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Abstract

Over the past ten years, there has been incresssd electronic power processing
in alternative, susinable, and distributed energy sourcas, well as energy storage
systemstransportatiorsystems, and theopver grid.Threephasevoltage source converters
(VSCs) have become the converter of choice in many ac medamd highpower
applications due to their many advantagegh as high efficiency and fast resporse.
transportation applications, high powaensity is the key design target, since increasing
power density can reduce fuel consumption and increase the total system efficiency. While
power electronicsleviceshavegreatly improved the efficiengpverall performancand
power densityof power conerters using power electronic devices also introduces EMI
issues to the system, which meétsrs are inevitablén those systemsnd theymake up
a significant portion of the totalystemsize and costThus, designing fohigh power
densityfor bothpower converters and passive components, especially filsremes the
key issue for threphase converters.

This dissertation explores two different approaches to reducing the EMI filter size.
One approach focuses on the EMI filters itself, includisghg advanced EMI filter
structures to improve filter performance and modifying the EMI filter design method to

avoid overdesign. The second approach focuses on reducing the EMI noise generated from



the converter using a thréevel and/or interleaving pwlogy and changing the modulation
and control methods to reduce the noise source and reduce the weight and size of the filters.

This dissertation is divided into five chapteZhiapter 1 describes the motivat@nd
objectives of this research. Afteanexamination ofhe surveyed results from the literature,
the challenges ithis research area asgldressedChapter 2 studies systelevel EMI
modeling and EMI filter design methods for voltage source converters.-dréseyn
oriented EMI modeling methis are proposed to predict the EMI noise analytically. Based
on these models, filter design procedures are improved to avoid overdesign «csiogiin
attenuation (ICA) of the filters. The noise propagation path impedance is taken into
consideration asast of a detailed discussion of the interaction between EMI filters, and
the key design constraints of inductor implementation are presented. Based on the
modeling, design and implementation methods, the impact of the switching frequency on
EMI filter weight design is also examined. A tvevel defed motor drive system is used
as an example, but the modeling and design methods can also be applied to other power
converter systems.

Chapter 3 presents the impact of the interleaving technigue on reducisgstem
passive weight. Taking into consideration the system propagation path impedance, small
angle interleaving is studied, and an analytical calculation method is proposed to minimize
the inductor value for interleaved systems. The design and integidtiorierphase
inductors are also analyzed, and the analysis and design methods are verified on a 2 kW
interleaved tweevel (2L) motor drive system. Chapter 4 studies noise reduction
techniques in muHievel converters. Nearest three space vector (NTi®RWdulation,
commonmode reduction (CMR) modulation, and commuode elimination (CME)

modulation are studied and compared in terms of EMI performance, neutral point voltage



balancing, and semiconductor losses. In order to reduce the impact of dead @ivi& on
modulation, the two solutions of improving CME modulation and compensating dead time
are proposedro verify the validity of the proposed methods for higdwer applications,

a 100 kW defed motor drive system with EMI filters for both the AC and D@esiis
designed, implemented and tesfEhis topology gains benefits from both interleaving and
multilevel topologies, which can reduce the noise and filter size significantly. The trade
offs of system passive component design are discussed, and addietpllementation
method and real system fydbwer test results are presented to verify the validity of this
study in highespower converter systems. Finally, Chaptasuhmarzes thecontributions

of thisdissertation and discusses sgmoéential improverantsfor future work
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Xuning Zhang Chapter 1

Chapter 1 | ntroducti on

This chapter starts with an introduction to the motivation and objective of this research,
the design and optimization cagsivecomponents ipowerconvertersystems After that,
the existing research activities in this area are reviewed, which hégpaidatethework
in this dissertatioandidentify its originality. The challenges and the major results to solve
the corresponding issudaacluding systemevel EMI modeling EMI filter design,
multilevel and interleaving topology analysare then presented, followed by an
explanation of the structure of the dissertatiod brief summary of the main contributions

of this work

1.1 Background and Motivations

With pressing demandnd limited production of chemical energy resources, such as
petroleum and natural gas, energy problems have become more urgent, and have become
afocus of people around the woff]. With a recent emphasis on environmentaleerns,
there has been an increasing demand for lower fuel consumption in modern transportation
applications such as vehicle, aviation and mafjeOver the past ten years, there has
been increased incorporation of electcopower processing into alternative, sustainable,
and distributed energy sources, as well as energy storage systems, transportation systems,
and the power grid.

As shown inFigurel-1, electrical power is utilized more and maneslectric vehicle
applications for propulsion purposes. Also, a greater degree of utilization for assistance

purposes in aircraft applications is being realized than in previous aircraft genefraions.
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solar and wind poweremeration as shown iRigure 1-2, power converters are the key

units to process the energy harvested in order to connect with the grid or other loads.

Tesla Pure Electric Car More electrical aircraft: Boeing 787
Figure 1-1 Electrically intensive transportation applications www. teslamotors.com www.
boeing.com, 2014used under fair use, 2014

(a) Solar panel (b) Wind turbine

Figure 1-2 Solar and wind renewable energy D . Dong, fiModeling and Control
Bidirectional PWM Converter for Single-phase Energy Systems" Master thesis, Electrical and

Computer Engineering, Virginia Tech, Blacksburg, 2009. Used under fair use, 2014
Power electronic conviers are trending to replace the traditional mechanical and

hydraulic systems. The goals have been to reduce the size, weight, maintenance and
operational costs of these power systems, while increasing overall energy efficiency, safety,
and reliability. For all the more electrical transportation applications such as véhigle
aviation[6-8] and maring10,11], power densitypecomes the key issue because of the
limited space and carrier capabilifjor the renewable energy applicasppower density

is also desirable for portability and easy installation for house or buidjaiggment Even
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for renewable energy power plant applicagidnigher power density means fewer material
needed which means a lower cost for the same power generation.

Power eletronics has revolutionized the way we process power to meet the growing
energy need of our society. The introduction of fast switching power semiconductor
devices has gregtimproved the dynamic responsdficiency andoverall performancef
the power onverters.Moreover the &st switching power semiconductor devi@dso
provides the opportunity to reduce the size of the power converters and the energy storage
components, in other words, reduce system weight/size and increase the power density of
thesystem[12]. The common objectives in the design of these converters are size reduction
and increased energy efficiency. While the energy efficiency is mostly being pursued
through systenrtevel power manageemt and converter iagration[13]-[15], the power
density is being addressed by the use of new materials, increased levels of integrdtion,
innovative circuit designid 6]-[24]. Recently increased availability of silicon carbide (SiC)
and gallium nitride (GaN) devices has opened new opportunities for designing power
converters that operate acreased switching frequencies whilgher voltages and lower
losses to reduce the size/weight of the passive components for energy storage. Several
studies[25]-[28] have shown that using these advanced devices can push the switching
frequency of the converters geveral meghertz for kilowatt level converters. With
improved module integration and packaging technolap@seduce parasiticshe power
density of the power converters can be improved significadtwever, switching devis
bring the electromaggtic interference (EMI) probleminto the systerf29]. The geerated
noise current, called conducted EMI noise, travel along the input and output power lines

andcause interference with @helectronic systenf81]. In order to avoid the inference
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between different systems, the EMI noise emissions from the power converters need to be
limited and compliance with certain electromagnetic compatibility (EMC) standards is
regularly required. EMI filterare inevitable parts in power electronics systems to provide
attenuation for the EMI noise. These passive components take a significant portion of the
total volume and weight dhe converterin some applications, filters are needed for both
input and oytut of the converter, and the additional EMI filter weight may reduce the
benefits of the power electrorgonverters over traditional $gsns and even make the total
weight/size biggdB2-34]. Moreover, with the iorease of the switching speed of the
emerging advanced semiconductor devices, the dv/dt and di/dt transitions during the device
switching become much higher than in traditional silicon (Sija#=v Hence, the switching
enegy is moved @ higher frequencies, and both conducted and radiated noise emissions
become higher than in Si systems, which aggravates thepEidlemg35]. Therefore, it

is a big challenge for modern powerateric systens todesignandintegrate the power
converter and EMI filter together to minimize total weight/size and thus improve system

powerdensity

1.2 Conducted EMI Noise and EMI Filters

Conducted emissions are the EMI noise that circulates between the concerned system
(power convesr in this case) and the external network via the physical connections
between them[36]. The work presented in this dissertation is limited to conducted
emissions onlythe other type of EMI noise (Radiated EMI noise) wit be included in
this dissertation Although the radiated EMI may be of higher importance. This is often

justified in the engineering practice because in many cases a properly shielded power
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converter that meets conducted EMI requirements also meetertieepgonding radiated
EMI requirement.

The production oEMI noiseis an inherent problem with power inverters, as has been
reported and is a byroduct of the method by which ac voltages are synthesized from a dc
voltage by forcecommutated switche®uring the modulation and switching, other than
the energy generated at needed frequency, different harmonics will also generated at
different frequencies that can interfere with other equipment throughphigsical

connectionsnd become the conducted EMI smi

Icm

Icm
| puT| ) f
Source | LISN ——> LLoad

Power
_|converter| Conection
Cable
v v v

Common Ground

Figure 1-3 EMI noisepropagation path in a DC/AC System
Figure 1-3 shows the noise propagati in a power convertgDC/AC) system Power

converter(the device under test (DUTIH used to process the energy from source to the
load, the sorce could be a dc power supply, dc voltagedyuan active front end and etc.,
and the load could be a motor or grid and €tee LISN stands forhe lineimpedance
stabilizationnetwork which isrequiredto measure and fairly compare the EMI noise per
all conducted emissions standar@s.analyze the EMI noise and design EMI filters, one
can separate tlenducted emissionsto two typescommonmode (CM) and differential
mode (DM). The DM noisélam shown inFigure 1-3) flows betweenthe power pos of

the converters anflhe CM noise @n shown inFigure 1-3) flows in same direction and

then retuns via ground connection
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To control the EMI pollution of the syster&BMI standards are usually enforce at the
input and output of the DUT. For many application, the load is a standalone equipment
such asa motor, a resistor oran inductor which has a highoise immunity, the EMI
standard is only enforce at the source side to make sure the converter will not influence the
working condition of the source or pollute the bus voltage. However, for many other
applicatiors, when the connection cable is long, fxample, in aircraftand electric
vehicles. The converter will be connected to the load motor with a long cable. The cable
will behave as an antenna and the conductive noise will generate radiate /iooes®rer
for renewable energy applications, if tbenverter is a grid tied converter then the load
will be the AC grid or other noise sensitieguipment Thus certainconductive EMI

standard is also neededttyeen the converter and |ogY].
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Figure 1-4 Conducted emission limits in DO160E (Section 21) for L, M &H categories

There aremumerousEMI standards for different applicatiann this dissertationthe
DO-160 standard37], for conductedemissions in aerospace applicati@s shown in

Figurel-4) is selected for filter design and analydids based othetotal noise current in
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one wire, in other words thmirrentnoise measured in one wire must not exceedjitren
limits within 150 kHz to 30MHz.
To reduce the EMI noise generated from the system and meet EMI standards, EMI
filters are effective soluti@andinevitableparts in a power converter sysf@®) . Figure
1-5 shows the system connection for a DC/AC power converter system when EMI filter

are needed for both AC and DC sides.

| i |

nl || L cnp

U N
| DC AC

Power
Source |LISN | EMI converter[ 1 EM! T — Load

|| Filter onverte Filterf AR

o B | i Conection

vi | Cable
.________bur |

A 4 \ 4 v

Common Ground

Figure 1-5 DC-AC power converter system with EMI filters
Typical EMI filters are composed with one or several stages of inductors and

capacitors to create the impedance mismatch between the powettecsmwve load/source

to block and bypass the EMI noise, thus it can reduce the EMI noise propagated to the
source and load. Howenepassive components especially the inductors are heavy and
bulky, which make th&MI filter weight takea big portion of the total system weiglitor
example, for a motor drive system with EMI filter added to both AC and DC sides, the
EMI filter weight can take more than 30% to even 50% of the total systeight[39].
Although, electrical power systems can help to reduce the system weight compare with
traditional mechanical or hydraulic systendue to the special EMI issudabge size and
weight of EMI filters must be considered to the system andiileeand weight of thiotal

systemincluding power stage and EMI filteis comparabl®r even bigger if system EMI
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problem is not well analyzer EMI filters are not designed @perly. Thus how to reduce
the EMI noise generated from the system and design EMI filters properly in order to reduce

the total system weight and size is a key issue in the power converter design.

1.3 Literature Review

There are mainly two different approachesreduce thesize of EMI filters One
approach focus on the EMI filters itself, including using advance EMI filter structures to
improve filter performance and improving the EMI filter design method to accurately
predict the performance of the EMI filtand avoid over design of the fileerTheother
approach is trying to reduce the EMI noise generated from switching of the d@sces
changing the switching sequence gimelswitching behavior of thdevices, the converter
can generate less noise, thius attenuation needed from the EMI filters is smaller and the
weight and size of the EMI filters can be reducEklis section will first summarize the
stateof-the-art in these techniques. The unsolved problems of these techniques are also
addressed. Basexh the addressed problems, the challeagesobjectivesf this research

are proposed.

1.3.1 System Level EMI Modeling

Design of EMI filters, inprinciple, should start with a good model of the power
converter that is accurate in the EMI frequency range améeaised for predicting EMI
noiseunder different input/output conditions. However extracting such models is not a
trivial task as the measured noise levels are sensitive to the geometry of the design and the
final geometry will not take shape until ah$t one prototype of the converter is laid down.

Thus design of EMI filters for power converters has been traditionallg deimg trial
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and-error methods which cannot ensure the optimal EMI fdesign.However over the
last few decades, several modglmethodologies have been published for extracting EMI
models of power converters. They can be classified into two broad categleteated

lumpedcircuit modeling and behavioral modeling.

Detailed lumped circuit modeling in time and frequency domain

The detailed lumped circuit modeling approach is based on the physics of the circuit
and is the classical way to model any electronic cscliitan be done in both time domain
and frequency domain. For time domain simulation, every parts of the systebe can
modeled separately and simulated together using simulation software such as SABER or
MATLab/SIMULINK to get the predictiomesults For simple converters, such model may
be suitable and could provide the most versatile solutions for EMI predi¢d®hsThe
main benefits of lumped circuit models are adaptability and scalability as everything is
based on physic$he accuracy of such models for complicated topologies has been found
to be goodnly up to around 10 MHR1]. Howeverit gets very complex with the increase
in number of semiconductor devices and the highest frequency of inteigste 1-6
shows an example of the degailswitching model for a three phase wodrive system

with only first order resonance modeling.

Linp Lincm Rinl 3 il Luisy i ! 3
U TCusnt Cusng[
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c 3 ITCLsvi  CLisngl i ! T H
inCM RJ in CM Luisn 5 1 11 L T =
" ‘3 DC L 11 CableMode 1| Motor
,,,,,,,,,,, DCSeurce || LISN_ ilcgpt VS Il (Lumped) | Modd |

Figure 1-6 Detailed switching model for a three phase motor drive system

The model is very complex and the time domain simulation is alseciom&ming

Evenwith all the details, the modelay not work as the simulator can have convergence
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issues.[43], which make it less practical for designing EMI filtetisat may involve
numerous simulationsin order to simplify tle extraction processes and increase model
robustness, engineers started using reduced order models. In such models the devices are
replaced by voltage or current sources. Since the devices are used as switches, the voltage
across them has an approximatetjyared shape. However it has been shown that such
approximation is not accurate and finite rise/fall time must be included for the better
representation of the switched voltage (or curré¢4b)]-[48]. The robustness of such
models has been demonstrated in handling complex syf&iH&2] however it is seen

that the accuracy is only good up to sevenalgahertz Referencg44] showsthat the
approximation of the voltage (or current) switching characteristics with a trapezoidal
waveform may not be very accurate either. Attempts have been made to use piece wise
linear approximation of the voltage and current thahgtdevice$53]. However, this kind

of modeling then becomes specific to the device in use and the accuracy was not seen to
be any better than the previous models. Simplified models of IGBT for EMI analysis has
also been deveped i54][55]. Here the IGBT is modeled with an ideal switch, an ON
resistance and a few capacitances. The accuracy of results was found to good up to only
several MHz, most likely because of tlmitations of other lumped circuit models that

were used to model the systenihe reduced order modeling can also be realized in
frequency domainThe time domain simulation of the converter, including all the parasitic
and noise sources are included [#0][48]. The noise spectrum is then obtained by
computing the FFT of the resulting current8hen converter modulation method and
operation conditions are known double Fourier integral transfam@FIT) method can

be applied to calculate the frequencyrdon noise source analytica[6]. This approach

10
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gives good results as long as the switches and circuit models are very close to the real
physical devicesThis agroach provides a simply method for EMI filter design where the
noise can be calculated analytically. It is much faster than the time domain simulation
which make it a preferred method for EMI filter design where numerous noise prediction

processes are inlved.

Behavior modeling approaches

Behavior modeling approaches is developedifiing system level EMpredictions.
Simulating several converters with detailed lumped circuit equivalents would require large
computational resources and time, not to mentimat the chances of convergence get
severely diminishedBehavior modeling approachesodel thewhole power converters
using a ongort or a tweport néwork with independent sourdé&§-59]. With the
assumption that thienearity of the conveter is still high in EMI rangefrequency domain
Thevenin (or Norton) equivalentan be derived owof the circuit.Thus the whole circuit

is modeled as several noise source with several imajsedance$60][61] (as shown in

Figurel-7).
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Figure 1-7 Behavioral Modeling for A Two-Level Phase Leg
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To derive such models, sevena¢asurements are needed forghistinghardware to
calculate the noise source and corresponding impedances and numerical optimization may
be needed to increase the accuracy of the model. The behavior modeling abasdaetn
applied to phase le§2], dc/dc convertej63] and three phase dc/aonverterd64]. All
the results shows that with proper measurement and numerical optimization algorithms,
the accuracy of thanodel can be achieved up to 50MHz which is good enough for
conductive EMI analysig-However, this method need the power convengdwarefor
measurement to derive an accurate model which make it hard to use for the design and
size/weight optimization fothe converter and filter together as a whole system since the
filter need to be designed before the convenglementatiorin order to get a minimum

weight/size for th@ower stage and filtetsgether.

1.3.2 EMI Filter Design and Optimization

The EMI filter design methods are evolving with the developmergystemlevel
EMI modeling. Without accurate system EMI modelidgsign of EMI filters for power
converters has been traditionally done using-araderror methods which cannot ensure
the optimal EMI fiters designReferencg65] proposed a EMI filter design method using
the filter transfer gain(TF)as shown inFigure 1-8(a)) to estimate the filter in circuit
attenuatiofICA) (as shown inFigure 1-8(c)) with the assumption that the impedance
mismatch has been achieved betwiberilter input/output impedance anlesource/load
impedance. This method has been used widely as a practical EMI filter design method.
However, die to the existence of resonance source/load impedance and the EMI filter
parasiticparametersthe assumption of impedance mismatgrcannot be ensurad real

system. Thus certain margin is always needed for this design method whichpramols

12
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the gotimal filter design and make the filter ov@esigned to attenuate the noise effectively.
To verify filter attenuation,ite insertion gain of the filtglas shown irFigure1-8(b)) can

be measure using a network anal\yj&&]. However, this still cannot accurately predict the
in-circuit-attenuation of the filter si nce the | oad and sour
constant in the real circgitBased on the frequency domain modeling of the system such
as behavior modeling or reduced order frequency domain modgiamgource and load
impedance can be included tine predidng circuit for filter attenuation, and filter in

circuit-attenuation can be predicted and used in filter design to theidter overdesign

1 - I w/o filter ) SO'—érce | wio filter
+ + | : Impedance
Vi, E.IMI Vout EMI : | wititer Twiiter
Filter Noise Filter !
= | | = source : Noise source
______ I
Vo
TF = ch IG=IT£ ICAZE
' in woflter w/oflter
(a) Transfer Gain (TF) (b) Insertion Gain( IG) (C) In Circuit Attenuation(ICA)

Figure 1-8 Different attenuationsfor EMI filters

However, thdilter design methodhown above only gives the optimized value for L
and C in the filter. To get theal weight/size of the filters, thpysical implemetation of
each componemeedto be consider. There are two main issues during the implementation
of filters: saturation of inductors and parasigzametersf EMI filters. To make inductor
maintain the inductance during system operation, inductor$ beuslesigned to avoid
saturation. Voksecond applied on the inductors is the main reason for inductor saturation.
With the consideration of vekecond generated in the system, sometimes the optimized
inductor and capacitor value cannot guarantegpéimized filter weigh{69]. Component
parasiticparameters aralso very importance for fér high frequency performange0]-

[73]. Many studies has been presented thegitestimate the parasitgarameters of

13
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inductoss and capacitor§71]-[75] or to cancethemusing circuit theorie$77]. All the
studies showed th#teparasiticcompnentsnust be controlled during the implementation
of EMI filters to ensure high frequency performance.

Although many researdimavebe conducted teystematicallystudythe impact of the
EMI filter on the power density of thrgghase PWM converters, atite design method
for a high density EMI filtes [77]. The filter design method still follows the process of
getting the fAoptimizedo filter parameters fi
filter baseeddonfitheefopai aninegsexzondissuebidisausv er , a
above, sometimes the optimized inductor and capacitor value cannot guarantee an
optimized filter weight. To get thdapal optimumweight/size of the EMI filter, the design

method should coider the parameter selection and physical implementation together.

DC Noise AC Noise
-t AN
DC; "
Sourc;"e’;l Cac Link V3l
T
=t

Figure 1-9 CM noise propagation path for defed motor drive system

Moreover,previous works only focus daMl filter design method for ongide of the
converter. Foraplication that need EMI filters for both AC and DC sidiinteraction
between AC and DC EMI filters must be consideespecially for CM noise as shown in
Figurel-9. Certain design sequence isded to ensure that adding another filter into one
side of the systewill not make the noise on the other side worse and fail the filter design
for the other side. How to design the fil@operlyto ensure effective attenuation for both

AC and DC sidess a key issue for motor derives or grid tied converters

14
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1.3.3 Noise Reduction Using Active Devices.

The reduction of EMI filter weight/size can also be achieved by reducing the noise
generated from the system using active devitlesseapproaches can be died into two
types. One is using auxiliary circuit to inject the noise wWidppposite diretion according
to system nois® compensate the noise generated fronsyseeni78]-[81] . The auxiliay
circuits is only for noise reductipthus it is lower power and smaller size and behave as
an active filter. However the active filters still take a portion of system weight and the
reliability and fault tolerance of active filters is still a key issuesystem desigif82].
Another approach to reduce EMI noise generated from the system using active devices is
to change the topology and modulatgxhemeof the power converters to reducertain
typesof EMI noise, such as dihg an additional phase leg to cancel CM noise generated
from the systenfi83], using multilevel converters that can reduce the voltage step during
each switching to reduce both CM and DM n¢&#[85]and use parallel and interleaving
topology to cancel certain order noise harmd8icls [91]. Since this dissertation is aiming
at the application power level is froseveral kW to hundreds of kW, multilevel and

interleaving topology is studied in detail for system passive weight reduction.

Multilevel converters

EMI noiseis a byproduct of the method by which ac voltages are synthesized from a
dc voltage by forceommutatedswitches It is highly related with the dv/dt during device
switching, thus reduce the voltagfeps can reduce both CM and DM noise generated from
the systemThisis the main ideal of using multilevel converters to reduce EMI nolsere
has ben many ofvell-established multilevel converter topologigsch as the neutral point

clamped (NPC), cascadediHr i dge ( CHB) , and.lpthepowprleved paci t or

15
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onseveral kW to hundreds of kW, three ledfC voltage source convert@s shownn

Figurel-10) is widely used[93] .

Figure 1-103L DNPC Topology
In aNPC 3L inverters, since each phase leg have three output voltage ley¢® +V

(P), 0 (0),-Vdd2 (N), there are totally 27 switching states and 18 different output voltage

vectors as shown iRigurel-11.

NPN OPN

ONP
Figure 1-11 Switching states in 3L DNPC VSI

There hae been many publications about the modulation methods for NPC 3L
inverters, different optimization goals such as minimum,lossimum CM voltage
generation ominimum harmonic distortion can be achieved by using the redundant
switching statesPrevious work has demonstrated how the additional choices in switching

states of the NPC converter provide many opportunities for optimizing a system to get low

16
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differential mode harmonic performance, minimumlid& ripple current, known as
nearest three space vt (NTSV) modulatiorj94]. To reduce the EMI filter size, the
additional choices in switching states of the NPC converter also provide the options to
reduce the common mode (CM) output voltage generation known as common mode
reduction (CMR) modulatiof95][96] and also can theoretically eliminate the common
mode voltage referred as common mode elimination (CME) modulfgin Although

those modulation methods are widely used to reduce filter size, no comprehensive
comparison was presented in the previous literatures to evaluate the performance of these
three modulation methods on EMI performance, neutral point voltage ripple and system
loss. Referencd98] compared NTSV modulation and CME modulation in the aspect of
CM voltage generation. However, the comparison was only done in time domain and low
frequency range and the EMI performances are not compared.

By sekcting the switching stateproperly in 3L DNPC convertersyeference
[97]specifically proposed a modulation method that can theoretically eliminate the CM
voltage; namely the commanode elimination (CME) modulatiofloweverthe benefits
of CM noise elimination can only be achieweith the assumption th#te device is ideal.
However when this technique is implemented, due to the need to apply a dead time (DT)
period to the gate drive of complementary IGBTs in a phagdo avoid shoothrough
faults, the final benefit of this modulation technique is quite limited, which on top of the
penaltyof limiting the voltage utilization ratio of the converter by 15 %, and the loss of
neutratpoint (NP) voltage balancing capabili#| these drawback®ake this modulation
method less attractivand less practical for real implementati8milar withthe dead time

compensation ideal for 2L convertef89], reference[100]proposeda dead time
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compensation method that can be applied for all different modulation method however the
compensatiorfocusing on time domain aspedts reduce the output current distortion
instead of CM noise reductio8o far, very few initiatives have beeonducted or reported

to determine the impact of DT on CME modulation. Only a brief compensation method
was proposed ifL03] however the compensation sfilcusedon time domain aspeand
consequentlylid notexploring the inpact on the EMI frequency rande. order to make

CME modulation more practical in real system, it is necessary to study the compensation
method or explore other modulation methéal reduce the impact of DT on system CM

noise reduction in CME modulation.

Interleaving Topology

The use of paralleled thrggnase PWM converters dates back to the late 1980s in
motor drives [104]Jand uninterruptablepower supply (UPS) applicatiod95][106].
Although almost 30 years have passearalleling with interleavingontinues to have
many benefitsand being used widelyHowever, most paralleling applications with
interleaving are still for dc/dc converters only. Until recently, interleaperation was
not a common practice in paralleling thuglease power conversion. Instead, the paralleled
threephase VSCs are usually controlled in phaseiding any phasshifting in carrier
waveforms. This is because there are still some issoesesolved prohibiting the
widespread application of interleavingtireparalleling thre@hase power conversiohhe
interleaving concept comes starts from dc/dc application in order to achieve current ripple
reduction to reduce thsize of the inductor ahcapacitorsSimilar to the analysis of
interleaving in dc/d@applicationg107][108], the impact of interleaving in a thrpdhase

VSC system isisuallyanalyzed in time domajd14][115]. It is easy to see a ripple current
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cancellation effect of interleaving in time domain, but the analysis in time domas lack
insight. Recently, people started to study the impact of interleaving on a pedalteke
phase \5Cs system in frequency domdBs-91][109][110]jwhere both AC and DC are
norn-isolated to reduce the weight of isolation ingws. Figure 1-12 show a system

connection of interleavingP converters with both common AC and common DC sides

reactor

reactor AC Loa

DC
Source ><><><><><>< ')

reactor

Figure 1-12. Interleaved three phaseconverters with both common ACand common DC sides

Using the doublantegral Fourier analysis methd#ll1], the output ac harmonic
currents cancellation effect of interleaving for N parallel tipbase VSCs system has
been analyzed and verified theoreticaJlyl2]. The impact of the neoonventional
interleaving is also discussed([8-91] [110]and used irj113].Considering system EMI
filter design, asymmetric interleaving has been pregas reduce system EMI noidel 6].
However, the optimal interleaving angle is selected on a sweeping methodthatie
analytical analysis and during the analysis, interleaving angle is selected to get minimum
inductor value rather than EMI filter weighwhere he tradeoff between noise reduction
and system volsecond reduction is not considered.

By phase shiftig the voltage output of the converter, circulating current will be
generatedf no impedance appears between the two conveifteaditionally, an isolation
method is used to block such circulating current. Separate ac or dc power Judgles

[120]or a transformerisolated aeside[121]-[124] is configured. With this approach, the
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overall paralleling system is bulky and expensive becauge @dditional power supplies
or the ac lindrequency transformer. Another choice of passive component is a high
impedance react@s shown ifrigurel-12. Manyworks havelealtwith the low frequency
circulating currerd [125]-[130] and provedthat the low frequency circulating current is
fully controllable for either continuous or discontinuous PWier-phase inductor and
CM inductor are often used to provide high irdaece in the loop of circulatingurrent
[131]-[134]. When interleaving is used, a high frequency CM circulating current will be
introduced which may increase the size of such reaReference88] discussed and
compared different tyeof interphase inductors such asupling inductors and CM
chokes which showed that reverse coupled inductors orphtese inductors are more
effective for high frequency circulating went suppression than CM chokes. However,
those reactors astill heavy and bulky compared with other components in the paralleling
system, it is very important to design the structure of such a reactor carefully to limit the
circulating current efficietly and make them as small and light as possiBlevious
papers has already analyzed some design and optimization for such coupled inductors
[88],[135], however the analysis is mainly focus on thesign and optimization of
interphase inductor alone or the integration of interphase inductor and boost inductor. For
some applications that needs EMI filters, how to integrate coupled inductor with DM or
CM filter inductors and how to reduce the totaight is very importation for improving
systempower density.

Interleaving and multilevel topologies have different impact on system EMI noise
reduction. Multilevel converters can reduce voltage step during devices switching and

reduce EMI noise for the wate frequency range. However, by selecting different
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interleaving angles, interleaving topology can reduce or cancel certain order harmonics.
Thus if combining three level and interleaving topology together, there will be more
freedom to control system rs&@ source and reduce filter weight. Previous studies were
mainly focused on dc/dc or single phase interleaved three level topdlbgidid 37] and

the analysis were also focused on time domaineipgduction, there has been no study
focused on three phase three level interleaving topologies and the impact on system noise

reduction and filter weight reduction is not clear.

1.4 Challenges and Objectives

The target of this dissertation ie analyze andompare different topologies and
control methodausing active devices to reduce system EMI noise source. Meanwhile
develop a systematical EMI filter design method to reduce the weight and size of passive
components for voltage source converters with ENBrE for both AC and DC sideAs
discussed above in this section, there are many unsolved issues existing in tAibearea.

most challenging works are summarized below in three different aspects:

(1) SystermLevelEMI modeling and filter design methad

Many systerdevel EMI modeling methods were proposed for system EMI noise
prediction, havever, those models either nesedonverter designed and built before EMI
filter design process dhey aretcoo complex to use for designing EMI filtesn easy and
fastmodeling method is needed for EMI filter design and performance estimation before
thepower stage implementatioNoreover, practical EMI filter design methods either use
transfer gain or insertion gain of the fik¢o predict performance, however, nafehem
can really getthe accurateprediction results. With the load and source impedance

information, a systematical EMI filter design method is needed using the filter in circuit
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attenuation to accurately predict the performance of the filters to aveidlesignFor

some applications that need filter for both input and output sides, different filters will
interact with each other. Adding filters will change the performance of the filters that have
already been designed. Thus, the design method fbrilyotit and output sides is needed

with the consideration of the interaction between EMI filters.

(2) Noise reduction methods in three level neutral poinaoiping voltage source
converter

Due to the increase of available voltage vectors in 3L NPC V$yelift optimization
goals can be achieved by selecting different redundant voltage vectors. However, most of
the modulations methods focus on just one aspect of the optimization and not really on
system EMI performance, there is no comprehensive compaoistime modulations
methods for three level NPC VSI. Moreover, CME modulation provides a promising
reduction on system CM noise reduction, however, the benefit is highly related with the
dead time added to the system, which make this modulation lessalractieal system.
Since dead time is necessary for the safety operation of the system. Improvement is needed

to reduce the impact of DT on system CM noise reduction for CME modulation.

(3) Impact of interleaving on system EMI filter weight reduction

Prevous literatures studies the impact of interleaving on energy storage companents
power converter systems. Although some literature liswedsome benefgon system

EMI filter reduction using small angle interleaving, the optimal angle selection dsetho

is not clear. Moreover, since the interleaving introduce circulating current in the system,
larger boost inductors or additional inductors are needed to limit the circulating current.

Such penalty may cost all the benefits on EMI filter weight redoctial make
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interleaved system even heavier than-mdarleaved system. However, the analysis for
such penalties is missintus itis important to explore the boundarytbé benefit of
interleaving system to show the limitation under which interleagmgneficial to total

system weight and size.

1.5 Dissertation Layout

This research report is organized as follows:

Chapter 2studies the systetevel EMI modeling methodsand EMI filter design
methods for a two level éied motor drive system. First a fittedesign oriented system
level EMI frequency domain modeling method is proposed where the source and load
impedance in the model can be calculated from the detailed switching model or measured
directly from the system. fe frequency domain noise sourcesh dae calculated
analyticallyusing double Fourier integral transformation (DFIT) method. Based on this
model, the interaction between AC and DC EMI filters are analyzed in detail. With this
consideration, A EMI filter design method using predictedirnuit-attenuation (ICA) is
proposed for designing both AC and DC side EMI filters togethieen, a new filter
structureis proposed which connedise AC and DC neutral points tattenuatédoth AC-
sideand DGsidenoise at the same tim®loreover, based orhé EMI noise prediction
model and filter design methods, the impact of the noise propagation impedance and
converter switching frequency on EMI filter weight/size is discussed in det4ilS&WV
two level three phase voltage source inverter is developeerify the analysis and
proposed design methods.

Chapter3 presents the impact of interleaving technique on system passive weight

reduction. Stamg from a DC/DC high power PV converters, the benefit of interleaving
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on input inductor weight reduction aalyzedn detail. Then, analysis is focused on the
impact of interleaving on system passive weight reduction for three phase converters. The
analysis is presented in frequency domain using DFIT method. The impact of interleaving
on system voltage nois®urce spectrum is calculatadalyticallyandits impact on EMI
filter design is presented. Since system propagation path impedance dominate the shape of
EMI noise thus it has significant impact on EMI filter design, small angle interleaving is
proposedd reduce the noise source according to the system impedance resonance in EMI
range to reduce the attenuation rexetbr EMI filters. Since interleaving creates the
circulating current problemthat need additional interphase inductors. The design and
integration method ofinterphase inductsrare also analyzed in detafl. 3kW two level
three phase interleaved voltage source inverter is developed to verify the proposed design
methods and analysis.

Chapte# studies theoise reduction methods multi-level converterThe three level
(3L) diode neutral point clamped (DNPC) voltage source inverter (VSI) is analyzed in
detail. Different modulation methods (nearest three space vector (NTSV) modulation,
common mode reduction (CMR) modulation, common mode elimoma(CME)
modulation) are studied and compared in the aspect of system EMI performance (especially
on system CM noise emission), neutral point voltage ripple and semiconductsr Tows
neutral point voltage balancing methods are discussed in detite$hltsshowthat with
ideal switches, CME modulation can reduce the CM noise more than 20dB up to 2MHz.
However, the reduction is highly dependent on the dead time added to the system. Which
make the CME modulation less practical in real implementafibe. DT compensation

method is proposed to solve this problem, which can reduce the impacioof OV noise
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emissiorsignificantly. Moreover, an improve CME modulation is also proposed to reduce
the impact of DT. A 3kW three level three phase voltagecgounverter is developed to
verify the proposed design methods and analysis.

Based on the analysis and design results of chap&r&2 A 100kW dc-fed motor
drive system with EMI filters for both input and output sides are designed, implemented
and testd.Since interleaving and three lewepologies havéifferent impacs on system
noise source reduction, they have different benefits on passive weight reduction when
system operation condition is different. Combining the analysis of three level and
interleaving topology, a three level interleaved system with two 3L DNPC VSiIs
interleaving topology isselected as the power stagéhe detailed design and
implementation results along with the real system 100 kW test results are shown in Chapter
4 which verifies the proposed analysis and design for higher power systems.

Chapter5 concludesthe entire dissertatiogrsummaries the main contributioaad

discusses some ideas for future work
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Chapter 2 Syst-emel MéMdel |l ing and Fi l
Design Met hods

2.1 Introduction

Electionic power processing technologies that are being developed now have a
potential to revolutionize the way electricity is generated, distributed, and used. However,
switching devices bring the electromagnetic interferéedél) problems into the system.
Thegenerated noise currents, called conducted EMI noise, travel along the input and output
power lines and may, in turn, cause interferendh wather electronic systemis. order to
avoid the inference between different systems, the EMI noise emissionshiggoower
converters need to be limited and certain electromagnetic compatibility (EMC) standards
is regularly required. EMI filters are inevitable parts in power electronics systems to
provide attenuation for the EMI noise. These passive components sak@ficant portion
of the total volume and weight of converters. In some applications, filters are needed for
boththeinput and outpusidesof the converter, and the additional EMI filter weight may
reduce the benefits of the power electronic converdeer traditional systems and even
make the total weight/size bigd@i, 32]. Therefore, it is a big challenge for modern power
electronic systesto design the power converter and EMI filter together to minimize total
weight/size and improve system pandensity.

This chaptempresentsa detailed analysis of the systéewel EMI modeling and filter
design methods for three phase power converters. A filter design oriented frequency
domain systertevel EMI modeling method is proposed for EMI noise prealicbefore

system implementation, where the source and load impedance in the model can be
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calculated from the detailed switching model or measured directly from the system and the
frequency domain noise sources can be calculatedytically using double Burier
integral transformation (DFIT) method.

With this model, the impact of propagation path impedandeMl noise emission is
analyzed in detail. An impk@d filter design methodsing filter in circuit attenuation
rather than transfer functiors proposed to improg the design accuracy and avoid
overdesign.

Based on the proposed model, the interaction bet@eanddc EMI filters is also
analyzed in detail. With this consideratiénEMI filter design method using predicted in
circuit-attenuation (ICAis proposed for designing both-aicle anddc-side EMI filters
together. Then, a new filter structuseproposed which connectbe ac and dc neutral
points toattenuatéoth aesideanddc-sidenoise at the same time.

Moreover, based on the EMI noigeediction model anthefilter design method, the
impact of the noise propagation impedance and converter switching frequency on EMI
filter weight/size is discussed in detail. A 1.5kW two level three phase voltage source
inverter is developed as an exampb verify the theoretical analysis and proposed

modeling and design methods.

2.2 Filter Design Oriented System Level EMI Modeling in
Frequency Domain

To improve the power density of the whole system, EMI filter design should be
considered before thmplemenation of the power stag®etaikedtime-domain switching
model is usually we=d to predict the EMI emissionglowever, simulation of detailed

switching moded usually use small simulation time step to ensure the accuracy of the
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simulation resultin EMI frequency range which makes the simulation of detail switching
usually problematicon convergence and simulation time. Several frequéenoyain
prediction models have beeroposed to solve those probleriwever, the noise sources
(especially CM noise soce) were not defined completely in previous work, which give
hard time on accurate EMI predictiodoreover, lecause all conducted EMI standards
start at frequencies below 1 MHz, and practically all power converters generate the
strongest EMI noise compomis in the same lovirequency range, the EMI filter must be
designed to pndde the necessary attenuationthis range. Fortunately most converter
components have relatively simple linear characteristics in at these frequencies, and many
circuit waveformscan be derived analytically with relatively high accurdeyorder to
estimate EMI filters weight before the implementation of the power stacrnsider the
system weight including filtemal power stage weight togetherpdelsfor design purposes

are needed.Thus, to improve the pasv density of the whole systera, simple EMI
prediction model that has enough accuracy in low frequémgyto MHz)is needed to
design the EMI filters before the system being built.

This sectionproposes aimple frequencydomain modelo predict the EMI noise
emissions in motor drive systems for designing EMI filter before the system being built.
Double Fourier Integral Transformation (DFIifethod isused to identify the DM and CM
noise sources. When system topology, nhaiitan scheme and modulation index are fixed,
system EMI noise can be calculated in frequency domain, which is much faster than
switching model simulation. Verifications are carried out through simulation and
experiment system by comparing the calculatédl Epectrumswith simulated and

measured EMI spectrums.
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2.2.1 Analytical Derivation of the Equivalent Circuits for a Single

Phase Leg

The frequency domain equivalent circuit of a power converter for system level EMI
analysis can be analytically derived from time domain operation of the system with
certain simplifications.Figure 2-1 shows the lumped model of a half bridge-BC
converter where L and R represents the load inductor and load resistor, C represents the
dc link capacito, Vqc represents the dc source and iepresents the resistance of the dc
source, two switchSand S will switch with a complementary pattern under a sinusoidal

modulation and output the AC voltage in the output side.

Vadt)

Figure 2-1. Lumped model of a half bridge DGAC converter
Assuming the switch action happenstantaneousg, the circuit operation can be

modeledusing the switching function dlie phasdeg, thusthe circuitcan be modeled as

shown inFigure2-2.
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Figure 2-2 A half bridge DC-AC converter with switching functions
The switching function of the phase leg is deflras

s(t)= €0 whenSjis openandsS, is close
=1

2-1
il wherSjiscloseandS, isopen 1)

Thus, at any time theoltageand currentelations between AC and DC sgdean be

expressed by using the switching functidt) &s shown in (2),

8l4c(t) = s(OI(t)

:’ V, (1) = s(t)v,.'(t) (2-2)

Theremaining circuitsan be moded as shown in (3)
&, =ir+L IV

¥V 't ddt' t 23)

T Vdc ™ Vic ( ) -C Vic ( ) :idc(t)

I Re dt

Take equation (2) into (23). The time domain mathematical model of the whole
converter can be derived as shown w#f2and this mathematical model holds for any time

during the operation of thenverter.

é s di(t)
?S(t)Vdc (T) =R+ LT 23)
1|:Vdc _R\:dc (t) -C dv(:;t(t) — S(t)l(t)

30



Xuning Zhang Chapter 2

Convert the mathematical model into frequency domain using Laplace Transformation,
then the frequency domain mathematical model is shown4i), @here represents the

convolution operatiom frequency domain
&S(s) AV, (s) = I (R +5sLI(s)
|
1Vie™ Ve (9)
Ric

SCV,'(9=S(9A 1 (3) (2-4)

———

From (24) one can solve the equation and get the relationship between AC and DC

sides as shown in{2)

5 &o- R B(5)A1(9)g_
S(S)A8 1+sRC H

| (S)R+sLI(s) (2-5)

Equation (25) representthe equivalent circuit oftiehalf bridgeDC-AC converteiin
frequency domain as shown figure 2-3 where \sourcerepresents the noise source in the
system, sL and R is the impedance of load inductor and resistor, I(s) is the AC side steady
state current in frequency domain. This equival@rtuit can be used to calculate the

steady state operation status (including EMI noise) of the system.

Figure 2-3. Equivalent circuit of the half bridge DC-AC converter in frequency domain

The noise source in threodel carbe calculated analytically using-6 which shows
that the noise sourds determinedy the switching function of the phase leg anddhe

link voltage of the phase leg
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éVdc B Rdc CS(S)A I (S)?
& 1+sRC d

Vo= S(S) A

source

(2-6)

The convolution operation involve massive calculations since bogwitching
function and the dc link voltage of the phase leg includes multiple harmonics due to the

switching. It is also notice that the dc link voltage expression include a low pass term

(1 1RC) due to the existence of the dc link capacitor and this low pass filter will attenuate
+s

the switching order harmonics of the dc link capacitor to be much lower than DC
component. Thus, when the dc link capacitor is big enough, the calowéatioise source

in the frequency domain model can be simplified as shownm) (2

~ &V, - R .B(9AI(5)g 2
Vi = S(S) A g2e—e 50 S(s) AV, =S(s)3 V,, 2-7
o™ S(9 A g 2 I AT S(9 AV, =S(9° Y, @)

Wherethe convolution operation is replaced by a product operation and the dc link voltage
is replaced with dc source voltagdere all the armonics are not considered. Then the

frequency domain model for AC side noise analysis is simplified as shdvigure2-4.

Figure 2-4 Simplified equivalent circuit of the half bridge dc-ac converter in frequency domain

This simplification reduces the complexity and the calculation time of the frequency
domain model significantly. It will reduce the accuracy of the model in very higheney,
however if the dc link capacitor is big enough and provide enough attenuation for the dc

link voltage harmonics that is required for a normal operation of the converter, the
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accuracy is still enough for EMI filter estimation, which will be verifiadhe following
section.

As for the three phase converters, similar derivation can be apptiedthree phase
voltage sourceonverter(VSC) system shown asigure2-5, the voltage relations between
AC and DC side can be engssed by using the switching functiaroBeach phase leg and

the DC link voltage, as shown in-8},

V, =8V, uink:i =&, b,C (2-8)
—
Idc \ \
S S AN
— | S J Y/
Qjc >
— S Ve
Vdc_Lnk \ \ \

Figure 2-5 Three phase voltage source caerter

It is hard to calculate the noise sources in time domain with the switching functions.
To get the spectrum of phase voltage, conve#) (ato frequency domain ag-9),
FFT (V) = FFT(S)A FFT (Vao Lmdsi =ab,c (2-9)
Applying the same derivation method as showrh&lf bridge converters, the three phase
system can also be modeled in frequency domfiigure2-6 shows a simplified time

domain model of a three phase voltage source inverter with groucelpagitors
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Figure 2-6 Simplified time domain model of a three phase VSI with grounding capacitors

Considering the voltage and current relationship between ac and ddfssdgsady state
operation status of theystem can also be calculated in frequency domain. Equation (2

10) shows the calculation resutisthedc side current in frequency domain

C 1 .. . ~
S2Vgem > & 19+ B SOAI()
Idc(s): k=a,b,c C k=a,b,c (2_10)
1+s 4R,

2
It is clearthat therds also a low pass filter in the circuit due to the existesfdhe dc

link capacitor, thus the model can be simplified similarly with single phase converter as
shown inFigure2-7(a). Similarly the CM model can also be derived as showigure
2-7(b) and the pise source for the equivalent circuits are shown aklj2and (212)

respectively

—\W —O——"""w—
RdC ch L R
@ = (A) - T
Vdc ZQC Idm 2(:dc Cjnd

(a) DC DM equivalent circuit (b) CM equivalent circuit

Figure 2-7 Frequency domain equivaént circuits
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Ve* 8 (28.(9-1)

o k=a,b,c :

Vew 3 (2-11)

=3 a L (9+ & S(HAI (9 (2-12)
k a,b,c k=a,b,c

With similar approacks the frequency domain models can be derived for very complex
system. For exampl&igure2-8 shows the lumped nael of a dc fed motor drive system
with long cables for EMI analysis. The DM and CM equivalent circuits of the system in

frequency domain is shown kgure2-9 (a) and (b respectively

1 ml T Gw T4 | : 3
i\/Jr Cin_cm 1 TCuswt Cusng[ | ! % & J\ h ! |
i |n DM”% i R RUSNZ, i i 1 f i i U i
| ¥ : LT T I |
EV Rinomz i1 7Rusnt Rusnef | 1Cpc L ¥ ! i
| i TCuisnt Cuisna | ! H g i
" |Lino Linow Ry,| Cin_ow EJ Lusn i I Cabl%/ldel T |
} } ; T DC L } } e Mol H Motor }
L “,”,,,,'?E,S?}'IFE,,,,,,,,,J | LSN iicep L VS0 (Lumped) | Model |

2I—in_DM

2Rin _|__|_ 2I—LISN
|n _DM ZCL|5N12CLIS
. svg |C
Co cula] Ro® Rusw 2Rusn TDC low  Vou.a

(a) DM Equivalent Circuit

Lusn/2 Vew

@ M LJ/3 RJ3 Ln/3 Rm/3
Lin.om/2 Lincu Rinf2 | 2Cusna | 2Cusnz v
L T T == Cs_dc == —_ —_
2Chom | TRusn/2 ] Rusna2 Csac 3C. 3Cn 3cm“>

(b) CM Equivalent Circuit
Figure 2-9 Frequency domain models of a dc fed motor drive system with long cables

The model shows that for DM noise, due to the presence of thefiikd@pacitor,
the acanddcsidesare decoupled for low frequency EMI analysis and the equivalent circuit

can be separated fac anddc sides at certain operation point where the noise source is
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determined by the working condition. However, for CM noise, there is no lsuch
impedance path as the dc link capacitor in DM propagation tfeghequivalent circti
includesboth AGside and D&side propagation path impedance and the noise source is
alsorelated withthe working condition and dc link voltage ripple of the system

It should be noticed that the propagation path impedance in this modeling technique
canbe derived from the time domain detailed switching model of the systhardis one,
or else it can also be directly measured from the system if the load and source are already
available for measurement, which can increase the noise prediction psmgessantly

compared with time domain modeling methods.

2.2.2 Noise Source Calculation Using Double Fourier Integral
Transformation

When the propagation path impedance in the frequency domain is derived or measured
from the system. The noise source needetaddculated based on the operation condition
of the converter (such as switching frequemagdulation scheme and modulation inflex
Whenthe ratio between device state transition time ¢(amrmand turroff time) andthe
steady state time (on and off tijrie relatively small. It can be assumed that devices turn
on and offinstantaneously, then the voltage changing at the output of the phase leg can be
shown as a square waveform. With such assumptions, Refdieficeshows thatthe
spectrum of switching fuction S in frequency domaircan becan be decomposed into
different harmonics. The frequencies of harmonic components can be expressagtas (
n ), wherey is the angular frequency of the carrier wave,is the fundamental line
frequency, andn andn are the carrier and baseband integer index respectivéienthe

modulation scheme and modulation inddxhe converteare fixed,basedon the double
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Fourierintegral transformation (DFITgpproach, the harmonic component for voltage

corresponding to frequencin(:+ n %) can be expressed as #113) [56]:

Sa(Mn)(t) = C,,, cog(muw, +nug )t + mg, +ng, + G

where Cmn is the harmonic amjpde, d: anddo are the initial angles of the carrier and

(2-13)

reference waves, ardn is a constant value depending on PWM scheme and operation

condition. Cmn and dmn can be obtained as in-@2) from the double integral Fourier

analysis. Note thaCmn is only a function of PWM scheme and modulation indédx An

example for central aligned space vector modulation (SVM) is givemalsle 2-1.

Assuming

t

he

same

carrier

and symmetri

its phase B and C voltage harmomign(m,n), vean(m,n) will be similar to 2-13) with

identical Cnn anddmn butdo w i

Cmn = Ann + Jan

| be displaced by 120e¢e.
Yi X .
=57 N dd(g) (214)
yl’ Xr

Table 2-1 Double Fourier integral limits for SVM (Phase A)

y % (rising edge) Xi (falling edge)
0<y<% - Z[1+‘/2§M cos(y - %)] %[1+§M cos(y - %)]
%<y<2?'0 - %[1+§M cosy] %[1+§M cosy]
2 <y<p - /;[1+‘E’|\/| cos(y+'0)] '0[1+ \@ M cos(y+%)]
- %<y<0 [1+@|v| cos(y+'0)] %[HEM COS(y+p)]
) gp <y<- % - %[1+§M cosy] %[1+§M cosy]
- p<y<- ép - Z[1+‘§M cos(y - %)] %[ugM cos(y - %)]
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Whenboth noise source and propagation path impedance in the frequency domain model
are calculated correctly, tlEMI noise can be predicted without the implementation of the
systemTheexperimental verification and accuracy of the proposed modeling methods will

be shown in the following section.

2.2.3 Simulation Results and Experimental Verification

To verify the analys above, a DC fed motor drive system with long cables shown as
in Figure 2-8 is studied. The simulation results of the system dtdime domain
switching model by using SABER and the calculation results of the equivalent<ircui
proposed are compared. The system output power is 100kW, line frequency isdidHz,

switchingfrequency is selected to B@ kHz

(0.0, 54.64) Vdc
(19700.0, 10.994)

[ I [ | I I
0.0 20.0k 40.0k 60.0k 80.0k 100.0k

Frequency (Hz)
(a) DC link voltage

bl kit it e Aol o 4 T
' [EENIET R '

4 B
10 ) 10
Frequency (Hz)
(b) EMI noise equivalent impedances (DM path: green & CM path: blue)
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(c) ACCM noise comparison(Simulated: red and Calculated: blue)
Figure 2-10 Simulation results of noise prediction

Figure2-10 shows the comparison resiitetween simulation and calculatidfigure
2-10a) shows that the harmonic component of DC link voltage is more than 40dB smaller
than the dc component when the system is work at rated condition, which ensure the
assumption that using the product instead of convolution of thérgpeof switching
function $ and dc components of DC link voltage during the calculation of noise sources
in the equivalent circuit in a lower frequency range, while in higher frequency range, the
harmonics will also contribute to the EMI noise sourceciwimake the prediction accuracy
reduced. Figure 2-10(b) shows the resonances existed in both CM and DM noise
propagation paths. Since there is no LISN on AC side, the AC impedance will influence
the impedance of the propagatiortipaf noises and created resonances. Since for DM
noise, AC and DC sidgaredecoupled by the DC link capacitor, the resonant points of AC
DM impedance are determined mainly by the AC impedance, however, for CM noise, AC
and DC side are coupled togetherboth AC and DC impedance will influence the

impedance of CM propagation path and determine theaasgoints of CM impedance.
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Figure2-10(c) shows the comparison between the simulated result of AC side CM noise
and the calculad result of AC side CM noise using proposed EMI prediction model. The
noise spectrums show that the resonant points of noise propagatiampadancenatch

well with the peaks and dips in the current noise spectrum, which irslicat¢he resonant
points of the noise propagation path determine the location of thes péake EMI
spectrum and this will further influence the EMI filter design for the system. The
comparison shows that the resonant points of the current noise match well between the
calcdated result and the experimental result, which validates the modeling of noise
propagation path. Moreover the spectrum comparison beteadenlated angimulated

AC CM noises also shows that the prediction of the spectrum esatedl with the
simulationresults, which validates the modeling of noise sources. The error is within 1dB

when the frequency is up to 5MHz.

Ipc

T
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I
m
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(a) Experimental system structure
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(b) Experimental system setup
Figure 2-11 Two Level dcfed VSI experimental system

Experimental verificatioms carriedouton a scale dowh.5kWVSI system. A RL load
with an additional ground capacitor is used to control and change the propagation path
impedance easily. Thexperimental system structure is shownkigure2-11(a) and the
system setup is shown gure2-11(b).

Figure2-12 shows the measured propagation path impedance for CM and DM noise
which is used in the model to predict EMI noise. A grounding capacitor is added to the
circuit to simulate the grounding capacitor of a motor, which create aneaotiance dip

at 270 kHzin the CM impedance. This will result in a resonance in the CM raoige

determine the CM EMI filter design.
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Figure 2-12 Measured noise propagation path impedance
(DM: blue and CM:green)
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(a) CM noise comparison with standard measurement (predictechink and Measured:blue)
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(c) CM noise comparison with high measurement resolution (predicteded and Measured:blue)
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(d) DM noise comparison with high measurement resolution (predicteded and Measured:blue)

Figure 2-13 Experimental results of noise prediction
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The comparison ressltbetween predicted and measured EMI n@seshown in
Figure2-13. Figure 2-13(a) andFigure 2-13 (b) show the comparison 60 kHzto 30
MHz range. The measuremenperformedusing the method specified in DO160 standard.
It shows that the prediction results match with the meds@sults for both CM and DM
noise up to 7MHz. The error is within 10dB below7MHz which is enougarf&MI filter
design. The predicted noise deviates with the measured noise from 7MHz, where the
switching behaviofturn-on, turroff time and ringing dung switching)andthe impact of
the dclink harmonics impacts will appear in the measurement and is not considered in the
prediction modelDetailedcomparison results with higher resolution for CM and DM noise
is shown inFigure2-13(c) andFigure2-13(d) at 150kHz to 2MHz range, which shows
that the prediction model has higher accuracy at lower frequency and atieguerncy
(<5MHz), the error is small enough for designing EMI filters based onipaaEiMI filter

design procedure.

2.2.4 Summary and Discussion

In this sectiona simple frequenegomain model is proposed to predict the EMI noise
emissions for three phase power converters to design EMI filter before the system being
built. Double Fourier Irggral Transformation (DFIT) methas used to identify the DM
and CM noise sources. When system topology, modulation scheme and modulation index
are fixed, system EMI noise can be calculated in frequency domain, which is much faster
than switching model siulation. Verifications are carried out through simulation and
experimendl system by comparing the calculated EMI spectrwitls the simulated and
measured EMI spectrumin this modeling method, the noise source is calculated under

two main assumptiong) the dc link voltage and output current harmonics are assumed to
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be much smallethanthe fundamental components due to the existence of the inherent low
pass filter in the system (dc link capacitor and output indpetwiare not considered in

the calalation to improve the calculation speed. This will introduce the errors into the
calculation of higher frequency harmonics and the error is related with the low pass filter
performance in the system (the impedance of dc link capacitor and output iradinogbrer
frequency). 2) The devices are simplified as ideal switches and the switching behavior
(turn-on, turnoff time and ringing during switching) of the devices is not considered. This
will also introduce the errors into the calculation of higherdesgy harmonics and make

the predicted noise source lower than the real system. Thus this modeling method will not
provide high accuracy at very high frequency (above 10MH#)igh accuracy at very

high frequency is needed, other modelmethods such dsehaviormodelingmethods is
preferred.[64] The behavior modelling method model the converter based on the EMI
noise measurement results of the real hardware and have good accuracy up to 30MHz.
However it need the real hardware of the converter thusotdrenused in the design
processConsidering thaall conducted EMI standards start at frequencies below 1 MHz,
and practically all power converters generate the strongest EMI noise components in the
same lowfrequency range, the EMI filter must be desidnio preide the necessary
attenuationn this rangeand the main weight and size of the EMI filters are determined by
the noise within this frequency rangEortunately most converter components have
relatively simple linear characteristics in at thesgdiencies, and many circuit waveforms

can be derived analytically with relatively high accura€ie proposed methods can
provide enough accuracy in this frequency range for EMI filter weight estimation before

theimplementing the real hardware.
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2.3 Filter Design Method Considering Source and Load

Impedance

The proposed filter design oriented EMI modeling method can provide enough
accuracy in lower EMI frequency range. With the predicted EMI noise and system models,
the EMI filter can be designed to suppreddl boise effectively. The EMI filter design
methods are evolving with the development of system EMI modeling. Without accurate
system EMI modelingdesign of EMI filters for power converters has been traditionally
done using triaknd-error methods whichamnot ensure the optimal EMI filters desigm
order to reduce filter weight and improve system power density, the overdesign of EMI
filters need to be avoid. This section will discuss the appropriate EMI filter design method
for three phase power convens considering source and load impedance to improve the

design accuracgf EMI filters.

2.3.1 Impact of Load and Source Impedance on Filter Attenuation

Before the analysis of filter design methods, some basic characteristics of the filter
need to beclarified. The EMI filters discussed in this work is the passive filter which
usually consist of the combination of passive comporserdis as inductsiand capacits
A simple L-C structure filter is taken as an example as showkigare 2-14, where one
inductor and one capacitor createn@-port network. When the filter isisertedinto the
circuit, with the increase of frequency, the impedance of the inductor will increase that can
increase propagation path impedatwelock EMI noiseemission and the impedance of
capacitor will decrease which can bypass the EMI noise and reduce the EMI noise at the

output port. The transfer gain defined as the ratio between the oupaind the input
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voltage Vh in frequency domain (as shown in-18)) is usually used to describe the

characteristics of the EMI filter.

V. (9 1
F=——= 2-15
V. (s) 1+S°LC (2:15)
Figure2-14 shows the bode plot of the transfer gain of the filters with ImH inductor

and D nF capacitowith some selparasitic parameterdt is noticed that after the corner

frequency & —_1 ) of the filter, the transfer gain show-40dB/dec attenuation

betweea the input and output voltage, tressonanpeak at corner frequency is determined
by the resiance in the filter loop at resonant frequency which is related with the damping

in thesystem.

CM Transfer Gain

%0 — Tranfer Gain
20
O_ _m O 0 \
20

o
©
Vin 1 Vout \
C —— -40 \
-60 N\
0, O
i -80
L-C Filter 10° 10°
frequency(Hz)
(a) L-C structure filter (b) Bode plot of filter transfer gain

Figure 2-14 Structure and bode plot of a L-C filter
In order to get the attenuation five noise, the EMI filters need to be connectéth

the system. A successful filter design will make sure the noise after the EMI filter is below
the standard. Thus, the real attemaratone can get from the filters is the in circuit
attenuation, defined as the ratio between the noise after adding EMI fitesafland the

bare noise {hre rea) in the real system as shownRigure2-15.
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Figure 2-15Filter in -circuit -attenuation
Thus, the filter in circuit attenuation can be calculated d$§2

I +
TE= AF_real _ Zsource ZLoad (2_16)

|  (1+SCZ,)(Zo et SL+Z

bare_real source load

It is clear that theealin circuit attenuatioms determined by both the filter parameters
and system propagation path impedance and it is different from the transfer gain when
Zsource@nd Zoad are considereddowever, it is also shown &h if the impedance of the
inductor is much larger that the source impedance and the impedance of the capacitor is
much smaller than the load impedancel§2 can be simplified to ¢25), if such cases
which is defined asthe impedance mismatching is sétd , transfer gain can
approximately represent the in circuit attenuatiéigure 2-16(a) shows the comparison
between the filter transfer gain and in circuit attenuation of a 1mH + 1@DSttucture
filter in the experimentasystem shown in chapter 2.2, due to the existence of load and
source impedance, it is clear that the real in circuit attenuation and filter transfer gain are
different. It can be notice that there is a big difference between the two plots at around

300kHz where the load impedance has a resonant and the impedance is smaller than the

impedance of the capacitor.
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Figure 2-16 Comparison between transfer gain and in circuit attenuation

Figure 2-16(b) showsthe comparisometween the filter transfer gain and in circuit
attenuation when the filter capacitor is increased to 50nks clear that when the
impedance of t capacitor is smaller than the load impedance or the impedance

mismatching is achieved, transfer gain can be used to represent the in circuit attenuation.

2.3.2 Practical Design Methods

The main target of EMI filter design is fond the proper L and C combitien to
provide enough attenuation for the noise source to meet the standard and also gives the
minimum weight of the filterReferencg77] proposed aEMI filter design method using
the transfer gain (TF) of filteto estimate the filter in circuit atteation (ICA) with the
assumption that the impedance mismeighas been achieved between filter input/output
impedance and source/load impedameshown ifFigure2-17. This method has been used
widely as a practical EMI filtedesign methods. However, due to the existence of
resonance source/load impedance and the EMI filter parpaiimetersthe assumption

of impedance mismatch cannot be ensured in real systéhmee phase power converters,
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usually there are limitationfahe grounding capacitandeom safety requirement#&\nd

also if there is a long connection cable, the cable impedance and the grounding capacitance
of the load will create multiple resonance on the propagation path impechakasg it

hard to achieve thenpedance mismatching, moreover, the self parasitics of the inductor
and capacitor will also change the impedance at higher frequency which make it even
harder for maintaining impedance mismatching in the sysféms certain margin is
always needed fohis design method which cannot give the optimal filter design and make

the filter overdesigned to attenuate the noise effectively.

Measure
Current Spectrum

EMI Standard

\ 4

’ Attenuation needed

Assumed |
attenuation

’ Corner Frequency‘

v
C& Cvalue selectioh
for minimum L valu

14

Inductor
implementation

Minimum weight
Selection

Figure 2-17 Practical EMI filter design method
To verify filter attenuation, the insertion gain dietfilterscan be measure using a

network analyzeand checked as the in circuit attenuatibinere will be an inherent 50
resistance added as the load and source impedance during the measurement. the insertion
gain is define as ththe ratio between the noise after adding EMI filt@e lc) and the

bare noise fhre T6) With the 50 Y load and source impedance as showfigure2-18.
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Figure 2-18Insertion gain measurement

However, this still cannot accurétepredict the ircircuit-attenuation of the filters,
since the |l oad and source i mpedance wil/|
Figure2-19 shows the comparisasf thetransfer gain, the insertion gain and the in circuit
attenuation when impedance mismatching is achievesl.clear the transfer gagannot

indicate the real in circuit attenuation and should not be used to check the filter design.
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Figure 2-19 Comparison oftransfer gain, in circuit attenuation and insertion gain

Another problem in the practical filter design method is that it degigfilter values
without the consideration of the filter implementations but assuming that the minimum
value can give a mimum weight of the filter, however, filter weight is not only determined

by the valus, other considerations such as the-galtondn the inductoalso determines
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the filter weightwhich should be considered with the filter parameter selection for the
optimized filter design.

Moreover, this practical design method need to measure the current spectrum, thus it
need the implementation of the power stage before the filter design, as what has been

discussed above, it cannot ensure the optimized designiafytstam weight minimization.

2.3.3 Improved Filter Design Methods Considering Source and

Load Impedance

Based on the frequep@lomain modeling of the system, EMI noise can be predicted
when the system working condition is determined. Moreovesysiem sowe and load
impedance can be included in the predict circuit for filter attenuation, and fitencunit-

attenuation can be predicted and used in filter design to avoiedesamn of filters.

Switching frequency | L& C value selection«
Modulation index
Modulation method Inductor

Implementation

v Filter parasitic
Voltage Spectrum‘ parameters estimation

Load Source
Impedance

’ System Impedance ‘

A

Current Spectrum ‘

< { EMI Standard

Meet
Standar®

YES

Minimum weight
Selection

Figure 2-20 Propose filter design method considering load and source impedance
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To improve the system power density, the weight of EMI filters should be minimized
which require the estimation of inductor and capacitor working conditiomgldiiter
design procesq he filter design and weight minimization method is showFiguire2-20,
where the filter is desigrd by sweeping all possible L&C values and compare the filter
attenuation with required attenuation atle frequency to get an applicable filter parameter
space. Within this applicable filter parameter space, a filter weight optimization algorithm
is used with the target function as filter weight minimization while the boundary conditions
are selected to reéinductance limitatiorfjlter physical fithess, temperature rise limit, and
saturation limit and so githe detailed analysis will be shown in section ZHe parasitic
parameters (EPR and EPC) are included in the optimization process that areechlculat
after the design of the inductor, then the inductor and capacitor model will be added to the
equivalent circuit to predict the EMI noise after adding the EMI filters to check the EMI
filter performance.Since this design method use the real in circtténaation and
considerghe parasitic parameters, it can ensure the performance of the filter in the real
application. When impedanoeismatchingcannot be achieved in the system, this method
will provide a more accurate design resalinpared with the pctical design method. One
problems with this method is that it involves multiple desigrocessesof the
implementation of inductors which take a significant time. Thus, the whole design process
is time consuming. When impaaae mismatching can be achidyea simplified design

method is shown ifigure2-21.
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Figure 2-21 Simplified filter design method with impedance mismatching

This method is based on tpeoposed system level EMI modeling, when converter
switching frequency, modulation method and modulation index is known, the noise source
can be calculated using DFIT method, then the current noise spectrum can be calculated
from the model with the propation path impedance. The transfer gain is used as the
approximatechttenuation to design filter parameter$e volt-secondon the inductois
calculated from the proposed system level EMI model thed filter components are
design and implemented withe estimation of filter parasitic parameters, then the in circuit
attenuation of the whole filter is calculated with the proposed system level EMI model
again to verified the performance, if teplementationdoes not meet the requirement,
then the filterparameter selection will be revised. Finally, a minimum weight selection
process is done to get the design result of the EMI filter with minimum weight and enough
attenuation. It need to be noticed that the transfer gain is used in this design method to
estimate the in circuit attenuation, thus the assumption of the impedance mismatching must

be tested, if impedance mismatching cannot be achigkied,the previous proposed
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method is preferred. Moreoveit, is necessary to check the filter attenuation ratfe
implementation of filter components to ensure the proper performéfttethis proposed
filter design methodthe filter can be desigd with requiredattenuation and the over

design can be avoid.

2.4  Filter Design Methods for Both Input and Output Sides

The EMI filter design method can ensure a successful EMI filter design that can
effectively attenuate one type of the EMI noise (such as AC CM or DC DM noise) in the
system. However, the EMI standards is usually defined for the total noise that inaflade b
CM and DM noise. Adding filter to the system will change the propagation path of the
noise. Since the performance of the filter is related with the propagation path impedance.
Adding new filter in the circuit will change the performance of the exisfilvgrs. The
interaction between different types filters need to be considered for a successful EMI
filter design. Moreover, in some applications such as motor drive system with long
connection cablesr converterghatbridgestwo buses, EMI standarase defined for both
input and output of the power convertdfor such application€& Ml filters are required
for bothinput andoutput side. Due to the interaction between AC and DC side, adding
EMI filters on one side will influence the EMI noise léwen the other side. If this
interaction is not considered in the filter design procedures, even though one can design an
optimized filter for one side to meet the standard, addingdibtethe other side will make

the noise worsen this sideand finally fail to meet the standard.
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Figure 2-22 Dc-fed motor drive system with long connection calels

In this section a defed motor drive system with lomgpnnectioncables as shown in
Figure 2-22 is taken as an exampleased onlte common mode (CM) and differential
mode (DM) EMI noise equivalent circujtsherelationship osystem EMI noise between
AC and DC sids are investigatedvhich shows the interaction between DM and CM
noises and the interaction between addirgside and deide filters. With these
considerations, an EMI filter design procedure to design CM and DM filters for both AC
and DC sids is proposedlo minimize the impact on the EMI noise of one side caused by
addirg filter on the other side, certain order must be followed to design AC and DC CM
and DM filters. Simulation and experimental results verify the interaction between AC
and DC filters and show that EMI filters can be designed to suppress both AC and DC CM
and DM EMI noise to meet the standard with the proposed EMI filter design mé&tresk
design methods can be applied also for other applications where EMI filters are needed for

both sides of the power converters.

2.4.1 Interaction between EMI Filters

It has ben shown in the system level EMI modelling section thatsikdeand DG
side DM noiseare decouplediue to the existence of the dc link capacitor as shown in

Figure 2-23. Thus, Alding filter on one side will not change the propagatpath
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impedance of the other side and the performance of the EMI filter will not change by adding
EMI filter to the other side.
L
ch_cable_DM

2\ pm Zaic Iom oc Vowm Ac Zivotor DM
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(a): DM equivalent circuit
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Zis\ pm Zc de oM Vbm_Ac Zyiotor DM

(b): DM equivalent circuit with DM filter
Figure 2-23 Equivalent circuit sfor DM filter analysis

However, thenoise sourcef AC side is related with the voltage harmonics on the DC
link capacitor and the noise soueDC side is related with the harmonics of output AC
current. Adding filters on anside will change those harmonagichange th@oise source
of the other side, thukere is still interaction between AC and DC DM filters. Usually AC
side DM filter will use L-C structure and DC side DM filter will uselCstructure Figure
2-23(b)) to provide enough attenuation for DM noig@q]. After adding DC DM filtes,
the changes of the dc link voltage will be limited due to the existence of dc link capacitor.
However, for motor drive system, addingCLfilter on AC sde will change the resonant
frequency of AC load and change the output harmonics significantly, which will change
the noise source on DC side. Thtis impact on changing the -da@e noise source by
adding DM filter to ac side is more significant than timpact on changing the @ide

noise source by adding DM filter to dc side. However, in rectifier applicattomse the
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AC side EMI filters are added after the boost indydfoe impact is related with the final
filter parameter selected.
Consideringhe CM noise propagatigraththroughbothAC and DC sids sincethere
is no such big low impedance path as the dc link capacitor in DM propagation path, the
equivalent circuit figure 2-24(a)) includes the interaction between AGd DC side for
CM noise, where the noise source is also determined by the working condition and dc link

voltage ripple of the system
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(a) CM equivalent circuit
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(b) CM equivalent circuit with DC CM filter
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(c) CM equivalent circuit with AC CM filter

Figure 2-24 Equivalent circuits for CM filter analysis

Therefore, for CM noisegddingfilter on one side will influence theropagation path
impedance of both AC and DC sidasd change the performance of tifter on the other
side In practical EMI filter design method-L filter is a common choictor DC side EMI
filtering (Figure 2-24((b)) because {capacitors can bypass the CM noise that reduce the
inductor value needed forgaven attenuation and also provide a voltage divider to reduces
the CM voltsecond across the CM inductor and makes the inductor sfvidllédowever,
the G capacitorswill create a low impedance path for CM nofas shown inFigure
2-24(b)), which will go through the AC side araimplify the AC CM noise. It is also true
that adding AC LC CM Filter(asshown inFigure2-24((c)) will amplify the DC CM noise
since the AC ¢capacitors also provide a low padance path for DC CM noise. For motor
drive system, when considering both AC and DC CM noise, connecjingpacitors to
ground will help the filter design for one side, while make it harder to design the EMI filter
for the other sidesince the ¢ capaitor will provide an additional low propagation path
for the EMI noise of the other side. Thus, certain orders need to be followed to minimize
the interaction between AC CM and DC CM filters.

The equivalent circuits also show that DM inductors will she&M model and CM

capacitors will show in DM model, thus there is ailsteraction between CM and DM
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filters. Usually L-C topologyis usedfor DM filter to provide enough attenuation for DM
noises. Adding EC filter will change the current harmonics of t@nverter, which will
change the CM noise source in the equivalent circuit. Moreover, considering the influence
on the system impedance between CM and DM filters, the DM filter inductor will appear
in CM equivalent circuit and provide attenuation for CMses, which is also true for CM

filter capacitors that can influence the DM noisdswever, due to the limitation in the
standard, the value of CM filter capacitor is usually much smaller than DM filter capacitors,
thus DM filters should be designed befdCM filters to assure the accuracy of CM noise
measurement and avoid overdesign.

In order to verifythe interaction between EMI filtersA SABER simulationis
established based @2 kW 300 V DCfed 3phase motor drive systems with RL load
shown as Figure 2-25, where a grounding CM capacitor is added to control the CM
propagation path impedancBetail switched simulation model is used to analyze the
interactionbetweemAC and DC sidsand study th&MI filter performance, ideawitches
are used in the model and the load and source impedance model are built based on the

measurement of the real system.
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Figure 2-25 Experimental systemfor the verification of filter interaction
AC EMl filter s(including a L-C structure CM and a-C structure DM filter) aradded

to the circuit as an example in thenslation to test the noise change on both sides and
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verify the interaction between EMI filterBigure2-26 shows the simulation resslof AC

and DC side CM and DM noise before and after adding AC side EMI filters.
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(c) DC CM noise (bare noisegreer; with ACDM filter addded: pink,
with AC DM and CM filter added: blue)
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(d) DC DM noise (bare noisegreer; with ACDM filter added: pink,
with AC DM and CM filter added: blue)

Figure 2-26 Simulation results of EMI noise with both input and output filters
It is clear that adding AC DM filter will reduadbe DM noise on AC sideffectively

and it will also help to reduce the CM noise bath sidesince the inductance of DM filter
inductor will appear in the CM noise propagation path which will increase the CM
propagation path impedance and reduce the CM noises in high frequency. Moreover, the
results alsshow that adding AC DM filter will change the DC CM noise, which indicates
the coupling between AC and DC CM noise. Meanwltlilere isno significant change on

DC DM noise, which verifies theecoupling of DM noises of AC and DC s&@nly CM

choke indwetor are used as the CM filter to reduce the impactyofgpacitors on CM
noises, thus adding CM choke inductor on AC side will increase the propagation path
impedance for both AC and DC noises aatling ACCM filter will reduce both AC and

DC CM noisesHowever,it has limited impact oboth AC and DM noise which also

verifies the previous analysis.

2.4.2 Floating Filters for Noise Containment

Considering the interaction between AC and DC side CM noise, instead of

connecting Cy capacitors to the gnal which will provide additional low impedance
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propagation path for the noise of the other saleapacitor can be connected across the
noise source to confine the noise within the converter and suppress both AC and DC noise.
For motor drive system, udlyaa DM filter is designed before the CM filter since the DM
inductor will help reduce the CM noise and DM capacitors will not influence CM noise.
To obtain more attenuation and utilize the DM capacitors to reduce CM noise, the mid
point of AC DM capacites and DC link capacitar can be connected as shown in
Figure2-27. The equivalent circuibf this connections shown inFigure 2-28, where a
capacitor is connected across the noise soGnee.can alsdirectly connect the migoint

of the input and output side togethhowever, it may increase tHeM current ripple
significantly. The connection with an extra capacitor can limit the increase of current
switching harmonics through the output DM filtendaalso provide more freedom to
control the noise attenuatidar high frequency, the capacitor provides a low impedance
path to bypass the noise dirdit the noise within the converter, thereby suppressing both

AC and DC noise.

T Lac am AC CM choke
|~ e
1 |LISN VSl e
p— J__ L
|~~~V "~ ¥
T | Cable Motor
Crnid —chac—dm

Figure 2-27 Floating filter topology
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(b) Simplified CM equivalent circuit
Figure 2-28 Equivalent circuit for floatin g filter analysis

When analyzing the impact of connecting the 4pddnt, the stray capacitances
between device and common ground Zcs in equivalent circuit are ignored first, since the
influence of those capacitanaasly appears in high frequeneynd will be analyzed later.

From the simpfied equivalent circuit Kigure 2-28(b)); the bare nois@nd noise after
adding DM filter and connecting migoint can becalculatedas shown in (27) and (2

18) respectively

\Y/ Z =Z +Z
| bare = Z ::_MZ , Where dc_CM _ LISN_CM dc_cable_Ka (2_17)
dc_CM ac_CM ac_CM — Zmotor_CM+ Zac_cable_m
V
CM
ZCmid

| _ ZLac_DM_eq+ ZCmid

conc ™
ch_CM + Zac_CM + ZLac_DM_ec(/ZCmid

(2-18)
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The DM inductor lac pm and capacitors &ia+3Cac_pmCreate a voltage divider that
reduces the noise source for both AC and DC $tdeation(2-19) shows thean circuit

attenuation(ICA) of connecting the mighoint compared with the bare noise.

— IConC_ 1
I('\"A‘nOCs_ I - 7 i

bare 1 + Lac_DM_eq + Lac_DM_eq

(2-19)

Cmid ch_CM+ Zac_CM
In EMI frequency range (150kHz~30MHz), when Zc is much smaller ZaarZdc
and Zdm. Both AC and DC CM noise candieenuated.
When high frequency performamof the filter is considered, stragpacitorsof the
device to groun®s a;Cs dcneed to be included in the analysifieTbare noise of ac side
and the noise of ac side after connecting-podt can becalculatedas shown in (20)

and (221) respectiely.

Z
I bare_ac cs= VCM e (2_20)
o ch_C!\//Z cs_dc+ Zac_CV\///Z cs_ac Zac_CM + ch_ac
V éep ch_ac ZLac_DM_eq 8
MNEy 47 Zy e Z +Z..,0
_ g cs_ac cs_d! dc_CM Lac_DM_eq Cmid =+ (2_21)

I ConC_ac_cs~
T ch_Clv//Z cs_d!/Z cs_ac+ ZLac_DM_ec{/ZCmid + Zac_CM

At certain high frequency, connecting the mpioint will bring a low impedance loop
(green loop irFigure2-28(a)) for the noiseand high frequency attenuationimsited as the

calculation resultshows in Figure2-29.

65



Xuning Zhang Chapter 2

———TT— T - .

Attenuation (dB)
N ) o
L= L= o= {:Il

&
=]

— AC CM IG without stray capg
AC CM IG with stray capacite

— DC CM IG with stray capacitance
— AC CM IG with stray capacitance and AC choke

-100
10 10 10° 10"
Frequency (Hz)

Figure 2-29 In-circuit -attenuation calculation results of floating filters

For AC noisein circuit attenuationbigger Land C value will increase the low
frequency attenuation while the high frequency attenuation is mainly determined by the
stray capacitancesGcand G _ag by increasing the ground impedance of heatsink can help
to reduce these stray capacitances and aser¢he attenuation in high frequency of the
proposed filter, however it will bring the safety issues to the system. To increase the high
frequency attenuation, a CM choke can be added after the DM filter to block the low
impedance loop at high frequencgdaa small capacitor can also be added to further
increase the attenuation at higher frequency. Moreover the capacitors should be connected
to the midpoint of dc link capacitors instead of connecting to the CM ground as shown in
Fig. 4d to avoid low impeghce path which will amplify thdc-side noisethen the high

frequency attenuation can be improved as shoviigare 2-3029.

66



Xuning Zhang Chapter 2

Iconc_wl dc cs
__> V — —_—

S — Q)

ch_cable_CI\/I Zac_cable_CIVI

I ZCS_dC I I ch_ac

Z_ISN_O\/I Zmotor M

Figure 2-30 Additional L and C with floating filter for high frequency attenuation
The penalty of this topology is that there is an additional CM current added to the DM

current through the DM inductors. This current is determined by the CM noise source and
the impedance ofséidtZLacam FOr a given corner frequency, larger L and smalles Will
give a smaller current, while the voltage drop on L will be increased which need to be
considered for a real filter design. In a motor drive system, the corner frequency of AC DM
filter is usually high, which makes the additional CM current is high frequency and much
smaller than DM current, and the design of DM inductor will not be influenced much, only
inductor core loss will increase due to this high frequency circulating current.

A SABER simulation was established based on a 5 kW 300 MdaGphase motor

drive experimental system with a 12 meter cable.
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(a) top: AC CM noise with AC CM filter ( blue) and without AC CM filter( greer);
bottom: DC CM noise with AC CM filter ( blue) and without AC CM filter ( green)
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(b) top: DC CM noise with DC CM filter (blue) and without DC CM filter( green);
bottom: AC CM noise with DC CM filter ( blue) and without DC CM filter ( green)
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(c) top: AC CM noise with proposed plue) and without proposed filter(green);
bottom: DC CM noise with proposed filter (blue) and without proposed filter (greer)

400 -
200-
< 00-
2001
400 -

T(s)

(d) AC DM inductor current with proposed filter ( blue)and without proposed filter (green)

Figure 2-31 Simulation results of adding floating filters

Figure2-31(a) shows the simulation results of AC and DC CM noise before and after
adding AC side tC EMI filter with Cy capacitor connected to ground. The results shows

that if connecting € capacitor to ground, with AC EMI filter, the AC side EMI noise is
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well attenuated while the © side EMI noise increase&igure 2-31(b)b shows the
simulation results of AC and DC CM noise before and after adding DC dideM filter
with Cy capacitor connected to ground, whigiows the similar result with adding AC
EMI filter if connecting Cy capacitor to ground, when the noise on one side is suppressed,
the noise on the other side is amplifiedyure2-31(c) shows the simulation results of AC
and DC CM noise before and after adding proposed EMI filter which illustrates that both
AC and DC CM noise is attenuated with the proposed topology.
Figure2-31(d) shows the comparisaf the current through DM inductor before and after
adding the proposed filter. It is clear that due to the high corner frequency of the DM EMI
filter, the impedance of ¢hidtZLacam IS Very big and the additional CM current is high
frequency and the amplde is relatively small than the DM current which will not
influence the design of DM inductor.

The proposed EMI filter is also verified through an experimental d&epd on a 5
kW 300 V DCfed 3phase motor driveystem with &0 feetcable Figure2-32 shows the
setup of the system and test resait EMI noise and filter attenuations are shown in

Figure2-33.
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Figure 2-32 Dc-fed motor drive systemswith proposed EMI filter structure

100} |

ll””H | \.‘” “ {
50 “ lm W”” .1‘:‘1’.“ M 4'.. mwmhlﬂ'l

< o
>
m
© 0 ¥ LN

| | ‘,’.‘Wf / JI;W_H. AN o RS

MN#WWW\,\J y Uu L,U.,MM

il WW' l
-50 6 7
10  Frequency (Hz) 10

(a) DC CM EMI noise and attenuation experimental result: DC CM noise without filter (lue); DC

CM noise with AC DM filter added (greer), DC CM noise with proposed filter added (ed); DC CM

attenuation with AC DM filter ad ded (pink); DC CM attenuation with proposed filter added (ight
blue)
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(b) AC CM EMI noise and attenuation experimental result: AC CM noise without filter (blue); AC
CM noise with AC DM filter added (greer), AC CM noise with proposed filter added (ed); AC CM
attenuation with AC DM filter added (pink); AC CM attenuation with proposed filter added (light
blue)
Figure 2-33 Experimental Results of the floating filter

The experiment results show that by adding2@ filter, since the DM inductor will

7

increase the CM noise propagation path impedance for both AC and BCteal€M

EMI noise of both sides are attenuated, which proves the interaction between AC and DC
CM EMI noises. Moreover, by connecting AC and D&pacitors miepoint, additional
attenuation is got for both AC and DC CM noise at low frequency while at high frequency,
the benefit is limited due to the existence of device stray capacitances. To attenuate the
high frequency noise, an AC CM choke igled after DM filter, and the results show that

high frequency AC CM noise is well attenuated by adding the proposed filter.
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2.4.3 EMI Filter Design Methods for Both AC and DC Sides

The proposed floating filter can confine the EMI noise within the systemealhude
the EMI noise emission from the power converter effectively. However, the analytical
analysis shows that the performance of the filter is highly related with the load and souce
impedance of the converters which maikdifficult for the accuratedesgn of the filter
parameters. Thus, traditionat@. filters are still necessary for precisely control the filter
attenuation and well attenuate the noise below the standard. Consttieringeraction
between AGsideand DGCside filters and between CM alM filters, certain order must
be followed to minimize the impact of adding new filters into the circuit and ensure a
successful filter design. A practicaltér structures for ac and dc sides are shown in
Figure 2-34 where LCstructures are selected for AC DM filter and CL structures are
selected for DC DM filter to get enough attenuation. For CM filters, since connegting C
capacitors to ground will make it harder to design the EMI filter for the other side, only L
structure $ selected for both AC DC CM filter. However, CL structure is used for DC CM
filter to get enough attenuatiohhe DC DM inductor is integrated with DC CM choke to

reduce the weight of the EMI filter.

Aiaaaslaans! :

DC | J— J— aaas *r
Source . I vgl VS Load

& USN ) 2808 *~~

Teloud Lo 11 L == ‘L
— | * DCChoke _ [OV CapDM Cap. LTl avw
DM Hlter Choke
(a) DC EMI filter (b) AC EMI filter

Figure 2-34 Implemented AC and DC EMI filter structures
Considering the interactions between CM and DM filter, since DM filter inductor will

appear in CM equivalent circuit and provide attenuation for CM noises and @&¥ fil
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capacitors are usually small which has a negligible impact on DM noises, DM filters should
be designed before the CM filters to assure the accuracy of CM noise measurement and
avoid overdesign. Moreover, since AC side has more harmonic componentarthas

easily affected by adding LC filters, AC filters should be designed before the DC filters.
Thus, a filter design sequence is proposed as shofxiguine2-35where AC DM filter is
designed at first and after AC DM noise rieg the EMI standard, DC DM noise is
measured with AC DM added to the circuit to include the DM noise changing by adding

AC DM filters.

EMI Bare Noise Measurement| DC CM Noise Measurement
w/ AC CM & AC/DC DM Filter

y ;

—[AC DM Filter Design DC CM Filter Design

Tune
Parameters

Tune Parameters

Check AC
DM Noise w/
Standard

CM Noise w/
Standard

Yes

AC CM Noise Measurement
w/ both AC/DC DM Filter

v

AC CM Filter Designje——

[Tune Parameters

Check AC
DM Noise w/
Standard

Figure 2-35EM I filter design sequence for both AC and DCsides
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CM filters are designed based on the CM noise measurement with DM filter added to
the circuit in order to include the CM noise and propagation path impedance changed due
to adding the DM filters. In the standard, DM side has a stricter requirement than AC side
and usually DC CM noise is higher than AC CM noise in the measurement, thus DM side
usuallyneed more attenuation than AC side. TiCis,structure is selected in the design.

L structure is selected fétC CM filter to reduce the impact of connectingc@pacitor to
the ground which will make DC CM noise worse. For this system, DC CM impedance and
AC CM impedance are comparable in EMI frequency range KHzGo 30MHz) without

any CM filter added as shown figure2-36.

10°

—DCimpedance without filter Zyc capie au+Zusny av

s| |ACimpedance w/ olfilter Zuc capie au*Zuotor av
10 [|—DCside impedance with DCQM filter 7
ACside impedancewith ACCM filter

-4 R N R S A R R R AR L

10 e
10° 10° 10" 10° 10° 10’

Figure 2-36 CM impedance changing with and without EMI filters
(DC CM impedance without filter : blue, AC CM impedance without filter : red,
DC CM impedance with filter : pink, AC CM impedance with filter : green).

Thus, adding filter on one side will change the propagation path impedance of both
sides, which shows the interaction of CM filters. However, after adding a CL filter to dc
side, the dc side equivalent impedance that is seen from AC side will bedeautAC

side impedance become dominant. In this case, tuning DC EMI filter parameters will not
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change the AC side EMI noise level and DC side EMI filter is decoupled from AC side,
then DC CM filter should be designed before AC side filter. After tunirtge@EMI filter
parameter to make DC CM noise meet the standard, AC filter can be designed based on
the noise measurement after adding DC filter to the circuit. Since AC side filter is only a
CM choke, adding filter to the circuit will increase the equemaimpedance seen from DC

side. Thus, adding AC filter will further reduce DC noise except for some resonant points

need to be checked after AG/Jilter design.

24.4 Experimental Verification of Filter Design Methods for Both

sides

Experimental verificationare carried on a 2kW 300V ded motor drive system with
30 feet cables as shown Figure 2-37. The system detailed structure is shown in
Figure2-25, where a RL load with a grounding capacitor is usestimulate a motor load.
The grounding capacitance is selected to make the system CM propagation path impedance
has a resonant frequency at around 350kHz. System switching frequency is 25kHz and
system fundamental frequency is 200Hz. Both AC and DC CHM &Nl noises are
measured to verify the analysis of the interaction of EMI noise and EMI filter design and

both AC and DC side EMI filters are designed to make the EMI noise meet the standard.
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(a) DC EMI filter
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DM Choke

(b) AC EMI filter
Figure 2-38 Implemented EMI filter s
Figure2-38 shows the EMI filters designed for A@&DC sidsfollowing the design

and optimization method shown in previous chapter, where the filter structure is shown as
in Figure2-34. The component selection and EMI filter weight optimization methods are
shown inFigure 2-35 and the final value selection and weight measurement for AC and
DC side EMI filtersare showrin Table2-2 EMI filter design resultdt is noticedthat the
weight of the inductors are the dominant parich takes more than 90% of the total

weight of the EMI filter.

Table 2-2 EMI filter design results

DC-side EMI Filter AC-side EMI Filter
Integrated CM DM DM DM
CM Choke
Choke capacitor | capacitor inductor | capacitor

CM:1.2mH CM: 2.7mH

Value 1nF 3uF 130uH 3*5nF
DM:10uH DM: 2uH

Weight 180g 39 30g 5009 2709 9g
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(b) AC CM: bare noise: blue; w/ AC filter: greer; w/ AC&DC filter: red
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(c) DC DM: bare noise:blue; w/ AC filter: greer; w/ AC&DC filter: red
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(d) DC CM: bare noise:blue; w/ AC filter: greer; w/ AC&DC filter: red
Figure 2-39 EMI test results of the experimental system

Measuremenbf EMI noise before and after adding EMI filters are showRigure
2-39. It is clear thaboth AC and DC noise meet the EMI standards by adding the designed
EMI filter following the proposed design and optimization methatlich verfies the
validity of the proposed EMI filter design method. Moreover, rémults show that both
AC and DC CM noise will be changed after adding AC CM fitevhich verified the
interaction between AC and DC s&d®eanwhile addingAC DM filters will attenuate
AC DM noiseeffectively butalso change DC DM noisghich indicate the interaction
between AC and DC sideBesides, botlacside and deside CM noise is reduced after
adding AC DM filter on AC sidevhich verified the CM noise source change by addi

DM filters on theAC side.

2.4.5 Summary and Discussion

In this section, the interaction between EMI filters are analyzed in detail for the
applications where EMI filters are needed for both input and output sides of the power
converter, the results show thaput and output DM noise decoupled due to the existence

of the dc link capacitor and the impact of adding filters mainly happens when it change the
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noise source for the other side. Meanwhile, the interaction between CM filters is more

significant sirce the input and output sides share the same propagation path, adding CM

filters on one side will change the propagation path impedance and change the performance

of the EMI filter on the other sid&or conventionally designed filter that is designed for

only one side, usuallyy&apacitors are connected to the ground which will introduce a low

impedance path for the CM noise of the other side and when the noise on one side is

suppressed, the noise on the other side is amplifth. this consideration,raimproved

filter topology for dc fed motor drive systaaproposé where bothnput and outpuilters

are needed. By connecting the apidint of AC side DM capacitors and the npdint of

DC link capacitoin motor drive systenthehuge DM capacitorean helpto limit the CM

noise within converter and provide significant attenuation compared with conventional

designfor both input and output noisAn analytical model is proposed for evaluating the

attenuation of the proposed structure in frequency domBoth simulatios and

experimeng verified this proposed improved method. The proposed method gives potential

to reduce conventional design filter weight or volume to realize the same EMI attenuation.
Moreover,adesign and optimization method féMI filters onbothinput and output

side is proposedlo minimize the impact on the EMI noise of one side caused by adding

filter on the other side, certain design order must be followed to design AC and DC CM

and DM filters. Simulation and experimental reswierify the interaction between AC and

DC filters and show that EMI filters can be designed to suppress both AC and DC EMI

noise to meet the standard with the proposed EMI filter design method.
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2.5 Implementation and Weight Minimization of EMI Filters

Succestl EMI filter designs can provide engineers with different combinations of
inductor (L) and capacitor (C) values that can effectively suppress the noise along with the
working condition of the corresponding L andWith the desired value and the estingate
working conditions, agood EMI filter implementation method can ensure a successful
hardware implementatiowith proper design of L and C to ensure effective noise
suppresi®n in real EMI measurement with the minimum weight/size of the filter.

In EMI filters, capacitors are in parallel withe power circuits, thus the current
through capacitors is limited and the weight/size of the capacitors are relativelyAsnall.
shown in the experimental system in the previous section, capacitors takes l€¥than
of the total passive component weight in the systidaanwhile, most of the capacitors are
selected from commercial products unless implementing certain material and process for
customized capacitersuch as LTCC capacitof81]. Once thevalue andworking
condition (mainlycurrent/voltage streysf the capacitararefixed, the size and weight of
the capacitorare usually fixed andthere is little freedom tmptimize the weight of
capacitors. However, most of the inductors are in series with syste®r gircuits, thus
the current through inductor is relatively mibich increase the loss of the filter, meanwhile
the energy density of inductor is lower than capacitor from weight point of view thieus,
size/weight of the inductors take a big portiohthe total EMI filter Moreover, the
inductor usually are customized or setustomized from certain magnetic material and
core shape. One caslectand optimize the design variables such as materials, core shapes,

wire gaugs, turn numbers and etim getan optimized inductor with required characteristic
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and minimum size/weighfThus, the filter weight minimization will focus on the weight

minimization of inductors.

251 Constraints of Minimum Weight Optimization during Filter
Implementation

During the opimized inductor implementation, different constraints should be
considered for a successful mmum size/weight inductor implementation. These
constraints include

1) Physical fitnessfor the inductors that are used for power storage, multiple (ager

shown inFigure2-40(a)) winding structures can be used to maximize the utilization
ratio of the winding area (increasing the filifactor), however, muliayer
structure will increase the parasitiapacitance (EPQ)f the indwtor and make
filter lose the attenuation at higher frequency. For ENEIfd, due to the limitation

of parasitic capacitance (EPC) of the inductors, single layer structure winding is

preferred(as shown irFigure2-40(b)).

(a) Multi -layer winding (b) Single layer winding

Figure 2-40 Single layer and multilayer winding structure

Although single layer structure will reduttee filling factor of the inductor and may

make the inductor bigger if thehypsical fithessconstraint become the strict
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2)

constraint during optimization process, it is necessary to keep the single layer
winding structure for parasiticapacitanceminimization if high attenuation is
needed from the filter at higher frequency.

Limitation of the maximum magnetic flux dens{®max) to avoid core saturation;

the maximum allowablenagnetic flux densityBsa) on a core is limited by the
characteristics of the cematerial If the magnetic flux densitys higher than By,

the core willbesaturated and the inductance will be reduced significantly. This will
make the filter lose its functionality and may damage the system, thusumum
magnetic flux densityBmax should be limited according to thesBof the core
material and certain margin is necessary to avoid saturation during some transient
of the circuit. he magnetic flux density is determined by the -geitond (VS)
addedon the inductarcore are@A¢) and turn numbers(lyn) as shown in (22).

—_ VS max

B
max N AC

(2-22)

tum
When VS ishigh, the inductoshould be enlargeal turn number will bencreased

to limit the flux density on the core which make the inductor heaViSron the
inductor is déermined by the impedance of the system and the L and C values
selectedduring the filter design process. Thus inductor value cannot directly
indicate the size of the induct$®3]. The VS on the inductor shouldlso be
considered in the filter design pexs to avoid certain design regions that create
resonance in the circuit and result in a huge inductor implementétigure
2-41shows an design example of AC CMQ.filter for the 2kW demo system

shown in section 2.4 with a 20nEM capacitor, which shows that smaller
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3)

4)

inductance will not ensure a smaller inductor weight, since theseotind

determines the filter weight in this case.

ol

Gxhubiap 1

Volt-second(mVs) |,

IO o —- 2

4 6
Choke Inductor Valuenﬁ—l)

Figure 2-41 Inductor design results with different inductance

&)

Inductor value requiremesitor enough attenuation for EMI noise, the filter design
process will provide the minimum inductor value needed for adequate attenuation,
larger inductance will provide higher attenuation in theory, however, rlarge
inductance will change veftecond sharing in the system andruhe the whole
inductor designMoreover, larger inductors have larger parasitic parameters and
may make the HF attenuation of the filter wordéth higher turn numbers the
inductance at loer frequency is higher, but the higher frequency impedance will
be reduced and may result in the filter design failure if higher attenuation is needed
for high frequency range.

Limitation of inductor parasitic parameters fogh frequencyattenuationDueto

the parasitic pameters of the inductor andpaitor, the filterattenuation will be

lost at higher frequency. Thus, when highquency attenuation is require from the

design process, the correspondingtation of parasitic parameteasso need tbe
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5)

consideredThe limitation can be got from the filter design process using filter
insertion gain whichs prosedin section 2.3. e parasitic capacitance of the
inductor can be predicted using analytical methods based on the winding and core
structurs [81] and the parasitic resistance of the inductor is related with the core
loss and winding loss of the inductarith a model for inductor loss, the parasitic
resistance can also be modelled. Besifies,elementanalysis (FEA) methodan

also be apjd for inductor modellings shown ilmany works[81].

Limitation of filter loss and system efficiency; since thductorcurrent is system

full current with switching frequency ripples, the skin effect and proximity effect
make the equivalent condugy area smaller and the winding loss be inductor

are not negligibleMoreover, the core loss on the EMI filters especially on CM
filters also need to be considered. Inductor core loss is related with the VS
excitation on the inductor. Originally, Stenetz equationsi used for core loss
estimation however, since core loss generation in magnetic materials is
complicated and none linealifferent improved Steinmetz equations are proposed
to improve the model accuracy of the inductor core loss underetit excitations

and different experimental measuring methods are also studiegdorate core
loss measuremerin this work, the core loss calculation is based orStieenmetz
equationmethod. When certain filter is added into the system, the ¢utmeugh

the inductor can be calculated in frequency domain from the equivalent circuit
shown in section 2.2 and then the magnitude of different order of switching

harmonics is known.
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Figure 2-42 Frequengy domain calculation results of the current through CM inductor

Figure2-42 shows the frequencyothain calculation resutif the current through
CM inductor with the design CM filter added to the circlithe higher harmonics
areidentified with the frequency and the magnitude of the harmonic, then the core

loss on the inductor is calculated as shown 232
L ALl L0 0

Poss =8 g =8 (f s )"V, S (2:23)

b ¢ eNum 3 +

where, a,c,d is the core loss coefficients that can be calculated from material

datasheet, is the inductance added in the circuitadiis the magnitude of thé'i

orderharmonics, Ac is the core areBlumis the turn numberybx iis the frequency

of the " order harmonics, Ms the core volume of the designed inductith (2-

23) the core loss can be estimated and be used in the optimization process. This

core loss estimation method assumes that the core loss generation in the core can

be linearized to the frequency of the VS excitation applied on the Roreious

studies has shawthat this assumption will introduce errors in the core loss

estimation and the error depends on the material type of the Eoranetal based

materials such as FINEMET or Amorphous materialsch is widely used in
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6)

medium power applicationsddy currat is the main reason of core loss. The error
is relatively small. However, for ferrite materials that is widely used in low power
applications with higher switching frequencibgsteresidoss will dominant in the
core loss distribution, then this methed! have big error and not valid for such
applications.

Limitation of inductor temperature rise. Due to the windingcore loss generated
during operation, both windingndcore temperature will increase. Limited by the
material characteristics (Curiemperatureof the magneticcores or maximum
temperature for insulating matesalf windings), the temperature rise of the core
and windings is limitedThetemperature is determined by tbss, coreshape and
cooling conditiong10§. There are many stiies that provide the thermal models
based on Fine Element Analysis (FEA) or giifited thermal circuit modelghat

can estimate and consider the temperature during the design process.

With the consideration of these design constraints and accurate madels,

mathematical model can be developed for the optimization of inductors for minimum

weight/size implementation. Different optimization methods such as enumeration method

or Lagrangenethod carbe applied to solve the model and design the optimized ioicuct

2.5.2

With the consideration of all the constraints above, when the required inductor value

Inductor Implementation with Weight Minimization

and working condition of the inducware known from thefilter design procedure, the

minimum weight implementationan be achieved following the optimization procedure

shown inFigure2-43.
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Figure 2-43 Inductor weight minimization procedure

With the proposed designrgredure, a minimum weight implementation of the
inductor can be insured, however, due to the limitatich@&ccuracy of the system level
EMI analysis model at high frequency, adjustment may still be neceksaenough

attenuation at higher frequenttyensurea successful EMI filter design.

2.5.3 Summary and Discussion

In this section the minimum weight filter implementation method is discussed in
detail. Several @nstraintsthat need to be considered during timenimum weight
optimization for filter implenentationis presented. With a required inductance and
estimated working condition of the inductors, the minimum weight should be optimized

with the constraints includinghgsical fitness saturation limitatios, inductor value
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limitations, inductor lossimmitations, parasitic parametdimitations, inductortemperature

rise limitatiors and so on. Different inductor models such as loss models, parasitic models
are present to design the inductor according to these constraints. The accuracy of the final
optimization result is highly related with the accuracy of the models used for the
constraintsinaccurate models may introduce errors to the absolute optimization results,
however, it is still reasonable to relatively compare different design conditions such a
different topology or modulation methods using the same models and design pracedures
The relative compare results can still justify the benefit or drawback of these design

conditions on filter weight reduction.

2.6 Impact of Switching Frequency on EMI Filter Design

The switching frequency of the power devices in a power converter is a very important
design parameter. It determines the power lossdsesemiconductaand directly related
with the weight and size of thieeat sinks orcold plats. Switching frequency also
determines the design of the passive component that used for energy storage purpose such
as the dc linkcapacitors and boost inductors. Usually increasing the switching frequency
will decrease the energy needed to be stored in the passiymgents, thus the passive
componergthat used for energy storage purpose such as the dc link capacitors and boost
inductorscan be reduced. Changing switching frequency will also change system EMI
noise sourceSnce the EMI standardssually does not att from zero,the impact of
switching frequency on the weight and size of EMI filter is not the santieeanergy
storage components. Moreover, since the current noise is determined dieotise
sourca and the propagation path impedanahanging witching frequency will only

change the noise source. This section will present a systematical design method to select
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the optimized switching frequendyp getthe minimum EMI filter weight using the
proposed system modeling and filter design methodstwWwhdevel system presented in
section 2.4 will be taken as an example. System EMI madelbuilt using the proposed
modeling methodsthe roise source is calculated using DFIT method with different
switching frequenies Then, considering the propagatjoath impedance, EMI filters are
designedor convertersith different switching frequemesbut the same propagation path
impedance. Finally, the weight of the EMI filters are estimated using the proposed filter
implementation methods to show the regbatt of system switching frequency on the size

and weight othe EMI filters.

2.6.1 Impact of Switching Frequency on Noise Spectrum

Device switching will generate noise in the system, thus change switching frequency
will change the noise source in the systeme ploposd desigrorientedEMI modeling
method shows that the noise source can be calculate using Dfefhod, vinen the
modulation scheme, switching frequency and modulation index are fegdre 2-44
shows the calculation ressilof the CM noise voltage source in the equivalent model with
30kHz and80 kHz switching frequencgnd 200Hz fundamental frequendtyis clear that
the peak points of the EMI noise are different switching harmo@hanging switching
frequency will chage the frequencies of these harmonics but the magnitude of the voltage
harmonics will keep the same. For instance, the magnitude of the third order harmonics of
30 kHz converter (located at ¥Hz) is the same with the magnitude of the third order
harmoncs of 80kHz converter (located at 24 z). In other words, increasing switching
frequency will expand the voltage noise source spectrum and push the switching energy to

higher frequency.
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(b) Switching frequency fs=80 kHz
Figure 2-44 AC CM noise source calculation results with differenswitching frequency

The proposednodeling methodlso shows thahe EMInoiseis determined byoth

the noise source and propagatath impedanceven though magnitude of the third order

harmonics are the same, since the propagate path impedance will be different since the

frequency is different, the current spectrum is not the same as the voltage sgégioen
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2-45 showthe propagation path impedance of the system aedcalculated CM current
spectrumis shown inFigure2-46. Sincethere is a resonance tine CM propagation path

at around240 kHz, if there is also a voltage etation near 24B&Hz, there will be a peak

in the current spectrum. Since the third order harmonics of the 80 kHz converter is located
at 240 kHzpothof the current spectrums shows the resonant peak at around 240 kHz. This
is also true for 30 kHz conditis, since the', 8" and 9" order switching harmonics are

all located near the e frequency range with low impedance, the current spectrum shows
multiple peaks. Since the magnitude Bf@der harmonics is lower that Barmonics, the
magnitude of thecurrent noise peak if lower in 3kHz converter than it in 8&Hz

converter.
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Figure 2-45 Propagation path impedance
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Figure 2-46 Calculated AC CM current noise spectrum
2.6.2 Impact of Switching Frequency on Filter Parameter Selection

With the information of system current noise, the EMI filters can be designed

following the proposed design methfor power converter systsnirigure2-47 showsthe
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sweeping results of designed minimum inductor vale¥sus the switching frequers

of the converter for CM and DM filters respectively.
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Figure 2-47 Sweeping results of inductor value versus the switching frequency

With the increasing of the converter switching frequency, the voltage harntbaics

determine the EMI filter design will be pushed to a higher frequehsystem impedance
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do not have resonant peaks and keep flat or increase as the DM impedance in the system,

the critical frequency that determines the EMI filter design will be pubkigher frequency

with small increase of the attenuation duethe standard, the impedance needed will

decrease until thlower order harmonics enter the EMI range and determine EMI filter
design, then the induct an czg-zangetevdosiltbe got | | becoc
as shown irFigure2-47(a). It need to be noticed thiath e -zfiazgudge isonly for certain

propagation path impedance. If the propagation path impedance has resastre€M

impedance in the sy=m, then increasg switching frequency will not change the critical

point significantly, the filter design is always determined by the attenuation needed at the
resonant frequency, i nzZig-mwgoh shape toHertehewirlel
betweeninductor value and corner frequency. The curve will show similar shape as what

is shown inFigure 2-47(b). Large inductance will be needed atvsral frequenes will

since the voltage harmonics under such freqgesnwill match with the impedance

resonance. The current peak will be amplified and larger inductance is needed for higher

attenuation.

2.6.3 Impact of Switching Frequency on Filter Weight

It has been discuss@&usection 2.5 that the weight of inductor is not only determined
by the inductor value, under certain design conditions, it is also related with tHsecoftd
on the inductorFigure 2-48 shows the implementation design results of itiductor
weight with different switching frequenes For the DM inductor design, the inductor
weight is limited by the inductor value since the high frequencysedond is relatively
low. Thus the inductor weight is consistent with the inductor vaNigen inductor value

is higher under certain switching frgency theinductor weight is also higher, except when
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the switching frequency igery low, the filter corner frequency will located at certain
frequencywhere thevoltage excitation is also high, then the voltage ripple is high which

make the inductor wght higher without damping.
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Figure 2-48 Inductor weight design results with different switching frequency
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However, the design ressifor the CM inductos ae different, it is noticed that the
inductor value is highest with 80 kHz converter switching frequency howevergigat
design results show a maximum point weigh 40 kHz, and this is because the weight is
limited by the volisecond on the inductor insig of inductor value for CM chokes. With
40kHz switching frequency, the resonant frequency of the designed CM filter is also
located at around 40kHz, thus the wvedicond is amplified for 40 kHz design condition,
andthe inductor is bigger. With higher geling frequencies, the inductor value will be
larger and the resonant frequency is lower, since there is not voltage excitation at the
resonant frequency, the vaecond on the inductor is relatively small and the inductor
weight is smaller. It need toebnoticed thatwith higher switching frequency, the gap
between different order of harmonics is larger wipabvide more freedom for choosing
inductor values tanake the resonant frequency of the EMI filter located at the frequency

with small voltage extations toavoid high voltsecond

2.6.4 Summary and Discussion

Using the proposed EMI prediction moslahd inductor implementation metrsthis
section presented a detdlanalysis on the impact of switching frequency on the weight
of EMI filters. The resuk showthat increasing switching frequency will expand the
voltage noise source spectrum and push the switching energy to higher frequency.
However, the EMI is determined by both the noise source and propagation path impedance
The experimental system skio in section 2.2 is taken as an example and filters are design
using the proposed design method. The results show that the relationship leéfiten
inductor value antheswitching frequency is related with the propagation path impedance.

If thereis no resonance of propagation path impedance in EMI range, the relationship will
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show &af@pi dehavior, s e v er smalleringuttor veduB. poi nt s
However, if there are resonances of propagation path impedance in EMIwhitie

determhes t he EMI filter desaggnbehheremrsi andoss
need to be avoid that give a bigger inductor value. Moreover, this section also shows the

weight design results for tlexperimental system, which showat the DM inductor wight

is limited by inductor value and CM inductor weight is limited by the sg@ltond on the

inductor. Moreover, with higher switching frequency, thesgagtweenthe switching
harmonicsarelarger which providemore freedom for choosing inductor valuesmake

the resonant frequency of the EMI filter located at the frequency with small voltage

excitations to avoid high vekecond.

2.7 Summary

This chaptempresers a detailed analysis of the system level EMIdeling and filter
design methodor three phaseower converters which prowd the approaches to
accurately estimate the filter weight before the implementation of the power stage and
enable the optimal design of filter and power stage together.

A filter design oriented frequency domain systlevel EMI modeling methods
proposed for EMI noise prediction before system implementation, where the source and
load impedance in the model can be calculated from the detailed switching model or
measured directly from the system and the frequency domain soigees can be
calculatedanalyticallyusing double Fourier integral transformation (DFIT) method.

With this model, the impact of propagation path impedance on system EMI noise

emissionis analyzed in detail. An improved filter design method using filkecircuit
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attenuation rather than filter transfer functismproposed to improve the design accuracy
and avoidoverdesign.

Based on the proposed model, the interaction between AC and DC EMIi§lkse
analyzed in detail. With thisonsiderationan EMI filter design method using predicted in
circuit-attenuation (ICA) is proposed for designing batkside anddc-side EMI filters
together. Then, a new filter structuseproposed which connects between AC and DC
neutral points tattenuatecsideanddc-side EMInoise at the same time.

Moreover, based on the EMI noise prediction model and filter design methods, the
impact of the noise propagatipathimpedance and converter switching frequency on EMI
filter weight/sizeis discussed in detail, whichows that the optimal switching frequency
for minimum filter weight is highly related with the impedance of the sysfeth5kW
two level three phase voltage source inverter is developed as an example to verify the

theoretical analysis and proposed mauknd design methods.
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Chapter 3 | mpact of | ntesdieaei ng o

Componeamitghtducti on

3.1 Introduction

In ac medium and high power applications, thpease PWM/SCsare very popular
because of their many advantages, such as low harmonics, high power fattbigla
efficiency[88]. The parallel operation of VSCs has also become a popular choice in order
to achieve ever increasing power ratifi@g. In addition,interleaving can further improve
the benefis of paralleling VSCs.This PWM technique interleaves phaseshifts the
converter switching cycles, which is done by phase shifting the gate control signals of the
converters.To represent such phashkifted switching cycles, the interleaviramgle U
( 0002, WaB 60 Adined irfigure3-1. In the case of carridsased PWMthis is
done by the actual phase shifting of the carrier signals for each converter, or in the case of
space vector modulation (SVM) by interléay their switching cycle clock. #\a result,
interleaving has thmain benefit the reduction of harmonic currents at the input and output

terminals of the converters, i.e., at thecapacitor and ac boost inductors.

Figure 3-1. Definition of interleaving angle Q).

Furthering the past workhis chaptermpresentsa detail analysis ofthe impact of
interleaving on the passive componem&sght reductiorior three phaspower converters

the operation principle of interleaving topology, the design consideratidriatanieaving
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angle selection methddr minimum filter weightwill be discussed in detail. To reduce

the passive component weight of the system, the integration of interphase inductor is also
studed in detail. As the principle study and preparation fibre three phase power
converters,ection 3.2 will focus on the study of the impact of interleavinghpat passive
components weight reduction fdc-dc boost converters; section 3.3 will present the detalil
analysis of the impact of interleaving on filteeight reduction for three phaseac power
converters. In interleaving topologies, additional interphase inductor (or coupled inductors)
are neededh order to limit the circulating current generated by interleawhgch may
reduce the benefit of ineaving and make the total passive component heavier, it is
preferred to integrate the interphase inductor with other inductors together to reduce the
total system weight. Section3.4 will present a detail analysis on the integration of
interphase inducterfor three phase eic power converterAll of these analyses are

verified with experimental results based on a demo system.

3.2 Impact of Interleaving on Input Passive Components of

High Power Paralleled DC-DC Converters

3.2.1 Introduction

As the principle studyand preparation for the three phase power converters, this
section presentsa detail analysis ofthe impact of interleaving on the input passive
componentsveight reductiorfor dc-dc converters. MW DC-DC boost converter for
PV systens is taken as a dgs example In high power PV farm applications, the
centralized structure is always the chomeerea high power DC/AC converter is needed
to transfer the electric power to the grid. Two stage structure shokigure 3-2 is one

common implementation of the high power DC/AC convewéere the dedc boost
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converter is used to achieve MPPT of the PV panel and tae donverter is used to

regulated DC link voltage and realize the grid connection.

Achieve Grid con. and
MPPT regulate DC Vol.
A N
PV | Py DODC| + | DOAC ™
Sring Sring
I I

Figure 3-2 Typical PV converter configuration

In the dedc converter, a huge and expensive input filter is needed to meet the strict
requirement of the PV parglDue to the high power level, only silicon based devices
(usually IGBTs and IGCTs) can be used and the switching frequency is relatively low
(<1 kHz). Therefore a huge filter is needed between the PV strings and DC/DC converter
to meet the strict requirements (such as 1% voltage ripple) for making PV panels work
properly Moreower, in high power application, due to the limitation of manufacturing
capability and the cost consideration for the huge inductors, the core material type is also
limited (for example, usually silicon steel is usedteasl of other advanced magnetic
materals that areused in low power applicatigh All those limitations make the input
filter extremely huge, a baseline filter design is done faMaV dc/dc converter with 1
kHz switching frequency and the resuthowthat the inductors and capacitors avgd
and especially the inductor is more than 2000kg, which takes a significant portion of system
size and cosin order to reduce the input inductor weight and cost, interleaving topology
is studied in detail A detailed ripple reduction analysis of inleaving topology and
inductor design methods provided for the high power application. To reduce the

circulating current, a coupled inductsradded to the circuwith interleaving topology
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The analysis model and design method for the coupled indiscfmesented for ddc
applications. Theesults show that adding coupled inductor sgmificantly reduce the

size d the noncoupled inductor part. As for tlalditional coupled inductpsince the size

is reldively small, advanced magnetcateriak such as Amorphous can be usatithe

total input inductor size and loss can be reduced significantly. In order to get the minimum
cost design point, asymmetric interleaving is also proposed to control the weight of coupled
inductos and noncoupled inductes by changing the interleaving angle of the paralleled
convertersAll these ideas will be also used in three phasaadsystem to minimize the

total passive component weight. The analysis and design methodsdosgstemsand

three phase dac systens are similar, however, since the operation conditi@esign
considerations and design optimizatidargets are different, the final design and

optimization results are different which will be presented in the following sections.

3.2.2 Principle Analysis

A two phase interleaved DC/DC boost converter topology is showsigure 3-3,
where the carrier dhe second convertes phase shifted by 1802 With the phashifting
of the gate signals, the current ripple of each converteragpalsseshifted, and the total
current ripple is reduced and the frequency is doubled due to the cancellation of the two

converters.
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Figure 3-3 Two phase interleaved DC/DC PV converter

The total current gple can be calculated as

DI L_aII - 2DI- 1 (3_1)
DI, D'

If maintaining the total current ripple giteinput side to be the same then the value of

each inductor can be reduced as

I-interleaving — 2DI' 1
Dl

Ratio = (3-2)

nointerleaving
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Figure 3-4 Current ripple reduction ratio of two phase interleaving topology
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It is clear that the reduction ratio is related with the duty cycle of each converter, the
relationship is shown iRigure3-4. By using symmetc interleaving, ifmaintainthe input
current ripple, the inductor value needed for each inductor is redvuet provide the
possibility to reduce inductor weighishile the current ripple through each inductor is
increased

A minimum weight targetednductor design method shown inFigure 3-5, by
sweeping all the possible dimensions of the core and degigiductosto meet the value,
saturatiorand thermal limitation, a minimum inductor weight design result can b®get.
to the high power level, the filter design result is huge, which maksliten steel the

only valid core material for thieductor.
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Figure 3-5 Implementation method for energy storage inductors
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The comparison (shown ifigure 3-6) is brought as an example to show the benefit
of interleaving on inductor weight reduction when maintaining the total current ripple be
5% and 20% and using silicon steel matesgallhe result shows that if maintaining the
same total current ripple, interleaving topology can help to reduce the inductor weight,

however it will increase the inductor loss (especially core loss) significantly.
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6000~ = 5% Ripple Nonlinter.
>000 == 5% Ripple Twolnter.
4000 " 20%Ripple Nonlnzer.
3000 w2 0%Ripple Twolnter
20007
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(a) Weight comparison
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Hm 5% Ripple_Twolnter.
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(b) Loss comparison

Figure 3-6 Comparison ofinductor designresults for 2 MW PV converter
(5% ripple requirement without interleaving: blue, 5% ripple requirement with two phase
interleaving: red, 20% ripple requirement without interleaving: green20% ripple requirement
with two phase interleaving:purple)
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If maintaining the total current ripple, interleaving can reduce the weight of passive
component, while it will increase the currengplie through each inductor and the current
through each active device is also changeldei\turrent ripple is bigger, the tuoff loss
will increase and the turan and reverse recovery loss will decreasdthe conduction
loss will also increasé\n ective component loss comparisgsult is shown ifrigure3-7.

It is clear that by using interleaving, the total conduction loss will increase while the total
switching loss igeduced andhe total ative component loswill increase which makes

the system efficiency reduced.

Device Loss (kW)

=5%Ripple Non

w5%Ripple Inter
w20%Ripple non
=20%Ripple Inter.

Pcon s Pcon all Psd Pall

Peon d Pog P all

Figure 3-7 Semiconductorloss comparison
(switch conduction loss: Pcon_s, diode conduction loss: Pcon_d, total conduction loss: Pcon_all,
switch switching los: Pss, diodaeverserecovery loss: Psd, totalswitching loss: Ps_all

and total loss: Pall)

Moreover, when each inductor current ripple is bigger current stressn IGBT,

I
whichis definedas C.S.= I'GL—”%" , Will increase as shown fRigure3-8. This will make
IGBT_RMS

the devicesafetymargin smaller or even highetingdevicesareneead
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Figure 3-8 Current stress on IGBT comparison

For a real PV system, the input currenppte requirement is an inner system

requirement and should not be usedhesinductor selection criteria. In high power PV

applications, high power level IGBT is usually used as the active compahentthe

maximum peak current is always about twicetltd RMS currentdue to the thermal

limitation and latch up problem8Vhen comparing the benefit of interleaving topology,

the inductor value should be selected to maintainstieecurrent stress through each

IGBT, and theselection and theostof IGBTs will not be increased. Due to the existence

of circulating currenthat generated binterleaving topology, if maintaining the current

stress on IGBT, each input inductor value is twice the value ofrmierieaved topology.

Figure 3-9 shows the weight and loss comparison of the input inductor in the two

topologies. It is clear that if maintaining the current stress on IGBT, two phase interleaving

will increase both the weight and loss of input inductor, while the input capaaitdreca

reduced since the total current ripple in input side will be reduced.

109



Xuning Zhang Chapter 3

mNon

mTwo

1234.8 1294.2

LossiW) Weightikz)

Figure 3-9 Inductor design comparisonwith IGBT current stress =2

3.2.3 Design of Coupling Inductors

To reduce the circulating currentistead of adding two independent input inductors,
one additional reverse coupled inductor can be usé&do phase interleaving with reverse
coupled inductotopology is shown ifrigure3-10. The inductors are separated as the non
coupled inductor L and ideal coupled inductor Wihen thetwo converters is coupled
togethey the currentthrougheach inductor can bgeparatedas output currentysh and
circulating currentdr. The simulation results (shownkigure3-11) show that dding ideal
reverse coupled inductor will only reduce the circulating curaedtIGBT current stress

while the output current remains the same.
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Figure 3-10 Two phase interleavirg with ideal reverse coupled inductor
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Figure 3-11 Simulation resultswith coupling inductors

(without coupled inductor: blue and adding 1mH coupled inductor:pink)

111



Xuning Zhang Chapter 3

L.m=2L 64M
YA
-

Ic:ir

ch:(Vl'VZ)

Figure 3-12 Equivalent circuit for circulating current

The equivalent circuit for circulating current is showrFigure 3-12, which shows
thatcirculating currents determined by the voltagéfeérent between two phases and the
interphase inductance added to the circuit. when interphase inductor value is big enough,
the circulating currentan be well attenuate thus the current stress on IGBT will be
reducedFigure 3-13 showsthe reductiorof IGBT current stress when different coupled

inductoris added.
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Figure 3-131GBT current stress comparison

Moreover, theequivalent circuit also showhkdt thevolt-sec on the coupled inductor

is determined by the voltage difference of the two converters, which make it possible to
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implement the coupleidductorusing a choke without air gap to get a big inductance value.

Figure3-14 shows the cupled inductominimum weightdesign method
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Figure 3-14 Coupled inductor design method
Since the design resultf the coupéd inductoris relatively small, it is also possible

to useamorphousnaterial to reduce the cola@ss which makethe couplednductoreven
smaller.When the current ripple of eaaiductor is smaller, the necoupled inductor size

can be reduced signifatly. Figure 3-15 shows the normalized inductor design
comparison result which indicates that when maintaining the IGBT current stress, by

adding coupled inductor, both weight and loss of the inductor can be reduced siggificantl
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Loss Weight
Figure 3-15Inductor design comparison (normalized valug
3.24 Asymmetric Interleaving

Interleaving topology with coupled inductors can reduce the weight and loss of the
input inductor, however, the cost nsing amorphous material is much higher than the
silicon steel material, so when the inductor weight is the smallest, the cost may not be the
optimal point. In the implementation of the coupled inductor, it is shown that the coupled
inductor size is detarined by voltsec on itself which is directly related with the
interleaving angle we select. Using smaller interleaving angle can help to reduce the
coupled inductor weight which can reduce the cost of amorphous material. However it will
increase the neooupled inductor value needed for maintaining the IGBT current stress,
which means that it will increase the cost of silicon steel material.

Since coupled inductor do not change the total current ripple, the total current ripple

is determined by the convert duty cycle(D), nonrcoupled inductor valuglL) and
interleaving angle WP, :fl(D,L, U , and for IGBT current stress, the IGBT current

stress is determined by the converter duty cycle;auupled inductor value, interleaving
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angle and also theoapled inductor valugM): —2=C8T=¢ (D ,UM), the 3D

RMS_IGBT

sweeping results shown Figure 3-16 show the impact of different variables on IGBT

current stress.
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IGBT Current Stress

M(H) L(H) x10

(c) Fixed interleaving angle

Figure 3-16 Impact of asymmetric interleaving with coupled inductor on IGBT current stress
When the design requirementimintainingthe IGBT current stress, thelsction of

interleaving angle, nenoupled inductor (L) and coupled inductor value (M) is shown in
Figure 3-17, the result shows thatvith a fixed interleaving angle, increasing coupled
inductor value can reduce the romupledinductor value however,if M is big enough

(>1mH), the benefit of further increasing M will be limited. Moreover, with a fixed M

value, smaller interleaving angle need a biggerecmupled inductor value to maintain the

IGBT current stress.
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Figure 3-17 Parameter selection when IGBT current stress=2
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3.25 Weight Design Summary and Discussion

Figure3-18 shows the inductor weight design result with different interleaving with
the coupled inductor value equal to 1mH. It is ctéat by using small interleaving angle,
the coupled inductor (Amorphous) weight will be reduced while thecoopled inductor

(Silicon Steel) weight will increase.

700 . . .
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500

—Cpl
|~ NonCpl _each

w A
o O
S o

weight(kg)

200

100 e

il

% 40 60 80 100 120 140 160 180
InterleavingAngle

Figure 3-18Inductor design results for asymmetric interleaving

(Coupled inductor: red, non-coupled inductor: blue)

If the design targets the minimum cost for the passive compongeote carcollect
the ratio between the pricd coupled inductor (Amorphouanhdthe price of nornrcoupled
inducbr (Silicon Steel), and thethe total cost will change according to the interleaving
angle selected in the design, thus, the optimal interleaving angle is selected according to
the minimum cost for the input inductars.

This sectionpresents a detail aryais on the impact of interleaving on input passive
components of paralleled dc/dc converter for high power PV applications. The design result
shows that if maintaining active component current stress, both the weight and the loss of

input inductor will ircrease. To reduce the circulating current, a coupled inductor is added
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to the circuit which can reduce the current ripple through thecoapled inductor and
reduce the size significantly. Moreover, amorphous material can be used to implement the
coupledinductor which makes the coupled inductor smé#tlus,the overall size and loss

can be reduced significantly. Asymmetric interleaving is also proposed to balance the cost
of silicon steel and amorphous matetaget the optimal design point for minimwsystem
passive component codthe analysis and design methods forddconvertersand three

phase d@ac convertersare similar, however, since the operation conditiatessign
considerations and design optimization targets are different, the finalndesig

optimization results are different which will be presented in the following sections.

3.3 Impact of Interleaving on Filter Weight Reduction for Three

Phase Power Converters

Interleaving hashe main benefit the reduction of harmonic currents at the iapdt
output terminals of the convertefer exampleat thedc capacitor and ac boost inductors
Furthering the past work, thisection presents aomplete analysis of the impact of
interleaving on system filter weight reduction for three phase poweedens.A dc-fed
motor drive system wittparalleled threg@hase voltagsource converteras shown in
Figure 3-19 is taken as an example. The systeontains two VSIs working iran
interleaved mode to reduce system noise, and thterphase inductorsigler1~3 are added

to reduce the circulating current that is generated by the output voltage differences.
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Figure 3-19 Interleaved two level VSI DGfed motor drive system.

A systematic design methddr selectingthe interleaving angle to reduce the EMI
noisein thesystemis proposedFirstthe equivalent circuits for EMI noise analysis tiois
interleaveddc-fed motor drive systens providedanddouble Fourier integral analysis is
used to analyze the impact of interleaving on system EMI noise sources. Theddetail
analysis about the interleaving angle selectfon EMI noise reductionwith the
consideration of system EMI noise propagation pathesapce igresented in section
3.3.2 Considering the real implementation of th&ers, section3.3.3 presenttheanalysis
of the passive component weight reduction for interleaved three phase condirteres.
analysiss verified through bottsimuléions and experimentSince the CM filters takes a
big portion of the total passive component weight ifettmotor drive system with long
connecting cables, the analysis is focused on CM noise reduction and CM filter weight
minimization, however, all thdesign procedures and methods can also be apti&i

noiseanalysis
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3.3.1 Principle of Interleaving for Three Phase Power Converters

From the system level EMI modelling method shown in sectiofitds2noticed that,
in a motor drive systenglue to theexistence of impedance of both DC and AC sitleey
will interact and influence the noises on both sides. However, there usually is a big value
of DC link capacitor (Gc) to meet the harmonic requirement for a typical VSI system. Due
to the low impedancef the DC link capacitor, the AC and DC side DM noise is decoupled
at relative low frequency (several MHahd the equivalent circuit for DM noise analysis
is shown inFigure 3-20(a). Since there is no such low impedance pathCigk noise, the
AC and DC side CM noises are coupled as shown in Fig.1, then the CM equivalent circuit
should include both AC and DC side impedance as showigure3-20(b). In the circuit,
Vbom_ac and \ewm represent the equivalenbise sources in frequency domain and all the

impedances can be got from the detail switching model or directly measured from the

system.
Zdc_cable DM Zac_cable_DM |bare_dc_cs Vau Ibare_ac_cs
. ] L .
'/\' ‘ Zc_cable av U Zac_cable_O\/I
VACNEY Zoil Zmotor_DM! Les de Zs ac
‘ lom e Vbl ac Zusn v Zmotor_au
(a) DM equivalent circuit (b) CM equivalent circuit

Figure 3-20 EMI noise equivalent circuits without interleaving.

For the interleaved twevel VSI DGfed motor drive system shown Bigjure3-19,
the CM and DM equivalent circuits are showrFagure3-21. Since thecarrier ofVSI 2 is
phase shifted witl/SI 1, the noise sources of the two converters are also different. The
interphase inductor is also included in the equivalent circuit which is used to limit the
circulating current that is generated by the voltagéemince betweenthe two noise

sources.
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(a) DM equivalent circuit
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Zdc_cable oM @ * v Zac cable v

i i Voo I i
Z_ISN_CI\/I Z”notor_O\/I

(b) CM equivalent circuit

Figure 3-21 DM and CM noise equivalent circuit of decfed system with interleaving

However, the EMI standardnty limited the EMI noise at the output of the interleaved
converter and the circulating current is only inside the interleaved converter and have no
impact ontheoutput noise, thus the equivalent circuit can be simplified as shogune

3-22if only theoutput noisef the converter is analyzed

Iac DM za
—! c _cable DM
-

@ (VDI\/I 1+VDM 2)/ 2

Zmotor_DM

(a) DM equivalent circuit
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(b) CM equivalent circuit

Figure 3-22 Equivalent circuitsfor converter output noise with interleaving

The equivalent circuitshowthat the interleaving will only change the noise source in

the system and the impact of interleaving on the noise source can be cakmddyadally

usingthe double Fourier integrédansformation (DFIT) methth As shown irsection 2.2,
the noise source of eacbnverter in the equivalent circuit can be analytically calculated

with some reasonable simplification when the system operation condition is Kihbevn.

switched phaséeg output voltage between ac terminal (e.g. péir) and dc link mid

point (N), vain, can be decomposed into different harmonics. The frequencies of harmonic

voltage component s «c aym bwelhistheqangwas feequencyais

t he «car rdiethe fundameatal ling frequency, and m and n are the carrier and

( my

basebad integer index respectively. Based on the double Fourier integral analysis

approach, the harmonic component for voltage&ww or r espondi ng ¢ o

n ¥) can be expressed as HX3). Moreover, the magnitude and phase informati@aoh

harmanic can be obtained as in-(@) from the double Fourier integral analysis. Note that

Cmn is onlyafunction of PWM scheme and modulation index M.

For the group 2 converter VSC2, without interleaving (i.e., with identical carrier wave
as group 1 convertenyazn Will be identical to wan. In general, for the example system in

Fig. 2, the harmonic currents inare determined by the summation of harmonic currents
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in ia1 and 2, which are in turn determined by the harmonic voltagesaiR &nd \aon
respeavely, assuming the inductances &nd L. are balanced and equal, the harmonic
currentinhcorrespondi ng ctt os Willre determined Py the mverage
value of win (m,n) and won (M,N), or n-avg(M,n). Without interleaving, the amplitudé o
Van-avg(M,N) remains the same asdci.e.
Crn ave = 0.5(Cpra + Crvo) = Coon (3-3)
Interleaving phase shifts the carrier waves between VSC1 and VSC2. As a result, for
the harmoni c ¢ omp oA efinsinand el thetr gnopbtudesyill ( my
reman the same, but the angle will be different. Specifically, an angle shiftbgfthe
VSC2 carrier ~mUahgt es sclofivix (m,mfh).qednseduently, the
amplitude of ¥n-avg(M,n) with interleaving angle will become
Clmn_ave = 0.5(Cppy + C g™ | =C,,, cOfma /2) (3-4)
The sweeping result of the voltage noise source magnitude reduction ratio on different
order harmonics of interleaving with different interleaving angle is showv#gure 3-23
and a 2D drawing of the magnitude retime ratio on different order harmonics is shown

in Figure3-24.
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Figure 3-23 Voltage noise source magnitude reduction ration different order harmonics with

different interleaving angle
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Figure 3-24 Voltage magnitude reduction ratio on different order harmonics of interleaving
(180¢ blue; 90° greer; 10° red)
The results showhatifUi s set to be ~/ mrierwaveeofVSC3 nt er | e

by 1/ m switching cycle and keepimmmnguillbehe carri
zero. Especially, for the sample system showninFig. 2, ghdsé f t i ng ~ can el i |

odd order switching frequency harmonics and not affeet ékien order switching
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frequency harmonics. And phasehi f ti ng "~/ 2 wi | | el i minate ha

such as 2, 6 and 10, reduce the harmonics by 30%!/(1'/5.0f the original) when m is

odd, and not affect other even order hamms. Moreover, interleaving can reduce the
amplitude of harmonic currengsthe outputport, because part of the harmonic currents in
each converter is changed into circulating current not flowing into the ac source. Such
circulating current can be deteined by the difference of DM harmonic voltage v
and won as in 3-5) and the impedance in the circulating current loop.
C'rn_air =C,,,,sin(mk/ 2) (3-5)

In order to limit the circulating current, additional interphase inductors are necessary
for motor drive system, whichdds additional weight to the systeltnis clearfrom (3-5)
that with a smaller interleaving angle, the voltage difference of the two converters is
smaller so the volsec on the interphase inductor is also smaller, thus the sitte of
interphase inductor can be reducddhe detailed design and traadf of interphase

inductors vill be presented in section43.

3.3.2 Impact of Interleaving on EMI Noise Reduction

In interleaving topologydifferent switching frequency harmonics of the Lotaise
source can be attenuatedth different interleaving angge With DFIT method, when
system modulation scheme and modulation index is fixed, the impact of different
interleaving angles on noise source reduction can be calculated analykaalle 3-25
shows the calculated CM noise voltage source with different interleavingsadhggeclear
that bigger interleaving angle can eliminate certain order of harmonics while small angle

interleaving can attenuate the noise seun a wide range.
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Figure 3-25CM noise sourcecalculation results
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From thesystemlevel EMI model of the systenit is clear thathe current EMI
noise spectrum is determine by both the noise source and noise propagation path
impedance Changinginterleaving angle can change the noise sowh#e the noise
propagation path impedance remains the sé&gelre 3-26 shows the EMI propagation
path impedances of the studied motor drive system. Due to resonance between the cable
inductance and motor grounding capacitance, the CM propagation impedance has an anti
resonance at around 370 kHz, which considering tdmverter switching frequency is
24.5kHz (to avoid 150kHz harmonic) will create a resonance on the CM current noise

spectrum at 367.5kHz.

10 10° f(Hz)  10°

Figure 3-26 EMI propagation path impedances
(DM: green& CM: blue)

If following the practical EMI filter design proceduséiown in section 2,3he
EMI filter corner frequency will be determined by this resonant pédl80° interleaving
is usedhen the resonant peak at 367.5kHz (15th order switching frequencgriiaymvill
be eliminated (as shown kigure3-25(b)) however the harmonics at 392kHz (16th order
switching frequency harmonic )will remain the same and determine the EMI filter design,

which make the benefit on filter size redoatlimited. Instead of using 180°interleaving,
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a small interleaving angle can be used to attenuate all the harmonics near the resonant
frequency and create amgsonance at the same frequency range, thus it can reduce the
current noise near the wholesomant frequency range and help to increase the corner
frequency of EMI filter significantly.Figure 3-25c) shows the calculated voltage
harmonics result with a 12°interleaving angle. It is clear that using this small interteavi
angle can attenuatell the harmonics near 370 kHz. Based on the calculated voltage
spectrum and system impedance, the current noise spectrum can be calculated. Following
the practical EMI filter design procedure, a sweeping result of different intenieangle

for EMI filter corner frequency is shown Figure3-27, which shows that 12.6°and 35.8°

are some optimized interleaving angle for a smaller EMI filter size.

N 25

|}
X
>20 - [\Y
o
15

(kH

26
3.1

| K3 ]

Filter corner
n

P
G =
2/ \ AN AA
= 0 20 40 60 80 100 120 140 160 180

Interleaving Angle

Figure 3-27 Interleaving angle sweeping result for ACCM EMI filter corner frequency

These anglesan also be calculated analytically using DFIT methbig. clear that if
Uis set to be ~/m, COmn_avg will be zero,
harmorcs will be eliminated, thus considering the system impedance resonant frequency
fres(or mth order harmonic mg§/fs), to reduce the voltage harmonics at this frequency, the

interleaving angle should be calculated as shown in (6)

k=p—= (36)
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Notice the anypddnumber times this interleaving angle can also cancel the voltage

harmonics at:s thus the final optimal interleaving angle should be calculate8 &s (

k=(2N +1),oL (3-7)

res
To get the attenuation at ader range around the resonant frequency, smaller
interleaving angle is preferred.
To verify the analysis above, a DC fed motor drive system with long cables shown
asFigure3-19is studied. The time domain switching model dimtion is carried out in

SABER and the simulated current spectrum comparison result is shé&igune3-28.
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(a) Simulated AC CM noise without interleaving (green)
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(b) Simulated AC CM noise (without interleaving: green; with180°interleaving: maroon)
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(c) Simulated AC CM noise (without interleaving: green; with 12°interleaving: blue)

Figure 3-28 ACCM current EMI noi se spectrum simulation results

The simulated system output poer is 100kW with 540V dc link voltage, line
frequency is 100Hz, and switching frequency is selected to be 24.5 kHz. Due to the
resonance between the cable inductance and motor grounding capacitance, the CM
propagation impedance has an iamsonance at avod 370 kHz, which will create a
resonance on the CM current noise spectrum at the same frequency. The simulated results
show that due to the antesonance of CM propagation path, the CM current noise
spectrum has a resonance at the same frequency willidatermine the EMI filter design.

With 180°interleaving oddorder switching frequency harmonics will be canceled which
has a significant benefit on the harmonic filter design since it will eliminate the first
switching frequency harmonics and make #wglivalent switching frequency doubled.
However for the EMI filter design, since the standard start from 150 kHz (based on
DO160), if following the design procedure shown in Fig. 9, the critical point for designing
the filter is only pushed to 393 kHz (vehi is an everorder harmonics and remains the
same with 180nterleaving) with similar attenuation needed and the increase of EMI filter
corner frequency is limited. However, with 12°interleaving, the voltage harmonic at 370

kHz is attenuated and the haynics around this frequency are also attenuated, which make
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the critical point to designing the filter is changed to 170 kHz with a small attenuation, thus

the corner frequeey is increased significanths shown imable 3-1.

Table 3-1 EMI filter design comparison with different interleaving angles

Inter. angle Fcri(Hz) Att_need Fc(Hz)

0° 373.2k 53.3dB 16.8k

180° 393.5k 53.8dB 17.7k

12° 170.6k 29.9dB 30.5k
Vo1 I—interl*

-||- é
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(a) Experimental sysem structure
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(b) Experimental system setup

Figure 3-29 2kW interleaved 2L VSI experimental system
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Experimental verification is carried on a scale down 2kW interleaved VSI system with
300V dc link voltage30 kHz switching frequency ar2DOHz line frequency. A RL load
with an additional ground capacitor is used to control and change the propagation path
impedance easily. The Experimental system structure is sholigune 3-29(a) ard the
system setup is shown kigure3-29(b). Fromprevious analysishown aboveit is clear
that the spectrum of the EMI noise current is determined by the noise sourdbeand
propagation path impedancEigure3-30 showsthemeasure propagation pathpedance
for CM noise Due to the resonance between the load inductor and grounding capacitor,
there is antresonance on system CM propagation path at around 260 kHz which create

the resonance on CM rs& at the same frequency as shown in the gesult

55.___.
\\\~~~. /’\\
50 ..\ / i‘\
g \vr \\\
@) et
a o —CMDC
0 o CM AC
\/ —CM ALL
Frequency (Hz)
S0 S e
10° 10* 10° 10°

Figure 3-30 Measurement Results of the aisepropagation path impedance
(DC CM: blue, AC CM: greer; ALL CM: red)
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Figure 3-31 Optimized corner frequencywith different interleaving angle
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Based on this resonant frequency and system switching freque2yntarleaving

angle ischoserusing equation3-7). Figure3-31 depicts theesultant optimized EMI filter

corner frequencyvith varying interleaving angle for both AC and DC terminfaisthe

experimental testystem Thus, the system AC CM noise is measured and compared

examplewith 07 180°nd 22°interleaving angle andhe results are shown kigure3-32.
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Figure 3-32 ACCM current E MI spectrum experimental results

Comparing withthe norrinterleaved case, usirZg’interleaving can attenuate the
resonant pealat around 260 kHz by more than 12dB, which has a similar impact as 180°
interleaving (as shown iRigure3-32(b)), meanwhile it can also attenuate the harmonics
near the resonant frequency which can reduce the total attenuagidadhfor EMI filter
design and help to reduce thaue of the inductor needddowever, as discussed above,

small angle interleaving will have less reduction for the lower order switching harmonics
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than symmetrical interleaving, thus it will have lesadfé on the voksecond reduction

on the inductor, since the weight of the inductor is determined by both the inductance and
the voltsecond on the inductor. The optimal interleaving angle for minimum inductor
weight depends on the working condition oé fhower converter. The detailed traafé

will be discussed in the following section.

3.3.3 Passive Component Weight Minimization

Small angle interleaving will reduce noise at the resonant frequency thus it can reduce
the attenuation from the system and theumegl inductor value for noise attenuation.
However, smaller inductor value cannot ensusenalleinductor weight, since the weight
of the inductor is also determined by other design constraint such as saturation, loss and
thermal performance during theal implementationThe weight of ainductor is not only
determined by the inductance value, iswtlso determined by the vedecond value which
has a significant impact on the saturateomd core lossf the inductor The impact of the
volt-second orthe inductor weight has been discussed in section 2.5.

In order to show an example of the impact of \ag@icondCM EMI filters for theac
sideanddc- sideterminals are designed separately following the proposed design method
in section 2.3The simulagéd system AC side spectrum before and after adtiegMI
filters is shown inFigure3-33(a), which showthat the EMI noisés effectively attenuated
with the designed EMI filtersvithin the EMI range The DC side results are stwn in

Figure3-33(b).
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Figure 3-33 CM noise prediction results

The optimized corner frequency,-C value and weight argivenin Table3-2. It is
clear thadue to the high frequency resonance (at aroun&B&zin the EMI propagation

impedance, the bare noise also hassonant peakatwill determine the EMI filter design
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for both AC and DC sides. Ftre AC side filter, the corner frequenag located at 3kHz,
which means thiahe impedance of the-C filter is neaty zero at this frequencyturther,
since the converteawitching freqency is also 38Hz, the current is through L andi€
large Since the volsecond on the inductor equals to Leritm, which in this case is also
large, the designddter weight is more than Kg.

Table 3-2 Filter implementation results without interleaving

AC DC

Critical Frequency (kHz) 270 270
Attenuation Needed (dB) 37.5 61.1
Corner Frequency (kHz) 31.7 8.05
CM capacitance &m (nF) 20 100
CM inductance ktm (mH) 1.3 3.9
Volt-second (Vs) 1.6m 8.5u
Weight (g) 4889 45.4

Theresults arguite differenton the DC terminasince the standard is stricter titae
AC side, thus, a higher attenuation is requirgdnslates into a much lower corner
frequency of 8.05 kHz. The inductor value is consequentigh larger, but, since the
converter switching frequency is 30 kHz and the fundamental frequency 200 Hz, there is
no voltage excitation at 8.05 kHz, which results in much smallerseaibnds on the DC
inductor when compared to its AC counterpart. Cousgetly, the DC inductor weight is
also much smaller than that of the AC inductor.

Two methods can be used to reduce the-s@tonds on the AC inductor: 1) add
damping, a lot of works has been conducted regardinggtimal dampingn the filter,

however,adding damping needs a big resistor value with associated high losses, thus, this
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option is not considered in this work; 2) increase the inductance value to shift the corner

frequency, which can significantly reduce the \s#tonds as shown kigure3-34.

VS Comparison

2.00E-03
1.64E03
1.50E-03
1.00E-03
5.00E-04 3.84E04
0.00E+00 -
1.3mH 2.6mH

Inductor Value

Figure 3-34 Volt-second on CM inductor with different inductor value

As seen, when the inductance is increased to 2.6 mH, thseaihds on the CM
inductor are reduced by futimesThe relationship betwedheinductor value and weight
design resultbas already been shown in sectionEAdure2-41 which illustrates hovthe
optimized inductor value does ngteld an optimized inductor weight. For QA side
inductors,for instance, darger value can help reduce the vsdtcond on the inductor,
which can also redudes weight wherthedesign is limited by the saturation of the inductor.
This evinces thatobtain aminimum filter weight, the inductowvolt-second need to be
considered. FADC side since the voksecond arealready small enougland the inductor
design is determined bis inductancesalue, the smalleshductancevalue giveyield the

smallest weigh&s normally presumed.
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As for theinterleaved systemhe previousanalysis shows thahe use of different
interleaving angles will attenuate different switching frequency harmonics of the total noise
source, while the impedance of the propagation path will remain the Shentesresuts
showthat 22°will give the highest corner frequency for both AC and DC sides, which will
yield the smallest CM choke inductance; however, thesastbnds on the CM choke will
not be reduced significantly. Using 180°interleaving on the other handonlf reduce
the CM choke inductance by a small amount, but it can reduce theecolhds
significantly. Consequently, both 22°and 180°interleaving angles are selected to design
EMI filters for theacside and deidefilters. Table3-3 summarizes the filter design results,
verifying the analysis regarding the impact of interleaving on inductance value and volt
seconds reduction.

Table 3-3 Filter implementation results for different interleaving angles

AC DC
Interleaving Angle 22 180 22 180
Critical Frequency (kHz) 210 243 210 243
Attenuation Needed (dB) 18.7 32.8 42.2 56.2
Corner Frequency (kHz) 71.7 37 18.5 9.54
CM capacitance ém (nF) 20 30 100 100
CM inductance twm (mH) 0.25 0.93 0.74 2.8
Volt-second (WVs) 172 44 9.1 2.6
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Figure 3-35EMI filter weight comparison of AC and DC sides

Following the minimum weight implementation procedure for filters shown in section
2.5, thedesign ofthe physical implementation for filters are performekhe weight
comparison resulisf AC-sideand DGside EMI filtersare presented iRrigure3-35, which
shows that both 22°and 180°interleaving angles can help redheeweight of the CM
choke inductorcompared with nointerleaving caseHowever, since the dominating
constrains for the weight of the choke inductoare different for AC and DC sidg the
optimal poins of the filter weight minimizatiorarealso diffeent. In this system, sindbe
dominating constraint for the weight of th& CM choke inductoiis thevolt-seconds,
180°interleavingwill attain a higher weight reduction for the AC CM filter. For the DC
CM choke inductor on the other hand, as predicted inductance value is the main
constraintthat limit the design and weight reduction potential of the inductor; thus 22°

interleaving will achieve a higher weight reduction.

3.34 Summary and Discussion

This sectionpresents aomplete analysis of the impauftinterleaving on system filter

weight reduction for three phase power convertérsmotor drive system with an
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interleavedhreephase voltagsource convertds taken as an example. The principle of
interleaving operation is studied using the proposgdivalent circuits anthe double
Fourier integral transformation method. The analysis shows that changing interleaving
angle will change the noise source in the system while the propagation path impedance will
keep unchanged. With the considerationhaf impact of propagation path impedance on
system noise, systematic design methdar selectinghe interleaving angle to reduce the
EMI noiseis proposedThe results show that symmetric interleaving can reduce the volt
second on the system more effeety, while the small angle interleaving can help to
minimize the inductor value needed for noise attenuatiGonsidering the real
implementation of the filters, the passive component weight reduction for interleaved three
phase converters analyzed irdetail with different interleaving angleAll the analysiss
verified through bothsimulation and experimentsss. The results show that by using
calculated optimal interleaving angle based on the method proposed, the EMI noise can be
reduced by 10~1dB in the inpedance resonant frequency raniloreover, since the
determine factafor EMI filter weight is different for AC side and DC side, the optimal
interleaving angleselectiors of the minimum filter weight of AC and DC siglarealso
different. Fo the experimental system, small angle interleaving achi@\egher weight
reductionfor DC CM filter while the symmetrical interleaving is better for AC CM filter
weight reduction. fie analysis is focused on CM noise reduction and CM filter weight
minimization,since the CM filters takes a big portion of the total passive component weight
in dcfed motor drive system with long connecting cablesyever, all the design

procedures and methods can also be applied fonDikt analysis.
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3.4 Design and Integration of Interphase Inductor

In interleaving topology, when the output voltages of the two converters are phase
shifted,there will be a voltage difference between the same phase of the two converters,
thus, there will be circulating current generated betwedhe two converters. Sintlke
circulating current will increase device current stress and change system losses, certain
interphase reactors is needed to limit the magnitude of the circulating ¢88leRrevious
studies has discusséke control metlod of circulating current and the impact on the
passive component weight in rectifier applications. Howesiace the load inductor is
inside the motorin motor drive applicationsAdditional inductors are necessary for
circulating current suppression,ese inductors ardefined asthe interphase inductor.
Although it has been shown in the previous section that interleaving can help to reduce the
weight of the filters, the additional weight of these interphase inductors will reduce the
benefit of interlaving or even make the total weight of passive components heavier than
nortinterleaved system.

In order to reduce the weight penalty frdminterphase inductors and reduce the total
weight of passive components in interleaved convettassection wil present a detailed
analysis of thelesign and implementatiari theinterphase inductors. First, the equivalent
circuit for circulating current analysis is provided and the impact of circulating current on
theloss distributioris anayzed in detail irsection 3.4.1. Based on the equivalent circuits,
the design and implementation methafdnterphase inductor is presented in 3.4.2. The
interphase inductors are designed for the experimental system used in the previous section
and the design results sholat interleaving will increase the total weight of the passive

component if ideal coupled inducsoare used. In order to reduce the penalty of the
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additional weight from interphase indudposection 3.4.3 presents a detailed analysis of
the integration bthe interphase inductethat can fully utilize the magnetic core. Finally,
section 3.4.4 shows that experimental verification of the analysis using the 2kl dc

motor drive system.

34.1 Circulating Current in Interleaving Topology

In interleaving topologywhen certain interleaving angle is selected, the output voltage
of the two converters will be phase shifted and there will be a voltage difference between

the same phase leg of the twaeerters as shown fRigure3-36.

Voutl Iout,
) Iy
RS asaslarnale
VSL [y s
: : : Icir -M I—Load
! I|_I~i load
vsR [T USgute)
Voutz l—} I

Figure 3-36 Interphase inductor and circulating current

This voltage difference will generatpe circulating current that propagate between
the sameghaseof the two converters and makee total current through each converter

different. The current through each phase can be decomposed as showdh in (3

j ‘ (3-8)

where, ir represents the circulating current that propagiee same phase of the

two converters,olt represents the remaining current which is the same on the two
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converters and contribute to the load current. Slipsde=I,0a4, it can be calculated that

cir

- |1- I2 and Iout: Il
2

Vci r:Vou tl'Vou t2

Figure 3-37 Equivalent circuit for circulating current analysis

The equivalent circuit for circulating current analysis is showhRigure 3-37. It is

clear that the circulating cumreis only related with the voltage difference between the two
phases and the total inductancer)lin the circulating loop which is the determined by the
DM fitter inductance and the addition interphase inductavween the interleaving angle

is determmed, the circulating current can be calculated as sh\{i10).

VDT,  D<—
! 360
| =Yer wherevs=1v, -2 ° <p<1- -2 (3-10)
L, £ 9360 360 360
%vdc(l- D)T, D>1- >

360
Figure3-38 showsthe simulating results of the voltage difference between the two

converters and the circulating current, whichfies the equivalent circuit for circulating

current analysis.
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Figure 3-38 Simulating results of the voltage difference and the circulating current

Since the circulating current is an additional currenegatied by interleaving, it will
change the current waveform through each devices and change the loss distribution in the
converter.Figure 3-39 showsthe device current during switching with interleaving and
without interleavingjt shows that the turon current isseducedand turnoff current is

increased due to the existence of circulating current.
130 LR
12.0 . —
1.0 ) N ANA" Ve AN V.4 i
10.0 S /“/ / ’ '
o.0 " )
5.0 4
7.0
8.0

‘ iout_all_a_dm

)t

i_switc hvsi_sw

6.0
a0 | — " il i_switc hivs_sw
20
0.0
2ol |
2.0

(=) 1(s)

icir_a

1.0

on /N S S )

-1.0 4

-2.0

T T T T T T T T 1
25.7m  25.725m  2575m  25775m  258m  25825m  2585m  2587V5m 258m

t(s)

Figure 3-39 Simulation results ofdevice current during switching
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The impact of aiculating current on converter loss distribution can be calculated
analyticaly. Assuming output current ripple is small azadrierratio (defined as the ratio
between switching frequency and fundamental frequasdygh one can assume that the
currentthrough devices during each switching period is constant without interleaving as

shown inFigure3-40.

|
/ E Icir
Isw_on —_—— - - -

Figure 3-40Impact of circulating current on semiconductor power losses

With interleaving, the circulating current will be added to thepouturrent, the
changesduring each switching period can be calculated witi@B then the current
changes during each switching cycle can be calculated sdparaten conduction energy
(Econg), turn-on energy (&), turn-off energy (kt) and reverse recovery energy:{Ean be
calculated based dhemeasurement resglat rated switching condition which can be got

from device datasheat shown in (&1).

AeEcond = ﬁsvs conddt = a. (I sw_on + krDt)3 (Ron3 (I sw_on + krﬂ) +Von)[1
0 _ I L

1 Y

T Eon = =2 Eon_rated

1 l ratedvrated

1 B Isvs (3‘11)
J\Eoff - | V Eoff_rated

| rated " rated

\ 1V

TErr :$Err rate

{ | eV, ~rated

rated " rated
In order to show the impact of circulating current on system loss distribution. A loss
calculation was conducted on the experimental system with different configurations, the

device loss data was obtained from the datasheeheoflRM modules used in the
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experimental systemith different configuration as an exampfeégure3-41(a) shows the

loss changing versus the interleaving angles when different interphase inductors were
added into the system. Thesults indicate that increasing interleaving angle will reduce
the turn on loss but increase the tofhloss and reversescovery loss since it will increase

the circulating current in the systeim.terms of the impact of circulating current on system
total loss, it depends on the characteristics of the devices. In some systems whame turn
loss is dominant, increasing the circulating current maytbapducehe total lossFigure
3-41(b) shows the loss changersus the indctance in the circulation loop with different
interleaving angle It shows that increasing the inductance in the circulating loop can
reduce the impact of interleaving since it can reduce the circulating current in the. system
The results also indicatédt when the inductance in the circulating loop is big enough,
further increasing the inductance will have less impact since the circulating current is

already small enough and the impact is not significant anymore.
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(a) Calculation results of loss chang with interleaving angleunder different interphase inductance
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(b) Calculation results of loss change with inductancender different interleaving angles

Figure 3-41 Calculation results of loss change&vith inductance and interleaving angls

Figure3-42 shows the3-D plot of relationship of the loss changing, interleaving angle and
theinterphase inductor value the circulatindoop. Itis clear that when interleaving angle

is bigger (near 180} and inductance is smaller, both switching loss and conduction loss
will be larger since the circulating current is larger, this results depends on the
characteristics of the power device. In some system total switching loss may decrease whe
circulating current is bigger, but the condition loss will also increase winemlating

current is bigger since it will increase RMS current through the power device.
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(a) Switching loss (b) Conduction Loss
Figure 3-42 3-D plot of the relationship of the loss changing, interleaving angle and the interphase

inductance

It need to be noticed that the circulatiogrrent is an inner design constraint, the
limitation should be selected to avdltke voltageovershooton the power deviceduring
switching and losslimitation of the system (efficiency and thermal desjgmhen the
requirement for the circulating current is determined, the additional interphase inductor
value can be calculated from-{B) and pysical implantation can be designed based on

the value and the working condition of the inductor.

3.4.2 Design and Implementation of the Interphase Inductors

Fromthe previous analysis, it is clear that the circulating current need to be limited in
interleavingsystem to reduce systems loss and enaurermal working conditionThe
equivalent circuits indicate that the circulating current is determined by the voltage
difference between the two converters and the inductance in the circulating loop. When
interleaving angle is determined the voltage difference between the two converters is also
fixed. Thus the inductance in the circulatitmpp need to be designed to limit the
circulating current. In rectifier applications, the boost inductors can be splsteaved as
the interphase inductors. However, the value of the boost inductor is designed based on the

current ripple requirement, if it is not enough for the circulating current limitation, then
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additional reverse coupled induct@re neededFor motor driveapplications, since the

load inductor is inside the motahe only inductor that can be used as interphase inductor

is the AC DM inductor in the filters which usually have a small inductance (usually several
pH, thus adding reversed coupled inductor is effiective method to limit circulating
current.Fromthe equivalent circuit for circulating curreamtalysis, tiis clear thaminimum
inductance needed in the systeam be calculated from {BJ) when the requirement for

the circulating current is knowkhen the inductance of the coupled inductor is calculated,
the physical implantation can be designed based on the value and the working condition of
the inductor.

It need to be noticed that the circulating current only propagate between the two
converterand it will not influence the EMI noise emission from the system. The equivalent
circuits also indicate that adding ideal reverse coupled inductor into the system will not
only change the impedance of the circulating loop and it only works for circutatirent
suppression, thus adding ideal reverse coupled inductor will not change the EMI noise
emission in the system. However, the AC DM inductors will show in ttealeiting loop
and change the circulating current, thus, the design of the additiorrahiae inductor
should be done after the design of the EMI filter with the consideration of the DM inductors
in the analysis.

Since coupled inductors are additional components added to the system. It need to be
designed carefully to reduce the total weighthe passive components. Toroidal cores are
implemented for the reverse coupled industand bifilar winding structurels used to

reduce the leakage inductance as showsgare3-43.
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Figure 3-43Interphase inductor with reduced leakage inductance

With a relatively small leakage inductance, the-geitond on the interphase inductor
can be calculated from the equivalent circuit and it is al@iermined by the voltage
difference between the two converters that is related thigiinterleaving anglewith the
information of inductor value, vekkecond on the inductor and the current through the
inductor, the inductor can be optimized for the minimum inductor welghdrder 6 get
the minimum weight of the coupled inductor, all of the possible dimensions of the toroidal
core are swept under the consttsiof physical fit, core saturation and core temperature
rise Theseconstraintsare smilar with the design of choke inductofsr EMI filters as
shown in section 2.94owever, there is a difference between the two procedures, in the
design of choke inductors for EMI filters, the velcond on the inductor is related with
inductor value, thus the inductance of the CM choke aésx to be within a range to
ensure the accurate estimation of the-geltond. However, the vedecond on interphase
inductor is fixed when the interleaving angle is fixed, thus the limitation from the
circulating current requirement only define the mmom required value for the inductor,
during the optimization process tfieal value can be much bigger than the required value

as long as it can give smallest inductor weight.
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Figure 3-44 Coupled inductor weights VS interleaving angles
Figure 3-44 shows the design results tfe weight of the coupled inductoxéS

interleaving anglefor the experimental systerit is clear that the weight of the reversed
coupled inductohighly depends on the interleaving angle. When interleaving angle is
small, the coupled inductor is also smalblavice versaThis is because the optimization
resultsare determinedby the voltsecond on the inductor other than the inductor value,
thus when interlaving angle is smadl, the voltsecond is smadrandthe coupled inductor

is also smaller. Moreover,nge the voltage on the interphase inductor is switching
frequency excitation, the core loss is relatively higis clear that thenductor weight is

determined by the temperature rise of the inductor, which make the coupled inductor heavy.
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Figure 3-45 Total passive component weight comparison with different interleaving angle

In motor drive systemthree additional interphase inductoese necessary for the
circulating current suppression.inge the coupled inducterare additional passive
componentsof the system Figure 3-45 shows the total passive component weight
compariso with different interleaving angles. It shows ttia¢ increase of the additional
coupled inductor weight is more than the EMI filter weight reduction, iiesleaving
will increase the passive component weight regardless of the interleavingangt&or

drive systenwith the ideal reverse coupled indugadded in the system

3.4.3 Integration of Interphase Inductors

The optimization results of the coupled inductor shows that the weight is determined
by the temperature rise of the indugtdable 3-4 showsthe optimized inductor design
resultslt showshat the designed inductor value (0.54H) is much larger than required value
(2mH) and the flux density (0.3T) is lower than the saturation limitation (1T), thus the core
is not fuly utilized. In order to further reduce the total weight of the system the coupled

inductor can be integrated with other inductors in the system to fully utilize the core
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Table 3-4 Design results of interptase inductors with 180 interleaving

Total Weight 73.16
Total Vol ume N¢ 9. 45
L (H) 0.5428
B (T) 0. 32
Core Loss (W) 3.22
Wi reLoss (W) 2. 35
TriAge 99. 5

In motor drive systenthe interphase inductor can be integrated with the AC DM filter
inductor. Instead of twisting the wire of the coupled inductor, the two windings can be
separated as shown kigure 3-46 to increase the leakage inductance which can perform

as the AC DM filter inductors (@w).

Figure 3-46 Integrated interphase inductor
Adding Lom will introduce additional volsecond from the output currendf) andthe

newtotal voltsecondcan be calculateds shown in equatior3-12).
VSTotal = I‘DM | out +VScir (3'12)
Where VS is the voltsecond generated due to the voltage difference between the
two converterdy interleaving Lomlout is the voltsecond generated by adding the leakage
inductance and it is proportional to output current. Moreover addingvll also increase

the core loss as shown in equation (3).
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(f,)'veTs3f,, (3-13)

P

Loss_core fs

Where R is the core loss generated due to the voltage difference of the two converters
that is related with switching frequency andi®the additional corss due to the leakage
inductance that is relate with fundamental frequency. For motor drive system fl<<fs, Thus
Pri<<Ps, which means that addingd will increase the volsecond on the interphase
inductor that is low frequency, thus the additional lessegligible. Since the coupled
inductor weight is determined by temperature rise, adding leakage inductance will not
increase the inductor weight if the total veéicond do not exceed the saturation limit. The
integrated interphase inductor design hess shown in Figure 3-47 for different

interleaving angles and different leakage inductances.
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Figure 3-47 Integrated inductor design results with different interleaving angle
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The design results shotat adding leakage inductance will not increase the inductor
weight until the volsecond determines inductor weight. Thus, the AC DM inductor is
implemented with no weight increase of the interphase induatieen interleaving angle
is large,the maximum allowable DM inductance without increasing the weight of the
coupled inductor ibigger.However for small angle interleaving conditiogsince the vokt
secondintroduced by interleaving is relatively smathe maximum allowable DM
inductancdor integrationis smaller since the addition velkecond will become dominant
and determines the weight of the coupled inductor

In motor drive system, the DM inductor value in EMI filter is relatively small and DM
inductor weight is not domant in the total passive component weight. Thus, integrating
the couplinginductos with DM inductor for motor drive system can help to reduce the
total passive component weigbtjtthe benefit is limit. Interleaving wiltill increase the
total passiveomponent weight compared with norierleavingtopology

The same integration ideal can also be implemented in the rectifier application, where
the coupled inductor can be integrated with the boost inductor. Since boost inductor is the
main energy storagcomponent in rectifier, it take a significant portion ofttital passive
component weight. Moreover, in such applications, the boost inductor is determined by the
current ripple requirement, the inductance need to be controlled and tisecmttd onfte
inductor is mainly introduced by fundamental frequency current. During the design of
boost inductors, the weight is usually determined by the saturation limietitathe core
loss and temperature rise is relatively small. In other words the coot fally utilized
either. Then, the integration can be reversed to integrate the coupled indtictbe boost

inductor. In order to accurately controétiialue of the boost inductor,theEE0 s hap e
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structureas shown irFigure 3-48 will be used where the air gap-lcan be adjusted to
control the inductance value of the boost inductor while L1 can be adjusted to control the

inductance value of the coupled inductor separately.

»
»

ofoJorofolo
PSR ®

Figure 3-48 EE shape core for integrated interphase inductor implementation

In this case, the integrated coupled inductor will introduce a high frequeney volt
secondthat will increase the core loss while almost keep theimam voltsecond the
same. Since the boost inductor weight is dominant by the saturation limitation which is
related with the maximum velfecond, increasing core loss will not change the design for
the boost inductor, thus the coupled inductance is ohtaio cost of weight increasing.
Figure 3-49 shows a design example of a 1mH boost inductor with coupled inductor
integrated using EE core und#fferent interleaving angle operat®The results include
both the temperaturese of the inductor and the weight of the inductor, it is clear that
increasing interleaving angle will increase the high frequencysealbnd in the core thus
the inductor temperature rise (Trise) will increase, before it hit the design limitation
(100€), the boost inductor weight will not increase since it is determined by the saturation
limitation. When Trise reach the design limitation, the inductor will be bigger, however,

even with 180 interleaving the total weight only increase less than 30%deongithe
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weight reduction of EMI filters by interleaving the two converters. Interleaving topology
is preferred for rectifier application where the boost or output inductamsligledin the

system, then interleaving can really reduce the total passmponent weight.
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Figure 3-49 Design resuls of a 1mH boost inductor with coupled inductor integrated under different

interleaving angle

3.4.4 Experimental Verification

To verify the analysis, two kinds of imfghase inductoarebuilt using nanecrystaline
material with Li=20mH: one with twisted winding to reduce leakage inductance with
Lom=1uH as shown ifrigure3-50(a);one with separately winding to increase the leakage
inductancewith Lom=60uH as shown ifigure3-50(b). Additional open ended five turns
is added to show the flux changing by measuring the voltageg (v the extra winding.

Both inductors are tested in the experimental systems as shdvigune 3-29 with

2kW output power and 30°nterleaving angle.
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(a) Reduced leakage inductance (b) Increased leakage inductance

Figure 3-50 Implemented interphase inductor

The test results otthe interphase inductsrare shown inFigure 3-51. Since the
interphase inductance is very big, the circulating current is well suppressed, thus the
currents through two converters are almostideatical.lt is dear that the output voltage
of the two converters are phastafted. With the low leakage inductancey\6s the same
with the voltage difference between the two converters, which shows that tsecottd
in the core is determined by the voltage ddéfere. However, for the inductor with high
leakage inductance, there are more ringing eadve to the leakage inductance added,
and the integration of ais larger than the results with low leakage inductance, which
show the increase of the wdécond Moreover, since the ringing will hardly change the
magnitude of the switching frequency voltage excitation. The increase of core loss will be

negligible.
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(a) Time domain result of circulating current

(Vouta: ;Voutz: cyan; Vouti-Vout2: i loun:green; lout2: Pink; lout-lout2: purple)

(b) Results of adding interphase inductor with low leakage inductanc€/ out1: iV outz: Cyan;

Vext: pINK; lout:green; Vou-Vour2: purple)

(c) Results of adding interphase inductor with high leakage inductanc@/outu: 'V outz: Cyan;
Vext: PINK; lout:green; Vout-Voutz: purple)
Figure 3-51 Interphase Inductor test results

3.4.5 Summary and Discussion
This sectionpresents a detailed analysis on the design and intey@t interphase

inductor for interleaved three phase VSl floree phase power convertetsdc-fed three

phase motor drive system is studied as an exandple. benefits and penalties of
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interleaving on system passive weight reduction are analyzedaih. déte results show

that interleaving will increase the total passive weight due to the additional weight of
interphase inductor®r motor drive systemslo solve this problem, a design method to
integrate the interphase inductor with the AC DM inducsgproposed and analyzed in
detail All the analysis is verified through a 2kW prototygée results show that certain
value of AC DM inductance can be integrated with interphase inductor with negligible
increase on the weight and the maximum integriawégictance is related with interleaving
angle.In motor drive system, the DM inductor value in EMI filter is relatively small and
DM inductor weight is not dominant in the total passive component weight. Thus,
integrating the coupled inductor with DM indac for motor drive system can help to
reduce the total passive component weight,the benefit is limit. The same integration
ideal can also be implemented in the rectifier application, where the coupled inductor can
be integrated with the boost induct&ince boost inductor is the main energy storage
component in rectifier, it take a significant portion of the total passive component weight
which make interleaving topology preferred for rectifier application where the boost or

inductors igncludedin the system.

3.5 Summary

This chaptepresentda detaiedanalysis othe impact of interleaving on the passive
componentsveight reductiorfor three phase power converters. The operation principle of
interleaving topology, the design considerations andl@#aeing angle selection method
for minimum filter weight were discussed in detail. To reduce the passive component
weight of the system, the integration of interphase inductor was also studied inAdetail.

the principle study and preparation for the thpbase power converters, this chapter first
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presented the study of the impact of interleaving on input passive components weight
reduction forhigh powerdc-dc boost converters, which shows the design todtiand

how one can reduce the inductor weightibing interleaving technique and using different
materials.

Extending the analysis to three phase systéinns chapter also provided the detail
analysis of the impact of interleaving on filter weight reduction for three pheese plower
converters. Snibangle interleaving selection method according to system propagation
path impedance are proposed for filter value minimizafaters were designed for AC
and DC sides, which showed that the optimal interleaving angle selection is related with
the degyn conditions.

In interleaving topologies, additional interphase inductor (or coupled inductors) are
necessaryto limit the circulating current generated by interleayifigne design and
implementation methods of interphase inductors were studied in, de¢adesign results
showed that interleaving will increase system passive component weight due to the penalty
of additional interphase inductors in motor drive applicationss. preferred to integrate
the interphase inductor with other inductors togetbereduce the total system weight.
Thus, this chapter algweseneda detail analysis on the integration of interphase inductors
for three phase dac power converterall of these analysesereverified by experimental

results based omanterleavedwo-level VSIidemo system.
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Chapter 4 Noi se Reduction in Thr ec

Vol tage Source Converters

4.1 Introduction

Voltagesource pulsavidth modulation (PWM) inverters have made a significant
contribution in the achievement of energy conservation as well aspioving system
performance and productivity in many applications; among others variable frequency
motor drives, uninterruptible power supplies and renewable energy integration. In such
systems, certain interface standards must be met including thosegdkatn
electromagnetic interference (EMI), power quality, and transient performance. Filters are
invariably needed in this case, which can end up representing a significant portion of the
total size and cost of the power converters in question.

Compared th two-level voltage sourceonvertersthreelevel (3L) neutratpoint-
clamped (NPC}onverterscan achieve better performance in terms of ripple, harmonics
and EMInoise emissiofi84]. Figure4-1shows ahreelevel NPC voltagesource inverter
working as a dded motor drive system, which will be studied in this chapter as an
exampleln threelevel voltage source converters, each phase legthes@ output voltage
levels: +\4d2 (P), 0 (O), Vad2 (N), there are totally 27 swhing states and 18 different
output voltage vectorsnoreoutput voltage level means a smaller voltage step which can
help to reduce the noise source compared withléwel converters, thus the ripple is
smaller forthreelevel converters and the EMI fermance are better. Moreover, there are
moreavailable output voltage vectaasad even redundant vecs@R7 switching states and

18 different output voltage vectdre threelevel converters compatewith two-level
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converters (&witching states anddifferent output voltage vectoyswhich provide more
freedom for different optimization g@lsuch as minimum loss, minimum CM voltage,

and minimum harmonic distortion.

3LVS
3L Voltage Source Inverter System |

| |
| |
! e | T i AC L
Power vl ! el I BVl | AC
SlJppIy_ : Hiter T i Hiter : Load
] |
| |
|

Figure 4-1 Diagram of three-level NPC voltage source inverter system

Previous workhavepresentechumerousnodulation methods thaemonstrated how
the additional choices in switching states of the NPC converter intrinsically provide many
opportunities for the optimization of a systeihe nearest three space vector (NTSV)
modulation schemefor instance achieves low differentiainode (DM) harmonic
distortion, andminimum delink ripple current which can help to reduttee size otthe
boost inductas or load inductas and widely used forhreelevel converters, this
modulation method also provide the freedom for neutral point voltage balancing, which is
a very important aspect to maintain the normal working of tfeeel converters. Similar
with two level converters, discontinuous PWM miadion method can also fapplied to
reduce the switching loss and optimize system efficieBryce this modulation method
also have the potential to reduce the comnamade (CM) voltage generated by the
converter it is also defined aas thecommon modeeduction (CMR) modulatianTo
reduce the EMI filtersize especially, the CM filter size for motor drive systenthe
additional choices in switchg states of the NPC converter caren fully eliminate the

CM voltage by propeselection of switching stas which isreferred acommon mode
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elimination (CME) techniqueAlthough these modulation schemes have been widely used
to reduce the filter size of NPC inverters, so far no detailed evaluation has been presented
studying their specific performancegading EMI mitigation, neutrapoint (NP) voltage

ripple, and system losses. Addressing this shortcartiimg chapter will firsconducts an
in-depth analysis athe EMI performanceNP voltage ripple, andystem lossesf these
modulation methods with theletailed comparison results through simulations and
experimentsin section 4.2 The results show that the CME modulation method can
effectively reduce the CM noise emission from the system, however, the performance is
highly sensitive to the dead time adde the system, which make this modulation method
less practical. To address this problemction 4.3will present a detailed analysis on the
impact of dead time on system EMI nomsaission for CME modulation. Based on the
analysis, two methods are poged to reduce the impact of dead time for CME modulation:
dead time compensation and improved CME modulation. All #malyses are
experimentally verified through a 2.5k\aboratory prototypeFinally, in orderto verify

the validation of the proposed rhetls for high power applications, a 100 kWfdd motor

drive system with EMI filters for both AC and DC sides was designed, implemented and
tested. The design and implantation details were presented along with the full power test

results.
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4.2 Evaluation of Alternative Modulation Schemes for Three-
Level Topology
In 3L-NPC inverters, since each phdsg has three output voltage levels:q#¥ (P),
0 (O),1Vad2 (N), there are totally 27 switching states and 18 different output voltage

vectors as shown iRigure4-2.

ONP

Figure 4-2 Switching states and wltage vectorsin 3L topology

Previous workhavedemonstrated how the additional choices in switching states of the
NPC converter intrinsally provide many opportunities for the optimization of a system.
The nearest three space vector (NTSV) modulation scheme for instance achieves low
differentiatmode (DM) harmonic distortion, amdinimum delink ripple currentSimilar
with two level conveers, discontinuous PWM modulation method can also be applied to
reduce the switching loss and optimize system efficieBimce this modulation method
also have the potential to reduce the comnamade (CM) voltage generated by the
converterit is also @finedas thecommon modeeduction (CMR) modulatianTo reduce

the EMI filter size especially, the CM filter size for motor drive systemhe additional
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choices in switchnig states of the NPC converter @wen fully eliminate the CM voltage
by properselection of switching states which referred as CM elimination (CME)
modulation

Although these modulation schemes have been widely used to reduce the filter size of
NPC inverters, so far no detailed evaluation has been presented studying their specific
performance in what regards EMI mitigation, neupaint (NP) voltage ripple, and system
losses. Refrence[98] seems to be the only work addressing these topics, where a
comparison of CM voltage generation between NTSV and CME modulation was
presented; dwever it limited its analysis to the time domain focusing only on the low
frequency range.

Addressing this shortcoming, and based on the {lenedd NPC inverter system (3L
NPC) shown irFigure4-1, thissectionpresents a compnensive evaluation of the NTSV,
CMR and CME modulation techniques. Specifically, analyzing the space vector sequences
used and the respective dwelling times of these schemesedhignconducts an kdepth
analysis of their EMI performance, of their NBltage ripple, and of their system losses.
Simulations results obtained with a detailed switching model develoj®%BER, as well
as experimental results obtained with a 2.5 kW laboratory protargpesed to verify the

theoretical findings of this wér

421 Implementation of different modulation methods

This section will present how thanks to thany degrees of freedom that the available
space vectors provideespecially the redundant space vecgtorany different modulation

schemes with distinct optimidzah goals, such as minimum loss, minimum CM voltage,
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and minimum harmonic distortion have been developed so far. Specifically the NTSV,

CMR and CME modulation schemes will be briefly described in what follows.

A. Neatest Three Space Vectors Modulation

The NTSV modulation scheme uses all 27 switching statedable in the 3ENPC

inverter. Itis commonly used to achieve minimal harmonic distortion and NP voltage

balancing. Under this modulation scheme, the three space vibis theclosest to the

reference vector are used to synthesimereference voltage vectdior instance, when the

reference

vector l ies in the smal/l

triangul a

nearest three vectors and their respective redundant states are: PONpRPQO&hd

POO/ONNas shown irFigure4-3.

Vsuba
PPO
VautsOON Vsé‘)bBN
Vsubl
OO Vsubq_
NN POO . PNN
VSU[.'Q ONN

Figure 4-3 The nearest three vectorsised in NTSV modulation

The dwelling time of each vector to generate thetar reference are then calculated

using é-1),

\75uk2T2 +\75ub3T3 +\73ut5T5 =\7refTS
T,+T,+T, =T,
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where \Vsun2 Vsunzand Vsupsrepresents the voltage sector POO/ONDON/PPO and
PON respectivelyT2, Tz andTs correspond to the dwelling time ofM2Vsubzand Vsubs
andTsto the switching period.

This modulation scheme uses both redundant state realizations for each small vector
within switching cycles, allowing it to achieve a low harmonic distortion while maintaining
the capability to balance the dc bus NP voltage. Kample, both POO and ONN state
realization are used for small vectoydin Figure4-3. Further, to ensure that each phase
leg commutates only once within a switching cycle, as well as to maintain current
symmetry, the space viec sequence and dwelling time distribution showmable4-1 is

used when the reference vector lies in sector 1 andexttbr 3.

Table 4-1 Vector sequence and dwell time for NTS\modulation

Dwell Time | T2/4 | Ta/2 | Tsl2 | T2A2 | Ts/2 | Ta/2 | To/4
Phase A @) @) P P P @) @)
Phase B N O O O O O N
Phase C N N N @) N N N

From here the switching sequence for other regions can be easily determined. Since
all small vector realizations are used in NT&Va switching cycle basis, this modulation
scheme has the capability to regulate the NP voltage by adjusting the conduction time ratio
between redundant space vectors. Additionally, since the sequence used is split into seven
segments to synthesize théerence voltage vector, the switching ripple generated is also
small. The main drawback of this scheme is the relatively high CM voltage generated by
the converter.

B. CommorMode Reduction Modulation

Common Mode (CM)oltage is the sum of the thrpbasevoltages produced by a

power converter measured with respect to a common point, ugheallyround. The
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generation of CM voltage is an inherent problem of converters, as it ip@tyct of the
method by which ac voltages are synthesized from a dc eo#agrce, i.e., pulseidth
modulation.

In the case of 3INPC inverters, it is clear that the redundant state realizations of small
vectors produce different CM voltage. For example, foradior \suny POO generates a
CM voltage equal to +34/6, whileits counterpart ONN generates a CM voltage equial to
V4d3. Similarly all middle vectors generate zero CM voltage, large vectors generate a CM
voltage equal to £dJ/3, and the zero vectors generate a CM voltage equalduatd zero.
Consequently, to rede the CM voltage generated by the converter, one can limit the
switching states used in the modulation scheme to employ the ones that generate a CM

voltage equal to or lesser thana®6. This specific scheme is known as CMR modulation.

NP QPN PPN

D \/ooN
' PON
» // \
NF) Y, O6S¥ AA
PNN
NOK 7 v PNO
NNP PNP

ONP

Figure 4-4 Voltage vectors of CMR modulation scheme

The restrained set of space vectors available are displafeglire4-4, and the space

vector sequence when the voltage reference voltagénliesctor 1 and sub sector 3 is
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shown inTable4-2. The dwelling time calculation for the space vectors used is the same
as with NTSV, and can be determined using (1).

Table 4-2 Vector sequence and dwell time for CMRmodulation
Dwell time Ts/4 T2 Ts/2 T3 Ts/4

Phase A P O P P P
Phase B @) O O O O
Phase C N N N O N

As seen, this modulation method can effectively limit the CM voltage produced by the
converter by avoiding the use of wexs with a CM voltage higher than #&/6. The
apparent downside of this approach, as shown in Fig. 3, is that only one switching state
realization is available for the small vectors, with which CMR modulation forfeits the
freedom to regulate the dc bus Méitage. On the other hand, since in every sector there
is always one phadeg that does not commutate within switching cycles, the switching
losses generated by this modulation scheme are significantly reduced with respect to
NTSV. If the optimal desigrtarget is to minimize the switching loss, one can also select
the vectors to make sure no switching happens on the fgtpteatconduct the highest
current, this modulation is the minimum loss modulation, however, since in this
modulation, the CM noisis not optimized, it will have relatively high CM noise emission,
thus it is not discussed in the work.

C. CommorMode Elimination Modulation

In 3L-NPC invertersit is also possible to completely eliminate the CM voltage
produced by the converter by fuethlimiting the set of available space vectors to conduct
the high frequency synthesis of the voltage reference vector. This is known as CME

modulation. The switching states used in this scheme are shdvigume4-5, where it is
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apparent that only the vectors that generate zero CM voltage are used, that is, the middle

vectors.

OPN

ONP

Figure 4-5 Voltage vectors of CME modulation scheme
As observed, the remaining space vector diagranimgas to those of tweevel

voltagesource converters, where one fundamental period can be divided into six regions

as illustrated, and where the dwelling time calculation when the reference voltage lies in

region 1 is given by42),

Qo

T =ae2—3mcosb +§msin bo? T,
(4-2)

msinb3 T,

A wls©

T
T

- T1 - Tz
and where 4, T1 and T represent the dwelling times of vectors OO0, PON and OPN

respectivelyp is the reference vector angle, ands the modulation index.
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Table 4-3 Vector sequence and dwelime for CME modulation

Dwell time Tol2 T1 T2 To/2
Phase A O P O O
Phase B O O P O
Phase C O N N O

Similarly to the previous modulation schemes, in order to ensure that eacHgghase
commutates only once during a switching cycle, the vector seqaencdwelling time
distribution shown irmable4-3 can be used for the case when the reference voltage vector
lies in sector 1. Other sequences for the remaining sectors can be easily derived. By
observing this sequence, it canfmgiced that there are always two phases switching at the
same time, and th#tetwo switchingphasesre always with voltage of opposite polarity.

In consequence, CME modulation can in principle avoid the generation of CM voltage and
help reduce the siz& the converter CM filter significantly. The penalty of this approach,
as observed ifrigure4-5, is a 13.4 % smaller voltage utilization ratio and the loss of the

converter capability to balance its NP voltage.

4.2.2 EMI Performance Comparison

To compare the performance of the three modulation scheme under study, both
simulation and experimental results were obtained on-BBC VSI system as the one
shown inFigure 4-1. A detailed switching model was despkd in SABER for this
purpose. The experimental setup employed is showigure4-6, where the AC load was

replaced by an RL load with a grounding capacitor to emulate the CM coupling to ground
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typical of industrial applicatiosn The converter power rating is 2.5 kW, the switching

frequency 30 kHz §, and its fundamental frequency 200 Hg.(f

ATy

Current probe for
EMI Measurement

-

- y s 4
g . =
T < ;
e Be. | oscilloscope

Control
Power
Source Controller

(b) Experimental system setup
Figure 4-6 Schematc and setupof the experimental system

CM voltage is a key contributor to the generation of bearing currents in electrical
motors and of conducted EMI in electrical systems, for which EMI filters represent an

effective means of mitigation. However, toaatt sufficient attenuation, CM filters are
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oftentimes of large size representing a significant part of the total physical system and
ultimately of its cost too. To reduce the filter size, a preferred approach has then been to
use advanced filter configurahs while using most judicious design methods to avoid the
over design of the filters.

An alternative, as discussed so far, is to reduce the CM voltage produced by the
converter, which in a more direct way simply reduces the filtering needs of the siystem
order to reduce the actual size of the filters. This is accomplished by using optimized PWM
schemes that selectively apply electrical states of the converter with reduced CM voltage.
Among the modulation techniques under study, NTSV produces the hi@kkegoltage
since all available switching states are used to synthesize the reference voltage vector
without pursuing any CM voltage reduction; hence the range of discrete CM voltage values
is relatively large. For modulation indexes larger than 0.5CtAevoltage varies between
1/ 443 as shown ifrigure4-7. In CMR modulation, since the switching states that generate
CM voltage equal to /3 are not used, the CM voltage range is constrained §g&yv

This represents a sigrefint reduction that can aid in the Effler design minimization.

100.0 . . +_Vdd3
N Vdd6
@ 0.0
- Vdd6
-50.0 1=
_100,0-I | | | = | | l--.\/dd3
32.6m 32.65m 32.7m 32.75m 32.8m T(S)
T(s)

Figure 4-7 Simulated CM voltage fa different modulation schemes
(NTSV: blue, CMR: green, and CME: purple)
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Lastly, CME modulation is the n3sb aggressive in these terms as it only employs
switching states with zero CM, theoretically eliminating CM voltage. The effectiveness of
this modulation scheme however is severely limited and dependent on the amount of dead
time (DT) needed by the convertgating signals. As a result, the CM voltage is not
eliminated but some peaks will remain as showrkFigure 4-7. Nonetheless, the CM
voltage produced is still smaller than that produced by CME and CMR methods for
relatively sm# DT.

The timedomain test results of the experimental prototype are showigiume4-8.

From Figure4-8 (a-b) it is apparent that with CMR modulation the effective span of the
converter CM voltage idimited compared to NTSV modulation. Furthermore, CME
modulation shows how an additional CM voltage reduction can be achieved with respect
to CMR and NTSV, but only when small DT periods are used. This is depickeguire

4-8 (c), which shows how in this case only some peaks are generated by the converter.
However, when larger DT periods are used, the CM voltage produced by this technique
increases significantly as shownkigure4-8(d). Special compeasion methods can be

used to correct this unwanted behavior.
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(8) NTSV Modulation with 0.5 15 dead-time.
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(b) CMR Modulation with 0.5 |5 dead-time.
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(c) CME modulation with 0.5 15 dead-time.
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(d) CME modulation with 1 5 dead-time

Figure 4-8 Experimental results depicting CM voltage generation.

(Van: , Vbn: , Ven: purple, Vem , and la: green)
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Since EMI standards delimit the magnitude of the CM voltage frequency components,
frequency domai analysis is more suitable to evaluate the EMI performance and filtering
requirements of the different modulation schemes. Of special interest are the current
measurements conducted with the-ISBC inverter experimental prototypeéigure 4-9
shows the EMI test results of the inverter CM and DM output currents from 150 kHz to 30

MHz, using a test setup as specified by the DO160E standard.

' ' ____ QM Gomparison With LISN W/ Compensation
sop N QM BGNoise
: CM NTSVO5DT

QM QVIROSDT
QM QVIEDSDT

10 freduency(i—lz) T

(@) CM noise comparison with 0.5 |5 deadime.

_GM Comparison With USN W/ Gompensation

30|

10 frequency(Hz) 10

(b) CM noise comparison with 1 |5 deadtime.
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DM Gomparison With LISN W/ Compensation

—— DM NTSVO5DT
DM GMRO5DT
— DM QVMIBDSDT

90

dBuA

"¢ frequency(H) | 10

10

(c) DM noise comparison with 0.5 |5 deaeime.
Figure 4-9 CM and DM noise measurements with different modulation methods
(NTSV: red, CMR: green, and CME: pink)
Figure4-9(a) denonstrates how CME modulation can effectively reduce CM noise in

the low frequency range (150 kHz~2MHz) when the DT used in the converter is small (0.5
18). In the high frequency range (> 2 MHz), the impact of DT is in any case negligible
since the EMI comnt in this range is primarily determined by the switching behavior of
theswitchingdevicesFigure4-9(b) on the other hand illustrates how for larger DT values,

1 15 in this case, the CM voltage cancellation effect is not #¥fe@nd the resultant CM

noise under CME modulation increases beyond even the noise produced by NTSV. The
results achieved by CMR modulation are more systematic when compared to CME, as its
CM noise is around 6 dB lower than NTSV throughout the frequepegtrum regardless

of the DT value employed. In terms of DM noise, CME modulation uses the fewest voltage
vectors, which consequently translates into the highest DM noise among the three
modulation schemes. CMR and NTSV on the other had featured a ctiepah noise
composition, which is similar to the differences of discontinuous and continuous PWM

schemes in twdevel voltagesource converters.
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4.2.3 Neutral-Point Voltage Ripple Comparison

In CMR and CME modulation, since a subgroup or none of the smalrsectoused
in the voltage reference synthesis, these schemes have no capability to compensate the NP
voltage ripple. Accordingly, the DC bus capacitance needs to be increased in order to limit
the NP voltage ripple, which invariably increases the sizéisfcapacitor bank. From a
power density standpoint, there is hence a design tradeoff between the EMI filter and the

DC bus capacitance.

I
z
Z

Figure 4-10 Equivalent circuit for neutra I-point voltage ripple

Considering an NPC converter phdsg, it is clear that the NP voltage can only
change when there is current flowing through it; thus the equivalent circuit sh&igure
4-10 can be used tanalyze the R voltage ripple, wher€qc corresponds to the dc bus
capacitance andwik (k=A,B,C) to one of the phadeg currents flowing through the
neutral point. The latter are determined by the active space vector realization at any given
time. When the phadeg output voltage state is P or Np k=0, and when the output state
iS O, hp_k= lout_k

In space vector modulation several voltage vectors are activated within any given

switching cycle depending on the specific vector sequence in use. For this reigson it
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reasonable to assume that the phase current remains constant during a switching period
when operating under high sampling and switching frequencies. Under this assumption the
NP voltage changes within tin& switching period can be calculated as fako

La .. 0

Ad, 8ing

DV(nTS) — m Q k=A,B,C
2C,.

(4-3)

wherem represents the voltage vector ahd represents the vector dwelling time.

Notice thag T, =T,Based on the NP voltage changes within a switching cycle, the NP

voltage ripple can be calculated as:
a 0 . a 0
Vie_ripple = MaXGFPV (nT,)dtS- mingfPV (nT,)dtg (4-4)
Gt - Gt -

As observed, the NP voltage ripple is determined by both the active switching states
of the converter and by its given operating condition, which includes modulation index,
power factor, and dc bus capacitan€gure 4-11 depicts the relationships between NP
voltage ripple and the converter modulation index and power factor under the three

modulation schemes in consideration.
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Figure 4-11 Neutral-point voltage ripple comparison of different modulation schemes

From this plot it is clear that the CMR scheme is always inferior in terms of NP voltage
ripple with respect to the NTSV scheme, while in the case of CME modulation the scheme
with superior performarectruly depends on specific working conditions. For instance, for
low modulation index and near zero power factor angle CME featured the smallest NP
voltage ripple. On the contrary, for high modulation index and nego@®@@er factor angle
CME has the largst ripple. In order to verify the previous analysis, experimental results
are presented ifigure 4-12 evaluating the three modulation schemes in question. The

specific operating point used for this test is M = 0.7 and PF Ang¥ =
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(b) CMR modulation scheme.

(c) CME modulation scheme.
Figure 4-12 Experimental results of NP voltage ripple

(Vab: , Vpo: blue, Von: purple, and la: green)
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Figure 4-13 NP voltage ripple comparison with different compensatiormethods
(without NP voltage control: blue; with NP voltage control: purple;
with full NP voltage control: )

These plots show that tl@MR scheme suffers from the largest NP voltage ripple and
that the NTSV scheme exhibits the smallest one. The latter was expected since NTSV
modulation can make use of all redundant vectors to help aid in the NP voltage balancing
task. However, even undéhnis modulation scheme the NP voltage ripple is not fully
controlled since in some of the sabctors only three out of the four state realizations of
the two small vectors are used. To achieve full control of the NP voltage ripple all four
state realizatins of the small vectors should be used. This is verifi€ture4-13, which
illustrates how the NP voltage ripple can be fully eliminated within a limited region where
full control can be attained in the cagdN@ SV modulation. As expected neither CMR nor

CME modulation can achieve this operating condition.
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4.2.4 Semiconductor Loss Comparison

In power converter desigthe semiconductor losses is also an important design aspect,
since it directly determined the efiénicy of the system and the weight of the heat sinks.
Semiconductor losses include conduction and switching loS8ss. €miconductor
calculation methods has been analyzed in section 3.4. The loss calculation method in three
level topologies is similar wiit the method used in twlevel topologiesTo calculate the
conduction losses both IGBT and diode can be modelled as a voltage source in series with
a resistor. Accordingly, while the devices conduct their losses can be calculated as follows:

Rona=Von® | +i*2 R, (4-5)

WhereVonand Rnrepresent the voltage drop and thestaite resistance of the devices.
These parameters can be easily extracted from the device forward characteristics in the
datasheet.

Switching losses are generated by the dissipatf energy in the device during the
momentary voltage and current overlap across its termirthls commutation period.
Typically switching energyHss rateg iS given in the device datasheet for a given voltage
(Vrated) @and currentl¢ated), from where ihear interpolation can be used to calculate the
switching energyHs9 under a desired operating poiNtéls9. The total switching losses
(Pswitching Within one fundamental period can then be calculated as show6)nwWhere

f1 andfsw correspondo the fundamental and switching frequency respectively.

fsw/ fl
_f3 =
Pswitching_ 1:1 a Ess_rated
k=1

VSS kISS k
—SSk ssk 4-6
Vi (4-6)

rated’ rated

For high carrier ratios, it is normally sufficient to assume that the line current is

constant during the switching cycle, which simplifies the usé-6).(
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To evalate the three modulation schemes in question, their respective switching
and conduction losses were calculated as described dfiguee4-14 shows the results
obtained where the respective power losses are plotted versus trefpcor angle of the
converter. This is necessary since under different voltage and currentspifasghe
current flow in the converter will alter its path, with which both conduction and switching

losses change.
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(b) Switching losses
Figure 4-14 Evaluation of conduction and switching losses under different modulation schemes.

187



Xuning Zhang Chapter 4

As seen in this figure, all three modulation methods feature very similar conduction
losses. This due tihe fact that the dwelling times of space vectors are determined by the
same voltage reference vector in the modulation process. Switching losses on the other
hand exhibit some difference between the three modulation schemes. Specifically, since
CMR moduhtion only switches two phagegs on a switching cycle basis, its losses are
approximately 30 % lower than those of the NTSV and CME modulations schemes. The
latter two methodshave very similar losses as they both feature the same number of

commutationger switching cycle.

4.2.5 Summary and Discussion

Thissectionpresented a detailed evaluation of the NTSV, CMR and CME modulation
schemes for 3INPC inverters, addressing their EMI performance, NP voltage ripple, and
switching and conduction losses. Both sintiola and experimental results were used to
study EMI under these schemes in both time and frequency domains, showing that CMR
modulation can help reduce both DM and CM noise in the EMI range when compared to
NTSV modulation, and that CME modulation increa®M noise but can help reduce CM
noise significantly when using relatively small de¢ade in the gatelriving of devices.

The latter point revealed the strong dependence on-tdeadof the CME modulation
scheme, which saw its effectiveness disappe#r increasing deatime periods, to the
point where it significantly worsened the converter CM noise, even beyond the NTSV
modulation schemd.o makethis modulation method more practical, the impact of DT on
system CM EMI noise emission is analyzed anlll lvé presented in the next section with

improving methods proposed and verified.
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The impact on NP voltage ripple was also analyzed in detail using an equivalent circuit
andthe calculation methodre also presentedhe results obtained showed the intians
relationship between the NP voltage ripple and the converter operating condition; namely
modulation index and power factor. In relative terms, it was shown that NTSV modulation
has always a lower ripple than the CMR scheme, but that its comparison Eo CM
modulation depended on the specific operating point.

Lastly, in what regards loss generation, all three modulation schemes were shown to
feature similar conduction losses, but the CMR modulation scheme attained a 30 %
switching loss reduction with respggo NTSV and CMEThis is due to the discontinuous
switching pattern. If the optimal design target is to minimize the switching loss, one can
also select the vectors to make sure no switching happens on the phase leg that conduct the
highest current, tki modulation is the minimum loss modulation, however, since in this
modulation, the CM noise is not optimized, it will have relatively high CM noise emission,

thus it is not discussed in the work.

4.3 Impact of Dead Time on CME Modulation

Considering he vecta sequenceised for CME modulatignit can be observed that
there are always two phases that commutate at the same time, and also that their respective
voltages have opposite polaritythis is precisely what enables CME modulation,
theoretically at leasto generate zero CM voltage. Although this feature could greatly
impact the size of EMI filters, it comes at the cost of a smaller voltage utilization ratio and
the loss of the capability to balance the NP voltage of the converter. Furthermore, for CME

to work properly, ideal commutations are necessary to ensure that the convertdeghase
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indeed switch simultaneously. This explains why under larger DT periodsligletiines
less and less effectivand less practicals a modulation technique

Voltagesource PWM inverters have made a significant contribution in energy
conservation as well improving system performance and productivity in many applications,
such as variable frequency motor drives, uninterruptible power supplies, and renewable
energy systems. lsuch systems, certain interface standards must be met which include
those that govern the electromagnetic interference (EMI), power quality, and transient
performance. Filters are hence inevitably required in these systems representing a big
portion of tre size and cost of PWM inverters.

Reference[97] specifically proposed a modulation method that can theoretically
eliminate the CM voltage; namely the commuonde elimination (CME) modulation. Its
practical implementation and CM voltage reduction howewerseverely limited by the
deadtime (DT) period needed to ensure the safe switching of complementary IGBTs
within phaseegs. Additionally, this technique suffers from a 15 % reduction in voltage
utilization, and the loss of neutrpbint (NP) voltage Hancing capability, making it
overall less attractive for the applications at hand.

So far, very few initiatives have been conducted or reported to determine the impact
of DT on CME modulation. Only a briebmpensation method was proposedusing on
time domain aspects of the technique, and consequently not exploring the impact on the
EMI frequency range. Addressing this problem, but focused orNR3L inverter system
as that shown in Fig. 1, theectionproposes an improved CME modulation method with
DT compensatioandperforms the detailed analysisthe impact of DT on the converter

EMI performance under this modulation scheme. Both time domain and frequency domain
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simulations are presented to verify the study, and experimental results condubted wi

2.5 kW 3L-NPC inverter prototype are used to validate the theoretical findings.

431 Dead Time in Power Converters

Since semiconductor devices are not ideal switches, switching cannot happen
instantaneously; hence DT is necessary to avoid ghomigh faults. Just like in twdevel
converters, DT introduces a wdécond unbalance in the voltage waveforms that induces
current distortion in thretevel converters. For 3NPC inverters however, the effect is
slightly more involved as explained in what folle.

Considering the 3INPC phasédeg in Figure4-15, and the output voltage transition
OYP, where the gate signals for the four
Figure4-15a) and (c) show these two voltagite conditions that do not depend on the
current directon. However, it is not safe for power converters to make the phase leg
transiting from0110 (O)directly to1100 (P) since the device is not ideal, it need certain
time to get to completely turon and turroff. If the phase leg transit frod110 (O)
directly to 1100 (P) it is possible that both S1 and &% ON, then there will be a short
circuit for the top capacitor and create a sktbodugh error which will damage the device.

In order to avoid this error, S1 need to be turned off completely befargrs8n. This is
implemented in the modulation stage wheesemall delay time is added between S1 turning

on and S3 turning off. This delay time is defined as the dead time (DT) in the system. The
duration of the dead time is related with the switchingesipand delay characteristics of

the power semiconductor, it may varies from several nanoseconds for low power

application to tens of microseconds for high power applications.

191



Xuning Zhang Chapter 4

VJ “D“ DT
' Iout<O

@ (b) - © (d)

Figure 4-15Phase lg statusd ur i ng OYP transition

0
0

(a) steady state Wu=0, (b) during dead time, (c) steady state 34=P, (d) output voltage waveform
with different current direction (I ou>0: , lout<O:blue).

During the DT instant however, when switch S3 remains open before ckisésd,
there is a migstate condition shown iRigure 4-15(b), where the voltage polarity does
depend on the current direction. Specifically, if the current flows out of the converter
(lout>0) during this period, the output vaife is O, and if it flows into thmnverter(l,.<0)
the output voltage is P. This is summarizedrigure 4-15(d), showing that the output

voltage transitiorand its instantaneous valdepends on the output current direction.

4.3.2 Impact of Dead Time on CM Voltage

In what regards CME modulation, this technique requires that two phases switch
simultaneously and in opposite voltage direction at every voltage vector transition in order
to maintain zero CM voltage. The ability to accdisipthis precise timing in the switching
action is hence highly dependent on DT and on thesoudirection of the two phases
This is illustrated irFigure4-16 where phases A and C are shown to receive simultaneous

gate commadis.
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Figure 4-16 Impact of DT on CM voltage generation.

It is clear from this figure that when the two phases have different current direction
the effect of DT on each phase is identical, and the res@tihgoltage is zero. But, when
the two phases have the same current direction, a notch appears in the converter CM voltage
with a pulse width equal to DT and a polarity opposite to that of the current. In CME
modulation, sinceai+ ig + ic = 0, two phases W always have different current direction
while one will have the same current direction. In consequence, the converter CM voltage
will generate a single pulse per switching cycle with a duration of DT seconds, with its
relative position determined byehmodulation index and the current direction itself. The

latter in turn depends on the relative phase between the converter ac voltages and currents.
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(8) without DT

(b) withDT

Figure 4-17 Impact of DT on CM voltage during a switching cycle with CME modulation.
Specifically, the polarity of the CM pulse during the switching cycle will depend on

the two phases wittihe sameurrent direction as shown igure4-17(b). From the above,

it is clear that the fragency spectrum of the resultant CM current will have switching
frequency components, and that their magnitude will depend on the ratio between DT and
the switching period. Furthermore, their magnitude will also depend on the phase angle
between the convest voltage andcurrent, that is, the converter power factor.
Consequently, the CM voltage waveform can be effectively predicted enabling its post
processing using FFT to calculate analytically the impact of DT on the converter CM

current spectrum.
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4.3.3 Experimental Verification

An experimental verification was carried on the 2.5kW laboratory prototype as shown
in the previous section, the time domain
shown in section 4.2Figure4-18 shows the @aomedin results to illustrate how with basic
CME modulation the converter CM voltage consists as predicted of a single pulse per

switching cycle with a pulse width equal to the DT period used.

40
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E |
% 200 | |
1ol §
i CME 1usDT
0 I —— CME 0.5usDT
-10 6 NPT
10 Frequency(Hz) 10

Figure 4-19 AC CM noise comparisonof CME modulation
0.5usDT :pink, 1usDT: green
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The frequency spectra of the ac terminal CM current measured for the different
modulation schemes is shown kigure4-19, which shows how for larger DT (1 s8) the
CM current spectrum increases significantly, illustrating this modulation scheme loses
effectiveness becoming a poor choice for larger, DRdditionally its reduced voltage

utilization ratio and loss of NP voltage balancing control penalties are considered.

4.4 Improved CME Modulation and DT Compensation

The impact oflead time on CM voltagean be reduced with some improvememntss
section will present two improved methods to solve this problem: improved CME
modulation (ICME) and dead time compensation for CME modulation. The detailed
implementation methods are presented, ICME modulation change the vector sequence
according to the phase current twsere the impacts of dead time on the two switching
phases are the same thus the switching will still happen at the same time and the CM
voltage can be canceled. On the other hand, the dead time compensation method for CME
modulation use the compensationnpiple that compensate the dead time on the gate
signal of thepower semiconductors to compensate the impact of dead time on each phase
leg and still make the two phases switch at the same time to reduce the impact of dead time
on common mode noise enims for CME modulationAll the analysis are experimentally

verified with the 2.5kW laboratory prototype.

4.4.1 Improved CME Modulation

In the original CME modulation scheme, there are always three different voltage

changes within one switching cycle. For exaeplhen the reference voltage vector is

|l ocated in the first sector, the three diffe
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C: OYN; (2) phase A: PYO, phase B: OYP; and
Accordingly, sinced + is + ic = 0, and basedn the impact of DT on the phase output

voltages analyzed in the previous section, a single CM voltage pulse per switching cycle

will be generated as a result of the thpdmse voltage transitions. Consequently,

modifying the vector sequence in this switty pattern will not eliminate the impact of

DT on the converter CM voltage.

On the other hand, if no commutations occur among the two phases that have the same
current direction then the generated CM voltage will be zero on a switching cycle basis.
Forxampl e, I f the vector sequence is changed
as shown irFigure4-20(a), where there are four voltage transitions within one switching
cycle: (1) phase A: OYP, phase C:3)ph®&N; (2)
B: PYO, phase A: OYP; and (4) phase A: PYO,
simultaneous commutations only involve phaseB And phases &. Further, if the
current direction of phase A is different from that of phases B and C, the DT @ffdut
two phases will always be the same during the entire switching period and the CM voltage

will remain zero as shown figure4-20(b).
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@ without DT |
VA | e .

(b) with DT
Figure 4-20Impact of DT on CM voltage with ICME modulation
The above shows that by selecting a different space vector sequence, based on the

current direction relationship between the three phases, the effect of DT on this modulation
scheme can be effectively eliminated. The vector sequegleetisn of the improved
common mode elimination (ICME) modulation technique is shown in Table 1 for sector 1.
To determine the relationshigtweerthe phase current directions the product of two phase

currents can be compared with zero
I,ig <0 andi,i. <0 (4-7)
For examplejf (4-7) is truethen the current direction of phase A is different from
phase B and phase C, and the vector sequence in sector 1 can be selectedTssed on

4-4. As observed, with this modulatiomethod the unwanted effect of DT is fully

eliminated.
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Table 4-4 Voltage vector sequence anddwell time for ICME modulation whenreferencevector lies in

sector 1

when butdirection of phase A, C is differewith Phase B

Dwell time TO2 | TVU2 | T2/2 | T2/2 | TU2 | TO/2

A O O P P O O
B O P O O P O
C O N N N N O

when butdirection of phase B, C is different with Phase A

Dwell time | TO/2 | T2/2 | TVU2 | TYU2 | T2/2 | TO/2

A O P O O P O
B O O P P O O
C O N N N N O

whenloy direction of phase BC is different with Phase C

Dwell time T2 | Tol2 | T2 | ToA2 | T2 | Tol2

A O O P P O O
B P O O O O P
C N O N N O N

One drawback of this modulation method is that it will increase the switching losses
of the converter. It is cleahat there is always one phase that switches twice in one
switching period and that the current direction of this phase is the opposite of the other two
phases. Since the sum of the three phase currents is always zero, this specific current will
be the lagest one among the three phases, which results in an increase of up to 50 % in

switching loss when compared to the basic CME modulation scheme. Conduction losses
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on the other hand will remain unchanged, since the total dwell time of the different vectors
is the same within the switching period. The increase of switching loss can be calculated
using an analytical method based on the device datasheet as presehtegrgvious

section.

4.4.2 Verification for ICME Modulation

To verify the analysis and the proposminpensation method, both simulations and
experimental tests were conducted based or2ibleW 3L-NPC prototype A detailed
switching model of the converter was built in SABER to analyze the impact of DT and to
verify the compensation method developedh&and frequency domain simulation results
showing the ac terminal CM and DM currents are showfignre4-21. These indicate
that under standard CME modulation the current distortion increases for larger DT periods
as shown irFigure4-21(a), and also that fundamental frequency harmonics of the DM
current, such as'5and 7 components, have larger magnitude, whereas switching
harmonics are comparable with the smaller DT cases as shéugune4-21(c). Lastly, it
is also apparent iRigure4-21(b) and (d) how bigger DT increases the CM current since

all switching frequency harmonics increase more thaiBl5
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(d) AC CM spectrum
Figure 4-21 System simulationresults for ICME modulation
with 0.5 8 DT: pink; with 1 s DT: green, with 1 s DT and ICME: blue

With ICME modulation on the other hantdhe CM noise is reduced significantly as
shown inFigure4-21(d). FurtherFigure4-21(c) shows that using ICME modulation does
not change the fundamental frequency harmonics compared to standard CMI&tioo;
however it does reduce the peak value of the switching harmonics. Lastly, it can be
observed that the side bands of the switching frequency harmonics are higher in the ICME
case; whether this is worse or better for the DM filter design will deperthe final system
specifications.

Experimental test resultare shown inFigure 4-22 to illustrate that with ICME
modulation the converter CM voltage is free of any pulse generateted with dead time
and is indeed kept aerqg since the impact of DT is effectively canceled out by only
switching the phaskegs with equal DT effecit can also be observed how during the
switching period phase A has twice the switching frequency compared to phases B and C,

which verifies swiching loss increase of the proposed modulation method.
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Figure 4-221 5 DT test results with ICME modulation (zoomed)

Waveforms depicted are: \4n: (200V/div), Von: cyan (200V/div), Ven: purple (200v/div),
Vem: (200V/div), and lout: green(15A/div).
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Figure 4-23 CM noise comparisongor ICME modulation
CME modulation with 1 s DT : red, CME modulation with 0.5 |sDT: blue,
ICME modulation with 1 |sDT : green

The frequency spectra of the ac terminal CM current measured for the different
modulation schemes is shown kigure 4-23. It is apparenthat e proposed ICME
modulationcan effectively contribute to reducing CM EMoise even under the use of
large DT. In fact, its cancellation is such that the resultant CM noise under ICME for 1 |5

DT is lower than the CM noise generated under CME modulation with a DT of 05 5. This
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is so since with CME the converter CM voltagé sonsists of, although narrow, a 0.5 15
pulse per switching cycle, while with ICME the converter CM voltage is effectively zero,

and is so regardless of the DT amount used.

4.4.3 DT Compensation for Minimum EMI

The impact of dead time for CME modulation @dso be reduced by implementing

the dead time compensatidn. two level inverter applications, adding de#ade to the

system will create the problem of output current distortion and compensation methods are

used to solve thigproblem [99]. The same probm exists in threéevel inverter

applications and similar compensation methods can be used to reduce the output current

distortion due to DT100]. Considering the impact of DT on CM voltage generation, a
similar DT compensation idea can be devised; howelie position of the compensating
pulses needs to be considered carefully to ensure thatalsegpswitch at the same time.

For the thredevel topology, one phadeg can output three different voltage levels,
P, O and N. Considering the voltage semgeused in CME modulation one phdesg can
only switch on and off once within a switching period, and the voltage transition can only
be of two kinds: OYPYO and OYNYO. Then

one switching period is as shownRigure4-24.
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Figure 4-24 Impact of DT on CM voltage generating during one switching period
For the voltage transition that is OYPYO,
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removed at théeginning of the output voltage wheout>0, and there will be one DT

period added at the beginning of the output voltage wbetx0. When the voltage
transition is OYNYO, tThiserrpricam beecdmpensated fsomt he o p
the gate signabf the power devicessigure 4-25 shows the compensation used for the

voltage transitiot® Y P Y @ith different current directions.
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Figure 4-25 Compensation of DT to reduce CM voltage
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Table 4-5 Dead time compensation algorithnfor CME modulation

Compensation
Voltage Transition
phase current i>0 phase current i<0
Add DT Reduce DT
OYPYO
at the beginning of S1,S3 in the end of S1,S3
Reduce DT Add DT

OYNYO

in the end of S2,54 at the beginning of S2,54

To compensate the impact of DT on current distortion, one can reduce the additional
period of time or add the removed jper of time to the calculated duty cycle. However, to
compensate the impact of DT on CM voltage reduction, the position of the compensated
DT needs to be considered. Since in the original PWM signals two phases switch
simultaneously, after the compensat@nDT the output voltages also need to switch at
the same time. So, if the impact of the DT is to reduce the period of time at the beginning
of the pulse, the compensation should add the DT time at the beginning of the pulse too
(Figure4-25). The DT compensation algorithm for CM voltage reduction in 3L topologies

is shown inTable4-5.

444 Verification of the Proposed DT Compensation Method

To verify the previous analysis and the proposed compensatethal, both
simulation and experimental testing were conducteskt on the 3INPC prototype A
detailed switching model of the system was built in SABER to verify the DT compensation
method.

The AC CM, and AC DM current time domain simulation results andCMCcurrent

spectrum simulation results are showifrigure4-26, which indicate that with a larger DT
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added to the system, without compensation, the output current distortion is larger, while
with the compensation, the distortican be reduced and the current is more sinusoidal
(Figure4-26(a)). Moreover, increasing DT will also increase the CM current, whereas with
compensation, the CM current can be reduced significantly as shawgure 4-26(b).
Figure4-26(c) indicates that the CM current shows a 30 kHz switching behaviour, which
verified that within one switching period there is only one pulse generated due to the dead
time. Besides, when the systeDT increases from 0.5 |5 to 1 s, all the CM current
switching harmonics increase about 20 dB below 500 kHz, which requires more attenuation
from the EMI filters making the filter size bigger. With DT compensation implemented,
the switching harmonics wereduced significantly and the CM current spectrum of 1 |5
with DT compensation condition is even lower than thep®.®ase without DT

compensation, which can help reduce the CM EMI filter size significantly.
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Figure 4-26 AC CM and AC DM current time domain simulation results

0.5us DT no compensationgreen, 1us DT no compensatiomlue, 1us DT with compensatiomink

The experimental verifications was also carried on the 2.5 k¥WRBC prototype.

Figure4-27andFigure4-28 show the experimental test results.

°*.J"‘ _.f' m"mmumm“_d"@m@“u

Figure 4-27 Time domain test result with CME modulation with DT compensationwith 1us deadtime
Van ! (200V/div), Vbn: cyan (200V/div); Ven @ purple (200V/div); Vem: (200V/div),
lout: green(15A/div)

208



Xuning Zhang Chapter 4

50

il

40

30
|

20! |

dBuA

ol WLV O D 1
——CME 1usDT
0 AR — CME with DTcom 1us DT

10—t : FHPWL7
10 Frequency(Hz) 10

Figure 4-28 Measured AC CM noise comparisonswith 1us DT

CME modulation without DT compensaton: green, CME modulation with DT compensation: red

From the time domain resulisis clearthe proposed dead time compensation method
can reduce the impact of dead time on the CM voltage gener@iompared with the
regular CME modulation without DTompensationthere is no such error pulses related
with the dead time on CM voltag&or the implementation of DT compensation, since the
performance of the IGBT devices are dependent with system operation point, the real
compensated DT value in the systeshould be tuned to make the best CM voltage
elimination. A lookup table can be used to select the compensation value based on system
operation condition. With the DT compensation method the impact of DT can be reduced
as shown irFigure4-27. When phase current direction is correct, the error pulse on CM
voltage generated due to DT can be eliminated. While the phase current is approaching
zero, the sensing circuit has errors on current direction detection, in that case adding a
wrong DT compensation will make the CM noise worse, thus during this period, no
compensation was used and the error pulsesstiit. The frequency domain AC CM
current are measured based on DO160E standard, whichtBbei#fectiveness of the

proposed cmpensation metho@ME modulation can reduce the CM noise significantly
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compared to NTSV when DT is small. With the proposed DT compensation method
implemented with CME modulation, the impact of DT can be reduced significantly. The
CM current noise can lveduced up to 20 dB compared with CME modulation without DT

compensation and the noise level is not sensitive with DT added to the system.

4.4.5 Summary and Discussion

This sectionhas presented a detailed analysis on the impact oftadeadon the EMI
performarce of 3L NPC inverters using CM voltage elimination modulation techniques
and proposed two solutions to reduce this effBgtanalyzing the switching steps and
electrical states of a single phdsg, the impact of dead time on system CM voltage
cancelabn is studied in detail to explain whihe effectiveness of its CM voltage
cancellation capability is severely hindered and strongly dependent on the amount of dead
time used to gate the switching devices of the converBarsed on these analysis, two
methods are proposed to solve this issue by two different approacheisndiosed CM
voltage elimination modulation schenwan effectively desensitized the modulation
techniqe from the impact of dedtime, wherea new space vector sequence was developed
taking the current direction of the three phases into consideration, ensuring that only the
two phases with the same ddade effect during the switching period could commutate.
Simulation and experimental results verified the analysis conducted and tfiesguio
method, showing additionally how the conventional CME modulation could only reduce
CM voltage with respect to NTSV when using short diéae periods, and that it would
actually increase CM voltage with respect to NTSV when using largertolead Tre
proposed ICME modulation on the other hand was shown to effectively mitigate CM

voltage and to fully eliminate its dependence onbdead timecompensation method for
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CME modulation was proposed to reduce the impact of DT on CM voltage generation. To
adieve both CM voltage reduction and current distortion minimization, the position of the
compensated pulses was shownb®of high importanceFor verification purposes,
simulation and experimental results wetso carried out on a 2.5 kW NPC 3L VSI
prototype. The results showéthtthe impact of DT on CME modulation was reduoetth

the proposed DT compensation methivdeffect, the CM current noise could be reduced

up to 20 dB compared with CME modulation without DT compensation. Additionally, the
noise level was shown to be not sensitive to DT, making CME modulation a more practical
scheme.

Comparing the improved CME modulation and dead time compensation for CME
modulation, both of them will need the current information from the sygiesfiectively
reduce the impact of dead time on CM voltage generation. However, fortidead
compensationmethod, since the device characteristics are different under different
conducting current, thus the real dead time on the system is different with the programed
dead time applied on device gate signal and it is changed with different working conditions.
Thus given a fixed compensation value cannot ensure a good cancellation over the whole
fundamental period even when the current information is correct, therewalsibe some

small errors during the compensation unless the compensation time is tuned online with
different working conditions. While, for improved CME modulation, the dead time will
always have the same impact on the two phases that switch at thaérsantaus, when
current information is correct, improved CME modulation method will have a better
performance than dead time compensation method. However, the main penalty of ICME

modulation is that the one phase will have twice the switching frequerbg other two
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phases, the switching loss will be increase by up to 50%. Since dead time compensation
method does not change the vector sequence, it will not change the semiconductor losses

in the system.

4.5 100kW Interleaved Three Level System Design and Test
Results
45.1 System Requirements and Baseline Design Results

In orderto verify the validation of the propos&dethods fohigh power applications,
a 100kW defed motor drive system with EMI filters for both AC and DC sides was
designed, implemented and test&tle design requirements are showr &ble4-6. The
main design target is to reduce the system weight and improve power d&isitg. the
system have 90 feet output cables, bothgkde and D&side EMI noise need to lveell
suppressed according to DOX&standard, thus EMilters are needed for both AC and
DC sidesA baseline design was performed on a tradition 2L VSI runnidd &Hz the
weight breakdown is shown Figure4-30. It is clear thathe EMI filters takes more than

75% of the total system weight, thus reducing EMI filter weight is the main design goal.

Table 4-6 Designrequirements for 100 kW motor drive system

Nominal

DC input

Ac output

Output

Cooling

Output

Power voltage | voltage | frequency | method | cable Standards
@ 270V 180 Up to Liquid DOlQO for
100kW (ATRU VLN R 1200Hz cooling 90 feet| both input
supplied) B and output
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Figure 4-29: System Structure of the baseline system
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Figure 4-30 100kW systemweight breakdown of baséne design

45.2 Topology Selection and Design Summary

The previous analysis shows that thmpact of interleaving and three level topology
on system EMI noise generation is different. Both of them can help to reduce the EMI noise
in the system However, in interleaving topology, the interleaving angles can be selected
to either reduce the ve#tecond or to shape the voltage noise source according to the
impedance resonance and reduce the attenuated needed from the filter to reduce the
inductance needed in the filter. However, the three level topology can help to reduce the
output voltage stephtis it can reduce the vedecond and also reduce the EMI noise
emission for the whole range compared with two level topology. Moreover, different
modulation methods can be applied for different optimization targets. Since the 100 kW

motor drive system isntended to be used with different loadsd sources, thus the
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propagation path impedance of the system will be changeable. Since the benefit of
interleaving and three level topology will be different with different load and source
impedance, there is natuniversal optimized topology for all the design conditions. With
this consideration, an interlead three level voltage source inverter is designed and
implemented as the power stage of the system.

Figure4-31 shows the structre of the implemented systeifhe power stage consist
of two threelevel voltage source inverters working at interleaved or-interleaved
configuration. Each converter can be designed to handle 50kW power and the switching
frequency is pushed to the heght limitation.The system is reconfigurable, it can run as
two level topology, two level interleaved topology, three level topology and three level
interleaved topology. With different system connection and different propagation path
impedance, differertbpology with different modulation methods can be applied and tested
to find the real optimal topology for minimum weight of the filtefhie interleaving
operation is more suitable when there is resonance peak in the propagation path that
determines the Ml filter design since there is the freedom of changing interleaving angles
to achiee inductor value minimization and/arolt-second reduction. However, the
interphase inductor is necessary when interleaving technique is used since the load inductor
is inside the motor for motor drive systeEach converter can be operated as either three
level or two level topologies with different modulation scheriéus the benefit of using
three level topologies can be verified through the high power system. Forldgliete
topology, different modulation methods can also be appligdrity the previous analysis

via a higher power system.
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Figure 4-31 Structure of the implemented 100kW system
With the proposed interleaved three level topology, the power converters are designed

according to the design requiremendble4-7 shows the weight summary of interleaved

threelevel converter andrigure 4-32 shows the weight breakdown of the power stage.

Each part of the system was designed and optimized for the minimum weight of the system.

Due to the limitation of device availability, the three level phase leg was built by using

three individual IGB® with 2L phase leg configuration. Since the power devices are

commercial devices, the weight and size is relatively big, thus the weight of the device and

the cold plate take a big portion of the system and make the total weight relatively big.

Table 4-7 Weight summary of interleaved threelevel converter

Device| Coldplate | Gate driver| Interface board Busbar| DC capacitors| Total
2790g| 5570g 810g 4349 5409 1020g 111649
3%
9% 240/ m Device (g)
5% °
m Coldplate (g)
4%

7%

48%

gate driver (g)

Interface (Q)
m DC Bus (9)
m DC Bus Cap. (¢
® Housing (g)

Figure 4-32 Weight breakdown of the implemented 100kW power stage
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With the power stage topology and system propagation path impedance information,
the filters are designeand implementedor both AC and DC sidessing theproposed
filter design and implementation methods presented in chapkg@e4-33 shows the

filter topology

5uF 6turns 200 nF 5uF

24 uH 6 turns 4turns
= = [ I L P — - o~

CS/dc T 1 ) __ a | | Interleaved —Q / ] T
T 1T\ T sLvs [P \ — T o —
+T1 1 I\_/( 1 L _(V - J ==l -

[ T

— | 100 nF
T777777T77777777777777777777777777777777777777777777777777777777777777777777777777777777777777777

Figure 4-33Filter structure in the imp lemented 100kW system
For AC side, A LC-L structure filters are selected to effectively attenuate the noise,

the first stage L can maintain the impedance mismatching between the CM noise source
and input of the filter. Moreover, it can increase the prapag path impedance for the
DC side to avoid the noise boosted by connecting the grounding capacitors. The second
stage L maintain the impedance mismatching between the output of the filter and the load
impedance including the cable and motln. L-C stricture is selected for the AC DM
filter, L can maintain the impedance mismatching between the DM noise source and input
of the filter, C can maintain the impedance mismatching between the output of the filter
and the load impedance. Since the load induetdacinside the motor and the DM
inductance is relately small, the DM capacitance is limited to avoid large current ripple
at the output of the converter. Similafigr dc side, a €.-C structure is selected to provide
enough attenuation for DC DM noiaad a GL structure is selected to effectively attenuate
DC CM noise.

Following the filter weight minimization method proposed in section 2, the filters are
design for the system to attenuate both-#id@ and DGCside EMI noise below the

standards, thEMI filter weight design result is shown Kigure4-34. The design of the
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filter was done by Jing Xue IRURENT lab inUniversity of Tennessee, Knoxville.

Detaileddesignmethods can be found in Refereft88[139].

200 200

mDC CM Choke

m AC CM Choke 1
uAC CM Choke 2

m AC DM Inductor x 3
mDC Cap

= AC Cap

Figure 4-34 EMI filter weight design result
45.3 Hardware Implementation and Test Results
The power stage is implemented and testethe lab Figure 4-35 shows thetwo
implemented three level voltage soe invertersvorking in the interleaved mode the
test setup with RL loadrigure4-36 show the test result of the system with two converters
running at 100kW output power with RL Load with 180 interleaving. The results shows

the normal operation of the system and validate the design process.
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Figure 4-36 Time domaintest result of the implemented 100kW power stage

The frequency domain measurement results of system CM noise is shown in
Figure4-37 with 180 interleaving angle and namterleaving operation, which showed the
effective attenuatin of system EMI noise by using 180°nterleaving awerified the

analysis of interleaving topology in chapter 4
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Figure 4-37 AC line bare noise measurement results

With the designed parameters and est@avorking conditions, the filters are also
implemented in the lab and tested for therarad EMI performancerigure 4-38 shows
the implemented AC side second stage €idke andts thermal test result. The filter
implementationwas done by Jing in University of Tennessee, Knoxville. Detailed

implementation methods can be found in Refer¢ha§].
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Implemented CM choke Thermal test result

Figure 4-38 High power inductor implementation

Finally, the complete system with both power stage and EMI filtaspackaged,
delivered and tested on sitEBigure4-39 shows the picture of the packaged system which

include the power stage, EMI filters, cooling gystand the control systems.

—

Figure 4-39 Packaged 100 kW motor drive system with EMI filters
Figure4-40 shows the ofsite test result of the complete system with motor load in

time domain, which verified the normal operation of the systagure4-41 shows the
EMI test result of the system following DOX&Dstandard, which shows that the Afde

line noise was well attenuated with the implemented petage and the designed EMI
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