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AbstractIn modern Power Electronics systems high switching frequencies areemployed to increase power density, but EMC �ltering components are re-sponsible for a large volumetric occupation of the power system. In somecases the EMC �lters required to ful�ll EMC regulations cover more than30% of the total system volume. In a world where space gets expensive,the volumetric reduction of the components in EMC �lters is of greatimportance aiming for reduced dimensions. Many studies and tools re-garding the EMC of power converters have been proposed for single-phasesystems, but literature on three-phase systems still lacks. Therefore, themain objective of this work is to develop techniques for modeling thegeneration and propagation of conducted emissions in three-phase PWMconverters and propose �lter design procedures which e�ectively attenu-ate the propagated noise in order to meet EMC and reduce the volumeof the EMC �lters.Optimizing EMC �lters requires several steps to be performed, whichare described here focusing on three-phase PWM converters. Electromag-netic Compatibility standards are discussed and speci�ed according to thescope of the work. The electrical environment in which the converters areinstalled and tested are of great importance. These are reviewed and mod-eled along with the measurement instruments, cables and loads. Withinthis task, considerations on electrical safety are done and the impact ofsafety in the design of EMC �lters is shown.The modeling of the conducted emissions is highly important and isachieved here, for modern three-phase PWM converters, through sim-pli�ed equivalent circuits and noise source spectra based on simulationresults and/or hardware measurements. The limitations of the performedEMC oriented modeling are discussed, where it is seen that the models



can be successfully applied for the design of EMC �lters. Detailed modelsof �lter components have been studied and are employed in the com-puter aided design of three-phase EMC �lters. In order to experimentallyevaluate three-phase �lter designs and the modeling of the converters,measurement tools which allow for the separate sensing of CM and DMconducted emissions have been developed. Active �ltering connected tothe mains has also been researched, where the implementation of a mainsconnected HF ampli�er based active CM �lter has been proposed. A studyon the impact of couplings in three-phase �lters has been carried out, fromwhere guidelines are identi�ed and winding con�gurations for three-phaseCM inductors are proposed in order to reduce magnetic couplings betweenthe �lter components.Finally, a discussion on the increase in power density in the lastdecades is carried out. It is identi�ed that EMC �lters strongly impactthe overall volume of three-phase PWM converter systems. An analyticalprocedure is proposed to estimate the total �lter volume as function of theconverters' rated power and switching frequency. A discussion about thelimits of power density for the considered three-phase PWM convertersfor state-of-the-art power semiconductors is done and optimum switchingfrequencies are identi�ed.
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KurzfassungIn modernen leistungselektronischen Systemen werden hohe Schaltfre-quenzen verwendet, um die Leistungsdichte zu erhöhen, jedoch nehmendie dadurch notwendigen EMV-Filterkomponenten einen grossen Anteildes Systemvolumens ein. In manchen Fällen beanspruchen die zur Erfül-lung der EMV-Norm notwendigen EMV-Filter mehr als 30 % des Gesamt-systemvolumens. In einer Zeit, in der Platz zunehmend teuerer wird,ist die Volumenreduktion der EMV-Filterkomponenten hinsichtlich einerVerringerung der Systemabmessungen von grosser Bedeutung. Viele Stu-dien und Hilfsmittel bezüglich der EMV einphasiger Leistungskonverterwurden bereits verö�entlicht, im Bereich der dreiphasigen Systeme istallerdings noch immer ein Mangel an Literatur festzustellen. Aus diesemGrund ist das Ziel der vorliegenden Arbeit die Entwicklung von Technikenzur Modellierung der Erzeugung und Ausbreitung von leitungsgebunde-nen Störungen in dreiphasigen PWM Konvertern, sowie die Entwicklungvon Filterentwurfsmethoden, welche zu einer e�ektiven Abschwächung derverbreiteten Störung führen, um die gewünschte EMV zu erreichen unddas Volumen der EMV-Filter zu verringern.Die Optimierung von EMV-Filtern erfordert die Durchführungmehrerer Schritte, welche hier mit dem Schwerpunkt auf dreiphasigePWM Konverter beschrieben werden. Im Weiteren werden EMV-Normenim Rahmen der Ausrichtung dieser Arbeit diskutiert und spezi�ziert.Die elektrische Umwelt, in welcher die Konverter betrieben und getestetwerden, ist von grosser Bedeutung. Diese wurde deshalb überprüft undzusammen mit den Messinstrumenten, Kabeln und Lasten modelliert.Innerhalb dieses Aufgabenteils wurde die elektrische Sicherheit berück-sichtigt und der Ein�uss der Sicherheitsmassnahmen auf den Entwurf desEMV-Filters aufgezeigt.



Die Modellierung der leitungsgebundenen Störungen ist sehr wichtigund wird hier für moderne dreiphasige PWM Konverter durch verein-fachte Ersatzschaltbilder und Störquellenspektren erreicht, basierend aufSimulationsergebnissen und/oder Hardwaremessungen. Die Grenzen derEMV-orientierten Modellierung werden diskutiert, wobei gezeigt wird,dass die Modelle für den Entwurf von EMV-Filtern erfolgreich angewan-det werden können. Weiterhin werden detaillierte Modelle der einzelnenFilterkomponenten untersucht und in den computergestützten Entwurffür dreiphasige Filter mit einbezogen. Um den Entwurf der dreiphasi-gen Filter und die Modellierung des Konverters experimentell zu bew-erten, werden Messhilfsmittel entwickelt, welche die getrennte Messungvon leitungsgebundenen Gleichtakt- und Gegentaktstörungen erlauben.Weiters wird auch die aktive Filterung mit Netzverbindung untersucht,wobei die Implementierung eines netzkgekoppelten Hochfrequenzverstärk-ers auf Basis eines aktiven Gleichtakt�lters vorgeschlagen wird. EineUntersuchung zum Ein�uss der Kopplung in dreiphasigen Filtern wirddurchgeführt, woraus Richtlinien identi�ziert und Windungsanordnungenfür dreiphasige Gleichtaktstörungsdrosseln vorgeschlagen werden, um diemagnetische Kopplung innerhalb des Filters zu reduzieren.Abschliessend wird eine Diskussion über die Erhöhung der Leistungs-dichte in den letzten Jahrzehnten durchgeführt. Es wird verdeutlicht,dass die EMV-Filter einen starken Ein�uss auf das Gesamtvolumendreiphasiger PWM Konvertersysteme haben. Ein analytischer Algorith-mus zur Abschätzung des Filtergesamtvolumens als Funktion der Kon-verterleistung und Schaltfrequenz wird vorgestellt. Eine Diskussion überdie Grenzen der Leistungsdichte der betrachteten dreiphasigen PWMKonverter für moderne Leistungshalbleiter wird durchgeführt und eineoptimale Schaltfrequenz vorgeschlagen.
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Chapter 1IntroductionThis chapter addresses the research �eld in which this work is inserted. Aconnection between Power Electronics and Electromagnetic Compatibil-ity is highlighted, where the origins of potential compatibility problemsgenerated by power converters onto their environment are introduced,leading to the necessary inclusion of �lters.The design of �lters for EMC of power converters is discussed here,with its corresponding major tasks. The problem is then reduced to �ltersfor three-phase PWM converters and related works with this focus arelisted. It is identi�ed that theoretical analysis and experimental tools stilllack in the literature on this subject. Therefore, the motivation for thiswork is clari�ed. Finally, an overview of the work is presented with thedescription of the main tasks.1.1 Power Electronics, EMC and FiltersThe �rst electronics patent was �led and given to Edison in 1884 [1]. Sincethen power electronics has evolved as a major �eld in electrical engineeringand is making signi�cant contributions to modern technological growth.In [2] power electronics is described as the �[. . . ] technology associatedwith the e�cient conversion, control and conditioning of electric powerby static means from its available input form into the desired electricaloutput form [. . . ]�. Power electronics is interdisciplinary, covering various1



INTRODUCTIONdi�erent areas of electrical engineering and has found its place in moderntechnology, such as in heat, light and motion control, power supplies andmany more �elds of application. The power rating reaches from a fewwatts in mobile phones up to multi mega (millions) watts in gas pipelinepumps and electrochemical applications, making this �eld of electrical en-gineering extremely broad [3]. Due to the broadness of power electronics,historians can investigate innovation in this �eld through central com-ponents embedded in power electronics systems or the interdisciplinaryknowledge growing over time [4].Historically, the major advances in power electronics have been drivenby innovations and improvements in the power electronic switching de-vices [5]. Highlighting the e�ects of breakthroughs in power device devel-opment and being able to compare the recti�er systems of very di�erentpower levels demands for a measure, which can be found by the powerdensity, which describes the output power of a recti�er dependent on itsvolume.The era of power electronics started in the late 1890's as Peter Cooper-Hewitt invented an arc lamp working with mercury vapor. He realizedsoon that it was conducting current only in one direction. In 1902 he �ledhis �rst patent for a working mercury arc recti�er [4]. It was continuedthrough inventions such as vacuum tube, ignitron, phanotron, thyratronuntil the 1950's. Through these �rst controllable valves it was possibleto use phase angle control where the DC voltage could be controlledfrom zero to its maximum. The �rst silicon (Si) transistor semiconductorwas introduced by the Bell laboratories in 1948. Most of the modernPower Electronics inventions are traceable to this invention. The nextbreakthrough was also by Bell labs in 1956 inventing the thyristor, whichwas developed and produced industrial by General Electric in 1958 [1].Since the beginnings of Power Electronics there was a growing needfor higher frequency switching devices, since many applications bene�tfrom higher frequencies. In the 1950's the Power Electronics developmentfor aerospace applications created a �eld, where weight and size reduc-tion were of high importance. Much of this weight is associated with thetransformers, inductors or �lter capacitors, which can be reduced withincreased operating frequencies. Lower volume applications, which needspecial types or larger sizes of devices, must often wait until the researchand development investment can be justi�ed, including support from mili-tary or other interested users. Advanced development has been subsidized2



POWER ELECTRONICS, EMC AND FILTERSby applications were performance or size reduction has a greater signi�-cance relative to cost, as in aerospace, naval and military equipment [5].The trend in Power Electronics has been for a large increase in thepower density and the dynamic technological development of the powerelectronic converters over the last few decades covers the complete crosssection of applications and converter types. This trend is summarized inFigure 1.1 [6], where the trend line for industrial systems is di�erentiatedfrom research only systems (typically, a period of 10 years is needed forthe full introduction of a new concept into industry).
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Figure 1.1: Power Density trend of commercial products and research sys-tems [7] and Power Density Barriers as identi�ed in [6]. Without progress inpower passives and interconnection technology the barriers would result in thesaturation (S-curve shape) of the future power density development of singlesystems; a further improvement then would have to come from splitting intopartial interleaved systems. References: (1) [8]; (2) [9]; (3) [10]; (4) [11]; (5) [12];(6) [13]; (7) [14]; (8) [15]; (9) [7]; (10) [16]; and, (11) [17].As seen, Power Electronics industry has a major focus in the minia-turization of power converters, which is mainly driven by cost reductiondemands. This means that the same functionality must be guaranteed forelectronic systems built within ever smaller spaces, thus requiring elec-tronic components with very much di�erent characteristics to cohabit in3



INTRODUCTIONtightly con�ned areas [6,18]. The interest and the applications for PowerElectronics systems with high switching frequencies has been steadilygrowing in recent years [6]. This causes a more complex situation becausewith the steady increase in the switching frequencies, higher frequencycomponents are prone to be observed in the electromagnetic �eld spectragenerated by the power converters.Aiming for cost reduction, translated into reducing raw materials uti-lization, more comprehensive and detailed research is being carried out indi�erent places. The results achieved in the last decades have pushed thelimits of available circuit topologies, materials, components, modulationschemes and control strategies [19,20]. These results have also compelleddesign engineers to achieve a better understanding around the measuresto be taken in order to assure the electromagnetic compatibility of suchsystems within its electrical environment and inside the system itself (self-compatibility) [21]. In this context, the interaction between Electromag-netic Compatibility (EMC) and Power Electronics plays a major role sinceelectronic products must ful�ll their respective standards and power con-verters are usually integrated in these. Due to characteristic trapezoidal-shaped waveforms, power converters generate electromagnetic emissions,which must be carefully evaluated if a given electronic product is to beemployed, certi�ed and commercialized in today's global market.The harmonious cohabitation among electrical equipments and be-tween these and human beings is technically named ElectromagneticCompatibility. In this sense, this discipline is an ecological one, whichis ever more important due to increasing use of electric equipments andhigh frequency electronics in human activities. It is then clear that PowerElectronics and its converters must be analyzed from an ElectromagneticCompatibility perspective.Electromagnetic Compatibility as a technical �eld arises from the in-vestigation of electromagnetic phenomena that has caused or might cometo cause interference, either with electronic equipments or with human be-ings. In practice, the results of investigation in EMC has led internationalbodies to establish regulations, in the form of standards, which specifyquality requirements for the equipments as well as test procedures andinstruments. The aim of such standards is to ensure interoperability, re-peatability and to achieve testing conditions that are close to the typicalapplication.The most internationally recognized standardization body is the In-4



POWER ELECTRONICS, EMC AND FILTERSternational Electrotechnical Commission � IEC. It was set up in the be-ginning of the XX century to deal with �ourishing new electrical tech-nologies [22]. It has now more than two hundred technical comities andworking groups that work in more than 40 countries. The documents cre-ated by its comities are international and represent recommendations,thus not being mandatory. From that, they are named standards ratherthan legal rules. The standards are written based on voluntary consensuswith the objective of setting guidelines for quality and interoperability.Furthermore, the EMC problem is governed by Maxwell's equationsin an environment that has at least two subjects, at least one electri-cal equipment and other electrical equipment(s) or human being(s). Thecomplete solution of Maxwell's equations for all possible interactions ismost probably not economical nor simple. Besides, there should be somelevel of electromagnetic �elds that is able to disrupt the proper operationof the system. With this focus, EMC has been de�ned in [23] as�. . . a balance between the desired technical performance,the economic constraints of achieving this performance in pro-duction and operation, and the acceptability of the above con-straints to the, generally non-technical, customer.�For these reasons, Electromagnetic Compatibility standardization bodiesbuild their standards in a way to achieve EMC in a realistic and econom-ical way.There are international standards in all sub-�elds of ElectromagneticCompatibility. These sub-�elds are represented in Figure 1.2 in the formof di�erent requirements that an electrical equipment must ful�ll [24,25].Two major sub-�elds are observed, emission and immunity. Emission is re-lated to the electromagnetic �elds generated in an equipment, which areguided through conductors (conducted emission) or air (radiated emis-sion) and that potentially generate electromagnetic interference (EMI).Immunity is the ability of an equipment to correctly operate when sub-mitted to electromagnetic �elds, either conducted or radiated.The high levels of switched currents and voltages are, perhaps, themain characteristic of a power converter. Due to this characteristic, powerconverters are known to generate high conducted emission (CE) levels [21]and this requires that a large e�ort is put into the proper control of theseemissions in order to achieve electromagnetic compatibility. Nowadays,5
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POWER ELECTRONICS, EMC AND FILTERSthe frequencies employed in the carrier signals of typical power convert-ers range from hundreds of Hz, for large power, up to some MHz, for someDC-DC converters. These frequencies, or their relevant harmonic compo-nents, lay in the ranges speci�ed in the most referenced standards of theworld for conducted emissions. With this, a large amount of the e�ortto construct a power converter is put into reducing the conducted emis-sions that propagate to the environment where the converter is placed.Although many research e�orts have been put on the study of modula-tion schemes that lower emissions [26�31], the high frequency emissionsare typically not much in�uenced by these techniques. Another focus ofresearch has been on soft-switching techniques [32�38], which e�ectivelyreduce commutation speeds, thus acting only at very high frequenciesand, typically, not reducing conducted emissions in large amount. Allthese techniques, in practice, do not avoid the necessity of employing �l-tering circuits, which e�ectively limit the propagation of electrical noiseacross the interconnections of the power converter to its supply or load.Di�erently from radiated emissions, which are typically reduced andcontrolled by deployment of good layout techniques and shielding, theconducted emissions from power converters are not easily reduced [21]and, in general, there is no alternative to �ltering. Filters, although es-sential, add cost and volume to a power converter and, thus, must becarefully designed. The extra costs and volume of EMC �lters motivatethe present work, which is therefore focused in providing means for thereduction of HF conducted emissions as highlighted in Figure 1.2.Although it is still common practice to design EMC �lters with try-and-error methods, more and more works [39�46] have proposed �lterdesign procedures for application with power converters. These works typ-ically propose �lter designs that separate the EMC �lters into di�erentialmode �lters and common mode ones, with reference to the con�gurationof the noise propagation paths. This separation allows for simpler proce-dures, taking advantage from the very diverse nature of the noise modes.Further tasks in the design of EMC �lters are:i. The de�nition of the environment to which the equipment must becompatible. This is typically given by the electrical installation prac-tices where the equipment is commercialized and the testing setupsas speci�ed by EMC standards.ii. The evaluation of the attenuation that the �lter must present. This7



INTRODUCTIONtask requires knowledge about the amount of noise and characteristicsof the power converter as a noise source, as well as about the EMCstandards to which the equipment must comply.iii. A �lter topology/type must be chosen. This is dependent on cost andrestrictions on physical dimensions, as well as in the required �lteringperformance.iv. The design and/or selection of components for the chosen topology,so that it achieves the required performance. This includes not onlythe required emission attenuation levels, but also parameters like ef-�ciency, thermal constraints, mechanical dimensions, reactive energyconsumption, damping of resonances, reliability and electrical safetyissues, among others.v. Experimental evaluation of the achieved system performance as spec-i�ed in EMC standards.The listed tasks are discussed in this work, restricting the scope of theperformed studies to EMC �lters connected between three-phase PWMconverters and the three-phase public mains.1.2 Modern Three-Phase PWM ConvertersHigh power applications like adjustable-speeds drive, uninterruptiblepower supplies, HVDC systems, process technology such as welding andchemical processes, battery charging for electric vehicles, power suppliesfor telecommunication systems, auxiliary power supplies, future MoreElectric Aircraft and others, require three-phase conversion of electric en-ergy. Limiting the analysis scope to three-phase converters connected tothe public mains, i.e. three-phase ac-dc converters (recti�ers) and three-phase ac-ac converters (cycloconverters and matrix converters), leads toa discussion about the quality of the input currents. Concerns with en-ergy saving and power quality are the main reasons for standards suchas IEEE-519 [47] and IEC-1000-3-2 [48], which stipulate limits for powerfactor and harmonic distortion for installation and equipments connectedto the low-voltage energy distribution networks.Regarding three-phase converters with low impact on the mains, PowerElectronics presents basically two alternatives to these tasks: (i) three-8



MODERN THREE-PHASE PWM CONVERTERSphase multi-pulse power converters, relying on passive techniques, diodes,thyristors and alike; or, (ii) high switching frequency three-phase PWMconverters. Three-phase multi-pulse converters, for operation in the pub-lic mains, i.e., for a mains frequency of 50/60 Hz, show considerablyhigher volume and weight than active recti�er systems of equal power [49].Three-phase PWM converters allow a higher controllability of the electricparameters. However, the structure of the power and control circuits istypically more complex [49, 50]. The necessity of low current distortion /high power factor and the advantage of higher power density has driventhe development of modern three-phase power converters as well as ofpassive �lters, active power �lters and hybrid �lters. Three-phase PWMconverters are characterized by a controlled output voltage and a wellcontrolled sinusoidal shape of the input currents and, thus, are very wellsuited for this application [51, 52].Furthermore, three-phase PWM converters have increased their sharein the market due to clear advantages [53] over other technologies, namely:(i) very high e�ciency; (ii) robustness to mains transients; (iii) highpower factor; (iv) wide range of output frequencies; (v) small dimensions;(vi) ride-through capability; (vii) regeneration; (viii) ease of implement-ing protection circuits, and (ix) excellent control features. On the otherhand, PWM converters present some side e�ects mainly due to the pulsedwaveforms with rich spectral contents and very fast transient times [54].Thus, they typically require input �lters to comply with EMC require-ments.Regarding three-phase inverters, speci�cally adjustable speed drives(ASDs), many research e�orts have been performed leading to a vastliterature [54�72] on the EMC-oriented modeling and �lter design aspectsfor such systems. The studied systems typically comprise, as front-endconverter, three-phase diode bridges (cf. Figure 1.3) or three-phase two-level boost-type recti�ers (cf. Figure 1.4) when power factor correctionand regeneration are required. Thus, technical analysis on three-phasetwo-level boost-type recti�ers has also been performed [25,73�76].Even though EMC oriented modeling has been thoroughly researchedfor the aforementioned converters, the literature on �ltering and EMC ori-ented modeling of more modern PWM converters still lacks. For instance,three-level boost-type recti�ers (cf. Figure 1.5 and Figure 1.6) have beenproposed in the literature [77, 78] for more than a decade and there arealready several applications into commercially available equipments [79],9
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INTRODUCTIONhowever have not been speci�cally treated in the literature regarding �l-tering for the ful�llment of EMC standards. This type of PWM converter�nds increasing interest due to the following advantages: possibility ofemploying switches with reduced rated voltages, thus, lowering switchinglosses and increasing e�ciency; reduced input inductor due to the lowervoltage steps applied to these inductors, and; high controllability of theinput currents. Nevertheless, these converters present high common modevoltages, which shall be properly attenuated for achieving EMC.Other modern recti�er topologies with increasing industry applicationinterest are the three-phase three-switch buck PWM recti�er [80,81] andthe three-phase three-switch buck PWM recti�er with integrated boostoutput stage [82]. The three-phase three-switch buck PWM recti�er isshown in Figure 1.7 and presents the possibility of obtaining an outputvoltage lower the the input voltage peak, while maintaining input currentswith very high quality as main characteristic. The necessity of controllingthe output voltage in an extended range, while keeping low distortionof the input currents can be ful�lled with the three-phase three-switchbuck PWM recti�er with integrated boost output stage as depicted inFigure 1.8. It is observed that �ltering and EMC aspects for both of thesetopologies has not been thoroughly researched as well. Even though thediscontinuous input currents require di�erential mode �lters with highattenuation.
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DESCRIPTION OF THE TASK AND OVERVIEW OF THE WORK
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iaNFigure 1.8: Structure of the power circuit of a three-phase three-switch buckPWM recti�er with integrated boost output stage [82].Finally, even though matrix converters have already been integratedinto commercial products [83], they have not received much attention inthe research on EMC. In special Indirect and Sparse Matrix Convert-ers [84�88] have been broadly researched in the last years due to theircapability of simultaneously providing three-phase voltage amplitude andfrequency transformation, while only requiring small �lter componentscompared to conventional two-stage ac-dc-ac conversion from the back-to-back connection of voltage dc-link PWM converters, from where highe�ciencies and smaller overall volumes are expected [50]. Nevertheless,very few technical papers have speci�cally addressed the challenges froman EMC perspective.A timely necessity to address the challenges posed from the perspectiveof HF conducted emissions of the discussed modern three-phase PWMconverter systems has, thus, motivated this work.1.3 Description of the Task and Overview ofthe WorkThe main task of this work is to enable the ful�llment of EMC standards(HF conducted emission) for systems which employ modern three-phasePWM converters. As a �nal goal, the computer aided design of EMC �l-13
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INTRODUCTIONinductors is proposed. This chapter also reviews self-parasitic cancellationtechniques, where capacitance cancellation networks for three-phase �ltersare proposed and the in�uence of parasitic e�ects is analyzed in detail.Since more rational design of EMC �lters takes into consideration thenature of the noise modes, Common (CM) and Di�erential Mode (DM),it is highly important to precisely qualify and quantify them. The sepa-ration of the noise modes in three-phase systems is analyzed in Chapter5. Novel types of CM/DM separation networks are analyzed, which canbe directly integrated into standard conducted emission test setups. Thisaims in facilitating the design and troubleshooting of �lters for three-phase electronic equipments.Di�erential mode �lters are designed in Chapter 6, where design proce-dures are presented exemplary for Three-Phase Three-Level Boost PWMRecti�ers and Three-Phase Sparse Matrix Converters. A review on ana-lytical methods for the computation of attenuation and impedances of the�lters is done, as well as on damping of the DM �lters. The advantages ofmulti-stage �ltering are explored regarding attenuation, size and damp-ing. A systematic procedure for the design of the DM input �lter, whichis based on a detailed modeling of a typical conducted emission mea-surement system, is presented and analyzed. Furthermore, an algorithmfor the design of DM inductors is presented, which enables the computeraided design of DM �lters. A volumetric optimization of the DM �lterfor a Three-Phase Three-Level Boost PWM Recti�er is presented, whichis extended to a DM �lter design algorithm that implements a minimumvolume computer aided design of DM �lters. The presented procedureavoids the necessity of using numerical optimization routines and allowsfor the analytical calculation of the �lter components.Chapter 7 describes di�erent design procedures for CM �lters forthree-phase PWM converters. A common mode �lter for a three-phasePWM recti�er is designed based on the parametrization of equivalentcircuits by simple impedance measurements on an existing converter pro-totype and on a capacitive connection between the star-point of the DMinput �lter capacitors and the output capacitor. This chapter also pro-poses an implementation strategy for an HF ampli�er based active CM�lter for o�-line converter systems. For such a system the low frequencyattenuation in the feedback loop is of high importance in order to preventampli�er saturation. However, this limits the �lter's operating frequencyrange. Thus, critical issues and advantages for the selected approach are16



DESCRIPTION OF THE TASK AND OVERVIEW OF THE WORKidenti�ed and general requirements for a HF power ampli�er to be usedin active �ltering are derived. Finally, a design procedure for the CM�lters to be employed with a three-phase recti�er is presented, where avolumetric optimization is carried out taking into consideration di�erentaspects related to the subject, such as electrical safety and an optimizeddesign of the CM inductors. The design of the CM inductors is presented,which is implemented in an algorithm for the iterative search of the small-est core which simultaneously ful�lls magnetic �ux restrictions, minimumimpedance requirement and thermal limitations.The experimental veri�cation for the analyzed �lters demonstrate thatthe �nally achieved HF attenuation is not only a function of the �lter com-ponents themselves, but is highly dependent on the interactions betweenthem, between them and the power section of the converters and respec-tive interconnections. Thus, the in�uence of electromagnetic coupling ef-fects are discussed in Chapter 8. A review on the existing literature on thissubject is done and issues that are particular to three-phase �lters stud-ied. Practical measures to hinder coupling e�ects are presented, where anarrangement that reduces the e�ects of the equivalent series inductancesfor DM capacitors employed in a �lter stage is proposed. Winding meth-ods that reduce leakage inductance and/or external magnetic couplingare introduced. Finally, a study based on experimental results illustratessome of the main e�ects of couplings and discusses ways to improve them.Chapter 9 discusses the increase in power density in the last decades. Itis identi�ed that this is one of the main objectives of the Power Electron-ics industry. Based on that, the impact of the EMC �lters in the overallvolume of three-phase PWM converters has been studied for convertersin the range of 5 kW to 10 kW. An analytical procedure based on thevolume minimization of the EMC �lters is proposed to estimate the total�lter volume as function of the converters' rated power and switching fre-quency. A discussion about the limits of power density for the consideredthree-phase PWM converters for state-of-the-art power semiconductors isdone and optimum switching frequencies are identi�ed. An experimentalveri�cation is carried on which validates the achieved results.1.3.1 PublicationsThe results achieved during the course of this doctoral work have beenpublished in international conferences and journals as listed below.17
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Chapter 2Conducted EmissionsEnvironment Modeling�Without an environment there would be no behavior at all,regardless of what genes were present.� David C. Funder2.1 IntroductionDepending on the coupling path between a noise source and a re-ceiver/victim electromagnetic emissions are divided into radiated and con-ducted ones. Conducted emissions, as the name suggests, regard the emis-sions which are guided directly through electric conductors. These emis-sions �ow through the components which are drawn in electrical circuitschematics, but also �ow, unintentionally, through parasitic elements [24],like capacitances to ground, stray inductances, etc. Unlike radiated emis-sions, conducted ones are typically very di�cult to avoid only throughshielding and good layout practices, thus �lters are usually employed tocontrol them. Deep knowledge about the electrical environment is essen-tial to e�ciently design �lters and provide the required control of theseemissions. The objective of this chapter is to present mathematical modelsof the electrical environment typically surrounding a three-phase PWMconverter. These models shall assist the design of �ltering circuits forthree-phase PWM converters and convey insight concerning noise propa-23



CONDUCTED EMISSIONS ENVIRONMENT MODELINGgation paths.Filters are designed so that equipment can be electromagnetically com-pliant [24,39]. In practice, that is translated into controlling intra-systeminterference or other customer speci�c requirements and the ful�llment ofrelevant EMC standards, which specify quality levels, testing conditions,procedures and test equipments. Thus, a complete understanding of therelevant standards is required.The electrical equipments which are in the scope of this work areto be installed in low voltage (LV) power supply systems. It is of highimportance to know how these systems are con�gured in order to properlyconnect EMC �lters. Above all, this is the environment where an electricalequipment operates and conducted emissions �ow. A standard conductedemissions testing setup is based on usual electrical installation practices.In general, EMC standards try to de�ne test setups which are as closeas possible to the actual installation. What �nally varies depending onthe speci�c installation are the inherent impedances. Knowledge on theseimpedances is crucial for a successful �lter design.Another very important information regards the electrical safety stan-dards [90, 91] that are to be observed. Among others, these standardsspecify the types of components, insulation practices and the amount ofallowable earth leakage currents in the installation system. All these as-pects have direct or indirect in�uence on the design and construction ofan EMC �lter.All the above mentioned requirements and installation practices mightvary in a large extent depending on region and application. Thus, it isstrongly recommended that a study on the relevant practices, norms andstandards is done prior to any �lter design. Vast literature is available onthese subjects and the basic notions and practices are summarized in thefollowing sections.From all di�erent installation and application options, it is clear that,depending on the aimed installation practice and relevant EMC standard,the connections of an EMC input �lter may vary. Even though most of theprinciples here presented are generally valid, the �lters design proceduresof this work are limited to the general practices adopted in Europe, whichare speci�ed within the respective chapters and sections.Regarding conducted emissions requirements, EMC standards specifywith details how the testing conditions and procedures shall take place.24



INTRODUCTIONThe main objectives are to ensure interoperability, repeatability and toachieve testing conditions that are close to usual application.EMC standards also specify the requirements for the measurementequipments which evaluate conducted emission (CE) levels. From thesespeci�cations, mathematical models of the testing equipments can be de-rived providing important information for successfully designing �lters.Other system parts of high importance for the modeling of propagationpaths in the conducted emissions environment are:� input and output cables, type and their disposition with respect tolarge earthed structures;� loads � resistance, power converter, electrical machines;� communication ports;� required earthing points.The International Electrotechnical Commission (IEC) standard re-quirements for conducted interference are more stringent for the mainsports than for other ports. In [92] it is stated that:�Conducted interference can be classi�ed according to whe-ther it is coupled via the mains port or via signal ports. Thevast majority of CISPR and IEC based standards require test-ing of all phenomena on the mains port: many require immu-nity testing on signal ports and more tests are being proposed.CISPR 22, for instance, now requires conducted RF emissionstesting on telecommunications ports.�.For this reason, communication ports are not modeled in this work.This assumes that these ports are properly insulated in the studied powerelectronics systems.The modeling of power cables and earth connections is highly im-portant to predict high and low frequency currents. Loads might de�nethe system behavior for very low frequencies, but de�ne HF currents aswell. Thus, knowledge about all system components is typically essential.In the subsequent sections, models for the standard test setups for con-ducted emissions evaluation are presented. These models are subdividedaccording to the parts of the system to be modeled, e.g. mains impedance,test equipments, cables, machines and general loads.25



CONDUCTED EMISSIONS ENVIRONMENT MODELING2.2 Basics on Low Voltage Electricity SupplySystemsElectricity is commercially distributed through a power supply grid, whichobeys standardized installation practices. These practices are internation-ally speci�ed by the IEC, who de�nes di�erent installation voltage classesregarding safety requirements. These classes are employed in order to de-termine installation practices, safety rules and other characteristics of theelectrical systems and equipments. The IEC voltage classes are dividedlike in the following [91] classes.Voltage classesi. [63] ELV (Extremely low voltage installations and equipment):� AC voltages (phase to ground) lower than 50 V or DC voltageslower than 120 V in normal indoor conditions;� Installations with highly conductive parts, inside metallic ob-jects, swimming pools present even lower voltage limits;� ELV is subdivided in: SELV, PELV and FELV [91].ii. Class LV (Standard low voltage installations and equipment):� AC voltages lower in the range from 50 V to 1 kV or DC voltagesfrom 120 V up to 1.5 kV.� This is the class where this work is focused on.iii. Class HV (High voltage installations and equipment):� AC voltages higher than 1 kV or DC voltages above 1.5 kV.This section intends to present the possible earthing strategies for lowvoltage (LV) electricity supply [93�97]. The importance of these consid-erations lies on the fact that the connection of EMC �lters to the powergrid determines the type of �lter connections and con�gurations that areto be used. 26



BASICS ON LOW VOLTAGE ELECTRICITY SUPPLY SYSTEMS2.2.1 Earthing Practices for SafetyFrom the IEC 950 [91], the purpose of the electrical safety regulation isto: �take all appropriate measures to ensure that electricalequipment may be placed on the market only if, having beenconstructed in accordance with good engineering practice insafety matters, it does not endanger the safety of persons, do-mestic animals or property when properly installed and main-tained and used in applications for which it was made�.This is usually achieved in an electrical installation through the limi-tation of potential di�erence between di�erent equipments. This ensuresthat ground-current protective devices act properly in case of faults andvoltage transients due to atmospheric discharges or switched loads arelimited. A third important e�ect is that phase voltages are balanced.Electric performance can also be enhanced through proper earthing, sincelow impedance paths are provided for return currents of �lters and surgeprotective devices.From an equipment point of view, two di�erent earthing strategies canbe applied, namely: (i) standard ground and (ii) insulated ground. Stan-dard ground requires an extra dedicated protective conductor connectedin parallel to the metallic parts that connect the equipment to the in-stallation ground. Whereas, insulated ground con�guration assumes thatthe electronic/electric parts are insulated from the equipment's enclosure,which is separately connected to the installation's ground. The earthingstrategy causes an obvious impact in the way a power �lter should beinstalled.Earthing connections create current paths which allow noise signalsto �ow, and thus, create a problem for EMC engineers. Nevertheless,safety [98] and fault protection are the main reasons for an electricalsystem to include earthing [99]. Therefore, EMC is not the main concernin earthing standards.Safety measures aim on reducing the risk of electrical shock to whichhuman beings are exposed. A human body receives an electric shock whenit is part of an electrical circuit by touching, intentionally or not, an elec-trical equipment or being exposed to lightning. The e�ects of an electricshock vary depending on a number of factors, such as body resistance,27



CONDUCTED EMISSIONS ENVIRONMENT MODELINGmoisture, contact resistance, altitude, temperature, electric frequency andvoltage amplitudes. These e�ects include, in an increasing intensity scale:i. slight perception of small current levels;ii. surprise;iii. re�ex action (�let-go current�);iv. movement inhibition;v. respiratory stop; andvi. death.The impact of lower frequencies on the human body is higher dueto skin e�ect and higher impedances. Therefore, the current levels whichcause possible damages vary, being lower for DC currents. Electrical safetystandards usually specify test setups which estimate the amount of currentthat would �ow in a human body for the case when a person touchesthe equipment under consideration. This current is named earth leakagecurrent and it is illustrated in Figure 2.1. Based on these test setups,maximum earth leakage current levels are speci�ed. The speci�ed levelsare usually correlated to a current level that would still not produce are�ex action, meaning that this is the highest current level at which aperson releases the conductor stimulated by the shock current itself (�let-go current�).Protective earthing is therefore the practice of connecting every con-ductive part of an electrical installation to a common ground, commonlynamed common bonding network (CBN), to avoid the risks of unneces-sarily exposing conductive parts at high voltage. With this practice, if afailure occurs and high voltage produces currents higher than the regu-lated ones, breakers act or fuses blow, thus protecting a possible victim.In a electrical diagram, the CBN is formed by interconnecting all metallicparts of a building (structural steel, copper tubes, etc) and the electricalinstallation to the ground network. The conductors that interconnect theearthing network are named protective earth (PE).In order not to loose generality, product and region speci�c safetystandards are not considered. The IEC issues international electric safetystandards [90,91,98,100] which are not legal rules, but are recommended28



BASICS ON LOW VOLTAGE ELECTRICITY SUPPLY SYSTEMS
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Fault current(b) Fault conditionFigure 2.1: Earth leakage currents: (a) normal operation earth current, and;(b) fault condition.by the United Nations to be adopted in the member countries. The mostgeneral requirements from these standards serve as guidelines for thiswork.Three classes of equipments are speci�ed in the IEC standards,namely:i. Class I: equipments with conductive surfaces that might present ahazard. The surfaces shall be connected to PE, and thus, safety de-pends on these connections;ii. Class II: equipments with reinforced insulation. These equipments29



CONDUCTED EMISSIONS ENVIRONMENT MODELINGpresent no hazardous surfaces to an operator;iii. Class III: equipments with circuits that have no voltages higher than42.4 V.Depending on the equipment class, the earth leakage current levels aredi�erent, as de�ned in Table 2.1 for non-medical equipments. In this worka maximum earth leakage current Ileak,max = 3.5 mA is assumed unlessspeci�ed. This takes into account a wide range of industrial equipmentsmaking use of Power Electronics converters. This speci�cation has a greatimpact on the design of CM as is seen in section 7.Table 2.1: Maximum earth leakage current depending on equipment class fornon-medical equipments.Equipment class Speci�cation Maximum currentClass II double insulated 0.25 mAClass I hand-held equipments 0.75 mAClass I movable equipment 3.5 mAClass I stationary pluggable 3.5 mAClass I stationary, permanently 3.5 mAconnectedClass I stationary, permanently 5% of input currentconnected with a hazardlabelElectrical safety standards specify minimum requirements for insu-lation in the form of distances between conductive elements presentingpotentially hazardous voltage di�erences. This is of special interest inpower �lter designs, were line voltages are applied across separated in-ductors, di�erent windings of CM inductors, across the line capacitorsand PCB tracks. While phase voltages are applied through capacitorsconnected between lines and PE or line to neutral and PCB tracks. Stan-dard IEC 60950 [91] de�nes the types of insulation, insulation distancesand other relevant terms. Five types of insulation are de�ned, based oncircuit function and hazard, in Table 2.2.30



BASICS ON LOW VOLTAGE ELECTRICITY SUPPLY SYSTEMSTable 2.2: Insulation types as de�ned in IEC 60950.Insulation Type De�nitionFunctional insulation (F) Insulation required for correctoperation (no explicit protectionagainst electrical shockBasic insulation (B) Provides basic protection againstshockSupplementary insulation (S) Additional insulation to B in orderto reduce risks in case of basicinsulation failureDouble insulation (D) It is built with both, B and SinsulationReinforced insulation (R) Insulation equivalent to D, but builtwith a single insulation systemThese insulation types de�ne the requirements for insulation materi-als and distances. The way to choose to which insulation type a circuitbelongs, depends on if the circuit is a primary (connected to the mains)or secondary (not connected to a primary circuit) one. A �lter is typicallydirectly connected to the mains, so it is a primary circuit.Di�erent insulation requirements are de�ned as functions of workingvoltage, i.e. the highest voltage applied between two parts. Working volt-ages are de�ned di�erently depending on the objective of the analysis, sothat:� for de�ning electric strength levels, the working voltage is the DCvalue of the applied voltage or the peak value of an AC voltage,including overshoots and ringings;� for clearance distances, the working voltage is the rated AC mainssupply voltage, and;� for creepage distances it is the rated RMS or DC voltage, not consid-ering short-term variations such as transients and damped ringing.31



CONDUCTED EMISSIONS ENVIRONMENT MODELINGThe main insulation requirements, which imply in direct impact to�lter installation, components/PCB layout and components construction,are de�ned as:� Clearance distance: the shortest physical distance, measuredthrough the air, between two conductive parts or between one con-ductive part and the enclosure of an equipment.� Creepage distance: the shortest physical distance, measured alongthe insulation surface, between two conductive parts or between oneconductive part and the enclosure of an equipment.� electric strength test : test though which a voltage is applied betweentwo conductive parts and the e�ectiveness of insulation is proved.Further classi�cation is done regarding the pollution degree of the in-stallation. This is according to Table 2.3.Table 2.3: Pollution degrees as de�ned in IEC 60950.Pollution degree De�nitionP.D. 1 Components and assemblies thatare sealed (exclude moisture anddustP.D. 2 General equipmentsP.D. 3 For internal environments that aresubject to conductive pollutionor to dry non-conductive pollutionthat, due expected condensation,could conductStandard IEC 60950 speci�es insulation requirements according to thecited criteria, so that functional insulation (F) is required for primary typecircuits [91]. For electric strength test and working voltages the standardspeci�es that:� Working voltage (peak) ≤ 184 V: Functional insulation shall betested with a RMS voltage of 1 kV.32



BASICS ON LOW VOLTAGE ELECTRICITY SUPPLY SYSTEMS� 184 V ≤ Working voltage (peak) ≤ 354 V: Functional insulationshall be tested with a RMS voltage of 1.5 kV.Insulation material types are also classi�ed in IEC 60950 into fourgroups (I, II, IIIa and IIIb). These groups are divided according to acomparative tracking index (CTI). This index says that materials of groupI are better insulators than those of group II and so on.Insulation distances for primary type circuits are speci�ed in Table 2.4and Table 2.5.Table 2.4: Clearance distances for functional insulation as de�ned in IEC 60950for primary circuits.Maximum Mains < 150 V 150 V < Mains < 300 Vworking Transients < 1500 V Transients < 2500 Vvoltage Pollution degree Pollution degree(RMS) 1 or 2 3 1 or 2 3[V] [mm] [mm] [mm] [mm]50 0.4 0.8 1.0 1.3150 0.5 0.8 1.4 1.5300 1.5 1.5 1.5 1.5600 3.0 3.0 3.0 3.01000 4.2 4.2 4.2 4.2Table 2.5: Creepage distances for functional insulation as de�ned in IEC 60950for primary circuits.RMS Pollution degree 1 Pollution degree 2 Pollution degree 3voltage Material group Material group Material group(RMS) I II III I II III I II III[V] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]50 0.6 0.9 1.2 1.5 1.7 1.9150 use same distance 0.8 1.1 1.6 2.0 2.2 2.5200 from clearance 1.0 1.4 2.0 2.5 2.8 3.2300 1.6 2.2 3.2 4.0 4.5 5.0400 2.0 2.8 4.0 5.0 5.6 6.333



CONDUCTED EMISSIONS ENVIRONMENT MODELINGAs it can be seen, safety standards requirements have a direct impactin the construction of an EMC �lter and, thus, should be studied prior tothe �lter design and components speci�cation.2.2.2 LV Earthing Systems as Speci�ed in IEC 60364The international series of standards on electrical installations and safetyIEC-60364 [100] speci�es three main earthing systems, namely TN, TTand IT. The basic connections for three-phase LV systems are shown inFigure 2.2 and Figure 2.3The TN system is divided into three di�erent earthing strategies thatare used depending on the aim of the installation and on the place. Inthis type of system, the secondaries of the distribution transformers areconnected in a �Y� con�guration (cf. Figure 2.2), but for other types ofinstallations this might vary, depending on region and application [91].The TN system is characterized by the following:i. the transformer neutral is earthed;ii. the frames of the electrical loads are connected to the neutral;iii. is sub-divided into three parts as in Figure 2.2.The TT system (Figure 2.3):i. the transformer neutral is earthed;ii. the frames of the electrical loads are also connected to the earthconnection.The IT system (Figure 2.3):i. the transformer neutral is not earthed;ii. the frames of the electrical loads are connected to the earth.34
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CONDUCTED EMISSIONS ENVIRONMENT MODELING
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STANDARDS FOR CONDUCTED EMISSION2.2.3 The LV Earthing Systems in JapanIn order to highlight the possible di�erences in earthing systems, theJapanese one is introduced here. The earthing systems for low voltageinstallations in Japan [101, 102] are based on the TT earthing systemand the basic con�guration is shown in Fig. 2. There is no search forequipotentiality in this earthing strategy. Therefore, local �ltering mightpresent more advantages than a system level one. This shows the impor-tance of knowing the characteristics of the distribution system in whichthe equipment under consideration is applied.
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JIS  standard : Japanese standardFigure 2.4: Japanese standard (JIS) basic earthing diagram.It is also common to see in Japan systems where the ground point isnot connected to the system neutral, having the earthing connection at thecenter point of one phase or between two phases in an open-delta con�gu-ration. This type of system is built aiming for cost reduction, but presentsother requirements for �lter components because the voltage from line toground may be higher.2.3 Standards for Conducted Emission2.3.1 International Standards on Conducted Emis-sionsThere are two main reasons for employing EMC input �lters, namely:37



CONDUCTED EMISSIONS ENVIRONMENT MODELINGi. to prevent electromagnetic interference of the considered power elec-tronic converter with electronic systems to be present in the neigh-boring environment, and;ii. to avoid a disturbance of the power converter operation by sources ofelectromagnetic noise in the surrounds [25, 39].With this aim, international organizations have been constantly work-ing on standards which have to be considered when designing the input�lter of any power electronics system. These standards can be divided intocivilian and military ones and further sub-divided depending on the aimedapplication. In this work only civilian standards [103] are considered.With EMC standards, as for the electrical safety standards, the ob-jective is not to loose generality. Thus, region speci�c EMC standardsare not speci�cally considered. On the other hand, application speci�cones are accounted for while specifying the power converter types. Thereis a large number of international and national institutions (e.g. CISPR,ANSI, FCC, IEC, IEEE, EIA NBS, RTCA, SAE, VDE and more) whichissue standards and regulations in the �eld of EMC, where the IEC is themost international one.The IEC was set up in the beginning of the XX century to deal with�ourishing new electrical technologies [22]. It has now more than two hun-dred technical comities and working groups that work in more than 40countries, including the USA and most of the European countries. Thedocuments created by its comities are international and represent rec-ommendations, thus not being mandatory. From that, they are namedstandards rather than legal rules. The standards are written based onvoluntary consensus. The main objectives of standards is to set guide-lines for quality and interoperability. Therefore, standards are the basisof regional regulation so that, in general, country or region speci�c rulesfollow them.In 1934 the IEC, following the early EMC issues generated by the�rst household radios, has created a specialized committee on radio in-terference, the International Special Committee on Radio Interference �CISPR. This Committee has grown with the years and today covers manysides of EMC, being a major authority in the �eld and issuing standardsthat are used worldwide to create regional ones. Keeping a universal fo-cus, unless speci�ed, the EMC standards published by the CISPR are theguidelines for this work. 38



STANDARDS FOR CONDUCTED EMISSIONSome of the publications from CISRP are included in Table 2.6.Table 2.6: Examples of CISPR standards.Publication Scope Product typeCISPR 11 Limits Industrial, scienti�c and medicalCISPR 12 Limits Ignition systems in vehiclesCISPR 13 Limits Broadcast receiversCISPR 14 Limits Equipments with electrical switchingCISPR 15 Limits LightningCISPR 16 MeasurementequipmentCISPR 18 Limits High voltageCISPR 22 Limits Data processingThere are three levels for the EMC standards published by the IEC,namely:i. Basic EMC publications: de�ne the involved phenomena, their ter-minology, safety, characterization of environments, general measuringinstructions. These are product independent. An example is the IEC60000 series.ii. Generic EMC standards: set the basis for product speci�c standardsand de�ne measurement procedures and equipments. An example isCISPR 16 [104].iii. EMC standards for family of products: specify the quality and in-teroperability requirements for speci�c equipment types or productfamily. Examples are CISPR 11 [105] and CISPR 22 [106].The presented order respects an hierarchic frame and, in case a prod-uct or product family is not included in a product speci�c standard, thenext superior level generic standard shall be applied.In the European Union (UE), equipments shall comply with the EU'sEMC Directive (EMC Directive 89/336/EEC, published in 2004, but thattakes e�ect on July, 20, 2007) so that can be brought to the EU market.The usual way is to follow an Conformity Assessment as displayed in39



CONDUCTED EMISSIONS ENVIRONMENT MODELINGFigure 2.5. Similar procedures are found all over the globe. As seen inthe �gure, the EU has a series of harmonized standards which cover mostof the equipments in the market. The majority of EU's directive EMCharmonized standards are directly in�uenced by the CISPR standards.In case harmonized standards do not exist, a Technical Construction File(TCF) must be constructed as explained in [107].
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CONDUCTED EMISSIONS ENVIRONMENT MODELINGare de�ned in the EMC standards and are typically done as shown in Fig-ure 2.7. The diagram of Figure 2.7 shows the main divisions observed inEMC standards and highlights the �elds which are within the scope ofthis work. It is seen that the design of �lters aims mainly in ful�llingrequirements that are related with high frequency conducted emissions.Another clear division to which the EMC requirements and standardsare submitted is the frequency ranges that are speci�cally covered. Themain division regarding emissions is as depicted in Figure 2.8, where it ishighlighted that the focus of this work is on conducted emissions in the0.15 MHz to 30 MHz range.
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CONDUCTED EMISSION LIMITS2.3.2 Considered StandardsAs previously stated, this work is based on CISPR standards for industrialor telecommunications equipments. That means that the CE limits areset, respectively, by publications CISPR 11 [105] and CISPR 22 [106].Common to these two standards are the allowable emission levels forequipments of classes A and B and the con�guration of the measurementsetup. The measurement equipment for both cases is de�ned in the genericstandards CISPR 16 [104].Standards for Telecommunication EquipmentsGeneral emission limits for information technology equipments are de�nedin CISPR 22 [106], which are identical to its American counterpart instandard FCC 15 [108, 109]. These are the employed limits for designinginput �lters of three-phase PWM recti�ers which operate as front-endconverters in information technology (IT) power supplies.Standards for AC DrivesThe emission limits for drive systems de�ned in the product speci�c stan-dard EN 61800-3, Tab.6 [110]. This standard sets two types of limits forindustrial drives. The �rst limits are identical to CISPR 11 class B [105]and the second type depends on the agreement among manufacturers andthe industry. This second type of limits often leads to a relaxation of thelimits to the ones of CISPR 11 Class A. Therefore, in practice the limitsstated in CISPR 11 are valid for AC drives as well. These limits are hereemployed when designing �lters for direct Adjustable Speed Drives (ASD)as, for instance, AC-to-AC Sparse Matrix Converters.2.4 Conducted Emission LimitsTo understand the way limits are imposed in the CE standards, one shallbe familiar with the involved dimensions. In general, conducted emis-sions are measured in a unit named �dBµV� which is related to a voltagethrough the relation, 43
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1 dBµV = 20 · log

(
1 V

1 µV

)

. (2.1)The voltage under consideration is measured at the input of a testreceiver or spectrum analyzer and is conducted through current probesor LISN circuits (cf. 2.5.1). CISPR 16 states that the input impedanceof a test receiver shall be 50 Ω in the relevant frequency range. Thismeans that the noise currents emanating from an hypothetical electricalequipment where the CE limit is 80 dBµV = 10 mV shall be lower than
10 mV/50 Ω = 200 µA. With this example it is seen that very low currentamplitudes are allowed in the standards when compared to high switchedcurrents of typical high power three-phase PWM converters, which are inthe order of amperes. In practice this requires large values of attenuationfor an input �lter.Two main types of limits are imposed in the relevant CISPR standards,namely: quasi-peak (QP) and average (AVG). These limits are related tothe types of employed detection as explained in 2.5.2.Di�erent limits exist for Class A and Class B equipments and theseare shown in Figure 2.9 for QP detection and in Figure 2.10 for the AVGtype detector.It is seen that Class B limits are more strict than Class A ones. Thebasis for that is that Class B equipments are intended for use by non-specialized operators in residential environments, thus shall be less prone
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Figure 2.9: Quasi-peak limits for conducted emissions at the mains ports ofClass A equipments according to CISPR Publications 11 and 22.44
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Figure 2.10: Average limits for conducted emissions at the mains ports ofClass A equipments according to CISPR Publications 11 and 22.to generate radio interference with other equipments.2.5 Modeling of a Standard CE Test SetupBased on CISPR Publications 11 [105] and 22 [106], there are di�erentpossibilities of assembling a test setup for CE measurements. The de�-nition of which to use basically depends on the type of assessment thatshall be carried out, on the size of the equipment to be tested and onthe typical installation of the equipment. In this work, converters rang-ing from 5 kW to 10 kW are employed as noise sources. These convertersare laboratory prototypes and therefore have no speci�c installation type.The sizes of such prototypes vary, but the maximum dimensions are be-low 40 cm. Therefore, a tabletop arrangement is suited, which is shownin Figure 2.11. This arrangement is used in most of the measurementspresented here.As seen in Figure 2.11, besides the equipment under test and its loadthere are other apparatus included in the testing, namely:i. Non-conductive table.ii. Ground planes.iii. Line Impedance Stabilization Networks (LISNs), also known as Arti-�cial Mains Networks (AMNs):45
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Figure 2.11: Typical CE test setup implemented in this work.� supplying energy to the equipment under test (EUT);� conducting HF emissions to the test receiver.iv. A Spectrum Analyzer (SA) or Test Receiver:� measuring HF emissions.CISPR standards de�nes minimum requirements for a CE test whereat least one ground plane is included in order to provide a common ref-erence to all involved circuits. This plane is preferably a wall mountedone, but a ground mounted can also be used. Connection with the build-ing's CBN is required for safety reasons. The minimum dimensions for the46
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CONDUCTED EMISSIONS ENVIRONMENT MODELINGground plane are 2 m × 2 m. The thickness of the planes is not speci�edin the standards, but a reasonable assumption is to calculate the skindepth δ150kHz of aluminum at 150 kHz,
δ150kHz =

√
1

fπµ0σAl

∼= 0.2 mm (2.2)and use it as a basis for a low impedance plate.It is very important to tightly connect the LISNs to the ground planeso that very low impedance connections for the ground currents regardinglow and high frequencies are available. This connection is also importantfrom an electrical safety perspective because the LISNs include large ca-pacitors connected between phases, neutral and ground, thus producinglarge earth leakage currents that can be in the range of 700 mA to 1.5 A.In the constructed laboratory, aluminum plates of 2.5 m× 2.0 m with athickness of 2.0 mm were joined together by angel brackets spaced by lessthan 1 m as in CISPR 16. The planes were assembled as in Figure 2.11.Brackets were also employed to �rmly bond the LISNs to the groundplane. Detailed information about the setup choice, minimum dimensionsand distances can be found in the standards [105,106] and a summary ofthe requirements is presented in the views of Figure 2.12. More controlledsetups including shielded chambers (semi-anechoic, etc) are employed incerti�ed EMC test houses, but are not strictly required. Nevertheless, it isadvisable to place the measurement setup in an electromagnetically quietplace in order not to a�ect the performed measurements. Another reasonis that the �oor noise measured by a test receiver is in�uenced by theamount of emissions present in the mains because part of it is coupled viaLISN circuits to the measuring port.2.5.1 LISN and its Circuital ModelA Line Impedance Stabilizing Network (LISN), also called Arti�cial MainsNetwork (AMN) is speci�ed for most of the conducted emission tests in or-der to guarantee the reproducibility of the measurements. It achieves thatby using large �ltering elements directly connected between the mains andthe tested equipment. As a result, the impedance seen by the device un-der test is somewhat constant no matter where the electrical installationis placed. A LISN also provides good �ltering from conducted emissions48



MODELING OF A STANDARD CE TEST SETUPcoming from the mains, acting as a bidirectional �lter.The internal construction of a LISN is done so that the internal com-ponents are weakly coupled to each other. Typically, shielded chambersare provided for di�erent inductors, which are usually wounded in anair coil providing excellent HF performance. Capacitors are also chosenaiming for good high frequency behavior. LISNs are built for various ap-plications with di�erent current ratings and are speci�ed in sigle- andthree-phase versions. Three single-lines LISN can also be applied in athree-phase setup, and vice-versa, since the impedances are strictly thesame. Depending whether a Neutral conductor is connected or not a four-line LISN shall be applied.A typical realization of a three-line LISN is depicted in Figure 2.13. Forthe CE measurement process a test receiver with 50 Ω input impedanceis connected to one of the LISN output channels while the remaining twoLISN ports are terminated with 50 Ω creating symmetric measurementconditions. Figure 2.13 shows that low frequency components are coupledfrom the equipment under test (EUT) to the power grid through inductors
L1 and L2. The high frequency content generated by the EUT is decoupledfrom the grid and coupled to the test receiver and 50 Ω terminationsthrough capacitors C1.
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50 ΩFigure 2.13: Schematics of a typical three-phase CE test setup employing aLISN illustrating the low and high frequency coupling paths.49



CONDUCTED EMISSIONS ENVIRONMENT MODELINGInspecting the circuit of Figure 2.13 the circuit of a LISN is constructedin a way that four main e�ects take place, namely:� HF emissions generated by the EUT are directly coupled to a mea-surement test receiver;� HF emissions coming from mains are �ltered and do not in�uencethe measurements;� the low frequency energy from the AC power supply circulates tothe EUT undisturbed, and;� the HF impedance seen by the EUT is approximately una�ected byvariations in the mains inner impedance.The impedance curve of a LISN (the impedance seen from each phaseof the EUT to PE including the test receiver's 50 Ω input impedance)is the most important characteristic and it is de�ned in EMC standards,speci�cally in CISPR 16 [104]. Di�erent con�gurations are speci�ed indi�erent standards, but the most widespread is the 50Ω/50µH and thisis here used. It is named 50Ω/50µH because it represents the impedancecurve of a 50 Ω resistor in parallel with a 50 µH inductor. For this con-�guration, CISPR 16 suggests an equivalent circuit like in each phase ofFigure 2.13 with the components speci�ed in Table 2.7.Table 2.7: LISN components for a 50 Ω/50 µH LISN as suggested in CISPR16. Component Suggested value
L1 50 µH
L2 250 µH
C1 250 nF
C2 8 µF
C3 1.2 µF
R2 5 Ω
R3 10 ΩThe LISN phase-to-ground impedance according to the parametersfrom Table 2.7 is compared with an ideal parallel connection of 50 Ω50



MODELING OF A STANDARD CE TEST SETUPwith 50 µH in Figure 2.14. A ±20% tolerance range around the presentedcurves is stated in CISPR 16. It is seen that the HF impedance from thiscircuits approaches the test receiver's 50 Ω.
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Figure 2.14: LISN impedance suggested in CISPR 16 in comparison with theimpedance of an ideal parallel connection of 50 Ω with 50 µH.Observing Figure 2.14 it is seen that the in�uence of L2, C2 and C3is only appreciable until 20 kHz. Therefore, a simpli�ed mid- to high-frequency (0.15 to 30) MHz single-phase equivalent circuit of the LISNaccording to CISPR 16 is derived as in Figure 2.15. The voltage umeasat the LISN output is applied to an EMC test receiver or appropriatespectrum analyzer. Resistor Rin,TR = 50 Ω represents the input resistanceof a test receiver.The input impedance of the circuit of Figure 2.15 is de�ned as:
ZLISN(s) =

Unoise(s)

Inoise(s)
=

sLLISN (sRin,TRCLISN + 1)

s2CLISNLLISN + sRin,TRCLISN + 1
(2.3)while the transfer impedance from the measured voltage imeas to the noisecurrent inoise is,

GLISN(s) =
Umeas(s)

Inoise(s)
=

CLISNRin,TRLLISNs2

Rin,TRsCLISN + 1 + s2CLISNLLISN
. (2.4)51
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Figure 2.15: Simpli�ed LISN high-frequency model which can be consideredfor determining conducted emissions through calculations or numerical simula-tions. The EUT is replaced by an equivalent current source inoise.Assuming, at high frequencies, an ideal decoupling from the EUT tothe mains and a perfect coupling with the test receiver, which is thecase for the circuit of Figure 2.13 in a simpli�ed consideration, anothersimpli�ed high frequency equivalent circuit can be obtained as illustratedin Figure 2.16. There, the input ports a, b and c of the EUT are directlyconnected to the input ports of the test receiver which allows all the highfrequency emissions from the EUT to couple to the test receiver, whilethe mains ports A, B and C are separated from the EUT. Thus the LISNis considered as a direct bypass for HF currents.Both simpli�ed models are well suited for circuit analysis, calculationsof attenuation and estimation of impedances if the relevant frequencies arehigh enough and the equivalent noise sources are correctly modeled. Butin a complete converter simulation, where the low frequency behavior ofthe input supply interacts with the converter, the more complete modelsshall be used.An important observation is that, due to its con�guration, a LISNcan not distinguish if the emissions are of common- or di�erential-modenature. In fact, it represents quite di�erent equivalent circuits for eachnoise mode as seen in Figure 2.17.Based on Figure 2.16, applying superposition rules, the circuit of Fig-ure 2.17 is obtained. It is seen that the LISN input impedances, accordingto noise modes are: 50 Ω for DM emissions, and; 50/3 Ω for CM emissions.52
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Figure 2.16: Further simpli�cation of a LISN high-frequency equivalent �perphase� circuit. The EUT is replaced by equivalent HF noise sources split intoDM uDM,i and CM equivalents uCM and the LISN plus test receiver are simplymodeled as 50 Ω resistors.
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Figure 2.17: LISN high-frequency equivalent circuits for CM and DM.2.5.2 EMC Test Receiver and its ModelEMC test receivers work like HF spectrum analyzers1 (SA) specializedin accordance with the speci�cations stated in CISPR 16. From this per-spective, conventional spectrum analyzers can be used in EMC testing1Spectrum analyzer is a measurement apparatus employed to examine spectralcontents of electrical signals (voltages, currents, power and other variables throughproper transducers). 53



CONDUCTED EMISSIONS ENVIRONMENT MODELINGas long as they present features equivalent to a test receiver. The disad-vantages are that, often, SAs sensitivity and dynamic range are not highenough and, depending on their input stages, they are more prone to havetheir input stages overloaded. Test receivers present the bandwidths, de-tectors and dynamic range according to CISPR standards along with highfrequency and amplitude accuracies [25].Even though modern test receivers use more and more digital sig-nal processing through FFT calculations [111], an analog model of themeasurement chain provides a good basis for a mathematical model anddoes not loose generality. A block diagram showing the basic functions ofthe frequency measurement system is depicted in Figure 2.18. The inputsignal (umeas) of the receiver is processed according to CISPR 16 usinga heterodyne technique [104], i.e. for measuring at a given frequency fthe spectrum is shifted to a �xed intermediate frequency (IF) where band-pass �ltering according to Figure 2.19 is performed. This allows analyzinga wide frequency range without changing the center (middle) frequency(MB) of the band-pass �lter by properly adapting the oscillator frequencyde�ning the frequency shift.
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Figure 2.18: Simpli�ed heterodyne measurement chain and QP detectionmodel of a test receiver. Dependent on the Oscillator frequency theMixer shiftsthe frequency of interest to an Intermediate Frequency (IF) where the measure-ments are performed employing a �xed-frequency band-pass �lter (RBW �lter)according to CISPR 16 [104].The bandwidth of the band-pass �lter (RBW �lter) di�ers with de-pendency on the frequency band of interest. In CISPR 16 it is de�ned as
RBW = 9 kHz at -6 dB for frequencies in the range (0.15...30) MHz asshown in Figure 2.19. Figure 2.19 also shows a simpli�ed �lter character-istic which is employed for calculation or numerical simulations of the testreceiver. The �xed value MB denotes the band-pass center frequency. In54



MODELING OF A STANDARD CE TEST SETUPthe mathematical model of the test receiver the MB is directly locatedat the frequency under consideration and shifted for a frequency sweep,therefore, a modeling of the oscillator and the mixer can be omitted.
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MODELING OF A STANDARD CE TEST SETUPwhich are relatively time consuming. These circuits are explained in thefollowing and, for the quasi-peak detector mathematical models are pre-sented.The RMS DetectorA Root Mean Square (RMS) Detector indicates the RMS value of thesignal that is injected at its input. This is, therefore, related to the signal'spower or energy. As CISPR 16 does not specify measurements with RMSdetectors, these are here not considered.The Average DetectorThe Average (AVG) Detector is calibrated to indicate the RMS value ofa pure sine wave. That is done by calibration through the injecting asingle sine wave harmonic signal at its input, rectifying it, measuring theaverage value and multiplying it by 1.11. Therefore, a true RMS valueis measured only for a pure sine wave. In case a complex waveform isinjected at its input, the AVG detector evaluates it to a value which islower than the one of a true RMS detector.In practice, the output of the Average detector is proportional to theaverage value over a speci�ed time interval of the envelope of the injectedsignal. An average detector characterizes waveforms of constant shape,like a square pulse. It can be used to emulate loads that are more sensitiveto the average level of a noise signal, rather than to its peak value. That isthe case for equipments employing long integration time constants, suchas electrical indicators.For pulse type signals, the average detector generates a level which isproportional to the duty-cycle. The basic relation for an average detectionmeasurement of a square wave signal is given by,
δ =

fS

BW
, (2.5)where δ is the relation between the average value of a signal and its repeti-tion frequency, fS is the repetition frequency and BW is the measurementbandwidth. This means that if the repetition frequency equals the mea-surement bandwidth, the average detector gives the same level as a peakdetector. 57



CONDUCTED EMISSIONS ENVIRONMENT MODELINGThe Quasi-Peak DetectorThe Quasi-Peak (QP) Detector is also speci�ed in CISPR 16 for CE mea-surements. This type of detector was created to measure the annoyance ofa signal. It has its origins in the way human physiology perceives annoy-ance and the causes date back to �rst experiences with public broadcastingof audio and video. It is related to the amount of noise that a person hearsor sees, where the repetition rate of the annoying signal is as relevant asits amplitude. The QP detector is able to emulate this behavior.In [113] a historical background for this type of detector is written,from where:�In the 1930s, a board of listeners was formed to decidewhat characteristics of a radio disturbance caused annoyinginterference, and the degree of annoyance, for listeners to ra-dio broadcast (sound) reception. The broadcast receiver of theday received signals in the LF or MF bands, and had an IFbandwidth of between 8 kHz and 10 kHz. The desired signalwas a carrier with voice or music amplitude modulation. Us-ing a radio broadcast receiver equipped with an audio outputvoltmeter, the board of listeners rated the annoyance of theinterference with its audio output and its particular pulse rep-etition frequency. Each member of the board of listeners wassaid to have worked independently, so that the results wouldbe statistically useful. Out of this study came the speci�ca-tions for the quasi-peak (QP) detector used in the �rst CISPRRadio-Noise Meter. When radio broadcasting was extendedinto the HF band, the frequency range of the CISPR Radio-Noise Meter was extended upward from 1605 kHz to 30 MHz.Since the later radio broadcasting services to be protected hadabout the same characteristics as the earlier ones, the QP de-tector from the early CISPR Radio-Noise Meter was retained,and did a good job predicting the interference e�ects of radiodisturbances. CISPR Publication 1 was the speci�cation forthis radio-noise meter.�Because of the di�erent time constants, the output of the QP detectorpresents a fraction of the peak value of a pulsed signal with a certainrepetition frequency. This fraction increases with, both peak amplitude58



MODELING OF A STANDARD CE TEST SETUPand repetition rate. The annoyance factor is proportional to the repetitionrate of an interfering signal. It is considered that the QP detection is themost suited way of evaluating possible interference because of its attributeof measuring annoyance.An important observation is that QP detectors are well suited for mea-suring broadband signals, while narrowband ones are better characterizedwith the average detector. For this reason it is the detector used in mostof the experiments and designs of this work. Besides that, the FCC onlyrequires QP measurements for CE. As for the AVG detector, the QP out-put is calibrated to give the RMS value of a single frequency sine waveinjected at its input.
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QPFigure 2.21: Quasi-peak (QP) detector circuit model.The basic function of the QP detector is understood by examiningthe model [25, 114, 115] shown in Figure 2.21. It shows di�erent timeconstants for the charging and discharging of the output capacitor CQP .These charge τcharge and discharge τdischarge time constants are de�nedas,

τcharge =
RQP1RQP2

RQP1 + RQP2
CQP (2.6)

τdischarge = RQP2CQP . (2.7)Considering an ideal behavior of the diode DQP and ideal passivecomponents, two linearly independent ordinary di�erential equations arederived, de�ning the time behavior of the circuit,59
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duQP (t)

dt
=

{
τ2−τ1

τ1τ2
uD(t) − 1

τ1
uQP (t) if uD(t) ≥ uQP (t)

− 1
τ2

uD(t) if uD(t) < uQP (t). (2.8)Aiming for a calculation procedure to model the QP detector, it isrequired that eq. (2.8) is solved. One way to accomplish that is by consid-ering that uD is a piecewise linear function sampled with small time inter-vals. Thus, a discrete numeric solution is found by applying the derivativede�nition for the sampling intervals ∆t and the sample is taken at t = k∆twith k = 0, 1, . . .. Discretizing eq. (2.8) leads to,
uQP [k + 1] =







τ2−τ1

τ1τ2
uD[k]∆t +

(

1 − ∆t
τ1

)

uQP [k] if uD[k] ≥ uQP [k]
(

1 − ∆t
τ2

)

uQP [k] if uD[k] < uQP [k],(2.9)which can be used for numeric calculations. More complex numeric inte-gration algorithms can also be applied, but as the results are given in dB,enough precision can be achieved with eq. (2.9).According to CISPR 16, di�erent sets of time constants have to beconsidered for di�erent frequency ranges under consideration. For therange from 0.15 MHz up to 30 MHz, the charging time constant for the QPdetector is speci�ed as τcharge = 1 ms, while the discharging time constantis τdischarge = 160ms. An illustration of the QP detector function is shownin Figure 2.22, where the voltages at the input and output of the detectorcircuit for simulation results of the emissions in a three-phase Very SparseMatrix Converter [112] are shown.As a result of the quasi-peak detection, the measured value is largerthan the RMS value of the voltage at the LISN output in case morethan one harmonic component is present inside the resolution bandwidthRBW. Therefore, a �lter design, not to be under dimensioned, can not bebased only on the individual harmonic of higher magnitude in the RBWbut has to consider the calculated QP detector output values.Still considering the simulation results of a three-phase Very SparseMatrix Converter [112], the QP detected averaged values UF (jω) resultingfrom the simulation model are depicted for selected frequency values inFigure 2.23 (marked by �×�). Furthermore, Figure 2.23 clearly shows that60
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Figure 2.22: E�ect of the quasi-peak detector to the voltage uD.the RMS amplitudes of individual harmonics of the LISN output voltageare well below the value obtained with the quasi-peak detector weight-ing measurement. This di�erence is of approximately 15 dB at 150 kHzand reduces at higher frequencies. This fact underlines the importance ofproper modeling of the measurement system, i.e. a �lter design procedurerelying only on a LISN modeling and considering only the amplitudes ofindividual harmonics would not be su�cient unless large design marginsare provided.As can also be seen from Figure 2.23 the predicted quasi-peak val-ues remain between a lower Minresult(jω) and an upper limiting curve
Maxresult(jω). The lower limit can be obtained as the square root ofthe sum of the squares of the RMS value of all harmonic components
Umeas(jω) located within the RBW as in,

Minresult(jω) = 20 · log
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meas(jω)




 . (2.10)The resulting signal Minresult(jω) is the equivalent RMS value andcan be seen as signal showing equal spectral power at the frequency ω as61
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

 , (2.11)can be calculated by linearly adding the RMS values Umeas(jω) of thespectral components within the RBW. The values of Maxresult(jω) canbe numerically calculated with a much lower computational e�ort thanthe exact solution for a QP detector. Thus it can be employed in a sim-62



MODELING OF A STANDARD CE TEST SETUPpli�ed �lter design, where the full calculation of the QP measurement isneglected.The simpli�ed numeric calculation procedure for computing
Maxresult(jω) is graphically depicted in Figure 2.24. This procedure,however, will result in an slightly over-dimensioned �lter for some fre-quency range. Nevertheless, considering components variation, measure-ment errors and uncertainties in the modeling procedure, this can also beadvantageous in a �lter design procedure.
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CONDUCTED EMISSIONS ENVIRONMENT MODELINGof detectors which are relevant for evaluating conducted emissions. Itis seen that the peak detector's output value shall be always equal orlarger than the one from a QP detector. As the QP detection is very timeconsuming, it is common practice to use the PK detector for obtainingfaster measurement times and then re-run the QP for critical points. Thisprocedure is also described in CISPR 16.
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Input signalFigure 2.25: Illustration of the behavior of the di�erent types of detectioncircuits.From Figure 2.25 it is observed that if the repetition frequency of themeasured signal is high enough, all �nal detected levels converge to thesame value.2.6 HF Modeling of Power CablesThe interconnections in a standard three-phase CE test setup are typi-cally realized with multi-conductor power cables. The most relevant con-nections are the connection from the LISN to the power converter andfrom this to its load (resistors, electric machines, converters, etc). Ca-bles are known to exert strong in�uence in the HF behavior of conductedemissions [57�59] and, thus are important portions in an accurate HFmodeling procedure.2.6.1 Modeling a Supply CableSupply cables are usually neglected in the literature. Probably because theparasitic components of an input cable act as �ltering elements, but havea limited in�uence on noise when compared to input �lters. In general,designing input �lters and neglecting an input cable represents a safe64



HF MODELING OF POWER CABLESmargin in the procedure. Nevertheless, the coupling from a noise sourceto its input cable might do just the opposite, increasing noise levels [59].This happens due to di�erent reasons, among which are:� the highly reactive impedance of a long cable;� the position of the cable (capacitive and magnetic couplings arepresent if it is placed close to a noise source), and;� proper shielding of the noise source is not available.Input supply cables in a three-phase setup contain at least four con-ductors, three for the phases and one for the protective earth. A �fthconductor for the neutral might be available as well. It is a widespreadpractice that these cables do not present shielding layers of any kind be-cause the power equipments contain an input �lter, which prevents furtherconduction of noisy currents.Cables can be modeled through networks of lumped or distributedelements. The choice of a proper model shall be based on the relation be-tween the length of the cable and the wavelength at the highest frequencyof interest fmax. This leads to a wavelength λ0 in free space of,
λ0 =

c

fmax
, (2.12)where c ∼= 2.9979 · 108 m/s is speed of light in free space.For testing of conducted emissions, frequencies of up to 30 MHz arewithin the measurement range. The wavelength for fmax = 30 MHz is

λ0
∼= 9.99 m. Usually the conductors of a power cable are enclosed in in-sulation materials with relative permittivities of around 3 to 5. Thereforethe wave speed is reduced three to �ve times and a maximum wavelength

λ0 of approximately 30 m is expected. It is recommended [24] that, tobe in the safe side, distributed parameters, i.e. transmission lines mod-els, shall be used starting from one tenth of the wavelength of interest.Therefore, the maximum cable length lmax for using models with lumpedelements is given by, 65
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lmax =

λmax

10
=

c · √εr,min

fmax · 10
=

2.9979 · 108 m/s ·
√

3

30 MHz · 10
(2.13)

lmax
∼= 1.73 m (2.14)In the employed laboratory, a �ve conductors, 3 meters long unshieldedcable is used for CE measurements for power converters up to 10 kW.A simpli�ed distributed parameters model of this cable is here derivedthrough direct impedance measurements. The assumed simpli�cations arethe following: (i) a uniform distribution of, both electric and magnetic�eld, in the cross-section, i.e. no proximity e�ect; (ii) transverse electro-magnetic wave propagation is assumed, i.e. a lossless transmission linemodel, and; (iii) no dielectric losses. The model is based on distributed�per unit length� parameters, which are shown in Figure 2.26. Self andmutual inductances between all �ve conductors and a capacitance matrixamong all conductors are considered.
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HF MODELING OF POWER CABLESconductors. Typically, a �ve or more conductors cable model is achievedthrough computational �eld solvers [24] or direct impedance measure-ments.Based on the model of Figure 2.26, a series of measurements wereperformed in order to obtain the parameters through a parameter iden-ti�cation routine. The di�erent measurements were performed with anAgilent 4294A (40 Hz � 110 MHz) precision impedance analyzer, werethe cable was extended with a 10 cm insulation distance from a groundplane. The measured impedances are displayed in Figure 2.27.Aiming for the di�erent values of series resistances, inductances andcapacitances, �ve di�erent measurements are performed. For the measure-ments, the cable has been placed on a wooden �oor bent in a bundle ofaround 60 cm wide. The obtained values (see 2.6.2 for details) are com-pared with the low frequency equivalent circuit equations per-unit-lengthequivalent circuit of Figure 2.26 leading to �ve linearly independent equa-tions, from were the parameter values are obtained. The calculated valuesare presented in Table 2.8.Table 2.8: Calculated input cable parameters.Self Mutual Series Close Farinductance inductance resistance capacitance capacitance
L [µH/m] M [µH/m] R [mΩ/m] Cc,1 [pF/m] Cc,2 [pF/m]1.32 0.60 11.9 93.7 7.47Implementing this circuit in a computer simulation is very di�cultbecause of the highly complex nature of the transmission line [63] formedby the �ve coupled lines. One way to avoid this inconvenience is to imple-ment multi-stages which divide the cable in �nite lengths, instead of thein�nite characteristic of the transmission line formalism. This approachcan be applied as long as each stage of the cable lstage,max is much smallerthan the minimum wavelength. Following this rule in practice means that,

lstage,max <
λmax

10
∼= 2.99 m. (2.15)67
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HF MODELING OF POWER CABLESmented including proximity and skin e�ects as well as dielectric losses andasymmetries in the mutual inductances. On the other hand, a di�erentinstallation of the cable will cause the impedances to change , so thatclose to perfect matching is not expected in practical applications.
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ModelFigure 2.28: Comparison between two measured impedances in the cable andthe results obtained with a four-stage lumped equivalent simulation.2.6.2 Load Cables ModelingThe main reason to model load cables is that they typically present rel-evant stray capacitance values to ground, which might strongly in�uencethe generation of CM noise. This is usually the case with the applicationof PWM converters in AC drives, because no output �lter is used in mostapplications and the high frequency switched voltages are directly appliedto the output cable, also named motor cable. For ac-to-dc converters, out-put �lters are typically employed that prevent tangible interactions withdownstream connected cables. For these reasons, this section focuses onthree-phase motor cables.Typically, the construction of modern motor cables for PWM basedac drives includes a shielding layer covering the usual four to �ve conduc-tors. In practice, few exceptions to this are observed [55] when the PWMconverter is directly followed by large �ltering circuits or the installationstill uses the cables designed for �xed frequency/voltage drives. The mainobjective of the shielding layer is to prevent HF electromagnetic �elds69



CONDUCTED EMISSIONS ENVIRONMENT MODELINGthat would, otherwise, cause strong radiated emissions and possibly gen-erate problems for EMC and signal integrity. Ful�lling radiated emissionsrequirements without shielding is virtually not possible [58]. An extrametallic layer for mechanical/chemical protection is also commonly foundin motor cables employed in heavy industry sites [117]. With all these lay-ers and possible di�erent disposition of conductors, analytical models forthese cables are not generally available. Again �eld solvers or impedancemeasurements are used to de�ne a cable model. One exception is madefor a symmetrical cable comprising three conductors and the shielding,which is modeled in [116].The basic understanding for the main phenomena related to motorcables in ac drives can be introduced with Figure 2.29, where a converterprovides the interface between the LV distribution grid and an electricmachine through a shielded cable.The converter is assumed to be a conventional two-level inverter withSpace Vector Modulation operating with switching frequency fS = 1/TS,thus generating in an hypothetical time interval the output voltages asdisplayed. CM voltage arising from a front-end converter is not explicitlyconsidered. It is seen that the line voltages applied to the cable are pulsedones, which shall feed the machine with the required voltages. As shownif the �gure, the PWM pulse pattern generates a common mode voltage
uCM . It is clear that, depending on the electrical characteristics of thecable and on the input impedances of the motor, oscillations are prone tohappen in varying severity.Various research studies [53, 57, 58, 116�121] have been performed toevaluate, design and understand the phenomena involved with motor ca-bles and PWM converters. Di�erent e�ects have been considered and themain focus are on the protection of the machine from high stray cur-rents and EMC. The main motivation for these studies was the reportedfailures and interference problems in industrial environments after the in-clusion of PWM based AC drives [53, 57, 117, 118]. A basic review basedon Figure 2.29 is presented in the following.Common Mode Currents : The PWM pulse patterns applied to a ma-chine generate CM currents as shown in Figure 2.29. These currents arehighly dependent on the cable characteristics since large capacitances toPE arise from the placement of the shielding layer and the length of thecable. The amplitudes of CM currents depend basically on the changeof rate of the pulsed voltages (dv/dt), on the switching frequency (fS),70
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Figure 2.29: Typical three-phase PWM converter based ac drive installationand simpli�ed output waveforms within a switching period.on the amplitude of the pulsed voltages and on the involved impedances.This is the most important e�ect from an EMC modeling point of view.For the machine, the CM currents generate [53, 57, 117,118]:� the deterioration of the metallic bearings through arcing currents;� voltages induced in the shaft that, if electrically connected to otherequipments, generate CM currents in these equipments, and;� in case the motor cable includes control signals, it is very probablethat the CM currents induce noise provoking malfunctions in thepower converter itself [117], what could be worsen by employingnon-symmetric cables. 71



CONDUCTED EMISSIONS ENVIRONMENT MODELINGCrosstalk : induced currents and voltages in non-shielded cables nearthe motor cable might generate destructive voltage stress and safety haz-ards [57].Transient Standing Wave Voltage: this e�ect is also named re�ectivewave or transmission line e�ect. It consists in the generation of oscillationsand over-voltages at the input terminals of the machine due to wavere�ection [53] as shown in Figure 2.30. If the cable is long enough, thesystem can be modeled as a transmission line, where the characteristicimpedance Z0,cable of the cable is mismatched with the surge (input)impedance Zsurge of the motor. The impedance mismatch generate waveswhich are re�ected to the PWM converter and are summed with thefollowing voltage pulse, generating a standing pattern and producing over-voltages. These over-voltages cause stresses in the insulation of cable andmachine.From the transmission line theory, the re�ection coe�cient is de�nedfor this system as,
Γ =

Zsurge − Z0,cable

Zsurge + Z0,cable
(2.16)and the line-to-line voltage at the input of the motor Umotor,l−l is,

Umotor,l−l = (1 + Γ)UAB. (2.17)From eq. (2.16) it is clear that −1 ≤ Γ ≤ 1. This means that the motorvoltage might be twice as large as the voltage applied at the output ofthe PWM converter.
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HF MODELING OF POWER CABLESFor a full re�ection (Γ = 1) to take place it is required that the wavefront generated in a PWM pulse travels twice the length of the cable(lcable). From this assumption it is possible to estimate a critical cablelength (lcrit) as [57],
lcrit =

vtrise

2
(2.18)where v is half the speed of light in vacuum and trise is the rise time ofthe PWM voltage pulse. Assuming v = 150 m/µs, Figure 2.31 presentsnumerical values for the minimum cable length for full wave re�ection.
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CONDUCTED EMISSIONS ENVIRONMENT MODELING� lossy dielectric materials provide damping of oscillations;� impedance matching circuits at the machine's terminals prevent re-�ected voltages;� long PWM transition times help reducing over-voltages;� proper earthing connections are essential.The reviewed phenomena highlight the importance of proper cablemodeling in order to avoid undesired e�ects. In this work the main objec-tive is to design input �lters for PWM converters, thus the e�ects relatedto motor stresses and control related noise are not studied.For the CE laboratory test setup, two cables were constructed, namelya 3 m long cable and a 30 m long cable. Both were built by employingthe same cable type �Purwil EMC� rated for 450 V according to SEVstandards with 2.5 mm2 of copper area per core. The cables comprise �veconductors plus shielding and are used for CE measurements for powerconverters up to 10 kW with rated voltages of 400 V line-to-line. Thecross-section of the cable is shown in Figure 2.32.
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Aiming for �nding the parameters of Figure 2.34, a series of impedancemeasurements were performed in the total original cable length of lcable =

36 m.The results of these impedance measurements are used to calculate the�per unit length� parameters of the cable model. The di�erent measure-ments were performed with an Agilent 4294A (40 Hz � 110 MHz) precisionimpedance analyzer, were a 36 m long cable was extended in an insulatedsurface. The impedance measurements are divided into two groups, the�rst for evaluating the magnetic components as shown in Figure 2.35 andthe second to identify the model's capacitances as in Figure 2.36.The inductance matrix Lcable for the networks of Figure 2.35 is,75
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This matrix is used to solve the identi�cation problem posed by thedi�erent inductance measurements. As some of the involved equations areextremely long, only the �nal equations are directly presented as follows.Five measurement results are employed, while the sixth is only used forveri�cation purposes. 76
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Lc,t = L04

Ls,t = L03

Mcc,1,t =
√

L2
04 − L06L03 (2.20)

Mcc,2,t =
5L02 − L04

2
−
√

L2
04 − L06L03

Mcs,t =
L02 + L03 − L05

2
.The measurements setups of Figure 2.36 are used for the identi�cationof network capacitance values.
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C01 = 5Ccs,t

C02 = 2 (Ccc,1,t + Ccc,2,t) +
4Ccs,t

5
(2.21)

C03 = 2Ccc,1,t + 4Ccc,2,t +
6Ccs,t

5
.Solving the system in eq. (2.21) leads to,

Ccc,1,t = C02 −
C03

2
− C01

25

Ccc,1,t =
C03 − C02

2
− C01

25
(2.22)

Ccs,t =
C01

5
.With this, the capacitances per meter are calculated by dividing thetotal capacitances by the total cable length:

Ccc,1 =
Ccc,1,t

lcable

Ccc,2 =
Ccc,2,t

lcable
(2.23)

Ccs =
Ccs,t

lcable
,while the inductances are calculated with,

Lc =
Lc,t

lcable

Ls =
Ls,t

lcable
(2.24)79
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Mcc,1 =

Mcc,1,t

lcable

Mcc,2 =
Mcc,2,t

lcable
(2.25)

Mcs =
Mcs,t

lcable
.The derived 6-lines cable transmission line model does not considerlosses in the dielectric and skin e�ect. Series resistances are only measuredfor low-frequency and their measurement is straightforward. Dielectricmaterials are considered not to change permittivity with frequency.The �nal values for all cable parameters are found in Table 2.9.Table 2.9: Calculated input cable parameters.Parameter Value UnitCore self inductance 1.03 µH/mAdjacent cores mutual inductance 1.00 µH/mNon-adjacent cores mutual inductance 0.97 µH/mShielding self inductance 1.16 µH/mCore-to-shield mutual inductance 1.07 µH/mAdjacent cores capacitance 20.19 pF/mNon-adjacent cores capacitance 2.32 pF/mCore-to-shield capacitance 78.33 pF/mSeries resistance 6.88 mΩ/mA circuit based on the presented model was implemented in a com-puter simulation by generating ten cable stages with lumped elements,instead of the distributed parameters of the transmission line model. Acomparison between the measured impedances and the simulated ten-stage lumped circuit is shown in Figure 2.37. Good matching is observedvalidating the model for use in �lter design calculations. The high fre-quency behavior (> 10 MHz) of the cable is di�cult to model due tomaterial characteristics, skin e�ect and the electromagnetic environmentwhere the cable is installed. 80
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Figure 2.37: Comparison between six measured impedances in the motor cableand the results obtained with a ten-stage lumped equivalent circuit simulation.
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CONDUCTED EMISSIONS ENVIRONMENT MODELING2.7 Electric Machine Model for ConductedEmissionsElectromechanical machines are broadly employed in industry. Of spe-cial interest are the ac motors used when control over torque and speedare required in a processing industry. With the advantages of machineswith higher speeds, there came the necessity of supplying voltages withvariable frequency. Since the beginning of the 1900's [122], rotating con-verters2 have been used to supply variable speed machines. In 1902, the�rst patent for a working mercury arc recti�er has been issued [123]. The�rst paper about an inverter appeared in 1925 [124], but is was not untilthe 1960's that static converters3 supplanted rotating converters in largepower industrial applications [125]. Since then, mercury arc valves havebeen replaced by power semiconductors (1970's) starting with low fre-quency static converters [123] and later on by high switching frequencyPWM based converters [4].PWM converter based ac drives have increased their share in the mar-ket due to clear advantages [53] over other technologies, namely: (i) veryhigh e�ciency; (ii) robustness to mains transients; (iii) high power fac-tor; (iv) wide range of output frequencies; (v) small dimensions; (vi) ride-through capability; (vii) regeneration; (viii) ease of implementing protec-tion circuits, and (ix) excellent control of torque and speed. Nevertheless,PWM converters present some side e�ects mainly due to the pulsed wave-forms with rich spectral contents and very fast transient times [54].Unlike dc motors, ac machines do not consist in a source of electricalnoise alone, since commutators are not employed and arcing is not anissue in their construction. But, due to very compact designs of electricalac motors, their windings are typically close to the chassis. This createslarge distributed capacitances from the phases to the mechanical bodyof the machine, which for safety reasons shall be grounded. This capaci-tance allied with the pulsed voltages, which are applied to the machine'swindings, generate common mode currents that �nd their way throughearthing connections. Another concern is with the DM pulsed voltagesapplied across the windings. These voltages are fed through cables which,2Converters employing an electric motor followed by a generator able to vary outputfrequency and voltage.3Energy conversion equipment relying on electronic devices and not on electrome-chanical devices. 82



ELECTRIC MACHINE MODEL FOR CONDUCTED EMISSIONSin general, do not present matched impedances with the motor's inputimpedances, thus generating oscillations and over-voltages as explainedin Section 2.6.2. In order to properly address these e�ects, mathematicalmodels for the machine shall be used [64]. These models are based on thegeometric construction of the motor and vary in complexity and �delitydepending on the type of performed analysis.As the geometrical complexity of a three-phase electric machine doesnot permit simple analytic models, two options are available: three dimen-sional simulation with EM �eld solvers and impedance measurements. Thechoice of the model shall be based on the required analysis, meaning thatif detailed information about voltage and current distribution inside themachine is required, a complex 3-D model with distributed impedancesis, most likely, the appropriate method. If only external currents and volt-ages are necessary, as it is the case for evaluating CE, lumped elementsnetwork should are su�cient [54].In the case of a machine which is already designed using 3-D simu-lations, a model might be readily available and a circuital model can becreated during the machine design phase. This option might prove to bee�cient when the ac drive converter and the machine are designed by thesame company, in a way that voltage and current stresses can be de�nedby design leading to an optimized con�guration with low CM currentsand over-voltages. At the moment, there is no reported activity in thisdirection in the literature. Unfortunately, the design group of a machineis usually located far away from the power converter design group. If thegroups are from di�erent companies, then the availability of a 3-D modelis very limited, no to say that old machines might not even have one. Forthis reason, impedance measurements is the mainstream technique in mo-tor modeling for conducted emissions [54, 60�72]. Another advantage ofmodeling through impedances is that thermal and electromagnetic e�ectscan be included in the modeling in much shorter times.The machine modeling can be divided into two parts, low frequencyequivalent circuits containing where the back emf is in series with anequivalent inductance and, a high frequency one, called motor high fre-quency input impedance [61] or surge impedance [121].Even though any electric machine is a complex network of distributedimpedances, most of the models presented in the literature use lumpedparameters. This is supported by the fact that most machines have dimen-sions which are inferior to 1 m, therefore much smaller than a wavelength83



CONDUCTED EMISSIONS ENVIRONMENT MODELINGfor 30 MHz, which is close to 10 m at free space.A model based on the internal interconnections of a machine was pro-posed in [54]. Each of the phase-belts is modeled with a series inductance
Lbs and resistance Rbs and a series RC connection Rbg, Cbg to the chas-sis. Capacitors Cbb connect the belt of di�erent phases as shown in Fig-ure 2.38. Coupling among the belts in a phase is considered as well. Thisnetwork is able to model a high number of resonances and voltages acrossa phase/belt. The drawback of this model is that internal impedance mea-surements must be performed, requiring the disassembly of the machineor external access to all belt connections.
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Figure 2.38: High frequency model for a three-phase motor as proposed in [54].A simpler model is presented in [126], where circuits for the study ofCM currents are proposed. Since this model is not valid for DM and itdoes not cope with higher order resonances it is not further consideredhere.In [60, 66] the model shown in Figure 2.39 has been presented, whichsimpli�es the model of Figure 2.38 [54]. This model shows good accuracy,even though it has no direct relation to all physical parameters of thephase-belts construction. This model is also referenced in [127], where84



ELECTRIC MACHINE MODEL FOR CONDUCTED EMISSIONSit is shown that it is capable of creating reproduceable curves, whichmatch the impedance measurements of machines of di�erent types andrated power well. It is also shown in [127] that small signal impedancemeasurements su�ce in obtaining faithful HF impedance models. In [70]it is shown that the HF impedances are independent of the rotor positionand can be derived through least-squares linear regression. Other modelsare presented in the literature [71,128,129] which include a higher numberof circuit elements in order to model higher order resonances, skin e�ectand bearing currents, but these are not the main objectives of this work.As a conclusion of the literature survey, the presented models dependbasically on the frequency range of interest and on the type of analysisrequired.For the stated reasons, the model shown in Figure 2.39 representsthe basis for the employed model, which is presented in Figure 2.40. Itis seen that a series RL connection (Rs3 + Ls3) is added in series toeach phase of the previous networks. This circuit helps increasing theuseful frequency range of the model by allowing a third resonance to beincluded as shown later in this section. Series inductances Lg are includedto extend the frequency range of the CM model. The calculation of themodel parameters is performed through a parameter identi�cation routineexplained in the following.As seen in Figure 2.40, the electric machine is modeled as a four ter-minal network. Schematically it is displayed in Figure 2.41, from whereits admittance matrix Ymotor can be de�ned and used for the solution ofthe identi�cation problem.A general matrix equation for the motor's admittance matrix Imotoris de�ned as,
Imotor = Ymotor ·Umotor










iA

iB

iC

iPE










=










y1,1 y1,2 y1,3 y1,4

y2,1 y2,2 y2,3 y2,4

y3,1 y3,2 y3,3 y3,4

y4,1 y4,2 y4,3 y4,4










·










uA

uB

uC

uPE










(2.26)85



CONDUCTED EMISSIONS ENVIRONMENT MODELING

Phase B

Cp2

Rs2 Ls2

Cp1

Rs1 Ls1
Cg/6

6Rg

Rp1 Rp2

Phase C

Cp2

Rs2 Ls2

Cp1

Rs1 Ls1
Cg/6

6Rg

Rp1 Rp2

Phase A

Cp2

Rs2 Ls2
Cg/2

2Rg

Cp1

Rs1 Ls1
Cg/6

6Rg

Rp1 Rp2

Rpc1 Rpc2

Rpc1 Rpc2

Rpc1 Rpc2
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Solving the circuits of Figure 2.42 and considering the admittance88



ELECTRIC MACHINE MODEL FOR CONDUCTED EMISSIONSmatrix of the circuit, it follows that,
Z01 =

1

y1,1 + y1,2 + y1,3 + y2,1 + y2,2 + y2,3 + y3,1 + y3,2 + y3,3
(2.27)

Z02 =
y4,4

y1,1y4,4 + y1,4y4,1
(2.28)

Z03 =
y3,3y4,4 − y3,4y4,3

y1,1 (y3,3y4,4 − y3,4y4,3) + y1,3 (y4,1y3,4 − y4,4y3,1) + . . .

+y1,4 (y4,3y3,1 − y3,3y4,1)

(2.29)
Z04 =

y2,2y3,3 − y2,3y3,2

y1,1 (y2,2y3,3 − y3,2y2,3) + y1,2 (y3,1y2,3 − y3,3y2,1) + . . .

+y1,3 (y3,2y2,1 − y2,2y3,1)

. (2.30)
De�ning the following impedances from the branch impedances of Fig-ure 2.40 as,

Z1 = Rs1 + sLs1 (2.31)
Z2 =

1
1

Rp2
+ sCp2 + 1

Rs2+sLs2

(2.32)
Z3 =

1
1

Rp3
+ sCp3 + 1

Rs3+sLs3

+ Z1 (2.33)
Z4 = 6Rg +

6

sCg
+ 6sLg. (2.34)The admittance matrix elements, which de�ne the motor network, aregiven as, 89
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y1,1 =

3Z2
2 + 6Z2(Z3 + Z4) + 3Z2

3 + 6Z3Z4 + 2Z2
4

3Z4 [Z2
2 + Z2

3 + Z3Z4 + (2Z3 + Z4)]
(2.35)

y1,2 =
−Z4

3 [Z2
2 + Z2

3 + Z3Z4 + (2Z3 + Z4)]
(2.36)

y1,3 = y2,1 = y2,3 = y3,1 = y3,2 = y1,2 (2.37)
y1,4 =

Z2 + Z3 + 4Z4

Z4(Z2 + Z3 + Z4)
(2.38)

y2,2 = y3,3 = y1,1 (2.39)
y4,1 = y4,2 = y4,3 = y1,4 (2.40)
y4,4 =

−3(Z2 + Z3 + 4Z4)

Z4(Z2 + Z3 + Z4)
. (2.41)

The electric motor employed in the CE tests for the case at hand is athree-phase asynchronous machine manufactured by Otto Bartholdi AGof model HAC 145 S 08 U2/RA rated for 2 kW / 330 V / 5.37 A / cosφ =
0.77. Measuring the impedances of this machine as given in Figure 2.42leads to the curves shown in Figure 2.43, where the frequency ranges(LF area, HF area) and the resonance frequencies (f1, f2 and f3) arede�ned. These ranges and frequencies are used to acquire information onthe dominant e�ects that de�ne the impedances. The measurements wereperformed on three di�erent con�gurations, exchanging the terminals A,
B and C, except for Z01. The shown results are an average of the threemeasurements, where the consideration of symmetric networks for thethree phases is done throughout the identi�cation procedure.

For the LF area the following variables are de�ned,90
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Figure 2.43: Impedance measurement results.
CLF =

1

2πf |Z01| sin (∠Z01)
∼= 1

2πf |Z04| sin (∠Z04)
(2.42)

LLF = 2πf |Z02| sin (∠Z02) ∼=
8πf |Z03| sin (∠Z03)

3
(2.43)

RLF = |Z02| cos (∠Z02) ∼=
4 |Z03| cos (∠Z03)

3
. (2.44)91



CONDUCTED EMISSIONS ENVIRONMENT MODELINGAs it is observed in Figure 2.43, the impedance curves for Z02 and
Z03 in the LF area do not increase at a 20 dB (10 times) per decade rateas expected from a pure inductance. Therefore, the impedances presenta strong dependency with frequency. For this reason the variables LLFand RLF are curve �tted, while CLF is approximately constant. Theseare de�ned as,

LLF (f) ∼=
5.476 H

(
623.237 · 10−6f + 1

)2.302

(37.606 · 10−6f + 1)
2.763 (2.45)

RLF (f) ∼= 18.807 · 10−3 Ω

(988.349 · 10−6f + 1)
0.106

(166.667 · 10−9f + 1)
4.000 (2.46)

CLF
∼= 1.994 nF. (2.47)For the HF area, an equivalent capacitance CHF can be de�ned as theseries connection of two capacitances C1 and C2, which are a combinationof Cp1 and Cp2 as shown later in this section. This capacitance is de�nedas,

CHF =
1

1
C1

+ 1
C2

. (2.48)At the highest impedance peak of Z02, the �rst resonance frequency
f1 is de�ned,

f1 =
1

2π
√

L1C1

∼= 76.5 kHz. (2.49)The second resonance frequency f2 is de�ned,
f2 =

1

2π
√

L2C2

∼= 211.2 kHz. (2.50)Finally, the third resonance f3 takes place at the minimum impedancemeasured for Z01, 92
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f3 =

1

2π
√

L3C3

∼= 20.827 MHz. (2.51)For frequencies much lower than f3 the impedance measurements Z02and Z03 are dominated by the series connection of the serial branchescomposed of Rs1, Ls1, Rs2, Ls2, Rp1, Cp1, Rp2 and Cp2. Thus, they canbe considered in a simpli�ed network as shown in Figure 2.44.
C2

Rsb L2

C1

Rsa L1

Rpa Rpb

Rsc L3Figure 2.44: Simpli�ed network to derive values of resistances, inductancesand capacitances with Z02.De�ning a total inductance as,
Ltotal = L1 + L2

∼= LLF (f) (2.52)and observing Figure 2.44 leads to the relations:
C1 =

CHF

[
(2πf2)

2 − (2πf1)
2
]

[LtotalCHF (2πf2)2 − 1] (2πf1)2
(2.53)

L1 =
LtotalCHF (2πf2)

2 − 1

CHF [(2πf2)2 − (2πf1)2]
(2.54)

C2 =
CHF

[
(2πf2)

2 − (2πf1)
2
]

[LtotalCHF (2πf1)2 − 1] (2πf2)2
(2.55)

L2 =
LtotalCHF (2πf1)

2 − 1

CHF [(2πf2)2 − (2πf1)2]
. (2.56)The value of inductance Ltotal is LLF , but it is frequency dependent.93



CONDUCTED EMISSIONS ENVIRONMENT MODELINGThus, the value of the �tted function at the respective resonance frequencyis chosen, so that,
C1 =

CHF

[
(2πf2)

2 − (2πf1)
2
]

[LLF (f1)CHF (2πf2)2 − 1] (2πf1)2
∼= 398.6 pF (2.57)

L1 =
LLF (f1)CHF (2πf2)

2 − 1

CHF [(2πf2)2 − (2πf1)2]
∼= 10.853 mH (2.58)

C2 =
CHF

[
(2πf2)

2 − (2πf1)
2
]

[LLF (f2)CHF (2πf1)2 − 1] (2πf2)2
∼= 762.1 pF (2.59)

L2 =
LLF (f2)CHF (2πf1)

2 − 1

CHF [(2πf2)2 − (2πf1)2]
∼= 443.9 µH. (2.60)The total capacitance from the phases to ground can be derived forthe LF area of measurement Z01, which is,

Cg = CLF
∼= 1.994 nF. (2.61)At the �rst resonance, the parallel resistanceRpa of the �rst impedancebranch dominates the impedance value of Z02, while the parallel resistance

Rpb of the second impedance branch dominates the impedance value of
Z02 at the second resonance. This leads to the relations,

Rpa = |Z02| (f1) ∼= 10.53 kΩ (2.62)
Rpb = |Z02| (f2) ∼= 2.95 kΩ. (2.63)For the evaluation of the series resistances Rsa and Rsb for the LFarea the ratio of the inductances is used,94
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Rsa = RLF (10 kHz) L1

L1 + L2

∼= 203.57 Ω (2.64)
Rsb = RLF (10 kHz) L2

L1 + L2

∼= 8.33 Ω. (2.65)
At the third resonance, the impedance of Z02 is dominated by theseries resistance Rsc, from where,

Rsc = |Z02| (f3) ∼= 14.71 Ω. (2.66)
Inductance L3 can be found by the series resonant circuit composedof capacitors C1 and C2 and L3, so that,

L3 =
1

(2πf3)2CHF

∼= 192.13 nH. (2.67)
Comparing the networks of Figure 2.44 and Figure 2.40 the values ofthe components can be de�ned as, 95
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Rs1 =

2

3
Rsa

∼= 135.71 Ω (2.68)
Ls1 =

2

3
L1

∼= 7.235 mH (2.69)
Rp1 =

2

3
Rpa

∼= 7.02 kΩ (2.70)
Cp1 =

3

2
C1

∼= 597.9 pF (2.71)
Rs2 =

2

3
Rsb

∼= 5.55 Ω (2.72)
Ls2 =

2

3
L2

∼= 295.93 µH (2.73)
Rp2 =

2

3
Rpb

∼= 1.97 kΩ (2.74)
Cp2 =

3

2
C2

∼= 1.143 nF (2.75)
Rs3 =

2

3
Rsc

∼= 9.81 Ω (2.76)
Ls3 =

2

3
L3

∼= 128.09 nH. (2.77)Based on the third resonance and the known value of Cg, the value ofthe inductance Lg can be found,
Lg =

1

(2πf3)2Cg

∼= 29.19 nH. (2.78)Finally, the value of the resistance Rg can be derived from theimpedance of Z01 at the third resonance, leading to,
Rg = |Z01| (f3) ∼= 4.0 Ω. (2.79)96



ELECTRIC MACHINE MODEL FOR CONDUCTED EMISSIONSIn practice, some of the values required corrections and the �nal valuesof the elements are presented in Table 2.10.Table 2.10: Final values for the components of the motor model.Component Value
Rs1 135 Ω

Ls1 7.2 mH
Rp1 7.5 kΩ
Cp1 590 pF
Rs2 5.5 Ω
Ls2 495 µH
Rp2 2.3 kΩ
Cp2 1.15 nF
Rs3 9.8 Ω
Ls3 128 nH
Rg 3.0 Ω
Lg 38.8 nH
Cg 2.0 nFBased on the values of Table 2.10 and the schematics shown in Fig-ure 2.40 the model can be compared to the measured impedances. This isdone in the impedance curves shown in Figure 2.45 and Figure 2.46. These�gures show the impedances obtained with the test setups presented inFigure 2.42 for, both, measurements and circuit simulation.With the comparison done in Figure 2.45 and Figure 2.46 it is observedthat the high number of structural resonances can not be completelymodeled. The high frequency structural resonances can not be modeleddue to the relatively low order of the machine's models (cf. Figure 2.40),while the small di�erences in the resonances located in the range from 100kHz to 1 MHz can be explained with the asymmetries observed betweenthe impedances of the three motor phases.Regardless of the noticed di�erences, a very good agreement in allimpedance curves is seen, which validates the use of this model for con-ducted emission analysis. 97
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Figure 2.45: Comparison of impedance measurements Z01 and Z02 with thepresented machine model. 98
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Figure 2.46: Comparison of impedance measurements Z03 and Z04 with thepresented machine model. 99



CONDUCTED EMISSIONS ENVIRONMENT MODELING2.8 SummaryThis work focuses on the control of conducted emissions from three-phasepower converters through proper HF �ltering aiming for EMC. Detailedinformation on the electrical environment where a power �lter is con-nected to is paramount to �lter design. The requirements for the �ltercomponents and practical installations can vary in large extent due tovoltage ratings, power distribution transformers connections and earth-ing techniques.The scope of the work is limited to low voltage supplied systems,where earthing practices dictate speci�c requirements for EMC �ltering.Earthing connections generate current paths through which HF electricalnoise can �ow and, thus creating a potential problem for EMC. Never-theless, earthing is mandatory due to safety and fault protection reasons.Thus, the functionality problem generated by earth connections can notbe solved by avoiding these connections.The �rst step towards a �lter design is the knowledge about its installa-tion. The connections and voltage levels in LV power distribution systemsmight vary in great extent. This requires di�erent voltage ratings for �l-tering components, possible asymmetries in the circuits, alternatives forinstalling multiple (one per equipment) or single (one per installation) �l-ters, environmental conditions and safety requirements. Safety standardsshould be observed, since they imply in direct requirements for the com-ponents of a power �lter. The main requirements from safety aspects aresummarized as: maximum earth leakage currents, behavior during faults,insulation levels, clearance and creepage distances between conductorsand components.Equipments are tested for conducted emissions in electrical environ-ments that are de�ned in EMC standards. Only civil standards are con-sidered here. These standards clearly specify the physical disposition ofmeasuring apparatus, ground planes, cables and the equipment under test(EUT). Interface equipments (LISN) are also de�ned, providing well con-trolled impedances and the interface between an EUT and a test receiver.Di�erent electrical models for a standard LISN were shown, which pro-vide di�erent degrees of accuracy. A complete model requires more com-ponents, thus more complexity, while simpli�ed models are appropriatefor the evaluation of HF emissions in a �lter design phase.Standards also specify the type of measurements that are carried out100



SUMMARYwith an EMC test receiver. These measurements are performed with acomplex system presenting results in frequency domain. Di�erent typesof detectors are used, but for conducted emission testing, peak, quasi-peakand average detectors are speci�ed. A model for the complete frequencydomain measurement chain was presented, including the non-linearities ofthe QP detector. In order to simplify numeric calculations in a computer,a range was proposed which covers the minimum and maximum valueswhich can be measured with the QP detector. With this, the computa-tional e�ort is reduced and safe margins are provided for a �lter design.The interconnection between the three-phase PWM converter and theLISN or power grid is typically done with a four- to �ve- conductors cable.This cable is of high importance for high frequencies since it may attenuatenoise or generate harmful resonances with an input �lter. A distributedparameters model for a �ve-conductor cable was presented and con�rmedthrough comparison among several impedance measurements.For recti�er systems, a dc load is expected to be downstream connectedand this is di�cult to specify before hand. Typically, long cables are notemployed at the dc output. Therefore, output cables are not modeled forPWM recti�ers and speci�c load modeling shall be done depending onthe type of load, switched, passive, pulsed and so on, connected to therecti�er's output. For the case of ac-to-ac converters used as ac motordrives, the motor cable is of high importance since it can be very long.This generates a complex impedance matrix which might be responsiblefor high noise currents. Cable shielding is typically employed in order tocontrol radiated emissions. A model for a �ve-conductors plus shieldingis presented, which is based on �per unit length� parameters obtainedthrough a parameter identi�cation procedure. Numeric simulations resultswith this model are compared with impedance measurements, where goodagreement is observed to frequencies up to 30 MHz.Electric machines represent typical loads for three-phase PWM con-verters. These machines are a complex network of distributed impedancesand di�cult to completely model. Lumped elements based models areproposed in the literature that are speci�c for di�erent types of analysis,including conducted emissions generation. Based on a literature survey,a model for a 2 kW asynchronous machine is derived. The parameteridenti�cation routine is explained in detail and, again, impedance mea-surements are compared with simulation results demonstrating very goodtuning of the parameters. 101



CONDUCTED EMISSIONS ENVIRONMENT MODELINGThis chapter has presented the detailed modeling of the main compo-nents of a conducted emissions test setup, including LISNs, test receivers,cables and load. The modeling allows for the estimation of HF noise com-ponents generated by a PWM converter, so that the evaluation of both,�lter attenuation requirements and �lter performance prior to the con-struction of a prototype, having the potential of lowering the design costsand the required number of prototypes.
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Chapter 3Modeling of Three-PhasePWM Converters as NoiseSources �When the river is deepest,it makes least noise.� Proverb3.1 IntroductionThree-phase PWM converter systems are frequently employed as front-end (recti�ers) or direct conversion (matrix converters) power stages inutility interfaced systems such as power supplies for telecommunicationsystems, process technology and AC drive applications. They are commer-cially and technically attractive for presenting smaller dimensions, lowercost and improved electrical performance when compared to mains fre-quency switched three-phase converters, diode bridges, thyristor bridgesor cycloconveters. On the other hand, PWM converters are, in general,less robust and generate voltages and currents with rich high frequencyharmonic contents, thus being known sources of HF noise.The PWM converters, for which input EMC �lters are studied in thiswork, are: 103



THREE-PHASE PWM CONVERTERS AS NOISE SOURCESi. Three-Phase Buck+Boost PWM Recti�ers [130];ii. Three-Phase Three-Level Boost PWM Recti�ers [77, 131]; and,iii. Three-Phase Sparse Matrix Converters [85, 88].All PWM converters have in common that square-type pulses are ap-plied to the input port of semiconductor switching devices. These square-wave pulses present time varying duty-cycles which turn the semiconduc-tors on and o� in a coherent way. This way, the required modulationpattern is applied and the desired energy transference and control areaccomplished. This ensures that very low losses are inherent to the en-ergy processing scheme and high e�ciencies are observed. The side e�ectof this process is the generation of harmonic contents at the multiplesof the switching frequency with side-bands that depend on modulationstrategies and involved low-frequency waveforms. This is the basic noisegeneration mechanism for PWM converters.The proper identi�cation of the noise spectra allows, together with thedetermination of noise paths, for the early determination of �ltering re-quirements and possibilities, thus, an e�cient �lter design work-�ow. Forthe speci�c case of three-phase converters the exact analytic calculationof such spectral contents is of high complexity [132, 133] and sometimesvarying upon operating conditions such as energy regeneration, low orhigh modulation indexes and load. Therefore, simpli�cations are usuallyperformed for the determination of relevant spectra. Other methods in-clude numerical simulation with varying degree of complexity and directhardware measurements.The EMC modeling of power converters based on direct hardwaremeasurements [64, 134�137] has, over all other methods, the tremendousadvantage of including all electromagnetic and thermal e�ects involvedin the system. The obvious disadvantages of this type of modeling arethe di�culties of implementing modi�cations and the uncertainties of notknowing exactly which mechanisms generate the observed e�ects. In a laststep before EMC certi�cation this method is, of course, employed and theengineering skills of the designers are required to assess the complianceof the equipment or to realize required improvements when necessary.Di�erent techniques with varying degrees of complexity are employed inthis method, such as:� conducted emissions testing; 104



INTRODUCTION� identi�cation of dominant noise modes through noise separators (seesection 5);� use of electric and/or magnetic �eld probes;� impedance measurements;� oscilloscope acquisitions;� spectrum analyzer measurements of various variables, includingzero-span mode;� network analyzer, including measurements of insertion loss and S-parameters;� current transducers;� thermal measurements;� mechanical modi�cations, including variations of electrical connec-tions and shielding;� change of components and materials;� visual inspection and others.Computer based simulations is another wide spread method of model-ing Power Electronics systems. These simulations di�er in modeling com-plexity, typically, proportionally with the applied e�orts. Simulations aim-ing for EMC purposes might model a multi-physics environment involvingthree-dimensional electromagnetic �led solvers, heat �ow dynamics, con-trol strategies, calculations of losses and electric circuits solvers. Thesesimulations are not yet common, since the computational e�ort is im-mense. Most of today's applications perform more than one type of sim-ulation neglecting to some extent the couplings among di�erent physicaldomains. For instance, a circuit simulator might generate the currentswhich are to be applied in a simpli�ed 3-D model for �nding the electric�eld in the surroundings of the converter, while the measured losses areused to dimension a required cooling system. Again, di�erent complexitycan be used depending on the objective of the simulation. The advantagesof numerical simulations are the easiness of modifying important param-eters, reduced costs and study of the e�ects of each part of the circuit.105



THREE-PHASE PWM CONVERTERS AS NOISE SOURCESThe precision of a simulation relies not only on the software, but mostimportantly in the construction of the model.In practice, the three approaches (analytic calculation, experimentsand simulation) might be coupled together in di�erent design stages. Theproper management and coordination of these tasks, allied to practicalexperience, usually leads to appropriate models and subsequent EMCcompliance. In the following section di�erent examples of the applicationof these techniques are presented, where the main objective is to establishmodels that provide reliable data for the design of EMC �lters for three-phase PWM converters.In this chapter, examples of the three approaches are employed in themodeling of the aforementioned power converters, aiming for the e�cientdesign of EMC �lters.3.2 Basics on Spectral Contents of PWMWaveformsIt is well known that periodic functions can be decomposed into otherperiodic functions, called basis functions. The basis functions are typ-ically simpler than the original function and have the same period orsub-multiples of the original period. With this, complex signals can bedecomposed into simple functions that are advantageous to work withfrom a mathematical perspective. Considering linear systems, the princi-ple of superposition can be used so that the e�ects of each basis functioncan be summed in order to obtain the total response of the system. InElectrical Engineering the most used basis functions are the sinusoidsleading to the Fourier transformation. This is illustrated in Figure 3.1,where it is seen that the originally distorted signal S is decomposed into�ve sinusoids, which are simply de�ned by their peak value, frequency andphase. Furthermore, the energy associated with each sinusoidal signal iswell understood.The Fourier transformation is mathematically de�ned with,
S(t) = 2c0 +

∞∑

n=1

|cn| cos (nω0t + ∠cn) , (3.1)106



BASICS ON SPECTRAL CONTENTS OF PWM CONVERTERS
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Figure 3.1: Decomposition of repetitive signal of period Ts into a sum of sinu-soids with harmonic frequencies at the multiples of the fundamental frequency.where cn are the complex-exponential expansion coe�cients consideringonly positive frequencies, so that their magnitude is double. The fun-damental angular frequency is de�ned as ω0 = 2πf . By using Euler'sidentity,
cos θ =

ejθ + e−jθ

2
(3.2)

sin θ =
ejθ − e−jθ

2j
(3.3)this sum of complex-exponentials returns to the sum of real and sinusoidalfunctions. The complex-exponential expansion coe�cients are typicallyeasier to derive than the trigonometric coe�cients.The expansion coe�cients are calculated with,

cn =
1

Ts

∫ t0+Ts

t0

S(t)e−j nω0 tdt, (3.4)and, for n = 0 it follows that the coe�cient is the average value of thesignal S(t) in a period, 107



THREE-PHASE PWM CONVERTERS AS NOISE SOURCES
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Figure 3.2: Analyzed signals.Considering two signals, a trapezoid with constant duty-cycle andequal rise and fall times and another one with superposed oscillations,as depicted in Figure 3.2 and de�ned with,
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BASICS ON SPECTRAL CONTENTS OF PWM CONVERTERSThe expansion coe�cients for these two signal are given by,
cst,n = δE

sin(1
2nω0δ Ts)

1
2nω0δ Ts

sin(1
2nω0tr)

1
2nω0tr

e
−j n ω0(δ Ts+tr)

2 , (3.8)and,
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+ e(−j 2π fo+α)[Ts(1−δ)−tr] + e−δ Ts(j 2π fo+α)+j 2π tr fo− j 2π n t
Ts +

−eδ Ts(j 2π fo−α)−j 2π tr fo− j 2π n t
Ts

)

− 2π Uo fo

(

+e−(j 2π fo+α)[Ts(1−δ)−tr ] +

+ e(−j 2π fo+α)[Ts(1−δ)−tr] − e−δ Ts(j 2π fo+α)+j 2π tr fo− j 2π n t
Ts +

−eδ Ts(j 2π fo−α)−j 2π tr fo− j 2π n t
Ts − 2 e

j 2π n t
Ts

+α tr + 2
)] 1

2

1

α2 + 4π2f2
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.(3.9)Signals st(t) and so(t) can model to some extent the behavior ofswitched voltages and are very common waveforms in the study of PowerElectronics systems. The signal so(t) has the capability of modeling over-voltages and oscillations that occur during on/o� transitions of turn-o�semiconductor switches. However, it is seen that the calculation of the ex-pansion coe�cients leads to a complex expression that does not providemuch insight into the physics of the signal. Furthermore, the coe�cientsemployed to model the signal so(t) typically depend strongly in the circuittopology, semiconductor characteristics, gate drivers, operating currents,voltages and temperature and parasitic elements. The actual waveformsare more complex and the calculation of Fourier expansion coe�cientsmight be a task of formidable e�ort. Nevertheless, plotting the spectrumof these two signals as in Figure 3.3 shows that the in�uence of the os-cillations happens at high frequencies and is a localized e�ect around theoscillation frequency fo. Except from this e�ect around the oscillation fre-quency, the ideal trapezoid signal presents basically the same spectrumas the more complex signal. Furthermore, both spectra present envelopefunctions that have asymptotes that decrease at a -20 dB per frequency109



THREE-PHASE PWM CONVERTERS AS NOISE SOURCESdecade until the frequency given by 1
π tr

and -40 dB per decade for higherfrequencies. This shows the importance of the rise time in power signals.Thus, longer rise times lead to lower high frequency spectral energy andlower emissions.
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ςt(f) =
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∣
. (3.10)The envelope for the signal with oscillations ςo(f) can not be directlydetermined. Thus, an empirical approximation is done, leading to,
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BASICS ON SPECTRAL CONTENTS OF PWM CONVERTERS
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.(3.13)The envelope functions can be employed as worst case approximationsfor the spectra of the trapezoidal signals.
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1 + M sin(2π
1

Tg
t + φ)

]

, (3.14)where M is the modulation index.The function p(t) can have its frequency spectrum calculated throughdi�erent techniques. Employing superposition, the Fourier transformationcan be applied to each of the pulses, deriving the expansion coe�cientsfor each of them. This approach, although simple in its principle, gener-ates extremely long expressions, since the delay between the pulses mustbe considered. The total number of terms, even neglecting rise and falltimes and oscillations, is proportional to the ratio between the frequency
1/Tg and the switching frequency 1/Ts. If more detail in the signal de-scription is required in order to increase the frequency range where themodel is valid, the number of terms in the expressions for the Fourierexpansion coe�cients grows accordingly. The frequency spectrum com-puted with Fast Fourier Transform (FFT) algorithm for the function p(t)for Ts = 1/(100 kHz), E = 400 V and Tg = 1/(100 Hz) is plotted in Fig-112



BASICS ON SPECTRAL CONTENTS OF PWM CONVERTERSure 3.5 along with the envelope function ςt(f) of the ideal trapezoidalsignal with a duty-cycle of 0.7, which is equal to the modulation indexfor p(t). It is observed that the sinusoidal variation of the duty-cycle δ(t)changes the spectrum, but the peak amplitudes are still in accordancewith the envelope for an ideal trapezoid with constant duty-cycle. Thisexample shows that simple waveforms are able to produce envelopes whichwork as worst case approximations for more complex signals. The enve-lope functions are very useful for designing EMC �lters, since worst caseattenuation requirements and equivalent noise sources can employ theminstead of the complex expansion coe�cients. This approach can also beemployed to other functions and is used in some of the following models.The e�ect of the variation of the duty-cycle is seen in Figure 3.6, wherea view around the frequency 1/Ts is depicted. The variation of the duty-cycle occurs with a frequency of 100 Hz. Thus, there are side-bands spaced100 Hz from each other. It is also shown the amplitude of the harmoniccalculated for the ideal trapezoid with same frequency Ts = 1/(100 kHz),constant duty-cycle δ = 0.7 and amplitude E = 400 V. The amplitude ofthe single harmonic is higher than the peak amplitude of the sinusoidalPWM signal. By calculating the local RMS value of the spectrum of p(t)at 100 kHz with,
Hp(100 kHz) =

√
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√
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101 kHz∑

f=99 kHz

|F{p(t)}|2, (3.15)and neglecting the in�uence of other harmonics, it follows that the localRMS of p(t) is lower than the harmonic value of st(t) at 100 kHz. This sit-uation might be very much di�erent for other frequencies, but it explainsthe proximity of the envelope function to the sinusoidal PWM pattern.State-of-the-art three-phase PWM converter typically present duty-cycles that are very complex to compute before hand. The calculations ofthe Fourier expansion coe�cients for these are even more complex. Thedi�culties imposed by the calculations lead, either to the employmentof numerical simulation tools, or to the direct measurement of signals oremission levels.Numerical simulations of PWM converters in the time domain, leadingto time domain waveforms which are post-processed with proper FastFourier Transformation algorithms are able to provide accurate spectra113
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E = 400 V.of relevant voltages and currents. This technique has the advantage of notrequiring the construction of a prototype nor the calculation of extremelycomplex duty-cycles and Fourier expansion coe�cients. Furthermore, thein�uence of di�erent modulation schemes and operating conditions canbe readily studied. Furthermore, this technique gives the condition ofdesigning �lters before a prototype is built and, thus, has the potentialto shorten design time. Of course, the level of details employed in thesimulations is of high importance and, ultimately are responsible for theachievable accuracy.Another approach to estimate noise sources is the direct measurementof relevant signals in a operational prototype. This strategy has the clearadvantage of including all parasitic e�ects of the layout and semiconduc-tor characteristics, accounting for thermal and environmental in�uences.On the other hand, it has the drawback of requiring an operational pro-totype and measurement equipments with high frequency bandwidth andamplitude accuracy.In the following sections, models for di�erent three-phase PWM con-verters are derived for CM and/or DM. The presented models vary incomplexity, modeling methodology and degree of precision. Some of themodels present experimental results attesting the validity of the models114



CM MODEL OF A THREE-PHASE BUCK-TYPE PWM RECTIFIERand their useful frequency range.As an important observation, the aim of the presented models is to de-sign input EMC �lters. Thus, very large frequency ranges are not required,since the bulky components of an LC �lter have their size determined bythe highest attenuation demand, which is typically the lowest frequencyto be �ltered. This is due to two facts: (i) higher frequencies are ide-ally highly attenuated by the �lter components and; (ii) the spectrum oftypical PWM signals decreases with frequency.3.3 CM Model of a Three-Phase Buck-TypePWM Recti�er SystemThe three-phase buck-type PWM recti�er (cf. Figure 3.8) has been pre-sented in the literature [138] and is well suited for utility interfaced sys-tems, where the recti�ed output voltage is required to be lower thanthe input voltages and the input currents are required to be of high qual-ity [139,140]. The integration of a boost-type output stage as in [141�143]allows for higher output voltages employing the same input stage. Thistype of system �nds its application in telecommunication energy systemsor as front-end for various applications such as plasma power supplies,process technology and others. A photograph of the built prototype de-picted in Figure 3.7 and the power circuit of this system is shown inFigure 3.8.Due to the discontinuous input currents of this system [138], at least asingle-stage LC di�erential mode (DM) input �lter is obligatory, however,for full compliance to EMC standards [25, 39] the conducted di�erentialand common mode conducted emissions (CE) propagating to the mainshave to be attenuated su�ciently. For this reason, EMC input �lters mustbe employed with this recti�er. Since the DM �lter mainly de�nes thepower density, the low-load power factor and the dynamics of the system,it is advantageous to design this �lter stage in a �rst step, by employingeither a numerical calculation procedure or using a CM/DM separator aspresented in [130] for the buck-recti�er system. For the recti�er used here,the DM �lter stage designed in [130] is used. Furthermore, the DM �ltercomponents in�uence the behavior of common mode current propagationpaths and are, therefore, required for a CM modeling procedure.115
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CM MODEL OF A THREE-PHASE BUCK-TYPE PWM RECTIFIER
CoSR

LDM,T

R S T

uN,R

UoSS ST DF

Lo+

C1,T

Lo-

SB

DB

LDM,SLDM,R

C1,R C1,S

uN,S uN,TFigure 3.8: Structure of the power circuit of a three-phase three-switch buckPWM recti�er with integrated boost output stage designed for the realization ofthe input stage of a 5 kW telecommunications power supply module switchingat fp = 28 kHz. For clarity, only the DM �lter components [130] which arerelevant for the CM �lter design (LDM,i and C1,i) are shown, where LDM,i isthe sum of all DM �lter inductances of a phase.tances into account, connecting each node of the power circuits, includethe inductances of the interconnections and their mutual magnetic cou-plings. However, for the task of designing an input �lter, the presentedmodel should su�ce.The common mode current iCM �owing through the three phases andthe three DM �lter inductors to the mains causes an according noiselevel at the supplying mains and/or LISN network, in case of the CEtesting process. Assuming, due to LLISN,i, at high frequencies an idealdecoupling of the EUT to the mains, and a perfect coupling with thetest receiver, through CLISN,i in a simpli�ed consideration, the equivalenthigh frequency circuit Figure 3.10 is obtained and only low frequencycomponents circulate to the mains (iCM,1).The CM current path is closed through the parasitic capacitances(CMP−GND, CSB−GND, CCo−GND and CRo−GND) between the PE termi-nal, the heatsink and the elements of the power circuit. For the CM cur-rent the three phases are lying in parallel, therefore, one third of the DMinput �lter inductor value becomes e�ective as depicted in Figure 3.10,and one third of the test receiver sensing input resistance RLISN,i is seen117



THREE-PHASE PWM CONVERTERS AS NOISE SOURCES
2C0

DF

L0+

C1,i

L0-

RLISN,i

2C0 R0 /2

R0 /2

CMP-GND CC0-GND CR0-GND

iCM

Heatsink

SR SS ST

LDM,R

LDM,S

LDM,T

CLISN,i

LLISN,i
ui

iCM,1

iCM,1<  iCM<

+

–

SB

DB

CSB-GNDFigure 3.9: Propagation model of the common mode currents in the recti�ersystem used for deriving the CM noise model.by the common mode current. The capacitance CMP−GND is the lumpedcapacitance model for the high frequency connection between the powermodules (SR, SS , ST ) and the heatsink. It is drawn in Figure 3.9 in thenegative rail since a higher capacitance is observed at the anodes of thediodes. Capacitance CSB−GND is the lumped capacitance model for thehigh frequency connection between the boost switches (SB , DB) and theheatsink. For these switches, a higher capacitance is observed at the drainof the MOSFET SB.Still regarding CM paths, on the DC side of the recti�er circuit, the twoDC inductances Lo+ =Lo−=Lo/2 are lying in parallel. If the capacitancesfrom the output capacitors to ground, which are distributed parasitic ca-pacitances, are summed into a single total capacitance CCo−GND, one pathwith output capacitance C0 results and this path is here modeled as a fourtimes the capacitance of the output foil capacitors C0,foil = 220 nF placedin parallel with the electrolytic ones. The capacitance CCo−GND modelsthe in�uence of the parasitic capacitive connection from the printed cir-cuit board output traces to the heatsink. This capacitance is placed inthe center point of the output foil capacitors because of the large planein the PCB placed with this potential. The distributed capacitances fromthe load resistor to ground are modeled through CRo−GND from the loadmiddle-point to ground which results in a path with R0/4.The main parasitic components of the DM �lter inductors and outputinductors are modeled with the parasitic capacitances CLdm and CLo.118



CM MODEL OF A THREE-PHASE BUCK-TYPE PWM RECTIFIER
LDM /3

uCM

CMP-GND
CCo-GND

CRo-GND

Ro /4Lo /4

RLISN /3

iCM

Middle-point of the 

rectifier output

Middle-point of 

the load

Middle-point of the 

output capacitorsStar-point of the 

input phases

4 
4 

Co
.

3 CLdm
. 2 CLo

.

ESLCo

uMEAS

CSB-GNDFigure 3.10: CM noise propagation model for the three-phase buck-type PWMrecti�er with integrated boost output stage. Components values: LDM = 270
µH ; Lo = 2 mH ; C0 = 750 µF; CMP−GND = 141 pF ; CRo−GND = 57 pF ;
CCo−GND = 283 pF.The equivalent series inductance of the output foil capacitors is modeledwith ESLCo.The recti�er itself is modeled as a common mode voltage source uCMthat drives the potential between the star-point of the recti�er input (lyingat the star-point of the DM input �lter capacitors, which are not relevantfor the CM noise model) and the middle-point of the recti�er output.Estimation of the Model ParametersFor the measurement and estimation of the relevant capacitances in-cluded in the CM propagation paths (CMP−GND, CSB−GND, CCo−GNDand CRo−GND), four impedance measurements are performed with animpedance analyzer Agilent 4294A, well suited for the relevant frequencyrange.For evaluating CRo−GND a simple impedance measurement is carriedout with disconnected power cables leading to a high frequency equivalentcircuit presenting a resistor, an inductor and a capacitor is series, fromwhich only the capacitance value is used in this design procedure and hasa value of CRo−GND = 57 pF. The same procedure in applied to measurethe impedance of the output capacitors and of the output inductors. Theresults for these components are displayed in Figure 3.12.The DM �lter inductors LDM,i are modeled as a parallel connection119



THREE-PHASE PWM CONVERTERS AS NOISE SOURCESof R = 3 kΩ, L = 270 µH and C = 52 pF.The mathematical estimation of the capacitances CMP−GND,
CSB−GND and CCo−GND is done through two impedance measurements.For these measurements, it is considered that capacitances CSB−GND and
CCo−GND are in parallel. This assumption is valid, since the high fre-quency impedance of the output capacitors is relatively small. The rec-ti�er is disconnected from the mains and the load and the impedance
ZCo−GND are measured according to the setup shown in Figure 3.11,where it is seen that some diodes are shorted in order to measure a com-mon impedance from the input side of the converter to the heatsink.
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∼= 141 pF.All the parameters of the equivalent circuit of Figure 3.10 are known.The remaining unknown is the CM noise source voltage spectrum for thevoltage source uCM .In order to obtain the spectrum for the voltage source uCM , a simpli-�ed time domain simulation of the system is performed for the circuit ofFigure 3.14. The objective of the simulation is to measure voltages uo+,PEand uo−,PE, so that the CM voltage can be computed with,121
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. (3.18)The simulated time behavior of the CM voltage is depicted in Fig-ure 3.15. This voltage is formed by portions of the line-to-line voltages122



CM MODEL OF A THREE-PHASE BUCK-TYPE PWM RECTIFIERand has a maximum high frequency peak-to-peak amplitude of approx-imately UCM,HF,pp = (3/
√

8 )UN,rms. With this, the CM voltage of thethree-phase Buck PWM recti�er is relatively small when compared to theCM voltage in boost-type recti�ers. The counterpart of that is that theDM emissions are larger due to the discontinuous input currents.
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Figure 3.15: Time behavior of the CM voltage uCM computed with eq. (3.18).Computing the Fast Fourier Transform for the CM voltage leads to thespectrum presented in Figure 3.16. Experimental tests in the prototypeshow that, in average, the switching times are around tr = 200 ns. Thepeak RMS voltage is approximately 45 V at the switching frequency (28kHz) and the spectrum decays by -20 dB/decade up to 1/(π tr) ∼= 1.6MHz, from where -40 dB/decade follows.In order to use the characteristics of this spectrum in a simpli�ed wayand use the experimental data regarding switching times, an envelopefunction is used, de�ned with
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2δ E

(1 + π f δ Ts)(1 + π f tr)

∣
∣
∣
∣
, (3.19)where, E = UCM,peak/2 V is the peak RMS CM voltage, Ts = 1/28 kHz isthe switching period, tr = 200 ns is the rise time estimated from switchingloss measurements and δ = 0.23 is the duty ratio, which is found fromthe comparison with the computed spectrum, which is also displayed inFigure 3.16. 123
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MODELS FOR A THREE-PHASE/-LEVEL BOOST PWM RECTIFIERThe measured conducted emission levels are compared to estimatedlevels in Figure 3.18. As it can be seen, the critical frequency range forthe design of the CM �lter is close to 600 kHz and it is for this frequencythat the input CM �lter must be designed.According to Figure 3.18, the estimated conducted emissions envelopeprovides a highly correlated response when compared to the measured CElevels up to approximately 4 MHz, thus, validating the modeling proce-dure.
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Figure 3.18: Common mode emission levels at a three-lines LISN. Shown arethe measured levels and the predicted ones for a QP measurement as speci�edin CISPR 22.3.4 Models for a Three-Phase Three-LevelBoost PWM Recti�erThe objective of the modeling procedure presented in this section is toobtain a simpli�ed model that allows for the design of input EMC �l-ters for a Three-Phase Three-Level Boost PWM Recti�er as depicted inFigure 3.19 [78, 131]. This recti�er has an output power of 10 kW, powerdensity of 8 kW/dm3, switching frequency fs = 400 kHz, output voltage
Uo = 760 V, input voltage UN1 = 230 V and is forced air-cooled. The125



THREE-PHASE PWM CONVERTERS AS NOISE SOURCESEMC �lter for this system must be designed to ful�ll EMC requirements,where an attenuation speci�cation, based on the estimated CE levels ofthe recti�er, is calculated. Furthermore, the �lters shall be designed takinginto account the limits for CE speci�ed for Class B information technology(IT) equipments as in CISPR 22.
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THREE-PHASE PWM CONVERTERS AS NOISE SOURCESInductors Lboost model the input inductors of the recti�er, which in-�uence CM and DM current paths. Impedance measurements of the builtinductors show an inductance of approximately 30 µH and a self-resonancefrequency around 8.5 MHz. The boost inductors are built with ferrite andtheir speci�cation can be seen in [131].The design of the �lters is performed in the frequency domain, sincethe required attenuation is de�ned in terms of frequency and suitableimpedance models for the �ltering components are at hand for this do-main. Therefore, the estimation of frequency spectra for DM and CMvoltages and/or currents is required. A simple simulation with ideal de-vices presenting rise and fall times close to zero and without the inclusionof parasitic elements is able to provide spectra which are conservative,except at the frequencies close to the characteristic frequencies relatedto the rise and fall times due to over-voltages and oscillations. Anotherpoint, which can be neglected in this simulation, is the inclusion of theLISN circuits, once the voltage spectra do not sensibly change with theinclusion of the LISN, inner mains impedances and �lter components. Atlast, the circuit is considered to be perfectly balanced. The simulationcircuit is as in Figure 3.19, except that the EMC �lter is removed and theswitches are replaced by ideal ones. For the power converter at hand, theboost inductors are included in the simulation as ideal inductors, but arealso seen as part of the input �lters. The spectrum of the input currentschanges with the inclusion of the other �lter components and, for thatreason, the input currents spectra are not used for the model.For the CM design the relevant spectrum is of the voltage between theDC-link center point MP and the terminals A1, B1 and C1 with the CMvoltage uCM given by,
uCM = uMP − uA1 + uB1 + uC1

3
. (3.20)The computed CM voltage is shown in Figure 3.21. It is observed thatthe CM voltage is formed by pulses with amplitude equal to one third ofhalf output voltage Uo/6 and that at low frequencies there is a noticeablethird harmonic. The frequency of the pulses is equal to the switchingfrequency.A detail of the common-mode voltage shown in Figure 3.21 is seen atFigure 3.22 for the time interval between 6.5 µs and 7 µs.128
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uDM =

2

3
uA1 −

1

3
uB1 −

1

3
uC1. (3.21)Applying eq. (3.21) to the time domain simulation results leads tothe waveform displayed in Figure 3.23. It is seen that the low frequencybehavior is dominated by the harmonic at the mains frequency, which isresponsible is responsible for the sinusoidal shaping of the input currents,thus, achieving a high power factor. The high frequency behavior showspulsed voltages at the switching frequency with steps of Uo/6 and Uo/3.The CM and DM voltage spectra are post-processed in order to ob-tain the signal levels that would be measured in an EMC test receiveremploying QP detection. This is done with the procedure presented insection 2.5.2 and leads to the curves shown in Figure 3.24. The simula-tion results presented in Figure 3.24 are for nominal conditions, which,as required by the CE test speci�cations [106], is the worst-case emissioncondition for this system. This is because the fastest rise and fall times areobserved for voltages and currents. These curves can then be compared129
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Figure 3.22: Detail of the time behavior of the common mode voltage uCMfor the interval 6.5 µs � 7 µs.to the emission limits at the frequency of interest fint which is 150 kHzfor switching frequencies lower than 150 kHz or the switching frequencyfor higher frequencies. This gives the required attenuation, Attreq, at thefrequency of interest,
Attreq,CM (fint) = 20 · log

[
UCM (fint)

1 µV

]

− LimitClassB(fint) (3.22)
Attreq,DM (fint) = 20 · log

[
UDM (fint)

1 µV

]

− LimitClassB(fint). (3.23)The design must also take into account the speci�ed CE measurement,which in this case is done with two types of detector, the quasi-peak (QP)and average (AVG), presenting both non-linear behavior. For this work,only the QP detector is considered and its behavior is modeled as proposedin section 2.5.2, by linearization. Accordingly, the voltage spectra shown inFigure 3.24 account for a maximum value for the QP measurement, whichleads to slightly over dimensioned �lters. However, components tolerancesand other uncertainties are present in the �lter and the achieved marginscan be seen as an advantage.With Figure 3.24, it is observed that, at the switching frequency fs =130
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Attreq,CM (fint) = −115 dB @ fint = fs = 400 kHz (3.24)
Attreq,DM (fint) = −109 dB @ fint = fs = 400 kHz, (3.25)are required in order to ful�ll CISPR 22 Class B requirements with a 6dB margin.With the presented models, the design of EMC �lters for the men-tioned converter has been done and experimental results validate the mod-eling procedure. The �lter design and experimental results are presentedin section 6.7.3.5 Models for Three-Phase Sparse MatrixConvertersIn this section, di�erent modeling procedures for Three-phase Sparse Ma-trix Converters are presented. The �rst models are obtained with simpli-�ed equivalent circuits, whereas the more complete one is based on themodeling of all circuits that in�uence the conducted emissions measure-ment range.3.5.1 Simpli�ed ModelsThe objective of the modeling procedure presented in this section is toobtain simpli�ed models for Three-Phase Sparse Matrix Converters asdepicted in Figure 3.25 [88]. The EMC �lters for this type of system musttypically be designed to ful�ll EMC requirements, where an attenuationspeci�cation, based on the estimated CE levels of the converter, is calcu-lated.A series of simpli�cations are done in order to keep a reasonable mod-eling e�ort, namely: (i) the circuits are considered symmetric regardingthe three-phases, so that single-phase equivalents are used; (ii) the para-sitics, inter-component couplings and the e�ects of the tolerances of thedesigned �lter components are neglected for attenuation calculation; (iii)parasitics inside the power converters are neglected, except for the ca-pacitances to ground (PE), which are responsible for CM paths and are132
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uCM =

ua + ub + uc

3
− uA + uB + uC

3
, (3.26)134



MODELS FOR THREE-PHASE SPARSE MATRIX CONVERTERSand the di�erential mode currents are computed directly from the inputcurrents as shown in Figure 3.26 as long as no common mode paths existin the simulation circuit, so that iCM = 0. For simplicity, the current inphase A is used so that,
iDM = iA. (3.27)A simulation of a Sparse Matrix Converter, operating with outputpower S2 = 5 kVA, input RMS phase voltage UN1 = 230 V, mains fre-quency f1 = 50 Hz, output frequency f2 = 150 Hz and modulation index

M = 0.7, has been performed in order to illustrate the waveforms of theCM and DM voltages at these converters. The switching frequency of theconverter has been set to 10 kHz at the output stage, thus, 5 kHz at theinput stage [88].The time behavior of the CM voltage uCM is presented in Figure 3.27,where it is seen that the CM voltage is formed with combinations ofthe input line voltages, presenting in�uences of both, input and outputfrequencies. The pulses are at the output stage switching frequency.
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Figure 3.27: Time behavior of the common mode voltage uCM .The di�erential mode input current for the same simulation is de-picted in Figure 3.28. It is a typical three-level PWM waveform, wherethe amplitude of the current pulses does not present much variation. Thisis because the input currents are constructed out of current blocks of theoutput currents that are close the their peak values. The low frequency135
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Figure 3.28: Time behavior of the di�erential mode current iDM .behavior shows a nearly ideal sinusoidal behavior, thus, power factor cor-rection is obtained. The high frequency contents are due to the pulsewidth modulated current pulses at the output stage switching frequency.A series of similar simulations for di�erent modulation indexes andswitching frequency has been done so that the accurate calculation of theharmonic contents of the switched voltages of the Sparse Matrix Con-verters can be replaced by simpli�ed envelope functions, that depend onmodulation index, switching frequency, voltage and current levels.The empirically derived expressions for the envelope functions aregiven by,
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, (3.28)for the DM equivalent current source and by,136
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Figure 3.29: Frequency spectrum of the common mode voltage uCM .
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, (3.29)for the CM equivalent voltage source.In order to compare the results obtained with simulation results andwith the proposed envelope functions, Figure 3.29 and Figure 3.30 showthe computed spectra and envelope functions for the same simulationconditions as previously stated, to the CM voltage and DM current re-spectively.The derived envelope functions have been compared with computedspectra based on other simulation results and for these di�erent conditionsthe error has been smaller than 10 dB for the frequencies bellow 1/(π tr).This ensures that the envelope functions can be employed in simple �lterdesign procedures or where the conducted emission levels shall be modeled137
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Figure 3.30: Frequency spectrum of the di�erential mode current iDM .as a function of the switching frequency or other converter parameters. Ifmore precise information is required, the simulation of the power topologyleads to reliable results for a limited frequency range.3.5.2 Extending the Frequency Range of the ModelIn order to illustrate the possibility of extending the useful frequencyrange of noise source models for the matrix converters, the proceduredescribed below is one of the alternatives. This work has been publishedin [144] and represents the initial steps in order to accurately model three-phase power converters. The system of interest is a reverse blocking IGBT(RB-IGBT) based Indirect Matrix Converter (RB-IGBT IMC) as shownin Figure 3.31.The modeling method is based on the detailed models for all EMIrelevant parameters in the system. These models shall be obtainedfrom impedance extraction computational techniques. The parasiticimpedances are also included and are derived through parametric ex-traction. The importance of identifying and quantifying the parasiticimpedances within a power converter system for EMC characterizationhas been highlighted in the literature [145�147]. The extraction of para-sitic impedances for EMC modeling has been performed mainly for high-138
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nFigure 3.31: Circuit schematic of a Three-phase RB-IGBT based IndirectMatrix Converter.speed digital electronic circuits [148,149], where operating frequencies arevery high (> 1 GHz). Therefore, knowledge of the parasitic impedances ismandatory for the system to function correctly. Therefore, techniques forextracting impedances from circuit layouts already exist [149]. But thesetechniques are either based on approximate and inaccurate expressions orrequire a lot of computational power. For parasitics extraction, the PartialElement Equivalent Circuit (PEEC) method emerged as a computation-ally e�ective and accurate technique. This technique can be employed inPower Electronic systems, as in [147], in order to perform the cited tasksand to use them to optimize PCB layouts before their manufacturing.Therefore, the main objective of the work is to evaluate and de�ne math-ematical tools to predict the conducted emission (CE) levels of a complexpower converter system prior to the construction of a prototype.The analyzed system employs an Indirect Matrix Converter topologywith Reverse Blocking (RB)-IGBTs at the input stage and conventionalIGBTs at the output, where two switches and fast recovery freewheelingdiodes are included into a single power module for each output phase,respectively [89]. A block diagram of the whole converter structure is de-picted in Figure 3.32, which is also used in the experimental veri�cationof the performed simulation. This work aims at the prediction of CE mea-surements from a typical measurement setup, where a quasi-peak (QP)detector is employed as speci�ed in CISPR 16. The prediction is separated139
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MODELS FOR THREE-PHASE SPARSE MATRIX CONVERTERSlater stage, the modeling of all these impedances shall be made with theaid of computational methods, so that �virtual prototyping� is achievedin its full scale.In this study a �rst order behavioral IGBT model as proposed in [151]is used. The model consists of a few discrete devices and can be imple-mented easily in a circuit simulator. The IGBT switching edge is trig-gered due to changes in a time dependent conductivity. The values ofthe model parameters are determined by experimental measurements andsubsequent �tting of the simulated behavior to the curves obtained by ex-periments. This IGBT model is su�cient to allow a reasonable simulationtime and provides good results for the CE noise prediction. In the simu-lation, the IGBT model acts as a noise source and the observed voltagewaveforms result from the interaction with the parasitic impedances.The freewheeling diodes of the output stages are modeled using a de-tailed diode model including the diode reverse recovery e�ect. The model'sreverse recovery time was set according to datasheet information of theemployed diode. In comparison to a complex IGBT SPICE model, thediode model is simpler and appreciably does not increase the simulationtime.The layout parasitics are extracted using the Partial Equivalent El-ement Circuit (PEEC) method [152, 153]. In the PEEC method, a con-ductor is discretized into many partial elements as shown in Figure 3.33.The PEEC model creates matrices of partial inductances Lpij , partialcoe�cients of potential Pij and node resistances Rm. From this, an equa-tion system is generated which gives a full wave solution of the electrical�eld integral equation, including high frequency e�ects like skin and prox-imity e�ects. In general, a time-retarded simulation which considers the�nite speed of electromagnetic waves is possible with the PEEC simula-tion method, too. To increase the calculation speed, a quasi-static modelwas chosen which implies an in�nite fast velocity of the waves. Howeverthis is a valid approximation for the analyzed frequencies, which are lowerthan 30 MHz and circuit geometry layout smaller than 50 cm [154].A Java program was developed for the PCB parasitics extraction,which is able to import PCB geometries from a Gerber �le format. In thegraphical user interface, one is able to set probes to arbitrary points of in-terest at which impedances and mutual couplings will be calculated. Fur-thermore, the program connects adjacent conductors and builds a meshfor the PEEC solver. The generated mesh consists of many rectangular141
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Z =





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



Z11 Z12 Z13

Z21 Z22 Z23 . . .

Z31 Z22 Z23... . . . (3.30)in which the main diagonal describes the self-impedance between twoprobe points and the o�-diagonal elements denote the coupling betweenseparate current paths. Due to skin- and proximity e�ect, the exact so-lution of the impedance matrix is frequency dependent Z = Z(ω). Thefrequency-dependent real part <{Z(ω)} is based on the electric resistanceof the copper tracks on the PCB, which can be neglected in comparisonto the on-resistance of the power switches. The remaining imaginary part(i.e. the inductive or capacitive behavior) ={Z(ω)} is only weakly in�u-enced by skin- and proximity e�ect and can be modeled by a simple CL-network. The skin-e�ect is considered in the way that PEEC impedance142



MODELS FOR THREE-PHASE SPARSE MATRIX CONVERTERScalculations were conducted at a high frequency (1 MHz), where the cur-rents concentrate on the conductor edges. Dependent on the conductorgeometry, the high frequency inductance shifts in the range of typically30 % in comparison to the low freqency value.The PCB of the IMC is modeled as a 2.5-D-geometry, that means thecopper layers have no discretization in the z-direction, but the positionsof the layers in the PCB layer stack are included into the model. Thissimpli�cation is possible because the copper layer thickness is negligiblein comparison to the width of the current path. Figure 3.34 shows threelayers of the IMC power circuit, from which the impedance matrix isextracted. With the calculated values of Z, a simulation model of theIMC is created which includes the relevant PCB track inductances andcapacitances.

Figure 3.34: PEEC model of the three power PCB layers of the 6-layer IMCprinted circuit board.In general, inductances are only reasonable for current loops. In aswitching power electronics converter, the current paths are changing dueto commutation and the actual current path is determined by the switchcon�guration. This is incorporated in the model in such a way that partialinductances and their mutual couplings are considered for every commu-tation path. The total loop inductance is then determined by,143
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Ltot =

∑

i,j

Lij (3.31)where the diagonal elements Lii are the self inductance terms and theo� diagonal elements indicate the mutual inductance of di�erent currentpaths. The determined impedance network, including the self- and mu-tual couplings as in eq. (3.31), de�nes the total loop inductance of everycurrent path during the circuit simulation.In order to test the performance of the simulation procedure, the stan-dard CISPR 11 [105] was chosen for establishing the performance require-ments, where the frequency range of 0.15 MHz to 30 MHz is consideredfor class A equipment. The voltage measured at the resistor, representingthe input of a test receiver, in the simulation is used to calculate a quasi-peak maximum value QPmax(f). This is performed by linearly adding thevalues Vh(f) of the spectral components positioned inside of the speci�edresolution bandwidth (RBW) as presented in section 2.5.2. By employingthis procedure, one reduces the computational e�ort and the calculatedemission level is slightly higher than the ones resulting from the exactcalculation. The �nal result of the simulated CM and DM noise spectra,is depicted in Figure 3.35 along with the obtained experimental results.The CM and DM CE levels show a very good correlation betweenmeasurement and simulation up to 5 MHz, from where it is probablethat the non-modeled capacitive and magnetic coupling among the �ltercomponents becomes signi�cant [155]. In the low frequency range 200-300kHz, the simulated CM emission is about 5 dB higher than the measuredvalues. It turned out that the CE spectrum is very sensitive to the loadimpedance to ground, which is the main CM noise path in this case. Themost probable reason is the di�culty of experimentally measuring thecapacitive coupling between the power semiconductors and the heatsink.Other reasons are the inter-component couplings and the in�uence of thegate drive, which provides various paths for HF currents. Furthermore,the models used for the cable, �lter and load become less accurate forhigh frequencies (> 5 MHz). The inclusion of the input EMC �lter in theexperiments increases the uncertainties of the model, as it becomes highlydependent on the modeled impedances.144
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Figure 3.35: Di�erential and common mode noise emission levels according tomeasurement and simulation results.
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THREE-PHASE PWM CONVERTERS AS NOISE SOURCES3.6 SummaryThis chapter has presented three-phase PWM converter systems ascommon- and di�erential-mode conducted emissions sources. These sys-tems are typically employed as front-end or direct conversion convert-ers in utility interfaced systems. The analyzed PWM converters are:Three-Phase Buck+Boost PWM Recti�er [130]; Three-Phase Three-LevelBoost PWM Recti�ers [77,131]; and, Three-Phase Sparse Matrix Convert-ers [85, 88].It has been presented that three approaches, namely: analytic calcu-lation, experiments and simulation, can be integrated in order to obtainnoise source models for the analyzed converters. The proper managementand coordination of these tasks, allied to practical experience, usuallyleads to appropriate models and subsequent EMC compliance.Fourier transformation is a very useful tool to analyze the frequencyspectra of switched converters, but the analytical expressions can be ex-tremely complex for the signals of three-phase PWM converters. Never-theless, the employment of envelope functions in the the frequency do-main to characterize the periodic signals has been proposed. This easesthe calculation tasks and allows for the fast calculation of worst case �lterattenuation requirements.It has been suggested that numerical simulation in the time domainfollowed by numerical post-processing with Fast Fourier Transformationalgorithms is a proper way to model PWM converters.A model for the common mode propagation in a three-phaseBuck+Boost PWM recti�er has been presented. This model is based onvery simple simulations, from where CM and DM noise sources are de-rived. The propagation paths are modeled with the employment of equiv-alent impedance circuits, which are obtained from direct measurementsperformed in the individual components and in the power converter in or-der to de�ne parasitic impedances. This model has been compared withconducted emission measurements performed with a 5 kW prototype, fromwhere a very good correlation up to a frequency of 4 MHz is observed.A modeling procedure is presented that allows for the design of inputEMC �lters for a Three-Phase Three-Level Boost PWM Recti�er hasbeen proposed. The model is based in very simple equivalent circuits forcommon and di�erential mode. The model has been exemplary derived146



SUMMARYfor a 10 kW recti�er. The CM and DM voltage spectra, obtained from asimple numerical simulation of the system, are post-processed in order toobtain the signal levels that would be measured in an EMC test receiver.For that, the procedure presented in section 2.5.2 has been employed,leading to useful data for the design of EMC �lters. The attenuationrequirements for the system have been obtained and are used to designthe CM and DM input �lters.Di�erent modeling procedures for three-phase Sparse Matrix Convert-ers have been presented. The �rst models are obtained with simpli�edequivalent circuits, similarly to the models obtained for the Three-PhaseThree-Level Boost PWM Recti�er. These models are only to be employedin the design of EMC �lters and do not cover the whole conducted emis-sions frequency range. Furthermore, envelope functions that de�ne thehighest emission levels have been proposed, leading to very simple func-tions for the noise sources of the models. A brief description of a morecomplete model is presented. This model considers the modeling of all cir-cuits that in�uence the conducted emissions measurement range. Thus,it is a more complex procedure that has the potential of extending theuseful frequency range of the model. The validity of the model has beenshown with experimental results.
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Chapter 4EMC Filter Components�The model principle constitutes the strongest supportof the veri�ed changes in the world.� Max Scheler4.1 IntroductionAiming for Electromagnetic Compatibility of a high frequency switchedthree-phase PWM converter requires that the emissions caused by suchconverter are well controlled. This means that the currents generated byhigh switched voltages, either CM or DM, shall be adequately attenu-ated. In practice, this is achieved through good layout techniques, controlof switching waveforms and proper low-pass �ltering. Filters for the re-duction of conducted emissions are built with passive elements. The basicbuilding-blocks of �lters, passive or active ones, are inductors, capacitorsand resistors.This chapter presents the most important characteristics for passivecomponents to be used in EMC �ltering of three-phase PWM converters.The major requirements for the implementation of such elements in a�lter are explained.Resistors are brie�y reviewed and the main characteristics and de-mands are explained. Simple equivalent circuits are shown and the mainapplication networks are presented.A lumped model based on the physics of a capacitor is the basis for149



EMC FILTER COMPONENTSa circuital model for such components. This model is further simpli�edto the classical RLC series connection, where the calculation of the ESRand ESL based on data sheet information is explained. Safety require-ments that in�uence the types of capacitors to be employed in �lters arereviewed. A study on the dependency of the volume of di�erent technolo-gies of �lter capacitors with rated capacitance and voltage is performed,highlighting the relation volume× stored energy. From this study, a modelthat can be used for the minimization of the volume of �lters is derived.Filter inductors are divided into two categories, DM and CM induc-tors. Models are presented for both types along with experimental veri�-cation.The operating principles of DM inductors are explained, based onthe assumption of toroidal cores based inductors. Equivalent circuits arepresented, showing the dependency of the equivalent circuits parameterswith frequency, current and temperature. Thermal models for toroidalinductors are reviewed and a model, based on empirical considerationsis derived. The calculation of parasitic capacitance, resistances and in-ductances is reviewed. A comparison among available core materials isperformed, highlighting the major material characteristics for the �lterapplication.The physics of a three-phase CM inductor is explained in detail, fromwhere equivalent circuits are derived. These equivalent circuits presentdependency on the employed core material characteristics. The impor-tance of the proper characterization of the material is highlighted and amethod for the selection of the material for minimized volume inductorsis proposed. The calculation of the leakage inductance is reviewed alongwith the related saturation issues.Taking the parasitic elements of, both, inductors and capacitors intoconsideration, the high frequency performance of a �lter might be severelya�ected. Recent research has put e�orts into techniques called �parasiticscancellation�, which ideally cancel the e�ects of parasitics. These researchresults have been proposed in the literature for single-phase circuits. Themain networks employed in these techniques are presented. The cancel-lation of the equivalent series inductance of �lter capacitors is reviewedand an application is experimentally tested in a three-phase �ltering ap-plication.A method for studying the impedances for CM and DM three-phase150



RESISTORS FOR HIGH POWER EMC FILTERINGinductive networks is proposed, which is applied in the analysis of the can-cellation of parasitic parallel capacitance for, both, CM and DM inductivenetworks for �ltering. Cancellation networks to be applied in three-phase�lters are proposed along with a thorough analysis of parasitic e�ects thata�ect the performance of the capacitance cancellation networks. The pos-sibility of asymmetrical cancellation is proposed, so that inductors appliedwith switching circuits do not signi�cantly increase switching losses. Anexperimental implementation of these techniques proves the theoreticalassumptions and highlights the practical limitations.4.2 Resistors for High Power EMC FilteringFor simpli�cation purposes, resistors are here considered linear time in-variant elements that follow Ohm's law i(t) = u(t)/R, representing aproportionality constant between current and voltage in a two-port ele-ment. They dissipate electrical power. Since HF noise currents are to beminimized by a �lter, dissipating their energy in resistors seems to be agood alternative. Nevertheless, high power PWM converters present highamplitude voltages and currents, which prevent the direct connection ofresistors in series with high current paths or in parallel with high voltagelevels. As the power in a resistor increases quadratically with current orvoltage, the losses in a directly connected resistor may cause dramaticreduction of e�ciency and increase in components volume. For these rea-son, resistors are typically employed in EMC input �lters as dampingelements that work on limiting the e�ects of strong resonances amongreactive components, rather than �ltering elements.For high power PWM converters, resistors are typically connectedin a way that losses are minimized. This means that the connection ofresistors in series paths is done in parallel with inductors. The inductorsconduct the low frequency current components. In parallel branches, theconnection is done in series with capacitors, which cause a large drop forlow frequency voltage components. This is shown in Figure 4.1.Strong resonances are mainly observed close to the corner frequency of�lters, thus frequencies that are much lower than the switching frequencyor the range of frequencies of interest for conducted emissions. In order toimplement damping networks for resonances, resistors typically presentvalues that are not relevant for high frequency noise attenuation. The151
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HF currentsFigure 4.1: Connection of resistors in high power �ltering circuits in order toreduce power dissipation.explanation to that is that they limit the impedance of series connectedcapacitors and of parallel connected inductors and reduce the e�ect of suchcomponents in the �lter's attenuation. For this reason, di�erently from lowpower applications where resistors are employed to �lter conducted noise,high power input EMC �lters do not pro�t of resistors HF impedancecharacteristics. Thus, the HF equivalent circuit of resistors can be, inmost cases, neglected. Nevertheless, Figure 4.2 shows di�erent modelsfor resistors taking their characteristics into account. The values of theparasitic components can be obtained through parametric identi�cationbased on impedance measurements. It is also shown that the resistancemight present dependence with frequency (f), current (I), voltage (U)and temperature (T ). Depending on the objective of the analysis, verycomplex models including all these e�ects must be used. Typically, forconducted emission purposes, this is not required and a simple model canbe applied.Another application of resistors in input �lters is for discharging thecapacitors connected across the lines due to safety requirements. For in-stance, the standard for electrical safety in IT equipment IEC 60950 [91]speci�es that, if the capacitors connected across the lines are larger than100 nF, they should be discharged to a voltage lower than 60 V in lessthan 10 s after a supply disconnection. For this reason, resistors of largevalues are to be connected in parallel with such capacitors.4.2.1 Requirements for ResistorsExtremely important functional requirements apply to resistors employedin input �lters, namely: (i) power handling capability; (ii) capacity to152
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Figure 4.2: Equivalent circuits for resistors.withstand high voltage surges, and; (iii) low parasitics. Added to those,other requirements, like low volume and costs, apply.The surge voltage of a resistor is the maximum voltage that it canwithstand for a limited period of time. Surges are not only due to elec-trostatic discharges or lightning, but happen when a load in parallel withthe �lter or a power switch is switched, or the equipment is connected anddisconnected from the energy supply. Due to the highly reactive charac-teristics of typical EMC �lters, transients are observed in all these situ-ations. These transients shall be carefully studied in order to specify therequirement of any resistor employed in a �lter.The rated power is very important since losses might damage the re-sistors. In an input �lter, the calculation of losses must be done for lowfrequency components as well as for high frequency ones. These lossesshall be taken into account in the component speci�cation and in the def-inition of the resistor's installation practice, so that interconnecting wiresor printed circuit board pads and tracks are properly implemented. Thisis because the largest amount of heat in a resistor �ows typically through153



EMC FILTER COMPONENTSits leads due to coating and insulation higher thermal resistances.Aiming for low volume and low parasitic e�ects, surface mount resis-tors present very good performance. They present the lowest series in-ductance and the smallest volume and board occupation characteristics.Special attention shall be put in the voltage and surge capability of suchdevices.4.3 Capacitors for EMC FilteringThe most basic low pass-�lter is a capacitor in parallel with the sig-nal/noise source. This con�guration o�ers an important advantage overseries connected resistors or inductors, since the low frequency currents,typically responsible for the energy transfer, do not �ow through the com-ponent.Ideal capacitors provide steadily decreasing impedance with frequency,which causes a reduction in the system's HF noise voltages. Unfortunately,commercially available capacitors are not ideal. Losses in the dielectricmaterial, due to high voltages, and on the conductive material of theleads and plates/foils, due to the circulating currents, can be modeled asresistances. Besides, the arrangement of the conductive parts comprisesloops where internal and external magnetic �elds are coupled and thee�ect of distributed inductances is observed. These e�ects are shown inthe equivalent circuit of Figure 4.3, where the plates on both sides of thedielectric have a capacitance C with the dielectric losses being modeledin the parallel resistance Rdiel. The ohmic losses in the conductive platesare modeled with Rplate. The leads present a resistance Rlead and an in-ductance Llead in parallel with a capacitance Clead. This is a completemodel of the capacitor, based on the physical construction of the device.However, for the vast majority of the applications, a simpler model issu�cient. This model consists on the series connection of the series equiv-alent resistance (ESR), the series equivalent inductance (ESL) and thetotal capacitance (C). The ESR typically presents a strong dependencywith frequency, while the capacitance varies with the applied voltage uc.These parameters also depend on the operating temperature. The afore-mentioned models do not take the magnetic coupling with external com-ponents, which can be taken into account through a coupling coe�cientwith the ESL. A comprehensive study on the physics and technology154



CAPACITORS FOR EMC FILTERINGrelated aspects for capacitors is found in [156] and [157].
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Figure 4.3: Physical model of a capacitor followed by two equivalent circuits.The value of the parasitic components in the equivalent circuit of acapacitor show strong dependency with the technology employed in thefabrication of the device. For EMC �ltering capacitors to be connected tothe electrical energy distribution grid, four main technologies are avail-able: Epoxy-�lled metalized paper, metalized polyester �lm, polypropy-lene, and ceramic. The highest compactness is achieved with ceramic di-electrics, but these are only available at low capacitance values. Epoxypaper capacitors seem to be the most reliable and �re-safe because oftheir self-healing properties, but can be 30% to 100% larger than othertechnologies for the same capacitance. The large values are not availableas well. Furthermoe, epoxy paper capacitors present high ESR and tem-perature drift. Polypropilene based capacitors present the lowest ESR andare desirable to �lter very high frequency noise.As previously mentioned, safety is a major issue for capacitors con-nected to the power grid. Regulatory agencies demand challenging re-quirements in order to approve the commercialization of such capacitors.Safety requirements for the capacitors are stated in EN 123400 [158] anddivide the capacitors into two mains types: X and Y capacitors. The Xcapacitors are to be applied where their failure does not lead to electricshock hazard, while the Y capacitors must be applied where this risk oc-curs. In practice this means that X capacitors can be placed across thephases, while Y capacitors are allowed between phases and PE. This isillustrated in Figure 4.4, from where the names, X and Y, are explained.155



EMC FILTER COMPONENTSDepending on the capacitor's surge voltage capability, the X and Ycapacitors are further sub-divided as shown in Table 4.1 and Table 4.2,where UN is the rated voltage.Table 4.1: Sub-classes of X capacitors and their requirements.Class Impulse (1.2/50 µs) 1000 hours testX1 4 kV (C ≤ 1 µF) 1.25 × UN + 1kV/ 100ms every hourX1 4 kV/
√

C (C ≥ 1 µF) 1.25 × UN + 1kV/ 100ms every hourX2 2.5 kV (C ≤ 1 µF) 1.25 × UN + 1kV/ 100ms every hourX2 2.5 kV/
√

C (C ≥ 1 µF) 1.25 × UN + 1kV/ 100ms every hourX3 None 1.25 × UN + 1kV/ 100ms every hourBesides X- and Y-rated capacitors, printed circuit boards can be e�ec-tive capacitors. Although capacitances are of small value when comparedwith o�-the-shelf components, they present very good behavior for highfrequencies. The achievable capacitance can be estimated from,
CPCB =

εPCB A

d
, (4.1)where εPCB is the permittivity of the PCB insulation material, A is thetotal area between two layers and d is the width of the insulation layer.Taking εPCB ≈ 3.6εo, and an insulation width of 160 µm, the capacitanceper square centimeters is shown in Figure 4.5.
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PEFigure 4.4: Connection of X and Y capacitors.156



CAPACITORS FOR EMC FILTERINGTable 4.2: Sub-classes of Y capacitors and their requirements.Class Insulation type Impulse 1000 hours testY1 Double or 8 kV 1.7 × UNreinforced + 1kV/ 100ms every hourY2 Basic or 5 kV 1.7 × UNsumplementary + 1kV/ 100ms every hourY3 None 1.7 × UN+ 1kV/ 100ms every hourY4 ≤ 250V 2.5 kV 1.7 × UN

≤ 150V + 1kV/ 100ms every hour
4.3.1 The Self-resonance of Filter CapacitorsTaking the equivalent circuit of a capacitor as in Figure 4.3, the con-nection of C and ESL create a series resonance that is responsible fora worsening performance of a capacitor for high frequencies. Althoughthe �nal ESL depends on the physical connection of the capacitor in a�lter (the total ESL depends on the closed loop in which the capacitorcurrent �ows), manufacturers measure the ESL of their capacitors for agiven impedance measurement test setup. This represents a measure ofquality of the components and is very important in order to estimate theattenuation provided by a capacitor at a given frequency and circuit.Based on data sheet information [159], the self-resonance frequency
fo,C of X rated capacitors is plotted in Figure 4.6. It is seen an expo-nential dependency with frequency, capacitance and rated voltage. Thisdependency can be modeled with the expression:

fo,C = ko,1C
ko,2U

ko,3

C , (4.2)where, for the X2 foil capacitors, 157
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ko,1 = 75 · 10−6 Hz (4.3)
ko,2 = −0.612 (4.4)
ko,3 = 2.65 (4.5)For ceramic types, the self-resonance of the components is typicallymuch higher than for foil capacitors due to the shorter or virtually noleads and body construction. Nevertheless, it is much more di�cult toestimate the ESL for these components as it strongly depend on theemployed PCB layout.4.3.2 The Equivalent Series ResistanceThe equivalent series resistance ESR is the resistance that if connectedwith an ideal capacitance leads to an equivalent impedance, which isequal to the one of the real capacitor for a given frequency. This is animportant parameter, since it de�nes losses, and the minimum impedanceof a capacitor, which occurs at the resonance frequency. Thus, the ESRdamps the self-resonance, but puts a lower boundary for the impedanceof a capacitor. 158
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Figure 4.6: Variation of self-resonance frequency of X foil capacitors with ratedcapacitance and voltage.As opposed to electrolytic capacitors, the low frequency ESR is notan important parameter for a �lter capacitor. This resistance presents astrong dependency with frequency and varies with temperature as well.Typically, the ESR is not explicitly given in manufacturers data sheets.One way to estimate this resistance is by using the dissipation factor.This is typically given in data sheets, even though for a limited frequencyrange.Considering the last equivalent circuit of Figure 4.3, it is seen that ifa varying voltage is applied to the terminals of the component, the powercontains a real and an imaginary parts. If the frequency of this voltageis much lower than the self-resonance, the impedance is dominated bya resistive part and a capacitive reactance. The ratio between these twoimpedances de�nes the dissipation factor, usually named tanδ, so that,
tanδ =

ESR

XC
= ESRωC. (4.6)Isolating the ESR in eq. (4.6) leads to,

ESR(f) =
tanδ

2πf C
, (4.7)from where the ESR can be calculated given data sheet information.159
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Figure 4.7: Typical dissipation factor for a foil capacitor with polypropylenedielectric [159].Alternatively, the quality factor Q of a capacitor is de�ned as thereciprocal of the dissipation factor,
Q =

1

tanδ
. (4.8)The dissipation factor is not constant with frequency and care shouldbe taken when calculating the ESR. Figure 4.7 shows the dissipationfactor given in data sheet information for a foil capacitor with polypropy-lene dielectric. It is seen that the resistive portion of the impedance growswith frequency. This leads to the thought that the ESR increases withfrequency. For a 220 nF capacitor, the ESR was calculated with the dis-sipation factor curve of Figure 4.7 and eq. (4.7). Examining Figure 4.8it is observed that the ESR actually decreases with frequency until aminimum level.4.3.3 The Volume of Filter CapacitorsThe volume of foil capacitors has been discussed in [6], where a genericspeci�c breakdown �eld strength Ebr is assumed for the dielectric ma-terial. And the geometry shown in Figure 4.9 is the simpli�ed of a foilcapacitor, where the thickness of the foils is neglected.160



CAPACITORS FOR EMC FILTERINGThe capacitance of the structure is given by,
C =

εAF

d
. (4.9)The volume of the structure is,

V olC = AF d. (4.10)The maximum voltage of the capacitor is de�ned as the electric �eldtimes the distance between the plates,
UC = Ebrd. (4.11)Isolating d in eq. (4.11) and replacing it in Figure 4.9 and Figure 4.10leads to,

V olC =
CU2

C

εE2
br

. (4.12)Knowing that the energy in the capacitor Ec is,
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Figure 4.8: Equivalent series resistance for a 220 nF foil capacitor withpolypropylene dielectric [159] for the dissipation factor of Figure 4.7.161
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Dielectric
(σ, ε, Ε   )br
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d AFFigure 4.9: Assumed capacitor geometry for a foil capacitor.
EC =

CU2
C

2
, (4.13)it is seen that the volume of the foil capacitor is proportional to the ca-pacitively stored energy. Thus, a volumetric coe�cient kC can be de�nedfor foil capacitors, so that,

V olC = kCEC = kC
CU2

C

2
. (4.14)This assumptions are valid also for ceramic type capacitors or any typethat the plate width can be neglected. This is not the case for electrolyticcapacitors.Although, in practice, di�erent geometric structures are used to con-struct capacitors, the dependency of volume with energy is veri�ed inpractice, where the calculated volume of capacitors has been plotted inalong with approximation curves. The volume of the capacitors to be usedin the �lters can be approximated by a curve generated by MinimumSquares regression of the volumes calculated for commercially availableX type capacitors (foil [159] and ceramics [160]) as well as for ceramiccapacitors rated for the Japanese mains [160].The calculated volumetric coe�cients for these capacitors are givenin Table 4.3. The much smaller volumetric coe�cient of the ceramic typecapacitors, allows for more compact �lters.4.4 Di�erential Mode InductorsA di�erential mode inductor is employed in three-phase EMC power �ltersin order to increase the high frequency impedance of series current paths,so that DM noise currents are reduced. The impedance of a DM inductor162
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F·V2Jap. mains cer. Murata 250 V 4.07 · 10−6 m3

F·V2is its most important characteristic and is the result of the geometricalcon�guration of a closed current path of conductors winded onto coresof various materials employing proper insulation. In the following, themain e�ects that in�uence the impedance of a power DM inductor areintroduced.4.4.1 Self-inductanceThe self-inductance is de�ned as the proportionality value between therate of change of the magnetic �ux linkage (Φ) with respect to the currentthat generates it, 163
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Ls = NL

dΦ

diL
, (4.15)where NL is the number of turns of the employed conductor and iL is thecirculating current.The voltage across an inductor (uL) is given by the rate of change ofthe magnetic �ux linkage with respect to time (t),

uL = NL
dΦ

dt
. (4.16)Solving the system of di�erential equations formed by eq. (4.15) andeq. (4.16), leads to,

uL = Ls
diL
dt

, (4.17)which, by applying Fourier transformation, leads to the expression in thefrequency domain,
XL(jω) =

UL(jω)

IL(jω)
= jωLs, (4.18)where XL is the inductive reactance of the inductor and ω = 2πf isthe angular frequency. This reactance presents a steady increase withfrequency, shown in eq. (4.18) and this is typically the main e�ect in theimpedance of an inductor.For constructing a DM inductor, toroidal cores present some advan-tages, which make them the preferred ones for EMC �lters. The maindisadvantage of a toroidal core is that the windings are more di�cult towind than for cores which make use of coils formers, thus, requiring specialwinding machines or hand made windings. The most relevant advantagesof these cores are:� lowest external magnetic �eld, which hinders magnetic couplingwith other elements in the circuit and reduces proximity e�ect gen-erated losses;� small volume because the thermal resistance is typically smallerthan other core types; 164



DIFFERENTIAL MODE INDUCTORS� lowest core related costs, since no special mechanical post-processingis required as is opposite to cores where an air-gap is included thatneeds to be smoothed.For the reasons mentioned above, only toroidal cores are consideredhere.
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Figure 4.11: Toroidal core with relevant dimensions.Given the geometry of a square-section toroid as shown in Figure 4.11,the self-inductance of an inductor built on a toroidal core is de�ned as[161]
Ls,toroid =

µoµrN
2
LHc

2π
· ln
(

OD

ID

)

, (4.19)where µo = 4π10−7 H/m is the permeability of free space and µr is therelative permeability of the core material.Core manufacturers de�ne a parameter named inductance per turn(AL), which de�nes the initial inductance for a single turn of conductorwound on the respective core. This is a useful parameter for designinginductors. For a toroid, it is de�ned as
AL =

µoµrHc

2π
· ln
(

OD

ID

)

, (4.20)and the inductance is alternatively given by,
Ls,toroid = ALN2

L. (4.21)165



EMC FILTER COMPONENTSUnfortunately, core materials do not present constant characteristicsand this must be taken into account when modeling a DM inductor, un-less an air core is applied. This is rarely the case since materials withhigher relative permeability (cf. eq. (4.19)) allow for the reduction of thedimensions and/or number of turns for the same given inductance.The main characteristic for a core (ferromagnetic) material is its rel-ative permeability. Eddy currents, hysteresis and residual losses stronglyin�uence the value of permeability and vary with frequency, magnetic�eld, temperature and aging. Typically, the e�ects of temperature andaging can be controlled, so that during the design of an inductor, worstcase temperatures and aging are taken into account by observing datasheet information. On the other hand, varying frequency and magnetic�eld direct in�uences the instantaneous characteristics of an inductor andneed to be correctly modeled. The manufacturers provide curves for thedependency of permeability with, both, frequency and magnetic �eld.The magnetic �eld (H) in an inductor is dependent on the electro-motive force (NLIL), which is generated by the circulating current in agiven geometric arrangement. For the case of DM inductors for high powerthree-phase PWM converters, the involved low frequency currents are ofhigh magnitude. Therefore, high peak magnetic �ux is to be expected. Onthe other hand, the high frequency currents are expected to be small, sincecapacitors and/or smoothing inductors are typically connected betweenthe �lter inductors and the power converter. Thus, low core losses dueto the �ux density variation are typical. For this reason, high frequencycore losses do not represent a main concern in the design of DM �lteringinductors.Saturation is an important phenomenon and is usually speci�ed as amaximum �ux density (Bsat), from where the hysteresis loop of the ma-terial is outside the linear area and the material permeability approachesthat of free space. The �ux density (B) is de�ned as,
B = µoµrH. (4.22)The magnetic �eld is given as,
H =

NLIL

le
, (4.23)where le is the equivalent magnetic path length of the core.166



DIFFERENTIAL MODE INDUCTORSThe self-inductance can be rede�ned as,
Ls,toroid =

µoµrN
2
L

le
, (4.24)Solving the equation system formed of eq. (4.22), eq. (4.23) and eq.(4.24), the following condition to avoid saturation shall be obeyed,

NLIL,max <
leBsat

µoµr
. (4.25)Since the conducted emissions regulations start at 150 kHz, materialswith good HF performance shall be employed. This typically reduces thechoice of materials to iron powder, ferrite and amorphous materials. Iflow switching frequencies are used, iron alloys can also be employed, butthe HF inductor's impedance would be due to core losses, rather than dueto the reactive component of the impedance. If high permeability mate-rials (ferrites or amorphous) are employed, an air gap must be includedand most of the advantages of toroidal cores would fade. Besides that,iron powder materials present much higher saturation �ux density thanferrites, allowing for a volume reduction. For these reasons, only iron pow-der materials are considered here. The main characteristics of appropriatematerials for DM inductors are compared in the following.Saturation �ux density and maximum operating temperature areshown in Table 4.4 for di�erent types of iron powder materials [162,163]in their standard permeability value.Table 4.4: Characteristics of iron powder materials for DM inductors.Manufacturer Material Permeability Bsat TmaxMagnetics MPP 60 0.75 T 130 °CMagnetics High Flux 60 1.30 T 130 °CMagnetics Cool Mu 60 0.90 T 130 °CMicrometals -26 75 1.00 T 110 °CMicrometals -52 75 1.00 T 110 °CFigure 4.12 shows the magnitude of the complex permeability versusfrequency of various iron powder core materials appropriate for DM induc-167



EMC FILTER COMPONENTStors. From Figure 4.12 it is seen that KoolMu and Molypermaloy (MPP)present the lower relative reduction of permeability with increasing fre-quency. Figure 4.13 shows that High Flux has the lowest permeabilityreduction with higher magnetic �eld values. MPP outperforms the othermaterials in the high frequency losses (cf. Figure 4.14). High Flux presentsa very high saturation �ux Bsat = 1.3 T, which is 30 % to 70 % higher
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Ls,toroid(IL, f) = ALN2

L · µr(IL, f)

µr(IL = 0A, f = 0Hz)
. (4.26)

4.4.2 Losses and Associated ResistancesThe losses associated with the core and the conductors employed in aninductor can be modeled as series resistances, which add impedance tothe series connected self-inductance. These are explained in the following.169



EMC FILTER COMPONENTSSeries Core ResistanceThree main e�ects cause losses in the core, namely: eddy currents, hys-teresis and residual losses. Eddy currents are di�cult to estimate anddepend on the geometry of the core as well as in the material. Fortu-nately, the eddy current generated losses are typically very small and canbe neglected [164].Following the procedure presented in [164], the series resistance dueto core losses are modeled in the following.Hysteresis and residual losses can be modeled with the Steinmetz equa-tion, which relates the volumetric losses (Pvol) in the material with fre-quency and �ux density,
Pvol = Kcf

αBβ , (4.27)where Kc, α and β are known as Steinmetz coe�cients. Kc presents de-pendency with temperature. These coe�cients are typically curve �ttedfrom losses measurements and are optimized for certain frequency ranges.The magnetic �ux linkage is de�ned as the �ux density through thecore cross-section area,
Φ = AeB. (4.28)Having the inductance de�ned by,

Ls,toroid = NL
dΦ

diL
= NLAe

dB

diL
, (4.29)and assuming sinusoidal �ux density and current,

B(t) = Bp · sin(2πωt) (4.30)
i(t) = Ip · sin(2πωt + φI), (4.31)the inductance is rede�ned as,

Ls,toroid =
NLAeBp

Ip
. (4.32)170



DIFFERENTIAL MODE INDUCTORSIn order to model the losses in the material, a series complex perme-ability (µ̄s) is de�ned, which takes, both, reactive and active impedancesof an inductor into account,
µ̄s = µ′ − jµ′′, (4.33)so that the series impedance of an inductor (ZL,core) due to the corematerial is,

ZL,core = Rs,core + jωLs,toroid = jωALN2
L · µ̄s

|µ̄s,initial|
, (4.34)from where,

Rs,core = ALN2
L · ωµ′′

|µ̄s,initial |
(4.35)

Ls,toroid = ALN2
L · µ′

|µ̄s,initial |
. (4.36)The losses in the core are,

Pcore = Vc · Pvol = Rs,core ·
I2
p

2
, (4.37)where Vc is the core volume.Inserting eq. (4.32) into eq. (4.36) gives,

ALN2
L · µ′

|µ̄s,initial |
=

NLAeBp

Ip
, (4.38)from where,

Bp =
ALNLµ′Ip

|µ̄s,initial|Ae
. (4.39)Inserting eq. (4.39) into eq. (4.27) leads to,171
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Pvol = Kcf

α

(
ALNLµ′Ip

|µ̄s,initial|Ae

)β

. (4.40)Finally, substituting eq. (4.40) and eq. (4.35) in eq. (4.37) gives,
Rs,core = 2VcKcf

αIβ−2
p

(
ALNLµ′

Ae |µ̄s,initial|

)β

. (4.41)The series resistance of an inductor due to the losses in the core can bemodeled with eq. (4.41), where the large signal in�uence of the circulatingcurrent is taken into account and not only the small signal results arisingfrom the measurement of the complex permeability.Unfortunately, core manufacturers of iron powder materials do nottypically provide separate measurements for both components of the com-plex permeability. This makes the modeling of the HF core resistance dif-�cult. In practice this does not heavily impact the impedance of the DMinductor because the core losses are typically very small. This is due tothe small HF variation of the �ux density generated by the very small HFcurrent ripple.Series Wire ResistanceThe inductors designed for HF power �ltering are typically designed usinga single layer. This measure ensures that the winding parasitic parallelcapacitance is low and that proximity e�ect can be neglected. With thisassumption, the resistance of the inductor's wire is dependent on skine�ect and the conductor's characteristics. Furthermore, in order to pro�tfrom the increased resistance with frequency, solid round conductors areemployed instead of paralleled or Litz wires.A solid round conductor is shown in Figure 4.15 with its relevantdimensions. The dc resistance for such a wire is given by,
Rw,dc =

4lwρw

πφ2
w

, (4.42)where ρw is the wire resistivity.The resistivity of a conductor is dependent on temperature and forcopper it is approximately, 172
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Jφw ρ   , µw w

lw

Figure 4.15: Solid round conductor with permeability µw and resistivity ρw.
ρCu = 1.78 · 10−8 · (1 + 0.0039 · (T − 20)) [Ω · m], (4.43)with the temperature T given in oC.For a round conductor with a diameter much larger than the skindepth, the high frequency electric and magnetic �eld distributions presentan approximate exponential decay (cf. Figure 4.16) with the distance xfrom the surface of the conductor [24],

|J(x)| = Jse
−x

√
πfµwσw , (4.44)where σw = 1/ρw is the conductor's conductivity.

φw
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J

x

Conductor

Figure 4.16: HF current distribution in a round conductor with a diametermuch larger than the skin depth.The skin depth (δ) is de�ned as,
δ =

1√
πfµwσw

. (4.45)173
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φwδFigure 4.17: Simpli�ed HF current distribution in a round conductor with adiameter much larger than the skin depth.Assuming a constant current distribution up to one skin depth, theresistance for high frequencies can be calculated by reducing the conduc-tive area as shown in Figure 4.17. And the resistance for high frequenciescan be calculated by,
Rw,ac =

lwρw

π (φwδ − δ2)
, (4.46)where the term δ2, being much smaller than φwδ can be neglected. Thus,

Rw,ac
∼= lwρw

πφwδ
. (4.47)Replacing the de�nition of the dc resistance leads to,

Rw,ac = Rw,dc ·
φw

4δ
. (4.48)Finally, considering the de�nition of the skin depth,

Rw,ac =
lw
φw

·
√

f · µw

πσw
. (4.49)If the diameter of the round conductor is comparable to the skin depth,Maxwell equations should be solved and the AC resistance is given by[161],

Rw,ac = Rw,dc · FR. (4.50)174



DIFFERENTIAL MODE INDUCTORSThe coe�cient FR is de�ned as,
FR =

ξ

4
√

2
·
[

Ber (0, ξ) Bei (1, ξ) + Ber (0, ξ)Ber (1, ξ)

Ber (1, ξ)2 + Bei (1, ξ)2
+

−Bei (0, ξ) Ber (1, ξ) + Bei (0, ξ) Bei (1, ξ)

Ber (1, ξ)
2
+ Bei (1, ξ)

2

]

,

(4.51)where Ber(i, var) and Bei(i, var) are Kelvin functions of order i on vari-able var and,
ξ =

φw√
2δ

. (4.52)If more than one winding layer is used in the inductor, the calculationof the AC resistance can be performed with eq. (4.53) [165]. This equationde�nes the AC winding resistance of a coil wound inductor with an integernumber of layers (Nlayers).
Rw,ac = Rw,dc · A ·

[
e2A − e−2A + 2sin(2A)

e2A − e−2A + 2cos(2A)
+

+
2(N2

layers − 1)

3
· eA − e−A − 2sin(2A)

eA + e−A + 2cos(2A)

]

,

(4.53)where,
A =

(π

4

) 3
4 ·

√

φ3
w

δ
√

dwires

, (4.54)with dwires being the distance between two adjacent conductors.Equation eq. (4.53) can be further simpli�ed to [164],
Rw,ac

∼= Rw,dc · A ·
[

1 +
2(N2

layers − 1)

3

]

, (4.55)for, 175
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if Nlayers = 1 ⇒ f ≥ ρwdwires

πµwφ3
w

·
(

4

π

) 3
2 (4.56)

if Nlayers > 1 ⇒ f ≥ 16ρwdwires

πµwφ3
w

·
(

4

π

) 3
2

, (4.57)where µw is the permeability of the wire.Depending on the diameter of the conductor, either eq. (4.49) or eq.(4.50) can be used to model the resistance of a round conductor in de-pendency of frequency. If the inductor has more than one layer, eq. (4.55)is a better option.4.4.3 Parasitic Parallel Capacitance
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Figure 4.19: Cross-section of a multi-layer winding and symmetry cell usedfor the parasitic capacitance calculation.�lter at high frequencies. This e�ect gets worst if multiple winding layersare used in the construction of the inductor [24,166,167] and, as a result,inductor designs shall be limited to one or at most two layers, thus reduc-ing available window area occupation and increasing the required totalcore material volume. If a planar design is used the capacitive e�ect iseven more pronounced due to the wider conductive area in contrast withthinner dielectric distances between layers [168].A complete modeling procedure for the calculation of the values ofparasitic capacitances is presented in [166, 169], from where the mainconsiderations are listed in the following.The cross-section of a multi-layer winding is shown in Figure 4.19,where the symmetry lines are drawn, which are used in the calculationof the parasitic capacitance. A symmetry cell is also shown, where thesimpli�ed electric �eld lines are de�ned.Two capacitances in series are to be considered, one of the coatingof the conductors and the other from the air gap between wires. Theelementary capacitance from the coating is,177
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dC =

εrεoφw

2dr
dθdl, (4.58)and the integration of this capacitance leads to the capacitance per unitangle due to the wire coating in the symmetry cell,

dCttc

dθ
=

εrεolt

ln
(

φo

φw

) , (4.59)For the air gap the elementary capacitance per unit angle is given by,
dCg

dθ
=

εolt
2 (1 − cosθ)

. (4.60)The total capacitance for the cell is,
dCeq

dθ
=

dCttcdCg

dCttc + 2dCg
. (4.61)Integrating eq. (4.61) for a angle of π/6 leads to the total turn-to-turncapacitance,

Ctt = εolt ·
2εrarctan

(
√

3−1)(2εr+ln φo
φw

)

(
√

3+1)
√

(2εr+ln φo
φw

)ln( φo
φw

)
√

2εrln
φo

φw
+
(

ln φo

φw

)2
. (4.62)A simpli�ed approach is proposed in [169], which leads to,

Ctt = εolt ·
[

εrθ
∗

ln φo

φw

+ cot

(
θ∗

2

)

− cot
( π

12

)
]

, (4.63)with,
θ∗ = arccos

(

1 −
ln φo

φw

εr

)

. (4.64)The turn-to-core capacitance is simpli�ed to twice the value of theturn-to-turn capacitance, since the symmetry cell is approximately the178



DIFFERENTIAL MODE INDUCTORSsame. So that,
Ctc = 2Ctt. (4.65)The total parasitic parallel capacitance is the result of the capacitancenetwork formed by the multiples Ctt and Ctc. For a single layer inductor,this network is shown in Figure 4.20. From where it is seen that if thereis no core the capacitance is given by,

Cp,air =
Ctt

NL − 1
. (4.66)If a conductive core is assumed, then the total parallel capacitancecan be calculated by the following procedure.For a two turns inductor,

Cp,2 = 2Ctt. (4.67)For a three turns inductor,
Cp,3 =

3

2
Ctt. (4.68)For a larger number of turns it follows that,

Ctt

Ctc

Ctt Ctt Ctt Ctt

Ctc Ctc Ctc Ctc

1 2 3 4 NL

Figure 4.20: Capacitance network for a single layer inductor.179
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while i ≤ NL do

Cp,i =
Ctt

2 + Ctt

Cp,i−2

+ Ctt (4.69)
i = i + 1

end while .This sequence converges to Cp,NL
∼= 1.366Ctt for NL ≥ 10.For an air core two layer inductor, assuming that the second layer hasone turn less than the �rst and that it is winded in the opposite direction,it follows that,

Cp,NL
= 1.618Ctt for NL ≥ 10. (4.70)For a two layer inductor with a conductive core, assuming that thesecond layer has one turn less than the �rst and that it is winded in theopposite direction, the total parallel capacitance can be obtained with,

Cp,NL
= 1.830Ctt for NL ≥ 10. (4.71)For a three layers air core inductor, it is more di�cult to calculate thetotal capacitance. However, according to [166,169] it is reduced and givenby,

Cp,NL
= 0.573Ctt for NL ≥ 10. (4.72)The above result is somewhat controversial and seems to be basedon the theoretical assumption that the inter-winding capacitances canceleach other.The prediction achieved with the previous equations typically leadsto an over-estimated capacitance, since the electric �eld lines assumed inthe calculation are, in average, longer than the actual ones. Besides that,for toroidal cores, the wires are very close to each other in the centerwindow, but as the outer edge of the core approaches, they spread. Thus,increasing the e�ective insulation distance and decreasing the turn-to-turncapacitance. 180



DIFFERENTIAL MODE INDUCTORS4.4.4 DM Inductor Equivalent CircuitBased on the previously described impedances, an equivalent circuitmodel for a DM �lter inductor can be formed. This model shall be valid fora wide frequency range and precisely describes the impedance of this typeof component. A general equivalent circuit is shown in Figure 4.21, wherethe self-inductance and the resistance that accounts for the core lossesare current and frequency dependent, while the wire resistance varieswith frequency only. The parallel capacitance is approximately constantand depends basically on the geometry.Simpler models can be used if the frequency range of interest is re-duced. For instance, if the permeability of the core material is approx-imately constant in the frequency range of interest and core losses areexpected to be small, then a constant inductance can be assumed instead.The presented model has the limitation of not taking external cou-plings (magnetic and/or capacitive) into account.In order to present the achievable results from the modeling, a com-parison between models and measurements is performed for two di�erentcore materials and sizes in the following, where impedance and induc-tance measurements are performed with a precision impedance analyzerof model Agilent 4294A.Applying the model from Figure 4.21 to the inductor speci�ed in Ta-ble 4.5 generates the impedance curve presented in Figure 4.22.It is observed a good agreement between measurement and model.A small mismatch between the self-resonance frequencies is seen, comingfrom uncertainties in the material's permeability and/or of the parallel ca-pacitance calculation. The permeability published in the data sheet [162]
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ILFigure 4.21: Equivalent circuit for a DM �lter inductor with frequency andcurrent dependent parameters. 181



EMC FILTER COMPONENTSTable 4.5: Speci�cations of inductor 01.Inductor number 01Core T157-52Material -52Manufacturer MicrometalsNumber of turns 44Wire diameter 1.6 mmCore outer diameter 17.3 mmCore inner diameter 9.65 mmCore height 6.35 mm
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Figure 4.22: Comparison of the impedance of the modeled inductor 01 witha measurement result.of the material -52 is used. The resistance at the resonance peak is also dif-ferent, indicating that the series resistance is smaller in the measurementresults. This does not turn to be a problem since the modeled impedanceis smaller than the measured one, thus, being conservative for a �lter de-sign. The resonances observed at frequencies higher than 10 MHz can notbe modeled with the presented equivalent circuit. For that, a complete 3-D model of the inductor would be required and the modeling e�ort wouldbecome much higher. For the typical switching frequencies of three-phasePWM converters, which range from 1 kHz up to some hundreds of kHz,the models here presented should su�ce.182



DIFFERENTIAL MODE INDUCTORSA second inductor, as speci�ed in Table 4.6, is used to evaluate thelimitations of the presented models. The impedance measurement curvesfor this inductor are depicted in Figure 4.23.Good matching is observed in the curves of Figure 4.23 for frequenciesbelow the resonance frequency. At a frequency approximately one decadelower than the self-resonance frequency, a larger value of impedances isobserved in the measured inductor. This is not only due to the resonanceitself, but the inductance of the measured component is higher than theinductance predicted in the model. From this observation, the magneticTable 4.6: Speci�cations of inductor 02.Inductor number 02Core 55378-A2Material High FluxManufacturer MagneticsNumber of turns 18Wire diameter 0.95 mmCore outer diameter 17.3 mmCore inner diameter 9.65 mmCore height 6.35 mm
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Figure 4.23: Comparison of the impedance of the modeled inductor 02 witha measurement result. 183



EMC FILTER COMPONENTS
In

d
u
ct

a
n
ce

µ
Η

Model

103 104 105 106 107

Frequency [Hz]

0

10

20

30

40

50

60

[
]

108102

Measurement

Figure 4.24: Comparison of the inductance of the modeled inductor 02 witha measurement result.permeability curves for the material High Flux [163] seems to presentlower values for high frequencies than the ones observed in the measure-ment. To certify that this happens, a comparison of the modeled andmeasured inductance for the same inductor is presented in Figure 4.24.From the inductance values it is seen that the inductance calculated withthe permeability curves given in the data-sheet for material High Flux de-creases earlier than expected. This highlights the importance of the inputdata for the model.4.4.5 Thermal Models for Toroidal CoresThe temperature rise due to the inherent losses of a �lter inductor is amajor parameter when de�ning the core to use in a given application sincemagnetic and insulation materials present temperature limitations. Corematerials present dependency of their characteristics with temperature.Aiming for the smallest size, consequently cheaper cores, forces a �lterdesigner to search for the most precise thermal models.Core manufacturers Magnetics Inc. [163] and Micrometals Inc. [162]and specialized literature [170] suggest that the expression,
∆T =

(
PL [mW]

SL [cm2]

)0.833

, (4.73)184



DIFFERENTIAL MODE INDUCTORSwhere PL is the total inductor losses and SL is the wounded inductorsurface, provides a good approximation to the temperature rise ∆T in acore. This is a very di�cult calculation since the exact calculation of theouter surface of an inductor might prove to be a challenge. The assumptionfor this expression is that the inductor presents a 40 % �lling factor andis typically mounted on a printed circuit board. Thus, this is a specialcase of heat transfer based on typical boundary conditions.The classical expression for the thermal resistance Rth of a body ofsurface SL is given by,
Rth =

1

hfilm SL
, (4.74)where the �lm coe�cient hfilm is strongly dependent on the boundaryconditions, i.e. in parameters like material characteristics, temperature,surrounding media, surface �nish, distance to other bodies and air or�uid speed. The �lm coe�cient can easily vary by orders of magnitudedepending on air speed and distance to other bodies.A more model based on eq. (4.74) is proposed in [171], where thethermal resistance Rth of a core is calculated with,

Rth =
∆T

PL
=

Kth

V ol2/3
, (4.75)where instead of the outer surface, the volume V ol of the inductor is usedand a coe�cient Kth depends on the geometry of the core and on the �lmcoe�cient for convection. Coe�cient Kth is fairly constant for a givencore family if the dimensions of the cores are proportional and the sametype of convection (natural or forced air) is applied. This coe�cient canbe calculated with the expression,

Kth =
V ol2/3

hfilmSL
, (4.76)where hfilm is the �lm coe�cient for the given material and convection,which typically varies from 10 W/m2 to 25 W/m2 for natural convection[171] and core surface temperatures around 80oC.This method [171] shows that it is possible to relate the thermal resis-tance of an inductor to its volume. However, during the design phase ofan inductor, the product of areas AeAw is a more useful parameter than185



EMC FILTER COMPONENTSthe volume and a relation between product of areas and volume does ex-ist. Therefore it should be possible to de�ne the thermal resistance of aninductor by its product of areas.
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Figure 4.25: Thermal resistance of toroidal cores from di�erent manufacturers[162,163,172,173] as presented in their catalogs and proposed approximation.In order to have a practical approach to de�ne the thermal resistance,di�erent toroidal core manufacturers [162, 163, 172, 173], which providemeasured thermal resistances of their cores, have been researched. Theresult is shown in the graph of Figure 4.25, where the thermal resistanceof cores from di�erent manufacturers is plotted against the core productof areas. An exponential tendency of the data points is observed, whichcan be approximated by minimum squares regression to,
Rth

∼= 415.17(AeAw [cm4])−0.3593 [K/W], (4.77)leading to a R-squared factor 1 of R2 = 0.9979.The model obtained with eq. (4.77) is only valid for toroidal corestypically mounted on printed circuit boards, and has the advantage ofbeing a good approximation for the measured thermal resistance of manydi�erent cores and core manufacturers.1In statistics, the coe�cient of determination, R2, is the proportion of variabilityin a data set that is accounted for by a statistical model. For least squares regressionwith a constant and linear model, R2 equals the square of the correlation coe�cientbetween the observed and predicted data values.186



THE THREE-PHASE CM INDUCTOR4.5 The Three-Phase CM InductorDue to maximum earth leakage current values imposed by safety require-ments (cf. section 2.2.1), the value of capacitors that can be connectedfrom the AC power lines to protective earth is limited. In practice, thevalue of such capacitors is in the nF range. In a �lter which is composedof inductors and capacitors, this limitation implies that the value of theinductors should be made larger in order to compensate for the smallcapacitors. If separated inductors are used at each line, the same char-acteristics as for DM inductors apply. This means that a large peak �uxdensity is expected, produced by the large values of the DM currents, andlow permeability materials would be needed. These requirements wouldlead to extremely bulky inductors.In order to prevent the large �ux density generated by DM currents,engineers have been employing CM chokes since the early days of radioengineering [174, 175]. Nevertheless, it was not until 1966 that this com-ponent received the name �Common Mode Choke� [176] in the literature.In 1970, a mathematical model [175] has been presented for a two-lineinductor. In 1971, a three-phase version of the CM choke has been pre-sented [177] along with the main advantages of this type of constructionfor suppressing CM noise currents.In order to avoid the saturation of a core, the same condition as pre-sented for a DM inductor has to be respected. That is,
H =

NLIL

le
<

Bsat

µoµr
, (4.78)from where it is seen that if the magnetic �eld in core should be keptsmall.Three ways to reduce the magnetic �eld in a core are possible, namely:i. reduce the number of turns of the windings;ii. reduce the current, and;iii. construct the windings in a way that the �elds created by each ofthem is opposed to the �elds of the others, so that the net �eld isreduced. 187



EMC FILTER COMPONENTSThe third possibility is explored in a three-phase CM choke con-structed as illustrated in Figure 4.26.The operating principle of a three-phase CM inductor can be under-stood by examining Figure 4.27. It is seen that for a CM current icmthe magnetic �elds generated in each of the windings ( ~HA,cm, ~HB,cm and
~HC,cm) are all on the same direction and the total net �eld is the scalarsum of each individual one. On the other hand, for DM currents iA,dm,
iB,dm and iC,dm where,

iA,dm + iB,dm + iC,dm = 0, (4.79)the net �ux, assuming an in�nite relative permeability of the core materialand the same number of turns in the windings, is given by,
NLiA,dm

le
+

NLiB,dm

le
+

NLiC,dm

le
=

NL(iA,dm + iB,dm + iC,dm)

le
= 0.(4.80)Is is seen that an ideal three-phase CM inductor is capable to com-pletely eliminate the in�uence of the typically high DM currents. If a �nitepermeability is assumed, part of the magnetic �eld generated by the DMcurrents close through the surrounding media. This portion of the mag-netic �eld is named leakage �eld and is responsible for an increase in theinternal �eld of the inductor due to DM currents. Therefore, it needs tobe taken into account when designing a CM choke.
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Figure 4.26: Illustration of a three-phase CM inductor.188



THE THREE-PHASE CM INDUCTORThe contributions of DM and CM �elds are depicted in Figure 4.28 forthe same currents as de�ned in Figure 4.27. It is seen that the CM gener-ated �eld ( ~Hcm) is not signi�cantly in�uenced by the non-ideal character-istic of the core material, whereas the �elds due to DM currents ( ~HA,cm,
~HB,cm and ~HC,cm) do not completely cancel. Depending on the directionof the DM currents, the CM �eld can sum or subtract in di�erent portionsof the core.From the CM currents shown in Figure 4.27, the magnetic �eld ( ~Hcm)
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Figure 4.27: Currents and magnetic �elds in an ideal three-phase CM inductordue to CM and DM currents.
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Figure 4.28: Currents and magnetic �elds in a three-phase CM inductor with�nite permeability. 189



EMC FILTER COMPONENTSand the magnetic �ux density ( ~Bcm) present the distributions depictedin Figure 4.29. An exponential distribution is expected, where the spaceclose to the inner conductors, which are more closely spaced present ahigher �eld than the external side. The �ux density is proportional to tothe permeabilities and, thus, is much higher inside the core.
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Figure 4.29: Distribution of magnetic �eld ( ~Hcm) and �ux density ( ~Bcm) forcommon mode currents.For the norm of the magnetic �eld, this distribution is shown withmore detail in a 2-D �nite element simulation result for a common modecurrent Icm = 1 A in Figure 4.30. It is observed that the totality of the�ux is constrained to the inner volume of the inductor. Thus, no external�ux is expected to be radiated from CM currents in a CM inductor builtin a toroidal core. This represents two main advantages, namely: magneticcouplings to external components are not an issue, and; radiated emissionsare not relevant. This holds truth as long as the geometric symmetry ofthe component is preserved.For DM currents, the norm of the magnetic �eld vector is presentedwith results of a 2-D �nite element simulation preformed with instanta-neous asymmetrical currents of values +2 A, -1 A and -1 A in Figure 4.31.It is observed that the �eld is asymmetrical, where it is high in the spacebetween the windings with higher current di�erence. Unlike for the CM�eld, the external DM �eld is not ideally null. Besides that, the spatialcon�guration of the DM �eld continuously changes with time for sinu-soidal currents. This allows for the external magnetic coupling with othercomponents and generates radiated emissions. Nevertheless, the leakage190



THE THREE-PHASE CM INDUCTOR
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Figure 4.30: Finite elements simulation result for a three-phase CM inductorconducting three symmetrical currents. The simulation is in time domain andshows the norm of the magnetic �eld due to three currents of equal phase andamplitude produced in the shown windings.
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Figure 4.31: Finite elements simulation results (norm of the magnetic �eld)for DM currents. The simulation is in time domain and shows the norm of themagnetic �eld due to one current of +2 A in the uppermost winding and twocurrents of -1 A in the other two windings.�ux produces an inductance which is seen by DM currents. This induc-tance is used to �lter DM noise currents [178].The construction of a typical three-phase CM inductor is illustrated in191



EMC FILTER COMPONENTSFigure 4.32. This construction has the advantages of using toroidal cores:lower core costs, small leakage �ux and low thermal resistance. It is seenthat the windings are physically spaced in order to achieve insulation,since line voltages are across them. With this measure it is possible to usemagnetic wire with standard coating, reducing thermal resistance andcosts if compared with high voltage insulated wires. The disadvantageof this arrangement is that the leakage �ux arising from DM currents ishigher than if the windings would be done close to each other.The circuit schematics for a purely inductive and symmetrically builtthree-phase CM inductor is depicted in Figure 4.33. Three mutually cou-pled inductors reproduce the behavior previously explained from a circuittheory perspective.From the schematic of Figure 4.33 and considering that,
LA = LB = LC = Lchoke, (4.81)it follows that,
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 · d
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


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iB
iC



 . (4.82)The mutual inductance is de�ned by,
M = kcm · Lchoke. (4.83)
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Figure 4.32: Construction of a three-phase CM inductor.192



THE THREE-PHASE CM INDUCTOR
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Figure 4.33: Schematic of a purely inductive three-phase CM inductor.With these de�nitions, two inductances can be evaluated. The CMinductance is acting for three symmetrical currents,
iA = iB = iC = icm, (4.84)thus,

uA = uB = uC = ucm, (4.85)and a CM inductance Lcm is de�ned as,
Lcm =

ucm

dicm/dt
= Lchoke + M + M, (4.86)thus,

Lcm = Lchoke
1 + 2kcm

3
. (4.87)According to eq. (4.87) the CM inductance equals the self-inductanceof a winding if a perfect coupling, that means kcm = 1, is considered.If three DM currents are considered,193



EMC FILTER COMPONENTS
iA,dm + iB,dm + iC,dm = 0 (4.88)

uA,dm + uB,dm + uC,dm = 0, (4.89)it follows that,




uA,dm

uB,dm

uC,dm



 =





Lchoke − M 0 0
0 Lchoke − M 0
0 0 Lchoke − M



 · d

dt





iA,dm

iB,dm

iC,dm



 .(4.90)De�ning a DM inductance as the leakage inductance Lσ,
Lσ =

ui,dm

dii,dm/dt
= Lchoke − M , with i = A, B, C, (4.91)it follows that,

Lσ = Lchoke · (1 − kcm). (4.92)If a coupling kcm = 1 is considered, the leakage inductance given by eq.(4.92) is null. The e�ects of the DM inductances are not simple to modelin a complete �lter because of the external couplings with other compo-nents. The utilization of the DM inductances for �ltering of di�erentialmode currents might be very useful, but it should be carefully studied sothat radiated emissions and deterioration of �ltering performance due toexternal couplings do not decrease �ltering performance.From the previous analysis, the model of a CM inductor can be di-vided into two parts, one for symmetrical and the other for asymmetricalcurrents. This provides useful simpli�cation for the following analysis.4.5.1 Common Mode InductanceThe three-phase CM inductor can be seen as three windings in paralleland wound in the same direction for common mode currents. Therefore,as for a DM inductor, the self-inductance provided by the geometrical ar-rangement of the windings around a ferromagnetic core can be computedwith the real part of the complex permeability µ′. However, unlike the194



THE THREE-PHASE CM INDUCTORDM inductors, the dependency of the permeability on the CM currents istypically very small. Furthermore, the expected CM currents present lowamplitudes, so that the variation of magnetic �ux in the core does notcreate large variations in the core's permeability. For these reasons, theCM inductance is de�ned as,
LCM (f) = ALN2

L · µ′(f)

µ′(f = 0Hz)
. (4.93)In order to pro�t from the low �ux densities generated by CM currents,high permeability materials can be employed, so that cores with very large

AL values can be used. Thus, a low number of turns and small dimensionscan be presumably achieved. Core magnetic materials for CM inductorsalso present a non-constant complex permeability with frequency. Theproper choice of core materials leads to compact and e�ective inductors,with reduced parasitics.The real part of the series complex permeability for some popularand high performance magnetic materials are shown in Figure 4.34. Twotypes of ferrite � N30 and T38 � [179], a nanocrystalline � VITROPERM500F � [172, 173] and an amorphous material � MAGNAPERM � [180]are compared. It is observed that the real part of the permeability ofall materials is similar in the 0.2 to 2 MHz range, but the non-ferritematerials present higher permeabilities for other frequencies.
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EMC FILTER COMPONENTS4.5.2 Losses and Associated ResistancesThe imaginary part µ′′ of the complex permeability models the smallsignal losses of the materials. For high permeability materials, these lossesare typically higher than for the materials employed in DM inductors. Thee�ect of the increased losses is that the total series impedance of the CMinductor is increased with a resistive part. The inductor behaves as a seriesRL connection, where the R part is considerable for high frequencies. Coremanufacturers usually provide measurement based curves de�ning theimaginary part of the permeability as a function of frequency. Figure 4.35shows the imaginary part of the permeability for the previously mentionedmaterials. It is seen that the imaginary part is lower for ferrites.If �ux densities that can be treated as small signal perturbations areto be expected, the ac resistance can be calculated with eq. (4.35). Thus,
RCM,core = ALN2

Lω · µ′′

µ′′(f = 0 Hz)
(4.94)The large signal core losses for the presented materials are shown inFigure 4.36 [172,173,179,180]. It is observed that these losses are higherfor the ferrites.From the large signal core losses, resistance can be used to model thecore losse . From eq. (4.41), it follows that,
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THE THREE-PHASE CM INDUCTOR
RCM,core = 2VcKcf

αIβ−2
p

(
ALNLµ′

Ae |µ̄s,initial|

)β

. (4.95)In order to compare the equivalent series resistance arising from corelosses, the material VITROPERM 500 F is chosen. Three resistances arecalculated, one based on eq. (4.94) taking only the imaginary part of thepermeability into account and two based on eq. (4.95), considering corelosses for a current of 10 mA and of 10 A. These resistances are plotted inFigure 4.37. The Steinmetz parameters for these plots are obtained fromminimum squares regression of data points in the frequency range of 10kHz up to 300 kHz. This explains why the resistance calculated with acurrent of 10 mA approaches the one calculated with the permeabilityin this frequency range. Furthermore, it is seen that an increase in thisresistance is expected for higher currents. For the design of CM chokes it issu�cient to calculate the resistance with the complex permeability, sincehigher currents lead to higher resistances and, thus, higher attenuation ofCM currents.Core losses are usually not considered when designing CM chokes,unless very high switching frequencies are employed. Another exception isin the design of CM inductors to be placed between three-phase invertersand motors, where very large CM voltages are expected.The losses in the wires can be calculated in the same way as for DM
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EMC FILTER COMPONENTSinductors. Thus the resistances for each of the windings can be evaluatedwith the same equations presented in section 4.4.2.Material Selection for CM InductorsThe saturation �ux density for the cited materials areBsat,V ITROPERM =
1.2 T, Bsat,MAGNAPERM = 0.57 T, while it is lower than 0.3 T for theferrites. Regarding the maximum temperature for continuous operation,we have 120 °C for VITROPERM, 90 °C for MAGNAPERM and 100 °Cfor the ferrites.Comparing the characteristics of the materials shown in Figure 4.34,Figure 4.35 it is observed that the highest permeability material is VIT-ROPERM 500 F. According to Figure 4.36, core losses for MAGNAPERMare the smallest, while are higher for the ferrites.The choice of material aiming for the smallest volume core is acomplex dependency on di�erent parameters, like temperature, currents,impedance and frequency of operation. Perhaps the most important pa-rameter is the saturation of the core. The following analysis proposes amethod to evaluate the material which leads to the smallest core dimen-sions.The saturation of the core must be avoided, thus,
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THE THREE-PHASE CM INDUCTOR
NLIL,max <

leBsat

µoµr
. (4.96)The impedance of a toroid is,

XL,toroid = 2πfLs,toroid = µoµrfN2
LHc · ln

(
OD

ID

)

, (4.97)from where the minimum number of turns for a given impedance andgeometry is,
NL =

√
1

µr

√

XL,toroid

µofHc · ln
(

OD
ID

)

︸ ︷︷ ︸

K1

. (4.98)Replacing eq. (4.98) in eq. (4.96) leads to,
1√
µr

K1IL,max <
leBsat

µoµr
. (4.99)Simplifying eq. (4.99) leads to,

K1IL,maxµo

le
︸ ︷︷ ︸

K2

<
Bsat√

µr
, (4.100)where K2 is a constant if a �xed frequency, geometry, current and requiredimpedance are assumed.From eq. (4.100) it is seen that, for a �xed geometry and requiredimpedance, the saturation condition for a CM inductor depends on therelation between two properties of the magnetic material, namely its satu-ration �ux density and the relative permeability. In Table 4.7, this relationis calculated for the mentioned materials and given for two di�erent fre-quencies. It is observed that, even though material VITROPERM 500 Fpresents a very high permeability, the ratio Bsat/

√
µr is the most favor-able also for low frequencies. This shows that this material is supposed toallow for the smallest core size and/or number of turns for given required199



EMC FILTER COMPONENTSimpedance and CM current.Table 4.7: Ratio Bsat/
√

µr for materials employed in CM inductors.Material Ratio Bsat√
µr

@ 1 kHz Ratio Bsat√
µr

@ 200 kHzN30 3.7 mT 3.5 mTT38 2.6 mT 2.7 mTVITROPERM 500 F 3.8 mT 7.8 mTMAGNAPERM 1.8 mT 3.9 mTIf the most important parameter for a CM is its total volume, materialVITROPERM 500 F shall be chosen . This material presents good thermalstability as well. The disadvantage is its price, which is higher than forthe ferrites. If only high frequency components (> 150 kHz) are present,the second best material from a volume point of view is MAGNAPERM.For large CM currents for lower frequencies the use of ferrite cores couldlead to similar volumes as for VITROPERM 500 F.4.5.3 Parasitic Parallel CapacitanceThe calculation of the winding parasitic parallel capacitance for a three-phase CM inductor can be done with the same procedure present forthe DM inductors. If the inter-winding capacitance can be neglected, the�nal parallel capacitance for CM currents is the parallel connection of thecapacitances of the three windings. This is typically the case, since thewindings are placed away from each other.4.5.4 Leakage Inductance and its Saturation IssuesA prediction of the leakage inductance value is done in [178] for single-phase CM inductors. This analysis can be directly applied to three-phaseinductors since the same principles apply.Given the symmetries for the DM components shown in Figure 4.28,each of the windings can be simpli�ed to an equivalent winding on aportion of the toroidal core. With this simpli�cation, the inductance foran air coil is calculated by, 200



THE THREE-PHASE CM INDUCTOR
Lair = µoN

2
L

Ae

leff
, (4.101)where leff is the e�ective mean path length of the leakage magnetic �eld.The e�ective mean path length of the leakage magnetic �eld has twoportions, inside and outside the core, so that a closed path for the �eldlines is found. In order to simplify the analysis, the path shown in Fig-ure 4.38 is used. From where, it follows that the mean path length isempirically de�ned as,

leff =

√

1√
2

[

OD

(
θ

4
+ 1 + sin

θ

2

)]2

+

[

ID

(
θ

4
− 1 + sin

θ

2

)]2

.(4.102)The equation empirically derived in [178] gives,
leff,Nave = le

√

θ

2π
+

1

π
sin

θ

2
, (4.103)which is valid for θ > π/6.Comparing eq. (4.102) and eq. (4.103) leads to the plots of Figure 4.39for a core of dimensions OD = 50 mm and ID = 35 mm. It is seen thatfor angles larger than π/4 both equations present very similar results.The relative di�erence on these curves is observed for cores with other

Simplified path for the field lines

θ

Figure 4.38: Simpli�ed magnetic �eld path for the calculation of leakage in-ductances in a three-phase CM inductor.201



EMC FILTER COMPONENTSdimensions as well.
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Figure 4.39: Comparison of the results of eq. (4.102) and eq. (4.103) for a corewith dimensions OD = 50 mm and ID = 35 mm.In order to model the e�ective permeability µeff , the winding is mod-eled as a wire wounded on a rod core. The e�ective permeability of arod is a function of the core permeability, the rod length and the rodcross-sectional area. It can be approached for high permeability cores,with good accuracy [178], as,
µeff = 2.5Γ1.45, (4.104)where Γ is the ratio from the rod length to the rod diameter. And, for thecase of a toroidal core with square cross-section, it is approximated as,

Γ =
le
2

√
π

Ae
. (4.105)The �nal value for the leakage inductance is calculated with,

Lσ = µeffLair = µoµeffN2
L

Ae

leff
. (4.106)In order to calculate the �ux density in the core, the magnetic �eldcan be evaluated with, 202



THE THREE-PHASE CM INDUCTOR
Hσ =

NLIdm

leff
, (4.107)from where,

Bσ = µeffHσ = µeff
NLIdm

leff
. (4.108)Isolating the magnetic path length in eq. (4.106) and replacing it ineq. (4.108) gives,

Bsigma =
LσIdm

NLAe
. (4.109)The condition for non-saturation of the core due to DM currents gen-erated leakage �ux is,

LσIdm

NLAe
< Bsat. (4.110)According to eq. (4.110) the calculation of the leakage �ux densitycan be done with the previously estimated leakage inductance. With this,the saturation of a core can be avoided already in the design phase ofthe component. In [178] it is also suggested that the value of the leakageinductance can be optimized for a given DM current, so that the achievedleakage impedance helps �ltering DM emissions.4.5.5 Three-Phase CM Inductor Equivalent CircuitsThe three-phase CM inductor can be modeled with two equivalent cir-cuits, one for CM and the other for DM currents. The advantage of doingthis is that the design of DM and CM can be performed separately. Thus,simpler models can be employed.For common mode currents, assuming that the three windings aresymmetrical and the core permeability is homogeneous, the impedanceof the three windings are balanced and in parallel. Thus, the model forCM depicted in Figure 4.40 is a good approximation for a wide frequencyrange. As the magnetic �eld generated by the currents in all windingssums, a single inductor with the same number of turns of a single winding203
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THE THREE-PHASE CM INDUCTORmodels accurately the self-inductance and core losses based resistance.The CM inductance and the resistance due to core losses are mainlydependent on the frequency, but if high �ux density is expected due tohigh currents or large leakage �ux, the permeability decreases with theassociated currents. The resistance of the windings are acting in parallel,as well as the parasitic capacitances of the windings.Di�erential mode currents generate leakage �ux, which is not apprecia-bly a�ected by the permeability of the core due to the e�ective magneticpath length being closed through the air. Thus, the leakage inductanceis approximately constant with frequency and currents. The resistancesdue to losses in the wires are frequency dependent, but typically small for
f < 30 MHz. As the leakage �ux is typically small, the resistance due tocore losses can be neglected. The �nal equivalent circuit for DM currentsis shown in Figure 4.41.In order to observe the achievable performance of the presented mod-els, two three-phase CM inductors have been wound and the comparisonfrom impedance measurements and the predicted models is presented inthe following.The construction speci�cations of the inductors are given in Table 4.8and Table 4.9.Table 4.8: Speci�cations of CM inductor CM-01.Inductor number CM-01Core T6000-6-L2025-W380Material VITROPERM 500 FManufacturer VACNumber of turns 10Wire diameter 1.4 mmCore outer diameter 27.8 mmCore inner diameter 13.7 mmCore height 12.7 mmThe CM impedance of inductor CM-01 is shown in Figure 4.42 fora measurement obtained with an impedance analyzer in comparison withthe impedance calculated by using the equivalent circuit of Figure 4.40.205



EMC FILTER COMPONENTSFor the CM impedance measurement, all three windings were connectedin parallel. A very good correlation among the curves in the whole fre-quency range is given. The calculated parallel capacitance seems to becorrect, since the very high frequency (>20 MHz) impedance is approx-imately the same. The di�erence in the resonance frequency is creditedto di�erences in the permeability curves with respect to the real one. Aslight di�erence is seen from around 30 kHz up to 500 kHz which is mostprobably due to di�erences between the complex permeability of the coreand the one used in the calculations, which was curve �tted from datasheet [172]. In the impedance curves it is seen that, up to approximately20 kHz the impedance increases at a rate of around +20 dB per decade,meaning that the core losses can be neglected in this range and that thereal part of the permeability is approximately constant. From 20 kHz upto 6 MHz the impedance increases at around +10 dB per decade dueto the increasing imaginary part of the permeability. This increase alsoshows that the real part is not very important at this frequency range.At 8 MHz the e�ect of the parallel capacitance starts to dominate theCM impedance, which starts to decrease at -20 dB per decade. Due tothe high resistive part of the HF impedance, the resonance peak is highlydamped. This is, generally, a good characteristic since strong resonancesmight impair the �ltering performance. These curves show the impor-tance of the correct modeling of the CM impedance of a CM inductor. Ifthe complex permeability would be neglected, completely di�erent curveswould appear, misleading a �lter design.
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THE THREE-PHASE CM INDUCTORTable 4.9: Speci�cations of CM inductor CM-02.Inductor number CM-02Core B64290-L567 (2 stacked)Material N30Manufacturer EPCOSNumber of turns 8Wire diameter 1.5 mmCore outer diameter 30.5 mmCore inner diameter 20.0 mmCore height 12.5 mm (2×)For the ferrite based inductor (CM-02), the impedance curves areshown in Figure 4.43. It is seen that the real part of the permeabilitydominates this design up to 1 MHz, and the in�uence of the losses isonly observed at the resonance frequency. For this design, the permeabil-ity curves based model seems not to follow the impedance for frequencieshigher than 1 MHz. The predicted parallel capacitance is close to the mea-sured one, since the impedance curves for very HF are in good agreement.It is seen that CM inductors built with ferrite have a more reactive char-acteristic when compared to the nanocrystalline based one. The highermagnetic losses with frequency in the nanocrystalline materials might in-crease losses in the inductor, but it also means that the energy due toHF currents is dissipated in spite of being exchanged, leading to higherdamping and resistive attenuation.The leakage inductance of the three-phase CM inductors has beenmeasured and is shown in Table 4.10. Errors smaller than 20% have beenobserved, which are considered low due to the involved simpli�cations.The larger inductor (CM-02) presents also the largest inductance evenwith a lower number of turns. For the measurement of the leakage induc-tances, two windings have been shorted, while the impedance across theterminals of the third winding has been measured. This leads to a sim-pli�ed equivalent circuit where the leakage inductance of the measuredwinding is in series with the parallel connection of the other windings.The previous comparison validates the presented modeling procedurefor use in the design of CM inductors and �lters.207
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0.1Figure 4.43: Common mode impedance curves from measurement and mod-eling for the inductor CM-02.Table 4.10: Leakage inductances measured at 10 kHz.Inductor number Calculated Lσ Measured Lσ Relative errorCM-01 1.85 µH 1.75 µH 5.7%CM-02 4.89 µH 4.27 µH 14.5%4.6 Equivalence of Two-Port Networks forParasitic CancellationIn order to achieve simple networks, which are able to minimize the e�ectof parasitic elements in �lter components, some networks including cou-pled inductors have been identi�ed in the literature [167, 168, 181�185].A careful analysis about these networks is able to provide helpful insightinto the principles used in the parasitic cancellation techniques.Electrical networks consisting of linear and time invariant elements arecompletely de�ned through one of their characteristic impedances (Y, Z,
T, h, s, etc.) [186]. Therefore, if two networks present equal characteristicmatrices, they are equivalent from an electrical point of view. At thissection, characteristic impedance matrices Z are employed, allowing thestudy of equivalence among di�erent networks, which are used as the basisfor the cancellation of parasitic components.208



TWO-PORT NETWORKS FOR PARASITICS CANCELLATIONA �rst equivalence of interest is among the networks shown in Fig-ure 4.44, where a �T� and a �π� network are depicted. These are importantbuilding-blocks for power �lters and specially interesting for studying thenetworks employed in parasitic cancellation techniques.
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,3TyFigure 4.44: Equivalence among �T� and π networks.The impedance matrices for the circuits of Figure 4.44 are given by:
ZT =

[
yT,1+yT,3

yT,1yT,3

1
yT,3

1
yT,3

yT,1+yT,3

yT,1yT,3

] (4.111)for the T-network.And for the π-network by
Zπ =

[
yπ,2+yπ,3

yπ,1yπ,2+yπ,2yπ,3+yπ,3yπ,1

yπ,3

yπ,1yπ,2+yπ,2yπ,3+yπ,3yπ,1
yπ,3

yπ,1yπ,2+yπ,2yπ,3+yπ,3yπ,1

yπ,1+yπ,3

yπ,1yπ,2+yπ,2yπ,3+yπ,3yπ,1

]

. (4.112)If all elements of matrices ZT and Zπ are the same, then the networksare equivalent.Measuring Impedances with Parasitics CancellationThe networks employed for canceling of parasitic elements convert the,formerly, two-terminal components to three-terminal devices. These three-terminal devices typically rely on magnetic coupling among di�erent ele-ments of the circuits. Therefore, a conventional impedance analyzer cannot be used to directly measure such devices. Further limitation arisesfrom the fact that the e�ects of parasitic cancellation techniques takeplace at high frequencies, where measurements are complex.In order to avoid these limitations, network analyzers can be used to209
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networkFigure 4.45: Mesurement setup for two-port networks in a network analyzer.measure such impedances. Network analyzers measure the S-parametersfor two-port devices. These parameters are de�ned in the following.The basic measurement carried out in a Network Analyzer is shownin Figure 4.45. It is seen two currents (i1 and i2) and voltages (u1 and
u2) and four waves (incident a1, a2 and re�ected b1, b2).The network analyzer measures the relation among the incident andre�ected waves and converts them into variables named the S-parametersof the measured network. These parameters are de�ned as,

[
b1

b2

]

=

[
S11 S12

S21 S22

]

·
[
a1

a2

]

, (4.113)and are simpler to measure than other parameters like impedances oradmittances if high frequencies are involved. However, the measured pa-rameters depend upon the source and load impedances (Ro) of the mea-surement setup. The voltages and currents are de�ned as,
u1 =

√

Ro · (a1 + b1) (4.114)
u2 =

√

Ro · (a2 + b2) (4.115)
i1 =

a1 − b1√
Ro

(4.116)
i2 =

a2 − b2√
Ro

. (4.117)On the other hand, admittance and impedance matrices for a two-portnetwork are independent from source and load impedances. The admit-tance matrix Y is the characteristic matrix for the system,210



TWO-PORT NETWORKS FOR PARASITICS CANCELLATION
I = Y · U
[
i1
i2

]

=

[
Y11 Y12

Y21 Y22

]

·
[
u1

u2

]

. (4.118)And the impedance matrix Z is de�ned in,
U = Z · I
[
u1

u2

]

=

[
Z11 Z12

Z21 Z22

]

·
[
i1
i2

]

. (4.119)With these relations, it is possible to transform the S-parametersinto other characteristic parameters [155, 187] such as, admittances,impedances, trans-conductances, trans-impedances and so on.Aiming for the measurement of impedances employed in parasitic can-cellation, let us consider the circuits of Figure 4.44. In the case of parasiticparallel capacitance cancellation, the π-network is a proper model for the�nal con�guration. The admittance matrix Yπ for this circuit is,
Yπ =

[
Yπ,1 + Yπ,3 −Yπ,3

−Yπ,3 Yπ,2 + Yπ,3

]

. (4.120)Solving the system of equations formed by eq. (4.114), eq. (4.115), eq.(4.116), eq. (4.117), eq. (4.118) leads to,
Y11 =

(1 − S11)(1 + S22) + S12 S21

Ro [(1 + S11)(1 + S22) − S12 S21]
(4.121)

Y12 =
−2 S12

Ro [(1 + S11)(1 + S22) − S12 S21]
(4.122)

Y21 =
−2 S21

Ro [(1 + S11)(1 + S22) − S12 S21]
(4.123)

Y22 =
(1 + S11)(1 − S22) − S12 S21

Ro [(1 + S11)(1 + S22) − S12 S21]
. (4.124)211



EMC FILTER COMPONENTSFrom eq. (4.120), if the value of Yπ,3 is desired, it is su�cient tocalculate Y12. Therefore, Yπ,3 is given by,
Yπ,3 = −Y12 =

2 S12

Ro [(1 + S11)(1 + S22) − S12 S21]
. (4.125)The case of the T-network in Figure 4.44 is a valid model for thecancellation of equivalent series inductance of �ltering capacitors. In thiscase it is simpler to use the impedance matrix ZT . Solving the system ofequations formed by eq. (4.114), eq. (4.115), eq. (4.116), eq. (4.117), eq.(4.119) leads to,

Z11 =
Ro [(1 + S11)(1 − S22) + S12 S21]

(1 − S11)(1 − S22) − S12 S21
(4.126)

Z12 =
2 Ro S12

(1 − S11)(1 − S22) − S12 S21
(4.127)

Z21 =
2 Ro S21

(1 − S11)(1 − S22) − S12 S21
(4.128)

Z22 =
Ro [(1 − S11)(1 + S22) + S12 S21]

(1 − S11)(1 − S22) − S12 S21
. (4.129)From eq. (4.111), if the value of 1/YT,3 is desired, it is su�cient tocalculate Z12. Therefore, 1/YT,3 is given by,

1

YT,3
= Z12 =

2 Ro S12

[(1 + S11)(1 + S22) − S12 S21]
. (4.130)The impedance of most of the networks employed in parasitic cancella-tion can be, thus, measured with eq. (4.125) and eq. (4.130). The validityof these expressions is given for the frequency range where the networkscan be model as circuits with lumped elements.Coupled Inductors for Parasitic CancellationAnother equivalence of interest is given for the networks depicted in Fig-ure 4.46. These are used in some of the capacitance cancellation networks,inductance cancellation networks and other types of �lters.212



INDUCTANCE CANCELLATION FOR FILTER CAPACITORS
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Zcoupl =

[
sL1 −sM
−sM sL2

] (4.131)The non-coupled network presents the matrix,
Znon−coupl =

[
s (L11 + L13) sL13

sL13 s (L12 + L13)

] (4.132)Solving the equation given by Zcoupl = Znon−coupl in order to �ndequivalent networks results that,
L11 = L1 + M (4.133)
L12 = L2 + M (4.134)
L13 = −M (4.135)4.7 Inductance Cancellation for Filter Ca-pacitorsAs seen in section 4.3.1, a capacitor can be modeled with a series equiva-lent inductance ESL. The e�ect of the ESL is illustrated in Figure 4.47,where the impedance of a �lter capacitor is increased for high frequen-cies due to the ESL. The result for the �lter attenuation is that theattenuation curve changes its slope at the self-resonance frequency andan attenuation lower than expected is observed for higher frequencies. Inorder to avoid this harmful e�ect, researchers [167,181,182,188,189] have213
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Figure 4.47: Illustration of the e�ect of the ESL in the impedance of a capac-itor.proposed the use of networks, which ideally eliminate the ESL. As this isa modern and important issue in �ltering, a short review of the literatureabout this topic is done in this section.In [181,182,189] the cancellation of the ESL is achieved through twomain networks of coupled inductors, which are shown in Figure 4.48 alongwith their equivalent circuits without coupling. It is seen that the three-port networks present one port that contains a series negative inductance
−Ls. This inductance can be ideally built with the inductance value ofthe ESL, e�ectively canceling its e�ect. A solution for simultaneouslycanceling the ESL of two capacitors, based on the same principles wasproposed in [188].Avoiding the necessity for coupled inductors, a solution was proposedin [167], which makes use of two similar capacitors and two similar induc-tors as in Figure 4.49.All the aforementioned solutions have given good practical results,improving the HF performance of the studied �lters.In order to experiment the cancellation ideas in three-phase �lters, aprototype was built with the application of the techniques of [181]. The�lter structure of Figure 4.50 was built in order to cancel the ESL of theDM inductors. The �lter is used in a 6 kW Indirect Matrix Converter [89],that means that the RMS currents expected in the coils are,

Irms =
P2

3UN
=

6 kW

3 230 V
∼= 8.7A. (4.136)214
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EMC FILTER COMPONENTSIf the coupled inductors are to be built with tracks in the PCB, theinvolved PCB area would be large. In order to reduce the occupation ofthe coupled inductors and guarantee a well controlled temperature risethe coupled inductors were built with magnetic wires of diameter φ = 1.0mm, in the geometry shown in Figure 4.51. The dimensioning of the coilcan be made in a simpli�ed way with,
LM = µo r N2

L

[

ln

(
8r

R

)

− 1.75

]

, (4.137)where LM is the total inductance of a coreless coil with NL turns for awire of radius R.If a very high coupling is assumed, the inductance LM should beapproximately 2 × ESL. The di�erence, in practice, can be adjusted bymeasuring the impedances and modifying the geometry. The measured
ESL for a 2.2 µF X2 capacitor was 13 nH. The �nal geometry for thecoupled inductors was implemented with a radius r = 0.9 mm, wire radius
R = 1.0 mm and 2 × 2 turns.Insertion loss measurements results from the �nal prototype are shownin Figure 4.52. It is seen that an improvement of approximately 20 dBis achieved for frequencies beyond 10 MHz, while the self-resonance was

dmC dmC dmC

4ML

02u
02i

12u
12i

03u
03i

13u
13i

4ML

01u
01i

11u
11i

4ML

4ML

4ML

4ML

ESL ESL ESLFigure 4.50: Implemented network to �lter DM emissions in an 6 kW IMC,where Cdm = 2.2 µF, ESL ∼= 13 nH, LM
∼= 26 nH.216



INDUCTANCE CANCELLATION FOR FILTER CAPACITORS
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rFigure 4.51: Geometry of the built coupled inductor for ESL cancellation.shifted from 700 kHz to approximately 2 MHz. The presented resultsrea�rm the possible performance improvement with this technique. The20 dB improvement has also been reported in other works [167,181,182].Impedance Measurement for the Cancellation NetworkIn the literature, the performance of the cancellation networks are typ-ically demonstrated with insertion loss measurements. This is due tothe three-terminals of the networks. The direct measurement of theimpedance would give valuable insight into the achieved results. This
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EMC FILTER COMPONENTScan be achieved with eq. (4.130) by measuring the S-parameters of thenetwork with a network analyzer. For the case at hand, the measurementsare performed with an HP4396A.
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PARALLEL CAPACITANCE CANCELLATION4.8 Parallel Capacitance CancellationInductors are heavy/bulky components, but are especially useful in re-ducing CM currents once the utilization of capacitors between lines andprotective earth (PE) is limited due to earth leakage current limitationsgiven in electric equipment safety standards (e.g. EN 60950 series). Induc-tors to be used in �lters have been studied and theoretical models havebeen proposed [166, 178, 190, 191]. All of these equivalent circuit modelshave in common the connection of a capacitor in parallel with the induc-tance. The e�ect of this capacitance is illustrated in Figure 4.54, where itis seen that this parasitic element reduces the performance of the inductorfor frequencies beyond the self-resonance.
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EMC FILTER COMPONENTSThis work aims on analyzing the possibility of applying capacitancecancellation networks to three-phase power line �lters, since previous lit-erature on this subject is limited to single phase topologies, but the utilityand costs of three-phase power converters are prone to justify the utiliza-tion of extra components in the �lters. Due to the lack of existing tools forthe analysis of three-phase networks, a procedure is presented, which usesthe parameters of the networks' admittance matrices (Y) and evaluatesrelevant impedances for CM and DM. The derived equations are also em-ployed in the search for suitable capacitance cancellation networks, wheresome of the presented results can be extended to single-phase networks.Cancellation networks are proposed for three-phase inductive networks,where the impact for CM and DM, of the introduced components, is eval-uated and the �exibility provided by three-phase networks is exploited. Abasic study proposing the possibility of asymmetrical capacitance cancel-lation is presented. Extra measures are taken to improve the performanceof such networks in the higher frequencies of the spectrum. These arebased on the study of the in�uence of other parasitic e�ects, such as non-ideal coupling factors and winding resistances, which is done theoreticallyand experimentally as shown by experimental results.4.8.1 The Use of Admittance Matrices to AnalyzeThree-Phase Networks for EMCA three-phase network consisting of linear and time invariant elements,as displayed in Figure 4.55(a), is completely de�ned by one of its charac-teristic impedances (Y, Z, T, h, s, etc) [186]. The admittance matrix Y,as de�ned in
I = Y · U
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PARALLEL CAPACITANCE CANCELLATIONis especially useful if networks are to be connected in parallel, becausethe resulting matrix (Yres) of the parallel connection of two networksde�ned by Y1 and Y2 is the direct sum of them, Yres = Y1 + Y2. Someof the capacitance cancellation networks can be placed directly in parallelwith the network of inductors and for this reason the admittance matrixis thought of being well suited for the present analysis, even though anyother form could be used. The objective of this analysis is to search forequations to evaluate impedances, which are relevant for the EMC assess-
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EMC FILTER COMPONENTSment in three-phase circuit networks. That is here achieved by derivingequivalent impedances from two perspectives, CM and DM, which arebased on the admittance matrix of the three-phase network of interest.Derivation of an Ideal CM ImpedanceThe circuit con�guration presented in Figure 4.55(b) is used to de�ne thetotal CM impedance (ZCM ) presented by the network for an ideal case,where the impedances outside the network are balanced with respect tothe reference ground. From the inspection of the circuit,
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, (4.139)where Y11,Y12,Y21 and Y22 are the 3 × 3 square sub-matrices of Y.Simplifying eq. (4.139) leads to,
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 . (4.140)From eq. (4.140) the individual currents are de�ned by
i0i = uCM ·

3∑

m=1

Ym,i. (4.141)If the network is symmetric, considering the polarities presented inFigure 4.55(b), then Y12 = −Y21 and Y11 = −Y22 and the equivalentCM impedance ZCM presented by the network can be evaluated through,
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) . (4.142)It is observed that the CM impedance can be calculated by the sum222



PARALLEL CAPACITANCE CANCELLATIONof all elements of the sub-matrix Y11. Therefore,
ZCM =

1
3∑

i=1

(
3∑

m=1
Ym,i

) . (4.143)
Derivation of the Ideal Series DM ImpedancesAgain, for the derivation of ideal DM impedances for the three-phasenetwork, the impedances outside the network are considered balanced.The circuit for this derivation is shown in Figure 4.55(c), from where it isseen that three DM voltage sources are placed in one end of the networkwhile the currents of interest are in the other end. The idea is to �ndthe transfer impedance from these variables assuming that the network isbalanced. From the circuit con�guration of Figure 4.55(c) it follows that,
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i=1

uDM,i = 0. (4.146)There can be in�nity possibilities for this sum to hold true. A generalcase is assumed, where 223
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





uDM,1 = U1 · ejα

uDM,2 = U2 · ejβ

uDM,3 = −
(
U1 · ejα + U2 · ejβ

)
.

(4.147)Three DM impedances ZDM,i are de�ned,
ZDM,i =

uDM,i

i0i
, where i = 1..3. (4.148)From eq. (4.145) a general solution for the three currents is found,

i0i =
6∑

m=4

(Yi,m · uDM,m−3). (4.149)By replacing eq. (4.149) in eq. (4.148) a general solution for the threeDM impedances is found,
ZDM,i =

uDM,i

6∑

m=4
(Yi,m · uDM,m−3)

. (4.150)If the network under consideration is symmetric, it follows that Y1,5 =
Y1,6 = Y2,4 = Y2,6 = Y3,4 = Y3,5 and Y1,4 = Y2,5 = Y3,6. Therefore, theDM impedances simplify to

ZDM,1 = 1
Y1,4−Y1,5

ZDM,2 = 1
Y2,5−Y2,6

(4.151)
ZDM,3 = 1

Y3,6−Y3,4and,
ZDM,1 = ZDM,2 = ZDM,3 = ZDM,sym. (4.152)224



PARALLEL CAPACITANCE CANCELLATION4.8.2 Capacitance Cancellation for Three-Phase In-ductive NetworksThe results and analysis presented in this section are based on some sim-pli�cations of the models for the inductors, namely:i. a �rst order approximation, i.e. a lumped inductor in parallel witha lumped capacitor, is adopted for the equivalent circuits, which isvalid in most situations up to 30 MHz;ii. the parallel resistance is omitted since it plays negligible role in thecapacitance cancellation;iii. the in�uence of the series resistances is here omitted;iv. some capacitance cancellation networks rely on the magnetic couplingbetween two portions of an inductor's windings, where a perfect cou-pling factor k = 1 is assumed;v. the lead inductances are disregarded because they can be seen inseries with the remaining networks, thus their connection can be per-formed in a second step; and,vi. the networks have balanced impedances.The in�uence of the series resistance and the reduction of the couplingfactors are studied in section 4.8.6. The adopted simpli�cations are im-portant in reducing the complexity of the equations and providing usefulinsight about the involved phenomena.Simple capacitance cancellation techniques for single-phase systemsare proposed in [184, 192], from where a summary is presented in Fig-ure 4.56. It is seen that the equivalent networks are able to cancel thee�ects of the parallel connected capacitors in both cases. Techniques suit-able for three-phase networks are presented in the following.4.8.3 Capacitance Cancellation for Three-phase CMInductorsA three-phase CM inductor can be modeled as the six-port network shownin Figure 4.57(a) and for a CM analysis the three inputs can be short-ened as well as the output ports, thus the six-port device is simpli�ed to225
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Ydes =
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− s
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2 + s
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]

. (4.153)The remaining analysis considers no magnetic coupling among the dif-ferent windings. This assumption does not strongly in�uence the results,since the inter-winding magnetic coupling is reduced for high frequenciesdue to lowering permeability of any employed core material with increas-ing frequency. This consideration is on the safe side since the higher thecoupling amongst the di�erent windings the better for the capacitancecancellation. An ideal magnetic coupling kcm = 1 between the halves ofthe windings of a phase is considered in order to simplify the equations,but the in�uence of a non-ideal coupling is studied in section 4.8.6. For asymmetric cancellation network, Yreq,1 = Yreq,2 = Yreq,3 = Yreq and theadmittance matrix Ycanc for the circuit of Figure 4.57(b) is de�ned by:226
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Yreq,i, with i = 1..3, that e�ectively cancel the e�ects of the parallel capacitors
Ccp.

Ycanc =

[
Yα −Yβ

−Yβ Yα

] (4.154)where,
Yα =

9s3CcpL
2
CMYreq + 12s2CcpLCM + 6sLCMYreq + 4

sL (4 + 3sLCMYreq)
(4.155)
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EMC FILTER COMPONENTSand,
Yβ =

9s3CcpL
2
CMYreq + 12s2CcpLCM + 4

sL (4 + 3sLCMYreq)
. (4.156)The capacitance cancellation is achieved when Ycanc = Ydes, fromwhere:

{
Ydes1,1 = Ycanc1,1 = Yα

Ydes2,1 = Ycanc2,1 = −Yβ.
(4.157)Solving eq. (4.157) for Kc and Yreq leads to

{
Kc = 4

1
Yreq

= 1
4sCcp

− 3sLCM

4 .
(4.158)This shows that the cancellation network can be achieved with theseries connection of a negative inductance with a value of 3

4LCM witha capacitor of 4Ccp. The �nal circuit is illustrated in Figure 4.59, where
Ccc,i = 4Ccp and kcm = 1. This is a very useful result, since it shows thatthe inclusion of only three capacitors (of usually small value) is able tocancel the negative e�ect of the parasitic parallel capacitances.
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PARALLEL CAPACITANCE CANCELLATIONFor the case that one of the admittances Yreq,i is set to zero, forinstance only Yreq,3 = 0, then two capacitors of 6Ccp su�ce for canceling
Ccp as shown in

{
Kc = 4

1
Yreq

= 1
6sCcp

− 3sLCM

4 .
(4.159)If two admittances are set to zero, for instance only Yreq,1 6= 0, thena single capacitors of 12Ccp su�ces:

{
Kc = 4

1
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= 1
12sCcp

− 3sLCM

4 .
(4.160)Equations eq. (4.159) and eq. (4.160) show that for the CM capaci-tance cancellation of an ideal three-winding CM inductor it is not requiredthat the network cancellation is done symmetrically, thus a single capac-itor connected to the center of one winding (cf. Figure 4.60(a)) might beenough. This e�ect can also be explained by inspecting Figure 4.60(b),where, for CM currents, the voltage is the same in all three windings ifone of the following two conditions apply: (i) a perfect magnetic couplingbetween all of the windings is assumed; or, (ii) the terminals of the in-
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EMC FILTER COMPONENTSductors are shorted in, both input and output, what can be expected ifbalanced capacitors are connected in all terminals as in a conventionalCM π-type �lter. Thus, by considering the same voltage applied to allthree phases, the voltage at the center point of any winding should be theexactly the same, therefore the connection of capacitors between any ofthese points and the electric ground (PE) shall provide the same e�ect aslong as the coupling factors are high and the external impedances (con-nected in series with the inductors) are approximately symmetrical andbalanced. This might prove useful for manufacturing reasons, since onlyone center point must be accessed, but attention must be paid if mixedmode noise [41,193] is pronounced in the circuit and if the coupling amongthe windings is low.Proof for Neglecting Inter-Winding CouplingsIn order to prove that the coupling among di�erent windings in a three-phase CM inductor can be neglected for the analysis of the studied capac-itance cancellation techniques the circuits of Figure 4.61 are used. Theworst case is tested, since the most asymmetrical network is employed.
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PARALLEL CAPACITANCE CANCELLATIONDe�ning the coupling coe�cients as,
M1 = k1

√

LCM
LCM

4
, (4.161)for the coupling inter-windings and,

M2 = k2

√

L2
CM

42
, (4.162)for the coupling among the halves of one winding. An ideal CM impedanceas,

ZCM,test =
UCM

ICM
, (4.163)leads to the following solution for the circuit of Figure 4.61,

ZCM,test=
L2

CM
C2

cps4[k1(27k2
2
−36k2+9)+18(1−k2

2)]+LCM Ccps2(1−k2)(18k1−24)−12k1+16

LCM Ccps2[k1(9k2
2
−12k2+3)+6(1−k2

2)]+k1(2−6k2)+4k2+4
.(4.164)The theoretical considerations were based on the ideal coupling amongtwo halves of each inductor, thus,

k2 = 1 (4.165)And eq. (4.164) is simpli�ed to,
ZCM,test =

1

sLCM
· 4 − 3k1

2 − k1
. (4.166)Equation eq. (4.166) shows that the resulting impedance depends onthe coupling among di�erent windings (k1), but does not include anycapacitive e�ect from the parallel capacitances. Therefore, capacitancecancellation is achieved for all possible values of k1.231



EMC FILTER COMPONENTS4.8.4 Capacitance Cancellation for Three-phase DMInductorsA network composed of three DM inductors is an important buildingblock for three-phase power �lters and, unless special cores and windingtechniques are used, three non-coupled inductors are applied. The simpli-�ed model for the six-port network is shown in Figure 4.62. Two ways ofachieving capacitance cancellation for this network are presented in thefollowing.
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First Approach - No magnetic coupling requiredAs the capacitors and inductors are connected in parallel in the model ofFigure 4.62, the inductances can be neglected in a �rst step because the�nal network admittance matrix is de�ned by the sum of the admittancesof both circuits. The remaining network is built with the connection ofcapacitors Cdp, as displayed in Figure 4.63(a). The admittance matrix ofthis network Ycon is 232
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(4.168)And the �nal admittance matrix YDM,final is the sum of both
YDM,final = Ycon + YX . As the networks are symmetric, the DMimpedances ZDM,i can be evaluated from eq. (4.151) and it follows that233
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ZDM,i =

1

Y1,4 − Y1,6
=

1

s(−Cdp + Cdc)
, where i = 1..3. (4.169)The aim of the capacitance cancellation in this case is to achieve in�-nite DM impedance. This is ful�lled, by inspecting eq. (4.169), if

Cdp = Cdc ⇒ ZDM,final,i → ∞. (4.170)An important parameter for the evaluation of the �nal network is theimpedance observed from CM, since the DM inductors have an impacton CM currents as well. The serial CM impedance can be calculated witheq. (4.143) leading to
ZCM,final =

1
3∑

i,m=1

Ym,i

=
1

3(2sCdc + sCdp)
. (4.171)Replacing eq. (4.170) in eq. (4.171) leads to a �nal CM impedance of

ZCM,final =
1

9sCdp
. (4.172)From eq. (4.170) and eq. (4.172) it is seen that, with the inclusion ofthe six capacitors Cdc, the parallel capacitance Cdp is cancelled for DMcurrents, whereas for CM the �nal capacitance is increased three timesin value. This is clear from the inspection of Figure 4.64, where the CManalysis can be done by connecting input and output ports respectivelytogether and the equivalent capacitance is the sum of all capacitors.Second Approach - Relying on magnetic couplingsIf the inductors LDM of Figure 4.65 are split into two halves, the sameprinciple as used in the CM cancellation section can be used (cf. Fig-ure 4.59) and the required admittances Yreq,i can be derived.The admittance matrix Yd,canc of the network of Figure 4.65 is givenby 234
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−YB −YB YA −YB −YB −YA

YA YB YB −YA YB YB

YB YA YB YB −YA YB

YB YB YA YB YB −YA











, (4.173)where:
YA =

3s2CdpL
2
DMYreq,d + 12s2CdpLDM + 5sLDMYreq,d + 12

3sLDM (4 + sLDMYreq,d)
(4.174)and

YB =
Yreq,d

3 (4 + sLDMYreq,d)
. (4.175)The only element that is desirable for the DM currents is the induc-235
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,1reqY ,2reqY ,3reqYFigure 4.65: Circuit to implement capacitance cancellation for DM inductors.tance LDM , therefore the desired DM impedance ZDM,canc,i, evaluatedthrough eq. (4.151) and eq. (4.173), is
ZDM,canc,i =

1

Y1,4 − Y1,6
=

1

−YA − YB
= − 1

sLDM
. (4.176)Solving the system of equations formed by eq. (4.173), eq. (4.174), eq.(4.175) and eq. (4.176) it follows that

ZDM,canc,i =
−1

sLDM
→ Yreq,i =

1
1

4sCp

sLDM

4

. (4.177)from where,
Cdy,i = 4Cp. (4.178)The idea of using a network similar to the one used for the CM ca-pacitance cancellation also works here. The �nal network is presented inFigure 4.66, where the capacitors Cdy,i are added for canceling the e�ectsof Cdp.What is left is the calculation of the impedance observed by CM cur-rents. This is calculated using eq. (4.173), eq. (4.174), eq. (4.175) and eq.236
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ZCM =

1
3∑

i,m=1

Ym,i

=
sLDM

(s2CdpLDM + 1)
, (4.179)which is the same impedance seen without the inclusion of the capacitancecancellation network, therefore this approach does not decrease the �nalCM impedance.In the circuit of Figure 4.66 the capacitors Cdy,i are connected in aY-con�guration. From the Y-∆ circuit transformation, it is clear that a

∆-connection of capacitors with one third of the value of the Y-connectedcapacitors is fully equivalent to the Y-con�guration. Therefore, the circuitof Figure 4.67 is derived, leading to canceling capacitors Cd∆,i de�ned as,
Cd∆,i =

4Cp

3
. (4.180)237
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4DMLFigure 4.67: Network in ∆-con�guration to achieve capacitance cancellationfor DM inductors used in three-phase �lters based on the magnetic couplingamong two halves of each of inductors.4.8.5 Short Discussion on Asymmetrical CancellationThe networks presented in the previous section and in the literature[168, 183, 184] have as a characteristic that the �nal equivalent circuitis symmetric from the input/output impedances perspective. In thesenetworks, the connection of the canceling elements is symmetric as inFigure 4.68(a).For the case where an inductor is used directly at the input of aswitching cell (cf. Figure 4.68(b)), the switches S1 and S2 will presentpart of the switching losses which are approximately proportional to theparallel capacitance Cp, thus this capacitance is completely unwanted. Ifthe symmetrical capacitance cancellation networks are used, the e�ectiveparallel capacitance is increased. In fact it is doubled for the circuit inFigure 4.68(a), what means that the switching losses due to Cp would betwice as much. This would require special attention of design engineersin the use of the cancellation techniques and leads to the question: is itpossible to implement a cancellation network (asymmetric [194]), whichdoes not increase the capacitance to be switched?To start with, the networks presented in Figure 4.69 are used, wherethe parameters L1, L2 and K are left unde�ned and a mutual inductancewith unitary magnetic coupling factor is considered M =
√

L1 · L2. Theadmittance matrices of the networks are used to derive the values.238
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YC =

[
Yα,C −Yβ,C

−Yχ,C Yδ,C

]

, (4.181)where
pK C⋅

pC

1,L M 2 ,L M(a) Asymmetric cancellationnetwork 1 2 2L L L M= + +

1 pK C⋅ 2 pK C⋅(b) Desired equivalent circuitFigure 4.69: Networks used to analyze the possibility of asymmetric parasiticcapacitance cancellation. (a) Proposed cancellation network; and, (b) desiredequivalent circuit. 239
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Yα,C =

(L1 + L2 + 2M)Cps
2 + YreqL2s + 1

s (L1 + L2 + 2M)
(4.182)

Yβ,C = Yχ,C =
(L1 + L2 + 2M)Cps

2 + YreqMs + 1

s (L1 + L2 + 2M)
(4.183)

Yδ,C =
(L1 + L2 + 2M)Cps

2 + YreqL1s + 1

s (L1 + L2 + 2M)
. (4.184)The admittance matrix for the circuit in Figure 4.69 YD is

YD =

[
Yα,D −Yβ,D

−Yβ,D Yα,D

]

, (4.185)where
Yα,D =

(L1 + L2 + 2M)K1Cps

L1 + L2 + 2M
+

1

s (L1 + L2 + 2M)
(4.186)

Yβ,D = Yχ,D =
−1

s (L1 + L2 + 2M)
(4.187)

Yδ,D =
(L1 + L2 + 2M)K2Cps

L1 + L2 + 2M
+

1

s (L1 + L2 + 2M)
. (4.188)The capacitance cancellation is achieved when YC = YD, resultingin a system of four linearly independent equations. Solving this systemleads to

K =
K2

2

K2 − 1
(4.189)

K1 =
K2

K2 − 1
(4.190)

L1 = (K2 − 1)M (4.191)
L2 =

1

K2 − 1
M. (4.192)For the design of such a network, a value is chosen for K2 the other240



PARALLEL CAPACITANCE CANCELLATIONparameters follow. Although, there is a theoretical lower boundary for K2,given by K2 ≥ 1. This limit, in practice, means that the original parallelcapacitance Cp can not be downsized from a perspective of switchinglosses. The total amount of capacitance K · Cp used in the cancellationcircuit has its minimum at K2 = 2 as shown in Figure 4.70, which isthe case for symmetric cancellation. This means that for an asymmetriccancellation more capacitance must be used. This brings the advantagethat the input capacitance K1Cp is large, thus providing more e�ective�ltering.
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Figure 4.70: Normalized total capacitance KCp/Cp required for the cancella-tion of Cp as a function of K2.The implementation of such a technique is more involved, since thesplitting of the inductor is not done at its center point, but dependsstrongly in the chosen ratio K2. Figure 4.71 illustrates how the induc-tance must be divided in order to achieve capacitance cancellation, whereit becomes clear that if a small K2 is desirable, the inductor shall be di-vided in uneven parts. The required turns ratio N1/N2, assuming unitarymagnetic coupling, follows the line L1/M .4.8.6 Study on the In�uence of Parasitic ElementsThe previous sections have assumed close to ideal equivalent circuits, butas the high frequency behavior of the components is paramount for EMC,the in�uence of the main parasitic e�ects must be considered. For that, thecircuit of Figure 4.72 is used, where the stray resistances of the windings
Rσ, a non-ideal magnetic coupling kcm among the halves of the windingsand the stray inductance Lσ are considered.The calculation of the CM impedance is done with equation eq. (4.141)241
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Zpar,CM= 1

3

[6 π2f2kcmLCM Ccp−6 π2f2CcpLCM +1+(−16 π2f2Lσ+8 iRdπ f+4 iπ fRσ)Ccp ]·
36 π4f4Ccp

2kcm
2LCM

2+[(−96 π4f4Lσ+48 iπ3f3Rd)Ccp
2
−6 π2f2Ccp ]LCM kcm−...

(3 iπ fLCM +3 iπ fLCM kcm+2 Rσ)·
...36 π4f4Ccp

2LCM
2+[(48 iπ3f3Rd+48 iπ3f3Rσ−96 π4f4Lσ)Ccp

2+6 π2f2Ccp ]LCM −1+...

1
...[16 π2f2Rσ

2+(32 π2f2Rd+64 iπ3f3Lσ)Rσ ]Ccp
2+(−8 iRdπ f+16 π2f2Lσ−4 iπ fRσ)Ccp

.(4.193)The calculated DM impedance Zpar,DM is,
Zpar,DM=−1/3

[6 π2f2kcm LCM Ccp−6 π2f2CcpLCM +1+(−16 π2f2Lσ+8 iRdπ f+4 iπ fRσ)Ccp ]·
36 π4f4Ccp

2kcm
2LCM

2+[(−96 π4f4Lσ+48 iπ3f3Rd)Ccp
2+6 π2f2Ccp ]LCM kcm ...

(3 iπ fLCM +3 iπ fLCM kcm+2 Rσ)·
−36 π4f4Ccp

2LCM
2+[(48 iπ3f3Rd+48 iπ3f3Rσ−96 π4f4Lσ)Ccp

2+18 π2f2Ccp ]LCM −1+...

1

[16 π2f2Rσ
2+(32 π2f2Rd+64 iπ3f3Lσ)Rσ]Ccp

2+(16 π2f2Lσ−8 iRdπ f−12 iπ fRσ)Ccp
.(4.194)Due to the complexity of equations eq. (4.193) and eq. (4.194), surfacesare plotted in Figure 4.73 providing insight into the in�uence of the non-ideal parameters. Figure 4.73(a) shows the CM impedance as a functionof frequency and the coupling factor kcm, from where it is seen that theresonance frequency decreases for low values of coupling and is in�nite forunitary coupling. The in�uence of the series resistances Rσ has the same242



PARALLEL CAPACITANCE CANCELLATION
cmM− cmM− cmM−

4 cpC 4 cpC 4 cpC

cmL
02i 12i

03i 13i

cmL
cpC

01i 11i

cpC

cpC

3

4

CM
cm cm

L
M k=

3 (1 )

4

CM cm
cm

L k
L

+
=

cmL

cmL

cmL

cmLR
σ

R
σ

R
σ

R
σ

R
σ

R
σ

L
σ

dRFigure 4.72: Circuit used for analyzing the in�uence of parasitic elements Rσ,
Lσ and kcm in the performance of the capacitance cancellation for a three-phaseCM inductor. Damping resistor Rd is shown.type of e�ect as lowering the magnetic coupling as seen in Figure 4.73.The use of the capacitance cancellation network leads to the inclusionof Lσ, what creates resonances at frequencies higher than the originalself-resonance. It produces undesired resonances in both, CM and DM,impedances and if these resonances are under 30 MHz they degrade theexpected �ltering performance for conducted emissions, otherwise theya�ect radiated emissions. These resonances can be damped with the helpof a damping resistance Rd as observed in Figure 4.73(c) and Figure 4.74.The increase of the inductor's series resistance Rσ has a similar dampingbehavior, but it considerably lowers the capacitance cancellation e�ect.For the CM impedance shown in Figure 4.74(a), the lack of the capaci-tance cancellation networks would shift the upper corner frequency fromapproximately 7 MHz down to approximately 900 kHz.Similar conclusions can be draw for the DM capacitance cancellationtechniques leading to similar results.243



EMC FILTER COMPONENTS

10
9

108
107

10
6

105
6

4

2

0

10

10
1

105

C
M

 i
m

p
e

d
an

c
e
[Ω
]

Frequency [Hz]

Resistance [    ]

8

R
σ Ω

(b)

109
108

10
7

106

10
5

30

20

10

0

50

10

D
M

 i
m

p
ed

a
n

ce
[Ω

]

Frequency [Hz]

resistance [    ]

40

dR Ω

Damping

(c)

Coupling kcm

0.995

0.990

0.985

0.980

1.000

100

105

C
M

 i
m

p
e

d
an

c
e

[Ω
]

Frequency [Hz](a)
10

9

108

107

10
6

105

Impedance for k cm=0

100

Figure 4.73: In�uence of parasitic elements, where LCM = 500 µH and Ccp =
10 pF; (a) CM impedance as a function of the coupling factor kcm with Rσ = 0Ωand Lσ = 0 H; (b) CM impedance as a function of the series resistance Rσ with
kcm = 1 and Lσ = 0 H, and; (c) DM impedance as a function of the dampingresistance Rd with kcm = 1, Rσ = 0 and Lσ = 100 nH.244



PARALLEL CAPACITANCE CANCELLATION
100 nHsL =

100nH + 22s dL R= = Ω

0sL =

Ideal

No capacitance

cancellation

10
6

Im
p

ed
a
n

ce
[ 

 
]

10
5

10 10
6 7

10
8

10
9

100

101

10
2

103

10
4

105

Frequency [Hz]

Ω

(a) In�uence on CM impedance
100nH + 22s dL R= = Ω

0sL =100 nHsL =

10
6

Im
p

ed
a

n
ce

[ 
 

]

10
5

10
6

10
7

10
8

10
9

100

101

10
2

103

10
4

105

Frequency [Hz]

Ω
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EMC FILTER COMPONENTSThis is accomplished by winding the inductors in two layers, one windinghalf on top of the other [184] as shown in Figure 4.75.
First half winding

Second half windingFigure 4.75: Winding arrangement for assuring high coupling among thehalves of the windings.The �rst measurements were performed with an impedance analyzer inorder to evaluate the total parallel capacitance for each of the inductors.The parallel capacitances were measured with the technique described in[195]. For the CM inductor LCM the total measured parallel capacitancewas 17.7 pF, while the capacitance for the DM inductors had an averageof 52 pF within 2% variation among the three inductors LDM .A second set of experiments comprised measurements of insertion lossof the �lter boards with a two-port network analyzer HP4195A. The ex-perimental setup is as in Figure 4.77. CM insertion loss measurements areperformed with the �rst port connected between terminals A, B and Ctogether and PE and the second port connected from a, b and c to PE.DM insertion loss is measured with the help of two insulation transform-ers (input and output) from terminals A and B to terminals a and b. Theinsertion loss measurements are performed with both �lters connected inseries. Due to the limited commercially available capacitance values, onlyapproximate values were used. This was relevant information also in orderto evaluate the sensibility to the variation in capacitance.Figure 4.78(a) shows the insertion loss measurements for CM whenapplying capacitance cancellation networks which employ: (i) upper trace� no capacitance cancellation network; (ii) middle trace � a single 220 pFcapacitor connected to the center of one of the windings as in eq. (4.160),246
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PARALLEL CAPACITANCE CANCELLATIONDM inductors, that means, removing components CDM,2, Ld,1 and Rd,1from the printed circuit board. The result is shown in Figure 4.79, whereit is seen that the cancellation works, shifting the resonance frequency ofthe circuit from 1 MHz to more than 3 MHz and improving the insertionloss by 17 dB at 10 MHz.
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Figure 4.81: Shielded box containing the designed �lter and the Indirect Ma-trix Converter as employed in the CE measurements.connected in series is placed at the input of the converter.Conducted emission measurements with the �lters and the IMC sup-plying a 2 kVA asynchronous machine through a 3 m long shielded cablewere performed with and without the inclusion of the discussed cancella-tion capacitors. In order to restrain HF couplings between the designed�lter and the power circuits of the IMC, a shielded box with separatechambers to separately accommodate the power circuits and the input�lters was built as shown in Figure 4.81.The CE measurement results are displayed in Figure 4.82, where athree-phase CM/DM noise separator [150] is used in order to show thedi�erent contributions of the noise modes and the impact of the capaci-tance cancellation in each of them. The measured CM emissions are seenin Figure 4.82(a) for both versions of the �lter, with and without thecancellation capacitors. Once the capacitance cancellation network is in-cluded, it is seen that the emission levels are appreciably reduced in thefrequency ranges from 150 kHz to 500 kHz and from around 3 MHz to 30MHz. However, the improvements are not as signi�cant as in the insertionloss measurements. This is because the IMC's noise source impedance cer-252
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Figure 4.82: Conducted emission (CE) measurements performed in a three-phase 6 kVA ASD prototype built with an indirect matrix converter (IMC)based on RB-IGBTs. (a) CM emission levels; (b) DM emission levels, and; (c)total measured emissions. 253



EMC FILTER COMPONENTStainly presents an impedance value which is di�erent from the impedanceused for measuring the insertion loss (50 Ω). Another probable reasonis the increased series equivalent resistance for high frequencies due tohigher temperatures and current ripple amplitudes when compared tothe small signal insertion loss measurements. The DM emissions are de-picted in Figure 4.82(b). From there it is observed that improvementsare present in the frequency ranges from 4 MHz to 10 MHz and fromaround 20 MHz to 30 MHz. As for the CM case, the di�erence with theinclusion of canceling capacitors is not the same observed in the insertionloss. Finally, the total emission levels for one of the phases is shown inFigure 4.82(c), where it is seen that improvements are achieved with theinclusion of capacitance cancellation networks.4.9 SummaryThis chapter has presented models and the major issues for passive com-ponents employed in EMC �lters for three-phase PWM converters.A brief review of the application of resistors is done, highlighting themain requirements for such components. It is shown that resistors arenot employed as �ltering elements in high power applications due to theassociated losses. They are applied as damping elements for the resonancesof the reactive components. For this reason, very simple models can beused.Safety requirements represent the main demand for �lter capacitors,directly in�uencing their manufacturing technology. The classical modelfor a capacitor is reviewed, from where the calculation of the ESR and
ESL based on data sheet information is explained. It is shown that, for theemployed capacitor technology, the dependency of the capacitor volumeis linearly dependent on its energy storage capacity and a model that canbe used for the minimization of the volume of �lters is derived.Di�erential mode inductors are modeled, based on toroidal cores,which present clear advantages for EMC �ltering. Equivalent circuitsare presented, where the estimation of the equivalent circuit componentsis explained. Thermal models for toroidal inductors are reviewed and amodel, based on empirical considerations is derived. A comparison amongavailable core materials is performed, from where selection criteria are re-viewed. 254



SUMMARYThree-phase common mode toroidal inductors are carefully studied. Alumped elements based equivalent circuit from the basic operation of thesedevices is explained in detail. The parameters present strong dependencyon core material characteristics. A method for the selection of the mate-rial for minimized volume inductors is proposed. The calculation of theleakage inductance is reviewed along with the related saturation issues.Finally, experimental results validate the presented modeling procedure.This model can be used for the design of CM inductors.Parasitic cancellation networks are studied. The cancellation of theequivalent series inductance of �lter capacitors is reviewed and an appli-cation is experimentally tested in a three-phase �ltering application.A systematic way of evaluating impedances (CM and DM) in three-phase networks to be used in power line �ltering is proposed. The alter-natives provided by three-phase networks have been explored to achievewinding parasitic capacitance cancellation. Techniques have been pre-sented for three-phase inductive networks along with a comprehensivetheoretical analysis, where advantages and side-e�ects of the networkshave been highlighted and possible improvements through damping resis-tances and use of di�erent networks have been proposed. The in�uenceof common parasitic e�ects was studied, from where the guidelines for agood design can be derived. The possibility of asymmetrical capacitancecancellation was proposed, which can improve the application of thesetechniques for switched mode power circuits. With the application of theproposed cancellation networks it is expected that cheaper inductors canbe used, since the magnetic component designer is able to use a core withfully winded window. In order to prevent the elevation of the cost withcapacitors it is proposed that the small capacitors are integrated into theprinted circuit board whenever possible. A set if experimental results at-test the presented principles and prove that the analyzed techniques allowfor improvements in the performance of an EMC �lter. From the experi-mental analyzes it is seen that the degree of improvement is dependent onthe circuit structure, since di�erent source and load impedances consid-erably change the in�uence of an inductor's parasitic capacitance. Goodlayout techniques, other parasitic impedance cancellation techniques andthe reduction of capacitive and magnetic couplings are to be used alongwith the capacitance cancellation and shall allow for more compact, cheapand high performance �ltering. 255





Chapter 5Noise Separation forThree-Phase Systems�There is no reason to have problems between country and country,between government and government, when there isa separation of powers.� Ricardo Lagos5.1 IntroductionThree-phase conducted emission (CE) measurements are a major issue fordeveloping high power electronic equipment that is connected to a com-mercial electric grid due to EMC concerns which are re�ected in inter-national and regional product regulations. Three-phase power electronicsystems, such as motor drives and high power recti�ers, must comply withthese regulations. To achieve EMC compliance, electronic equipment mustinclude �ltering and/or other electromagnetic emission control strategies.The conceptualization and the dimensioning of these emission controltechniques are increasingly researched and, as a result, analytical andexperimental tools are developed to aid the electrical design engineers.Proper CE measurements, such as speci�ed in CISPR 16 [104], de-mand highly complex equipments, therefore expensive ones, which shouldbe quali�ed for the evaluation of electromagnetic emissions. They typi-cally include test receivers, high frequency (HF) probes, line impedance257



THREE-PHASE NOISE SEPARATIONstabilizing networks (LISNs), shielded cables, a proper electromagneticenvironment and loads. Test receivers and LISNs are typically speci�edin relevant EMC standards, thus very useful and are employed from pre-compliance facilities in the industry to sophisticated EMC test houses.But, this combination alone does not provide information about the na-ture, CM or DM, of the measured emissions, meaning that the emissionlevels can not be discriminated in a typical CE test setup.The qualitative and quantitative assessment of the noise modes, com-mon (CM) and di�erential (DM) modes, is of great importance since thedesigned emission control strategy is dependent on these. The main ob-jective of this chapter is to propose devices that can be integrated intothree-phase CE standard measurement systems. Thus, allowing the sepa-rate evaluation of CM and DM emission levels. This type of device is herenamed the three-phase CM/DM noise separator.Circuits that provide the discrimination of noise modes for single-phase systems have been presented in [39, 196�200] and their operatingprinciple is based on the fact that the summing and subtracting of twosensed voltages leads to the measurement of the distinct emission valuesfor CM and DM. Other methods that use mathematical analysis throughFast Fourier Transformation [201] are used, provided that sampling ratesare adequate and phase information is correctly computed.Focusing on the separated evaluation of CM and DM emissions inthree-phase systems, some methods are proposed in the literature. Themost common technique is based on current measurements [202], there-fore the measurements are not performed at the outputs of a LISN. Thistechnique relies on HF current probes, which bandwidth and precision aredecisive for high quality measurements. A method for predicting CE lev-els without the need of a LISN and relying on numeric calculations basedon wide-band hardware for data acquisition is proposed in [201], but itrequires a deep knowledge and measurements on the power converter.Another technique based on HF measurements is introduced in [203],which can be used in di�erent connection points of a system. HoweverHF current and voltage probes, power splitters and hybrid junctions arerequired, which increase the complexity of the circuit and reduce its accu-racy. In [44] a noise separation method for three-phase drives presentinga diode-bridge type of recti�er is proposed, being this a very particularcase. This method is also based on wide-band data acquisition hardwareand numeric calculations. 258



SEPARATION OF CM/DM IN THREE-PHASE SYSTEMSIn order to provide a simple interface between a LISN and a test re-ceiver in a conventional CE test setup, novel separation networks, passiveand active ones, are presented here. With these networks a real-time di-rect measurement of DM and CM emission levels in a typical CISPR 16speci�ed setup [104,141] is achieved. These networks allow for the directmeasurement of CM and DM levels provided that three outputs of theLISN are accessible. The active network demands for very careful lay-out and large bandwidth / low noise ampli�ers, which must be suppliedthrough a very quiet power supply. The �rst passive solution presents allthe requirements for the noise separation, being simple, robust and capa-ble to directly measure the relevant signals. However, this network is basedon HF transformers, which must present a high bandwidth and should notsaturate. Besides that, parasitic elements, such as stray inductances andinter-winding capacitances, should be very well controlled; otherwise per-formance for high frequencies is deteriorated. Finally, networks based ontransmission line transformers are proposed. With this type of transform-ers, high performance for HF is to be expected, as well as good impedancematching in order to ful�ll strict impedance requirements, such as thoseof CISPR 16. With the use of TLTs, transverse electromagnetic (TEM)energy transfer mode is employed and smaller cores are utilized.5.2 Separation of CM/DM in Three-PhaseSystemsInternational EMC standards, such as CISPR 16, de�ne CE test setupsincluding a LISN, which are typically built as shown in Figure 5.1. Themains is very well �ltered by the LISN components, so that it does notsigni�cantly a�ects the EUT. The cuto� frequencies are speci�ed in thestandards. Low frequency components are coupled from the equipmentunder test (EUT) to the power grid through inductors L1 and L2. Thehigh frequency content generated by the EUT is decoupled from the gridand coupled to the test receiver and 50 Ω terminations through capaci-tors C1. Therefore, a high frequency simpli�ed circuit can be derived (cf.Figure 5.1), which takes into account only the HF harmonic components.In the HF simpli�ed circuit from Figure 5.1 the EUT is modeled asthree DM voltage sources uDM,a, uDM,b and uDM,c connected in a Y con-�guration in series with a CM voltage source uCM and, by superposition,259



THREE-PHASE NOISE SEPARATION
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SEPARATION OF CM/DM IN THREE-PHASE SYSTEMSthe e�ect of each of these voltage sources is summed linearly in the 50
Ω resistors. Through mathematical calculations it is possible to properlyseparate the contribution of the noise sources in the sensed voltages ua,
ub and uc. From Figure 5.1 the following system of equations is obtained:

ui = uDM,i + uCM (5.1)
ii =

ui

50 Ω
(5.2)

iCM =
3∑

i=1

ui

50 Ω
(5.3)From the de�nition of DM voltages,

3∑

i=1

uDM,i = 0. (5.4)Solving the system of equations formed by eq. (5.1), eq. (5.2), eq. (5.3)and eq. (5.4) leads to the DM voltages as linear functions of the sensedvoltages:
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 . (5.5)Whereas, the CM voltage is given by,
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 . (5.6)Even though the e�ects of the CM and DM sources are superposedin the LISN, by sensing the three voltages at the 50 Ω terminations andperforming the operations speci�ed in equations eq. (5.5) and eq. (5.6),it is possible to access separately the di�erent noise mode contributions.261



THREE-PHASE NOISE SEPARATION5.3 Three-Phase CM/DM Noise SeparatorBased on HF TransformersIn order to practically implement the mathematical formulation given inthe previous section and properly separate both noise modes using anelectrical network a circuit topology based on high bandwidth transform-ers is proposed in Figure 5.2 [204]. In both �gures the high frequencynoise components are depicted by a common mode voltage source uCMand three di�erential mode voltage sources uDM,a, uDM,b and uDM,c.In this section, the theoretical analysis of this passive network is givenfor its ideal basic circuit and, in a second step, accounting for the in�uenceof �rst order parasitic elements in the employed transformers.
uDM,a

uDM,b

uDM,c

uCM

uDM,a

uDM,b

uDM,c

uCM

R

R

R

R
3

Trc

Trb

Tra

1:1

1:1

1:1
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THREE-PHASE SEPARATOR BASED ON HF TRANSFORMERSa resistor R/3 while the secondary windings are terminated by resistors
R. The mathematical analysis of the circuit helps to clarify the noiseseparation e�ect. Equations eq. (5.7) and eq. (5.8) are obtained from thecircuit.

uCM + uDM,i − uDM,out,i = uCM,out (5.7)
3∑

i=1

uDM,out,i = 0 (5.8)According to the de�nition of the di�erential mode voltage sourcesand based on the fact that the termination impedances Ra, Rb and Rcare balanced it follows that,
3∑

i=1

uDM,i = 0 (5.9)The summing of the three equations included in eq. (5.7) leads to,
uCM = uCM,out (5.10)By replacing eq. (5.10) in eq. (5.7) gives,
uDM = uDM,out,i (5.11)Based on eq. (5.10) and eq. (5.11) it is clear that the proposed networkprovides at its output ports the values for the di�erential and commonmode voltages.5.3.2 Input Impedances CalculationAnother relevant issue for the measurement setup is the value of theinput impedances of the network since the CE measurements with a LISNusually speci�es 50 Ω balanced sensing resistors. Since the network issymmetric the analysis of the input impedances is performed with thehelp of Figure 5.3 for only one of the inputs.263
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(5.12)In order to have a balanced circuit the resistors Ri must be madeequal, so that,

Ra = Rb = Rc = R (5.13)Replacing eq. (5.13) in eq. (5.12) results in,
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9
6
R + 1
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(5.14)Since the DM output ports will be sensed with the resistance R andthis will be done in a test receiver with an input resistance of 50 Ω it isdesirable that the input resistance present the same value, i.e. Rin = R.Solving eq. (5.14) leads to, 264



THREE-PHASE SEPARATOR BASED ON HF TRANSFORMERS
RCM =

R

3
(5.15)Based on the presented analytical equations it is certain that the pro-posed network is able to perform the separation of CM and DM conductedemission levels in a standard CE measurement setup.5.3.3 In�uence of Parasitic Elements in the NoiseSeparation NetworkThe circuit shown in Figure 5.4 is employed in order to analyze the ef-fects of the parasitic elements in the separation network physical compo-nents. Considering symmetrical components, the separation performanceis mainly in�uenced by four major parasitic e�ects, namely the mag-netic coupling factor (k) of the transformers, the inter-winding capac-
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THREE-PHASE NOISE SEPARATIONitance (Cint) and the parallel capacitance (Cp) of the transformer andthe coupling factor (kcm) of the output inductors (Lcm), which are usedin order to increase the common mode rejection ratio (CMRR) for DMmeasurements, since for DM measurements, the connection of one of theDM outputs to PE should be made in the test receiver and this createsa path for CM currents through CONGND. Furthermore, the voltagesources are modeled with a de�nite output resistance (Ri) and the un-balances among the circuit components are neglected in a �rst step. ForDM measurements it is considered that a connection CONGND from theDM output A to PE is present. This connection is not used for the CMmeasurements.The in�uence of parasitic elements is analyzed in the following highfrequency transfer functions: (i) di�erential mode transmission ratio(DMTR); (ii) common mode transmission ratio (CMTR); (iii) di�er-ential mode rejection ratio (DMRR); (iv) common mode rejection ratio(CMRR). These are de�ned as,
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(5.19)Another important parameter for the separation network is the inputimpedance (Zin) which is seen from one of the input terminal to PE. Thisis de�ned as, 266
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(5.20)As the order of the circuits is high and the resulting equations arelarge, only some of the results are presented here in graphical form, sothat an intuitive understanding of the impact of parasitic elements canbe drawn out of the analysis.From Figure 5.5 to Figure 5.8 it is clear that parasitic elements mayhave a major impact in the noise separation performance. Magnetic cou-pling k must be very high as shown in Figure 5.5 and Figure 5.6, oth-erwise both, CM and DM, signals are highly attenuated in the high fre-quency range. In contrast, it is clear that the inter-winding capacitance
Cint should be small so that CMRR is high as detailed in Figure 5.7. Asseen in Figure 5.9 the inclusion of CM inductors Lcm at the DM outputsincreases the CMRR, but might have a negative in�uence on the inputimpedances. The DMRR of the CM output is ideally in�nite if there isno asymmetry in the circuit. Considering that one of the magnetizing in-ductances L of the transformers is unbalanced with respect to the othertwo, the dependency of DMRR can be observed in Figure 5.8, where it isclear that a large unbalance leads to a poorer DMRR.5.3.4 Three-phase CM/DM Noise Separator Realiza-tionIn order to implement the three-phase CM/DM noise separator presentedin the previous section the schematic in Figure 5.10 is used. The separatoris speci�ed to be used in a standard CISPR 16 CE test setup using atypical (50 µH + 5 Ω) // 50 Ω V-network LISN and applying input line-to-line voltages of 400 V / 50 Hz.The noise separator is built with the network formed by the trans-formers Tra, Trb and Trc and the inductors La, Lb and Lc. Employing
R = 50 Ω ensures an equivalent resistance of the noise separator inputsto ground of 50 Ω and allows the measurement of the CM and DM noisevoltages directly from the respective output ports. For measuring a dif-ferential mode noise voltage the corresponding output is connected to the267
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THREE-PHASE SEPARATOR BASED ON HF TRANSFORMERScharacteristics the material VITROPERM 500 F from VacuumschmelzeGmbH (VAC) was chosen, presenting a high maximum saturation �uxdensity (Bmax
∼= 1.2 T) and good high frequency characteristics. The CMchokes in the separator prototype are built with the same core materialas the transformers using a smaller core (VAC 12.5x10x5-T6000-6-L2012-W498), and presenting a CM inductance around 1 mH. The transformer isbuilt with a VAC 25x16x10-T6000-6-L2025-W380 core with 10:10 turns oftwisted insulated wires. Figure 5.12 shows a calculation result for the �uxdensity in the core for the designed transformers Tra, Trb and Trc whenthe LISN is feeding a three-phase recti�er supplying 5 kW and switchingat 20 kHz. Considering only the mains frequency and a typical LISN hav-ing a coupling capacitor of Ccoup = 250 nF from the power line to thetest receiver input impedance Rin = 50 Ω the input voltage at the LISNoutput terminal Vout,LISNpk is given by
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Figure 5.11: Three-phase CM/DM separator prototype photograph. Overalldimensions: 12.0x9.5x5.7 cm (4.75x3.75x2.25 in.).
Vout,LISN,pk = Vmains,pk
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√
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∼= 1.02 V. (5.22)The LISN employed in the CE tests has a built-in attenuator of 20dB, leading to a gain of Gatt = 1/10 times. Therefore, for the mainsfrequency the expected peak phase voltage Vin,SEP,pk at the input of thenoise separator is
Vin,SEP,pk =

Vout,LISN,pk

10
∼= 102 mV. (5.23)For applying the separator, a three- or four-line LISN must allow si-multaneous access to all three-phase output ports. In case this is not pos-sible, three individual single-phase LISNs could be employed. All asym-metries presented in the test circuit composed of the LISN and the noiseseparator will in�uence the measurements, especially in the higher fre-quency range and should be avoided.272
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THREE-PHASE SEPARATOR BASED ON HF TRANSFORMERSa inter-windings capacitance of approximately 4 pF. The e�ects of suchsmall capacitances generating CM currents are only to be appreciable forfrequencies higher than 300 MHz, therefore, no special HF transformerconnection has been employed. Furthermore, this type oof setup is com-mon practice in the �lter industry.
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THREE-PHASE NOISE SEPARATION5.4 Three-Phase CM/DM Noise SeparatorBased on Operational Ampli�ersThe circuit of Figure 5.24 uses active circuit elements (operational ampli-�ers) in order to implement a separation network, which can e�ectivelyseparate common- and di�erential-mode signals from the three input ter-minals, while presenting constant and controlled input impedances to PEof value R. The DM signals can be sensed at the output terminals DMa,
DMb and DMc and the CM components are available at output CM .
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THREE-PHASE SEPARATION NETWORKS BASED ON TLTSbeen planned.5.5 Three-Phase CM/DM Noise SeparatorsBased on Transmission Line Transform-ersNetworks are proposed in this section, which allow for the separate as-sessment of CM and DM conducted emission levels and which can beintegrated into a typical three-phase CE measurement system. These net-works are based on transmission line transformers, thus high performancefor HF is to be expected, as well as good impedance matching in orderto ful�ll strict impedance requirements, such as in CISPR 16. With theuse of TLTs, transverse electro-magnetic (TEM) energy transfer mode isconsidered and small cores are utilized.5.5.1 Three-Phase Separation Networks Based onTransmission Line TransformersTransmission Line Transformers (TLT) are know as providing high perfor-mance in signal transmission in a wide frequency range, since the parasiticelements of the transformers are employed actively in the process and donot represent drawbacks [206, 207]. CE measurements are typically per-formed from 9 kHz to 30 MHz, but even 50 Hz components are to behandled by the circuit elements of a noise separator. Besides that, CEmeasurement standards specify input impedances, which should also bewell controlled in the whole frequency range. This context makes it dif-�cult to keep all non-idealities under control for a separator built withconventional HF transformers. Based on these facts, a CM/DM separa-tor based on transmission line transformers for single-phase systems issuccessfully introduced in [208].Novel separation networks for three-phase CE measurement systemsbased on TLTs are presented in the following, where each of the networksemploys only three TLTs and resistors.The network of Figure 5.25 is capable of sensing only the CM portionof signals applied to ports A, B and C, in its output uCM , therefore it ishereafter named CM separator. 283
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THREE-PHASE NOISE SEPARATIONIdeal Transfer FunctionsConsidering an idealized lossless transmission line, with voltages and cur-rents as shown in Figure 5.28, inductance per unit length Lo, capacitanceper unit length Co and length l, the two-port network is characterized by,
UoUi

IoIi

( ), ,oTL Z lγ
Ii IoFigure 5.28: De�nitions of voltages and currents for a lossless transmissionline.
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, (5.24)with,
Zo =

√

Lo/Co (5.25)
γ = j 2πf

√

LoCo. (5.26)The result from equation eq. (5.24) is obtained based on the assump-tion that the currents in the output terminals are equal in magnitudeas shown in Figure 5.28 and this simpli�es the analysis of the relevanttransfer functions, which is carried out. The networks are redrawn in Fig-ure 5.29 with the inclusion of three DM voltage sources ui (i = a, b, c)and one CM source uCM .The most relevant transfer functions are de�ned as: (i) di�erentialmode transmission ratio � DMTR (eq. (5.27)); (ii) common mode trans-mission ratio � CMTR (cf. eq. (5.28)); (iii) di�erential mode rejectionratio � DMRR (eq. (5.29)); (iv) common mode rejection ratio � CMRR(eq. (5.30)). Ideally, the transmission ratios should be unitary and therejection ratios should approach in�nity.286
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(5.30)Solving the circuit of Figure 5.29(a), for the CM separator, the maintransfer functions are:
CMTRCM =

6RCM [1 + cosh(γl)]

6RCM [1 + cosh(γl)] − Zo sinh(γl)
, (5.31)and,

DMRRCM → −∞. (5.32)From eq. (5.31) it is seen that CMTRCM → 1, if RCM = Zo/3 and
f << j/(γl). Therefore the CM separator ideally ful�lls the requirements.Deriving the transfer functions for the DM separator shown in Fig-ure 5.29(b), leads to:

DMTRDM,line =

√
3RDM

Zo sinh(γl) − RDM cosh(γl)
, (5.33)and,

CMRRDM,line → −∞. (5.34)Following the same procedure for the DM separator for phase voltagesshown in Figure 5.29(c):
DMTRDM,phase =

3RDM

3RDM cosh(γl) − Zo sinh(γl)
, (5.35)288



THREE-PHASE SEPARATION NETWORKS BASED ON TLTSand,
CMRRDM,phase → −∞. (5.36)From eq. (5.34) and eq. (5.36) it is clear that both DM separatorspresent ideally very high CMRR. The DMRR for the DM separator forline voltages DMTRDM,line is approximately √

3 if RDM = Zo, mean-ing that the line-to-line voltages are e�ectively sensed at the outputsof this network. Whereas, for the DM separator for phase voltages theDMTRDM,phase approaches unity if RDM = Zo/3.Ideal Input ImpedancesUsing the result of equation eq. (5.24) to solve the circuits depicted inFigure 5.30, Figure 5.31 and Figure 5.32 the input impedances for therelevant noise modes is derived.
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THREE-PHASE SEPARATION NETWORKS BASED ON TLTSThe DM separator for line voltages (cf. Figure 5.31) presents the fol-lowing DM input impedances:
Zin,A = Zin,B = Zin,C =

Zo

3
· Zo sinh(γl) − RDM cosh(γl)

Zo cosh(γl) − RDM sinh(γl)
. (5.38)Finally, the DM input impedances for the DM separator for phasevoltages (cf. Figure 5.32) are

Zin,A1 = Zin,B1 = Zin,C1 =
Zo

3
· 3RDM cosh(γl) − Zo sinh(γl)

3RDM sinh(γl) − Zo cosh(γl)
. (5.39)Table 5.1 summarizes the ideal input impedances for the di�erentseparation networks based on the matching condition of load resistanceand the characteristic impedances of the transmission line transformers.Table 5.1: Ideal input impedances.Input impedances Condition Derived value

Zin,CM 3 RCM = Zo RCM

Zin,A, Zin,B, Zin,C RDM = Zo RDM/3

Zin,A1, Zin,B1, Zin,C1 3 RDM = Zo RDMLow Frequency Behavior of the DM Separator for Phase Volt-agesThe results obtained in the previous sections do not completely de�ne thelow frequency behavior of the DM separator for phase voltages, shown inFigure 5.29(c) as only the transmission line behavior. i.e. transverse elec-tromagnetic mode is considered. Currents of CM nature, called even-modecurrents [207], circulate from the source voltages to the load resistancesreducing the CMRR of the network. These CM currents are only lim-ited by the total even-mode impedance, which is given by the parallel291



THREE-PHASE NOISE SEPARATIONconnection of the inductive impedance of the TLTs.By using a low frequency equivalent circuit, where the transformersare modeled with a �rst order model only including their magnetizing
Ltotal and mutual Mtotal inductances the CMRR is calculated as,

CMTRDM,phase =
2RDM

2RDM + j 2πf(Ltotal + Mtotal)
. (5.40)From eq. (5.40) it can be seen that the low frequency total inductanceof the TLTs must be high in order to obtain high CMRR for low frequen-cies. Therefore, larger cores shall be employed if this network is used. Forthis reason this separator is not included in the following sections.5.5.2 Performance under Non-Ideal ConditionsThe analysis performed in section 5.5.1 results from the assumption thatthe line is treated as a two-port device and the impedances are all perfectlybalanced. A more general solution is achieved by independently consid-ering the currents and voltages in the four terminals of the transmissionlines as presented in the following.A solution for a two-conductor transmission line (cf. Figure 5.33) ishere derived, which is used for the analysis of non-ideal behavior for theproposed separation networks.
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Figure 5.33: Analyzed circuit for a two-conductor transmission line.Considering the circuit of Figure 5.34 and assuming that the voltagesand currents are written in the Laplace domain, the following system ofordinary di�erential equations is obtained292
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Figure 5.34: Per unit length equivalent circuit for a two-conductor transmis-sion line.
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Il1(z)
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]

= −s

[
Co −Co

−Co Co

]

·
[

Ul1(z)
Ul2(z)

]

. (5.42)Assuming that the currents at the beginning and at the end of thelines are,
Il1(z = 0) = I1

Il1(z = l) = I2 (5.43)
Il2(z = 0) = I3

Il2(z = l) = I4,and that the voltages at the terminals are,
Ul1(z = 0) = U1

Ul1(z = l) = U2 (5.44)
Ul2(z = 0) = U3

Ul2(z = l) = U4.The solution for the di�erential equation system is,293
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, (5.45)where,
y1 =

−sl (Lo + Mo)
√

2Co cos(γo) +
√
−Lσ sin(γo)

2sl
√

Lσ (Lo + Mo) sin(γo)
, (5.46)

y2 =
sl (Lo + Mo)

√
2Co −

√
−Lσ sin(γo)

2sl
√

Lσ (Lo + Mo) sin(γo)
, (5.47)

y3 =
sl (Lo + Mo)

√
2Co cos(γo) +

√
−Lσ sin(γo)

2sl
√

Lσ (Lo + Mo) sin(γo)
, (5.48)and,

y4 =
sl (Lo + Mo)

√
2Co +

√
−Lσ sin(γo)

2sl
√

Lσ (Lo + Mo) sin(γo)
, (5.49)with,

Lσ = Lo − Mo, (5.50)and,
γo = sl

√

−2CoLσ. (5.51)From this solution, it is possible to include (i) the low frequency be-havior; (ii) the in�uence of the magnetic coupling of the TLTs; and, (iii)the in�uence of non-balanced impedances; in the performance of the sep-aration networks.However, the transfer functions (DMTR, CMTR, etc.) are somewhatinvolved if unbalanced impedances and magnetic couplings are consid-ered. Besides that, very less insight is gained with the long equations.Therefore, for the sake of brevity these equations are not displayed here.In their place, graphs displaying the calculated curves for a given set ofparameters are presented in Figure 5.35, Figure 5.36, Figure 5.37 and Fig-294
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THREE-PHASE SEPARATION NETWORKS BASED ON TLTSure 5.38. These plots provide valuable insight into the in�uence of someconstructive parameters in the performance of the separation networks. Itis observed that the unbalance among the TLTs a�ects the performanceof the CM separator, while the magnetic coupling in�uences more theperformance of the DM separator for line voltages. Typical values for themagnetic couplings are expected to be higher than ko > 0.985 dependingon the employed wire insulation.5.5.3 Experimental Measurements and PerformanceAiming for the discrimination of CM and DM in three-phase CE measure-ments as speci�ed in CISPR 16, prototypes were built and experimentalresults are presented in the following.Transmission line transformers were built presenting characteristicimpedances of 50 Ω and 150 Ω, respectively for the CM separator andfor the DM separator for line voltages. The measured input impedance ofone of the TLTCM with a matching output resistance of 50 Ω is shownin Fig.7 along with a photograph of the built TLT. It is observed thatthe matching is successful and the impedance is within 10 % of its nom-inal value up to 60 MHz. This ful�ls the requirements of CISPR 16 forthe input impedance of a test receiver. The same level of performance isachieved with the TLT for the DM separator.With the TLTs, two prototypes were built on printed circuit boards.Every trace on the PCBs had its width calculated in order to achievethe same characteristic impedances as the TLTs, therefore increasing thebandwidth of the prototypes. The input impedances for both prototypeswere measured with the setups displayed in Figure 5.40 for the CM sepa-rator and in Figure 5.41 for the DM unit by using an impedance analyzer.The input impedance measurement results are shown in Figure 5.42for the CM separator and in Figure 5.43, where it can be seen a very goodapproximation between the ideal impedances and the measured ones from150 kHz up to 30 MHz for both, CM and DM, separators.The transfer functions were evaluated through insertion loss measure-ments performed with the setups presented in Figure 5.44 for the mea-surement of the di�erential mode transmission ratio for the DM sepa-ration network, Figure 5.45 for the measurement of the common modetransmission ratio for the CM separation network, Figure 5.46 for the297
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THREE-PHASE SEPARATION NETWORKS BASED ON TLTSmeasurement of the common mode rejection ratio for the DM separationnetwork and Figure 5.47 for the measurement of the di�erential moderejection ratio for the CM separation network. For the measurements ofDMTR and DMRR a high frequency transformer with a bandwidth of100 MHz was employed to isolate the ground connection of the netwrokanalyzer.
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SUMMARYsion control systems for electronic equipment.The �rst network is an arrangement of passive components, which al-lows for the evaluation of CM and DM in a single unit. The operating prin-ciple and characteristics of this passive network have been discussed andexperimentally veri�ed. Conducted emission measurements were success-fully performed in a three-phase electric motor drive using the separatorindicating the noise levels and dominating modes. Very good measurementcharacteristics have been observed up to 10 MHz, from where common-and di�erential-mode rejection ratios begin to decrease and the equiva-lent input impedances start to increase beyond the boundaries speci�edby CISPR 16.A second separation network that is based on the use of active circuitshas been presented, but as it demands for very careful layout and largebandwidth / low noise ampli�ers, which must be supplied through a very�quiet� power supply, it has not not been implemented.This chapter has also introduced CM and DM noise separation net-works for the assessment of conducted emission for EMC measurements,which are based on Transmission Line Transformers. The TLT based net-works can also be easily integrated into typical CE test setups. The TLTsare speci�cally designed for the application, but are inexpensive smalltransformers. Nevertheless, high performance is achieved for a large fre-quency range. High rejection ratios and close to ideal transmission ratiosare achieved, while the input impedances are very well matched with therequirements from CISPR 16. A study on the in�uence of unbalances andnon-ideal coupling was carried out, which shows that these parametersmust be controlled in order to achieve a good performance. The theo-retical principles are presented for the di�erent networks. Finally, experi-mental results verify that the proposed networks are capable of e�ectivelyseparating the CM and DM emissions in a CE test setup as speci�ed inCISPR 16, presenting acceptable common- and di�erential-mode rejectionratios up to 30 MHz and input impedances which are within the limitsspeci�ed in CISPR 16 for a LISN.
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Chapter 6The Design ofDi�erential-Mode Filtersfor Three-Phase Converters�In life, there are no solutions. There aremarching forces: create them is a must and,then, solutions follow.� Antoine de Saint-Exupéry6.1 IntroductionAs power electronics converters are known to generate high conductedemission (CE) levels, e�orts in research are being performed to reducethese emissions at their source, but also through line �lters [21, 24, 39].Line �lters are placed at the interfaces between power grid and converters.The demands for higher system compactness have moved Power Elec-tronics research towards the limits of available circuit topologies, ma-terials, components, modulation schemes and control strategies [6, 19].Increasing switching frequencies, newly developed materials and high per-formance cooling systems have allowed the miniaturization of the powerconverters, which consequently present electromagnetic �eld spectra ofhigher frequencies con�ned to smaller spaces [6, 45], where one compo-nent notably in�uences the other if attention is not put on their physical309



THREE-PHASE DM FILTER DESIGNdisposition. As electromagnetic compatibility (EMC) must obviously beguaranteed inside the system and within its environment [21], electromag-netic emissions control strategies should be employed.For the reduction of conducted emissions (CE), �lters have been de-signed and applied as an interface between the electrical power grid andthe power electronics converters. For high performance three-phase con-verter systems, these input �lters are typically designed based on passivecomponents, inductors and capacitors along with resistors providing pas-sive damping [39, 209]. Although passive cancellation circuits [210] andactive �lters circuits [211�214] have been lately also researched and somepractical applications have been reported [213, 214], most of the power�lters are still based on passive elements [24,39,40], where inductors playa major role in increasing series impedance for both, di�erential (DM)and common mode (CM) emissions, and capacitors are responsible forlow parallel impedances. These passive components based �lters are re-sponsible for a signi�cant part of the power system's volume and manye�orts have been made in order to improve the performance of �lter com-ponents and to develop �lter topologies allowing for volume, size and costsreduction. There, multi-stage LC �lters lead to more compact �lters andsometimes cheaper than single-stage ones [215]. Thus, multi-stage �ltersare employed in the �lters discussed in this chapter.Considering Electromagnetic Compatibility, there are two main rea-sons for employing EMC input �lters, namely: (i) to prevent electro-magnetic interference of the considered power electronic converter withelectronic systems present in the neighboring environment, and (ii) toavoid a disturbance of the power converter operation by sources of elec-tromagnetic noise in the surrounds [25, 39]. With this aim, internationalorganizations have been constantly working on standards which have tobe considered when designing the EMI �lter of a power electronic system.Aiming for EMC and energy e�ciency, the main requirements for in-put EMC �lters are:1. Ful�llment of international EMC regulations on di�erential mode whattranslates into minimum �lter attenuation requirement at given fre-quencies;2. Minimization of input current fundamental displacement factor;3. Limitation of the physical size/energy stored in the �lter components;310



INTRODUCTION4. Su�cient passive damping causing minimum losses, in order to avoidoscillations also for no-load operation;5. Avoidance of �lter resonances at multiples of the switching frequency;6. Minimization of the �lter output impedance, in order to ensure systemstability and minimize control design restrictions.Nevertheless, critical aspects to ful�ll these tasks are observed, suchas:1. Uncertainty in the mains impedance which could shift given resonantfrequencies or introduce novel resonant circuits with low damping;2. Modeling of the EMC test receiver in order to properly de�ne therequired �lter attenuation in the design process;3. Prediction of the high-frequency �lter behavior which is in�uenced /determined by parasitics of the �lter elements;4. Low complexity and/or low component count of the �lter (translatinginto low costs);5. In�uence of the �lter on the overall system control stability.Aiming on the design of DM �lters, it is important to study calculationprocedures which are suitable for today's computational resources. Thecalculation of the attenuation of a �lter is of high importance and isstudied here through the analytical solution for a ladder circuit [216],which represents the single-phase equivalent circuit for a general LC lowpass �lter. A general solution for the calculation of the output impedanceof a ladder circuit is presented.System control e�orts are strongly in�uenced by the inclusion of aninput �lter to a PWM converter. For this reason, a section consideringdamping networks that reduce the peak impedance of LC �lters is in-cluded. This section reviews networks which are presented in the litera-ture and discusses a strategy to damp multi-stage �lters. The results ofthis study show that multi-stage �lters can also represent an advantagefrom a damping perspective.To contribute on the design of di�erential mode �lters, di�erent DM�lter design procedures are proposed in the following sections, which allow311



THREE-PHASE DM FILTER DESIGNfor e�cient designing compact EMC input �lters for three-phase PWMconverters.The �rst design procedure is applied to a Very Sparse Matrix Con-verter. The �lter design steps provide general guidelines being applicableto any current-source type PWM converter system. This design proce-dure is based on a detailed mathematical model of the EMI test receiverfor measuring conducted emissions in the frequency range of 0.15. . . 30MHz. As veri�ed by experimental analysis employing a novel three-phasecommon mode/ di�erential mode (CM/DM) noise separator this allowsan accurate prediction of the converter behavior regarding DM emissions.Accordingly, compliance to applicable EMC standards can be ensured al-ready in the design process what represents an important step towardsa virtual prototyping of the converter system resulting in shorter totaldesign time and/or reduced overall development costs.A second DM �lter design procedure which aims in the analyticalminimization of the volume of multi-stage �lters is proposed and testedin a three-phase/-level PWM recti�er unit, which is employed as a powerfactor correction (PFC) front-end converter in telecommunication powersupplies. The EMC �lter is designed to ful�ll EMC requirements, wherean attenuation speci�cation, based on the estimated CE levels of the rec-ti�er, is calculated. Furthermore, the �lters are designed taking into ac-count the limits for CE speci�ed for Class B information technology (IT)equipments as in CISPR 22. The aim is that the designed �lters are ofminimum volume, present the required attenuation characteristics for thefrequency range of interest and include passive damping networks, leadingto reasonable e�orts for the control design. The proposed procedure hasits emphasis on the minimization of the total �lter volume through an-alytical considerations, avoiding the necessity of numerical optimizationcalculations [44, 217]. This task is performed before a prototype is built,based on simpli�ed frequency spectra and numerical simulation results ofthe recti�er and its equivalent circuits for di�erential mode.Finally, the �lter design procedure based on the analytical minimiza-tion of the volume of multi-stage �lters is extended to a computer aideddesign (CAD) tool, which can be employed in di�erent types of PWMconverters and allows for a fast �lter design. The CAD of DM �ltersrepresents an advantage in the design cycle of a PWM converter systemdesign, reducing its execution time and allowing for the �exible study of�lter topologies. 312



ATTENUATION CALCULATION FOR MULTI-STAGE FILTERS6.2 Attenuation Calculation for Multi-StageFiltersAssuming perfect symmetry between all phases, a �lter can be reduced toits single-phase equivalent circuit. With this, the calculation of attenua-tion and other �lter parameters is simpli�ed to the single-phase equivalentcircuit.There are many ways to compute the attenuation of a �lter, startingfrom very accurate numerical simulations, through complete analyticalsolutions, graphical solutions and ending up in asymptotic simpli�ed ex-pressions.Since EMC �ltering demands the employed components up to rela-tively high frequencies, an accurate calculation of the attenuation of a �l-ter should take all parasitic elements and e�ects into account. This can bea di�cult task, since parasitic e�ects strongly depend on electromagnetic�elds. This type of calculation is usually performed with computationaltools.The design of an input EMC �lter for PWM converters is typicallyperformed for the lowest frequency to be attenuated. Thus, the designedcomponents shall present very low parasitic e�ects at this frequency. Forthis reason, the computation of parasitic e�ects can be neglected in a�rst �lter design step. Thus, simple models for the components can beemployed, allowing engineers to use analytical expressions with varyingdegree of accuracy.In this section, analytical calculation procedures for the attenuationof �lters are studied.6.2.1 General Solutions for a Multi-Stage FilterA multi-stage �lter can be analyzed as a ladder circuit as depicted inFigure 6.1, where a sequence of impedances and admittances form a laddercircuit. The direct derivation of a general expression for this type of circuitis not possible. However, with the use of an iterative procedure, it ispossible to compute a general rule for the calculation of the parametersof the circuit.Applying Kircho�'s laws, the system matrix for the circuit of Fig-ure 6.1 is given by [216], 313
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From the observation of the system matrix the calculation of its de-terminants can be done with the following procedure,

d−1 = 0

d0 = 1

d1 = Y1

i = 2 (6.2)while i ≤ n do
di =

{
Zi di−1 + di−2, i = even
Yi di−1 + di−2, i = odd

i = i + 1end do.Based on eq. (6.2), any of the circuit variables can be computed withthe help of the determinants. The circuit variables are voltages for theadmittance branches and currents for the impedance ones. It follows, by314



ATTENUATION CALCULATION FOR MULTI-STAGE FILTERSCramer's rule, that the current gain Gi and the voltage gain Gu are givenby,
V ari =

{

GIi = Ii

U0
= di−1

dn
, i = even

GUi = Ui

U0
= di−1

dn
, i = odd (6.3)The calculation of the attenuation of the circuit can be accomplishedby,

V ar1 =
U1

U0
=

d0

dn
. (6.4)This procedure is easily implemented in a computational tool, so thatthe calculation for any number of stages can be performed even analyti-cally. Furthermore, other parameters can be calculated.The input impedance of the circuit can be computed with,

Zin =
U0

in
, (6.5)where, from eq. (6.4),

in = U0
dn−1

dn
. (6.6)The input impedance is �nally given by,

Zin =
dn

dn−1
. (6.7)For the calculation of the output voltage, the calculation of the par-allel impedances is required and can be performed with the followingprocedure, 315
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z−1 = 0

z0 = 1

z1 = +Yn−1

i = 2while i ≤ n − 3 do
zi =

{
Zn−i zi−1 + zi−2, i = even
Yn−i zi−1 + zi−2, i = odd (6.8)

i = i + 1end do.
zn−2 =

{
Z2 zn−3 + zi−4, n > 4

1, n < 4
.The output current is computed with,

Iout = U0

(
zn−3

zn−2
+ Y1

)

, (6.9)from where the output impedance is derived,
Zout =







1
zn−3
zn−2

+Y1
, n > 2

Z2, n ≤ 2
. (6.10)
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u 1Figure 6.2: General ladder circuit supplied by a current source.The same procedures can be applied to a circuit supplied by a currentsource, as in Figure 6.2. The resulting expressions and rules are strictlythe same as shown for the voltage supplied circuit. This is due to the fact316



ATTENUATION CALCULATION FOR MULTI-STAGE FILTERSthat the system matrices for both circuits are similar as seen in,
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6.2.2 Asymptotic AttenuationAs observed in the previous section, the analytical expressions that de�nethe attenuation of multi-stage �lters can be very complex even if para-sitic e�ects are not considered. Furthermore, these equations are typicallycomposed of polynomials of high order, having multiple roots that requirenumerical solutions. Thus, these expressions are not well suited for �lterdesign. Aiming for simpler design equations, di�erent procedures havebeen proposed [39, 215]. The basis for these procedures are the asymp-totic lines that are observed from the polynomials of the attenuationexpressions.

L

C R u2u1

1

1Figure 6.3: Circuit schematic of a single-stage LC �lter.Starting from a single stage LC �lter as in Figure 6.3, the transferfunction from input to output is de�ned as,
1

A(s)
=

U2(s)

U1(s)
=

1

s2L1C1 + sL1

R + 1
. (6.12)The magnitude bode plot of eq. (6.12) is plotted in Figure 6.4, where317



THREE-PHASE DM FILTER DESIGNalso its asymptotes are drawn. Two asymptotes are observed, one for lowfrequencies and a second on e for high frequencies. These asymptotes are agood approximation of the attenuation curves for frequencies that are notclose to the resonance frequency ωo = 1/
√

L1C1. Thus, the high frequencyasymptote is valid for frequencies much higher than ωo.
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, (6.13)that is a much simpler expression than A(s). Furthermore, it is essentialto an EMC �lter that the resonance frequency is well below the frequencyrange where attenuation is required to be large. This requirement validatesasymptotic expressions to be employed in �lter design procedures.Assuming a multiple stage �lter, it can be considered that, for frequen-cies that are high enough, each stage is decoupled from the surroundingones. This assumption can be made as long as the output input impedanceof a �lter stage is much lower than the input impedance of the followingstage. Thus, 318
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1

Amulti-stage(f)
∼= (2πf)2N

N∏

i=1

(Li Ci) , (6.14)where N is the number of �lter stages.This same procedure has been extended to other �lter topologies in[215]. These topologies are shown in Figure 6.5 and the correspondingrelations are speci�ed in
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1

Ageneral(f)
∼= 1

KT
(2πf)NL+NC

NL∏

i=1

Li

NC∏

j=1

Cj , (6.15)where KT is de�ned in Table 6.1 for the di�erent �lter con�gurations, NLis the total number of inductors and NC is the total number of capacitors.Table 6.1: Coe�cient KT for di�erent �lter structures as shown in Figure 6.5[215]. Con�guration KTLC 1LCL RoCL Ro/RinCLC 1/RinHaving the attenuation expressions a product of inductors and capac-itors and the frequency to a power, one can apply the logarithm operatorto eq. (6.15), so that,
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 . (6.16)Therefore, as seen in eq. (6.17), the attenuation equation can have aparametric transformation, where new variables can be de�ned as in,
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,(6.17)which is a linear function well suited for numerical calculations and/oroptimization. With this, the calculation of the attenuation for multi-stage�lters becomes simpler and appropriate for numerical calculations.320



DAMPING NETWORKS FOR DM FILTERS6.3 Damping Networks for Di�erential ModeFiltersA control problem is posed to a converter system as soon as reactive com-ponents are placed at is input. Mains impedance and input �lters builtwith inductors and capacitors become part of the feedback system com-posed of a power converter and its control circuits. As part of a closed loopcontrolled system, their in�uence on the stability and dynamic responsesof the system shall be analyzed.Perhaps, the most simple way to understand this problem [218] is tomodel a power converter as a dynamic resistance which drains a �nite andconstant power Pin from a voltage Uin source supply. This is the case formost of the regulated power converters, which shall supply a controlledvoltage to a load. Dynamically, though, the equivalent resistance mightvary and, for this reason, it is only considered for an in�nitesimal portionof the input current Iin, so that,
Pin = Uin Iin = constant, (6.18)from where,

Rin =
dUin

dIin
= −Pin

I2
in

, (6.19)which is the negative dynamic equivalent input resistance of a powerconverter.
L1

C1 R in u2u1Figure 6.6: Circuit employed to analyze the e�ect of a negative input resis-tance.The circuit shown in Figure 6.6 can be employed to analyze the impactof a negative equivalent input resistance in the behavior of a system inter-faced to a power source through a purely reactive LC �lter. The transfer321



THREE-PHASE DM FILTER DESIGNfunction from input to output for this system is,
Gideal(s) =

U1(s)

U2(s)
=

1

C1 L1 s2 + L1

Rin
s + 1

, (6.20)which have as poles,
p1 =

− L1

Rin
−
√

L2
1

R2
in

− 4C1 L1

2C1 L1
(6.21)

p2 =
− L1

Rin
+
√

L2
1

R2
in

− 4C1 L1

2C1 L1
. (6.22)Replacing a negative value for equivalent input resistance, as it is theresult in eq. (6.19), in eq. (6.21) leads to a case where the inequality,

L1

Pin

I2
in

>

√
√
√
√

L2
1

(
Pin

I2
in

)2 − 4C1 L1, (6.23)holds true for any positive values of the included variables. Consequently,the pole p1 for negative input resistances is always positive and, thus, liesin the right half-plane. For this reason, this system is unstable for anypositive given parameters.Fortunately, practical inductors and capacitors present parasitic resis-tances and the control systems of the converters present a limited band-width, where the e�ect of negative input resistance is observed. Withthis, power converters can be stable systems. Even though most of theliterature [42, 46, 218�222] on this subject focuses in single-phase or DCsystems, the principle holds also for three-phase PWM converters.Two approaches appear in the literature as the main streams on thissubject:i. derive simpli�ed criteria that are su�cient for guaranteeing stabil-ity and dynamic performance based on the relation of �lter outputimpedance and converter input impedance [42, 219�224], and;322



DAMPING NETWORKS FOR DM FILTERSii. include the input �lter circuits in the control oriented models, so thatthe complete system is considered and stability is studied based oncontrol theory parameters [73, 74, 76, 130].The clear advantage of the �rst approach is that the control matricesthat model a power converter do not need to include the elements of �ltercircuits. Thus, simpler mathematics can be employed to judge stabilityand dynamic performance. The disadvantage is that, typically, the designcriteria are more than su�cient. This means that the system stability isover-guaranteed and, either, excessive damping and consequent losses, orlarger than necessary reactive �ltering components can be the result of thedesign. In order to avoid the possibility of over-sized �lters, the inclusionof the �lter circuits in the system's control oriented models is of help. Thisresults in more complex mathematics and parameters, where insight aboutthe physics of the system is di�cult to grasp and computational poweris required. Nowadays, with the availability of advanced computationaltechnologies, the mathematical analysis of complex systems is at handand is, therefore, recommended if the aim of the analysis is to guaranteereduced material costs and minimized �lter volume. For the explainedreasons, this approach is here adopted, so that the resulting �lter designsdo not explicitly result from impedance criteria, but are considered to beanalyzed in the system level.Nevertheless, explicit damping networks shall be analyzed and em-ployed in circuits. These damping networks have the objective to facili-tate the control design and to avoid large oscillations during transients,such as on/o� of the system, voltage surges and steep load steps. Theemployment of damping networks has been presented for di�erent circuitcon�gurations and objectives [42, 218, 219, 221, 222]. The damping net-works have the objective of providing passive damping to a �lter, whilenot increasing excessively the power dissipation as in the case of the seriesresistance of inductors and resistances in parallel with capacitors. Thus,the high e�ciency of the switched circuits is guaranteed.Four di�erent �lter stages including damping networks are analyzedin short. These networks are depicted in Figure 6.7, where it is seen thatthe low frequency series paths are through inductors of high Q and theparallel ones are through high Q capacitors, so that the low frequencycurrents and voltages do not generate signi�cant losses.The �lter stage with two series capacitors (left uppermost) can also323
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Figure 6.7: Filter stages with single resistor damping networks.achieve passive damping and the lowest output impedance for a givenhigh frequency attenuation, but this happens at the expense of two largesized capacitors. Capacitor Cd can be rated for lower voltage than C1.On the other hand, C1 must be rated for the full voltage due to safetyregulations, so that a large total capacitance volume is required. Besidesthese, both capacitors must present low series parasitics (ESR and ESL)in order to e�ectively �lter high frequencies.The left-undermost �lter topology employs the path formed by Ld�
Rd to achieve damping. This topology is broadly employed in power con-verters. It is stated in [221] that good high frequency attenuation can beachieved with this circuit along with low output impedance. Nevertheless,it requires high value for the inductors L1, Ld, since both are in parallel forhigh frequencies. For the same reason, the parallel parasitic capacitanceof both inductors shall be minimized so that both components presenthigh impedance for high frequencies. Furthermore, inductor Ld can berated for lower currents, so that its size can be reduced, but inductor
L1 conducts most of the low frequency current. With its high inductancevalue, this is translated into a large inductor volume.The �lter stage con�guration shown in the top-right side of Fig-324



DAMPING NETWORKS FOR DM FILTERSure 6.7 relies in the parallel branch formed by Rd�Cd to achieve damping.The high frequency attenuation asymptote for this network is given by
1/(2πf L1 C1), so that the �lter attenuation is simple to calculate anddoes not strongly depend in the damping resistor. For this reason, capaci-tor Cd does not need to present very good high frequency characteristics.The main drawback of this structure is that a large total capacitance forlow frequencies is observed, which increases the reactive power absorptionand decreases the power factor for low power operation. Furthermore, ifthis �lter stage is placed directly at the input of a power converter, in-creased losses due to the parallel branch Rd�Cd are expected.The bottom-left structure in Figure 6.7 shows a damping networkcomposed of the parallel connection of Rd�Ld. With this con�guration,once again the attenuation asymptote for high frequencies is simply
1/(2πf L1 C1). Inductor Ld is bypassed by Rd at high frequencies, sothat it does not need to have its design optimized for high frequencies.In general, a lower total inductance volume is required for this topologywhen compared to the other one employing two inductors.For the listed reasons, in this work, the topologies shown in the rightside of Figure 6.7 are considered. The equations for the design of these�lter stages leading to optimal damping are given in the following [222].6.3.1 Filter Stage with Series RC DampingThis �lter stage topology is shown in Figure 6.8. It has been studied inthe literature [218,219,221,222] as one of the most advantageous topolo-gies for this application. The main objective is to minimize the outputimpedance of this stage. In order to achieved this, the derivation of anoptimal damping shall be accomplished. The equations employed here areaccording to [222].De�ning characteristic resistance Ro and frequency fo as,

Ro =

√

L1

C1
(6.24)

fo =
1

2π
√

L1C1

, (6.25)and the ratio of the capacitors as, 325
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L1

R d
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C1Figure 6.8: Filter stage with series RC damping network.
n =

Cd

C1
, (6.26)it follows that the optimum resistance ratio Qopt for this topology is,

Qopt =
Rd,optimum

Ro
=

√

(2 + n)(4 + 3n)

2n2(4 + n)
, (6.27)so that, for optimum damping the damping resistance is,

Rd = Ro

√

(2 + n)(4 + 3n)

2n2(4 + n)
. (6.28)From this result, the maximum output impedance |Zout|max is,

|Zout|max = Ro

√

2(2 + n)

n
, (6.29)at a frequency fpeak of,

fpeak =
2fo

2 + n
. (6.30)6.3.2 Filter Stage with Parallel RL DampingThe topology with parallel RL damping network is shown in Figure 6.9.As for the previous topology, minimum output impedance is required for326



DAMPING NETWORKS FOR DM FILTERSgiven attenuation and �lter elements [222].
L1 Ld

R d

C1Figure 6.9: Filter stage with parallel RL damping network.The characteristic resistance Ro and frequency fo are de�ned in thesame way as,
Ro =

√

L1

C1
(6.31)

fo =
1

2π
√

L1C1

, (6.32)and the ratio of the inductors as,
n =

Ld

L1
, (6.33)it follows that the optimum resistance ratio Qopt for this topology is,

Qopt =
Rd,optimum

Ro
=

1 + n

n

√

2(1 + n)(4 + n)

(2 + n)(4 + 3n)
, (6.34)so that, for optimum damping the damping resistance is,

Rd = Ro
1 + n

n

√

2(1 + n)(4 + n)

(2 + n)(4 + 3n)
. (6.35)From this result, the maximum output impedance |Zout|max is,327
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|Zout|max = Ro

√

2(1 + n)(2 + n)

n
, (6.36)at a frequency fpeak of,

fpeak = fo

√

2 + n

2(1 + n)
. (6.37)6.3.3 Peaking versus OvershootPerhaps the most important aspect of low pass LC �lters is their fre-quency attenuation characteristic, which can be computed with transferfunctions. It is also desirable to know the damping characteristics of the�lters. From control theory, the step response of a system gives infor-mation about how well the system is damped. In �lter design, it is animportant characteristic since it directly shows possible over-voltages dueto load steps or voltage surges from the mains. The following equationscan be used to derive a connection between the attenuation curve of a�lter and the overshoot in a step response.Considering a second order system with the transfer function,

G(s) =
1

1
ω2

n
s2 + 2ζ

ωn
s + 1

, (6.38)the Bode magnitude plot of Figure 6.10 is typical for an undamped system.For this type of system , the peaking is de�ned by the resonant peak Mrand the phase margin PM of the system is [225],
PM = arctan




2ζ

√
√

1 + 4ζ4 − 2ζ2



 . (6.39)The resonant peak amplitude can be approximately computed with,
Mr

∼= 1

2 sin
(

PM
2

) , (6.40)so that it is a function of the damping ratio ζ,328
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Figure 6.10: Typical magnitude bode plot for a second order system G(s).
Mr

∼= 1

2 sin

[

arctan

(

2ζ
√√

1+4ζ4−2ζ2

)] , (6.41)De�ning the following variables,
ωd = ωn

√

1 − ζ2 (6.42)
σ = ωnζ, (6.43)the time response y(t) of the system to a unit step is de�ned by,

y(t) = 1 − e−σt

[

cos(ωdt) +
σ

ωd
sin(ωdt)

]

, (6.44)from where the behavior depicted in Figure 6.11 is observed for weeklydamped systems. The overshoot amplitude is given by,
Mp = e

− πζ√
1−ζ2 . (6.45)Observing eq. (6.41) and eq. (6.45) it is seen that both functions de-pend on the damping ratio ζ. Thus, a direct relation between overshoot329
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Figure 6.11: Typical time response for a second order system G(s).
Mp and resonant peak Mr can be derived as,

1

Mr
= − 1

2 sin

[

1
2 arctan

(

2 ln(Mp) 1√
ln(Mp)2+π2

·

√
ln(Mp)2+π2

√(√
5 ln(Mp)4+2 ln(Mp)2π2+π4

((ln(Mp))2+π2)2
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√
5 ln(Mp)4+2 ln(Mp)2π2+π4
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−2(ln(Mp))2

)


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








(6.46)The characteristic of eq. (6.46) is plotted in Figure 6.12, from where adirect relation between the variables can be seen. It is observed that highresonant peaks lead to high overshoots.Even though eq. (6.46) has been derived for second order systems, itcan be employed to estimate overshoot in higher order systems as long asthere is a pair of dominant complex conjugate imaginary poles.6.3.4 Damping of Multi-Stage LC FiltersThe previous damping networks can be applied to a �lter single-stage.However, the employment of �lters with multiple stages (multi-stage �l-ters) is advantageous from a volume perspective for a given attenuation.330
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1

Aasymp(f)
=

|U2(f)|
|U1(f)| = (2πf)2N

N∏

i=1

(Li Ci), (6.47)which shows that the higher the number of stages, the steeper is theattenuation slope. The result is that, for the same total inductance andcapacitance, a higher attenuation can be achieved.
C1

L1

C2

L2

CN

LN

R u2u1 Figure 6.13: General multi-stage LC �lter.Observing the circuit of Figure 6.13 and checking the limit where
N → ∞, it is clear the the circuit reminds a lossless transmission line.It is common practice for a transmission line with unmatched source andload impedances to use matching circuits at both ends of the line. Abroadly employed circuit is seen is Figure 6.14, where resistor Rs is added331



THREE-PHASE DM FILTER DESIGNin series with the impedance of the signal source and Rl in parallel withthe impedance of a load connected at the end of the transmission line TL.This guarantees that, if the source impedance is much lower and/or theload impedance is much higher than the characteristic impedance Zo ofthe line, both ends will be matched and no standing waves e�ect shall beobserved. Of course, increasing the losses in the transmission line wouldhave a damping e�ect as well, but this would not be as advantageous.
TLsR

Rl
u2u1Figure 6.14: Improved matching for a transmission line.Based on the matching strategy for a transmission line, the same tech-nique can be extended to multi-stage �lters, where only the �rst and laststages are to be damped. This reduces the number of components and isable to provide low output impedances.The challenge with this strategy is to achieve optimum damping withmultiple �lter stages. As general expressions for such con�gurations aredi�cult to derive, a �rst approach is to consider that the stages are com-pletely decoupled and design the damping networks as for a single stagewith the procedure given in section 6.3. The second step is to iterativelyimprove the achieved damping.In order to compare the achievable results with the employment ofmulti-stage �lters, simulation examples are used, which provide insightinto this subject and are presented in the following.Considering the �lter circuits presented in Figure 6.15, where the num-ber of stages goes from a single one for the top circuit to a three for thelowermost one. The basic assumption that the total inductance and ca-pacitance for the three circuits are the same is given in order to comparethe structures. In a �ltering application this would not be case, since theattenuation achieved with a larger number of stages shall be higher. Theattenuation curves for the three circuits are shown in Figure 6.16, wherethis principle is illustrated.The damping networks have been designed in order to achieve damping332
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INSERTION LOSS MEASUREMENTS FOR THREE-PHASE FILTERS6.4 Insertion Loss Measurements for Three-Phase EMC FiltersInsertion loss has been the most spread method of characterizing line�lters. It is de�ned in [226] as:�1) The loss in load power due to the insertion of apparatusat some point in a transmission system. It is measured asthe di�erence between the power received at the load beforeinsertion of the apparatus and the power received at the loadafter insertion. 2) The ratio, expressed in decibels, of the powerreceived at the load before insertion of the apparatus, to thepower received at the load after insertion.�and it is a well suited method for HF measurements, were very low orvery high source or load impedances are di�cult to realize in practice.The classical insertion loss measurement setup has been establishedin the military standard MIL-Std-220B (2000), which has been employedto measure the insertion loss in 50 Ω transmission systems, and, later inCISPR 17 for the measurement of the performance of EMC �lters. Thebasic measurement setups are shown n Figure 6.18, where it is seen that,in theory, two measurements are required, with and without the �lterinserted. The measured voltage before insertion is,
U1(f) = Us(f) · Rl

Rs + Rl
. (6.48)If load and source impedance are equal, then,

U1(f) =
Us(f)

2
. (6.49)After the insertion of the �lter, a voltage which is dependent on the�lter arrangement, components and the source and load impedances ismeasured,

U2(f) = Us(f) · f(Filter, Rs, RL). (6.50)The insertion loss is de�ned as,335
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lRFilterFigure 6.18: Insertion loss measurement circuits.
IL(f) = 20 log

( |U1(f)|
|U2(f)|

)

, (6.51)thus,
IL(f) = 20 log

( |f(Filter, Rs, RL)|
2

)

. (6.52)As it is seen, the insertion loss measurement is a function of thesource and load measurement impedances. Typically, insertion loss mea-surements are performed in 50 Ω source and load impedances. This isthe most common con�guration that is implemented in commercial net-work analyzers. This has generated long time discussions [200, 227�229],because the output impedances of power converters might be far from 50
Ω, as well as the grid impedance, which strongly varies with frequencyand installation practices. Nevertheless, this is still the most commonmeasurement parameter for commercially available line �lters and provesuseful in quality assurance tests or testing of models.In order to overcome the problems arising from the dependence onthe 50 Ω measurement system, di�erent methods have been proposed.The most employed method at the moment is the employment of 0.1 Ω336



INSERTION LOSS MEASUREMENTS FOR THREE-PHASE FILTERS/ 100 Ω source and load impedances. This method has been proposedin [228]. It is a method based in statistically measured source and loadimpedances and extreme-value theory, leading to more realistic predictionof the performance of a �lter in a real application. The circuit proposedin [228] is shown in Figure 6.19, where it is seen that an ordinary 50 Ωtest system can be employed together with special transformers to realizethe 0.1 Ω / 100 Ω measurements.
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0
 ΩFilterFigure 6.19: Insertion loss measurement circuits for worst-case impedances.Di�erent measurement setups apply to evaluate common- anddi�erential-mode insertion loss of a �lter. The test setups employedthroughout this work are shown in Figure 6.20 for three-phase three-line�lters, i.e. without neutral connection. It is observed that HF transform-ers are required in order to measure DM insertion loss. The employedtransformers must present large bandwidth and low inter-winding capaci-tance, since very high attenuation are to be measured. In this work the 0.1

Ω / 100 Ω measurement system has not been employed because the per-formed insertion loss measurements have been employed only for means ofcomparison or to validate a model. Furthermore, 0.1 Ω / 100 Ω insertionloss curves are useful for commercially available �lters, while the �ltersconsidered in this work have been specially designed for their application.6.4.1 Alternative Method for Measuring Worst-CaseInsertion LossThe HF transformers employed in the 0.1 Ω / 100 Ω insertion loss mea-surement system (cf. Figure 6.19) are di�cult to realize in practice dueto the high turns ratio and the required large bandwidth. An alternativeto this approach can be the measurement of the S-parameters of the �lterunder test with the conventional 50 Ω / 50 Ω insertion loss test setup (cf.Figure 6.20). In [230] it has been shown that CM and DM performance337
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Figure 6.20: Insertion loss measurement circuits for three-phase �lters.of a �lter can be characterized by the S-parameters, while in [187] thetransformations from S-parameters to other characteristic matrices (Z,Y, abcd, etc) have been listed for generic impedances. These are consid-ered here in order to �nd the 0.1 Ω / 100 Ω insertion loss based on 50 Ω/ 50 Ω measurements of the S-parameters.A generic two-port network is shown in Figure 6.21, where some pa-rameters are de�ned, namely: two currents (i1 and i2) and voltages (u1and u2) and four waves (incident a1, a2 and re�ected b1, b2).The network analyzer measures the relation among the incident andre�ected waves and converts them into variables named the S-parametersof the measured network. These parameters are de�ned as,338
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[
b1

b2

]

=

[
S11 S12

S21 S22

]

·
[
a1

a2

]

, (6.53)but the measured parameters depend upon source and load impedancesof the measurement setup.The impedance matrix Z for the two-port network is de�ned in,
U = Z · I
[
u1

u2

]

=

[
Z11 Z12

Z21 Z22

]

·
[
i1
i2

]

. (6.54)From [187], the impedance matrix coe�cients can be computed with,
Z11 =

Ro [(1 + S11)(1 − S22) + S12S21]

(1 − S11)(1 − S22) − S12S21
(6.55)

Z12 =
2 Ro S12

(1 − S11)(1 − S22) − S12S21
(6.56)

Z21 =
2 Ro S21

(1 − S11)(1 − S22) − S12S21
(6.57)

Z22 =
Ro [(1 − S11)(1 + S22) + S12S21]

(1 − S11)(1 − S22) − S12S21
. (6.58)Figure 6.22 shows the two-port network inserted in a generic sourceand load impedance measurement system, from where the insertion lossis derived as, 339
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IL =

U2

2 U1
= S12,final, (6.59)where,

S12,final =
2 Z12

√
Ro1 Ro2

(Z11 + Zin)(Z22 + Zo) − Z12 Z21
, (6.60)with Ro1 = <{Zin} and Ro2 = <{Zo}.With these calculations, it is possible to avoid the necessity of HFtransformers with non-unitary turns ratio for the measurement of the0.1 Ω / 100 Ω insertion loss of a �lter.6.4.2 Another Discussion on the Insertion Loss Mea-surement for DMRR and DMTRA setup like the one shown in Figure 6.18 for DM measurements is oftenemployed to measure DMRR and DMTR. However, the transformers usedin this con�guration present parasitic inter-winding capacitances. Thesecapacitances provide paths for CM currents to �ow and, therefore, theguarantee of an excitation voltage that is free from CM depends stronglyin the transformers impedances, both, desired and parasitic ones. The 0.1

Ω / 100 Ω insertion loss measurement system and the single-phase versionare also not free from this problem. Nevertheless, this type of setup isemployed for insertion loss measurements of CMRR and DMTR and isspeci�ed in EMC standards, such as CISPR 17 and MIL-STD-220B.One alternative to the conventional setup is shown in the circuits ofFigure 6.23, where a symmetric secondary circuit with two windings has340
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LDM Ipeak Irms = kwJmaxBpeakAeAw. (6.61)from where, it is seen that the core material, cooling strategy are themain factors de�ning the maximum current density Jmax and the max-imum �ux density Bmax. These are major parameters in the inductor341



THREE-PHASE DM FILTER DESIGNdesign, however, for a minimum volume design, these parameters must bethoroughly computed.Two main choices for DM inductors exist, namely: high permeabilitymaterials with gapped cores or ungapped cores with controlled perme-ability materials. Employing gapped cores might be a di�cult task dueto the higher leakage �ux, which might lead to coupling to other compo-nents and radiated emissions. Furthermore, ferrites present relatively lowsaturation �ux and, thus, lead to more core volume required for a giveninductance. For these reasons, only iron powder materials are consideredhere with toroidal cores.The objective of this section is to propose a design procedure for mini-mum volume DM inductors for a given speci�cation. This procedure mustbe suitable for a computational implementation and is based in an itera-tive process as presented in the following.The speci�cations for the di�erential mode inductor design procedureare:� Ambient temperature: Tamb;� Maximum temperature: Tmax;� Maximum current: Irms;� Frequency of interest: fint;� Desired inductance at fint: Ldes;� Switching frequency: fS ;� Peak current (or voltage) amplitude at fS : Is (Us).Design DatabasesDi�erent databases are required for iterative design of the inductors. Adatabase containing mechanical and magnetic properties, as speci�ed inTable 6.2, of the commercially available cores for the chosen material mustbe available.The magnetic materials are modeled through approximate expressionswhich are obtained from curve-�tting manufacturer's catalog information.342



MINIMUM VOLUME DESIGN OF THREE-PHASE DM INDUCTORSTable 6.2: Required speci�cations for the database of available cores.Parameter Symbol UnitBare outer diameter ODbare [m]Bare inner diameter IDbare [m]Bare height Hbare [m]Outer diameter OD [m]Inner diameter ID [m]Core height H [m]Mean magnetic path length le [m]Core cross-sectional area Ae [m2]Thermal resistance Rth [K/W]Core inductance per turn square AL [H/turns2]The expression for the magnitude of the complex permeability is hereapproximated as,
µr(f) = M1

(
f

M2
+ 1
)M4

(
f

M3
+ 1
)M5

. (6.62)The coe�cients for eq. (6.62) are given in Table 6.3, respectively, forsome magnetic materials. The listed magnetic materials are from twomanufacturers, according to:� MPP � Magnetics;� High Flux � Magnetics;� Cool Mu � Magnetics;� -26 � Micrometals;� -52 � Micrometals;The number following the materials's names in the following tables isthe initial permeability µinit. 343



THREE-PHASE DM FILTER DESIGNTable 6.3: Coe�cients for the complex permeability dependency on frequencyfor di�erent magnetic materials.Material M1 M2 M3 M4 M51. MPP 14 1 1.00 · 107 9.92 · 107 0.52903 5.012042. MPP 26 1 6.95 · 106 3.68 · 107 1.35575 6.356833. MPP 60 1 4.84 · 106 3.25 · 107 1.05366 6.736944. MPP 125 1 7.52 · 106 2.30 · 107 1.65851 6.732915. MPP 160 1 7.62 · 106 2.20 · 107 1.53103 6.943346. MPP 200 1 7.89 · 106 2.14 · 107 1.28371 7.278977. High Flux 14 1 1.00 · 107 9.98 · 107 0.38572 4.364138. High Flux 26 1 1.00 · 107 9.98 · 107 0.07413 5.043199. High Flux 60 1 1.00 · 107 9.64 · 107 0.00000 8.3026810. High Flux 125 1 1.00 · 107 8.58 · 107 0.00000 17.386511. High Flux 160 1 4.94 · 106 5.87 · 105 −2.26866 −0.087112. Cool Mu 26 1 1.00 · 107 9.99 · 107 0.20540 3.0000013. Cool Mu 60 1 3.22 · 107 1.24 · 108 1.22293 8.1642714. Cool Mu 75 1 1.47 · 106 1.03 · 108 −0.16459 1.0145115. Cool Mu 90 1 7.60 · 105 1.06 · 108 −0.11057 6.0928816. Cool Mu 125 1 2.19 · 105 1.02 · 108 −0.07725 9.0854517. -26 1 5.74 · 107 1.63 · 106 0.31573 0.5365018. -52 1 9.88 · 107 1.14 · 107 1.68060 1.14766For the DM inductor, the change in permeability with DC bias hasan strong in�uence on the achieved inductance. Thus, the dependency ofthe permeability on the magnetic �eld is modeled with,
µr(H [A/m]) =

√

a + c H + e H2

1 + b H + dH2
, (6.63)and a database containing the coe�cients a . . . e must be available. Thecoe�cients for the dependency of the permeability on the magnetic �eldfor some commercially available materials are listed in Table 6.4.Core losses can be modeled with the Steinmetz equation,

Pvol = Kc fα Bβ , (6.64)344



MINIMUM VOLUME DESIGN OF THREE-PHASE DM INDUCTORSTable 6.4: Coe�cients for the dependency of the permeability on the magnetic�eld for di�erent magnetic materials.Mat. a b c d e1. 196 −2.25·10−5 −5.19·10−3 8.48·10−10 3.70·10−82. 676 −4.17·10−5 −3.32·10−2 2.92·10−9 4.40·10−73. 3600 −9.63·10−5 −4.09·10−1 1.56·10−8 1.25·10−54. 15625 −2.01·10−4 −3.69 6.76·10−8 2.35·10−45. 25600 −2.57·10−4 −7.75 1.11·10−7 6.31·10−46. 40000 −3.21·10−4 −1.51·101 1.73·10−7 1.54·10−37. 196 −7.64·10−7 −2.17·10−3 5.95·10−10 6.49·10−98. 676 −1.42·10−6 −1.39·10−2 2.05·10−9 7.71·10−89. 3600 −3.28·10−6 −1.71·10−1 1.09·10−8 2.19·10−610. 15625 −6.83·10−6 −1.55 4.74·10−8 4.12·10−511. 25600 −8.74·10−6 −3.24 7.77·10−8 1.11·10−412. 676 2.20·10−5 −1.24·10−2 6.63·10−9 7.53·10−913. 3600 5.08·10−5 −1.52·10−1 3.53·10−8 2.13·10−714. 5625 6.35·10−5 −2.98·10−1 5.52·10−8 5.21·10−715. 8100 7.63·10−5 −5.15·10−1 7.94·10−8 1.08·10−616. 15625 1.06·10−4 −1.38 1.53·10−7 4.02·10−617. 1.009 6.35·10−5 1.65·10−5 1.85·10−7 3.35·10−1018. 1.024 8.43·10−5 3.10·10−5 1.22·10−7 −1.66·10−10

which coe�cients are given in Table 6.5 for commercially available corematerials that can be employed in DM inductors.Operation speci�c information about the core materials is also re-quired for the inductor design. The most relevant parameters are listedin Table 6.6.Finally, a database must be built for the wires with which the inductorsshall be woundd with. This database can contain available wire diameterswith φins and without insulation φw . Conventional magnetic copper wireis considered here. 345



THREE-PHASE DM FILTER DESIGNTable 6.5: Steinmetz parameters for di�erent magnetic materials curve-�ttedfor the frequency range 10 kHz . . . 1 MHz.Material Kc α βMPP 14 4.46 · 10−2 1.310 2.210MPP 26 8.90 · 10−3 1.410 2.180MPP 60 6.40 · 10−3 1.410 2.240MPP 125 1.44 · 10−2 1.400 2.310MPP 160 4.34 · 10−3 1.500 2.250MPP 200 2.24 · 10−3 1.640 2.270High Flux 14 3.50 · 10−1 1.260 2.520High Flux 26 3.43 · 10−1 1.250 2.550High Flux 60 3.39 · 10−1 1.230 2.560High Flux 125 1.07 · 10−1 1.330 2.590High Flux 160 1.41 · 10−2 1.410 2.560Cool Mu 26 8.34 · 10−3 1.460 2.000Cool Mu 60 4.17 · 10−3 1.460 2.000Cool Mu 75 4.17 · 10−3 1.460 2.000Cool Mu 90 4.17 · 10−3 1.460 2.000Cool Mu 125 4.17 · 10−3 1.460 2.000Material -26 3.20 · 10−1 1.226 1.901Material -52 1.08 · 10−1 1.274 1.880Table 6.6: Operating parameters for di�erent magnetic materials.Material Operating Saturationtemperature Toper �ux BsatMPP 130 °C 0.75 THigh Flux 130 °C 1.30 TCool Mu 130 °C 0.90 T-26 110 °C 1.00 T-52 110 °C 1.00 TDesign InitializationA �rst step for the inductor design is to establish an initial maximum cur-rent density Jmax,0 and an initial maximum �ux density Bmax,0. However,346



MINIMUM VOLUME DESIGN OF THREE-PHASE DM INDUCTORSthese values might strongly vary depending on the involved frequenciesand core size. Here, very high values are assumed, so that the maximum�ux density is assumed to be the saturation �ux,
Bmax,0 = Bsat, (6.65)for the chosen core material and the maximum current density is set to,

Jmax,0 = 2 · 107A/m2
. (6.66)With the initial maximum current density, the maximum number ofturns Nmax,0 for each of the available cores can be computed. This leadsto,

Nmax,0,j =

{

0.95 π IDj

√
π Jmax,0

4 Irms
, ifNlayers = 1

0.30 πID2
j

Jmax,0

4 Irms
, ifNlayers > 1

(6.67)where j is the index of the core and Nlayers is the desirable number oflayers.The core database must be set in a way that growing impedance canbe obtained with growing index j, which is de�ned in the range,
j = 1 . . .Ncores, (6.68)where Ncores is the number of available cores.With this, the maximum obtainable impedance for each of the corescan be calculated with,

Zmax,0,j = 2 π f AL N2
max,0,j . (6.69)The minimum number of turns to keep the �ux density below 80% ofthe saturation limit at the mains frequency and below the maximum �uxdensity at the switching frequency. Furthermore, the desired inductancevalue must also be achieved. Thus, three conditions for the minimumnumber of turns must be ful�lled, 347
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Nmin,0,j >

Us

2 π fS Bmax,0 Ae,j
(6.70)

Nmin,0,j 6
0.8 Bsat Le,j√
2µo µr Irms

(6.71)
Ldes 6 ALj N2

min,0,j µr(fint, H =

√
2Nmin,0,jIrms

le,j
) (6.72)The third condition, given by eq. (6.72), is re-written as,

Ldes 6 ALj N2
min,0,j M1

(
fint

M2
+ 1
)M4

(
fint

M3
+ 1
)M5

√

a + c H + e H2

1 + b H + dH2
, (6.73)with,

H =
Nmin,0,jIrms

le,j
. (6.74)An analytical solution for eq. (6.73) is not obtainable, thus, a numer-ical solution must be found. The �nal Nmin,0,j value must ful�ll all threeconditions.The next step is to �nd the smallest core which ful�lls, both, desirableimpedance and maximum �ux density. This can be accomplished with thealgorithm below �nding the core in the core database of number Ncore,0.348



MINIMUM VOLUME DESIGN OF THREE-PHASE DM INDUCTORS
Ncore,0 = 0

j = 1while j 6 Ncores do
Ncore,0 = jif (Zmax,0,j > 2 π fint Zdes) and (Nmin,0,j 6 Nmax,0,j)then j = Ncores + 1else j = j + 1end ifend do. (6.75)With the found core, the necessary number of turns must be found.This should ful�ll the impedance and �ux density requirements. The wirediameter can be determined with the following algorithm.

Smin =
IDM,rms

Jmax,0

φmin =

√

4 Smin

π

j = 1while j 6 Nwires do
Nwire,0 = jifφmin 6 φw,jthen j = Nwires + 1else j = j + 1end ifend do, (6.76)where Smin is the minimum wire section to ful�ll the maximum currentdensity, φmin is the corresponding diameter and Nwires is the total number349



THREE-PHASE DM FILTER DESIGNof wires in the database, which must be organized in a way that thesmallest wire diameter corresponds to j = 1 and the diameter grows withincreasing j.The required number of turns Nreq,0 can be re-calculated based onthe chosen core Ncore,0,
Nreq,0 >

Us

2 π fS Bmax,0 Ae,Ncore,0

(6.77)
Nreq,0 6

0.8 Bsat Le,Ncore,0√
2µo µr Irms

(6.78)
Ldes 6 ALNcore,0 N2

req,0 µr(fint, H =

√
2Nreq,0Irms

le,Ncore,0

) (6.79)If the maximum number of turns Nmax,0,Ncore,0 for the given core islarger than the required number of turns Nreq,0, then the calculation canproceed. If this condition is not ful�lled, then the next core size shouldbe chosen,
Ncore,0 =

{
Ncore,0, ifNmax,0,Ncore,0 > Nreq,0

Ncore,0 + 1, ifNmax,0,Ncore,0 < Nreq,0
. (6.80)In order to check if the selected core Ncore,0 is able to ful�ll all designrequirements, the temperature rise must be computed. For this, the to-tal power losses shall be calculated. This can be accomplished with theprocedure explained in section 4.4.2 for the calculation of the equivalentresistances and core losses. The total losses are computed in two parts,the losses in the windings Pw and in the core Pc. The total inductor lossesis here named Ptotal,0 = Pw,0 + Pc,0 and shall be multiplied by the core'sthermal resistance in order to �nd the temperature rise ∆T0,

∆T0 = Rth,Ncore,0 · Ptotal,0. (6.81)If the temperature rise is under the maximum given by Tmax − Tamb,then the inductor is designed. Otherwise the following iterative procedurecan be implemented in order to �nd the smallest core size that ful�lls thespeci�cations. 350



MINIMUM VOLUME DESIGN OF THREE-PHASE DM INDUCTORSFinalizing the DM Inductor DesignThe iterative procedure presented in the following is implemented in orderto �nd the smallest core size that ful�lls the speci�cations. It employesthe data from the previous section as initialization variables.
j = 0while∆Tj > (Tmax − Tamb) doifPw,j > Pc,jthen

Nwire,j+1 = Nwire,j + 1

Nreq,j+1 = Nreq,jelse
Nwire,j+1 = Nwire,j

Nreq,j+1 = Nreq,j + 1end ififNlayers 6= 1then
Nmax,j+1 = 0.4

ID2
Ncore,j

φ2
ins,Nwire,j+1else

Nmax,j+1 = 0.9
π IDNcore,j

φins,Nwire,j+1end ififNreq,j+1 6 Nmax,j+1thencalculatePw,j+1 andPc,j+1

∆Tj = Rth,Ncore,j
· (Pw,j+1 + Pc,j+1)else

Ncore,j+1 = Ncore,j + 1

Nreq,j+1 = 351
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max







Nreq,j >
Us

2 π fS Bmax,j Ae,Ncore,j

Nreq,j >
0.8 Bsat Le,Ncore,0√

2µo µr Irms

Ldes 6 ALNcore,0 N2
req,j µr(fint, H =

√
2 Nreq,jIrms

le,Ncore,j

)calculatePw,j+1 andPc,j+1

∆Tj+1 = Rth,Ncore,j
· (Pw,j+1 + Pc,j+1)end if

j = j + 1end do. (6.82)This procedure is employed throughout this work for the design of DMinductors. The models presented in section 4.4 can be employed to deriveequivalent circuits which account for parasitic elements. An experimentalveri�cation for this design procedure is performed in the testing of theCM inductors and complete �lters in sections 4.4 and 8.5.1.Volume of DM InductorsWith the implementation of the iterative procedure for DM inductors, aseries of designs performed in a computer is a simple task. Therefore, inorder to evaluate the volume of DM inductors a series of designs has beenperformed with the following speci�cation:� Ambient temperature: Tamb = 45oC;� Maximum temperature: Tmax = 100oC;� Maximum current: Ir = 0.5 A . . . 20 A (equally divided in 100points);� Frequency of interest: fint = 150 kHz;� Desired inductance at fint: Ldes = 1 µH . . . 200 µH (equally dividedin 100 points).Thus, a total of 100 × 100 designs have been performed per core ma-terial. In these designs, core losses have been neglected in order to obtain352



MINIMUM VOLUME DESIGN OF THREE-PHASE DM INDUCTORSthe dependency of the inductors' smallest possible volume on the ratedcurrent and required inductance at 150 kHz.From the computed volume for each of the designed inductors, a linearregression through least squares has been performed in order to �t thefunction,
V olL = kL

1

2
L I2

r , (6.83)to the obtained results. As an example, material High Flux with µr = 60has been chosen and the design results for this material are presented inFigure 6.24. It is observed a good agreement between the �tted functionwith kL = 3.95 · 10−3 dm3/J and the design points, validating the choicefor this type of function.The �nal values computed for the considered magnetic materials arepresented in Figure 6.25, where it is seen that only four materials havevolumetric coe�cients lower than 5 · 10−3 dm3/J, namely: MPP with
µr = 60 and High Flux with µr = 60, 125 and 160. The lower permeabil-ity materials are preferred since the variation of permeability with DC
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THREE-PHASE DM FILTER DESIGNbias is reduced. For these reasons, materials MPP and High Flux, bothwith µr = 60, are recommended for DM �lter inductors of compact size.MPP has the advantages of lower core losses and higher thermal limits.Nevertheless, High Flux is less costly and leads to smaller inductors, thus,being generally preferred.
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Figure 6.25: Computed volumetric coe�cients for DM inductors employingthe listed materials.6.6 Input DM Filter for a Sparse MatrixConverterIn this section, the design of high performance di�erential mode (DM)input �lter for a three-phase ac-DC-ac Very Sparse Matrix Converter(VSMC) [231] (cf. Figure 6.26) is discussed.The �lter design steps presented in section 6.6.1 provide general guide-lines being applicable to any current-source type PWM converter system.The design procedure is based on a detailed mathematical model of the354



INPUT DM FILTER FOR A SPARSE MATRIX CONVERTERtest receiver for measuring conducted emissions (CE) in the frequencyrange of 0.15. . . 30 MHz (cf. section 2.5). As veri�ed by the experimen-tal analysis shown in section 6.6.2 employing the three-phase common-/di�erential-mode (CM/DM) noise separator discussed in section 5.3, thisallows an accurate prediction of the converter behavior regarding DMemissions. Accordingly, compliance to applicable EMC standards can beensured already in the design process what represents an important steptowards a virtual prototyping of the converter system resulting in shortertotal design time and/or reduced overall development costs.
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Figure 6.26: Basic structure of a three-phase ac-DC-ac Very Sparse MatrixConverter (VSMC).6.6.1 Filter Design ProcedureFigure 6.27 illustrates the design steps in graphical form. It is seen that thedesign procedure is based on the estimation of the input current spectrumof the power converter. This is done because the DM currents at the inputof a Matrix Converter are imposed by the given modulation and do notappreciably change with the inclusion of an input �lter.Applicable Standards and Limits for EmissionAs a �rst step of the �lter design one has to specify the admissible maxi-mum DM conducted emission levels with reference to relevant EMC stan-dards taking into consideration the type of equipment, the region and theenvironment where it will be utilized. Usually speci�c regulations for the355
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INPUT DM FILTER FOR A SPARSE MATRIX CONVERTERequipment at hand are applied and in case no speci�c standard is avail-able, generic standards are employed. In this procedure the focus is puton the frequency range of 0.15. . . 30 MHz, the measurement techniquesde�ned in CISPR 16 [104] and the emission limits for drive systems de-�ned in EN 61800-3, Tab.6 [110] which are in the case at hand identicalto CISPR 11, class B [105].Identi�cation of the Worst Case Operating ConditionAs a basis for de�ning the required �lter attenuation the largest emissioncondition in the frequency band of interest has to be identi�ed. There,one has to analyze the input current frequency spectrum of the converterin the whole operating range, i.e. for varying modulation depth, outputpower, input and output frequencies and further parameters which mighttake in�uence on the spectral composition of the input current.The DM conducted emissions for the VSMC are due to the discontin-uous input currents with pulse frequency. For a Sparse Matrix Converterthe following variables are taking direct in�uence on the high-frequencyinput current harmonics: (1) type of load, where for purely resistive loadthe highest output current ripple and/or the highest input current har-monics are observed. However, as the main application of the converteris for adjustable speed drives this is not considered further but an in-ductive load (sinusoidal output current) is assumed in the following; (2)modulation index (M) where the highest amplitudes of the input currentharmonics are occurring around M = 0.5; (3) the output frequency (f2),where the switching frequency harmonics are increasing with increasingTable 6.7: Parameters employed in the simulation, which re�ects the worstcase for the conducted emissions.Parameter Employed valueInput RMS line voltages (U1) 3 × 400 VModulation index M = 0.5Output frequency f2 = 200 HzOutput power P2 = 3.75 kWCurrent displacement angle φ2 = 30°357



THREE-PHASE DM FILTER DESIGNoutput frequency. Accordingly, the worst case conditions for the followingdigital simulations are given in Table 6.7.The spectrum of the simulated converter input current resulting forthis operating point is depicted in Figure 6.28. With zooms around the�rst switching frequency harmonic (cf. Figure 6.29) and at the �rst har-monic inside the measurement range (cf. Figure 6.30).
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uF,0 is close to the average value of uQP,0 and in the case at hand for
MB = 150 kHz it is,

uF,0 = uQP,0,avg = 35.7 V = 151 dBµV. (6.84)By comparing the result to the limits speci�ed for f = 150 kHz, therequired attenuation of the input �lter including a margin of 6 dB iscalculated as,
Attreq [dB] =Umeas,0,150kHz [dBµV] − LimitCISPR,150kHz [dBµV]+

+ Margin [dBµV] = 91 dB. (6.85)Selection of the Filter ComponentsIn order to achieve the required attenuation a two-stage �lter as shownin Figure 6.32 is employed where Section 1 is formed by C1 − L1 − L1d,and Section 2 is formed by C2 and the inner impedance of the LISN/testreceiver (ZLISN).For the �lter dimensioning several degrees of freedom (basically, the360
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fcutoff,sec1 =

150 kHz
√

10
Attsec1[dB]

20

=
1

2π
√

L1C1

. (6.86)iii. Inductor L1dThe inductor L1d is normally determined by the damping ratio, n =
L1d/L1, which should be selected only high enough in order to providesu�cient damping. A high value of n would provoke high �lter outputimpedance which would take in�uence on the converter stability (forhigher �lter output impedances the stability of the converter controlis more di�cult to ensure [219, 220]). Here n = 0.1 . . . 0.5 is selectedand accordingly L1d = 7.6 . . .215 µH is obtained.iv. Damping Resistor R1dFor an optimum damping of the �lter resonanceR1d has to be selectedaccording to,

R1d =

√

L1

C1

1 + n

n

√

(2 + n) · (4 + 3n)

2 · (1 + n) · (4 + n)
, (6.87)which is only valid for the �lter topology at hand, for other topologiesdetails can be found in [219,221].v. Capacitor C2The second stage of the �lter (Section 2 ) is formed by the capacitor

C2 in combination with the LISN/test receiver network (RLISN =
50 Ω, LLISN = 50 µH, CLISN = 250 nF and has to provide an atten-uation of Attsec2[dB] = Attreq[dB] − Attsec1[dB] at MB = 150 kHz.This directly determines the value of C2.vi. Optimization and Final Selection of Filter ComponentsAfter determining the ranges for all �lter components as describedabove, a recursive optimization process has to be followed consideringthe following points:� Total gain value (Umeas/Idm → Attreq). This transfer functionhas to include �nally all parasitics of the inductors and capaci-tors. As presented in Figure 6.32, inductors are modeled includ-ing a series resistance and a parallel capacitance and capacitors362



INPUT DM FILTER FOR A SPARSE MATRIX CONVERTERare modeled including a series resistance and a series inductance.In the case at hand the in�uence of the parasitics is about 1.72dB at 150 kHz but will be more pronounced at higher frequen-cies.� The maximum energy in the inductors and in the capacitorshould be minimized in order to ensure a low overall �lter vol-ume, i.e.,
EL =

1

2
L I2

max → min (6.88)
EC =

1

2
C U2

max → min. (6.89)� Losses PR1d in the damping resistor should be minimized forensuring a high e�ciency of the energy conversion.Obviously, not all design requirements can be met simultaneously, sodesign priorities have to be de�ned in accordance to the application.Some characteristic values of the �lter designed in this paper are com-piled in Table 6.8.For certain applications it could be useful to insert additional �lteringelements, e.g. an input inductor which de�nes the �lter characteristicalso for large tolerances of the inner mains impedance. In order to avoida resonance with C2 there another damping network has to be provided.Table 6.8: Characteristic values of the proposed �lter.Characteristic ValueInput current displacement angle for nominal load -4.3°Power factor cosφ for nominal load 0.997Maximum capacitor charge of C1 2.0 mCMaximum inductor energy of L1 4.4 mJMaximum fundamental reactive power of C1 -165.8 VArMaximum fundamental reactive power of L1 4.9 VArMaximum power losses of R1d 300 mW363



THREE-PHASE DM FILTER DESIGNTest and Evaluation of the DesignThe QP detected averaged values UF (jω) resulting form the simulationmodel are depicted for selected frequency values in Figure 6.33 (markedby ×). It can be seen that the resulting emission values are well below theClass B limit. At fmeas = 150 kHz the selected margin of 6 dB margincan be observed.
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INPUT DM FILTER FOR A SPARSE MATRIX CONVERTERThe �lter attenuation curve Imains(jω)/Idm(jω) being present in casethe VSMC is connected to the mains shows two main resonances (cf.Figure 6.34). The resonant frequencies are de�ned by the �lter parame-ters in connection with the inner mains impedance, which is assumed as
Lmains = 50 µH in this case. It is also seen, that the parasitics of the �lterelements are taking in�uence on the �lter attenuation beyond 300 kHz.
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THREE-PHASE DM FILTER DESIGNThe speci�cations of the VSMC prototype are as follows:Input (3-φ ac):� Input RMS line voltages: (U1) 3 × 400 V ±20%� Maximum input RMS phase current: I1,max = 18 A� Mains frequency: f1 = 50 Hz� Current displacement angle: φ1 = 0°Output (3-φ ac):� Output RMS line voltages (U2): 3 × 0 − 400 V� Maximum output power: S2 = 7.5 kVA (M = 1)� Output frequency: f2 = 0 − 200 Hz� Current displacement angle: φ2 = 0° - 90°� Switching frequency: fp = 15 kHzSince no three-phase LISN with simultaneously accessible phase out-puts was available for the tests the VSMC prototype supplying a three-phase RL star-connected load was fed via three individual LISNs (cf. Ta-ble 6.9). An analog power ampli�er with low inner impedance was used forsimulating the mains so that the conditions were close to the conditionsassumed for simulating the system.For analyzing the worst-case condition the modulation index was setto M = 0.5. The output frequency f2 = 200 Hz was selected. The powerconsumption of the three-phase load (Rload
∼= 8.7 Ω in series with Lload

∼=
150 mH) was measured as 3.2 kW.The components employed in the input �lter are listed in Table 6.10.The level of the DM emissions taken from one DM output and recordedin quasi-peak detection mode is depicted in Figure 6.37. The emission levelis below the limit de�ned by CISPR 11 class B up to 5 MHz and the levelsfor 150 kHz are close to the predictions.The di�erences to the simulated DM noise characteristic (cf. Fig-ure 6.33) are due to several reasons as listed in the following:368



INPUT DM FILTER FOR A SPARSE MATRIX CONVERTERTable 6.10: Input �lter components.Qty. Component Speci�cation6 Capacitor Evox-Rifa - PHE844 R, 1 µF / 440 Vac3 Capacitor Evox-Rifa - PHE840 M, 470 nF / 275 Vac3 Inductor Micrometals - T184-52, 41 turns / 2 mm23 Inductor Micrometals - T184-52, 12 turns / 2 mm23 Resistor 0.82 / 5 W
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THREE-PHASE DM FILTER DESIGNthis e�ect is pronounced at higher frequencies what explains the higherDM emission levels measured for frequencies higher than 5 MHz.2. A resonance was present in the CM path at f ≈ 850 kHz what canbe seen in the increased DM levels at this frequency (again due to thelimited CMRR).3. Due to tolerances of the �lter capacitances a lower �lter attenuationthan simulated was achieved; furthermore, the tolerances are causingan asymmetry of the �lter which results in a transformation of CMinto DM noise.4. The output inductors used in the course of the test were smaller thanfor the simulations what leads to higher output current ripple andtherefore higher input current switching frequency harmonics.Taking all this into account the experimental result is in good corre-spondence with the simulations and veri�es the proposed dimensioningprocedure.6.7 Minimum Volume DM Filter for a Three-Level Recti�erThe objective of this section is to design DM �lters which are able toful�ll conducted emission regulations, while presenting minimum volume.Thus, �lters that allow for the highest power density. The �lter designprocedure is proposed for a Three-Phase Three-Level Six-Switch BoostPWM Recti�er as depicted in Figure 6.38 [78, 131]. This recti�er has anoutput power of 10 kW, power density of 8 kW/dm3, switching frequency
fs = 400 kHz, output voltage Uo = 760 V, input voltage UN1 = 230 Vand is forced air-cooled. The EMC �lter for this system must be designedto ful�ll EMC requirements, where an attenuation speci�cation, based onthe estimated CE levels of the recti�er, is calculated. Furthermore, the�lter shall be designed taking into account the limits for CE speci�ed forClass B information technology (IT) equipments as in CISPR 22.The �lter design is based on the simpli�ed models presented in sec-tion 3.4, where equivalent circuits are de�ned and used to evaluate CMand DM noise sources. The �lter topology used for the DM design is shown370
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∆UN1,max 6 5% of the peak rated phase voltage. The input capacitors
CDM,1 can be calculated with the approximation,371
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CDM,1 >

∆IN1,max

8 fs ∆UN1,max
, (6.90)where ∆IN1,max is the maximum current ripple in the boost inductors.Assuming,

∆IN1,max = 0.25(
√

2IN1) ∼= 5.3A (6.91)
∆UN1,max = 0.02(

√
2UN1) ∼= 6.5V (6.92)

fs = 400 kHz, (6.93)the minimum value for the input capacitors is CDM,1 > 260 nF.Minimum inductance for the boost inductors is required for the nor-mal operation of the recti�er. For this design the allowable switchingfrequency ripple is iboost,max = 25 % of the peak input current IN1,peak.High frequency losses can not be neglected and the design aims in mini-mizing overall losses. A calculation of the optimal point can be done [232]and is omitted here as it is not on the scope of this work. Nevertheless,372



MINIMUM VOLUME DM FILTER FOR A THREE-LEVEL RECTIFIERthe boost inductors can be designed for,
Lboost >

0.7Uo/2

6 fs ∆IN1,max

∼= 23 µH. (6.94)The DM currents are composed of a large component at the mainsfrequency and a relatively small high frequency ripple due to the attenua-tion given by the boost inductors and capacitors CDM,1. For this reason,the cross sectional area of the core Ae is determined by saturation andnot by core losses. Furthermore, the high frequency losses in the windingare also comparatively small and can be neglected. The other parameterthat de�nes the core is the required winding area Aw.The �lter inductance LDM,i and rated current are related to the sizeof the inductor AeAw (core area product) by,
LDM,i IN1,peak IN1,rms = kwJmaxBpeakAeAw. (6.95)The volume of the �lter inductor VL is calculated with,

VL = kgeo(AeAw)αgeo . (6.96)There, the parameters kgeo and αgeo account for the geometry of thecore (toroidal, planar, etc). Assuming that a dimension grows proportion-ally with the other ones, αgeo is usually taken as 3/4.To choose an appropriate material for the cores the comparison of corematerials done in section 4.4 for di�erent types of iron powder materialsis observed. From the comparison, material High Flux is chosen with ainitial permeability of µr = 160. The results from section 6.5 suggest thatthe volume of this type of inductor is proportional to its stored energy.Furthermore, the volumetric coe�cient for the material High Flux with
µr = 160 is given by,

kL
∼= 3.95 · 10−3 m3H · A2 . (6.97)The volume of the capacitors to be used in the �lters is approximatedby a curve generated by Minimum Square �tting of the volumes calcu-lated for commercially available X2 type capacitors (cf. section 4.3). Theapproximation curves along with the calculated values for discrete capac-373



THREE-PHASE DM FILTER DESIGNitors also suggest a volume dependency with the stored energy. Surfacemount devices are chosen, which are rated as X2 capacitors [160], whichvolumetric coe�cient is,
kC,X2,cer

∼= 16.4 · 10−6 m3F · V2 . (6.98)Assuming that the volume of the components is directly related totheir stored energy, the volumetric coe�cients for inductors kL and ca-pacitors kC are de�ned as in
V olL = kL LDM,i I2

N1 (6.99)
V olC = kC,X2,cer CDM,i U2

N1. (6.100)The minimization of the volume can then be performed with the fol-lowing procedure.6.7.1 Analytical Volume Minimization of DM FiltersTwo equations de�ne the volume minimization problem, the attenuationat the frequency of interest fint, that represents the main constraint, andthe �lter volume, which shall be minimized.An asymptotic approximation of the attenuation Att, for frequenciesmuch higher than the corner frequency, is used,
1

Att(fint)
∼= (2π · fint)

6 · Lboost ·
2∏

i=1

LDM,i ·
3∏

i=1

CDM,i. (6.101)What is left to derive is the individual values for the components
LDM,i and CDM,i. Starting from a general �lter as shown in Figure 6.40,a relation between the components can be found as in the following.The attenuation for the multi-stage LC �lter of Figure 6.40 is approx-imated for frequencies much higher than the cuto� frequency of the �lterby, 374
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Att (ω)|HF =

∣
∣
∣
∣

U2(ω)

U1(ω)

∣
∣
∣
∣
=

1

ω2N ·
N∏

j=1

Lj ·
N∏

j=1

Cj

. (6.102)Assuming that the capacitors Cj are known and that a given attenu-ation Attreq is required at a frequency ωreq, equation eq. (6.102) can berewritten,
1

Attreq · Kg
=

N∏

j=1

Lj, (6.103)where,
Kg = ω2N

req ·
N∏

j=1

Cj . (6.104)A maximum inductance Lmax is de�ned as the sum of all inductors
Lj ,

Lmax =

N∑

j=1

Lj . (6.105)Supposing that all inductors have the same value, then,
Lj =

Lmax

N
, (6.106)and the attenuation is given by, 375
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1

Attreq · Kg
=

(
Lmax

N

)N

. (6.107)Having the premise that one of the inductors has a di�erent value
Ldif , de�ned by,

Ldif =
kdif · Lmax

N
(6.108)

Lj = Lmax · N − kdif

N · (N − 1)
, (6.109)with kdif > 0.The attenuation equation for this new condition is,

1

Attreq · Kg
=

kdif · (N − 1)

N − kdif
·
(

Ldif · (N − kdif )

K · (N − 1)

)N

. (6.110)Dividing equation eq. (6.110) by eq. (6.107) leads to the ratio
R(N, kdif ) (cf. equation eq. (6.111)) between the attenuation obtainablefor both situations, which is graphically shown in Figure 6.41.

R(N, kdif ) = kdif ·
(

N − kdif

N − 1

)N−1

. (6.111)Di�erentiating R(N, kdif ) with respect to kdif leads to,
∂R(N, kdif )

∂kdif
= − (N − 1)(kdif − 1)

(kdif − N)2
·
(

N − kdif

N − 1

)K

. (6.112)Equating this result to zero leads to the maximum achievable attenu-ation,
∂R(N, kdif )

∂kdif
= 0 ⇒ kdif,optimum = 1. (6.113)376
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1

Attreq

∼= (2π · fint)
6 · Lboost · L2

DM · C3
DM . (6.114)Requirements related to control issues must also be considered and, inorder to provide passive damping that cause minimum losses and avoid-ing oscillations, RL networks are included in the choice of the topologies.Considering a damping network as shown in Figure 6.42, where the in-ductor LDM,d of the damping network has the same value as the �lteringinductor LDM , the number of inductors in the �rst �lter stage is doubledand the total volume of the �lter V olDM is given by,

V olDM = 9 · (V olL + V olD) + 3 · V olLboost
. (6.115)Replacing eq. (6.99) and eq. (6.100) in eq. (6.115),377
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V olDM = 9 ·

(
kL · LDM · I2

N1 + kC · CDM · U2
N1

)
+ 3 · V olLboost

. (6.116)Rearranging eq. (6.114) in terms of LDM and replacing it in eq.(6.116),
V olDM =

9kLI2
N1

(2πfint)
3√

LboostC3
DM

+ 9kCCDMU2
N1 + 3V olLboost

(6.117)The solution for a minimal volume is given for,
∂V olDM

∂CDM
= 0, (6.118)and the �nal values for the components are given by,

CDM =
IN1

4π · fint · UN1
· 5

√

36 · k2
L · UN1

π · fint · Lboost · Attreq · k2
C · IN1

(6.119)
LDM =

UN1

6π · fint · IN1
· 5

√

36 · k3
C · UN1

π · fint · Lboost · Attreq · k3
L · IN1

(6.120)Thus, minimal volume �lters can be designed based on the ratings ofthe components and the required �lter attenuation assuming that para-378



MINIMUM VOLUME DM FILTER FOR A THREE-LEVEL RECTIFIERsitic elements do not strongly in�uence the attenuation at the frequency ofinterest, which is typically valid. This minimization procedure eliminatesthe need for a numerical optimization procedure [44,217], thus simplifyingthe design of minimum volume EMC �lters.6.7.2 Filter DesignThe DM �lter design procedure is presented in the block diagram of Fig-ure 6.43. It is seen that after the main components are de�ned and respectgiven constraints, damping is considered and the values of the leakage in-ductance of CM chokes is deducted from the required inductance to designthe DM inductors.As seen in Figure 6.43, the maximum amount of capacitance Cmax perphase is limited due to the required power factor at light load. For thecase at hand the maximum input displacement angle is Φin,max = 5o for10% load. From this condition and considering that the �lter inductorsdo not notably cause current displacement it follows that,
Cmax =

3∑

i=1

CDM,i 6
3PminΦin,max

2π fN U2
N1

, (6.121)from where, considering fN = 50 Hz, UN1 = 230 V, Pmin = 0.1 · 10 kW,
Cmax

∼= 5.3 µF. (6.122)The boost inductors have the value of Lboost
∼= 30 µH.From the predicted conducted emission levels computed in section 3.4,the required attenuation for the �ltering circuits is,

Attreq,DM,dB(fint) = −115 dB @ fint = fs = 400 kHz, (6.123)in order to ful�ll CISPR 22 Class B requirements with a 6 dB margin.From eq. (6.123), the required attenuation in absolute numbers is,
Attreq

∼= 1.778 · 10−6 @ fint = fs = 400 kHz. (6.124)The rated current for the inductor is given by,379
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IN1 =

Po

3 η UN1,min
=

Po

3 · 0.96 · 0.8 · UN1

∼= 18.9A, (6.125)where η = 0.96 is the expected e�ciency of the PWM converter and
UN1,min = 0.8 · UN1 is the minimum input voltage.All the required values for the calculation of the components whichlead to the minimum DM �lter volume are de�ned and plugging theminto eq. (6.119) and eq. (6.120) gives,

CDM
∼= 2.57 µF (6.126)

LDM
∼= 2.10 µH. (6.127)Results for the proposed volume minimization procedure are depictedin Figure 6.44. It is seen the volume and attenuation surfaces in depen-dency of the DM inductance LDM and capacitance CDM . The surfacestake into consideration a detailed model, with estimated parasitic ele-ments (ESR, ESL, losses and parallel capacitance) as calculated in sec-tion 4.It is seen from eq. (6.126) that the sum of three DM capacitors

3CDM = 7.71 µF is larger than the total maximum capacitance per phase
Cmax = 5.3 µF. For this reason, the components must be dimensioned forthe largest total capacitance per phase. Dividing the total capacitanceper phase by three and re-calculating LDM for the required attenuation,leads to,

CDM
∼= 1.77 µF (6.128)

LDM
∼= 3.67 µH, (6.129)which are employed for the implementation of the DM �lter. As the ob-tained value for the DM capacitance is not commonly available, a di�erentdistribution of the capacitors has been employed in practice. The �rst �l-ter stage has a total capacitance of 2.0 µF, while the other two stagespresent 1.5 µF. A worthwhile comment on the obtained result is that theinductance values are quite low and this results directly from the factthat the volumetric coe�cients of foil capacitors are much lower that the381
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MINIMUM VOLUME DM FILTER FOR A THREE-LEVEL RECTIFIERcoe�cients for iron powder based DM inductors.The DM inductors have been designed with the inductor design pro-cedure proposed in section 4.4 leading to the speci�cation shown in Ta-ble 6.11. Table 6.11: Speci�cations for the DM inductors LDM,i.Parameter ValueCore manufacturer MagneticsCore material High FluxInitial permeability 160Core part number 58928-A2Core dimensions [mm] OD: 24.3 / ID: 13.8 / H: 9.65Magnet wire diameter 1.5 mmNumber of turns 13Number of layers 1Expected losses 2.8 WExpected temperature rise 52 °CMaximum current 32 ADC resistance 13.5 ΩParallel capacitance 2.3 pFInductance @ 100 Hz / 0 A 20.5 µHInductance @ 400 kHz / 0 A 18.2 µHInductance @ 400 kHz / 20 A 8.3 µH6.7.3 Experimental Veri�cationThe recti�ers' construction views are shown in Figure 6.45. The recti-�er is designed for compactness. Thus, trade-o�s among thermal, elec-trical, EMC and mechanical functions are required. The �lter layout fol-lows design rules to reduce interaction within �lter elements and presentsa straight line forward current �ow. The current �ows from the inputterminals through the EMC �lter, the current sensors and boost induc-tors, which links it to capacitor board. From this board the current �owsthrough the power module into the output capacitors. In the tested ver-383



THREE-PHASE DM FILTER DESIGNsion of this system, the input �lter has been placed in a separate printedcircuit board in order to reduce the coupling to the power circuits.
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Figure 6.45: Top view of the recti�er with the EMC �lter DSP board, gatedrivers and electrolytic dc output capacitors.The �nal �lter circuit is shown in Figure 6.46, where the CM �lter isalso integrated in the structure. Interesting information is that the �nalboxed volume of the complete �lter is approximately 2.4 times larger thanthe sum of all individual components, meaning that interconnections, airand PCB account for nearly 60% of the employed space. That leavesroom for improvements through research on inter-components couplingreduction.Due to thermal and digital processing restrictions, the switching fre-quency needed to be reduced to fs = 200 kHz. This will be increased ina redesign of the system.Experimental results from conducted emissions (QP) measurements,according to CISPR 22, are shown in Figure 6.47. A three-phase noiseseparator as in section 5 has been used in order to allow the separateevaluation of DM and CM. Figure 6.47 depicts the measured emissionlevels for CM and DM. For the DM emissions, the �rst harmonic is above384
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THREE-PHASE DM FILTER DESIGNthe designed point (400 kHz) and, thus, it is larger than predicted. Theseresults are obtained in an open system, where no special shield was used.This explains for the worsening of the performance for higher frequen-cies. Nevertheless, the �lter design procedure proves e�cient since thecomponents are designed for the range close to the switching frequency.
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COMPUTER AIDED DESIGN OF THREE-PHASE DM FILTERSOnce the noise source spectrum is know, the next step is to computethe conducted emission levels for the converter without any input �ltercomponents. This is accomplished by the proper modeling of a test re-ceiver and the relevant detection method as explained in section 2.5.2.The requirements given by conducted emission limits are speci�ed isEMC standards. For instance, CISPR limits for Class A or Class B equip-ments as shown in section 2.3. The limit curves shall be compared to thepredicted emission levels at the frequency of interest fint, which is 150 kHzfor switching frequencies lower than 150 kHz or the switching frequencyfor higher frequencies. This gives the required attenuation, Attreq, at thefrequency of interest.6.8.2 Considered Filter TopologiesIn theory, an in�nite number of �lter topologies exist and can be em-ployed for low pass EMC �ltering. In practice, however, a low number oftopologies are typically applied. This is mainly due to two reasons, the�rst is costs that limit the number of components to use and, the secondis the complexity associated to a large number of devices, which reducesreliability.The principle of employing multi-stage �lters in order to reduce thevolume of �lters �nds its limits in the fact that the components needto be connected and creepage and clearance distances dictated by safetyregulations need to be respected. With this, power �lters are observed inpractical applications limited to three or four �lter stages. In [215] it hasbeen shown that up to three �lter stages can be economically advanta-geous for converters which require up to -100 dB attenuation and ratedcurrents up to 20 A. For these reasons, only the topologies shown in Fig-ure 6.50 and Figure 6.51 are considered here. Nevertheless, the procedureproposed here can be extended to other �lter topologies in a straightfor-ward way.Figure 6.50 shows �lter topologies, in their single-phase equivalentcircuits, to be employed in voltage-fed PWM converters. Whereas, thetopologies depicted in Figure 6.51 are considered for the design of DM �l-ters for current-fed PWM converters. In all shown topologies the dampingnetworks are omitted, but shall be included in the �nal �lter circuits.The asymptotic attenuation expressions for the considered topologies389
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Figure 6.50: Di�erential mode �lter topologies to be employed with voltage-fed PWM converters.are given in Table 6.12.The volume of the components for each of the considered �lter topolo-gies is computed with the expressions in Table 6.13. In these expressions,an extra inductor for a damping network has been considered.6.8.3 Choice of ComponentsFor the voltage-fed �lter topologies, the input capacitorsC1 are consideredto be given. This is due to the fact that these capacitors limit the voltageripple at the converters' input and are required for the correct operationof the system. Typically, three requirements apply to these capacitors:(i) limit voltage ripple due to pulsed currents; (ii) limit voltage surgesdue to electrical discharges; (iii) limit under voltages due to large load390
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THREE-PHASE DM FILTER DESIGNTable 6.12: Asymptotic attenuation for the considered DM �lter topologies.Topology Attenuation1 1
2π f C12 1

(2π f)2 L1 C13 1
(2π f)3 L1 C1 C24 1

(2π f)4 Lb L1 C1 C25 1
(2π f)5 L1 L2 C1 C2 C36 1

(2π f)6 Lb L1 L2 C1 C2 C3Table 6.13: Components' volume for the considered DM �lter topologies.Topology Components' Volume1 V olC12 V olC1 + V olL13 V olC1 + V olL1 + V olC24 V olC1 + V olL1 + V olC2 + V olLb5 V olC1 + 2 V olL1 + 2 V olC26 V olC1 + 2 V olL1 + 2 V olC2 + V olLbin the following.Filter topology 1
C1 =

1

2 π fint Attreq
(6.130)Filter topology 2 392
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L1 =

1

2 π fint

UN1

IN1

√

kC

2 Attreq kL
(6.131)

C2 =
1

π fint

IN1

UN1

√

kL

2 Attreq kC
(6.132)Filter topology 3

C1 = given
L1 =

1

4 π fint

UN1

IN1

√

kC

π fint Attreq kL C1
(6.133)

C2 =
1

2 π fint

IN1

UN1

√

kL

π fint Attreq kC C1
(6.134)Filter topology 4

Lb = given
C1 = given
L1 =

1

4 π2 f2
int

UN1

IN1

√

kC

2 Attreq kL L1 C1
(6.135)

C2 =
1

2 π2 f2
int

IN1

UN1

√

kL

2 Attreq kC L1 C1
(6.136)Filter topology 5

C1 = given
L1 = L2 =

1

6 π fint

UN1

IN1

√

3 kC

kL

4

√

2

π fint Attreq C1
(6.137)
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1

4 π fint

IN1

UN1

√

3 kL

kC

4

√

2

π fint Attreq C1
(6.138)Filter topology 6 393



THREE-PHASE DM FILTER DESIGN
Lb = given
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L1 = L2 =
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6 π fint
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π fint kL
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1
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C2 = C3 =
1

4 π fint

IN1

UN1

√

3 kL

π fint kC

4

√

1

Attreq L1 C1
(6.140)Once the components of a �lter for minimum volume are calculated,the next step is to check if the minimum power factor for a given load isachieved. This can be speci�ed as a maximum displacement angle Φin,maxbetween the input currents and phase voltages. With this value and as-suming that the �lter inductors do not notably cause current displacementand that power factor correction is employed, the maximum capacitanceper phase can be computed with,

Cmax =

3∑

i=1

Ci 6
3PminΦin,max

2π fN U2
N1

, (6.141)where, fN is the mains frequency, UN1 is the phase voltage RMS valueand Pmin is the power at which the power factor limitation is speci�ed.If the capacitors that have been calculated for minimum volume arelarger than Cmax, their value must be reduced to the maximum allow-able. The capacitors can be equally distributed among the �lter stagesand the inductors shall be re-calculated based only in the required atten-uation requirement. This can be accomplished with the expressions givenin Table 6.14.Having the required inductance values, the inductors shall be designedfor the required current and aiming for a good high frequency perfor-mance. A winding with single layer is recommended and the inductordesign procedure proposed in section 4.4 can be employed.6.8.4 Finalizing the DM Filter DesignDamping networks can be designed once the �lter topology and the com-ponents are decided. In the implemented DM �lter design procedure,the damping network shown in Figure 6.52 has been chosen for the rea-394



COMPUTER AIDED DESIGN OF THREE-PHASE DM FILTERSTable 6.14: Calculation of �lter inductors for the case where the maximumcapacitance per phase is limited.Topology Attenuation1 Not applicable2 1
(2π f)2 Attreq C13 1

(2π f)3 Attreq C1 C24 1
(2π f)4 Lb Attreq C1 C25 √

1
(2π f)5 Attreq C1 C2 C36 √

1
(2π f)6 Lb Attreq C1 C2 C3sons stated in section 6.3. The ratio between LDM and LDM,d is typ-ically chosen equal to one. The unitary ratio is an advantage from aconstruction point of view, since only one type of inductor needs to bebuilt/purchased for the whole DM �lter circuit. Furthermore, this leadsto acceptable losses in the damping resistor RDM,d and, from experimen-tal results [112,130,131] reasonable control e�ort has been observed. Theconsiderations of section 6.3 can be observed for the computation of thedamping resistors RDM,d.
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networkFigure 6.52: Three-phase �lter stage with damping network.395



THREE-PHASE DM FILTER DESIGNThe �nal step for the design of the DM �lters is the integration withthe CM �lter. This integration can be performed in several ways. Theinductors of both types of �lters can be integrated, so that the leakage ofCM inductors can be employed as part or even as the total DM induc-tance. Another possibility is to reduce the CM inductance by the amountof DM inductance, which is not typically done because the required CMinductance is commonly much larger than the DM inductances. The DMcapacitance is increased by the CM capacitors. However, due to earthleakage current limitation, the CM capacitance is typically much smallerthan the required DM capacitance and little in�uence is to be expected.The DM capacitance, in theory plays no role in CM �ltering. Anyway, theDM �lter must be constructed aiming for highly symmetrical circuits inorder not to in�uence CM �ltering performance in a counter productiveway.6.8.5 Experimental ResultsAs a case study, a �lter has been designed and experimentally testedfor a 6 kVA Indirect Matrix Converter as speci�ed in section 3.5. Theperformed design and analysis for the �lter is presented in the following.The speci�cations for the IMC are:� Input RMS phase voltage: UN1 = 230 V� Minimum voltage: UN1,min = 0.85 UN1� Mains frequency: fN = 50 Hz� Rated power: Po = 6 kVA� E�ciency: η ∼= 0.96� Switching frequency: fS = 25 kHz� Equipment type: CISPR Class A� Rated modulation index: M = 0.7� Minimum power factor: PFmin = 0.995 @ 0.25 Po� Input RMS current: IN1,max
∼= 9.05A396



COMPUTER AIDED DESIGN OF THREE-PHASE DM FILTERSEmploying the models of section 3.5, the following input data is com-puted. The predicted conducted emission levels are:
CEpred

∼= 149 dB @ fint = 150 kHz, (6.142)which are compared to the CISPR Class A limits, leading to a requiredattenuation of,
Attreq = ClassAlimit − CEpred − 6 dB ∼= 83 dB. (6.143)Material High Flux is chosen with a initial permeability of µr = 160,which presents a volumetric coe�cient of,

kL
∼= 3.95 · 10−3 m3H · A2 . (6.144)Capacitor C1 is chosen based on voltage ripple requirements [89] andemploy 10 µF foil capacitors are employed. For the other DM �lter capac-itors, through-whole X2 rated capacitors are employed, which volumetriccoe�cient is,

kC = kC,X2,foil
∼= 16.4 · 10−6 m3F ·V2 . (6.145)In order to verify the proposed CAD for DM �lters, �lter topology 3has been chosen. With this, the values of the �lter components can bederived from eq. (6.133) and eq. (6.134), so that:

Cdm,4 = C1 = 10 µF (6.146)
Ldm = L1 =

1

4 π fint

UN1

IN1

√

kC

π fint Attreq kL C1

∼= 16.1 µH (6.147)
Cdm,2 = C2 =

1

2 π fint

IN1

UN1

√

kL

π fint Attreq kC C1

∼= 2.07 µF (6.148)The schematics for this �lter is presented in Figure 6.53 and views ofthe built prototype are shown in Figure 6.54. For this �lter, ESL cancelingcoupled inductors Lcanc are included and this analysis is performed in397



THREE-PHASE DM FILTER DESIGN
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COMPUTER AIDED DESIGN OF THREE-PHASE DM FILTERSsection 8.5.2. The DM capacitors Cdm,4 are placed on the power converterprinted circuit board and are not shown in the photograph.
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Figure 6.54: Photograph of the �lter designed for the Indirect Matrix Con-verter.The inductors for the �lters are speci�ed in Table 8.4. The DM induc-tors Ldm are analyzed in section 8.5.1. The CM �lter is analyzed in sec-399



THREE-PHASE DM FILTER DESIGNtion 8.5.2. For the damping resistors Rdamp three SMD resistors (MELF)of value 1.2 Ω/1 W are connected in parallel.Table 6.15: Inductors employed in the �lter for the IMC.Inductor Core Turns Wire
Ldm 55378-A2 18 φ 1 mm

Ldamp 55378-A2 18 φ 1 mm
Lcm,1 VITROPERM W523 3 × 8 φ 1 mm
Lcm,2 VITROPERM W380 3 × 7 φ 1 mm
Lcanc Air (radius = 0.9 cm) 2 × 2 φ 1 mmThe DM inductor Ldm data is shown in Table 6.16, where it is seenthat the inductance at 150 kHz is still high at the RMS current.Table 6.16: Speci�cations for the DM inductor Ldm.Parameter ValueCore manufacturer MagneticsCore material High FluxInitial permeability 160Core part number 55378-A2Core dimensions [mm] OD: 24.3 / ID: 13.8 / H: 9.65Magnet wire diameter 1.18 mmNumber of turns 18Number of layers 1Expected losses 1.8 WExpected temperature rise 54 °CMaximum current 25 A @ 80%Bmaxdc resistance 16.5 ΩParallel capacitance 2.1 pFInductance @ 100 Hz / 9 A 20.1 µHInductance @ 150 kHz / 9 A 19.2 µHInductance @ 150 kHz / 15 A 10.9 µH400



COMPUTER AIDED DESIGN OF THREE-PHASE DM FILTERSTable 6.17: Capacitors employed in the �lters for the IMC.Capacitor Manufacturer Speci�cation
Cdm,1 and Cdm,3 Murata SMDa� X2 33 nF/250 V

Cdm,2 Arcotronics THb � X2 2.2 µF/250 V
Cdm,4 ICEL TH � AC 10 µF/250 V

Ccm,1 and Ccm,2 Murata SMD � 2 × Y2 4.7 nF/250 V
Ccm,3 Murata SMD � 3 × Y2 4.7 nF/250 Va SMD � Surface Mount Device.b TH � Through hole device.The capacitors employed in the �lters are speci�ed in Table 6.17. Ca-pacitors Cdm,1 and Cdm,3 are small X2 SMD capacitors placed in thecircuits in order to improve the high frequency performance of the �lterand do not appreciably increase �lter volume.
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THREE-PHASE DM FILTER DESIGNing the equivalent circuits studied in section 4 and using the attenuationcalculation procedure of section 6.2 in the circuit of the �lter topology 3.The predicted conducted emission levels for the designed �lter is calcu-lated for three-di�erent inductance values as shown in Figure 6.56, whichare calculated for currents of 0 A, 9 A and 15 A, leading to the respectivevalues of inductance since the current increases the dc bias in the mag-netic core material and, thus, lowers the permeability reducing the totalinductance.
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COMPUTER AIDED DESIGN OF THREE-PHASE DM FILTERS
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THREE-PHASE DM FILTER DESIGNis mainly because the employed machine is not heavily loaded, so thatthe DM emissions are lower and the inductance of the DM inductorsis higher than for rated current. For higher loads, it is expected thatan increase in the emissions is observed mainly for DM. Nevertheless,the �lter design procedure leads to a �lter which e�ectively reduces DMemissions to acceptable levels.
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CMFigure 6.58: Conducted emission measurements (CM, DM and total levels)for the test setup of Figure 6.57. The complete system is placed inside a shieldedbox and loop areas are minimized according to section 8.5.2.6.9 SummaryThe design of DM �lter is of high importance in, both, costs and perfor-mance of three-phase PWM converters. This chapter has targeted e�cientdesign techniques that allow for low cost and high performance �lters.Multi-stage �lters can be studied in their single-phase equivalent cir-cuit as a ladder circuit and, as such, can have their attenuation andequivalent impedances calculated through algorithms. This chapter hasreviewed the algorithms for attenuation and input impedance. An algo-rithm for the computation of output impedance has been also studied.Based on this study, design procedures can be derived to ful�ll a required404



SUMMARY�lter attenuation.Typical damping networks have been reviewed, which allow for theimprovement of the transient response of �lters and reduce the necessarycontrol e�ort in a closed loop system comprising a three-phase PWMconverter. Furthermore, a comparison between single- and multi-stage�lters has been performed showing that multi-stage �lters might presenta bene�cial e�ect in the DM �lter implementation.Two di�erent DM �lter design procedures have been proposed, whichallow for e�cient design of compact EMC input �lters for three-phasePWM converters.At �rst, a systematic procedure for the design of the DM input �lter ofa three-phase Very Sparse Matrix Converter (VSMC) has been presentedwhich can also be applied to other three-phase current-source-type con-verter topologies. The procedure is based on a detailed modeling of theRF measurement system with emphasis on the EMC test receiver. Follow-ing the design approach has resulted in compliance to the considered har-monic standards (e.g. EN 61800-3) as veri�ed by the experimental analysisof a Very Sparse Matrix Converter prototype. There, the DM noise com-ponents have been determined using a novel three-phase CM/DM noiseseparator.A design procedure for the EMC �lters to be employed with a three-phase recti�er unit in order to ful�ll CISPR 22 Class B requirementsrelated to conducted emissions has been also proposed. The design proce-dure has been explained; where a volumetric optimization has been car-ried out taking into consideration di�erent aspects related to the subject,such as electrical safety, power factor and damping of resonances. Thepresented procedure avoids the necessity of using numerical optimizationroutines. The experimental veri�cation of the proposed �lter design proce-dure is shown, where it is identi�ed that the system physical con�gurationhas a large in�uence in the �nal emissions performance. These e�ects shallbe target for future research, so that computer aided design and virtualprototyping can be fully implemented.Aiming for shorter �lter design cycles, the employment of computa-tional resources of is great value. In order to achieve this objective, thedesign procedure proposed for the three-phase recti�er unit has been ex-tended to other PWM converter types and di�erent �lter topologies. Thisis because the procedure is well suited as a design algorithm. As a case405



THREE-PHASE DM FILTER DESIGNstudy to experimentally verify the design structure, a �lter has been de-signed and experimentally tested for a 6 kVA Indirect Matrix Converter.The performed design and analysis for the �lter has been presented andexperimental results have validated the performed analysis and �lter de-sign.
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Chapter 7The Design ofCommon-Mode Filters forThree-Phase Converters�The greatest challenge to any thinkeris stating the problem in a way thatwill allow a solution.� Bertrand Russell7.1 IntroductionThe circulation of high frequency currents between the power lines and theprotective earth conductors lead to numerous possibilities of electromag-netic interference. This noise mode is typically responsible for the largerportion of radiated emissions, which must be controlled. Input commonmode �lters act on reducing the CM currents �owing to the power grid,thus, decreasing radiated emissions and the possibility of EMI.As for di�erential mode �lters, these �lters employed for two main rea-sons: (i) preventing emissions from the considered converter to interferewith neighboring equipments, and (ii) on the other way around, avoid-ing the disturbance of the converter by sources of electromagnetic noisein the surrounding environment [25, 39]. Nevertheless, these �lters havetheir design driven mainly by international EMC standards, which put407



THREE-PHASE CM FILTER DESIGNlimits to the amount of emissions that an equipment can emit. Anothersimilarity to DM �lters is that these �lters typically occupy a respectableamount of space in a power converter.Di�erently from DM �lters, the CM �lters employ relatively high in-ductances and low capacitance values. High inductances can be employeddue to the special characteristics of the CM inductors, which can use veryhigh permeability materials, thus achieving high impedances with limitedamount of magnetic material. The small capacitances employed in a CM�lter come from restrictions due to safety regulations, which limit theamount of current that can �ow in such capacitors. It is observed that,even though the objectives are similar, the design of CM �lters repre-sents a quite distinct task when compared to the design on di�erentialmode ones. Therefore, this chapter discusses detailed issues which shallbe considered during the design of CM �lters which are based on ana-lytical models of the considered PWM converters, �lter components andconducted emission measurement techniques.The �rst part on this chapter presents the design of a CM �lter for aThree-phase Buck-type PWM recti�er system. It is shown that the typicaltry-and-error procedure does not need to be followed for a successful CM�lter design. The �lter design comprises a two-stage conventional CMinput �lter and includes the e�ect of a HF connection of the star-point ofthe DM input �lter capacitors to the output of the recti�er. Experimentalresults validate the realized �lter and the modeling procedure.The following section presents a study and practical implementation ofan active �lter employing a HF power ampli�er and passive �lter compo-nents to be connected to the AC power lines in order to mitigate commonmode conducted emissions of PWM converter systems. The �lter topologyis chosen from di�erent possibilities listed in a literature survey and stud-ied regarding practical implementation issues, where requirements for ahigh frequency power ampli�er to be applied in active �ltering are derived.Special attention is put on the stability analysis where the challenges forthe feedback loop are discussed and a simple feedback structure is pro-posed. Other feedback concepts are analyzed and limitations posed bystability requirements are presented. A prototype is designed and built,from which mathematical and experimental results are obtained demon-strating the potential and limitations of such a system.The last part of this chapter presents an analytical procedure for thedesign of multi-stage CM �lters to be included in a three-phase/-level408



CM FILTER FOR A THREE-PHASE BUCK PWM RECTIFIERPWM recti�er unit in order to ful�ll EMC requirements related to con-ducted emissions. An analytical volumetric optimization of the CM �lteris performed considering constraints given by electrical safety, from whereit is seen that only the CM inductors need to have their design optimizedin order to achieve a small total �lter volume. A procedure to designthe CM inductors is presented, which is based in an iterative processimplemented in software. The experimental veri�cation of the proposedprocedure is presented through CE measurements in the designed system.7.2 CommonMode EMC Input Filter Designfor a Three-Phase Buck-Type PWMRec-ti�er SystemThis section presents the CM �lter design for a Three-Phase Buck-TypePWM Recti�er System as shown in Figure 7.1. This converter was mod-eled in section 3.3 as a CM noise source.
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THREE-PHASE CM FILTER DESIGNand/or on the experience of the designer due to the inherently di�cultprediction of the CM noise source characteristics in a complex powerelectronics systems [39, 233]. Accurate models for prediction have beenproposed for boost-type recti�ers [234�236], where a relatively high e�ortis put on the numerical or mathematical modeling of the noise paths andsources. However, if a �rst prototype of the system is available, whichcan be used for the EMC evaluation, the simpli�ed model of the CMnoise propagation paths presented for this converter in section 3.3 canbe used. Thus, the emission levels can be predicted with the necessaryaccuracy and the attenuation requirements for a CM input �lter can beidenti�ed. For the case at hand the boost stage is not operating, but theparasitic capacitances of the semiconductors SB and DB are taken intoconsideration.This work presents the tasks performed for the CM �lter design andevaluation. The e�ect of a HF connection of the star-point of the DMinput �lter capacitors to the output of the recti�er is analyzed concerningits e�ect on the modeled CM noise paths. A two-stage conventional CMinput �lter is designed. The selection of the �lter components aiming toachieve the �lter's required attenuation is presented.Furthermore, the insertion loss of the employed �lter elements is an-alyzed. Finally, the compliance to CISPR 22 Class B limits is veri�edthrough CE measurements on a 5 kW prototype employing the designedCM �lter.7.2.1 E�ects of a Capacitive Connection from the In-put Star-Point to the Output Center-PointTo start with, the emission levels as predicted in section 3.3 are shownonce again in Figure 7.2. It is noticed that, the critical emission pointsare the peaks close to 250 kHz and 600 kHz and, once these are lowered,the emissions at 150 kHz can become dominant.The main purpose of the CM input �lter is to hinder the commonmode current propagation to the mains by providing a high impedance inthe direction to the mains and/or by providing paths with low impedancearound the recti�er elements, which are responsible for the generationof CM voltages so that CM noise current is circulated back internally.With this objective, an equivalent capacitor CMP (cf. Figure 7.3) is placed410
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Figure 7.2: CM emission levels at a three-lines LISN. Shown are the measuredlevels and the predicted ones as studied in section 3.3.between the star-point of the DM input �lter capacitors and the centerpoint of the output capacitors, allowing the HF common mode current toreturn in some extent to its source.The in�uence of this capacitive connection in the equivalent CM circuitof Figure 7.3 is observed in Figure 7.4. It is seen that the strong resonance,originally at approximately 250 kHz can be shifted to lower frequencies. Ifshifted below the measurement band (150 kHz � 30 MHz), lower �lteringe�ort is required.In the case at hand, CMP = 20 nF was selected in order to shift theresonance at 250 kHz (cf. Figure 7.6) to a frequency below 150 kHz. In
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THREE-PHASE CM FILTER DESIGNTherefore, the gain of the measurement result with the current sensor
Gtotal is given by,

Gtotal = GLISN − GPearson = 50.4 dB. (7.3)Accordingly, the measurement curves are located 50.4 dB below themeasurement level detected by the EMC test receiver. This gain is con-sidered for the subsequent �lter design and all conducted emission mea-surement graphics have this correction factor considered.7.2.2 Two-Stage Common Mode Filter DesignFor guaranteeing compliance to Class B limits, Figure 7.6 shows thatthe attenuation with a CM �lter must be higher than -50 dB around600 kHz and higher than -26 dB at 150 kHz. Additional margin of 6 dBis considered as suggested in CISPR 11. For reducing the total size ofthe CM �lter the attenuation is distributed to two �lter stages [215] aspresented in the following.The total capacitance CCM,total = CCM,1 + CCM,2 between any ofthe input phases and the PE is restrained by the maximum allowableearth leakage IGND,rms current due to IT safety regulations. The testsare performed usually with 110% of the input RMS voltage UN,rms andthe leakage current [91] should be typically limited to IGND,rms 6 3.5mA, even for the case where one of the phases is lost.With the leakage current given by
IGND,rms = 1.1 UN,rms 2π50 HzCCM,total, (7.4)a maximum total CM capacitance per phase of CCM,total

∼= 44 nF isreached. Providing a margin and guaranteeing small footprints for thecapacitors, the values of CCM,1 = CCM,2 = 4.7 nF are selected resultingin a total CM capacitance of 9.4 nF per phase. With two of the �lterelements selected, the next step is the determination of the inductors.As the designed �lter is built with two LC stages (cf. Figure 7.8), a highslope in the attenuation is achieved. Due to this new circuit con�guration,the resonance peak at 600 kHz is changed. Thus, if the �lter componentsare selected to ful�ll the attenuation requirement at 150 kHz (-32 dB),the slope provided by the multi-stage �lter attenuation provides a high414



CM FILTER FOR A THREE-PHASE BUCK PWM RECTIFIERattenuation at 600 kHz. For this reason, the CM �lter is designed for therequirement at 150 kHz.As the CM voltage is relatively small, the CM inductor can be builtwith small cores. Applying a smaller LCM,1 and larger LCM,2 leads toa large CM impedance at the mains side. This has the advantage of re-ducing the in�uence of the mains in the �ltering performance. The to-tal required attenuation AttCM,req at 150 kHz is divided into two parts,
AttCM,1

∼= −10dB and AttCM,2
∼= −22dB. With these values, the re-quired impedances for the inductors LCM,1 and LCM,2 are computed forthe two critical cases as

ZLCM,1,req
∼= 210 Ω @ 150 kHz (7.5)

ZLCM,2,req
∼= 820 Ω @ 150 kHz. (7.6)With this, the �lter inductors are built as speci�ed in Table 7.1, which

Larg(Z      )CM,1

L(Z      )CM,1

Figure 7.7: Impedance measurement for the inductor LCM,1. A well dampedhigh frequency behavior and a high self resonance frequency (≈ 44 MHz) canbe observed. The impedance at 600 kHz is measured as 490 Ω.415



THREE-PHASE CM FILTER DESIGNalso presents the speci�cations for the capacitors in the CM �lter. Passivedamping through resistors is not added due to the predominantly resis-tive high frequency behavior of the inductors (cf. Figure 7.7) built withcore material VITROPERM 500F [173]. These inductors exhibit goodimpedance stability for high temperatures and high power density.Table 7.1: CM �lter components.Component Speci�cation
CCM,1 , CCM,12 Y1 Capacitor, Epcos MKP B811234.7 nF - 250 Vac

CMP Y1 Capacitor , Epcos MKP B81123
2 × 10 nF - 250Vac

LCM,1 Vaccuumschmelze VAC VITROPERM 500F W409N = 3 × 4 turns, AWG 16
LCM,2 Vaccuumschmelze VAC VITROPERM 500F W380N = 3 × 7 turns, AWG 16The e�ect of the addition of the �ltering elements to the single-phaseequivalent circuit of the �nal �lter structure as shown in Figure 7.11can be observed in Figure 7.9 through the plots of the transfer function

UMEAS(jω)/UCM (jω) for the di�erent circuit con�gurations. The �nal�lter con�guration is able to provide the required attenuation in the com-plete frequency range and the peak at 600 kHz no longer exists.
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(f),the �nal CE levels are estimated in Figure 7.10.7.2.3 Experimental Veri�cationThe �nal circuit schematic for the recti�er system including the CM �l-tering elements is shown in Figure 7.11.With this system, Figure 7.12 shows the �nal result of the EMC CEmeasurement process performed with a four-lines 50 Ω / 50 µH LISNaccording to CISPR 16 [104]. The measurement is done in order to test thefull compliance of the recti�er and includes both common and di�erentialmode emissions from the 5 kW hardware prototype of the system.The noise emissions in Figure 7.12 are mainly dominated by the DMnoise emissions showing peaks at multiples of the switching frequency.Obviously, the CM noise emissions are attenuated su�ciently, and ClassA is ful�lled in the frequency range 150 kHz�20 MHz. For ful�lling Class417
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ACTIVE COMMON-MODE FILTERING7.3 Active Common-Mode FilteringIn modern power electronic systems, volumetric densities typically rangebetween 1 kW/dm3 and 3 kW/dm3, depending on the employed technol-ogy and switching frequency. For higher power densities higher switchingfrequencies can be used but the EMC �ltering components still occupya large volume in the system, more than 30% in some cases. In a worldwhere system and application space is becoming more and more expen-sive, the volumetric reduction of power supply components is of greatimportance. A proposed solution for the size reduction of EMC �lters isthe use of active systems [211, 237�239], commonly called active �lters,instead of fully passive �lters. High frequency active �lters are broadlyemployed in signal processing, where low current and voltage levels arepresent. However as power levels increase, the construction of such sys-tems becomes critical. Since wide-band ampli�ers are to be used, theseshould be able to handle high current and voltage levels. This challengemotivates research in this �eld and is addressed in the following.The scope of this work is limited to the common mode conducted
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THREE-PHASE CM FILTER DESIGNemissions mainly in the frequency range from 150 kHz to 30 MHz. Theconnection from the EMC �lter to the power circuits is on the AC mainsside where a large 50 Hz or 60 Hz frequency component is present, alongwith its low frequency harmonic contents. In this application, the mainfunction of the �lter is the reduction of high frequency CM emissions.For that, the �lters are based on linear HF power ampli�ers as switchedcircuits currently do not provide the required operating bandwidth. Thereduction of CM emissions is an important issue in all �elds of electronicsapplications and the traditional approach is the use of Y-rated capaci-tors connected from lines to PE in addition to CM inductors. In mostapplications the size of these capacitors is limited due to safety regula-tions restricting the earth leakage currents, resulting in higher values ofthe CM �lter inductors and larger �lter volume, especially for high powersystems. Aiming for the reduction of the total �lter volume, while keep-ing low values of the low frequency leakage currents, an active circuit,which shapes the frequency response of a capacitor e�ectively increasingits value for high frequencies, is the solution presented in this section.A practical active �lter should be able to meet all relevant safety andEMC regulations, as well as high voltage surge requirements, and the�lter stability should be independent from the impedances the �lter isconnected to. Cost is also a limiting factor and the active �lter shouldnot be more expensive than a conventional passive one.From the potential advantages of the use of active �lter circuits forreducing high frequency conducted emissions in power electronic circuits,the knowledge about the di�erent possible structures and the design ofthe active EMC �lter are essential. Four main types of circuits [211] arecited in the literature and shown in Figure 7.13 as simpli�ed single-phaseequivalent circuits. The classi�cation into four circuits is based on thetypes of parameters employed in sensing and actuation paths. The basicstrategies rely on the sensing of either current (Figure 7.13(a), [238�240]and Figure 7.13(b), [241�243]) or voltage (Figure 7.13(c), [212, 244] andFigure 7.13(d), [245�248]), and in the injection of a shunt current (Fig-ure 7.13(b) and Figure 7.13(d)) or a series voltage (Figure 7.13(a) andFigure 7.13(c)) to the AC lines. In addition to the topologies of Fig-ure 7.13 other active �lter structures using a combination of the showncircuits can be implemented [214, 249�251]. One option is to use a cur-rent sensing feedback in combination with a voltage sensing feed-forward.Other options are to place the active �lter power ampli�er at the con-420



ACTIVE COMMON-MODE FILTERINGverter output or at the DC-link terminals and sensing devices directly atthe AC input lines or even combine two of these [251].
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THREE-PHASE CM FILTER DESIGNtuation and a voltage sensing according to Figure 7.13(d) in a single-phaseequivalent. The active �lter structure is well known [245�248], thereforethe emphasis is placed on the design of the feedback loop since it deter-mines the system stability and challenges for the practical construction.It is shown that the correct placement of zeros and poles in the feedbackpath is of high importance [239], [245] for guaranteeing stable operationfor a large range of mains and noise source impedance conditions. A the-oretical basis for the determination of zeros and poles is presented, alongwith results obtained from a �rst prototype based on the described theo-retical analysis.7.3.1 Selection of Active Filter Topology and its Ba-sic Operating PrincipleBy considering the circuits of Figure 7.13 one realizes that the noise source(Cs and Ls) and the power grid impedances (Zg) are usually di�cultto predict and/or control [252, 253] but should obviously be included inthe stability consideration. For the topologies making use of a line cur-rent based feedback or actuation employing current transformers, it seemsmore di�cult to decouple the system stability from the source and gridimpedances. A di�cult issue is that the current transformer needs a largebandwidth and the simple inclusion of an extra winding in a conventionalCM inductor does not always guarantee a good high frequency magneticcoupling due to construction regarding safety regulations and the poorrelative HF permeability characteristics of conventionally used materials.In addition, self resonances due the magnetic materials are to be expectedas well as winding capacitances degrading the HF properties of the cur-rent transformer. The physical dimensions of a current transformer canalso represent a drawback of such concepts when compared to capacitivebased ones. For these reasons, the cost of a good HF current transformermust be added to the �ltering system. Therefore, a topology based oncapacitive sensing of the line voltage and utilizing also capacitors in theactuator stage seems to be a good choice for an active �lter connected tothe AC lines. The �lter topology considered in this work is presented inthe simpli�ed schematic in Figure 7.14, which corresponds to the circuitin Figure 7.13(d).This topology is comprised of two common mode inductors (LCM,1and LCM,2), one coupling capacitor (Co), a sensing path (Gsens) including422



ACTIVE COMMON-MODE FILTERINGa low frequency attenuation network for rejection of any unwanted highamplitude low frequency components and an actuator, which is realizedwith a linear HF power ampli�er (Gamp). This structure presents someadvantages such as:� The �lter structure and its principle are simple, presenting a poten-tially high stability range, increasing the possible �lter attenuationin the frequency band of interest;� Both, sensing (Gsens) and output coupling (through Co) can beperformed through Y-rated capacitors;� As the needed inductance and capacitance values decrease by the useof an active feedback, better high frequency performance is achievedthan with a non-active �lter, as smaller components usually presenthigher resonance frequencies;� The implementation is potentially safe since the feedback sensing isdone with low voltages; only a single HF power ampli�er needs tobe employed.
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THREE-PHASE CM FILTER DESIGNnot make the �lter more expensive. Since Y-capacitors have their valueslimited due to the safety limitation of the allowable earth leakage cur-rents, the main idea with this active �lter topology is to use the existingvalues of Y-capacitors and virtually increase the capacitance by propershaping of the feedback frequency response, thus allowing a noticeablereduction of the inductors, which are usually large, heavy and costly inhigh power systems.The basic principle of the topology shown in Figure 7.14 is to increasethe equivalent capacitance for high frequencies by using a feedback loop.This is illustrated in Figure 7.15 where one can see that, for the lowerfrequency end the original capacitance of Co is e�ective, but for higherfrequencies an increase in the capacitance is possible as the feedback gainincreases, according to
Zact(s) =

Uact(s)

Iact(s)
=

1

sCo
· 1

1 + Gsens(s)
. (7.7)With eq. (7.7) it can be seen that the capacitance is e�ectively multi-plied by the gain Gsens. This characteristic is very important in this typeof system, since the capacitance at low frequency should be kept as smallas possible due to the limited earth leakage current.The con�guration for the design of the active �lter regarding its at-tenuation is depicted in Figure 7.16, where the model of a simpli�ed LISNis included. This con�guration allows for the study of the required �lterperformance, with Rlisn, according to CISPR 16 [104], equal to 50 Ω / 3.This is because the three-lines of a LISN are in parallel for CM currents.7.3.2 Stability Analysis and Feedback StructureThere are four strict requirements for the �lter structure:i. The attenuation of high frequencies needs to be higher than for apassive �lter with the same components;ii. The value of the capacitor (Co) is limited due to the safety consider-ations (earth leakage currents);iii. The 50/60 Hz and the low frequency harmonic components presentin the voltage uF are quite large when compared with the high fre-424
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uc. This is a logical step since the output impedance of the ampli�er istypically much lower than the input impedance of the output couplingcapacitor Co. By opening the loop, short-circuiting the voltage sourcesand assuming that the input voltage of the operational ampli�er is zero,fact that can be assumed because this voltage is much smaller than thevoltage across Cf , the system can have its stability analyzed through thecircuit depicted in Figure 7.17, where the impedances LCM,2 and Zmainsare summed to Lg and the impedances LCM,1 and Lsource to Ls.The sensing capacitance Cf is also considered, since it adds a zeroand changes the positions of the poles. With these considerations, thefeedback variable of interest is the current iF , which is multiplied by theimpedance Zf for the �nal shaping of the feedback loop.As an example, a Bode plot of the considered plant, for the parametersgiven in Figure 7.18, is shown in Figure 7.18(b). The system under consid-eration is a three-phase adjustable speed drive (ASD) based on a 6.8 kVASparse Matrix Converter (SMC), switching at a frequency of fP = 10/20kHz (input/output stage switching frequencies). The total capacitanceis limited for safety reasons and the designed value is 22 nF per phase,leading to a total of 66 nF. A decrease of ten times in the former CM�lter inductance of around 6 mH is desirable. Therefore, two inductors of320 µH have been chosen. The noise source may vary depending on thenature of the load (passive, motor) and the minimum value is around 1427



THREE-PHASE CM FILTER DESIGNnF, which is measured in the SMC without load. The sensing capacitance
Cf depends on all the parameters of the complete active circuit and avalue of 14.1 nF is chosen.
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If (s)

Uo(s)
=

s3LgCfCo(s
2CsLs + 1)

s4LgLsCs(Cf + Co) + s2 [Lg(Cf + Co − Cs) + LsCs] + 1
.(7.8)A proper modeling of the system, though requires that the resistiveelements of the circuit are considered, as they move the plant singular-ities to the left half plane as shown in the root locus of Figure 7.19(b).Considering parasitic e�ects, it is feasible to employ simple feedback struc-tures, which can properly reject the low frequency components, but havetheir maximum HF gain limited. The analysis of the root loci plots ofFigure 7.19 shows that the plant without the inclusion of parasitic resis-tances would be extremely di�cult to stabilize, presenting three zeros atthe origin and four poles at the imaginary axis.As previously cited, a limited supply voltage should be used for thepower ampli�er and it is not desirable that the closed loop system in�u-ences the circuit behavior at 50 Hz. For a single-phase system, it is neces-sary that the sensing network attenuates the low frequency componentsof the measured voltage. A value of approximately -40 dB attenuation forthe 50 Hz component would imply that, for a 300 V peak in the line toground (PE) voltage, a peak voltage of 3 V appears in the output of thepower ampli�er. In this case a minimum attenuation of -50 dB at 50 Hzwas chosen as a starting point.Another speci�cation is that the high frequency gain should be prac-tical with a low cost HF power ampli�er. This speci�cation also matchesthe gain limitation imposed by the plant's characteristics. The actuatorfor the proposed system is a linear HF power ampli�er Gamp presentingenough bandwidth in order to allow a good performance. A good modelfor such ampli�er is a �rst order low pass �lter with a limited outputswing due to the available supply voltage.The most simple and desirable way to sense the voltage uF is to usea high-pass �lter. In the case at hand it is composed of two zeros, one atthe origin and the other above 10 kHz. This results in a high attenuationof the 50/60 Hz component.Poles are placed at high frequency in order to limit the high frequencygain. The �nal bandwidth of the feedback loop must be limited due to thepower ampli�er characteristics. This is achieved by placing a dominantpole at a frequency where the high frequency gain is rolled-o� correctly,429
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THREE-PHASE CM FILTER DESIGNthus guaranteeing that the design is carried out with the assumption thatthe ampli�er behaves like an ideal operational ampli�er.De�ning the sensing capacitor impedance as
ZCf (s) =

1

s Cf
, (7.9)the designed feedback loop, −Zf (s)/ZCf (s) = Uc(s)/Uf (s), for an idealoperational ampli�er can be observed in Figure 7.20. A curve for the de-signed loop and another curve for the actual performance of the �nallyimplemented system are shown. The maximum slew-rate of the imple-mented power ampli�er prevented higher gains to be applied in practicebecause it distorts the output signal in a way that the high frequency com-ponents are attenuated and phase-shifted non-linearly. This reduction inthe HF gain limits the �nal achievable attenuation increase.Considering the ampli�er non-idealities as a transfer function Gamp(s),the transfer function Uc(s)/If (s) is given by

Uc(s)

If (s)
= −Zf

Gamp(s)

1 + Gamp(s)
, (7.10)from where it is seen that it impacts the HF behavior of the designedactive �lter.
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(s)fZFigure 7.21: Circuit used for the transmission loop calculations and the em-ployed transfer function Zf (s). Parasitic resistances from inductors and loadhave been estimated through impedance measurements and the output resis-tance of the ampli�er is estimated through circuit simulation of the designedampli�er shown in section 7.3.3.The �nal control-oriented block diagram for the circuit of Figure 7.21of the designed system is presented in Figure 7.22, where the in�uence432
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Z f (s)

I f (s)Figure 7.22: Filter's transmission loop block diagram.of the ampli�er transfer function is simpli�ed just for the sake of clarity.This is used to obtain the �nal root locus diagram of the transmissionloop which is plotted in Figure 7.24. Respective bode plots are presentedin Figure 7.23. The inductors are modeled here as a constant inductor inseries with a resistance, allowing the system stability to be analyzed withmathematical tools for linear systems. With the previously shown feed-back structure, the determining part of the root locus is the region closeto the origin, which includes the low frequency zeros and the dominantcomplex poles. The design ensures that large values of mains and noisesource impedances can be employed. The �nal system has been success-fully tested with noise source capacitances ranging from 10 pF up to 10 µFand mains-sided impedances from around 100 nH up to 12 mH measuredat 1 kHz. Furthermore, the design ensures that if minimum values for theinductors LCM,1 and LCM,2 are employed, system stability is given forwidely varying external impedances.7.3.3 Ampli�er DesignThe main points in specifying the ampli�er are: (i) DC supply voltage; (ii)power bandwidth, and; (iii) power supply rejection ratio (PSRR). Sincecosts are typically important, a trade-o� between costs and performanceis usually required as well.To start with, the circuit of Figure 7.25 is considered, where us in433



THREE-PHASE CM FILTER DESIGN

103 104 105 106
-360

-180

0

180

P
h
a
se

 [
°]

Frequency  [Hz]

-400

-300

-200

-100

0

100

M
a

g
n
it
u

d
e 

[d
B

]

cU (s)

oU (s)

Figure 7.23: Bode plots for the modeled transmission loop including resistiveelements estimated from impedance measurements and the high frequency polemodeling the power ampli�er Gamp.

Real Axis ( x 104 )

Im
a

g
in

ar
y
 A

x
is

 (
 x

 1
0

6
 )

-6

-2

0

2

6

-8 -6 -5 -4 -3 -2 -1 1

4

-4

-7 0Figure 7.24: Root locus diagram for the designed system, which is shown inFigure 7.21. 434



ACTIVE COMMON-MODE FILTERINGseries with Cs represent a noise source, inductance Ls the �rst �lter in-ductor and the branch formed of Co the �lter capacitance, uc the outputvoltage of the power ampli�er with an output impedance Ro limited bythe resistors connected at the ampli�er output. The remainder of the cir-cuit is neglected. The aim is to generate a voltage waveform at uo capableof injecting a compensating current, which should keep the voltage at thenode between Ls and Co as close as possible to the ground potential 0 V,thus current ig should equal zero.
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Figure 7.25: Simpli�ed circuit for studying the requirements for a HF powerampli�er to be used in active mains �ltering. Noise source: us in series with Cs;ampli�er output: uo and output resistance Ro.
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ttr Tp

E

Figure 7.26: Considered waveform at the noise source.Two simplifying assumptions are made: (i) a trapezoidal shape withan amplitude E and a �nite rise time tr at us and (ii) uf equals zero (cf.Figure 7.26). From circuit inspection, the following ordinary di�erentialequations are derived: 435



THREE-PHASE CM FILTER DESIGN
Ls

dis
dt

= us − uCs (7.11)
Cs

duCs

dt
= is (7.12)

Co
duc

dt
= io + CoRo

dio
dt

(7.13)Equations eq. (7.11) and eq. (7.12) represent the circuit branch inwhich the noise current is is generated. Assuming the initial conditions
is(0) = 0 (7.14)

uCs(0) = 0, (7.15)the solution for is for the ordinary di�erential equations system formedby eq. (7.11) and eq. (7.12) is given by,
is(t) = Cs

E

tr

[

cos

(
t√

LsCs

)

− 1

]

. (7.16)Considering the other branch of the circuit, the circuit is characterizedby equation eq. (7.13). The initial condition for this circuit is assumed as
io(0) = 0. (7.17)Solving eq. (7.13) for eq. (7.17) leads to,

duc

dt
=

io(t)

Co

(

e
−t√

CoRo − 1

) . (7.18)The condition which should be ful�lled is.
io(t) = −is(t). (7.19)Assuming Ro = 0 Ω, inserting eq. (7.19) into eq. (7.18) and solvingthe equation for duc/dt, the output voltage of the ampli�er uo must be436



ACTIVE COMMON-MODE FILTERINGable to achieve the following parameters:
duc,max

dt
=

Cs

Co

E

tr

cos
(

t√
LsCs

)

(

e
−t√

CoRo − 1

) (7.20)
uc,max =

∫ tr

0

Cs

Co

E

tr

cos
(

t√
LsCs

)

(

e
−t√

CoRo − 1

)dt. (7.21)Equations eq. (7.20) and eq. (7.21) de�ne the requirements for idealcancellation, based on the given simpli�cations and, with this, it is pos-sible to evaluate the requirements for an ampli�er given speci�c circuitparameters as shown graphically in Figure 7.27 and Figure 7.28, wherethe surfaces for the required DC supply voltage Vcc = uc,max are displayedfor a perfect compensation of the noise source voltage. An example formaximum voltage ratio duc,max/dt surface is shown in Figure 7.29, trans-lating in the requirement for the ampli�er power bandwidth PBW . InFigure 7.30 the range where an ideal noise compensation can be achievedis shown, given the speci�ed ampli�er and circuit parameters.Based on the given requirements and aiming for a prototype to beused with an "state-of-the-art" three-phase adjustable speed drive (ASD)based on a 6.8 kVA Sparse Matrix Converter, where the switching timesare usually under 500 ns and the switching frequency fP = 10/20 kHz,it seems to be adequate that an ampli�er with a DC supply of Vcc =
±30 V and a power bandwidth of PBW = 800 kHz is employed. Adiscrete HF power ampli�er as shown in Figure 7.31 was designed andbuilt for a system being fed with a ±30 V external power supply. Theampli�er is built with conventional SMD components (cf. Table 7.2) andexhibits a closed loop -3dB bandwidth of approximately 1 MHz and apower bandwidth of approximately 800 kHz.7.3.4 Practical Implementation of the Active FilterA three-phase �lter employing the presented feedback structure was builtin order to test the presented mathematical models. The �lter schematics437
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ACTIVE COMMON-MODE FILTERINGTable 7.2: Selected components for the active �lter prototype.Component Speci�cation
Cf,i Y2 SMD Capacitor, Murata X7R Series GC4.7 nF � 250 Vac
Co,i Y2 Capacitor , Epcos MKP B8112222 nF � 250 Vac

CCM,i Y2 SMD Capacitor, Murata X7R Series GC1 nF � 250 Vac
LCM,1 Vaccuumschmelze VAC VITROPERM 500FT6000-6-L2012-W498 � OD(12.5) ID(10) H(5) mmN = 3 × 3 turns, φ 1 mm
LCM,2 Vaccuumschmelze VAC VITROPERM 500FT6000-6-L2012-W498 � OD(12.5) ID(10) H(5) mmN = 3 × 4 turns, φ 1 mmIn hand of this modeling, the �lter insertion loss (50 Ω input / 50 Ωoutput measurement) curves for the designed �lter were calculated asshown in Figure 7.33, where the curve for the �lter without feedback canbe compared with real measurement data (indicated by crosses) and agood agreement is observed, except for a structural resonance1 at ap-proximately 20 MHz. Based on the modeled components two simulationswere performed and their results are also presented in Figure 7.33. The�rst simulation, shown in the middle trace of Figure 7.33, gives the �l-ter insertion loss in case a band-limited ampli�er is used, showing thatan increase in the attenuation is observed up to the ampli�er's frequencylimitation. The last simulation, bottom trace, is valid for an in�nite band-width ampli�er. The potential for such systems is clear and with largerampli�ers bandwidth, better performance is observed. Based on the suc-cessful simulation results a prototype based on the structure shown inFigure 7.32 was built. The prototype is rated for 10 A / 400 V / 50 Hzand a photograph is shown in Figure 7.34.The �rst step in the prototype testing was to analyze the system sta-bility under di�erent source and load impedances. Inductors with ferrite1This resonance has not been clari�ed in practice because of its minor e�ects ob-served in the transfer functions. 441
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ACTIVE COMMON-MODE FILTERINGcores of 1 mH and 6 mH, and inductors with nanocrystalline cores of 4.2mH and 12 mH, measured at 1 kHz, were used as arti�cial mains and/orsource impedances. On the noise source side, capacitors in the range of 10pF up to 10 µF were employed. Short-circuiting of the �lter inputs to PEwas also tested. Over this impedance range the �lter operated in a stablemanner. Attenuation measurements were also performed employing dif-ferent source and load impedances. Figure 7.35 presents the measurementfor a 8 Ω input impedance and a 50 Ω output for the �lter structure withand without (Cf and Co,i shorted to PE) active feedback. The same mea-surements were repeated for a 4.2 mH source impedance and the resultsare presented in Figure 7.36, showing the increase in the �lter attenuationin the range of 100 kHz to 1 MHz, where the ampli�er bandwidth ends.
-80

-60

-40

-20

0

20

101 102 103 104 105 106

M
a

g
n

it
u

d
e 

[d
B

]

Frequency  [Hz]

Without active feedback

With active feedback

Figure 7.35: Performance for the designed �lter with a source impedance ofapproximately 8 Ω. Measured attenuation curves for a load impedance of 50 Ω.Another performed test made use of a square wave generator as noisesource in series with a 400 pF SMD capacitor mounted on a PCB with avery small space between the capacitor and the ground plane in the backside of the PCB. As load, a four-line 50 Ω /50 µH V-network LISN wasused and its output connected to an EMC test receiver. Measurementswith and without �lter are presented in Figure 7.37. For the measurementwith the active feedback, it is demonstrated that higher attenuation isachieved up to 1 MHz. At 2 MHz a resonance in the ampli�er circuit dueto the distortion caused by its slew-rate limitation is seen, causing higheremission levels than those of the �lter without feedback. In the higherfrequency range the same conducted emission levels are seen.The last presented test is performed with the active �lter board con-nected at the input of an ASD built on a 6.8 kVA Sparse Matrix Converter443
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THREE-PHASE CM FILTER DESIGN7.3.5 Low Frequency Rejection posing Limitations inActive Filter PerformanceFrom the results presented in the previous sections it can be seen that theattenuation improvement with the designed active �lter was not 40 dBas typically desired and sometimes demonstrated in some experimentalapplications [212,214]. It is found that when a high-pass �lter is appliedat the feedback loop, the HF feedback gain shall be limited in order toguarantee stability for a wide and practical range of mains impedance.To acquire an insight into the limitations to the gain in attenuation sometheoretical studies are carried out in the following for di�erent active �lterstructures, represented through simpli�ed models. The mains impedanceis here modeled as an inductor with a value of Lg = 50 µH for all cases.Voltage Sensing / Current Actuation (VSCA) Filter with Pas-sive DampingThe circuit of Figure 7.39 is used, where the network composed of Ldand Rd provide passive damping to the circuit, thus possibly allowing forhigher feedback gains. This is, of course, not practical since access to themains impedance would be required. On the other hand it is useful inorder to gain insight about the stringent requirements for the feedbackdesign.
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ACTIVE COMMON-MODE FILTERING� The noise source is modeled as a current source is.� The sensing network Gsens(s) shall provide more than 40 dB at-tenuation at 50 Hz. This is achieved with a second order high pass�lter de�ned as,
Gsens(s) =

100s2

s2 + 53855.9s + 1.4212 · 109
. (7.22)� The HF gain in attenuation for the active �lter shall be around 40dB, when compared to a passive �lter with the same components.� The circuit should be stable.Based on the listed requirements and on the circuit of Figure 7.39,the real part of the complex conjugated dominant poles of the open looptransfer function (OLTF) are plotted in Figure 7.40, where it is seenthat only a very limited range of impedances Ld and Rd drive the realpart of the dominant poles to the negative region, leading to stable op-eration modes. This can be interpreted as a maximum equivalent mains
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ACTIVE COMMON-MODE FILTERING� The feedback Gsens(s) shall provide more than 40 dB attenuationat 50 Hz. This is achieved with a second order high pass �lter.� The HF gain in attenuation for the active �lter must be as large aspossible.� The circuit must be stable.
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Figure 7.42: Analyzed circuit for a 'Voltage Sensing / Current Actuation'(VSCA) active �lter including an active damping loop.Since a closed-form solution can not be derived due to the large num-ber of variables and the non-trivial form of the involved equations, nu-merical optimization is utilized. The objective function is the HF gain ofthe feedback loop and the constraints are the 50 Hz voltage rejection andthe stability. This transforms the problem into a non-convex one. To solvethe problem the 'Global Optimization Toolbox' of the software 'Maple 10'has been used. The four optimized variables were the corner frequenciesand the gains of the feedback transfer functions Gdec and Glp, given by:
Gdec(s) =

57.38s2

s2 + 54143.1s + 1.4364 · 109
, and (7.23)

Glp(s) =
176

5.0686 · 109s + 1
. (7.24)The optimization results have led to the following results. Figure 7.43shows that the 50 Hz rejection is above the required 40 dB. The positionof the closed loop poles in the complex plane (cf. Figure 7.44) demonstrate449



THREE-PHASE CM FILTER DESIGNthat the system is stable. Thus both constraints are ful�lled. Through theattenuation curves (cf. Figure 7.45) it is clear that a gain in attenuation of40 dB is not achieved. Although there is not 100% certainty that the globaloptimum was achieved, it is very di�cult that a substantially improvedsolution is possible for these type of structures. Thus, for the speci�edproblem a maximum gain of around 20 dB is to be expected. Anotherinteresting result is the action of the active damping loop, which can beobserved in the e�ect of the feedback loops in the impedance of the parallelcircuit branch formed by uc and Co (cf. Figure 7.46). The impedance curveshows that a resistive section around 10 kHz is observed, which dampsthe �nal closed loop system.
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THREE-PHASE CM FILTER DESIGNsystem must be designed to ful�ll EMC requirements, where an atten-uation speci�cation, based on the estimated CE levels of the recti�er,is calculated. Furthermore, the �lters shall be designed taking into ac-count the limits for CE speci�ed for Class B information technology (IT)equipments as in CISPR 22.
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Figure 7.53: Circuit schematic of a Three-phase, Six-switch, Three-level Rec-ti�er topology used to implement a 10 kW PWM recti�er.7.4.1 CM Filter TopologyThe CM �lter design is based on the simpli�ed models presented in sec-tion 3.4, where equivalent circuits are de�ned and used to evaluate CMand DM noise sources. The �lter topology used for the DM design is shownas a single-phase equivalent in Figure 7.54. Three-stages are chosen basedon power levels and attenuation requirements [215]. Components are cho-sen based on a series of requirements as given in section 4.The �rst task in the CM �lter design is to choose an appropriate �ltertopology. These �lters are typically built with inductors and capacitors ina low-pass arrangement, which can have many stages and di�erent con-�gurations. Multi-stage �lters have the potential to lower the total �ltersize and costs. Reference [215] de�nes the conditions and requirements at456
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CCM,sum =

∑
CCM,i, i=1. . . 3, between any of the input phases and thePE is bounded to a maximum of approximately,

CCM,sum 6
IPE,rms,max

1.1 · UN1,max · 2π · 50 Hz ∼= 44 nF. (7.25)Safety also requires Y2 rated capacitors. Due to these restrictions aseries of Y2 ceramic capacitors [160] is chosen, which presents a maximumcapacitance of 4.7 nF per SMD package, leading to compact constructionand low parasitics. Since other capacitances are present in the circuit(arrestors, stray capacitances, etc.) and values present tolerances, somemargin is provided so that CCM,sum = 7·4.7 nF = 32.9 nF, is to be divided457



THREE-PHASE CM FILTER DESIGNto the �lter stages. According to section 6.7.1, for maximum attenuationgiven a minimum total capacitance, each stage shall present the samevalue.The other elements of the CM �lter are the coupled inductors [178].A design methodology for the three-phase CM inductors is presented insection 7.4.2. This methodology aims in designing CM inductors withsmallest dimensions and is the basis for an e�ective CM �lter design.7.4.2 Minimum Volume Design of Three-Phase CMInductorsAs seen in section 4.5, high permeability materials can be employed, thus,reducing the volume of the inductors. Typically, high permeability mag-netic materials present a highly varying complex permeability with fre-quency. For this reason common mode inductors must be designed basedon their required impedance at a given frequency. The real part of the per-meability µ′ models the reactive (inductive) impedance transfered fromthe core to the wires. An imaginary part µ′′ models an increase in the to-tal impedance due to core losses, so that the CM choke behaves as a seriesRL connection. The proper choice of core materials leads to compact ande�ective inductors, with reduced parasitics. This analysis is performed insection 4.5.2 and from this study, it is observed that CM inductors canbe smaller by applying materials with high permeability and saturationpoint. Aiming for compactness and, given the results of section 4.5.2, VIT-ROPERM 500 F [172,173] is chosen for the CM inductors. This materialpresents good thermal stability as well.The objective of this section is to propose a design procedure that al-lows for minimum volume CM inductors for a given speci�cation. There-fore, an iterative procedure is presented in the following.The minimum speci�cations for a successful CM inductor design are:� Ambient temperature: Tamb;� Maximum temperature: Tmax;� Maximum current (DM): IDM,rms;� Frequency of interest: fint; 458



MINIMUM VOLUME CM FILTER FOR A BOOST RECTIFIER� Desired impedance at fint: Zdes;� Switching frequency: fS ;� Peak current (or voltage) amplitude at fS : Is (Us).Design DatabasesA database containing mechanical and magnetic properties, as speci�edin Table 7.3, of the commercially available cores for the chosen materialmust be available. Only toroidal cores are considered here.Table 7.3: Required speci�cations for the database of available cores.Parameter Symbol UnitBare outer diameter ODbare [m]Bare inner diameter IDbare [m]Bare height Hbare [m]Outer diameter OD [m]Inner diameter ID [m]Core height H [m]Mean magnetic path length le [m]Core cross-sectional area Ae [m2]Thermal resistance Rth [K/W]Core inductance per turn square AL [H/turns2]The magnetic material is modeled through approximative expressionswhich are obtained from curve-�tting manufacturer's information. Theexpression for the real part of the complex permeability is here approxi-mated as,
µ′(f) = M ′

1

(
f

M ′

2
+ 1
)M ′

3

(
f

M ′

4
+ 1
)M ′

5

, (7.26)whereas the imaginary part is modeled as,459
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µ′′(f) = M ′′

1
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6
+ 1
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7
, (7.27)so that the complex permeability is given by,

µ = µ′(f) − j µ′′(f). (7.28)The coe�cients for eq. (7.26) and eq. (7.27) are given in Table 7.4 andTable 7.5, respectively, for some magnetic materials.Table 7.4: Coe�cients for the real part of the complex permeability for di�er-ent magnetic materials.Material M ′
1 M ′

2 M ′
3 M ′

4 M ′
51. Vitroperm 100 · 103 1.00 · 109 2.10 · 104 0.10 0.802. Magnaperm 97.5 · 103 1.85 · 103 4.28 · 103 1.22 2.033. T38 10.0 · 103 1.90 · 106 3.00 · 107 4.50 90.004. N30 4.20 · 103 1.16 · 105 6.98 · 106 0.31 7.79Table 7.5: Coe�cients for the imaginary part of the complex permeability fordi�erent magnetic materials.Mat. M ′′

1 M ′′
2 M ′′

3 M ′′
4 M ′′

5 M ′′
6 M ′′

71. 405 601 2.92 7.72 · 103 2.92 9.32 · 102 0.662. 1230 871 1.78 1.19 · 104 1.22 1.19 · 104 1.223. 21.3 3.0 · 104 4.65 1.78 · 105 5.85 3.09 · 105 0.024. 20.0 3.4 · 105 18.5 7.40 · 105 26.0 4.00 · 106 -7.46Core losses can be modeled with the Steinmetz equation,
Pvol = Kc fα Bβ , (7.29)which coe�cients are given in Table 7.6 for commercially available corematerials for CM inductors. 460



MINIMUM VOLUME CM FILTER FOR A BOOST RECTIFIERTable 7.6: Steinmetz parameters for di�erent magnetic materials.Material Kc [W/dm3] α β1. Vitroperm 8.37 · 10−6 1.811 2.0972. Magnaperm 7.77 · 10−6 1.750 1.9903. T38 1.83 · 10−3 1.528 2.6444. N30 1.02 · 10−4 1.780 2.434Operation speci�c information about the core materials is required forthe design. The most relevant parameters are listed in Table 7.7.Table 7.7: Operating parameters for di�erent magnetic materials.Material Operating Saturation Initialtemperature Toper �ux Bsat permeability µinit1. Vitroperm 120 °C 1.20 T 100 · 1032. Magnaperm 90 °C 0.57 T 100 · 1033. T38 100 °C 0.26 T 10 · 1034. N30 100 °C 0.24 T 3 · 103Finally, a database must be built for the wires with which the inductorsshall be wound with. This database can contain available wire diameterswith φins and without insulation φw . Conventional magnetic copper wireis considered here.Design InitializationA �rst step for the inductor design is to establish an initial maximum cur-rent density Jmax,0 and an initial maximum �ux density Bmax,0. However,these values might strongly vary depending on the involved frequenciesand core size. Here, very high values are assumed, so that the maximum�ux density is assumed to be the saturation �ux,
Bmax,0 = Bsat, (7.30)461



THREE-PHASE CM FILTER DESIGNfor the chosen core material and the maximum current density is set to,
Jmax,0 = 2 · 107A/m2

. (7.31)Another required information is the insulation distance dins betweeneach of the three windings. This depends on the employed insulation tech-nology and typically present values in the range,
dins = 0.5mm . . . 1.5mm. (7.32)With the initial maximum current density, the maximum number ofturns Nmax,0 for each of the available cores can be computed. This leadsto,

Nmax,0,j =







0.15 π
[(

IDj − 3 dins

π

)√ π Jmax,0

IDM,rms

]

, ifNlayers = 1

0.285 πID2
j

Jmax,0

12 IDM,rms
, ifNlayers > 1

(7.33)where j is the index of the core and Nlayers is the desirable number oflayers. The current density is given in [A/m2] and the distance dins is in[m]. The core database must be set in a way that growing impedance canbe obtained with growing index j, which is de�ned in the range,
j = 1 . . .Ncores, (7.34)where Ncores is the number of available cores.With this, the maximum obtainable impedance for each of the corescan be calculated with,

Zmax,0,j = 2 π f AL N2
max,0,j

∣
∣
∣
∣

µ(f)

µinit

∣
∣
∣
∣
. (7.35)The minimum number of turns to keep the �ux density below thesaturation limit is given by,

Nmin,0,j =
Us

2 π fS Bmax,0 Ae,j
. (7.36)The next step is to �nd the smallest core which ful�lls, both, desirable462



MINIMUM VOLUME CM FILTER FOR A BOOST RECTIFIERimpedance and maximum �ux density. This can be accomplished with thealgorithm below �nding the core in the core database of number Ncore,0.
Ncore,0 = 0

j = 1while j 6 Ncores do
Ncore,0 = jif (Zmax,0,j > Zdes) and (Nmin,0,j 6 Nmax,0,j)then j = Ncores + 1else j = j + 1end ifend do. (7.37)With the found core, the necessary number of turns must be found.This should ful�ll the impedance and �ux density requirements. The wirediameter can be determined with the following algorithm,

Smin =
IDM,rms

Jmax,0

φmin =

√

4 Smin

π

j = 1while j 6 Nwires do
Nwire,0 = jifφmin 6 φw,jthen j = Nwires + 1else j = j + 1end ifend do, (7.38)463



THREE-PHASE CM FILTER DESIGNwhere Smin is the minimum wire section to ful�ll the maximum currentdensity, φmin is the corresponding diameter, and Nwires is the total num-ber of wires in the database, which must be organized in a way that thesmallest wire diameter corresponds to j = 1 and the diameter grows withincreasing j.The required number of turns Nreq,0 can be re-calculated based onthe chosen core Ncore,0,
Nreq,0 = max

(√

Zdes µinit

2 π fint AL |µ(fint)|
,

Us

2 π fS Bmax,0 Ae,Ncore,0

)(7.39)The maximum number of turns can be re-calculated based on thechosen wire Nwire,0 and core Ncore,0,
Nmax,0,Ncore,0 =







0.35
ID2

Ncore,0

φins,Nwire,0
, ifNlayers = 1

0.9
(

π IDj
3 −dins

)

φins,Nwire,0
, ifNlayers > 1

. (7.40)If the maximum number of turns Nmax,0,Ncore,0 for the given core islarger than the required number of turns Nreq,0, then the calculation canproceed. If this condition is not ful�lled, then the next core size shouldbe chosen,
Ncore,0 =

{
Ncore,0, ifNmax,0,Ncore,0 > Nreq,0

Ncore,0 + 1, ifNmax,0,Ncore,0 < Nreq,0
. (7.41)In order to check if the selected core Ncore,0 is able to ful�ll all designrequirements, the temperature rise must be computed. For this, the to-tal power losses shall be calculated. This can be accomplished with theprocedure explained in section 4.5.2 for the calculation of the equivalentresistances and core losses. The total losses are computed in two parts,the losses in the windings Pw and in the core Pc. The total inductor lossesis here named Ptotal,0 = Pw,0 + Pc,0 and shall be multiplied by the core'sthermal resistance in order to �nd the temperature rise ∆T0,

∆T0 = Rth,Ncore,0 · Ptotal,0. (7.42)464



MINIMUM VOLUME CM FILTER FOR A BOOST RECTIFIERIf the temperature rise is under the maximum given by Tmax − Tamb,then the inductor is designed. Otherwise the following iterative procedurecan be implemented in order to �nd the smallest core size that ful�lls thespeci�cations.Finalizing the CM Inductor DesignThe iterative procedure presented in the following is implemented in orderto �nd the smallest core size that ful�lls the speci�cations. It employesthe data from the previous section as initialization variables.
j = 0while∆Tj > (Tmax − Tamb) doifPw,j > Pc,jthen

Nwire,j+1 = Nwire,j + 1

Nreq,j+1 = Nreq,jelse
Nwire,j+1 = Nwire,j

Nreq,j+1 = Nreq,j + 1end ififNlayers 6= 1then
Nmax,j+1 = 0.35

ID2
Ncore,j

3 φ2
ins,Nwire,j+1else

Nmax,j+1 =
0.9
(

π IDNcore,j

3 − dins

)

φins,Nwire,j+1end ififNreq,j+1 6 Nmax,j+1then 465



THREE-PHASE CM FILTER DESIGNcalculatePw,j+1 andPc,j+1

∆Tj = Rth,Ncore,j
· (Pw,j+1 + Pc,j+1)else

Ncore,j+1 = Ncore,j + 1

Nreq,j+1 =max

(√
Zdes µinit

2 π fint AL |µ(fint)| , Us
2 π fS Bmax Ae,Ncore,j+1

)calculatePw,j+1 andPc,j+1

∆Tj+1 = Rth,Ncore,j
· (Pw,j+1 + Pc,j+1)end if

j = j + 1end do. (7.43)This procedure is employed throughout this work for the design ofthree-phase CM inductors. The models presented in section 4.5 can be em-ployed to derive equivalent circuits which account for parasitic elements.An experimental veri�cation for this design procedure is performed in thetesting of the CM inductors and complete �lters in sections 4.5 and 7.4.3.7.4.3 Experimental Implementation and ResultsThe recti�ers' construction views are shown in Figure 7.55. The recti-�er is designed for compactness. Thus, trade-o�s among thermal, elec-trical, EMC and mechanical functions are required. The �lter layout fol-lows design rules to reduce interaction within �lter elements and presentsa straight line forward current �ow. The current �ows from the inputterminals through the EMC �lter, the current sensors and boost induc-tors, which links it to capacitor board. From this board the current �owsthrough the power module into the output capacitors. In the tested ver-sion of this system, the input �lter has been placed in a separate printedcircuit board in order to reduce the coupling to the power circuits.The �nal �lter circuit is shown in Figure 7.56, where the DM �lter isalso integrated in the structure.Due to thermal and digital processing restrictions, the switching fre-quency needed to be reduced to fs = 200 kHz. This will be increased466
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Figure 7.55: Top view on recti�er with the EMC �lter DSP board, gate driversand electrolytic dc output capacitors.again in a redesign of the system.From the predicted conducted emission levels computed in section 3.4,the required attenuation for the �ltering circuits is,
Attreq,CM,dB(fint) = 121 dB @ fint = fs = 400 kHz, (7.44)in order to ful�ll CISPR 22 Class B requirements with a 6 dB margin.The value of the CM inductors among the di�erent �lter stages can,in principle, be performed in the same way as the DM inductors (cf. sec-tion 6.7.1). That means that equal inductors are to placed in all �lterstages so that the total inductance is reduced and attenuation is max-imized. Following this procedure leads to three CM inductors of equalvalue, which impedance at the frequency of interest is required to be

Zdes
∼= 1.38 kΩ @ fint = 400 kHz, (7.45)which value is found through the examination of Figure 7.54. The at-467
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MINIMUM VOLUME CM FILTER FOR A BOOST RECTIFIERtenuation equation for this circuit is extremely long and for the sake ofclarity it is omitted here. However, it can be numerically solved for �ndingthis required impedance employing equal �lter capacitors and assuminga purely resistive impedance for the equal inductors.The CM inductors have been designed with the inductor design proce-dure proposed in section 7.4.2, where the voltage ripple at the switchingfrequency requires that the number of turns is increased in order to limitthe �ux density. The CM inductor which is at the input of the recti�er
LCM,1 must withstand a higher CM voltage and for this reason a largercore for this inductor was required. The CM voltage across this inductorcan be computed from the equivalent circuit shown in Figure 7.57. Theboost inductor typically presents an impedance that is much lower than
LCM,1 and LCM,1 has an impedance which is much higher than the capac-itor 3CCM,1. For these reasons, a simpli�ed expression can be employed,which only takes the capacitances into account, as in,

uL1 Cg

uCM
Lboost

3

3CCM,1LCM,1Figure 7.57: Simpli�ed equivalent circuit for the calculation of the CM voltageacross LCM,1.
UL1

∼= UCM
Cg

Cg + 3 CCM,1
. (7.46)For the case at hand, the peak voltage at the switching frequency iscalculated as,

UCM
∼= 136.6 V @ fint = 400 kHz. (7.47)A total capacitance to ground is assumed to be 2 nF as stated insection 3.4. Capacitance CCM,1 is taken as one third of the maximumallowable capacitance per phase, so that,469
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CCM,1 =

CCM,sum

3
= 14.6 nF. (7.48)Thus, the expected peak CM voltage at the switching frequency is,

UL1
∼= 5.94 V @ fint = 400 kHz, (7.49)which is used for computing the �ux density at the designed inductor aswell as core losses.Using the calculated required impedance Zdes and the peak CM volt-age UL1, the design algorithm leads to the inductor speci�cation as shownin Table 7.8.Table 7.8: Speci�cations for the CM inductor LCM,1.Parameter ValueCore manufacturer VACCore material VITROPERM 500 FInitial permeability ∼= 80000Core part number T6000-6-L2020-W423Core dimensions [mm] OD: 32.7 / ID: 17.7 / H: 12.5Magnet wire diameter 2.0 mmNumber of turns 3 × 8Number of layers 1Expected losses 3.1 WExpected temperature rise 42 °CMaximum DM current 94.9 ADC resistance 3.78 mΩParallel capacitance 9.75 pFLeakage inductance 3.24 µHInitial inductance 3.66 mHImpedance @ 400 kHz 1481 ΩAs seen in Table 7.8 the achieved impedance of LCM,1 is higher than

Zdes. With this, the inductance of the other two inductors can be reduced.The CM voltage across these inductors is very low and can be neglected.With this, Table 7.9 shows the design data for LCM,2 and LCM,3.470



MINIMUM VOLUME CM FILTER FOR A BOOST RECTIFIERTable 7.9: Speci�cations for the CM inductors LCM,2 and LCM,3.Parameter ValueCore manufacturer VACCore material VITROPERM 500 FInitial permeability ∼= 80000Core part number T6000-6-L2025-W380Core dimensions [mm] OD: 27.8 / ID: 13.7 / H: 12.7Magnet wire diameter 1.8 mmNumber of turns 3 × 7Number of layers 1Expected losses 2.8 WExpected temperature rise 52 °CMaximum DM current 112.9 ADC resistance 4.20 mΩParallel capacitance 5.85 pFLeakage inductance 2.14 µHInitial inductance 3.09 mHImpedance @ 400 kHz 1239 ΩConducted emissions (QP) measurements, according to CISPR 22have been performed in order to experimentally verify the design. Thesemeasurements are shown in Figure 7.58. A three-phase noise separator asin section 5 has been used to separately quantify DM and CM emissions.Figure 7.58 depicts the measured emission levels for CM and DM. Forthe DM emissions, the �rst harmonic is below the designed point (400kHz) and, thus, it is larger than predicted. These results are obtained inan open system, where no special shield was used. This explains for theworsening of the performance for higher frequencies. Nevertheless, the �l-ter design procedure proves e�cient since the components are designedfor the range close to the switching frequency.A comparison of the in�uence of cabling and grounding con�gurationsin the common mode emissions is presented in Figure 7.59. The CM emis-sions are shown in Figure 7.59 for two di�erent system con�gurations. Itis seen that, for the same components and boards, the in�uence of thegeometrical con�guration of the interconnections and associated loops, is471
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SUMMARYenormous. The di�erence between the cases, is that the cables intercon-necting the power circuit board and the �lter board have been shieldedand placed very close to the enclosure for the case with smaller loops.The proposed CM �lter design can be easily implemented into an algo-rithm, where employing modern computational resources the time spenton the design is reduced to minutes or even seconds. A �rst veri�cationcan be done employing detailed models for the components (cf. section 4)in a circuit simulator. Typically, this procedure leads a prototype whichis very close to the �nal design and hardware e�orts can be directed tothe design of the layout, where considerations on high frequency behaviorand thermal management shall be made.7.5 SummaryThe design of a CM �lter for a three-phase PWM recti�er is performedbased on a CM noise propagation model, which is parameterized by sim-ple impedance measurements on an existing converter prototype. Theproposed model, along with a previous CE EMC measurement, allows asu�ciently accurate prediction of the required CM �lter attenuation anda straight-forward design, i.e. no complex modeling of the noise paths isrequired.A capacitive connection between the star-point of the DM input �ltercapacitors and the output capacitor has been analyzed and additionallycontributes to the attenuation of the CM noise through the modi�cationof the noise propagation. The relevant points for a successful CM �lterdesign have been discussed. For the case at hand, the reduction of theCM emissions from 150 kHz to 600 kHz has been identi�ed as the mostrelevant range. The selection of the �ltering elements is presented andtheir main characteristics are explained. Measurements on a hardwareprototype verify the theoretical considerations and the successful commonmode �lter design.This chapter has also proposed an implementation strategy for an HFampli�er based CM active �lter for o�-line converter systems. For sucha system the low frequency (50/60 Hz) attenuation in the feedback loopis of high importance in order to prevent ampli�er saturation. However,this limits the �lter's operating frequency range.A literature survey has indicated the possible �lter structures, by iden-473



THREE-PHASE CM FILTER DESIGNtifying the critical issues and main advantages for the selected approach.The designed �lter is based on capacitive coupling for both sensing and ac-tuation, eliminating the need for HF transformers. General requirementsfor a HF power ampli�er to be used in active �ltering have been derived.The active �lter function has been explained in detail and a stabilityanalysis procedure has been presented which is carried out with referenceto root locus diagrams and simpli�ed circuit models. A feedback designfor the selected �lter topology, which ful�lls the stability requirementsfor the system and is characterized by a higher �lter attenuation and/orsmaller passive �lter components, has been proposed.The presented simulation and practical results demonstrate that thissystem has potential for practical use, although limitations in increasingattenuation are shown. Large attenuation for high frequencies is limiteddue to the highly reactive nature of the �lter structure, but the use ofa higher bandwidth ampli�er would lead to better results. Based on thepotential of this technique, other types of feedback structure have beenstudied in their principles. Due to stability reasons the analyzed structuresare characterized by limitations in the gain of attenuation which can beachieved with an active �lter having a high-pass �lter in its feedback loop.The last part of this chapter has proposed a design procedure for theEMC �lters to be employed with a three-phase recti�er unit in order to ful-�ll CISPR 22 Class B requirements related to conducted emissions specif-ically regarding CM. The design procedure has been explained; where avolumetric optimization is carried out taking into consideration di�erentaspects related to the subject, such as electrical safety and an optimizeddesign of the CM inductors. The design of the CM inductors is basedon the iterative search for the smallest core which ful�ll magnetic �uxrestrictions, minimum impedance requirement and thermal limitations.Furthermore, the CM inductor design requires for databases with mate-rial characteristics, core and wire dimensions. The presented procedureavoids the necessity of using numerical optimization routines and allowsfor the analytical calculation of the �lter components.Experimental results from conducted emission measurements validatethe proposed design procedure. However, the in�uence of the geometricalcon�guration of the interconnections and associated loops, is clearly seenat high frequencies. These e�ects can not be accounted for before handin the proposed modeling, since they depend upon the 3-D geometry HFe�ects. This shall be the aim of future research, where parasitic modeling474



SUMMARYwith �eld solvers are to be used in the design phase of a power convertersystem.
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Chapter 8Coupling Issues in theArrangement of FilterComponents�It's easy to cry 'bug' when the truth is that you've gota complex system and sometimes it takes a while to getall the components to co-exist peacefully.� Doug Vargas8.1 IntroductionMagnetic and electric �elds coupling throughout the di�erent parts of aPower Electronics system are able to generate e�ects that are unwanted,unpredicted and di�cult to model. Such e�ects take place, not only be-tween the power/switched circuits and the input �lter, but between com-ponents and interconnections/cables as well. These �elds are describedby Maxwell equations, being highly complex solutions of the involvedcurrents/voltages amplitudes, frequency, materials and geometries. Sincesimple models to describe the complex behavior of the magnetic and elec-tric �elds are typically not successful in accurately predicting conductedemission levels, this chapter does not intend to predict these levels. Themain objective is to present basic models that explain the coupling mech-anisms and their e�ects on the performance of three-phase EMC �lters.477



COUPLING ISSUES WITH FILTER COMPONENTSThis is achieved through a basic review of the describing equations anda report of theoretical and experimental results that illustrate the e�ectsof couplings.A brief literature review is presented, based on reported research ofsingle-phase �lters. Literature on the couplings subject applied to three-phase �lters is lacking. Thus, coupling issues that are particular to three-phase �lters are studied and measures to hinder coupling e�ects are pre-sented. Furthermore, the optimum arrangement for DM capacitors em-ployed in three-phase �lters is proposed.Conventional three-phase common mode inductors have leakage, thusexternal, �elds that propagate in all directions, thus the placement of suchcomponents is extremely important and di�cult in a �lter where spaceis restringed. The coupling mechanisms are reviewed here and practicalmeasures to reduce the external �eld of three-phase CM inductors areproposed through the employment of special winding con�gurations.Experimental case studies that provide insight into the e�ects of cou-plings in a complete Power Electronics system are reported. The systemis composed of an Indirect Matrix Converter and di�erent �lter boards.Coupling reduction techniques are employed in such �lters, so that theire�ects are studied. The e�ects of power connecting interfaces, such as theinterface between the power converter and the �lter board, are shown.Conclusions are made leading to important guidelines for the physicallayout and arrangement of three-phase EMC �lters.8.2 Capacitive CouplingAs written in the introduction, two types of coupling exist, namely: ca-pacitive, i.e. due to electric �elds, and inductive, which is due to themagnetic �elds. These e�ects are described by di�erent equations. Ca-pacitive couplings can be understood and modeled with Maxwell's �rstequation (integral form of Gauss's law),
∮

S(V )

~E d ~A =
Qenclosed

ε
, (8.1)where ~E is the electric �eld vector, d ~A is an in�nitesimal area of thesurface S(V ) enclosing the volume V around a charge Qenclosed and ε478



CAPACITIVE COUPLINGis the permittivity of the material. Applying this equation to solve forstatic electric �elds allows for the calculation of capacitances betweenconductors. Which is the ratio between the charge q and the potentialdi�erence U between the conductors (q = C U).Therefore, solving the Maxwell's �rst equation for all involved con-ductors and applying superposition would lead to the solution for thecapacitive coupling problem. On the other hand, the geometries and ma-terials in a power converter complicate this task enormously. In this way,only very simple geometries have an analytical solution and all othersneed to be solved with �eld solvers or direct impedance measurements.Two capacitance concepts take di�erent contributions into considera-tion, the mutual- and the self-capacitances. Mutual-capacitance is de�nedin a way that it is the capacitance from one conductor to another, thus,neglecting other capacitances. In this way, the mutual-capacitance CMper unit length between two parallel conductors of radius r and separa-tion distance d is given by [254],
CM =

π ε

ln
(

d
r

) . (8.2)for d << r.The mutual-capacitance for two parallel plates is [161],
CM =

ε A

d
, (8.3)where A is the total area between two layers and d is the width of theinsulation layer.For two concentric hollow conductive spheres of radii r1 and r2 and

r2 > r1, the mutual-capacitance can be calculated as [255],
CM =

4πε
(

1
r1

− 1
r2

) . (8.4)It is seen in all previous expressions that the capacitance increaseswith the surface of the elements and decreases with the distance betweenthem. This leads to the principle that providing large separation betweentwo conductors reduces the capacitance and, thus, decreases the electric�eld coupling. This notion is truth, but has a limitation posed by the479



COUPLING ISSUES WITH FILTER COMPONENTSconcept of self-capacitance. This concept can be introduced by examiningthe mutual-capacitance between two concentric spheres in eq. (8.4) andincreasing the radius of the second sphere to in�nity,
CS = lim

r2→∞
CM = 4πε r1, (8.5)so that the capacitance from the surface under consideration to an sphereof in�nity radius is calculated. This is the self-capacitance of the innersphere. This notion can be extended to any geometry.The self-capacitance should be included in the circuit network so thatthe minimum capacitance Cmin between two elements of self-capacitance

CS,1 and CS,2 is,
Cmin =

CS,1 CS,2

CS,1 + CS,2
, (8.6)and the complete capacitance network is shown in Figure 8.1.

s,1C s,2C

MCConductor 1 Conductor 2

Surface at infinityFigure 8.1: Mutual-capacitance CM and self-capacitances Cs,1, Cs,2.This shows that if a calculated mutual-capacitance is very low, thetotal capacitance might be in�uenced by the self-capacitance. Besidesthat, other conductive surfaces are typically close to the conductors andin�uence the �nal capacitance in the same way as the self-capacitance.8.2.1 Capacitive Coupling of Noisy SignalsThe mechanism of capacitively coupling noise is the same as for capacitivecrosstalk analysis and can be understood by examining Figure 8.2, where
us is the wanted or predicted voltage, Zs is the Thevénin equivalent of the480



CAPACITIVE COUPLINGsource impedance, Zl is the load impedance, un is a noise voltage whichis capacitively coupled to the circuit through a stray capacitance Cn.
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l2Z
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s2u l2uFigure 8.2: Capacitive noise coupling.By superposition, the �nal voltage ul is given by,
Ul(s) = Us(s) ·

1
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+ 1

+ Un(s) · 1
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· Zs+Zl

Zs Zl
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︸ ︷︷ ︸

Couplednoise

. (8.7)In eq. (8.7) it is seen that the capacitively coupled noise depends onthe capacitance value and on the reciprocal of the parallel impedanceof the main circuit. If the parallel impedance of the main loop is small,the voltage portion due to noise is decreased and this is typically thecase for power �lters, where the impedance Zl represents in most casea capacitor with low impedance for high frequencies. For this reason,capacitive coupling is typically not the most important e�ect in powerconverters.For the case of EMC �lters for PWM converters, the noise voltageis typically the same as us and the capacitive noise coupling is in par-allel with Zs. That is the con�guration of inductors and their parasiticcapacitances. Therefore, the parasitic parallel capacitance cancellationtechniques presented in section 4.4.3 can be used to diminish the capac-itive coupling. Capacitive coupling to other parts of the system can bereduced through shielding. Nevertheless, shielding with conductive ma-terials of low permeability (µr ≈ 1) has limited e�ect against magneticcoupling. 481



COUPLING ISSUES WITH FILTER COMPONENTS8.3 Inductive CouplingThe other three Maxwell's equations model the behavior, e�ects and thegeneration mechanisms of magnetic �elds. The peculiarity of the magnetic�eld is that it has no beginning or end point, meaning that it showsclosed lines. Therefore, any closed circuit path is in�uenced by currentscirculating in other conductors. Galvanic insulation, thus, does not impedeinterference due to magnetic �elds. Maxwell's second equation explainsthis e�ect,
∮

S(V )

~B d ~A = 0, (8.8)where ~B is the magnetic �ux density vector. This equation clari�es thatthe total �ux through the surface d ~A is null, thus the �eld lines headinginwards a volume enclosed by the surface S(V ) is equal to the �eld linesleaving this surface and the magnetic �eld is continuous.Maxwell's fourth equation, describes that a magnetic �eld ~B is createdby two types of currents,
∮

L(S)

~B d~l = µ I + ε µ
∂E

dt
. (8.9)The �rst term µ I is the conduction current crossing section S and thesecond term is the displacement current generated by the time variation ofan electrical �eld ~E in the medium. Thus, any current or varying electric�eld generates a magnetic �eld.On the other hand, time varying magnetic �elds induces an electric�eld. This is stated in Maxwell's third equation,

∮

L(S)

~E d~l = −∂Φ

dt
, (8.10)where Φ is the magnetic �ux enclosed by the surface S encircled by a line

L(S). This equation states that the voltage induced in a closed conductivepath due to the varying magnetic �eld is such, that the direction of thegenerated current creates a �eld in opposite direction to the original one.From these three equations, it is clear that currents and voltages withtime variation create magnetic �elds that induce voltages in circuit paths.482



INDUCTIVE COUPLINGThe induced voltages depend on the enclosed surface, the magnitude ofvarying currents and voltages, the involved frequencies, geometries anddistances. The principles of magnetic coupling are explained with theseequations and the measures to reduce it can be derived.From an electric circuits perspective, the magnetic coupling e�ectspredicted by Maxwell's equations are modeled as mutual inductances M .The circuit shown in Figure 8.3 illustrates the interference from a noisesource loop (is, Ls) in the receiver/victim loop. The voltages across theinductors are,
uLr = Lr

dir
dt

+ M
dis
dt

(8.11)
uLs = M

dir
dt

+ Ls
dis
dt

. (8.12)
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Figure 8.3: Magnetic coupling between two loops.Applying the Laplace transform to the circuits of Figure 8.3, the loadvoltage is given by,
Ul(s) = Ur(s) ·

Zl

Zl + Zr + s Lr
− Is(s) ·

s M Zl

Zl + Zr + s Lr
. (8.13)This equation models crosstalk between the two loops and is used forsignal integrity analysis. It is observed that the load voltage depends onthe source current Is of the second loop even been both loops insulatedfrom each other. The interference from the second loop in the load voltagedepends in the relation between the mutual inductance and the series483
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Conductor 1 Conductor 2

Infinite surface
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hFigure 8.4: Arrangement of parallel conductors of in�nite length over an in�-nite plane.connection of the impedances in the receiver/victim loop. That meansthat the in�uence of magnetic couplings in �ltering circuits is larger forloops with low series loop impedance. From this three measures can betaken to reduce coupling, namelly: (i) reduce the mutual inductance; (ii)reduce the source current Is, and; (iii) increase the receiver/victim seriesloop impedance.The mutual inductance can be generally calculated with,
M =

1

Is

∫

Sr

~Bs d~s =
1

Is

∫

Sr

µ ~Hs d~s, (8.14)where ~Hs is the magnetic �eld created by the source circuit current Iswhich crosses the receiver circuit loop area Sr. The term Is shall alsoappear in the magnetic �eld expression ~Hs, so that the mutual inductanceis only dependent on the geometric properties of both loops. Althoughthis equation is generally valid, the analytical calculation of the mutualinductances for complex geometries and various materials is extremelydi�cult and �eld solvers or experimental measurements are applied inpractice. From eq. (8.14) it is seen that the mutual inductance can bereduced by reducing the source generated magnetic �eld or the area whichencloses the �eld in the receiver circuit. As the vector product ~Hs d~sdepends on the direction of the involved vectors, having perpendicularvectors leads to zero mutual coupling. For circuits where the geometricplacement of source and receiver circuits allows it, this is a very practicalway to reduce the magnetic coupling.Increasing the distance between the circuits is another way to reducethe magnetic �eld enclosed by the receiver circuit. As an example, the484
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Figure 8.5: Calculation of the mutual inductance according to eq. (8.15).con�guration of Figure 8.4 presents two in�nite length conductors placedat a distance d from a conductive in�nite plane and apart D from eachother. The return current path is through the in�nite surface plane. Themutual inductance per unit length between these conductors is given by[254],
M = 1 · 10−7 · ln

(

1 +
4 h2

D2

) (8.15)The mutual inductance predicted in eq. (8.15) is plotted in Figure 8.5.It is seen that if the distance d, which is proportional to the loops area,is reduced, then the mutual inductance is reduced. The other way aroundhappens for the distance between the conductors. These e�ects are moree�ective for small loop areas and this explains why loop areas in the�ltering circuits shall be e�ectively minimized.Other ways of reducing magnetic coupling are (i) the induction of eddycurrents which generate �elds opposed to the interfering �elds, and (ii)deviate the otherwise enclosed �eld through high permeability materials.Both these measures require structures of conductive and/or high per-meability materials to shield the receiver/victim circuits, being typicallyexpensive solutions for the EMC �ltering of PWM converters. Neverthe-less, these are e�ective measures and are applied in commercially availableelectronic products. 485



COUPLING ISSUES WITH FILTER COMPONENTS8.3.1 The E�ects of Magnetic Couplings Between Fil-ter ComponentsThe mutual inductances between �lter components model the respectivemagnetic couplings. In a low-pass EMC �lter, the inductors in the seriesbranches can be as large as possible, while shunt branches shall present lowimpedances for high frequencies, employing capacitors. Thus, inductancesin the parallel branches are highly unwanted. Negative inductances arehigh impedances for high frequencies as well, and are not desired in paral-lel branches either. The basic con�gurations shown in Figure 8.6 providepowerful tools to analyze the e�ects of magnetic couplings. These con-�gurations show that, independent from the coupling direction, couplingbetween two series branches or between one series branch and a parallelbranch result in an inductance in the parallel branch. Therefore, couplingamong �lter components and/or interconnecting tracks are not desired.An exception is done in some of the parasitics cancellation techniques.A general case presents three coupled inductors. Assuming positiveand negative couplings translated into positive and negative mutual in-ductances, the circuit of Figure 8.7 present the equivalent non-couplednetwork. Comparing Figure 8.7 with Figure 8.6 it is clear that the e�ectsof the di�erent couplings is superposed in the general network. Thus, ev-ery single magnetic coupling in a �lter must be minimized. If parasiticcancellation techniques are to be employed, it is not su�cient to concen-trate on each component alone, but the complete �lter con�guration mustbe considered. Of course, improvement can be achieved nevertheless, butthe optimum cancellation can only be reached when all mutual couplingsare considered.A �T�-type of arrangement is found in any low-pass EMC �lter, forinstance as in the con�guration presented in Figure 8.8. Inductors L1 and
L2 might represent built inductors or the inductances of the intercon-nections. These inductors present leakage �ux that magnetically coupleinductors and the series equivalent inductance ESL of the parallel capac-itor Cp as shown in right side of Figure 8.9. Parasitic capacitances Cσ1and Cσ2 in parallel with the inductors also decrease the �ltering perfor-mance for high frequencies. Examining the circuit of Figure 8.9 it is seenthat the e�ect of the couplings in the performance of this �ltering stagee�ectively is an increase in the ESL and an alteration in the values ofinductors L1 and L2. If inductors L1 and L2 are discrete components,486



INDUCTIVE COUPLING
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COUPLING ISSUES WITH FILTER COMPONENTS
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pCFigure 8.8: Passive �T�-network employed in low-pass EMC �ltering.
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Figure 8.9: Equivalent circuits for the network of Figure 8.8 showing thereactive parasitic elements that a�ect �ltering performance at high frequencies.pend on all mutual inductances and their polarities. Signi�cant couplingsoccur between capacitors of di�erent �lter stages as shown in the π-type�ltering network of Figure 8.10. For this con�guration, the values for theequivalent non-coupled inductors are given by,
ESL11 =

ESL1 ESL2 − M2

ESL2 − M
(8.16)

ESL22 =
ESL1 ESL2 − M2

ESL1 − M
(8.17)

L11 =
L1 · (ESL1 ESL2 − M2)

M L1 + ESL1 ESL2 − M2
. (8.18)The analysis of eq. (8.16) and eq. (8.17) shows that depending of themutual inductance the one of the equivalent series equivalent inductancesmight increase (unwanted e�ect) or decrease (wanted e�ect) while the op-posite e�ect takes place in the other shunt branch's ESL. However, the488



INDUCTIVE COUPLING
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COUPLING ISSUES WITH FILTER COMPONENTSviii. increase distances from inductor leads to ground plane;ix. place inductors perpendicular to each other.x. consider winding directions to achieve desired positive or negativecoupling;xi. place capacitors perpendicular to each other;xii. consider careful layout so that coupling polarities compensate eachother;For three-phase �lters, some fundamental di�erences are observedwhen compared to single-phase �lters, namely: (i) the CM inductors arecomprised of three windings, so that conventionally wound CM inductorshave leakage �uxes that spread in all directions; (ii) the capacitors areplaced in groups of three, one connected to each phase or between phases;(iii) the number of components and couplings is much higher and, thus,more di�cult to model and reduce; and, (iv) there can be more di�erencesin components, which produce asymmetries that generate noise mode con-versions. Besides the listed di�erences, direct couplings from the PWMconverter power circuits and the �lter and supply cable are to be consid-ered [258].8.3.2 Coupling of Capacitors in a Filter StageIn a three-phase EMC �lter, capacitors are typically connected as shownin Figure 8.11.Considering a DM current that �ows from phase A and returns byphases B and C, the equivalent circuit of Figure 8.12 is derived.Assuming that the capacitors have the same value (C1 = C2 = C3 =
C) and the equivalent series inductances as well (ESL1 = ESL2 =
ESL3 = ESL), the DM impedance for this equivalent circuit is givenas,

Zdm =
s4 C2[3ESL2

−2ESL(M1+M2+M3)+M2
1
+M2

2
+M2

3
+2(M1M2+M2M3+M3M1)]

2sC[s2C(L−M2+1)]
+

+ 2s2C(3ESL+M1+M2+M3)+3

2sC[s2C(L−M2+1)]
. (8.19)490



INDUCTIVE COUPLINGIf the layout of the capacitors is completely symmetric, then eq. (8.19)simpli�es to,
Zdm|symmetric construction =

3

2sC
+

3

2
s ESL − 3

2
s M, (8.20)and it is clear that the original ESL of the capacitors is reduced. Thisreduction depends on the amount of coupling. For a coupling factor k = 1the mutual inductances equal the ESL values and a perfect cancellationoccurs. Of course, this is only a theoretical case. Improvement is achieved
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COUPLING ISSUES WITH FILTER COMPONENTSfor the coupling polarities shown in Figure 8.11. Therefore a symmetricalconstruction, resulting in the correct coupling polarities is capable of im-proving the performance of DM capacitors. If one or more of the polaritiesare inverted, worsening performance occurs.A general analysis can be made employing the networks shown inFigure 8.13. Assuming all self-inductances and mutual inductances equal,it is observed that the total inductance in each branch is lower than theoriginal inductors without coupling. If perfect coupling applies, the totalinductances are null.
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L  +M   –M   –M3 12 23 31Figure 8.13: Equivalent networks with coupled inductors.In practical cases, the capacitors can be placed in the same directionand very close together, so that coupling is increased. If the arrangementof Figure 8.14 is applied, coupling between C1 and C3 is smaller than theother two couplings. For this case, the DM impedance is not as improved,but it is still better than opposite polarities. The conversion from DM toCM is also an issue in non-symmetrical con�gurations.
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REDUCTION OF EXTERNAL FIELDS FOR FILTERING INDUCTORS8.4 Reduction of External Fields for FilteringInductorsAs seen in the previous sections, the magnetic coupling between inductorsand capacitors is not desirable in �ltering applications. Thus, inductivecouplings must be minimized. Regarding the inductors, the external mag-netic �eld (leakage �ux) is responsible for inducing currents in other loops.Employing toroidal cores helps minimizing these external �elds, but doesnot completely eliminate them. Di�erent winding strategies lead to di�er-ent external �eld con�gurations. For instance, if the turns of an inductorare concentrated in one region of a toroidal core, leakage �ux tends to bemuch larger than if the turns are equally spaced and cover most of thetoroid's surface.A di�erential mode inductor, typically employs the winding strategyshown in Figure 8.15. It is a straightforward construction and possibly themost e�ective way of mechanically wind a toroid and, thus, the less costlyway. Unfortunately, this construction presents a large loop area as shadedin the right side of Figure 8.15. This large area can enclose a large �uxlinkage and consequently present a large magnetic coupling with othercomponents/loops.
Start Finish

Coupling area 

Figure 8.15: Di�erential mode inductor with conventional winding.An alternative to the conventional winding strategy for DM inductorshas been presented in [259]. It is described in Figure 8.16, where it is seenthat, considering an uniform magnetic �eld with �eld lines that are per-pendicular to the shaded surface, currents are to be induced in each halfof the inductor in a way that they cancel each other. Conversely, currents493



COUPLING ISSUES WITH FILTER COMPONENTS�owing in the inductor generate magnetic �elds that are compensated.Thus, this winding strategy proves to be an excellent alternative to re-duce the external �eld of DM inductors, while the winding e�ort andthe parasitic capacitance are not signi�cantly increased. Thermal perfor-mance is also not a�ected with type of windings.
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( compensated ) Figure 8.16: Di�erential mode inductor with improved winding [259].Another winding strategy that reduces coupling to external compo-nents/loops is the reversed winding, which is used in high frequencymagnetic components for communications. This strategy is shown in Fig-ure 8.17, from where it is seen that the coupling area can be reduced. Thee�ort in this type of winding is higher than in the other two strategies,but the main drawback of this technique is that the parasitic parallelcapacitance is much increased like in a two layers wound inductor.
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( reduced ) Figure 8.17: Di�erential mode inductor with reversed winding.494



REDUCTION OF EXTERNAL FIELDS FOR FILTERING INDUCTORSAs DM inductors employed in three-phase �lters are built of singleinductors, no di�erence in winding strategy needs to be considered. Nev-ertheless, the placement of DM inductors in a PCB must aim for reduc-ing coupling between the inductors. It is suggested that the inductors areplaced perpendicularly and not close to each other.
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(short distances)Figure 8.18: Arrangements of common mode inductors in order to reducemagnetic coupling as in [257].Regarding common mode inductors, studies have been carried out[155,167,257] which suggest arrangements with low coupling. These stud-ies are done for single-phase CM inductors and the results are summarizedin Figure 8.18, from where it is seen that perpendicular arrangementspresent better performance.The problem in three-phase CM inductors is that there are three wind-ings in a single core and perpendicular arrangements are not possible. Aconventionally wound three-phase CM inductor is depicted in Figure 8.19.The magnetic �eld due to CM currents is very well contained in thetoroidal core as shown with the simulation result in Figure 8.20. Thenorm of the magnetic �eld, is shown with detail in this 2-D �nite elementsimulation for a common mode current Icm = 1 A. Ideally, no external495



COUPLING ISSUES WITH FILTER COMPONENTS
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Finish CFigure 8.19: Three-phase common mode inductor with conventional windings.
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10 A/mFigure 8.20: Finite elements simulation result for a three-phase CM inductorconducting three symmetrical currents. The simulation result shows the normof the magnetic �eld due to three currents of equal phase and amplitude (∼= 1A) produced in the shown windings. 496



REDUCTION OF EXTERNAL FIELDS FOR FILTERING INDUCTORS�ux is expected to be radiated from CM currents in a CM inductor built inthis way as long as the geometric symmetry of the component is preserved.The core dimensions for this simulation are OD = 25 mm and ID = 15mm; the wires are of diameter φ = 1 mm and are distant 0.6 mm fromthe core.For DM currents, the norm of the magnetic �eld vector is presentedwith results of a 2-D �nite element simulation preformed with instanta-neous asymmetrical currents of values +1 A, -0.5 A and -0.5 A in Fig-ure 8.21. Unlike for the CM �eld, the external DM �eld is not ideallynull for a non-ferromagnetic core material. Besides that, the spatial con-�guration of the DM �eld continuously changes with time for alternatingcurrents. This allows for the external magnetic coupling with other com-ponents not mattering its position.In order to reduce the external �eld in a three-phase CM inductor, twomethods can be applied. The �rst is to increase the coupling between thewindings. The second is to reduce the loop area. The easiest way to achieveboth measures would be to twist the three windings together and windthem around the toroidal core. This would demand that the wires are verywell insulated and this insulation must withstand high temperatures. Thiscan not be achieved with conventional magnetic wires. Employing specialinsulation (thicker) would drastically decrease the window occupation andcomplicating the heat removal. This would lead to larger and more costlyinductors.A new idea is to wind the inductor conventionally, but include prop-erly insulated wires of very small cross-section. This is presented in Fig-ure 8.22. The small section wires are to be wound in parallel with thelarger wires, but very close to the other two windings, so that the looparea coupling to external �elds is reduced and coupling among di�erentwindings is increased. Employing small section wires would guarantee thatthe current distribution at low frequencies leads to small currents in thesmall wires. At high frequencies this distribution would become more evenand the coupling between the windings of di�erent phases would be high.The main drawback of this solution is that again the window occupationis reduced due to extra wires with thick insulation. Besides that, windingis complex and more expensive, requiring two types of wires. Furthermore,the thermal performance would still be somewhat worsened.Another technique is to use reversed windings as proposed in Fig-ure 8.23. This follows the same principles as for the DM inductors. Half497



COUPLING ISSUES WITH FILTER COMPONENTS
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10 A/mFigure 8.21: Finite elements simulation results (norm of the magnetic �eld)for DM currents. The simulation is on time domain and shows the norm of themagnetic �eld due to one current of +1 A in the uppermost winding and twoof -0.5 A in the other two windings.
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REDUCTION OF EXTERNAL FIELDS FOR FILTERING INDUCTORS
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Finish CFigure 8.23: Three-phase common mode inductor with reversed windings.
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COUPLING ISSUES WITH FILTER COMPONENTSof the turns of each winding are wound in one direction and then returnsto close to the starting point. This ensures that the loop area couplingto external �elds is highly decreased. Each turn follows another with thecurrents �owing in exactly opposite directions, ensuring low radiated ex-ternal �elds.For the CM inductor with reversed windings, the norm of the magnetic�eld vector due to DM currents is presented with results of a 2-D �niteelement simulation preformed with instantaneous asymmetrical currentsof values +1 A, -0.5 A and -0.5 A in Figure 8.24. It is seen that theexternal DM �eld is much lower than with the conventional windings.This results in lower magnetic coupling to other �ltering components.This type of winding arrangement employs conventional magnetic wiresand, in principle, does not reduce window occupation. The drawbacks arethat the windings are more di�cult to realize and, most important, theparasitic parallel capacitance is signi�cantly increased. The self-leakageinductance is somewhat reduced.
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( compensated ) Figure 8.25: Three-phase common mode inductor with interleaved windings.In order to avoid the increase of the parallel capacitance, a new tech-nique is proposed. This technique is based on the separation and inter-leaving of the windings. In theory each phase winding can be split in manypartial windings that are interleaved with partial windings of the otherphases. A practical approach is to split each winding in two as presentedin Figure 8.25.This winding strategy is based on two principles: (i) the areas of cou-pling to external �elds are compensated in the same way as in the DM500



REDUCTION OF EXTERNAL FIELDS FOR FILTERING INDUCTORS
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10 A/mFigure 8.26: Finite elements simulation results (norm of the magnetic �eld)for DM currents in a CM inductor with split windings (two). The simulation isin time domain and shows the norm of the magnetic �eld due to one current of+1 A in the uppermost winding and two of -0.5 A in the other two windings.inductor with two winding directions, and; (ii) the e�ective distance be-tween di�erent phase windings is reduced, increasing the coupling betweenthem. Thus, besides compensating external �elds, the self-leakage induc-tance is e�ectively decreased. A FEM simulation result for this type ofwindings is shown in Figure 8.26 for the same conditions as for the CMinductors employing conventional and reversed windings. It is seen thatthe external �eld is reduced when compared to the conventional wind-ings, but larger than with the reversed windings. Thus a reduction ofcouplings with other components can also be achieved with this windingtechnique. If further reduction is necessary, the windings can be split intomore partial windings. This technique slightly reduces the window occu-pation, since more insulation barriers are required between the now splitwindings. Splitting into two partial windings seems to be a good com-promise. The parallel parasitic capacitance is approximately the same asfor conventional windings, having the possibility of even reducing it de-pending in the number of partial windings and insulation distances. Thewindings are more complex due to the crossing of wires in the center,which requires insulation. This can be overcome by making the connec-501



COUPLING ISSUES WITH FILTER COMPONENTStion between partial windings directly in the PCB. Thermal performanceshould not be appreciably a�ected by this technique.Based on the presented 2-D FEM simulations, the numerical integra-tion of the magnetic energy density leads to the total stored energy foreach of the con�gurations. This calculated energy is proportional to theinductances. The energy is here calculated for two cases: (i) the total en-ergy in the complete simulation environment and; (ii) the energy storedin the air surrounding the core and windings. The energy stored in theair is related to the magnetic coupling with external components/loops,while the di�erence between the total energy and the energy stored inthe air is related with the self-leakage inductance. The calculated val-ues are presented in Table 8.1. The absolute values are not important inthis analysis, but the relative values provide insight into the coupling andself-leakage inductances for the di�erent techniques.Table 8.1: Calculated stored energy with the winding techniques for three-phase CM inductors based on FEM simulations.Winding Total stored energy Air stored energytechnique Wmag,tot Wmag,airConventional 8.439 · 10−7 J/m3 3.521 · 10−7 J/m3Reversed 2.457 · 10−7 J/m3 4.181 · 10−8 J/m3Split 9.956 · 10−8 J/m3 6.305 · 10−8 J/m3Observing the results of Table 8.1 it is seen that the lowest totalenergy is achieved with the split windings, while the lowest stored energyin the air is obtained with the reversed windings. Both special windingstrategies are able to reduce both energies (total and air), thus reducingexternal couplings and self-leakage inductance. A strong reduction of theself-leakage inductance is achieved with the split windings and this electsthis type of winding for applications where the DM currents are very high,allowing the core material to work in a lower portion of the hysteresiscurve.A comparison between the techniques is summarized in Table 8.2. Itis seen that the reversed and split windings present signi�cant advantagesand certainly can �nd application areas that justify the higher costs.502



EXPERIMENTAL ANALYSISTable 8.2: Comparison of di�erent winding techniques for three-phase CMinductors.Winding technique Conventional Extra wires Reversed SplitWinding e�ort ++ −− + +−Cooling ++ − ++ ++Cost ++ −− + +External coupling −− ++ ++ +Self-leakage −− ++ − +Parasitic capacitance +− − −− +−8.5 Experimental AnalysisThe e�ects of magnetic coupling are investigated in this section, throughthe experimental analysis of di�erent �lters and components. The e�cacyof coupling cancellation techniques employed in the �lter inductors areanalyzed.8.5.1 Inductors with Coupling ReductionIn order to experimentally verify the e�ects of the external coupling re-duction techniques for �ltering inductors, the components speci�ed inTable 8.3 have been built.Table 8.3: Analyzed inductors for external coupling reduction techniques.Mode Core Manufacturer Turns Wire diameterDM 55378-A2 Magnetics 18 1 mmCM VITROPERM W380 VAC 3 × 7 1 mmCM VITROPERM W523 VAC 3 × 8 1 mmTwo DM inductors have been built with the speci�cations of the up-per inductor in Table 8.3. The �rst one with a conventional winding,503



COUPLING ISSUES WITH FILTER COMPONENTSwhile the second inductor employs the compensated winding proposedin [259]. The impedance of both inductors has been measured with a Pre-cision Impedance Analyzer (Agilent 4294A) and these measurements areshown in Figure 8.27. It is seen that the inductors present quite similarimpedance curves. The conventionally wound inductor presents a slightlylower impedance beyond the self-resonance frequency (∼= 22 MHz), butthis e�ect is negligible. This demonstrates that the compensated wind-ing technique does not strongly in�uence the self impedance of the DMinductor.
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Figure 8.27: Measured impedance for the two DM inductors, one employingconventional winding and the other employing the winding technique presentedin [259].These inductors have been connected to one of the terminals of a2.2 µF X2 capacitor with a distance of approximately 10 mm, forming an�Γ�-shaped low-pass �lter. The components have been mounted on a PCB(same for all arrangements). The insertion loss of this �lter has been mea-sured with a network analyzer and the result is presented in Figure 8.29.Three measurements are shown: the �rst employs the conventional induc-tor mounted with a distance of 2 mm of the PCB; in the second, theinductor with modi�ed (compensated) winding has been mounted 7 mmapart from the PCB; and, the third employs the modi�ed inductor at adistance of 2 mm from the PCB. It is observed that the modi�ed inductoris capable of reducing the coupling with the capacitor in both con�gu-rations, but when placed at a larger distance from the PCB, the gain is504



EXPERIMENTAL ANALYSISreduced in the frequency range from 1 MHz to 6 MHz. This shows theimportance of connecting inductor with short leads and that the specialwinding is e�ective in reducing magnetic coupling between DM inductorsand capacitors.
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Figure 8.28: Setup for measuring the coupling from the DM inductors to aDM X2 capacitor.
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Figure 8.29: Comparison of the insertion loss for the two di�erent DM in-ductors winding strategies and a 2.2 µF X2 capacitor illustrating the magneticcoupling among these components.The three-phase CM inductors of Table 8.3 have been measured re-garding their CM impedance by connecting the three windings in parallel.In order to measure the leakage inductance the windings have been con-nected in series so that only DM currents circulate. These measurementshave been performed with the impedance analyzer.505



COUPLING ISSUES WITH FILTER COMPONENTSTwo versions of the larger CM inductor (VITROPERM W380) havebeen built, one employing reversed windings and another with conven-tional windings. The measured CM impedance curves of these componentsare presented in Figure 8.30. It is seen that the inductor with reversedwindings presents a much larger parallel parasitic capacitance and con-sequently a lower self-resonance frequency (∼= 3.6 MHz instead of ∼= 8.7MHz). This reduces the CM impedance of the inductor with reversedwindings more than three times (∼= 600 Ω instead of ∼= 2 kΩ) at 30 MHz.The results of the leakage inductance measurements for the two in-ductors built with VITROPERM W380 are shown in Figure 8.31, fromwhere it is observed that the leakage inductance is reduced by approxi-mately 15 %. The leakage inductances have been measured by connectingtwo windings in anti-series and dividing the result by two.Two units of the smaller CM inductor (VITROPERM W523) havebeen built, the �rst employing conventional windings and the secondwith split windings (two partial windings per phase). The measured CMimpedance curves of these components are presented in Figure 8.32. Withthese con�gurations the inductor employing split windings presents asmaller parasitic capacitance, leading to a slightly higher self-resonancefrequency. Thus, higher impedance for frequencies higher than 10 MHzare observed.
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EXPERIMENTAL ANALYSIS
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COUPLING ISSUES WITH FILTER COMPONENTS
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Lcm of phase A, or half of it, was placed close to the capacitor CA asshown in Figure 8.35. The three DM capacitors have been placed veryclose to each other and the inductor Lcm has been placed in a distanceof 1 mm from the most external capacitor (CA). The DM capacitors CA,
CB and CC are 2.2 µF X2 capacitors from Arcotronics [260].The insertion loss measurement results are presented in Figure 8.36.Three measurements are shown: the �rst employs the conventional CMinductor; the second with the CM inductor split windings, and; the third508
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EXPERIMENTAL ANALYSISIMC Filter AnalysisTwo �lters have been constructed for the 6 kVA Indirect Matrix Con-verter, both presenting the same PCB dimensions. The PCBs presentfour layers in order to improve the layout and to reduce the area of po-tential coupling loops [258]. For this reason, a lower number of layers hasnot been considered here.For both �lters, the speci�cation of the components are kept strictlythe same. Therefore, the di�erences are only on the employed windingstrategies of the inductors, both CM and DM, and the second prototype(Filter 2 ) employs ESL cancellation inductors Lcanc as speci�ed in sec-tion 4.7.The schematics for both �lters are presented in Figure 8.37 and aphotograph of Filter 2 is shown in Figure 8.38. In Filter 1 the componentsare placed in the same positions, but the ESL canceling coupled inductors
Lcanc are not included. Discharge resistors (four MELF 220 kΩ in series)are placed in parallel with Cdm,4, but are not included in the schematics.Furthermore, the DM capacitors Cdm,4 are placed in the power converterprinted circuit board and are not shown in the photograph.The inductors for the �lters are speci�ed in Table 8.4. It is seen thatthe DM inductors Ldm are the same as tested in section 8.5.1. The sameholds true for the CM inductors. For the damping resistors Rdamp threeSMD resistors (MELF) of value 1.2 Ω/1 W are connected in parallel.Table 8.4: Inductors employed in the �lters for the IMC.Inductor Core Turns Wire

Ldm 55378-A2 18 φ 1 mm
Ldamp 55378-A2 18 φ 1 mm
Lcm,1 VITROPERM W523 3 × 8 φ 1 mm
Lcm,2 VITROPERM W380 3 × 7 φ 1 mm
Lcanc Air (radius = 0.9 cm) 2 × 2 φ 1 mmThe capacitors employed in the �lters are speci�ed in Table 8.5. Ca-pacitors Ccm,1 are not employed in Filter 2, while in Filter 1 these areused to study the e�ects of having capacitors connected between lines and511
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Figure 8.38: Photograph of the �lter designed for the Indirect Matrix Con-verter employing inductors with coupling reduction techniques.513



COUPLING ISSUES WITH FILTER COMPONENTSTable 8.5: Capacitors employed in the �lters for the IMC.Capacitor Manufacturer Speci�cation
Cdm,1 and Cdm,3 Murata SMDa� X2 33 nF/250 V

Cdm,2 Arcotronics THb � X2 2.2 µF/250 V
Cdm,4 ICEL TH � AC 10 µF/250 V

Ccm,1 and Ccm,2 Murata SMD � 2 × Y2 4.7 nF/250 V
Ccm,3 Murata SMD � 3 × Y2 4.7 nF/250 Va SMD � Surface Mount Device.b TH � Through hole device.
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Figure 8.39: Bottom of scale for common mode insertion loss measurements.PE at the mains side of the �lters.Insertion loss measurements performed as in section 6.4.1 show theperformance of the built three-phase �lters and are employed here inorder to study the e�ects of di�erent phenomena.The �rst series of insertion loss measurements are performed for CMsignals. The measurement noise �oor is shown in Figure 8.39, where it isseen that it is below or very close to −100 dB up to 100 MHz.The �rst studied e�ect is the inclusion of capacitors Ccm,1 connectedfrom lines to PE at the mains side of the �lters. Only part of the CM514



EXPERIMENTAL ANALYSIS�lter is considered along with the LISN as displayed in Figure 8.40.
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cm,1C cm,2C
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Filter (rest)

+

Converter

Supply cable

Figure 8.40: In�uence of capacitors Ccm,1 on the attenuation of a three-phase�lter.Considering a single-phase CM equivalent circuit and a magnetic cou-pling with the input CM current iCM , the circuit of Figure 8.41 is derived.
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low impedance high impedanceFigure 8.41: In�uence of capacitors Ccm,1 at the attenuation of a three-phase�lter.At a �rst glance, capacitor Ccm,1 is placed in parallel with the LISN in-put terminals and cable impedance and should provide an e�ective current515



COUPLING ISSUES WITH FILTER COMPONENTSdivider and, thus, increase �lter attenuation for high frequencies. How-ever, the coupling with the CM current modeled by the mutual inductance
M has the e�ect of introducing an induced voltage that is proportionalto the mutual inductance and the derivative of the current iCM in serieswith the CM impedance of the supply cable as shown in Figure 8.41. Forhigh frequencies, in case capacitors Ccm,1 are included in the circuit, thisinduced voltage �nds as only impedance, the inductance of the supplycable, which is typically low. On the other hand, excluding capacitors
Ccm,1 puts the impedance of the CM inductor Lcm,1 in series with theinduced voltage. These two situations explain the reasons that capacitorsconnected to PE at the supply-side of a CM �lter might worsen �lteringperformance. It is also clear that the problem is not a resonance betweenthese capacitors and other elements, like the inductances of the cable. Inorder to illustrate this e�ect, Figure 8.42 presents simulation results forthe circuit of Figure 8.41. It is observed that even with a mutual induc-tance that is 1/100 of the cable inductance, the in�uence of the couplingis severe. Thus, the exclusion of capacitors Ccm,1 improves substantiallythe attenuation for high frequencies.
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EXPERIMENTAL ANALYSISpresent a bene�cial e�ect. Special attention must be put on the layout andarrangement of the �lter board and the supply terminals of the equipment.Figure 8.43 presents insertion loss measurements of Filter 1 with andwithout Ccm,1. These measurements are without the supply cable andthe measurement leads are made very short with BNC connectors. As aresult, even without the loop areas of the supply cable, it is seen thatmagnetic coupling a�ects strongly the high frequency performance of the�lter. If the photograph (cf. Figure 8.38) of the �lter is observed, it is seenthat the input fuses have a distance to the PCB which is very di�cult toreduce, contributing for increasing the CM loop area between capacitors
Ccm,1 and the input terminals.
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and no PE plateFigure 8.43: Common mode insertion loss measurement for Filter 1. Twomeasurements are shown: the �rst including the mains sided Y capacitors Ccm,1and the second without these capacitors.As a result of this study, capacitors Ccm,1, which are not includedin Filter 2, have been removed from Filter 1 as well. With this a directcomparison of the �lters is possible.In order to study the e�ect of a metal plate connected to PE and placedbelow the �lters, the CM insertion loss of Filter 2 has been measured forthree di�erent separation distances, namely: 30 mm, 14 mm and 6 mm.The metal plate is shown below the �lter board in Figure 8.38, whereit is seen that it is connected to the PE plane in the PCB through sixmetal poles. The size of these metallic connections has been varied to517



COUPLING ISSUES WITH FILTER COMPONENTSadjust to the three listed distances. The measured results are displayed inFigure 8.44. It is seen that the shorter the distance, the better is the highfrequency attenuation. This is due to two main e�ects: the main e�ect ismost probably due to the reduced loop areas between PCB, componentsand the PE conductors (PCB traces, PCB planes, metal poles and plate).With this, the high frequency current distribution is better, so that loopinductances are smaller and generated magnetic �elds are reduced in ashorter distance. A second and also bene�cial e�ect is the increase of thecapacitance from the lines to PE. This shows the importance of a goodhigh frequency layout for the �lters, where 40 dB at 30 MHz can be gainedby just reducing loop areas.
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Figure 8.44: Common mode insertion loss measurement for Filter 2, excludingthe mains sided Y capacitors Ccm,1. The �lter is placed over a solid conductiveplate connected to PE at the di�erent shown distances.A separation distance of 6 mm has been used in both �lters, so thata proper comparison of the achieved results is possible.In order to compare the e�ectiveness of the coupling reduction tech-niques applied to CM and DM inductors, the CM insertion loss of both�lters with similar con�gurations has been measured. The measurementresults are presented in Figure 8.45. It is observed that the board withcoupling reduction techniques presents better performance at high fre-quencies, starting from 4 MHz. This shows the e�ectiveness of the em-ployed winding strategies. 518



EXPERIMENTAL ANALYSISComparing the CM insertion loss measurement results for frequencieshigher than 30 MHz (maximum frequency for conducted emissions test-ing) show that an improvement of more than 10 dB is achieved at 30MHz. This improvement is observed up to 100 MHz. Thus, suggestingthat the employed coupling reduction techniques might have a bene�cialimpact in the radiated emissions, where the main radiation sources areCM currents [24].
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EXPERIMENTAL ANALYSISmeasurements.
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Figure 8.47: Shielded box containing �lter and Indirect Matrix Converter asemployed in the CE measurements.The �rst conducted emission tests have been performed in order to,once again, observe the e�ects of the mains sided Y capacitors Ccm,1.Figure 8.48 shows the CE levels for Filter 1 with Ccm,1 included, whileFigure 8.49 presents the results for the same con�guration, but withoutthese capacitors. Both con�gurations have been optimized from a looparea point of view. This means that the CM and DM loop between theIMC and the �lter board have been minimized at the most. Furthermore,the loop area between the mains sided �lter terminals and the supplycable have been minimized as well, where conductive copper tape hasbeen employed around the connecting cables.Regarding common mode emissions, it is observed that the inclusionof capacitors Ccm,1 causes an increase of the CM emissions already at 300kHz. The increase is observed in the frequency range from 300 kHz up toapproximately 5 MHz. Thus, increasing CM and total emissions. Beyond5MHz the e�ects of these capacitors can not be clearly seen and otherparasitic e�ects dominate the �lter attenuation.Di�erential mode emissions, however, show a slight increase in the521



COUPLING ISSUES WITH FILTER COMPONENTSfrequency ranges from 700 kHz to 900 kHz and 2 MHz up to 10 MHz.Again, for high frequencies, very small in�uence is noticed. Summing upthe e�ects of CM and DM, the total measured conducted emission levelsare reduced with the exclusion of the mains sided Y capacitors.The �rst conducted emission measurements with Filter 2 are donein order to evaluate the e�ects of di�erent coupling loop areas, namely:the in�uence of the shielded box and the in�uence of the area betweenthe IMC input terminal and the �lter board, that means the connectionbetween the power converter and the EMC input �lters.Figure 8.50 shows the CE levels for the case when the front cover ofthe shielded box is opened. It is seen that for the whole measurementfrequency range, the levels are higher than for the other con�gurationsshown in Figure 8.51 and Figure 8.52. Is special it is seen that a steepincrease in the emissions is observed from 1 MHz up to 4 MHz. Thus, theshielded box reduces coupling from the power and �ltering circuits to thesupply cable and LISN circuits. With this con�guration, the CISPR 11Class A limit is crossed by more than 20 dB.Closing the front cover of the shielded box and employing simple ca-bles, which are placed close to each other and close to the wall of theshielded box, to connect the power converter board to the input �lterboard, leads to the measurement levels shown in Figure 8.51. Better re-sults are achieved, strongly reducing CM and DM levels in the wholefrequency range. A noticeable improvement occurs in the frequency rangefrom 1 MHz to 10 MHz. Unfortunately, this measure is not enough tobring the total emission level below the Class A QP limit.In order to improve the �ltering performance, twisted cables have beenemployed to connect the IMC to the EMC �lter board. Furthermore, thesetwisted cables have been shielded with conductive copper tape, so thatthe loop area of this connection is strongly reduced. The �nal results aredisplayed in Figure 8.52. It is observed that the CM and DM emissionsbetween 3 MHz and 6 MHz are reduced while some alterations occurat frequencies higher than 10 MHz. With these measurements, it is seenthat the e�ects of these considerably large loop areas are mostly noticedin the frequency range from 300 kHz to 10 MHz. Higher frequencies seemto be not so much a�ected. Thus, the parasitics of the components, in-cluding the coupling between them, might be dominant e�ects at thesefrequencies. 522
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COUPLING ISSUES WITH FILTER COMPONENTSmain capacitive connections are due to parasitic capacitances of employed�ltering inductors. These e�ects can be reduced by employing capacitancecancellation techniques as proposed in section 4.8.2. It has been explainedthat special attention must be taken regarding not only two conductivesurfaces, but also with surfaces that are in the vicinity of the components.The e�ects of magnetic couplings between �ltering components hasbeen introduced with a brief literature review, based on reported re-search of single-phase �lters. Magnetic coupling issues that are particularto three-phase �lters have been studied and practical measures to hindercoupling e�ects presented. The arrangement for DM capacitors employedin a �lter stage of a three-phase �lter has been studied and an arrange-ment that reduces the e�ects of the equivalent series inductances of thesecapacitors has been proposed, based on the correct coupling directionbetween such capacitors and a short distance between them.As conventional three-phase CM inductors have leakage, thus external,�elds that propagate in all directions, the placement of such componentsis extremely important and di�cult in a �lter where space occupationis limited. The coupling mechanisms of these �elds have been reviewedand practical measures to reduce the external �eld of three-phase CMinductors are proposed through the employment of special winding con-�gurations. The impact of such winding techniques on the impedanceof the inductors is evaluated through measurements and �nite elementssimulation results.A system employing a three-phase AC-AC Indirect Matrix Converteras noise source and input �lters has been constructed and tested. Thiscase study is reported showing the importance of keeping small inter-connection loop areas in the whole system. Two �lter boards have beenbuilt based on a four layers PCB, one based on conventional componentsand another employing the presented coupling reduction and ESL can-cellation techniques. A comparison between these �lters is made and thee�ectiveness of the employed strategies is demonstrated. Conclusions aremade leading to important guidelines for the physical layout and arrange-ment of three-phase EMC �lters.
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Chapter 9In�uence of EMC Filters inPower Density�Perhaps no variable brings the problemsof being alive so vividly and clearly before theanalyst's eye as does size.� Gregory Bateson9.1 IntroductionPower Electronics high power converters are used in the most di�erenttypes of industry, supplying stable and reliable DC or AC energy to equip-ments, motors, batteries, etc. These converters must present a few veryimportant characteristics, namely: (i) high power conversion e�ciency;(ii) small volume; (iii) high reliability; (iv) safety to the users, and; (v)electromagnetic compatibility. High e�ciency and small volume are com-mons aims among end users and manufacturers, while the other aims canbe seen as end user requirements. These aims were treated di�erentlysince the �rst inventions in the �eld, but lately they are translated intonational and international standards.Power conversion e�ciency η is de�ned as the ratio of power availableat the output of a power converter in relation to the total consumed powerat its input, 527



INFLUENCE OF EMC FILTERS ON POWER DENSITY
η =

Po

Ptotal,input
· 100% , (9.1)and is commonly named e�ciency.The e�ciency is usually de�ned for the nominal output rated powerand it is a very important measure of the performance of a power con-verter. It can be considered for the study of the speed of change in thePower Electronics technology, but as it can be seen in Figure 9.1 it is nat-urally saturating close to its theoretical maximum at 100% and dependingon the employed semiconductor technology it can be completely di�erent.Since the 1920's there have been recti�ers with very high e�ciency. Forthis reason it is very di�cult to use this �gure of merit (FOM) to evaluatethe evolution of the power converters. This has been the opinion shownin [261,262].Another interpretation is that the technology has entered into theupper part of the e�ciency S-curve and very small advancements areto be seen in the future. This can be seen with the trend-line traced inFigure 9.1 for the switch mode power converters, which are the latestaddition (1970's) to the Power Electronics technologies and represent the�state-of-the-art� at the moment. For either of these reasons, the use ofe�ciency as a FOM to evaluate the late technology does not seem to leadto useful results.For the explained reason, other FOM is desirable. The power con-verters are usually rated for the amount of power which they are able tosupply and this is named �rated power�. Thus, a very useful quantity isthe power density of the converter, which is de�ned as the ratio betweenthe rated output power Po and the total volume of the system V ol,

ρ =
Po

V ol
[W/dm3]. (9.2)Power density seems to be still increasing quite rapidly depending onthe application. This can be observed in Figure 9.2, where all the datapoints collected in this work are shown. From the graph it is clear that alot of progress has happened in the late years and this seems to provideuseful insight into the technology change of power converters over time.For this reason it is the parameter used throughout this work to addressthe change in the Power Electronics technology.528
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Figure 9.2: Change in power density expressed in watts per liter over time forthe gathered data. An exponential trend line based on the measured points isshown.as clear as the other two previously cited. In Figure 9.2 no distinctionis made regarding the application and employed technology. Therefore,a clear picture of the complete evolution of Power Electronics is not ob-served and a distinction is performed in the following presented results.Two classes of equipment are analyzed, namely inverters and recti�ers.The results which are presented here for inverters are based on the litera-ture. Nevertheless, the power density evolution is closely related with theone of the analyzed recti�ers.In Figure 9.3 the power density evolution for inverters is shown. Theseresults have been published in [261,262] and in [15] and show that an ex-ponential growth has been happening since the early 1970's which wasenabled by the use of high frequency switched converters. Such equip-ments make use of ever improving power semiconductors and it is alsoobserved in [261,262] that the continuous improvement of semiconductortechnology must endure if this exponential growth is to be continued.The power recti�ers are here divided in two groups depending on theirrated output power. This is done because the employed technology can530
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INFLUENCE OF EMC FILTERS ON POWER DENSITYpower density points are presented for the di�erent employed technologies,namely: (i) Mercury Arc Recti�ers, including all types of vacuum valvetubes; (ii) Synchronous mechanical recti�ers, which are based on a ro-tary arrangement with AC and DC electric motors, and; (iii) Thyristors,diodes and GTOs representing the semiconductor based recti�ers whichare switched with low frequency; and, (v) another class is included, whichis called MOSFET, but represents all types of power transistors (BJTs,IGBTs, and MOSFETs) switched at high frequencies, usually higher than2 kHz. The transistors were invented in the late 1950's and 1960's, butwere only incorporated in products later on. The collected data for theserecti�ers is presented in Figure 9.4 for the di�erent switch technologies.It is seen that very little progress is observed until the 1990's, when highresearch e�orts were applied in order to achieve better circuits, semi-conductor based switches, magnetic materials and capacitors, besides theemployment of digital processors [19]. For this reason, two tendency curvesare shown in Figure 9.4, one shows the exponential �tted curve for thecomplete data set and another curve approximates the rapid growth ob-served on the high frequency switched converters. The use of high switch-ing frequencies has enabled the reduction of passive components volume(transformers, inductors and capacitors) and is the main factor for thecurrent exponential increase in the power density. Research oriented pro-totypes are typically preceding products �ve to ten years [261, 262] and,based on these, it is expected that the exponential growth in power den-sity for this class of recti�ers continues. However, it is very di�cult topredict for how long since it depends on a number of di�erent enablingtechnologies, such as materials, circuits and scienti�c understanding.Two of the main factors that in�uence the power density of powerconverters are the cooling system and the passive components, where theEMC �lters are responsible for a substantial part [13, 263]. Increase inthe power density is possible, in principle, with an increase of switchingfrequency or an increase in the operating temperature of the power semi-conductors. Higher switching frequencies (smaller passive components),however, lead to higher switching losses (larger cooling systems). There-fore, a compromise exists, in which a Power Electronics engineer must�nd an optimum.This chapter aims in the evaluation of the in�uence of the EMC �lterson the power density of three-phase PWM converters. In order to achievethis objective, two topologies are chosen, namely: a three-phase AC-DC-532



VOLUME ESTIMATION OF FILTER COMPONENTS

0

200

400

600

800

1000

1200

1400

1600

1800

2000

Mercury Arc Rectifier

Synchronous mechanical rectifier

Thyristors / diodes 

MOSFET

All rectifiers (1 kW – 10 kW)

MOSFET based rectifiers (1 kW – 10 kW)

1900 1920 1940 1960 1980 2000

Time [year]

P
o

w
er

 d
en

si
ty

[W
/d

m
3
]

ρ = 5 10
–97
e

0.1139t
.

ρ = 1 10
–32
e

0.0398t
.

Figure 9.4: Evolution of power density over time for power recti�ers ratedfrom 1 kW to 100 kW. Two exponentially �tted curves are shown: one for all(full line) collected points and another for the lately introduced high frequencyswitched mode recti�ers (dashed).AC Sparse Matrix Converter (SMC) and a three-phase PFC Vienna Rec-ti�er. The design of the EMC �lters for these topologies is performed inorder to obtain minimum volume �lters based on the �lter design prac-tices employed in this work. The calculated �lters present a minimumlimitation for the achievable power density of the power converters andconsequently are of high importance in the course of the design of powerconverters. This procedure is presented in the following sections, startingby the dimensioning of the �lter components, explaining the �lter de-sign procedure for both converters, presenting the obtained results andcomparing them with built prototypes.9.2 Volume Estimation of Filter ComponentsIn order to evaluate the impact of EMC �lters on the power density ofthree-phase PWM converters, the volume of the employed �ltering com-533



INFLUENCE OF EMC FILTERS ON POWER DENSITYponents must be known. For analyzing the maximum achievable powerdensity �gures, the volume of such components must be the smallest pos-sible. Thus, this section discusses on the design of the �lter componentsassuming necessary simpli�cations, so that the volume of the componentscan be predicted beforehand and that the achieved volume is close tothe smallest possible with today's commercially available materials andcomponents.9.2.1 Volume Estimation for CM InductorsTo estimate the volume of CM inductors, a model must be derived. Thismodel is proposed in the following and is based on a series of designs asperformed in section 7.4.2. A series of inductors are designed with thefollowing assumptions:� possible asymmetries, parasitic capacitances and the e�ect of thetolerances are neglected;� ambient temperature equals 45°C and the maximum temperaturerise is 60°C;� a single winding layer is allowed in order to reduce parasitics;� iterative choice of the maximum �ux density Bmax and current den-sity Jmax is performed;� discrete values determined by the limited choice of cores and wirediameters are approximated by continuous functions.For the design of the CM choke a maximum window factor of 0.28is considered. The design takes into consideration the variation of thecomplex permeability of the cores as well as the total losses, where themaximum temperature rise is limited to 75 °C.Based on these design guidelines, a series of inductor designs is con-ducted for di�erent frequencies and current ratings. In order to simplifythe analysis, only material VITROPERM 500 F is considered here. Fur-thermore, only the cores commercially available from VAC [172, 173] areemployed, leading to ten di�erent sizes of inductors (cf. Figure 9.5).In Figure 9.5 the dependency of the volume of an inductor on itsproduct of areas AeAw is depicted along with the core volume for two534
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Figure 9.5: Dependency of an inductor's boxed and core volume on area prod-uct AeAw of the used material.types of core coatings, namely epoxy coated cores and cores with a plasticenclosure. This dependency is usually considered with a power of 3/4,but for the case at hand a lower factor is employed leading to closerapproximations. With this, the volume of the �lter inductor V olLcm iscalculated with,
V olLcm = kgeo(AeAw)αgeo , (9.3)with,
kgeo

∼= 10.776 · 10−2 [dm3] (9.4)
αgeo

∼= 0.7052, (9.5)for the cores with a plastic enclosure.From the results obtained in the performed designs, approximativefunctions can be empirically found for the two main design parameters,namely: the maximum current density Jmax and the maximum �ux den-sity Bmax as functions of the core product of areas AeAw and switchingfrequency fs, respectively.The obtained curve for the maximum current density Jmax is presentedin Figure 9.6, where it is seen that the current density is a function of535



INFLUENCE OF EMC FILTERS ON POWER DENSITYthe product of areas, where larger inductors require lower current density.This seems logical since the relation between the outer surface and thevolume of the toroidal inductors is more favorable for small cores. There-fore, the relative thermal resistance of small inductors shall be smallerthan the one of large inductors. This can also be explained by observ-ing the distance between the hottest spot and the outer surface, which issmaller for small inductors.
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Figure 9.6: Maximum current density as a function of the area product.The maximum �ux density Bmax is plotted as a function of the switch-ing frequency fs in Figure 9.7. It is observed that the employed maximum�ux density is assumed to be determined by the saturation �ux Bsat forlow switching frequencies, but if the switching frequency increases the�ux density is reduced and, thus, keeps core losses under controlled val-ues. The core losses are simply computed with the peak harmonic at theswitching frequency and using the Steinmetz equation. This simpli�cationis necessary in order to achieve a time e�cient algorithm for the volumecalculation. In a precise design, this would have to be specially consideredif the switching frequency is very high (� 100 kHz). The core losses aredesigned to be lower than 20 % of the total losses.Considering all available cores and evaluating the maximumimpedance they can provide for each of the design points leads to thesmallest inductor volume for a given impedance. Finally, based on theseconsiderations and on the material's complex permeability curves an equa-tion for the maximum achievable CM choke impedance Zchoke for a given536
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Zchoke(fint) ∼= 102.243−2·log(IN1)+0.181·log(|µ(fint)|·fint)·log(AeAw), (9.6)from where, given the inductor's RMS current IN1, the frequency of inter-est fint and the required product of areas AeAw, the desired CM inductorimpedance Zchoke can be found. As an example, Figure 9.8 shows the cal-culated impedance at fint = 150 kHz and IN1 = 15 A as a function ofarea product for two core types.Equation eq. (9.6) presents an R-squared value higher than 0.939 forfrequencies in the range 150 kHz 6 fint 6 10 MHz, when compared withthe calculated values. Solving eq. (9.6) for the product of areas leads tothe core size and its volume can be calculated with the help of eq. (9.3).This approach is useful in an optimization procedure where a minimumtotal volume for the �lters and power converter are searched.9.2.2 Volume Estimation for DM InductorsThe design of the DM inductors is considerably di�erent to that of CMones. The di�erential mode currents are composed of a high amplitudemains frequency component and a relatively small high frequency rip-ple due to the attenuation given by the boost inductors and capacitors537
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CDM,1. For this reason, the cross sectional area of the core Ae is de-termined mainly by saturation and not by core losses. Furthermore, thehigh frequency losses in the winding are also comparatively small and canbe neglected. The other parameter that de�nes the core is the requiredwinding area Aw.The �lter inductance LDM,i and rated current are related to the sizeof the required core area product by,

LDM,i IN1,peak IN1,rms = kwJmaxBpeakAeAw. (9.7)The volume of the �lter inductor V olLdm is calculated with,
V olLdm = kgeo(AeAw)αgeo , (9.8)where, the parameters kgeo and αgeo account for the geometry of the core(toroidal, planar, etc). Assuming that a dimension grows proportionallywith the other ones, αgeo is tipicaly taken as 3/4.A series of designs is performed aiming for a characterization of thevolume of the DM inductors related to their rated current and inductance.The resulting designs are shown in Figure 9.9,Figure 9.9 suggests that the volume of this type of inductor is propor-538



VOLUME ESTIMATION OF FILTER COMPONENTS
0.00

0.15

0.30

0.60

0 2 4 6 8 10

Rated inductance [mH]

In
d
u

ct
o

r 
vo

lu
m

e 
[d

m
3
]

0.45

Powder core inductors

VolL=kL
.L.Irms

2

kL = 3.95 . 10-3 m3/H.A2

IN1 = 2 A

IN1 = 5 A

IN1 = 10 A

IN1 = 15 A

Figure 9.9: Volume of �lter inductors employing High Flux toroidal coresin dependency of current and inductance value. Also shown is the volumetriccoe�cient for these inductors.tional to its stored energy, so that,
V olL,i = kL · LDM,i · I2

N1 (9.9)9.2.3 Volume Estimation for Filter CapacitorsCM CapacitorsEquipment safety regulations play an important role, since they restrainthe allowable earth leakage current, de�ne requirements for capacitorsbetween an input line and PE, and; de�ne insulation requirements forCM inductors and �lter construction.Earth leakage current IPE,rms,max is typically limited to 3.5 mA, es-pecially for the case where one of the phases is lost. Thus, the total capac-itance CCM,sum =
∑

CCM,i, i=1. . . 3, between any of the input phasesand the PE is bounded to a maximum of approximately,
CCM,sum 6

IPE,rms,max

1.1 · UN1,max · 2π · 50 Hz ∼= 44 nF. (9.10)This is a very low value and, therefore, for minimum volume CM �lters,the maximum amount of capacitors from phase to PE must be employed.539



INFLUENCE OF EMC FILTERS ON POWER DENSITYWith this, the only degrees of freedoms are the type of capacitor and howto distribute the total amount between the �lter stages.Safety requires Y2-rated capacitors for connections between phase andPE. Due to these restrictions a series of Y2 ceramic capacitors [160] is cho-sen, which presents a maximum capacitance of 4.7 nF per SMD package,leading to compact construction and low parasitics. The volume of eachSMD unit of this series is approximately V olCcm,unit
∼= 52 · 10−9 m3.Since other capacitances are present in the circuit (arrestors, stray ca-pacitances, etc) and values present tolerances, some margin is providedso that CCM,sum = 8 · 4.7 nF= 37.6 nF, is to be divided into three CM�lter stages. According to section 6.7.1, for a maximum attenuation givena minimum total capacitance, each stage shall present the same value.With this,

CCM,i =
CCM,sum

3
. (9.11)Employing eight units of Y2 SMD capacitors per phase leads to a totalvolume for CM capacitors of,

V olCcm,total = 8 V olCcm,unit
∼= 0.47 · 10−6m3. (9.12)DM CapacitorsThe volume of the capacitors to be used in the �lters can be approximatedby a curve generated by Minimum Squares regression of the volumescalculated for commercially available X type capacitors (foil [159] andceramics [160]) as well as for ceramic capacitors rated for the Japanesemains [160]. The computed volume of X-rated capacitors has been plottedin along with approximation curves in Figure 9.10.Assuming that the volume of the components is directly related totheir stored energy, the volume of DM capacitors is de�ned as in,

V olC,i = kC · CDM,i · U2
N1. (9.13)The calculated volumetric coe�cients for these capacitors are given inTable 9.1. It is observed the much smaller volumetric coe�cient for theceramic type of capacitors, allowing for more compact �lters.540
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F·V2X2 ceramic Murata 250 V 16.4 · 10−6 m3

F·V2Jap. mains cer. Murata 250 V 4.07 · 10−6 m3

F·V29.3 Design Procedure for the EMC FiltersThe power converter topologies which are considered for this study arepresented in Figure 9.11 and Figure 9.12, along with simpli�ed equivalentcircuits used for the �lter design calculations, where the LISN circuits arereplaced by 50 Ω resistors representing the input sensing resistance of atest receiver. It is shown in Figure 9.11 that two-stage �lters are consid-ered for a Sparse Matrix Converter (SMC) and in Figure 9.12 three-stage�lters are considered for the Vienna Recti�er. For the SMC an outputCM choke is included, since the CM voltage at the input terminals of theelectric motor must be limited due to CM currents which might causedamage otherwise. The output cable and the machine usually present ahigh capacitance value to PE when compared to the capacitance between541



INFLUENCE OF EMC FILTERS ON POWER DENSITYsemiconductors and cooling system. Therefore, for simplicity reasons, thisis the only capacitance considered for the SMC �lters. The �rst DM ca-pacitors CDM,1 are chosen in order to limit the high frequency ripple ofthe input voltages of the SMC to ±7.5% of the peak input RMS voltage.For the Vienna recti�er the boost inductors Lboost are also considered aspart of the �lters, although their design is done based on the limitation ofthe input current ripple to 10% of the peak current and the used materialsare high performance ferrites.
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, (9.16)for the DM equivalent voltage source and by,545
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, (9.17)for the CM equivalent voltage source.DM Filter DesignIn order to guarantee that the designed �lters are of minimum volume thedesired component values can be derived as functions of two equations,namely the required attenuation at a given frequency and the total vol-ume, which is to be minimized. Here, the main assumptions are: (i) theinductors are designed for their low frequency RMS current; (ii) the par-asitics of the components do not in�uence the attenuation at the relevantfrequency; and, (iii) the boost inductor is not included in the analysisand has its value de�ned by current ripple requirements.In order to simplify the problem the asymptotic approximation of theattenuation Att is used for a LC �lter, which leads to an equation of thistype,
Att(ω) =

1

ω2·N ·
N∏

j=1

Lj ·
N∏

j=1

Cj

. (9.18)It has been proven in section 6.7.1 that, for the smallest total induc-tance, each of the individual inductors must have the same value and thesame is valid for the capacitors. Based on that, only two variables areleft to minimize the volume. Let us consider only the case of a single LCstage, which shows the basic principle of minimizing a �lter's volume. Therequired attenuation Attreq equation can be further simpli�ed to,
Attreq =

katt

L · C , (9.19)546



DESIGN PROCEDURE FOR THE EMC FILTERSwhere,
katt =

1

ω2
. (9.20)The second equation for the minimization problem is the total volumeof the �lter, which is the sum of the volume of the inductor with the oneof the capacitor,

V olfilt = V olL + V olC . (9.21)It can be assumed the volume of this type of components is directlyrelated to their stored energy, so that volumetric coe�cients for inductors
kL and capacitors kC are de�ned by the relation between the volumes ofsuch components to their rated storage energy,

V olL = kL · L · I2
nom (9.22)

V olC = kC · C · U2
nom (9.23)It follows that,

V olfilt = kL · L · I2
nom + kC · C · U2

nom. (9.24)Isolating L leads to,
V olfilt = kL · L · I2

nom + kC · katt

L · Attreq
· U2

nom. (9.25)By di�erentiating eq. (9.25) with respect to L the minimum volumepoint can be found and the values for the components are �nally de�nedby,
L =

Unom

ω · Inom

√

kC

kL · Attreq
(9.26)

C =
Inom

ω · Unom

√

kL

kC · Attreq
. (9.27)547



INFLUENCE OF EMC FILTERS ON POWER DENSITYThe same procedure can be extended to multi-stage �lters. Thus, mini-mal volume �lters can be designed based on the ratings of the componentsand their volumetric coe�cients.Requirements related to control issues must be considered. In order toprovide su�cient passive damping causing minimum losses and avoidingoscillations, also for no-load operation, RL networks are included in thechoice of the topologies. These networks are used for damping resonantfrequencies introduced by the �lter components and the uncertainties inthe mains impedance, which could shift given resonances or introducenew resonant circuits with low damping. For simplicity reasons the in�u-ence of the RL damping networks in the attenuation is neglected and theinductors Ld are considered to have the same volume as inductors LDM,1.Regarding the DM spectra of emissions, the SMC is considered as acurrent source iDM (Fig.2(a)), while the Vienna Recti�er is treated asa voltage source uDM due to their inherent shaping of the currents andvoltages waveforms.CM Filter DesignFor the design of the CM �lters the converters are considered as voltagesources uCM , which are dependent on modulation, input and output volt-ages and switching frequencies. The CM �lter of the SMC is split into anoutput CM choke and a two-stage CM �lter at the input. The aim of theoutput choke is to keep the CM RMS voltage at the input terminals ofthe motor lower than 15 V for any switching frequency and capacitancesto ground Cg. The remaining components are responsible for providingthe total required attenuation.Two types of components are considered for the CM �lters: ceramiccapacitors which are Y2-rated [160] and CM chokes which are designedbased on toroidal nanocrystalline cores VITROPERM 500F [173], whichare �state-of-the-art� in their classes. An earth leakage current limitationof 3.5 mA is considered and this bounds the total capacitance per phaseto approximately 40 nF at 50 Hz, which is reduced to 30 nF per phaseand evenly distributed among the �lter stages.548



SPARSE MATRIX CONVERTERS POWER DENSITY LIMITS9.4 Sparse Matrix Converters Power DensityLimitsWith the given volume minimization procedures for CM and DM �ltersthe impact of the �lter volume in the maximum achievable power densityas a function of the switching frequency is calculated and an optimumfrequency can be estimated, aiming for maximizing overall power density.An Indirect Matrix Converter topology is assumed, where the powersemiconductors are considered to be formed by four SiC JFETs rated for1200 V, 6 A and having a channel resistance of 0.5 Ω. These are consideredin order to reduce switching losses to the minimum allowed with state-of-the-art semiconductors [264]. The calculated power losses as a function ofswitching frequency are shown in Figure 9.14.
1

10

100

1k

10k

104 105 106

Frequency [Hz]

S
em

ic
o

n
d

u
ct

o
r 

lo
ss

es
[W

]

Losses for a single switch: P   ( f  )S s

Total semiconductor losses: P ( f  )t s

Figure 9.14: Calculated semiconductor losses for a 5 kVA IMC with SiCJFETs.The total losses and the thermal limits for the SiC JFETs de�ne arequired thermal resistance for the cooling system. This is computed herewith the total thermal resistance between the heatsink and the ambient
Rth,sa,

Rth,sa(fs) 6
Tj − Ta

Pt(fs)
− PS(fs)Rth,jc

Pt(fs)
− Rth,cs, (9.28)where Tj is the maximum allowable junction temperature, Ta is the am-549



INFLUENCE OF EMC FILTERS ON POWER DENSITYbient temperature, Rth,jc is the thermal resistance between junction andcase for the paralleled JFETs and Rth,cs is the thermal resistance betweenthe JFETs' case and the heatsink.The parameters adopted in this calculation are:
Tj = 125 °C
Ta = 45 °C

Rth,jc = 1.2K/W.Assuming that the thermal resistance between the semiconductors andthe heatsink can be neglected, i.e. Rth,cs = 0K/W, the required thermalresistance for the cooling system of the IMC is estimated as in Figure 9.15.
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Figure 9.15: Maximum thermal resistance required for the cooling system forthe SiC JFET based IMC.Figure 9.15 shows that switching frequencies higher than approxi-mately 120 kHz are not practical for the given set of semiconductors,since negative thermal resistances are required. That means that activecooling would have to be employed for this condition.From the required thermal resistance, it is possible to estimate thevolume for an optimized forced air cooling systems based on [265]. Forthe calculations, a coe�cient CSPI = 25 W/K−1liter−1 [265] is used,leading to a total volume of the cooling system V olhs given by,550



SPARSE MATRIX CONVERTERS POWER DENSITY LIMITS
V olhs(fs) >

1

CSPI · Rth,sa(fs)
. (9.29)The volume of the various �lter components can be derived as func-tions of the converter ratings, switching frequency and total capacitanceto ground Cg. This is of high importance since optimum switching fre-quencies can be chosen minimizing the total converter volume.The design of the input CM inductor is dependent on the output CMinductor as well. It is here considered that the output CM inductor keepsthe CM voltage across the load machine below Uout,max = 15 V RMS.With this, the required impedance for the output CM inductor can beestimated with,

ZLcm,out(fs) >
Up(fs)

2 π fs Cg

√
2Uout,max)

, (9.30)where Up(fs) is the �rst harmonic peak voltage at the switching frequency.The input CM inductor can have its required impedance estimatedbased on the required attenuation to achieve compliance with CISPR 11Class B limits. This leads to an inductor with the volume presented inFigure 9.16, where it is observed that the design of the inductor is divided
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INFLUENCE OF EMC FILTERS ON POWER DENSITYin two regions. In the �rst region the inductor is designed according tothe required impedance only and, for the frequency range from 150 kHzto approximately 1 MHz and low output CM choke impedance, this leadsto a fast decrease characteristic (∼= −20 dB/decade) regarding higherswitching frequencies and the increase of the output inductor impedance.Whereas, in the second region, the volume of the inductor is de�ned bythe maximum �ux density allowed in order to keep core losses undercontrol. It is seen that in the second region, for frequencies above 150kHz, the volume of the inductor presents a slower reduction of the volumewith increasing switching frequency and output inductor impedance. Thischaracteristic prevents a large reduction of the volume of the componentsof CM �lters with frequency and identi�es that the performance of thestate-of-the-art core materials for CM inductors must improve if higherswitching frequencies are to be employed in three-phase PWM converters.The total volume of the components of the EMC �lters for a 5 kVAIndirect Matrix Converter is displayed in Figure 9.17 along with the con-tributions of the DM and CM �lter volumes as well as the volume of the�rst DM capacitors CDM,1 for a speci�c value of capacitance to ground of
Cg = 20 nF. The volume of an optimized cooling system is also included,which is based on the previous considerations, from where an optimumswitching frequency can be derived.From Figure 9.17 it is observed that the DM �lters dominate the �ltersvolume for lower switching frequencies and that the CM �lters volume arehighly dependent on the capacitance to ground. The increased volume ofthe CM �lter for low switching frequencies in Figure 9.17 is a result ofthe lower required output CM choke, resulting in the increase of the in-put sided components. This happens because the choke which is placedbetween the Matrix Converter and its load has the function to preventhigh RMS CM currents to �ow in the load, and for low switching frequen-cies the output choke has a very small value and the �ltering e�ort mustbe taken by the input �lter alone. An increased total volume is seen at150 kHz due to the CE requirements and the necessity of �ltering low or-der switching frequency harmonics. Furthermore, the total volumes of theDM and CM �lters for the Sparse Matrix Converter implemented and an-alyzed in section 8.5.2 are shown as the implemented �lters. It is observedthat the DM �lter is approximately 29% larger than the prediction andthat the CM �lter is 14% smaller. These �gures are within the expectedvariation range, since many simplifying assumptions have been taken.552



SPARSE MATRIX CONVERTERS POWER DENSITY LIMITS
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INFLUENCE OF EMC FILTERS ON POWER DENSITYTaking the results shown in Figure 9.17 it is possible to derive powerdensity limit curves as a function of the switching frequency. This isdone in Figure 9.18 for three di�erent capacitor technologies. Since thepower semiconductor losses reduce the achievable power density for higherswitching frequencies, it is seen that a power density limit of 26.5 kW/literis achieved with ceramic capacitors rated for the Japanese mains at aswitching frequency of 20 kHz. This frequency is around 26 kHz and 41kHz for the other capacitor technologies, but at much lower power densi-ties. This shows the importance of the improvement of passive componentstechnology for increasing power density.9.5 Vienna Recti�er Power Density LimitsThe same type of calculations are made for a 10 kW Vienna recti�erleading to the results discussed in the following.Considering the empirically approximated voltage spectra envelopes,the conducted emissions requirements for CISPR 22 Class B and designprocedures presented in the previous sections, all �lter parameters canbe de�ned as a function of the switching frequency fs and of the totalcapacitance Cg to PE.The �rst design step for the CM �lter is to equally distribute the CMinductors among the stages in the same way that the Y-capacitors aredistributed. If this is done, the required impedance for inductors LCM,iwith i = 1..3 is given by the surface shown in Figure 9.19. It is seen thatthe required impedances are highly dependent on the capacitance to PE
Cg. The characteristic of the curve changes completely for capacitancevalues higher or lower than some nanofarads. If Cg is much lower than 1nF, then the impedance increases up to 150 kHz and then decreases. Forhigh values of capacitance, the required impedances are very high for lowswitching frequencies and drops o� rapidly with higher frequencies. Thischaracteristics show the importance of the correct estimation of the straycapacitances in a PWM converter.However, the �rst inductor is typically subjected to higher HF voltageamplitudes. This leads to larger LCM,1, so that the second and thirdinductors can be smaller in volume and, most of the times, in impedanceas well.Following the aforementioned considerations leads to the total volume554



VIENNA RECTIFIER POWER DENSITY LIMITS
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INFLUENCE OF EMC FILTERS ON POWER DENSITYvalues of capacitance to PE strongly help to reduce the CM emissions.Another observation is made on the peak which goes from 10 MHz to1 MHz with increasing value of capacitance Cg. This peak is due to aresonance between the boost inductors and Cg, which is responsible forthe strong increase in the voltage across the �rst CM inductor LCM,1 anda consequent enlargement of this inductor.The total volume of the di�erential mode �lter is shown in Figure 9.21as a function of the converter's modulation index M and of the switchingfrequency fs.
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VIENNA RECTIFIER POWER DENSITY LIMITS

10-3

10-1

10
0

10
1

104 106 107

Switching frequency  [Hz]

V
o

lu
m

e
[d

m
3
]

105

10-2

Total 

CM filter 

DM filter

Air cooling

Figure 9.22: Volume curves for a Vienna Recti�er rated for 230 V RMS phasevoltage, 800 V output voltage, output power P2 = 10 kW. Shown are the totaland partial volumes of the EMC �lters and cooling system for X2-rated ceramiccapacitors and Cg = 2 nF.

0

40

60

80

100

104 105 107

Switching frequency  [Hz]

P
o
w

er
 d

en
si

ty
[k

W
/d

m
3
]

20

Air cooled

Water cooled

45.2 kW/dm
3

@ 810 kHz

106

DE475-501N44A

63.9 kW/dm3

@ 2.1 MHz

Figure 9.23: Power density limits for two di�erent cooling strategies as afunction of the switching frequency considering �lters and cooling system ofa 10 kW Vienna Recti�er rated for 230 V RMS phase voltage, 800 V outputvoltage, output power P2 = 10 kW. 557



INFLUENCE OF EMC FILTERS ON POWER DENSITYemployed. The calculated power losses as a function of switching frequencyde�ne a required thermal resistance for the cooling system. Based onthat, the volume for an optimized forced air cooling systems is estimated[265]. The calculations for the volume of cooling systems are included,based on the considerations of [265]. For the forced air cooling system
CSPI = 25 W/K−1dm−3 is considered. For the water cooled systemthe dimensions as in [266] are considered. The losses are estimated for aIXYS DE475-501N44A RF MOSFET and 4 paralleled Cree SiC SchottkyDiodes (6 A / 600 V) [13] leading to a required thermal resistance fromheatsink to ambient in order to limit the junction temperatures to 125°Cfor an ambient temperature of 45°C. A total capacitance to ground of
Cg = 2 nF is considered. The DM capacitors are X2-rated ceramics. InFigure 9.22 it is seen that CM �lter and cooling system volumes arethe main contributors for the total volume and the minimum volumeis achieved for a switching frequency around 800 kHz for an air cooledsystem.The achievable power densities are presented in Figure 9.23, where itis seen that a water cooled system is capable of further increasing thepower density for a frequency of approximately 2 MHz. The curve whichshows the power density with water cooling is dashed beyond 1.5 MHzbecause there is no available information about the feasibility of such smallthermal resistances (< 0.1 K/W) given the size of the employed powermodule. Such low thermal resistances are required if higher frequencies areused and the curve for an air cooled system is shown up to 3 MHz, fromwhere a negative thermal resistance would be required. This means thatthe semiconductor losses and the thermal resistances which are internal tothe power module are physically limiting the possible heat removal withsuch cooling systems. As a conclusion from such an estimation, it is clearthat the main limiting factors for increasing the power density are thematerials available for the inductors, the losses generated by the powersemiconductors and the available packaging technology.Considering another set of more conventional power semiconductors(CoolMOS 600 V, 47 A C3 and Cree SiC Schottky Diodes 600 V, 6 A), ananalysis is performed for junction temperatures up to 125°C and an am-bient temperature of 45°C. A total capacitance to ground of Cg = 2 nF isconsidered. The DM capacitors are X2-rated ceramics. The estimated vol-umes are depicted in Figure 9.24(a). It is seen that the DM �lter (mainlythe boost inductors) dominates the volume for low frequencies, whereas558



SUMMARYthe CM is larger for higher switching frequencies. The increase in theswitching losses is responsible for the large increase of the cooling systemat high frequencies until it limits the feasibility of the recti�er for requir-ing negative thermal resistances. Figure 9.24(b) presents the calculatedpower densities, for just the EMI �lter and cooling system also for a watercooled system. A water cooled system is capable of further increasing thepower density for high switching frequencies. For an air cooled system thehigher power density is calculated as 39.9 kW/dm3 for fs = 540 kHz.For this system, the implementation presented in section 6.7 has beencarried out and the �nal volumes for the EMC �lters are also includedin Figure 9.24. A comparison with the predicted volumes can be madeleading to an error of 37% for the DM �lter components and 22% for theCM ones. This is considered within the expected range arising from allsimpli�cations made in the prediction procedure. An interesting aspectis that the �nal boxed volume of the complete �lter is approximately 2.4times larger than the sum of all individual components, meaning thatinterconnections, air and PCB account for nearly 60% of the employedspace. That leaves room for improvements through further research oninter-components coupling reduction, materials and packaging.9.6 SummaryThis chapter has discussed the increase in power density in Power Elec-tronics Systems as one of the main characteristics of such systems. Basedon that, the impact of the EMC �lters in the achievable power density ofthree-phase PWM converters has been studied for converters in the rangeof 5 kW to 10 kW.A design procedure for the EMC �lters has been proposed in order toful�ll CISPR 11 Class B requirements related to conducted emissions fortwo types of PWM converters, a Sparse Matrix Converter and a three-level/-phase six-switch boost-type recti�er. The design procedure is ex-plained; where a volumetric optimization is carried out taking into con-sideration di�erent aspects related to the subject, such as electrical safety,power factor and damping of resonances. The presented procedure allowsfor the analytical calculation of the total �lter volume as function of therated power and switching frequency, therefore helping in the early deter-mination of the optimum switching frequency for a given recti�er speci�-559
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SUMMARYcation. A discussion about the limits of power density for the consideredthree-phase PWM converters for state-of-the-art power semiconductorsis done and optimum switching frequency are identi�ed for an optimizedforced air-cooled system and for an water cooled three-level/-phase six-switch boost-type recti�er.The experimental veri�cation of the proposed �lter design procedureis limited to two examples, one for each PWM converter. A total errorin the volume prediction of 37% (VR) / 29% (SMC) for the DM �ltercomponents and 22% (VR) / 14% (SMC) for the CM ones has beenobserved. This is considered within the expected range arising from allsimpli�cations made in the prediction procedure.The performed study shows the importance of optimizing the construc-tion of Power Electronics Systems and highlights some important pointsfor the further increase in power density. Research e�orts are required inthe �elds of magnetic materials, capacitors technology, packaging and in-tegration of the components, while the e�ects of the 3-D geometries mustbe considered in order not to in�uence �ltering performance.

561





Bibliography
Bibliography[1] M. H. Rashid, �Power electronics and its challenges,� in Interna-tional Conference on Power Electronic Drives and Energy Systemsfor Industrial Growth, vol. 1, 1998, pp. 371�373 Vol.1.[2] T. G. Wilson, �The evolution of power electronics,� IEEE Trans-actions on Power Electronics, vol. 15, no. 3, pp. 439�446, 2000,0885-8993.[3] B. K. Bose, �Power electronics - an emerging technology,� IEEETransactions on Industrial Electronics, vol. 36, no. 3, pp. 403�412,1989, 0278-0046.[4] F. Dittmann, �The development of power electronics in europe,� inIEEE Conference on the History of Power Electronics, 2004.[5] W. McMurray, �Power electronics in the 1990s,� in IEEE AnnualConference of Industrial Electronics Society, 1990, pp. 839�843vol.1.[6] J. W. Kolar, U. Drofenik, J. Biela, M. L. Heldwein, H. Ertl,T. Friedli, and S. D. Round, �PWM converter power density barri-ers,� in Power Conversion Conference - PCC '07, Nagoya, Japan,2007, pp. P�9�P�29.[7] H. Ohashi, �Research activities of the power electronics researchcentre with special focus on wide band gap materials,� in Inter-national Conference on Integrated Power Systems, Naples (Italy),2006, pp. 153�156. 563



BIBLIOGRAPHY[8] G. Schrom, P. Hazucha, F. Paillet, D. J. Rennie, S. T. Moon, D. S.Gardner, T. Kamik, P. Sun, T. T. Nguyen, M. J. Hill, K. Radhakr-ishnan, and T. Memioglu, �A 100 MHz eight-phase buck converterdelivering 12 A in 25 mm2 using air-core inductors,� in IEEE Ap-plied Power Electronics Conference, 2007, pp. 727�730.[9] M. Marz, M. Poech, E. Schimanek, and A. Schletz, �Mechatronic in-tegration into the hybrid powertrain - the thermal challenge,� in In-ternational Conference Automotive Power Electronics (APE), Paris(France), 2006, pp. 1�6.[10] M. Tsukuda, I. Omura, T. Domon, W. Saito, and T. Ogura,�Demonstration of high output power density (30 w/cc) converterusing 600v Sic-SBD and low impedance gate driver,� in Interna-tional Power Electronics Conference, Niigata (Japan), 2005, pp.CD�ROM.[11] I. Takahashi, �SiC power converters and their applications in nearfuture (in japanese),� in Japan Industrial Applications Society Con-ference, Matsue (Japan), 2001, pp. 279�284.[12] B. Eckhardt, A. Hofmann, S. Zeltner, and M. März, �Automotivepowertrain dc/dc converter with 25 kW/dm3 by using sic diodes,�in International Conference on Integrated Power Systems, Naples(Italy), 2006, pp. 227�232.[13] S. D. Round, P. Karutz, M. L. Heldwein, and J. W. Kolar, �Towardsa 30kW/liter, three-phase unity power factor recti�er,� in PowerConversion Conference, Nagoya (Japan), 2007.[14] U. F. Partnership and Fuel, �Electrical and electronics technicalteam roadmap,� Tech. Rep., 2006.[15] A. Mertens, �Innovationen und trends der leistungelektronik (in ger-man),� VDE ETG-Mitgliederinformation, no. Jan. 2007, 2007.[16] S. Rosenberg, �Trends in telecom power supplies,� in IEEE Interna-tional Telecommunications Energy Conference, Toronto (Canada),1986, pp. 1�4. 564



BIBLIOGRAPHY[17] T. Franke, H. Glonner, D. Nowak, and F. Oesterreicher, �Electri�edpower train - challenges and opportunities for the electrical indus-try,� in 11th European Power Electronics and Applications Confer-ence (EPE'05), 2005, pp. 1�12.[18] J. A. Ferreira and J. D. Van Wyk, �Electromagnetic energy propa-gation in power electronic converters: toward future electromagneticintegration,� Proceedings of the IEEE, vol. 89, no. 6, pp. 876�889,2001, 0018-9219.[19] F. C. Lee and P. Barbosa, �The state-of-the-art power electronicstechnologies and future trends,� in IEEE PES Transmission andDistribution Conference and Exposition, vol. 2, 2001, pp. 1188�1193.[20] B. K. Bose, �Energy, environment, and advances in power electron-ics,� IEEE Transactions on Power Electronics, vol. 15, no. 4, pp.688�701, 2000, 0885-8993.[21] R. Redl, �Electromagnetic environmental impact of power electron-ics equipment,� Proceedings of the IEEE, vol. 89, no. 6, pp. 926�938,2001, 0018-9219.[22] C. M. Wintzer, International Commercial EMC Standards, 1st ed.,ser. A Handbook Series on Electromagnetic Interference and Com-patibility. Gainesville (VA), USA: Interference Control Technolo-gies, Inc., 1988, vol. 10.[23] A. C. Marvin, �Introduction to EMC phenomena,� in Vehicle Elec-tromagnetic Compatibility, IEE Colloquium on, 1988, pp. 1/1�1/7.[24] C. R. Paul, Introduction to Electromagnetic Compatibility, 2nd ed.USA: John Wiley & Sons, Inc., 2006.[25] T. Williams, EMC for Product Engineers, 4th ed. Oxford, UK:Elsevier Ltd., 2007.[26] K. K. Tse, H. S. H. Chung, S. Y. Huo, and H. C. So, �Analysisand spectral characteristics of a spread-spectrum technique for con-ducted EMI suppression,� IEEE Transactions on Power Electronics,vol. 15, no. 2, pp. 399�410, 2000, 0885-8993.565



BIBLIOGRAPHY[27] E. P. Wiechmann, R. P. Burgos, and D. Boroyevich, �Active front-end converter input �lter minimization using sequential samplingspace vector modulation for multi-motor drives,� in IEEE IndustryApplications Conference, vol. 3, 2001, pp. 1687�1694 vol.3.[28] M. Rahkala, T. Suntio, and K. Kalliomaki, �E�ects of switching fre-quency modulation on EMI performance of a converter using spreadspectrum approach,� in IEEE Applied Power Electronics Conferenceand Exposition, vol. 1, 2002, pp. 93�99 vol.1.[29] A. M. Trzynadlowski, �Active attenuation of electromagnetic noisein an inverter-fed automotive electric drive system,� IEEE Trans-actions on Power Electronics, vol. 21, no. 3, pp. 693�700, 2006,0885-8993.[30] M. Cirrincione, M. Pucci, G. Vitale, and G. Cirrincione, �A newdirect torque control strategy for the minimization of common-modeemissions,� IEEE Transactions on Industry Applications, vol. 42,no. 2, pp. 504�517, 2006, 0093-9994.[31] A. Videt, P. Le Moigne, N. Idir, P. Baudesson, and J. Ecrabey, �Anew carrier-based PWM for the reduction of common mode currentsapplied to neutral-point-clamped inverters,� in IEEE Applied PowerElectronics Conference, 2007, pp. 1224�1230.[32] Y. Tang, H. Zhu, B. Song, J. S. Lai, and C. Chen, �EMI experimen-tal comparison of PWM inverters between hard- and soft-switchingtechniques,� in Power Electronics in Transportation, 1998, pp. 71�77.[33] H. Chung, S. Y. R. Hui, and K. K. Tse, �Reduction of power con-verter EMI emission using soft-switching technique,� IEEE Transac-tions on Electromagnetic Compatibility, vol. 40, no. 3, pp. 282�287,1998, 0018-9375.[34] M. van der Berg and J. A. Ferreira, �A family of low EMI unitypower factor converters,� IEEE Transactions on Power Electronics,vol. 13, no. 3, pp. 547�555, 1998, 0885-8993.[35] S. R. Holm, J. A. Ferreira, and P. R. Willcock, �Soft switching tech-nique for lowering conducted EMI on a three phase boost converter,�566



BIBLIOGRAPHYin IEEE Power Electronics Specialists Conference, vol. 1, 1998, pp.865�870 vol.1.[36] H. Zhu, J.-S. Lai, J. Hefner, A. R., T. Yuqing, and C. Chen,�Modeling-based examination of conducted EMI emissions fromhard- and soft-switching PWM inverters,� IEEE Transactions onIndustry Applications, vol. 37, no. 5, pp. 1383�1393, 2001, 0093-9994.[37] M. Kuisma, �Variable frequency switching in power supply EMI-control: an overview,� IEEE Aerospace and Electronic Systems Mag-azine, vol. 18, no. 12, pp. 18�22, 2003, 0885-8985.[38] R. W. Ashton and J. G. Ciezki, �E�ciency and EMI comparisonsbetween prototyped 8 kW hard and soft switched buck choppers,� inIEEE Applied Power Electronics Conference and Exposition, vol. 3,2005, pp. 1566�1571 Vol. 3.[39] M. J. Nave, Power Line Filter Design for Switched-Mode PowerSupplies. New York (NY), USA: Van Nostrand Reinhold, 1991.[40] S. Ye, W. Eberle, and Y.-F. Liu, �A novel EMI �lter design methodfor switching power supplies,� IEEE Transactions on Power Elec-tronics, vol. 19, no. 6, pp. 1668�1678, 2004, 0885-8993.[41] S. Qu and D. Chen, �Mixed-mode EMI noise and its implications to�lter design in o�ine switching power supplies,� IEEE Transactionson Power Electronics, vol. 17, no. 4, pp. 502�507, 2002, 0885-8993.[42] S. Y. Erich and W. M. Polivka, �Input �lter design for current-programmed regulators,� in Applied Power Electronics Conferenceand Exposition, 1990, pp. 781�791.[43] N. R. Zargari, G. Joos, and P. D. Ziogas, �Input �lter design forPWM current-source recti�ers,� IEEE Transactions on IndustryApplications, vol. 30, no. 6, p. 1573, 1994, 0093-9994.[44] W. Shen, F. Wang, D. Boroyevich, and Y. Liu, �De�nition and ac-quisition of CM and DM EMI noise for general-purpose adjustablespeed motor drives,� in IEEE Power Electronics Specialists Confer-ence, vol. 2, 2004, pp. 1028�1033 Vol.2.567



BIBLIOGRAPHY[45] Z. Qian, X. Wu, Z. Lu, and M. H. Pong, �Status of electromagneticcompatibility research in power electronics,� in International PowerElectronics and Motion Control Conference, vol. 1, 2000, pp. 46�57vol.1.[46] V. Vlatkovic, D. Borojevic, and F. C. Lee, �Input �lter designfor power factor correction circuits,� IEEE Transactions on PowerElectronics, vol. 11, no. 1, pp. 199�205, 1996, 0885-8993.[47] IEEE, IEEE Std. 519 - Recommended Practices and Requirementsfor Harmonics Control in Electric Power Systems, Issuing Organi-sation Std., 1992.[48] IEC, Electromagnetic Compatibility (EMC) � Part 3: Limits � Sec-tion 2: Limitis for Harmonic Current Emissions (Equipment InputCurrent < 16 A per Phase), Issuing Organisation Std. IEC 61 000-3-2, 1995.[49] G. Gong, M. L. Heldwein, U. Drofenik, J. Minibock, K. Mino, andJ. W. Kolar, �Comparative evaluation of three-phase high-power-factor ac-dc converter concepts for application in future more elec-tric aircraft,� IEEE Transactions on Industrial Electronics, vol. 52,no. 3, pp. 727�737, 2005, 0278-0046.[50] P. W. Wheeler, J. Rodriguez, J. C. Clare, L. Empringham, andA. Weinstein, �Matrix converters: a technology review,� IEEETransactions on Industrial Electronics, vol. 49, no. 2, pp. 276�288,2002, 0278-0046.[51] J. W. Kolar and H. Ertl, �Status of the techniques of three-phaserecti�er systems with low e�ects on the mains,� in IEEE Interna-tional Telecommunications Energy Conference, 1999, p. 16 pp.[52] B. Singh, B. N. Singh, A. Chandra, K. Al-Haddad, A. Pandey,and D. P. Kothari, �A review of three-phase improved power qual-ity ac-dc converters,� IEEE Transactions on Industrial Electronics,vol. 51, no. 3, pp. 641�660, 2004, 0278-0046.[53] L. A. Saunders, G. L. Skibinski, S. T. Evon, and D. L. Kempkes,�Riding the re�ected wave - IGBT drive technology demands newmotor and cable considerations,� in IEEE Petroleum and ChemicalIndustry Conference, 1996, pp. 75�84.568



BIBLIOGRAPHY[54] E. Zhong and T. A. Lipo, �Improvements in EMC performance ofinverter-fed motor drives,� IEEE Transactions on Industry Appli-cations, vol. 31, no. 6, pp. 1247�1256, 1995, 0093-9994.[55] N. Hanigovszki, J. Landkildehus, G. Spiazzi, and F. Blaabjerg, �AnEMC evaluation of the use of unshielded motor cables in ac ad-justable speed drive applications,� IEEE Transactions on PowerElectronics, vol. 21, no. 1, pp. 273�281, 2006, 0885-8993.[56] T. C. Y. Wang, R. Zhang, J. Sabate, and M. Schutten, �Compre-hensive analysis of common mode EMI for three-phase ups system,�in International Power Electronics and Motion Control Conference,vol. 3, 2004, pp. 1495�1499 Vol.3.[57] J. M. Bentley and P. J. Link, �Evaluation of motor power cables forPWM ac drives,� Transactions on Industry Applications, vol. 33,no. 2, pp. 342�358, 1997, 0093-9994.[58] E. J. Bulington, S. Abney, and G. L. Skibinski, �Cable alternativesfor PWM ac drive applications,� in IAS Petroleum and ChemicalIndustry Conference, 1999, pp. 247�259.[59] S. A. Pignari and A. Orlandi, �Long-cable e�ects on conducted emis-sions levels,� IEEE Transactions on Electromagnetic Compatibility,vol. 45, no. 1, pp. 43�54, 2003, 0018-9375.[60] G. Grandi, D. Casadei, and U. Reggiani, �Equivalent circuit of mushwound ac windings for high frequency analysis,� in IEEE Interna-tional Symposium on Industrial Electronics, vol. 1, 1997, pp. SS201�SS206 vol.1.[61] J. Ahola, T. Lindh, and J. Partanen, �Simulation model for inputimpedance of low voltage electric motor at frequency band 10 kHz-30 mhz,� in IEEE International Electric Machines and Drives Con-ference, vol. 2, 2003, pp. 1127�1132 vol.2.[62] D. Schlegel, G. Wrate, R. Kerkman, and G. Skibinski, �Resonanttank motor model for voltage re�ection simulations with PWMdrives,� in International Conference Electric Machines and Drives,1999, pp. 463�465. 569



BIBLIOGRAPHY[63] G. Oriti and A. L. Julian, �Application of the transmission line the-ory to the frequency domain analysis of the motor voltage stresscaused by PWM inverters,� in IEEE Industry Applications Confer-ence, vol. 3, 2004, pp. 1996�2002 vol.3.[64] L. Ran, S. Gokani, J. Clare, K. J. Bradley, and C. Christopoulos,�Conducted electromagnetic emissions in induction motor drive sys-tems, part I: Time domain analysis and identi�cation of dominantmodes,� IEEE Transactions on Power Electronics, vol. 13, no. 4,pp. 757�767, 1998, 0885-8993.[65] ��, �Conducted electromagnetic emissions in induction motordrive systems, part II: Frequency domain models,� IEEE Trans-actions on Power Electronics, vol. 13, no. 4, pp. 768�776, 1998,0885-8993.[66] G. Grandi, D. Casadei, and A. Massarini, �High frequency lumpedparameter model for ac motor windings,� in European Power Elec-tronics Conference, vol. 2, 1997, pp. 578�583.[67] A. F. Moreira, T. A. Lipo, G. Venkataramanan, and S. Bernet,�High-frequency modeling for cable and induction motor overvolt-age studies in long cable drives,� IEEE Transactions on IndustryApplications, vol. 38, no. 5, pp. 1297�1306, 2002, 0093-9994.[68] L. Arnedo and K. Venkatesan, �High frequency modeling of in-duction motor drives for EMI and overvoltage mitigation studies,�in IEEE International Electric Machines and Drives Conference,vol. 1, 2003, pp. 468�474 vol.1.[69] M. Schinkel, S. Weber, S. Guttowski, W. John, and H. Reichl, �Ef-�cient HF modeling and model parameterization of induction ma-chines for time and frequency domain simulations,� in IEEE AppliedPower Electronics Conference and Exposition, 2006, p. 6 pp.[70] A. Boglietti, A. Cavagnino, and M. Lazzari, �Experimental high-frequency parameter identi�cation of ac electrical motors,� IEEETransactions on Industry Applications, vol. 43, no. 1, pp. 23�29,2007, 0093-9994. 570



BIBLIOGRAPHY[71] P. Maki-Ontto, H. Kinnunen, and J. Luomi, �Three-phase model forthe circuit simulation of common-mode phenomena and shaft volt-ages in ac motor drive systems,� in IEEE International Conferenceon Electric Machines and Drives, 2005, pp. 437�443.[72] I. A. Metwally, �Simulation of the impulse response of electricalmachines,� IEEE Transaction on Energy Conversion, vol. 14, no. 4,pp. 861�867, 1999, 0885-8969.[73] R. P. Burgos, E. P. Wiechmann, and D. Boroyevich, �Operation ofa PWM voltage source recti�er with reduced-size input �lter,� inIEEE Industry Applications Conference, vol. 1, 2001, pp. 323�330vol.1.[74] S. Chandrasekaran, D. Borojevic, and D. K. Lindner, �Input �lterinteraction in three phase ac-dc converters,� in IEEE Power Elec-tronics Specialists Conference, vol. 2, 1999, pp. 987�992 vol.2.[75] T. Grossen, E. Menzel, and J. H. R. Enslin, �Three-phase buckactive recti�er with power factor correction and low EMI,� IEEProceedings on Electric Power Applications, vol. 146, no. 6, pp. 591�596, 1999, 1350-2352.[76] D. Casadei, G. Serra, A. Tani, and L. Zarri, �Stability analysis ofelectrical drives fed by matrix converters,� in IEEE InternationalSymposium on Industrial Electronics, vol. 4, 2002, pp. 1108�1113vol.4.[77] J. W. Kolar and F. C. Zach, �A novel three-phase utility interfaceminimizing line current harmonics of high-power telecommunica-tions recti�er modules,� IEEE Transactions on Industrial Electron-ics, vol. 44, no. 4, pp. 456�467, 1997, 0278-0046.[78] Y. Zhao, Y. Li, and T. A. Lipo, �Force commutated three-level boosttype recti�er,� in IEEE Industry Applications Society Annual Meet-ing, 1993, pp. 771�777 vol.2.[79] N. Backman and R. Rojas, �Modern circuit topology enablescompact power factor corrected three-phase recti�er module,� inTelecommunications Energy Conference, 2002. INTELEC. 24th An-nual International, 2002, pp. 107�114.571



BIBLIOGRAPHY[80] R. Itoh, �Steady-state and transient characteristics of a single-waystep-down PWM gto voltage-source convertor with sinusoidal sup-ply currents,� IET Proceedings - Electric Power Applications, vol.136, no. 4, pp. 168�174, 1989, 0143-7038.[81] B. W. Williams, M. Mirkazemi-Moud, D. Tooth, and S. J. Finney,�A three-phase ac to dc converter with controllable displacementfactor,� in IEEE Power Electronics Specialists Conference, vol. 2,1995, pp. 996�1000 vol.2.[82] M. Baumann, U. Drofenik, and J. W. Kolar, �New wide input volt-age range three-phase unity power factor recti�er formed by inte-gration of a three-switch buck-derived front-end and a dc/dc boostconverter output stage,� in International Telecommunications En-ergy Conference, 2000, pp. 461�470.[83] YASKAWA, �Yaskawa's variable speed ac motor control � �rst com-ercially available matrix converter drive,� Yaskawa Technical Re-view, vol. 64, no. 2, 2003.[84] K. Iimori, K. Shinohara, O. Tarumi, Z. Fu, and M. Muroya, �Newcurrent-controlled PWM recti�er-voltage source inverter withoutdc link components,� in Power Conversion Conference, Nagaoka,Japan, 1997, pp. 783�786.[85] L. Wei and T. A. Lipo, �A novel matrix converter topology withsimple commutation,� in Industry Applications Conference, vol. 3,2001, pp. 1749�1754 vol.3.[86] P. Zwimpfer and H. Stemmler, �Modulation and realization of anovel two-stage matrix converter,� in Brazilian Power ElectronicsConference, Florianopolis, Brazil, 2001.[87] J.-I. Itoh, I. Sato, A. Odaka, H. Ohguchi, H. Kodachi, andN. Eguchi, �A novel approach to practical matrix converter motordrive system with reverse blocking IGBT,� IEEE Transactions onPower Electronics, vol. 20, no. 6, pp. 1356�1363, 2005, 0885-8993.[88] J. W. Kolar, F. Schafmeister, S. D. Round, and H. Ertl, �Novelthree-phase ac-ac sparse matrix converters,� IEEE Transactions onPower Electronics, vol. 22, no. 5, pp. 1649�1661, 2007, 0885-8993.572



BIBLIOGRAPHY[89] T. Friedli, M. L. Heldwein, F. Giezendanner, and J. W. Kolar, �Ahigh e�ciency indirect matrix converter utilizing RB-IGBTs,� inIEEE Power Electronics Specialists Conference, 2006, pp. 1�7.[90] IEC, Electrical installations of buildings - Part 4-41:2001 Protectionfor safety - Protection against electric shock. Geneva, Switzerland:International Electrotechnical Commission - IEC, 2001.[91] ��, Safety of Information Technology Equipment - IEC 60950.Brussels, Belgium: International Electrotechnical Commission -IEC, 1999.[92] T. Williams, �Conducted interference,� in Review of EMC DesginRules: a Brief Tour of Some of the Major Issues, K. Armstrong,Ed. IEE, 1999, pp. 3/1�3/5.[93] BSI, World Electricity Supplies. UK: BSI, 1993.[94] A. Wright and C. Christopoulos, Electrical Power System Protec-tion, 1st ed. London (UK): Chapman & Hal, 1993.[95] G. Stokes, Handbook of Electrical Installation Practice, 4th ed. Ox-ford (UK): Blackwell Science Ltd., 2003.[96] G. B. Rauch, G. Johnson, and P. Johnson, �A comparison of in-ternational residential grounding practices and associated magnetic�elds,� IEEE Transactions on Power Delivery, vol. 7, no. 2, p. 6,1992.[97] B. Lacroix and R. Calva. (1995) Earthing systems worldwideand evolutions. URL: http://www.schneider-electric.com/cahier_technique/en/pdf/ect173.pdf.[98] G. Parise, �A summary on the IEC protection against electricshock,� in Thirty-Second IAS Annual Meeting, IAS '97, vol. 3, 1997,pp. 2230�2239 vol.3.[99] M. Mardiguian, Grounding and Bonding, 1st ed., ser. A Hand-book Series on Electromagnetic Interference and Compatibility.Gainesville (VA), USA: Interference Control Technologies, Inc.,1988, vol. 2. 573

http://www.schneider-electric.com/cahier_technique/en/pdf/ect173.pdf
http://www.schneider-electric.com/cahier_technique/en/pdf/ect173.pdf


BIBLIOGRAPHY[100] IEC, Elelectrical Installations and Protection Aginst Electric Shock.Geneva, Siwtzerland: International Electrotechnical Commission -IEC, 2005.[101] JIS, Residential Current Operated Circuit Braker - JIS C 8371-1992. Japan: Japanese Industrial Standard - JIS, 1992.[102] JEA, Technical Standards for Electrical Facilities of Japan, JapanElectric Association - JEA Std., 1981.[103] M. N. Yazar, �Civilian EMC standards and regulations,� Transac-tions on Electromagnetic Compatibility, vol. 21, no. 1, pp. 2�8, 1979,0018-9375.[104] CISPR, C.I.S.P.R. Speci�cation for Radio Interference MeasuringApparatus and Measurement Methods - Publication 16, IEC Inter-national Special Committee on Radio Interference - C.I.S.P.R. Std.,1977.[105] ��, Speci�cation for Industrial, scienti�c and medical (ISM)radio-frequency equipment - Electromagnetic disturbance character-istics - Limits and methods of measurement - Publication 11, IECInternational Special Committee on Radio Interference - C.I.S.P.R.Std., 2004.[106] ��, Speci�cation for Information technology equipment - Radiodisturbance characteristics - Limits and Methods of Measurement- Publication 22, IEC International Special Committee on RadioInterference - C.I.S.P.R. Std., 1993.[107] D. Bjoerkloef and R. W. Gubisch. (1999) �update on theeuropean union's EMC directive�. URL: http://www.ce-mag.com/99ARG/GubishBjroklof73.html.[108] F. C. C. FCC, 47 CFR Part 15 - Radio Frequency Devices. USA:Federal Communications Comission - FCC, 2007.[109] D. N. Heirman, �The usa emission and immunity EMC speci�ca-tions,� in International Symposium on Electromagnetic Compatibil-ity, 1996, pp. 12�17. 574



BIBLIOGRAPHY[110] IEC, Adjustable speed electrical power drive systems - Part 3: EMCproduct standard including speci�c test methods - IEC 61800-3.Geneva, Switzerland: International Electrotechnical Commission -IEC, 1996.[111] Rohde-Schwarz. (2006) R and S ESU EMI test receiver. URL:http://www2.rohde-schwarz.com/product/ESU.html.[112] M. Heldwein, T. Nussbaumer, and J. Kolar, �Di�erential mode EMCinput �lter design for three-phase ac-dc-ac sparse matrix PWM con-verters,� in IEEE Power Electronics Specialists Conference, Aachen,Germany, 2004, pp. CD�ROM.[113] E. L. Bronaugh. (2006) The quasi-peak detector. URL:http://www.ieee.org/organizations/pubs/newsletters/emcs/summer01/pp.bronaugh.htm.[114] M. Albach, �Conducted interference voltage of ac-dc converters,�in IEEE Power Electronics Specialists Conference, Vancouver,Canada, 1986, pp. 203�212.[115] P. Silventoinen, �Electromagnetic compatibility and EMC-measurements in dc-voltage link converters,� Ph.D. thesis,Lappeenranta University of Technology, 2001.[116] H. Funato, M. Bandou, and K. Kamiyama, �Analysis model of leak-age current in a long shield power cable in inverter-fed ac drives,�Electrical Engineering in Japan, vol. 140, no. 2, pp. 65�72, 2002.[117] C. D. Mercier and D. A. Cooper, �Selection of power cables forPWM ac adjustable-speed drives,� in IEEE Textile, Fiber and FilmIndustry Technical Conference, 1999, pp. 1�7.[118] E. J. Bartolucci and B. H. Finke, �Cable design for PWM variable-speed ac drives,� IEEE Transactions on Industry Applications,vol. 37, no. 2, pp. 415�422, 2001, 0093-9994.[119] L. Zhou and S. A. Boggs, �High frequency attenuating cable forprotection of low-voltage ac motors fed by PWM inverters,� PowerDelivery, IEEE Transactions on, vol. 20, no. 2, pp. 548�553, 2005,0885-8977. 575



BIBLIOGRAPHY[120] B. Bolsens, K. De Brabandere, J. Van den Keybus, J. Driesen, andR. Belmans, �Transmission line e�ects on motor feed cables: termi-nator design and analysis in the laplace-domain,� in IEEE ElectricMachines and Drives Conference, vol. 3, 2003, pp. 1866�1872 vol.3.[121] G. Skibinski, �Design methodology of a cable terminator to reducere�ected voltage on ac motors,� in IEEE Industry Applications Con-ference, vol. 1, 1996, pp. 153�161 vol.1.[122] General Electric Review, pp. 9�13, Jun. 1944 1944.[123] T. G. Wilson, �The evolution of power electronics,� in IEEE In-ternational Symposium on Industrial Electronics, vol. 1, 1992, pp.1�9.[124] R. G. Hoft, �Power electronics: historical review, present status andfuture prospects,� in International Power Electronics Conference(IPEC), Tokyo, 1983, pp. 6�18.[125] M. Yano, S. Abe, and E. Ohno, �Historical review of power electron-ics for motor drives in japan,� in International Power ElectronicsConference, 2005, pp. 81�89.[126] S. Ogasawara and H. Akagi, �Modeling and damping of high-frequency leakage currents in PWM inverter-fed ac motor drive sys-tems,� IEEE Transactions on Industry Applications, vol. 32, no. 5,pp. 1105�1114, 1996, 0093-9994.[127] S. P. Weber, E. Hoene, S. Guttowski, W. John, and H. Reichl,�Modeling induction machines for EMC-analysis,� in IEEE PowerElectronics Specialists Conference, vol. 1, 2004, pp. 94�98 Vol.1.[128] A. Boglietti and E. Carpaneto, �An accurate induction motor high-frequency model for electromagnetic compatibility analysis,� Elec-tric Power Components and Systems, vol. 29, no. 3, pp. 191�209,2001.[129] H.-K. Yun, Y.-C. Kim, C.-Y. Won, Y.-R. Kim, Y.-S. Kim, and S.-W. Choi, �A study on inverter and motor winding for conductedEMI prediction,� in IEEE International Symposium on IndustrialElectronics, vol. 2, 2001, pp. 752�758 vol.2.576



BIBLIOGRAPHY[130] T. Nussbaumer, M. L. Heldwein, and J. W. Kolar, �Di�erentialmode EMC input �lter design for a three-phase buck-type unitypower factor PWM recti�er,� in International Power Electronicsand Motion Control Conference, vol. 3, 2004, pp. 1521�1526 Vol.3.[131] P. Karutz, S. D. Round, M. L. Heldwein, and J. W. Kolar, �Ultracompact three-phase PWM recti�er,� in Applied Power ElectronicsConference, 2007, pp. 816�822.[132] U. Drofenik, �Optimierung und experimentelle Analyse des station-aeren Betriebsverhaltens eines Vienna Recti�er I,� Ph.D. thesis (inGerman), Technische Universitaet Wien, 1998.[133] D. J. Tooth, S. J. Finney, and B. Williams, �Fourier theory ofjumps applied to converter harmonic analysis,� IEEE Transactionson Aerospace and Electronic Systems, vol. 37, no. 1, pp. 109�122,2001, 0018-9251.[134] Q. Liu, W. Shen, F. Wang, D. Boroyevich, V. Stefanovic, andM. Arpilliere, �Experimental evaluation of IGBTs for characteriz-ing and modeling conducted EMI emission in PWM inverters,� inPower Electronics Specialist Conference, vol. 4, 2003, pp. 1951�1956vol.4.[135] D. Florean and G. Spiazzi, �Common mode �lter project by meansof internal impedance measurements,� in IEEE International Sym-posium on Electromagnetic Compatibility, vol. 2, 2000, pp. 541�545vol.2.[136] J. Meng, W. Ma, Q. Pan, Z. Zhao, and L. Zhang, �Noise sourcelumped circuit modeling and identi�cation for power converters,�IEEE Transactions on Industrial Electronics, vol. 53, no. 6, pp.1853�1861, 2006, 0278-0046.[137] M. Jin and M. Weiming, �Power converter EMI analysis includingIGBT nonlinear switching transient model,� IEEE Transactions onIndustrial Electronics, vol. 53, no. 5, pp. 1577�1583, 2006, 0278-0046.[138] L. Malesani and P. Tenti, �Three-phase ac/dc PWM converter withsinusoidal ac currents and minimum �lter requirements,� IEEE577



BIBLIOGRAPHYTransactions on Industry Applications, vol. 23, no. 1, pp. 71�77,1987.[139] V. F. Pires and J. F. Silva, �Three-phase single-stage four-switchPFC buck-boost-type recti�er,� IEEE Transactions on IndustrialElectronics, vol. 52, no. 2, pp. 444�453, 2005, 0278-0046.[140] T. Nussbaumer, M. L. Heldwein, G. Gong, S. D. Round, and J. W.Kolar, �Comparison of prediction techniques to compensate timedelays caused by digital control of a three-phase buck-type PWMrecti�er system,� Accepted for publication in the IEEE Transactionson Industrial Electronics.[141] T. Nussbaumer, M. L. Heldwein, and J. W. Kolar, �Di�erentialmode input �lter design for a three-phase buck-type PWM recti-�er based on modeling of the EMC test receiver,� IEEE Transac-tions on Industrial Electronics, vol. 53, no. 5, pp. 1649�1661, 2006,0278-0046.[142] M. Baumann and J. W. Kolar, �Parallel connection of two three-phase three-switch buck-type unity-power-factor recti�er systemswith dc-link current balancing,� IEEE Transactions on IndustrialElectronics, vol. 54, no. 6, pp. 3042�3053, 2007, 0278-0046.[143] ��, �A novel control concept for reliable operation of a three-phase three-switch buck-type unity power factor recti�er with inte-grated boost output stage under heavily unbalanced mains condi-tion,� IEEE Transactions on Industrial Electronics, vol. 52, no. 2,pp. 399�409, 2005.[144] A. Musing, M. L. Heldwein, T. Friedli, and J. W. Kolar, �Stepstowards prediction of conducted emission levels of an RB-IGBTindirect matrix converter,� in Power Conversion Conference, 2007,pp. 1181�1188.[145] R. Pasterczyk, C. Martin, and J. L. Schanen, �Semiconductors andpower layout: new challenges for the optimization of high powerconverter,� in Power Electronics Specialist Conference, vol. 1, 2003,pp. 101�106 vol.1.[146] L. Yang, F. C. Lee, and W. G. Odendaal, �Measurement-based char-acterization method for integrated power electronics modules,� in578



BIBLIOGRAPHYApplied Power Electronics Conference and Exposition, vol. 1, 2003,pp. 490�496 vol.1.[147] P. Musznicki, J. L. Schanen, B. Allard, and P. J. Chrzan, �Accuratemodeling of layout parasitic to forecast EMI emitted from a dc-dcconverter,� in Power Electronics Specialists Conference, vol. 1, 2004,pp. 278�283 Vol.1.[148] F. Jun, J. L. Drewniak, S. Hao, and J. L. Knighten, �dc power-bus modeling and design with a mixed-potential integral-equationformulation and circuit extraction,� IEEE Transactions on Electro-magnetic Compatibility, vol. 43, no. 4, pp. 426�436, 2001, 0018-9375.[149] W. H. Kao, L. Chi-Yuan, M. Basel, and R. Singh, �Parasitic extrac-tion: current state of the art and future trends,� Proceedings of theIEEE, vol. 89, no. 5, pp. 729�739, 2001, 0018-9219.[150] M. L. Heldwein, T. Nussbaumer, F. Beck, and J. W. Kolar, �Novelthree-phase CM/DM conducted emissions separator,� in IEEE Ap-plied Power Electronics Conference and Exposition, vol. 2, 2005, pp.797�802.[151] J. L. Tichenor, S. D. Sudho�, and J. L. Drewniak, �Behavioral IGBTmodeling for predicting high frequency e�ects in motor drives,�IEEE Transactions on Power Electronics, vol. 15, no. 2, pp. 354�360, 2000, 0885-8993.[152] J. Ekman, �Electromagnetic modeling using the partial equivalentcircuit method,� Ph.D. thesis, Lulea University of Technology, 2003.[153] A. E. Ruehli, �Equivalent circuit models for three-dimensional mul-ticonductor systems,� IEEE Transactions on Microwave Theory andTechniques, vol. 22, no. 3, pp. 216�221, 1974, 0018-9480.[154] A. Ruehli and E. Chiprout, �The importance of retardation in peecmodels for electrical interconnect and package (eip) applications,� inElectrical Performance of Electronic Packaging, 1995, pp. 232�234.[155] S. Wang, F. C. Lee, D. Y. Chen, and W. G. Odendaal, �E�ectsof parasitic parameters on EMI �lter performance,� IEEE Trans-actions on Power Electronics, vol. 19, no. 3, pp. 869�877, 2004,0885-8993. 579



BIBLIOGRAPHY[156] W. J. Sarjeant, �Capacitors,� IEEE Transactions on Electrical In-sulation, vol. 25, no. 5, 1990.[157] W. J. Sarjeant, J. Zirnheld, and F. W. MacDougall, �Capacitors,�IEEE Transactions on Plasma Science, vol. 26, no. 5, pp. 1368�1392, 1998.[158] Harmonized System of Quality Assessment for Electronic Compo-nents, Issuing Organisation Std. EN 123 400, 1992.[159] Evox-Rifa, �RFI capacitors for the ac line (X and Y capacitors),�22.08.2007 2007.[160] Murata, �Chip monolithic ceramic capacitors,� 22.08.2007 2007.[161] W. H. Hayt, Engineering Electromagnetics, 7th ed. New York:McGraw Hill, 2006.[162] Micrometals, Micrometals Catalog CD-ROM. Micrometals Inc.,2005.[163] Magnetics, Powder Cores � Molypermalloy, High Flux, Kool Mu �2005/2006 Catalog. Magnetics Inc., 2005.[164] M. Bartoli, A. Reatti, and M. K. Kazimierczuk, �Modelling iron-powder inductors at high frequencies,� in IEEE Industry Applica-tions Society Annual Meeting, 1994, pp. 1225�1232 vol.2.[165] P. L. Dowell, �E�ects of eddy current in transformer windings,�Proceedings of the IEE, vol. 113, no. 8, pp. 1287�1394, 1966.[166] A. Massarini, M. K. Kazimierczuk, and G. Grandi, �Lumped pa-rameter models for single- and multiple-layer inductors,� in IEEEPower Electronics Specialists Conference, vol. 1, 1996, pp. 295�301.[167] S. Wang, F. C. Lee, and W. G. Odendaal, �Controlling the parasiticparameters to improve EMI �lter performance,� in IEEE AppliedPower Electronics Conference and Exposition, vol. 1, 2004, pp. 503�509 Vol.1.[168] R. Chen, J. D. van Wyk, S. Wang, and W. G. Odendaal, �Improvingthe characteristics of integrated EMI �lters by embedded conductivelayers,� IEEE Transactions on Power Electronics, vol. 20, no. 3, pp.611�619, 2005, 0885-8993. 580



BIBLIOGRAPHY[169] A. Massarini and M. K. Kazimierczuk, �Self-capacitance of induc-tors,� IEEE Transactions on Power Electronics, vol. 12, no. 4, pp.671�676, 1997, 0885-8993.[170] M. Bartoli, A. Reatti, and M. K. Kazimierczuk, �Minimum copperand core losses power inductor design,� in IEEE Industry Applica-tions Conference, vol. 3, 1996, pp. 1369�1376 vol.3.[171] L. M. Escribano, P. Zumel, R. Prieto, J. A. Oliver, and J. A. Cobos,�A very simple analytical approach of thermal modeling for mag-netic components,� in IEEE Applied Power Electronics Conferenceand Exposition, vol. 3, 2005, pp. 1944�1950 Vol. 3.[172] Vacuumschmelze, Vitroperm 500 F - Vitrovac 6030 F - Tapewound cores in power transformers for switch mode power supplies.Hanau: Vacuumschmelze (Vac) GmbH and Co., 2003.[173] ��, Nanocrystalline Vitroperm EMC components. Hanau: Vac-uumschmelze (Vac) GmbH and Co., 2004.[174] F. E. King, �Baluns as EMC control devices,� in IEEE InternationalSymposium on Electromagnetic Compatibility. Anaheim (CA),USA: IEEE EMC Society, 1970, pp. 53�60.[175] T. H. Herring, �The common mode choke,� in IEEE InternationalSymposium on Electromagnetic Compatibility. Anaheim (CA),USA: IEEE EMC Society, 1970, pp. 45�52.[176] R. D. Rothenberger, C. Rapids, and J. Krauser, �Common modechoke for plural groups of memory array drive-return line pairs,�Patent U.S. 3 482 227, 1969.[177] D. R. Bush, �The common-core �lter as an electromagneticinterference-supression device,� IBM Journal of Research and De-velopment, vol. 15, no. 3, pp. 242�244, 1971.[178] M. J. Nave, �On modeling the common mode inductor,� in IEEE1991 International Symposium on Electromagnetic Compatibility,1991, pp. 452�457.[179] EPCOS, Ferrites and accessories - Materias. EPCOS AG, 2006.581



BIBLIOGRAPHY[180] Metglas,MAGNAPERM � High Permeability Toroidal Cores. Met-glas, Inc., 2003.[181] T. C. Neugebauer, J. W. Phinney, and D. J. Perreault, �Filters andcomponents with inductance cancellation,� IEEE Transactions onIndustry Applications, vol. 40, no. 2, pp. 483�491, 2004, 0093-9994.[182] T. C. Neugebauer and D. J. Perreault, �Filters with inductance can-cellation using printed circuit board transformers,� IEEE Transac-tions on Power Electronics, vol. 19, no. 3, pp. 591�602, 2004, 0885-8993.[183] S. Wang, R. Chen, J. D. Van Wyk, F. C. Lee, and W. G. Odendaal,�Developing parasitic cancellation technologies to improve EMI �l-ter performance for switching mode power supplies,� IEEE Transac-tions on Electromagnetic Compatibility, vol. 47, no. 4, pp. 921�929,2005, 0018-9375.[184] S. Wang, F. C. Lee, and J. D. van Wyk, �Design of inductor windingcapacitance cancellation for EMI suppression,� IEEE Transactionson Power Electronics, vol. 21, no. 6, pp. 1825�1832, 2006, 0885-8993.[185] T. C. Neugebauer and D. J. Perreault, �Parasitic capacitance cancel-lation in �lter inductors,� IEEE Transactions on Power Electronics,vol. 21, no. 1, pp. 282�288, 2006, 0885-8993.[186] R. C. Dorf, The Electrical Engineering Handbook. Boca Raton(FL), USA: CRC Press and IEEE Press, 1992.[187] D. A. Frickey, �Conversions between s, z, y, h, abcd, and t parame-ters which are valid for complex source and load impedances,� IEEETransactions on Microwave Theory and Techniques, vol. 42, no. 2,pp. 205�211, 1994, 0018-9480.[188] B. J. Pierquet, T. C. Neugebauer, and D. J. Perreault, �Inductancecompensation of multiple capacitors with application to common-and di�erential-mode �lters,� in Power Electronics Specialists Con-ference, 2006, pp. 1�10.[189] ��, �A fabrication method for integrated �lter elements with in-ductance cancellation,� in IEEE Applied Power Electronics Confer-ence, 2007, pp. 51�62. 582



BIBLIOGRAPHY[190] M. Chenggang, J. C. Balda, W. P. Waite, and K. Carr, �Analyzingcommon-mode chokes for induction motor drives,� in IEEE 33rdAnnual Power Electronics Specialists Conference, vol. 3, 2002, pp.1557�1562.[191] L. Dehong and J. Xanguo, �High frequency model of common modeinductor for EMI analysis based on measurements,� in InternationalSymposium on Electromagnetic Compatibility, 2002, pp. 462�465.[192] R. Chen and J. D. van Wyk, �Planar inductor with structural wind-ing capacitance cancellation for PFC boost converters,� in IEEEApplied Power Electronics Conference and Exposition, vol. 2, 2005,pp. 1301�1307 Vol. 2.[193] M. Jin, M. Weiming, P. Qijun, K. Jun, Z. Lei, and Z. Zhihua, �Identi-�cation of essential coupling path models for conducted EMI predic-tion in switching power converters,� IEEE Transactions on PowerElectronics, vol. 21, no. 6, pp. 1795�1803, 2006, 0885-8993.[194] S. Wang and F. C. Lee, �Common-mode noise reduction for powerfactor correction circuit with parasitic capacitance cancellation,�IEEE Transactions on Electromagnetic Compatibility, vol. 49, no. 3,pp. 537�542, 2007, 0018-9375.[195] Q. Yu, T. W. Holmes, and K. Naishadham, �RF equivalent cir-cuit modeling of ferrite-core inductors and characterization of corematerials,� IEEE Transactions on Electromagnetic Compatibility,vol. 44, no. 1, pp. 258�262, 2002, 0018-9375.[196] K. B. Hardin and C. R. Paul, �Decomposition of radiating struc-tures using the ideal structure extraction methods (isem),� IEEETransactions on Electromagnetic Compatibility, vol. 35, no. 2, pp.264�273, 1993, 0018-9375.[197] M. J. Nave, �A novel di�erential mode rejection network for con-ducted emissions diagnostics,� in IEEE National Symposium onElectromagnetic Compatibility, 1989, pp. 223�227.[198] G. Ting, D. Y. Chen, and F. C. Lee, �Separation of the common-mode- and di�erential-mode-conducted EMI noise,� IEEE Trans-actions on Power Electronics, vol. 11, no. 3, pp. 480�488, 1996,0885-8993. 583



BIBLIOGRAPHY[199] K. Y. See, �Network for conducted EMI diagnosis,� Electronics Let-ters, vol. 35, no. 17, pp. 1446�1447, 1999, 0013-5194.[200] M. Mardiguian and J. Raimbourg, �An alternate, complementarymethod for characterizing EMI �lters,� in IEEE International Sym-posium on Electromagnetic Compatibility, vol. 2, 1999, pp. 882�886.[201] L. Ran, J. C. Clare, K. J. Bradley, and C. Christopoulos, �Mea-surement of conducted electromagnetic emissions in PWM motordrive systems without the need for an lisn,� IEEE Transactions onElectromagnetic Compatibility, vol. 41, no. 1, pp. 50�55, 1999, 0018-9375.[202] G. Grandi, D. Casadei, and U. Reggiani, �Analysis of common- anddi�erential-mode HF current components in PWM inverter-fed acmotors,� in IEEE Power Electronics Specialists Conference, vol. 2,1998, pp. 1146�1151 vol.2.[203] A. De Bonitatibus, C. De Capua, and C. Landi, �A new method forconducted EMI measurements on three phase systems,� in Instru-mentation and Measurement Technology Conference, 2000. IMTC2000. Proceedings of the 17th IEEE, vol. 1, 2000, pp. 461�464 vol.1.[204] J. Kolar and H. Ertl, �Vorrichtung zur trennung der funkstoerspan-nungen dreiphasiger stromrichtersysteme in eine gleich- und einegegentaktkomponente (in german),� Patent Swiss Patent Applica-tion, 2004.[205] F. Beck and W. L. Klampfer, �Measurements of conducted voltagein the low-frequency range from 2 kHz to 30 mhz for high-currentindustrial applications with regeneration drives,� in International-Symposium on Electromagnetic Compatibility, vol. 1, 2004, pp. 5�10vol.1.[206] J. Sevick, Transmission Line Transformers, 4th ed. Raleigh (NC),USA: Noble Publishing Corp., 2001.[207] E. Rotholz, �Transmission-line transformers,� IEEE Transactionson Microwave Theory and Techniques, vol. 29, no. 4, pp. 327�331,1981, 0018-9480. 584



BIBLIOGRAPHY[208] S. Wang, F. C. Lee, and W. G. Odendaal, �Characterization, evalu-ation, and design of noise separator for conducted EMI noise diag-nosis,� IEEE Transactions on Power Electronics, vol. 20, no. 4, pp.974�982, 2005, 0885-8993.[209] R. W. Erickson and D. Maksimovic, Fundamentals of Power Elec-tronics, 2nd ed. Norwell, Mass., USA: Kluwer Academic, 2001.[210] D. Cochrane, D. Y. Chen, and D. Boroyevic, �Passive cancellationof common-mode noise in power electronic circuits,� IEEE Trans-actions on Power Electronics, vol. 18, no. 3, pp. 756�763, 2003,0885-8993.[211] L. LaWhite and M. F. Schlecht, �Active �lters for 1-mhz power cir-cuits with strict input/output ripple requirements,� IEEE Transac-tions on Power Electronics, vol. 2, pp. 282�290, 1987.[212] S. Ogasawara, H. Ayano, and H. Akagi, �An active circuit for can-cellation of common-mode voltage generated by a PWM inverter,�IEEE Transactions on Power Electronics, vol. 13, no. 5, pp. 835�841, 1998, 0885-8993.[213] M. L. Heldwein, H. Ertl, J. Biela, and J. W. Kolar, �Implementationof a transformer-less common mode active �lter for o�-line convertersystems,� in Twenty-First Annual IEEE Applied Power ElectronicsConference and Exposition., 2006, pp. 1230�1236.[214] J. Dumas, B. Lanoue, and B. Tahhan, �Active analog power �ltersprovide solutions for EMC and EMI,� in IEEE Applied Power Elec-tronics Conference and Exposition, vol. 2, 2004, pp. 675�680.[215] A. Nagel, �Leitungsgebundene Stoerungen in derLeistungselektronik: Entstehung, Ausbreitung und Filterung,�Ph.D. thesis, Rheinisch-Westfaelischen Hochschule Aachen, 2001.[216] T. Bashkow, �A note on ladder network analysis,� IRE Transactionson Circuit Theory, vol. 8, no. 2, pp. 168�169, 1961, 0098-4094.[217] S. Chandrasekaran, S. Ragon, D. K. Lindner, Z. Gurdal, andD. Boroyevich, �Optimization of an aircraft power distribution sub-system,� AIAA Journal of Aircraft, vol. 40, no. 1, pp. 16�26, 2003.585



BIBLIOGRAPHY[218] N. O. Sokal, �System oscillations from negative input resistance atpower input port of switching-mode regulator, ampli�er, dc/dc con-verter, or dc/ac inverter,� in IEEE Power Electronics SpecialistsConference, Pasadena (CA), USA, 1973, pp. 138�140.[219] R. D. Middlebrook, �Input �lter considerations in design and ap-plication of switching regulators,� in IEEE Industry ApplicationsSociety Annual Meeting, Chicago (IL), USA, 1976, pp. 366�382.[220] ��, �Design techniques for preventing input-�lter oscillations inswitched-mode regulators,� in Fifth National Solid State PowerConversion Conference, San Francisco (CA), USA, 1978, pp. 153�168.[221] T. K. Phelps and W. S. Tate, �Optimizing passive input �lter de-sign,� in Sixth National Solid-State Power Conversion Conference,Miami Beach (FL), USA, 1979, pp. G1�1 � G1�10.[222] R. W. Erickson, �Optimal single resistors damping of input �l-ters,� in IEEE Applied Power Electronics Conference and Expo-sition, vol. 2, 1999, pp. 1073�1079 vol.2.[223] R. M. Tedder, �An alternate analysis of the current programmedmodel leads to simpli�ed input �lter design criteria [power con-vertors],� in Applied Power Electronics Conference and Exposition,1992, pp. 756�763.[224] C. R. Kohut, �Input �lter design criteria for switching regulatorsusing current-mode programming,� IEEE Transactions on PowerElectronics, vol. 7, no. 3, pp. 469�479, 1992, 0885-8993.[225] G. F. Franklin, J. D. Powell, and A. Emani-Naemi, Feedback Controlof Dynamic Systems, 4th ed. New Jersey (USA): Prentice Hall,2002.[226] D. Russell and W. Larson, �RF attenuation,� Proceedings of theIEEE, vol. 55, no. 6, pp. 942�959, 1967, 0018-9219.[227] J. Milton and E. Greenwood, �Improving the speci�cations forpower-line �lters,� IEEE Transactions on Electromagnetic Compat-ibility, vol. EMC-10, no. 2, pp. 264�268, 1968, 0018-9375.586



BIBLIOGRAPHY[228] H. M. Schlicke, �Assuredly e�ective �lters,� IEEE Transactions onElectromagnetic Compatibility, vol. EMC-18, no. 3, pp. 106�110,1976, 0018-9375.[229] S. M. Vakil, �MIL-STD-220A versus classical measurement of �lterinsertion loss in a 50-ohm system,� IEEE Transactions on Elec-tromagnetic Compatibility, vol. EMC-25, no. 4, pp. 382�388, 1983,0018-9375.[230] J. R. Regue, M. Ribo, D. Duran, D. Badia, and A. Perez, �Com-mon and di�erential mode characterization of EMI power-line �ltersfrom s-parameters measurements,� in International Symposium onElectromagnetic Compatibility, vol. 2, 2004, pp. 610�615 vol.2.[231] J. W. Kolar, M. Baumann, F. Schafmeister, and H. Ertl, �Novelthree-phase ac-dc-ac sparse matrix converter,� in Seventeenth An-nual IEEE Applied Power Electronics Conference and Exposition,vol. 2, 2002, pp. 777�791 vol.2.[232] W. G. Hurley, E. Gath, and J. G. Breslin, �Optimizing the ac re-sistance of multilayer transformer windings with arbitrary currentwaveforms,� IEEE Transactions on Power Electronics, vol. 15, no. 2,pp. 369�376, 2000, 0885-8993.[233] L. Yang and W. G. H. Odendaal, �Measurement-based method tocharacterize parasitic parameters of the integrated power electronicsmodules,� IEEE Transactions on Power Electronics, vol. 22, no. 1,pp. 54�62, 2007, 0885-8993.[234] J. Z. Chen, L. Yang, D. Boroyevich, and W. G. Odendaal, �Model-ing and measurements of parasitic parameters for integrated powerelectronics modules,� in IEEE Applied Power Electronics Confer-ence and Exposition, vol. 1, 2004, pp. 522�525 Vol.1.[235] M. N. Gitau, �Modeling conducted EMI noise generation and prop-agation in boost converters,� in IEEE International Symposium onIndustrial Electronics, vol. 2, 2000, pp. 353�358 vol.2.[236] N. K. Poon, B. M. H. Pong, C. P. Liu, and C. K. Tse, �Essen-tial coupling path models for non-contact EMI on switching powerconverters using lumped circuit elements,� IEEE Transactions onPower Electronics, vol. 18, no. 2, pp. 686�695, 2003, 0885-8993.587



BIBLIOGRAPHY[237] J. Walker, �Designing practical and e�ective active EMI �lters,� inPowercon 11, vol. I-3, 1984, pp. 1�8.[238] L. LaWhite and M. F. Schlecht, �Design of active ripple �lters forpower circuits operating in the 1-10 mhz range,� IEEE Transactionson Power Electronics, vol. 3, no. 3, pp. 310�317, 1988, 0885-8993.[239] T. Farkas and M. F. Schlecht, �Viability of active EMI �lters for util-ity applications,� IEEE Transactions on Power Electronics, vol. 9,no. 3, pp. 328�337, 1994, 0885-8993.[240] K. Hironobu and F. Katsumi, �Active �lter,� Patent Japan 087 973,2003.[241] Y. C. Son and S. Seung-Ki, �A new active common-mode EMI �l-ter for PWM inverter,� IEEE Transactions on Power Electronics,vol. 18, no. 6, pp. 1309�1314, 2003, 0885-8993.[242] E. V. Larsen and R. Delmerico, �Hybrid active power �lter with pro-grammed impedance characteristics,� Patent U.S. 5 737 198, 1998.[243] B. Pelly, �Active common mode �lter connected in ac line,� PatentU.S. 6 690 230, 2004.[244] S. Ogasawara and H. Akagi, �Circuit con�gurations and per-formance of the active common-noise canceller for reduction ofcommon-mode voltage generated by voltage-source PWM invert-ers,� in Industry Applications Society Annual Meeting, vol. 3, 2000,pp. 1482�1488.[245] A. C. Chow and D. J. Perreault, �Active EMI �lters for automotivemotor drives,� in Power Electronics in Transportation, 2002, pp.127�134.[246] Y. Kanehara, �Noise �lter,� Patent Japan 244 770, 2001.[247] J. Honda, �Active EMI �lter having no inductive current sensingdevice,� Patent International 109 896, 2004.[248] ��, �Active EMI �lter,� Patent International 001 927, 2004.588



BIBLIOGRAPHY[249] D. Y. Lee and B. H. Cho, �Design of an input �lter for power fac-tor correction (PFC) ac to dc converters employing an active ripplecancellation,� in Intersociety Energy Conversion Engineering Con-ference, vol. 1, 1996, pp. 582�586 vol.1.[250] M. Zhu, D. Perreault, V. Caliskan, T. Neugebauer, S. Guttowski,and J. Kassal, �Design and evaluation if an active ripple �lter withrogowski-coil current sensing,� in IEEE Power Electronics Special-ists Conference, vol. 2, 1999, pp. 874�880.[251] B. Pelly, �Active �lter for reduction of common mode current,�Patent U.S. 6 636 107, 2003.[252] J. R. Nicholson and J. A. Malack, �RF impedance of power linesand line impedance stabilization networks in conducted interfer-ences measurement,� IEEE Transactions on Electromagnetic Com-patibility, vol. 15, no. 2, pp. 84�86, 1973.[253] J. P. Rhode, A. W. Kelley, and M. E. Baran, �Line impedance mea-surement: a nondisruptive wideband technique,� in IEEE IndustryApplications Conference, vol. 3, 1995, pp. 2233�2240 vol.3.[254] D. Charnock, �Electromagnetic interference coupling between powercables and sensitive circuits,� IEEE Transactions on Power Deliv-ery, vol. 20, no. 2, pp. 668�673, 2005, 0885-8977.[255] R. Brown, �Capacitance of concentric spheres,� Physics Education,no. 2, 1973.[256] E. Hoene, A. Lissner, S. Weber, S. Guttowski, W. John, and H. Re-ichl, �Simulating electromagnetic interactions in high power densityinverters,� in Power Electronics Specialists Conference, 2005, pp.1665�1670.[257] S. P. Weber, E. Hoene, S. Guttowski, J. John, and H. Reichl, �Pre-dicting parasitics and inductive coupling in EMI-�lters,� in AppliedPower Electronics Conference and Exposition, 2006, p. 4 pp.[258] L. Feng, W. Chen, H. Chen, and Z. Qian, �Study on the conductedEMI due to radiated coupling in smps,� in Applied Power Electron-ics Conference and Exposition, 2006, p. 4 pp.589



BIBLIOGRAPHY[259] S. Basu, �Single phase active power factor correction converters -methods for optimizing EMI, performance and costs,� Ph.D. thesis,Chalmers Tekniska Hoegskola, 2006.[260] Arcotronics, �R.46 X2 class - MKP series,� 2007.[261] H. Ohashi, �Possibility of power electronics paradigm shift with wideband gap semiconductors,� Materials Science Forum, vol. 457-460,no. Part 1, pp. 21�26, 2004.[262] ��, �Power electronics innovation with next generation advancedpower devices,� in International Telecommunications Energy Con-ference, 2003, pp. 9�13.[263] S. Round, F. Schafmeister, M. Heldwein, E. Pereira, L. Serpa, andJ. Kolar, �Comparison of performance and realization e�ort of a verysparse matrix converter to a voltage dc link PWM inverter withactive front end,� in International Power Electronics Conference,Niigata (Japan), 2005.[264] T. Friedli, S. D. Round, and J. W. Kolar, �A 100 kHz SiC sparse ma-trix converter,� in IEEE Power Electronics Specialists Conference,2007, pp. 2148�2154.[265] U. Drofenik and J. W. Kolar, �Analyzing the theoretical limits offorced air-cooling by employing advanced composite materials withthermal conductivities > 400W/mK,� in Conference on IntegratedPower Systems, Naples, Italy, 2006, pp. 323�328.[266] U. Drofenik, G. Laimer, and J. W. Kolar, �Pump characteris-tic based optimization of a direct water cooling system for a 10-kW/500-kHz vienna recti�er,� IEEE Transactions on Power Elec-tronics, vol. 20, no. 3, pp. 704�714, 2005, 0885-8993.
590



VitaName Marcelo Lobo HeldweinBirth 12th August 1974Place of birth Chapecó, SC (Brazil)Marital state marriedCitizen of BrazilEducation 1981�1984 Primary, Escola Santa Catarina,Florianópolis1985�1988 Primary, Educandário ImaculadaConceição, Florianópolis1989�1992 Secondary, Escola Técnica Federal deSanta Catarina, FlorianópolisUniversity 1992�1996 B.Sc. Electrical Engineering, FederalUniversity of Santa Catarina, Florianópolis1994�1996 Scholarship at the Power ElectronicsInstitute (INEP), Federal University of Santa Catarina1997�1999 M. Sc. in Electrical Engineering,INEP, Federal University of Santa CatarinaWork 1999�2000 R&D Engineer at the Power ElectronicsInstitute (INEP), Florianópolis2001�2003 Senior Telecom Systems Analyst atEmerson Energy Systems, São Paulo / StockholmDoctorate 2003�2007 Doctorate at the Power ElectronicsSystems Laboratory (PES), ETH Zürich591


	Introduction
	Power Electronics, EMC and Filters
	Modern Three-Phase PWM Converters
	Description of the Task and Overview of the Work
	Publications


	Conducted Emissions Environment Modeling
	Introduction
	Basics on Low Voltage Electricity Supply Systems
	Earthing Practices for Safety
	LV Earthing Systems as Specified in IEC 60364
	The LV Earthing Systems in Japan

	Standards for Conducted Emission
	International Standards on Conducted Emissions
	Considered Standards

	Conducted Emission Limits
	Modeling of a Standard CE Test Setup
	LISN and its Circuital Model
	EMC Test Receiver and its Model
	Detector Types and their Models

	HF Modeling of Power Cables
	Modeling a Supply Cable
	Load Cables Modeling

	Electric Machine Model for Conducted Emissions
	Summary

	Three-Phase PWM Converters as Noise Sources
	Introduction
	Basics on Spectral Contents of PWM Converters
	CM Model of a Three-Phase Buck-Type PWM Rectifier
	Models for a Three-Phase/-Level Boost PWM Rectifier
	Models for Three-Phase Sparse Matrix Converters
	Simplified Models
	Extending the Frequency Range of the Model

	Summary

	EMC Filter Components
	Introduction
	Resistors for High Power EMC Filtering
	Requirements for Resistors

	Capacitors for EMC Filtering
	The Self-resonance of Filter Capacitors
	The Equivalent Series Resistance
	The Volume of Filter Capacitors

	Differential Mode Inductors
	Self-inductance
	Losses and Associated Resistances
	Parasitic Parallel Capacitance
	DM Inductor Equivalent Circuit
	Thermal Models for Toroidal Cores

	The Three-Phase CM Inductor
	Common Mode Inductance
	Losses and Associated Resistances
	Parasitic Parallel Capacitance
	Leakage Inductance and its Saturation Issues
	Three-Phase CM Inductor Equivalent Circuits

	Two-Port Networks for Parasitics Cancellation
	Inductance Cancellation for Filter Capacitors
	Parallel Capacitance Cancellation
	Use of Y-Matrices in Three-Phase Networks
	Capacitance Cancellation in Three-Phase Circuits
	Capacitance Cancellation for CM Inductors
	Capacitance Cancellation for DM Inductors
	Short Discussion on Asymmetrical Cancellation
	Study on the Influence of Parasitic Elements
	Experimental Results

	Summary

	Three-Phase Noise Separation
	Introduction
	Separation of CM/DM in Three-Phase Systems
	Three-Phase Separator Based on HF Transformers
	Operating Principle Analysis
	Input Impedances Calculation
	Influence of Parasitic Elements
	Three-phase Noise Separator Realization
	Experimental Evaluation

	Three-Phase Noise Separator Based on OpAmps
	Three-Phase Separation Networks Based on TLTs
	Separation Networks Based on TLTs
	Performance under Non-Ideal Conditions
	Experimental Measurements and Performance

	Summary

	Three-phase DM Filter Design
	Introduction
	Attenuation Calculation for Multi-Stage Filters
	General Solutions for a Multi-Stage Filter
	Asymptotic Attenuation

	Damping Networks for DM Filters
	Filter Stage with Series RC Damping
	Filter Stage with Parallel RL Damping
	Peaking versus Overshoot
	Damping of Multi-Stage LC Filters

	Insertion Loss Measurements for Three-Phase Filters
	Worst-Case Insertion Loss Setups
	Alternative Insertion Loss Setups

	Minimum Volume Design of Three-Phase DM Inductors
	Input DM Filter for a Sparse Matrix Converter
	Filter Design Procedure
	Experimental Verification

	Minimum Volume DM Filter for a Three-Level Rectifier
	Analytical Volume Minimization of DM Filters
	Filter Design
	Experimental Verification

	Computer Aided Design of Three-Phase DM Filters
	Required Attenuation
	Considered Filter Topologies
	Choice of Components
	Finalizing the DM Filter Design
	Experimental Results

	Summary

	Three-phase CM Filter Design
	Introduction
	CM Filter for a Three-Phase Buck PWM Rectifier
	Capacitive Connection from Input to Output
	Two-Stage Common Mode Filter Design
	Experimental Verification

	Active Common-Mode Filtering
	Active Filter Topology Selection and Principle
	Stability Analysis and Feedback Structure
	Amplifier Design
	Practical Implementation of the Active Filter
	Performance Limitations

	Minimum Volume CM Filter for a Boost Rectifier
	CM Filter Topology
	Minimum Volume Design of CM Inductors
	Experimental Implementation and Results

	Summary

	Coupling Issues with Filter Components
	Introduction
	Capacitive Coupling
	Capacitive Coupling of Noisy Signals

	Inductive Coupling
	Magnetic Couplings Between Filter Components
	Coupling of Capacitors in a Filter Stage

	Reduction of External Fields for Filtering Inductors
	Experimental Analysis
	Inductors with Coupling Reduction
	Experimental Analysis of Three-Phase Filters

	Summary

	Influence of EMC Filters on Power Density
	Introduction
	Volume Estimation of Filter Components
	Volume Estimation for CM Inductors
	Volume Estimation for DM Inductors
	Volume Estimation for Filter Capacitors

	Design Procedure for the EMC Filters
	Sparse Matrix Converters Power Density Limits
	Vienna Rectifier Power Density Limits
	Summary

	Bibliography
	Curriculum Vitæ

