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Abstract

The emergencef silicon-carbide GiC) deviceshas been a 0 thafiel@of changer ¢
power electronicsWith desirablematerial properties such as ldass characteristics, high
blocking voltage, and high junction temperatogeration they are expected to drastically

increase the power density of power electroeicgemsRecent statef-the-art designstsow

the power densitpver 17 kW/ dni; however certainfactors limit the power density to
increase beyond this limit. In this dissertation, three key factors are selected to increase the
power density of Sithased griecconnected threphase converters. Throughouhis
dissertation, the techniques and strategies to increagmter densityof SiC threephase

convertersvereinvestigated.

Firstly, a magnetic integration methadhs introduced for the coupled inductors in the
interleavedthreephase converter®ue to limited currentapacity compared tthe silicon
insulatedgate bipolar transisto$i-IGBTS), discrete SiC devices or SiC modyleperate in
parallel to handle a large current. When thpbase inverters are parallelegterleaving can
be usedand coupled inductors are employed to limit ¢ireulating current. In Chapter, the
conventional integration methadasextended to integrate three coupled inductors into two;

one for differentialmode circulating current and ehother for commoimnode circulating



current. By comparing with prior research waqrla 20% reductionin size and weighis

demonstrated

From Chapter 3 to Chapter 5, a full-SiC uninterruptible power supply (UPSyas
investigatedWith the high switching frequency and fast switching dynamics of SiC devices,
strategies on electromagnetic inferebegomemore importantcompared to SIGBT based
inverters.Chapter ¥ocuseson a commonrmode equivalent circuitnodelfor a topology and
pulse wdth modulation PWM) scheme selectigrio set a noise mitigation strategy in the
design phaseA three terminal commomodeelectromagnetic interferenc&Nil) modelis
proposedwhich predictghe impact othedc-dc stage and a large batteack on the otput
CM noise. Based on the model, severe deterioration of noifieelnle-dc stage andattery
rackcan be predictedSpecial attentiowaspaid on the selection tiedccdcs t age 6s t op ol o¢
andthePWM scheme to minimize thmpact With the mitigation strategya maximum 16 dB

reduction on CM EMI can be achieved #owide frequency range.

In Chapter 4an active PWM scheme farfull -SiC threelevel backto-back convertewas
proposed.The PWM scheme targets the simxuction of tvo key componentsdc-link
capacitors and a commanode EMI filter. The increasen switching frequency calls for a
large commormode EMI filter, and delink capacitorsn the thredevel topology may take a
considerable portion in the total volum&o redice the commomode noise emission,
different combinations of the voltage vectors are investigated to generateat@med single
pulse commofmmode voltageBy suchanalignment of commomode voltagevith different
vector combinationsjoise cancellatio between the rectifier and the invertan bemaxmally
utilized, while thebalancing of neutral point voltage can be achidwethetransitionbetween
the combinationsAlso, to reduce the szofthedc-link capacitor forthe threelevel backto-

backconverter, a compensation algorithm for neutral point voltage unbahlsas#eveloped



for both differentiailmode voltage and the commamode voltage of thecac stage.The
experimental results shoa4 dB reduction on CM EMI, whicleadsto a 30% reduction on
the requied CM inductance value. When10% variation of neutral point voltage can be

handled, the diink capacitance can be reduced by 56%

In Chapter 5a 20 kW full-SiC UPS prototypevas built to demonstrate a possible size
reduction withthe proposed PWM schemas well as aelection of topologies and PWM
schemes based on the modéie power density and efficieneyecompared with the state

of-the-art SHIGBT based UPSs.

Chapter 6eeks to improve powekensity by a change in a modulation methddangular
conduction mode (TCM) operation tife threelevel full-SiC inverterwasinvestigatedThe
switchingloss of SiC devices is reported todmncentratedn the turaon instant. With zero
voltage turron of all switches the switching frequencgf a threelevel threephase SiC
inverter can be drastically increasedompared to the hasslvitching operation This
contributes to the sizeeduction of thdilter inductors and EMI filters. Based on the dedign
achievea 99% peak efficiency, a comparisarasmade witha full-SiC threelevel inverter
operating incontinuous conduction mode (CCM9 verify the benefibf the soft switching
schemen the powedensity A design procedure f@n LCL filter of paralleledTCM inverta's
wasdevelopedWith 3.5 times high switching frequency, the totaightof thefilter stage of

the TCM inverter can be reduced b§%, compared to that dhe CCM inverter.

Throughout this dissertation, techniques for size redowct of key components are
introduced includingcoupled inductorg parallel invertersanEMI filter, dclink capacitors
and the main boost inductdfrom Chater 2 to 5the physical size or required value of these

key components could be reduced by 20% to 56% by different schemes such as magnetic



integration, EMI mitigation strategy throughodeling and an active PWM schemAn
optimizationresult fora full-SiC UPSshaveda 40% decrease ithe totalvolume compared
to the stateof-the-art SHGBT soluion. Soft-switching modulatioror SiC-based threg@hase
inverters can bring a significant increase in the switching frequenchasttie potentialto
enhancepowerdensty notably. A threelevel threephasefull-SiC 40 kW PV inverterwith

TCM operationcontributed taa 15% reduction on thilter weight.
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General Audience Abstract

Thepower density o& power electronics system is regadd@es an indicatasf technological
advancesThe higherthe power densityof the power supply, the more power it can generate
with the given volume and weight. The size requirenoenpower electronidsas been driven
towardstighter limits as the dependency on electric energy increasesthéttlectrification
of transportatiorandthe emergence of gridonnected renewable energy sources. However,
the efficiency ofapower electonics system ianessential factor and is regardechd@isade off
with the power density. The size of power electronics systentargely impaatd by its
magnetic components for filterings well asts cooling systemsuch asa heatsink. Once the
switching frequencyf power semiconductotis increased to lowethe burden on filtering,
more loss is generated from filters and semiconductors, thus enlarging thetbizeaafling
system.Therefore,consideringhe efficiency haso be maintained a reasonablealue, the

power densityf Si-basedconverters appesto be saturated.

With the emergencenf wide-bandgap devices such a#icon carbide GiC) or gallium
nitride (GaN), the switching frequency of power devices can beit@ntly increasedThis
is a result osuperior materiapropertiescompared to Sbased power semiconductors. For
grid-connected applications, SiC devices are adopheel tothe limitations of voltageratings

in GaN devices. Before commercial SiCvieswere available,the powerdensity of SiC



based thre@hase inverterasexpected t@o over20°Qadj 'Q & . However, he stateof-the-
art designs showthe power density around 3 ~@¢j Q & , andat most 17Qaj Q & . The
SiC devices coulihcreasethe power densitybutthey havenot reachd the level expected.
The adoption of SiCdeviceswith faster switching was nad panacedor power density

improvement.

This dissertation starts witlan analysis of the factors that prevent power density
improvenent of SiCGbased, griecconnected, threphase inverters. Three factoksere
identified alimited increase in the switching frequent@rgehigh-frequencynoise generation
to be filtered andsmaller but stillsignificantmagnetic componentsisinga generic design
procedurefor threephase inverters, eaathapterseels to frame a strategyand develop

techniquego enhance the power density.

For smaller magnetic components, a magnetic integration sib@noposed for paralleled
acdc convertersTo reduce the size dhe noisefilter, an accurateanodeling approackvas
taken to predict the noise phenomena dutirplesign phase. Also, a modulation scheme to
minimize the noise generation of the-ar stagds proposed. Thevalidity of the proposed
techniquesvasverified by afull-SiC threephase uninterruptibleowersupply withoptimized
hardware design. Lastlihe benefit of softswitching modulationwhich leads to a significant
increase in switching frequencwas analyzed. The hardware optimiza procedurevas

developed andompared to hardwitched thregohase inverters.
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Chapter 1. nt roducti on

In this chapter, the motivations, objectivesxd an overview of this dissertation are
provided. Firstly, the advantages of wide bandgap devices, especially,-séidnde(SIC)
MOSFETSs are reviewedo clarify their benefits tothe gridconnected converters. Also, a
survey has been dopeeparedn the latestlesign exampkeof stateof-the-art SiC convertey
for threephase applicationgrom the survey, three mduactorswhichlimit the power density
of SiC threephase convertergerechosen to define the scopetbis dissertationMoreover
this chapter provides a review of this field, followed by the dissertation opéimeéthe scope

of research.

1.1 Silicon Carbhide Devices

Silicon (Si)-basednsulatedgate bipolar transiste{IGBT) have been an industry standard
for several decadeMature Si-based technologies enabled low lgksracteristicsand high
reliability, with low manufacturing cosWith stateof-the-art technologies, the voltagating
of commercial IGBTSs is limited t@ 6.5 kV level. The maximum junctio temperature is
limited to 150 in general. The aslw kM a b.7T kVgSIGBT ferqu e nc y
commercial grisconnected converters is normally limited to 20 kéize to the switchingpss

However, the performance afSi-IGBT seemdo approach its theoretical limits.

Wide-bandgagfWBG) devices have been expecteth&a future replacement for-85BTs,

as a result aheir superior material performance over silicon. Among various WBG materials,

(0]



Silicon carbide (SiC) and gallium nitride (GaNhave proven to be the mostoprmising
technologies The material propeds are summarized and compared with thattbéir Si
counterpart inFig. 1-1 [1]. WBG devicesprovide higher voltageratings higher switching

frequenciesand higher operatgtemperature rangecompared to SIGBTS.

High voltage Electric Field »
operation (MV/cm)
5 —SiC
4 GaN
Thermal
Energy gap (eV) Conductivity
(W/cm.°C)
\ High T°
Electron velocity Melting point apphcatlons
(x107 cm/s) (x1000 °C)
¥ "
Y
High Frequency
switching

Fig. 1-1. Comparison for material characteristaf WBG deviced1].

SiC devices a considered for adc applications wherthe dc-link voltage is over 400 V
since he voltage rating afommercialGaN devices is limitetb 600 V.Currently, Wolfspeed
has announced thavoltagerating of 10 kV will be available for their Gen. 3 SiC MEETs
Thisis 40% higher than the maximum voltagaing ofa matureSi-IGBT [2]. In literature, the
switching frequenies of SiC threephase convertemmoveto near70 kHz while maintaining
good efficiency (>98.5%}he switching frequencied the stateof-the-artSi-IGBT converters

are limited to below 20 kHz[3]. SiC devices can be operated280 and can

be

used



applications whereperationsn extremeznvironments areequired such ashose inraerospace

andthemilitary.

For threephase lowvoltage grid applications, 1.2 kV arid7 kV SiC MOSFETs and
modules are available from various manufacturers such as Wolfspeed, Riatnoghip,
STMicroelectronicsGeneral Electric (GE), ettmprovementsn the manufacturingprocess
and massive production enabled the cost reduction of SIC MOSFETSs thisicdirst
appearance in 2011, as showrFig. 1-2 [4]. The trends and prediction for 3.3 k10 kV
devicesare shown irFig. 1-3 andFig. 1-4. Thepricesfor 1.2 kV deviceswith a current rating
betweer?0A and40 Aarecompared iTablel-1, based on the pricing on Digikegs of early
2019 The price of SiC MOSFETis in therangeof 2 ~ 4 times that of SIGBTSs, enhancing

their potential as a replacemeiihie era of SIC MOSFETseemdo be getting close.
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Fig. 1-2. Projected osttrendof 1.2 kV SiC MOSFETS in 20144].
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Tablel-1. Comparison of commerclglavailableSi-IGBTs and SiC MOSFETSs from Digikg2019eb.
Voltage Current Power

Parts Number Manufacturer Rating Rating Dissipation Price
Rohm

sic SCH2080KEC Semiconductor 1.2 kV 40 A 262 W $37.7
MOSFETSs C3M0075120J Wolfspeed 1.2 kV 30 A 113.6 W $12.64
SCT20N120 STMicroelectronics 1.2 kV 20 A 175 W $15.73
IXYH20N120C3D1 IXYS 1.2 kV 36 A 230 W $ 10.84

STGWA15H120F2  STMicroelectronics 1.2 kV 30 A 250 W $5.01

IRGAPH40KDPBF Infineon. 1.2kV  30A 160W  $6.68

Si Tech.nologles
IGBTs IRG4APH30KDPBF Infineon 12KV 20A 100W  $6.90

Technologies

FGAISNI20ANTDTU - o\ semiconductor 1.2kv  20A  186W  $286

F109

1.2 Power Densityfor Modern Power Electronics

The importance ofpower densityis increasing inmodern power electronicg5]. In
information technology, the power consumption of servers, telecommunication applications,
and data centers feapidly increasedalong withhigh computing power. On the other hand,
the space for the building infrastructure is quite limited. High power per unit volume

®j QEMNQG Qa s required for the power electronics to accommodate more power in the
limited space. Also, in an effort to idiecofriendly transportation systemBlectric Vehicles
(EV) or More Electric Aircrafts (MEA) have gained attention. In these applicatibesytal
weight of the system is directhglated tdkm(mile) per charge since tlwapacity of the battery
is limited. Therefore, a high value for the power per unit weighdj ‘Q"Qis a critical design
consideration for the power electronics. Also, less weight typically indicates less use of
materials and allow®r simpler installations, handling, and maintenafderefore the power

density has been used to indicate Figure of ME@M) to evaluateéhetechnical dvancemen

of power electronics i mi | ar t o Mooreds | aw (tr[@.nsistor

de



A general design procedure for {p@wer electronicdesign is shown ifrig. 1-5. The power
density and efficiency of power electronics is determineithésesultof this design procedure.
At first, system specificationsuch as input voltage range, output power range, and standards
for power quality andlectromagneti¢nterferenc€EMI) are givenanda circuit topology can
be chosenWith selected topology, a modulation scheme to decide a switching sequence and
optimal candidates for power devices can be selected. Then, the design goes through an
optimizationprocedureln the optimization procedure, a switching frequency for the inverter
is selected, and design of filters amdooling systemis done to meet design cdrants such
as total harmonic distortion (THD)standards for electromagnetic interference (EMI),
operating temperature, etilext, a different switching frequency is chosemd the same
designsteps are performed. By the iteratiortlo$ procedureaParetofront of power density
and efficiency can be drawand a design point which gives a good balance betthesstwo

performancdactorscan beselected
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Fig. 1-5. Design procedure of thrgghasenverter.

The weight and volume of each componentdeterminedoy this design procedur&he
magnetic components ahdatsinks (ocooling systen significantly contribute tohte overall
weight, volume, and therefqréhe power densityTo improve powedensity, here have been

numerous approaches to reduce the size of magnetic componenit® aadling system of

converters

Multi-level corverters provide more voltagevel, thussmallercurrent ripplecompared to
2-level. In particular 3-level topologiesvith Si-IGBTsare widely used in industrial drives and
renewables applications. For PWM schemgsinmal PWM schemes have been investigated

to minimize the current distortioAn interleavingtechnique turnapart of voltage harmonics
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into circulating componestandthesizeof boost inductas can beeduced6]i [10]. However,
additional magnetic components such as commode chokes, or coupled inductors to
suppress these circulating currergentribute toa size increasgl1]. This contribution of
circulating currents blockers is moreticeable when the numbepof paralleled inverter
increasesthe size of the boost inductor can shriukckly, and the number of commenode

chokes or coupled inductoirscreases[12]i [15].

When theswitchingloss of IGBTs can be reducedhe switching frequency can be
increasd. This will decrease the size difie output filter, or a smaller heatsink can be used
Thus,the power density of the thrgdhase inverter can be improved{fErenttechniquehave
been investigatetb reducethe switchingloss by modulation schemés discontinuous PWM
(DPWM) schemegl6]i [18], one of the threphaseanvertersis clamped to one switching state
for a certain timeperiod For instance, the switching state can be clamped to a@thesitive
dc-rail or negative deail in the twelevel inverter casel he switchinglosscan be educed by
one third,compared to the PWM schemes where all tpiegsesswitch once within a
switching period. With the same switching loss, the switching frequency can be increased by
50%. However, when the clamping direction changes, there existsi\p in zerosequence
voltage whichprovokes a pulse current if there is aroapadtive load for zeresequence

components.

The switching energy of WBG devices is reported to be concentrated at toa ingtant.
Auxiliary circuits to achieveero voltageswitching (ZVS) turron orzero currentswitching
(ZCS) turn-off were investigatel which significantly reduce thewitching loss of WBG
devices[19]i [22]. However, additional passive components ligh-frequencyresonance

8



bring complexity in the design and modulatiofitiangular Conductin Mode (TCM)
modulation to eliminate the twwon loss does not requieelditionalcircuitry to achieve ZVS.
This schemeriginated fromdc-dc converterd23], singlephase applicationj24]i [26], and
extended to threphasanverters[27]i [29]. However, the principle of TCM operation highly
rely on the current slope and the impact of the tplesse coupling complicates thmdeling

and analysisAlso, the benefit on the hardware including the EMI filters has not been reported.

Higherorder filters such asan LCL filter structure can provide higher attenuation wigh
relatively smaller sizeand beame an industry standafdr high power renewable systems
[30]1[32]. Notch filters to eliminatea specific frequency componentere studied [33].
However, there exists a number of resonant frequencies which requires a deltbate
passive or activedampingschemeto ensurestability [34]. Magnetic integration schemes
wereresearched to integrate multiple magnetic components irdndgr filters or interleaved
acdcconverterg14], [35], [36]. However, most of the integrati@@hemesequire a complex
assembly or customized core which prohibits its zability in terms of manufacturability
and designTo reduce the size dhe cooling system,an optimizeddesign fora different
heatsinkwasinvestigatedand the watecooled systemvasused for highpower applications

[37]i [39].

After 30 years of researcfrom Si dielevel improvementsto systerdevel optimized
designs, thepower densityof S-IGBT based converters seemed to be mature et

approacheds limit.



1.3 Power Density with Silicon Carbide Devices and Statef-the-Art

Design Examples

SiC and other WBG devices are expected tgémechangersn the power electronics
field. With their lower switchingloss characteristics, the switching frequency tloése
converters ieexpected to be much higher so the size and weiglievinductors will be
drastically reduced. Al so, their demagdessr
need for cooling. Therefore, a drastic increagminerdensityseemgo be attainablelhirteen
yeas ago in 2006[5] and[40] showed aoad map for power density until 202This was

based on trends the lastfew decadesas shown irFig. 1-6. With the emergencef WBG
devices, the poer density of power electroniegasexpected taeachover 30 kW/ dni in

2020. The power densities of current statehe-art design examples found in thierature

between 2016 2018[3], [41]i[49] are labeled in the same figure. Only thpease power

converters are included in the graph. Mosthaf designsshow around} kW/ dni, and the

highest value is around JRW/ dni [45], which is an example of watercooled traction
inverter fora motordrive without any filter component&Even withthe emergencef WBG
devices, thepower densityhas not ha@ drastic increasthusfar. The improvement of power
density isin keepingwith its trends since 1994, wtethe power densitilasdoubled every 10

years.
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1.4 Limitations for Achieving Higher Power Density

1.4.1 Electromagnetiénterference

11

In this section, the key factors that limit the improvement of power density for SiC devices

The fast switching of SiC devices can reach ove8j50 i In the circuis, multiple parasitic
capaciorsexist such aghe one between an outputtbe phase legto the heatsinks. During

the switchingnstant largecharging currerstfor these capacitors may flow by the high)’'Q o



of SiC MOSFETSs, generating higrequency noise. Also, the increased switching frequency

of SIC MOSFETsncreases commemode(CM) noise orthe high frequencyrange

Generally, the EMItsindard such as FCCI4JL -STD-461, and IEC620442 strictly limits
the output CM noise of the&onvertersto preventpollution to the other subsystems.
Furthermore this noise may interfere with the auxiliary circuitsuch asthe gate drivers,

sensors, angdrotection circuitsand cause malfunctioning

Passive filterssuchas CM chokesare generally utilized to attenuate CM notkat is
locatedaround low frequency (30 ~ 300 kHpy medium frequencyange(0.3 ~ 3 MHz) In
general, the value of CM capacitors is limited due to ground cukhétit.the fast switching
of SiC devicesthe CM EMI filter has to provide more attenuation on this frequency range
and the size ofthe CM choke becomesamuch larger thara Si-based cowerter. In[50], a
comparisorbetweenCM chokes for a 200 kHz SiC inverter and 20 kHz Si invertewas
performed. The results showed that the siz@®CM choke had to be increased by 23 times.
In [3], the distribution of the volume is compared betwaeoptimized 5 kW SIGBT inverter
anda SiC-MOSFET inverter. The portion of volume for EMI filtesver the whole converter
volume drastically increased fror@% to 20% to meet the same EMI standard. This increase
in the size of EMI filterswill deteriorate possible improvement on gwaver densityy SiG

based power converters

1.4.2 The Imitedincrease irswitchingfrequency

A survey on the switching frequency hlasen performed on statd-the-art SiGbased

converters fothreephaseac-dc or aeacapplicationd3], [41]i [49], [51]. The result is shown

12



in Fig. 1-7. The switchingfrequency of the design examples with hawdtching remais
within 70 kHz exceptfor the work in [51], which achieves 300 kHz switching frequency with
ZVS modulation.The first reason is thale efficiency constraints put a limit ahe increase

in switching frequency. Most dhe literature achieve near or above 98% efficienend
switching frequencys limited below 70 kHz Higher switching frequency will result in high
switchinglossin devices and larger cotess in inductors, deteniating overall efficiency
Secondly, EMI standards put a linoib the selection of switching frequency rangss it was
investigated in Sectiofh.4.], the size otthe EMI filter takesa considerableortion of the
volume of SiC converterdVith PWM voltagewaveform large harmonics are located at the
multiples of switching frequencies. A raged attenuation from the EMI filter is mainly
determined by the lowest multiple of the switching frequewtych comes into the frequency
range of EMlIstandardsFor example, when the EMI regulation starts at 150 kHz, increasing
the switching frequencyrdm 70 kHz to 80 kHz may give an increase in the total filter. size
This is becausthe lowest multiple of switching frequency will be located at 210 kHzHer

70 kHz case and 160 kHz ftdre 80 kHzcase Thereforeanincrease in switching frequency
will be limited to below @ kHz range if the switching frequency cannot go far beyond 150

kHz, such aghe ZVS modulation casein [22], [51], [52]
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Fig. 1-7. Power rating vs. switching frequency plot for statéhe-art threephase SiC converters.

The volume and weight dhe magneticcomponentake a huge portiorof Si-IGBT

by increasing the switching frequency deemed to be limited.

converters. The main expettan with WBG devices was that very high switching frequency
would be easily achievabl&his would make the size of the magnetic composemhimal,
compared to conventional-86BT based designgiowever, with the limited increase the

switching frequacy, as mentioned in Sectidn4.2 the size reduction of magnetic components

In [3], the design example ah optimized 6 kHz switching SIGBT inverter anda 63

14
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filtering of switching frequency rigp is summarized irFig. 1-8. With 10 times higher
switching frequency, theower density of the converter could be increased by 16@ever,
the contribution of filteiinductors on the total volume ill high. In the volume optimized
design, he filter inductors for switchingipple takes 4% in the SiC-based inverterand75%
in the Si-based inverterin the weight design the filter inductor still takes65% of the total
weight in the SiC design whiletakes79% of the SIIGBT design.The magnét components

remainthe mostritical component$or power density.

= Filter inductors for fsw ripple = Other components
Si Inverter, f,, = 6 kHz SiC Inverter, f,, = 60kHz

Volume Optimized

Weight Optimized

A5ke A9ke

Fig. 1-8. An example of contribution of magnetic components on the total weight and volume in
optimized SilIGBT and SiC MOSFET based thrphase invertef3].
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1.5 The Scope and Objectives of thBissertation

Throughoutthis dissertation, techniques and schemes tokbitealimitationsimposed by
thethree key factorsvereinvestigated. The scope of the research is limited teapithected
SiC-based converters where the output or input of theartewis connected to the thrphase
acgrid. The powetevel range is from a few kW to tens of kW, ahdlink voltage ranges

from 750 ~ 900V where the devices with 1.2 kV or 1.7 k¥bltagerating are used.

Key components are identified for each citazonfiguration and techrquesto aim their
sizereductionare proposed. For EMI filterthe dissertation focus on passivdilters. Active
EMI filters are not consideresthich may not beasilyimplemented at this voltage and power
level. The focuson EMI wason CM componentsincethe CM partsvereregarded tanore

significantlyimpact the filtersize with the increased switching frequency.

Mostof the present worfocuseson reducing the specific passive component, sigguming
the switching fregency is fixed.A magnetic integrationmethod using widely-used core
shapesis presented for switchindpple filters. Modeling to interpret an interaction of
commonmode noisgbetween an aac stage and eldc stage connected émergystorageis
invedigatedto reduce and optimize the size of the passive M. A PWM scheme which
can reduce the size of batie CM EMI filter and delink capacitors is proposddr the full -

SiC threelevel threephase backo-back converterOne chapter is dedicatéal quantifying a
bendit on power density by a sedwitching modulation scheme for thrlsel threephase
inverters which may be able t®ignificantly increase the switching frequency, thus power

density.

16



1.6 Dissertation Outline

The outline ofthis dissetation is as follow, andit is summarized irFig. 1-9. Firstly, a
magnetic integration methaslproposed for the interleaved inverters[1a], [13], [35], [36],
it is shown that the total size of magnetic cores and usage oinginthterial can be reduced
by 20% through the integration of multiple magnetic compondotsa flux-limited design
Without increasinghe switching freqiency, the power density pfaralleled SiGconverters

can be improved.

The third, fourth, and fifthchapters areledicated tqpower densityimprovement ofthe
threephasdull-SiC uninterruptible power supply (UR®) thethird chapter, to minimize the
size EMI filters, modeling and an EMI mitigation strateggre investigated. If the EMI
problem is addressed during the degiipase before prototyping, the costs and efforts on EMI
remedies can be reduced. EdI planning, a simplified frequeneyomain model can be used
to predictand compare the effectiveness of EMI remedsegh as the topologies, PWM
schemes, and filter structures. UPS has various modes of operatitireantse mechanism
is distinct depending on the modes of operatidhis calls fora deliberatestrategy to be set
before prototyping. A commemode equivalent model for the UHS proposed which
highlights the impact afhe dc-dc stage and large parasitics of the batiagk. Based on the
model, different topologies and PWM schemes are compardiddca combination with

minimal CM noise emission.

A PWM schemas proposed forthe acac stage ofa 3-level full-SiC UPS The 3level
topology requires large DAk capacitors to handle lodvequency ripple of neutral point

voltage. Also, the size dhe CM EMI filter increases witta high switching frequency of SiC
17



devices. The proposed PWM scheme reduces output CM EMI and compensates- for low
frequency ripple of neutral point voltageoth onDM voltage andCM voltage on the output.
Two key componentsfi@cting the power density dhethreelevel full-SiC converter can be

significantly reduced by the proposed PWM scheme.

Fourthly, to demonstrate the increase in the power densithégroposed methalin
Chapter 3andChapter 4and the benefit & SiC device on the power densitiieoptimization
and prototyping ofa 20 kW full-SiC UPSare constructed A detailed design processis
discussed. The power density of the prototype is compared with thethteart UPS with

similar topology.

Fifthly, a design witha new modulation schemis discused A TriangularCurrent Mode
(TCM) modulation fora 3-level converters investigated. With TCM modulation, zexoltage
turn-on can be achieved for all 12 SiC MOSFETSs in tipfegse leg. Since theswitchingloss
of WBG devices is concentrated in the tam instant, thewitchinglosscan be significantly
reduced. Therefore, the switching frequency of the converter can be increased much higher
than the frequency where the EMI regulation startslthe size of the EMI filters and passive
components can be drastically minimizeddésign guidelinés presented and@mparisons

performed withthe CCM case

Lastly, the conclusion of the work is presentaith a summary of action taken and the

diredion for futurework.
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Chapter 2.Di f f e fMoordtei alnd -ModenoGoupl ed

| nductors f orp hRadsrea Cdoenlv eTrhtreeres

2.1 Chapter Introduction

Compared tdhe stateof-the-art Si-IGBTS, the currentatings of SiC devices are limited.
To further increase the power capacityt SiC-basedconverterathreephaseconvertercan
operate in parallel andterleavingtechniquecan be usedVhen several PWM converters are
interleaved the carrier of each converteasin be phasshifted resulting in a certain portion of
the harmonics being canceled at the outpata resultthe filter inductors for each converter
can be reduced while meeting tim¢al harmonicdistortion (THD) requirements at the output
[8], [53]. As magnetic components take a large partor weight and sizef powerconversion
systems[5], interleaving can contribute tareductionof the size and weight of a power
conversion system. In high power applications where magnetic components account for a
considerable proportion of the weight of the whole syqt&th [54], [55], or inmore electric
aircraft(MEA) where weight and size rechion are key requirements for power converfgfs
[56], [57]the totaweight and size and power conversion unit can significantly be reduced with

smaller magnetics.

On the other hand, if the interleaved converters share a common AC output dimi,DC
circulating current flows between the converters. The circulating cucaaritibutes toan
additional loss at power devices and filters, deteriorating the efficiency of the system.

According to the phasdifference between thrgghases, this circulating current can be divided
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coupled inductar(c) Fourlimb coupled inductgrand(d) Coupled inductor integrated with boost
inductors

into differentid-mode (DM) components and commenode (CM) componentf8], [54],

while the CM circulating current takesetmajor portion in terms of magnitufi8]. Common

mode chokes or coupled inductors (CIs) can be implemented to suppress CM circulating

current. These additional magnetic components increase the size and weight of the overall

system and mitigate the benefits of interleavimghe sizeand weight reduction. I{8], the

weight of the coupled inductors was 50% of the total magnetic weiglit.1llnthe major

portion (>60%) of the total magnetic weight in a motor drive system came from the three

coupled inductors on AGide.
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To reduce the size and weight of interleaved converters, researches have been done to
integrate mgnetic components of thrgehase paralleled convertdid ], [36], [55], [59] [62]
as shown irFig. 2-1(a). By the magnetic integration, both totalumes of the magneticcore
and copper usage can be reduced which may resalsignificantdecrease in the system

weight and volume.

Researchem [55], [59]i [61] focus ontheintegrationof 3 Cls for thregphases, while the
inductance of the load is utilized as the output inductor. Three Cls are integrated into single
El-core ag-ig. 2-1(b) for two threephase converters. This structure can effectively proside
impedancdor DM circulating harmonics. However, there is no path inside of theoEd for
the flux by CMcurrent, and the integrated coupleductor provides only small impedance.
Therefore, different schemes are used to eliminate CM circulating c{B8n{59]i [61]. In
[59], a modified DPWM method is proposed by which the difference betthed®M output
voltage of two converters is kept at zero. However, the effective switching frequenapledi
for the two phases compared to the conventional DPWM for the same carrier frequency. The
same structure has been used for high power motor drive sjgigand STATCOMG60]. In
[55], [60], DC-links of paralleled converters are separated, eliminating the path for CM
circulating current. However, the number of 13{de componds, like capacitors, must be
doubled for two paralleled converters, increasing the cost and volume of the system.
Furthermore, interleaving loses its benefit on thedde. In[61], one more limb is added to
El core as shown ifig. 2-1(b). The &' limb provides a path for the flux of CM circulating
current. However, it is very difficult to achieve symmetraimagneticpath between 4 limbs.

Also, such a structure is not easy to build from the core shapes which are widely used. The

magnetic core may need customization-oottles would have to be assembled to build such
22



structures. It is disadvantageous in terms of cost and manufacturaldlggsembly of-tores

may create inevitable air gaps between the blocks.

Other approaches [fi1], [36], [62]integrate the boost inductor with the ClI to further reduce
magnetic cores material and copper materia]68j, customized tktore is used to integrate
single Cl and two singlphase boost inductors as showrfig. 2-1(d). In[11], the leakage
inductance of the Cls is implemented as the boost induct@6]ntwo I-cores are attached
on the side of the structure[®il] to integrate two threphase boost inductors with thdidhb
Cls. However, in these approaches, the Cls and the boost inductor share a magnetic path, and
the flux by crculating current must be added on the flux of output current. Since the flux by
output current is already relatively large, a dedicated PWM scheme is implemented to reduce
the flux by CM circulating curreriB6], [62] or a material with high saturation magnetic flux

density is usefL1].

This chapter proposesan integration method of the Cls for thyelease converters.
According to DM and CM, and phasaift by 180°, every harmonan the frequency spectrum
is classified into 4 different groupBasedon this systematical classification, a new integca
structure for Cls has been proposed. In the proposed structure, one core suppresses DM
circulating current while the other suppresses CM circulating current. By making a series
connection of these two inductors, the same level of suppression carvidegrto both DM
and CM circulating current. The proposed inductors can be easily implemented with standard
shape magnetic cores. Furthermore, by separating the flux by DM and CM circulating current,
the peak flux density of DM and CM coupled inductor barreduced. If the size tie core
is determined by peak flux density, the proposed integration camgigaificantdecrease in
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the size and weight of the Cls. Further[B8§], the impact of thenodulation index (Mljand
PWM scheme on maximum vedeconds is investigated for the proposed. @isalytic
solutions of voliseconds for SVPWM and DPWM@GOe derived. The result shows that the
maximum voltageseconds on the proposed structure loareducedby 33% for a wide M
range. The validity of proposed integration and size reduction aréedebf both simulation

and experiments with 1 kW interleaved converters

2.2 Classification of Sdeband Harmonics with 180 I nterleaving

2.2.1 Differentiakmode andcommonmodesidebandharmonics

Accordingto the analytic solution of pulsgidth modulation (PWM)oltagewith carrier
based modulatiof63], the ouput voltage othe PWM converter can be divided into CM and

DM components on the frequency spectr[@h Analytically, the CM harmonicgxist in

sideband harmonics at frequencieswff,, +3nf, whered is carrier index variable arat is

baseband index variable. The sideband harmonics at the other frequencies can be classified as

DM componentsThese voltages induce DM and CM currents according to the impedance for

DM and CM components in the cir¢cuin Mathematically, DM componen(sidm’xs) and CM

componem(icm) in phasex of converter current can be extracted(24) in time domain

wherei_,i .l . are phasé, B, C converter current, respectively
i = Ias tl bs +cs
o 3 (2.1
Idm,xs:I XS 1 cmX a.:,b,C
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Based orthe phaserelationshipamongthe threephasesthe equation(2.2) holdsfor DM

currentdue to phase kation among phase A,,BndC.

idm,as+i dm bs 'i- dm cs @: (22)

The structure of conventional thrgghase inductors likeFig. 2-2(a) utilizes the
characteristic of differentiahode ag2.2). The DM flux passes across the legs, enabling three
singlephase inductors to be integrated into a singledté. The structure of conventional CM
choke for thregohase application iRig. 2-2(b) utilizes thecharacteristic of CM currenWith
the structure abig. 2-2(b), the flux by DM current isanceledn the corewhile the flux by
CM current can be tightly cougdl. With relatively small size, ¢60CCM choke provids large

impedanceonly to CM current

Fig. 2-2. Structure of (a) threphase inductgorand(b) commormode choke

2.2.2 Phaseshift ofsideband harmonics by 18inhterleaving

Interleaving affects the phasiference between the current of paralleled converters. The

typical circuit diagram for two interleaved converters is showrFign 2-4. With 180°

interleaving, the phase of sidebaharmonicsat (2m- 1) f,,, is shifted by 180%nd these
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harmonic currents are canceled out at the output wimerd, 2,3.... These harmonics are
called &circulatingd since they only flonamong theparalleledconverters180° interleaving
does not affect the phase of the fundamental currefy and sidebantiarmonics amf,,

and the current in these frequencies become ¢toarent.Mathematically,load components

(i,oad’xs) and circulatin@omponents(i in phasex of converter current can be extracted

cir,xs)

as (2.3) on time domain.Phasex current of converter 1 and 2 are labeled,gsandi,,,
respectively Example waveforms gfhaseA convertercurrent(i,y ), load curren(iload’asl),

and circulating curren(ici,,asl) for a two-level threephaseconverterwith DPWM60° are

shown inFig. 2-3.

iCir,xsl = l(I xsl i xgz) X a:,b,C

? 2.3)
. 1, .
IIoad,xsl ZE(I xd +X§) X a:,b,C
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l!oad,as]

0 1,
Fig. 2-3. Example waveforms of phageconverter curren(iasl) , load current(imadvm) , and

circulating current(idr‘asl) for two-level threephase inverter wit DPWM60C.

l:’omf

.]{;J’zf;n"é?f;n' I I

Im\ ‘jasl Alg

H
I

Fig. 2-4. Path ofcirculatingcurrent andoad current

Assuming that two converters are symmetric in every sémseguation(2.4) holds forthe

circulating curret at (2m- 1) f,, frequenciesvhile (2.5) holds forloadcurrent at 2mf,,.

icir,xsl-'-icir,xsz :O’ X @,b,c (2-4)
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iIoad,xﬁ =i load xR’ X %.,b,C (2-5)

Theseswitching frequency circulating harmasmustbe atenuatedvith additional passive
filters like coupled inductorsThe conventionalcoupled inductorgCls) for threephase

converters are shown kig. 2-5. The flux byloadcomponentas(2.5) cancels in the core and
the Cl only providesa smallinductanceof L, . The flux bycirculating canponentg2.4) is
coupled inside of the core and t8¢és providealargeimpedance ofl,, +2M whereM_ is

themutual inductance of the CI. In summaryxfby these two componentan be written as

(2.6) for the winding connected to phaamf converter 1

_ _ o f(L +2My)ig g forcirculating component
/xsl_(L|k -lMci)Ixﬂ Ivlcil x | = .
1 Lichioad, xa forload component
(2.6)
4 ;Las] ’1".133 ;!‘b:l A‘cs] /102
e e Uy gy L —

Al <

<

—

Bl

B2

Il

Wik
I

Fig. 2-5. Structure othree separate coupled inductors for three phases

2.2.3 Summary

Combining DM, CM andphaseshift between two converters, any currentairvhole

frequency range can be divided into 4 group3ase2-1. On converter currerdf Fig. 2-1,

the sum of these 4 groups flows. As an example, pAagerent ofconverter 1('a31) can be
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written as(2.7). The badcurrent(iload’aﬁ) is the sum oDM component(iload‘dm ai) at 60 Hz
and on 2mf,, sidebands, and als€M component(iload’cm) on 2mf,, sidebands. The
circulating currenbn (2m- 1) f,, can also be classified into DM compon(éiy;ydm’aﬂ) and

CM componem(icirvcm) . The direction of current flow is slwn inFig. 2-6 for each group.
[

asl =1 load, ad L cir, ad (': load dm &bk Ioad t)n ( Gir dm iﬁs cir-li| (27)

Table2-1. Classification of converter current harmonics with 180° interleaving

Among
3-phass Differentiakmode Commonmode
Between Qg Qp MQfp ™« Q
Convertes
Load (Inphase) GrouplR § Group2Q
0 0 Fundamentalerm at'Q, CM harmonics até"Q
h h DM harmonics atd 'Q

Circulating (Outof-phase) Group 3Q j Low-fre%cgl ﬁ Earmonics

Q5 Q m DM harmonics atga  p 'Q q yC !

CM harmonics atqd  p "Q
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Point of Common Coupling (PCC) Coupled inductors
Yload dm,ag

Uoad dm s

Yoad em
Al Al
1 i T

AC load Converter | AC load Converter 1
Boost inductor A A2
; T =2 B2
o E— R )
Converter 2 Converter 2
pg(é%a (a) Load. DM (jimmt.u‘m ) (h) Load. CM ("‘frmu"rw )
PCCc Lot s Fuie o 1
- Al - Al
dr o) BI T é Bl T ;
Cl Cl
AC load Converter | AC load Converter 1
T om2
" cir.cm2 " —_L—’
- M—e: B2
o~ sl |T
Converter 2 Converter 2
(¢) Circulating, DM (i, ) (d) Circulating, CM (i, )

Fig. 2-6. Direction of current flow: (a) Group Qjmad.dm) , (b) Group Z(imad.cm)' (c) Group 3(idrvdm),
and(d) Group 4(icirm) :

With interleavingthe circulating components do not contribute to the load current and the
THD of the current aftea point of commoncoupling(PCC) can be lowThe CM circulating
componentsn group 4 mainly contribute to a large circulating current [0\ frequency
circulating components can be eilivated bya contoller within controlbandwidth[64], [65].

For switching frequency range, eithéts or CM chokes can be used to suppress the CM
circulating current in group 4 [1The Cls attenuate current of groupa®d 4andCM choke
attenuates theurrent of group 2 and. ©ne observation is that the CM choke does not utilize
any characteristic of interleaved convestewhile the coupled inductors do not explaity

characteristics of B and CM, thus leaving room for improvement.
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2.3 ProposedStructure for DM and CM Coupled I nductor

Based on the classification in Sect@2, a new integrated structure for coupled indus
is proposed. The proposed coupled inductors are comprised afdgieticcores. Onés for
a DM coupled inductor (DMCI) to suppress DM circulating harmonics of group 3. The other

is a CM coupled inductor (CMCI) to suppress CM circulating harmonigsooip 4.

The structuref the DMCI is shown irFig. 2-7. The letter and number next to the windings
indicateto which terminal the winding is connected. For example, the Al winslicgnhnected
to the phaseA output of converter IPCCa PCCh andPCCcindicate the nodes for point of
commoncoupling for thregphasesBy combining the structure of a conventiottaleephase
inductor with the coupled inductors, a singkedte with 6 windings can be implemented to
suppresPOM circulating currentA dot convention for the A1 winding is shown to illustrate

how the flux will be coupled.

Fig. 2-7. DM coupled inductar
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The equivalent magnetic circuit for the DMCI da& drawn agig. 2-8 when theleakage

inductance( L|k) is ignored A,eg and At indicatereluctance of a limb and a transversal part

of the magneticcore, respectively. AssuminéIeg > >, the mutual inductance of single

winding can be written a@.8) where M, is coupled inductance anl, . is turnsnumber

of asinglewinding. A, and Idmci are an effective crossectional area and a mean magnetic

path length of a single leg, respectivelfwe assume that the magnetic path is fully symmetric

andleakaganductance is ignored, the flux of winding Al can be writte(Re8.

N2 o N3 A
o dmci = dmci’ ‘dmci
M ® 3 (2.8)
EAleg E dmci
A 1. 1 0 a1 1
/ =M a = iy =~ M- - = 2.9
asl dmééaﬂ 2|b§. 2' cd 9 dmI ? _2| bg _é cg ( )
R R
AN A
¢a gph cpc
“}{,’yg “Rh:g g{feg
+ +
Nia.s] Nicsl
Niﬂs.: Nics2
+ +
NN MN
\'Rf G‘RJ

Fig. 2-8. Equivalent magnetic circuit for DM coupled inductor
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For fundamentalwrent and DM harmonics of group 1, the #igarecanceled in each leg
by two windings witha differentdirectionandthe size of the core can remain small. For CM
currents, no path exists inside the core. Therefore, the flux inside of the core is only generated
by circulatingDM harmonics of group.3The effective inductance can be calculate(Rd0)
by substituting2.4), (2.2) into (2.9) and represented with the circuits for 4 groupBim 2-9.
As mentioned in Sectioh 1, the same structure has been proposgsbil [59]i [61]. Different
schemes have beesed to suppress CM circulating currartich cannot be attenuated with

the structureof the DMCI.

£3M 4 cir am ag fOr DM circulating
/asl —1 '

(2.10)
i O for the other groups
Lo i
s (N 1 g L [l
— Cl T Cl T
AC load Converter | AC load _ Converter 1
E==F1 3
2 e
Converter 2 Converter 2
(a) Load. DM(;'M(M) (b) Load, CM (;‘W )
PCCa ’ ’
PCCh M, _ | _
PCCc N J_ L cm) J_

il o
- r‘ il Bl J'
L —

Bl J_
T

Cl

AC load " Converter | AC load Converter 1
A2
B2
e
Converter 2 Converter 2
(c) Circulating. DM i, , ) (d) Circulating, CM (i,, )

Fig. 2-9. Effective inductances of DMCI for 4 groups of currents.

The structure fthe CM coupled inductor (CMCI) is shownkig. 2-10. By combining the

structure of the CM choke with the coupled inductors,-eote pair with 6 windings can
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effectively couple the flux of CM circulating currenthe U-core shape is one example.
Further, the proposed CMCI can be implemented with othes tyfmeagneticcore like a toroid

core with 6 windings, utilizing the same principle.

A2

Ald A2
PCCaf CCal
3

B1 B2
PCChb PCCh

PCCed “Ced

Fig. 2-10. Proposed CM coupled inductor

lr 4

The equivalent magnetic circuit for the CMCl is showfig 2-11. AssumingA _, > > X

leg

, the mutual inductance of single winding can be writterf2akl) where M, is coupled

inductance and\__ . is turnsnumber ofa single winding. The flux of winding Al can be

cmci

written as(2.12).

NZ° . mN? . )
M o o _Yemei "% YemeiTemei (211)
ZA leg Z

cmci

/aﬂ:Mcm(ias + i+&) M- C,(i o | gl 2) (212
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M\
P, P,
S’Rieg mleg
+ -+
Ni 1 Nl 2

+ +
]Vi csi Ni i cs2
— W\, —

R

4
Fig. 2-11. Equivalent magnetic circuit for CM coupled inductor

For DM componats in groups 1 and 3, the flesarecanceled out in each leg by phase
difference between thrgghase as(2.2). For the CMload current of group 2no flux is
generatedlue toflux cancellation betweethetwo limbs Therefore, only the CMirculating
currens of group 4generatdlux inside of the coreThe effective inductance can be calculated
as(2.13) by substituting2.2) ~ (2.5) into (2.12) andrepresented with the circuits for 4 groups

in Fig. 2-12.

6M _ | for CM ,circulating

cm' cir,cnd

2.1
0 for the other groups (213

asl

—\—A(D:
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Yo a Digad cm |
Al Al
Bl J_ ; Bl J‘ ';L
c1 T cl T )
AC load Converter 1 AC load “onverter |
A2 A2
B2 B2
Lo g | T - — c2
Converter 2 Converter 2
(a) Load, DM(;,, ) _(b)Load,CM(j,,_.)
’ PCCa ) ’
PCCh, .  OM,

PCCc | Leir em

Al Al
- Bl Bl L
Cl Cl

AC load Converter AC load 6M, Converter |
T B2 T B2
— C2 c2 T
Converter 2 Converter 2
(¢) Circulating, DM (i, ,, ) (d) Circulating. CM (i, )

Fig. 2-12. Effective inductances of CMCI for 4 groups of currents.

In the conventional desigmne CI is connected to each phaseFas 2-13(a). For the

proposed DMCI and CMCI, two inductors are connected in series as shdwq 213(b).
Assuming the Ieakag'mductance(le) is negligible, effective inductance provided by the

conventional Cls and DMCI, CMCI is summarized Tiable 2-2 for 4 groups. With the
additional couphg that comes from DM and CM, the proposed structure amplifies effective

inductance compared to the conventional Cls. If the coupled inductance of W Gland
CMCI (m_,) are designed to have their valuas (2.14) they can perfectly replacthe

conventional Cls.

2 1
Md :éMci'Mcm _—3M Ci (2-14)
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Table2-2. Comparison of effective inductance of three separate coupled inductors and the proy

combination
Among
3-phass Differentiakmode Commonmode
Between QR Qfp Qp ™ Q
Convertes
Load (Inphase) Group 1 Group 2
Q i Q o 1 mo 1
Circulating (Outof-phase) Group 3 Group 4
Q R Q R Tt Qf) O agd C() o (pU

Boost Inductor (Z,,;) 3 Coupled Inductors (M)

. to control THD of load current  «  to block circulating current

________ i

i T T
Teer) (i i _
rm\PCCb‘.a sl \'I_‘-l%[:i T =

AC load  PCCc

T

AL L 13 T
. J" ¢ as2 A2
. f“'\-‘ 11-1152 5
r— {
o | T

(a)
Boost Inductor (Z,,,;) DMCTI and CMCI(M,,,.M,,,)
. to control THD of load current /. to block circulating current
w e i
m 4+ 2 HS  HEHA
f"‘\ PCCHI- g 3 Q ‘lbxl Bl —
= N -
PCCb\ 'g 2. _‘E FNT 4151!'1 Cl T
- o
AC load PCCS E 5h B =
Q= e
S it H lus"
© unio Ar—A2 |
- © < H < i lb.\*Z
= = ©*
;U '!Q 4 cs2 C2
(b)
Fig. 2-13. The connection of (a) the conventional coupled inductord(b) the proposed DMCI,
CMCI.
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The priorarts only utilize the structure of DM{b5], [59]i [61]. Therefore, different
methods have been used to suppress CM circulating current. With the proposed CMCI structure
and the seriesonnection, the DMCI and CMCI can be designed to perfectly replace the
conventional Cls with the same impedance but smaller sizes. A specialized PWM scheme to
eliminate CM voltage differend&9] is not necessary which increases the switchosg. The
paralleled converters can share the-ldfk so that the interleaving can have its benefits on the
DC-side[55], [60]. Compared to the structure[®i], the shape of the proposed CM&tlopts
widely usedcoreshapesvith addtional windings and is free from practical issues which may
come from complex magnetic structure,.g.e asymmetry of magnetic path or
manufacturability. It should be noted that the conduelo®s may increase in the proposed

coupled inductors due to its seresnnected structure.
2.4 Design Consideratiors for DMCI and CMCI
2.4.1 Voltageseconds on DMCI an@MCI considering Ml range and PWM schem

In magnetic designs, th&ize of the magneticcore is determined by either maximum
magnetic flux densit)( Bmax) or thermal limit[66]. In the fluxlimited designsthesize ofthe

coupled inductois determined byhemaximum flux linkageFor Cls, as ifrig. 2-13, the flux-

linkage is determined by thene-integral of voltage differencvo conveters.

The output voltageof a twolevel threephasa:onverter(‘vabcsl ) can be described by three

switching states &2.15) where S, is the switching state of phageWhen the output of phase
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X is connected to the positive-dail, S, is 1, and when connected to the negativerdd, S,

is 0.

e 1
e
e

; é 1

Vabes — VdcéSEL _2 (215)
e
Z 1
(S ——
éSCl 2

The peak valudor volt-second difference varies according to Ml and PWM meth[&¥]i
[69]. Therefore, possible sizeduction will vary according ttherequiredMI range and PWM

scheme.

7

Il

@ P & PQO (2.16)

In [67], the analytical solution of pealolt-second is provided forthe Clsand common
modechoke in case of SVPWM or DPWNI§70], [71]. Howeve, in DMCI andCMCI, only
DM or CM componengenerates flux imne magneticore respectivelylt is not clear how
the fluxwould be distributeth DMCI and CMCI depending on Ml and PWM scheme, which
eventually determirgpossible sizeeduction.Although DMCI has been found jB5], [59]i
[61], the variation of peak flux linkage depending lih or PWM scheme has not been

investigated.

In this section, analyticalotutions for maximum flux linkage for DMCI and CMCére

revealedfor SVPWM and DPWM6(case.The result shows that the proposed integration
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reduce the numbenf cores as well as the peak flux ladefor magneticcoreby decoupling

DM, CM flux.

One example of swehing state ishown inFig. 2-14 for SVPWM and DPWNMOWhen M
=0.88andt — - i Qe—m_ where—is abangle forthevoltage reference. It is assumed

that the voltage reference is identical for te converters. In the case of SVPWM, the
negative peak flux linkage for a single switching period can be writ(2.17) and itsDM
and CM componentsan beextractedas (2.18). With given MI,—that gives the ek flux-
linkage can be found. The case for DPWM&an be derived iasimilar way.In theDPWM6071
case, several equations exist fieak flux linkage depending dvil. Detailed calculation
method of'Y, Y and peak flux linkage for the conventional &in befound in[67], [68]: by

spacevectorPWM [67] or carrierbasedPWM [68].

p T Y
D @ P @ PQO® pY ® pY & Y Y (2.17)
p T Y
p
Py » Y — p
Py (2.18)
25 2 25 — <Y
by
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h . - i phB
E— PHE 1o, i B » P
b phid

Y
== 1.3 . . “cir dm

(a) SVPWM {b) DPWM60

1
Fig. 2-14. Waveform of switching state &l = 0.88,0¢ g 42 sin® \/_ (a) SVPWM, and (b)
3 MI /3

DPWM6C.

Two observationgan be noted frorfig. 2-14. First, & there are 8omponentsn ; cr.am,
the phase witlthe absolutemaximum must b found for peak flux linkage. In the example
shown inFig. 2-14, peak DM flux linkage is on phad® for SVPWM and phas@ for
DPWM6(1Secondly, it can be seen in the DPWNg&tse, that the DM and CM components

for phaseA are out of phase. This indicates that the DM and CM circulating canmesay
cancel each otheao reduce the peak value of total circulating curremterefore, the gak
value ofthetotal circulating current may not be the sumtlo¢ peakvalue of DM circulating
current and CM circulating current.

The analytical equatiors for peakflux linkagesof conventional Cls, DMCland CMCI

(/cir,pk’ liam oo chom pk) are given inTable2-3 andTable2-4 as a funtion of Ml andplotted
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in Fig. 2-15andFig. 2-16 for 2-level SVPWM andPWM6OIThe flux values araormalized
by V,.T,,/ 4 which isthe maximumvalue forconventional CisThe peak flux linkage for
CMCI (/Cir’cm, pk) is identical to the one for commanode chokdound in[67]. For DMCI,

/ linearly increases aMll increasesin SVPWM. In DPWM6(QTIcase,the peak of

cir ,dm, pk
! i gm,pk @A/ o oo h@ppen oMl ¢j 0. From M VXj o, the phaseorresponihg to

peakDM flux linkage changes, i.efrom phaseA to phaseB in Fig. 2-14(b) and/, 4, ok

increases until maximudll.

Table2-3. Peak flux linkage as a function of MI: SVPWM

! e o for conventionalCl /g 4 o for DMCI /. o 1 for CMCI

o¢c Ml ¢ 2 Vdc sw VdcTsw Mi VdcTsw% Ml
|3 1 4 3 4 ¢ 3
Table2-4. Peak flux linkage as a function of MI: DPWMG0
/Cir’pk for conventionalCl /g 4m o for DMCI ! e om. o for CMCl
1
0CM ¢— VeeTaw fau1
N 4 V, T :
MM' c " sw M
— Ml <
J3 3
VvV, T,a5 1 1
E ¢ Ml <ﬁ VdcTsw de sw%_ _2 MIZ _3
3 3 4 4 6 2\ VTA5 1 1
3 4
ﬁq; MI <i VdcTsw%+} MI 2 _1 96 3
3 3 4 3 2 3
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Fig. 2-15. Peak value of normalized vedeconds: SVPWM
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Fig. 2-16. Peak value of normalized vedeconds: DPWM60

Whencompared to conventional Clpeakflux linkage of the DMCI and CMClis 33%
smaller withinthewholeMI range forDPWM6Qlandpj i 0 "O ¢j Mo rangefor SVPWM.
This indicates thathe proposed integrationot onlyreduces the number of cores from 3 to 2,
but alsocallows the size of each magnetic cores tainaller than single conventional CI over
wide Ml range, if thermal constraint permétsd the size dhecore is determined by maximum

flux-density
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The peak value of DM, CM circulating curre(rigr,dm, ool i om pk) can be calculated K{g.20)

similar to conventional C¢ase(icir'pk) in (2.19). Note that the peak value for total circulating

current may not bthe algebraic sum of the peak value for DM and CM components, as these
DM and CM components may not bejinaseFor the caseshere the peak value of circulating

current may be givemesigncriteria for mutual inductance can {&19) or (2.20).

B max{ Ve - Vio) d§ /

g ok = =SBk 2.1
cir,pk AM u AM u ( 9)
i _ /cir,dm, pk
cir,dm, pk — 6M
dm (2.20)
_ /cir,cm, pk

icir,cm, pk — W
cm

2.4.2 Flowchart for designing DMCI and CMCI

In this section, a design flowchart is provided for DMCI and CMCI as shown in. The
flowchart assumes specification is giventlaspeakvalue of circulating current arttiat the

design process focuses how DMCI and CMCI can be designed to replace treparate Cls.

First, considering MI range and PWM scheme, desired coupled inductance value can be

calculated using2.19) andTable2-3, andTable2-4 for conventional C[10], [72]. Then,the

equivalent inductance for the DMCI, CM((:Mdm’Mcm) can be calculated based @h14)

which would give the same peak value for total circulating current. Maximuniiflkixge for

DMCI and CMCI can be calculated frortable 2-3 and Table 2-4. Finally, with given

44



Mde cm and /cir,dm, pk? /cir,cm pk?
design optimizatiorprocess.The valuefor B, may

DMCI and CMCI can be optimized following a magnetic

come from the limitation ahe core

materialor another upper boundagan be set to control the ceiess in the ClsOptimization

of DMCI and CMCl is not within the scope of thi®rk,

therefore thélowchart only illustrate

how DMCI and CMCI can be designed from system specifications, Uisibig2-3 or Table

2-4.

Maximum limit for 7,
from system specification

!

Find M from Eq. (2.19)
for conventional CI case

T,

Find equivalent inductance
for DMCI, CMCI from Eq. (2.15)

Core selection

v

Calculation of turn-number
from Eq. (2.9) and (2.12) & Wire selection

ze

A

Yeir dm, pk

L —
’ 2N, A

dmei* “ecare dmei

false

1’”(?‘('(;‘.\'”?},’ in core si.

Jalse

cir.em. pk

Bt'mu max =
AN, A

cmci* “care cmci

I Inductor optimization
1

Result
DMCI/CMCI: Mutual inductance,
Core size, Turn number

From Table 2-3 or 2-4,
jm,m- = ./.(MIJJWM)

B, A

sat > “Tcore> " core™ " core

From Table 2-3 or 2-4,
)'m,mu,px- = .f(M!J)WM)

From Table 2-3 or 2-4,
A =f(MI,PWM)

Yeir,cm, pk

Fig. 2-17. Flowchart for DMCl,andCMCI design
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2.4.3 Remarks on thermallymited designs

The scope of thiwork is limited to the case where the size constraint comes from maximum
flux-density in the magnetic coreh& analytic solutiosifor modulation index (Ml) ersus
peak magnetic flux fo€Cl, DMCI, and CMCltheoreticallysupportpossiblesize reduction.
Before prototypinga finite element analysi$FEA) has been performed teerify thermal
aspects including the wiless.The volume losslensity of all three cases showed low value
(ConventionalCl: 18a &j & &, DMCI: 224 @] @ &, CMCI: 36.74 0] @ &) compared to
thermallylimited designg66]. This low lossdensity mainly comes from low cetess of the

ferrite material (3F3rom FERROXCUBE) and relatively low current dens ¢ 0j & &

However, inothercases, the thermal issue may limit the possiblersidaction. Especially
in the coupled inductors, no lefrequency flux exists in the core and it is probable that the
size is limited by the temperature rise of the inductor. In such cases, possikdsiziEon
may not be similar to the flubmited case and the peak flux may not be an accurate indicator
to compare the inductor size. The design procedure should consider the difference in thermal
models amonghe conventionaCl, DMCI, and CMCI. Since DICI and CMCI are built with
commonly used core shapes, the models for such structures can be extended while an impact

from the multiwinding structure should be considered

2.5 Prototype Designand Simulation Result

Two types of simulation have been conducténlcuit simulation has been done \erify
the feasibility of the proposed coupled inttors. Finite Element Analysis (FEA) has been
conducted for magnetic analysis of prototype design as well@smpare loss.
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2.5.1 Circuit Simulation

Targeting aircraft applations, 1 k\Wparalleled?-level converterasshown inFig. 2-13are

used for the circuisimulation. Parameters arensmnarized inTable 2-5. Insteadof a three

phaseacload t hr ee &R, g) are ased ardneo3plese inductofL,,,) is placed

between theesistorsand PCCTwo converters are interleaved by 180°. The mutual inductance
of DMCIl in (2.8) and CMClin (2.11) is set to have the same impedanca@mventional case,

based orf2.14).

Table2-5. Parameters for PLECS simulation

Parameter Value Parameter Value
w 150 V Q 20 kHz
Q 400 Hz PWM DPWM601
0 330 Y 8 q
0 1.0 mH 0 1.5mH
0 0.5 mH Modulation Index 0.96
Q 0A Q 45A

The waveforns of load current, converter durrentare showrin Fig. 2-18 andFig. 2-19.

In the circuit for simulation, no path exists for CM current at the load. Therefore, the current

of group 1(i|oad’dm) only flows into theload. Assuming that the leakageductance is

negligible, the coupled inductoosly suppress the circulating curre(m(;r’dm,i cir,cm) and there

is no change in the load current for either case. The waveforms of converter 1 currents are

compared irFig. 2-19. The DM, CM circulating current in groups 3 and 4 &mdamental

frequency(fo) components in the group 1 flow in the converter 1 current. The mutual
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inductance of DMCI, CMClI is designed to have the same level of attenuati(2.14) hence

THD of the converter 1 current remains the same for both cases.

Load Current

104, e, THD 3002
— ya N . / \'\\ /
5 0 r \\ s .__\
" b o , ol
10 e A e
3 4 5 6 7 % le-3

Time [s]
(a)

Load Current

Time [s]
(b)

Fig. 2-18. Waveforns of load current with (a) conventional coupled inductarsd(b) DM, CM
coupled inductar

Converter 1 Current

THD = 4.6 %
3 4 3 6
Time [s]

(a)

Converter 1 Current
104 THD =4.6 %

_— e
o, e B
“ L
S

3 4 5 6 7 xle-3
Time [s]
(b)

Fig. 2-19. Waveforns of converter 1 current with (a) conventional coupled inductomd(b) DM, CM
coupled inductn
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Flux-linkage of winding Ai/asl) is compared irFig. 2-20. for DPWM60&nd SVPWM

case. For the conventional one, the DM and CM circulating cumegrioups 3 and 4both
generate the flux in the Cl and the peak value reacB&sa wd for both PWM schemesn

the proposed coupled inductors, the flux for DM and CM circulating current can be decoupled
into two different cores, so its peak value for each core could be redrarettie DMCI, the

peak values are around 18303 and, forCMCI 0.844 «wJd . This is a reduction of 45% and
55%, respectively. In this case, the reduction on-sett is similar for both DPWM6Bnd
SVPWM cases. Frorkig. 2-15 andFig. 2-16, it can be seen that both PWM scheme shows
similar peak fluxlinkage after Ml = 0.9 aadurationof zerevector becomesmall.Below M

e 0.9, possible reduction omlt-sec.may vary betwee two PWM schemes.
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(a) DPWMG60 Case (b) SVPWM Case

Fig. 2-20. Waveforns the flux of A1 winding: MI = 0.96 (a) DPWM60Q and(b) SVPWM
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2.5.2 Prototypedesign andinite elementanalysis (FEA)

Prototype coupled inductors have been designed and FEA has been conducted to verify the

sizereductionand to compare los3hethreeCls and the proposed DMCI, CMCI are designed

to havea similar maximum magnetidlux density(Bmax) at Ml = 1.0 in the DPWI60tase.
The summary of the inductor design is showii able2-6.
Table2-6. Summary otoupledinductor design

Cls DMCI CMCI
FERROXCUBE 3F3

Material 5 - CTMT
6 TR ™ TR, al ™ o
Shape u67/27/14 E55/28/21 ue7/27/14
Core 1915¢g 170.0¢g
Weight 51009 361.5 g (30%)
Core " 65.000 G 52.00 &
Volume  1°59wd 117.00 & (-25%)
Wire Litz wire, AWG 1!
_Mutual 1.38 mH 920 uH 393 uH
inductance
# of Turns 21 16 12
Wire 51m 411 m
7.2m
Length 9.21 m (+28%)
Wire 7489 60.3 g
Weight 105.69 13519
Wire 11.98 ¢ 8.41wa 6.78w &
Volume ' 15.20 &
Total o
Weight 615.6 g 496.6 g {20%)
Total v v
- 0,
Volume 167.8w a 132.2w G (-22%)

For the corematerial,3F3 from FERROXCUBE is selecte@onsidering the switching
frequency (20 kHz)the bestchoice for Cls could be amorphous. Evew-frequencyferrite
materials are targeting up to 200 kHz range. However, due to the availabitity size and

cost of customizatioto makethe threelimb corefor DMCI, the ferrite core isisedinstead
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Theinitial attempt was to use 3C95 material whings a flat loss characteristic alomgth the
temperature. This is becaua¢hermal analysis on such &tegrated structureould not be
easily done. Due to the availability of the cores, 3F3 material ésteelas a finalchoice A
boost inductor is separately designed withaamorphous core which is AMGQ08 from

Hitachi Metalsand used for both cases.

U67/27/14is used to buildbothconventional Cls and CMCI. DMCI is built witB55/28/21.
The center limlof E55/28/21has been cut in half to be equal to the area of the side limbs. No
air gap exists for the three Cls. Total weight of core has been reduced by 30% and size by 25%.
AWG 15 equivalent Litz wire has been used, which giveareent density of » ja a .
The DMCI and CMCI are seriennected and this seriesnnection of two cores increased
the wire length. Irthe prototye desig, the total wire length is increased by 28% in the
proposed structure. The total weight and volume, includingvites, are decreased by 20%

mainly due to the sizeeduction of the magnetic cores.

By FEM sinulation, the maximumflux density 6 has been verified dsg. 2-21 and
coreloss has been simulatdd.Fig. 2-21, the numbers below the figures iodie he length,
width, and height of thenagretic core for each case. For FEM simulatidhe circulating
currents from PLECS simulation from Chapt2r5.1 are used as excitation currents.
Coefficients of Steinmetz equation for cdoss calculation are extracted from the datasheet of

3F3 material.

The resultis summarized imable2-7. For the CI, core loss is around 444.5 mWickh
brings the sum up to 1334 mW total. For the DMCI and CMCI, core loss is 400 mW and 1020

mW. Total coreoss increaseby 6.3%. Conduction loss is 1465 mW for the three Cls and
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1874 mW for DMCI and CMCI. Seriesonnection of DMCI and CMCI contribute &n
increasan the conductionloss. Total loss from coupled inductors increases by 18% from 2.8
W to 3.3 W However, a 0.5 W is only 0.05% of whole system power rating, whick\g 1
and loss from the ampled inductors does not significantly deteriorate system efficiency in

given operating condition.

B [teslal
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. 3. 9600E-001 [T

3, 696OE-001
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2.1120E-001
. 1. 8480E-801
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2. 64B0E-002 -
©. 0B00E +000 s>

Core size 67 %27 x 14 mm 55 % 56 x 21 mm 67 % 27 x 14 mm
LxWxH (a) (b) (c)

Fig. 2-21. FEAresult (a) C) (b) DMCI, and(c) CMCI.

Table2-7. Losscomparison

Cls DMCI CMCI
400 mwW 1020 mwW
Coreloss 1333.5mW 1420 MW (+6.5%)
. 1038 mw 836.4 mwW
Conductionloss 1465 mW 1874.4 MW (+28%)
Total Loss 2799 mW 1438 mwW 1856 mw

3294 mW (+18%)

2.6 Comparison with Boost Inductor Integration Scheme

In motor drive applicatiorf11], [55], [59]i [61], the lad inductance servean output
inductor as irFig. 2-13. However, in the other applications such as-gadnected converters,
a separate inductor etgsto attenuate the loaide current ripple. If36], an integrated

inductor has been proposed combining the boost inductor and 3 Cls into one magnetic core to

oL



reduce both the weight of the magnetic cores and the windatgria. In this section, a

comparison has been performed with the integrated inducf86jn

The structure of the integrated inductof36] is shown inFig. 2-22. There are three phase
legs, two bridgdegs on the frontand backside, and one commeag. Equivalent magnetic
circuitsfor the groupl, 3 and 4areshown inFig. 2-23. Based on the magnetic circuit analysis,
the effective inductance for each group can be catdilasTable2-8 whereo  ,0 f , and
0 j are the coraarea of the phadegs, commoreg, and bridgdeg. ¢ is mean path
length ofthe phaseleg and commosdeg. & is theair gap between thlridge-legs and phase

legs.

Common leg

Bridge leg

Fig. 2-22. Structure of the integrated inductor[86].

Two magnetic materials are utilized to buihe integratedhductor. Only DM load current

with low THD (idm’load’ XS) generates the flux in the brid¢egs. Therefore, a material with high

saturation quxdensity(B ) and relatively higher cofkssis utilized such as laminated iron

sat

cores. The commaleg and phaskgs are built with a material which has high permeability
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and low cordoss to handle the flux by higinequency circulating currgs. In[36], a ferrite

material with' ¢ o man & X'Yis used to build the phasegs and commateg.

:E zmc‘ﬁﬂeg Y f’ K
Ni as2 e + +
mieg $
(b) Group 1
+ + + é + + i ::
+ + +f + +f
(c) Group 3 (d) Group 4

Fig. 2-23. (a) Magnetic circuit of integrated inductor[B6] (b) for DM, load, (c) for DM, circulating,
and(d) for CM, circulating.

Table2-8. Effective inductance dhe integrated inductor

Among
3-phass Differentiatmode Commonmode
Between Qg Qp MQfp ™ Q
Converters
Load (Inphase) 5 “0 0 0
Q Q ch
Circulating (Outof-phase) 0 - C0 0 0 - Cr 0 0f05
Qp Qp om h & h & 07 005
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Note that both the large fundamental DM load currents andfhegjuency circulating

components generate the fim¢thephaselegs. From the magnetic and electric circuit analysis,

the maximunflux densityof the phasdegs (Bpl,m) can be expressed @s21). With thegiven
circuit parametersghe maximum volsec. for the phasieg (/pl,m) is largely determined by

the flux term for the output DM currel@‘ZLfilowdm XS) . To reduce the size of the phdsgs,

it is desirabldor the material to havboth highd  andhigh permeabilityat the multiples of

Q. If B, is small, NA , term wil be large as shown i(2.21) which indicates that either

a large turnsyumber or a large magnetic core is required.

1 a, . i amxst hirem © 1
B - max i 4 Cir.dm, xs cr,em Y £ plm 297
pl,m NA; ) é%ZLf load, dm xs 2 9 NA& } ( )

Therefore, he possible sizeeduction will be largely determined by the maximum flux
density available for the highermeability materia( Bhp,m) for the phaséegs. B, ,, may be
limited by availability of the materials for targ€ . Foran examplemost oflow-frequency
ferrite materialhave B, <0.6T [73], [74]. Also, thermal constraints may put a limit &,

value. The flux by the circulating currents adds additional-tms® on he phasdegs. If a

material with highB,

sat

and relatively higher cofoss is used such as an amorphous core,

B,..m Mmay have to be reduced to mitigate a temperatsed75].

Two case®f integrated inductohave been designed tompae sizeln the first case, a

ferrite material has been used aBg , is set t00.25T . Two Ecore pairs QR48020EC from
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Mag-Inc) are stacked and the cenlienbs are cut to half to build the phalegs. In the second

case, the phadegs are built from amorphous cores. Twectte pairs (AMCGE004 from

Hitachi Metal) and an outer strap are assembled to make dithteeore. B, is setto1.0T

assuming that the thermal constraints do not put a limBgn, and the core for the common

leg is assumed to be customized to fit the structure. The separate bamsbrirwith the

laminated iron core is assumed to have the sameasite Ecore built from AMCGCO004.

Compared to the case with DMCI, CMCI, and the separate boost inductor, the ferrite design

showeda 16% increase in the total weight. A large turns number was required to compensate

low B, . The design with an amorphous core assembly sha€elo decrease in the total

weight.
Table2-9 Summary of comparison with the integrated inductdB&j.
A separate boost inductor, Integrated inductor Integrated inductor
Material DMCI, andCMCI with ferrite core with amorphous core
Core weight  Wire weight  Core weight  Wire weight  Core weight  Wire weigh
Boost Laminated
inductance Iron 400.3¢g 1059 1229 - 257.49 104.89
Coupled Ferrite 3619 1359 737.59 35849 -
inductors Amorphous - - - 454.0g -
859.6 g 358¢g 71139 10489
Total 76139 2409 (+5%) (+50%) (-7%) (-40%)
1.001 kg 1.218 kg 0.813 kg

In summary, the proposed integrated Cls with a separate boost inductor can provide size

reduction compared to the integrated inductor in {#6ich combines both the boost inductor

and Clsdepending on the maximum flidensity or material choice for the phdsgs.

56



2.7 Experimental Results with Prototype Design

A prototype has been constructed and an experimental test has been performed. The circuit
and parameters for the gxriment are as shown Fig. 2-13 and Table 2-5. The picture of
conventional CIsDMCI, andCMCI is shown inFig. 2-24. Total weight and size of the Cls

could be reduced by 20%.

n R J
DM Coupled Inductor CM Coupled Inductor

Fig. 2-24. Size comparison of conventional design and integrated design

Load currentsconverter 1 currentsand circulating currerd have been compared@he
waveforms for load currents are comparedFign 2-25. THD is 3.7%with conventional Cls
and 4.0%uwith the proposed structur&éhe frequacy spectrum showasgood matctbetween
the two cases The waveforms for converter current are comparedign 2-26. THD of
converter 1 current is 4.7% and 5.00bthe frequency spectruna small difference exists for

"0 sideband harmonics, which cabtites to THD difference. In the prototype design, the
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mutual inductance for CMCI has a smaller value than the one required for the same level of
attenuatior ¢O ¢ @ C @) ¢® v @ O andtheattenuation for CM circulating

current is slightly laver in CMCI case.

Circulating currerghave been extraedfrom converted current waveform anthe one for
phaseA are shown irFig. 2-27 andFig. 2-28. As CM load current in group 2s negligible
current in groups 1, 3 dn4 can beextractedby (2.22). Magnitudes of switching pple

component are similar itwo cases, which is within 0A3with afundamentaturrent of4.5A.

i _Iasl_laﬁ

cir,asl — 2
icir,cml = (I asl +bsl I -'Ei) / 3 (222)
icir,dm,asl :i cir,ad 'I cir,cni

Several current spikes are observethiecirculatingcurrent waveformThe system targets
an aircraft application in which the fundamental frequency is 400 Hz and mainelguency
CM circulating currents are located at 1.2 kHz and 2.4 kHz. During the experiment, the
bandwidth of a CM circulating currenttroller was limited to 1 kHz with 20 kHz switching
frequency. As a result, the lefrequency CM circulating currents were not able to be fully
eliminated.Consequentlythe Cls and CMCI went into slight saturation at peak of this low

frequency CM circuling current.
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Load Current: Conventional CI Case
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Fig. 2-25. Waveform of phasé load
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Fig. 2-26. Waveform of converter 1 current (a) with conventional coupled indy¢tyre/ith DM and
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05 - Converter 1 Circulating Current: Conventional CI Case
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Fig. 2-27. Circulating curent in conventional Cl case: Total circulating current, CM compoaent,
DM component

Converter 1 Circulating Current: DMCI, CMCI Case

05
= i ”Nﬂw. N‘MMW, il JM il
g o Mn"nf,"'“-"]m'll‘.'»fr “nr lh M‘u’., \I" ”' Il
5 | !
s 5,‘5 GI 5‘5 7" 7.5 8 8;5 é 95 10
051
=
R iy g iy |
o | L
5,5 ] 6,5 7 7.5 8 8.5 9 95 10
05

Current [A]
o

05 s . s . s . - -
5.5 6 6.5 7 7.5 8 8.5 g 95 10
Time [ms]
Fig. 2-28. Circulating in DMCIl,andCMCI case: Total circulating current, CM componemtd DM
component

In aconventional Cl case, fl@sof DM and CM components are coupled in the core. Even

when phasé\ is clamped and is near zerothe saturation othe Clsin the other phases

cir ,asl

geneates spikes in .. and thus creates the spikedjn,, . as well. On the other hand, no
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coupling exists betweegheDM and CM component with the DMCI and CMCI. The saturation

of CMCl is only reflected in, .., andi wherei [

cir,asl cir,asl — ! cir,dm,asl -I-cir,crd .

These spikes and the leinequency CM components cause deviation from the experimental
waveforms inFig. 2-28 and thesimulation waveform irFig. 2-20(a). Note that the design
procedure shown iRig. 2-17 assumes that such lefnequency components do not exist with
the zeresequence current control. In mosttleé applicationsvhere the lowfrequency CM
circulating componerdan be located atmuchlower frequency than the controller bandwidth,
such spikes will not exist. Even with the presence ofsttarationspikes, the magnitude of
switching ripple components remains damin the two casegdhis can also be confirmed from
the frequency spectrum Fig. 2-26. Also, to handle the low frequency circulating component,
the three Cls hatbe oversized while only the size of CMCI needs to be increased thanks to
the decouplingof CM and DM circulating flux in the proposed combination. Therefore, the
experimental resultgalidatethat the proposed Cls gives the same level of attenuatitigtor

frequency circulahg current with reduced sizes.

2.8 Chapter Summary

In this chapter, an integrated structure for coupled inductors in-pinese paralleled AC
DC converters is proposed. According to differeatrlde, commommode and phasghift by
180° interleaving, the converter current is classified into 4 groupsdBas¢his systematic
classification,a combination of DMCI and CMCI are proposed to suppress DM and CM
circulating current. The structure of DMCI and CMCI combines a conventionakpheese

inductor and commemode choke with a coupled inductor and carehsily implemented
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with standard shape coreSeriesconnection of two proposed coupled inductors completely
replaces the three coupled inductors in the tpreese system. For the filliited magnetic
designs, malytic solutions for maximum voekecondsof DMCI and CMCI are derived for
SVPWM and DPWM6&ase. The results show that maximum gaitond can be smaller in

the proposed structure by decoupling of CM and DM component. Based on the analytic
solution, design guidelines for the DMCI and CMCI al®wn to provide the identical
impedance witta smallersize compared to the conventional (ototypes are designed for

1 kW interleaved converters and their size and weight are compared. With given operating
conditions, the volume and weididve been educed by 20%. Loss comparison has been done
with FEM simulation and the prototype design indicates an 18% increase, mainly by
conductionloss. However, the amount of increase is 0.5 W with a system power rating of 1
kW. Experimental results showed that Dtéf two converter current waveforms remains the

same with the size and weight reduction of 20%.
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Chapter . T hr-€er mi nal -MoodnmemoEMI Mo d e |
for EMI Generati on, Propagati c

I n a-SIFCGI| Thhaesre UPS Modul e

3.1 Introduction for Chapter 3to 5.

Throughoutchapter3 to 5, schems for power densityimprovement ofthe full-SiC
uninterruptible power supply (UPS) Vebeen presented. In applicatiosuch as power
supplies for hospitals and datantersglectric powemust be ensureskamlesslyeven when
there exists a power interruptiontilemaingrid. In these applications, a short outage of power
may result in digh expense or catastrophic result. To secw@oaer toward load even when

the maingrid fails, power electronics circuits widnergystorage are equipped.

Fig. 3-1 shows an example d circuit configuration for UPS. One UPS module is
comprised otherectifier, inverter, and a ddc stageThe rectifier and inverter together form
an aeac stageA batteryrackasenergystorage is connected tioe dc-link of the aeac stage.

For tens or hundreds of kN¥gvel, multiple UPS modules are paralleled to increase the power

capability and ensuneedundancyn case ot module failure.
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Fig. 3-1. Structure of threphase modular UPS.

Several operation modexist depending on power transf®epending on the operation
mode, a different combination of the rectifier, inverter, andidstage is imolved.In normal
condition,the aeac stage operates and providagreewaveroltage to the critical load regardless
of distortions on the main grid. Meanwhile battery management system (BMS) senses a
stateof-charge (SOC) of the battergck and, if the batteryrack is not fully charged, the
rectifier andthedc-dc stage operate to charge the batt®nce he main grid failsthe rectifier

shuts off andhe energy stored in the battery is dischadgetheinverter.

Two observationgan bemadefrom the operating principlezirstly, the UPS is comprised
of multiple power stages, the power is always transferred through more than twoAsaes
double conversion efficiency the productof the efficienges of two stagesthe efficiencyof
eachstagebecomesnore importantvhich may see a significant improvementtbgadoption
of SiC devicesThe charge capacity of the battery is limitashd more loss during power
conversion will result in shortexl hold-up time to serve the critical loa&econdly,noise
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phenomena are complex. Multiple povetages together witultiple modes of operations
complicatethe generation and propagation of noisgpecially, the aac stage and ddc stage

with the battery rack share the commorid& and the noise frorthese stages will be mixed,

depending on the operation mode.

From chapter 3 to 5, an EMI modeling, topology selection, improved PWM scheme, and
hardware optimization are covered. The system specification is summarizadle@8-1. A
picture ofa prototypeand measurement setigp shown inFig. 3-2. Details on topology

selection, EMI modeling, employed PWM scheme, and detailed procedure for prototyping will

be covered in eaathapter

....{

dc load bank \

178 mm

(b)

Fig. 3-2. (a) 20 kW fultSiC UPS prototypeand(b) an experimental setup for EMI measurement
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Table3-1. System specification

Parameter Value Parameter Value
Grid voltage 480m DC-link voltage 800w
Nominal
Frequency 60 Hz battery voltage 540 V
Powerrating 20 kW THD 2%

EMI standard IEC6204062

3.2 Chapter Introduction

Widebandgap (WBG)devices have received attention fréin@ industry due to superior
performance oveBi-based IGBTSAN uninterruptible power supply (UPS) is an application in
which ultralow loss characteristics of WBG devices can significantly improve system
efficiency. With mature Shbased IGBT technology, the efficiency of double conversioraac
conversion) is limitecbelow98% for threephase UPSs. With SiC devices, 99% efficiency per
one power stage is conceivable and double conversion efficiency up ty6B%@7] can be

obtained

While the UPS benefits from higgfficiency, electromagnetic interference (EMI) problems
arise from highdwvdt, di/dt of SiC devices and higher switching frequer@g]i [80].
Especially, thecommonmode (CM)noise is dificult to deal with, as propagation varies
according to physical layout drparasitic components of the syst§®i]. Since the UPS
generally feeds sensitive loads in hospitals or data centers, conductive noise emission is strictly
limited from 150 kHz to 30 MHz bgtandards as IEC62040shown inTable 3-2 [82]. In
general, passive filters are used to handle the conductive comaab® (CM) emission, where
the magnetic components as comamoode chokes dominate the size and weight of the filters.
With increased switching frequengnabled by SiC MOSFETSs, the volume and weight of
these CM EMI filters may increase significarityy, [50], [83] since the sizeof these magnetic
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componerg increase. Also, the CM current during converter operation can cause false

triggering of protection cauits.

Table3-2. Conductive EMIimit in IEC620402: Catgory C3 UPS with rated current < 100 A

Frequency Range QuasiPeak Limits
[MHZ] [ dBe V]
0.157 0.50 100
0.501 5.0 86
5.07 30.0 90 to 73

Furthermorethe UFS consists of multiple power conversion stages and has several modes
of operation whicltomplicateshe EMI problems The UPS under study compsserectifier
and an inverter for aac conversion, and an active battery charger with a battery rack as energy
storage. IEC6204Q requires the limit of conductive noise shall be met in the mode of
operation with maximum emissid82]. Noise emissionpropagation pathand interaction
between the stagese distinct since different combinations of the rectifier, inverter argtdc
converter are active during different modes. This makesediction of the EMI spectra
difficult and cdls for deliberatestrategies to be set before prototyping. Especially, literature
has reported that large parasitic capacitance up to tens of nanofarad (nF) may exist between
batteryterminalsandmetal housing due to a large footprintioé battery[84]i [87]. This large
parasitic component provides a propagation path for-figgfluency noise and may bring a

huge change in noise phenomena wiendedc converter operates.

EMI modek can be used to predict the EMI spectra and set appropriate EMI strategies
during the design pha$88]. A number of researchers have adopted a simplified frequency

domain model. The EMI remedies for a complex system such as UPS octoHztk
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conveters can be validated and compdi&al, [89]i [94] while the accuracy of the frequency
models are limited at MHz since the model includes only major parasitic comp@@&hts
However, most research focuses onlyte@acac stage alone. lis not clear how the noise
mechanisnwill be influenced by the operation tiie dc-dc conveter which interfacefarge

energy storage to theiok of the acac stage.

In [89], a comprehensive EMI analysis is condudtedh modular UPS in both timgomain
and frequency domaiBased on the model, a parametric study for parasitic components and
the impact of interleaving in the modular structure is investigated for the stage. However,
the scope of the research is limited to the dogbleversion mode even though a largétdry
rackand an active chargekistin the system. 1f90], a filter structure with an artificial ground
is proposed to contain the CM noise emtrfor a backo-back converter system. [81], [92],
a frequency domain model is used to evaluate the filter and providega degeline for a
UPS[91] or backto-back convertef92]. In [96]i [98], PWM schemes for a twevel backto-
back converter are proposed whidhize commorimodevoltage (CMV)cancellation between
the rectifier and inverter to reduce the CM current. However, the scope of these studies is
limited to the aeac conversion case and does not showthewperatiorof the dedc converter

will changethe CM noise profile.

In [93], a CM equivalent circuit for a medium voltage dc distribution system is proposed to
connect multiple converters and subsystems. Based on the model, the impact of different
grounding scheme on the CM current is investigateméver, the experimental result does
not include a dalc converter and energy storage. The impact of the same on the CM EMI was

not investigated.
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In [86], the impact of battery connection tre CM EMI isinvestigated for a BS with
experimentalalidation. A diode rectifier is used fonaput grid and a large battergckis
directly connected to the dimk by long cables. With a battery connection, a maximum 20 dB
increase is reported in conductive CM EMI over a wide frequency range. However, this
increase came from the long cabt®nnecting the battgrto the delink. A detailed analysis
for deteriorated CM EMI is absent. Algbe dedc converteris not presenin the systemit is
uncertain howhe topologies or the PWM schemef the dedc stage will influence the CM

EMI.

In thischapteran EMI generation, propagation, and mitigation strategy for-&fdlthree
phase UPS with an active battery charger have been investigated basketeaminal CM
circuit model, focusing onhe impact of the dc-dc converter. Firstly, sahreeterminal CM
circuit model is presented to link aMequivalent circuit of the ddc stage to the aac stage.
The model provides insight on how the CM noise will be generated from ttie clenverter
and interact with the aac stage circuit. Secoryllbased on the model, impacts on the noise
generation and propagation path by theldstage have been analyzed. It is predicted that the
dc-dc converter contributes to a large increase in the CM noise profile due to its additional
noise generation andud to the multiple resonances associated with the battery cabinet.
Especially, witha higher switching frequency of SiC devices, the emission from thealc
stage can be significarthirdly, a comparative evaluation of topologies and PWM schemes
has beemerformed based on the proposed CM EMI model to set a mitigation strategy during
a design phase. CMV generation by different combinatiaf topologies and PWM schemes
has been compared for the-ac stage and the dic stage. The result highlights thae

selection of the topology and PWM scheme for theldstage plays a critical role noise
69



mitigation from the UPSA 20 kW full-SiC threelevel UPShas been builvith a SiC three
level module from MICROSEMI. Thienpact of the dalc converter and theitigation strategy

have been verified with the prototype UPS

3.3 Formulation of the Three Terminal CM Model

In this sectionthe three terminal CM EMI model is developed to explain the CM EMI
behavior of the UPS with a dic converter. A structure of the UPS is showrFig. 3-3. A
rectifier is connected to a 480V/ 60Hz grid and an inverter is connected to residbaelsac
The delink voltage is 800 V nominal wtelthe kattery voltage is 54% nominal A dc-dc
converter enables bidirectional power flow betweendiiknk andthe battery.The ectifier,

inverter anddc-dc converter sharthedc-link as an energy budf.

480V/ 60Hz (‘fff (
Livr  Lyoa _ "‘ Ly Liw: R,

~ b T Rectifier Inverter o

% R LN -+ +—m
:-L-I._T C i1 "T C 1T Battery Cabinet
I oo X
nL L ek C f batt
DC-DC i —mm
|| Converter iCL L %
Lyuwf?

Fig. 3-3. Structure of UPS and parasitic capacitances to the earth.

For aeside filters,LCL filters have been used for botime rectifier and inverterA battery
side LC filteris designed to attenuateattery current ripple t0% of rated currentA dc
inductor is splitin two and connected teachoutput port ofthe dc-dc converter to achieve

complete symmetry and balancifay EMI purpos€99]. Heatsink anda battery cabinet are
70



connected tahe protective earthThe connectiosibetween the inpugrid ground, protectier
earth, and the neutral of the thyglease outputiependon the grounding scheme or system
configuration. In thisvork, TT grounding is assumed where the three nodes are connected to

the same conductive plafe0].

Parasitic capacitaneeto the eartlare marked with deed lines. Thesecapacitanceexist

betweertheheatsink anthethreephase outpstof therectifier, inverter(Cs) ,dcbus(C,,,)

and two out portsf thedc-dcstage(C,, ) . On the battery sideparasiticcapacitancéC_;.e)

exists betweethemetal cabinet anthebattery terminal. Due talarge footprint of the &ttery,

this capacitance value reaganorder of tens of nf84]i [87].
3.3.1 Ac-ac stage modeling

The CM equivalent circuifor the acacstageis shown inFig. 3-4(a). Two inductors irthe

LCL filter are modeled as RLC branch as kig. 3-4(b). C; ., and C; ., model the

equivakrt parallel capacitors (EPC) of thaverterside inductor and gridide inductor,

respectively.R; ., and R; .., modelequivakrt parallelresigors of the sameThe values of

f ,ac2

parameters from the experimental setup are summariz€hapter3.6. The CMV of the

rectifierand inverteican be defined a8.1). v,, . refers to thevoltage betweethe phasex

output (x = a, b, ¢) of therectifier andthemid-point ofthe delink. The CMV from therectifier

or inverteris modeled as single voltage source referring tioe mid-point of dc-link asFig.

3-4(a).

71



v — Van,REC+ Vbn REC W cn REC
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(3.1)
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ch, INV — 3

Zf.ac /3 ch_REC ch,INV Zfac/3

n

RLoari /3

(b)

Fig. 3-4. (a)Ac-ac stage CM modgeand(b) lumped parameter model for LCL filter.

In this configuration, CM currennhay propagate to the rectifieaind inverterside or be

shunted back through the parasitic capacital(lcglg, CS) . In a relativeljjow-frequencyrange

where the noise propagation througl,, and C, is not significant, most of the noise will flow

between the rectifierand inverterside path and the CM noise emission will depeod

Vo ree™ Vem iy [96]1[98], [101] In the UPS application, the voltage referencthefectifier

input voltage andheinverteroutput voltage is largely determined by the required lin&age.
Ideally, the input grid voltage to the UPS and the output voltage to the loagrateonized
however, a small phase difference may exist dubdwoltagedrop on the filtersSince the

output voltages of the rectifier and the inverter are alritgstical,the waveformof v .-
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andv,, . Will be very similar when the carriers for the rectifier and inverter are synchronized,

and PWM schemes for both are identif&d], [101]. Most of the CMV generated from the
rectifier and inverter cancel each othés a resultthe CM noise generation from the-ac

stage alone is not significant.

To observe the effect ithe frequencydomain the two-level rectifier and invertemwere
simulated usingdeal switchesThe switching frequency is set to 40 kHz andnteraligned
Space VectoPulseWidth Modulation (SVPWMhas been use@he nodulation index is 0.98
andthe phasedifference betweethe rectifier and inverter voltage is T.8lue tothe voltage
drop across the LICfilter. A fixed-step simulation with 10 ns step was performed with PLECS.
The waveforms of the CMV of thedifi erand the inverter were extracted froime simulation
and subtractedo observe the cancellation effeat the frequency domaiihe frequency
spectrum of the CMV of the rectifier and the CMV of theaacstageareplotted inFig. 3-5(b)
for a frequency range betwe#h0 kHzand2 MHz. With thepresence of this cancellatichge
spectrum oCMV has been reduced183dB between 150 kHi 2 MHz, which isamaximum

22 dB decreasevhencompared tahe singletwo-level ac-dc converter case.
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Fig. 3-5. Simulated frequency spectra for CM noise generation oféwel backto-back converter

3.3.2 Dc-dc stage modeling

In the UPS,the dc-dc converter connecemnergystorage to the diink of therectifier and
inverter.To link a CM equivalent circuibf the dedc stage to thecac stage model, voltage
potentiak of the dedc converter output can be referredth@ mid-point of the delink. The
circuit forthe dedc stage is shown iRig. 3-6. Thevoltage potentiafor apositive or negative

terminal ofthe output referredo noden arelabeledasv,, ,(t) andv,_ (t). CMV output

of the dedc converter(vcm’ DCDC(t)) can be defined g8.2).

Vem DeDC

p=tenllvedd) o
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=E ey .._____.__(._‘52 ﬂln

Fig. 3-6. Circuit of dc-dc stage.

The svitching function of the high-side MOSFET(Q,, ) is defined asS, (). S, (t) equals
1if Qy is on,and0 whenQ,, is off as(3.3). When thedc-link voltage is equally split into
theupper and lowedc-link capacitor vdc+'n(t) andv, ,n(t) can be writtern terms of S, (t)

as(3.4). Finally, v

em dcdc(t) can mathematically be describegla switchingstateof thedc-dc

converter a$3.5) for thenoise source dhefrequencydomainmodel.ln theactualwaveform,

the dead timexists and its impadtas to be&ounted

_ &1 when Q isor

S (Y “10 when Q s off (33)
_y & 1
Vdc+,n(t) _Vdc?H( 9 _2
— Vdc (34)
Vdc- n (t) - 2
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A CM equivalent ocuit for the dc-dc stage is shown ifig. 3-7. The CMV generated by

the dedcconvertelin (3.5) servesasa voltage source iRig. 3-7(a). The impedance ofddside

inductors(Zf,dc) is modeled as an inductc(ri_f’dc) with EPC (Cf'dc), and an equivalent

parallel resistor(Rf,dC). The battery cabinet is modeled as a sec@mwected LC circuit.

Parasitic inductance dhe metal plate of the cabinet connected to the earthodekd by

L.ainet - The parasitic capacitance between the terminal ob#ieryrackto the metal casing
is modeled a€ ;. Theimpedance betweethe output terminals of the dic converteto

the ground(ZequCDC) is a seriegonnection ofZ, , /2 and the impedance of the metal

casingwhich will decide the propagation through the bat&de

Z

Cm DCDC eq, D("D( f de /2 2(cabmu

:I——| """""" 5 i ) ’—i }_‘ C [ de
: § I
3C fo l iy | , P 1 de

bus

1 Heabinet

e [ ' : f .de
l7|77 B lttLl‘\ ci 1h1ru.t

(a) (b)

Fig. 3-7. (a) Dc-dc stag CM model and(b) lumped parameter model ftre dc-sideinductor.

To observethe noise generation frorthe dedc stage,the twalevel bidirectional dalc
converterwas simulatedThe dity ratiowas0.625 andhe switching frequencyvasset to 40
kHz. The dead time was not included in Swmmulation. A fixed-step simulation with 10 ns step

76



was performedWaveformns of the switching stateandthe CMV are shown ifrig. 3-8(a). A

magnitude othe CMV step change i¥,./ 2, which is 586 larger tharthe two-level acdc

converter case. The frequency spectrafrv, . Was extracted from the tirrdomain
waveform To compare the noise generation, the frequency spectruhe afoise sources
(Vem peper @NA Vi rec™ Ven vy from Fig. 3-5) are compared ifig. 3-8(b). With the pesence

of the CMV cancellation irthe acac stagethe twolevel dc-dc convertergeneratearound20
dB larger CM noise at 160 kHAIso, the noise envelope ovBiMHz or highe shows a 10 dB

larger magnitude compared to that of theaacstage

5 5.01 5.02 5.03 5.04 5.05

5 5.01 5.02 5.03 5.04 5.05
time [ms]
(a)
180 T
Maximum emission
1801 155 dBpv @A4f, =160kHz
= .
@ 140 = 10 dBuV hl-gher @ 5MH
< 120
E |
& 100 {‘
o3
= y
2 80
S —v
= 60t em, DCDC
vcwr. REC '-vc'm. INV
L s A [ I'IH | il

B
o

0.1 050 1 5 10 30

Frequency [MHz]
(b)

Fig. 3-8. Simulation for CM voltage by twdevel dedc converter
(a) time domain waveformand(b) frequency spedr
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3.3.3 Modeling ofUPS for CM EMI

By combiningthe CM circuit model forthe acacstage andic-dc stage, theomplete UPS
modelis derived as shown iRig. 3-9. Themodel provides insight into how CM noise will
change when the diic converter operateSM current from each noise sources will be divided
according to the impedance of possible paths at the frequency of the interesinchidés
the parasitic capacitaesd ,0 ,and0 . Note that the CM EMI filters are not considered in
the model which may largely impact the impedance of noise path and thus propagations. This
workbs focus 1 s on t kdestagenaay ipngact soise ghenbrmemhttie h e dc

minimization of generated noise by the selection of topology and PWM schemes.

Zf ,ac / 3 vcm._REC vﬁ'm,f.-\q" Z f.ac / 3

n

- l 9 l —
l3(?? Ry /3

Zyisn -' sl , L s
3 Vem,.DCDC ,_.%_g?.ffzf’fffffi
C,, L1 /2
_ r—ll; eq,DCDC .........
Lcabmer / 2

Fig. 3-9. CM EMI model of UPS and noise propagation paths to LISN.
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3.4 EMI Analysis of the DG-DC Converter Sde Basedon the Model

3.4.1 Impact of the dalc converter operation on the noise generation

As seen in the frequency spectrumFag. 3-8, the CM noise generated bihe dc-dc
converteris large compared tthat of the a@ac stageAlso, because of the difference ihe

circuit topology angrinciple ofthe switchings betweesic-dc stage and adc stagethetime

domainwaveformof v, . is quite diffeent fromv, ... or v, .. It is hard to expect

partialcancellatiorsimilar tothe one betweetherectifier and inverteeven when thearriers
of three stages are synchronizebtherefore,the dedc converter switching may inject
significant CM noise through the battery cabinet to the eattbnthe UPS is in battery

chargingmodeor doubleconversion écto-ac conversion) with battegharging.
3.4.2 Impact of the dalc converter operation onéhnoise propagation path

Whenthe dedc conveter operates, the CM noise generated by the rectifier, inverter, and
dc-dc converter propagates through the battery cabinatgmund. Within this paththe
parasitic components of the battery cabinet arsgueand create resonances with the dc
inductor. Together with additional CMV geiagion, these resonances deterioth&CM noise

profile.

The impedanceof the dc inducta; andbetweerthe battery terminals tihhe groundwere
measured using an Agilemt292A impedance analyzer. A resistor bank with a metal housing
shown inFig. 3-2(b) was used to emulate the battery raC&pacitors are added between the

two terminds and the metal housing to match the parameters of the battery &€4. ihhe
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final parameters were estated basd on the curve fitting resulshown inFig. 3-10 and are

summarized inrable3-3. From the extractegarameters, thenpedance betweethe output

terminals of the delc converteto the ground(Zeq, DCDC) , asdescribed by3.6), is shown in
Fig. 3-11 Three resonance frequencies exist and each ofitletveled asf . ., , fo 40, @

fes a- NOte that a shunt path through thegsitic capacitanc(acsz) is neglected ir{3.6).

Lt gc 1 Ry qc _i_chabinet L1 (3.6)

Z =s .
2 2 52(':Eabinet

e, DCDC I | | I
2

Table3-3. Parameters for ddc converter side impedances

Parameter Value
0 253¢eH
0 p 64.3 pF
Yi 40 kaq
0 660 nH
10 nF
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Fig. 3-10. Impedance measurement and model fitting resfajsatteryterminal to earthand(b) dc
inductor.

Fig. 3-11. Bode plot for impedance between output terminals of thdcdmnverter to the earth

( Zeq‘ DCDC) :
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