EMI Filter
Design

THIRD EDITION

1 b, Y ’ VEDE =1
[}]"[n. Yxl"[—n %;nal

Richard Lee Ozenbaugh  Timothy M. Pullen



EMI Filter
Design

THIRD EDITION






EMI Filter
Design

THIRD EDITION

Richard Lee Ozenbaugh Timothy M. Pullen

CRC Press
Taylor & Francis Group

Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business



CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway N'W, Suite 300
Boca Raton, FL 33487-2742

© 2012 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works
Version Date: 2011906

International Standard Book Number-13: 978-1-4398-6322-0 (eBook - PDF)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts
have been made to publish reliable data and information, but the author and publisher cannot assume
responsibility for the validity of all materials or the consequences of their use. The authors and publishers
have attempted to trace the copyright holders of all material reproduced in this publication and apologize to
copyright holders if permission to publish in this form has not been obtained. If any copyright material has
not been acknowledged please write and let us know so we may rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmit-
ted, or utilized in any form by any electronic, mechanical, or other means, now known or hereafter invented,
including photocopying, microfilming, and recording, or in any information storage or retrieval system,
without written permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.
com (http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood
Drive, Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organization that provides licenses and
registration for a variety of users. For organizations that have been granted a photocopy license by the CCC,
a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used
only for identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



Contents

Preface. i xi
Acknowledgments..........occciiiiiiiiccee e xiii
AULNOTS 1ottt bbbttt s s XV
Terms and Abbreviations...........ccoooiiiiiiiiiicccece, xvii
Organization of the BoOK .......ccccoviiiiiiiicccccee xix
1 EMI Filters

L1 INtrOAUCHON .ot ss s sassssssesses 1-1

1.2 Technical Challenges .........ccccoeeureurerremerernerneincirereiersenseinessesesenessessesensensenne 1-3

1.2.1  Controlling Parasitic UNcertainty ........c..ccccecveereercerrerrerscrsereesenenne 1-4

1.3 Types Of EMI FIILEIS ..coeuiuiieureecicieieiiecicietnessesseseseseiseeseseesessessessessesensenns 1-4

13,1 AC FIEIS..oiieiiieiicicccet s sasas e saeses 1-4

132 DC OIS oo sasens 1-5

1.4 No Such Thing as Black Magic .....ccoceeueeeererneuneeremneerrernerneiseeeceessessersessesensennes 1-5

1.5 ItIs Allin the Mathematics ..o 1-6

2 Why Call EMI Filters Black Magic?

2.1 WRAt IS EMI?.cciiiiircirceiceieiseieeie et sessesesse et sesseseese e asessesessesaenns 2-2

2.2 Regular Filters versus EMI Filters.........cccovuneunemviniineinecniiniinenecnneinenenennnes 2-2

2.3 Specifications: Real or Imagined..........cccveveueunineineenciniinennecenseiseneneennes 2-3

2.4 Inductive Input for the 220-A Test Method .......cccocveureereeicineneincneennennenn. 2-7

2.5 400-Hz Filter Compared with the 50- or 60-Hz Filter .........ccccecovvucuucuunce. 2-8

3 Common Mode and Differential Mode:
Definition, Cause, and Elimination

3.1 Definition of Common and Differential Modes.........cccecevevererererereererennnne. 3-1
3.2 Origin of Common-Mode NOISe.........cweuewemriurerermnimrerensenmesesensessessessenens 3-2
3.3  Generation of Common-Mode Noise—Load.........cccoceverererererererererercneneee 3-6
3.4  Elimination of Common-Mode Noise—Line and Load ...........cccccoceucc...... 3-7



vi

Contents

3.5
3.6
EMI Filter Source Impedance of Various Power Lines
4.1 SKIN EfIECt et sasaaa 4-2
4.2 Applying Transmission Line Concepts and Impedances...........ccccocecuueec. 4-5
4.3 Applying Transmission Line Impedances to Differential and

COMMON MOGES ..ot ssessesassase s sanes 4-7
4.4 Differences among Power Line Measurements.............cooeveeeeceersevereeneenne 4-8
4.5  Simple Methods of Measuring AC and DC Power Lines...........cccceceevunee. 4-8
4.6  Other Source Impedances
Various AC Load Impedances
5.1  The Resistive Load ..o 5-1
5.2 Off-Line Regulator with Capacitive Load........c.ccccviurererecurernerennerrerrennnn. 5-1
5.3  Off-Line Regulator with an Inductor ahead of the Storage Capacitor......5-7
5.4  Power Factor Correction Circuit.......ccoovvviviniciniciniiiiisiccccens 5-8
5.5  Transformer Load.......iiciniineeeceiineienenieisesenssssssensesssessessessessns 5-10
5.6 UPS L. 5-11
DC Circuit—Load and Source
6.1  Various Source IMpedance .........cvcueeeurenenineeinecineeinecineeiseseseesesessesennens 6-2
6.2 SWiItcher Load ..o 6-3
6.3  DC Circuit for EMI Solutions or Recommendations...........cccoececueecuncunee. 6-5
6.4 Some Ideas for the Initial Power SUpply .......cccccoeveuvcuniininiceccincnenrcnicnnee 6-5
6.5  Other Parts of the System.......ccocoiiiicncincininicicc s 6-6
6.6 L0OSSY COMPONENLS ...cuviuviirieiiiiisciisciici st ens 6-7
6.7 Radiated EMISSIONS .....c.ccuiuiuriuciciniiiiiecccecicicieeieee s s saenaees 6-8

Typical EMI Filters—Pros and Cons

7.1
7.2
7.3
7.4
7.5
7.6
7.7

THE TUFIIEET 1.ttt ettt ettt senene 7-1
THE T FIIEET o vttt ettt b bbb senene 7-2
THE L FIIEET c.veeeeeeeeeeteteteteteeeee ettt ettt bebne 7-3
The Typical Commercial Filter ..o, 7-5
The Cauer FIILET......cooviveiererereeeeeeeeete ettt rene 7-6
The RC SHUNL.....ooiieectcteteeee ettt ettt berene 7-7
The Conventional FIlLers ........coeeieieierererereeieeeeeeeteterere e v 7-8

Filter Components—the Capacitor

8.1
8.2
8.3
8.4
8.5

Capacitor SPECIfICAtIONS .....cc.cvucueureueeerereieieireeeeeere et sseseeaensensenne 8-1
Capacitor Construction and Self-Resonant Frequency ..........cc.cecveeevennecn. 8-2
Veeing the Capacitor .........c.ccccueuneueeerernernerneeneerenseaessesessesessessessesessensens 8-3
Margins, Creepage, and Corona—Split Foil for High Voltage.................. 8-3
Capacitor Design—Wrap-and-Fill Type......cccoeeceuveneniineeeccercrnerrernerenennns 8-5

Filter Components—the Inductor

9.1

Inductor Styles and SpecifiCations ........c.ccucereeeeernernernerneeerereenersesnenensenenne 9-1



Contents

10

11

12

13

vii
9.2 COTE TYPES ittt 9-1
9.2.1  POWET COTIES...curiiniiniirtiicnicncn st sssaens 9-1
9.2.2  TFerrite COreS ...cuvvimiinciinciiircncr s 9-3
9.2.3  Tape-Wound TOroids.......ceceeerernerrernerreeeesernenneineeseeeeenensessesessenenne 9-3
9.24  C-Core INAUCLOTS......curiirieieiiiiiiecieiiieiesesesissiessessssaessesesanes 9-4
9.2.5  SIUG TYPEC cevrveereieirereieicieineieiseeeeaeseaseasessese e sessesessessessessssessens
9.2.6  Nanocrystalline Common-Mode Cores
9.3  High-Current Inductors
9.4 INAUCLOLr DESIGN c.cucrniririceieiceeieineie ettt aeasebsesesse e ssessessesensessenns
9.5 Converting from Unbalanced to Balanced........cccccocveureurecccrncenencneenncnnce 9-8
Common-Mode Components
10.1  Capacitor t0 GrOUNA .....c..c.ceeeeeueueereunerriieneieiseaseseesesessessetseseesessessessesessennen 10-1
10.2 ViIrtual Ground ......cccvceccencencnenieeeneiseeeeesessessessesessessessessesessessenns 10-2
10.3  Z £O5 ZOTTO ceuueuineeeeieeieieireiseeseaeeeeseiseeseaessessetsessesesse e sesseasssessessessssesaes 10-2
10.4 Common-Mode INAUCOT .....c.cceuureuiereeeieieireineieeeieieiseeseeseaesessessessesennes 10-3
10.5 Common-Mode Calculation......c.cvceeeeeeueineireereeeeineinerreeeeeeeensensessesensenes 10-7
10.6 Differential Inductance from a Common-Mode Inductor .... ...10-9
10.7 Common-Mode Currents—Do They All Balance? .........cccccouveuevuciunce. 10-10
Transformer’s Addition to the EMI Filter
11.1 Transformer AdVantages.........cccvreeecereurerseremmememersessessesssssssessessesssens 11-1
11.2 TSOIAtION ...ttt 11-1
11.3  Leakage CUITENL.......cccuiiiiiiiiiiecieieiice i saes 11-2
11.4  CommOn MOde.......cccuiiiiiiiiciciiiiee et 11-2
11.5 Voltage Translation—Step Up or DOWN ......ccccviuiiiicinciniiniinicicieieieceennes 11-2
11.6 Transformer as a Key Component of the EMI Package .........ccccocuveuenuncen. 11-2

11.7 Skin Effect
118 REVIEW ettt ettt et e s te e ebe e e b e baessenbeennenaans

Electromagnetic Pulse and Voltage Transients

12.1 Unidirectional versus Bidirectional..........cccccceeueueerereeeeecrieeeeeevevenne 12-3
12.2 THIEE TREOTIES ...cvevevevereeeeiererieeteeete ettt ettt s s bbb b s senan 12-3
12.3 Initial High-Voltage INAUCTOL .........ccovuicuviiniiniiicicrcirerecececceeecieeeenes 12-4
12,4 Arrester LOCAtiON...ccicieieireieeecretece ettt ae e enas 12-5
12.5 How to Calculate the Arrester.......oiivieeveveeieeeerereeeeeeeeeee e 12-6

12.5.1 Dynamic ReSiStance.......coocovviieiviiiniicniiriicneccens 12-7

12.6 The Gas Tube

What Will Compromise the Filter?

13.1 Specifications—Testing.......ccccoeurirrimneimimrirneiiiciciecssesssssaes
13.2 Power Supplies—Either as Source or Load
13.3  9- and 15-Phase AUtotransformers............ocovcveeeeernernerneeneeeeemsensersenseennes
13.4 Neutral Wire Not Part of the Common-Mode Inductor..........ccccceeeeuuene.
13.5 Two or More Filters in Cascade—the Unknown Capacitor...................

13.6 Poor Filter Grounding ........cccecueuineiniincinciiisiisisinecseeesesssens 13-4



viii

14

15

16

17

Contents
13.7  “Floating” FIIEET ..c.c.veueiiiriireeeicieineineeeeieneieisesseienesenneisesseseesessesessesessennen 13-5
13.8 Unknown Capacitor in the Following Equipment..........ccccceeuveuneureuriennes 13-6
13.9 Filter Input and Output Too Close Together.........cccocveureeeecunernerreneernennes 13-6

13.10 GASKELS vttt s s es bbb as s ser s bbb s s snan 13-8

Waves as Noise Sources

T4 SPIKE.ooreoeeeeeeeeeeeeee e semsessssseeeee e emmmmsessseseee e 14-1
T4.2 PULSC..coiiiecc e 14-3
14.4 Power Spectrum—dB PA/MHZ ... 14-4
14.5 MIL-STD-461 CUIVe.....coiiiiriiiiiiiciriciiciicissssssesssessssessssessssssssssssssens 14-5

Initial Filter Design Requirements
15.1 Differential-Mode Design GOals..........ccccuveureureureernernerrirreeeceennersesseseeensenes
15.2 Differential-Mode Filter Input Impedance..........ccocvcreureeeeeuvcunernerneennennes
15.3 Differential-Mode Filter Output Impedance..........ccocveuveeececevcrrernerneenrennes
15.4 Input and Output Impedance for a DC Filter .......cccocoveureevcuncrnernerneernennes
15.5 Common-Mode Design Goals.........c.eeeueueuneereureernernemnemneeeeennensensesseensens
15.6 Estimation of the Common-Mode Source Impedance........c.ccccoveuveuruuennee
15.7 Methods of Reducing the Inductor Value due to High Current

Matrices, Transfer Functions, and Insertion Loss

16.1 Synthesis, Modeling, and Analysis .........cccccccoueeiriemncnininiceccnncncenceiennes 16-1
16.2 Review of the A MatriX....coccocuecuncuriurieeicicineineiecieeeensesseeecseeseseseseesenaennes 16-2
16.3  Transfer FUNCHONS .....c.oc.cuiuciciciciiiececieiciecsenesesseseesecsese s saessenaas 16-5
16.4 Review of Matrix TOPOIOGIES .......ccccuiviuicunciniiriicieicirereieeccccieieeeeeaennes 16-6
16.5 T FIIOu ittt 16-7
16.6 L MatLiXe it 16-9
16.7 T FIIOT oottt eeasies 16-12
16.8 Cauer or ELlIPtic MatriX . ooveeereeerercererereineseireneineetseesseeseesesessesessesessenesnes 16-13
16,9 RO SHUNT ..ttt et bbb s sseaenes 16-15
16.10 Filter Applications and Thoughts.........cccccccvcrirircincnininccccescrcneeeeeenes 16-16
16.11 Single-Phase AC FIlter ........coccueuiniiriciccrcicieciceeeeceeeeseseeseesennes 16-17
16.12 Three-Phase Filters ... eesececesesessesecsennees 16-21
16.13 LoW-Current WYe ... sssssssssssessesesssenses 16-22
16.14 High-Current WYe ... ssssessesessesesssssssensees 16-24
16.15 SINGLe TNSEIt.....uuuieiciciiiiececececice e saenses 16-24
16.16 Low-Current Delta ...........c.cccucuiuncuinicincinciniieccecineseiceceeeceesesesaessensns 16-25
16.17 High-Current Delta..........occcniiiiccnirrceciese e 16-26
16.18 Telephone and Data Filters........ccveurevcurincurineeinccineeirecseceeeseeeenenennenenns 16-26
16.19 Pulse Requirements—How to Pass the Pulse.........cccoevevreveeerccenccrnencnnes 16-26
16.20 The DC-DC Filter ..o seseeaeeseenns 16-26
16.21 Low-Current FIIters..........coccucuvcuncuninicecrcneiccecieseeeesceeseseseesesennns 16-27

Matrix Applications: A Continuation of Chapter 16
17.1 Impedance of the Source and Load ..., 17-2
17.2  dB Loss Calculations of a Single 7 Filter.......cccccovinivivinincininincicinn. 17-2



Contents ix

17.3 Example of the Calculations for a Single 7t Filter ........ccccoocveuvivirniunennnce. 17-4
17.4 Double nt Filter: Equations and dB Loss
17.5 Triple 7 Filter: Equations and dB LOSS .....ccccveueeeurerneuniireercececenennennenenennes
18 Network Analysis of Passive LC Structures
18.1 LOSSlesS NEtWOIKS......c.cueveieriiereieiieieninieiesenasissiessssssse s ssesssssessensenes 18-1
18.2 Network Impedances Using Z Parameters.........ocveeeeeeeuevcvmeveerenenenes 18-2
18.3 Network Admittances Using Y Parameters ...........cocoeevevveveeerreurereneenunns 18-4
18.4 Transfer Function Analysis—H(JM) ....ccccvvurerrerererrirneneeneeemsererenmeesenenaenes 18-5
18.5 Transfer Function Analysis—H(S) .....cccoeuriurernermeimriinenmeneenmsensensenseessensensenes 18-7
18.6 Coefticient-Matching Technique
18.7 EMI Filter Stability .......ccccvuriueeeeiuriineicreineeeeineseecsessesessensesessenseans
19 Filter Design Techniques and Design Examples
19.1 Filter Design ReQUIrEMENtS .......cccccuriuiciiiniiriieicieieisieeieeiciccsecssessieanns 19-1
19.2 Design Techniques........ccocuiuiuciciiiniinicicccicicciie s 19-2
19.2.1 Intermediate CE TeSting........ccccoeueuveuniuniurinincincininicccicineisceeeeanas 19-2
19.2.2 Previous Experience—Similar Application........ccocoeveevrercurencnnee 19-3
19.2.3 Analysis, Synthesis, and Simulation.........c.ccccceeveenevcenernceenenn. 19-3
19.3  Filter Design SUMMATY.......cccciiuiuiiiiiciciiciiieiicie s 19-4
19.3.1 Predesign ODbjectives ........cooiivciniiniiiinicininisiciccsciscceeienns 19-4

19.3.2 Define Design FIOW ......cceuriueveeeuniurerermneineineneeineisessensesssessessesscnns 19-4
19.4 EMI Filter Design EXample.........ccocviiiiiniiniinininiineisccicscssciseeiennas 19-6
19.4.1 Design Process ... s 19-6
19.4.2 Define Peak Harmonic Amplitude .......ccoeeveuveinieneenccincinerncrneennee 19-6

19.4.3 Define Harmonic CUITENt ......c.cuevueeuiuermeueeereenseusessensesesensenens 19-8
19.4.4 Define Filter —3-dB Pole-Q Frequency for
Differential Mode........ccceuviueunierniernierrieiniiieeieeneeeneesseennenes 19-11
19.4.5 Insertion Loss Validation ... 19-13
19.4.6 Design Example SUMMAary........cccocovviniorinininicicincincncciennes 19-14
19.4.6.1 Define Component Values.........ccocveereeeeeeneuncererneennenn. 19-14
19.4.6.2 Verify Pole-Q Frequency.......c.cverenevcerevrernereennens 19-14
19.4.6.3 Define Characteristic Impedance of Filter................. 19-14
19.4.6.4 Stabilize the Filter.......ccocveueuninerernirrirerecreirercreennns 19-15
19.4.6.5 RC Shunt dQ Damping .......cccccecveuriurecicincuncurcueinenenns 19-17
19.4.6.6 Series LR dQ Damping.......ccccccecuveuniuniucicincuncuseucinenn. 19-19
19.4.6.7 Addition of Common-Mode Choke........ccccccveureuenunee. 19-20
19.4.6.8 Define Common-Mode Pole-Q Frequency................ 19-22
19.4.6.9 Common-Mode Damping—dQ ........ccccuecuvcuvrurinunce. 19-25
19.4.6.10 Filter Design SUMMATY ......ccceurunciniiriecieciciciciceieennns 19-26
19.5 Four-Pole LC StrUCTUTE.......ccuiuiiiuiiicicicisciiiesisisi s 19-27
19.5.1 Design ApProach ... 19-28

20 Packaging Information
201 LaAYOUL ottt 20-1
20.2  Estimated VOIUME .......ccvviiicininicictciscsssssssssssssssseans 20-3



X Contents

20.3  Volume-to-Weight RAtio ....ccccoeueureveeeererneineineereeierneneineeeceensessessessesensenenn: 20-5
20.4 Potting COMPOUNAS....c.ceueeerereriireireeeeerennerseseeeneseiseisessesessessessessesessenne 20-6
Appendix A: K Values of Different Topologies ................. Appendix A-1
Appendix B: LC Passive Filter Design..........c.c.ccooonnnne. Appendix B-1
Appendix C: Conversion Factors............ccocoovnnnnnnnnne, Appendix C-1

RELCICIICES ..o References-1



Preface

In today’s world of Internet TV, 4G cell phones, the ever-growing list of exotic coffee
blends, and the iPad, who would think for even a moment that it would still be neces-
sary to add large, strangely shaped components into equipment to ensure that EMC
regulations are met? Has time stood still for EMI? Perhaps software should be providing
this functionality for us today? Unfortunately, that’s not going to happen. EMI filters
offer a means of protection between the outside world and the inner workings of our
equipment. These filters are most often placed at the inputs of the equipment in order to
restrict conducted noise emissions propagating to external electrical networks, which
could damage or interfere with other electronic equipment connected to the same elec-
trical source. Furthermore, these filters also restrict noise on the very same external
power lines from entering the equipment. In principle, this may sound simple enough;
however, filters are not quite so simple to design. One thing we can be sure of, EMI filters
are not likely to disappear in the very near future and are a very important aspect of
any system.

EMI filtering is a necessary evil, and with power systems becoming more efficient as
switching frequencies move into the 500-kHz and beyond range, the need for robust
EMI filters is even more essential to ensure EMC compliance for both conducted and
radiated emissions. Moreover, these last few years have seen continued growth in the
use of motor control within the realms of the more-electric aircraft (MEA). Removing
heavy and cumbersome hydraulic systems and replacing them with advanced motor
control platforms has posed a significant challenge to engineers in terms of weight,
reliability, thermal compatibility, and EMC. This is a high-growth aspect of power
electronics and power system management where strict EMC requirements must be
met. EMI filter design is often treated with contempt, very much like power supplies
are sometimes the last piece of the puzzle to be considered in a larger system. “It’s
something we have used before”; “I am sure we can get the power we need from the
supply we used last year”; and “The EMI filter that we used on a previous program
seemed to pass okay.” Do these sound familiar? In today’s world where systems are
required to offer increased levels of performance and reliability, such as in the aero-
space electronics industry, we find that cost, size, weight, performance, etc., are all
critical-needs factors that must drive the design from the outset. EMC and EMI filter
design is also a critical aspect of the system that deserves strict attention early on in
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xii Preface

the concept design stage. In defining architectures and performing systems analysis,
valuable questions can be asked, such as

o What is the input power architecture?
Three-phase/single-phase AC
Single ended (grounded)
Differential (floating)
o What is load power conversion topology?
o How much EMI filter volume is needed for a specific power conversion topology?
o What type of filter is needed to realize the insertion loss required?
o Can the filter be optimized to reduce the effects of higher switching currents?
o What is the impact of EMC failure?
o Isrecovery from EMC failure possible without a redesign?

These are valid questions that can be applied to almost any EMI filter solution for any
equipment type and in any industry. Needless to say, mission-critical applications that
demand high performance require robust solutions based upon formal analysis and not just
trial and error. EMI filters can, to some degree, be designed using simulation and analysis,
and most certainly for differential-mode loss. This is based upon the accurate assessment
of the harmonic content and amplitude, and in developing a filter solution that provides
sufficient insertion loss over the limit frequency range. If the filter is designed using this
approach, then EMC testing has a very good chance of being successful. To a larger degree,
we may also suggest that radiated emissions should be relatively low if conducted emissions
are well within specification. Common-mode interference is sometimes inherent in a sys-
tem design, but most often it is inductively or capacitively coupled from an external source.
In a motor drive, for example, the switching action and localized parasitic capacitance will
create common-mode interference. To be able to determine these levels is not as simple as in
the case of differential-mode harmonic analysis; therefore, preliminary testing and defen-
sive design are good risk mitigation strategies. In many cases, common-mode rejection is
also mitigated by careful design of switching circuits, controlling parasitic influence, care-
ful control of switching rise and fall times, etc. EMI filter design is often a complex aspect of
the overall system and needs to be carefully engineered, not overdesigned or left to chance.
On the flip side, EMI filter design is not a precise science in terms of accurate placement of
poles, or of meeting a very accurate —3-dB pole-Q frequency; it’s about placing insertion
loss over a range of frequency bands to reduce conducted emissions to acceptable levels.

The second edition of this book was written by Richard Ozenbaugh and published in 2000.
This third edition is a consolidation of topics from the second edition while also presenting
new material that covers some of the analysis techniques necessary for passive filter realiza-
tion. The text also discusses the approaches for LC filter structure design and includes a more
practical hands-on look at EMI filters and the overall design process. This third edition is
also a collaborative effort and has been written as a book for EMI beginners and those who
are interested in the subject. There is no hard-and-fast definitive solution to EMI filter design,
and there are obviously many concepts and potential solutions to a unique problem. This
book presents a methodology for design that is used by the authors, and it is hoped that this
text will cultivate new ideas and more effective solutions by many of the readers. As always,
the responsibility for this book remains with the authors alone. We hope you find it useful.
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Terms and
Abbreviations

AC: alternating current

ADC: analog-to-digital converter

BH: flux density and hysteresis curve for magnetic core materials
C, C1, C5: capacitor—numbered and unnumbered

CE: conducted emissions

CE-101, CE-102: MIL-STD-461 conducted emissions requirements
CIP: current-injection probe

CISPR: Comité International Spécial des Perturbations Radioélectriques
CM: common mode

DAC: digital-to-analog converter

dBpA: decibel (dB) microampere

dBuV: decibel (dB) microvolt

DC: direct current

DM: differential mode (normal mode)

EMC: electromagnetic compatibility

EMLI: electromagnetic interference

FCC: Federal Communications Commission

FFT: fast Fourier transform

FSLM: frequency-selective level meter

GHz: gigahertz (billion cycles per second)

HEMP: high-energy magnetic pulse

HEF: high frequency

HIRF: high-intensity radiated field

Hz: hertz (cycles per second)

kHz: kilohertz (kilocycles per second)

L: two-component filter network shaped like the letter L

L, L3, L9: inductor—numbered and unnumbered

LISN: line-impedance stabilization network

MHz: megahertz (megacycles per second)

MOSFET: metal oxide semiconductor field-effect transistor
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xviii Terms and Abbreviations

MOV: metal oxide varistor

MPP: molybdenum permalloy powder

mu (p): Greek letter u (permeability)

PCB: printed circuit board

pi (rv) filter: three-component filter network shaped like the Greek letter
PSD: power spectral density

PWM: pulse-width modulation

Q: Q-factor or quality factor of LC filter

R, R5, R10: resistor—numbered and unnumbered

RE: radiated emissions

SNR: signal-to-noise ratio

SREF: self-resonant frequency

T filter: three-component filter network shaped as T section
TVS: transient voltage suppressor; Transzorb

9> Y11 V2ot admittance—the reciprocal of impedance

2, 2}, Z,: impedance

zeta (): damping coeflicient of complex pole pair

Zorro: common-mode inductor

Filter Types

AP: all pass
BP: band pass
BR: band reject
HP: high pass
LP: low pass



Organization
of the Book

The scope of this book is EMI filter design and the practical application of formal tech-
niques that will enable the reader to develop simple filter solutions. The book is parti-
tioned into 20 chapters.

Chapters 1 and 2 provide an introduction to the book. Chapter 3 looks at the causes
of both common- and differential-mode noise and methods of elimination. Chapter 4
discusses the source and load impedances for various types of input power interfaces.
Chapter 5 looks at the load impedance aspect of EMI filter design. The next six chap-
ters cover EMI filter structures and topologies and provide discussion on components.
Chapter 12 discusses voltage transients and provides insight into sizing of components
and protection. Chapter 13 looks at issues that will compromise filter performance.
Chapter 14 presents a summary of the types of noise seen by both equipment and EMI
filters. The chapter also provides their mathematical equivalence in terms of Fourier
representation. Chapter 15 discusses filter requirements and presents a design goal for
a filter design objective. Chapters 16 and 17 present a matrix method of design of filters
using matrices. Chapter 18 presents two-port analysis and explains the transfer func-
tion method of LC structures and their equivalent polynomials. Chapter 19 provides the
reader with a design example, including a discussion of circuit application and analysis
techniques. Chapter 20 presents packaging solutions of EMI filters.

Xix






EMI Filters

1.1 Introduction

Conceptually, an electrical filter network will filter out lower or higher frequency bands
while passing specific bands of frequencies. The basic property of an EMI filter is usually
described by the insertion-loss characteristic. That characteristic is typically frequency
dependent, and it refers to the attenuation of the EMI filter. The measurement of inser-
tion loss is complicated by several aspects. The configuration of the input and output
terminals of an EMI filter is changed through different types of measurement setups,
and this fact alone complicates the measurement itself.

Another problem is represented by nondefined impedance terminations at the
input and output sides of the filter. The impedance of the power supply network is
connected to the input terminals of the EMI filter. The current impedance value of
the power supply network depends on the type of the power network, current load,
and also on the operating frequency of the test signal. The output of the filter is gen-
erally loaded with impedance, which is usually unknown and not steady in the time
domain.

EMI filter design engineers think in terms of attenuation, insertion loss, and filter
impedance, while a regular wave filter designer thinks in terms of poles, zeros, group
delay, predistortion, attenuation, and the order of the filter. In both cases, the concepts
are mathematically the same; however, EMI filtering is not a precise science as is, for
example, an active low-pass filter that might be used as an anti-alias filter within a data-
acquisition application. In this particular case, accurate placement of the —3-dB cor-
ner frequencies is essential, as the filter must protect the ADC from HF-folded spectral
components.

EMI filters are all about presenting a high impedance to a given range of frequencies
to provide sufficient insertion loss at those frequencies. This suggests that the role of an
EMI filter is to create maximum mismatch impedance at undesired frequencies while
providing maximum matching impedance at the desired frequencies so that they pass
the filter unchanged. Accurate placement of so much dB loss at a particular frequency is
not always necessary as long as the filter provides the insertion loss where it is required.
Insertion loss is simply the ratio of the signal level (v;) in a test configuration without
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the filter installed relative to the signal level (v,) with the filter installed. This ratio is
typically described as follows:

wl

IL (dB)=20log,, (1.1)

v,

The presence of both differential- and common-mode insertion loss will lead to attenua-
tion of both differential- and common-mode interference artifacts, respectively.

To be effective, higher levels of insertion loss will lead to increased levels of atten-
uation. The EMI filter is an all-pole network where series elements (inductance) have
high impedances, while the shunt elements (capacitance) offer low impedance to the
unwanted frequencies.

Figure 1.1 represents a typical EMI filter structure that could be used in single-phase
AC applications or for DC power inputs. The filter provides both common- and differ-
ential-mode loss along with two dQ RC shunt networks (R1,C3 and R2,C7). In PWM
switching converters, incremental negative resistance will force a maximum filter out-
put impedance to ensure stability. These compensation shunt networks provide a means
of controlling the filter Q and modifying the output impedance. L1 is a common-mode
choke; L2 and L3 form the differential-mode inductance. Line-to-line capacitors C1, C2,
and C4 are used for differential-mode loss. C5 and C6 are used in conjunction with L1
and provide second-order loss to common-mode noise artifacts. This filter structure is
further discussed and analyzed in terms of design and performance in chapter 19.

Designing an EMI filter to meet a unique EMC requirement is often a challenging
exercise, and simply defining a —3-dB corner frequency and expecting the filter to do
the rest is not always going to bring a successful conclusion to the EMC solution. EMI is
not always deterministic, especially in the case of high-power applications where PWM
is present. Meeting both differential- and common-mode loss requirements very often
requires up-front analysis of the power electronics architecture, knowledge of PWM
topologies and switching frequencies, etc., while also making use of circuit synthesis and
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FIGURE 1.1 EMI filter circuit structure.
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simulation. With all this data in hand, defensive design along with experience will make
it possible to define a filter that has a good chance of meeting unique EMC requirements
such as DO-160 and MIL-STD-461.

1.2 Technical Challenges

EMI filter design is not a clear-cut case of applying a set of poles to a textbook polyno-
mial, nor is it a simple case of applying a corner frequency to an LC circuit structure with
the expectation that the frequency-magnitude slope or insertion loss versus frequency
will ensure EMC success. EMC describes a state in which the electromagnetic environ-
ments produced by natural phenomena and by other electrical and electronic devices
do not cause interference in electronic equipment and systems of interest. Of course,
to reach this state, it is necessary to reduce the emissions from sources that are control-
lable, or to increase the immunity of equipment that may be affected, or to do both of
these. In mission-critical applications, doing both is absolutely essential to ensure safety,
robustness, and reliability.

It is important to understand that EMC as defined does not absolutely prevent inter-
ference from occurring. Emissions from various sources are variable; lightning impulses
on power and signal lines, for example, vary with the level of lightning current and its
proximity from the equipment. In addition, the immunity of a particular piece of equip-
ment can vary; exemplifying this case is the fact that induced voltages on a circuit board
are strong functions of the angle of incidence and the polarization of the incident elec-
tromagnetic field. Recognition of this variability will ensure finding a balance between
immunity and emissions for a particular type of disturbance, which should be sufficient
to prevent EMC problems in most cases.

EMC is also dictated from a design standpoint and in the selection of a particu-
lar power conversion topology. In almost all cases today, these are PWM converters.
Within switch-mode power supplies, a DC voltage is switched at a high frequency that
can range from the low kilohertz to 200 kHz and beyond. This high-speed switching
process is intrinsic to switch-mode power supplies, and it provides greater efficiency
and reduced size than linear power supplies. However, as a side effect, this switching
generates unwanted EMI. In fact, most conducted EMI within switch-mode power sup-
plies originates from the main switching MOSFETSs, transistors, and output rectifiers. In
either power supplies or electronic equipment, it is the function of the EMI filter to keep
any internally generated noise contained within the device and to prevent any external
AC line noise from entering the device. Because unwanted EMI is at much higher fre-
quencies than normal signals, the EMI filter works by selectively blocking or shunting
unwanted higher frequencies. The inductive part of the EMI filter is designed to act as a
low-frequency pass device for the AC line frequencies and as a high-frequency blocking
device. Other parts of the EMI filter use capacitors to bypass or shunt unwanted high-
frequency noise away from the sensitive circuits.

The net result is that the EMI filter significantly reduces or attenuates any unwanted
noise signals from entering or leaving the protected electronic device. Certain applica-
tions such as high-power switch-mode supplies yield very high common-mode currents
due to PWM switching, and these typically will be seen at higher frequencies. Capacitive
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coupling between power switches and chassis will provide paths for these currents, and
in some cases, the estimated common-mode insertion loss within the EMI filter will
be too small. This, therefore, will lead to noise artifacts at higher frequencies, and if
the filter is not optimized for characteristic impedance or, as in the case of cascade LC
structures, the filter sections are not optimized for adjacent input-output impedance,
the filter will be prone to peaking at the points of impedance mismatch. If the EMI
filter design is left unchecked, this phenomenon may lead to corresponding elevations
in noise amplitude around the pole-Q frequency, causing EMC test failure. Overall, the
challenges of EMI filter design are more prevalent in higher power applications where
PWM is employed.

1.2.1 Controlling Parasitic Uncertainty

Along with all the technical challenges that surround EMC and the design of an optimal
EMI filter, there are other issues that must be carefully considered, and many of these
are under the direct control of the engineer. Care must be taken with the physical layout
of the filter. This should be undertaken not just for the passband frequencies, but more
importantly for the frequencies in the stop band that may be well in excess of the cutoff
frequency of the low-pass filter. Capacitive and inductive coupling are the main elements
that cause the filter performance to be degraded. Accordingly, the input and output of
the filter should be kept apart. Short leads and tracks should be used, and components
from adjacent filter sections should be spaced apart. It is often the case that an EMI filter
is placed directly onto a PCB adjacent to other sensitive circuits. Physical routing of
power cables to and from the PCB, including traces within the EMI filter structure are,
in some cases, not optimized for low impedance and impedance balancing. With these
design and packaging limitations, EMC failure may very well be attributed to the layout
and packaging of the filter.

1.3 Types of EMI Filters
1.3.1 AC Filters

EMI suppression filters for AC power lines eliminate noise entering equipment from
commercial power lines or noise generated from electronic equipment that may be shar-
ing the same AC power connection. In general, a single-phase AC filter is topologically
the same in circuit structure as its DC filter counterpart. Design of the AC filter must
look at the selection of both the differential mode (X) and common mode (Y) capacitors,
ensuring that they are rated correctly for the peak voltages of the application. Typically,
common-mode chokes along with X and Y capacitors are generally used for AC EMI
noise suppression for the filter. In suppressing common-mode noise, common-mode
chokes are the most important components because their characteristics influence the
overall performance of the filter.

There are two types of common-mode chokes: the standard type and high-frequency
type. A hybrid choke coil is a high-performance EMI suppression choke that can sup-
press both common-mode noise and differential-mode noise at the same time. It is
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effective in AC power supplies where a need for higher frequency harmonic counter-
measures is essential. Another type of AC filter is used on three-phase power systems.
This filter is often a balanced common-mode core, but it can also include additional
line-to-line differential-mode loss.

1.3.2 DC Filters

EMI filters are typically used on equipment that is DC sourced, such as DC-DC power
converters, motor controls, pump controls, etc., and includes a significant number of
aircraft systems. The DC filter will look the same as a single-phase AC filter, but it will
not need to be voltage derated to the same levels for both the X and Y capacitors. Being
DC, the return path for the current can either be fully differential to the point of source
or grounded at the equipment. The latter has huge ramifications to a potential EMI
design solution, as common mode must be based upon a differential power interface.
If a DC-fed system has its ground connected to chassis, then only the live DC input
feed needs to be filtered. Thus, the filter need only be single ended in topology. Usually,
DC filters are interfaced to a DC link that has a bulk capacitor or connects to the input
of a PWM power converter. This also drives the need for a careful understanding of
the system, as the filter output impedance must be defined so as not to interact with
PWM systems that have incremental negative input impedance. If the filter impedance
is equal to or greater than the power converter negative input impedance, oscillation is a
certainty. To counter this, it is often necessary for the filter to have a shunt RC network
that will modify the filter output impedance so that oscillation does not occur. This is
discussed in detail in chapters 18 and 19.

1.4 No Such Thing as Black Magic

EMI is often considered black magic, when it is really nothing of the sort. EMI relies on
electromagnetic-wave and transmission-line theory and comes about through second-
or third-order effects. Some of these effects exist without an engineer’s knowledge, most
often through poor system design or a lack of EMC awareness. This is one of the reasons
why some people call it black magic.

In many cases, when we talk about EMI, we are relating to two components, namely
electric (E-field) and magnetic (H-field). Both of these run perpendicular to each other.
Therefore, we may conclude that EMI is a function of current, loop area, and frequency.

These subject areas are often neglected or left to chance and are one of many reasons why
EMI is misunderstood by many engineers who are not familiar with the subject. An EMI
filter, if not designed correctly, can actually make EMC impossible to manage.

There are so many variables to consider with EMI design that it is impossible to define
a precise mathematical solution. The EMI circuit structure solution is complex and must
be based upon knowledge of the complete system, the source, the power conversion topol-
ogy, the quality of the PCB layout, and the grounding structure. These all play against
each other and, in reality, there is never an optimal solution. Meeting an EMI specifi-
cation is all about balancing system immunity against emissions so that the require-
ments are met. There are no strict rules and no definitive mathematical solutions that
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can be applied to define a precise circuit solution. Because of this variability, each case
is unique and requires its own solution. As we noted previously, balancing immunity
against emissions is all one can do.

1.5 It Is All in the Mathematics

EMI filter design can be accomplished in a rule of thumb fashion where estimation of
losses, pole-Q frequency, and stability are all based upon previous experience and guess-
work. Needless to say, unless the power system or equipment is familiar to the filter
designer, it is likely that the filter will need to be tuned considerably, which points to
another statement. EMI filters need to be designed with some degree of flexibility so that
they can be modified during test configuration. This will allow the engineers to make
changes to both common and differential pole-Q frequencies while ensuring filter sta-
bility in any configuration should the need arise.

The question of EMI filter design and the use mathematics is posed. We know how
to compute the pole-Q frequency of a double-pole LC filter. So, what differential-mode
insertion loss do we need? Where do we place the pole-Q frequency? How many LC
stages do we need? How do we stabilize the filter? Does the filter output impedance
ensure stability when connected to the input of a PWM converter that has inherent
incremental negative impedance? What about common-mode insertion loss?

There are many factors that help to drive a successful EMI filter solution, and some of
these are actually unknown, which adds to the mystique and “black magic.” We know
now that black magic is really another name for parametric uncertainty. These are the
factors and inherent physics that are not realizable from the outset. We could suggest
common-mode leakage, parasitic elements, source and load impedances, etc., to name a
few. And so, what do we do with the mathematics? Mathematics will allow the filter solu-
tion to be numerically approximated through a series of iterative steps so that a ballpark
circuit solution can be achieved. These methods include matrix analysis, polynomial
expansion of transfer functions, circuit simulation, etc. These are all presented in detail
within chapters 16-19.

We must remember that to get from the ballpark solution to seat 24 in row G will
take fine-tuning and modification of the test configuration. Therefore, the filter must be
designed defensively.




Why Call EMI Filters
Black Magic?

In some cases, engineers—both designers of electromagnetic interference (EMI) devices
and others—call EMI black magic. As we have already said in chapter 1, it is nothing of
the sort. There are, however, several main reasons for this misconception. First, there
is no definitive mathematic solution or well-defined design method that can be applied
to all EMI filters due to the unique application in each case and the variability in both
source and load impedance over the frequency bands of interest. These two factors pro-
vide significant challenge, even more so if the filter is required to meet very stringent
requirements such as MIL-STD-461 for CE101 and CE102.

Another reason why EMI filter design has some level of mystique attached to it is
probably due to the complexity of the design process along with the various variables
that all drive a successful design. To name a few, these could very well include parasitic
uncertainty, insertion loss, common mode versus differential mode, defining the PWM
current signature, FFT versus PSD, impedance matching of adjacent LC structures, filter
stability, filter characteristic impedance, filter output impedance versus load impedance,
etc. Typically, unless one is very familiar with passive network theory, either through
experience or filter design of two-port networks, etc., these subjects are either a foreign
language or were left at the university a long time ago. EMI filter design is often a small
piece of the pie, and this is certainly so for complex power systems. From this perspec-
tive, EMI filter design might appear to be simplistic, but in reality it is a complex subject
and requires a solid understanding not just of circuit network theory, but also of the
system that it is being designed to protect.

For the purpose of clarity, if we are presented with an EMI requirements specification,
we know what we are connecting to in terms of voltage, current, source, and load and,
therefore, are able to approximate impedances. Furthermore, if we have a good approxi-
mation of the differential-mode current signature in the case of a PWM-based power
converter, then we are able to create a defensive EMI solution that would potentially
meet the needs of the filter for both differential-mode and common-mode loss while
also managing filter stability. We say defensive, as the filter will very likely need tuning
during testing. So, additional nonpopulated components added for X and Y capacitors,
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including damping dQ networks, may well prove to be successful. No black magic or
wizardry is involved: just good old-fashioned engineering with a blend of mathematics,
physics, and electromagnetic field theory.

2.1 What Is EMI?

EMI is electromagnetic interference. It is also called conducted emissions or radiated
emissions. This book covers mainly conducted emissions (CEs), which means any
unwanted signal or noise on the wiring or copper conductors. The reason for the refer-
ence to power cabling is that EMI filters are part of the power wiring and are designed
to remove these unwanted noise artifacts from the copper wiring. What does this have
to do with wiring and magnetic fields? The reason is that any current flow creates an
associated magnetic field. You cannot have one without the other. Therefore, this high-
frequency unwanted signal creates a magnetic field that can interfere with surrounding
equipment. It is the filter’s function to remove this current so that its associated mag-
netic field will not interfere with other systems. This noise can originate either from the
line or from the associated equipment that the filter is built into (load). From the equip-
ment side, or load, the noise could be coming from computer clock frequencies, para-
sitic oscillations due to power switching, diode switching noise, harmonics of the line
frequencies due to the high peak current charging the power supply storage capacitor,
and many other sources. From the line, the noise could be due to flattening of the sine
wave voltage caused by the high peak currents slightly ahead of 90 and 270 degrees due
to the total of the power supplies fed from the line without circuitry to correct for power
factor. This generates odd harmonics that feed the EMI filter. Other sources of noise
from the line include equipment without any filtering and heavy surges of equipment
being turned on and off. Lightning and EMPs (electromagnetic pulses) create other line
problems for the filter.

To review, EMI is any unwanted signal from either the power line or the equipment,
and this must be removed to prevent a magnetic field from interfering with closely asso-
ciated equipment or to stop a malfunction of the equipment containing the filter. For
example, it would be unacceptable for a patient’s heart monitor to see degraded per-
formance every time the local X-ray machine was used just because the same copper
connected them. Here, the heart monitor filter would remove the pulse from the X-ray
machine. Or, better yet, the X-ray machine input power filter would attenuate the noise
to a level that makes it too small to be of concern.

2.2 Regular Filters versus EMI Filters

Most of the energy in the stop band (the frequency area to be attenuated) of the filter
is reflected to its source. This fact is often overlooked in both standard-filter and EMI
technology. The remaining energy is expended in the inductors through the DC resis-
tance of the coil, the core losses (eddy currents and hysteresis), and the equivalent series
resistance of the capacitors. All engineers have learned this in the past, but they often
forget it somewhere along the way. Whereas this handicaps the regular filter designers,
it is an aid to the EMI filter designer.
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Standard filter designers have several excellent filter responses to choose from,
namely: Butterworth, elliptic, Chebychev, and M-derived. They know the input and
output impedances of the source and load (usually the same), the allowable passband
ripple, the —3-dB or half-power frequency, and the stop frequency (the first frequency
with the required amount of loss). The regular filter designer is able to use software
filter-design tools or may even develop the filter design from mathematical deriva-
tion techniques using pole placement and ladder synthesis. In either approach, the
filter performance should be very close to the results required. In some cases, the filter
may have to be altered by adding stages to accommodate changes in topology, etc., to
achieve the desired results. Needless to say, this type of filter typically demands equal
source and load impedances and, therefore, is very deterministic, whereas the filter
transfer function and the response required can be modeled with load and source
normalized to unity.

In contrast, most EMI filter manufacturers design only the low-pass filters (all-pole
networks) needed for the required EMI attenuation. Rarely do they build bandpass or
other conventional filters. EMI filter design is not a precise process compared with that
used by the conventional filter manufacturer; therefore, EMI filter component values
are very flexible, allowing the use of standard values. These filters are adjusted only to
meet the required insertion-loss specification, assuming that the rest of the specification
is met.

The languages spoken by the two groups are also different. As mentioned in chapter 1,
true filter houses often speak of poles, zeros, group delay, predistortion, attenuation,
and terms such as the order of the filter. The EMI filter designer thinks in terms of
attenuation, insertion loss, filter voltage drop, stability, and the number of filter sec-
tions required to meet the insertion loss. Although the power source may have har-
monics, the actual power supplied to the device through the filter is restricted to the
fundamental frequency. Such a harmonic content is especially true for power supplied
locally by shipboard generators and remote stations where the generator is near or well
past peak power. In this case, flat frequency response, low phase distortion, or low peak-
to-peak ripple across the filter passband is not an issue here. These power line harmonics
furnish no power to the load, so the EMI filter designer is not concerned with them. Asa
result, terms such as group delay, ripple, and phase distortion are never heard.

To summarize, the requirements of the conventional, or wave, filter house are entirely
different from EMI requirements, as the technologies and levels of performance are
completely different. The conventional, or wave, filter component values are more criti-
cal, and a need for precise values is paramount to filter performance and in meeting
requirements.

2.3 Specifications: Real or Imagined

Specifications are another subject that often creates uncertainty and controversy. Some
test specifications unnecessarily complicate the design and make it overspecified. For
example, one company had been using a particular filter for years without any prob-
lems meeting the EMI qualifications. Then the test specification was changed from
220 A to the current-injection probe (CIP) method, and the filter never passed. These
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specifications are such that they conflict with reality. The 220-A specification calls for
losses within the filter, with a source and load impedance of 50 ohms. The filter will,
in reality, feed a power supply that is rarely close to 50 ohms and work into a source of
rarely 50 ohms. In this example, the system was targeted for aircraft where the power
feed would be very short. For this line impedance to approach 50 ohms, the line fre-
quency would have to be in the MHz range. So what is the EMI filter designer to do:
Match the 50-ohm specification or meet the real-world specification? What is meant
here by the real-world specification is similar to the qualification test that may follow.
This CE test measures the conducted noise that is generated within the system through
the filter. The line-impedance stabilization network (LISN) is often used as the source
impedance for these tests and is closer to the real-world requirements.

Most specifications that call for a LISN require 50-ohm output impedance.
Unfortunately, the 50-ohm impedance is not reached until well above 100 kHz. If the
only real issue is to match the 50-ohm impedance, the filter will be matched to the
source impedance of 50 ohms. There are two concerns here. Firstly, what is the lowest
frequency of interest and filter loss required? Is it below 100 kHz? The LISN output
impedance drops rapidly from 50 ohms, and the filter is then mismatched. Secondly,
what happens in the real world when neither the source nor the load impedance is
close to 50 ohms? Figure 2.1 shows a typical LISN where the line impedance, whatever
it is, is shunted by the input network at frequencies above the point where the 22.5-pF
capacitor’s impedance is equal to 1 ohm. This is at 7 kHz, so at frequencies above 10
kHz, the line impedance is reduced to the 1-ohm value, while the load side of the LISN
looks like 50 ohms. The impedance of the inductor is low at 10 kHz (3.5 ohms). At 10
times these frequencies, the inductive reactance is only 35.2 ohms and reaches 50 ohms
at 142 kHz. The entire network at 142 kHz generates a source impedance for the filter
of 35 ohms at 44 degrees. It is obvious that the LISN will not look like 50 ohms until
well above 150 kHz.

The proposed MIL-STD-461 LISN is shown in Figure 2.2. The real intent of the filter
is to attenuate conducted emissions of differential- and common-mode origins from
both the device and the line. The test specifications rarely prove that the filter will pass
with any degree of satisfaction within the system specification or real-world specifica-
tion. The filter can often pass the insertion loss in the test laboratory and fail when tested
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along with the system. A filter that has passed the full test as a target, or bogie, often
gives disappointing end results. If the filter in question appears to pass the bogie, it is
also possible that it will later be tagged as bad by the system tester.

The MIL-STD-461 specification is more realistic than the 220-A specification.
Robert Hassett (vice president of engineering at RFI Corp., retired) has given several
presentations for the Institute of Electrical and Electronics Engineers (IEEE) and other
groups that show the advantage of moving away from the 220-A test method to the CIP
method. Hassett has tested many filters by both test methods. The 220-A test setup is
shown in Figure 2.3, and the current-injection probe (CIP) is shown in Figure 2.4. The
Hassett curves show the difference using an L filter with the capacitor facing the line as
compared with the inductor facing the line (Figure 2.5). The same is also true for the ©
filter due to its input capacitor facing the line. Either filter will look good under the
220-A tests.

These results are due to the 50-ohm source impedance. The CIP utilizes a 10-pF capac-
itor, and this will reduce the filter loss by 6 dB, especially at the lower frequency end. In
the case of Figure 2.2, the signal generator—now normally from the spectrum analyzer
tracking generator—has an output impedance of 50 ohms and feeds a coaxial switch
(not shown), and the load impedance is the receiver’s input impedance (also 50 ohms)
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FIGURE 2.5 Two L filters, LC and CL.

fed through a second coaxial switch. A calibration path is provided between the two
coaxial switches. This test method makes the m filter function as a true three-pole filter,
giving 18 dB per octave or 60 dB per decade loss. The real-world initial losses at the
low-frequency end would shunt out the input filter capacitor. This would give initially
12 dB per octave of loss until well over 100 kHz (depending on the line length). This test
method masks this flaw of the 7 filter or the L filter with the capacitor facing the low
impedance. Figure 2.4 shows the method used by Robert Hassett at RFI. In the MIL-
STD-461 specification, the current probes feed the measuring equipment to compare
the two currents. This method shunts the input = filter capacitor copying the real world
up to the frequency where the 10-uF capacitor’s SRF takes effect. This method makes the
 filter loss 12 dB per octave or 40 dB per decade, instead of 18 dB per octave or 60 dB
per decade.

Other test methods have been suggested. Mitchell Popick (vice president of engi-
neering at Axel Corp., retired, and a member of SAE EMI group and the dB Bunch),
recommends that the load side of the filter should face a diode bridge that is properly
loaded. This is much better for those that will feed a power supply, which is about 95% of
the time. This also shows how the filter handles diode noise, which is the leading noise
competing with the switcher noise. These are primarily the odd-order harmonics of the
power line frequency and spikes during turn on and turn off. It works well in three-
phase systems as well, but it is important to make sure that the total inductive reactance



Why Call EMI Filters Black Magic!? 2-7

Power
source 56 uH L
(BT O e _m |
+ _ i
25w | 25 | ¢ ¢ 1
1 Ohm 1K ﬂ - T u
LISN Analyzer Filter needing

- 50 Ohms under test filter

FIGURE 2.6 Analyzer method.

of the filter inductors is much lower than the primary inductance of the transformer
(if any). This is especially true when multiphase transformers are to be used. These are
often autotransformers, where the primary inductance is much lower than for the isola-
tion transformer type. The inductance of the filter and the primary inductance of the
transformer can form a voltage divider that reduces the voltage feeding the load. This is
another reason to avoid the commercial filters, where one filter fits all. These may work
fine in some applications and fail in others.

In Figure 2.6, the spectrum analyzer sees the diode, power switch, and parasitic noise
that is allowed to pass through the filter under test. If the load is the real system rather
than a load resistor, as in the drawing, the analyzer will see the full noise signature
of the equipment. This is much more of a real-world test because the filter must handle
all the noise sources at the same time plus the power for the unit, which is what happens
in the real world. In other words, the filter could saturate under this condition, while the
CIP and 220-A specification methods are looking at a single frequency from the track-
ing generator or CIP. Of course, both the 220-A and CIP tests pass the full power from
the line, but so does the analyzer test method.

Reviewing, it is prudent not to use a capacitor input filter for the CIP test method
because the loss is 0 dB per octave for this component, whereas it should be 6 dB per
octave. This component costs money, demands filter room, and adds weight without
performing until the frequency is very high.

2.4 Inductive Input for the 220-A Test Method

This is similar to the capacitor of the = filter in the CIP method, but not as severe. With
the 50-ohms impedance in the 220-A test system, what is the inductor impedance going

to add? At least the 50-ohm impedance is there, and the inductive reactance adds to it
at 90 degrees. We are speaking here of either an L or a T filter. They are not responsive
until the impedance of the inductor reaches 50 ohms. Regardless, this takes effect orders
of magnitude ahead as compared with the capacitance to ground in the CIP method.
Both L and T perform very well in the CIP method, but are somewhat limited in the
220-A method. If we were to calculate the frequency at which the inductor is 50 ohms,
this would be the starting point where the inductance will start to function and explains
why most filters are the 7 type required to pass the 220-A specification.
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Summarizing, with regard to the inductors of the L or T filters in the 220-A test
method, evaluate and note the frequency at which they reach 50 ohms.

2.5 400-Hz Filter Compared with
the 50- or 60-Hz Filter

The problem with the 400-Hz power frequency is the voltage rise at 400 Hz. Again,
we are speaking of a system requiring substantial insertion loss and load current.
It is the cutoff frequency of the EMI filter that creates the problem. There is always
a substantial voltage rise ahead of this cutoft frequency that pushes up the frequency
spectrum at 400 Hz, and this creates a severe voltage rise at 400 Hz. At 60 or 50 Hz, the
rise is so much smaller that other factors will compensate for it, thereby ensuring that
the output voltage is the same as the input, with a potentially small voltage drop. This
will be discussed later in the book, but the main answer is getting the cutoff frequency
as high as possible for 400-Hz systems. This requires multistage filtering and imped-
ance matching. As the number of stages grows, the cutoff frequency increases for the
same amount of loss (80 dB at 100 kHz), thus dropping the gain at 400 Hz. However,
as the current level decreases through the filter, this often enhances the voltage-rise
problem.

There is also a technique referred to as RC shunt that decreases resonant rises due
to circuit Q. For example, at 6 kHz, the resonant rise could be 10 to 15 dB. The resis-
tor could be 10 ohms (covered later in the book), and the capacitive reactance at 6 kHz
would be 10 ohms. Would this lower the resonant rise? Of course it would, but now you
have 5 dB at 4 kHz. So what is the gain at 400 Hz? It is about the same as before, but there
are cases where this fix made the condition worse. The resonant frequency dropped in
dB but was also moved to a lower frequency, negating the fix. Another method is the
Cauer, or elliptic, filter. In a multistage filter one (or two) of the inductors is tuned to, for
example, 100 kHz. This adds many dB of loss, allowing all the filter component values to
decrease until the filter loss is brought back to the needed 80 dB at 100 kHz. This pulls
the resonant rise frequency farther away from the 400 Hz and reduces the voltage gain
at 400 Hz. Of course, each change in the inductor values requires a change in the tuning
capacitor so that it still resonates at 100 kHz.

Reviewing, 400-Hz filters with high loss requirements at low frequencies
demand special handling to get the loss low enough and still have little voltage gain at
400 Hz.



Common Mode and
Differential Mode: Definition,
Cause, and Elimination

There is a wide-ranging set of opinions about the definition, cause, and elimination of
both common-mode and differential-mode noise. This chapter attempts to cover most
of these concepts.

3.1 Definition of Common and Differential Modes

Normal-mode noise is simply a voltage differential that appears briefly between the
power line and its accompanying neutral or return line. The neutral line may not be
power ground. As the name implies, these two lines represent the normal path of power
through electric circuits, which gives any normal-mode transient a direct path into sen-
sitive circuits and therefore the opportunity to degrade system performance. Normal
mode is most often called differential mode.

Differential-mode noise is most often attributed to power supply or load switching.
Other causes are transients, surges, or interrupts that occur on any line with respect to
a ground reference. Major contributors of differential-mode noise are power supplies
and motor controls that operate under PWM control where loads are switched at high
frequency. The switching action creates differential-mode noise at the source due to high
ripple currents in the DC link capacitors.

Common-mode noise is most typically seen as a transient voltage differential
that appears between ground (not necessarily the neutral line) and both of the two
normal-mode lines. Therefore, the noise is common to all lines with respect to a neutral
or ground reference. Common-mode transients are most often the cause for concern,
particularly so with sensitive analog and digital circuits, as this noise often leads to sus-
ceptibility issues where circuits can operate erratically, leading to adverse functional
behavior or even failure. Common-mode noise impulses tend to be higher in frequency
than the associated differential-mode noise signal. This is to be expected, as the majority
of the common-mode signals originate from capacitive coupling of differenti