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ABSTRACT

This thesis presents the analysis technique to integrate the common-mode inductor with
the differential-mode inductor. The volume of proposed integrated inductor is designed to
achieve the equaled volume of that common mode inductor. There are three types of EMI filter
based on winding patterns. Winding technique are the conventional common-mode choke (CM),
integrated common-mode choke (ICM) and proposed integrated common-mode choke (PICM).
The electromagnetic interference of those differential-mode inductor and common-mode
inductor are analyzed. The proposed integrated inductor can be applied to the new EMI filter.

The result can be proved by both simulation and experiment.
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mumoAniuazmeinseu Fawnaueuldyavesailnasy (spectrum) voausadunady

mudaniwazmsidaseuludmuamsidou  sedesliimuduiadifamasgiu

(limit line) vosdgyausunuwmiman lfhmamoeanidvua

2.3 MAsgIdtazMIadyanasumumansiman llihmamesinn

wanAuat IWihildegludeyiu iouszimualdiumsnanouiiforsunmd
Auldmaniman b lidwzdlumssunumamednimSounsmeoime uazlums
naouuarmsialhidulyufiemadoadiu  S918Tmsdmumnasgdmivms sauaz
nsvameundndusl  TavnasgwdildTwegnamnasgiu Sanasgnumana
mmgm-uaqgﬁmﬂn?ammgmumﬂi:mmfuq dmivTimsiauaziimsaadns
Suiludosldqunssiuaziniosionunasgnumnmadimun  uazwaafuat Ibihitd
mmaﬂaumummpmfu 'hi"lﬁ'fnuwﬂﬂu'h'lﬁﬁf'r'n;w“mmmmﬁm'fu oauaiung
Sivavunavesdyusuniulieglussduiivonsvld aunnasgmvealszmmiug uas

Tuirdede lazuansdedisvennasguildegluilegiiv

2.3.1 Mmethanasgudmivamnnmdldmasimanlvivh

1) FCC REGULATIONS

FCC 0911910 Federal Communications Commission li‘lwmﬂizmﬂﬂnﬁam‘?mﬁ
mseenngdersiudmiugunseidoms (wire and radio communications) Tavannsn
uwiiveen Idifumudaulngq Awfunanie pan 15 dmsugUnsainnuding (radio-
frequency devices) Part 18 @ Miugammnssy Inuimans uazgUnieiniamsuwnd uaz
Part 68 A3 uQUn3 i NABYAUIZUY INIFANY (tclephone network)

2) CISPR

CISPR U'mJW'IﬂﬂTH'IFl‘i’.'uﬂ'ﬁﬁB (Comite International Special des Perturbations

4 a 4 &4 a 4 aa o a o w 1
Radioelectrique) Funavuiiioll a.a. 1933 omIsmsiauazdasinavesnmssuniulutu
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AuEIMgd M vunA vennimiuda ciser ilddungderiumiomas gy
Mudednla uamasgudinanzgadalaslassgunavesudazdsemaliilumnasgiu
trnlgmoludszma SanamoihunasgumnalilanlSow  Tamnasgiu  CISPR
Publication 22 iilumseenuuitenmsniugudyaasunauiiiannnssiveaus iua
A TuTada s AU (information technology equipment)

3) MATFIUNWIMINKISG (Military standards)

MIL-STD-461B iz MIL-STD-462  iilumasgiuiioenTasmsnmisveatlszms
anigowinm Taof MIL-STD461B fmuaduiadifa (Limi) uaz MIL-STD-462 92
fmuatuneutaziEmInareu Tavfnasgusandeziinwazduaminniuaziduan
i FCC nazthuanudfinnsandainiianiindao

4) VDE

VDE 0011910 Verband Deutscher Elektrotechniker cﬁanﬂummgmvmﬂs:ma
wosiiu dalurlszmmoessiul&imualigunsalfiianud lumsiamigandt 10 kiz e
Timnsminn 1918 it lveyaa Wl s luszmemoos iunanuadoiing
NANBUAUMAILLIATFIUAINAT Funasgmvenlsammoesiiugainaszadioiy
wmasguvosyTsy ondufvadiuanuiinnsaszianuuandeiu

5) MAIFIUHAAHUNYATINATIN (HBN.)

Tughudifrdesiuanudriuldmauimin Twihdmsvdszmalng185n1s
Sudminnasgnmnnd (ec)  wliudgudly Taedadeninnasg CISPR 15
Moaruus fuaidesadng dmiu CISPR 22 fiRuadesruusfuaimedumalulad

mIaumAazaaiife nazeglusznimsnnsannesims vy ldudsamalne

g
3P L—
ES -
g e - ENclass A

70 \ -
§ : FCC ctass A
§ VDEO871/78 : :
= Class B :
g o F N ]
s .
E 5 ENGlass B
: 0 FCCclass B
3
-]
°

“ T T T

1 O VSORHZ A30wbaz SOOWHI 1 JOSMHE  SMHZ 30hArL

A 2.4 Menuduiasinauaziiunnudveanas JuRIMLmoANDh
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13N 24 dsuaAuduIniIiAveIATIIN VDE, FCC tag EN 13 Class A 1z

Class B 2uistunanudn 4 lumsnaaoudaus 10 kHz - 30 MHz
2.3.2 FEmsiauaznaaoudyanusuniumamiman iihmamedni

Tuduaoutiszlumsninausiimsauazms naaoudyausuniuwiman i
mameanit wieunums 1¥nuveslassiesnyuatosnmduRuAUY (Line Impedance
Stabilization Network: LISN) aalugii 2.5 szuansmisiamdgygiusuniunimanwi
mamuanilaold LISN wioudumsifinsesiinsizvan)ansy (spectrum analyzer) uag
wihiindnues LISN fieg 3 A fie nila MnuamduiuauguInsgu 50 @ Hnudge
dmiundansuainlylunmsnaaoy EUT (equipment under test) aoa darudoy
sumuiman i mamodani ldwdasuain ¥ lumsneaey @y Adadyw
sunuusiman Wi duq #lk1dmenkdasuainldlunsnarey dalugii 2.5 uazen

aa @ e ] o b4 "
sUvzuaasiimsadyausumuniman i laold spectrum analyzer nazuamnanmisae
o Y i 3 A a [y | o ' = o 4
AINNUAIUNMU 50 Q termination (WONITINHIDUWIAUFTEHINTIWUIATOUNUNT U
Tiinainii 50 Q

NFUN 2.6 V2AAIIINIVOL LISN @w1asgiu CISPR [10] fivuanazuann

asznouae nlFluraesves LISN Taves ¥ ludunnud 9 kHz 63 30 MHz ua
¥ a0 " A o [ =) 3 . ¥
mngﬂmmmumu R6 maagﬂzlﬂwmmsanﬂm‘dnmu N30 measuring receiver Widl
o 4 s a oo S n:i " a o o
fuuaagaas lldwdasuainldlumsnagoy uaznngdi 2.7 szuaaans i duniuaus
#9ANUDYDA LISN tazludmunud 9 kHz i1 30 MHz sxlimduiiuaud miiu 50 Q uas

UAMAANAIA + 20 %

LISNs
_____________ :
bt IR ;
! SOuH o 1uF AR i
7 uF Jdul Equipment
: ) :‘,: I under
G L 1k = : test
< ; Q= |
IT L 50uH At | Spectrum
wt MY ! Analyzer
PR TR gl Analyzer

" e '

s 2.5 msdamdyusunnunimanTifhmemed ninlaols LISN
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[ SUUWOR T ° n P, P
et
— ] e O B
- o
" ; : L
E " SURE TR |
® e ) !
2N . 5
a5 o g # o jee
P —— —— "3 LS
s W nn— @ H . e ™
' = c3 .
-
Lot T v b " . v . -
COABON arii COmaan g Y CEAEN AT - COMECHE T
s i 1 o1 o c p
g L2 LY uy N 4
» b St o1 s
: : . o <o
i : iy
100 -
50Q) -- -
a :
© :
o +
= '
3 H
° :
2 10 :
E . :
9kHz :
1 H
10kHz 100kHz 1MHz 10MHz 30MHz

1 2.7 Builuaudaen1uduea LISN muuiasgiu CISPR[10]

[ i o i Spectrum
L i Analyzer

I

bl

| Equipment
& .t under
i | test
= | J

|

|
N }

|

Nl N e

50QTerminations

51 2.8 misdamdyanusuniumiman Wihmemeanilaold Twsunszua (1]
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a @ 1 e [ o & o

1014 2.8 szuamamsiamdwanasunuiman I msmedninTeo 19 Twsy
ATZUA (Current Probe) [11] TavInwsunszuanldiavziulnsunszuaiamnsaldauly
" 4:4 ar J L4 da = o £ d' " q' 9
AN uazmmsoinmamswdmesouiinaud  Mnai lunasasiunud e
uazms 19 Iwsunsznaansoiadyausuniu Tnuanasan Tvuanamiaias Tnuanasiy

& - a a o
18 FeseiivszTomilunmsinssimsifadyanusuniy tazmseeniuyI99Ines
ar " o o e
dygrusunauniman Wi uazamnasg MIL STD 462 Tumsiadyanusunaulag
T Insunszumin szdeanalnsunszualdiienn LISN Uszinm 5 cm uazfivvesns
FAvEMINISHaAIAIUNIL 50 Q termination 2 @1 AUMameanield SnwmiBuRuAuT

' @ e o a ) a ¢ 1 o [ - o

SEMINMUANDAUNIN nazmstimseuiuns iy 50 Q dlusdi 2.8 wash
gy lumsiadyagasumumiman wihmamednilasms 19 wsunszumiu - vzdeq
mmslamyaoves Insunszualfiug Wiiiniesiiodn spectrum analyzer nazlums

JadyanusunulaoldInsunszuaansooteld dalugli 2.9

Output to Spectrum Analyzer

secondary

Priman
(test sample load

sUn 2.9 msialavl¥Insunszue

Tuga 29 ﬂvuﬁﬂﬂﬂiaﬁsNm'smamuamﬁmniv'lﬂﬂﬁﬂuiﬂmnnsvuﬁ

=n.

wiliifananduiman ¢

conducior

nanfe vazimodnihinssua Wi lva 7

conductor

=b.

moAnhiiimmaomdnduimin daluzuii 29 mungileva (Right Hand's Rule)
WSvuiaiiouvaaamlgugil (primary) wazifiothInsunszue ﬁnﬁuumﬁvuwmﬂnﬁugﬁ
(secondary) TUndpsfimudni1 iuesi iRamsfoindesvemldndiuiminssninme
iy Insunszue miiAedganalugdvewssiuliih ¥ fisaduesnvesuaadn
yAugii udrdalilGunieaiiodn spectrum analyzer FaluSadyanusuniumiminrfhmg
moAniTf Tnue doanusuniuTnuanasan Tvuanama uas Tnuanasay Tavld  Tnsu

= v =
nszuavzaiuInldvingiii 2.10

74887



EUT

(M Janszua i Inuanasu

2py

"!l\l
e

Inse eag g —]
N — - -
Ppwe” Y
S | EUT
L +7)
e —— —]
'rfl\-f ".l".'

n’mr l'l At

() Janszua Wi Inuanasis

7 totul

gDJ I

I T

Dne s m I Dy
- s

Ioar Jeas TR R,
o —— —_—

(M Janszua I Inuanasu

U 210 msdanszuaivih Inuadieg Taol¥ Insunssua

2.3.2.1 msdamnszua vhivuamasu

g1t 2.10 (M) szuamants Ianszua Iih Tnuanasulaold Tnsunssua Taoft
Twsnni:um:ﬂﬁ'aaffamuﬁ?ﬁmazmuﬁmsauﬁ:gﬂ uaznnglezuananamsveInszIa
Tnuarasay iy, uazInuamasn i, samsndosdalugdeziiuldhiemavosnszua
Tnuarama iy, Alwalumodninnzmoinseu ssiliifendndnimén o, 3

Aemainaniudsgy uaziioRvsanfiemevesnszua Tvuanasau i, #lnalumoss
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° a ° 9 o w d o a : -
Muazmetiinsou i liine Wanduiman ¢, nansmanszuaiiihiviaessziasy
o o a [ = i 3 ° ) a0 °
i ilieasvesddnduimani llmilenhvearandogiiianiu 29, mld
ussnu'lih v, A3aldszdlumiidaninnszuawihiviimsia 1, = 2., Aniu

ouwl

navinmsdanszud i Tnuanasulao ¥ Insunszuaiiaalidunsos spectrum analyzer

o waswveanszud Wi Tnuanas wi Inalumednidumoiiesounindy 2i.,, #ioy

Tugiveasssnlndh v,
2.3.2.2 msdamnszua vh vuanam

91031 2.10 (1) szudasms Tanszua Wi Inuanada lao1$ Insunszua Taoi
Twsun‘szuﬂn:ﬂﬁ’mﬁamuﬁqﬁma:mufhm8uﬁagﬂ uaraIngUniamIsveInszua Tnua
wams i, A lnalumedniuazmoinsou s iifednduimin o, Hifemna
Wnatafusagl waziiieRe s anfiemaveanszua Inuanasa iy Wnalumodniuas
mwinseu wwinliifandndinimdn @, vinfiemanszuaiivarenzasufu
Tnaswvosldndiimdni lmiioniwemendopidaniu 20, mldussdulnih
v fialddumiidennnszuaWihiivimsia 1., = 2i,, §oiusannmsia
nszua I TnuanamaTao1d Tnsunszuaiids lUdun3ee3a spectrum analyzer fio WATIY
vosnszua iih Tnuanassit lualumedniiumoimsounndy 2, fegluglves

usaou v ¥

out

2.3.2.3 myamnszua I I nuanasu

TumsSaminszua i Inuanasay  siimsiafimednimiemuiiansoudia
HAZAINNIATIU MIL STD 462 seApainsIainszua i Tnuanasiemodniiag
motimseu nnglit 2.10 devsihimsianssua Iiih Inuanasauit Inalumeiinseu
(Bt ) 'ﬁﬂﬁ’iﬂuﬁﬂwsunszuﬁ"lﬂﬂﬁ’mmuﬁmsamﬁuammﬁmﬁazﬂﬁ 2.10 (A) 90
msndesdnpuzdinanssildifandnduimdniind iy (-o.,, +@,,,) laodnd
wimaniimde v lumilonihwaaandogid Fnfunamsianszua i Tnuanas i Tna
Tumotiasou ﬁﬁﬂﬂﬁﬂtﬂ?m spectrum analyzer fio wasawvoanszua I Tnuanasy
uaz Tuanamai Inalumoiinsou Bt v = —leas Fipy ) wionszua I Inua
was it lmalumoiiansou Tugdveaussiulvi v,

Tuvaiziinms Jans vua i Tnuanas i Inalumedni sansorm 18iu@oafu
msdanszua’livh Invanaswlumotieseu drwmsadeslnsuianszua’lvvhlumods
vuvamoiRey  Tassamsianszua I Tnuaraswitnalumodni fideludunsos

spectrum analyzer A9 HasIRVoINTzUA I Inuanaswuaz Inuanaaian Tnalumodani
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o1 = ~lens —ipyy)  n3onszua Wi InuamaswiInalumodnin - Tugives

usasu i v

ol

2.3.3 msdaegUnsal (MuNAIFIM NN, 1956-2542 Ve 8.4)

o [

[ a o o [ o o :
Tumsdanegunsaidmsumsiadygius unaumiman Iwdimemedniniu
° = Y [ <& da a
suudesiimsianagunsal liidulua masgumsia Faluntiezdedinm
1IATFIU UBN. 1956-2542 99 8.4 NMwToIMsIaeginsel Aail
(M) LMW
dMTVIZUIUNY (ground plane) @ MSUMSIATYRIUTVAITUANANATTIU
won. 1956-2542 latmual3daiife
/a0 . & /9 vq ¥
'JNQlJn'SmYm'Im‘iﬂﬂﬁﬂ‘U (Equipment Under Test: EUT) Faszaen W lvauuu
Tz 0.4 was vunnszuudedelanzlunnfilvueeiinios 2 was X 2 was uas
Y o vy a4 a & - A A dn omy '
ApasnyIszuzadInion 0.8 1wWas vInHuAl Tanzdug uSeszuunudunlilddudiuves
EUT )
¢ e A& v 4 o o o ¥
gunsaimarauAINuABIIuUIz U Tans Tuns ey rdudadesdenndes
fumsldnualnd  uadeslududamalanzduszuiuiu e1sununulanzdiossuy
WU szuuRud Do tuRNudUYeUYDY EUT 01atiou 0.5 was uazdesiivuia
0 v 9 = 9 ] 9§ ar d’ kY a gy o o o
BU1I0Y 2 AT X 2 1NAT LATYAD1IDIUBI LISN Avaanid1fussuunudedamuanim
duigamiiiesinld
(v) INSIUUNATOU (MINMINTFIM WON. 1956-2542)
s R— . & a o A & ) o
gunsaieanuuudmiumahianmafinulazuionasuiu  Taohginsain
ponuuudmsvaamissomaaou ludnuazmiiounuunivulas  uazmsumaams
o ¥ ¥ [ v - Y o
voegUnssiAvIaeAndaInuMs Iumuilng Tavmsindegunsai lumsnaneuss

duluamduaouddeliil dwaaslugii 2.17
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3 10 em |
suIMEmes EUT szagluuw N i
EgAuBeulAzAunds 1 .

#
1 H (
I i !

4
SWIUNY

)

AMN

Ui 2.1 Tasswwunaougunsaineuulay (msIadygims unaumameani

&
3113)

- ‘ I ¥
AE Ao gUnsalMnYIvY
- I
EUT Ao gUnsaiNMIMINATOY

ISN(LISN)  fp lassioadiuados niwdunuauds

1. mumiiandeveylndssunuiulanzuuaszdvluszozdind 40 wudiuns
waz luanusei Mduaanwe IMianuonimmzanld  dwiinudsaiuny
Tidlusia @A TAUO1ITENI13 30 3 40 IFURLLAS

2. mwssuuvasnemas i sz sinanudeaunuIiidutiannareme
wsemIdduassuinnuomavinzay

Yo ¥ a & & & ) a : o

3. o EUT Wit AMN 1383119 AMN uaz LISN 9nin3ose1ndananniiy
FEUIDNDUUIAI MIamTa Tane
(M) Mirvdunamuaveaszuy lasumarIvdinn AMN nTean 2 o1 lddiy

gadmivawssuunanomas inlsesumandu
(¥) AMN 1az LISN 119910 EUT 80 I9UAIUAT HAZHI99INMUI0DUNASTSUI
Tanzdustatioo 80 IsUALIAT
(M) Avadadumiamusouunassiumay Minlsys ey monidadyyiu
AaoANNEIIVRIMuIINZ 1A Aszor 40 @UALAT MIDINTZUIY
AR GRATR R
= I o ) - ¥ o o ¥

4. momdavesgdnsaiiiaudloiio wu uwantudnuse und 9a4 desnalu
danvous lFaulng

5. QURsEisoud1IADINNTTLE 10 IBUAIIASINIATEIDUS 1AZIINAIAIVAY

9 =& 9 o Y a wa a o = :: [~ b2 s
sniuvanmatweniyld lumalfiidineanumsasdan Idnsuanug

Taunse
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6. mumadyy ot veondall 1 idmsumsaeniousn

7. dmovesmumidadyapudvesndalilddediiu  AE e1wdugalesaih
v va a o a4 g
Apams Tavlsduitausdugaisnsigndes

8. ¥ Twsunszue dosnvegiiszoz 0.1 WA LISN

2.4 MIANazIAIeN Ian 1y luandse

Tumsavasesmeims dadyausunaumiman Ifhmamodni suiusdesiigynsel
Pl A ] 1 = " S A [ A o
n30InT03U0A 1Y TavgUN 2.12 uamamsaedvsuazginsaiiniesiioiad e e da

dyarasunauiman ldfhmemodnin 19 ums 3ded

LISN
mm——————— I Current Probe
| | -
| S0uH ("7{ | 'i
| il =) | M Equipment
| Q= =
G 1 kQ s : om! - under
_L | " | [————= test
=, 1kQ ; 1| ™
I 50uH :
I C | -—
N ——n—1T —
SRS *|| 500 Terminations Analyzer
1 | TG |
I
I 1
| I
| 50Q2 |
] |
I |
b s a3

a

4 " 4 a ' o @ o
U 212 msdeaes e dadugusuniuutiman idmsasdni

Taoluamddoiiveiims dadygyusunmuuiman Idimamodnir - #lnuams

o

WA A dyrusuniuTnuanasin Tnuanams uaz Inuanasan Taons 19 Insy

as

nszue udadadyanliuniosiiodn spectrum analyzer M30 EMI receiver uaziinis
nsumeumdygiusuniuluTnuamsinuang ludunnudinnsuife 150 kHz -
30 MHz uazaziimInaaeulsnsesdyusunauuiman i 3 uuumswu Tao

EUT A lfifunmasduiadyanusunivsaiiuiasgnnouneiines
dmSuiniesiie Tauazgunsainl¥e3alumsise exiidane i
’ e :; l& o 5‘
I. EMC analyzer 34 Agilent E7401A fialugui 2.19 (n) ¥aimiiidly spectrum

analyzer lautuanuanasnialafe 9 kHz - 1.5 GHz



[ge]
(93]

2. LISNs 483 EMCO U Model 381022 6©un1ud 9 kHz - 30MHz T#2@1mniu
' ) a0 o s i L. ) d' o
50 Q agmulu 1 @1 uazligoadmiusedudmduniu 50 @ nnniesialy
° " oo o [ s oA 7 o o =) ' ¥ d'l @ o [ [
Aumusmimsdauaziadagdmiudonn sz inToaiariims SausiuInih
fidwmismednidunsminiemeiioaseudunsind dalugid 2.13 (v)
3. 203grnouneimes i Ididuumadsiuiedyausuniu Wdmsviamdyaa
' ¥ o W o & ae a
sumuiman I memedni dalugii 2.3 () Faee 1wl
4. TWSUNSZUR (current probe) U 84310-80019 YB3 Hewlett Packard falugilii 2.13
(9) O1unud1Fu 10 kHz - 250 MHzZ

5. 2vsnseadyanusunuiman Ilihveamsiunis aw nuudslugdii 2.15 ()

(n) EMC Analyzer (u) LISN

(v) N30T IWsUNMmAn THveans WU iy

U 2.13 inSeslipuazgunsaiilFlums Fadyanusunuusiman v
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2.5 agunmsnmgugaugrnnsdidldmanimanivivh

Tuumilszfumsnandmouiiugmanudildmasinin i uazgUuyy
adygusunuiman tfhmamodnih lulnuanasunas Inuemasa 3y
nandanasgwiinudeslumsia  wardinmsSedyaasunauiminiWimssod
oy éﬂudm"’aé’uﬁyﬂﬂﬁws'uni:u'cﬂ.umﬁﬂﬁmungmsumumjmﬁn'lﬂ% wiouny

wmslainsunszualumsfadyarausuniuuiman i Inuanasan Tvuawnadis uas

Tnuanasdu uazluideivezuananiesiiofauazginiainldes s lumsise



unn 3

s ] [~3
INIBIAANUIUNIUIIIHAN I

Tuyntivznanfanguinugiu  1azdnmsN U093 NIDIFYYIUTUNIY
' (=4 ] 'Y a d’ a :; ' ar

uuman i susoutatheiate1ddeil siaden 3.1 sznandmanmslumsaanou
a ' < AJ ' : acy o
dygrasuniuuiman Wi wazesnsemnudiuguuiuuaeg 53 smsiuim
nsznaid Inaasdunlylunmsite uazraded 3.2 9Na1NIMANNISHINTUVDII905NTDI
ar [l =1 o v o Y 3
dygrusuniuuiman Wi luTnuemsiinuang  nasideganoiniiumsesenuvy

ANUHUIUWALIT ARIMAN AT A UMD UAIvo UM ann 19 uns 35y

; = " o d 3
3.1 wanmsm llveamaiingeq Mhandszgnaldluinendinusii

Tuideiivznandmanmsi lluaznguiaieg Mminndszyna 15Tuanuisy
& g we ¥ o Yy g ek agd
e TTanu lamsinuvenssnsesdyanusunuuiman lih uazisnzaanou
dyausunIu  IWMAIsmIiIunIzuas) Inaasauildiursesnsesdygiusuniu

o

mwsoagl laaai

3.1.1 msaaneudyanusunusivan wih

msaanoudyausunuwiman i AIMTVNIINIDITYYIUIVNIY
wiman Wi semldnindyapuvessdunaznszua’lihiianas vaziioldasesnses
o = o~ UG o v d
dgausununlSvuiouivvuzi hildreesnsesdyanusumuuimanlih  uazlu

NISHIAIBASINITNIBITYYIUIUNIUVBINRINsDIFYNUsUMUiMan I (insertion

o

loss: IL ;) [12] 9zm1 1890
A Y
]L‘”g = IO logm LW = IO 'og L.?”() A (3-])
LW ‘VI.-,FI’ /Z!
H3o
K . 7z
IL .. =20 log,, [ +10 log|=L (3.2)
R £ v, g Z,
D)
]l WO Z,u
IL,, =20 log, |—+10 log|=- (3.3)
1[.,"' ZJ"




26

-
1o
-~ o ' et a
V, o 70 ussulwihanasenInanvuz hifivevsnsesdygimsuniu
=~ o ' ) ar
V,, #o uswulrihannsonInasuuziirsesnsesdyausuniu
P, Ao madlwihinlnasvuz hitihsesnsesdygiusuniu
P, Ao masiiihiTnasvuziineesnsesdyaiusuniu
I, o A0 nszualwihin lvaiiuIvasvas hilhavsnsesdaaiusuniu
1, fo nszualwihin Inadu Inasvaziinses nsesdyaiusuniu
-1

Z, o duiuaudginan

lumsinsan Saduiuaudilvan Z, dusmoueiaiivhdu vasiildiees
nsoadyamsuniunaz lildrwsnsesdyanusuniu  nazszaumas Wi lunanaieiu
lumitoves dB 1 921 1M oRs 1M NTPIT Y IUT URIUYDIIITNTDIT Y IUTUNIY
wimanIihiiar pifugud uaznngli 3.1 szuaanaes Iihwazitldasesnseadyan

sumunazyuzi lilareesniesdyanusuniu

Source . Load
Z5
Vs 2 Viwo

(M 29935 v hildasesnsesdausuniu

Source . Load

2z Filter

Vy L2y Viw

(v) 2995 Ifhwazilarsesnsesdyausuniu

sU 3.0 2995 vhvzilduas hildsesnsesdyausuniu
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3.1.2 nszuas) Inanaay

Tavdn@dsesnseadygusunuiman Iihezyszreudsdumitionii Tvuawna
Jmuazduniioni Tnuanads uazduiulszy ¢, waz ¢, Tudduduilsey C, hide
" @ e 4 & " o d o :: v a &
sraNmeaniuazns I A lumsdedunuiszgansind C, wu wdssiinsuluiFes
nsgnasa 1Mansdu (earth leakage current) ¥DIINITRIFAIMIUAMLLMAN T Tu
dumhifvesdnnulszy €, Hemiudimiansunsnszaodyniusuniuinuanasy
mAanaunastuladyyrnsuniu uazlumsdnnumanszuasilvaasdu [13) e

funaldninaumsii 3.4
I,kx=27rf><Vx(|.l)x(l.2)xC (3.4)

o v Ao ussuiianaseusufiulszy €, #i220v
7 fo Anwd (50 Ha)
c foauiudszy C, Hanun
Amadt 11 war 12 Wdmsuussiuliihgege 10 % uasdafiviszy 20 %
CRTLRCHT)

- o

dmiumguandnveamstloaiunszuaiiinaasdu  Aeszlwansznuninszuy
T luannzifeanuianaa  dniudadimsdmuanszuaiavansdu  dwmsuidu
Padiianszuasd Inansdudmivnasgunnudasanvuesginisl vvenlinszua’lna
Amludaniiiihasduesliognainasgiu uaazasguiianuuandiann 1oy
fundaduanld inmsen 3.1 szuaassdasidanszuad naasdudmiumnasgu
anwasadvuesgunsel  uazludiuvesnszuasilvansdu  zuaasmInNABINS
dmsunasguanulasasvvesdagunsel uazlunmideil guasaiiinihnmsnaaey

. . > ' .

wiihnasdidnnsetindhannsandeutinld dniusiildninmsiai 3.1 wldmnszua
32 InaasAussliniiny 0.75 mA dmiugunsel aunsandeudiold uaziioununiaslu
aumsh 3.4 eldmdunuiszy C, qagamiiiu 4.7 nF

s & o A4 & - a4 v v 4 A dyo

dmsumamsunnd wiesleRannsamdouinelduaziniealion imunse
& b v o = a §Y a o e e o oo o : Yo o
wasudwld  nszuas? Inansdusziiduissnadyyimszaviidunn dniumslddui
sz ¢, imnnseldauldmsiemwesduivlszyiiliegeziinnn  dnfulsesnses
o v g ° ¥ a P ° ’ & o a
dyanusunaumiman ihsuiudeanuaiimilioniinuesasn nioiinamues
nsoadgyanusunumimanih  wieiinmsdsuljsmidas imsaamoudyaiusuniu
Tvuanasay dniu winnudil efinun vz lisesnsesdyanusuniuiivuie

Tnuazuwannlumal §ia
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msuh 3.1 Jadinanszuadi Inaasdiudmiumasgunnulaoadovesginsel

Class | Class I1
. i portable stationary Clasy 1
EN 60335-1
EN 60950 ITE 0.75 mA 3.5mA 0.25 mA
EN 61010 Sinusoidal Non-sinusoidal DC
niesliodn&
0.5 mA 0.7 mA 2 mA
AN
EN 60601-1 Type B Type BF Type CF
= 0.5 mA earth leakage
NIMSUNNG 00mA | o01mA [ 00Ima

3.1.3 msdanurieniuwazmsianunionii lva

m3ydanuntionilavammniziam laoldlimesnaunsodanuniioni?ld  lu

o ’ 4' e ar o o =) " P o 3 - o - o
m3danuniivnivesdaniionimienumiloniwemdouwlas I idnyusmiloudu
uaz91ngiii 3.2 szuamams anuniionihiivaatadgugil Taviidivesvaninlgugiiezao
Muvvesines Tuvszvaalandvgivelianuuziilaaes (open circuit) tazlumsiasm
milpnhivanavpiivsinsueriulums Saduniioniivalgugd  Faiddglumsia
Auntleni Aedimesn1¥lumsiarzdvalinasgususes msizussuiilounazanuin

1Hlumsnagou M l¥auniionihiianuuanaiaiu

o, O
[ ] L]

R/L/IC
Lp LS

METER

O O

U 32 msdarumilonihiivaadtalgugi [14]

f?m%’umii'ﬂfhmﬁmﬂﬁ'"a‘lﬂnﬂawﬂam&uﬂ:mmsnﬁﬂﬁ’fﬁﬂugﬂﬁ 33 W
uffmms"J'ﬂfhmi’iuaﬁﬁ"a'lua?immﬂﬂguqﬁ and Tﬂuﬁsfwaqﬂﬂmﬂﬂjuqﬁﬂzda
fuliined TuvaiziivanianAogioziidnuazaiaes (short circuit) HazEoIRUNIT AR
mﬁu‘:ﬁﬁﬂnaﬁwmﬂnﬁugﬁ (L) Tﬂuﬁﬂ:’mawﬂmmﬁugﬁmm’aﬁuﬁmas’ Tuvne

Wuaaadgugiestidnumz)adaes (shor circuit)
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O
L] L]
R/L/C
METER L P.leakage
o,

Ui 33 madaduniionislwafivaadalgunii

3.1.4 193nsean Uil

NInseInNudMmmsoutsenn i 2 uuy  Ae 2eesnsennuRnUUNIAE
(passive filter) 1AZININTOINNUDUVLUBNTH (active filer)  nazlumsnsosday i
sumudnnnzlfinsnsewmnuduuumedd  msizddgunssideniliins gaidy
3/ " ' k4 "o 9/ (R a a wa a
vosnazdwasaulinums iz lidududeanumassi iy lumalfidezesvw
29350303 lugvesnmisaeuauemnand  Taosinsansgniaunassiouas Tnan

FIMTVNINTDINNUDVUWITEW Rezrinauonsd) 5 2995 il

1) 2903N50INNURNVVT AT NN

293NTBINNUBUVVFUNTNT (inductor filter)  M302993030IANUBA W A
2esiveuliFyausunaunudidrm un'ﬂ:ﬁguf‘f’fgnpmiumumm?iqq'l'ﬁ' Aanaasly
1t 3.4 wozluzil 3.4 (n) szuammsumasiladsu H( j©) YDASIAUMUBDNIAL
U3 IR 892995 N509ANNE FaaumI (3.5) uazlumsfnsaumivesAinsamme

VUIAYDI |H (jo)|

A

Vnﬂf
H(p)=— (3.5)
Vl”
__R
R, +p,
_ |
1+p, /R,
|
H . (jo)s —— (3.6)
wl®) =Tk,

vzl 3.4 enfhisesnsesnuBuuunnuddidn wazkamsaeuauBIN
Awd lumsgauadnazmeljidssuansdalugili 34 (1) uasiige o, Aesganlaou
AT (cut-off frequency) 4993993058910 W nazlugaiitoRnisaniign 4 Taoh 4

D YIAVDI [H(jo)| WHUT ign o, vaves |H(jo)| sxlimanas 1/V2 udnenwuh



a = = a 5. & 4 4 i a
npanldounnud sxlifanas 3-48 wie vwamaliiaeansmis deRnsan

aAun1sN (3.6) 1o @ — 0 w1 Id 4 Tawmdu 1 uazd o — a 1wl 4 I Tavszuw

]
a0 1

Ay 0 dniumganlasuniudiadia ity

o =+ (3.7

wennum luaumsi (3.6) udz'ld

H(jw, )= ! . (3.8)
1+ /1

v ldvnavesdygralinuiiy 1/V2 daluzdii 3.4 ()

o o

|H, a0
'

Al ey
2h- ol
.‘-_‘Ar.‘man'
by - @
,
(1) 19NTOINNVINVVAUNTu NI (V) HARBUAUDINIIAIUDVDINDINTDY
ARV VA NN TN
% A
L p Ideal Inductor
Low —— T — Low é 20 dB/decade
Impedance Impedance é
O O £
3dB |- —— =
0 i Frcquency—(Hz)
% xl
(7) MsApAmBuRIAUTvel Inanauas (3) AIBATINIAANDUTYYIUTUNIUYDI
UHAIUA NI VIIVTNIDININDIVVA 1IINTDN UV VA UM TN
q' o
wHuni

3 3.4 quanyuziwsnsewNutnUVAANTToND

TumsmamsaanoudyyIusunIuveIlssnssnuinudImiloni Wi
i lavina s sau Tl dueonaons i TWidnud (voltage transfer) vz iilaraesnsoa

dyanusuniu Aalugdi 3.4 (n) saziennumluanmsi (3.2) 9218 aaluaunisi (3.9)



JoL

(3.9
Zy+Z,

L, = 2010gmlll +

NnauMsi (3.9) wiuiidmisudadniionumi (inductive reactance) UANINNII
ABuRuaugvemasionaz: Tnaaimhmnaee i s milonifidszaninmlunisnses
Teyausuniuldga ﬁaﬁummsnﬁ;ﬂ"lﬁﬁﬂugﬂﬁ 3.4(n)

Tumalfiia 'miﬂimmm?#iwﬁmdwﬂﬂumsf'iﬁﬂﬁ'nulfgmmmu“kutim
mmﬁqa rws1:xﬁamm?ﬁﬁuifua:ﬁﬂﬁ'ﬂamiaﬂnauf'fmutgmmmuqﬁ'fu iffosning
Bufinaudvosiamiloniniviuniua i Tuvazfisuiuaugvoumasiiouas Inannad
il:ﬁﬂﬁﬂﬁaﬂﬂﬂuﬁfgﬂﬁm‘iUﬂjuil:f_ﬂﬁu 12993 NIDINNUER I TIMSAITIMS

aAnoud Y IUIAY 20 dB/decade A1 lugilii 3.4 (1)
v) WINTINNUANVVFINAUY 52 g

2095309 NNRNUA AR (capacitor filter) 39299305090 NUAIHIY o
2993 hiveu I dgyanusunaunuidr udvz I dyausunauanuigeinld &
uaaalugalit 3.5 wazugaii 3.5 () ssnamamsaeIsesemAms eI HafFy H(jo)
voassRumuoeNUAzLs UM U NeINTeIIWE  Aerumsi (3.10) uazluns

WOITUITUITHIT U UNNIZUVUIAYD |H(jo)| uaz H,,(jo) v ldninaumsi (3.13)

R
H o s — (3.10)
w(P) R, +1/jwC
. JoR,C
H,.(jo)=—""— (3.11)
w(j@) I+ joR,C

nngUii 3.5 wiffunesnsesmmBuuuanuiigiin tazkamsaeumuIN
fmu‘t’i“lu'wNqsanﬂﬁua:maﬂﬁﬁﬁﬂzuﬁmﬁﬂugﬂﬁ 35 (V) uoziign o, Aeryanldou
Anuivonsesnsn il tar defvsanaumsi 61 ife 00 sl
H,,(jo) Bawmniy 0 uazd o »a il |H,, (o) Tmlaodszmamiy | Faviu

Aan)asunuRalin iy

o, = (3.12)
RC
dennumluaunis® G 1) ude1d
1
H,,(jo.)=—1— (3.13)

I+l



]

wldnnavesdygadisiiy 1/V2 @lugli 3.5 ) uaziiye o, wiidianag

o w & =5 ' a
3-dB w30 vuiamad IihananSmilsvewdazaie

R C ith“(J,r",“
W——i [
+

A= ———— [T —
1’5([) Vin Vour RL aaetT

+ @
-
R
o
-

@

]

@,
= o o o
(N) 299303 aQﬂ31n0llUHﬂ11ﬂUﬂ5$? (1) WARBUAUBDINNANUNUDINING DY

= o o
ANUDLUUA N2

Ideal capacitor

—0
o High

20 dB/decade
High

AY
7
]

Insertion loss. dB

Impedance
pe: - o Impedance

[

[~%

=]
|
|
|
|

0 p 1 Frequency (Hz)
<

(M) M3deMBNRLAUTYDI Ivaalas (1) MBATINMIAANDUAY Y IUTVAIUVDA

unaInIod MU nseIn TR IR NIINTBIANUDVUA NI 529

3 35 gudnuuziesnsesnuBnuudiiulsey

Tunsmmmsaanaudyanusuniuvenssnsennuduvudniulsepiues
mldnnaws sduTihdmeondous wdu Tiih@nush (voltage transfer) vzt ld1393n304
dyanusunIu Avlugui 3.5 (n) uaziounum luaumsi (3.2) 9218 faluaunisi (3.14)

Z
1+=L (3.14)
Z

C

IL,, =20log,,

Z,xZy

o z, HAuiiy
Z; +Z

MINTUNISA (3.14) 22iiun Srmanhdansuenumi (capacitive reactance) fifniou
nmduRuauTvevasswnaz Inaaimhaeszi Idamiioniis=aninmlums

nseadgyausunIulags dntumumsoagy1ddalugi 3.5 (a)



L
(O3]

a e d‘l 4=i a 3 o ¥ o ; ﬁ‘
Tumal§iia weanutmuiuszi inamsaaneudyanusuniugaiu inawn
' a o o o d o da a o § o9
ﬂ1?]13“11?1“‘]5‘[1Bﬁﬂﬁlﬂﬂﬂizﬁ]ﬁﬂﬁdﬂ'ﬁlﬂ’nuﬂ ‘iuum:‘nauwuﬂuwmuﬂmmuuaﬂﬂaﬂ
d. o o J q‘ L] = o
N ﬂ:ﬂﬂﬁ'miaﬂmuﬁmpmsumun:qwu HAZNITNTDIANUDFINIUIZUAIDATING

aAnoUAYRUIINY 20 dB/decade Aalugiii 3.5 (4)
M) 1VINIVINNUDVY LC

199503030 NWANVY LC (LC filter) ADINNINTDIMNNATsZNOUK 0K WMo
wazAuRuszquazasaredesnsesnuinuy Lo Wdluglit 3.6 () Taoiaees
AIDIANMUBILY LC irzmm:mm“ummn*'mmsi’iﬂ:nﬁué’mmwamauﬁmmmsnmu
Wiisunniu  uazmduiuaudvewumassiouas Tnaaiifuandsiu  nazdiduiuauds
MINEd MU NT0INNURNLY LC annsoagl1ddstuguii 3.6 () wazangalii 3.6 (n)
UANINSABIDI OIS e HarT H(jo) Y0U5I9UMUDDNLAZITIAUAIY
Whvesrsesnseen Uiy LC usz ddsaunsi (.16) uay oo isanaunsi (.16)
o -0 il H,,(jo) SAwifu | uasd 0 —>a sl |H ()| TAwmifiv 0
dnudounuimsaeumiesiennuiudassnuinwsnsomnuiiuy  LC sxiims

ADVAUDIADANUDIMTOUNDIININIDINVUAIINDRIHIY

A

Vlml'
H(p)=— (3.15)
V‘."
RL||V/ joC

- RL||1/joC + jwL

1
LCjo’ + joL/R, +1

!
H(jo)= 3.16
Vo) = 0=e*1C)+ joliR, S .30

wennIuINganlaounnud o, v ladiaumsi (3.17)

@ = (3.17)

|
Jic



(M) 2995N39IANVDUDY LC M9 2 1y

IR °
Low | High =
o~ o
Impedance c Impedance u Ideal LC filter
o— ] k]
L = 40 dB/decade
8
High © gu0 © 2
iy Low £
Impedance 5. Impedance
5 i L) S

(¥) M3AeMduNIAUTVYD Ivanay

HHAIDIWEIMITVIIDINIDINNUDUVY LC

i 3.6 quanyuzaesnsenNuinYY LC

—

Frequency (Hz)

(7) MIATIMIAANDUTYYIUTVAIUVDI

2199INTVIANVDNVY LC

Tumsmaimsaaneudyy s uNIUYDIWIATINNUINVY LC Wuvzmden

Az s IWhduoendens wduTihdnud (voltage transfer) vauziilaasnsnseadyyin

sunau Aalugii 3.6 (0) waziliounuam luaunsi (3.2) 91218 daluaumsi 3.18) Tavee

fmuald z, =z, =R,

(1-d)’F*
IL, =10log,, I+T+F‘

do  d=-L

CR,
e,
j;l

flom damping ratio

g

TumsW130IA1 damping ratio MARTL mmsaRvzesuolddail

S = 2 =—J§R" iiio d =1
2zRC 2zl
J2 >
= — o d =1
S 2z LC

(3.18)

13U 3.6 (A) zUTAIAIGNIINITAANDUF LA IUTVNIUYDINIINTBIAIIND

uuy LC Taoieasvelimdnsimsaanaudyanauiiiy 40 dB/decade



3) NINTDINNUDUVY T

NUINTOMNMTUVY T (Pi filter) 1Tureesfideansinudng1msanneudaan
sumulilisunniu nazmnzdmivmdufuauduoantdesionns Inangs aunsoagl

T8dalug i 3.7 (v)

Rs

(N) 2993NIDINNVDUVY T

Ideal p filter

i O— —0
L . i High

Insertion loss.
dB

Impedance ] " C Impedance
(o2
e T
dB -
0 Frequency
(v) MInpmIduNLANTYD Inaauay (A1) FIBAIINIAANOUTYYINTUNIUVDI
HHANDIE I VDI NIBINNUANVY TT NIINTOINNWINVY T

3 3.7 qudnvuraesnsesnutuuy T

Tunsmmmsaaneudygusumuvesnsesnuduuy ©© uem1dnn
Az adu InihdeendonsdiuTwihdnudh (voltage transfer) vaiziilaasnsnseadayana
sumu aelugiii 3.7 (0) wazieumumuaumsi (3.2) 9218 daluaunisi (3.19) Tavee

fmuald z, =2 =R,

. (1-d) 1-d
1L, =10log |l + F* ( dz”) -2F* S +F° (3.19)
4 L A . ;
4o d=— DA damping ratio
CR
F=d
b

¥

. > "
TumsHin1swf damping ratio AU ensoiezotuo 18l



f,= ] T ﬁflﬂ d=
“ a2LC L 2xRC

l ] ?
7, o d=i

" Z(@R LCH)"

gl 37 (A) vzuaRIAISAI NG ANNBUR YL IUTUNIUYDIIINIBININE

uvy 7 lao#iaeesezlinidnsimsaanoudyanariing 60 dB/decade

9) 993NN NUANVY T

WIINTOIMIWTMVY T (T filter) (Furevsiidoamsiindasimsaanoudygyiu
sumuldlinnnniu nazmngdmsumduinausveswmastionas Tnand awsoaygy
18daluz Ui 3.8 (v)

Ideal T filter
60 dB/decade

g

£

5

H
Insertion loss. dB

3dB |- —— =
0 Frequency?Hz)
(v) m3AeAmIduRIAUTYDI Inanuaz () MBATINSAANDUAYYIUTUNIUVDA
UM IdMIVININIBINNUALLY T 2INTDINNVAUVY T

U 3.8 qudanyuzesRseINNURILY T

Tumsmammsaaneudyyiusuniuvessesnsesnnudnuy T Wusem'dnn
Az Intihdreandous siu Twidudh (voltage transfer) vaiziildasnsnsesdaynn

sunau Avluglii 3.8 (n) waseunumluaunisii (3.2) 9218 daluaunsi (3.20) Taoez

fmuald z, =z, =R,

2(|_d): —F4(I_d)+F°

IL, =10log, |1+ F 7 77

(3.20)



ﬂ. L - i
s d=— DA damping ratio
CR ping
o,
o

»

Tums 9130171 damping ratio AT A Nsafvzesuw 14l

P T . N o d=1
" x2LC 2zl aRC
] R 1/3 P
fo=— —L] e d=1
r\4LC

MN3UH 3.8 (A) zUARIAITATINTAANBUFYAIUTUNIUYDIIIDINTBINIING

wuy T Tagiasesaziimdasimsaanoudyaumiiy 60 dB/decade

3.2 NIINTRIFYAIUIUMMIBImMAN Invh

2930303d YU UNMUIMAN W (emi filter) Al 299305097 1FdMTVAANOU

dygrrunmumimanwimuemednh  fidannmsiauveesdidamsetinddieg
niogunsaifndsInih Tudmauddaus 150 kHz 1 30 MHz uazaeesnsesdymn
" =] = e o o = 9 o ¥
sumunimaniwihezldnvauzmsmaoudalugli 39 dmsulassadnveaesnios
o v o - ¥ oA g
dygrusunumiman i TaoialueeiiTasaashs Aersesnsosnnudammi (low-pass
] = . [ a ] o
filter) Farlszneuddugunssiiuumiadvl (passive components) Aanaaalugiii 3.9 Faoziiu
14 2msauyavensvsnsesdagusunuuimin Ifhdmsu Tnuanas ez Tnue
. » ¥
wadez limiloudy  idhuguiifmsziiensms Tnavesnszuadyausuniuvoia
aealnun limiloufuiiues  Taoiidimseenuuunesnsesdayasuniuuimin v

TRueaa13uunii 4 [16-22]

L Loy

¥l
Co T~ ; G jE_‘-_L

. Co

NO—— |

(M) NITTUYAIVOINVINTDIFYYIW (V) 2903 NTRITYIUTUN LMD T

¥

sumuuiman v nl4e5a

UM 3.9 2vesnsosdmnusunuiman Trih



lumsegvwmsmauvenseinsesdyarusunuwimn s 1mquims
adyausunuluumi 2 luided 2.2 jUuvumsitadyausuniuInuanasunas
Tnuanass szaunsoeiuieInuamsiauvearsnseadyymsuniulddeglii 3.10
zuanaiimnenszua i Inuanasouiaz Tnuakads - dmiuassnsesdyaiusuniu
wimanTwih
A a = ' é =
mUWiJ'Iiﬂl‘lYlﬁmQﬂi:uﬂ‘[ﬂ‘ﬂﬂﬂuﬂﬂﬁi?u (common mode current: | B
nazua i Inuanaswezfiunssua I InannunassoimdaIih  Mamodniuas
autianseuR A M T NI TuANAT I (common mode inductance: L,,) oz nfiusey
C, venssnseadyanusunuuiman Wi uasidafudszudaansmidalugyi
3.1 uaznngtillenszua Inuanason naiudamiioni £, Nmoaniuazay
fmseu vwueuiudmiloni ., 1 # nivwalny uazilenszuei lnariuda
a o v d " -
wileni 7, veiina lumsaamoudyanusunauuiman Ivh uluduanudgs msie
nszuad Inarudamiioninediswiiy i - V/Z \iio Z=XL=2xfL uazileanuduin
J ° Y1 a a o - d’ ° ¥ - " n’; <
yuezilimduiuaud z - awnndwih nszuadi Inaduanas msizaniufaannse
anaanoudyyusunuwiman i luludwnutgald dwdafulszy €, switun
' ] o o : a 4 ar : b
nszua Inuanaswez Inarmdaiulsyy €, Wa2damsd  dnfumunsoagd1dh
wewsennszua Inuanaswezliosdlszney 2 #1 fvzvwlumsaameudyausuniu
wimanWih Inuawasu fie damiivnhnuenasw L, uoxduivdsyy C,
A a a ' . 4 3 &
wennsannamanszue Il Inuanaa s (differential mode current: i) R
nyzua i Invanad szilunszuaitnaninundstiomas I riumoedniesians
nseadyusunIuiman i dudamiivni Inuanas1s (differential mode: L,,) 1ias
Auduilszy €, udaTnandunsevdsesimmeiionsou Tavee T waruns1midalugyi
3.12 uazvingtziuiinszud Inuanadei Tnasudamilonih inuanasay £, i
TidndinimanTiwesiamiivniinuanason £, wemsindratum i hilnaves
b d
daniioniinuanasan L, etwlsimuiigamiioniTnue L, ‘ufdanaiinavesn
Anumiienilna (leakage inductance: L, ) vosdamiionii L, oy Aalugli 3.13
dawmdunuilszy C, Wa 2 @ wazdufnlszy C, 2 #1 firooynsuey sxiinaiile
WOIsUINTTUA THUANAA 1 mans,,urm'luamummuﬂnqmummmu i=v/z o
Z=XC=1/2zfC Fnnuddnzmimsuiiueud z  Seunniinszuadt Inadnle
mlansoanaansudygusunuiman i luluduanuddld  vauiennud
2 e Q¥ a o o - o a ¥ a - 4 o -
mnvusziiiamduiuaus z  fimasasi linszuei Tvarudnmniu mszaziugs

Timnsoanaaneudygiusunaumimdn It luludmanutga 14



o a o Poa YA W - a v gl
aunilonh Inuamasniimiingng - Aemsaamoudyausuniuuimian i
Tnuanasu Avvzlmdufuaudas (high impedance) tiodnszua’inihInuanasanna

A eonlshawannumioniisalva L aAWITNAANDUT Y IUTUNIU

leakage
1) a 4 Y @ o o o a a a
wiman I Inuamadaldisuiu mazdamiionih £, fanamsiuveaialuiiamis
PoauuuunuReIny  Tasdimsnudananiunuudeaaatuivsi i umieni
o = 1 9 -1 ° 9 a " 3 5 0 o o : s
2 nasianios feniflurai Imsnsesduanasuniu Tnuarada ldienguiu daufud
mienhswtisuiuvaatauuy liFadadu ey WMo M anazaanavos
o o ¥ =& =1 Yy Y o
aunudszquasszninevaain - FezmuldhdioInseadisvenesnsesduaiasuniu
uuman Tvhdanan vilszaninmlunmsasneudyanasuniuuiman Wi 148 e
di ar ' o Y o = - d'
HoIINNINI oIy IMsuMUiman Iihszneudisgunseimadn Salidlymiies
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The EMI study of Self-resonant Frequency Effect on a Cuk Converter
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Abstract: This paper presents the effect of self-
resonant frequency (SRF) of input inductor on a Cuk
converter. The effect of SRF via conducted EMI
observes by fixing the input inductance but the
structure can be modified from single input inductor to
parallel input inductors. The 100 W a Cuk converter in
discontinuous mode and opened loop control is
presented. The simulated results are compared based on
the equal of input inductance between single inductor
and parallel inductors. The measured results to confirm
the SRF effect.

1. Introduction

In theoretical, the conducted EMI composes of
common mode and differential mode noise. Normally,
the differential mode noise is dominant at frequency
range less than 2 MHz and common mode noise is
dominant at frequency range greater than 2 MHz until
30 MHz. Generally, the common mode noise in SMPS
is affected by component resonances at frequency
range between 2 MHz until 10 MHz and printed circuit
layout resonances at frequency range between 10 MHz
until 30 MHz [1]. Therefore, the component resonance
or SRF of electronic components directly affect to
conducted EMI. Switched mode power supplies
(SMPS) are the main source of EMI emission. Thus,
this paper focuses on Cuk converter. The relation
between SRF of circuit component and conducted EMI
of Cuk converter is presented. The effect of input
inductor via conducted EMI is verified by simulation
and experiment. The results of conducted EMI
emission are compared based on the equal of
inductance between single input inductor and parallel
input inductors.

2. Theory

2.1 Cuk converter circuit

Fig. 1 shows the Cuk converter circuit, while the input
voltage 24 V,, output voltage 48 V,, swilching
frequency (fiw) S0 kHz, resistance load, power output
100 W in discontinuous mode and opened loop control.
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Cuk converter

Supply Output 48 V 100 W

24 Vdc

Load

fow = 50 kHz

f

Control
circuit
fo =50 kHz

Fig. 1. Circuit diagram of the implement
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Fig. 2. (a) Cuk converter (b) switch on (c) switch off

Fig. 2(a) shows the circuit diagram of a Cuk
converter. The capacitor C, and inductor L, are directly
connected to the input voltage source, the capacitor C,
is stored the energy while the switch is turmed off as
shown in Fig. 2 (b). When the switch is turned on, this
energy is released through L, to the load as shown in -
Fig. 2(c).



3D2-3

2.2 Parasitic of circuit components

In high switching frequency operation, the
components are not ideal because the impedance of
components are varied with switching frequency. At
the frequency that impedance changing the behavior is
called the self-resonant frequency (SRF) of the
component. The effect of SRF via the impedance
characteristic of capacitor and inductor is shown in
Figs. 3 and 4, respectively.

Impedance

Fig. 3. Impedance curve and capacitor modeling at high
frequency

Impedana:

Fig. 4. Impedance curve and inductor modeling at high
frequency

3. Experimental conditions

The experiment method is divided in two cases. All of

the experiments fix the value of inductor. The L1 and
L2 are always equal to 36 pH and 72 pH, respectively.
In case 1, the SRF of L1 and L2 is different. In case 2,

702
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the SRF of L1 is equal to L2. Furthermore, in case 2,
the structure of input inductor (L1) can be changed
from where those parameters are shown in Figs. (5) and
(7). Figs. (6) and (8) show their structures in single
input inductor to parallel input inductors.

Case 1: SRF of input inductor (L1) is not equal to SRF
of inductor (L2).

u c 2
T
S | 4 4 |
—] a0 [ F % 2 ¢ Roxd
i 1 b W 3 <
!
Fig. 5. The circuit diagram of case |
I
j.-} \

Fig. 6. Cuk converter for case |

Case 2: SRF of parallel inductors (L1) are equal to SRF
of inductor (L2).

B 44]

3k

el

o
—

Fig. 8. Cuk converter for case 2
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4. Simulation and Experiments

100
The effect of SRF of input inductor (L1) in case 1 and i S oo et S
case 2 via conducted EMI on Cuk converter are » - _—
compared between simulation and experiments. Table 1 * g
shows the SRF of parameters of Cuk converter for 2 2
cases. -
. L]
Table I: The SRF of Cuk converter for two cases ' ks
TP ——
Fig. 11. Conducted EMI emission of Cuk converter for
SRF of SRF of
i : case |
Condition Component measurement simulation
L1 =36uH 14.95 MHz 14.21 MHz Fig. 9 shows the simulated result of impedance curve
g;s; If: L2=72 uH 142 Mkl 14.67 MHz ot_" single input inductor which u.:quals. to I4'.21 _MHz.
¥ :2 Figs. 16 and 10 show the simulation circuit and
¥ C1=C2=16 uF 128 kHz 115 kHz simulated result of conducted EMI emission for case 1,
respectively. Fig. 11 shows the experimental result of
LI=72uH | 550 MH 12.58 MH :
-2 z - z conducted EMI in case |.
L1(2) = 72uH
14.10 MH 14.07 MH ” A
Case 2: £ = 4.2 Case 2: parallel input inductors (L1)
SRF of L2=72pH
Li= L2 15.20 MHz 14.67 MHz
CI=C2=16uF | 12342 115 kHz

Table 1: Self-resonant frequency of components

4.1 Case 1: single input inductor (L1)

IR Fig. 12. Impedance curve of parallel input inductors for
case 2

i
| | 11 ] L ]
ar = = =

Fig. 9. Impedance curve of single input inductor for
case |

Fig. 13. Simulation conducted EMI of Cuk converter
for case 2

T

' 0

Fig. 10. Simulation conducted EMI of Cuk converter
for case 1

TR EEE R R ]

1w INan G0 e MO M

Fig. 14. Conducted EMI emission of Cuk converter for
case 2
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Fig. 12 shows the simulated result of impedance curve
of parallel input inductors which equals to 13.11 MHz.
Figs. 17 and 13 show the simulation circuit and
simulation result of conducted EMI. Fig. 16 shows the
experimental result of conducted EMI in case 2.

Fig. 15 shows the EMI comparison between case |
and case 2. The experimental results are verified that
the structure of input inductor, even though single or
parallel, has no any effect to the conducted EMI.

1 w

]
o5 BEE3BIRBE

12wan 20T az Ben 008 S 000 WL

Fig. 15. The experimental result of conducted EMI
emission for two cases
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5. Conclusion

The Cuk converter has many parameters that can
affect to conducted EMI problem. However, the
dominant parameter which difficult to control is the
inductor.

This paper shows the effect of parallel inductors
instead of single inductor on conducted EMI of Cuk
converter. The SRF of both inductors are controlled in
the same condition. The experimental results are
exactly with the simulation results. The EMI generates
by single and parallel inductors are similar. It means,
the power rating of Cuk converter can be increased by
parallel inductors with no any effect to conducted EMI
problem.
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Fig. 17. Simulation circuit for conducted EMI

704



ﬂ‘lSUS UUOU'Iﬂ"ISﬂ"I\]OﬂOﬂSSU.[UJli]'I ASon 27

Iulu‘l'lma\r (PW)' ..

L 4

*
- alannsaun mau'(PE)

- muooanmuouannuanonssuhﬂnﬂq (GN)

11-12 waadnmeu 2547
Isousulswing s11 eofia voulnu

ddumsdousuulos
mA33nanssulwwh AruSnonssumaas
um3nendeiuoulnu

173




Back to content

Back to main

174

matiamITmmisnhnulmidmivisesniesduanusunumimanluih

AWM INNAVMIATBIA AHHB I

A novel of integrated EMI inductor using optimizing inductor-volume approach
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Favinfy vinnmnffomiounans Tadygrusunumimanrivh
MmeA i (conducted EMI) uaaaliiiui  imaiiamissoudd
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mameanh WWnnwamtiioni s uumi  (conventional
common mode choke) 152110 10 dBRY 3EMI1GMANNE 2 MHz -

. - oA - -
15MHz Tuvasianwdluwduszivnalndifueiy

MdAy : 2mnseadgaosummunindn i, Smiionilnia

ERIT]

Abstract

In this paper, the novel integrated common mode choke and
ditferential mode choke, for EMI filter application, using optimizing
inductor-volume approach 1s proposed. The conducted EMI for
proposed inductor is verified by experiment. The experimental results
show that proposed integrated EMI inductor can decrease the conducted
EMI greater than conventional common mode inductor for 10 dBUV
during frequency range 2 MHz - 15 MHz. Moreover. the conducted

EMI at other frequencies are similar.
Keywords: EMI Filter. Common Mode Choke. Integrated magnetic
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Abstract

This paper studies the integrated choke characteristic
for EMI filter design. Based on integrated choke
performance. the insertion losses of the various kinds of
integrated choke. compared with conventional common-
mode choke with specific source and load impedances
are investigated. The conducted EMI comparison among
conventional common-mode choke. integrated common-
mode choke and proposed integrated common-mode
choke is verified by the experiment.

Keywords: EMI filter, common-mode choke. integrated
magnetic, Insertion Loss

1. Introduction

EMI filter is generally used to reduce the conducted
electromagnetic interference (EMI), difterential mode
and common mode emission. in switching power
supplies. Theoretically. each component of EMI filter
can mitigate either the differential mode or common
mode emission. Normally, the EMI filter is composed of
common mode capacitor (Cy). differential mode
capacitor (Cyx), common mode choke (Lcy) and
differential mode choke (Lpm). The common and
differential mode choke of EMI filter are mainly used to
limit the common mode and differential mode emission.
respectively. The ferrite core is used to be common-
mode choke and powder core is used to be differential-
mode choke because of low core loss. magnetic stability
and high permeability at high frequency [1-3]. However,
the size and weight of EMI filter principally depend on
the size of choke. Therefore, there are many researches
pointed on integrated common mode and differential
mode choke [4-6].

Finally, the performance, conducted EMI and
insertion loss, of conventional common-mode choke
(CM), integrated common-mode choke (ICM) and
proposed integrated common-mode choke (PICM) are
compared and verified by the experiment.

2. Integrated Choke

The common mode choke (Zorro or balun) as shown
in Figure 1 is usually used to mitigate the common mode
interference. In theoretical, the common mode choke has
high impedance for common mode current and zero
impedance for differential mode current. Although. in
fact the common mode choke can reduce the common
mode current. the leakage inductance of common mode
choke also can reduce the differential-mode current. The
leakage inductance is proportional to the gap between

winding. The wide distance winding will get high
leakage inductance and low differential mode current but
the narrow distance winding is vice versa. Therefore. the
common mode choke of EMI filter is wide distance
winding.

diTerennial-mode

Figure | the flux direction of common-mode choke

Figure 2 shows the equivalent circuit of conventional
common mode choke (CM). The direction of common
mode current that passing through the common mode
choke will strengthen the magnetic field intensity which
affects to increase the inductance but the direction of
differential mode current will generate the opposite
direction of magnetic field intensity that means the result
of zero inductance.

LCM
Lo—JS I —o0
[ ]
L ]

No— i —o

Figure 2 the equivalent circuit of conventional common
mode choke (CM)

In 1992, Richard Frederick [4] claimed his invention
for integrating the common mode and differential mode
choke (ICM) as shown in Figure 3 which is added the
differential mode core inside the common mode core and
used the same winding of common mode winding either
line or neutral winding. The advantage of this topology
is to reduce the size and copper winding of EMI filter.
However. the inside magnetic core or ditferential mode
core still has space to add more winding for increasing
the differential mode inductance.



NO o o

Figure 3 the equivalent circuit of integrated common
mode choke (ICM) [4]

Figure 4 show the equivalent circuit of proposed
integrated common-mode choke (PICM) [12]. The
PICM can increase differential-mode inductance higher
than of that ICM with the same dimension by adding
another winding with inner core. This winding can
generate the magnetic field intensity where its direction
is the same direction of that the other inner winding.

L L

™M DM

Figure 4 the equivalent circuit of proposed integrated
common-mode choke (PICM) [12]

3. Insertion loss

The efficiency of noise reduction of EMI filter can be
clearly determined in terms of insertion loss. Insertion
loss is defined as the signal (voltage and current)
reduction after insertion of a filter compared with the
original signal value [2-3]. Figure 5 shows the definition

of the insertion loss of filter.
T V.l'.. wo i] Zl_

ZS
: (f\S:

(a)

Filter
T V.’.. w ZL

(b)

Figure 5 the definition of the Insertion loss of filter
(a) load voltage without filter
(b) load voliage with filter

The insertion loss of the filter is defined as

R’.,nu
IL =10log,, - (1

Iow
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Vil Z
= lOlog.o[V—J’-—;,E-’-) @
S AR

Vi
=20log, f] (3)

5w

I7.we theoutput voltage of the signal source
without filter

where.

'« the output voltage of the signal source
with filter

4. Experimental result

The test setup is shown in Figure 6. Line Impedance
Stabilization Network (LISN) and EMI receiver are
applied to measure the total conducted EMI. In this
experiment. the common mode and differential mode
emission are not separated. Figure 7 shows the layout
and winding of CM. ICM and PICM chokes,

respectively.
AC
- (CM)
Supply LISN (ICM) — EUT
I (PICM)

EMI Receiver

Figure 6 test setup of conducted EMI measurement

a) CM inductor  b) ICM inductor ¢) PICM inductor

Figure 7 the structure of CM, ICM and PICM inductors

Noise source is generated by the operation of Cuk
converter for all experiments. The Cuk converter,
100 W. is operated in discontinuous mode and opened
loop control [11]. Table | and Table 2 show the
specification of noise source and magnetic core for
common mode choke. respectively.

Table 1 the Cuk converter specification

Cuk converter Specification
Input voltage 24 Voc
Output voltage 48 Voc
Switching frequency 50 kHz




Table 2 the magnetic core specification

Magnetic Core Specification
Material H5C2
Initial permeability. u, 10000£30%
Saturation flux density 400
B, (mT)at 25 °C

Figure 8 shows the conducted EMI comparison of

Cuk converter among without choke and with three types
of choke.

The CM, ICM and PICM chokes can decrease the
conducted EMI between 1 MHz to 30 MHz. For the
proposed integrated common-mode choke (PICM). it can
reduce the conducted EMI about 5 dBuV between 2
MHz to 10 MHz when comparing with conventional
common-mode choke and integrated common-mode
choke and about 10 dBuV when comparing with no filter
insertion. Figure 9 shows peak envelope of conducted
EMI for four cases.

=
a

¥E5588

I MHz - 30 MHz f

A\l w0
(Start = 013, Siop = 20 00) Mz
Figure 8 experimental result of conducted EMI

-

X4 300 52

Cuk converier

b A g 1 > PO TN RN O]

Figure 9 envelope of conducted EMI for four cases
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Figure 10 The Insertion loss of conducted EMI for three
cases
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Figure 10 shows the insertion loss comparison among
CM. ICM and PICM chokes. The insertion loss
calculation is shown in table 3-4. The insertion loss of
PICM choke is higher than the others between 2 MHz to
10 MHz such as 11.1 dB greater than of that CM and
ICM at 2 MHz. With the insertion loss calculation, it is
quite agreement with the conducted EMI results as
shown in figure 9.

6. Conclusions

The proposed integrated of common mode and
differential mode choke (PICM) has insertion loss about
30 dB at frequency range 2 MHz to 10 MHz
Furthermore. comparing with the convention common
mode choke (CM) and integrated common mode choke
(ICM). the PICM has higher insertion loss than of that
about 10 dB at the frequency 2 MHz to 10 MHz. This
techniques are done based on the constrain of choke
dimension. However. the PICM has slightly insertion
loss at frequency range about 150 kHz to 1 MHz and
high frequency range about 20 MHz to 30 MHz. which
is the effect of parasitic capacitance of each winding.
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Appendix

Insertion loss

Table 3 conducted EMI for four cases

f Cuk CM ICM PICM
(Hz) (dBuV) (dBuV) | (dBuV) (dBuV)
150k 78.9 80.3 81 82.5
500k 72.2 71.3 72.4 72.1

IM 58.5 60.1 58.1 57.8
2M 73.4 48.1 48.1 37

4M 65.1 47.2 50.6 44.5
6M 71.5 51.5 52.7 41.9
&M 72.2 53.1 52.5 45.6
10M T3 53.7 514 45.1
20M 63.5 48.1 48 483
3oM 62.6 45.6 46.1 46

Table 4 insertion loss of conducted EMI for three cases

f | IL@B) | IL@B) | ILWB) | pemem

(Hz) M ICM_| PICM B "

150k -1.4 -2.1 -3.6 -2.2 -1.5

500k 0.9 -0.2 0.1 -0.8 0.3
IM -1.6 0.4 0.7 2.3 0.3

2M 25.3 25.3 36.4 1.1 1.}

iM 17.9 14.5 20.6 25 6.1

6M 20 18.8 29.6 9.6 10.8
8M 19.1 19.7 26.6 7.5 6.9
10M 18 20.3 26.6 8.6 6.3
20M 15.4 15.5 15.2 -0.2 -0.3

oM 17 16.5 16.6 -0.4 0.1
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A New Technique of Integrated EMI Inductor Using Optimizing
Inductor-volume Approach

P. Boonma *
V. Tarateeraseth **
W. Khan-ngern *

This paper presents the new technique of integrated EMI inductor using optimizing inductor-volume approach. The
conducted EMI for proposed inductor is verified by the experiment. The experimental results show that the proposed
integrated EMI inductor can reduce the conducted EMI comparing to the conventional common mode inductor about
10dBpuV at frequency range 2 MHz-15 MHz. The conducted EMI experiment is verified by the operating of Cuk converter.

Keywords : EMI Filter, Common mode choke, Integrated magnetic

1. Introduction

Switching power supplies and switching devices are
advanced in high power rating and frequency range which
can generate the conducted EMI. Therefore. the responsible
of EMI filter is to decrease the conducted EMI. The main
parts of EMI filter are composed of common-mode (CM)
and differential-mode (DM) choke. common-mode and
differential-mode capacitor. Ferrite core and powder core
are selected to use in the EMI filter because of low core
loss, magnetic stability and high permeability. However,
the topology has never been changed. The disadvantage of
EMI filter is to increase the size. weight and cost of
electronic products. The differential-mode choke and
common-mode chokes are generally separated the magnetic
cores that means increasing the weight and size of EMI
filter. Therefore. there are some patents which try to
integrate the differential-mode and common-mode chokes
1o one magnetic core (2-4).

In this paper. the new technique of integrated EMI
inductor using optimizing inductor-volume approach is
proposed. The research is focused on the variation of
winding length, weight, inductance values and self resonant
frequency (SRF) of the choke.

2. The mode of propagation of conducted EMI

The mode of propagation of conducted EMI is divided
in two modes: the common-mode interference and
differential-mode interference.

The definition of common-mode interference is the
conducted EMI which is measured between the line and
ground. Whereas, the differential-mode interference is
measured between the lines or line and neutral. The
common-mode voltage and differential-mode voltage of the
single-phase system is shown in equations (1) and (2).
respectively.

*  Research Center for Communications and Information
Technology (ReCCIT), Faculty of Engineering,
King Mongkut's Institute of Technology Ladkrabang
(KMITL), Bangkok, 10520, Thailand. Phone/Fax +662 737-
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: ("}(; + "-w;)
Vo= —— |
f 3 (1
("m; ~Vn)
u= f( (2)
17 = The voltage between line and ground
‘w; = The voltage between neutral and ground
1, = The voltage between line and neutral

where

The direction of common-mode and differential-mode
current of the single-phase system is defined in Figure | (a)
and (b). respectively. The common-mode current passes
through the parasitic capacitor of the circuit but the
direction of difterential-mode current is the same as the
main current (6).
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Figure 1. The direction of conducted EMI current (a) common-
mode current and (b) differential-mode current



3. The common-mode and differential-mode
choke

The common-mode choke (Zorro or balun) as shown in
Figure 2 is normally used to mitigate the common-mode
interference. In theoretical. the common-mode choke has
high impedance for common-mode current and zero
impedance for differential-mode current. Although. in
practicallv. the common-mode choke can reduce the
common-mode current. the leakage inductance of common-
mode choke also can reduce the differential-mode current.
The leakage inductance is proportional to the gap between
winding. The wide distance winding will get high leakage
inductance and low differential-mode current but the
narrow distance winding is vice versa. Therefore. the
common-mode choke of EMI filter is wide distance
winding. In general. the magnetic core of common-mode
choke is ferrite core but the magnetic core of differential-
mode choke is powder core (6-7).

Figures 2 (a) and (b) show the circuit of conventional
common-mode choke and the direction of winding and
magnetic field intensity of conventional common-mode
choke, respectively. The direction of common-mode current
that passing through the common-mode choke will
strengthen the magnetic field intensity which affects to
increase the inductance but the direction of differential-
mode current will generate the opposite direction of
magnetic field intensity that means the result of zero
inductance.

(b)

Figure 2. (a) The circuit of conventional common-mode choke. (b)
The direction of winding and magnetic filed intensity of
conventional common-mode choke.

The proposes of the integration technique of common-
mode and differential-mode choke (ICM) as shown in
Figure 3 which is added the ditferential mode core inside
the common-mode core and used the same winding of
common-mode winding either line or neutral winding. The
advantage of this topology is to reduce the size and copper
winding of EMI filter. However. the inside magnetic core
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or differential-mode core still has space to add more
winding for increasing the differential-mode inductance.
However, the constrain of this topology should not to
interrupt the heat transfer in the whole system.

This paper upgrades the common-mode choke of (2)
using optimizing inductor-volume approach.

Lo

Ly

(b)
Figure 3. (a) The circuit of integrated common-mode choke

(ICM). (b) The direction of winding and magnetic filed intensity
of integrated common-mode choke.

Figures 4 (a) and (b) propose the new technique of
integrated common-mode and differential-mode choke
(PICM). The PICM can increase differential-mode
inductance higher than of that ICM with the same
dimension by adding another winding with inner core. This
winding can generate the magnetic field intensity where its
direction is the same direction of that the other inner
winding.

(b)

Figure 4. (a) The circuit of proposed integrated common-mode
choke (PICM). (b) The direction of winding and magnetic filed
intensity of proposed integrated common-mode choke.



4. The experimental results

The ferrite core is used with the same specification for
common-mode choke of CM. ICM and PICM. The number
of urns equal to 20 wrns for both sides. Additional. the
ICM and PICM is used with the same powder core for
ditferential-mode choke which has initial permeability

(#,) equal 1o 75 (material # 26) (8). The PICM increases

the number of turns for differential-mode choke equal to 10
turns which maximum turns can be winded. The copper
winding is AWG # 18 and the distance between winding is
fixed for all chokes. Figure 5 shows the layout and winding
of CM. ICM and PICM chokes.

A movel nf aniegratal A mnlns ter s wptimizes

sl actor v aluni wpg oot

O

(CM) . e (PICM)

Figure 5. The structure of CM, ICM and PICM inductors

Table | shows the physical parameter of those
inductors with the same volume. The weight of ICM and
PICM is greater than of the conventional by 56 %. While
the winding length of the ICM and PICM is greater than of
the conventional by 8 % and 23 % respectively.

Table 1. The comparison of physical of parameters

CM ICM PICM
Weight (g) 160 245 250
Winding length 260 280 320
(cm)
Number of 20:20 20:20 20:30
winding value
Inductance value | 2.74:2.70 | 2.9:2.8 | 2.61:2.66
(mH)

Noise source is tested using the operation of Cuk
converter for all experiments. The 100 W a Cuk converter
is operated in discontinuous mode and opened loop control.
Table 2 shows the noise source specification.

Table 2. The Cuk converter specifications

Cuk converter Specification
Input voltage 24 Vpe
Qutput voltage 48 Vpc
Switching frequency 50 kHz
Output current 2A
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Figure 6. Simulated impedance response curve of Cuk converter

Figure 6 shows simulation result of impedance-
frequency curve of Cuk converter. The SRF of the Cuk
converter is equal to 14.2 MHz (9). The resistive load is
used for the Cuk converter during conducted EMI
measured. The test setup is shown in Figure 7. Line
impedance stabilization network (LISN) is applied to
measure the total conducted EML. In this experiment, the
CM and DM measurement are not separated.

Rectifier
ac| um - G
EMCO (1cm) *
IPPU poger 3tz || (Pl ||
SRF>40 MH2 Cuk converter
EMI Receiver I
Agilent

E7401A

Figure 7. Test setup of conducted EMI measurement

5. The analysis of experimental result

To understand the noise phenomena form the Cuk
converter, the noise floor and the conducted EMI of the
Cuk converter. without any filters and chokes, measured as
shown in Figure 8. The noise level is up to 60 dB at 150
kHz where the noise level at SRF of the Cuk converter is 50
dB above the noise floor.

The experimental result of conducted EMI measured is
shown in Figure 9. The limit line of CISPR 22 is used for
benchmarking which cover frequency range from 150 kHz
to 30 MHz. The experimental result shows that the PICM
can reduce the conducted EMI about 10 dBpV lower than
of that CM and 5 dBuV lower than of that ICM at 2 MHz -
15 MHz but other frequencies are quite similar. The EMI
reduction at interval 2-15 MHz is confirmed the
achievement of differential-mode reduction. In this work,
there is no DM equipment in the laboratory to prove the
DM EMI reduction. The Total EMI (CM+DM) is used in
this research. However. the additional insertion loss of
PICM depends on the permeability of powder core. At
frequency around 15 MHz, the EMI is highest for all
condition because it comes from the noise at the SRF of
Cuk converter. The self resonant frequency of those choke
are inducted in the appendixes.
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Figure 8. Experimental result of conducted EMI of Cuk converter
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Figure 9. Experimental result of conducted EMI for three cases
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Figure 10. Experimental result of conducted EMI

Figure 10 shows experimental result of conducted
EMI of Cuk converter for three cases. the conducted
EMI of Cuk converter for without filter and the noise
floor for without Cuk converter. The common mode
choke can decrease the self resonant frequency around
10 dBuV at 14.2 MHz when comparing without filter.
The PICM is the best choke for this experiment. It can
reduce the conducted EMI up to 25 dB comparing to
noise level at | MHz to 10 MHz.

6. Conclusion

The proposed integration technique of common-
mode and differential-mode choke (PICM) can reduce
the conducted EMI about 10 dBuV at the frequency
range 2 MHz — 15 MHz when comparing with the
conventional common-mode choke (CM). This
technique is done based on the constrain of choke

volume. However. the advantage of PICM is slightly
better than of that ICM. The addition of inner core and
some winding the parasitic capacitance of each winding
and the choke modeling should be studied as the further
work.
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Appendix

A. Conventional common mode choke (CM)
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(a) (b)

(c)

Figure 11, (a) The winding of conventional common mode choke (b) and (c) Self resonant frequency of conventional common mode choke

of coil A and coil B, respectively.

B. Integrated common-mode choke (ICM)
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Figure 12. (a) The winding of integrated common mode choke (b) and (c) Self resonant frequency of integrated common mode choke of

coil A and coil B, respectively.

C. proposed integrated common mode choke (PICM)

it
E:
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(c)

Figure 13. The winding of proposed integrated common mode choke (b) and (c) Self resonant frequency of proposed integrated common

mode choke of coil A and coil B. respectively.

Where  x-axis is Frequency (Hz)
y-axis is Impedance (Q)
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