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ABSTRACT

With GaN and SiC switching devicdsecoming more commercially available, higher
switching frequencys being applied to achieve higher efficiency andwsy densityin power
converters. Howeveelectremagnetic interference (EMI) becomes a more severe problem as a
result.In thisthesis, the switching frequency effect on conducted EMI noise is assessed.

As EMI noiseincreasesthe EMI filter playsa moreimportantrolein a power converterAs
a result,an effective EMI modeling technique of the power converter syssermaquired in order
to find an optimizedsize and effective EMI filter

The frequencsdomain model is verified to be an efficient andyea®del to explore the EMI
noise generation and propagation in the syst@i.the various modelsthe unterminated
behavioral model casimultaneouslyredict CM input and output noise ah invertey and the
predictionfalls in line with the measurement@nd 10 MHz or higher. The DM terminated
behavioral model can predict the DM input or output noise of the motor drive higher than 20 MHz.
These two models are easy to extracttzenehigh prediction capabiigs;thisis verified on a 10
kHz-switchingfrequency Si motor drive. Is worthwhileto explore the prediction capability of
the two models when they are applied to a-Ba&Sed power invertewith switching frequency
ranges from 20 kHz to 70 kHz.

In thisthesis, the CM unterminated behavioral masléist appliedo the SiC power inverter
and results showthat the model prediction capability is limited by the noise floor of the
oscilloscope measurement. The proposed segmémigaencyrange measurement is developed
and verified to be a good salon to the noise floor. With the improved impedance fixtures, the
prediction from CM model matches the measurement to 30 MHz.

To predict the DM input and output noise of the SiC inverter, the DM terminated behavioral
modelcan be usednder the conditiorhatthe CM and DM noise are decoupled. With the system
noise analysis, the DM output side is verified to be indeperaféhe CM noise and input side.
The DM terminated behavioral model is extracted at the inverter output and predicts the DM output
noiseup to 30 MHz after solving the noise floor and DM choke saturation problem.

At the DM input side, the CM and DM are seen to be coupled with each other. It is found
experimentally that the mixtuie the CM and DM noise results from the asymmetric impedance
of the system. The mixed mode terminated behavioral model is proposed to predict the DM noise
whenamixed CM effectexists The model can capture the DM noigetoto 30 MHz when the
impedance between the inverter to CM ground is not balarideslissue often happens in
extraction of the model impedance and is solved by the cufittingy optimizationdescribedn
the thesis.

This thesis ends with a summary of contributions, limitations, somie future research
direction.
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ChapterlLi t erature Revi e

1.1 Introduction

Silicon carbide (SiC) switching power devices, in conjunction with SiC diodes for high
voltage, have currently become more commercially utilized thanks to their distinct advantages,
which include a higher switching speed and lower switching losses, especa@mmarison with
silicon (Si) insulated gate bipolar transistors (IGBTs). With SiC devices, a higher switching
frequency can be applied in the power converter to achieve more complex inverter architectures,
more precise contrpland higher density integrate power converters. However, the
electromagnetic interference (EMI) generation tends to have increasingly negative effects on the
operation of the invertefied electrical machine systems as the switching frequency increases. As
a result, it is essential @nalyze theEMI noise propagation path and noise distribution in the
system, and design EMI filters to attenuate and contain EMI noise.

According to existing literature, there are several modeling methods used to imitate the EMI
behavior of the power ceoerter system. These methods include lumped circuits and frequency
domain models. The lumped models, implemented in simulation software, can generally give an
accurate prediction of EMI noise up 20MHz. However, in order to extract the model, all the
pamsitic parameters in the setup must be determined, including detailed switching device models.
Adding to the difficulty in the model extraction, the lumped model requires lengthy simulation
software run time, which maglsonot converge in some casesohder to avoid extraction issues
in the lumped model, the behavioral model is proposed to provide a faster extraction processes and
a comparable prediction capacity. The behavio
requiring no detail in the ewerter. The model will use the noise sources in the frequency domain
to simulate the switching parts and use measured impedances to conclude the noise propagation
path. The conducted EMI noise can be predicted by the calculation within the equivalent nois
sources and the impedances in the propagation path. Most of the existing work on the behavioral
model focuses on the EMI noise prediction at the input side. With the models, an input filter can
be designed to reduce the EMI noise below some EMI standam®utput sides are usually
ignored. Note that some EMI standards, like-D&D, have a requirement for the conducted EMI
noise at all the bundles and cables in the system. Take, for example, the application of a motor
drive, where there needs to be aviEilter between the motor drive and the motor, which the
terminated model cannot address.

The unterminated behavidraodel (UBM) is proposed ird[/] to assess EMI emission at both
the input and output sides simultaneously in frequency domain. TherdgferEMI filter at the
input and output sides can be designed by the UBM in one stef/]JrtHe UBM exhibits an
accurate match between tmedel prediction with the experimental CM noise measurement to 20
MHz at the input and output siddhe unterminted behavioral model will be explained in detail
in Chapter 2.



1.2 Lumped Modeling Approach

The detailed lumped circuit modeling approach is based on the physics of the circuit and is
the classical way to model any electronic circuit. The interconnsgth a wires and printed
circuit board (PCB) traceare modeled using passive RLC equivalents. Other passive components
like resistors, capacitors and inductors can be directly measured for their impedance using an
impedance analyzer. The equivalent circuitdels for the PCBs are usually extracted by
electromagnetic numerical tools like Q3D®, and finite element method (FEM) tools like Ansoft®
Maxwell. Other tools based on partial element equivalent circuit (PEEC) like InCa® can also be
used in cases where Rhbwvalents are sufficient to model the interconnects [15]. The switches in
power converters are modeled using semiconductor device models. These device models are non
linear and are based on higher order differential equsation

For simple converters, suchodek may be suitablel] and could provide the most versatile
solutions for EMI predictions. The main benefits of lumped circuit models are adaptability and
scalability, as everything is based on physics. The gate drive, control, power stage etc. can be
modeled separately and then included in the final time domain simulation model of the power
converter. Parametric analysis is very easythe effects of using different devices or components
can be easily evaluated by simply replacing their models isitation with new ones.

The lumped circuit modehowever ges very complex with the increase in number of
semiconductor devices and the highest frequency of interest. Even with all the details, the model
may not work as the simulator can have conwange issues. The accuracy of such models for
complicated topologies has been found to be good only up to around 1028z Thus in
theory, detailed lumped circuit models provide the most versatile solution to EMI modaling
in practice their use s limited. The development time is long arehuiresa great dealof
experienceln addition, thedevice models themselves may not be easily available. Sometimes
manufactures provide thenbut they may be encrypted or have to hmherwisedeveloped
separatly.

In order to simplify the moded&xtraction processes and increase model robustness, engineers
started using reduced order models. In such mpithelglevices are replaced by voltage or current
sources. Since the devices are used as switches, thgevaltross them has an approximately
squared shape. Howeydr has been shown thad][such an approximation is not accurate and
finite rise/fall time must be included for better representation of the switched voltage (or current)
[5, 6, 7, 8, 9]. The rolustness of such models has been demonstrated in handling complex systems
[10, 11, 12, 13]. However results have showthat the accuracy is ongood up to several MHz.

In [4] it was shown that approximation of the voltage (orewnt) switching characteristics with a
trapezoidal wavefornrmight not be very accurate either. Attempts have been made to use piece
wise linear approximation of the voltagedacurrent though the devices4]. However, this kind

of modeling then becomes gjifec to the device in useand accuracy was nehownto be any
better than the previous models. Simplified models of IGBT for EMI anahgigalso been
developed in15, 16]. Here the IGBT is modeled with an ideal switch, an ON resistamzk a



few capaitances. The accuracy of results was found to be good up to only several MHz, most

likely because of the limitations of other lumped circuit models that were used to model the system.
The problem of accutely reproduing the switching slope (of voltagena/or current) can be

solved by directly measuring the voltage across the switches and then representing them as noise

sources in the EMI modellf, 18, 19]. This method haseenshown to be more accurate than

assuming the switched voltages to have a tragakstate 18, 19]. These methods do n@move

the burden of extracting the complete lumped circuit model of the conentetheir advantage

lies in simplifying the complexitpf semiconductodevice models only.

1.3 Behavioral Modeling Approach

The discussion of lumped circuit models poitsn important limitation of the technique
itself. It is not suitable for doing system level EMI simulations. Simulating several converters with
detailedlumped circuit equivalents would require large computational resources and time, not to
mention that the chances of convergeaczseverely diminished. Moreoven design of power
distribution network inside aircrafts, power converters supplied by selifeaentmanufacturers
require integrabn. These manufactures seldom provide any internal informatimut their
productsas itis proprietary. In such casdbe lumped circuit modeling technique cannot be used
as no details of the layout and deagareavailable. In order to tackle this dual problem of system
level EMI simulations and lack of layout information, researchers started to develogbblack
modeling techniqueslso called behavioral modeling techniques.

These techniques model thewer converters using a epert or a tweport network with
independent sourcd®0,21]. A oneport network with an independent source is nothing but a
Thevenin (or Norton) equivalent of the circuit. Extension of the Thevenin theorem te multi
termimal netwoks is also possible 42, 23]. The impedances of multerminal Thevenin
equivalents can be easily represented as +paitinetworks with independent sources, so there is
no fundamental difference between the two. In time domain, the existence of Thevé&on¢n)
equivalents is not restricted by linearity or thveriance P4, 25]. That is the Thevenin models
exist even for the nelinear and timevariant circuit. Howevethey are restricted in the frequency
domain by linearity and timeariance. This ibecause the 'impedances' are defined only for linear
and timeinvariant circuits. ThusThevenin (or Norton) models in frequency domain require the
circuit to be approximately linear and tifmevariant.

In [26], a simplified tweterminal model is developefbr a motordrive system using
Theveninequivalent. Both the noise source (Thevenin source) and the noise impedance (Thevenin
impendence) were measured directly. The accuracy was nqgtrgostly due to the inaccuracy of
the noise source itself. The DMise source was directly measured across thdimdGcapacitor
and the CM noise was measured by dmsaeting the ground wire. 1127, 28], the CMnoise in
the motordrive is directly measured and modeled as voltage sources. The gheamotordrive
thatare passivesuch asable (harnesses), motdine impedance stabilization networkiEN),
etc. are modeled as twimrt networks. The main limitation of this method is the ever
simplification of the motordrive model. Only one noise source is used to rilesadhe CM
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equivalent of the motedrive, and the impedance of the motinive is modeled with only one
capacitor to ground. This leads to inaccuracy beyond a few, kib¥zever the technique is fairly
easy to implement and the model can even be run iath too| as the system is modeled with
two-port networkswhich facilitates calculations by using only the network equations.

Another class of behavior modeling technique indirectly calculates the noise source and noise
impedance®y using two or more cahtions and then simultanedysolving network equations
This technique uses more generic models of noise sources rather than assuming a particular
topologyas thegiven topology. Thusthe models are more complete in the sense of minimum
required numberof voltage/current sourseand the number of impedances necessary for a
complete descripin of a multtterminal network 22]. The earliest attempif EMI modeling of
power converters uginthis technique was seen 29[. Thetechniquehowever had limitations
regardingthe identification of noisesource impedance. A resonant method was used to estimate
the input impedance of the converter in which a known external impedance was tuned to resonate
with the input impedance ofi¢ converter. This technique is not easy tq aseuning impedance
is not easyo begin withand at higher frequency the input impedance may have several resonances
within the same decagdgso extremelyprecise tuning is needed.

Qian Liu et. al publishedeveral papsron extraction ofthreeterminal model of a phase
leg, called the ModulaferminatBehavioral (MTB) model. A phaseg is one of the most
redundant topoldgswithin switched power converters and forms a basic switching cellgddle
was to obtain an EMI model of one phalsg and then use as many instanassiecessary
depending on the type of converter predict the total EMI from the power supphigure 1-1
shows the MTB model and the chopjécuit that was used for the model extraction by Qian.
Although the idea was novel, it was difficult to extract such a model in practice. The model itself
had an issue that it had only two impedansgalthough threarerequired for description of a
minimumsized model of a threeterminal network 22]. Another issue was that the model was
validated in conditios that werevery close to the ones used during model extractioother
words no understanding was developed regarding thademy where the model starts to fail. The
cross talk between the phdsg was notaken intoconsideationeither. The best results for EMI
prediction were obtained wheonly one phaskeg wasused B0]. With the aldition of another
phaseleg [ 31] and with AC operations B2] the accuracy of predictiomworsened Another
limitation of theMTB model was in the understanding of the model itdelfias claimed that the
extracted model was of the phdsg, but no observations that could possibly support that
conention were provided. Very little discussion was provided with regards to the dnsdel
impedances. The extracted model impedances seemed to benghaitbi the operating point
which is unanatural and henogorthy of more explanation.
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Figure1-1 Qian's Modulaterminatbehavioral (MTB) modelrom [49] under fair use

Andrew C. Baisden et amade several improvements over Qian's MTB model with his
generalizederminatmodel (GTM). The major difference is thiae entire converter is modeled
as a blackbox with a thregerminal Norton equivalent and not just a phge This is shown in
Figure 1-2. Another important contribution walse selection of external network impedances (or
conditions) for accurate extractiaf noise sources ambise impedance88, 34]. This helped in
establishing boundaries on the maximum and minimum impedance at the terminals of the model
to ensure that producel accurate results. FroRigurel-1 andFigure 1-2, it can be seen that the
MTB model was modified antthatthree impedances in delta connection were used instead of two
to describe a threerminal network. The modeVas validated for a 400W boost convert@s] |
only; however it was experimentally shown to have accuracy up to almost 100, Mkizh is
beyond the upper frequency of 30 MHz prescribed in conducted emission standards. These results
established the advantagef behavioral models over lumpeitcuit models. The threerminal
Norton model was alsasedin [36]. In [37] the threeterminal Nortorequivalent was used to
predict the net EMI for two boost converters connected in parabahe same dc bus).
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In addition tothese major attemptseveral others have published similar ideas over the last
decade. 1138, 39] a threeterminal Theenin equivalent is used for modeling ardacconverter.
Instead of two sourcethe model here has three souraesich are characterized in two different
setups. The accuracy was found todeesonable. 10, 41], a threeterminal Thevenin equivalent
is used to model electronic equipment. The model impedances are extracted by first measuring the
complete tweport Sparameters of the system using a vecmworkanalyzer (VNA)while itis
in operation. This is a limitatignas such measurements are nosgide for high power
applications. In42, 43], a similar model was developed without using the VNA.

1.4 Motivation

As higher switching frequency is applied to the SiC switching device, it produces a higher
EMI noise emission, thereby challenging the prediction capacttyedEMI behavioral models

In order to assess the effect on the EMhission from the higher switching frequency, the
common mode (CM) and differential mode (DM) EMI noises are measured in experiments on a
threephase SiC MOSFET inverter with 300 V DC voltage and 3 kWining at 20 kHz and 70
kHz switching frequency respiaely. The correspondingehavioral models in CM and Dkér
the two switching frequency casa®extracted to evaluate the prediction capacity with the higher
switching frequency. The noise floor, which is the main factor limiting the UBM predictioreabov
10 MHz, is explained and the corresponding develqt is proposed to extend the UBM
prediction capacity to 30 MHz. A detailed explanation of how the higher switching frequency
works with the UBM using the proposed improved high frequency UBM extraptiocedures is
provided in the followinghapters
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With power devicesuch asSiC or GaN MOSFES becomingnore commercially applied in
the industry of power electronics, higher switching frequenayieasinglyemployeddue toits
higherprecsioncontrol in power converters. However, the EMI noise in the system will increase
as a result of the higher switching frequerreguiring greateEMI noise reduction.Therefore, it
is essential to assess the effdmdm the switching frequecy and different switch devices on the
EMI emission

2.1 Introduction

Increasing switching frequency is arcreasinglyimportant trend in power electroniased
to shrink total size and volume of passive components in the wake of high power.demsity
devdopment of new devicg such as GaN and SiCfurther drivesthe growing reality of this
trend**. However, this faster speed switching actioneans thathe system EMI emission is
different, and theexisting EMI modeling and filter design process may hetadapableto this
change. It is essential to firmut how the switching frequency influences the EMI emission in
common mode@M) and differential mode (DM).

Motor drive is one kind of inverter with serious standdat EMI emission whose general
topology is exhibiedin Figure2-1. The switch devices can be IGBT, MOSFET, and sddmthe
DC side of the drive, the EMI noise should be limited below the input EMI staadardDO-
160* (Figure 2-2). On the output, DEL60 has requirement on the output cables and bundles
(Figure2-2). In addition CM noise in the motor needis beredu@ddue to its negative effecn
the motod working conditions In this section, Bnulations ad experiments are performed the
threephase DEAC inverter and the DC and AC side EMI noise are measured in CM and DM.
The CM and DM current (noise) is defined 1) and (42).

ip+in
lemi =—5—
2 (2.1)
A P P
ICMO_ 3
i _ip-in
DMi
.2 (2.2)
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2.2 EMI emission comparison among different switching frequeries

In this section, the EMI emission of a SiC JFET motor drive is analyzedsimulation
implemented IrSABER® Schematicsvith four different switching frequencie0 kHz, 40 kHz,
70 kHz and 100z. The simulation mode is based on the lumped circuit model bufieir012
SAFRAN project.The corresponding experiments or66C MOSFET threghase inverteare
performed with 20 kHz and 70 kHz switching frequesepgaratelyo validatethe conclusiorirom
the simulationThe new experimental setup is tested first and fixed on the test bench for CM and
DM EMI current spectrum measurements.

2.2.1 Lumped circuit setup implemented in SABER®

The lumped inverter model is defined in different part&igure 2-1, andwill be used in
SABER® simulation for assessment of the EMI emission for different working conditions. The
submodel for the LISN(Figure 2-3), the harneséFigure 2-4) andthe permanent magnet motor
(Figure2-5) werebuilt as the previous wofk The motor drive motomodel Figure2-6) used in
the previous workwhich consideedall the possible parasitics in the connegtidtilizes the ideal
switch in SABER® as the switch device in order to havstablanodel that can converdaster.



In thissection, a SIC JFET model, developed by CPES, reqtlheedeal switch as the switch
device in themotor drive modelKigure2-7), with all the parasitic parameters the samenthe
original model. The SiC JFET modgeathose inner model is shown kigure 2-8, imitates the
normalswitching behavior of SICED on SiC JFET, bearing00more kHz switching frequency
and 16 A more current with 1200 kWVhe switch is chosen here because it is onerdy a few
SiC deviceghat hasa SABER model for kW power and warwith 300 Vdc.

In addition a second simulation setup is built withNBDSFET, which analyzes the effects of
different switching frequenes on the EMI emission for a MOSFET inverter. The MOSFET
IPB60R125CR25 A, 600 V) from Infineon has its own physical model in Pspide order to
apply itto SABER®, the key parametersuch ason-resistanceand turn-on time are set in
SABER® in accordance with Pspice®. Apart from the switch device, the motor drive model
(Figure 2-9) is the same as the original ideavitch model This device is chosen here fibg
application with kW power and 300 Vdc,t 6 s swi t chi ng f rl@@kiizanccy of
theavailable physical simulation model.

The gate driver for the switel (SiC JFET and Si MOSFETE)chosenasthe ideal voltage
control voltage source. Bause the EMI emission from different switch devisésbe analyzed
further, the modetequires the same gate driver in the compari§oravoid requiringextra effect
from the gate drivers, the general setting for the gate drivers are chosen. Ag,aheduotal
lumped circuit can be combined with the separate parshowrnn Figure2-10.
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The control strategy appliedtise threegphase centered space vector pulse width modulation
(SVPWM 31 -C). Thetime-domainCM and DM currerd at input and output sides are calculated
during thesimulation process based of.1) and (4). The frequency domain spectrums are
calculated wih FFT for further analysis.

2.2.2 EMI emission comparison amo ng 20, 40, 70 and 100 kHz switching frequency in

the simulated Si MOSFET inverter

The CM current spectrunier the 20, 40, 70 and 100 kHz switching frequency casése
input and output sides aralculated and exhitetdin Figure2-11.

For the input and output current spectrums in the four cases, the first peak of the spectrums
arelocatal at the switching frequency, which is also the highest peak among all the frequency
components. Comparing the first peaks in the input (or output) spectrums of the four cases, the
larger the switching frequency is, the higher frequency the firstisda&atel and the higher the
first peak isln the MHz range, the noise wilklarger wih the increased switching frequency. As
a result, the CM EMI filter needalarger attenuation ratio at the same frequency point when the
switching frequency is highefhe CM filter designed for the 20 kHz case cannot apply to the 100
kHz case. But thedD kHz case CM filter can reduce the 20 kHz case CM noise below the EMI
standard.

lem ifp (dBuA)

lem ofp (dBuA)

Frequency {(Hz)

Figure2-11 Comparison among the CM input (upper) and the output (lower) current spectrums in the Si MOSFET
inverter setup wh 20 k, 40 k, 70 k and 100 kHz switching frequency
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The DM current spectrums for the 20, 40, 70 and 100 kHz switching frequency cases in the
input and output sides are calculated and exddhit Figure2-12. Similarly to the CM, the first
peaksarelocatal at the switching frequency. But thieinput side, the first peak is not the highest
among all the frequency compongnms a result, athe low-frequency (below MHz) DM input
side, the EMI filter design should not be dependaenthe first peak, bughouldratherinclude the
other harmonicg-or the output DM noise at lefrequency range, the first peaks have almost the
same magnitude for different switching frequescTherefore in the DM output filter design, the
higher swiching frequency case neealflter with a larger attenuatiofhis is due to the fact that
the EMI standardas inDO-160) at low frequency range requires smaller ntisathe higher
switching frequency component. As for the noiseee MHz, the highethe switching frequency
is, the larger the input and output EMI noises asewas theasewith CM. The corresponding
filter design for this range should have larger attenuation when the switching frequency is higher.
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Figure2-12 Comparison among the DM input (upper) and the output (lower) current spectrums in the Si MOSFET
inverter setup with 20 k, 40 k, 70 k and 100 kHz switching frequency

2.2.3 EMI emission comparison among 20 and 70 kHz switching frequen cy in the
simulated SiC JFET inverter
A similar comparison is performed with the SiC JFET inverter with 20 kHz and 70 kHz
switching frequency, whose circuit is showrFigure2-7. Figure2-13 exhibits tre CM input and
output current spectrums in the two switching frequency casd&igure2-14illustrates the DM
input and output current spectrums.
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For CM spectrums, the conclusiattawn from the comparison is the sanas that for
MOSFET. The first peak located at the switching frequency will be higher for the higher switching
frequency. Above MHz, the higher switching frequency causes higher noise.
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Figure2-13 Comparison amonde CM input (upper) and the output (lower) current spectrums in the SiC JFET
inverter setup with 20 k and 70 k Hz switching frequency

The DM current spectrums in the two switching frequency cases are compgiguare2-14.
In the DM input or output spectrum, the second peak located at the switching frequency is the
largest, and will be larger with increased switching frequency. At MHz range, $yndaCM,
the DM emission will be larger in the higher switching frequency cadeseffect on the DM
EMI filter design from the switching frequency is the same as that of the CM.
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Figure2-14 Comparison among the DM input (upper) and the output (lower) current spectrums in the SiC JFET
inverter setup with 20 k and 70 k Hz switching frequency

A. SiC MOSFET inverter setup
The experiments are performed to validate the conclusion in the simulation. Thplthsee
SiC MOSFET inverter and its setup are builshewn inFigure2-15.
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Figure2-15 Threephase SiC MOSFET inverter setup schematic diagram
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Figure2-16 SiC MOSFET inverter setup

There are threeSIC MOSFET half-bridge modulesfrom CREE utilized (model
CAS100H12AM) and six ceramic capacitors with 86 at DC bus. This CREBodelcan hold
100 A and 1.2 kV. The DC bus capacitors can afford 986. Whe heat sink is fullin contact
with the three switch modules.

The gate driver designed for the switch modules is dlacetop of the module, which has
two seconestage drivers witha Mill clamp circuit anda desaturation protection circuitn
addition,the dead time between the two signals of one module can be set on the gate driver.

The control board for the inverter is placed next to the inverter.h®rbbard, a DSP is
responsible for PWM generation based on tlie@G SVPWM strategy. A CPLDcontrols
protection based on the information from another board measuring tiemeddC bus voltage
and three output current. Once the DC bus voltage or the current is over high, the CPLD will give
ashutdown order for the PW signal to the gate drivers.

Another DC source igsed to powethecontrol board and voltage/current measurement board.
This auxiliary source willactuallycausean extra propagation path from the inverter to the CM
ground, influencing the EMI emissioof the system. However, the EMI emission from the
auxiliary source is 50 dB smaller than the one from the inverter. Soasseesment of EMI noise
for this setupwecan ignore the effect from the extra source.

The whole inverter setup is fixed on agtébame, which can place EMI filteat the input
and output sides of the inverter. The heat sink of the inveitefull contact with the steel frame.
The frame is plackon a copper sheet on the test bench and connedteel CM ground of LISN.
Therefore the steel frame can be seen as the CM ground in the experiment. Thdreseithe
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parasitic capacitive components from the inverter terminals to the steel frame, which mainly
compose the CM propagation path.

A. LISN and DC source
The LISN No. on tk test bench is FGCISN-50-32-2-MS461E DG60Hz/480VB2Arms
The DC source is from Magraower electronics, generating 600 Vdc/ 20 Adc.

B. RL Load

The load of the inverteF{gure2-17) is chosen to be a resistiaductorin-seriescombination.
Each phase has 3@ resistance and 30 mH inductanéé.the end of each phase, two cable
connect the thregesistorend termina as one neutral point. Due to tlage size and weight of
theRL load,the loadhas to be placed on tigeound of thdab, separated from thesdt bench. In
order to complete the CM loop,5 nFcapacitor will be placed betwedme neutral point and the
CM ground. Though the load is simply connected, there will be complex parasitiall the

connected cab$and the connectors, which is haoexpressising alumped circuit.
e

Figure2-17 RL load

C. Current measurement

In the experiment, the CM and DM input/output current are directly measured by two current
probes. The probETS LINDGREN 9551@an neasure the pagbrough current from 20 Hz to
100 MHz. In order to measure CM current, the in@urtd(output) wires should go through the
probes in the same direction Bijure 2-18 in accordance with (3.1). As for the DM current
measurement, according to (3.2), at the input side, the positive and negative wire should be in
opposite direction(left side ofFigure2-19) andthe output threavire shoudtl be twisted ashown
in theright side ofFigure2-19.
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Figure2-19 Proke placement in DM input (left)/ output (right) current measurement

2.2.4 EMI emission comparison among 20 and 70 kHz switching frequency in
experiment
The experiment result§igure2-20 andFigure2-21) in this sectiorarethe same as those in
the simulationFigure2-13 andFigure2-14).
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Figure2-20 Comparison among the CM input (upper) and the outputefipaurrent spectrums in the SiC MOSFET
inverter experimental setup with 20 k and 70 k Hz switching frequency

— DM-70

100 O W T m o meee X e T

50k A ;

lcm input (dBuA)

50 A ;;;ia;;i6 L E i)
10 10 10 10
Frequency (Hz)

150 X TR el " T P L T SRR T

Dm-70

100

50

lcm output (dBuA)

10t 10° 10° 10°

Frequency (Hz)

Figure2-21 Comparison among the DM input (upper) and the output (lower) current spectrurasSiICtMOSFET
inverter experimental setup with 20 k and 70 k Hz switching frequency
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2.3 EMI emission comparison amongdeal switch, Si IGBT, Si MOSFET, and SiC
JFET in simulation

The inverter lumped simulation models with the ideal switch, MOSFET and JRETbkan
illustrated above. The model with Si IGBT is showifrigure2-22. The main differences between
those four switch devices in the simulation are liste@iahle2-1, including the switching speed
and onresistance. The CM and DM emissions of the four inverters with the same load are
measured ifrigure2-23 andFigure2-24. It is shown that the EMI emission in CM or DM is quite
independenof the swtching device below 10 MHz, when the dead time of the PWM strategy is
considered based on the slowest switching speed (the ideal switch). However, above 10 MHz, the
MOSFET case tends to have larger CM and DM noise bedaussthe smallest omesistance
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Figure2-22 SABER® model of thregphase motor drivevith Si IGBT

Table2-1 The difference betweertheideal switch, Si IGBT, Si MOSFET, and SiC JFEThe simulation

. . IGBT: MOSFET: _
Switch ldeal switch , ~+530NG60B3  IPBEOR125CP T BT

Company - Fairchild Infineon
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Operating condition - 30A, 600V 25A, 600V 5A, 1200V
Switching Frequency = <50kHz >100kHz >70kHz
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Figure2-23 Comparison of the input fyer) and output (lower) CM emission with different switching devices.

23



I T
|| s ideal Switch |.
——1GBT
H —— mosFer
———— JFET

H i H
10° 10’
Frequency (Hz)

lem o/p (dBuA)

| =——Ideal Switch
——16BT
—— MOSFET
—— JFET

i
10 10° Y
Frequency (Hz)

Figure2-24 Comparison of the input (upper) and output (lower) DM emission with different switching devices.

2.4 Conclusion

In conclusim, with the higher switching frequency, the EMI noise will be larger, and
necessitates having effective EMI filters, which can be easily designed based on an effective EMI

model in the high frequencWhen the ofresistance of the switching devices is darathe CM
and DM noise will be larger above 10 MHz.
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Chapter3aCM Unt erBm maawika
ModelfiomgnSvie t er

There are genetgl two kinds of EMI noise radiative and conducted noise. The latter is
transferred along the wire and finally tomponents such as thadio and motqrwhere it will
have a negative effedEM noise will case the voltage drop from the rotor to stator causing the
motor to run out of order. So UsdobamEMefdtesisnt i al
the most common way ®uppress the conductive EMI noise. Howetee complexity of EMH
relatedssues, whichinvolvesall the possible parasitic components in the systeakes idifficult
to design an EMI filter. EMI modeling will providenanalysis of the systeinEMI emission and
can predict the EMI emissiomith a designed EMI filter to check tHieasibility of the solution

With theterminal behavioral model, input filters can be implemented between the source and
the model and then the appropriate filter parameters can be calculated. However, if an output filter
is inserted between the model doald, the input EMI emission will be chamtgue to the coupling
attheinput and output sides. Therefore, the input filters will need-desigred, as theynay not
reduce the noise below the requiremeniay becomeversizel with over suppression.

The wnterminated behavioral model (UBM) will predict the EMI noise emission attheth
input side and output side. As a restiie UBM can help with the EMI filter design at both sides
at thesametime, therebyavoidingthefilter re-design issue.

Adding to design considerationstandardssuch asDO-160 will mean that there are
requirementdor all the cables and bundles, including the connection between the converter and
| o a dtherefote alsmecessary to find the output EMI emission when the loap changes.

3.1 Introduction

The unterminated model is proposed47] and[48] based on @ommercial motor drive
system ashown inFigure3-1. This test setup consistofastand r d L1 SN ter mi nated
resistance, a 2kW motairive, a thregophase shielded cable (32 feet), and a 5hp (3.73 kW) motor
with a blower acting as a constant load. The entireigés kept on a copper sheet, except for the
motor. The input voltage tthe drive is 300V (VDC). The line frequency is set to 40 Hz and the
switching frequency of the driweith Si IGBT as switch devicds 10 kHz.
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Figure3-1 Motor drivesetup forunterminatedCM model extragbn

The CM UBM extraction and validation are finished with the modeling procedures
demonstrated in the next section. The final results for one of the validatisscss®vn inFigure
3-2. It can be seen that the model is aleatcurately predict the conducted emission up to 20
MHz. With another validation case Figure3-3, the predictions are good up to at least 30 MHz.
As a conclusion for the UBM motor, the model shows accurate prediction capadityostevery
EMI range. But for some cases, the predictiapacitywill bereducedo alower range due to the

noise floor issue
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Figure3-2 Comparison of measured and predicted CM currents foiDBAfilter inserted at the input side of the
motor drive
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Figure3-3 Comparison of measured and predicted CM currents for DM EMI filter inserted in the output side of the
motor-drive

Generally, there will banoise floor issue when the noise in the propagation path is so loud
that the measurement tool cannot capture the smaller noise component above 10 MHz. In Chapter
7, we found that the CM and DM EMI noise will be larger when higivatching frequency is
adopted into the systenin addition an inverter with MOSFET switch performing high di/dt and
dv/dt will have larger EMI noise in the systeAlso, for some cases, the CM propagation has
larger capacitive components from the ineeto the CM ground. These cases above will tend to
have serious noise floor phenoraetue to the larger EMI noise.

In this chapter, the detailed procedure to extract UBFtst illustrated with corresponding
physical meanings. Then the model isq@dd to a SIC MOSFET threphase inverter with
switching frequency of 20 kHz and 70 kHz. The comparison between the model predictions and
the experiment measurements will show the UBM prediction capacity in these Tasenoise
floor issuewhich limitstheUBM application scopewill be explainedn detailedwith aneffective
developer. Moreoveat high frequency range above 10 MHz, an improved high frequency UBM
will be proposed witlanimproved impedance fixture design. The improved model will show the
accurate prediction in the whole EMI range in all condiion

27



3.2 UBM and Modeling procedure
Figure3-4 shows a general setup for an inverter system with CM ground, which illsstrate

possible CM propagation frotheinverter to te CM ground C,; , C; and C g represent the

parasitic capacitors between thgerter positive inputnegative input, output terminaland the
CM ground planeThe common mode curreanhd the differential mode current atefined as

(5.1) and §.2). i, andi, are input current at the positive and negative termipal, andi, are

separateéhreephase output currest
iCMi = (Ip +n)/2

S (3.2
ICMo_(Ia +b |'9/3
o =@, 4,)/2
R (32)
IDMOZ(Za 1y |'c)/3
e ———— —
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Ioa | |
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Figure3-4 General setup for an inverter system with CM ground

The CM unterminated behavioral model characterizesttleephase invertein the red
dashed square Figure3-4 with two noise sources/; andV,,) and an impedance matrix{;

, L, , Z,, and Z,, ) asFigure 3-5 exhibits. Z; is the total CM input impedance before the

inverter, including the DC sourck|SN, and theinput side EMI filter Z,, the total CM output

impedanceconsists of the load and the output EMIgiiltmpedance CM. Due to the symmetric
structure of an inverter system, we will have:

Z,,=Z

21 (33)

21

The aim of this section is to identify the two noise souesebkthree impedance parameters,
which have the relationship 05.4). Figure 3-6 is equivalent td=igure 3-5 if we clarify the Z
matrix arrangerent.
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Figure3-5 Unterminated behavioral model to be extracted
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Figure3-6 Equivalent unterminated behavioral model

3.2.1 Impedance identification

First, methods formeasuing the CM impedanceshould be clarifiedFromthe CM point of
view, theCM current flows through at the same timandthe corresponding CM input inverter
impedance is the total impedance from the input positive and negative terminal to the ground. In
order to find the total impedance with the impedance analyzer, the inptit@pasd negative

terminal should be short circuited as one terminal. The input CM impedancan then be

measured from this shectrcuit terminal to the CM ground. Similarly, the output impedadge

is measured from the sharircuit 3-phase output termals to the CM groundDuring
measurement, there is no power in the system. All impedance measurefitietite impedance

analyzer should bmadewithout power.In addition the setup for inpuZ; and outputZ, should

not be changed after the measuremena new measurement should be performed to include all
the parasitic components in the propagation.

In order to analyze the inveresmpedance &,, , Z,, andZ,, ), we can refer to the CM
propagation in the inverter fgure3-7. In Figure3-7, some of the CM curreng,; flowsto the
ground throughC,; and C,¢, then the rest transteto i, through the six switaks andthree

C,; filters. This propagation can be extracted iftgure3-8.
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Figure3-7 CM propagation in the inverter

In Figure3-8, C describes the total effect &f.; and C,; , which can be seen as the parallel
impedance ofC.; and C,; . Similarly, C,; refers to theparallel results of the three output

capacitorE, ;. Cqy and Ry, represent the effect from thex switches. When the inverter is

working, oneof the two switchess alwaysin one phase leg on, through which most of the CM
noisegoes Therefore, it can be seenpapximatelyas ashort circuit between-Rl to ab-c terminal

for CM noise. As a resultRy,, will be much smaller compared with the impedance€,gfand
Cos asseen in(5.5). We will get an approximation of %.6), which can be compareslith the

equivalent circti in Figure 3-6. Furthermore, the inverter impedancds and Z,, can be

measured at powaff condition. This is becauséhe switches can be seen as big impedances
without switching behavior. The impedanaethe inverter inpuside shown inthe impedance

analyzer witithe CM impedance measurement method demonstrated adlumald beZ. . The
output inverter impedance measurement is equivalefy toThese impedance measurensame
close to the real condition with powen. Hencejn UBM, Z,; and Z,, can be measured in the

poweroff condition withtheimpedance analyze#,, can be measured with a network analyzer,

. . . 2.2,
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Figure3-8 Equivalent CM inverter impedance
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3.2.2 Noise source extraction
There is no direct way to measutee two noise sourceVy; andV,, ) as the inverter

impedances. One experiment at the standard working conditi@mrfarmpedby measuringcy
andigy, Simultaneouslyln the setup, two CM chokere inserted inttheinput and output sides

(Figure3-9) to acquire high impedance fet and Z, .
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Figure3-9 Inverter setup witlCM chokes
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Thenoise sources cahenbe calculated withy 7) after FFT of the measured currentghie
time domainHoweverZ,;,Z,, and Z,, areonly approximate results, causing extra error in the
equivalent noise sources. In order twidvusng imprecise impedance, the chokes should be
fabricatedwith the assumption that the input impedanéeand the output impedancg, are

much larger (20dB) than the inverter impedare&3. Thenequation 6.7) will be simplified to
(5.9), avoiding theinverter impedances. Hence the equivalent noise sources are extracted.

&V 2 i ic@Zi 21?11 Z, ?-crvn 3.7)
€VN2 H icr%Zo egu Z22 CMo
Z>7Z.,
| le 212 (38)
Z,> 2,2,
&V, g Iz
g - icgz (39)
evVnz U CNB“ o

3.2.3 Optimized inverter impedance
With the impedance measured in SecBoh.1and the equivalent noise sourckscussedn

Section3.2.2 the elementary model can be used to predict the EMI noiseawitferent Z;, and

Z,. However, compared with experimental measurement and the model prediiianethod
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showsobvious errors in the whole frequency range. One of the reasons for the chigsntite
approximate inverter impedancét any rate the real impedance cannot be measured with the
impedance analyzer when the inverter is working with power. Therefoogher experimeat
case is performed to optimize the invedt@mpedances.

In this case, two CM shunts are inserted into the systémRgure3-10. As a resultZ; and

Z, are much smallerthan the inverter impedance$.10). Measure of i, and gy,
simultaneouslyshowmore informationaboutthe inverted smpedare. Due to Equation (3.10)
and 6.4), iy is dependent oy, and Z,, ; i, is dependent o, andZ,,. The measured
current spectrumsidy,; ,icy,) are calledi,, ,, andi,, ,. The prediction results of the input and

output CM current using the model extracted are cajledandi,, ,.
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Figure 3-10 Inverter setup with CM shunts

Z,<2,2,

Z,< 2,2, 19

In the optimization, the error between the theoretical predictigns éndi,, ,) and the

experiment measurements,,(,, and i, ,) are minimize with the aim function §11) by

optimizing three inverter impedances. The optimization impedances are the final iceontifice
the model anthenUBM is ready tperformvalidation cases to check the feasibility and prediction

capacity.
min((liip—m‘ - ‘I ip 'p‘)z i(ll op J

The UBM extraction procedure summary is:

Measure the CNhverterimpedance in the system.

Experiment with CM chokes: current and impedances measurements.
Experiment with CM shunts: current and impedances measurements.
Optimization.

o0 ) (3.11)

Hwn e
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3.3 Model extraction based on SIiC MOSFET inverter with 20 kHz switching
frequency

With the procedures illustratedhe UBM for the SiC MOSFET inverteis shownin Figure
3-11. The schematic diagram is shown kigure 3-4, andis extracted with working conditi@n
shownin Table3-1. The cqper sheet is connected witlhe CM ground terminal of LISNand
thenfull contact is madevith the steel setuplhere is a 5 nF MKP capagitconnected between
the neutral point of the loaghdthe groundin order to measure input CM noise, the positive and
negative conducting wire should go through the current probe at the same time. All three output
wireswill flow through the output curreg probegFigure3-12). The probes are carefully calibrated
before the experiment$he oscilloscope is working witthe configurationshownin Table 3-2.
The objective for this section is to assessddgacity ofthe UBM technique to capture the high
frequency noise dad SiC-based power converter.

Figure3-11 SiC inverter experimental setup

Table3-1 SiCinverter setup configuratidior 20 kHz switching frequency

Input voltage 300 Vdc
Input current 10 A
Output current 16 Arms
Resistor in the load 3.3R
Inductor in the load 0.3 mH
Switching frequency 20 kHz
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Figure3-12 Probe placement in CM noise measurements

Table3-2 The oscilloscope configuration

Sampling rate 500 Mp/s
Time scope -5 ms ~5ms
Terminal resistance 50q
Data point 5000032

nce measurement

With the Agilent 4294A impedance analyzer, the inverter impedadgend Z,, are first

measuredn the power off condition ashown inFigure 3-13. Z, is the impedance between

Terminal N, and Terminal GZ,, is the mpedance between Terminid, and Terminal G. The

two measurementasshown inFigure 3-13 have the same capacitive impedance up to MHz, in
accordance with the analysis in Sect®2.1 showingthat Z,, is approximately equal t&,,.

Above 4 MHz, there iadifference betweeiZ,, and Z,, due to the different parasitic components

in the two loops.
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Figure3-13 Impedance measuremenéethod
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Figure3-14 Inverter impedance measurements

The nput and output impedances foreovalidation case are shownRigure3-15. The green
line refers to the CM LISN impedan@®m Terminal N, to Terminal G inFigure3-13; the black

line describes the CM propagation through I6Berminal N, ) to the groundTerminal G)
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Figure3-15 The input impedance and output impedance measurementthevithverter impedances

3.3.2 Noise sources extraction in the choke case

In order to extract the noise source witB], the assumptiorb@) should be tenable. Ate
input side, two CM chokes in series are put between the inverter and LISN. At output, one CM
threephase chokes placed between the inverter and RL loadla®wn inFigure3-16. The series
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impedance measuremersisownin Figure 3-17 indicate that the series impedances in the outer
loop are 20 B larger than the inverter impedandesm 100 KHz to 20 MHz

CM-input-1 CNhput-2 CMutput

Figure3-16 CM chokes
100 T al
i
gob..i
o 1 R R RSN P P P T B R -t R
= P : P
= Do o Lo
= I ] P
=)
. 1] IR R R - N SO P R S SRR L
11 ] L ; o
722 _
------- Input series . P ;
Output series
20 =

10° 10
Freguency (Hz)

107
Figure3-17 CM choke case input and output impedance with the inverter impedances
During the design oM chokesijt is essential tanake sure the inductor will not saturate in

the standard working conditipandthattwo or three winding be twisted together in the same
direction to avoid DM inductance.

Experimental current spectrums in the choke case are shokigure 3-18; with equation
(5.8), the noise sources are calculated and exhibitédgare3-19.

36



IN]
=]
=]

Yy, (dBuY)
g B
:

m
=]

V), (4BUY)

50 : : ; : A : 0 : i iy : e
10* 10 10° 10 10t 10° 10° 107
Frequency (Hz) Frequency (Hz)

Figure3-18 CM current spectrum in thi20kHz choke caseFigure3-19 Noise sources extract@u 20 kHz case

3.3.3 Shunt case experiments
With the noise sources and the inverter impedances, wéheareticallypredict the EMI
noise with differentZ, and Z, including the casehere Z, and Z, areasshown inFigure3-15.

According to Equation¥4) we can calculate,, ard i, spectruns in this casewith results

shownin Figure3-20. There are errors above 1 MHz between the prediction and measurements.
One of the reasons is the inaccurate inverter impedances. tisang measurement with the
impedance analyzer at power off conditiogsults inthe unpredictable error. Therefpenother

case called O0shunt cased is performed to opti
150
3\100 .......
D% —
% 50 =7
E OF = ' .Mea;su.nled‘ -----
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.50 T S W T L FE R i P R R
10t 10° 10° 100
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T 100F--
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E 50 b~
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.50 T i W | L FE R i PR il
10t 10° 10° 100

Frequency (Hz)
Figure3-20 Comparison between the maasments and predictions for the validation case

Section3.2.3contains arexplaration ofhow to perform a shunt case experiment. In the SiC
inverter setup, the input and output shunt impedances are designed to satisfyrtipiasshat
Z, and Z, are much smaller thahe inverter impedanced.he shunt impedance parameters and
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topologies are shown ifigure 3-21. During the design, more branches are chosen for the
dissipation of power and heat on tlesistors The capacitances also need careful design. If the
capacitances are too small, the shunt impedance may not be smaller than the inverter impedances.
On theother handif the CM noises ar@o large the resistors cannot baaem The measurement

for the total input and output impedances are showkigare3-22, whereZ, and Z are smaller

than Z,, and Z,, below 7 MHz.
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Figure3-21 Input shunt (left) and output shunt (right) intla@ce parameters and topologies
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Figure3-22 Total input and output impedances in the shunt case

The experimental current spectrums are measured and compared with the model prediction i
Figure 3-23, where large errors exist in the whole EMI range and need optimization
minimization.
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Figure3-23 Comparison between the measurements and predictions for theeabent

3.3.4 Optimization
Optimizationis performed by Matlab with the optimization functidminsearcldé f ocusi ng ¢

“op pz) search with several variables of the

the minimum value((‘iip_m‘- ‘iip _p‘)z -(f Op,‘
inverte® Bnpedancesi;, ,, andi,, , are the shunt case current measuremeptsandi,, , are

predctions from the U B M. The process of o0 f mhownend-igurec h6 f o
3-24. From the figure of the inverter impedancEwg(re3-14), we can see thdelow the resonant
frequency Z,, and Z,, are capacitiveandabovethe resonant point they increase due to the, ESL

the physicalform of whichare capacitorsThereforethe frequencyconstantZ,, and Z,, can be
simplified by branches of resistors, capacitors and inductors. In the optimizatjipa,, and Z,,
are expressed ib.(12), whereR reflectstheresistor,L; theinductors andC, thecapacitors.R

,LandCare the real optimized variables in the

Use initial inverte
impedance to
predict currents

UseNelderMead simplex
algorithm to find the next
inverter impedance value

satisfy the
requirement,

Output the final
inverter
impedances

Figure3-24 Diagram for the optimizatioprocedures
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The impedanceptimized results are shown #igure 3-25 with new prediction current
spectruns as shownin Figure 3-26. Compared withFigure 3-23, the error between ¢h
measurements and the predictions are smaller. And in the model validation Eagee3-27,
with Z, and Z, measured ifFigure3-15, the UBM canpredict the CM EMI noise up to 5 MHz.

In practice, it is btter to count the frequeneyrorbefore the noise flogpthis will beexplained in
alater section.
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Figure3-25 Comparison of the measured and optimized impedance in 20 kHz case
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Figure3-26 Comparison between the measurements

and the predictionhevitbtimized inverter impedancedf
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Figure3-27 Comparison between the measurements amgbdictions withthe optimized inverter impedance in
the20 kHzvalidation case

One of the benefits ahe NelderMead simplex algorithm is that it can always converge to a

nonstationary point,
whetherthesimplex converget o t h e

whi ch means it smetclearal ways
s ame p o iwheéen ardnftde optimidaton c o n f u

is completely finishedAs theNelderMead simplex algorithns implemented in the function of

6fmindedrheh det ai |l ed

0 pttof hmman aconirobThis rpsults cmthes s |1 S

possibility that the optimization does not minimize the error to the minimum due tactiibat

theconfiguration parameters are not perfect.
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With several trials in the optimization with different configuratiomgpaeters, the function
evaluation/iteration number ideally 5000/5000:This larger number may hold for muébnger,
which is not comparable with the contribution it makes.

3.4 Model extraction based on SiC MOSFET inverter with 70 kHz switching
frequency

3.4.1 Model extraction in the 70 kHz switching frequency case

In this section, the SIiC MOSFET inverter is working with 70 kHz switching frequ&vlogn
the EMI noises compaedwith different switching frequenes the faster the switching speed is,
the larger te EMI noise is. So the objective here is to find the prediction capacibe®fBM
working with higher switching frequency. The standard working condition in this chsedin
Table3-3, where the poweis somewhateducel. Because the two switching frequency cases are
sharing the same dead time setting citdhié dead time is the same. Therefore the duty cycle
range of the 70 kHz case will be smaller, causing larger harmonics at the output. The space vector
pulse width modlation centered-8 -C is adapted for the two cases.

Table3-3 SiC inverter setup configuration for 70 kHz switching frequency

Input voltage 300 Vvdc
Input current 8A
Output current 10 Arms
Resistor in the load 3.3R
Inductor in the load 0.3 mH
Switching frequency 70 kHz

In order to extracthe model the inverter impedancewhich are dependent on the parasitic
capacitors from the inverter to the groumde measured first. In the 70 kHz case, the setup
placement ishe samesthat of the 20 kHz case. Theref@e, Z,, and Z,,measured at power

off condition are always the same for the different switching frequency, eéssaeZ, and Z, in

any cases with or without extra impedance inserfgds is becausdhe impedances ar
independent of the switching behavior and/@h the parasitic distribution. As a result, in this
section all the measured impedances used are the aamehe 20 kHz case.

However, the real inverter impedance in the pearecondition should be défentfrom the
ones in the 20 kHz case due to their reliance on the switching a¢hiersame is true for thmmise
sources in the 70 kHz UBM. As a resiuitthechokecase, the experiment to calculate the sources,
and the shunt case, the experimenateal to the real inverter impedances should be performed
again in the 70 kHz standard working condition.

Figure 3-28 showsthe current spectrums in the choke ¢asel with Equationq.8), the
equivalent noise sourcese calcuhted and shown ifigure 3-28. With thesesources and with
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measured inverter impedances, the shunt case current spectrum can be predicted again and
compared with the measurementskigure 3-30. The sameoptimization process is performed

based on the error between the measurements and predictions in the 70 kHz shunt case. With the
optimized impedance iRigure 3-32, the shunt case current spectraam be predicted again in
Figure3-31. Furthermore, the 70 kHz validation case spectrums are predicted with the new model

in Figure3-33. In this model, th&JBM implies a good prediction up to 5 MHz.
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Figure3-28 CM current spectrum in the HHz choke caseFigure3-29 Noise sources extracted in 70 kHz case
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validation case

In the 70 kHz case optimization process,tthe RCL branches in parallel areaasto describe
the inverter impedances,, Z,, and Z,,. As this in accordanceith the physicaktructure, this
mears that they are related 8. andZ._ . Thereforethere will be six parameters to describe
one impedance aeen in5.13).
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3.4.2 Evaluation of the EMI emission in different switching frequency based on UBM

In Section2.2, the increased EMemissioncausedby the higher switching frequency is
analyzed. With the UBM of the 20 kHz and 70 kHz switching frequency cases, we can find the
reasorfor the increasérom the model.
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Figure3-34 Z-matrix result after model extraction of 20 kHz and 70 kHz switching frequency cases.
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Figure3-35 Noise source results after model extraction of 20 kHz and 70 kHz switching frequency cases.

3.5 Re-designed shunt impdance and improved measurement fixture

In the validation case in the 20 kHz and 70 kHz cases, the predicted spectrums can only match
the measuredpectrumaip to 5 MHz. The main reason is the ineligible shunt impedance in the
shunt case experiment. Redhlhtthe measured input and output impedancehe shunt case in

- . . 2,<2,2,
Figure3-22, Z and Z donot satisfy the assumpti@B.10) ( ) above 5MHz. Above

Z,< 2,2,
5 MHz, Z, and Z are comparable witlZ,, and Z,,. Therefore the informationaboutZ,,, Z,,

and Z,, above 5 MHas lostin the optimization. In order texpandhe prediction capacity, better

shunt impedances are needed with smailgh frequency impedances.

One general way to reduce shunt impedanbg @&lopting larger capacitance. As a result, the
CM noise or current will increasand soseries resistoraith more powershould be chosen. Or
more resistors with larger resistance in parallel coulduds. It is also beneficialto use
components in parallel rather than in serfETause the seriesnnection causes extra equivalent
series inductance (ESLyhich isthe main component above the resonant frequenbg. series
resistors are usdtereto make the impedance flat in case the impedance at thetpa @sonant
frequencyis too small

3.5.1 Improving the capacitance and the series resistance in the shunts

In Table 3-1, different shunt topolags for the output side are listd, and corresponding
impedances inserted into the setup are measurédyime 3-36. Results show thawith larger
capacitance, the impedance at low frequaaecgduced. Howeverabove the resonant frequency
point, the impedancis smaller with the smaller capacitance. The tendency of the impettance
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change above resonaneéquency is in accordance with the series resistance. Hence, the smaller
resistance is chosen to see whether the high frequency impedanoeradlce or not.

Table3-4 Different output shunt topologiesgith different capacitances

No. C/nF RIY Circuit for one terminal

jnF 1K
1 45 0.25 [::J l,
THR -
——

1K
1.5 2nF
2 22 chip o
5 22nF 1%

3 9.5 i HHW

100

Shunt-1
Shunt-2

|Z| (dBahm)

3 5 7
10 10 10
Frequency [Hz)

Figure3-36 Output shunt impedances for the different output shunt topologies

At the input sides, the series impedances change with the constant capaucitdaobeare
listed inTable3-5. Their corresponding input shunt impedaaee drawn irFigure3-37, where
Case 2 and 3 have the salatl_. As noted the impedance aboweMHz cannot béurtherreduced.
This indicates that the main ESL above 5 MHz is integrated in the setup or measurement fixture,

and thereformeed reduction.
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Table3-5 Different input shunt topologies with different resistance

Circuit for one

No. CleF RIY )
terminal
1 1.9 0.25 L
0.47>F 1K 1K
2 1.9 0.5 D_m_m_l
0.47>F
3 1.9

|Z] [dBohm)

Shunt-1 — 711 '
: Shunt-2 _ 22.2 -
------- Shunt-3 : Zlisn

Zout |

3.5.2 Measurement fixture improvement
Figure3-38 shows the measuring momenttbé input shunt, whicltorrespondsvith Figure
3-39. The input shunt is surrounded in both green frames in the two figthhesorange squares
are trapping the measurement fixtuneq banana conducting wingsvith which thepositive and
negative terminal of input can be shontcuited to one point (green banana sock&igure3-39).
The impedancanalyzer will measure from the green banana socket to the steel plate (ground) as

Z, in the shunt case. However, the banana conducting wiresdige&SL themselvegsshown

1:-; :l:-'T
Freguency (Hz)

Figure3-37 Input shunt impedances for the different input shunt tagpe

in Figure3-40, where the impedance is 4.§%t 10 MHz. Compared with the total impedance at
10 MHz which is 7.05q, the conducting wiresauseoo muchESL and need replacement.
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Figure3-38 Input shunt measurement fixture schema
diagram

Figure3-39 Input shunt measurement fixture
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Figure3-40 Banana conducting wire impedance
A threeterminalconnection fixture is fabricatiewith smaller ESL.asshown inFigure3-41,
with its impedanceneasured from any two terminafsFigure3-42, where the impedance is 0.58

g at 10 MHz,10times smaller than the original method. The fixture can be pladbdiaput or
output side instead of the banana conducting wires.
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Figure3-41 Designed

shortcircuit fixture
Figure3-42 Designed shottircuit fixture impedance

3.5.3 Shunt PCB improvement
In addition the connectiostto the shunt boards are testeyure3-43 shows aramplification

of onecorner of the input shunt PCB boaveherethe (right)banana connector is wielded on the
one joint sheet on the PABND copper sheet in tifagure3-44). This joint is connected to the
back of the boarthrough a via holewhich is the ground of the PCB. Generally, the via hole will
contribute extra ESL in the loop. This phenomenon is verified with the measurement performed
asshown inFigure3-44. The input shunt will be taken into several parts, @aghich is measured

to find the biggest ESL contributor.

Figure3-43 Detailed input shunt PCB connection
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Figure3-44 Separation of the input shunt in one branch

Table3-6 lists the measurement of teeparatgarts in the input shunt PCB. Obviously Case
2 has the biggest real part. However, the ESL part is integrated in @dsrethe impedaec
degree is close to 90 with quidgdarge magnitude. Therefgrthe via hole connection needs to
provideavoidance. Finally, the banana connection for GND is direatiged on the back of the
shunt PCB. The same improvemeatemadefor the output shurlPCB.

Table3-6 Comparison of the measurement for different parts of the input shunt in one branch

@10MHz Magnitude(Y) ” (Degree) Real par{(Y)
1 1.84671 -85.8278 0.248

2 1.37918 7.119926 1.368

3 1.51067 76.2766 0.494

4 1.52772 -0.3717377 1.52

5 5.71314 82.5155 0.74

3.5.4 Improved shunt impedance and the updated UBM results

With the improvement in the shunt PCB and the measurement fixture, the new shunt
impedances measuremsiatre exhibied in Figure 3-45 for compaison with the original shunt
impedancedn this way, the shunt impedances are smaller than the inverter impedances more than
10 dB apart fronthe 10 MHz point,and 20 dB smaller below 8 MHz. With this new shunt
measureent and the shunt case measured spectrums, the optimization can be performed and the
validation is predicted to assess the positive effeat this developer.
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Figure3-45 Comparison between the origiraald new shunt impedance measurements

First, compare the new prediction before optimizatioRigure 3-46 with the original inthe
shunt casshownin Figure3-23. The new result getabetter matchihanks to the clarified shunt
impedance measurement. The original shunt impedarsesl inthe prediction are larger than the
real ones. Actually, the clarified shunt case can gmettygoodprediction already, relieving the
pressure on the optimization. @paring the new prediction ithe shunt caseshownin Figure
3-47 with the original oneshown in Figure 3-26, the new prediction results match the
measurements better. Take the validation aditlaé conmparison the new resultgFigure 3-48)
for the20 KHz case impyl good prediction to 10 MHz and thesultsfor the 70 kHzcaseg(Figure
3-49) expandsthe UBM prediction capacity to 10 MKHas opposed tthe original prediction
capacity whichwas5 MHz.
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Figure3-46 Comparison between the measurements and predictions for the 20 kHz shunt celsifiéthshunt

impedances
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Figure3-47 Comparison between the measurements and predictions after optimieatiom 20 kHz shunt case
with clarified shunt impedances
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3.6 Noise floor issue and its developer

3.6.1 Origin of the noise floor issue and its effect on the UBM

For now, the UBM prediction capacity Isnited to 10 MHz. The limitation to further
improvement is called the noise floor. Focusing on the spectrums abovdZBdvh Figure3-47
to Figure 3-49, we can see that they aflat asa floor, which is caused by the limited vertical
resolution of the oscilloscope.

The general method to perform an EMI behavioral madedsed on some measured current
or voltage spectrums. The oscilloscope is needed to capture the time domain waveform with high
sampling frequency (100 MHz at least). During the experiment, the vertical resolution is adjusted
to trap the waveform in thescilloscope screen as the system can only restore the data within the
screen. The smaller vertical resolution is determined by the largest peak in the wald®rm.
smallest signal captured is limited by the chosen vertical resol&orexample, the cdloscope
working with the experimen® RTO 1014 from Rhde & Schwartzd has a singlecore
architecture for AD (analog to digital) transformation with more tbeweneffective bits (128)
(Figure3-50*%), which isfairly high comm@redto the oscilloscopeurrently o the marke which
has alG sampling frequencyThe hgher sampling frequency oscilloscope has senadffective
bits in the AD.)Figure3-51 from the scope manual alsbows theclaim that tle noise floor, the
smallest signal the scope can capture, will increase with the increased vertical sensitivity (also as
vertical scale). Moreover, if the sensitivity increag®l0 times larger, the noise floor will increase
10 times (20 dB), which is @erimentally verifiedn Figure 3-52 by takingmeasuremestwith
different vertical scakonthesame signal.
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Figure3-50 RTO 1014 effective bits with input frequentdy

RMS noise floor at 50 Q (typ.) input sensitrvity R&S"RTO1002, R&S"RTO1012,

R&S*RTO1004 R&S*RTO1014
1 mVidiv 0.08 mV 0.10 mv
2 mVidiv 0.08 mV 0.10 mv
5 mVidiv 011 mV 012 mv
10 m\/div 017 mV 0.20 mv
20 mV/div 028 mV 0.36 mv
50 mV/idiv 0.70 mV 0.85 mv
100 mV/div 1.30 mV 1.65 mv
200 mVidiv 270 mV 3.30 mY
500 mVidiv 7.00 mV 8.70 mY
1 Widiv 13.7 mV 17.0mv

input sensitivity R&S*RTO1022, R&S*RTO1044
R&S®*RTO1024 (meas.)
1 mVidiv 0.15mV 0.24 mv
2 mVidiv 0.15mV 0.25 mv
5 mWidiv 0.18 mV 0.28 mv
10 m\/div 028 mV 0.42 mv
20 mV/div 0.50 mV 0.72 mv
50 mV/div 1.22 mV 1.80 mV
100 mVidiv 2.39 mV 3.60 mv
200 mVidiv 4.80 mV 7.20mvY
500 mVidiv 12.0 mv 18.0 mv
1 Vidiv 23.9mV 36.0 mY

Figure3-51 Vertical system noise floor of RTO oscilloscope

InFigure3-52, t he s pect rane2ddB highmer tidgathoss /nd i dviE0diat\ondy
fixed frequency pointThe larger the vertical scale, the larger the smallest measured signal is and
the higher the noise floor ifn the shunt caseith the largesCM spectrunof all the cases, the
noise floor issue is more seriodsgure3-53 compares the CM current spectrumsha20 kHz
and 70 kHz shunt case. For the 20 kHz case, the spectrum decnetisthe increased frequency
upto 6 MHz, where the spectrum touches tiwése floor and tergto be flat. Theaeal spectrum
above 6 MHz is hidden by the noise floor. As for the 70 kbize where thespectrum is higher
than that of 20 kHz case, the noise floor st@r8&MHz at the input side. Howevehe noise floors
in the 20 kHz and 70 kHz input spectrsiall startataround 70 dBA, owing to the same scale
during the two experiments. At 6 MHz, the 20 kHz input spectrum reachess20 HBwever, at
the same point, the 70 kHz input spectrum dksger magnitude and touches 70sd@Bwhen it
goes to 8 MHz. Asdr the output spectrum, the noise floor of the 70 kHz case also starts from 6
MHz, which isthe same as that of the 20 ketse, due tthe larger vertical scale it uses compared
that of the 20 kHz case. The 20 kHz output spectrum touches the noise iftoarmagnitude
around 70 dBA. Though the 70 kHz case hakarger spectrum in the whole randeg noise floor
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for the 70 kHz output spectrum stantgh a magnitude around 80 @B\, asthe largeithescale it
uses, the higher the noise flogitl be.
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Figure3-52 Comparisorthe spectrum measurementgh different vertical scakon the same signal
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Figure3-53 Comparison of CM current spectrain 20 kHz and 70 kHz shunt case

A similar issue also exists in the validation case but not in the series case. Recalling the series
case spectrum iRigure 3-18 (20 kHz case), anHigure3-28 (70 kHz case), the noise floor start
above 30 MHzAs a result, in the shunt and validation case, or any other case with the noise floor
issue below 30 MHz, there exsshe needor an effectivesolution
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3.6.2 Developer: segmented frequency range measurement with high -pass filter

In order to find the speatm below the noise floor, one possible solution is toaus®maller
vertical scale to measure the spectrum, which is determined by the highest peak of the spectrum.
If a high-pass filter is connected between the current probe and the oscilloscope, therspat
the highest peak can be effectiveatbigher frequency with the lower noise floor usegmaller
vertical scale.

A. Spectrum measured with high pass filter

In order to certify the feasibility of the filter assolution to the noise floor issuseveral
experiments are performed wihb MHz highpass filter and a 10 MHz higbass filter. The €& -
C highpass filters are designed with simulation software cdfiéidr Free 2014 from Nuhertz
Technologieswhose topologies and parameterssim@wnin Figure3-54 andFigure3-55, along
with some design characteristicsliable3-7. The transfer gain measured with a network analyzer
for the fabricated filters are shownhigure3-56, in accordance with the simulation results.
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Figure3-54 Topologies and parameters of 5 MHz (left) and 10 MHz (right)-pigss filter

Figure3-55 Fabricated filters of 5 MHz (left) and 10 MHz (right) higlass filter
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Table3-7 Design characteristics of the higlass filer

High-pass Filter Design 5 MHz 10 MHz
Pass baah frequency 4.52MHz 10.2MHz
Pass band Attenuation 3.01dB 3.01dB
Impedance 50 Ohm 50 Ohm
Topology order 3rd 3rd
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' s

brdls o o
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--c-f""'hp»*" 5MHz filter
@rw 10MHz filter

Figure3-56 Measured transfer gain for the highss filters

Two filters aretheninsered between the current probe and the oscilloscope sepandtiedy
experimentsFigure3-57 andFigure3-58 showthe spectrum without filterand with filters in the
shunt casesvith the vertical scalehosen for the different conditionsTiable3-8. Take the output
20 kHz shunt case spectrum as an example noise floor of the spectrum without filter starts
from 6 MHz with the vertical scale of 1 V/diand the highest peak the spectrum reaches 120
dBeA. When the 5 MHZz filters inserted, the highest peak drops to 98 ABAs a result, a smaller
scale as 100 mV/div is chosen and the noise floor is pushed 20 dB stavéng from 15 MHz.

In the 10 MHZz filter case, the dhiest peak is further reduceal70 dB:A and the noise floor is
pushed above 30 MHz with the vertical scale of 50 mVidiconclusion, the higipass filter will
help push the noise floor @ higher frequency with the smaller vertical scalethe chosen
compatibleoscilloscope

In addition tothe spectrum analyzeesults showrn the two figures aboveabove 6 MHz,
the 5 MHz filter results match with tmesultswithoutafilter up to10 MHz where the noise floor
starts. The 10 MHz filter hedpto find the spectrum above 15 MHz up to 30Mk#ere the
spectrum mataksthatof the5 MHz filter around 20 MHz. Hence the whole frequency range can
be separated into three segments: 10 kHz ~ 6 MHz, 6 MHz ~ 15 MHz and 15 MHz ~ 30 MHz,
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corresponding to théollowing conditions: without filter, 5 MHz higipass filter and 10 MHz

high-pass filter.
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Figure3-57 Comparison among the spectrum without filter, with 5 MHz 8ddVHz highpass filter in the 20 kHz

Figure3-58 Comparison among the spectrum without filter, with 5 MHz &ddHz highpass filter in the/0 kHz
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Table3-8 Vertical scale in the @dlloscope during different experiments

Validation Shunt ¢30dB)
V/div
input output input output
w/o 50m*30dB 100m*30dB 1 1
20k SMHz 500m 400m 100m 100m
10MHz 400m 200m 40m 50m
w/o 100m*30dB 100m*30dB 1 1
70k S5MHz 500m 400m 200m 200m
10MHz 400m 200m 50m 50m
***30dB: 30 dB attenuation is added at the oscilloscope terminal to trap the whole waveform in the screen

B. High-pass filter cooperation with UBM

It is already verified that the spectrum can cover the whole EMI range with the hiédersf
if the spectrums under thteree conditios can connect as onAt any rate the filter can change
the input signal magnitude and phaséoth. F the phase information in the three conditcan
be ignored, consideringnly the magnitude of thepgctrum, the connection can bempletedoy
chopping the spectrum apdttingit in order after the experimentdowever, theassumption that
the phase can be ignored needs verification before using the segmented spectrum in UBM.

Firstly in the choke caséhough there is no noise floor issue, the assumption is challenged.
For example, in the choke case, the experiment without fikgrerformed first where the input
and output currents are measured simultaneously., Tinéhe same case, the input andpo
currents are measurexgparately in two experiment$he noise sources extracted in the first

condition are calculated aS.{4) (or 5.4). The phases ofy;, andV,, are aligned withthose of

iewi @andicy, , Which are aligned with each other due to the simuitaseneasurement. In the
second measurememtherethe input and output currents are not measured at the same time, there
aresome unpredictable phadgetween the two currentBecausef this unpredictabilitythe two
measurements are performed at theespimase point. As a result, there will be some phase delay
in the calculated noise sources 5il5).
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Using 6.14) and $.15) to predict the curretd spectrumandin some ases separately as
(5.16) and %.17), the second spectrum magnitude will not match the same prediction as the first
condition due to the unaligned phase in the noise sources. In conclusion, in the choke case, all
measured spectrigshould have aligned phessor be measured simultaneously. Asated the
phase information cannot be ignored here. The filter matisedto overcomehe noise floor in
the choke case is not available.
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In the second experiment in UBM, the shunt sagi¢h larger CM noise are choseand the
noise floor issue is moseriousn the shunt case, owing fact that it hashe largest noiset the
UBM extraction procedures, the shunt case spectrums edgaiperform optimizatiowhere the
aim is minimizing the error between the spectrum magnitude square in measurements and
predictions as5.11). The effective information from the experiment to the model is the current
spectrum magnitude. No phase infotimais relevanhere. If the input and output current are not
measured at the same time, thegybe some unpredictable phase delay between tHemever,
this doesaffectthe model and the optimization process.

For the validation casacomparison b&teen the measurements and predictions is performed,
where the topic is spectrum magnitudeThe phase informationremains insignificant.
Consequently, the filter method can apply to the shunt and validation cases.

Figure 3-59 and Figure 3-60 exhibit the connected and assembled spectrutier20 kHz
shunt and validation cases, which are adapted to the optimizationsprace validation
comparison. The 20 kHz predictions for the shunt c&sgu(e 3-61) and the validation case
(Figure3-62) with new optimized inverter impedances match the measurement to almost 30 MHz.
For the 70 kHz case, the connected spectrum in the shufigure 3-63 is adapted into the
optimization and its results for the shunt predictiofrigure 3-64 and for the validation case in
Figure 3-65 implies that the UBM can also give good predictaver the whole EMI range.
Focusing on the spectrum above 10 MHzFigure 3-61 to Figure 3-65, there is still some
mismatch. For example, in the shunt 70 kHz case, the measurement shows some peak between 20
MHz and 30 MHz, which the prediction cannot capture cleafiis illustrates arexising
weakness in the UBM relidhy prediction.
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Figure3-59 The connected spectrum based on the spectrum without filter5witdz and10 MHz highpassfilter
in the 20 kHz shunt case
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Figure3-60 The connected spectrum based on the spectrum without filter, with 5 MHDavitz highpass filter
in the 20 kHz validation case
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Figure3-61 Comparison between the measurements and predictions for the 20 kHz optimized shunt ¢hse with
connected spectrum
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Figure3-62 Comparison betweethe measurements and predictions for the 20 kHz validation casthaith
connected spectrum
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Figure3-63 The connected spectrum based on the spectrum without filter, with 5 MHDavitz highpass filter
in the 70 kHz shunt case
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Figure3-64 Comparison between the measurements and predictions for the 70 kHz optimized shunt ¢hse with
connected spectrum
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Figure3-65 Comparison between the measurements and predictions for the 70 kHz validation cése with
connected spectrum

3.7 Re-designedchokeimpedancein the high frequency

3.7.1 Choke design for higher impedance above 10 MHz

To improve the UBM prediction abevl0 MHz, another impedance assumpiiothe model
extractiond that the input and output impedances in the choke case should be much larger than
the inverter impedances is checked. However, the choke case curvEigure3-17is 10 dB
larger than the inverter impedance at 30 MHz. With this choke impedance, the noise sources are
calculated in%.4) and the inverter impedanaa® ignoregdas theyare canparable with the choke
impedances. As a result, the noise sources loseaagcaibovel MHz. Thereforethe chokes need
higher impedancesnd should babove D MHz as a whole

In order to increase the choke impedanaesymmon methodf increagng theinducatance
by increasing the turn numbiremployedHowever, with the tur intensive on the core, not only
will the inductor core possibbesaturated, but the equivalent parallel capacitance (Bii@Iso
bemore obvious andominatethe impedance at high frequency. As a result, the choke impedance
atthelower frequencys higher, butis alsolower at high frequency.

Another method to increase the inductor impedantepst a smalvalue inductoin series,
whose resonant frequency is located above 10 MHzanvwodeimpedance is low at kHz but high
in MHz. As a result, tb total impedance of the two inductors in series will be higher above 10
MHz. Figure 3-66 lists some CM input chokes with theegsonant frequency located at 800 kHz,
40 kHz and 3 MHz and their inductance as 15 mH, 40 nadd 08 mH at 10 kHz separately
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Focusing on the impedance above 10 MHz, the twamplewith the smallest inductance and
highest resonant frequency is the latg&he impedance above 10 MHz is mainly the EPC
impedance, which is dependent on the turning trdenThe more intensive the winding is, the
larger theEPC and themaller thampedance above 10 MHz.

In the chokeexperiments describedbove, the input choke is composed of Choke 1 and Choke
2. Thereforein the input impedance curvEigure3-17 andFigure3-67) in the choke case¢here
are two peaks rather than one. In order to incréasienpedance above 10 MHz, a third choke is
put in seriesasshown inFigure3-66, where theresonant frequency point is much larger than that
of Choke 1 and ZThus the total input impedance is increased above 10 MHz in the comparison
between the old and new input choke des{§igure3-67).
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Figure3-66 CM input chokes and their impedandesquency curves
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Figure3-67 Comparison of the input impedance in the choke case between the original and new design

As for the output, a second chokieigure 3-68 Choke 2) is put in series with the original
output chokeFKigure3-68 Choke 1). Choke Bas smaller inductance but smaller EPC as well. As
a result, Choke 2 hasgh impedance above 10 MHz, 5 dB larger than that of Choke 1. With the
second choke in series between the inverter and load, the output impedance in the choke is changed
from the light blue curve ifigure3-69to the dark blue an

Figure3-68 CM output chokes and their impedandejuency curves
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