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ABSTRACT

Wide bandgap (WBG) semiconductor deviees becoming increasing popular in power
electonics applicatiors. However WBG semiconductor devicggnerate a substantial amount of
conducted electromagnetic interference (EMI) compared to silicon (Si) devices due to their ability
to operate at higher switching frequencies, higher operating veltagk faster slew rates. This
thesisexploresand analyzesEMI mitigation techniques that can be appliecatpowermodule
architectureat the packaging level.

In this thesis, the EMI footprint of four different module architecturesneasured
experimerally. A time domain LTspice simulation modef the experimental test setigpthen
built. The common mode (CM) EMI emissi®that escapéhe baseplate of the modulgto the
converter ighenexaminedhroughthe simulationThe simulation is used to exjpe the CM noise
footprint of eight additionaimodulearchitectures thawere found in literature. Th&MI trends
and the underlyingnitigation principlefor the twelve modukeis explainedby highlightingkey
differences in the architecturesing commormode equivalent modelling and substitution and
superposition theorenthe work aims to help future module designers by not only comparing the
EMI performance of the majority of module architectures available in literaturdybatso
providing an analysismethodology that can be used to understand the EMI behaviay ofeav
module architecture that $iaot beerdiscussedAlthoughsilicon carbide $iC) modulesare used

for this study, the results arapplicable for any WBG device.
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Taha Moaz
GENERAL AUDIENCE ABSTRACT

As society moves towards the electric grid of the future, there have beeningczdls
for high efficiency, high powedensiy, and low electromagnetic interferen@EMI) power
electronic converter&£MI is abig problem when using widbandgap (WBG) devicess these
devices camswitchvery quicklyand handle higer voltageswhen compared to silicon devicés.
this study, waydo reduce EMI in a WBG power modutbroughtwelve differenttypes of
packagingareexplored FourWBG power modules adesignedand fabricated in the latwhereas
a simulation model ascreatedo studythe EMI behavior of theemainingeightpower modug.
The EMI behavior of themodules is explained using common m@ad#&1) equivalent modeling
and substitution ahsuperposition theorenThis study is important because WBG devices are
becoming morand moregopular inpowerelectronic applicationd he auwhor hopeghefindings
and analysis presented in this pageam help future module designers redieEMI footprint of

modulesthey design.
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Chapter 1: Introduction

1.1 Background

The leading semicatuctor choice for power electronics applications has been silicon (Si)
for several decadgs]. Although Stbased power electronics provides the benefit of being mature
and wellestablished, the technology is gradually reaching its limitatjighsWide-band gap
(WBG) semiconductor devices have recently started to attract attention in power electronics due
to their higher operating temperatures, faster switching speeds, higher voltage breakdown
capability, and lower conduction lossg, [3]. The ntrinsic device properties of silicon (Si
green, andWBG devices such agllium nitride (GaN purple and silicon carbide (Si®lug are

shown inFigurel.

Si GaN 4H-SiC

Electric Field
(MV/cm)

Low Conduction
Losses

High Voltage
Capability

Electron Mobility

(103 cm?/ (Vs)) » ) Bandgap (eV)

Fast Switching
Speed

High Temperature
Operation

Electron Saturation X Thermal Conductivity
Velocity (107 cm/ s) (W/ (cmK))

Figure 1: Intrinsic device properties of slicon (Si, Green), gallium nitride (GaN, Purple), and
silicon carbide SIC, Blue)



Thehigher voltage capability, higher operating temperatures, lower conduction krsdes
faster switching speedsf WBG devices result in higher efficiency and power dgnddsigns;
however, the higher operating frequenagdhigher operating voltagessoresult infasterslew
rates whichresults in a largeglectromagnetic interference (EMI) footprint of the sysféiin[9].

An example oRnEMI issuelimiting the perbrmance of WBG devica=sn be found ifil0], where

a 10 kv, 120 A SiC MOSFET/JBS full bridge mod{dd] was run in a power electronic building
block (PEBB) based impedance measurement(lMlt)) as shown irFigure2(a). The @nverter
could not be run at full voltage or rated power levels due to EMI issues. It can ba Eapire

2(b) that the peak of the noise current flowintp the ground through thearasitic capacitance
across thalirect bon@d copper PDBC) substrate in the power moduléas comparable to the
current flowing through the induct@oing to theoutputload (Figure 2(c)). The noise current
contaminatedhe groundof the converter andias causing the contrell to malfunction, limiting

the operating conditionsf the converterlt can therefore beoncludedhat properly addressing

EMIl issues is crucial to ensure that the advantages of WBG devices are not undeémaeethe
noise current was flowing througihe parasitic capacitance across the DBC substrate in the power
module,it has therefore become necessary that EMI mitigation is considered in the initial design

stages of the power modules.

In this work the effect of the power module architecture ondgtvamon mode (CM) EMI
generated by WBG devices is studied. The EMI emissions of a tatakbfe different module
architectures found in literature are explqr@ad different analysis techniques are used to explain

and compare the EMI spectrum generdtg@ach module.
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Figure 2: (a) Circuit schematic of 10 kV, 120 A SiC MOSFET/JBS module in PEBB based

IMU (b) ground current (c) inductor current from [10].



1.2 Literature Survey

Over thepastdecade research efforts have been cemicated on mitigating CNhoise
issuesn WBG devices at various levels of the conver@atutions such as CM chokes and EMI
filters are often implemented at the input of the converter to minimize the amount of CM current
flowing into the systenf12]i[19]. In [20], aCM filter is integrated inside the module package.
Thesesolutiors increase the weight and volumetbé system and limit the efficiency apdwer
density of theconverter412], [21]. For example, the addition of an EMI filter can ocgungarly
onethird of the volume of the convertg@2]. Other CM current solutions involve the use of active
gate drivers to minimize issues related to CM curi28it Slowing down the slew rates can reduce
noise generatedut also increases switclginosseqd24]. Active gate drivers employ slew rate
control to help achieve a balance between switching losses and EM|Imgig&an increase the
complexity of the circuitry and controls of the converf@3], [25]. Snubber circuits and ferrite
beadsan also be used to daemyoltage and current oscillatipwhich results in lower EMR6]i

[30].

Less work has been dedicated to studying and mitigating CM current at the power module
packagindevel. It should be noted thag¢ducing the EMI generated the packaging level will not
eliminate the need fafilter, butwould minimize the amount of noise that will need to be filtered
at the converter leveWith the rise of WBG devices, the layout and design of power modules have
garnered attention due the higher sensitivity of WBG devices to parasitic inductances and
capacitancef31]i [33]. Since CM current is worsened by these parasitics, which are related to the
power module design, EMI mitigation and containment solutions at the package lelvelraye

investigated34].



When it comes to reducing CM noise inside the package, a large portion of the literature is
focused on minimizing the powdsop and gatdoop inductances that lead to ringing during
switching events. A popular way to reduce fthgact of stray inductances is to integrate
decoupling capacitors inside the module to reduce the commutatiof3®popther designers
have attempted to reduce ttie/dt of the module by embedding gate resistorsltov down the
fast switching transigs [36] or embedding resistarapacitor (RC) snubbers and ferrite beads to
reduce voltage ringing during switching evef8%]. These techniques help mitigate CM current

by reducing the switching speed; this approach offsets the benefits offered®ylgviges.

Otherstudieshave focused on the capacitive coupling to the baseplatgigate the flow
of CM current. The literature has proposed mitigating CM current by reducincafiaeitive
coupling of theswitchingnodeto the baseplatpresent inhie power modul¢38]. In traditional
power modules, an insulated substrate is patterned to form-hriggjé configuration, with the
switchingnode pad being a significant portion of the footprint. This switchiode pad has
capacitive couplingicrosghe substrate insulation to the baseplate, creating a critical path for CM
current to flow through. This capacitive coupling can be reduced either by shrin&ifogtprint
of the switchingnode or increasing the thickness of ithgulation dielectri¢39]. Othertechniques
include removing regions dhe insulated substrabebottom coppetayerand replamg it with
low-permittivity material[40], andcanceling the CM current through the baseplate of a single
phase invertewith the input and outpumpedances of the EMI testbéging made to bptl],
[42]. This CM current cancellation is achieviegmanipulating the ratio betweehe switching
node capacitance and the equivalent baseplate capacitance. In addition, it has been shown that
reducing tke switchingnode capacitance of the module and balancing the DC+ anddilC

parasitics help reduce CM current by minimizing differential mode (DM) to CM convdr3pn



A review of thehalf bridgemodule architectures that have been used in litertdumeplore
EMI mitigation at the module packaging levelnsw presentedin [44], the effect on theEMI
performance od GaNhigh-electrormobility transistor HEMTS) based hdtbridge power module
is studied with the integration of CM filter capac#oand decoupling capacitod&s module
architectures similar tBaseline ¢ ) (Figure3(b)) andBaseline ¢ ) (Figure3(c)). Compared to
the Baselinearchitecturg(Figure 3(a)), the integration fodecoupling capacitors into the module
results in mitigation in the CM noise generated in the 40 MHz to 100 MHz range. The integration
of CM filter capacitors resulted in significant CM noise reduction in the conducted EMI frequency
range. A Baseliné , 0 ) architecturgFigure3(d)), module architecture obtained by combining
Figure 3(b) andFigure 3(c), is eventually reommendedIn [45], CM filtering capacitors are
integrated directly into a SIC JFET based Hmilfige power moduleresulting in a module
architecture similar t®aseline ¢ ) shavn in Figure3(c). The EMI gerformance of thenodule
architecture isompared to a standard Baseline modkigure3(a)) by measuring the noisgthe
line impedance stabilization network (LISN)hehighest peak in thEMI spectrum for th@oise
generated by the Baseling § architecture showed a mitigation of 10 d@mpared to the highest
peak in the EMI spectrum of the Baselmedule. An average mitigation of 6 d&as measured
compared to the Baseline module architectoeéveen 100 kHz to 1MHZn [46], the EMI
performance of configuration similar to the Baseliné () module architecturéigure3(a)) is
simulatedn alGBT based half bridge chopper circuUfor the Baselined( ) module the value of
decouplingcapacitors is varied from O toyF and effect on the CM noise generatedimulated
It was observed that treddition of the decoupling capacitors reduces the high frequency noise
peaks in theCM noisefrequency spectrunbut introduces a additionalpeak in the frequency

spectrumat lower frequencies. CM filtering capacitors are then added across the module terminals



along with the decoupling capacitpend the EMI footprint of the converter is experimdmytal
tested. Significant mitigation was seenthe CM noise beyond 3 MHA Baseline(6 , 0 )
(Figure3(d)) architecture is recommendédd [47], Baselined ) and Baselined ) are proposed;
however, the integration of capacitors is dsicussedlnsteadthe paper proposes modifying the
module geometry and using the parasitic capacitances inside the module to obtain a somewhat

similar effect. The architectures are tested as a half bridge operating in a boost converter topology.

Modulearchitectures in literature that use stacked substrates for a lower EMI footprint are
now discussedn [48], the EMI footprint of &iC haltbridge powemoduleswitched in a boost
converter configuration is measured with four different module arcaresx:t BaselinéFigure
3(a)), CM Screen(Figure3(e)), CM Screen0 ) (Figure3(f)) andCM Screen(DC Mid) (Figure
3(g)). The EMIfootprints of thesefour module architectures compared and théM ScreenDC
Mid) architecturds concluded to have the low&M EMI in the conducted EMI frequency range
0 a mitigation of more than 1B over awide frequency range. Although experimental results
are provided, analysis of the noise reduction and frequency spectrum for each module architecture
is not provided. In[47], the CM Screen(Figure 3(e)) and CM Screen(d ) (Figure 3(f))
architectures are proposed atabsted with halbridge power modules operatiig a boost
converter topologyThe integration of decoupling capacitors into the architecturehtoCM
Screen(0 ) is not discussed; however, a somewhat similar effect is achieved by modifying the
geometry to take advant age tf49]ttHe EMIpesfairuoaneed s p a
of aCM Screen(Figure3(e)) and aCM ScreenDC Mid) (Figure3(g)) architecturas compared
in the time domainThelargest peak of theoise generately the CM ScreenDC Mid) module
architecturevasmeasuredo beten times lower than thkargest peak for thEM Screermodule

architecturelLittle analysison the mitigation seen is providebh [50], the EMI performance of a



stacked substrate module architectureafdfType NPC power modul@igure3(h)), made using
ahybrid combination of SIC MOSFETs and Si IGBT®scompared to baselinesingle substrate
T-Type NPC module architecturéhe stacked substrate introduced into the module architecture
is intended to act aan EMI shield and is connected to a fixed potential formed by the series
connection of decoupling capacitads a configurationreminiscentof CM Screen(DC Mid)
(Figure3(g)) from an EMI point of viewExperimental resultshoweda mitigation of up to 24B.
Although analysis of the EMI results is presenti@ analysis islone fora T-Type NPC power
module and insights gained are notilgaappicableto a half bridge moduldn [51], a stacked
substrate for half bridgapplications is proposed withGMV ScreenDC-) (Figure3(i)) andCM
ScreenDC+) (Figure3(j)) architecture. No EMI analysis of the architectures is preseim¢sR]

and [53], astacked substrate hdifidgepower module with £M ScreenDC-, 0 ) architecture
(Figure 3(h)) is presented and the EMI performansecompared to a commercially available
module with similaspecifications Experimental results showed an average mitigatiapdb14

dB and 25 dB in the noise voltage measured at the LISN, respectingB4], local shielding
solutions to reduce CM current at the inputadéaN HEMT basedhalf-bridge inverte leg are
proposedand attenuation in the CM noise spedtrabserved An architecture similar to theéM
Screen(DC+) (Figure3(j)) architecture is explored&hielding is also applied to the gate driver and
betwea the thermal pad and the heatsiAkotal noise reduction of up to 17 dasobservedin

[37], [40], [55]the CM screen baseplatén the module architecture was split. All portions of the
split CM screen were left floating. This technique can bel useobtain module architectures

similar toFigure3(k).
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Chapter 2: Introduction to Module Architectures

2.1 Introduction

This chapter introduces thivelve module architectures whose EMI footprimould be
explored in tis thesis. The hardware implementation of four of the module architectures is
presentedThe hypothetical desigrthat could be used to implement the remaining eight module

architecturess also presented.

2.2 Module Layout

To study the impact of the CM screen, a new module design was developed. The design
allows for testing the CM screen under different design conditions and provides insight into the
effectiveness of containing CM currenttinn the moduleFigure4(a) shows the topside view of
the | ayout where 1.2 kV, 4 0 -bridge Biod@e. MOBEG+E T s arr
DCi and OUT terminal placements are kept consistent between module variatideslowing

the flexibility to connect the screen to different DC nodes.

A side view of the CM screen module is showirigure4(b). The module uses two 0:35
mmtthick alumina DBC substrates stacked together to create the screemngNag bonds are
used to electrically connect the top copper layer to the screening layer. This layout enables

paralleling of many wire bonds to reduce the impedance to the screening layer.

In the literature, the CM screen is not only used to containc@ivent but also as a path
for the commutation loof62]. This enables a reduction in the pov@p inductance through
magnetic field cancellation, which enables cleaner switching events that redud®ZMro

avoid variations in the EMI due to ainges in the poweoop inductances, all of the proposed
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modules have the commutation loop on thedinle of DBC 1 Figure4(b)). This allows for the
screening layer to be used only to divert CM current and not to serve asgmartrofitation loop.

This enables modification of the screening layer while keeping the power loop inductance
consistent between a baseline and CM screen design. ANSYS Q3D simulations show that the
powerloop inductance with and without the decoupling capegiinside the module is 3.5 nH

and 7.5 nH aL00 MHz respectively.

The switchingnode capacitance across DBC 1 to the screening layer is dendieg. as
The screening layer capacitance across DBC 2 to the baseplate is defteds,asurthermore,
Ccmis 80.2 pF, an@screenis 436.9 pF for all the module variations. The module design also allows
for two paralleled 10 nF decoupling capacitors to be placed in series to minimize thdquywer

inductance and form the DC Mid node.
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Figure 4: (a) Top view, and (b) side view of commoemode screen module.

2.3 Module Variations Fabricated

The amount of CM current that will be diverted to theiDb@s depends on the high
frequency impedance of the screening layer. For the CM screereftebve, condition(1) has
to be satisfied48]:

Z screen << Z bp (1)

whereZscreenis the impedance of the CM screen to the desired DC nod&pgimsl the
impedance from the Chcreen to the module baseplate. For the case of thec@dnDC+) and

(DC Mid) module inFigure5(c) and (d)ZscreenCan be respectively written:as

DC+ __ DC+ DC+
Z screen ] w L screen + R screen (2)

12



Mid __ ; Mid Mid
Z sclreen - ] w Lsc;een + R sc;een + Z C D (3)

wherel .Y and0 .Y are the equivalent inductance and resistance of

the wire bonds connecting the screening layer to DC+ and DC Mid nodes, respectively; and

is the impedance of the decoupling capacitors. Figure5(d), @ will be definedas:

1
ZCD - jwC ), (4)

whereCp is the equivalent capacitance of the decoupling capacitors between the DC Mid

and DC+ or DEnodes respectively.
In both architectures, the impedance to the baseplate can be given as

1
pr N ja) CSCI'EE‘I) (5)

where Cscreen iS the screeningpyer capacitance across DRBClo the baseplate of the

module. Usindg?2), (3), and(5), theinequality of(1) for the twoCM screemmodules becomes

1
. DC+ Dc+ -
jw Locieent Rocreen K ]a) C screen (6)
.y Mid Mid
] (l.) L screen + R screen + ZCD << j a) Cscreell (7)

wherew is defined according to equati¢f). It can be seen froii®) and(7) that it is critical
to reduce the parasitic inductance and resistance of the CM screen to be effective in redirecting the
CM current to its connected DC node. For the case of the CM scréem{@ module, the
decoupling capacitdZp (20 nF) was selected to be greater than 50 titiesn(436.9pF) tobetter
divert the CM current from flowing towards the baseplate of the module to the DC Mifaédde

It should be noted that integratiniget decoupling capacitoSp into the module increases the

13



footprint of DBC 2 and the value @iscreen FOr this work, compact ceramic capacitors with high
capacitance values were selected to balance the -dffde
betweenCscreenand Cp. Furthermore, theapacitors are COG type, which means they are stable
with variations in temperature and voltage. This allows the CM screen to have the same

effectiveness under different voltage and temperature profiles.

With the module design established, four desigratians (shown ifrigure5) were developed

to study the impact of the module architecture on CM noise reduction. The variations are:

1 Baseline Module:This variation only uses DBC 1. The OUT node is coupled to

the baseplate throughe switchingnode capacitand@&cwm (Figure5(a)).

1 Baseline (®) Module: This variation is the same as the baseline design but with

the addition of integrated decoupling capacitigyre5(b)).

1 CM Screen(DC+) Module:DBC 1 and DBC 2 form a screening layer connected
to the DC+ nodelhe DC+ node is coupled to the baseplate thrdtighen(Figure5(c)). There
are no integrated decoupling capacitors in this module. The archetedsar serves as the CM

screen counterpart to the Baseline module.

1 CM Screen (DC Mid) ModuleTwo series decoupling capacitors are included to
create the midpoint DC Mid. DBC and DBC 2 form a screening layer connected to the DC
Mid node.The DC Mid is caopled to the baseplate throu@creen (Figure 5(d)). This
architecture is the CM screen counterpart to the Bas@islemodule.

In Figure5, the highside and lowside SiC MOSFET dies in the hdifidgeschematic are

referred to a® and0 , respectively. The final module prototypes are showFigare6. Testing

14



these modules will provide a better understanding of the EMI mitigation associated with

redirecting the CMeurrent to different parts of the Dials.
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Figure 5: Variation of the module (a) Baseline module with no commoimnode (CM) screen
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layer connected to DC Mid.
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Figure 6: Images of the fabricated CM screen module prototypes.

2.4 Module Variations Simulated

In addition to the four module architeces studied experimentally, eight additional
module architectures were simulatecet@luateandunderstand EMI mitigationsing packaging
techniquesn more detail The eight module architectures studied are showgare?. It should
be noted that all eight architectures can be fabricated through packaging teclmogeser they

were not made due to time limitations.

1 Baseline(Cy) Module: This variation is the same as tBaseline(Cp) design but
the Mid node formed by theddition of integrated decoupling capacitasshorted to the
baseplat€Figure7(a) andFigure8(a)).

1 CM Screen ModuleDBC 1 and DBC aare stacked together form a screening

layer, however, the sceming layer is notonnected to thany nodeand leftfloating. The
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architecture serve® showonly the effect of stackd substratesn the generated EMF{gure
7(b) andFigure8(b)).
i CM Screen(Cp) Module: Thisvariation is the same &ise CM Screerdesign but

with the addition of integrated decoupling capaci{éigure7(c) andFigure8(c)).

1 CM Screen(DC+, Cp) Module: Thisvariation is the same #seCM Screer(DC+)

design but with the addition of integrated decoupling capaditagsire7(d) andFigure8(d)).

1 CM Screen (DCG) Module: DBC 1 and DBC 2 form a screening layer connected
to the DG node The DG node is coupled to the baseplate thro@gkeen (Figure 7(e) and

Figure8(e)). There are no integrated decoupling capacitors in this module.

1 CM Screen(DC-, Cp) Module: This variation is the sae asCM Screen(DC-)
design but with the addition of integrated decoupling capadiogsire 7(f) andFigure8(f) or
Figure9(a)).

1 CM Screen DC+,DC-) Module: DBC 1 and DBC 2Zorm a screening layéhat is
split similar towhat isshown inFigure 3(k). Onehalf is connected tthe DC+ node andhe
otherhalf is connected to Dhode.The screening layer is split such thiae OUT node has a
capacitivecoupling to each paaf the screening layer equalhalf of capacitanc€cwm, and the
capacitive coupling eagbad of the screening laybas to the baseplateagual tohalf of the
capacitancé&screen There are no integrated decoupling capacitors srttodule(Figure 7(g)

andFigure8(g)).

i CM Screen DC+, DC-, Cp) Module: This variation is the same &M Screen
(DC-) design but with the addition of integrated decoupling capacitergure7(h) andFigure

8(h) or Figure9(b)).
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In Figure7?, the highside and lowside SIiC MOSFET dies in the hdifidge schematic are
referred to ag) and 0 , respectively.Simulating the EMI behavior ofheseeight module
architectureslong with the four previously describedll provide a better understanding thfe
EMI mitigation option available at the packaging levEigure 8 shows hypothetical module
layouts for the architectures shownHigure?7. It should be noted that iRigure8(f) and (h) the
midpoint node has been removed as it was not neeldedever if needed inside the module vias

can be used as shownRigure9.
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Chapter 3: Experimental Test Setup and Results

3.1 Introduction

The chapter introduces the test setup that was used for exp@ngrtbe founmplemented
module architecture€MI noise results at the baseplate and the input of the converter with the
four implemented module dritectures are also presented. The chapter concludes with a
preliminary slew rate and efficiency analysis that was done fgetobar implemented module

architectures.

3.2 Test Setup

A test setup was developed to evaluate the level of noise mitigationuogehtyy each of
the module architectureExperimental results are only obtained for the modules introduced in
Section2.3. The designed testbed switches each module as a buck converter operating at a
switching frequency of 10&Hz. All experiments are conducted at an input/output voltage of
600/300V. The setup is comprised of four main subsysteniSN, input capacitoCi,, power
module, and output loadrigure 10 showsthe simplified schematic of the setup and outlines the
aforementioned subsystems. Detailsh&fvarious components used in each subsystem have been
provided inTablel. Figure 10 also highlights the measurements recorded for analysis:-tdrain
source voltag® for the highside switch0 , voltage across output load , voltage across
input capacitor banko , current flowing at input of converté®, noise current that escapes

through the module baseplate into the convéfderand CM noise current at the input of the
converterQ . The noiséQ andQ is measured for all four module architectures using the

same test setup and testing conditions with only the modules swapped. The resetited were

consistent and repeatable using the test setup described.
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Thenoise currentQ wasmeasured to experimentally quantify the noise generated by the

module that escapes through the baseplate into the converter. It was measurtte usstigod

described in[38]. To measureéQ , the module baseplate is clamped onto a heatsink that is

physically separated from the copper sheet with the help etoductive separators. Current
flowing through a conducting wire connecting the he&tamd copper sheet is then measured. The

noise current’Q is measured to empirically verify the effect of changing the module
architecture on the noise flowing at the input of the converter. The noise @rrenis measured

with a high frequency current transformer (HFCT) clamped around the input terminals of the

converter.

i _Cu Module
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i T TIBe
Tt EiH e
! i Vnc!
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I ——110UT :: 0 !
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Figure 10: Simplified schematic of EMI test setup for the buck converter.

Table 1. Summary of Setup Specificdons

Parameter Value (Units)

Buck Converter Parameters

Switching Frequency 100 kHz
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w /w 600 Vv /300 V

Test Setup Parameters

LISN LISN LI-1100C
0 90 pF

0 100 pF

0 750 pF

Y 22 q

Measurement Probes

"QRQ Tektronix TCPO030A, 120 MHz
0 ETSLindgren91550 1, 100MHz
0,0 andw Tektronix THDP0200, 200 MHz

The testbed was operated at room temperature and all measurements reported were recorded
during the electrical steady state. Details of the measurement probes used are prdalkd in
The analysis in this work is limited to the conducted EMI frequency range (150 kH2vbl 80
The nmeasurement probes used were confirmed to have a bandwidth that would allow accurate
measurement in the frequency range mesmetiomThe hardware implementation of the testbed is
shown inFigurel1l. The copper sheet used in the test setup is connected to earth pdibatial.
time domain measurements for baseplate noise cufeernd input noise currerif  were
recorded using eectangular time windowf 400 ps anda sampling frequency of 1.562535

The analysis presented is limited to the conducted EMI frequangge i.e. 150 kHz to 30MHz.
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Figure 11: Hardware setup of EMI testbed for buck converter.

3.3 Time Domain Measurement

The relationship betweevoltage0 , switchingnode capacitanc€cw, and generated noise
current’Q is explained sing the Baseline moduseditectureshown n Figure5(a). Figurel2(a)
shows thezoomedin time domain waveform for voltage , andFigure12(b) shows the noise
current’Q being generated ahe same instance in time. In the experiments performed, the
direction of current is taken as positive if the current is flowing from the heat sink toward the

copper sheet, and is taken as negatiutasfflowing in the reverse direction.

From Figure 12(a), during the turroff transientd increases to 600 V at a slew rate of 25.6
V/ns. During this eventhe change in potential at the OUT terminal discharges parasitic capacitor

Ccwm, causingthe current to flow from the module baseplate to the switcimode. During the
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voltage trasition, a CM current flows from the copper sheet to the OtErminal, resulting in the

discharging ofCcwm (Figure12(b)). A negative peak of 2K is observed

During the turron transient  falls from 600 V to 0 V at a sl rate of 39.3 V/nduring this
event the change in potential at the OUT terminal charges parasitic cafgasitaausing current
to flow from the switchingnode to the copper sheet. A positive current peak cA4skeen during
the fallingy transientin Figure 12. The different current peaks during the rising and falling
transitions occur due to different rising and falling slew rates. The turn on transient has a higher

dv/dt and hence a larger CM current throulgé baseplate.
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Figure 12 Zoomed-in time domain waveforms for the Baseline module architecture showing
(a) high-side SiC MOSFET |1, drain-source voltageo _yand (b) noise currentj .
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3.4 Baseplate Noise Current

The frequency spectra of the noise curi@nfor different module architectures are shown
in Figure13. InFigurel3(a) and (b), the two baseline modules are compared to their CM screen
counterpart to observe how integrating a CM screen into the module affects the noise generated at
the baseplate. The results confirm that the introduction of the Cé&rsdnto the architecture
caused noise to be redirected to the respective connected DGmbadi scenarios, a maximum

noise reduction of 28B is notegddue to the redirection of a portion of noi€e to the connected

DC node. A minimum noise reduction of 21 dB and 26 dB is noted in the 150 kHzMHz

frequency range for thieigure13(a) andFigure13(b) module respectively.

In Figurel3(c),theQ generated by the two CM screen architectures is compared. Results
show a maximum mitigation of 1I8. No significant noise reduction is noted in the
150kHz to 1.1 MHz frequency rangeél he mitigation observed cdoe attributed to the symmetric
decoupling capacitances between the DC+ and mi@es and the screening laj43], [57], [58].

This is discussed in more detail later in tiissis The mitigation seen at frequencies larger than
10 MHz can be linked tdhe smaller current commutation lgajue to the integrated decoupling
capacitors. As previously stated, the poveap inductance inside the module will reduce from
7.5nH to 3.5 nH due to the addition of decoupling capacitoffie measured time domain

waveforms for the baseplate noise current of the four module architectures is stfagurai4.
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3.5 Input Noise Current

Similar tothe comparison done fdR , the effect oimodule architecturen the noisecurrent

‘Q is also investigated. Amaximum noise mitigation of 1B and 26 dB is observed between

the Baseline an@M ScreenDC+) module Figure15(a)), and the Baselin€Cp) andCM Screen

(DC Mid) module Figure15(b)), respectivelyA minimum noise reduction of 10B is noted in

the 150kHz 1 1.1 MHz frequency range for both the comparisomhsrger mitigation is seen in

the Baseline@p) module and its CM screen counterpart at frequencies greater tididz10
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In Figurel5(c), Q  generatedby thetwo CM screen architectures is compared. A maximum
mitigation of 18dB isobservedNo significant noise reduction is noted in the X6z i 1.1 MHz
frequency rangdt is importar to note thathe noise ntigation seen irQ  is different from the
mitigation seerin Q , and thatQ  has slightly larger magnitudes in the frequency spectrum
compared tdQ . The noise currer is the noise generated by the modiiat escapes though
the baseplate into the converter @ndvith the module being the major source of noise generated
0 is responsible for a significant portion © , but not all of it. In particular, noise current
‘Q alsoincorpoates the effect of CM noise generated due to unbalanced impedances inside the
converter. Detail on the impact of asymmetries in a buck converter on CM noise generated can be
found in[59]. Anotherexample of CM noise that the noise currént incorporatess the noise
flowing through parasitic capacitances outside the module that the converter may have to the
copper shee he time domain waveform f@2  could not be included due to the limitations of
the measurement probe usedmeasure the CM noise at the input of the converter. The high
frequency current transformer (E-L$hdgren 915501, 100 MHz) used to measure the noise
‘Q  does not output the actual current waveform. Jpostessing has to be done in frequency
domaind as detailed in the documentation of the prébé&efore the actual frequency spectrum

of "Q can be observed.
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3.6 Preliminary Efficiency and Switching Results

The impact of the CM screen architectures on converter efficiency and device sewasate
also investigated. The slew rates for the modules were measured across tteestraine voltage
0 for MOSFETO . The efficiency and slew rate measurements were made using a rectangular

time window of 800 pswith a sampling frequenayf 6.25 GS/s. The output from the measurement
probesQ and w /w  were measured using probes lodndwidth 20 MHz and BMHz,

respectively. The efficiency measurements were made a tdtaedimes and the median value
is reported inthe analysisThe slew rates were measured using probes of bandwidtMBR20
Table?2 lists the converter efficiencies and slew rdtgseach module variatiofhe efficiences
are reportedas a percentage increase and decreagdle keeping theBaseline module as a
referenceComparing the efficiency of the Baseline module to@hé Screen(DC+) module, a
decrease of 0.% is seen. This decrease in efficiency caatirbuted tahe increased  of the
module. Having the CM screen shorted with the DC+ node resuisvbeing in parallel with

the Coss0f the SIC die, thereby increasing the output capacitance of thesidigiswitch.

Compared to the Baseline module, the Bas€liig and CM Screer(DC Mid) show an increase
in efficiency.This increasecan be explained bpvestigatinghe trends observed in the slew rates
in Table2. The Baseline Cp) moduleshowsa 47% largerfalling slew rateThis increasedlew
rate can be attributed to the reduced current commutation loop that occurs due to the addition of
the decoupling capacitorSimilarly, theCM Screen(DC Mid) moduledemonstratea 59% faster
falling slew rate.The shoter turn-on time results in lowerswitching losses andherefore an
increase irthe overall efficiency of the converteiThe rising and fallingedges for the module

architectures are showing kigure16.

32



Table 2: Switching Characteristics and Efficiency

Slew Rate (V/ns)

Converter Efficiency

Module w.r.t Baseline
Architecture Module Rising Falling
Baseline N.A. 25.6 39.3
Baseline Cp) 0.2% increase 27.1 57.9
CM Screen (DC+) 0.3% decrease 24.9 41.4
CM Screen (DC Mid) 0.5% increase 25.3 62.3
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Chapter 4: Simulation and Modeling Techniques

4.1 Introduction

The chapter introduces the simulation and modeling techniques that can be usedro explai
the EMI resultgdiscussedn the previous chapter. The simulation and modeling techniques that
were primarily chosen are th@me domain simulationCM equivalent modelingand substitution

and superposition theorem.

4.2 Time Domain Simulation

Based on thédardware results presentedrigure 13, a simulation model was created for
the test setugrigurel7(a) shows the simulation model with the Baseline modulEigare17(a),

@ and® are the total impedances of the input capacitor bankand the decoupling

capacitorsCpcg, installed on the PCB board used to interface the module with the rest of the

converter. The impedanceés and&  incorporate the equivalent series inductance (ESL) and
equivalent series resistance (ESR) of the capacitors. The impedansesere® p @
represent the parasitic impedances of the wires connecting the LESNt® tow , and of

the PCB interfacingd  to the module architecture.

The impedance® andw are the parasitic impedances of the wire connecting the heat
sink to the copper sheand of the copper sheet used in the EMI teBifs The capacitanca:
is the parasitic capacitance between the heat sink raised througbmaurctive separators and the
copper sheet. Estimates of these impedances were obtained using the methodology dé@iled in

with an Agilent 4294A precisioimpedance analyzer. The simulated noise curi@nis the

current flowing through the impedande . The impedance® whereww X p p model the
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parasitic inductances and resistances inside the méapacitance€pc+, Coci , andCcwm are the
parasitic capacitances the DC+, D@nd QJT terminal Figure4) have to the baseplate from

across the DBC substrate. Estimates of the values oWere extracted using ANSYS Q3D

whereasCpc+, Cpci, and Ccm were measured with the impedance analyzer. The SiC device
LTspicemodel provided by the manufacturer was used for the simuldftloe values used for

these parameters are show able3. It should also be noted that the impedanoegwherewn
pltho 8 , shown inFigure17(a)) relate to the resistanc® and inductance§ (shown inTable

5) according to

Zy=R,+ jolL, 8)
The impedance® and®  (shown inFigurel7(a))relate to thgparametershown inTable

3 accordingo:

) 1

Z cin = ESRCm + /a)ESLCI_n + wC, 9
) 1

ZCPC‘B = ESRPCB + ]a)ESLPEB + /w CPCB (10)
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Figure 17: (a) Simulation model of test setup with the Baseline module architecture (b)
Comparison of the hardware Black) and simulation Blue) results for the frequency spectra
of noise current;ﬁg} Jor the Baseline module.

Table 3: Summary of Simulation Parameters

Parameter Value (Units) Parameter Value (Units)
0 O W CPM2-1200:0040B LISN CISPR Standarc
0 93.6 uF oY 15.59mq
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oY 1nH 0 34 nF

oY 5.6 nH oY 35. 42
0 120.78 nH Y 150 mq
0 167.48 nH Y 180 mq
0 24.47 nH Y 80 mq
0 52.47 nH Y 80 mq
0 8 nH Y 82
0 3nH Y 180 mq
i) 750 pH 6 100 pF
Y 22. 1 | 0 6.36 pF
0 105 nH Y 10 mq
i) 650 nH Y 0.5 q

In Figure17(b), the hardware and simulation results for the Basetfiodule is compared.
The frequency spectrum is obtained by running the time domain simulatiiowed by the fast
Fourier transform (FFT Between 150 kHz to 10 MHz, a maximum difference of 4 dB was
observed in the frequency spectrum. Beyond/H, the ability of the simulation to predict the
noise magnitude decreases and a maximum difference of 10 dB was observeda Tésult of

using linear, lumped circuit elements to model parasitics inside the coragditte moduleand
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the die model usedihbeing accurate &igh frequencief61]i [63]. However, although the ability
of the simulation to predict the noisgagnitudedecreasebeyond 10 MHzFigure17(b) shows
that the model reasonably predicts trends seen in #wudncy spectrum: a relatively flat

frequency spectrum until the frequency of ~BlEbz, beyond which a rolbff is observed.

Similar to theBaselinemodule, simulation models for themainingelevenmodules were
also built. The simulation models for thveeive module architectureseshown in Figurel8. The
values for various parasitics are shownTable 4. Figure 18(a)(c) shows the three baseline
architecture: Baseline, Baaline (Cp), and Baseline(y). Figure 18(b) differs fromFigure18(a)
in that the decoupling capacitor® (along with the equivalent series resistance ESR and
inductance ESLhave been integrated into the module architectigrire18(c) differs from the
othertwo baseline architectures inahthebaseplate is shorted to tB€ mid node created by the

series connection of the decoupling capacitors

Figure 18(d)-(I) shows the nine different CM screenmodule architecturs studied The
module architecturegprimarily differ based on what node tl@&M screa is connected tand
whether the architecture has decoupling capacitoriSigure 18(d) and (e) th&CM screenis left
floating. CM Screen(Cp) (Figure 18(e)) differs fromthe CM Screen(Figure 18(d)) in thatthe
decoupling capacitor€p (along with the equivalent series resistance ESR and inductance ESL)

have been integrated into the module architecture.
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Figure 18 Simulation schematic of the twelvemodule architectures explored.

Table 4: Summary of Module Architecture Parameters

Parameter Value (Units) Parameter Value (Units)
o) 14.56 nF 0 3.7 nH
oY 9.9 m Y 8 mq

oY 0.25 nH 0 3nH
0 166.3 pF Y 8 mq
o) 24 pF 0 3.1nH
0 35.71 pF Y 7.5 m
6 80.2 pF 0 1 nH
0 3.35nH
0 436.9 pF
and0
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0 1nH 5 mq
andY
0 1nH
Y 8 mq
and0
Y
0 1nH 2.25 1
andY
0
Y 7.5 mH 202 pF
ando

The schematics shown Figure 18(f)-(i) differ from one another based on whether the
screen is connectedagositive or negative DC nod&abelled Nlor DC-) and whether decoupling
capacitorsCp (along with the equivalent series resistance ESR and inductancehB®t peen
integrated into the moduldzigure 18(j) shows a CM screenmodule in which the screen is
connected to thé/lid node a DC nodecreatedby the series connection of the decoupling
capacitor® . Figure18(k) and (I)show module architectures in which the screening layer below
the switching node OUT has been split into tvedves Half the screening layer is connected to a
positive DC node N1 anithe otherhalf isconnected to a negative DC node-DtThe schematics
in Figure18(k) and (l) differ from one another based on the addition of decoupling capacitors. It
shouldagainbe noted that although Figure18(e), (9), (i) and (l) a Mid node has been credigd

the series connection of the decoupling capagitbis has been done for the sake of uniformity in
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the module architecture and to facilitate ease of understanding. The Mid node is not needed for

these modud architectures and a single decoupling capacitor can also be used.

In Figure 19(a), the hardware and simulation results for the Baseline and Bas€lihe (
modules are compared. Between 150 kHz to 10 MHz, a maximum differend8avds observed
in both frequency spectrums. Beyond 10 MHz, a maximum difference of 13 dB was observed for
the Baseline and Baselin€d) modules. Although the accuracy of the simulation has decrkase
beyond 10 MHz, it can be seen fréfigure19(a) that the model can predict the trends seen in the
frequency spectrum accurately: (1) a relatively flat frequency spectrum is seen until the frequency
of ~9.9 MHz beyond which a rolbff is observed, and (2) a change in the slope ofdheof

occurring at ~13.5 MHz.

In Figure19(c) and (d) the hardware and simulation results for the CM Screen (DC+) and
CM ScreenDC Mid) modules are compareResults show thatdtween 150 kHz to 4 MHz for
the CM Screen (DC+) odule, and 150 kHz to 7 MHz for the CM Scré®¢ Mid) module a
maximum difference of 12 dB was observed between the hardware and simulationFesul
MHz to 7MHz a maximum difference of 17 dBnd beyond 7 MHz a maximum difference of 14
dB is obseved for the CM ScreefDC+) modulebetween the hardware and simulatidhe CM
Screen (DC Mid) module shows a maximum difference of 20 dB from 7 MHz to 18o¢iMzen
the hardware and simulation resuBmilar to the baseline architectures, althoughstimeilation
was not able to predict the magnitudes of the frequency spectrum with high fidelity, the model was
able to imitate the trends seen with reasonable accuracy: (1) the peak in the frequency spectrum at
~2.7 MHz, (2) the roltoff frequencybeginnirg at a frequency of ~8.29 MKand (3) a change in

theslope of the rotof occurring at-13.5 MHz for the CM Screen (DC Mid) module.
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Thefrequency spectra dhe noise currenf) for the four experimentbl testedmodule
architecturesare comparedhrough sinulation in Figure 20. In Figure 20(a) and(b), thetwo
baseline modules are compared to tkM screencounterpasd, similar to Figure13(a) and (b)

In both scenarios, a maximmunoise reduction of 38B is notedwhich isa 35% increase compared

to the hardware resultt Figure20(c), the'Q generated by the tw6M Screerarchitectures is
comparedAlthough hardware results showed a maximum mitigatioh3afB between 2. MHz

and 2.9 MHz, the simulation results show a maximum mitigation of 9 dB, a 30% dedrease.
simulation also pmicts a high level of mitigation with thEM Screen(DC Mid) module at
frequencies larger than 13.5 MHz. It can again be observed that the simulation was not able to
predict the mitigation magnitudes in the frequency spectrum with high fidefitgrror 6 upto

35% however, the simulation was able to imitate the mitigation trends sefigune 13 with
reasonable accuracy. For exampleFigure 20(c), theCM Screen(DC+) andCM Screen(DC

Mid) modules Bow similar mitigation trends in thdrequency spectrums in the 1kBz to
500kHz frequency range. Similarly, the peak in the frequency spectrum alvH Tor theCM
Screen(DC+) module slightly shifts to a lower frequency for bl ScreenDC Mid) module.

A change in slope in the frequency spectrum ofGMe ScreenDC Mid) module at ~13.5Hz

is also predicted by the simulation resulting in the module having lower EMI comparedtid the
Screen(DC+) module The justification for why these trends oceul be presented ihapter 5.

Any prediction about noise mitigation between module architectures made by the LTspice

simulation below 10 MHz will be assumed to have an error of 35%.
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4.3 Common Mode Equivalent Modeling

A common mode equivalent model (MIEfor the test setugs nowderived. Since the time
domain simulation model iRigurel17(a) is a good approximation of the experimental test setup,

the CEM for the simulation model is deriveing the methodology presented38], [59], [64].

4.3.1 Two Parallel Wires with Asymmetric | mpedances

To derive the CEM of the test setup schematic, the @EgMationsof two parallel wires
with asymmetric impedances is first derived using the methodology presef8eH ifwo parallel
wires with asymmetric impedances are showhigure21(a). The system of equations that define

the circuit schematic shown Figure21(a) is

v)=lo 2L
= 11
vl 2l @z
Using the transform definitions f6l¥ and”Y and the methodology detailed [59], the

system of equation§ll) is decomposed into a system of differential mode (DM) and CM

eguations. Fron{59], the linear transformation matricégé and”Y can be expressed é&2) and

(13):
11
Ty=|2 2 (12)
1 1
1 -1
Ty=|1 1 (13
2 2

Decomposingystem of equationd 1) by making substitutio Y "Q for line

currents and left multiplying byY, system of equationd.4) is obtained
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Vi 1 -1 Z] 0
=L 1, 5
Vom 2 9 2

Solving and simplifyingsystem of equationd.4), system of equationd.5) is obtained

e
[\

-5 Urg
] (1)

lom

Z,— 7
Z, 47, 1 z

V12 2 1'12
vl 2 H s
Ve L1—Zy Zi+ 25\ i
2 4

System of equationd.5) be also written asystem of equation&L6):

Z,—7Z,] !
Z]+ZZ y 2

I 2 V
[ '12} _ [ 12} 16
1cpy L, — 2, Z,;+7Z; Ve
2 4

System of equationél6) can be simplified t@17):

Z]"‘ZZ _ZI+ZZ

{1.12}_ 47,7, 27,7, {sz} 1
Iey B -Z,+2, Z,+7Z, Vem (19
27,7, Z 72,
Extractingthe second row from system of equatidig), equation(18) is obtained
. Z] + Zz Zz + Zz
fey= 27,2, Vit 7.2, Ve (18)
Equaion (18) can be rewritten a4.9) and(20):
. ZIZZ Zz _ Zz
V= 7.+ ZZICM-I_ 27,1 7, ZZVJZ (29
Z,Z, . Z,—7Z
Ve ot 5o Vie— Vou) (20

—Z. 1z M2 7,
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Z,Z,

Ve = 7.+ 7,

I.CM + kﬂ(Vin - Vout) (21)

whereQ is a constanfThe CEM associated with equati®0) is shown inFigure21(b).

Using the CEM derived iRigure21(b), the CEM of theest of theest setup can be derived

Z,
:_:I— 1

Vi - 1 2 — 2, V. V
+ + ? _|_ Z_ 2(Zl_|_zz)( n out)

_+ V2 —_
|
L,

(a) (b)

Figure 21: (a) Parallel wires with asymmetric impedances (b) CEM of @rallel wires with
asymmetricimpedances

4.3.2 Module Architectures

Thederivation of the CEM of the generalized module architecture is nowrstiogure
22(a) shows a generalized module architecture that can be used to derive the CEMelviae
modulearchitectureshown inFigure 18. The generalized module architecture is partitioned as
shown inFigure22(b).An ar bi tr ar y paodiveoltages@gdss thegchisgeldviees t e d
0 and0 are defined with respect to the arbitrgro i n 1n Figupe@2(b), voltagesw , ® |,
andw are the voltages at the DC+, B@nd OUT terminals of the modules with respect to point
6 pThe MOSFET® and0 in Figure22(a) arethenreplaced with voltagpotentials® , &
andw suchthatw - w andw - @ isthe equivalent terminaloltage ofthe diesduring

operation of the convertefhe DC+, DG, and OUT terminals ahe module can also be referred
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to as nodel, 2, and 3. The impedande whereUN [1,2,3]is the impedance each nodéas to

the shielding layermnda is the impedance each node has to the baseplate that has been shorted

to the heatsinkd) is the impedance each nodbastoamichode 6mdé t hat is col
screening layer through an impedange . The current’.QwhereDN [1,2,3]is thenoisecurrent

that flows into the respective noB€+, DG, andOUT due to thevoltagesw ,w , andw . The

portion of the currenithat flows through the impedand® is referred to a¥y, and the portion

that flows through the impedandeyis referred to a&), The currentQ refers to the current

flowing from the respectivenods o t he mi d node @&mé through i mp

DC + . DC + ,hl

DC — -'t: 13h+133{ l....'..
. | zmﬂ ﬁz zi@ ﬂzh
Scrééﬁa"m% ..... .ﬂ]:{ ...... gﬂr‘:asen’f ..... O {:]Zah ..... y
%oy ] Heat Sink ‘-I%Zhg L] bevvereeomg—d ™ . ll:thhg
| Copper Sheet = - g /717

= 177

Figure 22: (a) Generalized module architecture with generalized impedances (b) partitioning
the module architecture for equivalert circuit model derivation

In Figure22(b), the voltagew & voltageat theheats sinkrf o d € with hegpect to the

copper sheen(o d € & @am be writteras:
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i;
th:Zhg['Z 1 -Z] iZ (22)
Iz
Similarly, fromFigure22(b)thevoltagew 6 vol t age at the screen (r

tothe heatisn k ( n & dam bedwhti@n as

Vsb = Zsh (I.Im + I'Zm + 1'3117 + 1'15 + i25 + i35> (23)

Since’R QR

( Q. N, equation23) can berewrittenas(24):

1
Vi = Zsh(il-l_i2+1'3_1.1h_1.2h_i3h) (24)

However, fromFigure22(b), it can be seen that the currei®2 and currentQ canalso

be described as shown(5) and(26):

Vet Ve Vig

10(11 Za/; (25)
_ Vap + Vp — Ve — ng
10(5_ Zas (26)
Replacing equatio(22) and(25) into (24), equation(27) can k& obtained
Zog  Zpe 2 &
V= (Zg) 1+ 22 + 22 + ”5’>111 i
=@ (1+ 22+ 224 )11 1 1),
13
(27)
11 1| T
- (Z sh) [ } VZp + Vpg
Zyy Za Zsz
V3p + Vpg

Similar to voltageb andw ,thevoltagen 6 vol t age at mid node oOm

t he scr e edncarfbe wridteras:0 s 6 )

Vms - st(i1m+j2m+j3m) (28)
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Since’R Q2  Q M, equation23) can be rewritten aR9):

Vs = st(i1+fz+ j3_ilh_1'211_1.317_1.15_1.25_1.35) (29)

Using equatior{24), equation(29) can be simplified into equatiqB0):

Vs
Vms - Zm5<_ 1.]5_1.25_1.35 + h) (30)
Zsh

Replacing equatio(26) into (30) and simplifying, equatioB31) can be obtained

1 1 1 1 1 1 1
Vms_(ZmS) <Zsh + Zzs + ZZs + 235>V5b+(zm5) (ZJS + ZZS + Z35>th
RPN ERERER ot/ -
" le ZZS Z3S > e
V3p+Vpg

To derive the last equation needed for the derimaifdhe CEMit is noted inFigure22(b),

equation(32) holds truewhereUn~ [1,2,3]:

Va’ + Vpg_ Vms - Vsh - Vlzg: iafmZa'm (32)
By combining equatiori25), (26) and(32), and notingdQ @ Q@ N, equation(33)

can be obtained

Ve +V,e = = (33

Equatiors (22), (27), (31), and(33) can now be used to derive th&K2 equationof the
twelve module architectureBor theCEM equatiorderivationpresentedh this thesisthe module

architectures shown fRigure18 were simplified tagnore
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1. Allinductive parasitics inside the module

2. The paraisic capacitanc® (shown inFigurel17(a)).

These simplificationareconsidered valid as the inductive parasiinside the module are
conventionally very small compared to the inductive parasitics of the cor881¢65]i [67]. For
the application studietthe impedance af is alsovery large compared to the impedancedof.
Both statements can be verified usifgpble 3 and Table4. The CEMequationdor each ofthe

simplified modulesis nowderived

4.3.2.1Baselineand Baselined) Module
The CEMequationderivation for thesimplified Baseline and Baseline {Cmodules is similar,
with the only difference being thalue of&d and@ . To obtain thesimplified Baselne module
from the generalized module architecturenditiors (34) and(35) need to hold true
L=l =l 3=2 1= L opg =2 3y —> 0 (39
Zope=Zop—0 (35

Applying conditions(34) and(35), equatios (22), (27), (31), and(33) become

Iy
th:Zhg[Z 1 -Z] iZ (36)

Iz
V,, = 0 (37)
V,. =0 (39)

1
+V(7) .

Vo4V, = = Zanla + Vi (39

whereUn~ [1,2,3].
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Plugging equatior(36) into equation(39) and expandingU to matrix form,system of

equationg40) can be obtained

V] [V, Z, 0 07[i,
Vol +|Vye| = | 0 Zu 0 ||is|+ Za,
Vil LV, 0 0 Zy,lli, i
Z, 0 0 r
Vet Vool 1| = | 0 Z, 0 |ip+2Z,,01 1
1 0 0 2z, i

i;
i, (40
Iz

i, 41

Using the transform definitions foY and”Y and the methodology detailed[64], system

of equationg41) is decomposed into a system of DM and CM equatiénsm [64], the linear

transformation matricey and”Y can be expressed @), and(43):

M1 1
-~ -2 0
2 2
Ti = 1 1
0 2 2
1 1 1 |
1 -1 O
0o 1 -1
Th=
Y11
3 3 3

Decomposingystem of equation@1) by making substitutioif)

currents and left multiplying byY, system of equation@4) is obtained
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(42)

(43

Y "Q forline



Vs 0
Vas | + 0 |=
VCM Vpg
11 1
3 "11 01 Z, 0 072 2 0 I 00 07[7, 44
D11 0 Zz 0|, 1 1 Pos |+ Zugl 0 0 0| iz
33 3 0 0 Z, 2 2 Fem 0 0 1|7y
11 1

Solving and enplifying system of equation@4), system of equation@b5) is obtained

Vos | +] 0 |=
VCM Vpg
4Zziz+22211 ZZJh_ZZZh Z]b_ZZb i
3 3 3 i
~2Z.,+22Zy, 2Z 0+ 4Z Zom—Za
42111_22211_223/7 2211;"'22217_4231; Z]h+ZZb+Z317 fom
i 9 9 9 ]
0 0 0] 7,
+Zp| 0 0 0] 7z
0 0 1|7z

Now from system of equation@ll), it can bealso beconcluded thasystem of equations

(46) holds true

Vit V=V Z, 0 07[4
V2+ Vpg i th — 0 ZZ/I 0 iz (46)
V3+ Vpg_Vllg 0 0 Zj’b i3

Decomposing46) into system ofDM and CM equationdy making substitutioriQ

Y "Q forline currents and left multiplying by, system of equatits (47) is obtained
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V] 2

Vs -
Ver + Vpg_ th
i 4Zzh+22211 221/1_22211 Z]]z_ZZIz i
3 3 3 ; (47)

2204224 220+ 425 Zn—Zu ||,
3 3 3 I
42111_22217_2231; 221b+22211_4z3h ZZI:+ZZb+Z3h fow

i 9 9 9 ]

Substituting(47) into system of equatior(45), system of equation@l8) is obtained

V23 + 0 == V23 + Zﬁg 0 0 O 1'23 (48)
VCM Vpg VCM + Vpg - Vlzg 001 I cM
However, gstem of equationgl?) can also be written 449):
j12
Iz3 |=
iCM
421/1"‘22211 ZZJh_ZZle Z]h_ZZIz 1!
3 3 3
Vi (49)
_222h+2231; 22211"'42311 2211_2311
3 3 3 V, V 14
47— 22— 224 2Z3+2Z0— 420 Zint Zopt Z| L0 Ve Ve
9 9 9

System of equation@9) can then bsimplified to(50):

56



Iz3 |=
Iey
i Zzh+22211 _ZIII+ZZII _ZH]+ZZII
6Z 14 Z 2 6Z 1hZ 2 2Z 14 Z 2
Zzlz_Zj’b 22211"'2311 _Zzh+Z3b
6Z 212 31 6Z 22 3 2Z 4 Z 3
_ZZhZZh_Zij3b+ZZZhZ3b _221b22b+21bz3h+22h23b Z]bZZb+Z]bZ3b+ZZhZ3h
3Z inZ 2 31 3Z 1nZ 2nZ 3n Z 1hZ o Z 31
Viz
Vs

Ven + Vpg - th

(50

Extracting the third row frorthe system of equations given(B0), equation51) is obtained

_ZleZII_ZZhZ.S’b—I_ZZZhZ.S’h _ZZZbZZb—i_ZIbZSb-I_ZZbZSb

Tow = 37 ZmZm Viz+ 37 ZnZ

ZinZoyt ZinZsn+ ZonZ 5
ZinZ 2 Z 31

V23
(59)
_I_

(VCM + Vpg - th)
Equaton (51) can be rearranged tbtain equatiorf52):

Ve =+ Vpg - ng =
Z 1nZ 202 31 i _ ~ZuZoa—ZinZsnt2Z 47 5 %
ZinZa+ZuZntZaZs " 3ZunZatZunZat ZnZa) (52)

B =272 4 2oyt Z i Z syt Z onZ 3
3(Z]bZZb+Z]bZ3h+ZZbZ3/I)

V23

Plugging(52) into third row extracted fronthe system of equations given(#8), equation

(53) can be obtained

Z]bZZij’b 1 _ _ZthZh_ZIhZ3h+ZZZhZ3b
ZinZoat ZinZas+ZaZs " 3 ZmZatZinZunt ZuZu)
_ 227t ZinZsnt ZonZ s
3(ZinZon+ ZinZsn+ Z 42 31)

Ver +Vpg =

V]Z
(53

V23+ZHiCM
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Equation(53) can be rearranged to obtain equati(s® and(55):

ZunZ 2nZ sn ) :
Verr +Vpe= ( + Z |1
- e ZinZon+ ZinZ syt Z 2 Z 31 he)em (54)
_ ~ZiZoa—ZinZsnt 22 42 3 o 2232t ZinZsn+ ZonZ s %4
MZuZat ZuZantZaZs) " 3ZuZat ZuZatZaZy) T
Vet Vioe= (Zill Zanll Zon+ Zn) icw+ kiViz+ k2 Vs (55

WhereQ and™Q are constantsThe CEM derived through equati@¢®5) can be sen in
Figure23 with the help ofTable5. In Figure23, & will be determined by the test schematiw

0 isthe sum of voltagey andw .

4.3.2.2BaselindG) Module

To obtain thesimplified Baseline Cp) module fom the generalized module architecture condition

(56) and(57) need to hold true
i1m = - ij’m (57)

Applying conditiong56) and(57), equation(22), (23), (28), and(33) become

1;
Vie=2Znl1l 1 1]| 1, (58)
Iz
Vs[z =0 (59)
Vs = 0 (60)
i, +V, ( ZJ )
Va’ + Vpg — = = Zahja' + th (61)

hg
1
Z ah

whereUn [1,2,3].
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Plugging in equatio(68) into equatior(61) and expandingJto matrix form, equatio(62)

can be obtained.

V] [V Zm 0 074, 11 170[4,
Vol+ V|l = | 0 Zy 0 ||is|+2Z,|1 1 1|1, (62)
Vsl [V, 0 0 Zulli, 11 1|4,

It can be seen that equati@t)) and(62) areequivalent. Therefore, the CE&tjuationfor
the Baseline @p) module is the same as the CEduationof the Baseline and Baselin€yj

module.

4.3.2.3CM ScreenCM ScreerC and CM Screen (DC Midddule
The CEMequatiorderivation for the simplifiedCM Screerandthe CM Screen(DC Mid) module
is similar, with the only difference being the valuexnfandd . Interpolating the insights gained
from the CEMequationderivation ofthe simplified Baseline and Basek Cp) module, the
simplified CM ScreerandCM ScreenCp) module should have same CEdduation To obtain
the CEM equatiorfor the simplifiedCM Screermodule from the generalized module architecture
condition(63) and(64) need to hold true
Ziy=Zop=Zsp=Z 1= L om= L 3y = O (63
Z..—0 (64)
Applying conditiong63) and(64), equation(22), (27), (31), and(33) become
i
Vie=Zn1 1 11| i, (65)
Iz
Iy

Vsh - Zsb[l 1 1] iZ (66)

I3
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Ve = 0 (67)

= Zosha + Vit Vey (69)

whereUN [1,2,3].
Plugging in equatioli65) and(66) into equatio (68) and expandind)to matrix form, equation

(69) can beobtained

Vv, V e Z,. 0 01774, 11 17[4,
Vol+| V| = | 0 Zg 0] |+ Zgl1 1 1|14,
Vs Vg 0 0 Zs;]|lis 11 1]4[4;
. (69)
11 1)1,
+ 7|1 1 1|4,
11 1]/,
Equation(69) can be rewritten asquation(70):
Vv, V e Z,. 0 07[i, 11 17[4,
Vo |+ (Ve | = 0 Z, 0 Iz +(ng+Zbg) 11117 (70)
V3 Vpg 0 0 Z35 I3 L i I3
Z,, 0 0 1 1 17
Vapt Vool 1| = | 0 Zs 0 |in+(Zau+Zy)|1 1 1]i, (72)
1 0 0 Zj 111 1]

Using the transform definitions foY and”Y and themethodology detailed if64], system
of equationq71) is decomposed into a system of DM and CM equations. 8din the linear

transformation matriceésy and”Y can be expressed @), and(43).

Decomposingystem of equation&1) by making substitutio? Y Q for line

currents and left multiplying by, systemof equationg72) is obtained
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Vs 0 0
Vas | +] 0 :(Zsb+leg)!O
Ver Ve 0

1

1 -10 Z,. 0 07|2

e | I

L N N
3 3 3 3 .

0 01[ 7,
0 0| 7y
0 1| 7cy
1 1-1
7 0 I
1 1 123
2 2 iem
1 1

(72)

Solving and simplifyingsystem of equationd2), system of equationd@3) is obtained

Viz 0
Vas | + 0 |=
VCM Vpg
4Zzs+2225 ZZ]S_ZZZS ZIS_ZZS
3 3 3
_2225+223s ZZZh+4Z317 ZZIz_Z311
3 3 3
4215_2225_2233 221s+2225_4z35 Z]S+ZZS+Z3S
i 9 9 9
00 01[7,
+(Zslz+Zhg) 000 123
0 0 1|7y

(73

123

iCM

Now from system of equation&@1l), it can be also be concluded thgstem of equations

(74) holds true

V1+Vpg_V5b_th Z]S 0 0 i]
VZ + Vpg - VS/, - th - 0 ZZS 0 1'2 (74)
Vst Vo=V —Vig 0 0 Zs]lis

Decomposind74) into a system of DM and CM equations by making substituion

Y "Q forline currents and left multiplying By, system of equationd5) is obtained
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VZ 2

Vs
VC‘M+ Vpg_ Vs/z - th
i 4'Zzs+2225 2215_2225 Z 15— 2 2 ]
3 3 3
_ZZZS+ZZ3S 2225"‘4‘235 ZZS_Z3S
3 3 3
4215_2225_2235 2215+2225_4Z35 Z]S+ZZS+Z3S
9 9 9

Substituting(75) into system of equaties (73), system of equatior(36) is obtained

V] 2 O V12
Vzg + O == V23
VCM Vpg VCM + Vpg - Vsb - ng

000
+(Zon+Z4) |0 0 0
001

However, system of equatio(iss) can also be written 437):

VCM + Vpg - Vsb - ng

12
I23 |=
Ien
4Z 15+ 2Z 5 27 45— 2Z 5 Zis— 2o
3 3 3
—2Z 5+ 2Z4 27 5+ 47 5 Zos— Zss
3 3 3
4215_2225_2235 2215"‘2225_4235 Z]S+ZZS+Z3S
i 9 9 9
Viz
Vs

System of equation§7) can then be simplified tr8):
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123

Iz
123

Iy

(79

(76)

(77)



Iz3 |=
Ien
i Zzs+2225 _Z]S+ZZS _Z]S+ZZS ]
6Z 15 Z 6Z 152 5 2Z 15 Z 5
225_235 2225"‘235 _ZZS+Z35
6Z 252 3 6Z 252 3 27 35 Z 3
_Zzszzs_Zst3s+Zzst3s _2215225+215235+225235 Z]SZZS+ZZSZ3S+ZZSZ3S
3Z 15 Z 252 35 3Z 15 Z 552 5 Z 152 252 35 i
Viz
Vs

VCM + Vpg - Vs/z - th

(78)

Extracting the third row from the system of equations givgi@&y equation79) is obtained

i — _ZZSZZS_ZISZ.?S-I_ZZZSZ.S’S %4 +_ZZISZZS+ZZSZ35+ZZSZ3S 1%
M 3 ZISZZSZSS “ 3 Z]SZZSZ3S “ (79)
VAT AN WA
+ ’ : 21512253235 - ; (VCM-I_ Vpg_ VSh B th)
Equation(79) can be rearranged to obtain equa(i@0):
VCM+ Vpg - Vsb - th -
ZISZZSZ.?s i _ _ZISZZS_ZJSZ3S+ZZZSZ3S 174
ZJSZZS + Z]SZ3S + ZZSZ35 M 3 (ZISZZS + Z]SZ3S + ZZSZSS) o (80)

_ _ZZJSZZS+ZZSZ35+ZZSZ3S
3(ZISZZS+ 215235+ZZSZ35)

Ves

Plugging(80) into third row extracted from the system of equations giv€ig)y equation

(81) can be obtained

Z]SZZSZ3S 1- _ _ZISZZS_lez3s+ZZZSZ3S V
Z1Z o5t 215255+ ZaZss " 3(Z1Z oA 215t Z2Z5)
- ZZISZZS+ ZZSZ35+ ZZSZ35

- 3(ZISZZS+ZISZ35+ZZSZ35)

VCM + Vpg =

(81)

Vost Zopdem+ Znglom
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Equation(81) can be rearranged to obtain equati(88 and(83):

ZISZZSZ3S .
V, Vo= Z Z
M + e <(ZJSZZS + ZISZ3S + ZZSZ.?S) + e + 5h> ICM (82)
_ _ZZSZZS_ZISZ35+ZZZSZ35 V,, — _ZZJSZZS+ZZSZ35+ZZSZSS %4
3(Z 1225+ Z1sZsst Z2:25) 7 3(Z1sZost Z1Z st Z0Zs)
VCM+ Vpg: (ZIS // ZZS // Z3s+ Zhg+ Zslz)jCM+ k1V12+ kZ V23 (83)

Where'Q and™Q are constants.

The CEM derived through equati@d) can be seen iRigure23with the help ofTableb5.
In Figure23, & will be determined by the test schematimld is the sum of voltages and
W .
4.3.2.4CM Screen (DC+) and CM Scrd@3 (D) Module

Interpolating the insights gained frorhet CEM equationderivation ofthe simplified
Baseline and Baselin€g) module, thesimplified CM Screen(DC+) andCM ScreenDC+, (&)
module should have same CEMuation To obtain theCEM equationfor the simplified CM

Screen(DC+) module from the genalized module architecture conditi¢®4) and(85) need to

hold true.

Ziy=Zoy=Lsp=ZL o= ZL3p >0 (84)
Zim=Zms—0 (85)
Applying conditiong84) and(85), equatios (22), (27), (31), and(33) become
i
Vie=Z4nl1 1 1]| i, (86)

Iz
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I

Vs]] - Zsb[l 1 1] iZ (87)
Iz
Vins = 0 (89)
1'1+V5,7<%+ Zf >
1 1
+th<7]5 + ZIm) 1.

V1 + Vpg = + ng+ VS/J - V5g+ VS/] (89)

7 1 ~ 71 7
<215+ Z]m) (ZIS+ ZIm)

. 1 1
_ etV (7) +vul7) .
VotV = =Z 2l 2t Vey + Vi (90)

()

V3+ Vpg = = = Z35j3+ Vsb + ng (91)

Combining equatios(89) - (91) into amatrix form, equatiorf92) can be obtained

v, Ve 0 0 0[4 11 17[4,
Vol+|Vae| = |0 Zs 0 |||+ (Zu+Zy)|1 1 1|4, (92)
Vv, Ve 0 0 Z,|li, i 1li7s
1 0 0 O 11 17
Vot Vel 1| = |0 Zo 0 |ip+(Zap+Zy)|1 1 11i, (93)
1 0 0 Z, 11 1)

A complete derivation fathe CEMequationcan be done again; however, it can be noticed
the system of equation{83) and system of equatiqirl) are similar except thato © 1 The
CEM equation can therefore be derived from equaf@®) by assumingo © 1 The CEM

equation for thesimplified CM ScreenDC+) andCM Screen(DC+, Cp) module is given ir{94)
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2 1
2V,,— =

VCM+Vpg: (Zhg+Zsh)7;CM - 3 3

Veu + Vg = (Zig+ Za)iou + ksVie +k; Vs (95

WhereQ and’Q are constants.

The CEM derived through equati@b) can be seen iRigure23with the help ofTable5.
In Figure23, @ will be determined by the test schematimld is the sum of voltages and
w .
4.3.2.5CM Screen (BGand CM ScreebG, ) Module

Interpolating the insights gained frorhet CEM equationderivation ofthe simplified
Baseline and Baselin€g) module, the simplifie€M Screen(DC-) andCM ScreenDC-, Cp)
module should also hawbe same CEMequation To obtain the CEM for the simplified CM

Screen(DC-) module from the genalized module architecture conditiai®6) and(97) need to

hold true
Ziypy=Lopy=Zsy=Loy=L gy —> 0 (96)
Z.?m:st_)O (97)

Applying conditiong96) and(97), equatios (22), (27), (31), and(33) become

1;

Vie=2Znl1l 1 1]| 1, (99
Iz
i;

Vs]] - Zsb[l 1 1] iZ (99)
Iz

Vs = 0 (100
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A V(7o) + Vi )
1 sh st hg Zzs .
V] + Vpg - - 21511 + VS/I + th (101)

()

V,+ Vpg - = =Z i+ Vs + th (103

3 7 1
i+ VS,,<Z + 7 >

1 1
il ) 3
+ V5g+ V5]1 - V5g+ VS/I (103

1 1 - 1 1
<Z3s+ Z3m> <Z3S+T3m)

Combining equatios(101) - (103 into amatrix form, equatiorf104) can be obtained

V3+ Vpg -

Vv, Ve | Z,. 0 07[4, 11 17[4,
Vol4+|Vee| = | 0 Za O dz|+(Zu+Zu)|1 1 1|4, (109
Vel LV, 0 0 0]/, (11 1],
1 Z,s 0 0 i 1
Vap + Vol 1| = | 0 Zy 0lin+(Zu+2Zy)|1 1 1]i, (105
1 0 0 0 111

A complete dexiation for the CEM equation can be done again; however, it can be noticed
the system of equatior{405 and system of equatiqf@1) are similar except thab © 1 The
CEM equation can therefore be derived from equaf@®) by assumingd © 1 The CEM

equation for thesimplified CM Screen(DC-) andCM Screen(DC-, Cp) module is given ir{106)

. 1 2
Vour+ Vg = (Zing+ Za)ion + 3 Vie + 3 Vs (106
Ver +Vog = (Zng+ Za)icr + ksVie + ko Vas (207

Where'Q and’Q are constants.
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The CEM derived through equati¢h07) can be seen iRigure23 with the help ofTable
5. In Figure23, @ will be determined by the test schematitd0 is the sum of voltage

andw .

4.3.2.6CM Screen (DC+,4and CM Screen (DO, D) Module

Interpolating the insights gaed from the CEMequationderivation ofthe simplified
Baseline and Baselin€g) module, the simplifie€M ScreenDC+, DG) andCM Screen(DC+,
DC-, Cp) module should have same CEduationFurthermoresince the screening layer is split
the CEM for he simplifiedCM ScreenDC+, DG) module would be the CEM of the simplified
CM ScreenDC+) moduleandthe simplified CM ScreenDC-) module paralleled togethérhe
CEM derived through equatiosin be seen iRigure23with thehelp ofTable5. In Figure23, &

will be determined by the test schematic.
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O

Figure 23: Common mode equivalent model (CEM) of simplifed module architectures

Table 5: Value of Equivalent CEM Capacitance g ,

Simplified Module Architecture Equivalent CEM Capacitance fg ,
Baseline 0 0 0
Baseline Cp) 0 0 0
Baseline Cy) ¢cO O
0 0 0 0
CM Screen
0 0 0 0
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CM ScreenCp)

0 0 0 0
CM ScreenDC+) 0
CM Screen (DC+Cp) 0
CM Screen (D€ 0
CM Screen (DE, Cp) 0

, ¢cO6 O 0
CM Screen (DC Mid) -

o co

CM Screen (DC+, Dg > .
C C

6 6
CM Screen (DC+, DE Cp) C C

4.3.3 Test Setup Schematic

Using the CEM derived ifigure21(b), Figure23 and the CEM model forliSN derived
in [38], the CEM of the test setup schematic showRigure17(a) could be derived. The CEM
for the test setup schematic is showrfFigure 24. It is important to note that iRigure 24, the
voltage sourc®& for the BaselineCM ScreenCM ScreenDC+), CM ScreenDC-) andCM

Screen(DC+, DG) module is defined as shown(i08):

VCM:V(Vi”’ VZCin’ VZPC‘E" VQH’ VQL) (108

Wherew ,w ,w ,w andw isthe voltage across the output of the LISNhazdtor

¢ ,capacitotd , high side di® and low side di®@ . The voltage souroe for the Baseline
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(Cp), Baseline Cy), CM ScreenCp), CM ScreenDC+, Cp), CM ScreenDC-, Cp), CM Screen

(DC Mid), andCM ScreenDC+, DC-, Cp) modulesis defined as shown i{109):

pc’

VCM =V (Vinl VZCI'H/ VZ VZCD s VQH ’ VQL) (109)

The primary differencebetween(108 and (109 is that due to the addition of the
decoupling capacitor® , voltagesourcebd is also dependent on tie , voltage across the
decoupling capacitorsd . The impedanceld relatesto the parameters given ihable 4

according to equatiofi10):

, 2
Ze,= 2ESRc, + YwBSLe,+ S (110

In Figure24, the path outlined in blue is the primary impedance path that the CM current

escapinghrough the baseplate flows thrdug

LL[S\ /2 ZJ1||ZJ2 ZJ3| |ZJ4 ZJ5| |ZJ6
™I D

Vem

2 C LISN2
RL[&’\Q / 2

eq

LH2 RH2 LH] RH]

Figure 24: Common mode equivalent model for test setup schematic shownkigure 17(a)
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4.4 Substitution and SuperpositionPrinciple

To understand in detail why different module architeetushow different levels of noise
mitigation, the flow path taken 52 & the CM noise current flowing through the capacdo
(Figure 17(a)) & is looked at more closely. To identify the patés flows through, the
substitution the@mand superpositiotheoremare aplied [33], [68]i [70]. Substitutiontheorem
states that the SiC MOSFET dies in an application can be replaced with a voltage or current source
having the exact same terminal voltage or current beh@@8arEither type of source can be used
to replacehe SiC MOSFET die; however, a substitution that results in the formation of voltage
source loops and current source nodes must be avi@8@ed-igure25(a) shovs the simulation
model for theCM Screen(DC+) module architectureas an exampleFigure 25(b) shows the
module architecture after substitution theorem has been applied. It can be seen that the high side
switch0 has been replaced with a current solifeand the low side switch has been replaced
with a voltage source . The current sourc® and voltage source have the same respective
terminalcurrent andsoltage characteristics that MOSFET and0 would havehad duringhe
switching operation of the converter and are therefore the main sources oéswageng the

baseplaténto the converter

Since the converter schematic now consists of no-linear circuit components,
superposition is appliedThe superposition prciple states that the excitations generated by
multiple excitation sources present in a circuit is the linear sum of the excitation generated by each
individual source.Figure 25(c) and (d) shows the two superposition stateshef module
architectureThe superposition state of current soufzéshown inFigure25(c)) allowsthe study
of the effect di/dt transientsind the superposition state of voltage sourcéshown inFigure

25(d)) allowsthestudyof the effect the dv/dt transients have on the current escaping the baseplate
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of the module into the converter during switching operation of the convAdeording to[33],

[70], [71], the frequency spectrum ofethotal noise curreri that escapes the module baseplate

can beequatedo the two superposition states showrFigure 25(c) and (d)through equation

(111) - (112:

) 1'iH ) I-VL
inp(5)= "2 (8)in(s)+ 2 (s)v.(s) (11D
1y Vi
(1129
WhereQ i is the frequency spectrum of tm@iseQ that escapes the module into the

converter during the actual operation of the convef@r,i and™Q i arethe frequency
spectrum of the nois& that escaps the module into the converter during the respective
superposition stateé={gure 25(c) and (d)) Qi and0 i are the frequency spectrum of the
respectiveerminalcurrent androltage characteristiosf MOSFETO and0 during the actual
operation of the converteand 0 i — i and® i — i are the current and
admittance transfer function obtained from the two superposition states shieigariel5(c) and

(d). To evaluate the effect of module architecture on the riQisehe transfer functions and

@ i can be plotteavith the help of the LTspice simulation mode&ld compared.
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