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Abstract

ThisDoctoral hesis ains at studying,developing,and characterizing cutting edge equipment

for EMCmeasurements andoroposing innovative andadvanced power line filtedesign
techniques.

This documensummarizes a thregear work,is strictly industry oriented and relies on EMC
standards and regulation#t contains the maimesults, findings, and effort with the purpose of
bringing innovative contributions at the scientific community

Conducted emissions interferences are usually suppressed with power line filtess filiees

are composed by common mode chokes, X capacitors and Y capacitors in order to mitigate both
the differential mode and common mode nojswhich compose the overall conducted
emissions.

However, even at present dayayailablepower line filter design techniques shoseveral
disadvantagesFirst of all filters are designed to be implemented in idean K §eéadsSy
condition which is far away from reality. Thethe attenuation introducedby the filter for
commonor differential modenoise isanalyzedndependently, without considering the possible
modeconversiorthat can be produced bynpedancemismatchesor asymmetries in eitheghe

power line filter itselfor the equipmentunder test.Ultimately, the instrumentation used to
perform conducted emissions measurement is, in most cases, not adegAditthesefactors

lead to aninaccuratedesign contributing at increasing the sizsf the filter, making itmore
expensive and less performant than it should be.

The objectives of thiBoctoral Thesiareto:

1. Present a extensiveoverview of existingNB O S /argh8etEre3 outlining their main
advantages and disadvantagehile focusing on achieving ayptimal power line filter
design.

2. Propose a aw characterization methodologies and techniques to model the
measurement set up and evaluate its uncertainty

3. Propose a newnethodology to accurate desigmsinglephasepower line filter based
on accurateinsertion lossestimations,validated both from simulations andn-field
measurements

4. Propose a nevnethodology toevaluatethe modal noisegieneratedby athree-phase
equipmentas well as proposing a reliable procedure to design an optimal {pnese
power line filter, validated both by simulations andfiald measurements

5. Contribute to spread the work throughout the scientdemmunity.



Structure of the Document

The work presented in this thedisis beerstructured as follows:

1

Chapter 1: Introduction. A summary of the basic concegtspdards state of the art

and presertday problems and limitationeegarding EMC measuremerase described

in this chapter.

Chapter 2: ALomprehensiveeomparison between FRhd conventionalEMCreceivers
along with a detailed analyses thfe major differencesbetweenthe two architectures

is presentedFurthermore, a detailed evaluation ¢imee modal conducted emissioasd
methods toextractthis information as well as thdéimitations involvedis carried out
Chapter 3: In this chapter, the basic principles of uncertaintiesntmeducedas well as

a methodology to reduce the computational time to estimate the uncertainty of the
measurand while consideringdifferent influence factors is proposedihen, he
evaluation of the uncertainty of the input measurement chain ofcanmercialEMI
receiver is carried out.

Chapter 4: A methodology for the optimal design of power line filters for single phase
equipment based on accurate insertion loss estimation is presented. This is, along with
a complete characterization of the device under test, including its parasitioners,

and a complete knowledge of the overall conducted emissions and modal
measurements.

Chapter 5: A methodology for the optimal design of power line filters for three phase
equipment based on accurate insertion loss estimation is presented. Including a review
of the threephase modal definition, focusing on common mode and differential mode
current behavior. In this chapter, an overview of the available measurement
instrumentation is proposed along witthe state-of-the-art technology. Then, the
optimal power line filter is desigrd by accurate insertion loss estimatioafter
performing a canplete characteriation ofthe equipmentunder test.

Chapter 6: Conclusions and future work. In this chapter, a summary of the overall work
as well as future objectives is presented.

Bibliography. All the references of this thesis can be found in this section.



Acknowledgements

Firstthank goes tany supervisor Lorenzo Peretto who gave me the opportunityusue this
PhD.I have learnt a lot from him, not just in the technical area. Without his supportpthjsct
would have never started

Second thank goes to Ernest Cid and Jordi Actmrisiting me pursuethisindustrial PhD while
working at Wavecontrol SL.

A special thank goes to Francisco Javier Pajares and -Mizgrel Sanchez for all the help,
suggestions, writing, correcting and patience that they had during these years.

Especially without the help of Albeliquel, none ofthe work done would have ever been
possible.

Last, but definitely not least, particular thanks go to my mother Mgminafather Claudi@and
my brother Nicol6 fortheir patience,love and support evenf distance separates usny
grandmother Dorinawhich at the time of writinghese sentencess fighting a hard battle, and
to my girlfriend Cristindor her support and love.

Thanks for alwayielieving and loving me through my career.



Table of content

O 1 oo [UTox i o] o OO TP PPPPUPRPPPPPR 1
1.1 Signal charaCterizatiQn............cooiiuiiiiiiieieiie e 2
1.1.1 POWET iNE NEIWOIKS......eiiiiiiiiiiiiiie ettt 2
1.1.2 Interference Signals characterizations.............cccvvvvveiiiniiiiiic e 2
1.2 PLF SHUCKUIE. ...ttt 5
1.2.1  Single Phase PLE....... e 6
1.2.2  ThreePhase PLE.........oooiiiiiieee et 6
1.3 PLF CharacCteriZatiQn...........ceeeiiuiriieiiieiee ittt 7
1.3.1  Common Mode ChoKes (CMEQ).......ccuuiiiiiieiiiiiieiee e 8
1.4 EMC STANUANA.....cciiiiiieiiiii et e e e e 9
141  TeStEQUIPIMENL....cciiiiiiiiiie ettt e e as 9
1.4.2 LIS =T = o P 11
2. EMGEC RECERIVEIS.....oeiiieiiiie ettt e e e e e e e e e e e e ennnees 14
2.1 INTTOTUCTION. ...ceeieeit ettt e st e e e e e e e nn e e e 14
2.2 Conventional EMI RECEIVET........ccoiiiiiiiiiie ettt 15
2.2.1 Architecture of a Conventional EMI RECEIVEL.............ccocvviiiiiiiiiiiieec e 15
2.2.2 Benefits and drawbacks of the Conventional EMI Receiver.............ccccccoee.. 18
2.3 FFIBased EMI RECEIVEL........cccuiiiiiiiie ettt 19
2.3.1. Analog Architecture of the FBaised EMI Receiver........ccccccccvvveiiiiiinie, 19
2.3.2. Digital Architecture of an FBased EMI Receiver............ccccccceeeiiiiiiiiiiieeeen, 20
2.3.3. Benefits and drawbacks of the FBaked EMI ReCeiVer...........cccccovvvviiiieneeenns 23
2.4 Modal EmISSIONS MEASUIEMEIL.........cciuriieiiiiieeeeiiee et e e e e e e e 24
2.4.1 Analog MOdal SEPAIALOL......ccciiiiiiiiiii e eeei e 25
2.4.2. Digital modal separator: TYImIT FECEIVEL.........uueeiiiiiiiiieiieieeeeeeee e 26
2.5. Measurement RESUILS.............uiiiiiiiiiie e 26

25.1  Standard and modal measurements using a conventional EMI receiver..27

2.5.2 CE and modal measurements using a qhaat FFTbased EMI receiver.......29
2.5.3  Comparison of modal measurements obtained using an analog vs digital modal

1] 0oL =1 0] GNP PP URPPPPPPPPPPRPIN 31

2.6. CONCIUSIONS. ...t ettt e et e e et e e e s e e e e e e e e e s neeeeeenaaas 33

3. Uncertainty Budget Evaluation of a Measurement Instrument...............cccccccvvnnnnnes 34

B.LTRNE GUM. ettt e e e e e 35

3.1.1 Overview of the GUM Methodology.........ccoocimiiiiiiiieeeeeeeeee e 35

3.1.2 The Central Limit TREOIGIML........ccciiiiiiiiiiie e 37

3.1.3 The GUM Supplement 1 and MCM MethQd.........cccccovviviiiiiiiiii, 38



3.1.4 Disadvantages in Using the GUM Method for Estimating Uncertainties in EMC

=] 1T PSS EUUPPPURUURRRRR 42
3.1.5¢ Overview of MCM SIMUIALIONS.........ccoviiiiiiiieieecce e e e e eeeeens 43
3.2 Proposed methodology for uncertainty evaluation..............cccccvvvvveevinereeeeeeeeeneens. 43
3.2.1 MeASUIEMENT SIEPS....eiiiiiiiiiiieiieeee e e et e e eeas 43
3.2.2 Description of the EUT........coo i a e e e 45
3.3 RESUILS @Nd DISCUSSION.......cii ittt ee e e e e e e eeaeeeaaaaeaaaaaeaaesaeeasaaasaaanans 46
3.3.1 Results obtained using traditional MCMs approach.........ccccccccvviinnnl. a7
3.3.2 Results obtained with the proposed methad...........cccccooiiiiiiiei e 48
3.3.4 Evaluation of the influence of the parameters on the measurand.................. Bl
3.3.5 Evaluation of mixed influence factors on the measurand.............................. 52
K @0  [od U1 0] £SO EPPPRRPPRRR 54
4. Optimal design of a singlphase power line filter.............ccceeviiii e 55
4.1.Circuit Models Of the SMPSS........ccoiiiiiiiiiiic e 56
4.1.1. Model Of BUCK CONVEITEL........uuiiiieiiiiiiiiiaee ettt et a e ssiaeeee e e e e e 56
4.1.2 Model Of BOOSE CONVEILEL.......ccie ittt er e e e e e e e e e e e e aaaaaaaaaaaeeeeeas 57
4.1.3 Model Of @ SEPIC CONVEILEL.......ccciiiiiiiiiiiiiee ettt sivvreee e 58
4.1.4 EUT CharaCterization.............cueeeeeeeieic e e e e 59
4.2, PLEF DESIQN....ccciiiii e a e e e e e e e e e e e 60
4.2.1. Accurate Estimation of the IL of @ PLF........ooovvieeiee i, 60
4.3. PLF Design MethodolOgy.........ccccccuuririiiiiiiiiiiiiiieeieeieeeeeeeeeeeeeeeeaeeeee e e e e s sn e 62
4.4 Experimental Validation. .........coouiiiiiiieeeiiii e 63
4.4.1. Validation of the Circuit MOdElS............cooeeiiiiiiiiiiiee e 63
4.4.2. Circuit Validation of the EI@C Buck Converter Power Supply Module Output 1.23
VG30 V, MOAEI LM259B.......ccoo ettt e e e e 65
4.4.3 Circuit Validation of the Boost Converter Model MCP16E8HY....................... 67
4.4.4. Circuit Validation of the EIMC SEPIC Converter Model MCP1663................. 68
4.5. Conducted Emissions MeasUr€mMENLS........ccccccvrvrrrrirrnrrieeriereeereerrsessesssaasaaaaaaeennnd O
4.6. PLF Design for the BOOSt CONVELTEL.........uuuuuiiiiiiiiiiiiiiiiiiieieeeeee e e e e e e e e e aaaaaaaaaeeaeens 71
4.7 PLF Design for the SepiC CONVEILEE........ciiiiiiiiiie et 75
8 I o] Tod 11 [ L= PR 81
5. Optimal design of a thregphase power line filter...........cccvvviiiiiiiii e 82
00 10T [T 4o ) o PSSR 82
5.2.  Modal Definition: A Brief REVIEW..........coiiiiiiiiiie e 84
5.2.1. ThredPhase Modal Definition.............cooeeiriiriii e 84
5.2.2.  Filtering a Predominant Differential Mode Nois€............cccccccnvrrnvinnnnnnnee. 87

Vi



5.2.3. General Considerations for CE Testing for TRhase EUTs and Consequences in

I D T T T PP 89
5.3 PLF DESIGN....eeetiiieiiiitiie ettt e e e et e e e e 91
5.3.1. Common Mode NOISE GENEIAtIQN..........cccuvriiiiiiiieeiiiie et 92
5.3.2. Differential Mode NOISE GENEIatiOn........ccoviiviiiiiieiiiiiiee e 92
5.3.3. Differential and Common Mode NOISE...........coocueiiiiiiieieiiiiee e 92
5.3.4. Accurate Estimation of the IL of @.PLF.........cccooiiiiiiiiiiieeeeee 93
5.3.5. Models Validation. ...........cocuiiiiiiiiieiiiiii e 94
pdodp dmP L[ QCapa@idrk.f..dzk. 0.4 2.y . F2 Nl Lo, 94
pPodpPHD® L[ Qa..9d f.dz. 0.A2). .. . F2NI.LoaL........ 95
pd®odp do ® L[ QCapa@idrk.f..dzk. 0.4 2.y . F.2 Nl Lo, 96
5.3.6. EUT CharacterizatioisParameter Measurements............ccvveeviveeennnienennnnn 98
5.4  Experimental Validation..............uueiiiiiiiiiiiiiiee e Q9
5.4.1. CE MEASUIBIMENTS........cciiiuriirriirrriitrirrree ettt e s e s e e e e e e e e e s n s s s s 99
5.4.2. PLF Design Methodology.........ccocciiiiiiiiiiiiiiiiiiieiie e e 101
5.4.3. CE Measurements of a Thi@lease Charging Station.............ccccccevvviivvneennnn. 105
5.5 CONCIUSIONS. ...ttt b e e e 110
6 COoNCIUSIONS Of te WOTK.......oiiiiiiiie e 112
6.1 FULUIE WOTK ...ttt 113

Vii



LIST OF FIGURES

Figure 1.1: Decomposition of the circuit voltages andents (a) for a single phase EUT into its

modal components; CM (b) and the DM (C).........ccooeeriiiiiiiii e 4
Figure 1.2: Decomposition of the circuit voltages and currents (a) for a three phase EUT into its
modal components; CM (b) and tBD @) .......cccuvereriireieriese e 5
Figure 1.3: A PLF connected between EUT and.PLN..............cco oo 5
Figure 1.4: Classical structure of a PLE............cccc e 6
Figure 1.5: Three phase PLF consisting of threm three phase CMC and three

oIz 1o T Lo (0] OSSR 7
Figure 1.6: Magnetic flux direction in the ferromagnetic core due to CM currents (a) and DM
CUITEINTS (1)t e ettt e e e e e e e e e st b e e e e e e e b e e e ees 8
Figure 1.7: Comparison of simulated IL of a 2 mH CMC under different current levels..9
Figure 1.8: Basic set up for CE MeasUremMeNtS.........coovveeeeeii e 10
Figure 1.9: Example Of CUIMTENT PrODE.........cooiiiiiiiiiie e 10
Figure 1.10: Set up for CE measurements (from EMCBmepliance Testing January 16, 2020)
........................................................................................................................................ 11
Figure 2.1: Block diagram of a conventional EMI reCeiVer.............cccvvvvieeiiiiiiiiiieeenns 15
Figure 2.2: Maximum tolerance of a siwave voltage measurement according to CISRR-16
PP EPP R OUPPRRP 16
Figure 2.3: Critical mask for the IF filter of Band B (9 KHz)..........ccccovvvivvieeviieiieiiieeeee. 17
Figure 2.4: (a) Peak detector circuit; (b) Qumesak detector circuit; (c) Average detector

(o] o 1 | P PPRP PRSP 18
Figure 2.5: Measurement examples of signals with different repetition rates using the three
L0 = (=0 (0] £ PSP 18
Figure 2.6: Block diagrams of an fla$ed EMI receiver..............cccccoiiiiiiiee e, 20
Figure 2.7: Block diagram of the digadnal processing...........ccccccee et ieee e 20
Figure 2.8: Digital dOWDONVEITET........ccoiiiiiiiieee ettt ee e 21
Figure 2.9: Examples of window functions that meet CISPRL16r the 9 kHz and 200 Hz
RBVVS.... ettt ettt e e ettt e e e e e ettt e e e e e e b et et e e e e e aaeee e e e e e e b r e eaeeeaannrees 21
Figure 2.10: Nowverlapped and overlapped Gaussian WindoM. .............cccuveeeeeeennninnee. 22
Figure 2.11: Analog modal separator using a transformer.............ccocvvevieeeieeveeeiieeeeeen.. 25
Figure 2.12: Simulated S parameters. (a) S(2,1) red and S(3,1) blue ; (b) S(2,1) red and S(3,1)
0] 11 25
Figure 2.13: Schematic of the measurement setup (a); Actual implementation.(h)....... 26
Figure 2.14: Spectrogram. Line emissions. Queak deteCtor...........ccccceeeeeeeiiiiiii s 27
Figure 2.15: Standard measurement done with the ESPC. Peak and average scans were
obtained with a dwell time Of 10 MS. ... 28
Figure. 2.16: CM emissions measured with the ESPC and a modal separator. Peak and average
scans were obtained with a dwell time Of 10 MS........ccccciviiiiiiiiiiie e, 28
Figure 2.17: DM emissions measured with the ESPC and a modal separator. Peak and average
scans were obtained with a dwell time Of 10 MS...........uuiiiiiiiiii e, 29
Figure 2.18: Standard measurement performed with BEMSCOPE. QPK and AVG scans
obtained with a dwell time Of L S....vvvviiiiiiei e 30
Figure 2.19: Modal measurement performed with EMSCOPE. QPK and AVG scans were
obtained with @ dWell timMe OF L S.....cooiiiiiiiiii e 30
Figure 2.20: Schematic of the first measurement set.up...........ccooeeeiccicciciiniiiviniineeeee, 31
Figure 2.21: Schematic of the measurement SEL.UPR.........coooiiiiiiiiiiici e 31



Figure 2.22: Comparison of CM and DM noises (QPK detector) recorded by using an external

separator vs calculation in digital domain..............uevviiiiiiiiiiiiii e, 32
Figure 2.23: Comparison of CM and DM noises (AVG detector) recorded by using an external
separator vs calculation in digital dOM@AN............cooiiiiiiiiiii e 32
Figure 3.1: Probability density function ofesctangular distribution....................cccccnnenees 38
Figure 3.2: Probability density function ofrengular distribution.................c.cccccvvviinnnnnne 40
Figure 3.3: Probability density function of a Gaussianpomal, distribution..................... 41
Figure 3.4: Uncertainties propagation for 3 input quantities.............ccccvvvvvvierveneeeeeeenenn. 41
Figure 3.5Example of the distributions f@&independent input variables......................... 42
Figure 3.6: Actual input measurement chain of the EUT............cccooiiiiiiiiiiiiiieee 45
Figure 3.7: Block diagram of the input part of the EMI Receiver considered................. 46
Figure 3.8: Distribution of the output voltage setting N = 10.000 iterations.................... 48
Figure 3.9: Distribution of the attenuation over freqUENCY..........cccceevviiiiiieeeeeenieiieeeenn 50
Figure 4.1: Model of Buck converter including parasitic components.........cccccceevveeeen... 57
Figure 4.2: Model of the Boost converter, including 1idealcomponents...............c.eve..... 58
Figure 4.3: Model of SEPIC converter includingideal components...............ccccvvveeeennns 58

CAIdzZNB nonY 610 {bLINFYSGESNI YSI a.dzNB.Y.S.y50

aSddzur

Figure 4.5: Equivalent circuit of the EUT connected to the equivalent circuit of a LISN according

TO CISPR LB...oeeiiiieei ettt e e e e e e e e e e s ettt e e e e e e e s snnnneaaaeeesnnnrnneeeeeenand 61
Figure 4.6: PLF connected between the equivalent circuit of a EUT and the equivalent circuit of
a LISN according to CISPR.LG.........uuiiiiiiiiiiiiieeeceee e 62
Figure 4.7: Typical Structure Of @ PLE..........cooiiiiiiie e 62

Figure 4.8: $arameters measurement setup, which contains a EUT (front row, left side,
placed above the foam), a VNA (right sidehnected to two transient limiters, a twport LISN
(background, middle) and a programmable DC power supply (background, left. side).. 64

CAIAdzZNBE nddY /2YLI NREA2Y 2F GKS {bLINIYSGSNB 20

(blue), and EUT not powered (pink) for the Buck Converter Model LM2596.................. 66

Figure 410/ 2 YLI NA a2y 27F G(GKS {bLI N}YSGSNE 2060+ AySR

(pink), and EUT powered (blue) for the Boost Converter Model MCP1&BEV............... 67

[atN

(@]}

CAIdNB nodmmY /2YLI NRa2y 2F GKS {bLINFYSGSNE 206

(pink), and EUT powered (blue) for the SEPIC Converter Model MCR1663.................. 68

CAIdzZNBE ndmMHY [/ 2YLI NRaA2y 2F GKS {bLINFYYSGSNE 20
(pink), and EUT powered (blue) for the SEPIC Converter Model MCP1663 after remogiag C

Figure 4.13: CE measurement setup, which contains a EUT (front row)}patin&MI receiver

(background, left side), and a twaprt LISN (background, right side)..........cccocvivvieeennns 70

CAIdzNE nodmnyY /9 YSIFadNBYSyd 4 GKS LRaAGA@S 4GS
guasipeak (QPK, blue) and average (AVG, red) detectors...........oooveeeinniineieniiiiiiieeeeee 71

Figure 4.15: CM (red) and DM (blue) decomposition of the CE measurement of the Boost

converter using the QPK deteClOr........coooviiiiiiiii e 71

CAIdzZNBE nomcd t[C O2yySOGSR 0SGsSSy GKS ''¢ | yR
(o= T o =T | (o ] (TSP PPPRPPPN 72

CAIdNE nodmT1d t[C O2yySOGSR 0SigSSy GKS 9]¢ FyR
AN 8 DM INUUCTO ...t e e e s e e e e e e e e eeeaeeas 73

Figure 4.18: PLF connected between the EUT and thechi8iéting of a DM inductor and an

b 0B LIS Ok LI QARG 2 NID e, 73

Figure 4.19: DM IL of RLBolid red line), PL.kdotted blue line), and PkFdashed pink liney4

Figure 4.20: CM (red) and DM (blue) were obtained with a filter composed of a Cx = 0.47 uF

oL aTo I T I O I LS IR | T 74

P~



Figure 4.21: Modal noise measured after applyingRPLE...........cccooviiiii e 75

CA3IdzNBE nodHHY /9 YSIFadz2NBYSyid G GKS LRaAiAidrgds

quasipeak (QPK, blue) and average (AVG, red) detectors..........cccceeeeeeeeeeeiii e, 76
Figure 4.23: CM and DM measurement for the Sepic converter using thepgaks{QPK)
(023 =T o) (o] PP PRPP PP 76
CA3IdzNBE nounyY t[C O02yySOGSR 6Sis6SSy (KS
=T 0 4 PP 77
Figure 4.25: PLF connected betweenthe EUT andthede&sSa A adAy3a 2F |
(072 10 = (o1 (o ] CA PP 78
Figure 4.26.: DM IL and CM IL OfsPLE........ooviiiiiiiiie e csiiiee e ssiineeeee e B
Figure 4.27: DM ILand CM IL Of RLE.......ccciiiiiiiiiiiieieeeereeereeeeeee e 9
Figure 4.28: CM (red) and DM (blue) obtained withyPLE.........................ccl 29
Figure 4.29: CM (red) and DM (blue) obtained WithePLE..............cccooiiiiiiieeiiiiiieeeen 80
Figure 5.1: Circuital vs. modal characterization for a thpegse EUT currents................... 85
Figure 5.2: Path followed B@2'O@ generated by an EUT when connected to a thpbase
] SRR 86
Figure 5.3: Equivalent circuit of a thrpase EUT connected to a LISN................ccueeee. 86
Figure 5.4: Representation of the differential mode currents flowing in a threese system
after applying twad @apacitors. DM1 (black), DM2 (blue), and DM3 (ted)..................... 88
Figure 5.5: Standard CE-sgt for a threephase EUT.........cccccoiiiiiiiiiine e 89

Figure 5.6: (a) Setp using a modal separator; (b) agt using a fouchannel EMI receiver90
Figure 5.7. Equivalent circuit of the EUT connected to the equivalent circuit of aghase

] PSPPSR 93
Figure 5.8: Equivalent circuit of the EUT connected to the equivalent circuihdeaphase
LISN WIth @ PLE.....coo ettt e e e e e e e e e 94
Figure 5.9: PLF connected between the thptmse LISN artiree EUTs consisting oftype
(0= 10 = (o1 (o] £ TP 95
Figure 5.10: IL of a Pldd@mposed of a thre@ 6eapacitors..........ccccecevcuveeeiiivieeeeciieeeenes 95
Figure 5.11: PLF connected between the thpbase LISN and the EUT consisting of a three
PhAaSE CMC ... .o e e e e e e e e e e e e e e e e e e e e e e e e e e e e s aeeeaaiaand 96
Figure 5.12: IL of a PLF2 composed of a tHoteese CMC............cccvvvvvviiiiiiieeiieeeeeeeeeeeee. 96
Figure 5.13. PLF connected between the thpbase LISN and the EUT consistingtyp¥

(0= 10 = (o1 (o] £ TP 97
Figure 5.14: IL of a PLF3 composed of tHré@apacitors..............cccccveeeeveeeveeeeereenen 97

Figure 5.15. (a)-Barameter measurement seip; (b) Actual setizLd 6 A G K pn .88 GSNXYAY I

Figure 5.16: CE measurement-sgt a fourport EMI receiver (left side), and a feport LISN

(right side, back), with the EUT (right side, frant)...............ooooiiiiiiiiiieeeeeeee 100
Figure 5.17. CE measurement of a thpdese EUT with a QPK detector............cc....... 100
Figure 5.18. Modal noise measurement dheee-phase EUT measured with a QPK detector.
...................................................................................................................................... 101
Figure 5.19. PLF connected between the EUT and the LISN consisting dfpsapacitors
placed between LINeSCB and Z3........coovviiiiiiiiiiieeeee e 102
FIgure 5.20: 1L Of PAF ..o 102
Figure 5.21: DM1 without PLF5 (red) vs. with PLF5 (DIU@)........ccoviiiiiiiiiiiiiiiiiieeee 103
Figure 5.22. DM2 without PLF5 (red) vs. with PLF5 (blue).................oo oo 103
Figure 5.23. DM3 without P4 ffed) vs. with PLRDIUE)........covviiiiii s 104
Figure 5.24. CM without Piffed) vs. with PLsRbIUE)............cooovieiii s 104

U ¢



Figure 5.25: CE measurement setlgJT (left side), an EMSCER& (a fouport EMI

receiver, right side), and a foort LISN (CENtEN....uuiriiiiiiiiiiieeiieeeeeee 106
Figure 5.26: CE of EUT with QPK detectar..............coo oo 106
Figure 5.27: Modal noise measurement of a three phase EUT with QPK detector......107
Figure 5.28: Schematic of the PLF proposed (a) and actual BLE.(b).......................... 108
Figure 5.29: IL of the PLF PropoSEd..........uuviiiiiiiiiiiiiiiiieieeeieeeeeeeeee e 109
Figure 5.30: Modal noises recorded after applying the.PLE.............cccooiiiiiiiiiiinnn. 109
Figure 5.31: CE noise recorded after applying the PLF (QPK detector)..........cceevee..... 110

Xi



List of Tables

¢FofS MedmMY {dzYYINE 2F (GKS ALISOATFTAOFGAXMWE F2NJ S|
Table2.1ICNB lj dzSy 0& wl y3aS IyR w.2 FT2N SIFOK.XI6Y RXXXXX)>
Table 3.1Results obtained with N=10.000 iteratidix X X X X X X X X X X X X @ gX@#HAZ X X X X X X
Table 3.2Results obtained with lowering the number of iteratioghX X X X X X XXXXXX X49

Table 3.3Time vs number of iterationEX X X X X X X X X X X X X X @ D P X XRXXREIX X X X X X X
Table 3.4Time vs number of iterations and number of paramekeps X X X X X X XX XXB2

Table4.ix | £ dzS§8&4 2F GKS LI NFaAGAO O2YLRySYXiae2¥F (GKS
Talde 4.2: Valuesof the parasitic components of the Boost converter Model MCP1640EV

{7 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXIOMEX X X X XXX
Table43+ | f dzSa 2F GKS LI NIaAdAO O2YLRYySyXix672T (GKS |

Xii



Acronym Glossary

ADC
AMN
AVG
CE
CTL
DDC
EMC
EMI
EUT
FFT
GUM
IR

LISN
MCM
NPS
PDF
PE

PK
PLF
PLN
PSD
QPK
RBW
RF

S parameters
SMPS
STFFT
TOSM
VNA

Analogto-digital converter
Artificial mains network
Average

Conducted emissios

Central limit theorem
Down-converter
Hectromagnetic compatibility
Electromagnetic interference
Eguipment under test

FastFouriertransform

Guide to the Expression of Uncertainty in Measurement

Infinite impulse response

Insertion loss

Line impedance stabilization network

Monte Carlo Method

New product development
Probability distribution function
Protective earth

Peak

Power line filter

Power line networks

Sectral density

QuasiPeak

Resolution bandwidth

Radio frequency

Scattering parameters
Switched-mode power supply
Short-time fastFourier transform
Throughropenshort-match

Vector Network Analyzer

Xiii



CHAPTER 1

1. Introduction

The electromagnetic compatibility (EMC) compliance of any electric or electronic device is a
basic worldwide requirement. EMC standards establish testing methedsirements,and
limitations that the equipment must comply to ensure that does not disturb or get disturbed by
other equipment, for example radio and telecommunication, during its normal functidiing
3].
Furthermore, EMC compliance is fundamental to guarantee the performaataty,and quality
of most of electric devices.
However, due to the exponential rise in development of new electronic proddetigning a
product compliant with EMC requiremenis becoming amajor challenge.Thisproblem gets
aggravatedeven worse when the technologies evolves faster than the corresponding EMC
standard[1-8].
Nowadaysaccredited EMC labs needatiend toseveral customerdasically all manufacture
of commercial electric/electronic devices, iwh are pressured to get their prodeEmarked
in order to launch them into market as fast as possible. At the time of writing this thesis, a global
crisisof the semiconductor supply chain affected the whole world. This had a direct effect in
EMCtestingworld as well since:

a. Several equipment had to be redesigned because cexdamponentscould not be

sourcedanymore(or lead times were extremelgng).
b. Everyre-designedequipment had to be retested to guarantee EMC compliance before

it couldbe sold

Forced by the long waiting times of accredited EMIGs, mostompanies developing electric or
electronic producs, increased theiinternal capability to perfornEMC testinghroughout new
product development (NPDand prototype development In thesephases, mosEMI tests,
mainly conducted immunity and emissions, are performed to determine if the equipment under
test (EUT) meets the limits set by the relative product standard.

As a result, it is becoming increasingly essential to develop enhanced and preesgrements
techniques with shorter testing duration arable to providecostefficient designsHence the
objective of this thesis is to improve the efficiency of EMC testisgeciallyfor conducted

emission (CE) measurements. Additionally, it atngfferingaccurate andptimal techniques



for power line filter (PLF) design, with tipeirposeof reducing theproductsoverall cost and

expeditingtheir time to market.

1.1 Signalcharacterization

1.1.1 Power line Networks

Electrical distribution networks, which firstly appeared at the endI¥feéntury, have strongly
evolvedthroughout the yearsaccording to the needs of each countiyence,nowadaysthe
worldwide power distribution network showdifferent characteristics. For instance, Eurdyzes

a 50 Hz and 2308¥stem while USAasa 110 V and 60 Hme[9]. Despite the differences, both
single phase power line networks (PLNs) are constituted thyes-conductorstructure (line,
neutral and ground), while three phase PLNs are constitutedieéa&onductorstructure (three
phases, neutral and ground). Iriraee-phasesystem the sinusoidaloltagesare 120° shifted
betweenS | OK 2l rikoStdfXhé cases, the high and medium voltage distribution is done
though three-phase systemswhile for residential and small/medium commercial entities, a
singlephase supply is usually provided. Hence, the majority of electric or electronic devices are

connected to this network9].

1.1.2 Interference Signals chracterizations

A singlephase PLN is composed by three conductors; line (L), neutral (N) and the protective

earth (PE) commonly referred aground (G).

The are different ways to characterize the noise which can interferetiWiticommon
operation of any electric device connected to the PIONis can be classified H9D,11}
1 Narrow band noise: radiated signal coming from broadcast station can couple and
cause unwanted sinusoidal interferences.
1 Background noise: wideand interference cause by different noise sources with low
spectral density (PSD).
1 Impulsive noise; short time interference, usually with a duration lower than 100 ps.
They can be further characterized, according to the repetition frequency:
0 Periodic impulsive noise synchronous with the mains frequency
characterized by aepetition rate of 50 Hz or 10Hz Mainly caused by

rectifier stage of the power supply



o Periodic impulsive noise asynchronous with the mains frequency
characterized by aepetition rate between 5200 kHz Mainly caused by
switching power supplies.

o0 Asynchronousmpulsive noisecharacterized by a random nature. Can be

cause by the connection and disconnection of devices from the PLN.

The conducted emissions measurements generated by an electronic device are measured
betweenlinesand neutralterminals with respect tground Usually, they are a combination of
signals of different nature, hence a slightly different classification based on the signal statistical
behavior is required12]:
1 Stationary:narrow band emission and background noise
1 Quasi stationary signal: periodic impulsive noise asginchronouswith the mains
frequency

1 Nonstationary signal: asynchronous impulsive noise

1.1.3 Signal characterization

Any signal can be characterized in the followivays:

T EML

o0 Forsinglephaseapplications by considering the physical voltages between L
and G @) and N and Gu) and the currents flowing though 1Q(and N @ .

o For three phasapplications: iy considering the physical voltagesXfor i=1,2,3
and the currentsQfor i=1,2,3 following though each phal3-16].

1 Modally.

o For single phasapplications considering theoroposedmodal decomposition,
which is, common mode (CM), along with its voltage and current @ndQ )
and differential mode (DM), along with its voltage and curreat ( and"Q )
[13-16].

The relationship between voltages is:
W —0N (1.1)

O ® op (1.2)



While the relationship between currents is:

Q Q n (1.3)
Q —nN (1.4)
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Figure 1.1: Decomposition of the circuit voltages and currents (a) for a single phase Et$Thoidal components;

CM (b) and the DM (c).

o For three phasapplications considering theroposedmodal decomposition,
which is, common mode (CM), along with its voltage and currént &nd"Q )
and differential mode (DM) , along with its voltage and current (randQ

for i=1,2, J17-18].

The relationship between voltages is:

W —n (1.5)
Wi O o N fori=1,2,3 (1.6)
While the relationship between currents is:

0 Q0 (1.7)

Qp Q —,; fori=1,2,3 (1.8)
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Figure 1.2: Decomposition of the circuit voltages and currents (a) for a three phase EUT into its modal components;

CM (b) and théD b (c).

For the sake of exemplification, voltagedationships are not shown here, and will be shown

throughout Chapter 5.

1.2 PLF Structure

Conducted emissions are reduced by means of power line f{lRitBsgonnected between the

equipment under testEEUN and the PLN in order to avoid that tleenitted interferencegoes

into the network, as shown in Figute3[13-16].

_ EUT
Power line interference

cables / \
‘X} Hr\l\_,"

—

— PLF EUT

.
C——

"i OU_’ "x.
\ PLN /

interference

—
-~
.

PLN

LT

Figure 1.3: A PLF connected between EUT and PLN



1.2.1 Single Phase PLF

The simplest and more standard structure is shown in Figure 1.4 consist of a capacitor placed
between L and N (commonly calléd capacitor) with the duty of filtering differential mode, a
common mode choke (CMC) placed in L and N conductors with an indudizamced and

mutual inductance M to mitigatéhe common mode noise MA resistor 2 ) is usually addetb
discharge the capacitors when the voltage is disconnected.

Finally, also two capacitors placed between L and G terminals and N and giuaddo ),
respectively) can be found to mitigate GL6].

This is shown in Figure 1.4.

L o o—0- L
— G
z cMay j -
- Rg——g L AAA M >
Y YYY Y | |
G
N o o0—0 o NQ

O
Protective Earth

|||—

Figure 1.4: Classical structure of a PLF

Therefore, since each component present in the PLF only filters one mode, an optimal PLF
(optimized both in terms of cost and size) can be designed only if the information about the

modalnoises in available.

1.2.2 ThreePhase PLF

The standard structure of a thrgghase powedine filter contains Xype capacitorsplaced
between the three lines and neutral, to mitigate the differential mode, and a commode
choke and Xype capacitors from lines and neutral to ground to mitigate the common mode

noise[17-18]. A typical PLF structure uséal three phase applicationis shown in Figure 5.
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Figure 15: Three phase PLF consistinghoée 6 , athree phaseCMC andhree 6 capacitors.

The filter structure shown in Figure5lis composed by threé capacitors, forming the DM

stage, while the CM stage is formedthyee line-groundd capacitors and ¢hree phaseCMC.

1.3 PLFCharacterization

Whenever is needed totroduce a PLF in order to reduce the leveltbe recordedCE, it is

fundamental to know which PLF (or which components) needs tnp&ementedin order to

achievethe required attenuation.

Usually, PLF manufacturers gisrmation about theCM/DM insertion loss (IL), defined as the

ratio of the voltages measured before and after the insertion of the REIB[Z A Yy | pn K
YSFad2NBYSyid aeaidsSyo 12gSOSNE GKS | OG dattdal A YLISRI y
response of the PLE very different from the estimated orj@ 3-30].

Different proposaldhat achieve optimal designs are available in literatut8-16,1922]. For

instance, in 13-16] the IL is measured connecting the PLF directly to the &bilg in R0-25]

the IL is measured connecting the PLF tbna impedance stabilization networl ISN to

simulate the inductive impedance, which characterizes an actual PLN. However, the result

2001 AYySR FINB JIfAR 2yf& FT2NJ I OS NGtherméthdd® | R A Y LIS
base the PLF design on the minimum attenuation which can be ever achieved by fl2d-PLF

25]. Hence, the worstase scenario evaluation of thenfight providean alternative solution to

the lack of knowledgevhichthe availablemethodologiesshow.

Anyway, it is clear that such design techniques leadrtoversized and inaccurateLFdesign

[19-30]. An alternative methodology to evaluate the correct IL, is to characterize the impedances

by means of S parameters. In this way, the impedance is completelsacterizedand an

accurate prediction of the IL can be achieved. The problem is that S parameters do not have
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direct information on CM/DM attenuation. Hence, thought this thesis, a new methodology to
design optimal PLF based on accurate IL estimation, both for CM and DM, will be presented and

validatedboth for single and three phase EUTSs.

1.3.1 Common Mode Chokes (CMC)

Common mode chokes are usually designed by wounding two wires around a ferromagnetic
core. In an ideal and perfectly symmetric CMC, only CM currents can saturate the CMC, as shown
in figure 1.6 (a). The magnetic flux produced by the DM currents are caripglee core and do

not contribute to its saturation, as can be seen in in figure 1.6(b)). However, due to
manufacturing processeactual CMCs are not perfectly symmetric. Hence, the DM flux is not
totally canceled and for high current levels, the asynniese become important, and the nen
canceled DM flux can saturate the CMC core. Saturating the core implies the reduction of its
permeability, or, in other words, the reduction of the inductance and coupling inductance of the
CMC [417-22).

icm/ 2 Ly i L
Lo—= LQ L ,— LQ
em/ 2 igm
N@—’ NQ Nﬁ NQ
L L
@ (b)

Figure 1.6: Magnetitux direction in the ferromagnetic core due to CM currents (a) and DM currents (b).

In order to show this effect, thattenuation provided bya 2mH CMC under different current

rating has been simulated.
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Figure 1.7: Comparison of simulated IL of a 2 mH CMC under different current levels.

As it can be seen in figure 1.7, under high current level the CM attenuation is drastically reduced
due to a decrement of the inductance value.

Generally, PLFs and CMCs are not used in such stressed conditionsmauyiapplications

they may be designed to work near saturation due to weight, size and economic scaling factors

restrictions.

1.4 EMC Standard

It is well knownthat international EMC standards impose CE requirermémtensure thatthe
EUTcan beconnected in the same network where alsther devicesoperate Anywaythe CE
testsdescribed inmain standards, such &SPR 11, CISPR 25 or8Mtt461G vary considerably.
The following sections aim at clarifying their main differenoetsveen them
- Equipment designed for civil applications, such as product for industciahtific,or
medical environment are tested from 150 kHz to 3BlMaccording to CISPR Bl [
- For automotive industry the reference standard is CISPR 25, which defines a frequency
rangefor testing from150 kHzo 108 MHzwith the voltage method6].
- While in military standard, CE are measured by carrying out CE101 and CE102 tests in
the frequency range of 30 Hz to 10 kHz and 10 kHz to 10 MHz, respedijvely [

1.4.1 TestEquipment

The basic test equipment for conducted emission tesbimposed by an EJ&LISNa transient

limiter and anEMIreceiver The basic block diagramskown in Figure 8.
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Figure 18: Basic set ufor CE measurements.

The requirements for the receivasdescribed in CISPR-14L [1]will beanalyzed more in detail

in the Chapter 3. The other device preseli$ the Line impedance stabilization network (LISN)

or Artificial mains network (AMNBasically, it is a passive device used to guarantee a fixed
impedance during the test. This allow the CE measurement to be performed and also be
reproducible. Furthermore, the LISN operated as a filter for the input voltage. As shown in Figure
1.8, the RF port of the LISN is connected to thexsiput port of measurement receiver. Usually,

the LISN features a switch in order to make possible to measure the conducted emissions noise
of all the power supply lines.

The LISN networks indicated in different standards aresqatl Since the test frequency range
differs, a different impedance in different frequency ranges is required.

In some standards,onducted emissions can be alsequired to be measuredvith current
probes, which consists of several turns of wire on a ferrite cAreal current probe is shown

in Figure 1.9.

Figure 1.9: Example of current probe.

lyegles /9 YSIFadwNBYSyld LISNF2NN¥SR gA0GK || OdzZNNBYy (
from site to site and the PLN impedance can vary dramati§a8}. For that, LISN are the

standarddevicespreferredfor CE measurements.
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1.4.2 Testsetup

Acorrecttest set p for conducted emissions measurementsasposedby the following:

1 Ground plane: usually made of galvanized steepper, or bronze. SHdle electrically
bond to the wall and the floor of the shielded enclosure such that the DC resistance does
not exceed 5 mm @
The minimum size of ground plamec® W , o @ andpar@ & for MIL STD 461,
CISPR 11 and CISPR 25 stand&sd} respectively.

1 EUT and LISN: the EUT shall be placed in comtuctive support, and at a specific
height from the ground planes cm for MIESTB461G and CISPR 25 and 40 cm for CISPR
11. The LISN has to be placarthe ground plane and bounded to it.

T Position and length of the cables: The power leads which run from EUT to LISN power
port shall be placed over a naronductive support at a height of 5 cm above ground
plane. In voltage method, the length of the power leads shall be 2 m, 1 m and 0.2 m as
per MILSTB461, CISPR 11 and CISPR 25 standards respectively. When current method
is used, the power leads shall run for 2 m angrent probe has to be positioned 5cm
from the LISN as per CE101 test procedure in3MR461. As per CISPR 25 standard,
cabk harness shall run for 1.7 m and probe has to be positioned at 5 cm and 75 cm from

the EUT].

The set up described by the standard for conducted emissions measurements is shown in
figure 110.

T 40cm

VERTICAL
GROUND
PLANE

EMI RECEIVER OR
~ SPECTRUM ANALYZER

Figure 110: Set up for CE measuremeiftsom EMI PreCompliance Testing January 16, 2020
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The following tablgrovides an overview of theequirementsdepending ordifferent standard:

Table 1.1: Summary of the specifications for each standard
Parameter | MIL-STDB461 (CE 102) CISPR 11 CISPR 25
Test 10 kHz¢ 10 MHz 150 kHZ30 MHz 150 kHz108 MHz
Frequency
Applicability | All defense applications Industrial, scientific and Automotive  vehicles and thei
medical products components or modules
Methodology | Voltage method Voltage method Voltage or current method
LISN pnK kK pnxl pnK Kk pnxl pnK Kk pxl
Groundplane | Made up of 0.25 mm thick copper or ar| ! NBl % HYEH| T Made up of minimum 0.5 mm o
requirements other material with satisfying surfac galvanized cooper, bronze or ste
resistance 1 ' NBlF % MYEnonyY
T ! NB} »2vithHsmalleY side no les: 1 DC resistance between groun
than 0.76 m LX+yS +FyR &KAS
1 {dz2NFI OS NBarail yo§ HOPpY X
Lengthi2 @6ARGK NI (GAz2 f  Length to width ratio of bond stray]
Distance between successive bond stra KT Y™
Im 1  Distance between successive bo
straps: 0.3m
Length of| XK HdPpY im 0.2m0.4m in voltage method
power leads 1.7m2m in current method
Detectors Peak Quasi Peak and Averagq Quasi Peak and Average
Resolution 10kHz150kHz: 1kHz 150kH2z30 MHz: %Hz 150kH2z30 MHz: %Hz
bandwidth 150kHz10 MHz: 10 kHz 30 KHZL08 MHz: 120 kHz
1.5 Insertion Los$valuation

The test procedures to measure the IL of the PLF are defingeiBMC standardd-he principal

methodologies indicated by the standards are described hereafter:

1 CISPR 1B] defines a method to measure the IL of a PLF in ®#6075K system. Two

different methodologies can be used to evaluate the worst case.

Measure the IL in a system with line and load impedance oKérid 100K and

100 Kand0.1 K, respectively.

Evaluating the minimum voltage attenuation obtained from the measurement

of the Thevenin and transfer impedance of the filer.

1 The ANSI C63.13}[considers the PLF as a feport network and extends the

measurement methods to obtain the DM by connecting the L and terminals of the PLF

12



with a 180°, while the CM is obtained by short circuiting the L and N terminals of the
PLE
1 The IEEE standh 15602005 B] provides a method to obtain the CM and DM IL
considering line and load impedances equal tol68 G KNBS (Sad dor G2 SOOI €
impedances differentfrom5> | yR | YSGK2R NBfeAy3a 2y { LI

to evaluate theworst-casescenario.

In conclusion, there is not a general and unique solution for a correct PLF characterization, but
merely a collection of different solutiorghich do not allow exactly estimate the IL introduced

by the PLF

Typically, S parameters are used to fully characterize the EU@ubub several reasons such

as lack of knowledge or correct instrumentation, theis not usually computemhd usuallythe
worst-case scenarisassumed. Hence, there is not a complete and clear methodology to follow

to design an optimal PLF and this directly results in an oversized and not efféicBesign.
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CHAPTER

2. EMC Receivers

Electromagnetic interference (EMIstrumentation has significantly evolved over the last
thirty years. In this chapter, the classical architecture of a conventional receiver is described and
compared with the newest architecture of a F&kiuriertransform (FFT) based receiver.
Additionaly, different ways to measure the modal emissions, that is, the common and
differential mode, with both types of receivers are described.

In a conventional receivelCEmodal emissions can be measured using an external modal
separator. In a dugbort FFTbased receiver, this can be done in the digital domain. Both

receivers have been used to measure a device under test emittingstadionary interference.

2.1 Introduction

Present day regulations for electromagnetic interference (EMI) measurements have been in
place for decades and were initially written to accommodate the needs of analog broadcast of
voice and video according to the contemporary test technology. CISRR 1§, for instance,
defines, in one of its annexes, the analog architecture of a conventional EMI receiver, which has
proven to be a reliable instrument to measure stable and continuous interference emitted by
electric and electronic devices. On the otheand, the scanning process is slow and short
transients that do not frequently occur are hardly measured. Such interference, that may have
negligible effect on a broadcast analog transmission, can cause the loss of data packets in
current digital communiations or jam an adjacent radar systeBi{32].

Since test equipment has continuously evolved along all these years, regulations such as CISPR
16-1-1 [1] have included some amendments to consider the present sbéiart technology.
Functions previously implemented with analog circuitry are currently done in the digital domain,
and new functionalities can be developed by means of advanced ggmadssingstrategies.

Fast Fourier transform (FFT) based EMI receivers, for instance, can instantly measure wide
frequency spans continuously without loss dbmation, making them suitable for measuring
even single transients. Besides, they offer additional features such asdomain analysis,
spectrogram, persistence spectrum, asoHorth, all useful to better understand the
interference properties and fiha solution for its mitigation31-35].

In the specific case of singbdase conductegtmission measurements, the most interesting

property is the modal nature of the interference, since this is essential to design a siitable
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Common and differential modes can be obtained from circuit modules external to the EMI
receiver, usually called modal separators, or computed if line and neutral terminals are
measured simultaneously. This calculation can be done if the front end of abaBEd EMI
receiver is replicated, extending its capabilities and making this kind of receivers ideal to solve
EMI problems in an optimal way and in the shortest possible sintkcost expenditure.

The complete architectures of both conventional and ¥&$ed EMI receivers are reviewed,
emphasizing all technical details that are needed to meet the EMI regulations. In tiaséar

EMI receiver case, for instance, significant efforts are put intdgitatipart to faithfully emulate

the behavior of analog detectors and damped meters in order to present equivalent
measurement results as those of a conventional EMI receiver. However, despite the evident
S@p2tdziAz2zy Ay &adzOK VY2 Rféddh@shndbByds ksdp@NandicynhsJarlY Sy G |
a good knowledge of them is needed to get the most out of each case when used in actual
measurements.

Then the two methodologies to obtain the modal emissions are outlined. A concrete example
of a modal separator circuit is analyzdéurthermore,the standard and modal conducted
emissions of aequipmentunder test BJT) are measured using different types of Edtkivers

and measurement methods.

2.2 Conventional EMI Receiver

2.2.1 Architecture of a Conventional EMI Receiver
The block diagram of a conventional EMI receiver, as describ8t-85], isshownin Figire 2.1.
As adescended from radio receivers, it is implemented as a superheterodyne receiver.
The first component of the block diagram is a broadband radio frequency (RF) stepped

attenuator, that usually integrates an RF amplifier to maximize the input power range.

Pre IF IF Logarithmic

Attenuator Selector Amplifier : Amoplifier Filter Amplifier  DEteCter
Input % Mixer iin
I | | E
> G [C % Iog
Local Superheterodyne
Oscillator: principle
A

Stepped Display
Sweep A i
Generator

Fgure2.1: Block diagram of a conventional EMI receiver.
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After the input attenuator there is a loyass filter or a preselector (bank of filters) to mitigate
the possibility of overloading the analog freehd due to broaeband and/or outof-band high
amplitude signals and to prevent from spurious mixing progumtintermodulation distortion
products.

After the preamplifier, the input signal is mixed with a sine wave from a variable frequency
oscillator known as local oscillator whose frequency is controlled by a stepped sweep generator.
By sweeping the frequency of the local oscillator, the inputdiesecy range is down converted
to a fixed intermediate frequency (IH)wo important factors must be considered here:

1) First, the frequency steps of tHecal oscillator must be chosen small enough to avoid
missing signals that are present between the receiver tuning frequencies. CISPR 16
states that the voltage accuracy shall be better than £2 dB (+2,5 dB above 1 GHz) when the
instrument measures ars-wave signalusinga3 NBAA A GA S a2 aN0OS A YLISFK
Therefore, the step size is determined by thdilter shape.

2) Secondthe coherent time for a measurement result at each single frequency (also called
dwell time), must be selected to be long enough to obtain a stable measurement result in

the EMI receiver (which depends on the detector used and the type of interference).

I
>
——

LN\ 1N\ L 02dB
: (2:5:dB'above 'l Gl

Amplitude

v

1
S‘Mze Frequency

Figure 22: Maximum tolerance of a sin@ave voltage measurement according to CISPR-16

Table2.1

Frequency Range and RBW for each band

Band Frequency Range RBW
A 9 kHz to 150 kHz 0.2 kHz

B 150 kHz to 30 MHz 9 kHz
C 30 MHz to 300 MHz 120 kHz
D 300 MHz to 1 GHz 120 kHz
E 1 GHz to 18 GHz 1 MHz

Next block is where the IF filter, also known as resolution bandwidth filter (RBW), is applied.
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CISPR 161 provides the critical masks for all selectable IF filters (se.Bigs an example).
Table | shows the-@B rolloff for bands A to E.

Since the representation of the signal in the screen of the EMI receiver is usually dorr/in dB
the logarithmic amplifier gives an output voltage which is proportional to the logarithm of the

input voltage.

- Max bandwidth
- Min. bandwidth

6dB Filter shape
N

8 -7 6 543 -2-1012 3 45 6 7 8
< >

RBW=9 kHz

Figure 23: Critical mask for the IF filter of Band B (9 kHz).

Finally, a detector rectifies the signal and produces a DC voltage that drives the vertical portion
of the display. CISPR-16L specifies the characteristics of peak, guyaesak, CISRRverage (or
average), and RMS average detectors, in areas such asinmpedance, bandwidth, overload
factors, sinewave voltage accuracy, responses to pulses, sensitivity, limitations of
intermodulation effects, limitations of receiver noise, and internally generated spurious signals
[1,31-35].

In a peak detector circuit (Fig.4(a)), the IF signal is rectified by the diode and charges the
capacitor to the maximum amplitude value of the input signal (the charging time constant is
extremely short)This voltage is then processed and displayed.

EMI regulations introduced the quaseak detector (Fig2.4(b)) to weight the repetition rate
of the interference, since it was determined that infrequent spikes and other shoetion
noise events did not substantially prevent the reception of desired information in analog
communications. In this case, the charrates of the capacitor are defined as 1 ms for Bands
B/C/D and 45 ms for Band A, and the discharge rate are 500 ms for Band A, 160 ms for Band B
and 550 ms for Band C/D. Therefore, the outmitage is weighted based on the repetition rate
of the input signal. The lower the repetition frequency, the lower the gpasik level, and vice
versa.

The average detector (Fig@.4(c)) contains an output filter, narrower than the RBW, that
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averages the signal.

Peak Detector QuasiPeak Detector Average Detector
> :
Sl
v g B l
_T_ I I [ Video
- - - = Filter =
Figure 24: (a) Peak detector circuit; (b) Qugmak detector circuit; (¢) Average detector circuit.
A Peak A __ Peak
V /\ detection \/ / i /-\ detection
L - - =d——|-=-f -4~ Average
detection I | - - Avera_ge
detectgn
Short Repetition Period t Long Repetition Period t

Figure 2.5:Measurement examples of signals witliferent repetition ratesusing the three detectors.

Fig. 3.5 shows a measurement example of two signals with different repetition rates obtained
with the three detectors described above.

Finally, the RM@verage detector is a weighting detector described in [1] that combines an
RMS detector for pulse repetition frequencies above a corner frequency with an average

detector for pulse repetition frequencies below it.

2.2.2Benefits and drawbacks of the Conventional EMI Receiver
As it may have been deduced from the previous subsection, this kind of receiver has some

benefits, but also several drawbacKR#e pros are:

EMI regulations are tailemade for conventional EMI receivers, and vice versa [1].

Thanks to the architecture of the conventional EMI receivers, they present an extreme
dynamic range, being able to simultaneously handle very high and very low amplitude

signals over a wide frequency range and without performance degradé&ib84].

On the other hand, they present four main limitations:
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Measurements for the whole frequency band are slow. This is applicable to all detectors,
but especially to the quagsieak detector due to the charging and discharging time
constants For band B, for instance, the minimum dwell time is 1 secoeB(y +3 . m=

1 ms+3-160 ms +3-160 ms = 961 ms), and for Band A, 2 secoh8s ¢3 m= 45
ms+3-500 ms +3-160ms = 1995 ms).

Considering an appropriate shape of the RBW filter, the minimum number of poipts (

needed for a correct measurement is obtained as:

5 ——, 2.1)

Hence,the measurement time goes up to 106 minutes for band B and 47 minutes for

band A using the quapieak detector.

Therefore, measurements are usually done usingRKdetector, and theQPKdetector
is only applied at those frequencies close or above the limyway, it is still a low and

tedious process.

A conventional EMI receiver cannot measure correctly transient events. This kind of
events usually present a broadband spectrum, but due to the sweeping process, the
receiver can only see a small portion of the frequency span at any moment, remaining
blind to the rest of the transient spectra.

The local oscillator of the conventional EMI receiver can suffer from sideband noise

(phase noise), which can corrupt the incoming signals.

The conventional EMI receiver is a scalar instrument that can measure the amplitude of

signals but is unable to measure their phase.

2.3 FFIBased EMI Receiver

FFTBased EMI receivers can also be called-Riea¢é EMI receivers when all input signals

samples are processed continuously and are-fgag.

2.3.1. Analog Architecture of the FFHased EMI Receiver

In an FFBased EMI receiver there is a higireed analogto-digital converter (ADC) that
digitizes the input signal at some point of the block chain, reducing then the hardware
complexity. This ADC is usually placed just after the mixer, as seenr6&g.but it can also

be moved before it in those applications where the sampling frequency of the ADC is high
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enough to capture the whole bandwidth of the input signal, as seen ir2idp) (for instance,
to perform measurements in the frequency range between 9 kHz and 30 MHz, a minimum
sampling rate of 100 MS/s, far above the Nyquist criteria, is recommended, and this is perfectly
FOGGFAYF 6t S -3pRaNADCERRAE Q&4 KA IK

One important difference between the mixer of the block diagram ofZgga) (belonging to
an FFIbased EMI receiver) with the one of Radl (belonging to a conventional EMI receiver) is
that it operates in a fixeduned mode instead of in a swepiined mode, which allows having a
much lower phase noise. Further dowsonversion, along with additional sigratiocessing
strategies needed to obtain the same result as in a conventional EMI receiver, are done in the

digital domain.

Pre- IF
Attenuator Selector Amplifier . Filter
Mixer
Input —~_ I
IC A>T AD
=P PR S
L re
Local
Oscillator
Pre

Attenuator Selector Amplifier
% ’

Figure 2.6: Block diagrams of an fiefed EMI receiver.

Input

2.3.2. Digital Architecture of an FFBased EMI Receiver

An overview of the digital signal processing blocks is presented i&. Fj§1].

Dlglt

Figure 27: Block diagram of the digital signal processing.

The first block of Fig.7 is a downconverter(DDC), that moves the input signal to a lower
frequency, reduces its bandwidth and relaxes the sampling rate, which lessens the subsequent
logic resources such as FFT points, data memory, clock frequency, and so on. It can be
implemented by means of a queadure receiver, as seen in F&8 [31-34].

The second block is where the RBW is applied. The DFT assumes thiitdftata set of the
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signal is one period of a periodic signal. If the data does not contain an integer number of
periods, the transition between two consecutive periods is discontinuous. This fact causes a
leakage of the DFT c¥eients, known as spectral leakage. To reduce tliiscg a weighting
function is needed, and this is used to window the signal using a filter whose spectral shape
meets CISPR 16-1 (as the RBW in the conventional EMI receiver). Consequently, the input
complex signal is multiplied by the tintmmain cefficients of this RBW. A multiplication in the
time domain equals a convolution in the frequency domain, which is an equivalent process as
that done by the conventional EMI receiver when sweeping the frequency of the local oscillator

to multiply the wholespectra by the RBW.

-sin2 fot) () (U coq2 i)
v
R A
\ P 2| R

Figure 2.8:Digital downconverter

Ditierent choices of window functions presentlidrent compromises between leakage
suppression and spectral resolutidfor instance, many spectrum analyzers from Tektronix use
the Kaiser window by defaul8-34].

This kind of window maximizes the dynamic range, although other window shapes can be used
to obtain a different performance (Hanning, Hamming, BlackiHarris, etc.). FlaTop windows

can be a good choice if their leakage is optimized as describeédblinHig.2.9 supplies two

examples of a&Hz (a) and 2061z RBW filters (b).

Filter 9 kHz Filter 200 Hz

) 2 4 6 8 10 25 50 75 100 125 150 175 200
freq [kHz] freq [Hz]

Figure 29: Examples of window functions that meet CISPR-16or the 9 kHz and 200 Hz RBWs.
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The third block is where the spectrum of the signal is computed by means of thetishert

fast-Fourier transform (STFFT). There are two basic criteria to correctly implement this block:

Due to the windowing, the tim&lomain signal arriving to the STFFT block presents a
mitigation in its ends. Therefore, if there is a pulse signal at the edge of this gaussian
shape, the computed spectra amplitude will be lower thanlth® G dz £ &A 3y f Qa
(Fig.2.10). To avoid that, signal overlapping is needed (the overlapping factor depends

on the window used; as an example, a minimum overlapping factor of 75% is needed in

[1,31-34] to achieve a slitiently dense discretization using a Gaussian wiv)d

A second design criterion is the selection of the number of FFT points. CI9PR 16
states that the measurement accuracy of simave voltages shall be better than +2 dB
when the instrument measures a sinave signal with 5@ resistive source impedance.
Therefore, the amplitude of a signal placed between two consecutive bins shall not be
mitigated by the RBW beyond this threshold (Rig).

If this is not the case, either the number of points should be increased (either using data
samples or applying zeqmadding), or the filter shape needs to be modified (always

respecting the critical mask).

Gaussian window without overlappingm Gaussian window with overlapping

‘ JAVAVAVAVAN =12

Estimate
spectra

..:..uu:.,ﬂplitL*
Time | Time

Amplitude
Amplitud

Figure 210: Nonroverlapped and overlapped Gaussian Window.

The last block of Fi@.7 is the detector block, which must emulate the analog detectors
defined in [1] (peak, quagieak, RM&%verage and RMS). It should be noted that, unlike in the
analog case (where there is a sweeping process), the STFFT block provides the whole spectrum
of the analyzed frequency span, and therefore, detectors are applied to all frequencies
simultaneously.

A peak detector is easily emulated storing the maximum value at each frequency bin during
the configured dwell timeJ1].

The charging and discharging process of the analog pea&i detector, along with the
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critically damped meter response, can be digitally implemented using, for instance and among
other possibilities, oneand two-order infinite impulse response (lIR) filteB1{36].

Again, there are different methods to implement the average detector. It is established in [1]
that the measurement result is equivalent to the peak reading of a meter with a time constant
of 160 ms for Bands A and B and of 100 ms for Bands C, D anih EheAguasipeak case, this

can be accomplished, for instance, using IIR filters.

2.3.3. Benefits and drawbacks of the FBased EMI Receiver
Different technology implies different pros and cons. The benefits obtained from a reduced

hardware complexity and the signal processing done in the digital domain are:

Measurements are impressively fast. It is possible to performties measurements

with any of the detectors (even with the qugsak detector).

Sincethe whole bandwidthis analyzed simultaneously, transient events can be easily

measured.

The RF part of the hardwareay besimpler than in the conventional instrument, and
the setup and operation are less elaborated. This additionally implies a reduced need
for calibration and repair.

If two or more receivers are needed (for instance, for simultaneous measurements of
line and neutral which allows the extraction of the modal modes), the replication of the

hardware does not substantially increase the cost of the instrument.

Advanced signal processing strategies allow the addition of new features, sticteas
domain analysis, spectrogram, and persistence spectrum even in real time. A better
analysis of the interference phenomena allows a better understanding and therefore,

entails an important reduction of the electromagnetic compatibility design oBbd

On the other hand, the drawbacks to be considered are:

It is difficult that an FFbased EMI receiver achieves the same dynamic range than a
conventional one with a single ADC (optimization of the dynamic range can be obtained
combining the performance of several ADCs). CISARLigplicitly states the dynaim

range in the specifications of the detectors. For instance, for the epest detector, a
standard pulse and a flat spectrum up to the maximum frequency of the band must be

correctly measured. At a repetition frequency of 1 Hz, the dynamic range ndeded
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meet the standard, considering enough margin to meet the +2 dB of accuracy, is
approximately 111 dB for band A, 116 dB for band B and 125 dB for band C. Such
dynamic range can be achieved by means of a suitable configuration of the oversampling

gain (procas of sampling a signal above twice its bandwidth), the FFT gain (an FFT is
equivalent to sweep a narrowband filter with a bandwidth "@f 0, being0 the

number of the FFT points, over the spectrum, filtering the noise distributed along the

6K2tS o0FYyRGARIKOD YR GKS 6AYR2¢ aLISOAFTAO LINJ
type applied, the amount of noise that is accumulated in one frequency birsyhiased

on its characteristic equivalent noise bandwidth (ENBW)).

Another major drawback is the overload. In thETbased EMI receiveblock diagram
shown inFig.2.6, the ADC absorb a wideband signal (usually tens of MHz). Impulsive
noise can easily drive the ADC into saturation, leading to the appearance of artifacts in
the spectrum that do not correspond to the original signal (preselector filters in the
conventionalEMI receiver can be narrower, limiting the saturation of the mixer). To
overcome this problem, the input attenuationustbe increased, but this involgea loss

of the dynamic range equivalent to the added attenuation.

2.4 Modal EmissionsMeasurement

Standard measurements provide information about the emission level€Eaf§2-3], but do
not help in solving the problem in case of reompliance. Since the components of a power
line filter mainly mitigate one of the two modes, that is, the CM or the DM, medassion
measurements become fundamental to identify the dominant moadel & implement the
suitable powedline filter (PLF)accordingly, using fewer components and getting a more-cost
effective design

Modal signals are obtained from the following equations:

®© —FhRQ 0 2.2)

® o oh —. 2.3)

The device that implements these equations in the analog domain is called modal separator. On
the other hand, to implement them in the digital domain, both line and neutral conducted

emissions must be measured simultaneously.
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2.4.1 Analog modal separator

Manufacturers such as Analog, Schwarzbeck or Tekbox provide modal separators based on
different technologies.
To illustrate how the modal components can be separated using analog circuis1Eighows
an example based on an RF transformer. In this circuit, the CM voltagpié obtained from
the primary winding (CM cannot overpass the transformer), and the DM voltagg from the
secondary winding (the DM is null in the middle of the primary winding).
Fig.2.12(a) shows its modah@rameter simulation considering port 1 is Line and Neutral when
injecting a CM signal, port 2 is the CM port, and port 3 is the DM port.
Fig.2.12(b) shows its -farameter simulation considering port 1 is Line and Neutral when

injecting a DM signal. As expected, the CM and DM ports output the desired mode and rejects
the contrary mode.

RF Transformer

Line DM Port3
Port1 \%L_IL> ¢ . V%M
CMin : o o
12(@); —= [ —i—
DMin | — =
12h) honeutral M, port2

L

I||—o-<£<+o

-20— -20—

-30—

Amplitude (dB)
Amplitude (dB)

-30—

-40—| -40—|

-50 T T T T T T T T T T T -50

S0
GLoz
GL'oe
SLov
GL°0S

@ ~
o o
o

SGLoL
GL'08
GL'06

SiLo0L
00°0LL

S0
gLz
SL'oe

SLov
GL°0S

@ ~
o o
o

SLoL
GL'08
GL'06

@ o

100t
00°0LL

Frequency (MHz) Frequency (MHz)
(a) (b)

Figure 2.12: Simulated S parameters. (a) S(2,1) red &(®i1) blue ; (b) S(2,1) red and S(3,1) blue
The main benefit of using an external modal separator is thatdonventional measurement
setup does not need to be renewed. On the other hand, there are a few drawbacks to be

considered when using an external separator:
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Extra equipment must be bought or developed.

A transformer can behave as an antenna and couple undesired signals in the

measurements.

CM and DM cannot be measured simultaneously if there is only a single receiver. This
makes the identification of the predominant mode difficult, especially when measuring

a pulsed interference (as in the example below).
Modal coupling (CM coupled to DM port and vice versa) depends on the technology,
may vary with the frequency and it is usually higher than in the digital case.

Special care must be taken to avoid impedance mismatches (reflections due to

impedance mismatches can amplify the modal conversion).

2.4.2. Digital modal separator: Tw«port receiver
In an FF-based EMI receiver, modal emissions can be obtained replicating the block diagram
of Fig.2.6(a) or Fig2.6(b) in the same instrument to capture the conducted emissions of line
and neutral simultaneously and apgty(2.2) andEq(2.3) in the digital domain.
The benefits are

There is no need to acquire extra hardware.
There is no possibility of impedance mismatch.

Better modal extraction.

2.5. Measurement Results

The standard and modal conducted emissions of a microwave oven was measured using a
conventional and an FH¥ased EMI receivelhemeasurement setup is shown in F&y13 (a)
and (b)

L
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N —o— N
Vo
Transient

limiters \Nﬁ I£
P1 P2
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Figure 213: Schematic of the masurement setuga); Actualimplementation (b)
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ThisEUTwas selected because its conducted emissions strongly depend on the magnetron.
This component generates the microwave radiation used to heat the food, and it is the main
conductedemission generator. Since it is continuously turned on and off (to gradiete
heating intensity), the conducted emissions of the microwave oven vary in consequence.

This behavior is better understood in the spectrogrédime vs frequency diagranof Fig.2.14,
obtained using theQPKdetector onthe line terminal, a dwell time of one second and a total
frame time of 200 seconds. The amplitude of the spectrum of each time slice is plotted as a
colored horizontal line, and each color provides the amplitude magnitude. The time slices
colored with yellow ad light blue tones at low frequencies, which correspond to the higher
emission levels, represent the conducted emissiasen the magnetron of the microwave oven

is turned on.

The dark blue ones, which correspond to lower emission levels, represent the conducted
emissions when the magnetron is turned off. Transient signals can be observed when the

magnetron changes its state.

aBuV
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Figure 2.14: Spectrogram. Line emissions. Quasak detector.

2.5.1 Standard and modal measurements usinganventional EMFeceiver.

As explained before, due to the long measurement time, & QPKmeasurements are usually
done only in a few frequencies near or above the limit.

Due to the slow measurement sweep of the instrument (more than ten minutes to complete a
single scan), the magnetron is switched on and off several times within the scan, obtaining a
spectrum which does not correspond to the actual emissions of any aftétes of theEUT but

a mix of them. Transient peaks are also observed when the magnetron is switched on and off.

Neutral emissions, not shown here, present similar results.
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Figure 2.15 shows the conducted emissions obtained using the peak and average detectors of

a conventional EMI receiver (an ESPC from Rohde & Schwarz).
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Figure 2.15: Standard measurement done with tlESPCPeak and average scans wel#ained with a dwell time

of 10 ms.

80 ; ————y

:
CM-PK

CM-AVG
PK Limit | |
AVG Limit

70 -

(2]
o

o
o

N
o

Amplitude (dBuV)

w
o

|

Frequency (Hz)

20

Figure. 2.16: CM emissions measured with tESPC and a modal separat®eak and average scans were obtained

with a dwell time of 10 ms.

Figuires 2.16 and Fig2.17 show the modal emissions obtained using the peak and average
detectors of the ESPC and an external commercial modal sepansoutacturer bylrekbox).

The same problems described above can be observed. It is really difficult to identify the which
is the dominant mode in each frequency, since it is not possible to be sure if low emissions are

due to be measuring while the magnetron was switched off, dhéf magnetron does not
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actually emit at those frequencies.

Building aPLFelying onthis information can lead to a completely wroagd inaccuratelesign.
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Figure 217: DM emissions measured with tleESPC and a modal separateeak and average scans were obtained

with a dwell time of 10 ms.

2.5.2 CEand modal measurements using a dupbrt FFTbasedEMI receiver

The same measurements have been carried on using apdubFFTbased EMieceiver.

In this case, the same instrument is able to perform the whole measurement of line and neutral
and quasipeak and average in a single dwell time (1 second), obtaining the full spectrum while
the magnetron is switched on, and therefore avoiding the traosgibetween on and off (which,
according to CISPR 16, do not need to be considered to labétWias compliant or non
compliant; if needed, such transients could also be measured with aB&$ed EMI receiver).
Line and neutral emissions are similartboth detectors, except in the frequency range between
150 kHz and 300 kHz.

Figure 2.18 shows the standard conductadission measurements.
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Figure 2.18: Standard measuremenmgerformedwith the EMSCOPRPBPKand AVGscans obtained with a dwell time

of1s.

As it can be seen, the highest emissions are all found below 2 MHz.

Fig.2.19 shows the modal emissions obtained with the same receiver. The great advantage

here is that it is possible to measure adequately each of the modes, facilitating the design of the

suitable PLF.The differentialmode emissions are higher in most part of the spectra for both

detectors

In case of necessity, the identification of the dominant mode could be used to select the suitable

PLFcomponent (in this case, although not necessary becaus&tiis already compliant, an

Xtype capacitor could be used to mitigate the DM).
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Figure 219: Modal measurerant performed withEMSCOPRPK and AV&ans were obtained with a dwell time

ofls.
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2.5.3 Comparison omodal measurementsbtainedusingan analog vs digital modal
separator.

In order to understandhe influencethat an external separatamayintroducewhile evaluating
modal noiseand its impacton the PLF desigthe same modaCE have been measureding
two different set upswhile using the same measurement instrumentatiorhe firstset upis
shown in Figre 2.20. As it can be seent is composed byn external separatomterposed

between the LISN output and the receiver input.
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Figure 2.20: Schematic of tifiest measurement set up

The secondneasurement set ups shown in Fig. 2.21t relies ora double channel EMI receiver
to evaluate the modal noises by measuring both RF voltages simultanamasherforming the

mathematical evaluation in the digital domain
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Figure 2.21Schematic of the measurement set up
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Thecomparison ofesults obtainedvith the two set upsare shown in Figure 2.242nly QPK
measurementsand 2.23(only AVG measurements)
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Figure 2.22: Comparison of CM and DM noises (QPK detector) recorded by usiteraal separator vs calculation

in digital domain.
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Figure 2.3: Comparison of CM and DM noises (AVG detector) recorded by using an external separator vs

calculation in digital domain.

As it can be seeim Fig. 2.21modal noises evaluated by means ofexiernal separator or by
computing them in digital domainshow little difference in the lower frequency band. For
instance, forfrequency lower tharl MHz the measurements show a good agreement.
Thesam®©l y Qi 06 S a&igherifir&iency migd dar ikstance, between 155 MHz the
measuremens recorded with the external separator are above the limit allowed by the

standard, while the measurements recorded by computing the modal noise in digital domain
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are below theallowedlimitations. It is possible to appreciate a difference of some\dih good
part of the frequency rangédence it is cleahat adding external deviceas well as extreables
may have hugdnfluencein the results especially because their impedance varessus
frequencyis difficult tobe characterized and compensaté.

These results proof that when external separators are usglemecaremustbe taken in order
to avoid useless work to solve fake noompliance problemsSame considerations can be

applied for CE measurements obtained with AVG detector as shown in Big 2.2

2.6. Conclusions

Thearchitectures of a conventional and an FHiaked EMI receiver have been described and
compared. Although the conventional instruments have been in use for decades, current state
of technology allows the development of instruments that offer much more ipdies and
information to EMC engineers.

As an example, whelBUTglo not emit stationary and continuous interference, as it is the case

of a microwave oven, conventional instruments present several difficulties to obtain a suitable
measurement, mainly due to the long time needed for a single capture (especially ifidlse
peak detectothas to be useqd

On the other hand, FHdased instruments are fast enough to capture the desired emissions
using any detector (or all simultaneously), since measurements are obtained in a single dwell
time. One important feature of modern instruments is that they are eable to provide the
Y2RIf SYAdairzyas gKAOK Aa Iy SaaSyildialft- AyF2N¥L
compliantEUTand implement the suitable powedine filter accordingly. Although conventional
instruments can also measure these emissions ams of an external modal separator, the

same limitations found in standard measurements are ajsolied.
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CHAPTER

3. UncertaintyBudget Evaluation of a Measurement Instrument

In this chapter the role of metrology and the impact of uncertainty on the measurements is
analyzed and discussed. The content of this chapter highlights fundamental concepts and
explanations that are pertinent to general scientific measurements as a whfdag with a
summary of fundamental principles to evaluate the measurement uncertaintyarof
measurand. The methodology and findings of this chapter are then tested to evaluate the

measuremenuncertainty of theinput chain of a commercial instrument.

Basic Priniples:
aSUNRt238 Aa RSTAYSR |a GKS GaoOdibifcodes &F YSI ad:
theoretical and practical aspects of measurement, whatever the measurement uncertainty and
FASE R 27T .Hehde)fsinc®ndasunfents are the foundation of such practice, they are
RSTAYSR | a4 GLNROS&a 2F SELISNAYSylltte 20601 AYyAY
attributed to a quantity" fi1].
On a daily basis, all human beings (consciously or unconsciously) apply similar process to obtain
data and information from the surrounding world. This can vary from simply measuring the
length of an old fridge to substitute it with a brand new one usicbeap ruler worth few euros,
or by sending reusable rockets to space using instrumentations worth billions of euros.
Each of this process concerns a property which is object of the measurement itself, the quantity.
Asperf18 > Al A& RSTFAYSR Fa GLINBLISNI& 2F I LKSy2YSy
KFa | YF3IyraddzRS GKIFG OFy 6S SELINBaaSR o0& YSIya
Independently on which type of measurement is carried out, it is never possible to derive the
exact value of a quantity, but only an estimation of it. The estimation indicates that the actual
value of the measurand is not true, it is only possible to estimit with an associated
uncertainty. The definition of uncertainty isgiven g | & | & LI NI YSUSNE | a&2
result of a measurement, that characterizes the dispersion of the values that could reasonably
be attributed to themeasuranck

FaAOFftes GKS dzyOSNIlFAydGe A& 'y AYRAOFG2NI 2°
measuremen{42].
The overall uncertainty of the measurand is composed by systematic and random effects.
Systematic effects are persistent and challenging tadeatified butcan be easily rectified if

found. Conversely, random effects are completely arbitrary and unpredictable occurrences that
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cannot be mitigated. However, their effect on the final measurement can be compensated by
repeating the same type of measurement.

In this case, the statistical expectation of the random error on repeated measurements is zero.
In conclusion, it is never possible to obtain the true value of the measurand. Furthermore, any

measurement given without its associated uncertainty makes this value meaningless.

At present, the reference standard to evaluate and express the measurement uncertainty is the
Guide to the Expression of Uncertainty in Measurement (GUIBMH. In it, the measurand
uncertainty is obtained evaluating the propagation of uncertainty from the input variables.
However, this method has some limitations, since it is difficult to apply in complex systems, as
those present in EMC testing devices, aaduires several approximations that may result in
inaccurate solutions43-57]. To overcome thes disadvantages, the last revision of GUM adopts
the Bayesian Approach and adds the Monte Carlo Method (MCM) in the prdeesg]|

3.1 The GUM

3.1.1 Overview of the GUM Methodology

The GUM defines the measurement uncertainty as a parameter, associated with the result of a
measurement, that characterizes the dispersion of the values that could reasonably be
attributed to the measurand.

As per §2-44], the measuranddis determined from the different input quantitie® 8 Fd

through a functional relationshijf2

® QOB . 3.1

An estimate of the measurang is obtained from Eq.3(1) using input estimates 8 f for

the values of th& quantities® M8 b . Thus, the output estimateis given by

©® Qi . (3.2)

Andits associated standard uncertaintydefined as43]:
6w B — 6w <¢B B —— 0 who , (3.3)

being® andw the estimate ofd and®.

35



At this point, the type Aincertainty,consistingof evaluating theuncertainty by the statistical
analysis of series of observations and typenBertainty, based onevaluatng the uncertainty

by means other than the statistical analysis of series of observations, ganefented.

Type A can be applied if n observationa@ingle quantityo are available. Then, thexpected

value of xs estimated byhe arithmetic mean

x=—-B (3.4)

Then, thedispersion from the mean is quantified by simply evaluating the variance of the

mean itself

. (3.5)

For type B uncertainty, the varian@® of an input quantityow is obtained from several
information on the quantity itself, such as datasheets, calibration certificates, old record of
measurements and so on. The standard uncertainty can be obtained from these sources by
expressing it as a multiple of the standard @¢ion, defining it as an interval with a specified
level of confidence, or establishing limits for the aforementioned interval.

In summary, utilizing both techniques allow to determine the mean value of the measurand and
the calculation of two distinct standard uncertainties that supply insight into various aspects of
the measurement. Consequently, the ultimate stage entails mgrghe collected data to
determine the combined standard uncertainty.

During the assessment, there are two possible scenarios: the input valaes independent,

or multiple values are correlated betweeach other

In case the input quantities are not correlated, the combined variance can be obtained by:

6w B — 6 (3.6)

Where6 ) ca be evaluated by relying on type A or B method @wddefined ir3.1.

Conversely, if the input quantities are correlated, the combined variance can be evaluated by:

6 @ B B —— 6o 3.7)
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Whered @ is the estimated covariance associated withand &.

Finally, the measurement result is expressed as:
'y oU=y Y (3.8)
Wherek is the coverage factor and U is the expended uncertainty.

3.1.2 The Central Limitheorem

The central limit theorem (CLT) is fundamental when dealing with measurement and associated
uncertainty. If the relationship between the output quantitiesand the measurand Y can be

expressed as follows:
O 0Zo WwZo EOdzo B wzo (3.9)
Where( are the inputcoefficients.

The CLT states that the final distribution of the measurand Y will be gaussian, independently of
the distribution of the single input quantities.
Furthermore, if thew are independent and no one of thér 2 A @ prevails on the others,

the CLT defines the expected value as:
E(Y)B ®zZ 0w (3.10)
And the variance as:

£ ®=B &z ® (3.11)

If the Type A method is used to evaluate the uncertainty, thanks to the Glpbssible to define
if "Qis a random variable which an unknown associated distribution with known r-eamd
known standard deviatioA, then the PDF of the distribution obtained after k observatiofQof

tends to a normal distribution with mean valte and standard deviatiof} e

Hence, as the number k observation increases, a consequence reduction of the standard

uncertainty associated can be obtained.
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3.1.3The GUM Supplement 1 and MCM Method

The GUM Supplement 1 states that an appropriate method has to be chosen for the
propagation stage44]. In cases where it is difficult to assess whether the GUM framework is
valid, for instance if system is not linear, Monte Cagilmulations provide a widaccepted
method to evaluate the uncertainty propagatiof58].

The evaluation of the measurand uncertainty, following the GUM guidelines, is established by
the law of the propagation of the error and the central limit theored3-47].

In general, the analysis can be generally carried out considerirgylEand Eq3.3 wherewand

0 w represent the best estimate and standard uncertainty of the input quadiifgppandd ©

are the best estimate and standard uncertainty of the output quaniifghe measurand)44-

51].

The combined uncertainty of is defined by the Eqg3.3 if the input quantities can be
representedasindependent random variables.

In practice different PDFs can be assigned to thed & (i $aWa@lés following different

principles.The mosigeneralonesare briefly described here:

1 RectangulaiPDE reflects the principle of the maximuantropy.

Usually, it is applied to parameters that present at least one of the following characteristics:

o There is no way to establish which value the parameter will assume within the proposed
interval &) ®.

o The probability to assume a value of the aforementioned interval is equal.

o The quantity can assume a finite value only in this finite interval, O elsewhere.

o~ — D O ©
Qo e e (3.12)
Tt QeE®w WEIW

f()

-a 0 a X
Figure 3.1 Probability density function of mectangular distribution
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Its mean value is defined as follows:

QO Y — (3.13)
While its variance, defined as the square of the standard deviation is:

. L O 0 —— (3.14)

The standard deviation can be obtained evaluating the standard uncertainty associated with

the estimation of —.

The PDF represented in ige 3.1 is assigned to parameters or variables that are known to vary
within a fixed interval, but no information on the probabilityat the parameter has to assume

a determinedvalue is known.For instance, thisPDFis commonly used by components
manufacturers to indicate the nominal value and uncertainty of their products. In such cases,
only the nominalalue of the parametewith its associatedincertaintyintervalis provided. N

additional information on the probabilitthat a specific value might assurisegiven

A TriangularPDF
ThisPDHs usually assigned parameterswiththe ¥ 2 f { 2chakaytéetiSliés

1 They have a finite value different from 0 in a finite intenddtd .
| They have the highest probability to assume a valughich is part of the intervatiry.
| The probability frontoto wanddto cchange linearly

"Qw assumes the followings values:

Lom Vd OHEQ ®
| — VD TOEQ o O
6

o oz
En

— or
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2/(b-a)

a c b X

Figure 32: Probability density function ofteiangular distribution

The mean value dQ® is

‘ WQw Qw (3.195
While its variance, defined as the square of the standard deviation is:
Y R o T R o X £ (3.16

This distributionshownin Fig3.2, is based on a guess of the modal value ofgheameter

Typically,it is used when data are limited and the relationship betwelfiferent variables is

known, but collecting more datavould betoo complicatedFor thisreasonfi A & |t a2 OI f f SR
2F 1y26ftSR3IS ARAAGNAOGAzIiAZ2Y @

A GaussiarPDF
ThisPDFapplies to quantityowho is continuously fluctuating. This is st used distribution

to model statistic properties of physical quantities in EMC and its distribution is showrBif3.Fig

“Q(b S 'Q

. Al O @ Ho (3.17)

"Qw is unimodalsymmetric,and characterized by:

‘ : mean value

» . standard deviation
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99.72%

95.44%

68.26%
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H-30 H-20 H-o 1 p+o H+20 H+30

Figure 33: Probability density function of a Gaussiannormal, distribution

Figure3.3 showsthe distribution of aGaussian PDF.

According to the GUM, the calculation of the measurand uncertainty has to be based on the law
of the propagation of the error and the central limit theorgs5-58].

Hence, thisevaluationcan be generally carried osblvingEg.3.1 and Eq3.3 wherewand

0 w represent the best estimate and standard uncertainty of the input quantégpectively,

and @, wand 6 & representthe best estimate and standard uncertainty of the output
guantity @ (the measurand)respectivelyj23-36].

The combined uncertainty @dis defined by the Eg.3 if the input quantities can be represented

as independent random variables figurative example is shown in R3gt.

Xyu (X;) ‘
Xoou (X3) ‘ ‘ yu(y)

Y =f(X,X5,X5)

Xau (X3) -

Figure 34: Uncertainties propagation for 3 input quantities

Figure 3.4 shows a system with three input quantitie'amely® , @ and® . Each of them is
described throughts correspondingPDE'Q x ,"Q x and™Q x (Fig. 3.5)Wherex

represents thepossible valus which theinput quantitiescan assume
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Figure 35: Example of the distributions f@independent input variables

As shown in Figurg5,"Q x is represented by gaussian PDF) x by atriangular PDF,

and™Q x another gaussian PDF agadlihe resultant PDF of the measuraig™Q /1 .

3.1.4 Disadvantages in Using the GUM Method for Estimating UncertairaidsVIC
Equipment
The GUM uncertainty framework is valid foeasurement models that are linear in each input
guantity where the @lculation of combined measurement uncertaintissusually done via
uncertainty propagation as described within the GUM uncertainty framewéidr this,
uncertainty propagation is easilyomputedin modelsin which the partial derivativesan be
easily evaluatedHowever, this method presents significant disadvantages when considering
measurement instruments such as an EMC testing device. Transistors, diodes, mixers, and

amplifiers, among other components, cannot be easily approximated to a linear model.

Therefore the conjecture considered in Eg. 3.1 is not fulfilled.
Hence:

® QOB D (3.18)
Furthermore, input quantities may be correlated with each other, and therefore:
i ol (3.19)
beingi the correlation of the input estimate® andw.

These considerations make the computation of the measurement uncertainty according to the
GUM very difficult and unlikely to be solved {59]. For such cases, the Monte Carlo simulations

are a wideaccepted method to evaluate the uncertainty propagatidd]
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3.1.5 ¢ Overview of MCM simulations

Monte Carlo Method (MCMJelies onthe randomnessprinciple to solve deterministic
problems. It provides an approximation of the PDF of the measurand by genebatiegtors
of length(, beingd the number of input quantities and the number of trialsEach vector is
passed though thenodeland thecorresponding output variabl@is obtaiend Those values are
then sorted in a nordecreasing way and the cumulative PDF of the measurand is estimated.
Since computer can easily simulate large number of trials and generate random numbers, MCM
became a wellccepted method to solve difficult probabilistic problems.
Anyway, since the numbeds of simulatiors required is high the power requiral to solve
complexmodelsmight be too much and limit the practical implementation of the methodology
itself [43-44,6Q. The advantage is that faiCMs the model does not need to be linear with
respect to the input quantitieand theycan be represented by any PDF (Gaussian, rectangular,

triangularetc.).
3.2 Proposed methodologyor uncertainty evaluation

To accuratelgharacterizeany instrument, it is essential to comprehend how its metrological
performance is influenced kihe nominal tolerance of the components implemented as well as
how various external factorinfluenceits uncertainty. It is widelyknown that temperature,
humidity, geometry, and applied electrical figtthy have a significant impact on aejectronic
or electrical component. The extent of influence of each fact@ntioned dependsn the
operating conditions and design choices, traigomprehensiveevaluationis needed The
following methodology allows to determine the overall measurement uncertaintyluatathe
impact that mixed external factorsmay haveon the measurandreduce the number of
parameters to be evaluated and ultimately proposeracticalsolutionto reduce the overall

system uncertainty.

3.2.1 Measurement steps
The stepdollowed aresummarizechereafter.

1. Thefollowing equation is solved to obtain tmmber of simulations) of the MCMtrails.

6 e — (3.20)
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Wherep isthe coverage probability ari@a large integer number, typically varying betweemt
andp m[41-48].

2. The influenceof each parameter on thmeasurands analyzed. According t6356] there are

several ways to estimatié. An example is based on evaluating
YHQ ———e (3.22)

Where#t AT @U %@t Ut ,t wWIATA %U

@containsl i samples ofi nmodel parameterscontainst i rows, each row corresponds to

the cost function evaluation for a sample@h

Obtainedvalues are in the plp range. The @Qentry of Yindicates the correlation between

@E and® Q Hence:
2 "@Q> 0, Variables have positive correlation. If one increases, the other one increases
2 Q= 0, Variables have no correlation.
f 2 "60x< 0, Variables have negative correlation. If one increases, the othedemmeases.
Equation3.15is iterated for eaclt@component of the modeunder study

3. After evaluating the influence of each parameter, each of them is allocated into one of the

subsequent sets

SET 1Parametersvhose variance strongly affects the measuragd;@Qs>05.

SET 2: Parameters whose variance slightly affect the measurang (6@ K).5.

SET 3: Parameters whose variance does not have influence on the meas2r4aos ). 1.

Theproposedclassification, which may vary depending on the specific case being examined
and the critiqueof the measurementvhich isbeingcomputed(for instance there is a huge
difference between the severity of an inaccurate measurementitained from a plane
altimeter versus ahome energy meter), enables a clear identification of the specific
components that require close evaluation in order to maintain effective control over the

overall measurement uncertainty.
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. In order to evaluate the influencthat O externalfactorsmay haveon the measurandstep 3

has to be iterated) times and the results have to be classified accordingly

In this casescenarig the study is focusedonly on temperature variations. As a result, a
separate round of sensitivity analysisdsnducted,and the outcomes are categorizeas

follows:;

SETQY Ly Of dzRSa LI NI Y S (&gl mdadtland @5y 3t &8 F FFS O

SETQY Ly OfdzRSa LI NI} YSGUSNRE GKI (01RidADRE & | FFSOI

SETQY Ly OfdzRSa LI N} YSGSNE (Kl @ &ERKy20 F FTFSOI

3.2.2 Description of the EUT

The method described ithhe previous sectiomas been applied tevaluatethe measurement
uncertainty of a commercial instrument. The EUT under evaluaticam é@mmercialEMI

receiver andits real circuitis shown in Fi¢g.6.

Figure 3.6: Actual input measurement chaof the EUT

The two input receivers are connected through an external bridge to the internal LISN, used to

lead the conducted interference emitted by an external electric device towards the two
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receivers. The block diagram of the input stage of eadhisteceiver is shown in Fig.7. It
consists of four differentiated blocks, as described below:

Transient limiter: protects the delicate input of the EMEteiver from surges or spikes. This
block is composed by a high pass filter and a pulse limiter that introdudesirecattenuation

of 10,00dB.

Antialiasing filter: filters any frequency out of thé&Bz to the 11MHz range to avoid aliasing
effects.

Variable attenuators and amplifiers: conditions the input signal to a suitable amplitude level in
order to be appropriately measured.

Filter and input analog¢o-digital converter (ADC): final filtering and conversion to the digital

domain.

External RF Transient Antialiasing

signal ‘ limiter J filter J

e Filter and input

attenuators and

o ADC
amplifiers

Figure 37: Block diagram of the input part of the EMI Recena@nsidered.

The blocks represented in big 3.7 have been modeled in the following way:

1. The measurand, the quantity that has to be measured, is defined.

2. The variables upon which the measurand depends have been determined and modeled.

3. According to the information availabfeom the manufacturer, different PDFs have been
assignedo each variable

4. The number N of iterationis definedby solvingzq.3.20.

5. The PDF of the measurand has been obtained by propagating the uncertainties though the

model

3.3 Resultsand Discussion

Themeasurement uncertainty of thenput chain of theEMI receiver described above (fixing
the variable attenuators and amplifiers to 0 dB of gain, so that the whole chain offers an
attenuation of 10 dB, due to the transient limiter, on the whole useful bandwitldg been
calculated under different conditionsThe PDFs assigned to tlmmponentsvary to

characterize thalifferent behaviors of each componerithis allows a comprehensive analysis
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of the resultspbtained byusing manufacturers' provided data or alternative PDFs to account
for missing information. For thisyhen analysis varying temperature are carried out, a
triangular distribution has been assigned to the components, especially the ones distant from
ADCs or amplifiers, which are not subject to a wide range of temperature varidtiisis to
provide abetter characterization ofheir actual behavior since the temperature gradient that
they are exposed to is different from components near, for instanceyveep supply without

forced ventilation.
The following sections shotlie results obtained

It isimportantto keep in mind that the methodologyresentediater is specifically focused on
addressing uncertainty evaluatiggroblems arisingn real application@nd/or developments
Avoidingcomplicated and timeonsuming assessmendisiring the design phasis precisely

why a detailed uncertaintgvaluation is not typically carriedut

3.3.1 Results obtained using traditional MCMs approach.

Since the variable attenuators and amplifiers have been set to 0 dB of gain, the amplitude of
any external RF signal entering to the transient limiter will arrive to the ADC shmouid be
attenuated bydesign byl0 dB.

Table3.1 shows theresults obtainedwhenthe nominal value of theomponens composing

the four blocks of Fid.7 changesaccording to different types of PDFs

As discussed aboya rectangular distributioneflects the principle of maximum entroand
lack of information and therefore it reflectshe worst-case scenari¢48-52]. The triangular
distribution has been usedvhen the relationship between different variables is known but
collecting more data i®00 complicated48-52].

In this example, the first number of trials N has beentset0.000,value obtained by setting

h=2000 and p=80% Eqg.3.18.
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Table3.1. Results obtained with N=10.000 iterations

Maximum deviation frommean

Number of simulations | PDF assigned 'E"HHI
value
10.000 Rectangular 10,41dB 0,71 dB
10.000 Triangular 1041dB 0,68 dB
Mixed Triangulg
10.000 1041dB 0,69 dB

and Rectangula

Figure 33 shows the distribution obtained.
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Figure 38: Distribution of the output voltage setting N = 10.000 iterations.

Asshown in Figure 8, the measurand presents a hormal shaped distribution, the mean value

obtained iscentered in10,41 dB, hence presentinga 0,41 dB difference from the value

expected bydesign(10,00dB).

3.3.2 Results obtained with the proposed method.

It is demonstrated that by computing a fraction ofiterations the result can be used to

estimate the mean value and the standard deviation of the model if twice the standard
deviation associated with it is less than the numerical tolerance associated with the standard

uncertainty u(y) [4350]. Table3.2 summarizes the results obtained when the same set of the
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PDFs used in Table 1 are assigned to the component values, but with a number of simulations
0 equal to 5000 and3.000.

Table3.2. Result®btained with lowering the number of iterations.

Maximum deviation frommean

Number of simulations | PDF assigned 'E"HHI
value
5.000 Rectangular 10,72dB 1.02dB
5.000 Triangular 10,63dB 0.89 dB
Rectangular ang
5.000 10,67dB 0.90 dB
triangular
_ | Maximum ceviation frommean
Number of simulations | PDF assigned E'HHI
value
3.000 Rectangular 10,86dB 1.30dB
3.000 Triangular 10,79dB 1.20dB
Rectangular ang
3.000 10,84dB 1.24dB

triangular

In this marticular case scenarjahe resultingPDFobtainedwhen performing simulationsvith

a lower number of trialghat the one indicated in Table 3.@oes notshow a normal
distribution. Furthermore, its variance is more than double than the one associated the
previous resultshown in table 3.2 According to [4214], this is sufficient to state that the
results are not significant anymore. Hence it can be concluded that imp#nigcular case
scenario, the minimum number of iterationie obtain meaningful resultss0 o8t 1. 7it is
indeed truethat with more investigation itould be possible find out the real the limit, but it

is not important for thisevaluation

Another series oMCM simulationssetting0 18t 11 ;have been carried out to evaluate
how the measurandvaries along the wholeperatingfrequency rangethe results are shown

in Figure 3.
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Attenuation vs Frequency
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Figure 39: Distribution of theattenuationover frequency.

These simulationallow the evaluatiorof the entire measurement chain's response across the
whole frequency range. The graph presentstowsinteresting findings, with attenuation
exceeding the expected XD dB at lower frequencies, while at higher frequencies, the
attenuation tends to fall below 1,00 dB. Consequently, when measuring signals with higher
amplitudes, extra caution should be exercised in the higher frequency range as the
instrument's attenuation is lower thapredictedby design. These results provide insight into
the system's actal behavior, which may deviate from the expected design and help prevent

unexpected damage to the internal circuitry.

Consideringhat the time needed by the CPU to compute and process one MCM results can
easily vary within 1 sec and 5 minutegQ], it becomes evident thaa vast use oMCM
simulationsis still limited by the enormous time required\dditionally, the time required to
compute each simulation can vary greatly depending on the complexity of the model and the

computationalpower of the laptop.

Table 3.3 shows the estimated computational time needed to carry out timeertainty

evaluationfor the system under analysis.
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Table3.3. Time vs number of iterations

) _ Number  of _ ) .
Number of Simulations Estimated total time required
parameters
10.000 91 Aprox3.10 hours
5.000 91 Aprox 1.38ours
3.000 91 Aprox 50 mintes

Therefore, it is evident that defining the appropriate number of simulations is crucial for
significantly decreasing the computational time and power required for evaluating the overall
measurement uncertainty. In thigarticular casethe results can be obtained approximately

Six timesfaster.
3.3.4 Evaluation ofthe influenceof the parameterson the measurand

Theinfluencethat each parametehason the measurand hakeen evaluated Components
are named using a letter @Rands for resistor, C for capacitor and L for inductor) and a number

which is used to identify the component in thetualcircuit diagram

Forintellectual propertyprotection, the actual schematic of the measurement chain analyzed
(Fig. 3.6xannot beshown here

Considering theobtained andthe methodology explained in sectid2, three components
have been found to be in the level of influenzefive components in the level of influende

andeighty-two components in the level of influenge In concrete:

SET 1: R9TC188, C193.

SET 2: R17822, R13, R12, R15.

SET 3C311, R44, R29, L24, C187, R171, R24, R6, R27, R32,dlBtharemaining.

Having identified the components which have more influence on the measurand allows one to
perform uncertaintyevaluationsonly forcomponents belonging t8ET 1 and, 2lisregarding

all the componentsof group C since their influence on the measurasdelatively low This
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allows tosimplify the model under study and teeduce the computational time needei

evaluate its uncertainty.

Thenew computatioral time requiredis shown here

Table3.4 Time vs number of iterations and number of parameters

Estimated total time
Number of Simulationy Number of parameters _

required
3.000 91 Aprox 50 min
3.000 8 Aprox 8 min

Theresults shownin Table 3.4 indicate that by decreasing the number of parameters, the
computational time is reduced, resulting in a calculatiione that is nearly seven times faster
than before. This proves that the total time needed for the simulations is influenced by both the
number of parameters and the number of MCM iteration®y comparing the shortest and
longest computation timesbtained(as shown in Table 3&hd 3.4, a reduction by a factor of

23 can be observed.

3.3.5 Evaluation ofmixedinfluence factorson the measurand

The overall uncertainty of a system is minimized when the correct componenthe
measurement chaimre selected Extreme care should be taken because the choices made in
this stage will have an impact on the overall uncertainty of the instrument.

In this case, ithe designis based only in the first set of simulatigtise parameters belonging

to SET will be the chosen in the most accurate way and, most likely, they will be more
expensive. Thidecisionwould give good results in case external factors were not present at all,
which is extremely unlikelp happenin real casapplications

Hence,another series of sensitivity analysis Hzeen carried out to evaluate the effedhat
external factors(in this casetemperature may haveon the measurand Of course, his
evaluationdiffers for any EUTfurthermore it depends orseveral factors such agorkingand

environmentalconditions.
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In thisexample,a temperature variation o#45°C from the stadard reference temperature of
25°C has beerconsideredto evaluate the effectthat a temperature gradienthas on the
measurand.According to the manufacturer information providdédr each componentthe
variationhasbeen assessed.

According to theesultsobtained the following components have been found to be in the level

of influencelQ2Cando .(h concrete:

{ 9 ¢ RIM&RI7, R171
{ 9 ¢ C31)R44, R6, R15, L24 R32, C187, L22
{ 9 ¢ C:1N)R247188, R13, R12, R27, L36, R293@&8all theremaining.

As an exampldt is possible to notice that parameter R171 belongsS®Tl and{ 9 ¢. ThisQ
means that the temperature has a strong impact on this component and must be monitored
closely By analyzing thelassificatiorobtainedit is possibleo determine which components
contribute moreto the overallsystemuncertainty.Therefore, if there is a need to decrease the
overall uncertainty of themeasurand it can be accomplished by directhcting these

components Furthermore, the following consideratis can be drawn:

I LI NI YSGSNI 6 KAOK 0Sft 2 ylantoletagice gnéhightempetatyir® M Q Y dza

performances since every variation will highly affect the measurand.

A parameter which belongs to SETH Q Y dzialow ®leréhée, but it is less important its

exposure to a temperature variation.

On the contrary, if a parameter is identifiedtobe N SEMQ®> A G0 Aa y23G &2 YdzOK
keep its nominal tolerance under control, but it is important that the temperagxposures

controlled and kept asonstantas possible.

By incorporating this information into a circuit simulator, one can easily assess the level of
uncertainty of anysystemby adding onlythe parameters that have the greatest influence on
the measurand.Alsg the overall calculation time for the system's uncertainty can be
significantly reduced. Naturally, the classification of the gsogn varydependingon the

specific criteria chosen for the application.

The methodology proposetas beervalidatedby analyzinghe input stage o& commerciaEMI
receiver but can be applied without loss of generality to other cas€amputing the

measurement uncertainty by strictly using the approach proposed by the GUM has been shown
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to be a difficult task.Thanks to the methodology proposed, the uncertainty associated with the
measurand can be reduced by simply acting on the compohawihgthe highestinfluence of
the measurand. lalso important to remember that thenethod proposed igeneralandcan be

applied in different fields and situations without loss of generality.

3.4. Conclusions

A measurementnstrumentis properly designed when the influence that each parameter has
on the measurand i&ept under control. The methodology presented showboth from a
mathematical and experimental point of vieWwow to evaluatethe measurement uncertainty

by means of PDkslying onMonte CarloSmulations.

The first step to overcomds related to the practical need to reduce the number of MCM
simulations required t@stimatethe overall uncertainty of a system, a problem whét#i limits

a common usef MCM simulations.

Material, tolerances, degradation over time and temperature dependence shall be analyzed
carefully because every variation introduced will strongly impact the overall uncertainty. Also,
placing in a correct position thectualcomponens play an important role. It is well known, for
example, howan increaseof the operatingtemperature can reduce the average life ahy
electric componentandchangeheir performances over timgs7]. The proposed methodology
allowsto considerall these effects bgcting on thePDFs of the input variables.

Finally, this method proposa simple and practical solution that calsobe appliedto perform
budgetaryevaluatiors when componergbelonging to different SETs have to be purcha3ée.
considerations proposed in this chapter Witk useful while developing a nemeasurement

instrument
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CHAPTER

4. Optimal design of asinglephasepower linefilter

International EMC standards set specific limits and methodology for CE levels [1,2]. The
measurement methodology involves the use dflI&Nnserted between the power source and

the EUT, whicpresentsa known power source impedance to the EUTs. The most common way

to reduce the CE dhe EUT that does not meet the requirements of the standard is by adding a
PLF between the PLN and the EUT [3].

A common strategy to select a suitable PLF involves relying on its IL, a figure of merit provided
by manufacturers.

Asexplained in the introductiont is stated in CISPR 13],[Annex C, that the IL of PLFs can be
measured with 50K A YLISRI yOSa i GKSANI AyLlzi FoAdRe 2 dzi Lddzi
scenario,with0.IK | Yy RK MAALISRI yOSa Fd GKSANI AyLdzi FyR 2dzi
versa. However, actual EUTs and PLNs present complex input impedances very different from
the aforementioned values, which vary with the frequency (in most cases, from a very high
magnituce value to a very low one due to the raaitic effects and/or to the electrical
component behaviors). Therefore, it is not possible to accurately estimate the real IL of a PLF
when connected between thenb-54].

On top of that commercial PLFs present static structures to mitigate both CM and DM
interference (almost all PLFs contain, at least, dyp¥ capacitor at the line side, a CM choke,

and two Ytype capacitors at the load side), and some of these components may natidiéy s
necessary or may not be placed in their optimal position for a specific EUT. Therefore, an
oversized PLF is usually used to obtain the same mitigation thaptimal, but much smaller

PLF could achieve

The other way to obtain an appropriate PLF is by designing it. This problem has been extensively
discussed in the literature with different approaches and methodolodiE%$30,6888].
Accordingly, moseMC designers have developed their own modus operandi based on their
experience, knowledge, and available instrumentation. In most cases, it ends up Weiglg a
and-error process since, again, there is a lack of information regarding the actual impedance of
the EUT and the PL.Rssential information to obia an optimal result.

Hence, it seems that measuring the impedance of EUTs and PLNs should solve both problems
stated above, but although this is something that can be done, it is tricky, and specific

instrumentation, not always available is needed.
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In order to make the PLF design easier, the input impedances of different topologies of switched
mode power supplies (SMPSs), the most common electronic circuit found at the fioever
terminals of electric and electronic devices, have been analyieel.aim of this analysis is to
determine if different topologies of EUTs need different structures of PLF for optimal CE
mitigation. If that were the case, the relationship between the EUT topology and the PLF
structure could be established, making the desigrthaf optimal PLF much easier for EMC

engineers.

To this end, the Scattering (S) parameterdifferent topologies of DOC converters (which are

a type of SMPS) connected to a power source, which include a Buck converter, a Boost converter,
and asingleended primaryinductor converter (SEPIGlave been measured switched on. From
these measurements, the circuital models of each topology, along with their parasitic
components, have been extracte8386]. Special care has been taken to model the component
parasitic effects, circuit layouts, and coupbngjince they all strongly affect the behavior of the
input impedancg83-88]. Working with equivalent circuits instead of the measurgehfameter

matrix allows a better comprehension of the SMPS input impedance and the CE phenomena
while this information is scattered within the-gfarameter matrix. Then, a PLF design
methodology,based on an accurate IL estimation of the PLF for the CM and DM CE, developed
and described in thishapter, has been applied to find the optimal PLF structure for one of the
DCDCconverters. The results obtained show that the work preserigagseful todrastically
reduce the cost and the time duration for the optimum PLF selection or design since it provides
the optimal PLF structure for three specific-DC converters and the methodology to find the

optimal PLF for any other kind of SMPS

4.1. Circuit Models of the SMPSs

This section illustrates the circuital models of three SMPSs.

4.1.1. Model of Buck Converter

A Buck converter, also known as a stikpvn converter or stelown chopper, is a D©-DC
power converter designed to perform a stejown conversion of the input signal and typically
operates with a switching frequency between 100 kHz and avélz Themodelthat describes
the behavior of a real Buck convert&3[86], with parasitic and notideal components, is seen

in Figured.1
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Figure 4.1: Model of Buck converter including parasitic components.

The inductor L, the controlled switch S, the capacitor C, and the diode D are the main
components of the circuit. The load, in this case, is considered purely resistive and represented
by a resistance Ksince the D@C converter is evaluated alone). The rest of the components
are the nonlinearities and parasitic effects introduced by the actual behavior of the circuit
elements B3-86]. The parametersifrc, s, and b describe the equivalent series resistances of
every component, and the,da and a2 represent the parasitic inductance of the PLN. Finally,
the capacitor arrepresents the stray capacitance towards ground.

The two modes of operation of the Buck converter are described below:

Mode 1:The switch S conducts, and the diode D is blocked. The inductor L produces an opposing
voltage across its terminals in response to the changing current. This voltage drop counteracts

the voltage of the source and therefore reduces the net voltage acrasktd

Mode 2: The switch S is blocked, and the diode D conducts. The inductor becomes a current
d2dz2NDS o0UKS au2NBR SySNHe Ay (GUKS AYyRdzOG2NDa
load).

4.1.2 Model ofBoost Converter

A boost converter is sometimes called astighd O2 Y SN SNJ aAy OS Al aadSLia

The equivalent circuit of a real Boost converter is shown in Figdre
The same ideal and parasitic components as in the case of the Buck converter are considered.

The two modes of operation of the Boost converter are described below:

Mode 1:The switch S conducts, and the diode D is blocked. The current is diverted through to

the MOSFET through the inductor
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Mode 2: The switch S Idocked, and the diode D conducts. The output capacitor is charged to

the sum of the input voltage and the inductor voltage, stepping up the input DC voltage to higher

output.
LpAq rL L D rD
— Y Y Y Y AMN—Y Y Y Y B
e
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3N il

:J[GJAR

Figure 42: Model of the Boost converter, including ndthealcomponents.

4.1.3 Model of a SEPIC Converter

A SEPIC is essentially a boost converter followed by an invertedbbaskconverter. Therefore,
it is similar to a traditional buekoost converter but with some advantages due to its ©ion
inverted output (the output has the same electrical polarity as thput). Figuret.3 shows its

equivalent circuit.

Figure 4.3: Model of SEPIC converter including Fideal components.

The two modes of operation of the SEPIC converter are described below:

Mode 1:The switch Sonducts, and the diode D is blocked. The energy is increased, and

the capacitor Ctransfers energy to the inductor® { Ay OS (GKS RA2RS 5 A& of
energy comes from the capacitos.C

Mode 2: The switch S is blocked, and the diodeddducts. The inductors; land L are
discharged and provide energy to the load and to the capacitoan€G.
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4.1.4 EUT Characterization

In order to characterize a EUT (which includes the converters described above) connected to the
PLN, to the LISN, or to any other kind of power network, two measurements are needed: S
parameters and CR(-22]. To facilitate the measurements, SMA connectors have been added
to the LISNEUT interface ports and the wires of the-DC converters so they can be easily
connected. The SMA connectors of the LEBN interface are grounded to the RF ground of the
LISN.

Sparameters can be measured using the setup described in Fgdaewhich basically consists

of a vector network analyzer (VNA) and a LISN. As described in CIZRR8YH the LISN,
needed to isolate the impedance present at the poviee ports, is bonded to a reference
conducting surface by means of its grounding bar placed on the rear panel. The reference
conducting surface is additionalgpnnected to the ground of the electric power distribution
system. The VNA is calibrated atthe IgBN ¢ A y i SNF I O& diISINYRAKS t Wb @ FI Vi
using a standard througbpenshortmatch (TOSM) calibration method to compensate the
effects of the LISN, the transient limiters, and the cables (in this particular case, a commercial
50K {a! OFftAONIGA2Y (A0 ¢ a-paain&RR mebsu@meyitl tief &8 = § 2
power of the interference generated by the EUT has to be negligible in d@fotite power
delivered by the VNA.

The setup used to measure the CE at the terminals of the EUT (Bigbjeconsists of a two

port EMI receiverThe twoport EMI receiveis capable of providindirect information about

the CM and DM CE, obtaining a complete representation of the EUT. Basidgmssible to
compensate for the effect of the LISN, the transient limiters, and the cables, making the

measurement easier and faster.

+ . + V+ N t + + _o_V+ +
Q

S5—c usN || EUT S5 e LISN EUT

i - —¢—V' - — - —o—v-

I )
Transient Transient
Iimiters\')é P2 !Calibraﬁon point limiters \)Pljjl ':."'2
VNA EMI
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'}' »
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Figure 46 0 { b LI NI YS (G SN YGCH neash&ned sefup. 8 S0 dzLJT 660
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With both measurements, a complete characterization of the EUT is obtained from the EMC
point of view and can be used in a circuit simulator to estimate the actual IL of a PLF. Besides, S
parameters can also be used to find the component values of thaicirmdels presentedn

previous section.

4.2. PLF Design

The main problem in evaluating the effectiveness of a PLF is that its actual IL cannot be estimated

AT tAYS YR f2FR AYLISRIYyOSa IINB y2i 1y28y 066K
However, if the EUT impedance is characterized (using, for irestéime measurement setup

described in Sectiod.1.3, and the PLN impedance is known (in EMC measurements, the PLN
impedance is always provided by the LISN, which internal circuitry is known), the actual IL of any

PLF can be estimated using a circuit satarl or resolving the circuit equations using a
programming computing platform. In this section, the method to estimate the actual IL of a PLF

is described and latterly used to implement the optimal PLF.

4.2.1. Accurate Estimation of the IL of a PLF

Figure4.5 shows the equivalent circuit of the EUT connected to the equivalent circuit of a LISN
according to CISPR 16. The impedance of the EUT is represented with the me&sured
parameters. The two voltage noise sources,awd \{, are added to provide a fixed amplitude

signal at all frequencies, which will be used to compute the accurate IL of the PLF (since the
actual impedances of the EUT and the PLN are used instead of the ugal 500> Ml YR M n
measurements). CM or Digbnducted emissions can be emulated by switching thepiase

from 0° to 180°. The impedance of the LISN is represented by its internal circuit.

This is one among other different representations since the EUT could be modeled using the
equivalent circuits shown in Sectidr?, and the LISN could be modeled using the measwed S
parameters, but the same idea remains.

In any case, the IL of the PLF for one of the lines can be obtained with

0 craEQ—nh (4.1)

and, for the other line

0 craEQ—Nh (4.2)
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where® and® I NB GKS @2t d4GFr3S +d GKS WbQ YR WbQ GSN
and neutral in an AC system) when the signal is unfiltered (as seen in Higuréhe

measurement point is placed between the 0.25 pF capacitors and ti€ 5SINS & A A ®2 NE OV X | Y
andw ' NB GKS @2t 0138 +d GKS WbQ YR WbQ GSN¥AYI f
filtered (as seen in Figures).

¢KS NBfIFGA2yaKALI 60S0G6SSy (KS @2t Gl 3S 14 GKS Wb

w —Nw W W, 4.3)
Accordingly,
w Nw W w 8 4.4)

Therefore, the actual modal IL of any PLF can be obtained with

0 0D0O% O E Q—— CTaéQ N 4.5)
0009 CTaéE Q—— CTaéQ (4.6)
oo LISN — EUT
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Figure4.5: Equivalent circuit of the EUT connected to the equivalent circuit of a LISN according to CISPR 16.

61



LISN PLF EUT

0.25uF
50 uH T
ooy

|

i |
| |
: [Seud [
I .
i |
’ |
B

Figured.6. PLF connected between the equivalent circuit of a EUT and the equivalent circuit of a LISN according to
CISPR 16.

4.3. PLF Design Methodology

The simplest structure of a PLF contains one or twygp¥ capacitors# ) between line and
neutral, usually located on the sides of the CM choke, to mitigate the DM, and a CM choke (with
an inductance ) and two Yype capacitors# ) from line to ground and neutral to ground,
usually placed on the load side, to mitigate the CM (Fidufg A resistord ) is usually added

to discharge the capacitors when the voltage is disconnected.

O——0-0 — O0—0+
—_ G
w CM Chokél) 9{
t i S0 g
p— G,
O O—O O O -
O O O
i Protective Earth

Figured.7: Typical structure of a PLF.

However, the PLF structure shown in Figdré may not be optimal for a specific EUT.
Nevertheless, using the PLF modal IL estimation described above, different structures can be

easily added and tested to find the optimal one.

Therefore, the methodology to design the optimal PLF consists of the following steps:

62



Measurement of the $arameters of the EUT

Measurement of the modal CE and determination of the IL needed to mitigate each mode under
a threshold level

Introduction of the Sparameters in a circuit simulator as a black box with two ports. The circuit
is completed by adding two voltage sources and a LISN circuit, as seen indiBgdiee two
voltage sources emit the same amplitude at all frequencies, and their phase can be modified
between 0° and 180° to have pure CM or DM CE, respectively

The same circuit is implemented again in the simulator adding the PLF, as seen id.Bigure

Both circuits are simulated in the frequency domain, obtaining the voltage amplitude at the
measurement ports of the LISN in both cases (thabisfto F Fo ). The CM IL is computed
using 4.5), and the DM IL using.6) (they are both introduced in the simulator, which provides
the result)

Since each simulation needs less than a second to be completed, the determination of the
optimal values for each PLF component and its optimal position inside the PLF is done manually
using iterative simulations. Optionally, optimization techniques caimpemented to improve

this methodology.

4.4 ExperimentalValidation

In this section, the three models of the converters are validated usifgar&neter
measurementsThese equivalent circuits make understanding the input impedance and the CE
phenomena easier since this information is scattered within #pai@ameter matrixThen, the CE

of one of the converters is measured, and its optimal PLF is designed.

4.41. Validation of the Circuit Models

In order to validate the three models of the converters described in Sedtiyrthe Sparameter

matrix of the three converters has been measured using the setup described in Se8fibigure

4.4a.

The load impedances connected to the -DC converters were known (preliminary
measurements of the DDC converters were done using different load conditions, and, for each
converter, the ones that provided the worst conditions, that is, the ones that chtise higher

values in their conducted emissions, were selected). An actual picture of this same setup is shown

in Figure4.8.
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Figure4.8: Sparameters measurement setup, which contains a EUT (front row, left side, placed above the foam), a
VNA (right side) connected to two transient limiters, a tpart LISN (background, middle) and a programmable DC
power supply (background, left side).

In order to find the values of the parasitic components, the following procedure has been

followed:

The circuit model is implemented in a circuit simulator using the values provided in the
datasheet for the normal components(E€ 5 Z PdraXitic Xaimgonents §&& Lpar, Loar2, Ts,
o X0 NS FRRSR gAGK | WwnQ @IftdzSd C2N) SI OK
values is considered in trsgmulator.

The Sparameter measurements obtained from the actual EUT are also introduced in the
circuitsimulator.

An optimization algorithmmodifies the values of the parasitic components (within the
specified margin) until the computed@rameters of the circuit model are as equal as
possible to the measured onds this casethe algorithm was based on the gradient search
method, a generic optimization approach that iteratively updates the parametgit the

error function is minimized or the maximum number of iterations selected is reacheel
optimizers find the gradient of the error function (i.e., the direction to move parameter
values in order to reduce the error function). Once the direction is determined, the
parameter values is moved in that direction until the error function is minimized. Then the
gradient isre-evaluated, his cycle is equal to one iteration of the gradient optimizévéen

the results are satisfactory (that means that measured and compueat&neters are very
similar both in phase and amplitude), the values of the parasitic components are updated
with the values found in the last iteration of the algorith@irce it is a multparametric
optimization, it may also possible that different combinations of parameters may satisfy the

constraints imposed and provide a similar S matrix. In this case, provided thealtres of
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parameters obtainedhave physical meaningand respect the constraints imposethe

characterization of the EUT is stillid and can be usddr the optimal PLEletermination

The results obtained are shown below.

4.4.2. Circuit Validaton of the DEDC Buck Converter Power Supply Mod@etput
1.23 {30 V, Model LM2596

Table4.1shows the values of the parasitic components obtained for the Buck converter model
shown in Figurel.1. In order to consider the woratase scenario for the results shown in the
following chaptersthe measurement uncertainty associated with the parameters meashaed
been considerednegligible with respect to the contribution to uncertainty introduced by the
measuring equipmentThe main reason for this because¢heinstrumentsused to perform the
measurementdad not beencalibrated within the last yeaAlthoughthe precise contribution
could beestimated for instance applying the methodology explained in chapter 3, it was not

within the scope of thighapter.

Table4.1. Values of the parasitic components of the Buck Converter model LM2596.

Symbol Description Value

CGear Parasitic capacitance 14 pF

Lpar1 Parasitic inductance 56 nH

Lparz Parasitic inductance 1nH
IsI'o,lclL Parasitic resistances Hnn YK

A few considerations should be addedadiand Lar are placed before & and they play an
important role inthe circuit. The difference between the obtained valuesgf Bnd Larzis due

to the difference in the wire length used for the measurements. Although they do not
significantly affect the computed amplitude of thep&rameters, these values influence their
phase. On the other hand, although the capacitor impedance is sitsallalue is frequency
dependent. At lower frequencies, its impedance is higher; therefore, the rest of the circuit is less
isolated. The parasitic values obtained fer{s, I, rc, and t, may not be as precise gs/and

Loarz, but their combination in the circuit model helps to introduce the same effect as the actual
circuit does after .

Figure4.9 shows the comparison between the measurega®ameters and the computed ones
using the circuit component values shown in Tablk (to simplify the comparison, only the
magnitude and the phase of the parameté¥ and™Y are shown sincéY Y and"Y

Y ).
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Sparameters were measured with the EUT switched on first and with the EUT switched off
latterly. As can be seen in Figt®, both measurements are similar. Looking at the circuit
model of Figuré.1, this behavior can be expected since the small impedance introduced by the
input capacitor ¢ at the frequencies of interest isolates the rest of the circliltis capacitor

does not usually appear in an ideapresentation of a Buck converter, but it is always used since

it stabilizes the input voltage anahitigates the CE (a measurement without this capacitor is
shown latterly for the SEPIC converter case as an example).

Regarding the circuit model, two simulations were done to emulate the switching behavior of
the MOSFET and the diode. First, with the MOSFET active and the diode inactive, and second,
the other way around. In both cases, active values were representeditinall resistance (200

YKO YR Ayl OGAGS @I fdzSa ¢ AlGK -paraketedsiobtamBdins a G y OS
both cases were identical, and the reason behind this is, again, the effect due to the small
impedance introduced by the input capacitok.d herefore, only the first simulation (MOSFET
active and diode inactive) is shown in Figd!@

In any case, a good agreement is obtained when comparing both measurements with the

simulation of the circuit model after updating the component values.

S11 magnitude S21 magnitude

Simulated

EUTpower_ON

g EUTpower_OFF @ 10—
® Y 1
S T
= S 30 Simulated —
b EUTpower ON s
40—
| EUTpower_OFF s s
-50‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ -50\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0.15 5.15 10.15 15.15 20.15 25.15 30.00 0.15 5.15 10.15 15.15 20.15 25.15 30.00
Frequency (MHz) Frequency (MHz)
S11 phase S21 phase
100
50
> > ]
(5] @ 4
) h=A B
[} @ 0
(2] (2] -
(] [
ey o -
o Simulated — o R Simulated —
-50 EUTpower_ON -50— EUTpower ON s
EUTpower_OFF s e ] EUTpower_OFF s e
S s B L —1007\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0.15 5.15 10.15 15.15 20.15 25.15 30.00 0.15 5.15 10.15 15.15 20.15 25.15 30.00
Frequency (MHz) Frequency (MHz)
Figure49:/ 2 YLI NA a2y 2F (GKS {bLLINIFYSGSNBR 2060GFAySR o0& aaydzZ Az

powered (pink) for the Buck Converter Model LM2596.

66



4.4.3 Circuit Validation of the Boost Converter Model MCP1640ERC

Table4.2shows the values of the parasitic components obtained for the Boost converter model

shown in Figurd.2.

Table4.2. Values of the parasitic components of the Boost converter Model MCP168IEV

Symbol Description Value

Gear Parasitic capacitance 10 pF

Lpar1 Parasitianductance 199 nH

Lpar2 Parasitic inductance 199 nH
rsfo,lcr Parasitic resistances Hnn YK

Figure4.10 shows the comparison between the measurguhE&ameters and the computed ones

with the resulting circuit. The same considerations described for the Buck converter apply here.

A good agreement is obtained between measurement and simulation, validatingirtat

model of Figuret.2.

S11 magnitude

S21 magnitude

30.00

o; 0
= @ 10—
% -10— o 1
T ()
% -20— E -20—
= | c ]
=) 2 .
g -30— Simulated — = -30— Simulated —
1 EUTpower ON s 7 EUTpower ON s
-40 -40—|
] EUTpower_OFF s wee ] EUTpower_OFF e me
Ut e e B i e e e B
0.15 5.15 10.15 15.15 20.15 25.15 30.00 0.15 5.15 10.15 15.15 20.15 25.15 30.00
Frequency (MHz) Frequency (MHz)
S11 phase $21 phase
100 100
] 807 Simulated —
] 60—
sl i EUTpower_ON s
i 40—
— i > 1 EUTpower_OFF s
2 ] S 20 power_
o - E .
g 3 7
£ 7 £ -20—
o B Simulated — o 401
-507 EUTpower ON s 501
] EUTpower_OFF s s 80—
B o e e T B B B B e I O
0.15 5.15 10.15 15.15 20.15 25.15 30.00 0.15 5.15 10.15 15.15 20.15 25.15
Frequency (MHz) Frequency (MHz)
Figure410:/ 2 YL NA a2y 2F GKS {bLLI NI}YSGSNB 20l AYySR

powered (blue) for the Boost Converter Model MCP1648BC.

0eé

67

AAYdz | GA2



4.4.4. Circuit Validation of the DDC SEPIConverter ModelMCP1663

Table4.3 shows the values of the parasitic components obtained for the Buck converter model

shown in Figurd.3.

Table4.3. Values of the parasitic components of the SEPIC converter model MCP1663.

Symbol Description Value

Gear Parasitic capacitance 21 pF

Lpar1 Parasitic inductance 33 nH

Lparz Parasitic inductance 9 nH
I'sro,fcalinlcaliz Parasitic resistances Hnn YK

Figure4.11 shows the comparison between the measurgehE&ameters and the computed ones
with the resulting circuit, obtaining, again, a very good agreement, although small differences

are observed for théwo-phaseplots at lower frequencies.
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In order to show the effect of the input capacitok @n the circuit, an additional measurement
was done for this particular converter with the capacitor removed. Measurement and simulation
results to show how-parameter measurements are affected by the increment of the CE levels

are shown in Figuré.12.

At those frequencies where the CE levels are close to or above the levels of the transmitted and
reflected waves of the VNA (which has already been configured to supply its maximum output
power), the Sarameters become significantly inaccurate and usel8$8s measurement
justifies the necessity of the capacitax €om anEMC point of view since it reduces the CE and,

therefore, improves the EUT characterization vigaBameter measurements.
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powered (blue) for the SEPIC Converter Model MCP1663 after remaning C

Since the three converters present a similar input impedance (dugj)oti@ following analysis

(CE and PLF design) has only been applieddof the converters.
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4.5. Conducted Emissions Measurements

In this subsection, the CE of the Boost converter Model MCP1688EVhas been measured.

The setup for the conducted emissions measurements described in SdQi¢Rigured.4b) is

seen in Figurd.13.

Figure4.14 shows the CE measurement at the positive terminal (+) of the Boost converter using

the quasipeak (QPK) and average (AVG) detectors (similar results are obtained in the negative
GSNYAYLE o0b0o0®d LG OFly 06S aSSy &sabvéthédisPR3en (11 =
class B limit [2] for both detectors. A minimum mitigation of 20 dB for the AVG detector is

needed to meet this standard (a constant that will be later used to design its PLF).

Figure4.15 shows the modal decomposition of the CE noise generated by the EUT, i.e., the CM
and DM CE measured using the QPK detector. As it can be seen, the DM is the dominant mode,
and this is, along with the input impedance (ep&ameters), essential informiai to design a
suitable PLF. The CM emissions are far below the limit and, therefore, do not need further

mitigation.

Figure4.13: CE measurement setup, which contains a EUT (front row), @bmoEMI receivefbackground, left
side), and a tweport LISN (background, right side).

70



100 : : Sy

+QPK

L +AVG
90 QPK Limit
AVG Limit
80 - —

70 - -

60 [

50 - ) I

40 -

Amplitude (dBuV)

30 -

" M
\W\V/ A Ny gl

oL e NN
10° 107
Frequency (Hz)

Figure4.14:/ 9 YSI adzNBYSyd |G GKS LRAAGADBS (S N¥Weak([QPK, blueb Qo 2F G KS

and average (AVG, red) detectors.

100 ; ; —_———y

T
DM
L CM u
90 QPK Limit
AVG Limit
80 - n

70 - -

60 - [

50 - I

40 i

Amplitude (dBuV)

30 -

|
20 - A l
1°EU>/LJL_JUWU i

R sl

106 107
Frequency (Hz)
Figure 4.15: CM (red) and DM (blue) decomposition of the CE measurement of the Boost converter using the QPK

detector

4.6. PLF Design for the Boost Converter

Looking at the emissiord Figured.15, it seems obvious that this EUT does not need a CM choke
because CMmissionsare far below the limit. Therefore, the specific PLF for this EUT needs to
be implemented using those components that mainly affect the DM, i.e X#lype capacitors.
Considering that a minimum reduction of 20 dB is needed for the DM CE (so that the AVG
detection falls below the limit), the question now is which capacitor value could be used to
obtain such mitigation at 500 kHz. In order to avoid tedious -tmal-error practices, the
methodology described in Sectid has been applied. The PLF simulated consists of only an

Xtype capacitor, as shown in Figutd.6.
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The procedure described in Section 4.2 (step 6) is repeated, giving different values to the
capacitor until an IL of 20 dB is achieved, obtaining a value of 2.6 uF #dreLB. For an
Xtype capacitor, this is a very high value (since typical commercial values go up to 0.47 pF).
Therefore, a good alternative is to add an additional component to the circuit, i.e., to increment
the order of the PLF, which allows the relaxatidriree capacitor value while keeping the same
attenuation at 500 kHz.

Figures4.17 and4.18 show two possibilities for a secondder filter (PLEand PLE), both
composed of a capacitor and a normal inductor in each line. Due to the use of different
configurations of PLFs, the resulting input impedances of th&DQonverter will also be
different. Therefore, both circuits will present different mitigatiahthe LISN ports. The circuit
models of Sectiod.2 show that the input impedance of the converter is capacitive (dueno C
which means that the best option should Be&Esince it is the one that maximizes the mismatch

between its input impedance and the input impedance of the@Iconverter.
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The procedure described in Section 4.2 is repeated again for these two filters. The inductance
values for PLFcan be easily found by fixing the value of the capacitor to 0.47 yF (which is a
standard value) and giving values to both inductors until an IL of 20 dB is achieved. In this
particular example, an inductance of 1 pH was obtained.

Figure4.19 showsthe simulated DM IL achieved using P{d®mposed of a single-tfpe
capacitor of 2.6 uF), PL{Eomposed of two inductors of 1 pH at the load side and dypX
capacitor of 0.47 uF at the line side), andRiskhg the same values as in P(tkat is, an Xype
capacitor of 0.47 pF at the load side and two inductors of 1 pH at the line side). The IL for the
three cases has been obtained by applying the procedure of Section 4.2 and, in particular, using
(4.6). As expected, PLF3 has a negligible effecthenGE, whild’LE, which has the same
components but in the correct configuration/order, obtains the desired IL; rfFachieve the

20 dB of IL using inductors much larger (149 pH in this case), but this is not an optimal

implementation, and therefore, it is discarded as a solution.
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Figure4.19: DM IL of PLIRsolid red line), PLFdotted blue line), and PkFdashed pink line).

Although isolated inductors are not typical components in PLFs, they can also be used. An
alternative, but more bulky option, is to use, as a DM inductance, the leakage inductance of a
CM choke, which can achieve values betweeB% of the total inductance of the choke (with

the benefit of additional mitigation on the CM, which may be needeatler applications).

The PLF obtained has been implemented and tested.

Figure4.20 shows the CM and DM CE measured with the QPK detector. As expected, an

attenuation of 20 dB is obtained.

100 r T T T T T T T
T T

T
DM-PLF2
CM-PLF2
% QPK Limit
AVG Limit
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60 — [
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Figure4.20: CM (red) and DM (blue) were obtained with a filter composed of a Cx = 0.47 uF and an L = 0.99 uH.
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Theattenuation inserted by the Pk shown in Figt.21.As it can be seen, the EUT would have

not been compliant with this type of filter.
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Figure4.21: Modal noise measureafter applyingPLE

4.7 PLF Design for the Sepic Converter

In this subsection, the CE of the Sepic converter has been measured. The setup for the conducted
emissions measurements described in Secti@(Figured.4b) is seen in Figurkl13.

Figure4.22 shows the CE measurement at the positive terminal (+) of the Sepic converter using

GKS vtY YR ! +D RSGSOG2NBE O0aAYAf | NI NBadzZ Ga F NB
It can be seen that the registered measurement is above the CISPR 32 class B limit [2] for both

detectors.In this case, ainimum mitigation of at least 66B is needed to meet this standard
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Figure4.23: CM and DM measurement for the Sepinverter using the quagieak (QPK) detector

Figure4.23 shows the modal decomposition of the CE noise generated by the EUT, i.e., the CM
and DM CE measured using the QPK detector. As it can be seen, the DM is the dominant mode,
and this is, along with the input impedance (ep&ameters), essential informatiao design a
suitable PLAN this case,lite CM emissions amsoabove the limit, ancheed further mitigation

as well
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Looking at the emissioraf Figure4.23, the specific PLF for this EUT needs to be implemented
using those components that affect both the DM, i.e., ¥ype capacitors and also CM, i.e.,

common mode chokes.

Consideringhe minimum reductionrequire for the DM and CM CE, the question now is which
capacitor and CMC could be used to obtain such mitigation, starting from 500 kHz. In order to
avoid tedious trialand-error procedures the methodology described in Sectiotdas been

applied.

The simulatedPLFconsists of an-¥/pe capacitoland a CMCas shown in Figure 24.

The procedure described in Section 4.2 (step 6) is repeated, giving different valuesc&o the

capacitorand CMC until the IL having the attenuation required is achieved

LISN PLE EUT
b T R I \7n . T T/~ I
50uH oJ—rv'Lﬂcr" 1 o_:r_+®

Figure 42: PLRO2 Yy SOG SR 0SG6SSy GKS 9! ¢ FyR GKS [L{b O2yaraidirysd

As discussed in previous sectitime founded value o#.6 pFfor an Xtype capacitor, is a very

high value (since typical commercial values go up to 0.47 uF). Furthermore, the size and weight
of the PLF is also affected by the presence of the GMRing the PLF design not feasible in real
applications.

Hence, again the solution is to increment the order of the PLF, which allows to reduce the
capacitor value.

In this case, the optimal PLF is composed @ycapacitor at the load side and a CMC at the line
side. Once again, the procedure described in Section 4.2 is iterated to find the optimal values of

the PLF, shown in Figure 8.2
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Figure4.26 shows the simulated IL achieved usingsRt&mposed of @ capacitor at thdine

side and a CMC at theadside).
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Figure4.26.: DM IL and CM IL of BLF

O2y&aA&l,

The procedure described in Section 4.2 is repeated again for the new PLF. The capacitor values

for PLE have been found by fixing the value of the CMC and giving values t» tbapacitor

until the desired IL is achieved.

Figured.27 shows the simulated IL achieved usingsRPtémposed o CMGt the load side and

an Xtype capacitor at the line sid&he IL for the three cases has been obtained by applying the

procedure of Section 4.2 and, in particular, ushg énd4.6).
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Figure4.27: DM IL and CM IL of RLF

Both PLFs obtained have been implemented and teskéglure shows the CM and DM CE
measured with the QPK detector. As expected, the attenuation expect is obtained in both

measurements.
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Figure4.28: CM (red) and DM (blue) obtained with RLF
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Figure4.29: CM (red) and DM (blue) obtained with BLF

These resultshow that the optimal structure for a PLF to be connected to @8&onverter,

as the onesanalyzed in these caseis composed of an inductanoe CMCat the load side of

the PLF, and an-t§pe capacitor at the line side of the PLF, which differ from the typical
structures provided by commercifiters manufacturerqdas seen in Figur4.07). By fxing the

value of the Xype capacitorjt will be possible to easiliind the value of the inductors (or the

CM choke)and vice versaThis methodology allows timplementan optimal PLF quickly and
accuratelyable to mitigate the CE undea certainthreshold level, even without obtaining
completecharacteization of the EUT. This result also shows that even in those cases where the
dominant mode is the DM, increasing the value of thypé capacitor may not be enough to
obtain the desired mitigation. Moreover, this problem worsens if the switching frequenc
decreases since a smaller cutoff frequentyybe needed.

Another consideration is that different SMPS, which can be contained in different types of
enclosures made of different types of materials, may produce different CE (where the CM may
become predominant). In that cashanks tothe methodology described, the CM choke value,
along withits optimal position inside the PLF, can easily be found. Thereforeyénksprovides

a good basis for establishing a reliable standard metihmgly to design optimal PLFs for any

electric and electronic product.
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4.8 Conclusions

Commercial PLFs provide standard structures that may not be optimal for specific EUTSs. In this
chapter, the input impedances of three different EIC converters, a Buck converter, a Boost
converter, and a SEPIC converter, have been measured and modeled using circuit models to
analyze their differences and determine the optimal PLF topology for each casevét, due

to a common input capacitor in all circuits, typically used to stabilize the input DC voltage of the
converter and mitigate the CE, all thremnverters present a similar input impedance.
Therefore, the same PLF structure can be used for all of them.

Analyzing the CE afBoostand Sepiconverter and using a circuit simulator that contaiheir
Sparameter characterization, the optimal PLF topoldgy each case wafound. Its internal
structure contains an inductance on both lines at the load side of the PLF to mitigate the DM
noise (that can also be implemented using a CM chakeshow) and an Xype capacitor
between lines at the line side of the PLF. This structure differs from typical structures used in

commercial PLFs and obtains optimal IL results with fewer and smaller components.
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CHAPTER

5. Optimal design ofthree-phasepower linefilter

5.1 Introduction

Due to the recent proliferation of threphase power electronics and thrg#ase charging
stations B9-91], CE are becoming an increased concern for manufacturers, who are forced to
comply with EMQegulations[1-3]. According to these standards, conducted emissions are
evaluated in the frequency range of 150 kHz to 30 MHz, also known as bahd B [

Also forthree phase systems, thmost common technique to suppress CE noise in order to
comply with EMI standard limitationg][is to place a PLF between the EUT and the PLN.

Againt [ CA N8B aSfSOGSR o0é& NBfeAy3da 2y GKS L[ @I f dzS
at the inout ports or, to consider the worsd & S a2 OSy | NR 2 &4 T atdhke iicgut mnn K |
ports respectively, as described in Annex C of CISPR 17 |

However, the actual impedance of both the PLN and EUT changes along with the frequency and
can also be influenced by parasitic components. Hence, it is impossible to correctly determine
the actual IL of a PLBF99).

According to the EMC standards, CEs are measured between lines with respect to the ground
and, if present, with neutral respect to the grourt;[thus, the actual values of the common
mode and differential modes noises remain hidden inside the measured CE. This presents a first
and major limitation for optimal PLF design, siatso for threephase systemsach component
present in the filter reduces either the CM or DMs. Hence, a detailed knowledge on the CE modal
noise is required to design an optinthtee-phasePLF.

Additionally, commercial threphase PLFs are found as standardized structures designed to
reduce both CM and DMs noises, but they are most likely oversized and more expensive than
necessary; almost all structures are comprised by a CMC, at leastGhgpacitors, and at

least three 0 capacitors, which might not be strictly necessa®#-112. As a result, an
oversized PLF is usually implemented. Obviously, an optimal PLF should be optimized in terms
of performance, cost, volume, and weight.

Furthermore, it has been demonstrated that an impedance mismatch in the EUT or in the PLF
leads to an unexpected energy exchange between DM and CM interference. This modifies the
expected PLF performance and leads to unexpected CE 189€18][

Hence, the only way to achieve an optimal PLF design is by designing it.
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At the time of writing this thesis and at the best of author knowledgéterature is not possible

to find a clear and standardized PLF design methoddiogihree-phaseapplications

First of all, PLF design for thriphase EUTs is much more complex than for a single phase due
to the presence of more lines which lead to completely different modal noise interac@dns [
95]. Hence, the traditional CM/DM analysi88f78] cannot be applied in a straightforward
manner, and new models and definitions are needed.

A certain amount of research has focused on either CM or DM attenudt®l12], without
considering modal noise interactions and reflections due to impedance mismatches when
implementing the PLF. As a result, a gap is left for optimal PLF design.

Also, certain practices to reduce and optimize the volume and size of the PLF have been
proposed in the literature, for instance irnlQ4,103. Anyway, the accuracy of the PLF
optimization process is compromised because the modal noises are not measured
simultaneously. Furthermore, the methodologies proposed rely on aaridlerror loop to
define the CM and DM components to achieve the regglinttenuation, resulting in longer
times to design the PLF.

Other works 108-112] have focused on evaluating how the modal CE contributes to increase
the power grid pollution. Although a comprehensive analysis is proposed on the effects that CE
noise have on the system, no specific details on how a PLF can be designed are presented.

In [113-118], external devices called modal separators were used to evaluate the modal noises
generated by a threghase EUT. Although these devices alltav perform a modal
decomposition, they have several disadvantages which limit their implementation for optimal
PLF designlfl3-118]. For instance, 113 proposes a detailed study on how asymmetries,
amplitude, and phase mismatches introduced by the modal separator affect the overall modal
measurementnd ultimately, the PLF design

As a result, no methodology has yet been recognized by the EMC community. Hence, most
engineers developed their own procedures to design thpease PLFs based on the available
equipment, knowledge, information, and experience. Anyway, the actual PL éesichieved

only after several triahnd-error loops, since the actual PLN and EUT impedance is not known
and, on top of that, there is no standard procedure to be followed.

In order to propose a solid and reliable methodology to design an optimal4binase PLF, this
chapterdefines a generalized model to understand and analyze how the modal components
present in the system interact between each othRirthermore, it presents an overview of the

available instrumentation that can be used to extract the CE noise, as well as the modal noises.
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Then, simulations are carried out to determine the effect that each component present in the
PLF has on either CM or DM noise. From these results, it is possible to define a specific and
optimized PLF configuration, provided that the modal noises are known

Finally, a solid design methodology relying on accurate IL estimation of the PLF for both CM and
DM is presented and validated to determine the optimal PLF structure for a-fiirase EUT.

The main contributions of this research are listed hereafter:

1 Aclear threephase modal definition along with a review of the instrumentation capable
of extract modal noises

1 A methodology to evaluate the behavior of any PLF component whesytsiem is
excited with either CM or DM noises, or a combination of both

1 A detailed PLF design methodology, based on an accurate IL estimation to reduce the

CM and DM CE, experimentally tested, and validated in real case s&nario

Overall, the results obtained and presented in tth&pterare useful to understand the nature

of the modal noises and to minimize the time and cost to design an optimal PLF. Furthermore,
the methodology described can be applied to any EUT without a loss of generality; thus, it sets
the basis to become a standamethod to be followed to design an optimal PLF for thpdase

applications.

5.2. Modal Definition: A Brief Review

As mentionedthroughout this thesis, neasurements performed according to EMC standards
provide information about the total CE level of an EUT, but they do not provide sufficient
information to design a PLF in case of ssmmpliance 1].

The following subsections provide a clear model and explanation to understand how the modal

noises behave and interact between each other.
5.2.1. ThreePhase Modal Definition

As described in the introduction, asignal can be characterized in the following ways:

EML considering the actual phase voltages and currents.
Modally: considering its modal decomposition, which is, the common mode, along with its

voltage and current, and differential modes, along with their volssyad currens.
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Figure5.1 shows how the modal decomposition of the currents can be obtained starting from

the actual line currents.
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Figure5.1: Circuital vs. modal characterization for a thiglease EUT currents.

By analyzing the circuit proposed, the following relationship can be derived:

N —: i=1,2,3 (5.1)

where"Q j, is the DM current flowing in each phas@, is the CM current aniis the actual
phase current.

By definition, the sum of the DM currents is n88{96].

Ko T o T o W (5.2)

Hence, the CM current is given by:
M M M 1q (5.3)

Figure5.1 shows that CM and DM noise currents are defined by different propagation paths.
The CM current flows though the loop formed by all phases and the protective earth line (PE),
while DM noise currents flow in one phase and reclose in the other two.

A more detailed representation of this phenomenon is shown in Fig#teFor the sake of

exemplification, onlyQ is shown, but the same considerations are valid@r andQ
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Figure5.2: Path followed byQ generated by an EUT when connected to a thpbase LISN.

In the figure,Qand 'Qdepend on the system impedance amy assume different values case
by case. Furthermore, the values@ndfor 'Q  do not necessarily have to be the same for

‘Q and’Q decomposition.

The complete modal equivalent circuit of a thgpbase EUT connected to a LISN is shown in
Figure5.3@ C2NJ GKS al 1S 2F aAYLX AOAGez 2yfe (G4KS pn
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Figure5.3: Equivalent circuit of a threphase EUT connected to a LISN.

As can be seen in Figuse3, a combination of CM and Diltage sources and their impedances

are used to fully model the EUT CE noise; the CM voltage sairrcehwhich is common to all
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the three phases, and three independent differential mode voltage soucdees; (, one for each
phase (i =1, 2, 339-100].
@ FLILX @AYy3I YANDKK2FFQa 1 ¢ G2 54 ts&folloveng LIa 2 F

relationship can be obtained:

W 0 F o ; fori=1,2,3 (5.4)

where & represents the voltages generated by the curré®® K Sy LI aaAy 3 (K2 dAaAK
resistor. As defined in EquatioB.1), the currentQis composed of a DM currenfQ ; and a
CM currentQ . Hencew is composed of the sum of a differential mode voltage ; and

a common mode voltagey

The CM voltage can be evaluated from the following relationship:

w 0w o w="170 0 Q Y =Q Y =3 w (5.5)

Thus, one can derive that

From these considerations and definitiorgd similarly to the single phase caitds possible
to derive that CM noise can theghlyaffected by straight capacitances present in the system. In
contrast, DMs, which for instance can be generated by the voltage peaks coming from inductive

load switching, are not affected by straight capacitances or ground connec@8n$13118].

5.2.2. Filtering a Predominant Differential Mode Noise

In order to design an optimal PLF, it is necessary to evaluate the contribution that each modal
noise has on the overall CE; that is, knowing @ach; andw , which are voltages generated

by the DM currentsQ  and CM current’Q  while flowing though the LISN. Hence, if only
one among the three differential modes is prevailing, a different PLF structure than standard
ones, for instance composed of thrée type capacitors, shall be implemented.

For example, ito , is found to be the dominant DM noise, the optimal PLF configuration is

achieved by inserting twd type capacitors between LinegZ and k3.
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This example is depicted and shown in Figure 5.4.
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Figure5.4: Representation of the differential mode currents flowing in a thptmse system after applying two

O capacitors. DM1 (black), DM2 (blue), and DM3 (red).

For the sake of simplicitfand Qare assumed to be ¥ for each current. This assumption might
not be true for alcasesbut can beusedfor this example. Only DM currents are depicted, since

0 capacitors have no influence on CM current.

Figure5.4 shows how a predominant DM noise ( , generated byQ flowing through the

pn m NBaAAAG2NI 2F (GKS [ Ld bapaciOrs. ¥ relieSon thé faciitBaNB R dzad A
the current’Q recloses though the low impedance path offered by the two capacitors and
does not flow towards the LISN. Furthermore, as depicted in FigdyéQ andQ partially

reclose though the low impedance path offered by the capacitors, hence a partial reduction in
@w andw is also achieved. Throughouti$ chapter both simulations and measurements
results will sustain this statement.

Based on this analysis, it is clear that in order to effectively filter out a single DM noise, only two
0 capacitors are required. The use of any other PLF structure, such as those composed of three
0 capacitors or other components, would only contribute to increase the size and cost of the
PLF unnecessarily.

Such a PLF structure implies that:
° o 0 o« 6
CKAA YSIya GKIFG i GOK%F théeddrh ¢fthe OIM cQrredt Kiffeds ffomA y CA 3 d

zero. Hence, part of the DM current will be transformed into a CM current, thus contributing to

increasing the overall CM voltage. This energy exchange between modes must be evaluated
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when implementing such a PLF structure to make sure that the new CM voltage does not cause
incompliance. An example will be presented in ghapter.

Furthermore, if there is also an imbalance in one of the phase impedances, the CM noise will
distribute unevenly among the phases; therefore, part of the CM noise will be transferred to DM
noise, this phenomenon is the walled mixeemode (MM) noise 93-104. The same
consideration is also valid for DM noise distribution among phases butis not further

analyzed.

5.2.3.General Considerations for CE Testing for TRRFe®se EUTs and Consequences
in PLF Design

Generally, the EMI receivers available on the market only present one input RF channel.
Furthermore, threephase LISNs are also designed to allow the measurement of only one phase
at a time, using an internal switch to commutate to the phase of interdsréffore, the CE of a

three-phase EUT must be performed by at least three subsequent measurements. An example

is shown in Figur 5.
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Figure 55: Standard CE setp for a threephase EUT.

With the setup illustrated above, it is not possible to measure the modal noises because only
one phase is measured at a time. Hence, designing an optimal PLF becomes a very difficult task
because it can bearried out only by following a tedious trahd-error procedure §9-100].

To overcome this limitation, two main requirements are needed:
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1) Having at disposa LISN featuring independent RF outputs for each phase.

2)Having at disposaquipment able to extract the modal noises.

To satisfy the recent increasing market demandrémuirement (1), certain LISN manufacturers

have begun to offer the possibility to customize a thpease LISN that features four

independent RF outputs instead only one.

As forrequirement (2), two solutions are possible. The first one would be to use a modal
separator, as shown in Figuses(a). In the literature, it is possible to find several examples of
these architectures with detailednalysis on their advantages and disadvantag8<p].

The second possibility is to have atailablea device capable of measuring all channels
simultaneously and extracting the information of modal noises, as shown in FEdidoe

The measurements shown in Sect®a are based on this second approach.
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Figure5.6: (a) Setup using a modal separator; (b) agh using a fouchannel EMI receiver.

When an external separator is used, the following drawbacks must be considered:

1 Extra equipment must be bought or develop&8]|
1 Modal noises cannot be measuraimultaneously. This makes the identification of the

predominant mode or sporadic interference detection very difficult, especially when a pulsed

interference is measured
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Additional cables and the modal separator itself can behave as an antenna and couple
undesired signals into the measurements and add uncertainties into the measurement chain

Modal coupling depends on the technology and can change along with the frequency
[88,115-119.

Special care must be taken to avoid impedance mismatches, reifieetions can amplify the

modal conversion.

The benefits achieved with the sap illustrated in Figurés.6(b), composed of an EMI

receiver which could measure all the channels simultaneously, are listed hereafter

No external modal separator is needed. Whenever an external device is added into the
measurement seup, the possibility of impedance mismatches increases. For example, the
impedance of the modal separator placed betwdaba LISN RButputs,andthe receiver RF
inputs might varyunknowinglyalong with the frequency and contributg providing wrong
measurement results50].

CM and DM noises can be measured and analyzed simultaneously. -8héourel EMI
receiver equipped with a higbpeed ADC converts the measured signals in the digital
domain. Hence, the modal noises can be evaluated by computing Equdidhsiid 5.5)

without external analog devices.

5.3 PLF Design

The modal noises generated by a EUT, when propagation pathsyammetrical and time
invariant, should be decoupled. This means that an equivalent CM source generates only CM
noise, and the same is also valid for the DM noise, respect@4ly [

Again, this is weltudied for singlgophase systems, but there is still a gap for thpase
systems. Hence, it is not possible to correctly understand and determine the effect that each

PLF component has on CM or DM reduction.

This section shows how different voltage configuratioas beused to inject CM or DM noise

only into the system. This is to evaluate the response, under known conditions, of the PLF
components under study.

The results obtained are important to understand how components react when different noises
are generated by the EUT. Furthermore, by following the approach and methodology proposed,

simulations considering parasitic parameters and/or multiple componeatsatso be carried
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out. A detailed analysis of the basic PLF configurations and modal noise analysis is presented

hereafter.

5.3.1. CommorMode Noise Generation

According to the modal definition (Equatiors4) and 6.5)), in order to introduce only a CM
noise source into the system, the relationship shown in Equatton) (must be respected;
namely, the amplitude and phase displacement of the three vectors must be the same.

\_/ln = \_/2n = \_/Sn (57)

In this case, it holds that:

A o T (5.8)

z

O F O O =0 —=0 — =0i=1,23 (5.9)

Thus, only a CM noise is injected in the system.

5.3.2. Differential Mode Noise Generation

According to the modal definition (Equatiorts4) and 6.5)), in order to introduce a DM noise
source into the system theelationship shown in Equatios.(0) must be respected; namely,

the vectors must have the same amplitude and, for example, a phase displacement of 120° each.

\_/1n + \_/2n + \_/Sn =0 (510)

In this case, it holds that:

O — T (5.11)

OFp O ® =0 ——=0 W =123 (5.12)

5.3.3. Differential and Common Mode Noise

In order to inject a combination of DM and CM noise, it is simply necessary to set a phase

displacement which differs from the conditions indicated in the two subsections above.
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5.3.4. Accurate Estimation of the IL of a PLF

The IL, independently of the noise source present in the system, can be generally computed by

solving the following equations:

oFPC cm 6 éE Q—=¢n 6 & Q—

=20 aé'Q 1i=1,2,3 (5.13)

0§ CmMAaEQ—=20 A Q—M (5.14)

where the voltagesb (i = 1, 2, 3) are the voltages wrminals 1, 2, and 3 of the LISN,
respectively, when no PLF is connected, as seen in Fgurkn contrast, the voltages (i = 1,

2, 3) are the voltages Terminals 1, 2, and 3 of the LISN, respectively, when the signal is filtered,
as seen in Figures.

Both measurement points are placed between thelofesistor and the 0.25F capacitor
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Figureb5.7. Equivalent circuit of the EUT connected to the equivalent circuittufe@-phase LISN.
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Figure5.8 illustrates the equivalent circuit of the EUT connected to the equivalent circuit of a

LISN though a general PLF which will be introduced to perform the required evaluations.

_________ LISN __ ___ __ PLF EUT
! PV T
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Vi1 50
im 50m
V.
50uH o
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8ul 0.25uFJ—
Vs 50m:
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l—ﬁlg\lv——$—|
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Figure5.8: Equivalent circuit of the EUT connected to the equivalent circuit of a thhese LISN with a PLF.
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the LISN is represented by its internal circuit.

Three voltage noise sourcead, , ® , andw hare used to provide a fixed amplitude signal at
all frequencies of interest, which will be used to compute the attenuation of the PLF as described

in the following subsections.

5.3.5. Models Validation

In this section, the modals proposed ar&idated.
50 dp dmd L[ QaxCapdditdrsdzk GA 2y F2NJ /

Figure5.9 shows Xype capacitorsd connected between a threphase LISN and a three

phase EUT.
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Figure5.9: PLF connected between the thrgghase LISN and thréelJTs consisting ofti{pe capacitors.

The value of eacld chosen to carry out the simulation is 0.pF. Figure5.10 shows the

attenuation introduced by PLF1.
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Figure 5.10IL of a PLFcomposed of a thre® capacitors

As shown in Figur.10,6 capacitors do not reduce the CM noise and only affect the DM noise.

50PpdPHd L[ Qa 9@l fdzr GA2Y F2NJ / al

Figure5.11 shows a CMC connected between the thpdase LISN and the EUT.
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Figure5.11: PLF connected between the thrghase LISN and the EUT consisting of a tpreese CMC.

The value of the threphase CMC selected to carry out this simulation is 1.2 mH. Figle

shows the attenuation introduced by PLF2.
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Figure 5.12IL of a PLF2 composed of a thigease CMC.

As shown in Figurg.12, a CMC ideally does not reduce the DM noise and only affects the CM

noise.

50 ®p dod L[ Qa,Capdditdrsdzk G A2y F2NJ /

Figure5.13 shows Yype capacitors# ) connected between théhree-phase LISN and the EUT.
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Figure5.13. PLF connected between the thrphase LISN and the EUT consistingtype capacitors.

The value of eaclt capacitor used to carry out this simulation is Q=

Figure5.14 shows the attenuation introduced by PLF3.
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Figure5.14: IL of a PLF3 composed of thiéecapacitors.

As shown in Figurg.14,0 capacitors attenuate both CM and DM noise.

According to the standard IEC 60990 and depending on the application, the maximum leakage
current is limited. Thus, extreme care must be taken when using these types of capacitors, since

their practical implementation could be strongly limited.
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5.3.6. EUT CharacterizationS-Parameter Measurements

It is known that to design an optimal PLF, the input impedance of the EUT must be Kivewn [
22]. To this end, the -parameters of the EUT have been measured. Since only -pawd/NA

was available at the laboratory, three subsequent measurements had to be performed {Port 1
2, Port 23, and Port &3, respectively) and combined together in ordemtotain a 3 x 3 matrix

characterizing the EUT, as shown in Figuté.

Figureb.15(a) and p) show the setup implemented to measure-@arameters using a twport
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Figureb.15. (a) parameter measurement saip; (b)Actual ®t-up with 50m termination.

Then, a software has been used to build up a single 3x3 matrix starting from the three 2x2

matrixes obtained by each VNA measurement.
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The approach shown is general and could be extended tp@tEUT.
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5.4 Experimental Validation

The methodology followed to design an optimal PLF of a tpiesese EUT is described

hereafter:

1.
2.

aSlhadiNBYSy (i -palameaielsS 9! ¢ Qa {

Measurement of the conducted emissions and their modal decompositions. This
information is needed to determine the attenuation required to mitigate each mode
under a certain limit

Sparameters are introduced as a thrgert black box in a circuit simulator

Implementation of the same circuit by adding the PLF

Simulations in frequency domain to obtain the voltage amplitude at the measurement
ports of the LISN, thatisdy ho hd ho oA T A.

The CM/DM attenuation is computed using Equatidn$3) and 6.14), respectively

The determination of the optimal values for each PLF component is conducted using
iterative simulations and by selecting the closest available commercial value found. Of

course, this methodology could be implemented by means of different optimization

techniques.

5.4.1. CE Measurements

In this subsection, the CE and modal noise measurements obtained are presented.

The setup for CE measurement described in Secli@and illustrated in Figurg.6(b) is shown
in Figures.16.

In this case study, the EUT chosen is a tiplease inverter used for motor control.
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Figure5.16: CE measurement seip: a fourport EMI receivefleft side), and a fouport LISN (right side, back), with
the EUT (right side, front).

Figure5.17 shows the CE measurement registered at the line terminals of the LISN using the

quasipeak (QPK) detector.

Figure5.17. CE measurement of a thrphase EUT with a QPK detector.

It can be seen that at 630 kHz and at 5 MHz, the registered measurement is above the CISPR 32
class B limit [2]. It is clear that the EUT does not comply with the standard limitations and a PLF
must be introduced. A minimum mitigation of 20 dB is requik@cheet the standard limits and

make sure that a safe margin is left to compensate possible variations due to slight differences
in the setup and measurement uncertainties when performing the final tests at a -{bérdy

EMC lab.

Figure5.18 shows the modal decomposition measured with the QPK detector of the CE noise

generated by the EUT.
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