. Other passive suppression methods

The other passive suppression methods are summhaszeelow:

* Use shielded cables. The emitted noise at the teweutput contains several
frequency components. The shielded cables decr#@seinductive coupling
magnitude both in CM and DM. They trap the CM cotrand change its path from
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flowing through the ground to the shield of the aroline cables. A detailed
investigation is presented in [Ski99].

* Use multi-layer PCB at the motor terminals. Muezeposes a multi-layer PCB
structure attached to the motor terminals to reddb# [Mue0O4]. The formed
capacitors between the second PCB layer and theerpdmnsmission line
effectively bypass the micro-surge currents.

» Input filter damping. This method fully exploitsettiilter attenuation by mitigating
unintended interactions between the filter and eoev [Lei09]. The resonance
valley that exists at the input impedance seenhbyitiverter source causes great
EMC degradation at these frequencies. Thereforegthayresistors are required to
stabilize the impedance.

* Use twisted wires. Twisting the wires such as V&put wires and motor cables,
greatly reduce the high frequency noise by camggliihe mutual fluxes and
minimizing the noise emitting areas. Subsequenthe conducted emission
coupled from radiated emission is reduced as Whis method can also be applied
in the toriodal inductor and PCB tracks [Ros98].

* Modification of the motor configuration. Instead sdlely using AC line filters,
Akagi further reduces the EMI level by directingR&€ path between the middle
point of DC bus and the neutral point of the mdtoee-phase windings[Aka08].
In this way, the CM currents that are mainly pragad from the motor side are
largely circulated back to their sources.

2.5 Review of suppression techniques at the EMI source

2.5.1. Optimization of circuit design

This method aims at optimizing the location of caments and the PCB design to achieve
better EMC and electrical performance, which desgeaEMI without degrading system
performance. A basic rule can be accorded is t@ kbe components’ leads as short as
possible and to minimize the length of the critie&B traces. This helps to reduce the voltage
and current ringing at the switching transients tmdecrease the high frequency noise. It is
suggested that sensitive circuits be placed awam fthe noise sources. However in many
cases such an optimum design is not easily achievmrause of the cost, manufacturability
constraints, etc. [Reo00] evaluates different dirdesign and layout solutions for a single
phase boost converter. High dv/dt and di/dt PCBkitaops are twisted to cancel the magnetic
coupling. The inductors are implemented with toabidcores and wound in a special
configuration to reduce the radiated noise.
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2.5.2. The fourth-leg active filtering

As discussed previously, the advantage of highoperdnce while small volume makes the
active filtering method a hot spot in the resedreld. In 1999, Julian et al. proposed an active
filtering solution which is named the fourth-legtige filter [Jul99]. The idea is to utilize/add
the fourth leg of the inverter to compensate fa @M dv/dt transients with the opposite
switching. By this means, ideally the CM step-wisstages can be cancelled in one step.
When there is no zero state, the CM voltage carfullg compensated to zero. Fig. 2.26
illustrates the schematics of the fourth-leg acfilter applied in the VSD system. An extra
winding is added between the output node of theriev fourth leg and the middle point of the
DC bus. The winding together with the output induatomposes the coupled transformer to
compensate for the generated CM voltages.

The proposed CM voltage waveforms of the fourthemter leg and the time sequence
corresponding to the other three legs are illusttan Fig. 2.27, wher¥,, V, andV,y are the
voltages between the inverter output nodes/(w are considered as one node) and the earth,
+ represents when the upper switch is turned od,-arepresents when the lower switch is
turned onV¢y is the CM voltage after compensatiorhe scheme is summarized as follows:

1. When one of the switches is turned on, turn onséch in the fourth leg to
produce the opposite polarity voltage to the PWiknter voltage synchronously.

2. Reset the voltage in the fourth leg with a slowpsldaf the next transient of the
other three inverter legs is in the same direction.

del 4% 46} 46} 46} Coupled transformer
—e - ¥
[ g9

Fig. 2.26 Schematic diagram of the fourth-leg afilter
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As time pass by, numerous methods have been dextlopn attempt to make this method
easy and practical to be applied. [Son06] analyzesnechanism and presents a systematical
review on the various active filtering approactgsOgasawara et al. developed an active EMI
filter that bypasses the zero-sequence current fileenground wire to reduce the ground
leakage current [0ga98]. Based on this work, twifednt configurations are developed in
[Oga00]. The approaches are based on the complamenmish-pull transistors that rely on the
passive control feed forwarded by the voltage deteqoints from the decoupled capacitors.
Therefore the control variability is still limitedh [Zha08] an enhanced control scheme for the
fourth-leg switches is proposed. The driver funtti® separated into logic control and slope
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control. The logic control is used to generate fixed dv/dt slopes to compensate the

switching transitions at the inverter output legisd the slope control is used to reset the fourth
inverter leg for next transient compensation.
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Fig. 2.27 CM Voltage waveforms of inverter outpotiahe fourth-leg filter

2.5.3. Active gate control

Active gate control mainly deals with the switchipgrformance under hard switching
conditions. It combines the requirements betweensthw switching voltage edges for lower
emitted noise and the fast switching of linear oagifor lower switching losses. V. John et al.
develops a three-stage active gate driver whichaeslthe di/dt and the tail voltage at the turn-
on transient and controls overvoltage at the tdfriransient [Joh99]. S. Park et al. introduces
another driver which works on the principle of iatilg the effective miller capacitance
between the switch gate and the source to adjésslitpe electronically [Par01]. Another
method is to change the gate-driving signal intrsbdidal from the conventional trapezoidal
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wave shapes. If this is done the transistor dodesé the switching speed, while at the same
time high frequency harmonics are decreased [Hol04]

2.5.4. Modification of PWM strategy

The conventional PMW strategy with the constanttaving sequence results in the up
boundary spectrum of the EMI noise, because thedwics at the carrier frequency multiples
are maximized. Modification of the PWM strategy idases EMI by spreading the energy of
harmonics concentrated around the switched frequiric other frequencies. D. Jiang et al.
applies the random PWM scheme into a Vienna-typtfier [Jiall]. The carrier frequency is
changed randomly in the range between 55 kHz ankHZ0 The noise in middle frequency
range (1 MHz ~ 10 MHz) is reduced. H. Chung-Chugtnal. compares the performance of
three PWM schemes, named discontinuous PWM (DPWidiive zero state PWM (AZS-
PWM), and near state PWM (NSPWM) [Chul0]. The geab reduce the CM current and the
fault current. Rather than applying complicated patations, it is found in [Lee00] that a
displacement of the three-phase carrier waveforias helps to reduce EMI. The main
drawback is that DM voltage distortion is increased

2.5.5.  Snubber circuit at the source

Proper design of sunbber circuit is very effectteereduce EMI while without losing
efficiency. A slower voltage rising at switchin@sitions decreases high frequency noise. A
proper compromise between the two slopes betweemotu and turn-off will maintain
efficiency.

Fig. 2.28 illustrates a typical snubber circuitttisapplied surround one switc8y, is the
intrinsic parasitic capacitor af. At turn-on transition, the slope dis determined by two
factors:

1. Discharging speed .
2. The time constant multiplied g, andCs

At turn-off transition, the current in the path dvided by three branches: switch,
capacitorCj,, and snubber capacit@s. As Cgis much larger tha@j,, more current is divided
into this branch, which decreases the current figwnto the switch and thereby decreases the
switching losses. The added diddgaccelerates the charging speeof

Some research employ high ESR capacitors to daenpwbrshoot and oscillations. Because
there is no resistor, high power dissipation isi@gd. The constrain of this method is the
voltage rating of the capacitors [Zeil1l].

In comparison with using RC snubber, soft switchm@nother effective way to keep EMI
low while maintain high efficiency for the systeiowever the peak values of the resonant
current must be controlled under acceptable 1§@H8196].
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Cel

Fig. 2.28 Schematic diagram of a snubber circuit

2.5.6. Other methods

Some other active suppression methods at the saecimmarized as below:

»  Shift the input filter resonance away from theical frequency range. This method
optimizes the filter performance by shifting thétefi impedance valley into an
unproblematic frequency range. Instead of using glamresistors, the method
utilizes the frequency dependent nature of the erav source impedance as to
generate a virtual active damping effect [Sch10].

* Optimization of applied components. Device chandsties such as core material
of the inductor, semiconductor package, equivatauntput capacitance, reverse
recovery characteristic of the diode, equivaleniesenductance of the Y-capacitor,
etc. have the influence on EMC performance. Enhaecg of this aspect helps to
reduce high frequency noise.

* Increase the gate resistance. This method slow dihenswitching speed of
semiconductors and in return decreases the dvAlitdddt slopes. However the
quasi-linear parts of the slopes may receive littfiience and the switching losses
could subsequently be increased.

* Interleave of the multi-inverter outputs. This nadhdeals with the converters in
parallel operation. The aim is to shift or cante switching harmonics to the same
frequency as that is generated from each convdntanch. Referring to the
traditional symmetric interleaving methods, In [L@b] an asymmetric interleaving
method based on the impedance frequency chardictefishe motor is proposed.

2.6 Conclusion

Selection of the particular EMI mitigation methodpénds on the various requirements on
the system such as performance, size, cost, amiotpp EMC design is not only minded to
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not disturb surrounding systems but also mainlyréii@bility of the target system. Normally,
different noise suppression techniques have topipdiesl simultaneously to comply with the
specific standard. For example, for a systematicCEdi&sign, the PCB layout needs to be
optimized for less noise emission and enhancedriglalcreliability, the gate driver has to be
optimized to minimize the potential ringing refledton the gate, a compromise needs to be
reached in the snubber circuit between the switchdgsses and parasitic oscillations, proper
grounding point has to be selected, and the apiatepiilter topology and components have to
be designed.

In this chapter, those mitigation methods for VSBtems are reviewed and classified into
two groups namely suppression along the noise paijmn path and suppression at the noise
source respectively. Usually suppression of theseburce is more effective. Especially those
active CM source cancellers such as the fourthdetive filter can achieve a great noise
attenuation level whereas in a much smaller voluha® using passive filters. However at
present those techniques are still not practicaugh, where the circuit reliability, filtering
frequency band, and very restricted timing sequemeghe main constraints. More efforts and
developments are needed.

In industries, the passive filters are still ung@duty the first choice for VSDs at present, and
C and LC filters are used most frequently. Everhinitmany advanced suppression methods,
the employing of bulky passive filtering componeigsstill inevitable due to their many
favorable features such as low cost, high effigjerand easy to implement. Suppressing noise
at its source is the most effective way comparimghte other two methods. However this
approach is much more complicated and can be westyyc
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System Equivalent Circuit Modeling

3.1 Introduction

In this chapter, an equivalent circuit modeling hoet for the analysis of the EMC
performance of VSD systems is introduced. Elemenxtsaction of the model is based on
curve-fitting of the impedance-frequency charastars measured on the leads of individual
components and different portions of the system.impedance analyzer is taken as the
measurement tool. Various sub-circuits of the systre modeled as equivalent circuits
composed of detailed RCL components in order tauceghe emitted high frequency EMC
performance. For verification the calculated resuttre compared with the measured
impedances over the conducted emission frequemgyergortion by portion.

Because it is straight forward and easy to folleguiivalent circuit modeling is widely used
to predict EMI spectrum and filter insertion losspghu99; Hasl10; KyeO4]. However,
constraints and limitations also exist. Firstlyisinot easy to measure the parasitics when their
values are relatively small and coupled with otbiecuit elements. The influences from the
adjacent parasitics are very difficult to identifgecondly, large errors may exist due to
researchers being unaware of the poor calibratioth® measurement setup. Thirdly, the
accuracy of the equivalent circuit models is comused because of the simplifications
involved. It is also inherently difficult to devgloa model that is accurate for the entire
frequency range and under various operating camdii

In this chapter, a CM EMI equivalent circuit moaeli procedure for the VSD system is
presented. The modeling target is illustrated i Bil. It includes a LISN, an uncontrollable
rectifier, an inverter, power cables and an eleatnmachine. The procedure is based on curve
fitting of measured the impedance-frequency chargtics. Inverter hardware disassembly is
involved to separate the inverter into differenttipms. Firstly, the study target are separated
into different parts and modeled accordingly. Thpads include: LISN circuit, power cables,
three phase electrical machine and the three-pRPa8®1 inverter. Secondly, A 2.2 kW
commercial motor drive (SEW Movitrac 07A) is empdalyto generate PWM signal. To derive
the values of elements that can not be measuredtlgiropen- and short- circuit measurements
are used. Lastly, large signal measurements trsdban current transfer ratio measurement
are used to verify the model.
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Fig. 3.1 The basic topology of a VSD system foriegjent circuit modeling

3.2 Modeling of Conducted Emission Environment

As shown in Fig. 3.1, the conducted emission emvitent of the VSD system includes the
power cable, motor, Protected Earth (PE), LISN, Ik@s, rectifier, and DC-bus. Equivalent
circuit models for these elements are proposed disclissed respectively in the following
sections.

3.2.1 LISN

A Line Impedance Stabilizing Network (LISN), alsadwn as Artificial Mains Network
(AMN) is specified for most of the conducted emissimeasurements. It aims to provide
constant line impedance @) as seen by the equipment under test. Additionétlg LISN
also blocks the noise from the mains side to endwreneasurement accuracy, while acting as
a bidirectional filter. It is built for various afppations with different current ratings and has
single- and three-phase versions.

The schematics of a typical three-phase, singlgestdSN that suits VSD system is depicted
in Fig. 3.2, in which three signal flowing path® grovided by four groups of componerits:

Cu G, , and the50Q impedance. The low frequency components are pagsedgh the
inductorsL; from the equipment under test (EUT) to the powat. gAdditionally it also allows
the AC power from the grid to feed into the EUT.eThigh frequency contents emitted from
the EUT will be by-passed from the grid and coupledthe 50Q impedance through the
capacitor<C,. One of the 5Q impedance is provided by connecting the test vecdusually a
spectrum analyzer) to the LISN output terminatiés. a consequence, the emitted noise
coupled into the corresponding phase is measurkd. othe’50Q resistors are terminated
internally. The capacitor§,; together with the inductols, filter the high frequency emissions
from the grid, preventing them from influencing tneasurements.

The key components of the LISN are the threeQ 5npedances that should be
approximately constant seen by the EUT over thedlgoied EMI frequency range. Fig. 3.2
illustrates the most widely used configuration $jped in the CISPR 16 standard. In Fig. 3.3,
the measured and calculated CM impedance-frequehayacteristics of a LISN (Cranage
VN3-100S) are compared. The schematics shown inFRBis used as the model. It can be
seen that two curves from 150 kHz to 6 MHz agre#. wade components of;, C; andC,
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affect the fitted characteristics in the low fregog range up to 60 kHz. Deviation in the high
frequency range is due to the non-ideal componstacteristic of the LISN and the reflection
effects from the externally added cables for mezment. Therefore before EMC tests, the
calibrations to LISN at high frequencies is usualbeded. As the result, in simplified cases,
the model of Fig. 3.2 (a) show adequate accuradycan be used to determine the conducted
emission characteristics. For further simplificagpthe LISN plus test receiver connected to
one phase is simply modeled as a series conneatiard.juF capacitor and a SDresistor as
illustrated in Fig. 3.2 (b).

Input Ly 50uH
o Y'Y
50uH
O Y'Y Y
50uH C,
O Y'Y YN .
: [0.1uF [ 0.1uF J0.1uF sUT
B e e e
LT 00 e e
50Q 50Q 50Q,_
PE ||
© L Receiver ‘ -
(@)
i().],uF
50Q
(b)

Fig. 3.2 Schematic of a typical three-phase LISat th positioned between the mains and
equipment under test. (a) full model (b) simplifiaddel
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Fig. 3.3 Comparison of LISN impedance seen by drese of the EUT between measurement
and calculation using the model of Fig. 3.2 (b)
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3.2.2 Power Cables

In a standard VSD system, both of the LISN andtetet machine are typically connected
to the inverter through the three-phase power salflee input cables that connect the VSD
system to the power grid, usually contain five asctdrs, three for the input phases, one is the
neutral line from the remote transformer statiod #ire other one is connected to the protective
earth. Some power converters utilize the inputesalals part of the filter. However because of
the relatively limited influence compared to theun filters, the input cables are generally
neglected during the filter design and are regaeded margin. In the equivalent circuit models
they are usually represented by an increased iadoet Their parasitic capacitance is usually
neglected since the parasitic capacitance is mmwhrlthan that of a CM filter. However, due
to the abrupt voltage and currents changes (defutisdi/dts) at the inverter output phases, the
output cables that connect the inverter to its Igadistors, electric machines, converters, etc.)
have a strong influence on the high frequency cotethiemission levels [Pig03; Han06].
Therefore they are an important aspect of an atehigh frequency modeling procedure.

The output cable has no neutral line. Typicallgréhare two types of output cables used for
PWM inverter-fed motor system. They are named dbiéland unshielded cables depending on
if a shielding layer covering the other conduct@sincluded. The main objective of the
shielding layer is to prevent high frequency naseissions that may strongly deteriorate the
EMC high frequency performance and signal integty explanation on this phenomenon is
illustrated in Fig. 3.4, where the numerous stragacitors are distributed along with the cable.
The capacitance is proportional to the cable lemdthe inversely proportional to the distance
between the contact areas of any two other condiicfeccording to the PWM switching
scheme, pulsed voltages appear at the inverteubplmses. As a result, the existed capacitors
deteriorate the DM performance. In addition, thégoacouple CM noiseidy) to the earth,
which deteriorates the CM performance, as showthénFig. 3.4. The current magnitude is
highly dependent on the cable characteristics agdbngth, impedance, and construction, etc.

Inverter

AC grid Motor
U
AC 1 _T_ 3
4¢ Ve ] T v shaft
T "
T
Protect Farth

Fig. 3.4 DM and CM current coupling

Although the above mentioned benefits are obtainech the shielded cables, unshielded
cables are still most commonly adopted as the isoldiy industries and companies. Because
the shielded cables are so expensive that theisigadicantly increases the overall installation
cost.
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The cross section of a typical unshielded cablé¢ ithdudes four conductors (three phase
conductors and oneE conductor) is shown in Fig. 3.5. For the lab testscale it is usually
rated for 450V and with 2.5 nfrof copper area per core. Elements of its modebateained
by referring to open-circuit and short-circuit me@snents. Both CM and DM impedance-
frequency characteristics are taken into consideratFig. 3.6 (a) and (b) illustrate the
experiment setup for measuring the cable CM and @isracteristics under the open-circuit
condition. The measurements are performed by thiedtg294A impedance analyzer.

Insulation

Fig. 3.5 Cross section of an unshielded cable
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Fig. 3.6 Experiment setup for measuring the caldleadd DM characteristics under the open-
circuit condition (a) CM (b) DM

Based on the configuration of Fig. 3.6 (a) and &dpssless transmission line model with the
single-cell parameters is presented as shown in3rg(a) and (b) respectively, whdras the
lumped resistance of each conductors the lumped inductance of each condudiandR;
are the lumped capacitance and resistance betlieesutnmed three-phase conductors and the
PE conductor respectivel\G, andR, are the lumped capacitance and resistance betilieen
summed conductors of each two phase conductorseatéegly (phasd) and phas/ as one,
phaseW and phasePE as the other one). It is assumed that the parasnefedifferent
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conductors are equal. Configuration of performing short- and open-circuit measurements is
realized by switching the switdt

Phases R3 L
U+V+Ww
L
L K
¢ T [] R, :\
R L
PE o—— Y
(a)
L
Phases
U+v k2 L
L K
C, T [] R; :\
Phases R/2 L
W+PE d
L
(b)

Fig. 3.7 The single-cell model of the unshieldebleda) for CM (b) for DM

The established single-cell model of an unshieldaflle is shown in Fig. 3.8. The
parameters are extracted through the measured Qdddamce-frequency characteristics as
shown in Fig. 3.9, where Fig. 3.9 (a) shows the sueal characteristic in open circuit
condition (whenK shown in Fig. 3.7 (a) is switched off). Fig. 319 shows the measured
characteristic in short circuit condition (whé& shown in Fig. 3.7 (a) is switched on). To
calculate the parameters, several characteristiotaare specified from the measured
characteristics, as shown in Fig. 3.9 (a). Sineeniodel is predominantly capacitive when the
cable termination is open, the capacitanc€pfs derived from the slope of.kThe lumped
resistance of each conductor is derived from th@mim impedance as shown in Fig. 3.9 (b).
(Z2). The inductance and capacitance create the restmeguency of £ In equations they are
expressed by:

o
%% 2
z,=PR 3.1)
= 1

2;Tq/(%+L)m:1
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wherex; andx, are the two selected frequencies for calculatirgstopek;, as shown in Fig.

3.9 (a). The value @® is calculated as 0.75 in orderdg

Motor side

001060 10K

Inverter side

O
IMQ

74.5 pF

IMQ

[]JMQ

74.5 pF

74.5 pF

0.01060 119 #H
0.0106Q 1.19 uH

74.5 pF
0.0106Q 1.19 #HT

[1] 1MQ
Fig. 3.8 The single-cell model of the unshieldedgocable with extracted parameters
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Fig. 3.9 Comparison of the measured and calculzabte CM impedance from a single-cell

model (a) open-circuit (b) short-circuit

When comparing the measurement with calculatedtseshiown in Fig. 3.9, good accuracy
up to 20 MHz is observed in the open-circuit caodit Whereas in short-circuit condition a
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relatively large difference exists. To increase mhedeling accuracy at higher frequencies, a
more complex model including proximity and skinesffs as well as dielectric losses, will be
used. A practical and convenient way to achieve ighito implement multi-stages that divide
the cable into finite lengths. This approach carmapplied as long as each stage of the cable
length is much smaller than the minimum wavelernttthe conveyed signal.
The double-cell model that is derived from the Bnggell version is illustrated in

Fig. 3.10, where the provided impedance is equitae provided by the single-cell model.
Comparisons of the measured and calculated CM iampedfrequency characteristic in open-
and short-circuit conditions are illustrated in .Fig.11 (a) and (b) respectively. When
comparing the results with those obtained by thglsicell model (given in Fig. 3.9), it can be
seen that the accuracy in the short-circuit coadiis significantly improved. This modeling
accuracy is sufficient for most of the conductedssion studies.

Inverter side

Motor side
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Fig. 3.10 The double-cell model of the unshieldextiet with extracted parameters
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Fig. 3.11 Comparison of the measured and calculaddmpedance from double-cell model
of the cable (a) open-circuit (b) short-circuit

In simplified cases, the cable can be simplifiecaasnductor in the series direction and a
capacitor connected to the center of inductor enghrallel direction, as illustrated in Fig. 3.12.
For further simplifications, an inductor is used.

L2 L2

Fig. 3.12 Simplified model of the power cable

3.2.3 Electric Machine

Accurate modeling of electric machines that arevedri by inverters is important in
investigating the drive overvoltage and EMI preidics [Mor02; Web04; Sch06;]. The
majority of the noise inside the system is emitfemn the motor side as the load. The
equivalent circuit model of the machine is obtaitledugh the lumped three-phase impedance
characteristics. The modeling method uses the aimileasurement and parameterization
procedure as those used for the power cables.

The experiment setup for measuring the motor CMRldimpedance is shown in Fig. 3.13
(a) and (b) respectively. The motor under invesitbigais a 4 - pole, wye - connected, 2.2 kW
asynchronous motor. However, based on th& Yransformation, the model validity is
independent of the actual physical connection efsttator windings. In other words, it does not
matter whether the actual motor is wye or deltaneated, overall the circuit model can be
obtained assuming a wye connection of three sipgbese circuits. Such an assumption is
broadly used in high frequency models of the maghirecause it has the advantage of simpler
model structure and the associated parametersecatebtified more easily.
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Fig. 3.13 Experiment setup for identifying the ChtleDM impedance-frequency characteristic
of a three-phase inductor motor. (a) CM (b) DM

shaft

The proposed equivalent circuit model that represseme single phase of the motor is
illustrated in Fig. 3.14, where the associated maysneaning and significance is interpreted as
follows: R,y and C,4 represent the parasitic resistance and capacitbetveeen the motor
winding and the motor framdR,qand C,4 represent the parasitic resistance and capacitance
between the stator neutral and the motor framegpresents the stator winding DM leakage
inductancel;represents the high frequency skin effect of thedivigs;C; represents the stator
winding stray capacitanc& represents the iron loss of the stator.

a
y
uj

Fig. 3.14 Equivalent circuit model for one-phasehaf motor

Based on the single-phase circuit model, the CM RRtequivalent circuit models of the
full motor are shown in Fig. 3.15 (a) and (b) regpely. The calculated impedance-frequency
characteristics are based on the experiment satayrsin Fig. 3.13. The CM model is built by
connecting all three phases in parallel, as showhig. 3.13 (a). The DM model is built by
connecting two of the phases in parallel to theaieing phase, as shown in Fig. 3.13 (b).
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R/3  LJ/3 3G

U+v+w

R, L C 2C, L/2 R/2

Motor‘frame

(b)

Fig. 3.15 Combined CM and DM equivalent circuit rabdf the motor based on the one-phase
model (a) CM (b) DM

To extract the parameters, several characteristiaction points are specified from the
measured impedance-frequency characteristics agnshioFig. 3.16, where both of the CM
and DM characteristics are used. In the CM chariatie the total CM capacitanc&,q +
3C.g is derived from the low frequency slope Khe capacitance in the circuit branch with
fewer components3C,,y) determines the high frequency sldpeThe lumped CM inductance
and the capacitance in the circuit loop with masenponents 3C,y) determine the frequency
and magnitude of first zero poidf;. The summed inductance in the lodp € Lg) and
capacitanceC,4 determine the frequency of high frequency zero pdpu In the DM
characteristic, the total DM inductance is calcdiatrom the low frequency slope. L;andC,
determine the resonance frequency of the first peiotZ,. In equations they are expressed by:
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_ 3
* 2nx O (G,
K = 3
2mx, 04 (G + Gp)
_ 1
z1 =
27103y [T,
— Zl
Re =30
z
Rig =1—6
Ks
L =_3
DM 2]7_
Le = LCM + ZDLDM
— CWg + Cng
6
N S
= om/c o,
R = Z;[¢os@,;)
1
fo= (3.2)
“omfc, OL/3+ L)
L, =L,

wherex; andx, are the two selected frequencies for calculatimgsibpek,, andxsandx,are
the two selected frequencies for calculating tbpelk. 6.3 is the phase angle of poif{.

The calculated elements of the target model aremmnmed in Table 3.1. Based on these
values and the schematics as shown in Fig. 3.1%dlmilated results are compared to the
measurements, as shown in Fig. 3.16. It can be #&dnboth of the fitted DM and CM
characteristics agree well, which validates the ehadcuracy in conducted emission analysis.
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Table 3.1 Extracted values of the parameters imtbeel

Description Value
L 0.39uH
Rug 1.8840
Cug 0.350F
Le 0.774mH
R 1.18kQ
L 0.09uH
G 0.2nF
Rog 6.6
Crg 0.8F
L, 0.39uH
1M T T T T TTITIT T T T T T T T T TTTTT T T T TTTTIT T
i g, 1 | Measurement
100k — 7 —1—1i 7 T TTEmT
SRS =N Rk =1
g L L L
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2 | I |
£ 100 i ux ux
10 - 4--- = =
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100k
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=

100
1%k
Frequency (Hz)
(b)
Fig. 3.16 Comparison of the measured and calculaipddance-frequency characteristics (a)
CM (b) DM

In conducted emission analysis, equivalent cirooiideling is widely used because they
have the clear meaning and significance. The CMvatent circuit model of motor is usually
used to analyze and predict EMI levels, while théd Bquivalent circuit model is usually used
for overvoltage studies.
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3.3 VSD system equivalent circuit modeling

Traditionally, identification of parasitic elemerissdifficult because their values are hard to
measure directly and may be physically inaccessisiele the converter integral package. As a
result, many approaches were developed to solgeptiuiblem. For example, some software
tools have been introduced for calculating the patars [Zhu99]. This requires detailed
geometric data and material properties for genegatie accurate results. In [Yan07] a small
inductor is added in parallel to the target strapacitors for extraction. The parasitic high
frequency behavior can be influenced in this way.

In this section, the modeling method is appliedato/SD system where a commercial
industrial drive (SEW Movitrac 07A 2.2 kW) is emptd as the inverter. The schematic
diagram of the system is shown in Fig. 3.17. Thesiiter is connected to the grid through a
four-line LISN. The EMI filter consists of four CMapacitors at the inverter input side, a
combined CM and DM choke at the DC-bus, and twoajgacitors connected the DC- bus to
the earth line. All the semiconductors (Rectifi@BT switches) are integrated into the power
module (SKiiP 20NAB12 SEMIKRON).
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AT A 10ut g U
12 1 ut | o) 1T Nt
L3} ) U - W K
- ; 47uF|
"% % % NEWER i
- e Lpys + Loy
680nk %3’ Y

470nF ) 1 o
re H! H! T Heatsink 150nF T

Fig. 3.17 Circuit diagram of the investigated VSBtem
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The established CM equivalent circuit model of thieve system is shown in Fig. 3.18,
where the following reasonable assumptions ardexapl

* The parameters in the three input and output phaf¢be inverter are the same.

* The CM noise sources representing fast switchiagsients that occur between the
output of inverter legs and the earth are treatethieee superimposed identical CM
voltage sources and merged into one noise soujge V

* The parameters in the DC+ bus and DC- bus arestine s

The CM currents flow through the motor, along ttelie, LISN, AC lines and back to the

source. Two CM current measuring points, on thetitipe side icvy) and the motor sidedy,)
are also depicted. They are used to calculateréimsfer ratio as verification under large signal
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conditions, which will be introduced in the lastripaf this section. As shown in the circuit
diagram, the CM current loop is formed by connegtime motorPE line and the earth to the
heat sink.

i Inverter Inverter 2
Zic inpul Zrec Zmr va J output Zoc
| I | _‘:'—
Zt
z [] in
ZI"OW []
ZInZ
—
Heatsink |
Mot
ool Ze FO or
P rame
1 PE line

Motor with cables

Fig. 3.18 CM equivalent circuit model of the inugated VSD system

Abbreviations and explanations of model elemergdiated in table 3.2.

Table 3.2 Abbreviations and explanations of paransan the model

Abbreviation Explanation
Vinv The CM noise source
Z The impedance of LISN
Zc The impedance of the inverter input cable
The impedance between the inverter input and
Zin the heat sink
Ziec The impedance of the rectifier and the DC bus
Zn12) The impedance between the two ends of the heat sink
Z, The impedance between DC bus and the heat sink
The impedance between the SKiiP 20NAB12 modyle
Zan rectifier node and IGBT node
The impedance between the module IGBT node apd
Zan the heat sink
The impedance between output terminal of the
Zion inverter legs and the PE line
Zoc The impedance between the inverter output and motor
Zmow The impedance of Motor
The impedance between the motor frame and
Zme inverter heat sink
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Parameters extraction through direct measurements

The parameters are categorized into two groupsdbaisehe extraction methods of through
direct measurements and calculations respectiVéhen performing direct measurements, the
inverter is disassembled into three parts: comtamlel, PCB circuit, and semiconductor module
with the heat sink, as shown in Fig. 3.19 (a). Batphs of the circuits and the corresponding
schematics from the disassembled SEW drive argiifited in Fig. 3.19 (b).

Circuit PCB
o o oO—@ ———0
DC+
A 2 2a Ak kA ° °
150nF ° oo
680nFx3 l

150n.

470nF

To the heat | DC-| I

sink (PE) =
Output

440V
S20 0441
Brake % > 3
, O b L «© ol H7ul/M50V Varistor
s B s
10uF DC-cap

(b)

Fig. 3.19 Photographs of the circuits and the apwading schematics from the disassembled
SEW drive (@) circuit parts after disassembly @responding schematics
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Referring to the complete circuit model (shown ig.R.18), the separation of the control

circuit board leads to the parameters &), Z.., and Z,; being isolated from the other

parameters, which is shown in Fig. 3.20. Hencs fidssible to extract the following elements
by direct measurements.

input |
P Zyee Lo Vi A output

1 U O

Z/h

Fig. 3.20 The remaining parameters after disassegtiie PCB circuit from the module and
heat sink

1.Z:

The impedance-frequency characteristic of the ii@venput cable is directly measured by
disconnecting its terminations to the LISN and itheerter respectively. The experiment setup
is illustrated in Fig. 3.21. Two red crosses mdrk tircuit disassemble break points. Two
copper plates are used to short-circuit the caflbs. comparison between the measured and
calculated characteristics is shown in Fig. 3.2 Pparameter values are listed at the right side
of the figure, wherd._, is calculated according to slofeof the impedance curv®, is the
minimum impedance of the curve, a@gdandL; create the resonant frequerigy

Connection break

/ \ Inverter Inverter
Zic input Zrec i Vi
—

Z
output oc

DE!

— O
Z
T T Zin [] Z, [] " Zioh
Impedance 7 T Lmow []
[] Z] AVI{I/y:L’}”]’)IVL\' “hl "
—{ 1 1
Heatsink
Crrd 2, Motor
GND me Frame
4 PE line

Fig. 3.21 Experiment setup to measuge
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Fig. 3.22 Comparison between the measured andlasdwcharacteristics &
2. Ziec

To measure the impedance between the input nodée akctifier and DC bus, both of the
three-phase rectifier bridge input and DC+ and Qs are short-circuited. A 2V DC voltage
which is generated from the impedance analyzeppied to keep the diodes conduct. The
measurement setup is shown in Fig. 3.23. Discoedepbints after circuit disassembling are
marked by the red crosses. Comparison between ¢lasured and calculated characteristics is
shown in Fig. 3.24. The parameter values are shatwmght side of the figure, whelg is
calculated according to slofeof the impedance curve, aRdequals to the minimum value of
the impedance.

Impedance
Analyzer pins
Zic Inverter input J/i@ip NJ/ Inverter output
087uH 00232 Z e Z i JL Z e
m: | | | | m
1 1 .
268, pF 4 inv
[l Zan
Il Zy, [] zZ, H Zioh
Z pow
Zun Z1o o]
[] zZ L — 1
S S
crew Heatsink crew
7 Motor
GND PE line me  Frame |

Fig. 3.23 Experiment setup to measuig
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Fig. 3.24 Comparison between the measured andlasdwcharacteristics &

3. ZnatZne:

The impedance df;+Zpis obtained by connecting the impedance analyzes {gi the two
screws located in the input and output sides ofhbat sink. The two screws are used to
connect the PCB circuit to the heat sink. The erpemt setup to measurB+Zn, is
illustrated in the Fig. 3.25. The comparison betwethe measured and calculated
characteristics 0FZnu+Zyis illustrated in the Fig. 3.26. Extraction of tharameters follows a
similar process to that &...

Inverter input 7z

Zic rec Inverter output
087uH 0023 Q2 032uH 036 2 Zni I Zoe
268pF | | | T ]
1]
I
[T
Zmow |
“ z Zpt1 Zht2 mow
Screw Heatsink Screw
GND Zme 11;/10"”
Impedance i rame
= Analyzer pins PE line
Fig. 3.25 Experiment setup to measdsg+Zn,
10 e T T LI ) e B B RN T
—-=Measurement| " U 1 7~
n haini it A A T [ i i o il e AT ]
—— Model A R I
— e R ATt e R e T T e e e AP < A Aa TR
[¢] 1y A I S Y R
b IR Conn
N BY I O SE b HHH - o ; .
§ 100 PO RN Equivalent circuit:
g R A e  alu e e B — I EIHH - HHH A
R I R RN R AR
g‘ 10 ~mrimmr T T [ (ol et ol e 3 e i i e R 1 Bl L; =0.09uH R, =0.4 2
o T T T i e e rranm- 1] o— Y YY"
L S50  TET n]
LoL L LoL Ll - L1l | R 1
100 1k 10k 150k M 10M 30M

Frequency (Hz)

Fig. 3.26 Comparison between the measured andlasducharacteristics @ y+Zne
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4. Zoc+zmow+zmc+zioh:

Extraction of Z,,, follows the same procedure as introduced for tleetec machine in
Section 3.2.3. The same motor is used. The impedahZ,.+Z,. corresponds to a 2m long
power cable that is connected between the invamer motor.Z,. corresponds to the three-
phase conductors aiZh.corresponds to the PE conductor. The simplifiedecaimdel of Fig.
3.12 is usedZy, (300pF) is identified from the lumped capacitoiues of the cable model
shown in Fig. 3.7. The inductance value of the e€dblalso lumped and summed into the
inductance ot andLyin the motor model as shown in Fig. 3.14. The cabonnected to the
motor when measuring the characteristics. The éxgett setup to measure the impedance of
ZoctZmontZinctZion IS illustrated in Fig. 3.27. The built model of thmtor with cables is shown
in Fig. 3.28.

Inverter input
Zic P Z ree

rec Inverter output
0 87uH 0023 0.32uH 036 Z i n Z o
AN Y — — )
f— N\
268ptr | | ! Viny
1]
I Z Z)A Zan Impedance
Analyzer pins| | Z mow []
Z i 7 - ioh
[] Zy 0.03uH 013 0.06uH 027
Screw YY1 4 YY)
Screw
Heatsink 7 Motor
GND PE line M Frame

Fig. 3.27 Experiment setup to meashsg-Z mowtZmctZion

R>=0.39 2 Ly=0.03uH  C;=0.6nF

Ls=0.16uH L,;=0.29uH _
Usvaw H 1 H L3 =0.258mH

Cion =300pF

C,;=1.05n

Pgmm_NmT T

Ls=0.61uH L=0.74uH Motor Frame

Fig. 3.28 Equivalent circuit model of parametBss-Z ot Zmct Zion

Up to now, the procedure for extracting the paranseby direct measurement has been
introduced. The equivalent circuit model with egtesl elements is shown in Fig. 3.29.
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Inverter o 0 .
7 input 7. 0.39 0.03uH 0. (nF
e ree Inverterioutput
087uH 0023 0.32uH 036 Do n 0.16pH — 0.29uH 0.258mH
Y Y — Q YN 2222 YN
268pl | | Viy
1] Zdh 0.628
" [] Zih Zy [] I()h
Zht1 Zhi2 3()()pF L 03ne > oml
[] Z 0.03uH 013 006uH 027
Screw A S T —|_
Screw
Heatsink Motor Frame
0.61uH | 0.74uH
GND PE line YL Zoe Zinow™ Zme

Fig. 3.29 Equivalent circuit model with parametexsracted through the direct measurements

Parameters extraction through open- and short-circit measurements

The remaining parameters illustrated in the Fig93are extracted through open- and short-
circuit measurements, which means one side ofrierter (output or input) is kept open or
short circuited during measurement at the other sfdhe inverter. The drain and source of the
IGBTs are short circuited. Elements are extrachedugh the characteristics measured at the
input side of the inverter. Measurement at the wutide is used to verify the results.
Photograph of the short-circuit measurement sete@sored at the inverter input side is shown
in Fig. 3.30. The obtained characteristic is shawhig. 3.31.

Inverter

Copper plate to short circuit
the inverter output

Test pins of the Impedance
Analyzer

Fig. 3.30 Photograph of the short-circuit measurgrsetup
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Fig. 3.31 Measured open-circuit impedance-frequah@racteristics at the inverter input side

An equivalent circuit model of the inverter is posed in Fig. 3.32, where configurations for
both the open- and short-circuit measurementsteres. Parameters extracted previously are
also shown. To calculate the parameters that drergtnown in the model, several points are
selected in the measured characteristics. The maeasnhave physical meanings associated
with schematics of Fig. 3.17Z;, represents the Y capacitorks, represents the DC bus
inductance of inductor chok&s; represents the parasitic capacitance of the induBtgis
used to limit the peak impedance &f (shown in Fig. 3.31)C, represents the parasitic
capacitance between traces of DC bus and the inkaCg, represents the parasitic capacitance
between the inverter phases and the heat SlpkndL,, represent the equivalent capacitance
and inductance respectively of the added coppée plhich is used to short-circuit the inverter
output or input.

Z mi
Rg; Cs;
Inverter input  0.32uH 036 Lo Inverter output
A S2 o
/ Cin Rsa
Test pins of the Zin Rip Cy__ P Com S
Impedance Analyzer —_ dh Dh
Lin Lap
\ 03uH 013 006uH 027
p— YY1 e 0o

PE connection for grid

(@)

PE connection for Motor
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Inverter input  0.32uH 036
LYY

7

Test pins of the Zin Ry,

Rs>
— C,
Cy VA th L
I d. Analvzer dh w
mpedance Analyzer Impedance of
\ """""" 03uH 013

PE connection for grid PE connection for Motor
(b)

Fig. 3.32 Proposed equivalent circuit model ofitherter under open- and short-circuit
conditions (a) for open-circuit (b) for short-circu

Inverter output

the copper plate

006uH 0.27

Extraction of parameters through open- and shoctiiti measurements is introduced as
follows. According to Fig. 3.31, the total capanita ofCi, + C,+ Cyyis derived from the slope
k; at low frequencies. The capacitanceGyf determines the sloge of high frequenciesl.s,
and Cg; create the first zero poird; of the curve.Ls; and Cy, create the resonance at the
frequencyf,. The inductance of,is adjusted to fit the slope at low frequencies arnithe
short-circuit condition. The calculated values sinewn in Fig. 3.33. Comparisons between the
measured and calculated characteristics of thetewvmodel are shown in Fig. 3.34 (a) and (b)
respectively. The calculated results agree weh Wit measurements.

1.9k 13.7uH
Inverter Input 0.32uH 036 S $omil n Inverter Output
. Y'Y Y

O
200 Vinw
313.2nF —

PE connection for grid PE connection for Motor

Fig. 3.33 Equivalent circuit model of the inverteith extracted elements
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Fig. 3.34 Comparison between the calculated andsuned characteristics of the inverter
model (a) open-circuit (b) short-circuit

The frequency-impedance characteristics are measatethe inverter output side and
compared with calculations to verify the invertendsl. The three-phase inputs of the inverter
are short- and open-circuited to the PE respegtiv@bmparisons between the measured and
calculated characteristics under the two conditiares shown in Fig. 3.35 (a) and (b). Since
calculations are done using extracted values in Big3, the two characteristics resembled

closely, and no new calculations are introduceeljiilverter model is thus verified.
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Fig. 3.35 Comparison between the calculated andsuned characteristics of the inverter
model at the inverter output side (a) for opentgir(b) for short-circuit

Up till now all the model elements are extracteshtigh the proposed procedure. They are
shown in Fig. 3.36. The impedanceZpfis modeled as a series connectioB@fBQ and 0.3pF

according to the equivalent circuit of LISN propose Fig. 3.2.
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0.3902 0.03ull  0.6nF

Inverter Input 1.9k 13.7 uH Inverter Output
0.87uH  0.023Q 0.32uH 0360 2 $omil o 016uH  0.29uH 0.258mH
AN — Y[ LA O Y YL

268pF Viny
. b;m o 20042 "
Il
0.48uH  300pF
5030 0.06402 — -
63.3 nF
201nF
0.3 uF 0.19 uH
|_\ 0.03uH  013Q| 006uH 0272 0.61uH §
_ \)\J\(Jl.”.l <>
Wl GND Screw Heat sink PE line Motor Frame

Fig. 3.36 Final CM equivalent circuit model withteacted elements
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Verification in large signal condition

As aforementioned, the current transfer ratio mesmants are used to verify the model
under the large signal condition. The current ti@ngatio is defined as the ratio of the CM
current on the inverter input lines sideas shown in Fig. 3.179 the CM current on the motor
side (»as shown in Fig. 3.17). In equation it is expresssd

T =200og,, (:—1) (3.3)

2
The ratio reflects the conversion efficiency fragy, to icuy It is used to indicate how
efficient the EMI noise propagation loops are segped by the applied filter.
The current transfer ratio is measured under tboeditions:
1. The motor is grounded and the inverter is floating
2. Both the motor and inverter are floating
3. Both the motor and inverter are grounded
The measured and calculated noise transfer rati@stare illustrated in Fig. 3.37 (a) and (b)
respectively. Fischer F-75 current probes are asethe measurement tool. It can be seen that
the calculations based on the built model show gagréements with the measurements. The
ratio magnitude also agrees well with the measuntésre low frequencies. Variations between
the measurements and calculations in high frequesnaye are analyzed as follows:

1. Simplification of the model.

2. Temperature increases when the system operatesefdilee the resistance is
increased.

3. High frequencies cause the inductance and capaeitaonlinear any more.

Although above variations exist, the proposed matiels acceptable accuracy under both
small and large signal conditions.
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—— motor grounded & inverter floating

—— motor floating & inverter floating
motor grounded & inverter grounded
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—— motor grounded & inverter floating

—— motor floating & inverter floating
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Frequency (Hi)
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Fig. 3.37 Current noise transfer ratio of the systader three conditions (a) experimental
results (b) calculated results

3.4 Conclusion

Equivalent circuit models are widely used to analgmd predict the conducted emissions for
power electronic systems. This provides acceptadbeiracy and is a compromise between the
complicated numerical computations considering ciased device physics and oversimplified
assumptions. In this chapter the focus is on thévatent circuit modeling for conducted EMI
frequencies. The study target includes the LISNygyacables, electrical machine and a 2.2 kW
motor drive system.

The aim of adding elements in the model is to presketails of filter high frequency
attenuations. Prediction of high frequency is difft to obtain because it is largely influenced
by various component resonances and interactioggeding on the investigation purpose and
concerned frequency ranges the model can be adjbsténcluding elements which greatly
influence the correlated performance.

In this chapter, element extraction procedure ®esyatically introduced. Disassembly of
the inverter is involved for easy access of thérimsent probes and parameters isolation. The
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elements in the high-frequency equivalent circéiithe model are derived using by measuring
impedance-frequency characteristics under open- @rat- conditions. Good agreement
between measured and calculated impedance-frequelmanacteristics verifies the model

accuracy.

For the large signal experiment, current noisesfiemratio is used as the modeling target.
The ratio is defined as the CM currents on the rieveinput side to the CM currents on the
motor side. It reflects the noise suppressing iefficy of the filter. Analyses on noise spectral
contents are avoided, which simplify the procesege &xperimental measurements show good
agreement with the calculated results. Based onmbéel, performances of various filtering
solutions can be evaluated. Hence the optimat filésign can be obtained.
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Chapter 4

3D Parasitics Cancellation

4.1 Introduction

In this chapter three-dimensional (3D) parasitiasaellation techniques for EMI filters in a
high density motor drive, are explored. The highgiy drive is constructed using the multi-
layer PCB technology and employs surface mountn@dgy (SMT) components. The
employed SMT components are x-dimensional (x-diothpgonents that have the same height
(x=14mm) and double sided SMT electrical terminatiffer10]. The components are stacked
between planar substrates and can be solderedtonttp and bottom sides of each PCB layer,
hereby a platform for 3D spatial placement is pdedi. The 3D parasitic cancellation allows
for better EMI filtering performance while withositarifying the filter power density.

The filter parasitics which include both self-patias and mutual coupling are detrimental to
the filtering performance especially in the highequency range. The well-known self-
parasitics include the equivalent series inductdB&) and equivalent series resistance (ESR)
in capacitors, and equivalent parallel capacita(ielC) and equivalent parallel resistance
(EPR) in inductors. ESL is generated with the cdpes leads and internal rolled film. In the
case of a Y-capacitor, its noise shunting perforeeais largely dependent on its grounding
impedance. In the case of an inductor, EPC is gée@rdue to the electric field distributed
between the winding turns and between the windiagd the core. The ideal inductor
impedance is proportional to the frequency. Howgirepractice it is decreased by the EPC
effect especially in the high frequency range. theo words, the inductor’'s high frequency
blocking ability is reduced.

Mutual coupling occurs between different componektappears as the increased parasitics
in the filter. In a circuit there are various mutoaupling points because each component acts
as an electromagnetic field source. It is showmmiany papers that much better filtering
performance can be achieved through the propemnlesi PCB layout and components
placements. Previous investigations show that twierd with identical topology and
components can exhibit a significant differencdiliering performance when their layout and
integration methods are different [Wan04a].

In this chapter, the 3D cancellation techniquesdusecancel both the self parasitics and
mutual coupling of EMI filters are presented. Th®lIHilter implements multi-layer PCB
technology which enables 3D component placemenaditition to positioning the employed
x-dimensional SMT componenB5(° in the two dimensional (2D) plane, the componemés
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able to be placed in a third dimension by addingem®CB layers, as shown in Fig. 4.1.
Cancellation windings are designed and implemetdezhncel the self-parasitic effects of the
x-dim SMT components. The proposed techniques ppéeal on a LC CM filter for a motor
drive. The filter equivalent circuit model that indes only the component self parasitics is
built. Through the model essential parasitic anduaucoupling effects are identified. The
techniques are verified by both of the insertiossks measured from a network analyzer and
spectra measured from a LISN.

3D placement

Fig. 4.1 Placement of EMI filtering components D fdr mutual coupling cancellation

4.2 Present filter parasitics cancellation techniques

Over the last couple of years, many filter paresitcancellation techniques have been
developed. There are two groups of parasitic effeéatbe cancelled. One is self-parastics
which include capacitor ESL and inductor EPC eHgeeind the other is the mutual coupling
which occurs among different filtering componen@ancellation of self-parasitic effects is
achieved by generating an equal value which is theg#o the self-parasitics. In the cause of
mutual coupling, reduction is usually achieved hfiex shielding the susceptible components
to prevent the emission from the sources or pasiig the components to achieve the lowest
magnetic flux links. Nowadays mutual coupling refilure is based on the 2D spatial layout
using the single PCB technology as can be sedreifotlowing sections.

4.2.1 EPC cancellation techniques

Capacitance cancellation techniques are generpfilieal to cancel the EPC of a wounded
inductor. In principle it can be used to cancel atrgy capacitance in the circuits, such as the
parasitic capacitance between the power devicen dnadl the attached heat sink. Wang et al.
applies two external capacitors to cancel the BPBoth CM and DM inductors based on the
balance condition in the Wheatstone bridge, as showFig. 4.2(a) [WanO06b]. It is assumed
that the two DM conductors are identical. If thequct ofC,;andCy; is equal to the product
of added capacitance @, and C;,, the effects ofC,, and C,, are cancelled. Two shunt
capacitors ofZ; andC, are equivalently paralleled across the inductavs sides, as shown in
the Fig. 4.2 (c). The idea of EPC cancellation@i inductors is the same. In the case of CM,
the two windings of the CM inductors are centemptgpand the two grounded capacitors are
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connected to this center tap. The same impact as whncelling the EPC in DM windings is
achieved.
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Fig. 4.2 Cancellation of the DM inductor parast#pacitance in single phase [Wan06b] (a)
DM inductor structure (b) winding EPC cancellatimethod (c) equivalent circuit network
after applying the method

In [Hel07], EPC cancellation techniques from thegg-phase inductor are extended to
three-phase power line filters. It is found tha ttancellation network can be achieved without
the cancellation capacitors added symmetricallythe three phase, a single capacitor
connected to the center of one winding would idelaé enough, as shown in Fig. 4.3 (b). This

has the same effect as connecting the compensedipacitors to the center point of each
winding as shown in Fig. 4.3 (a).
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Fig. 4.3 Cancellation of the CM inductor parasiipacitance in three phase [Hel07] (a) three
capacitors symmetrically connected to the threalinigs (b) a single capacitor connected to
one of the windings

Wang et al. proposes a method to cancel the paraspacitance between the switch drain
and the earth utilizing the inductor mutual inducta [Wan07]. However, this method is also
valid to cancel the EPC for discrete inductors. €aecelling principle is presented in Fig. 4.4,
where Fig. 4.4 (a) shows the network that provithescancellation effect. In the figure, two
inductors with the inductance bfandn®L are two coupled inductors, and n is the turn rafio
the two inductors. Assuming the coupling coeffitiénis 1, the mutual inductance! is
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calculated asiL (M =k LO?L ). Therefore the “T” network having same impedatreasfer
matrix as Fig. 4.4 (a) is achieved as shown in Hgl (b). Further, according to the
Y -A transformation, the #” equivalent network of Fig. 4.4 (c) is derived. Aegative
capacitance is generated as opposite to the ERI@& ohductor. Two grounded capacitors are
also equivalently produced at the two sides ofitldeictor. This principle is also used to cancel

ESL in Y capacitors, which will be introduced ircgen 4.4.4.
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Fig. 4.4 Cancellation of the inductor parasiticagfance utilizing the inductor mutual
inductance [Wan07] (a) the network providing thaaslation effect (b) “T” equivalent circuit

network (c) t” equivalent circuit network

4.2.2 ESL cancellation techniques

ESL cancellation techniques are carried out on I&ithand DM filtering capacitors. The
techniques are used to decrease the grounding anpedf CM capacitors, and also to reduce
the low frequency oscillations and the ripple af M current. Neugebauer et al. proposes the
use of coupled magnetic windings to cancel the giigcainductance in discrete capacitors
[NeuO4b]. The principle is illustrated in Fig. 4.5.

Fig. 4.5 Cancellation of the capacitor parasitituictance [Neu0O4b]

In addition to discrete capacitors, techniques a@s® developed to cancel the ESL in
capacitors in pairs. In [Wan06a] the PCB layoutigiess optimized to cancel ESL of two
capacitors in parallel connection. The cancellatiomdings are realized using rectangular PCB
traces. The design principle is the same as that imaoduced to cancel the EPC in DM
inductors (shown in Fig. 4.2). The designed PCBlayand the ESL cancelled filter prototype
are illustrated in Fig. 4.6 (a) and (b), respedyive
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BNC Caonnector BNC Cannectar

Fig. 4.6 ESL simultaneous cancellation for two paled film capacitors [Wan06a] (a) PCB
layout (b) photograph of the prototype

4.2.3 Mutual coupling cancellation techniques

Mutual coupling cancellations are more effectivanthself-parasitic cancellations. When
developing the self-parasitics cancellation techegy the research is mostly based on ideal
conditions, and inductors and capacitors are gépersmt used alone. Because of the
complexity of circuit, cancellation on the mutuaupling is more difficult. The inductive
coupling mechanism is dominant in mutual couplirgchanism.

After identifying the parasitic effects on a CLQtdr, [Wan05] verifies that although the
self-parasitics degrade the filter performancehia high frequencies, more improvement can
be achieved by reducing mutual coupling, whicheialized by rotating the inductor winding
by90°. A cancellation inductor is integrated with thepaeitor to cancel the mutual coupling
between two capacitors.

Another method is to shield the capacitors, whichroposed in [Wan04a]. Additionally, the
capacitors are placed on the other side of the R&CBurther reduce the coupling. The
experiments show that carrying out mutual couptiagcellation is more effective than solely
reducing self parasitics.

A simply way to cancel mutual coupling is to incseahe distance between components.
However, this is not desired because it decredsepower density. Additionally, since the
length of PCB traces are increased, parasiticalaeincreased. For EMI filters manufactured
on single PCBs, this acts as a barrier that greadBtricts the application of parasitics
cancellations. With the generation of new powectetsics construction technology and new
components packaging with new properties, a platfds provided for applying 3D
cancellation techniques. More flexibilities andtbeeffects can be achieved.

4.3 SMT high density drive

The new components are called x-dim componentsh Simnponents allow for high
components packaging density and double-sided fegabval from all x-dim components.
Some samples of x-dim components, nhamely metalddpacitors, electrolytic capacitors, and
SMT DM inductors are shown in Fig. 4.7. The eldgtio capacitors are designed to have the
height of 1.5x. Thus when they are used in muitefaPCBs two stacked electrolytic
capacitors have the same height as three othectiorduor metal film capacitors. The SMT
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high density drive employs new SMT x-dim componemksch have the same (or compatible)
heights x, and are stacked between planar sulsstrate

DM inductor
Electrolytic capacitors

Metal-film capacitors

/!

Fig. 4.7 SMT x-dim component samples [Jos10]

X-=14mm

The assembly concept and the prototype of the SMkiHhayer 2.2 kW industrial drive is
illustrated in Fig. 4.8 and Fig. 4.9 respectivelyne topology is based on the two stage EMI
filter topology which consists of a front stage Efitler and DC bus EMI filter. The filtering
components are arranged in the two sandwich layElectric connections are done by
soldering the components to the bottom and tossifi¢he layer. In addition to the EMI filters,
the other components include: Bridge rectifierethphase inverter stage, and control circuit.
The input rectifier, braking chopper and IRC comguis are placed downwards on the bottom
side of the second layer.

The possibilities for a third dimensional decougliare achieved with x-dim components
and by extending the conventional single PCB caonottn to the multi-layer PCB
construction. The 2D and 3D parasitics couplinghwitte multi-layer PCB construction is
illustrated in Fig. 4.10, wher®_ represents the lumped fluxes generated from thactmp

side, and which are rooted from the ESL of the capa ®, represents the lumped fluxes

generated from the inductor, which are mainly fribra leakage flux produced by the winding.
The flux direction is determined by the right hante. These fluxes are linked from one loop
to another so that the mutual coupling is formigd)( The 3D cancellations aim at cancelling
the 3D coupling.

SiC JFET
SiC Diode

2 layers sandwich EMI filiter

Fig. 4.8 Assembly concept of the 2.2 kW SMT mudtyér PCB industrial drive [Jos11b]
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80mm

140mm

EMI filter

14mmx2

2D coupling 3D coupling

Fig. 4.10 2D and 3D parasitics coupling with theltirayer PCB construction

4.4 3D parasitics cancellation

4.4.1 Parasitic effects of SMT components

ESL in a film capacitor is composed of the inductanf the metal film or electrode roll. Its
value depends on the capacitor manufacture methddnetal sprayed leads at the two ends of
the capacitor. EPC in an inductor arises due tosth@y capacitance which is distributed
between windings of the inductor, between the wigdand the core. Fig. 4.11 and Fig. 4.12
compare the calculated insertion losses of a sdlienxcapacitor and inductor with and without
including self-parasitic effects respectively. Thkquivalent circuits of the capacitor and
inductor are shown at right side of the figurecdh be seen that the parasitic effects greatly

degrade the component filtering performance upsSwB4in high frequencies of the conducted
EMI range.
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Fig. 4.11 Calculated single capacitor insertiorséssusing the model with and without self

parasitics
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Fig. 4.12 Calculated single inductor insertion &ssasing the model with and without self
parasitics

4.4.2 Parasitic effects in LC filters

In this section, 3D parasitics cancellation techegjare proposed and implemented in a LC
filter for a motor drive. The drive is built usingdim components introduced previously.
Firstly, it is important to identify parasitics thgreatly deteriorate the filtering performance.
Therefore an equivalent circuit model is built. @sdly, filter insertion losses are measured
and compared under conditions with and without ypgl cancellations. Thirdly, an ESL
cancellation winding is proposed and implementeckttcel self parasitics of x-dim capacitors.
Lastly, the techniques are implemented in the mdtore system. EMI spectra are measured
by LISN to verify the discussions.

The LC CM filter is composed of a 0.4mH inductooka (,) in series of two 470nF Y-
capacitors €,y andC,,). The equivalent circuit model including the sgifrasitics and mutual
coupling of the filter is shown in Fig. 4.13, whé&8L, andESR are self parasitics of capacitor
Co1, ESL, andESR are self parasitics df,,, EPC andEPRare self parasitics of inductbs,
andL;, and L, are the inductance of PCB input and output traespactively. The parasitic
elements are extracted by curve fitting to the idgree as introduced in Chapter 2. The
impedance analyzer Agilent 4294A is used as thesmreaent tool. In the case of the low pass
filter design, minimizing the shunt-path impedamacel maximizing the series-path impedance
at high frequencies is the goal. These roles d&entédy the choke inductor and Y-capacitors
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respectively. At high frequency range, the EPC eleses the inductor blocking impedance and
the ESL increases the capacitor shunting impeddfige.4.14 compares the insertion losses
between the calculation and measurements whék is taken both as the source and load
impedances. The calculated result uses only theoonent self-parasitics of the model shown
in Fig. 4.13. Two resonance cornersKat appear. The first one is determinedE§l; andC;,,

and the second one is determinedd8L, andC,. The slope oK, is determined by EPC and
Lp, which is self resonance of inductor The high frequency resonankg is created by the
resonance between the output trageand the summed capacitance @fand C,. The low
frequency level of from 100 kHz to the resonanineoK; is determined by the product value
of LpandC,(C,= Cp1+ Cy2). Consequently, the calculation results indicht the capacitor
ESLs are essential in deteriorating the filter rard high frequency (1 MHz ~ 30 MHZz)
attenuation performances. In other words, therfidtgacitors are the most susceptible from the
electromagnetic coupling. Therefore it is essemtialancel three couplings. They are:

* Mg Coupling betweehp andESL
* My Coupling betweehp andESL,
* Mg Coupling betweek SL; andESL,
Coupling from the PCB input and output traces te tlapacitors is neglected since it is
sufficiently smaller than those from the inductéfhen the capacitor values are small, the self-

resonant frequencies of them are higher than tiferesmnant frequency of the inductor.
Therefore the EPC effect will be dominant [Wan04a].
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Fig. 4.13 Equivalent circuit model of the LC CMéit including self-parasitics and mutual
coupling.
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Fig. 4.14 Comparison of the measured and calculatsition losses of the LC filter

4.4.3 Reduction of mutual inductive coupling

Reduction of mutual coupling between SMT capacitors

To reduce mutual coupling between the inductor @aghcitors, the key action is to decrease
the net magnetic fluxes linking to the capacit@sneration of ESL in x-dim SMT capacitors
is the same as that in the traditional film rolagpacitors [Fer10]. The SMT x-dim capacitor is
composed of thousands of displaced parallel megligms, its active part is connected to the
SMT tabs through thermo-mechanical stress reliefe internal equivalent current flowing
path is formed via one welding SMT tab to the othBnese current loops link external
magnetic flux therefore their mutual inductanceyé&nerated. Fig. 4.15 illustrates the mutual
coupling generation mechanism between two SMT dapadn parallel connection [Wan05].
The equivalent circuiti; that flows internally in capacitoC, links the magnetic flux
®, produced frontC, which acts as the increase of a mutual inductdfgento the ESL ofC;

Similarly, Mzis also added ont@,. This impact leads to an increased ESL to botlacitqrs.

Fig. 4.15 Mutual coupling between two parallel Skapacitors and the equivalent circuit
model

The easiest way to redudd; is to enlarge the distance between the two capacito
Additionally, shielding materials can be added @tmeen to further reduce the coupling. In 2D
construction, this is at the cost of increased aasttotal volume. In the SMT multi-layer PCB
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constructed drive, these limitations are overcomearpanging the components onto different
layers. The planar substrates placed in the migidiaitilized as the shield. Fig. 4.16 (a) and (b)
illustrate the placement of capacitor. The insertmsses are compared when the two parallel
capacitors contact and are 3.5 cm away from edstr.oBoth capacitor values are 470nF. The
measurement was performed through a network analfferitsu-ms 4630b) where both
source and load impedances 302 . 10dB improvement is achieved above approximadely
MHz. The resonance occurring at around 2 MHz istduée increased inductance in the loop
between the two capacitors.

Increased distance

(@)

= contact each other I
3.5cm away

Insertion loss (dB)

Frequency (Hz)
(b)
Fig. 4.16 Mutual coupling reduction between twogtlat SMT capacitors (a) increased
distance between the capacitors (b) insertionrusasurement

Another method to reduce the mutual coupling is position the two capacitors
perpendicularly, which is shown in Fig. 4.17. Irsttvay the net magnetic flux linking between
two capacitors is reduced.

Positioned perpendicularly

Fig. 4.17 Capacitors are positioned perpendicularheduce their mutual coupling
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Reduction of mutual coupling between SMT inductor ad capacitors

The coupling from the inductor side is mainly fraime leakage flux produced by the
inductor windings. The flux direction is based dre tright-hand rule. Since the inductor
leakage inductor is much larger than the ESL ofciggacitors, it is more important to decrease
the flux link from the inductor to the capacitohd ideal cancellation is to impose the mutual
inductance on the capacitor ESL to have the oppgsitarity and the same amount. However
this is difficult to realize due to the complicatBdx distribution and nonlinear behavior of
circuit parasitics. In 3D construction, two methddsminimize the mutual coupling between
SMT inductor and capacitors are illustrated in Ed.8 and Fig. 4.19 respectively. Fig. 4.18
illustrates the components arrangement of a siplgéese LC filter, the magnetic flux from the
single phase inductor flows symmetrically to thatee line of the two SMT capacitors. The
height of the inductor can be designed to be theedaeight as that of the SMT capacitors so as
to comply the x-dim components concept. In anotmethod illustrated in Fig. 4.19, the
inductor and capacitors are placed in differentlsach layers, and the middle board is utilized
as the shield to prevent the electromagnetic flwespling to the capacitors.

SMT single-phase choke L

SMT capacitors C

Decreased flux link between L and C

Fig. 4.18 Decrease the flux link between the induand capacitors

SMT Inductor

\

Intermediate
substrate as the
shield

SMT Capacitor
Fig. 4.19 Utilize the intermediate board as thelshi

Intermediate substrate as shield

The planar substrates on which SMT componentstaoikedd, can be utilized to prevent the
coupling from inductors to capacitors. For singéydr PCB integration technology, the
components are arranged along the power flowinly foaitthe convenience of layout design, as
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shown in Fig. 4.20. Consequently, the componeneanged from AC line input to the output

are AC line EMI filter, the rectifier bridge, DC-BUEMI filter, power devices, and output EMI

filter. This layout structure results in such a @bex flux distribution environment that the

capacitors are inevitably to be influenced. Witk thulti-layer PCB construction, the power
flows are conducted to different layers through $MT tabs or sprays of those SMT passive
components, thus a more flexible circuit layout cenimplemented. The substrate with the
components are stacked in-between is designed easstiteld to prevent the susceptible
components from external coupling. This technigae be realized by implementing a PCB
filling with copper or using IMS.

Front EMI filter DC bus EMI filter Switches

Rectifier
AC lines N e =
AAA = output

ou

1L 1 L o
T xax | 7T .ﬁé{ﬁ
-

Capacitor layer

Switch layer

Inductor layer

Single PCB construction Multi-layer PCB construction

Fig. 4.20 The reduction of mutual coupling of sytd#e components by multi-layer shielding

4.4.4 Design of ESL cancellation winding for SMT capacitcs

In this section, ESL cancellation windings are geed to improve the filtering performance
of SMT capacitors. The principle is to create adutance which is equal to and has the
negative polarity of the capacitor ESL. This is iagbd by integrating a coupled air-core
magnetic windings with the primary and secondarynmsetrically connected to the SMT
capacitor tab. Hence a three-terminal device iméat. The equivalent circuit model of the
cancellation winding integrated capacitor is shawrkFig. 4.21. The two windings have the
same polarity.®,, represents the mutual flux that links the primang @econdary windings.

Lwis the resulting mutual inductance. For the netwadrkig. 4.21(a), the relationship between
the port voltages and currents are expressed agieio4.1.

V1 _ L.L _LM i1 + 1 i1‘H2
(VZJ_JW[ﬁ_LM L, j[ﬁizj Z_c[ﬁil"'iz] 4:0
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whereZ; is the impedance of capacitor. It is the summegeisiance oESL C andESR In
the network shown in Fig. 4.21(b), the relationshgtween the port voltages and currents
satisfy equation 4.2.

(\\ZJ:"W[ﬁLi;LM L, SL ]EE JJ'(_‘JW M)EﬁI +.J (4.2)

It can be deduced that the two networks have theeszharacteristics. Ideal cancellation is
achieved when the created mutual inductance isl ¢gtlae capacitor ESL. However, the stray
inductance of PCB traces also contributes to theceltation effect, which is difficult to
calculate.
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Fig. 4.21 Flux linkage and resulted equivalentuirmodel of a capacitor with the cancellation
winding (a) winding structure (b) equivalent circoodel

Fig. 4.22 illustrates the design and implementatbrthe two-coil layer structure of the
cancellation windings. The winding is constructed of a 1mm diameter common copper coil
which can be adjusted according to the current ftating. The height of the windings is
designed as 14mm to comply with the multi-layer P&@mstruction. For different types of
SMT x-dim capacitors, the winding widths are addsoptimally according to the calculated
mutual inductance and the resulted rectangular iwinagross window area. The mutual
inductance |, of the two single-turn coils is approximated by &iipn 4.3 [Ye09].

,u0 2a+ 2w’ 2b+ 2v'v, B .
[2 D( 2wu) + 2o0n (Zb—Z) 4f— w+ v= u)] (4.3)

Where: o is the air permeabilityy is the distance between the primary and secondary
winding window area, and andb are the width and height of the coil window regpety.

v=yai+u, w=VJa+b+#, vi=+b?+ ? . The two coils are assumed to have the same

height and width. Accuracy of the calculation iscaletermined by the coupling coefficient
between the primary and secondary sides. Taking70aF SMT capacitor as an example, the
capacitor ESL value is measured as 9.6nH by theedimpce analyzer (Agilent 4294A).
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ThereforelLy is expected to be 9.6nH, ahds assigned as 14mm. As a resuis calculated as
29mm.

Fig. 4.23 shows the measured insertion lossegdeiiod after integrating the cancellation
winding onto a 470nF SMT capacitor. The integratagacitor is shown in Fig. 4.22. It can be
seen that 20dB at most has been reduced in thefl@ighency range. it is found that a two or
three layer of one cancellation winding is adeqdatenost of the capacitors.

SMT capacitor
Cancellation winding

l -

Fig. 4.22 ESL cancellation winding design and inatign with different types of SMT

capacitors
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Fig. 4.23 Comparison of the measured insertiorelo$s a single SMT capacitor (470nF) with
and without integrated cancellation windings.

4.5 Experimental verification through network analyzer and
LISN

4.5.1 Insertion losses measured from network analyzer

Based on the understanding of the coupling effacid cancellation methods introduced
previously, the filter components are positionedihin order to achieve the reduced mutual
magnetic fluxes. A group of insertion loss measwris are performed. Fig. 4.24 illustrates
the experiment setups and the corresponding mehgwertion losses. Two BNC connectors
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are screwed on the two sides of the PCB boardhfecting and receiving signals. A trail-and-
error process is adopted instead of using the doaipt theoretical calculations. The
experimental results show that with the identickerf components and topology, different
insertion loss curves are obtained. Position casalbits the best performance at the high
frequencies. However, degraded performance ocdutkeafirst resonant corner of around
1.6MHz. This is due to the increased length of gtduleads. Position case 2 increases the
resonant frequency, which leads to better perfoomaat the resonant frequencies, but an
increased slope in the high frequency range. Olyepalsition case 1 exhibits the worst
performance.

Secondly, the proposed ESL cancellation windingirngegrated with the capacitors
positioned in case 3 to further improve the filpgrformance. The experimental result is
compared with the previous achievements underdhdition of the three cases. It can be seen
that 15dB more attenuation is achieved. The fhiigh frequency performance is significantly
improved.

| -18 dB is achieved
7 Case 4

s

Insertion loss (dB)

r(I\;
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Fig. 4.24 Positioning the filter components to regltheir mutual coupling

4.5.2 Noise spectra measured from LISN

In addition to the small-signal measurements frdra hetwork analyzer, experimental
verifications are also done through measurementsd$N.

The first group of measurements is performed testigate the effect of reducing the mutual
coupling between the SMT inductor and capacitoig. #25 illustrates the configuration of
the motor drive system and how the cancellatioesagplied. The distance betwdenandC,
is increased by positioning them into differentcaith layers. A three-phase LISN (Cranage
VN3-100S) is positioned between the power grid e motor drive system to measure the
EMI emission level. The CM inductoL{) and Y capacitorsd,; andC,,) are positioned in the
DC bus as the second stage. The component values 6f andL, are 0.28mH, 470nF and
0.23mH respectively. The Y capacitors provide thensing path from the DC bus to the earth.
The heat sink and LISN are grounded to the sameeroplate so as to provide the lowest
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grounding impedance. As a consequence, the fijgrarformance is greatly dependent on the
capacitor impedance.

Fig. 4.26 compares the LISN measured noise speattea capacitor€,; andC,, are placed
differently referred to the inductdr;. It can be seen that more than 10dB improvement is
achieved between 3.5 MHz and 15 MHz, which gresttjuces the noise in critical range to
comply with the IEC61800-3 C2: Qp standard.

The distance between L1 and Cp
is increased by positioning them
into different sandwich layers
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Fig. 4.25 Configuration of the motor drive systewnifeducing the mutual coupling between
the filter inductor and capacitors
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Fig. 4.26 Comparison of the LISN measured noisetspgs wherC,; andC,,are in contact
and far from the inductdt;.

The second group of measurements is performed with aim of investigating the
cancellation effect of the proposed cancellationdings. Fig. 4.27 illustrates the configuration
of the motor drive system and the photograph ofG@h capacitors. A DC-fed IGBT based
motor drive prototype is employed for the test. Hxperimental environment is the same as
that for the configuration illustrated in Fig. 4.Zbhe same LISN and motor are employed.
Two lines of the LISN are placed between the pogvat and drive system. 550V from a DC
power supply is applied to the DC bus of the inseftom a DC power supply.
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The achieved results before and after applyingctiecellation windings are compared in
Fig. 4.28. It can be seen that 2 ~ 8 dB improvemarg achieved in the frequencies of above 6
MHz. Additionally, when comparing the LISN measuents with the network analyzer
measurements (given in Fig. 4.23), the improvenwlower although the employed capacitors
and cancellation windings are identical. The déviet are analyzed as follows:

1. Due to the circuit layout difference when perforgiitwo different types of
experiments.

2. The noise source impedance difference into differtesting environments,
which is operated inverter driven motor system andonstant value &0Q
provided by the network analyzer.

3. The difference of parasitic values resultant frém large- and small-signal also
contributes to the difference.

With and Without integrating the
cancellation windings

DC power

supply LISN
Suppry ('Iﬂi

¢

L1 4700k i

* !
T- L2

00 a .

IGBT inverter
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Heat sink
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/

Fig. 4.27 Configuration of the motor drive systeiithvthe CM capacitors integrated with ESL
cancellation windings
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Fig. 4.28 Comparison of the LISN measured noisetsipes before and after applying the
cancellation windings for the CM capacitors.
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4.6 Conclusion

This chapter extends the parasitics cancellationnigues from 2D to 3D spatial layout for
better EMI performance. The approaches utilizenetisional components and the multi-layer
PCB integration technology. A platform for 3D patias cancellations is provided. In the first
part of this chapter, the previous cancellatiorhmégues that are implemented in 2D are
reviewed. Possibilities to extend them into 3D amalyzed. In single PCB technology, the
cancellation techniques are strictly constraine@Dnspatial layouts. However 3D cancellation
techniques effectively overcome these constraieteBfiltering performance can be achieved
without increasing the size and cost of the filtépplicable 3D cancellation techniques are
discussed. Insertion losses measured from a netsvalyzer are used to verify the discussions.
Finally, the proposed techniques are implementealan_C filter for motor drives. Due to the
complicated electromagnetic field distribution hetoperating system, it is advisable, as the
first step, to characterize parasitic effects tbatically deteriorate the filter performance.
Therefore techniques can be addressed on canctibsg parasitics.

Most researchers use small-signal measurementaloage the cancellation effects, because
they are easier and more flexible to be perfornheah farge-signal measurements done with a
LISN. In this study both types of measurementsaai@pted. A better insight is provided. The
LISN measurements show less improvement than tbat & network analyzer. Both methods
show the improved effects of the proposed methédsen comparing the effects of the self-
parasitics cancellation and mutual coupling caatielh, the latter effort is proven to be more
effective.
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Chapter 5

Comparing and Improving EMC
Performance in Si IGBT and SIC
JFET Motor Drives

5.1 Introduction

With the IGBT based inverter as reference, thigptdradiscusses the reduction of conducted
EMI to accommodate SiC JFETSs in motor drives. Téasons why EMC performs in a certain
way, and techniques to improve the EMI filter desigr motor drives by replacing Si IGBTs
with SiC JFETs, are presented. Two inverter prgesy— with SiC JFETs (SJEP120R100
normally-off) and Si IGBTs (IRG4PH40U) as the tratrs are built using the same circuit
layout and compared accordingly. Their differentefi properties and requirements are
analyzed and concluded.

The switching speed of SiC JFET can be two to isile$ higher [Hor06] than that of the
conventional Si devices, leading the power convertwitching frequency much higher.
Furthermore, with SiC’s blocking capability muclgher than Si, higher power can be applied.
Both factors significantly increase the EMI magdiey an example is shown in Fig. 5.1. Fig.
5.1 (a) shows the measured EMI from the same V&iesythat is operated under 1.55 kW
and 450 W power levels. Fig. 5.1 (b) shows the sgystem that is operated under 16 kHz and
4 kHz switching conditions. 550V DC is applied betDC bus when performing all the tests.
A 2.2 kW motor is loaded. It can be seen that Edlincreased in the entire frequency range
instead of at discrete frequencies. In specificuifrconfigurations, the high frequency noise
level of a SiC JFET based motor drive system caR(uB higher than that of a comparable Si
IGBT based motor drive, with both systems driventhg same switching frequency, and
utilizing identical EMI filters [Gon11]. As the caotusion, the EMC design has become more
critical than ever, which is against many benefiitained with the SiC transistors.
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Fig. 5.1 Measured EMI from the VSD system undefiedént power and switching frequency
conditions

Additionally, the faster switching transient of Si€ads to a significantly higher voltage
and/or current overshoot during the switching tiams. With the increased high frequency
contents, the influence of previously negligiblecuit parasitics starts to play an increasing
role in EMI production. Investigation shows thaipdading on the DC bus capacitance and
layout design, parasitic oscillations that occuB# JFET switching transients can vary from
10 MHz to 100 MHz [Jos11a]. Even though all of grevious researchers conclude that SiC
power devices increase the level of EMI noise, antjtative understanding of the EMI source
and differences in Si devices is still elusive. Tuestions to be asked is: whether the existing
EMI filtering techniques need to be improved to@omodate SiC based motor drives.

In this chapter, both SiC JFET and Si IGBT investere implemented with discrete
semiconductors with externally added diodes in-patallel attached to the heat sink (shown
in Fig. 5.2). A 150um thick polyimide layer is imssl between the semiconductor drain
(cathode of diodes) and heat sink for electricguiation. Their conducted EMI levels are
measured without any EMI filter and subsequentlynpared to the levels obtained in the
presence of two different CM filters. It is showhat different switching dv/dts result in
different parasitic oscillations which significantideteriorate the EMC performance. The
oscillations are magnified to a greater extenthm $iC JFET system than that in Si IGBT's.
Lastly, a solution based on inserting ferrite beatgifferent current paths is proposed to
suppress the parasitic oscillations. Equivalentutir modeling is used to predict the
suppression effects. Respectively, the mid and friggjuency noise of SiC JFET drive system
are effectively suppressed to comply with the IEGEL3-C2: Qp standard.
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Anti-parallel
diode

Switch st

Fig. 5.2 Discrete transistor with external antigle diodes are attached on top of the heat
sink

5.2 Comparison in inverter legs

5.2.1 Configuration of gate drivers

The schematics of the implemented gate driverstlier Si IGBTs and SiC JFETs are
illustrated in Fig. 5.3 (a) and (b) respectivelyhese only the relevant components are shown.
Although the employed two semiconductors (Si IGBW &iC JFET) are both normally-off
devices, their gate drivers are significantly difiet due to their physically structural
differences [Onl10]. The gate driver designs accaoaate different driving features as the
priority. In addition, they also aim to create cargble switching conditions. Both gate drivers
deliver signal through channels for turn-on andhioff respectively. The turn-on channel
exploit the switching speed of two different typefs transistors, and the turn-off channel
provides comparable conditions considering theie géischarges, which will be explained
respectively in the following sections.

7y 7V +12V
T ¢ T
PWM signal : Doy Ron SiC
— AND JFET
{ 18072204 IXDN604 R,
R, 12V
1 B}
o L T R Dw [%]
=12V

(@)
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Fig. 5.3 Schematic diagrams of the implemented daters (a) for SiC JFET (b) for IGBT

5.2.2 Turn-on of transistors

Because the equivalent structure between the gatesaurce of the SiC JFET is a p-n
parasitic diode and parasitic capacitor in paraitginection Dy, andC,s, as shown in Fig. 5.5
(a)), the gate driver turn-on channel must meetdhspecial requirements in order to fully
exploit the SiC JFET fast switching.

The gate driver must ensure a high peak currenti3tis case) at the beginning
with the duration of typically 100ns in order tasfaharge the parasitic gate-source
capacitorCsgs, and miller capacitor. The current is deliveredtigh diodeD,,and
resistorR,, The pulse current duration is set by value€@ndR;and the threshold
voltage of the AND gate (74VIT). The peak curreatue is set by resistd,, IC
IXDN604 is chosen to ensure the high current dejive

After the current spike the gate driver must besdbl deliver steady current and
voltage to minimize the channel resistance overspiexified temperature range. In
order to increase the device channel width, the-gaurce voltag&/ys should be
around 1.5V higher than the gate threshold voltajethe JFET (typically
Vgsty=1V). Due to the existence of the parasitic p-nddian the gate-source
structure Vys is determined by the forward characteristic of plaeasitic diode. The
delivered current is determined by a combinatiorfopivard characteristic of the
parasitic diode and the added resif®arThe diode carries 2.5V voltage in the on
state of the JFET, with 12V driver supplying vokagnd the resistd®. =110Q in

the path, the current is set to arodpe (12V-2.5V)/11@ =85mA.

The gate driver must have increased immunity toetkated overshoot and noise
disturbance during the operations. Since the SETJurn-on threshold voltage of
1.0 V is very low, a negative voltage of -12 V jgpled in order to increase the
turn-off safety margin. In Addition, because powapply pins of IXDN604 is very

sensitive to the noise, the gate driver layoutSaZ JFET must be optimized. The
signal loops especially between the power suppti/the chip must be minimized.
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The output waveform of SIC JFET gate driver issihated in Fig. 5.4, where the
100ns pulse at the turn-on transient is shown.

Additionally, in order to prevent SiC JFET from fiély turn-on operations, an external
capacitorCy is added between the gate and source. BecauseF&T [as the much lower
intrinsic gate to source capacitance, the impedaatie from gate-source to drain-gate is
relatively high. Due to the low threshold voltagjee current charged to the gate capacdiiQs
through the miller capacitor during the fast swibichtransients may faultily turn-on the switch.
The added capacit@,~1nF reduces the turn-off impedance in order togmésuch problems.
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Fig. 5.4 Output voltage waveform of the SiC JFETegiriver

The equivalent structure between the gate and safrt¢he IGBT is a parasitic capacitor
with the value in order o€ss; = 1782pF (shown in Fig. 5.5 (b)). Unlike with t8&C JFET,
there is no equivalent parasitic p-n junction diquiEsitioned forward biased from gate to
source, therefore a steady and relatively low ahangrrent (typically 40mA) is sufficient to
charge the gate capacitor to keep it in on-statilittonally, without the parallel diode at the
gate the delivery of high spike current for drivi8gC JFET is less important therefore there is
no need for driving the IGBT switch. In order tacdease the turn-on time of the IGBT, a diode
Don is added in parallel withR,,. The charging current is limited by the equivalerties
resistance oDy,

Dy
le]:Rn//Z: 5Q
o {1
Ron1= 5Q Cx Dg: Cus
Vel Cisi Vo 1 .
+I15V, 0V T +12V, -12V
O O

IGBT SiC JFET

(a) (b)

Fig. 5.5 Equivalent gate driving circuits (a) f@BT (b) for SiC JFET

5.2.3 Turn-off of transistors

Comparable turn-off conditions are created for tyyes of transistors because:
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For SiC JFET, the applied driving voltage for twffi-is -12V, and the initial
voltage over G, at turn-off transient is +2.5V, therefore the agk difference is
Voir=2.5V- (-12V) =14.5V. For IGBT, because the thrddhgate is high (3.0V),
the applied driving voltage for turn-off is OV. Thwtial voltage over &; at turn-
off transient is +15V, therefore the voltage difflece isVy,=15V-0V=15V.
Consequently the same voltage differences areettdat turning off the two types
of transistors.

The same gate resistarRg=R,n=5Q is applied.

Because of the added external capadigrthe gate-source capacitance of SiC
JFET is increased from the intrinsic capacitance ©fs=711pF to
Cyr=Csss+Cy=711pF+1nF=1711pF, which becomes comparabléeogate-source
capacitance of IGBTGs=1782pF).

5.2.4 Inductive switching waveforms

The inductive switching waveforms are measured@ibverter bridge legs to compare the
switching transients. The schematic diagram is shiomFig. 5.6. The circuit layout is the same
as used for three-phase inverter shown in Fig. $a)2The external freewheeling diodes —
C2D05120A and ISL9R18120P are added in anti-pdrétleeach SiC JFET and IGBT
respectively. SiC and Si diodes are used for tvp@syof power devices to comply with actual
situations. The switchel andS; represent either an IGBT or SiC JEFT. The uppeétchv®,
is clamped in off state while the lower switshis driven by pulse signals. A 800uH inductive
load is connected between DC- bus and the drair5,0fThe measured waveforms are
illustrated in Fig. 5.7, wher¥y is the voltage between the switch drain and souices
measured between the heat sink and earth, @risl the current flowing through the switch
channel from drain to source. These measured paiatsdicated in Fig. 5.6.

DC = +600V

Gate
Cuey  |Priver

Gate
Driver

Fig. 5.6 Inverter bridge leg for inductive switchitransients comparison of two transistors
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Fig. 5.8 Comparison of the SiC JFET and IGBT vadtagd current switching transients in
expanded scale (a) turn-on (b) turn-off

Fig. 5.8 shows DM switching transients in expandedle. It can be seen that at turn-on
transient, the switching dv/dt of SiC JFET is #dithigher than that of IGBT (16.67kV/us
versus 15kV/us), however for SiC JFET the DM currevershoot is much higher which
results in the di/dt values being much higher (4BGA versus 300A/us). These will
predominantly contribute to the high frequency eotd in the spectrum. At turn-off transient
(Fig. 5.8 (b)), SiC JFET is switching more thandaifaster than IGBT (4.62kV/us versus
2.07kV/us), which excites a lower current overshibain that at the turn-on transition. The
reasons are analyzed as follows:

The DM overshoot is determined by the value of elwitg dv/dt, the on-resistance in the
switch channel, and the equivalent capacitancearaliel to the upper switctCf,;, shown in
Fig. 5.6), while the oscillation frequencies areimhadetermined by the parasitic inductance
and capacitance in the circuit layout. Since the BET and Si IGBT turn on within more or
less the same time, their dv/dts are the same.tidddily, since the same load is used, the
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equivalent parallel capacitan€g, is also the same. Therefo@,; and on-resistance of the
switch are the only components that differentiadte bvershoot magnitudeC;,; of two
transistors are more or less the same. With osteesie being much lower than that of IGBT,
the SiC JFET current overshoot is also higl&y, and Cj,, come from two sources: 1) the
intrinsic parasitic drain-source capacitance of ¢hdtch plus the junction capacitance of the
added diodes. 2) the equivalently added capacitémooe the external circuits (e.g. parasitic
capacitance from upper switch drain plate to that lsenk and from the heat sink back to the
lower switch drain plate). The low frequency ostithns are determined by the circuit parasitic
inductance and load parasitic capacita@ge

However, the resulting CM current is more or ldssgame. Because CM impedance mainly
depends on the circuit layout. Since the two irersrare constructed using the same layout and
connected to the same load, and since the samagexlare selected for the two transistors
and anti-parallel diodes respectively, the CM ingrexk is also the same. The only difference
exists between the switch die and the Aluminum Ipdate, inside the device package.

The performed inductive switching test indicateat tthe main difference in the spectra of
the two transistors will be in DM. Big overshoot gn&ude difference and small oscillation
difference indicate that the differences will b@esienced mainly at high frequencies.

5.2.5 Noise source analysis

Next, based on the inductive switching performardifferences between SiC JFET and
IGBT sources are analyzed and calculated using Fastier Transform (FFT). In the motor
drive system, the dominant CM noise is regardedbeing voltage sourced because of the
existing valley in the load impedance. The voltegbetween the neutral point of the inverter
output and the earth. The dominant DM noise is nadirh as being current sourced because
suppression of low frequency harmonics is criticalDM filters. Therefore the voltage dv/dts
dominant the CM noise magnitude. The current dif@hinants the DM noise magnitude.

To analyze the difference, the influence from shiitg dv/dts is calculated using FFT. It is
shown from Fig. 5.8 that SiC JFET is switching otweo times faster than IGBT at the turn-off
transition while their dv/dts at turn-on is almalse same. Their spectra are calculated with
different turn-off dv/dt values. The same turn-oriddl (15kV/us) is applied. The results are
shown in Fig. 5.9. It can be seen that small dififee exists. Pure square voltage waveforms
without considering parasitic oscillations are uded calculation. Fig. 5.10 shows the
calculated the noise source magnitude based oméasured voltage switching waveforms of
Fig. 5.8. The resulted spectra are very similanodse spike appearing at 8 MHz in the SiC
JFET spectrum is due to the resonance at turnaltbge slope that is originated from the
current oscillations. Therefore it can be expethed the emitted CM noise from two types of
transistor sources will be similar.



Comparing and Improving EMC Performance in Si IGBiTl SiC JFET Motor Drives

97

—dv/dt 12kV/us
—dv/dt 4kV/us

l
2 | dv/dt 1.62kV/us
) |
b ! !
o I I 1
< 1 [ |
g 11 o | A L i
8 T = i I I
° | | | | | | .\‘uh‘ |
> SOJHW”‘:
| [ R | o | | | Il | |
O | | I N | | Lt | 1 | 1L | ]
150k M 3M 10M 30M
Frequency (Hz)

Fig. 5.9 Calculated DM noise source emissions bagatifferent turn-off dv/dts

—— SiC JFET source

180F ~—F —F e T T
| | Lo | | [ | —|GBT source
;160 Foal Rl — — — ke - — 4 e T
=] | | | | [ |
[a]
8 a0l - MM
% | [N |
= - LiLl L Il
8120 | [N | [
[} | [N | [
= 100 T TIT T l
g | [N | [ |
o | Ll | Il LA
> 80 - T T T T T T T T T el
| | Lo | | [ | | [
60***%*%4‘0*FH’\***#’**’*\*\*\F**"*‘?*\*\*\‘1#\#’***\*%
1 1 I I I I 1 1 L1 1t 1 1 | L 1
150k M 10M 30M

Frequency (Hz)

Fig. 5.10 Measured DM noise source emissions bagdt-T transformation

Secondly, the influence of switching

di/dts is cddted. The CM and DM current noise

spectra are transferred from the measured CM anccrként transient waveforms of Fig. 5.8
and shown in Fig. 5.11 (a) and (b) respectively.cAa be seen from Fig. 5.11 (a), the CM
current noise levels from two systems are very laimiThe noise spike at 4.5 MHz
corresponds to the main oscillation frequency ie M currents. An average of 8dB
difference exists in DM spectra from the whole loé frequency range beyond 5 MHz. It can
be seen that the noise level difference and resdrequencies are nonlinear to as to associate
with time-domain waveforms (8.6A as opposed to GAl& MHz as shown in Fig. 5.8).
Therefore it is concluded that parasitic oscillaowith faster SiC switching will increase
noise level over a broad high frequency range rattan at discrete frequencies.
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Fig. 5.11 Measured current noise spectra from $iETJand IGBT inductive switching test (a)
for CM (b) for DM

5.3 EMI Comparison and analysis in three phase systems

5.3.1 Experiment configuration

Next, their EMI spectra of three phase drive systare measured. Photographs of the
implemented inverter layouts are presented in &it2 (a). The gate drivers are placed on top
of the power board. The experiment configuratiorEdI measurements for both of the two
drive systems is illustrated in Fig. 5.12 (b). Tl inverters are powered by a DC power
supply at 550V DC through a LISN (Cranage VN3-100%62.2 kW induction motor is driven
at 50Hz modulation frequency. The inverter switghifrequency is set to 16 kHz by
programming the driving signal source from a DSRe hverter and motor are grounded to the
same copper plate. The EMC spectrum analyzer i®s&tkHz resolution bandwidth and 18s
sweep time. The two inverters are placed in theesaxperimental environment with the same
measuring equipment.
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Fig. 5.12 Experiment configuration of two motonarisystems under comparison (a) layout
comparison (b) system configuration

5.3.2 Waveforms without filter

The electrical waveforms of the SiC and Si devaescompared with the inverters running
in the three-phase. The configuration is showniqm 5.12. For DM performance, the motor
phase current, and inverter output line-to-line voltagg are measured and shown in Fig.
5.13. For CM performance, the CM curréptlowing through LISN and CM voltage between
motor neutral point and earth,y are measured and shown in Fig. 5.14. The meaqoiets
are indicated in Fig. 5.12. It can be seen tha&ibalyh no significant difference exist between
the DM current overshoot magnitude (7.5A as oppdsit7A), large differences exist in spike
qguantities. The amplitude difference becomes maeideat when their CM waveforms are
compared (33mA as opposed to 28mA). Those expetahezsults correspond well with the
measurements obtained in the single-phase of thefive switching test.
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Fig. 5.13 Comparison of DM waveforms of two motawve systems (a) IGBTs based (b) SiC
JFETs based

: D10 0V ape P
i druddiads: Stus/dv o B ¥ T = o7
& om0 i 1, [1omazaiv) - ORI
! ﬁ h | | ’
W“”“)“ ”M s M JV A Jf Wy )‘““fj W’“IVM P M pelimt Jh"mv“ e 4»{\ VW’ iy ”l IN v ruy\w\ 3
[ B thw] i b ] W.M %V Mﬁ
il ‘ “ ‘ H ‘ ' 33171/1 J \
|
ng[400V/dw] ‘ o] M : M : f\h ),wf\,‘,‘ i M 0 /\Jw
| T
f\ﬂ ‘\}M.’\M\ A‘ M‘\Mlﬂf ) M\ fd \,1 J r,-mqm\r ’\IPMWL M | \/«,J \/x_,,( \J\‘j 1 H W\W M\/"-
WwOWW vf WoW Ve [400V/div] ‘
(a) (b)

Fig. 5.14 Comparison of CM waveforms of two motove systems (a) IGBTs based (b) SiC
JFETSs based

5.3.3 Measured EMI without filter

Fig. 5.12 illustrates the configuration that has tbast filtering components and only four
DC capacitors — two electrolytic capacitors and fillm 2.2uF capacitors placed in the DC
bus. This configuration is defined as the case autHfilter. It is necessary to keep the two
inverter heat sinks grounded for the following as

1. To meet the safety requirement because the hdaisimsually integrated with
the inverter frame.

2. To include the path between the switch drains aedheat sink hence the noise
propagation paths of the two inverters are kepstdme [Gon10].

The DM and CM noise are separated by the currestigw (Fischer F-75) according to the
methods described in [Zha06].

The EMI comparisons of total, DM and CM spectrahwitt filter are illustrated in Fig. 5.15
(a), (b) and (c) respectively. The main differerecéound in the DM noise spectrum where the
SiC inverter is higher over the frequency rangevben 3 MHz to 15 MHz. This is because of
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the higher DM current overshoot and oscillationsitexl by the faster SiC switching. The total
and CM noise are similar, which agrees with cakoes as shown in Fig. 5.10. Measured
noise spectra correspond well with the predicticreched by the previous analysis and with
predictions during the inductive switching test.

Total noise (dBuV)

60, B B B
— IGBT inverter
a0l — SiC JFET inverter
IEC61800-3: C2:Qp | = = ‘
150k M 10M 30M
Frequency (Hz)
(@)
70
60&\
< 50l » (. v
= l “‘VM m‘\
S A0 M i ull il
z ol T T
g 30 LTS T D A
S \" I | # Uil |
= 20 : i i i
2 1ol W
od— SiC JFET inverter
10 — IGBT inverter
150k M 10M 30M
Frequency (Hz)
(b)
100F

ol
(=]
T

CM noise (dBpA)
F -
(e S

20— IGBT inverter
— SiC JFET inverter j
0150k M 10M 30M
Frequency (Hz)
(©)

Fig. 5.15 Comparison of measured EMI spectra inrvedor drive systems with no filter (a)
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5.3.4 Measured EMI with CM filters

Secondly, their EMI spectra are compared whilegisirand LC CM filters. The comparison
of the measured total, CM and DM EMI spectra whik tdentical C (470nF) CM filter are



102 Chapter 5

illustrated in Fig. 5.16 (b), (c) and (d) respeelyw Fig. 5.16 (a) shows the schematic diagram
of the applied filter. It can be seen that both @ and DM current noise is reduced, when
compared to the unfiltered case. Even though tter fs intended for the CM current, it is also

found in the DM current. Unexpectedly, the EMI legd#ferences become much more obvious
which means that attenuation of the identical ffiisedifferent for the two systems.
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Fig. 5.16 Comparison of measured EMI spectra inrvedor drive systems with 470nF CM
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Next, a 200pH CM choke is added in front of the Capacitors to compose the LC filter,
the schematic diagram is shown in Fig. 5.17 (ap WMductor value is not specially selected
but obtained empirically and used as the initiadigie. A comparison of the measured total,
CM and DM EMI spectra is given in Fig. 5.17 (b)), (@nd (d) respectively. It can be seen that
in addition to the results with the purely capagitfilter (given in Fig. 5.16), the difference
becomes higher at frequencies above 2 MHz. TheenmiisSiC JFET inverter is 10dB more
than that of the IGBT. Compared to the previousiliesthe increased differences in the EMI
levels of SiC JFET drive system are much highen thase of IGBT drive system.

CM choke
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Several conclusions can be drawn from the aboveraxpnts:

* The traditional EMI filter design for Si based motdrive systems can also be
applied for the SIC JFET drive system, however nefferts must be addressed on
performance at high frequencies, which is becatifeedancreased EMI level due to

the higher current and voltage overshoots causethéySiC's faster switching
speed.
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* CM noise is dominant and determined by turn-on @v/dnd CM parasitic
capacitance. Since the two parameters are the gantwo systems, the CM and
total EMI levels are similar.

* The parasitic oscillations occurring with switchitigansients increase the noise
level over a broad frequency range rather tharsatete frequencies.

* The identical filters for two systems results iffelient attenuations. Although the
obtained EMI levels are very similar without filtelifferences become significantly
obvious after applying the identical filters. Tipisenomenon will be focused on and
analyzed in the following sections.

5.4 Filtering performance analysis and verification

5.4.1 Inverter CM test mode

In order to easily identify the CM and DM currenawveform differences, two inverters are
set under the mode in which three upper or loweltckes are switched on or off
simultaneously at a fixed 50% duty ratio. This éided as the inverter CM test mode because
CM noise is the largest. In this case no functianatent flows in the system. The three poles
of the inverter are set to be switched at the same. The overlaps cause the CM current
amplitude to be three times higher. ConsequendyGM currents and the mixed DM currents
that are superimposed by CM are maximized. Thugréifices can be easily recognized in
time-domain waveforms.

The switching frequency remains 16 kHz. The saméomiemains being loaded to the
inverters.

5.4.2 Parasitic oscillations

It is found that different parasitic oscillationssult in different noise emissions. Hence the
differences over the broad frequency range aréédurincreased. When there is no filter, the
emitted noise is distributed over the conducteduesncy range. The main difference in DM
results is the small difference in total EMI spaoir To create the noise shunting path, two Y
capacitors are added as the first filtering stédgghough the low frequency noise is effectively
suppressed, the increased capacitance excitesediffaigh frequency current oscillations in
the two systems. The SiC JFET inverter is magnifigther due to the faster SiC switching
speed. This is reflected by the increased spikébdarspectra (See Fig. 5.16 (b) and Fig. 5.17
(b)). The frequencies of the spikes correspondhi ftequencies of the excited parasitic
oscillations.

Fig. 5.18 and Fig. 5.19 compare the excited curosotllations before and after adding the
470nF CM capacitors for the inverter systems of TGiid SiC JFET, respectively, whegés
measured from earth flowing into LISN,is the DM current measured flowing from LISN to
inverter DC busy,yis the voltage measured between the motor windéwgral point and earth.
It can be seen that the added filter capacitorsnifaghe parasitic oscillations of both of the
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IGBT and SiC JFET switching transients. This is tu#he oscillations among the components
at input, which is parasitics in the input cablargsitics in the filter inductor, and parasitics in
the filter capacitors. Those parasitics togethéhwie LISN form the noise propagation loop at
the input side. It can be seen that oscillatiornsirat-off are higher than at turn-on. Noise in the
mid and high frequency range is significantly irased.
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Fig. 5.19 Comparison of measured CM and DM currehiC JFET system waveforms under
CM test mode (a) without filter (b) with 470nF Qdr

The DM (4) and CM (g) current oscillations at the switching-off tramsg of both SiC
JFET and Si IGBT inverters are magnified and showexpanded scale of Fig. 5.20. It can be
seen that the CM currentig)(are oscillating in the mid frequency range (a3 MHz), and
the DM currentslg., excluding the superimposed CM current) oscillatéhe high frequency
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range (beyond 8 MHz). The DM currents contain thme oscillation frequency (3 MHz) that
is superimposed by the CM contents.
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Fig. 5.20 Parasitic oscillations in expanded s¢a)é, andly.during the turn-off transient of
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5.4.3 Increased parasitic oscillations

Fig. 5.21 illustrates a DM current flowing path apdrasitics that generate the DM
oscillations in an inverter leg. Switch is either an IGBT or a SiC JFETLg, Lgy, are
parasitic inductance in the DC capacitor and DC fagpectively, and,. is the DM current
flowing through the switcl®,. At turn-on transient o8, voltage acros€p, is V,,/2 =275/ .
The discharge current @, circulates through the switch ten back to itself. Therefore no
resonance occurs betwe€p, and external inductors. At turn-off transient, rgyestored in
Cip1 is zero. Energy in the inductols,, and Ly is full. Therefore the three parasitic

components start resonating at their natural frequé =]/2BT\/L|:(I: , whereL= LgctL g1
C=Cj,1. Therefore the parasitic oscillation magnitudeuan4off transient is higher than that at
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turn-on transient. According to formulaC [dlv/dt, the current overshoot magnitude is

determined by the turn-off speed of the swighAt turn-off transient, SiC JFET is switching
more than twice faster than IGBT, therefore theegated current overshoot magnitude is
higher. The oscillation frequency of SiC JFET idithe higher due to the lower parasitic
capacitance, which is also seen in the inductiviechimg test.
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Fig. 5.21 DM current flowing path in inverter leg

Fig. 5.22 illustrates two cases of CM current flogvipaths in an inverter legy andic,. Cy;
and Cy, are CM capacitors. Fig. 5.22 (a) considers thegtic capacitors between switch
drains and the heat sinkqn; is the summed parasitic capacitance of the capdo#tween the
upper switch §) drain plate and heat sink plate, and the onebétereen upper power diode
cathode plate and heat sink plafgy, is the capacitance of lower switc) and lower power
diode. At turn-on transition d§;, currenti; is discharged from capacit@y,; via S to Cyno.
The loop is small. Whe§, is turned off, and;is turned on, current, is discharged frontqp»
via parasitic inductorty,, andLg to Cy,. Therefore a much larger loop is formed. The three

parasitic components start resonating at their rahtfrequencyf =]/ 20r/LIC , where

L=Lg4ctLgpa C=Cgqno The addition ofCy, increases the oscillation energy. Therefore the
parasitic oscillation magnitude at 8irn-off transient is also higher than that attitsn-on
transient.

Fig. 5.22 (b) considers the parasitic capacitot&/éen inverter phases and the groudgis
summed capacitance between phasand groundC,q is the summed capacitance between
phasev and ground, and,; is the parasitic inductance in the flowing pathi@f At turn-on
transient ofS;, currentic, is discharged fronT,4 via upper diodd®; and parasitic inductots,;
to capacitoiC,q. The loop is small. Whe§, and$; are turned off, an&is turned on, current
ic2 iIs discharged fronC,q via parasitic inductor&g,, andLg to Cy,. Therefore a much larger
loop is formed. Three parasitic compone@ls, L4 andLgy,Create the oscillation frequency.
Therefore the parasitic oscillation magnitudeSaturn-off transient is also higher than that at
its turn-on transient. Because CM parasitic valaressimilar between two types of inverters,
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therefore CM parasitic oscillation frequencies @s® similar. Higher overshoot is generated in
SiC JFET inverter due to the faster switching speed
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Fig. 5.22 CM current flowing paths in inverter Igg considering parasitic capacitors between
switch drain and heat sink (grounded) (b) considgparasitic capacitors between phase and
ground

5.4.4 CM superimposed on DM

As can be seen from Fig. 5.20, the increased CMstar oscillations are also experienced
by the DM. Therefore the superposition of the twamponents further contributes to the
attenuation difference.

In motor drive systems, CM noise is usually assumnwete evenly distributed among the
inverter phases. Therefore the CM currents disteithin each phase cancel each other out and
do not contribute to the DM contents (when measussdg the procedure outlined in [Zha06]).
However in actual situation it is nearly impossibibecompletely avoid the phase asymmetry,
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which means the DM contents also contain CM. Taiwhy it is shown in the noise spectra
that some CM and DM spikes appear at the same draiess, and why those CM and DM
spikes are increased and decreased simultanecefsiseland after adding the filter (shown in
Fig. 5.16 and Fig. 5.17). Since in SiC JFET inverdgstem the magnitude of parasitic
oscillations after adding filters are higher inlb@M and DM, the resulting differences in the
total spectra are further increased.

5.4.5 Measured EMI spectra of CM test mode

The DM and CM EMI spectra of the two types of inees under CM test mode in unfiltered
and C filtered conditions are illustrated in Fig2% and Fig. 5.24 respectively. It can be seen
that without filter, emitted noise is flatly didttited over the spectrum, and the EMI levels
from the two inverter systems are very similar.eAfadding the filter capacitor, the magnified
parasitic oscillations result in numerous spikethim spectrum, and the EMI levels of the SiC
JFET system become much higher (10dB at most) thase of the IGBT'’s in the high
frequency range (above 10 MHz). In addition, th@ $FET system presents three spikes in the
mid frequency range (2 MHz ~ 5 MHz) of the spectmaiiner than one spike appearing in that
of IGBT’s. However, both of them present a noiskemt 8.5 MHz in the spectrum. These
frequency-domain measurements agree well with tive &d DM parasitic oscillations
measured in time-domain as shown in Fig. 5.20. Cexgain the identical filter exhibits
different attenuation levels for the two systembe Thain differences appear in the mid and
high frequency ranges, where the CM and DM parasirtillations occur. Additionally, after
adding C filter the DM noise becomes dominant, Wwhiesults in inherent DM differences in
high frequencies becoming more obvious, comparigg3:23 (b) and Fig. 5.24 (b).
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Fig. 5.23 Measured EMI spectra of two inverter sgst under CM test mode without filter for
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Fig. 5.24 Measured EMI spectra of two inverter sygt under CM test mode, with 470nF CM

filters for both systems (a) CM (b) DM

5.4.6 Other causes

Since the EMI magnitude depends logarithmicallytloa ratio of voltage/current, the same
amount of the emitted voltage/current differenceses different levels in the spectrum when
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the noise bases are at different levels. For exangll0mV noise voltage across the LISN
results in 80dBuV in the spectrum, whereas 1mVlItesn 60dBuV. When there is no filter,
the EMI levels in both drive systems are mostlyhieigthan 80dBuV (see Fig. 5.15 (a)), which
means the noise bases are higher than 10mV. Thed#Mtence that usually exists in DM
spectrum can not be observed in the total noisetrspe. When the C filter is added, most of
EMI in IGBT drive system is suppressed to belowBj0W (see Fig. 5.16 (b)), which means
that on average the noise bases are reduced tm3.45d lower. As the result, a relatively
small voltage/current difference will cause a digant difference in the spectrum. Therefore
the existing differences in the DM become more ewid

Up to now, the filtering performances of the twgég of drive systems have been
investigated. The reasons for obtaining differdteérauation levels with the identical filters for
the two inverter systems are summarized as follows:

» The filter shunting capacitors close to the switchegnify the current overshoots
and oscillations, resulting in the noise at theaptic oscillation frequencies being
filtered much less than at the other frequency ean@he parasitic oscillations are
magnified more in SiC JFET system than in IGBT sgstmainly because of
different switching speeds.

* In actual situations, the CM currents are supergegoon the DM currents due to
the asymmetry of the system. Therefore in CM and §pdctra, the EMI spikes at
the same frequencies are increased and reducedtasienusly with applied CM
filters.

» At certain high frequencies, the DM noise, ratheaint the CM noise, becomes
dominant. Therefore after the CM noise filterede M noise level of SiC JFET
system that is originally higher than that of IGByistem becomes more obvious.

5.5 Suppression of the parasitic oscillations

5.5.1 Modeling of CM current spectra

From this section, equivalent circuit modeling d&ftel analysis are performed with the aim
of improving filter design for the SiC JFET systefig. 5.25 illustrates the established model
that includes the detailed parasitic elemeftss the CM noise sourcé, is the CM noise
current that is received by the LISN. The elementsaction method follows the procedure
outlined in Chapter 3, excepting for the model afton with cables, wherk,;, Co1, LoxandCo,
represent a two-cell network of the motor cable, tiotor model applies a simplified version.
Fig. 5.26 compares the CM impedance-frequency cheniatic of the motor with cables with
measured and calculated results. Compared to thatseobtained from Chapter 3, the
accuracy is degraded at the low frequency resocamter at about 200 kHz. Because SiC
JFET system mainly concerns high frequencies, tbeenshows enough accuracy and is
regarded as reliable for the spectrum prediction.
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Fig. 5.25 Equivalent circuit model of the drive s for CM current spectra
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Fig. 5.26 Comparison of the CM impedance-frequest@racteristic of the motor with cables
between measured and modeled results

To verify the model the calculated noise spectr&lgf current [y in Fig. 5.25) is compared
with the Fourier Transform of the time domain meaments. Fig. 5.27 (a) shows the Fourier
Transform of the measurdg(shown in Fig. 5.12). Fig. 5.27 (b) shows Fouriearisform of
the calculated; (shown in Fig. 5.25) in the model. Noise sourcia Ehe model is the Fourier
Transform of time domain measurement of the voltbgéwveen neutral point of motor
windings and chassi¥/|{y as shown in Fig. 5.12). It can be seen that tleeragults agree well
with each other. Hence the proposed model is Helifs CM spectrum predictions.

80

60

40

20

o]

CM current noise(dBuA)

— SiC JFET inverter
— IGBT inverter

-20

| [
1 X

T T | L1

150k M 3M 10M 30M
Frequency (Hz)

(@)



114 Chapter 5

I T I I

80/

]

3 60

z

9 40

3 ‘ LAl

c f

2 20571k -1 - 1 ik b it it

o

3 Oitm——— - o ot RS

= " -

O -20{j—SiC JFET inverter|—- 4~~~ - - ———~~-7-— "~~~ —7--7
— IGBT inverter i ! ! ! ! !

_40 T T T T T T || 1 1 1 1 1 1
150k M 3M 10M 30M
Frequency (Hz)
(b)

Fig. 5.27 Calculated CM current noise spectra &f BtET and IGBT motor drive systems
under the CM test mode, with C filter for both caé&) based on measurement (b) based on the
model

The modeled CM current noise spectrum of SiC JFBiomdrive system with the applied
LC filter (given in Fig. 5.17 (a)) is shown in Fi§.28. The high frequency resonance occurring
at 18 MHz is because of the presence of stray dapaeC,; in the circuit model of the cable.
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Fig. 5.28 Modeled CM current noise spectrum of3i@ JFET motor drive system with LC
filter

5.5.2 Suppression of parasitic oscillations

The experimental results show that both of the Gid the DM parasitic oscillations are
magnified more in the SiC JFET drive system thanthie IGBT's. The applied filtering
components must present high frequency blockingjitybin order to suppress the parasitic
oscillations as can be observed in Fig. 5.20. Cqunesetly, the solution of inserting ferrite
beads (ZCAT3035 TDK) at two different current flowgi paths is proposed. The equivalent
circuit of the ferrite bead is a series connectiba frequency dependent resistor and inductor,
which is very effective in damping and dissipatihg high frequency oscillations.

It is shown in Fig. 5.20 that the CM currents aseiltating in the mid frequency range of
around 3 MHz and the DM currents are oscillatinghat high frequency range of beyond 8
MHz. DM parasitic oscillations are observed in D@ bus, while the inductance in the current
flowing path, and the capacitance between motodings and chassis create a CM impedance
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valley. Accordingly, two insert positions — the amter DC bus and output phases (shown as
position 1 and 2 respectively in Fig. 5.29) arecdfjel to suppress the oscillations.

osition 2
position 1 I Motor

Inverter

o

LC filter

DC bus Output phases

Fig. 5.29 Insert of ferrite beads to suppress dragtic oscillations

5.5.3 Selection of ferrite beads

To perform an effective parasitics damping, severahditions need to be met when
selecting the ferrite bead:

* The cross section area of the ferrite tube muskalge enough so that the current
carried by the bead will not cause saturation. Wil selected bead the maximum
current is 12.9A which is sufficiently larger thdre current flowing in the DC bus.

* The impedance should be such tiat> Z, at the frequency of parasitic oscillations.

Z, and Rs are the inductive and resistive components aftelingdthe ferrite bead,
respectively. This criterion ensures that the tegisdamping is the main effect. The
added capacitance down shifts the oscillations.

* The ferrite bead should be chosen with dampingficberfit m in the range from 0.5 ~
1 at the frequency of parasitic oscillations shobkl chosen. Hence an effective
damping while without scarifying turn on speed éhiaved because over-damp>(1)
increases the turn-on transient time. Coefficratg expressed as:

m=R,/ (24/C,/L, ) (5.1)

WhereR;is the resistive component after adding the fediad,C.is the lumped
equivalent parasitic capacitance from the cir@iit]L.is the equivalent inductance in
series of the current, including the inductancéhefferrite bead.

* The power loss of the ferrite bead at the investatching frequency should be as low
as possible to minimize the overall power losses.

The resistance — and inductance — frequency clesistats of the employed ferrite bead are
shown in Fig. 5.30. The selected ferrite bead has cess section area

of A, =6mmx 22mm= 132 mr, the added inductance is 4.8uH at the invertertciivig
frequency, and the saturation flux density is 4703 a result the maximum current can be
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conveyed is calculated as=B,, [A /L =12.9Awhich is sufficiently enough to avoid
saturation. The ferrite bead in the DC bus is &gpés across both of the DC+ and DC- bus to
avoiding saturation. The inverter output frequeiscyOHz based on the PWM control strategy,
the output AC current is measured as 2.3A (rmsejalandRsis measured a$.57mQ at 50Hz

(according to Fig. 5.30), therefore the caused alvéosses from the bead are calculated as
8.3mw.

A: Ls _ SCALE 1 uH/div REF 3 ud 1.2458 uH
©9.951147873 IHZ

Ly oo bk ] 24uH @10 MHz 5%

B: Rs  SCALE 28 a/div REF 82 o 86.8601 0
: I : t9.851147873 MHZ

S

. 86Q @10 MHz <

ek 7 BMQ @15 kHz ot

WAC -—— IAC --— MAIDE ———
STHRT 18@ Hz 0SC SE@ mvolt STOP 28 MHz

Fig. 5.30 The resistance — frequency (R-f), andigtahce — frequency (L-f) characteristics of
the ferrite bead used for parasitic oscillationgpgassion

The proposed solutions are applied in the modé&lksvs:

+ For application position 1, the parasitic inducewtL,is changed to RLLEL.24pH
andR=86Q2) in series connection according to the measurest@wn in Fig. 5.30.

* For the ferrite bead inserted at position 2, thduatance ofL,; is changed tdRL
(L=1.24x3+0.62=4.34puH ar@=86x3=25&2) in series connectiot, is used instead
of Ly, because the insert position is close to the ieveside. This will lead to better
noise suppression than if it is positioned closéhtomotor side, as is proven by the
modeling.

Correspondingly, the modeled results are showrign3=31. In the case of no ferrite beads,
the result is the same as shown in Fig. 5.28.fthmseen that adding ferrite beads at position
2 leads to a larger reduction of noise in the miegfiency range, however it causes
deterioration at high frequency range, becauseadidition of inductance lowers the intrinsic
resonance frequency of the motor with cables toviHx which is close to the DM parasitic
oscillation frequencies. Hence oscillations are mifagd. Adding ferrite beads at position 1
reduces noise both in the mid and high frequenoges, because the inductance increase in
series with the noise source is proportional tofilter attenuation. Therefore by combining the
two solutions noise emission in high frequencieasloa effectively suppressed.
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Fig. 5.31 Comparison of the modeled CM current spawith the proposed solutions — ferrite
beads inserted into position 1 and 2 respectively

5.5.4 Validation of suppression effects

The suppression effects are validated by measutsnasnshown in Fig. 5.32 (a) and (b)
respectively. The case of no ferrite beads cormedpdo the SiC JFET inverter with LC filter
(shown in Fig. 5.17 (a)). It can be seen that afteerting the ferrite beads at position 1, the
high frequency noise (beyond 12 MHz) is suppresbedause DM current oscillations are
damped. From Fig. 5.32 (b) it can be seen thantigefrequency noise is suppressed, because
CM parasitic oscillations are damped. With the coration of two solutions the EMI noise
above 500 kHz is effectively suppressed to comptia the standard prescribed by IEC61800-
3-C2: QP. The measurements agree well with the fimgdeghown in Fig. 5.31.
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Fig. 5.32 Measured EMI spectra of SiC JFET systeth thie proposed solution (a) ferrite
beads inserted into position 1 (b) ferrite beadsiited into positions 1 and 2

5.6 Conclusion

In this chapter, quantitative EMC performance corigoas between SiC JFET and Si IGBT
sources are presented. The causes of the differém&MI levels are analyzed and explained.
Two motor drive prototypes using SiC JFETs and@BTs as the switches are built using the
same circuit layout and investigated accordinglye EMI comparisons start from the transient
level of the inverter tested under clamped indecg8witching conditions by using of a single
inverter leg to the three phase systems. The céedlEMI is measured without filter and with
conventional CM filters. In the implemented configtion, SiC JFETs switch more than twice
the speed of IGBTs, which results in the higherrent'voltage overshoots and parasitic
oscillations. Although the EMI levels of the twossgms without filter are very similar,
differences become significant after adding thentidal CM filters. It is shown that the noise
at the parasitic oscillating frequencies is obvipimgher than that of the other ranges.

Additionally, solutions to improve the EMI filteotaccommodate SiC JFETs are proposed.
It is shown in waveforms that the CM currents aseiltating at the mid frequencies, and the
DM currents are oscillating at high frequenciese Tscillations are more highly magnified in
the SiC JFET system than those in IGBT’s. Accorljinthe proposed solution is to position
the ferrite bead on the DC bus between filter amcbiiter to suppress DM oscillations. In
addition, it is also necessary to add the beadsdest the inverter output and motor to mitigate
the CM oscillations. Equivalent circuit modeling used to predict the suppression effects.
Consequently, noise emissions in the mid and higuency ranges are effectively suppressed
to comply with the IEC61800-3-C2: QP standard.



Chapter 6

SiC Noise Reduction Due to
Substrate Capacitive Coupling

6.1 Introduction

In this chapter the discussion on the EMC perforreanf the SiC JFET based motor drives
is continued. The causes of different EMI levels analyzed, and methods to suppress the
conducted EMI in the SiC inverters under the infice of substrate capacitive coupling are
proposed. The SiC JFETs are placed on top of twesyof substrates — Insulated Metal
Substrate (IMS) and Heat sink, which creates adfit magnitude of capacitive coupling that
increases the parasitic oscillations and cause€M€ performance to deteriorate. There is
extensive capacitive coupling in IMS between threwt coil and substrate base plate. Two
methods are proposed, the use of separated sesstat the equivalent circuit modeling
method, in order to suppress the influence of ddpacoupling.

SiC JFETs significantly improves conversion effigg, and lead to the reduced size of
magnetic components (e.g. EMI filter, transformemd cooling substrates for power
electronics converters. To keep pace with the tiesulpower density increase, thermal
management must be enhanced due to the reducetesuafea of the magnetic components
which is available for cooling. Applying IMS is oraé the most effective methods for use in
medium power converters [God97]. On the other hdmMt is also well known for its
susceptibility to EMI crosstalk [Asa93]. Fig. 6.4) (llustrates the typical structure of the IMS.
It can be seen that because of the very thin digdelayer (typically 40pm~180um) placed
between the circuit copper foil and the metal gy aluminum or copper) base plate, a large
amount of stray capacitance is formed (Fig. 6.}, ghich creates a loop for high frequency
currents that can generate EMI. This effect becoma® critical when the IMS is used to cool
active power devices, especially when SiC JFETsqrates are attached on top as illustrated
in Fig. 6.1 (b). The capacitive coupling, togethéth the fast switching of SiC, results in great
degradation of the conducted/radiated EMC perfomaarAs a result, costly additionally
filtering is needed to keep the emitted noise belwsvstringent EMI standard. This is the main
barrier to increased power density.



120 Chapter 6
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Fig. 6.1 (a) The construction of the IMS (b) a mlgraph of the investigated IMS inverter
prototype and (c) the extensive capacitive couptirgated due to the implementation of the
discrete SiC JFETs attached on top of the IMS

Moreover, mitigating parasitic oscillation that acg at the switching transients under the
influence of circuit parasitics is a widely encoenetd problem [Bos00]. Especially when the
IMS is used, the deteriorated parasitic environnaetet to the increased stray capacitors greatly
influences the switching performance, causing higiwgtching losses. Further, because of the
“Miller” effect and low thresh-hold gate voltage &iC devices, fault operations are more
common [Plall]. A detailed investigation presentedJoslla] shows that when SiC JFET
under the influence of capacitive coupling, the egated high frequency oscillations can
prolong the switching transients by seven timestaedrequency varies from 10 MHz to 100
MHz. In [Gon12a] it is found that in specific ciitwwonfiguration the high frequency noise
level of an IMS inverter can be 20dB higher thaat thf a comparable heat sink inverter, with

both systems utilizing identical EMI filters.
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In order to increase the reliability and to simpliie EMC design, many methods have been
subjected to extensive research over the last eooplyears. For example, Josifovic et al.
[Joslla] systematically investigated the dampinthods on the DM current oscillations for a
SIiC JFET inverter, and optimized SiC switching parfance was achieved. In [Zeill], high
ESR capacitors are used to add a RC snubber to dlaenpscillations, which effectively
increases the decay rate of the oscillations whitbout degrading the power efficiency. A
method to minimize the PCB layout parasitic indac& is proposed in [Kam09], which
effectively mitigates the oscillations but has regative influence on the performance of the
system. However this method is not easy to reaizedt relies on circuit complexity and
manufacturing constraints. Some other methods asi¢hcreasing the gate resistance, adding a
gate-source clamp capacitor, slow down the switgkjpeed and increase the losses.

The two methods described in this chapter are:

* Use separated substrates, which means to placeSgach-ET on top of a separated
substrate. Three 2.2 kW inverter prototypes — ewithh six discrete SiC JFETs on
the IMS, one on a one common heat sink and onesaparated heat sink are built
using the same circuit layout and investigated @tingly.

* Use equivalent circuit modeling to predict filtansertion losses over a broad
conducted EMI frequency band. This is essentiaroher to achieve an optimized
filter design balanced between performance and ddst presented experimental
and calculated results form the step-by-step gimedbr containing EMI.

Both methods effectively suppress the emitted ntmssomply with the standard prescribed
by IEC61800-3-C2: Qp.

6.2 Capacitive coupling influence and minimizations

Fig. 6.1 (c) illustrates the capacitive couplingamenism in the IMS inverter. Due to the
very thin dielectric layer placed between the diraopper foil and the metal base plate,
beneath each signal flowing point there is stragacdaance formed to the metal plate. For
safety reasons the metal plate is required to beexied to the earth, the formed stray
capacitors create extensive EMI coupling pathsimipsoops with considerable EMI noise
propagations. To minimize this influence the methbdeparating substrate is proposed.

6.2.1 Influences and Solutions

Influence on DM

Fig. 6.2 illustrates the capacitive coupling infige on DM, single inverter leg is used.
Parasitic capacitor€y;, Cyny, andCynzare the capacitors created when discrete powece®vi
(SiC JFET + Anti-parallel Diode) are attached op td one common substrai€yn; and Cgyp,
are the capacitors between the upper and lowerhsvdtain plates and the substrate plate
respectively.Cynzis the capacitor between DC- bus and substrate.plghen the substrate is
floating, throughY —A transformation these three parasitic capacitorsegravalently added
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in parallel to the switch, appearing as the inadaglues orCj,; and Cj,,. Degradations on
DM performance are introduced as follows:

* Increase the current overshoot. At switching trams (e.g ford,), the current
overshoot is dependent on the pulsed voltage athesspposite switchl(). When
the capacitance in parallel to the switch is inseeh the overshoot is also
increased.

* Increase the parasitic oscillations. The figur€hapter 5 section 4.3 is shown here
again as Fig. 6.3 for ease of explanations. At-tun transient of,, the discharge
current of Cj,;+Cq; circulates through the switc§ and resonates with intrinsic
inductors in the switch. At the turn-off transie@y; + C,,; start resonating with
external inductorsLy. and Lg,. Therefore the added capacitance after
Y —-A transformation increases the parasitic oscillationEhe oscillation
frequencies are likely down shifted to a condudiddl frequency range between
10 MHz and 30 MHz. Hence the high frequency EMCfgenance is greatly
deteriorated.

 The increased capacitance slows down the switchimged and increases the
switching losses.
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Fig. 6.2 Capacitive coupling and the increased citgoace in parallel to switches
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Solutions for DM

The principle of minimizing DM capacitive couplingy using separated substrate is
illustrated in Fig. 6.4. It can be seen that the olsseparated substrates has a decoupling effect
by breaking the neutral point of the three capasitm Y connection, which effectively
decreases the equivalent capacitance in paraltbetswitches.
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Fig. 6.4 Minimization of DM capacitive coupling Isgparating substrates

Influence on CM
Fig. 6.5 illustrates the influence of capacitiveipling on CM, which is:

» Parasitic oscillations are increased. There are ¢woent flow paths. One is
between the phase and filter capacitor, the otheris between the two inverter
legs.Csq1 andCsy, are the added capacitors due to capacitive cayiplihe energy
of the parasitic oscillations is increased for bothhe paths. The deterioration is
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proportional to the magnitude of capacitive couglin

* Noise coupling among inverter legs. According te B\WM switching technique,
when the upper switch in one inverter leg (d4.is switched on while the lower
switch in another inverter leg (e.d) is in off state, pulsed voltage (dv/dt) appears
between these two inverter leg output nodeandv. As a result, the existing
parasitic capacitors between two inverter leg dutmdes and the substrate plate
form the path that propagates the high frequencyenfoom one node to the other.
Therefore each of the three inverter leg outputesaatts as a noise source, which
is expressed b¥;, E,, andEzas shown in Fig. 6.1 (¢). Coupling occurs among
these three sources when all three lower switchestached onto one common
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Solutions for CM

The principle of minimizing CM capacitive couplingy using separated substrate is
illustrated in Fig. 6.6. The separation of threeeiter legs minimizes the parasitic oscillations,
and also decouples the coupling from each other.
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Fig. 6.6 Minimization of CM capacitive coupling lsgparating substrates
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Consequently, separation of the two substrates,i©agtached to all three upper switches
and the other is attached to lower switches, ddesupe upper and lower switches within one
inverter leg. The aim is to improve the DM performa. Additionally, it is also necessary to
separate the substrate attaching three invertes, g aim of which is to improve CM
performance. In the following sections, a SiC JR&ferter using separated heat sinks is built
to verify the facts mentioned in this discussions.

6.2.2 Circuit parasitics and extraction

The schematic that includes the considered cipariasitics of the inductive switching test to
measure the SiC JFET switching waveforms is ilatstl in Fig. 6.7, wher€y,,, andCqy,are
the parasitic capacitance between the summed &8#&aJFET drain and SiC diode cathode
and the heat sink plate, an inductive load is used, the concerned CMg) and DM (g4
currents which flow in the earth line and from dréd source of the switch respectively are
indicated in the figure. A single inverter leg ised. The implemented circuit layout is shown
in Fig. 6.16 (b). Extraction of the parasitic pasers is introduced as follows:

Lq41» andLg; » are the estimated lead inductance both are iesséoi the drain and source
terminals of the SiC JFET in the TO-247 packa@g, and Cj,, are the summed parasitic
capacitance of JFET output and SiC diode p-n joncfrhese values are obtained through the
datasheetd.; — L, are the parasitic inductance of the DC bus cabtefaih. The values are
measured using impedance analyzer Agilent 4294A&dmnecting the test pins to starting and
ending terminations respectively (e.g. connectdwer supply output and DC bus capacitor
lead for measuring,).

During the test, two 2.2uF film capacitors are awiad in series across the DC bus as
shown in Fig. 6.7. Each of them comprises B&Rand ESL These elements are extracted
through curve-fitting of the capacitor impedanceginency characteristic. The capacifEBL
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(L4cy) and capacitanc€,.; create its self-resonance at frequefacyn equation it is expressed
as:

f, =1/ (20[L, [Ty, ) 6.2)

Cp is the Equivalent Parallel CapacitandeP(C) of the load inductor. Extraction o,
follows the same as that for DC bus capacitors.

It is important to minimize the formed parasitipeaitors between the SiC switch drains and
heat sink plate@gn, Canz, @andCqyng). The SIC JFET (SJEP120R100) is packaged in TO-247
with a drain of Aluminum back plate and the surfacea 0fA:=20.3*15.3=310.59mf The
added diode (C2D05120A) in anti-parallel to the TiEpackaged in TO-220 with the cathode
surface area ofA;=9.65*14.3=138.0mfm The total surface area @f+Aq comprises the
parasitic capacitance @,; andCyn, (given in Fig. 6.7). With 150um thick dielectrid-pad
(1=0.15mm ¢, =5) the capacitance is calculatedGg= £, &, *(AstAg)/ 1=133pF. The thickness

of the isolation pad is inversely proportional twetparasitic capacitance value. The three
inverter legs all have 6 top power devices (SICTH-E SiC diodes) at the same potential as
the DC+ bus voltage, therefore they all contribtbethe equivalent value o€y,;. The
equivalent capacitance value By = 3% Cyn, =399pF. Using the same formul@gs is
estimated by the summed surface area of the DCcbppger foil, and its distance from the
substrate plate. According to the PWM switchingesoh, fast switching dv/dts occur between
the node of the bridge leg output phase (summeal @r&iC JFET drains and diode cathodes,
both in the low side) and the base plate. As dtabe parasitic capacit@y,, is important for
the CM EMI propagation. A summary of the parasiatues is given in Tab. 6.1. In case of the
IMS inverter, corresponding capacitances are ldbgeause the thickness of dielectric layer is
smaller. Corresponding capacitances are used &mhdeling, which will be introduced in
Section 6.6. Minimization of the coupling for theat sink inverter will be discussed in DM
and CM respectively in the next two sections.

Table 6.1 Summary of parasitic values

Parameter A Aq Can1 Can2 Canz
Heatsink | 511 59 mr | 138.0 mrfi | 399pF | 133pF|  35pF
inverter
_IMS 310.59 mm | 138.0 mm | 747pF | 249pF| 97pF
inverter

Le is the added inductance by the current probe wheasuring the earth curreit Its
value is determined according to the measured mdue-frequency characteristic of a wire
with and without being clamped by the current pr{gieown in Fig. 6.8). The difference is the
introduced inductance. It can be seen that theentiprobe adds 10nH at 2 MHz. There is
hardly any effect in the high frequency range beyd® MHz. Ly, is the same parasitic
inductance at the JFET source when measuring thecDiventlys In addition to the probe
inductance, the extracted value also includes #hagttic inductance of the PCB trace.
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the SiC JFET inductive switching waveforms
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6.2.3 DM Oscillation Damping Methods — Simulation and
Implementation

Simulations

The DM switching performance depends on the camacit between the drain-source
terminals of the SiC JFETs. This capacitance ctsmsistwo parts: 1) The summed intrinsic
parasitic capacitance of the switch and did@g @ndCj,,). 2) The capacitance due to the three
Y - connected parasitic capacitoGyf;, Cyn2 and Cqyng), Which after the Y -A transformation
areCg; andCs,.

Using Fig. 6.7 as the schematic, the DM currentef@wms (3 measured under conditions
of using one common heat sink and separated hdet are compared in Fig. 6.9. In the case
of separated heat sinks, I(Mesistance is inserted in series with capaci@rsandCgyny. The
other parameters remain the same. It can be satththuse of separated heat sinks effectively
decreases the second spike of DM current. In aoiditit also damps the low frequency
oscillations during the decay period (see from 6.8pd on). At the switching transition of the
switch J,, despite the value of switching dv/dt, the firgtrent overshoot is determined by the
total capacitance dfj,; andCy,, and the second overshoot is mainly determine@;fy With
decreasedCj,; the second current spike is greatly decreased.OMeparasitic oscillations
consist of high frequency and low frequency patigh frequency oscillations are caused by
the resonances between the parasitic inductanagy alee current flowing loop and the
parasitic capacitor€j,;. Low frequency oscillations are determined by gheasitic inductance
and C,. However, the capacitive coupling also has thecefbé slowing down the switching
speed of); andJ,, and consequently decreasing the values of swigctiv/dts. This could be a
benefit from the EMC point of view. However, thepeximents performed in the following
sections verify that this impact is mainly negative

Additionally, two other damping methods, the ingertof ferrite bead (ZCAT3035 TDK)
into the DC bus and the addition of RC snubbertlyghicross the switch pair are implemented
with the separate heat sinks configuration. The igito suppress the DM noise further. The
schematics are illustrated in Fig. 6.10 as Febh@&ad and RC snhubber respectively. The use of
ferrite bead is equivalent to adding a frequencyedeent resistor and an inductor in series
with the current flowing path, which damps and gates the high frequency oscillations. The
RC snubberRse=Rse=500hm,Cse =Cs=3300pF) added across the DC bus is designed as two
RC branches in series connection. The aim is tobomenboth of the DM and CM damping
methods. Because of the RC snubber across the BGH®mDM is damped, and by grounding
its midpoint, the CM is also damped. The valuehs tesistor is experimentally adjusted to
achieve critical noise damping. The value of capads designed to absorb the energy in the
parasitic oscillation. In equation it is expresssd

% l:q:SS |]/SSZ = _; D_ESDZ (6' 3)

WhereVsis the voltage across the snubligt,s the parastic inductance, anid the current
flowing through the switch.
Selection of the ferrite bead is based on sameiderations as it was introduced in Chapter
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5, section 2.
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Inductive switching waveforms

The measured DM switching waveforms are shown ig. Bi.11l (a), (b), (c), and (d)
respectively. Fig. 6.11 (a) shows the waveformsmwhging one common heat sink which is
grounded. Fig. 6.11 (b) illustrates the wavefornteemw using separated heat sinks. It can be
seen that the use of ferrite bead exhibits the desiping effect, however at the cost of higher
voltage overshoot of around 50V at the turn ofinsiion. The overshoot is increased by

voltage across the bead inductance.
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Fig. 6.11. Measured DM switching waveforms witld avithout applying the damping
methods (a) one common heat sink (grounded as shoRig. 6.7) (b) separated heat sinks (c)
Ferrite beadRL) with one common heat sink (d) DRIC snubbers combined with separate

heat sinks

6.2.4 CM Oscillation Damping Methods — Simulation and
Implementation

The grounding of high side heat sink

For safety reasons the heat sink which is exposedmected to the frame always needs to
be referenced to sufficiently low levels (e.g. grduto avoid electric shock. There is a choice
of two options, either grounding the high or lowdesiheat sink, when using separated heat
sinks. It is decided in this case to ground theénlsigle heat sink and connect the low side heat
sink to ground via inductive impedance in ordenthieve the effective damping. The reason
is as follows: according to the PWM scheme, pulseithges (dv/dts) appear at the nodes of
the three inverter bridge legs. When the lower dwits grounded, the formed parasitic
capacitor between the drain and the attached hdabase plate (e.Gqn2as shown in Fig. 6.7)
closes a path that propagates the parasitic asmillato earth, and increases the CM noise.
While in the case of upper switches, their draires @nnected to the DC bus+. Because the
DC+ voltage is relatively constant, therefore dktaCM voltage is kept across CM coupling
capacitors (e.€qn1as shown in Fig. 6.7) when the high side heat sirdcounded. Direct link
from the earth to the high dv/dt values at the nafderidge leg output is avoided.

The simulated CM current waveformig)(are shown in Fig. 6.12. The same schematics are
used when performing DM simulations for one comnh@at sink and separated heat sinks
conditions. It can be seen that the use of seghfaat sinks effectively decreases the CM
current overshoots and oscillations, which is beeanf the decreased parasitic capacitance in
the CM propagation loop. Although the proposed métis effective in reducing the noise
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propagation from the SiC JFET drains to the edrthpesn’t reduce the noise propagation from
the motor windings to the earth.

I

g

204 T T ]
7 Separated heat sinks
i.i| == One heat sink
1.04
04 s}aw’;-
-1.04
0.4us 0.5us 0.6us 0.7us 0.8us

Time

Fig. 6.12 Simulated CM currentig) of using one common heat sink as opposed to using
separated heat sinks

Implementations for CM oscillations damping areisttated in Fig. 6.13. In addition to
grounding the high side heat sink, the middle pointhe DM snubber (point 0 as shown in
Fig. 6.10) is also connected to the earth. Thiswadlthe added snubber circuit to mitigate both
CM and DM. The two heat sinks are connected Ria( R=65Q, L=20uH) as explained
previously.

DC+ = +300V

3300pF
SiC c c
Diode =" b

Gate | 12V, — 3 300
Driver| siC HRSL:J

JFETI 500hm

Gare | T Cye2
Driver SiC': A 3300pF
Rye2
JEET2 500hm
C LYY YL
DC-=-300V

Copp egstrip 20uH 650hm
PE
— High side heat sink Low side heat sink

Fig. 6.13 CM parasitic oscillations damping metsiodeparated heat sinks and combine with
the DM damping shubber

Inductive switching waveforms

The measured CM switching waveforms are presentedrig. 6.14 (a), (b) and (c)
respectively. Fig. 6.14 (b) illustrates the waveaisrwhen using separated heat sinks with low
side heat sink floating. Fig. 6.14 (c) illustratke case when the low side heat sink is grounded
throughRL circuit. Fig. 6.14 (d) illustrates the waveformé&em using separated heat sinks
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combined with theRC snubber. It can be seen that the use of sepanagdsinks effectively
reduces the CM oscillation magnitudes. WhenRI@snubber is combined, the high frequency
noise is significantly dissipated to the low freqoag ranges. The reason is that with one heat
sink configuration as shown in Fig. 6.7 the ostila is mainly determined by the capacitance
of Cynpand the lumped inductance along the current flowgath. When the configuration is
changed into separated heat sinks combined withsR@ber as shown in Fig. 6.13R&
(R=65Q, L=20uH) circuit is inserted between the high- angl-fide heat sinks. This results
in the increased capacitance and inductance o€CMecurrent flowing path (0 €4, — RL —
PE). Additionally, at the switching transients tbscillations seen on the DC bus+ are
propagated through the load capacita@g which leads to the increased low frequency
contents.

It is shown in Fig. 6.14 (d) that although the dation frequencies are down shifted, the
oscillation magnitude increases, which is due t® iticreased capacitance from the added
snubber. This impact is likely to lead to the dietation of the CM performance. However, the
motor drive system situation differs from that of the inductive switching test. In the
performed inductive switching test, the switchingvides are the main source of EMI. The
added snubber creates an additional CM noise patipagpath to the earth. The increased
capacitance in the path excites higher current shamts that are propagated to the earth
through the snubber. However in the motor driveesys the added snubbers act as the filter
first stage that filters the high frequency noisegagated from the motor and cables. Therefore
although the EMC performance deteriorates at thegnifiad oscillation frequency,
performance in the other frequencies especialtiienhigh frequencies is improved because the
high frequency oscillations are damped and dowfieshi Therefore the dominating damping
effect is the frequency.

While performing the measurements, attention magpdid to the potential influence of the
current probes and measuring techniques. Fig. @lliStrates the inductive switching
measurement set up. The voltage measurementsraegldarough a differential voltage probe
(700924 YOKOGAWA) with 100 MHz bandwidth and whighconnected to the oscilloscope
with a coaxial cable. To minimize the measuremertrehe test leads are placed very close to
the drain and source of the SiC JFET. To avoid statls loops forming, only one single
voltage measurement is performed during each Tést.current probe that has a bandwidth of
50 MHz (701929 YOKOGAWA) is clamped on the eartieli

—  [400ns/div]
| | |

I Al e p I |
= [H00ns/div]-| oV
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= T
L e e e e
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(a) One common heat sink (b) Separated heat sinks, high side heat sink

grounded, low side heat sink float
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(c) separated heat sinks, high side heat sink (d) separated heat sinks construction combined
grounded, low side heat sink is connected with RC snubbers, low side heat sink is
with high side heat sink through RL connected with high side heat sink through RL

Fig. 6.14. Measured CM current switching wavefomith and without the damping methods
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I i
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(SJEP1200R100)

External anti-
parallel diode
(C2D051204)

Fig. 6.15 Photograph of the inductive switchingasi@ement setup

6.3 Comparisons between IMS and one heat sink inverters

6.3.1 Experiment configuration

In this section, the EMI levels are compared thasfat system level. Firstly, the SiC JFET
IMS inverter and inverter using one common hedt sire compared to determine the influence
of capacitive coupling. Secondly, effects of usisgparated heat sinks are shown. The
implemented layouts are illustrated in Fig. 6.16 &mnd (b) respectively. In both cases
aluminum is used as the cooling material. The imgleted layouts of IMS and heat sink
inverters are the same as that in the inductivachig test. The difference in the layout
design is due to the following reasons: for the IM&erter, the drain plates of the SiC JFETs
are soldered directly on top of the IMS copper foilachieve better cooling effect. Therefore
the foil traces of the DC bus are soldered to tiandcathode plate of the semiconductors. The
components are placed closer to each other. Howewbe cause of the heat sink inverter, the
thermal Sil-pads £150um) must be inserted to provide electrical insulatitrerefore the

PCB is used and placed between the upper and Bwitrhes. Although the above-mentioned
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differences exist, the EMI levels of the two ineegt are comparable making it possible to

characterize the capacitive coupling influence. @&mse both two inverter prototypes are

implemented with the same type of discrete SiC H-&1d anti-parallel external SiC diodes in

the same package on top of the substrates, thdimgupechanism is assumed to be the same.
The configurations for both inverter versions asdug the experiment are illustrated in Fig.

6.17.

All of the tested inverter prototypes are situatethe same EMC testing environment with
the same measuring equipment. Unshielded cablegsaet to connect the inverter to motor.
The inverters are powered by 550V from a DC powsgpsy through a LISN (Crange VN3-
100S). A 2.2 kW induction motor is driven at 50Hx=dulation frequency. The inverter
switching frequency is set to 16 kHz by programmihg driving signal source from a DSP.
The inverter and motor are grounded to the sampesgplate. The EMC spectrum analyzer is
set for 9 kHz resolution bandwidth and 18 s swéap.t

3 A -~ J
& \
SiC JFETS :

SiC JFETs b,
(SJEP120R100)and 38 (SJEP120R100)and
SiC Diodes s SiC Diodes
(C2D051204) (C2D051204)
(a) (b)

Fig. 6.16 Photographs of the investigated SiC Ji&&rters (a) IMS inverter (b) One common
heat sink inverter

DC-Power -
Supply @ 550V }
J1 J3 } J5 2m three phase cable Motor
[:—:1 p— DI D3 D5 P
e T00uH] 2.2ul" -
T \ n
— -
100u
N
—

Copper Plate

S S

Fig. 6.17 Experiment configuration of the IMS arehhsink inverters

6.3.2 Comparisons without filter

The first group of comparisons is performed withyofour DM capacitors — two 100uF
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electrolytic capacitors and two 2.2uF film capawdtm parallel across the DC bus as shown in
Fig. 6.17. This is defined as the unfiltered caoditbecause it has the fewest necessary
filtering components. The measured CM current ardd Burrent noise spectra of three
inverters are compared as shown in Fig. 6.18 agd 6.9 respectively. The CM and DM
noise are separated by the current probes (Fisefi&) according to the methods described in
[Zha06].

Comparing the spectra emitted from the IMS invedad heat sink inverter, reasons of
exhibited EMI differences are analyzed as follows:

« The IMS inverter can be considered as significamigreased stray capacitors
placed between the copper foil and the base plateone hand noise with a broad
frequency band is propagated to the earth throbghket capacitors, therefore the
noise from the IMS inverter is widely spread oviee fow frequency range and
results in the much higher level of 200 kHz to Kz. On the other hand, those
capacitors also partly behave as filtering capegitto circulate some high
frequency noise back to the source, results indiver CM noise spectrum slope
above 5 MHz.

* The lower DM noise of the IMS inverter is due te timfluence of the increased
capacitance of;,; andCj,, (shown in Fig. 6.7) as analyzed in the previougise
6.2. The increased DM current overshoots and asiciis lead to the magnified
noise level especially in the high frequency range.
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Fig. 6.18 Comparison of measured CM EMI spectre: logat sink versus IMS
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Fig. 6.19 Comparison of measured DM EMI spectr& lo@at sink versus IMS

6.3.3 Comparisons with purely capacitive filter

Next, an identical and conventional purely capeeitCM filter (470nF) is placed at the
input of both IMS and heat sink inverters. The nueeg total EMI spectra are presented in Fig.
6.20. It can be seen that the emitted noise idNt&inverter is significantly higher than that of
heat sink inverter in the mid frequency range (84Hz), which is due to the higher frequency
current overshoot influenced by the extensive ddpaacoupling. Additionally, the grounding
of CM capacitors couples high frequency noise i@ earth. Since the impedance of noise
source in this range is small, the added capaditavs little suppression effect on the emitted
noise. Therefore although the low frequency nosssignificantly suppressed, the influence
results in no and slight improvements in the midqfrency and high frequency ranges
respectively. Therefore in the case of the IMS itere the added capacitor that is
conventionally found in the filter must be carejullesigned.

120
110 -
100 f;
90 +
80
70 +
60 +
50 {
40 = One Heatsink
30 IEC61800-3: C2:Qp

150k M 10M 30M

Frequency (Hz)

Total noise (dBuV)

Fig. 6.20 Comparison of measured total EMI spe¢ii& versus one heat sink

6.4 Comparisons between one heat sink and separated liea
sink inverters

6.4.1 Experiment configuration

In this section, the EMI spectra from the invertassng one and separated heat sinks are
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compared. Fig. 6.21 (a) illustrates the heat sayjolit. Photograph of the separate heat sink
SiC JFET inverter is illustrated in Fig. 6.21 (Bhe same PCB layout is implemented in the

two inverters. The separated heat sink has the saaberial and geometry as the one common
heat sink. The same thermal Sil-pads with 150ucktigss are used as the dielectric layer. The
separated heat sink portions are aligned usind s@ews and encapsulated with 11mm

thickness plastic.

The experiment configurations for EMI measuremefitde inverters using separated heat
sinks and separated heat sinks combined with dagpinbbers are shown in Fig. 6.22 (a) and
(b) respectively. The inverter version of usingaaped heat sinks uses the same configuration
as those used in the inductive switching test @f B.14 (c). Because any piece of power
electronics should be referenced, all the threesidg heat sinks in the same voltage potentials
are connected together and grounded. The low s@é $ink portions are connected to the
earth through RL R=65Q, L=20puH) inductive circuits. The EMC test conditianthe same
as that was introduced in section 6.3.
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Fig. 6.21 (a) Heat sink comparison (b) Photogrdpth® proposed separate Heat sinks inverter:
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Each SiC JFET on a separate heat sink
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Fig. 6.22 Experiment configuration of the sepatedat sinks inverter (a) separated heat sinks
(b) separated heat sinks combined with dampinglsansb

6.4.2 Spectra Comparisons

The EMI spectra that include total noise, CM and Dirent noise without filter measured
from the inverters using one common heat sink, reépd heat sinks and separated heat sinks
combined with damping snubbers are compared inTEda), (b), and (c) respectively. It can
be seen that the implementation of separate he&s siombined with damping snubbers
effectively improve the high frequency EMC performe, while at most 20dB is achieved in
DM. The degradation at low frequency range is duthe increased power of low frequency
oscillations as explained in section 6.2.4. Theraad degradation of DM noise in either case,
which agrees well with the results shown in Fig.16 However no significant improvement is
achieved in CM when solely using the separate sielits because the CM noise in the motor
drive system is mainly propagated from the motdesin specific it propagates through the
parasitic capacitors between the motor windingsthadtator.
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Fig. 6.23 Measured EMI spectra of the three ingastd inverter systems (a) total noise
comparison (b) CM noise comparison (c¢) DM noise parison

Comparing the spectra emitted from the one comneat kink inverter and separate heat
sinks inverter, the reason of differences are aealyas follows:

* The main benefit obtained from using the separhtsd sinks lies in the DM EMC
performance. The effect is the decreased capaeitaiCj,; andCj,, (in Fig. 6.7),
which is in the contrast to the degradation effegtised by IMS. In addition,
compared to the IMS inverter design, the used PG&dwith 1.6mm thickness
increases the distance between the DC bus- anchdéhée sink, therefore the
capacitance ofCqnz is much lower than that in the IMS. Because YofA
transformation the contribution to the capacitanic€j,; andCj,, is also lower.

* Regarding CM performance there is no significanpriovement. This is because
the CM noise in the motor drive system is mainlggagated from the motor side.
More specifically, it is caused by the parasitigpaeitors between the motor
windings and the stator/chassis. The slight impmoset of CM beyond 6 MHz is
because of the purposely grounding of one of the didle heat sinks so as to
prevent noise coupling from phase nodes to théeart

6.5 Filtering solutions and applications

In the above sections, quantitative conducted EMmgarisons are presented by
investigating the inverters using three layout snaihss. The different parasitic influences of
IMS and heat sink substrates that results in sigantly different EMI levels, are analyzed and
compared. With the aim of designing an effectiiéerfi design for above situations, the
different EMI filter requirements are discussed anglemented in the following sections.

6.5.1 Filtering solutions

The previous experiments show that significant Eliflerences exist among the inverters
using different types of substrates. It is showat ttihe addition of capacitive filter further
magnifies the EMI differences between the IMS agdtlsink inverters especially around the
mid frequency range of 4 ~ 6 MHz. The capacitivaptimg that creates the propagation paths
that is important for magnifying the emitted EMi/éds. Based on this understanding, filtering
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solutions for different inverter versions are pregd as follows:

» For the inverter using separated heat sinks withpilag snubbers, the conventional
LC low pass filter which is the simplest and modbgted topology is selected.
Because the inverter has the improved EMC perfoomaspecially in the high
frequency range, LC filter is considered to suppnesise sufficiently to comply
with the IEC61800-3 standard. Attentions are paidhie noise in high frequency
range due to the fast switching speed of the SET3F

* Inthe case of the IMS inverter, a three ordeeffitbrder is applied with the aim of
suppressing the noise propagated through the saggcitors. This can be done by
adding another CM choke to form a LCL filter, whishshown in Fig. 6.24. The
added inductor has a damping effect on the CM parascillations. Additionally,
its leakage inductance also suppresses the DMipam@scillations. Therefore both
of the mid and high frequency noise can be reduced.
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Fig. 6.24 Adding CM choke 4to suppress the influence of capacitive couplintM8 inverter

6.5.2 Implementation for heat sink inverter

The filter schematic for inverters using one comnhe@t sink and separated heat sinks is
illustrated in Fig. 6.25. A common LC CM filter imitially applied. The inductance and
capacitance are selected as 200uH and 470nF regbecbased on the following
considerations:

 The applied inductor core is ferrite and toroidal shape with the maximum
magnetic flux density of 380mT, and the cross sectirea is 30mfn To avoid
saturation, the applied CM inductance must satlsyfollowing equations imposed
by both DM and CM currents:
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{BmaXZLaDm/NDAc (6 4)

B 2 NO [t/

Wherel , is the DM leakage inductancé,; is the DM peak current flowing

through the inductor, which is 7.5A according te tmeasurementdN is the
inductor turn numberA. is the cross section area of the cdggis the CM AC
ripple current flowing through the inductor, whiéh 1.04A according to the
measurementsi,, =0.004 is the effective permeability of the coned &87.3mm is

the total length of the core. Assuming an applidgddimg diameter of 1mm the
maximum applicable inductance is calculated as BR37fhe impedance provided
by the inductor should be sufficiently larger thtae LISN impedanced5Q ). The
initial applied CM inductance is selected as 200jtHs worthwhile to keep the
inductance small because a smaller filter can led.us

* The capacitance is chosen taking into consideratendifference between the
emitted EMI level under unfiltered condition an@ timposed standard IEC-61800-
3. For the sake of simplification, the calculatisndone at 150 kHz where the
system emits the largest noise magnitude over tmelucted EMI range. The
simplified equivalent circuit models of the syst#mat before and after adding the
LC CM filter are illustrated in Fig. 6.26 (a) arld) (respectively. Assuming that the
CM EMI source E is a purely voltage source, equetito calculate the required
capacitance are expressed as:

— Ve
(Zl+Zs)
I, = Veu B Z (6.5)
Z+(Z+2)1Z 2+ Z,+ Z,
T =200og, (II—)
1

WhereVcyis CM sourceZgis the noise source, which is represented by theirGpédance
of the motor with cables and measuredld4XQ at 150 kHz by the impedance analyzer Agilent
4294A.7;is the CM impedance of LISN, which38Q ; Z,is the impedance of the added CM
choke, which is calculated 8882 at 160 kHzZ is the required impedance of the Y capacitor;
and T is the needed attenuation, which is 40dB accordmghe measurement. As the
consequencé, is calculated a%.85@2 which is transferred as 290nF for both of the Y
capacitors. Taking a safe margin and a practidalevéhe capacitance is selected as 470nF.
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Fig. 6.25 Filter schematic for heat sink inverters
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Fig. 6.26 Simplified equivalent circuit model talculate the CM capacitor values (a) before
adding the LC CM filter (b) after adding the LC GNer

The EMI spectra are measured for the single andragp heat sink inverters with the
applied LC filter as shown in Fig. 6.27. The configtion of Fig. 6.22 (b) is applied as the
separate heat sinks configuration. It can be deaithe inverter using separated heat sinks has
a much lower EMI level especially in the mid andthfrequency ranges. Apart from the noise
in low frequency range and a noise spike appeanitige mid frequency range, all other noise
is suppressed to comply with the IEC61800-3-C2:@@pdard.
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Fig. 6.27 Comparison of measured EMI spectra betvoee heat sink and separated heat sinks
inverters
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Taking filtering performance into consideratione tfinal filter design is improved in the
following ways:

 Reduce the applied filter capacitance. This is dinreducing the parasitic
oscillations between the filter capacitor and tlaeapitic inductance in the current
flowing loop. The inductance is fixed by the circlayout, therefore reduction of
capacitance is chosen.

* Increase the inductance which must be effectiveniid frequency at the inverter
output. This is because in inverter drive motortays, the noise in the mid
frequency range is greatly dependent on the mokdrir@pedance [Gonl12b]. The
increased inductance at the motor side will siii& tnotor self resonance to the
lower frequencies where the applied filter hastigber attenuating ability.

* Increase the inductance in the filter first stagdurther reduce the low frequency
noise. This is because the inductance in seri¢isetanverter is proportional to the
noise attenuation in low frequencies.

The schematic of the final implemented filter fdretseparate heat sinks inverter is
illustrated in Fig. 6.28 (a), where three proposelditions are realized by:

» The filter capacitance being decreased to 200nF.

» Three ferrite beads being inserted between thetiewvéhree phase output phases
and the driven motor. The used beads are the sartt®se introduced in Chapter
5 section 5.

* The LC filter inductance being increased to 320fikk resulting EMI spectrum is
shown in Fig. 6.28 (b). The emitted EMI noise ifeefively suppressed to comply
with the standard prescribed by IEC61800-3-C2:Qp.
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Fig. 6.28 (a) Final filter design for the SiC JFEBVerter using separated heat sinks. (b)
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6.5.3 Implementation for IMS inverter
The schematic of the implemented filter for the I8erter and the resulting EMI spectra

are shown in Fig. 6.29 (a) and (b),

respectivelipe TLCL three-order filter is applied.

Additionally, as discussed previously, ferrite beade inserted at the inverter output phases to
further suppress and damp the high frequency n@tsebead inductance is added on both CM
and DM. It can be seen that the increased EMI ish amid high frequency ranges caused by the
capacitive coupling is effectively suppressed. As tesult, the emitted noise is effectively

suppressed to comply with the IEC61800-3-C2:Qpdsiech
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6.6 Modeling for IMS Inverter

In the following sections, the second method whglbased on a broadband modeling to
reduce EMI is proposed. The treatment of the chdggh frequency noise in the IMS inverter
requires the applied method to predict the relatha@se attenuation performance in a
broadband of conducted EMI. Therefore the situatidmere noise is suppressed in low
frequency range but increases in mid frequency tdgld frequency ranges can be predicted
and avoided. The targets of modeling is to prettietfilter insertion loss, hence to select the
optimal filter design that has better performandelevrequiring less filtering components. All
the following experiments are performed on the li&rter.

6.6.1 A Broadband modeling procedure

EMC design methods that enable EMC performanceuatiah over a broad frequency band
have become the trend and are increasingly popderadays. It is possible to predict the
EMC and prevent the situation where noise is siugga@ in some frequency range but is
amplified in other frequency range. This is espbciitical when dealing with the increased
high frequency noise of the inverters with SiC JEEIn top of the IMS. Filter designs
targeting a restricted low frequency band may becoradequate. In the past, many EMI filter
design methods were developed to suppress the catdEMI [Harll; Gra98; Pal02; Ren98;
Kot12]. However most of them fail to predict EMIdanequire a trial-and-error process for a
certain high frequency range. For example, a CMitiriiter design procedure is introduced in
[Nus06] for a three-phase buck-type rectifier. Aotstage CM filter is designed to suppress the
conducted EMI to comply with the standard. Howetlres suppression performance beyond
10MHz is overlooked due to the oversimplificatioh the model. A step-by-step design
procedure is proposed in [Shi96] and proved toflective below 1 MHz, unfortunately, the
filtering performance prediction begins to deviagyond that frequency. Others researchers
have designed filters according to the noise lewethe start (150 kHz) or at the frequency
requiring maximum attenuation in the conducted dmwy range [Aka08; Shel0]. However
other frequencies are not considered. A broadbavitiflier design is presented in [Tarl0],
however the small signal based methods require p@gise measurements, which are not easy
to achieve.

The proposed modeling procedure is described agrshoFig. 6.30.
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6.6.2 Creation of the modeling bases

The considered CM filter topologies are illustrated-ig. 6.31, and are named C, LC, LCL,
and LCLC respectively. These topologies are chdsmrause they are widely adopted as the
CM filter for inverter driven motor systems. Amotigem, the easy-to-implement topologies —
C and LC are used to create modeling bases.

CM choke L,

i i . LISN i Inverter
LISN } Cp& Inverter 3 CP;L\
77777 T ) y T
LYY
pE | 4 PE | 77777
— Copper plate — Copper plate
(a) (b)
CM choke L; CM choke L, CM choke L, CM choke L,
L ryynm YYNM
R % * | — * S |
G| @ Lo O L] @
LISN i c, 3 Inverter LISN i Cp& 1 CPE\ Inverter
* *
L yynm Y YN
PEL S PEL S
— Copper plate — Copper plate
(©) (d)

Fig. 6.31 Considered filter topologies: (a) C (1&) (c) LCL (d) LCLC

The configuration with only two pairs of DM capax# positioned in the DC bus (see Fig.
6.17) is the configuration without CM filter. Theoise emitted from this configuration is
defined as the noise baseline. Fig. 6.32 showsréheired filter insertion loss which is
calculated according to the difference between IE@61800-3:C2 standard and the noise
baseline. The measured insertion loss of the ap@i€470nF) and LC (250uH 470nF) filters
for IMS inverter is illustrated in Fig. 6.33. It wébe seen that noise suppression in the mid
frequency range is not sufficient and greatly ddgca This was to be expected as a result
according to the analysis in section A. The valokthe inductor and capacitor are selected
with reference to the actual EMI filtering compohemlues from commercial motor drives.
The values of the inductor and capacitor are sedeaith reference to the actual EMI filtering
component values from commercial motor drives. #iddally, design of the inductor value
avoids saturation of the selected core.
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Fig. 6.33 Measured filter insertion loss with thgplemented CM filter of: CG=470nF) and
LC (L=250uH,C= 470nF)

6.6.3 Final model for insertion losses

With the insertion losses from the created expembaldbases with C and LC filters as shown
in Fig. 6.33, the model which includes the detapadasitic elements is developed as shown in
Fig. 6.34. Capacitor€;, Cs; andCgz were obtained according to calculations descriined
section 6.22. The values were given in Table 6He Total capacitance includes all the
capacitance between twelve power devices and tHg $Mbstrate. The values of the stray
elements network are lowered in steps to capturerébonances that occur around 4.5 MHz
according to the measured insertion losses of@88. The same method as used for modeling
the motor with cables as introduced in Chapterl5.Extraction of other elements will be

introduced in section 6.6.3. The voltage appeaaitrgsR; is the emitted noise voltage picked
up by the spectrum analyzer.
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Fig. 6.34 Equivalent circuit model with extractddreents of IMS drive system

The calculated insertion losses of the IMS invevigh the C and LC filter is illustrated in
Fig. 6.35 (a). It can be seen that the modeleditsestd Fig. 6.35 (a) agree well with the
measurements of Fig. 6.33. The first spike at 2HzN& caused by the CM intrinsic resonance
of the motor with cables. The second spike at 4HzN& caused by the resonance that occurs
in the stray elements network which is fundameptatused by the capacitive coupling
influence of the IMS inverter.

The calculated insertion losses with applied purBit€r (470nF) at the input of both the
IMS inverter and the heat sink inverter are shownFig. 6.35 (b). When calculating the
insertion loss for the heat sink inverter, theyseelements network in the model is removed. It
can be seen that the main difference occurs ate¢bend spike at 4.6 MHz. Additionally, the
noise magnitude of IMS inverter in low frequencpga is around 6dB higher than that of heat
sink inverter. The results agree well with the eipental results of Fig. 6.20. Therefore the
established model is proven to be capable of etiafyidéhe filter performance over a broad
conducted frequency band. The spike at 4.5 MHzamlyn caused by the capacitive coupling
and is critical for the filter design.
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Fig. 6.35 Comparison of the modeled filter insertiosses (a) IMS inverter with the
implemented CM filter of C (470nF) and LC (250 H)AF) (b) between heat sink inverter
(without stray elements network of capacitive cong)l and IMS inverter with C (470nF) CM
filter

6.6.4 Elements Extraction

The elements extraction method is based on cuttiegfiof the equivalent circuits CM
impedance-frequency characteristic for each cirpoition in the system. Extraction of the
stray capacitance in the IMS coupling network isdduced in section Circuit parasitics and
extraction, the other main parasitic components datermined according to the equivalent
circuit modeling method presented in Chapter 3. RAgdent 4294A impedance analyzer is
used as the measurement tool.

Elements extraction for the filter is split intcetdifferent orders of the inductor or capacitor
respectively. Each inductor or capacitor brancinéasured and extracted separately. The CM
equivalent circuit model of the applied LCL filter shown in Fig.13, where the model branch
of the third order inductor (250uH) compridgs, Ci;, andLy, the model branch of the first
order inductor (200uH) comprisé®,, C, andLy,. The model branch of the second order
capacitor (400nF) compris@&¥;, Ci3, andL. Taking the CM capacitor parasitics extraction as
an exampleR; andL¢; are respectively the ESR and the ESL of the cégadih the measured
impedance-frequency characteristic of the capadiigris extracted according to the slope in
low frequency range. The capacitor parasitic inacéLs; is calculated from the occurred
resonance in the mid frequency rangg.equals to the minimum value of the impedances.
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Fig. 6.36 Model of the applied LCL filtet. (=250uHC=400nFL,=200uH shown in Fig. 6.31
(c)) with extracted elements

6.6.5 Evaluation of different filter topologies

Using the developed model, the calculated insertasses of each filter (C, LCL, and
LCLC) are compared with each other as shown in &i8j7. Selection of the component values
is based on four considerations:

» The components should fulfill the calculated filgtenuation to the level required
by the insertion loss as shown in Fig. 6.32.

* The component values in each order of the filterthe same, therefore the selected
filter topologies as shown in Fig. 6.31 are volumnoeelly comparable.

* The core saturation caused by both CM and DM leakaggnetic fields must be
avoided therefore the applied filter inductors imatheir choking ability.

It can be seen that with reference to the requimedrtion loss, the LCL filter exhibits the
best performance which effectively suppresses thieenspike in the mid frequency range
while still retaining adequate attenuation abilitythe high frequency range. The results are
illustrative of an optimized EMI filter design witlmo excessive components involved.
Although the LCLC filter utilizes more componenitsgoes not perform better in suppressing
the capacitive coupling influence. The above bésefan only be achieved by the broadband
modeling of the conducted EMI.
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Fig. 6.37 The calculated insertion losses of déierapplied filters

6.7 Towards The Standard Compliance

6.7.1 LCL filter as the selection

As a result of the above considerations, LCL CNEfilis selected as the final design and
implemented in the IMS inverter driven motor systdihe component values are the same as
those in the calculated results shown in Fig. 6137 achieved EMI spectrum is compared
with that of the LCLC filter which is shown in Fi§.38. It can be seen that the measurements
agree well with the calculations of Fig. 6.37. Tiwese spike caused by the capacitive coupling
at mid frequency range (around 4.5 MHz) is effegiivsuppressed. However the noise at the
initial frequency of 150 kHz and high frequency garstill fails to conform to the standard.
This can however be achieved by a few adjustmehishawill be introduced in the following
section.

120k = LCLC (250uH.400nF 2004 H.400nF)
—  LCL (2501H.400nF 200uH)
ok IEC61800-3: C2:Qp

.hm.ll. Mn.‘

Total noise (dBuV)
o %
S S

ey
<

20 i L
150k IM 10M 30M

Frequency (Hz)

Fig. 6.38 Comparison of the measured total EMI spduetween the system with LCLC
(250uH 400nF 200 H 400nH) filter and LCL (250uH AB@00uH) filter

6.7.2 Optimization

To further reduce the low frequency noise, the atduace of filter first orderl( in Fig. 6.31
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(c)) is increased to 2801 H. Reduction of the higlgfiency noise can be achieved in two ways:

» Decrease the grounding inductantg {n Fig. 6.36) of the Y-capacitor. The Y-
capacitors grounding inductance is lowered by usimgper strips instead of wires
to connect the capacitor leads to the ground.

* Increase the inductance which must be effective liagzh frequency noise
suppression between the inverter output phasethandotor [z in Fig. 6.34). The
inductance at high frequencies lof is increased to 3uH by adding ferrite beads.
This method is the same as was used in Chaptesti®rs®. The beads are inserted
across the unshielded cables that connect thetémamd the motor.

The calculated results of the optimization are shawFig. 6.39, where the application of
LCL (250pH 400nF 200uH) shown in Fig. 6.37 corregfmto the case before optimization.
Application of the proposed high frequency improesinsolutions corresponds to the case
after optimization. The inductance at the invedgiput phased. () is increased to 3uH.

40 I I
—— Before optimization

) — After optimization A
80~ e ya
P yd
g I yd a
= n,
g = e
5 y,
S 80 Ny ZT |
= - N’

-120 300KHz

150k i t5rs0) M 3M 10M 30M

Frequency (Hz)

Fig. 6.39 Calculated filter high frequency noisédpe and after applying the proposed
optimized solutions

A comparison of the experimental results before arfitgr applying the optimization
solutions is shown in Fig. 6.40. It can be seen @ emitted EMI of the IMS inverter system
is effectively suppressed to comply with the stadgaescribed by IEC61800-3 C2 QP.
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Fig. 6.40 Comparison of the experimental resultsieeand after applying the improved
solutions

6.8 Conclusion

Proper filter design is critical for suppressing EM the inverters that employ different
substrates, because of the created different dagacioupling magnitude. Applying IMS to
improve thermal management of motor drives potéytideteriorates the EMC performance
due to its existing extensive capacitive couplirgween the circuit copper foil and the
substrate base plate.

Firstly, the capacitive influence on both DM and @krformance is analyzed. Based on the
understanding gained, the use of separated sudsstveds proposed as the first method to
minimize the capacitive coupling. The EMC perforroanin inverters employing three
different substrate layouts — IMS, single heat sinkl separated heat sinks, was presented. The
findings of the experiments show that significariliEdifference exists due to applying
different substrate layouts. It was presented iaptér 5 that the magnified CM and DM
current oscillations by capacitive coupling make thain contributions to the noise in mid and
high frequency ranges respectively. Accordinglyyds proposed that ferrite beads be inserted
and increasing the filter order be increased fotebattenuation.

Secondly, this chapter utilizes the equivalent wirenodeling which was introduced in
chapter 3, was utilized as the second method tpreap the IMS capacitive coupling. A CM
equivalent circuit model which enables on predictaf the filter performance for the IMS
inverter over a broad conducted frequency rangs, deseloped. The optimal filter design is
achieved through the insertion loss modeling onegafilter topologies. It is found that the
performance of the three-order filter LCL is muakttbr than the others which include the
four-order filter — LCLC, hence the filter size aoast are reduced. Lastly, based on the results
of the modeling, the methods to further improvehhiggquency performance are proposed.

The results of the experiments indicated that mo¢thods effectively suppress the emitted
noise sufficiently to comply with the standard prdsed by IEC-618003-C2:Qp. Based on the
investigations, the required filter design and ENd€rformance of inverters using three
substrate layouts are summarized in Table 6.2.
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Table 6.2 Conclusions according to the EMC perforcegpresented by the inverters using
three types of substrate layouts

Substrate Single heat
IMS g Separated heat sinks
. sink
Properties
Capacitive High Middle Small
Coupling
High EMI in low
(150fLe|f|qZuEn2c;{\AHz) Using separated heat sinks has much
Without filter I lower EMI in DM (10 dB highest in mid
Low EMI in high
frequency 2 MHz ~ 10 MHZz)
frequency

(10 MHz ~ 30 MH2)

EMI in mid frequency (2
MHz ~ 10 MHz) is Using separated heat sinks is slight lowe
With C CM filter | significantly higher than than single heat sink
others (7 dB at 4.5 MHz)
(20 dB at most)

LC filter LC filter & Ferrite beads,
EMI filter LCL filter & Ferrite & Eerrite decreased filter capacitor
implementation beads value (compared to single
beads L
heat sink inverter)
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Conclusions and Recommendations

7.1 Conclusions

As mentioned in Chapter 1, the emergence of neve wahd-gap SiC power devices greatly
enhance the switching performance that leads toymedvances for power electronics
converters. However, these devices also increaseEMl levels, creating the need for
mitigating parasitic effects. More filtering effertare also needed. All of these challenges
stimulate this thesis work of containing condudihdi.

The techniques proposed in this thesis addresgietywaf aspects to suppress conducted
EMI of SiC JFETs based Variable Speed Drive systefey include equivalent circuit
modeling, parasitic cancellations, EMC comparisathWwGBT based system, causes of the
EMC differences, filter improvement and noise seustippression approaches. The main
findings of this thesis are summarized as follows.

Equivalent circuit modeling (Chapter 3)

The equivalent circuit modeling method introduced Chapter 3 provides acceptable
accuracy on EMI level predictions by including hiffequency resonances occurring among
filter and inverter components. The method is widmbplied in other chapters for analysing
and predicting EMI levels in motor drive systembeTaim of adding elements in the model is
to present details at high frequencies that ateented by various component resonances and
interactions. Depending on the investigation aredljgtion at concerned frequencies the model
can be adjusted by purposing elements that cawsediresponding influences. Hence the
predictable frequency range is extended. The mathacompromise between the complicated
numerical computations considering associated @guiysics and oversimplified assumptions.
Measurements and curve-fitting of impedance-frequecharacteristics are dominant. The
method is easy to follow.

3D parasitics cancellation techniques (Chapter 4)

The parasitics cancellation techniques that areodoiced in Chapter 4 extend the
conventional parasitics cancellation techniquesnfrdD to 3D by utilizing the multi-PCB
integration technology combined with x-dimensioo@anponents which are profile unified. By
adding planar substrates, the multi-layer PCB teldgy provides a third dimension layout,
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and allows parasitics cancellations to be appliedeneffectively and flexibility in 3D rather

than 2D in single PCB technology. The explored Zhoellation techniques achieve high
component placement flexibility, which is essentied obtaining effective parasitic

cancellations while without decreasing power dgnsind adding parasitic inductance.
Additionally, IMS substrate or fully copper PCBsncae utilized as shielding layers for
filtering capacitors which are more susceptiblentmse coupling. Parasitics cancellations
increase the filter attenuation ability in high dteencies which is essential in dealing with
increased EMI due to SiC fast switching dv/dts ifatd.

Dominant parameters influencing EMI magnitude (Chager 5)

In Chapter 5, EMC performances of Si IGBTs and 3RETs based motor drive systems
using the same layout are compared. It is fountttreswitching dv/dts and the CM parasitic
capacitance between motor windings and the chadsisinant the CM EMI magnitude. The
switching di/dts determine the DM EMI magnitudecé&ese DM impedance is relatively low
and mostly inductive. With the comparable drivirapditions provided by the gate drivers, the
SIiC JFET switches at the same speed as the IGBhgdturn-on transition, but at more than
two times at turn-off. Since the switching speedtuan-off is much lower than that at turn-on,
and also the CM parasitic capacitances are the ,séi@eCM EMI emission levels are very
similar between the two types of semiconductor daka/e systems under unfiltered condition.
Since the CM noise is dominant in motor drive systethe total noise levels emitted from two
semiconductor based systems are also similar.

Significantly higher DM noise emitted from SiC JFET system (Chapter 5)

The contribution of turn-off transition of switché&s more important than turn-on for EMI
emission. Significant DM differences exist betwéen systems, because DM waveforms are
influenced more by the switching speed. In the fBi&rter significantly higher DM parasitic
oscillations and overshoots exist. The additionaofilter capacitor further increases the
oscillation magnitude. As a result, the DM EMI spem is larger. Therefore for SiC JEFTs
based drives, DM noise becomes increasingly impbdad more effort is required during the
EMC design. Additionally, since DM contents mairdgpear in high frequencies, improving
filter high frequency performance thus become d&sen

Influence of circuit parasitics (Chapter 5)

Circuit parasitics play an increasing role in SEEJ based drives due to the significantly
higher switching speed. In Chapter 5 it is foundt tthe addition of CM capacitors increases
CM and DM parasitic oscillations. Additionally, mcse of the “Miller” effect and low thresh-
hold gate voltage of SiC devices, fault operationsur more often. It is shown that with the
identical CM filter, SIiC switching excites largeanasitic oscillations, which is the main
contribution to the difference in filter attenuatioThe different magnitude of oscillations
results in spectral differences in a wide rangeaathan at discrete frequencies.
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High frequency performance improvement (Chapter 5)

The improvement of high frequency filtering of SIFET motor drives is achieved by
solutions proposed in Chapter 5. The proposed muaeides a solid theoretical basis on why
solutions are effective and how much more atteonaits gained. When the methods are
applied, additional components are required to guresigh resistivity and a high damping
coefficient in high frequencies.

Attachment of power device drain plate to substratéChapter 6)

Investigations in Chapter 6 show that the attachro€®iC JFET drain plates to the cooling
substrate creates capacitive coupling that sigaitiy deteriorates the EMC performance. The
capacitive coupling closes loops with considerdbMl propagations in the mid- and high-
frequency ranges. This effect is more critical wise@ JFETs are attached on top of the IMS.
In this case two methods are proposed to reduce. HMé first one is to use separated
substrates, which minimizes the coupling by bregkihe neutral point of the parasitic
capacitors. The method is effective in reducingedit the source without lowering the system
power density. Additionally, two other approachBE; snubbers across the DC bus and the
addition of ferrite beads, are combined with th@asated heat sinks, which effectively
suppresses the high frequency noise. The seconldothés based on the equivalent circuit
modeling. The proposed model enables predictingnidertion losses of varies filter topologies
over a broad EMI band. Hence the optimum filterigieshas better performance while
requiring fewer components.

IMS cooling and increased EMI (Chapter 6)

The EMC performance of an IMS inverter is systeoadly investigated in Chapter 6. It is
found that applying IMS greatly deteriorates EMGfpenance in mid and high frequency
ranges. This is due to extensive capacitive cogptiatween the circuit foil and metal base
plate. It is found that the noise level of an IMfSéarter is20dB higher than that of a heat sink
inverter using the similar layout, with both systentilizing identical EMI filters. The model
proposed in Chapter 6 clarifies this influence anppresses the increased EMI to comply with
the standard.

7.2 Recommendations for further research

Although many achievements and findings as menti@at®ve are presented in this thesis,
some aspects can be improved in order to achietterbresults and to further reveal EMC
mechanisms.

Equivalent circuit modeling

Since slopes of switching waveforms are time vayyiih is recommended that to apply
method that is able to represent this nonlineaabieh of the source, thereby achieving more
accuracy of the spectral contents in the high feagies. This information can not be presented
by the linear equivalent circuit models.
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* The equivalent circuit uses fixed values of impexdasnto simplify the modeling
process. However, in actual situations, the compbnealues (inductance,
capacitance, and resistance) are varying, dependenimulti-variables (e.g.
frequency, voltage and current). Therefore in di#feé conditions the resulted
resonant difference can be shifted from tens ofd+everal kHz.

 Three PWM noise sources at inverter three phasedeg summed as one source
that can not present actual situations. In actitahtions, especially for AC-AC
motor drive conversions, the three inverter legs @witched at different timing
sequences. The time interval between transientsoisfixed. Additionally, the
inverter is operating under a variable range ofag®# and current levels. Therefore
the voltage and current transient slopes vary. ds iound that substituting the
idealized square waveforms with the real sourcaatigvaveforms as the noise
source in the model greatly increases the accuwhogise spectrum prediction.

3D parasitics cancellation

A systematic approach to perform the 3D parasiiccellations is recommended because
that a trial-and-error process is used, which iy tiene consuming and complex.

EMI comparison between Si IGBT and SiC JFET based wtor drive systems

It is recommended that EMC performance should bmpesed under optimized circuit
layout, and the same power dense conditions. Thartcghmings of performing this
investigation are:

 The designed inverter layout is not optimized. Biéics existing in the loop,
especially between upper switch source and lowéckwdrain in one inverter leg,
are large. This increases parasitic oscillatiortsdalays the switching speeds of the
switches. Although the main goal is to design trene layout for EMC
comparisons, inverter layout should be further rojged close to commercial
design in order to present more convincing compasds

* Much attention has been paid to the gate driveigdesa order to generate featured
signals for the two different types of semicondustoespectively. However
physical structure differences were overlooked. twerter version of using heat
sinks is less compact than the inverter using IMS.

Separation of the substrates

This method is easier to apply when the employdxbtsate becomes small. Therefore it is
recommended to apply the method be used for poamrecters that have high efficiency and
small size substrates. The shortcomings of usipgraged substrates were:

* The proposed method minimizes EMI propagation feomitches to earth while it
has no effect on other propagation paths. In mdtore systems, the dominant
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noise propagation path is the CM capacitance betwsmor windings and chassis.
Although separation of the substrate reduces neisission from switches, it has
little influence on suppressing the noise propagain the main path. More noise is
reduced by adding damping snubbers. Therefore rikéemmended to apply this
method in converters where noise propagation betwemver device drain and
cooling substrate is dominant.

* Implementation of the method is constrained byvibleme of employed substrate.
Nowadays cooling substrates for motor drives ateallys heavy and bulky. This
results in the separation of the substrate beisg ¢tenvenient and the gained EMC
benefit becomes less important to compensate thectien effect. Therefore it is
recommended to apply this method in high efficiensynall substrate power
converters.
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Summary

Conducted EMI in Inverters with SiC Transistors

Electromagnetic Interference (EMI) is the main siffect accompanied with the fast voltage
and current switching transients in power electtenapplications. Compliance of the
Electromagnetic Compatibility (EMC) standard isqmebed for any power electronics product
before entering the market. In recent years, the eenerged wide band-gap transistor
technology Silicon Carbide (SiC) exhibits great gmtial to replace Silicon (Si) as the
dominant transistor because of its superior gealifie.g. faster switching, higher blocking
voltage and higher operating temperature). Howetlegse advances come at the cost of
increased EMI resulting from the SiC transistodstér switching speed and higher switching
frequencies. In the past, a large variety of EMpmession approaches have been developed
for motor drive systems. However, most of them e¢he conventional Si power devices (e.g.
IGBT) based motor drive systems. As the result|@ation of corresponding EMI emission
mechanism and new suppression approaches is kritica

The desired EMC investigations should cover théofahg features of the SiC power
devices based drive systems.

* The differences with the Si power devices basebmdrive systems and the causes
of the differences.

+ The common EMC analysis and reduction techniquas ¢an be used for both SiC
and Si devices based motor drive systems.

* The approaches that improve the EMC performanceSi@r devices based motor
drive systems.

In this thesis, with conventional Si IGBTs as tlederence, systematic investigations are
presented on variable speed drive systems usindathst SiC JFET as the power devices.

Main achievements of this thesis are summarizddliasvs.

System equivalent circuit modeling method for EMC p&ormance evaluation
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This modeling method is used for evaluating thesea@uppressing performance on varies
noise propagation paths of the drive system. Adiddlly, by introducing the actual noise
source emission instead of using idealized noiskecgo(e.g pure square waveforms) emission,
improved noise level prediction is achieved. Thethod is based on curve-fitting of the
impedance-frequency characteristics measured onlethds of individual components and
between different portions of the system. Varioub-sircuits of the system are modeled as
RCL composed equivalent circuits in order to repnésletails within the conducted frequency
range. The model development procedure is presentéthapter 3. Current transfer ratio
measurements are used to verify the model. Iniaddithe model is also applied in Chapter 5
and 6. Chapter 5 utilizes the model to predictribise emission levels of the SiC JFETs and Si
IGBTs based motor drives respectively. Chapter ibzeis the model to predict the filter
insertion losses. This method is applicable foht®IC and Si based motor drive systems.

Characterization and cancellation of EMI filter parasitics to improve high frequency
filtering performance

This study explores the parasitics cancellatiorhnapies for EMI filters with three-
dimensional spatial layout that utilizes multi-laygCB technology and employs surface mount
technology (SMT) components. The employed SMT camepts are named Xx-dimensional (x-
dim) components that have the same height (x=14mand) double sided SMT electrical
terminations. In addition to positioning the emm@dyx-dimensional SMT componer3§C in
the 2D plane, the components are able to be placadhird dimension by being stacked onto
more PCB layers. This extends the conventional gitizacancellation techniques to three
dimensions. Chapter 4 discusses and implement3Dheancellation techniques in a LC filter
for motor drives. The techniques enhance the fifterformance especially in the high
frequency range, which is critical to handle therémsed EMI due to SiC fast switching speed.

Comparison and identification of noise emission diérence between Si IGBTs and SiC
JFETs based motor drives

This study compares and identifies the causeseoEWI noise emission differences between
Si IGBT and SiC JFET based motor drives. In Chaptetwo inverter prototypes — with Si
IGBTs and SiC JFETs as the power transistors résphc are compared under the same
power level and using the same layout. The gateedriare designed to fully exploit the
switching speed for the two types of devices ah-m transition and to provide the same
driving condition at turn-off transition. Their siwhing waveforms are compared under the
inductive switching test condition, using one irteerleg consisting of two switches. The
caused EMI level differences are clarified by Feuranalysis transformed from the time-
domain measurements. In the system level, their Ebike levels are compared under
unfiltered, C filtered and LC filtered conditions order to identify the causes of the noise
level differences, the two inverters are operatethe CM testing mode, in which the three top
and bottom semiconductors are switched on or ofuaneously at a fixed 50% duty ratio.
Hence the maximized CM and DM wave shapes are \aathie

Improve EMI filter to accommodate SiC JFETs in motordrives
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In the second part of Chapter 5, the EMI filterigedor SiC JFET motor drive system is
improved based on the presence of different naisisstons from the Si IGBT and SiC JFET
source. An equivalent circuit model is deliverecptedict the noise spectrum emitted from the
SiC source and stands as the basis for improviaget¥| filter design. The proposed EMI
method effectively suppress the increased highuegy noise resulted from the SiC faster
switching dv/dts and di/dts. The modeled resulteagvell with the experiments.

Suppression at SiC noise source due to substratepegitive coupling

Two methods to suppress the noise emission duapacdive coupling are proposed in
Chapter 6. One is to use separated substratethiee @ne is to use the broadband modeling.
Comparing two inverters that use the conventioredtlsink and insulated metal substrate
(IMS), the emitted noise levels are significantliffetent due to the different capacitive
coupling magnitude. The first part of the Chaptesppses to use separated substrates. The
second part presents a broadband modeling procaduidentify the most effective filter
design to suppress the capacitive coupling. Bothhaus effectively suppress the noise
emission to comply with the IEC61800-3-C2 stand&tdw EMI emission is affected by the
capacitive coupling is identified.

Xun Gong
29" July 2012
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Samenvatting

Geleide EMI in Inverters met SiC Transistoren

Elektromagnetische interferentie  (EMI) is de belgkgte bijwerking in
vermogenselektronica toepassingen, welke gepaaat g®et de snelle spannings- en
stroomtransiénten. Voordat een vermogenselektrgioduct op de markt komt, dient het aan
de dektromagnetische compatibiliteitorm (EMC norm) te voldoen. In de afgelopen jaren
heeft de nieuwsvide-band-gagransistor technologi&ilicium Carbide(SiC), aangetoond dat
het de halfgeleider schakelaars uit de dominaniei®n (Si) technologie kan vervangen. Dit
is voornamelijk vanwege de superieure eigenschappasis hogere schakelsnelheid, grote
sperspanning en hoge bedrijffstemperatuur. De vigamg in schakelsnelheid echter en de
hogere schakelfrequentie van SiC gaat ten kostegargrotere EMI. In het verleden zijn voor
aandrijvingen een groot aantal EMI beperkende mgaten ontwikkeld. Echter, de meeste van
deze maatregelen zijn van toepassing op de cdovefd inverters, zoals op IGBT
technologie gebaseerde aandrijvingen. Hierdoor islexoek naar EMI en nieuwe
onderdrukkingstechnieken voor deze nieuwe invesansbelang.

Het benodigde EMC onderzoek voor aandrijfsystenetrageerd op SiC componenten moet
betrekking hebben op de volgende kenmerken:

* De verschillen in EMC bij aandrijvingen gebaseepdso technologie en de oorzaken
van deze verschillen in vergelijking met SiC tedogée.

» Een gemeenschappelijke EMC analyse en reductidtdam die kunnen worden
gebruikt voor zowel aandrijvingen gebaseerd op &§CSi technologie.

* De methode, die de EMC prestaties voor aandrijvirggbaseerd op SiC
componenten moet verbeteren.

In dit proefschrift, met conventionele silicium IGBtechnologie als referentie, wordt
systematisch onderzoek verricht aan aandrijvingpnbesis van de nieuwste SiC JFET
technologie. De belangrijkste resultaten van dibefschrift kunnen als volgt worden
samengevat.
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Evaluatie van de equivalente modellen op het gebiechin EMC prestaties op systeem
niveau

Deze modelleringsmethode wordt gebruikt om de nvate verstoringsonderdrukking te
evalueren en hoe deze varieert voor de verschélemdortplantingspaden binnen de
aandrijving. Bovendien, door het gebruiken van derkelijke stoorbron in plaats van een
geidealiseerde stoorbron, zoals bijvoorbeeld eekgolf, wordt het mogelijk het stoorniveau
beter te voorspellen. De methode is gebaseerd oape-fitting van de impedantie-
frequentiekarakteristiek, welke gemeten is op desladdraden van de individuele
componenten en tussen de verschillende delen wasysiem. Verschillende sub-circuits van
het systeem worden gemodelleerd als equivalente REHakelingen om de details te
representeren binnen het toegepaste frequentikbBreiprocedure van de modelontwikkeling
wordt beschreven in Hoofdstuk 3. De verhouding darstroomoverdracht wordt gebruikt om
het model te valideren. Bovendien is het modeltoggepast in hoofdstuk 5 en 6. Hoofdstuk 5
maakt gebruik van het model om de stoorniveausotspellen van aandrijvingen welke
gebaseerd zijn op de SiC JFET en Si IGBT technetagi Hoofdstuk 6 daarentegen maakt
gebruik van het model om de filterverliezen te apaillen. Deze methode is toepasbaar op
zowel SiC als op Si technologie gebaseerde aaimuyéwn.

Karakterisering en het annuleren van EMI filter parasieten om de hoogfrequente
filtereigenschappen te verbeteren

Deze studie verkent het annuleren van parasietatrigdimensionale EMI filters, welke
gebruik maken van een meer-laags PCB technologi&Mim (surface mount technolgy)
componenten. De toegepaste SMT componenten wordanensionalgx-dim) componenten
genoemd, die dezelfde hoogte (x = 14mm) en duljtggei SMT aansluitingen hebben. Naast
het rondom plaatsen van x-dimensionale SMT compenein het 2D-vlak, kunnen de
componenten ook ruimtelijk (3D) worden geplaatsirdze te stapelen op meerdere PCB lagen.
Dit breidt de conventionele parasitaire annuleriegsnieken uit naar drie dimensies.
Hoofdstuk 4 bespreekt en implementeert de 3D ted@n om parasieten te annuleren in een
LC-filter voor aandrijvingen. Deze technieken vedien de filtercapaciteit vooral in het
hoogfrequente gebied. Dit is essentieel voor dboegyde EMI veroorzaakt door de hogere
schakelfrequentie van de SiC technologie.

Vergelijking en identificatie van het verschil instoorniveau tussen aandrijvingen
gebaseerd op Si IGBT en SiC JFET technologie

Deze studie vergelijkt en identificeert de oorzakende verschillen in het EMI stoorniveau
tussen aandrijvingen gebaseerd op Si IGBT en SET Echnologie. In hoofdstuk 5 worden
onder dezelfde vermogens- en print lay-out corslitigee inverters met Si IGBT's en SiC
JFET’s vergeleken. De gate drivers zijn zo ontworglat de inschakelsnelheid van beide
componenten volledig te benut wordt en het uitselgddrag is voor beide eender gehouden.
Tijdens de testen zijn de golfvormen in één indfdbielaste fase-tak gemeten en vergeleken.
De veroorzaakte verschillen in EMI niveau wordenduédelijkt door Fourier analyse, welke
getransformeerd zijn vanuit de metingen uit heltdmein.
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Op systeemniveau zijn de EMI stoorniveaus onderefilbgrde, met een condensator
gefilterde en onder LC-gefilterde omstandigheden elleaar vergeleken. Om de oorzaken van
de stoorniveaus en de verschillen te kunnen ideatén, zijn twee inverters gebruikt in een
zogenaamdeommon modéCM) testmodus. Hierbij worden de drie bovenstederonderste
halfgeleiders ingeschakeld of tegelijkertijd uitgeakeld met een duty-cycle van 50%. In deze
situatie wordt de maximale CM elifferential modgDM) golfvorm bereikt.

Verbeterd EMI filter dat geschikt is voor SiC JFET aandrijvingen

In het tweede deel van hoofdstuk 5 wordt op basis de aanwezige stoorniveaus,
veroorzaakt door Si IGBT en SiC JFET bronnen, Imiverp van het EMI filter voor een SiC
JFET inverter verbeterd. Met behulp van een egentamodel wordt het spectrum van het
stoorniveau, uitgezonden door de SiC bron, voddsjst wordt gebruikt als de basis voor het
verbeterde EMI filterontwerp. Met de voorgesteldetmode is het mogelijk de toename van
hoogfrequente stoorniveaus, ten gevolge van hogde@dt’'s en di/dt's veroorzaakt door SiC,
effectief te onderdrukken. De gemodelleerde rewrtakomen goed overeen met de
experimenten.

Onderdrukking van de SiC stoorbron veroorzaakt doorde capacitieve koppeling van het
substraat

In hoofdstuk 6 zijn twee methoden voorgesteld omh d$teorniveau als gevolg van de
capacitieve koppeling te onderdrukken. Eén is lebirgik van een gescheiden substraat en de
andere maakt gebruik van breedbandige modellebogr twee inverters te vergelijken, die
beide de conventionele opbouw hebben waarbij hetekement geisoleerd is van het metalen
substraat (IMS), blijkt het stoorniveau aanzienhjkrschillend te kunnen zijn. Dit wordt
veroorzaakt door de verschillen in capacitieve labipg. Het eerste deel van het hoofdstuk
stelt voor gebruik te maken van gescheiden substratet tweede deel daarentegen beschrijft
de breedband modelleringsprocedure om het meesttieffe filter ontwerp te identificeren en
de capacitieve koppeling te onderdrukken. Beidehoddn onderdrukken effectief het
stoorniveau en voldoen aan de norm IEC61800-3-Gik Wordt geidentificeerd hoe de EMI
emissie wordt beinvloed door de capacitieve koppeli

Xun Gong
29" July 2012
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