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ABSTRACT

This thesis presents a Five-Switch Converter (FSC) circuit for control DC Motor replace
the full-bridge PWM converter circuit the main advantage of this circuit is to reduce the number
of the switch power MOSFET. In stead of turning on-off simultaneously two of the four power
MOSFET’s in one switching period, this circuit operates only one power MOSFET. While
continuously leaving another two on and another two off. Consequently, the Electromagnetic
Interference (EMI) and the switching losses of this circuit are greatly less than these of the full-
bridge PWM converter circuit. The FSC circuit has one switch is operated in one switching
period, being easy and convenient to improved the gate drive circuit of the power MOSFET.
Push-pull gate driver circuit is use to control the slope of I ¢ and V¢ which effect to the
conducted EMI. Current-source and current-sink circuits are addition to reduce the switching loss
which effective from the push-pull gate driver circuit. Furthermore the measurement technique
method is use to decipher common-mode noise (CM) and differential-mode noise (DM) from the
conducted EMI. This method is effectively used for EMI filter design to suppress the conducted
EMI of the improved FSC circuit. Finally, observe the testing results and the relative performance
of the conducted EMI and radiated EMI when the heat sink of all power switching device are

floated or connected to ground.
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uruiuddmuadng dv,J/dt gagavoaninoiuemmn
¥
FRMUAANTIFIUTTHIN tum-off YOUWWIBINOTHMYN sziRANTTUAdOUNIUR
] cf ' 9 o o 1 L4 [ LY '
qa lvaruved la Teauaziunnudiunu R, ussduiiniou R, wwesinoialude soude
aa Y '3 & ° = a J o
youUAuazdiAme s veans wdmaosudsdnai Iinanmsiiutuvesnszua nadoundu
0 1 4
qagalu 1 My AMmAUAoUNTY (reverse recovery time) Y8 AW B WBAHNITLTUA W
3.3.3 2999 auyamaam1na§uamﬂn (Equivalent circuit of power MOSFET)
4 = wa
Equivalent circuit Y0UW103 00 MHN mu1mwsmminﬂn'swlf}mﬁuumm I-V M3
o = a o' o 1 ° =1
Mmaunnuauda luaalesvournesuomvn lusinimszua  (on-state) uazuenin

(active region) Llﬁﬂﬂﬁﬁﬂgﬂﬁ 3.7

G D

+

Vs <¢> 8nVas 2 Rps
S

JUM 3.7 2vsiadiowvoaueamniinnuiem
- ﬂ. L] d' =& -:{ 1 r'd o
NesiounguaNununannNnge Anlszgudslumnesuemvin uaasds
311 3.8 (n) Usznevline
C,q : gate to drain
Cgs : gate to source
C,, : drain to source
uruvavesnmiuiugassadevesduiulsyy - manugsenhunniusesa

Uszneudvminnuguesdunusey 3 dau'ldun ¢

n+?

C, uaz C, MumAy

C,=C,+C,+C, (3-1)
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A H - L) LY L] 1
Futluanuyiidanninndiannia (gate electrode) UG n' source G1UFITAIAZ

« Y {
Tanzwosa (source-metal) wmsmmugﬂﬁ 3.8(%)

M|
Al
@]
=
1IT

31
Y|
P
@]

&

Y|
LAl
@]

S L

C
Source ® Gate
7
g Y
Zh N
/é = = i < Gate polysilicon
+ A A
Y, I\,
P T ‘o
C. %
": Drift region
n+
iz
o Drain
o o o a L4
@) aunvilszgnifanioluead
C,
A
ngl
ngl
Vs = Vs o Vo

(m) nipuauiAvesilsey C,

314 3.8 uamsdiaszgiudeuSinadieg molusemvin
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" 9 ] " o - a; = c‘:
Uszyszniinmuaziasy C,, Uszneudau 2 daudeeynsuiu fie Uszyiifialudy

$i0,, C,, Az HIIANANTU (depletion) C, uana Taugii 3.8 (v)

S
g = i e’ (3-2)
L
Taon fhiJszqﬂan'lmﬂ' (oxide capacitance) Wiy
€
C =-= (3-3)

ox

~

ox

€, electric constance
t.. ; thickness of the oxide layer
: =l -t n‘) ' =) l'-‘; J I o o/ '
ANUHUIEITUANANFUIAzMTIsenMs)Asundasiuegiuusedusening
o o b qw v ' [ ] a J "o o
IMMIUYDIA  AwMAUMANNITHINIANALIATY  C,  imsildounasiuegivus iy
sennanniuiasu dwanalugli 3.8 () M c, imgelurninszsumiazanaiious sy
' A &
TEHIAATUNAL YOS AN TY
ydgavesnsaeandesiumigegadnandumediunivessusunesasu

(inversion layer) Tdauveseenlad (oxide)

]
=

Tuganinszud (on-state) Anlszynsu-woia C, gnanlees Tasanudun oo N
H ' 1 J ' ° ' [ ' ©
i uavzlingmvuinlugimyaingzud (off-state) M C, waz C, szsmeyluganh

nszue ueAiiMuaznymnszLaveITANYD

' a P o = 14 e .
fAnfszydunaninnveswiaesuemmnluressueund Idveiinnlsey Miller’s
capacitance 3 mag’ﬁ"w
Ciw =Cy +C,  laui
Cm :(1 +g.mRLrgd (3'4)

iilo g, flo transconductance

R, fio AN UMY Tnaaiisovdomsu
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mnnudgagalumsihnuvesmnesvemminaunsosey léhdluanudinssua

MNBUNAIITUNSZUAATUID WA

iinpu.r = ij‘-cfnpurvGS uaz I.au.r,zmr =ngG.S‘ (3-5)
1 &g

=5 (3-6)
/ 27 C,

input

3.34 qmauﬁ'ﬁ‘luvmzﬁmszua (On-state characteristics)
- o o a o a o
NusaAumsalen (threshold voltage) wm‘lﬁ'lmmﬁuamﬂnnnmmi'flummagiu
v
anzihinszumuaz luynidhdsnumsgydvezgnauluiuiirslumsiinsanmseen

£ o o ! i ° 3 °
wuy masnumsgadelurnihnssuaveuwnesvemmind i 14 Tay

Pon = [ 2DSRDS(OH) (3-7)
o o - ] ° 1 =) o o
Masumsgidslusnhnszuaveamnesueamngainimnudmassmdadae

dv 4 o 4 o °
maiimeiuoamnisgmi T 1F luaiussdudunarsdad (<100 volts)
Threshold voltage
@ ar 1 ) 4 { a o o
ussdumsalen; V. AoUSIAUIEMNANNAUYDS aRsUMSMINUYR AN IIR Y
1 = o o 9 -~ L o ad 9/ o
winan v, dirgeweaunds usedundeuliinnieldiminesuommniisuesudeaiinigs

91 v, mshian v, Iagaiedesiu lildminesuemvinifisueeu 18 Tasdyanusuniuii

i1 Und v, dianlszna 2 v-3 v
On-State Resistance

1 © o o ' " =) 1
TusrahnszuamnesvemmnihaegluduTouiin (ohmic mode) A1AIMMAIN
A g/ a i ] [y o & ¥ 3
MUY 1y, AIMANUATUMUTNYATEHINIBUABIATUNUYDSE FasznoulUAruanud
mu'ummm'ﬁ, 51.41‘)&';‘171‘1 (inversion), I.mﬂﬁ’]x‘{m‘l?u (accumulation) Tughuves n -region
[ (] N @ 1 ¥ [ 9/ [ d’ ° Ve 1 o
uazuan (bulk) YOI nregion AUGIU n' region fIANUMIUMUMATTgNH INTA W Tay
ms Tddeduminlunniesde unidu n-region fnauduMIUYeIdIUATHI SuvzTisund

1
galusininszue Unfie Ryg,, voumnesueaninluilegiuiizeglugag 9 100 mQ

RDS{on) ~R, -V 23 o (3-8)
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3.35 f]mcrm}'mwmznqclﬁmszua (Off-State Characteristics)
e ' o o o da A o o« v
Aaaulialugengatinssuaindnynne Gowssuwsaanl Ysznouludi gate
to source breakdown voltage I drain to source breakdown voltage
Gate-Source Breakdown Breakdown voltage V .,

¢ ¥
Wunussdugagaidu Sio, layer annsanulédneudagaimaw Unddnianars

v Iihdmsv sio, fie 5-10 Mega Viem (aaneglugilusedu v 1815z 20-30

gs(max)
a P a 3 ¥ = Wy £

volts) Tlymuiamanmsiussauaunsad i lae static charges Tuan1aei luldaule d
@ « . ' o = o o = ' 9
A91n70iA25U339 11 nonstatic package tazABNI1IARBINAYINYAAD TU29931511 back to
back zener diode tlo3f NN TdIFuY

Drain-Source Breakdown voltage BV

fofussAugIgauessaasmsuiuresa luvaziinngnanlsiaduaesa duss

Hd

ﬁuﬁﬂmauqaﬂ'hﬁmi‘lummawamsﬁmmu (avalanche breakdown) Y93308#0 p-body N
n-drain AUIAAINI 1IAIAY (breakdown voltage) g YoM BT WOAMNA NI 1A TA
TdmsTaUAuTImem n-region fiszAudunz1dnveanmeisey (charge carrier) dudl

UIIIN n-region WAINY1INN

3.3.6 tjmﬂﬁﬁh‘nuﬁﬂnﬂﬂﬁﬂ (Safe Operating Area)

safe operation area feIASIAMIUGTRMUYONMINE T NOmMINALIT TN
AUTAVOINTTUA [ LATUTIAU V

ang1ii 3.9 s e mari 19 mun safe operating area
Ips(max : the maximum drain current
P .. :the maximum power dissipating

Vapss | the forward blocking voltage

AITAVDINTEUMATY L, fifusesiuiasud gnirialassasimidanuiiuiesn
1o Awisady forward blocking voltage Ve RAATIAINIZUMATUAN YA ]9 INMIIRA
UsnmsHanaw (avalanche breakdown phenomena) MMdanumsgaydogagagnimua
nngaimgiigea T, isevdevesmsnsinhinnesuominnlg o T duegfunmitoy
yanuad Inarhusevde Mdsumsgydvedudaiiioauiiuaung luguesmsfanuioud
sauﬂ'ﬂmﬂn'hf'hﬁ'muﬁqmﬁmﬁﬁuurfixﬁﬂ‘lu%ammf?”'uq

"
o o o

iWudiiamdsaugegagniimuanioldmsiaundeslfussduasunaznszue

P -

" b . " ]
wiuiigalunanferiu duliaunsadeugeeen T lusniiisanmmsinuidy



100

.01 ms

1 ms
10 ms

100 ms

DS

DC

% | | | |
1 10 100 1000

\Y

DS
31U 3.9 HAALRIRUTIVDA safe operating arca

3.3.7 WANIINUOINQUHUAH (Effect of Temperature)

wnesuemnannsathiandednndfiguyiiqe Tauia i T, 04N 200

LT
b d

T s 4
deg. C QuUQu Hinaaennuamumulusszingsue Ryc Tnunmmmmumuwmu'ﬂu

AUQUNYII

2.3
T
Rps, T)=R,,, 25°C) 2— (3-9)
DSo (’r) DSo ( 300
e T finlumiduinadu (Kelvin)
o a 4§ aa 4 [ '
A Ivesdianasounay leaszanauiiogungiiiudu  duA1  transconductance

o g T @ a 9 =Y
(gm) ‘Ummmmuamvlwuuagﬂuanszﬁmmqmuawmqmﬂqu

-2.3
g, )=¢ (250(’{300) (3-10)

wazswssumInlen : v, imnduegivdulszin ﬁmqﬁ'mau'umqmnnuwuﬂu
Tavazannd —6 mV N9 deg. C

aums (3-9) uag (3-10) munsainnwaeafivuiugumngillddsii 3.10
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2 1 I T L 1 1

RDSm/RDSon(ZS)

gn(T)g,(25)

0.5 1 1 1 1 1 I
260 280 300 320 340 360 380 400

317 3.10 HaveIQUMYINTAD R, 1Az g_

3.3.8 aantaluvaiawiluaiay (Switching Characteristic)

sasnnuiilumsadadgadinarinlisanmsnlfou av,yae geawluae Feesin
WlyTwaivsudmaesisaluminesuoamn - wm-on i lgilymiSes  second
breakdown [2, 3, 7] llﬁ:ﬁﬂ'ﬁu'ﬁ‘um safe operating area [2, 3, 7]

Tumsfinsangaauianisaiadidesiinszidamnsiimesaie Tuvaznsudon
v‘i’a%uﬁma:umm:wqﬂmn:izuﬁ TumsTns e 19299531 3.1 91301 19 clamping diode
dugaunane hifls19fumdounay (reverse recovery time) uazTnaa L IAnnnsunseia

ausann I, Iaanaluve tum-on 1ag tum-off

|
mn
<

DD

[] " ¥
31 3.11 2esdminlFnseiaiaFansudou
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Tum-On Transient

nimEeuluvE wmon eaMId0TNEIIMN  wasnoRuslAuaRIMITTL
vosifuTnuaq awglii 3.12 (n) daugii 3.12 () uansdnyuzgUAAuYeINITIMIaY
usedn Tumsiinsanauy@limnesuemmminlugasnaninssuaiviuneiowas

nszia Inan TvanyuIneu clamp diode Fou v uduiidail

Vs =0,Ip5=0, Ve =V,

N
71
@]
]

|
N
7
O
9}
|
<

Vv DD

i
if

mode 1 mode 2

DD R gd DD

A
71
@]
<
Al
Z1
@]

@
AV
Fd|
AN
L
oS
8?5‘

i
[

mode 3 mode 4
(M N9suanIHavedlszynoluvae wm on

Ui 3.12 Tnuanamaravealszynioluveuminesuemmnya tum on
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A
Vs Vs
vMiller ______ ?
Vo e '
H > L
A
]DS 10

Y

Y

Y

gy
-~

ml m2° m3 : m4

(¥) HARIANHAEFUAAUVDAT I Vi NTZIE T uAZUTINY Vo UYL tum on
31U 3.12 (dv)

Trua m1 Fudleflounssduiinm v, = v, dunaudwmu R Tagiish v, mani
threshold voltage V., finlszy C,, uag C,, Gumiviszgimanudmu R ussdusenin
¢ a ° " Y ' a 3 as o o
MMUaEFosAGINIdINIMITY Ve Tuga  msmsiuveswiu vy Hanuaiiu

o = [ dy
wn Idunw@valugranail awauns

Gs(f)=Vd [1 _e_”r']

Tavii 7, =R, (C,, +C,,) (3-11)
] = o o o "o ' =
ARDANA LT NNUTIAU V< V., mnesueamndalitinszua naiu i

[] i
PANUTIAU Vg = V. (FUNTI319011171 turn-on delay time : t,
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1
i, =R C,, Jinf ————— (3-12
: 3((:3’ * “)"{14/, /VJ )

Tua m2 Guidienatrim t, nsumATuGURYIY nazua Inatury clamping
diode 1t limunsy sunszienszumasuiRunszuaTran X, luvaziilaTeaduin
nszuafieeg mnesuemndsneii v, s;jaiaqﬁynw1naa§uamﬂwﬁmuaqﬂmhmaﬂﬁﬂ
(active region) @uInaadignaadseseganlaleainliliife Miller gain uas Miller
capacitance

s o QI J ' 1 4 4 T
ll‘i\'lﬂ'lJLﬂTlUQﬂﬁlWH‘lmBU'}QﬂﬂLﬁBQﬂ'ﬂJﬁUﬂ'ﬁﬁ (3-11) TIUNTEUTATUFINGTN

b4
o

g1 1aaail

Ips (t)=gm (Vcs _Vr) (3-13)

(] Vv
¥, -1, M1 lalay

t,~1,=R,(C,, +C,q )ln[g (Vdg—m?)—f } (3-14)
m T o

P d A o o w

M ¢, 1, Tk umiaesueain clamping diode ogluaniiz lusadoundy
(reverse bias) AN 03 VB ANNAA Miller gain

Tvua m3 Gudienawi ¢ Tudy ussduasuSuanas nszumaTuAIRLs Iy

SENIUNNUAZYDS AR IN

/
Vititer =V7 +—2 (3-15)
i

' 14 1

AszuaNFIUANUAUNIY R, 1ML

vV, =V,
IG — il R Miller (3'16)

4

o 1 = 1 o
nssuaninlszy C, pundAivTA s duasum 18 Ta
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Vos =Voo _C{_G(f —12) (3-17)
gd

= 1 o s ] L3 [
AN ¢, AseAu vy arastausedulugasesu v, uazminesvemmnidiganiae

UINTZUA FAUININITAABIVDALTIAU V, f1uan 1A0n

Q/DD ik VF rgd

f,—t, =20 T le (3-18)

Ig

o 1 10 - - a L
19900 ¢, Mg Inua ma mesueamnidrgaasToudin (ohmic) n3odiius (linear

' v 4 o S 1 ¢
region) f11 transconductance g, liinsfuazusaduinnic ey mwwvﬂizqvm C, e Cy

- o o = !
nanymzti‘lmanmmm%a (exponential) A9 V,

0 o & a J (1 o = a
MAunilumsdszinamsmvvuvenssumasuatnadn luuu@ea  Taomsmy

J . - oA J o Y ar ﬂy
Yuosanivs mansof i ldaatl
[O

- zﬁ(t -1,) (3-19)

Tum-Off Transients
-: a g/ 9 - ° i‘_]
nudoulunm wm-off aunsoesuieldlasldresinansmsiauiiuInung
Wit 3-13 (1) wamadeesivhauduTnueg daugd 3-13 (v) uaasdednuuzgaduues

[

a a o " ° " o e
NITUAIAZUTIAY Fuusnauyd Ifnneivemmnegluanuzinszualurnafifivawe

€

o

& a Y -
Rou luisuduiiasdl



+ C l lns 1
R a4 od s
. RD‘km)
\Y F C
E Es
mode 1
t Bl
2 F Cu ‘ Ihs F
¢ <>
Ve T C
mode 3

DD

DD

Ayl
71

w A s

Bs

-
-

mode 2

AV
71

AV
FA

pd

BS

-1

—

mode 4

(n) 293uaAINAYB sz luvnE tum off

1U% 3.13 Tnwauanwavolszynoluveaminesuommnyse tum off

36

DD

DD
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VGS
VMilIcl‘
VT
> t
> t

Y

(V) UAAIANY UL FUATUVBINTIAU V o NTzud I  uazusadu V,  Tuvne wum off

U1 3.13 ()

v Ao

Tvua m1 Guiilous sy v, anaadugudiuiivula damusediu v, Guaaas
(;s(t )=Vd€ i
il T, =R, (Cg_,_ +C, ) (3-20)
Gaduih

' a'. o = ; o
lufimsu/aounlasvesnszuaminzussdunasufaiusunsais ViV

Miller

fvznaminazud 1, 13 9ranmifiussiuanasdia vy, Gn91999 tum-off delay time : t,

V
(=R (C, +C, )In{—#—} (3-21)

I/]" +10/gm

TﬂUﬁ Miller = VT + 10 /gm (3-22)
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Tnua m2 Gudedmnm « Tuds nssumasunafin 1, wazusadunniin v, =

o A' A a; [ c: L)
Ve WIAUIATUEMIRLAUGRA V) n3zuai Inadun iy R, mdTa

I, .:VMIHer =Vr *F, g (3-23)
R R

4 g

- o 1 aa o o (3
nszuailizy C, mumedndiiies ussrumsusn1dlag

Vs =V +LG—(z -t,) (3-24)
de

{ a J ' s I ' a J o
001 £, Vo INMATUTUSIRUINEAITI0 V,, F30amsiiuinees v, Anow 1 Ta

(VDD i VF rgd

-t = — (3-25)

1 IG
J = ° . q. Y = d ¥ ° Y a
MAMIMLONIWHR (stray inductance) Noynsuagiumsuiinaidmiooir I ifaus
AUATUANINATI V,

i "
lug29087il freewheeling diode ISuooUNAZITG TR m3 HdINNAT € HsaAY

[ =1 =1
innaaaoo1uen Iuuuiua
"y
Ves (t )=VMH!ere R
A
ife 7, =R,(C, +C,) (3-26)
HAZATZUNATUISVAAAIMUANNS

Is)=g,Ves -7:) (-27)

NIZUMATHAARIDGUENNAT £, Y23 £, - t, Aruaa' i@ Tae

I
t,~t,=R_(C, +C,, )lr{g Z +1] (3-28)
m' T
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@ ' ar 1 v 4 1 o
naanna ¢, 11 Tnua md useduinnanasedeaeiiiosgaigud

Y

o W ' a = o
ouAY 1 Msdszauns ﬁﬂfl~1QU'NLBﬂTIJLIUul‘h'ﬂﬁ‘llfNﬂTﬂlkﬁtﬂiuTﬂUﬂTTﬂTU'Jﬂlﬂ'li

' =y o ] ar ﬂw
AAAIBI AL MW AT

ips =1o - Lo (t -tz) _ (3-29)

3.3.9 r'hifumﬁqq;sﬁu‘lmqmﬁﬂ?;ammas'uamﬂn (Power Loss in a Power
MOSFET Switching Circuit)
Power loss fio Mdsaufigauds lvoamnesuemmnluvazin g
fade lvashauvewmneieanin1diy - 2 anwazfemsgydolunmsaiad
(switching loss) inzmsgeyidoTuvaziingzua (conduction loss) Tnsfimsgaydelumsaing

[ ¥
IMsfiang 2 ¥21 Womanimaesuemmniinigg eou-eeW 1 asy medwnmldyl 3.14

1sznoy

P a d o - J a = " ° ¥
msgadslumaaing Srusnifavuiynn -, Gonh e dwdwldlae

I v, -V.
Psw—on =5-,1_{VDD TO(IZ _!1)+(ﬂ__’:_}/0(t3 _IZ)} (3-30)

=t _ = 1 A Ei ' [
msgapdelumsaiag Snananiiade Hnary, -, Son b fwanlae

w-off

1| (V,, =V I
P’”"oﬂ =F’:(_02_Fh)10(t6 _t5)+VDD TO(t?“tb)jl (3-31)

dumsgadsluvasihnszumialusinhnszuafidina ¢, -, i lay

Fa = (f4 _ts)/F‘ro (3-32)

L
o

Masnugydonavuanun laoldaums (3-30),43-31) uag (3-32)

PIoss = Psw-on+ Psw-orf+ Pon (3°33)
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U7 3.14 undunszud I, azusedu v, dmiuinsayanmmsiansgadelums

a  J
aIANY

3.3.10 2995UUIAN (Gate Drive Circuit)
mu'sa{namﬂmfu"l:jre"n’aqnwf‘hﬁ’mu114ms-ﬁummwiéfaqmsﬂszqua:dwﬂﬁzqum
AN TUYVE turn-on 1AL turn-off
14923 wm-on useunndeamsszavussdiuiiiinsnldounlag nnyafidesndt v,
Tudagaiinnn v, siufifedostlouiaddmany (square wave pulse) €l nszied
inndosmslusaiidesgesdn senhmhnszuamanudmiinnuessestunasisos
1nlugas 2 dumisiime IWmnosuemvinisas t, fidu
1929 um-off doamsdaanm t, fidu audmmaemasidesiazaunseno
UszyiiinnIdednesaaida 317 3.15 uamareestunmuuy Wo-Wa (push-pull driver) 150
Uszquazaedszgueaunn1dsia luvae turm-on 12 tum-off
YATUIAN (gate driver) sxAvagiuINMUDz 1 Frosmiuninad1eds Suwnvesrsestuinn
nINNsATRBanIeneuiunes Tasdadeiunsadigusy
142393 H bridge n30i5undnedninesyauidnounemes (full-bridge converter) %]
flymiFemsnindisuymnmvesmnesuonmin  mazfiveimveaminefueamnaes
ﬁmuirsa;imﬁﬂﬂinﬁé'nﬁqﬁ'ﬂfu?imwﬁ!mmmq'nn‘u’umnﬁawﬁuuﬁ'mﬁmmwnnsnﬁ

(isolate) M INAu99sAIVRUINMITAT (gate control pulse) Tanin@gunsalfitivalfuen
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N31IA fio optical coupling W30 transformer coupling j'ﬂﬁ 3.16 (M) uag 3.16 (V) uaaINIsm

¥
Qunsal 2 wiiaii 140w

Gate control G
pulse o {1 .

Inl :

O

push-pull gate driver

i 3.15 uaasmsduinmimine Sueamind v syr-wa innlasned

S~ -
Py

Gate driver

-

Opto-isolator =

1L
r

(M) auvoulosrunas

c ®
N 3N

-I Gate driver

(v) wiawlasondayg n

ar

31t 3.16 gunseii 9uonns1adsznhedyananindiuquivdyaadunn



uni 4

szansMNV912903

4.1 Unin
a a c::ly - = a o . . o &
Uszansamluntznandunmemsgadolunsaing (switching loss) Hundna
= o o ar 4 ' o "
winnuduiusnuilymiseams sunaumemnuuimanTrih (Electromagnetic
A I S a A & o ° a a
Interference:EMI) - Tngasufioanniade EMI nidludniGoanilsiigninniinsaniuine
1 4 o b 1
twusaiuil TasiiSesaesiianuduiusuuurniudu [10] Ao Womaamsgadolums
aIng lavih IdTnsn/foussduvonszumuazussduedasunduivdoa Tavveanszua
uazussduiimgs fvzildseduvesdyanusuniu EMI qetsaTavvesnszuaazusadu
4w e 4 4 4 2 w
evuni lsdynusuniu EMI Asgtaiumnnumniy lumsasasudwdusiana Tavvos
o 4 o = a Jd a é’ o n’:
nszuanazusIRuaaNenadyaIasUNIY EMI msgaudulumsadasioziniy daiuly

. L 4 '
manszud luilgniisaeasosdesodumisdseailszueu

1 g a =Y d
4.2 anmiliilugaunfvesaing
o d Y o o Y o ar 9
nvsolAnseundmaslszneunls  sanlssnevazaundinunasuoudas A
Y A g 9 o 1 dchu o (r=1 =1
ABINITUDAUIINOADINIG 1M DAY ENOVITIMAIT T ﬂym:qwuﬂmﬂa"luumsqtgmuuaz
o - $ (] “on = - o = s ' 4
ausaiiaulananunles ey auqmmam%’uanumzqﬂuﬂﬂ ﬁmmﬂuﬂﬂﬂsamﬂug{uu
y o [ o - a 0 - 4 o
Wehnszue nszud varknuiugudnasiiussdulag anaseuadIadiilongmimszua M3
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5.3.1 ANHUSMINENNYBIHAINUUATYIUTUNIUYHA CM
= o ay ad o
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(Equivalent Series Inductance) (la2 ESR (Equivalent Series Resistance) Ausdauls ﬁ"lﬁi}}ﬁﬁ]%ﬁ'l
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Y = 'S g 3/
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Under Test) unsunaumsmaaey uazdnilszmsnilsfonsauoniymduiuaud14i so Q
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~f -———
]CM
! lDM
T -
+ Iowm lcmg Neutral -
s P
Ve 3 50 —— o
- ] ohm i H
V.3 50
N T ohm
- t
; e
—
: 1 2l Safety
A oo ground

31 5.10 mavesnszuadya s UNIU CM uaz DM Mlsingule ¥ LISN

lumsnageuiadyyiusuniuiisisanfiaesgafemumaiunsiaduaz ey
L 0 [

fiamsouiunsg msmadeusziinmsdaldfiazmominiy Tufedelamomatunsndey

] ! W o - 3 ' Y Y o A o o

ApsRaduil Tran 50 Q Anudiuniu 1 kQ s2rinmuiinsauiuns g uazdieninisia

dyanunmeimsouiuns1ia dssresuil Tnaafinnudumu 1 kQ seniemomady
o
13194

v Ay Y - 4 ' @ b
usaduit ldeaninazilsznen lfaunasuunznadisvesnszie CM fu DM guidas

mmﬁ’mmu 50 Q ﬁﬂllﬁﬂﬂiﬁﬁﬂuﬂ'ﬁﬁ (5-1) un (5-2)
P = SO(ICM % ]!)M) (5-1)
N = SO(ICM _IDM) (5-2)
ar s w 9t o W o ar c:d
u3adu v, uag v, ialdlinnuduiug lavassiunssuadyanusuni dftume

wadnh ludesmuannasgiudsey lumizsvesussiuunuiezidumizvvesnssua ¥

nyajamnovesmsnnsansrgdyanusuniuluglvesnssun



60

nnANug hiadeneu FeamsiiavenszuadygIusuniu CM uaz DM ludaes
MiosTuy Aszuadyoausuniu CM 7 lnarkumedyanamlaiuinseuiimadoaiu

v
aunsTUAdYINIUNIY DM ansaznaumany sinanuuananludeiivildauseld

o

- e o s e s o A o
MATINAIIA IANsiady IMTUNIUAIY current probe IAdRYRIUTUNIUA MR TA
- o &4 P (Y 1 o 1 o ]
ondmiteeen TaoldiEmsindameaumiman (13, 17] msutswendyanusuniuie
vwuaawa lagasmsiauans laogld 5.11

3

D3Il 5.11 (¥) wag 5.1 (A) uansianMuIARA YIS I MIIATYYINTUNIY
pM Tinsvamodyananduladunils (andoiinsen) 1214 current probe ARV
vasufumodndunils lunsdlinszuadyanusuniy oM SR mondumaduuiog
fiinis Tanazidamaindretude Inaduaunumimdnfiduiamnnsmienhves
current probe dyananszuaiialdiiudygrunszua DM Mosetrafon

dmmsiadygiusuniu CM muﬁmmamﬁaamaﬁuaﬂuﬁnymzwmﬁ’u yaild

current probe HAMIHNANMUVBINTZUATYRIUTUNIY DM NuAemMIens lnanaumady

o o o ¥ d o = ' -t
dyaunszuania laludyaunszua CM foiot13he?

CM

Phase
= L.
I - Circuit
Neutral BM
= ICM
Safety
Ground 2, -

(M) MANaM1s lvavesnszuadyusunIu CM 1ag DM

i 5.11 msldmatinIEms Sauwendyanusuniu oM uazdyanaisunin DM



Currtnt probe

AC 220

LISN EUT

EMI

e Module
| Receiver

- Display

o [—JI] 0O

d - 4 4 o o ! -~ ar
(v) MagnawnIosiiomie IadyaIusunIu conducted EMI Hiinvnnszuadayginsy

17U CM laemAtinn13 IR0 current probe

Currtnt probe

AC 220 A

LISN EUT

EMI
Modul
| Receiver ] e

8]

- Display
]
S [—IT 1

o @ : 4 o a a a s
(A1) M3rimennTosiiome Iadayg 1T UNIU conducted EMI Tifinninnszuadyaasy

74 DM laumaiinn133a@2u current probe

o

Ui .11 ueasmisldimatinIimsdauswondyausuniu cM uazdyanusuniu DM
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5.4 IMINNMIAATTAVVRITYANUSUNIUTA Inarufh

- -

WBMIUIN AR UNDAATYYIUTUAIY conducted EMI ¥092993030F 50011
da o a oA - 1 - a 4 o ad - P
nosennseUnd Aemsaatiunasiuliavesdyusuniu Fniduiimsfimnzauige
' adda ' lqﬁ.ﬂ’ o o e °
udluszuugaamnssutidon 19358 mes lavlames(power line filter) vegniinly
ufluSoadyguusuniu conducted EMI fudiinzanilymidosdyusunigigiiag
" e - A - ) ] o g -~ a v o 1
augIMmInuMsaanuaInule  uannuguseulunsesnuuy s lufwai 198 Teon
TuneiUnuRiandgATIMAsTY NURAATMINNABINITARSEAUYBIT YT UNIY
FICRR " ' = Y A gy A v o 4 v
ek mnasguminiuliaulsiiszanldindetiosiiqe Aariuou lumaeduany
Usgnia nawazanuazainiuiluiaglszasdvesgammnssunsnan
14 .
Twirdetiszndntinisléflamesiiennssdudyaasuniu conducted EMI o

pRLITINIIMIaadyyusunIulaonms 1935 aafiundesuiineenandeluuni ¢

LISN Filter

s 50
ohm

ID\!

1
T Neutral

EUT

U7 5.12 namstiams Idaumnes laiflame s5ufy EUT

i o o o a a a
it 5.12 waastiamnes lmiflamesildnudugunsaiaiade ahdned line-to-
line Cy, uaz Cy, imihilaanszuadygInusuniu DM daunn$mes line-to-ground C,

e ihmihnaadyanusuniu CM



1 o Y a oo o o o Y A o .’f o
aouiou Tnualgaluneslszneullfvdudninesaosda dmhianatudoyaiw
sumu cM dunalahluudardauvesiees 15 unavesnszuadyanasuniusy oM uag
L] o b4 s ' = Y 4 o VvV a (]
DM nowiou InualgadszneulAwaesvantaiueguuunuidedrdu Faihlfifaauiu
= A 1 " d da
Man (magnetic fluxes) 1HOANINNIZUA CM luvaada uaauwimaniinannnsue W
' v T
@iy 50 Hz Ndvamsezgmindaluvandn [11] dafu aewiouTnualgagnidenunidiier
wihfidlududauauddmiunssuadygiusuniu M udse hifinadenszueinady so Hz
¥ ¥
anyaziiiinnudAgdenumniamainuvesantalumsadaiunszug cM  Yaqled
15%Tif relative permeability gl Inssadnvesvaaraiivinaluagniunuein et
d JE GV, ' . Y ¢ 4 A
Isimuunuiidsdosaunsonumiugens sawration [11] 16 savmsimanigaluunuun
t 4 "
awiidunamnnnszuanigei Tnard i 1881 relative permeability anag
VINAUMITA (5-1) A (5-2) U3IAU V, uaz v, WurasmiazHamIvenszud CM
ar . - o & 4 1 1 1 1
uaz DM aufuanud e ananneeiidladmilafiiduni @unszua M 1nah

3
NIZUA DM AINUAATINYDITYYIUIUNIU conducted EMI 9z0glugilvesnszua cM A

aunIIn (5-3)

p =300,
(5-3)

y =301, Lo >> 1y

A. 1 d o L]
wazdrlunsdifinszua DM mnndinssie CM Aoz ldwaswvesdeanasuniuegly

sUuenszie DM Asaunisi (5-4)

p = SOII)MB
(5-4)

n =301 ,, s ppe >> 1 ey

ﬂ' ar ‘i J =1 o o
VnauMsi (5-3) uag (5-4) ansauaauiugy 18degUi 5.13 daelinnudiig 1y
= A ] . & a ' de w =
1UATOINBNATDY diagnostic tool [11] 9107 5.13 TugnaNUDMAYYIUTUNIU DM 92
1N cM Tusidoandaygna CM szlinauinnd DM uazlugaunnuiigeq DM fligndu

= 1 a o
UUHaNINNM CM DNATY
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A Differential-mode Common-mode Differential-mode
component dominant , component dominant , component dominant
- - >

150 kHz 1 MHz 30 MHz

314 5.13 WaveadgygIUIUNIU CM 1AL DM HiF19A1NDA1N9

d a o' o't "o ' a '

gUnsaluaazd lumines lailameslinadodyanusuniuuaassiauas luudas
92902 TUMIATAUIHATINYOITYYIUIUNIU conducted EMI 15 u)avunginsaludaz
o o ¢d o o o o E e a 4 4
Awounnes lmifames NuziuravegUnsaldniu - Meduguiianudlandnilaus

] v ¥

doamsnanasvesdygiusunIuAAinuTudYa MU CM  Skaunndy
o a a . . <
dyanasunIu DM usuiua1vesnnFiaes line-toline Cy, UAZ C,, Avzawsnan’ld
= o L] 1w Ad & 1 o & a '
ioedayamsuniu DM ud hifinadedyagru Taosau Tidumananiisini ludenfous

'S o o g o o =1 adiy 1
gUnselvoamies lmiflamesudrunfidyanasuniusaufianueiia hian

1 ¥

weiimslfauTennyliidluganadvesgunseififuaunglgunssidniviinade
Y e’:‘ = Co ot qya [ () P 9 =y []
dygusumuniaesia  gunsaldnitifoneuouvualde e ldnusSineutou
Tnualdnazifianumiionitiana (leakage inductance) unusumiiyniialuadae L, v

td ' ]
tnswlhnsesieianléfinsontwaiidedyyusuniy Taodouiursesauyaléds

[
o

30 514 uazamnesh 5.4 aunsodwenmsinsaniawavesgunsaludazdiiiinade
doyamsunIu CM uaz DM 18deg1lii 5.15 uaz 5.16
douguaesauyalioglugivesrsesiaru@on (single end equivalent circuit) (e
azanlumsineesindingzd 18eesmugilii 5.17 uay 5.18
< va & o 4 da o S v o o ¢
wennud lafafuGesiianuiuduiiezdesfmuanismauvesginsalusas
alugnanudiidesms gunsalildlumsuiaendygusuniu cM ez DM uenvn

M3 14inAiiniEn1s¥a fie SMRN (Selectable Mode Rejection Network) [11, 17, 19, 25, 26, 27,
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' v B
28] in3eailolill imoreinsunavesmsaadyanusuniu lasswiudunanisinmsaa
as - e - a4 A o = " o' o
AYYIUIVNIU CM Y130 DM nanudlaanuinig uJEJWIﬂ'I':'l'IJﬁUHﬂ'I‘UBQQ'lJﬂTﬂﬂum'll’lﬂi

laidawes

L  COMMOM MODE CHOKE
is Y~ : -
L ]
Cyy C.. J— e
X2
LINE O__l_ — - }l LOAD
" T
NC leak ®

AAAS T ULAAAY - -0

4 o A a ' { o o '
U7 5.14 29vsauyaveunines lmilamesileinsanduniioniisa Inavesneuiou

Trualdn
Lluk
L : o)
Gy Cyo Jf:ﬁ
LINE s LOAD
N thak
(e \A_A_A_S 0

s

Wi 5.15 2vsmuyaveuwnes lavflawmesileRnsanuaginsaiinadedaygnsunin
DM

COMMOM MODE CHOKE
Lo YL YL . o

. JICY
LINE 01 :E_.l. LOAD
—0

NAAAS T NAAAY

Wi 5.16 2vsmuyaveumnes lmiamesiiieRasanusgunsainfinadedyaasuniu
CcM
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leak

’ Y YY L . o

- &

JUM 5.17 gugi 5.15 eglugivedrsesauyatlareidon
L., COMMOM MODE CHOKE
o0——— 1YY Y . 0

1

Ui 5.18 qu3n 5.16 eglugvesrssauyaauiden
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a .
- ”Eycgm‘mmummsnssmﬂmammﬂ (Radiated EMI)
da d = a a a oo
Turesmnestidnnseiinduazaindiuennneuiadyansuniy  conducted
a - ' dﬂ =t o @ - & 4o Y a
EMI udadganusuniviiuwsnszaioneemaiiludnilaymddadnilaymmilsihlfifa
1 A oA A a o 1ot v Aa A o
MITUNIUADINNT (ATeNBuAzszULDUg Neglndifivad lulimstloarunane e nd?
[ | ¥
NANYDINMITUNINTTIWABDINIALDL Ty IUTUNIMTAIWANGS (30 MHZ - 1 GHz) AatiuTa
o a y a o 4 = P [
vnldifailynisosmsinseiuazud luilesnndesld Tunanndiamaniignnuazsu
¥ a ¢ & A a y H9yy ny
YoulumsnIed uennntiniesileuaziemadeunlddeslduasgiu
Y a o a [ o i a °
amsihldifamnuuimanfenszua i (30] nszuaiifauuTanzquilavi v
= ' J ad a do ' [ a
amsunInsznoin  lunesdlannseindia lnsuninszaisvesdynnusuniufam
14 [ []
VNNTTUAVUTWHTOAUAVY PCB (Print Circuit Board) iYonasiiiichagyfionmsnadeuriu
wasguildnuglildmivahdyaraiiunsnszawesnlies lire IiAamssuniu 1a
[ " dyd 1o YV o = g a Y o S
jamnevennaspumartiisaninalidygiusuniuiidosiqga  ynq  dedmuaseil
anuduiusiuainsiafesmussedumsunsnsznoveudazndadiast inusidenimua
a [ =) o 9 aa 40 " o A g/ & o a A
neaiuMmsesnuuy EMC ynstiasyiiidudiiaidindunaaisosvosms IFaudeiiduded
asszandelumsuiaenitmsia MotaumaTgIuves FCC Muafumsunsnszaed
v A ot a e d 4 P
szozmsiaf 3 was lunsaindunansuatinsealdmeluthy (class B) [29] uaziiszos 10
o o a o s [l
A3 IMTURIANUNANIAIUGATIHATTY (class A) [29] HIUIATIIU CISPR 22 class B §i

]
o o o

MUUANITIANTZUZHIL 10 IUAT LAY class A NTZUZHIN 30 AT BIUOUANNEN 15 A02SY
d' 43 £=Y Ll 1 4
30 MHz ¥l UnAmsunsnszawezutiseeniduaeIsLoLA NI LZYBINIINEIINAY
v "
(wave length) foszo1nd (near field) uazszoelna (far field) NIADITTULILUANULIINAY

Vv o .
Aoy aniuganuansmualumsianisunsnseaesednedy nMsnaaeufiszos
al

o o

Indve 196 mmsiait 30 MHz - 200 MHz msutmoniugosszezdudadfaiiesnni
szuzlnddecldTumalumsiinneiigandudouniiszes Ina e W dnafiniue Aiszos
"lnaTﬂNﬁ%ﬁammws'mxmu%zi‘fua;jﬁmzuzﬁw (r) seningUnseilnzAnaToUd NS
i (5-5)

—ifir
e
(5-5)

»
Tavi E fie wlmaeiveanamesaimmunnivauu i (phasor  electric field

. i ~ = o o ' [ - |
intensity vector) uaz H A9 MaA0IUOUINMBIAMUMUMMUAUMLINAN  (phasor

magnetic field intensity vector) Y0 MUANIINAITOU (civilian regulation) 9ZHINTUURNIY
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v
awwlih daudedmuanianms (military regulation) v¥M9IIRMIEMIIMANUAS
auw Indh aseasiiie

@ 2 27
ﬂ = —= i = — (5-6)
v 1% A
Taun v AennuSweImsuwsnszawvesnau lusanasiivsznen 118qe
permittivity; € 1A% permeability; L AITUMS (5-7)
1
S (5-7)
HE
uazANNIAaULEAd laoaunsN (5-8)
1%
A=— (5-8)
f

Tueamet |, =3x10%mss, p, =472 x10 7" Wm, &, =(1/367)x10~° F/m uay
g 3 - = o 1
A, =300 /f MHz asdudeuuiimsalaounlasnuszozmafee ldmuaunsi (5-5)
mnoanuNmnugnimualieyluszoz lnasinszosmsdaiinivey  wwinasge Fec
Y1 d [ 9& !:iv ﬂ' [l ﬂiﬂio
class B 151a1w13032y 1adudumsialuszor InddsluszosiiluSosvessunnudfidimun

uazmanldvunlasvesmnumyssuzneziinnuganmnnniuans laoaumsi (5-5)

5.5.1 mauwsnszorsveamnnlvihiilesnonnszuavesfaanasunau cm
1az DM
hadeiiinl¥modaids (ransmission line) aoududsuansluglii 5.19 fersan
MSUNINTENETTHAININATEIT CM taznszud DM nglkasumanlasedvesnseia

ar o 1 1 - é ' 1 o
vudniwRazdueglufimunuanslas 1, uag 1, Geudaznszuazlsznoudisaesduda
AUNITN (5-9)

I, = Loy +1py
(5-9)

‘rz =I(.‘M _]DM
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1Aui 1, ADNszua CM @2 I, Aonszia DM

CM

—_—
S
l! IDM !(‘M
—_——-
- o
L
L L
- ! -
IDM ICM
>
S S
‘ ? IDM Q lCMA
-
d i
g d
.
¥ §
.E. - Y
DM | :

317 5.19 uaAIMSININTZIIVOITY YIS UNIUITIDINNINNTEI CM HaZATZIE DM

nnideneuiiuiniuiudrinszue 1, Svnasihdudiidameas i 1,
wilsznou ldunszuadeyanienszuandnvenssuasnszuadyaasuniu A
sEUd 1o, Wunszuad lidesmsuaniudmduiavesdayanasunay mnaunsi (5-9) 1

ndaglinild

g (5' 10)
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Taodunnnszuavosdyausunau I, viivinaIngininseue 1, [29, 31, 32,
- = ot ' 4
33] 30 5.19 uaAsdawavesnsTua I, uaz I, Alsensunsnszovvosaun v tieq
o a 9/ as ' - o o 1d o ]
NANTTUT I, IRIMNAsuiumsunsnszetwvesauy IWvhTaind i uesnfiae
o dl L} e o n’: d‘. " -
nua lfidvatiesnnanw iaunasvesininisaowaznszuai var nszue 1., S

madutumy i Auwsnsz e uasuniu

.....
t

X ’ =:Lf2

U7 5.20 uaasds Twmamsuwsnszawnduaun lhszoy Ina

ﬁmswmaaﬁ'amﬁwmagﬁ'uunu z YDITTUUWAAINAY  (spherical coordinate
system) uaraaTauguii 5.20 Fanfianwen L agiidumis y = + 52 .die s foszorrinszning
dniwiaaes wmhinhnszud 1) uas L&) dmiunszud 1, auyAld 1(z) = 1)
UaE 1(z) = I\, (z) FMTUNTZUL Loy, 1910YR N 1,(2) = 1, (2) U0 L(2) = I (2) ﬁﬂﬁﬂqﬂﬁw

- "t = =1 _ ° 9 o & o - @ 5/ ar
‘IN‘B'l‘iﬂl'Iﬂg‘ﬂi8031ﬂﬁllﬁ$1l‘i$ﬂ:$l'ﬂﬂ~1ﬂﬂﬂﬂz'ﬂ‘]1Hl’mlﬂﬂi‘"00ﬂ3u‘mﬂﬁ‘]ﬁﬂﬂﬂﬂﬁﬂ'uu‘lﬂﬂllﬁ
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mieuaniivuIui 29, 30] Aweaslaogdit 5.20 msdounuduvesm Iwthvesnssua

uanzdransmihdouiuaumsnasmveseny I manaees Tavauns (5-11)
By=E,+Ey (5-11)

aa - P ' &
nsannsanszos lnagun i uflesnnnszuaudazduaas Tavaums (5-12)

~iPr;
B, =Ki,* : F(9) (5-12)

i
ri

y - ' = AJ 1w w © -
o M Aeanlgnmiansiivuegiy Inihawanueivesdni 7, Aevinanazaves
{ o & o " -
nszuaiiyaguinavesiniuag F(9) fon aray factor (ANZMINIZIWYOINTINT A

Tinsnnszaevesnszuaeyludnunizyes Hertzian dipole [29, 30]

I,z)=1, (5-13)

M=j Eg-L:izzrxlO‘?ﬂ, (5-14)
4

F(0)=sin6 (5-15)

o 7 = [u/ & {1 intrinsic impedance Yo3fINIAE 7, = 1207 Q duyAl

o e o o
nszuaiinuflugudilavesdinii

]sinﬂ[é—z} O<z <£
& 2 2
I,i)= p, i (5-16)
Isinﬂ(—+z), -—<z <0
2 2

~

M=jL -j60 (5-17)
27

cos[B(L/2)cos 8] - cos B(L/2)

sin@

F(9)= (5-18)
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a wa v o 1o o o o o o 4
Tumalgianszuavudni lisuiudeaiugudifosnnidawvesiniiimsiyen

avdaiueg Iavsesnse Tnaad1en Mlddesiimsiumenmaluaunsi (s-16) - (5-18)
2 o

¥ ¥ ¥
swezmsin Aeszozingadateininsaesauydlidninieresvuuiu vingli

5.20 s2uz A fvua lavauns (5-19) [29, 30]
1 ] )
A= ES sin@sin ¢ (5-19)

szozvisningadaaunsollsulumevvesszezeingaiuiiavesiinanin

Tandszmamuaumsi (5-20) [29, 30]

ry=r+A
(5-20)
r,=r-A
v
unuaums (5-20) lueums (5-12) 1214
= B n ‘fﬂ’l n - 1o,
E, =M{11 SIS, Jr(e)
4 P
. o iBlers) -iplr-a)
=M< +1,¢ (0)
r+A r—A
~ € KL AR : & :
=M (I[e EalY ”‘A)F(B) (5-21)
r

[ b
Taohimmuyalinszuansaeamiouiuuazdszinuim  r =, =r, ludauves

o ! J L
moundan ludmveameuaiueyiy fr =2 / A

552 lumavesmsuwnsnszorwawallvihiiiesnonnszua 1,

& a A
l\'lﬂu'hlﬂ'ﬁw%'ﬁm‘]ﬂizﬂﬁ IDM o

(5-22)
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unumMAe luaunish (5-21)

-J = Ersin sin f
Egzj27rx10‘7flf,w# e 1(2} ’ d—ej(

™~

].r sin @ sin ¢ )
siné

. e
=4z x107 fL1

sin(gs sin @ sin ¢) sin @

e F

=4z x107/LF ,,, sin(:r —i—sin @sin ¢J sind (5-23)

r

waums (5-23) Weglugiidwluteu lviiudfigald ¢ uaz 0 = 90° 8aunmsin

-ipd
d

E o =47 x 10741, sin(;r SIJ z (5-24)

Wioszuzvianngandauandlay d vinaums (5-24) 19msdszinmaives sind = @

dmiu 0 Audniomvinavesauy I 1d& seauns (5-25)

~

. f ’Ls ! pus
B aria| < 1:316 % 10~ V/m (5-25)
L
- S
IDM
-
) I A 1 Lom
-
d
<—L§
E'DM_mlx

- ' 4 Y L4
31 521 ueasmisunsnsznaienNMINnsZUd I, uazifamsndImMnnes
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W 1 J LK. 1 ﬂl ! dl o W
dana ldhmuu Idihvuegiu (1) fufiveagy A = Ls (2) snnwtonidsaes £

~

(3) A MNAUYOTLOLNNNINGATTA d DT (4) VINAveINTTUA I, vudNh [T,
2 A
. SA [.UM
'El)M.max & d V/m (5‘26)

v
o e ar 1

AniumsanszAuveIMsunsnsznwvesaum Iiilioansinnszua 1, firesds

1. DAYUIAVOINTZUA I,
¥ v

2. 0ANUNVeIQL A = Ls

ad o P © 4 wa

Ausnmuison idlavanvinavenszumidosninsemIdguanifvesisaes

d‘. . l=' Lo - L] J 3 . H .

waouly udganis19finsanioy13a1Iu (rise time) HALHINIAINIAL (fall time) V04
dyunszud [29] 501 di/dt

dndiaesaunsni ldlaslddninhimihindeundudygruliguiinnadnige
Yonsszisidingionszuaeive: hidoundurudnihfieenuuy Budnszuaezdoundy
nanfidufiuaudiiiae

HANSININTE0YDITYYIUTUNIUSUIHBDININANSEuaRT Ny U 1A
= - & w o — q' A 3 ] Y
Wsangun 5.22 Futhuiadyd@mdoumanyiifidanamniu « uazsianawias | 193

4

1o o o ° o

nawvuiazvawniy milaasuvesdygammsainnwdeadualad1d o dB/decade
a ¢ e P P 4 o
suawadyuvassl)oufsiinaud 11T die T Aennuniawad alail —20 dB/decade
" b4 " " .
Fudwdannun 1T Tdsudannud 17, uazalal 40 dB/decade M&IINAMNA 1/7t, &1
' 2 - | ' y “y ¥ v
FROMVUIEzIad ldhdunee imunsaldmsdsanadlld  vouwaanuduvesms
unsnszReneauy I 18u191nHa53uMe logarithmic Y04 transfer function ®1nASUYD4

A ¥ U o 4 =
nszua Fsnuansliiiuhimsumsnsznvesdygasunuideanvinnssue 1, vwilka

nnlugaennudgen
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a Vv o o o =
1) NMANUAIUNIU R, 100 €2, R ;100 Q s2AUY0IdYa s URNIMIAZMITYITY

Tumsadadiialduanslaogilii 7.22 uazgili 7.23

y
CHI=1V T CHz=10mV :  3Mdth
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Loss

Wi 7.22 urasiamsgidolumsaiagveadag Ms Tuaaes FSC dionnnsys-ywa inn'las
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NORM:200MS /s Sus /div

¥ (Sus /div)
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U7 7.40 uazgUi 7.41 urAsiagaannIvensiia Miller Effect 499 Vg, noumsly
7993 current-source A% current-sink 14474 turn-on LAY turn-off MNAIAL
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NORM:200MS /s 2us /div
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CHi=2v : : : : N i
oc 1 5 : : i
aT ©4.40us ,
VAT, G227.273k0z T e
I; ................................................................... ,: .................
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NORM:200MS /s Sus /div
J (Sus/div)
CHI=1V T CHz=1omV :  3Mah : ! :
Dc 111 : DC 11 : 1
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U7 7.48 52AUvRITYYIUTUNIU conducted EMI 112995 FSC 1da192995 current- source

LAY current-sink
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[ a o w .
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3.10 us 1.00 us 685.80 mW
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EMI and Switching Loss Reductions of a Full-Bridge PWM Converter for DC Motor Drive

8. Thanasana, A. Srisawang, Y. Premprancerach

Faculty of Engineering and Research Center for Communication and Information Technology
King Mongkut’s Institute of Technology Ladkrabang
Bangkok Thailand 10520
(Tel : +66 2-326998-9 ; FAX : +66 2-739219-9 ; Email : 53061508040 ac ih, | sanchanck@hoimail com )

Abstract: This paper presents a Five-Switch Converter (FSC) circuit that can operate like a full-bridge PWM converter for driving
the DC motor in bidirectional. One of the main advantages of this circuit is to reduce the on-off switching number of power
MOSFET. In stead of tumning on-off simultaneously two of the four power MOSFET’s in a switching period, this circuit operates
only one power MOSFET, while continuously lcaving another two on and the other two off in the switching period. Consequently,
the conducted EMI (Electromagnetic Interference) and switching loss producing from this circuit is greatly less than those of the full-
bridge PWM converter circuit. In additions, this circuit’s key parameters, the slope of Ips and Vpg waveform are analyzed to obtain
an acceptable compromise between the conducted EMI and switching loss. To achieve the high efficiency and low EMI noise, the
slope of Ips, Vips and Vs are controlled by the push-pull gate driver circuit with R, and R, for reduction of conducted EMI and
current source and sink circuits for reduction the switching loss during turn-on and turn-off interval respectively. The experimental
results of the EMI testing and switching loss measurement from this circuit confirm the validity of the proposed strategy.

Keywords; Electromagnetic interference (EMI) and control systems.

1. Introduction by the basic gate driver. It has advantages of cost saving and

Netoher 17-21 Chein Natinnal Taiv Tein Karea

A full-bridge PWM converter for DC motor drive is widely
used in various industrial applications such as speed and
motion control and robotic etc. The power MOSFET are
usually used as the power switching devices in such converter
circuit due to there are many more advantages than bipolar
junction transistor [1],(2] since it is capable of higher
operating frequency which the switching loss is lower and its
driver circuit is not complexity and lower dc power dissipation
due to its gate can be driven by voltage control. The full-
bridge PWM converter with respect to bipolar switching mode
operation must turns on-off simultaneously two of the four
power MOSFETs in a switching period. This action can
provide a four-quadrant speed control [3] of DC motor.
However the full-bridge PWM converter with bipolar
switching mode operation has three main difficulties. The first
is a blanking time [4],[5] is always introduced to avoid cross-
conduction and high current short through between top and
bottom switching devices of the same lag, it will lead to a
problem of reliability and the switching frequency is limited.
The second is the complexity of the driver circuits, which
must to have four sets for controlling the current to flow
bidirectional in the load. The last, there are a four power
switching devices to be switched in the switching period. The
number of such switching devices is directly proportional to
both the amount of emission of the conducted EMI and the
amounts of the switching loss are extremely high.

This paper presents a modifying of the full-bridge PWM
converter to improve the above difficulties to be a Five-Switch
Converter (FSC) circuit by adding one more switching device
of the power MOSFET at the low end of the circuit above
ground. This FSC circuit operates only one on-off new
additional switch while continually keeping another two on
and other two off in the switching period. The FSC circuit can
operate like the full-bridge PWM converter for driving the DC
motor in bidirectional speed control by using only one power
MOSFET to be switched in the switching period to control the
amplitude and the another two pairs to control the direction of
current. It is easily to change the direction of the current in the
FSC circuit by controlling the another two pairs of the
switching devices to alternates the state operation from on to
off or off to on. The FSC circuit operation can climinate the
need of the blanking time, and also reduce the both complexity
of the driver circuit and the number of switching times in the
switching period. As is the results the conducted EMI and the
switching loss are reduced. In additions, it has only one power
MOSFET to be on-off by the driver circuit in the FSC circuit
and the another two-pairs of switching devices can be driven

RR

convenience to improve the only one driver circuit by adding
the auxiliary circuit for controlling the switching waveform.
The slope of Ips and Vpg waveform of the power MOSFET
that are the key parameters of the FSC circuit must be
carcfully taken into consideration. To achieve the acceptable
compromise between the conducted EMI and the switching
loss, the push-pull gate driving circuit with Rgon and Ryoand
the current source and sink circuits are used to control slope of
Ips and Vpg respectively. So that during tumn-on and tum-off
interval, the reduction of the conducted EMI and the switching
loss can be accomplished in that order leading to low
conducted EMI and high efficiency. The experimental results
of the EMI testing and the switching loss measurement can
assure the validity of the proposed procedure.

Fig.l Full-bridge PWM converter circuit. Fig. 2 FSC circuit.

Fig.3 FSC circuit with push-pull gate driver, current-source and
current-sink circuits,
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2.  Conducted EMI and Switching Loss Reductions

2.1 The Operation of the Full-Bridge PWM Converter
and the FSC circuits

The operation of the full-bridge PWM converter is described
in the item I of Table 1 and its circuit is shown in Fig. 1. From
the Table 1, the switches in this circuit are operated in a pair
M1,M4 and M2M3. Duty cycle (to/(toniHtona)) is used to
determine the direction of the DC motor, if more than 50% the
DC motor will rotate in the CW direction but if less than 50%
the DC motor will rotate in the CCW direction. The time
interval after which M1, M4 tumned off and before which M2,
M3 tumed on is called the blanking time, this time is
introduced to avoid the possibility of both switches M1 and
M3 or M2 and M4 in a same arm is being on simultaneously
due to discharge of the parasitic capacitor [4],[5] of the power
MOSFET in the turn-off time which would destroy the power
supply and power MOSFETs. From operational of this circuit
there are three major disadvantages, the blanking time is
limitation frequency of circuit operation, the control circuit
parts are of complexity and become costly and the amount of
switching times in the switching period is high cause the high
level of the conducted EMI and the switching loss.

The operation of FSC circuit is described in the item 2 of
Table | and this circuit is shown in Fig. 2. The FSC circuit
operates only one M5 to control current of the DC motor.
Another M1 to M4 is used to control the direction of DC
motor if needed the CW direction M1 and M4 continue
holding on while M2 and M3 holding off for the positive
direction of current (Im) if the CCW direction is needed MI
and M4 keep holding off while M2 and M3 holding on for the
negative direction of current (-Im). FSC circuit can operate
like the full-bridge PWM converter to control speed of the DC
motor in bidirectional, it can eliminate the need for blanking
time and can also reduce both complexity of the driver circuit
and the amount of switching times in the switching period.

2.2 Key Parameter of the Conducted EMI

The power switching circuit is always having many
parameters which are effected to the conducted EMI such as
the switching rate, the amplitude of the voltage and current in
the circuit, the amount of the switching devices to be switched
in the switching period, their switching waveform and
parasitic parameters in the circuit etc. This paper investigates
two key parameters used to analysis and to improve the
conducted EMI and the switching loss of the FSC circuit,
these parameters are the amount of switching times in the
switching period and the slope of the Ips and Vpg waveforms
of the power MOSFET. In case of the conducted EMI, we
consider the source coming from the amount of switching
times in the switching period as well as the slope of Ipg and
Vps of switching waveform. If these two values can be
reduced, the conducted EMI will decrease. As shown in Table
1, the full-bridge PWM converter circuit has 4 switches and
they are operated in a pair (M1 and M4, M2 and M3) in one
on-off period. In case of the FSC circuit in item 2 it is
operated by only one switch (MS5) in one switching period.
The experimental result confirms that the FSC circuit
generates the lower conducted EMI than the full-bridge PWM
converter circuit as shown in Fig. 7. In case of the slope of Ipg
and Vg of the switching waveform can be controlled by R, of
the driver circuit, which shown in the equation (1) to (5) [5].
From these equations if the Ry, and Ry are adjusted to
higher value during the turn-on and turn-off interval resulted
the slope of Ipg and Vs decrease. Consequently the conducted
EMI is greatly improved. The waveform of Ips, Vps and Vgg
are shown in Fig. 4.

2.3 Switching Loss

Switching loss is the power loss during turn-on and turn-off of
the power MOSFET. The full-bridge PWM converter circuit
has 4 switches turning on-off in the switching period effected
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to high switching loss but the FSC circuit has only one on-off
switch, the switching loss is reduced about % times of the full-
bridge PWM converter. The switching loss is occurring during
the time of t,, t;, ty, t3, ty and t intervals as showing Fig. 4 the
rate of change of these time is the slope of Ips and Vs during
turn-on and turn-off interval. Switching loss individual
following of the power MOSFET can be calculated by the
equation (6) to (9)

b Vis 1"slppe Ve
I —_—
v‘ .Y A \:: ’}
Vi
LT .
s

Wy t.ta-*,h,. A, W,

Fig. 4 The waveforms of Ips, Vps and Vas.

[dlpslt)on = gm[Va~ Vi~ (Ip5/28m)} CissR yon
[dlpg/dt)oy = -gulVa= Vi Uos/28m)V/ CirsRgoy

i C
PR

0]
@

s slope
[dVpsldl) = iJCyy = 3)
i - 2™ slope
where

igon = (V= Vtitter) Rgon

Igag = (V= Visitier) Ryogr

)
)

where

Bm = Tranconductance of the power MOSFET

V4= Voltage gate supply

Vi = Threshold voltage

Vuitiee = Gate-Source voltage interval Miller effect

Ips = Turn-on current of the power MOSFET

Ciss = Input capacitance (addition between Gate-Drain
capacitance and Gate-Source capacitance)

C,q = Gate-Drain capacitance

Cry = Gate-Drain capacitance interval 1* slope

Cgar = Gate-Drain capacitance interval 2" slope

Pon = S*{[(172)(Vps)(Tps)(t,)]
+[((112)(Vps - Vpsi) + Vos:)(Ips)(15)]
+ [((12)(Vpsi - Vpsa) + Vosa)lps)(1:)]}
Pog =*{((122)(Vsr-Vps2) + Vos2)Ips)(13)]
+[((172)(Vps- Vpss) + Voss)Ips)(1.))
+[(12)(Vps) st} )]
where
Vbs2 = (Ips)(Rosen) (8)
Total of switching loss in individual power MOSFET is;
P= Pu + Poﬂ' (9)

(6)

where

= Switching frequency

Vps = Drain-Source voltage

Vs = The second comer of Vg voltage during turn-on
Vps2 = Vps voltage during turn-on of the power MOSFET
Vpsy = The second comner of Vpg voltage during turn-off

Ips = Tumn-on current of the power MOSFET

P =Total of the switching loss in individual power MOSFET

2.4 Push-Pull Gate Driver, Current-Source and
Current-Sink circuits

To improve the FSC circuit for decreasing the conducted EMI,
a push-pull gate driver circuit with separated and Ryor
paths is used. According to equation (1) and (2), dIps/dt can be
controlled by the gate resistance R, of the push-pull gate
driver circuit. The slope of Ips is low during turn-on and off
interval requiring high value of Ry, and Rgep, their effective
of lower the conducted EMI. When the R, and Rygy are
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adjusted to higher value results iy, and iz decreasing and the
slope of Vpg is also decreased which is satisfactory to equation
(3) and (4). Due to the both slopes of Ips and Vpg decreasing,
the switching loss will be proportionally increased.

This difficulty of the switching loss can be solved by
increasing the slope of Vps during the Miller effect [5] take
place without any change on the slope of Ips. Fig. 4 shows the
Miller effect intervals (t;+ t; and t3+ ;) which cffected from
the input capacitance of the power MOSFET and this interval
affects the slope of Vps. The reduction of Miller effect interval
during tumn-on is achieved by using current source supplies
gate current pulses at the beginning of the Miller effect. These
results in faster charge of the input capacitance these speeding
up the variation of the drain voltage. Similarly during turn-off,
current sink is used to faster release the charge of the input
capacitance, so that the Miller effect interval is reduced, but
the slope of Vpg increases. According to the increasing of the
dVps/dt during the turn-on and turn-off therefore switching
loss is greatly reduced but it does not prefer to affects the
conducted EMI as shown in Fig. 9. The improved FSC circuit
by adding the push-pull gate driver with separated Rg,, and
Ryorr paths and the auxiliary current circuit is shown in Fig. 3.

3 Experimental Results

There are four experimental circuits used to investigate the
effect of the conducted EMI and the switching loss. The full-
bridge PWM converter, the FSC circuit and improved FSC
circuit with push-pull gate driver and the auxiliary current
circuit as shown in Fig. 1, 2 and 3 respectively. For the
experiment each parameter of these four circuits such as
switching frequency, gate voltage control, voltage supply and
the RL load is set at the same value.

3.1 Conducted EMI Testing

Conducted EMI testing is conducted in the shield enclosure
according to CISPR 11 class A [6] which is the product
standard of ISM. We set up the EUT (the four circuits) for
measuring the conducted EMI by use utilizing the Line
Impedance Stabilization Network (LISN) as shown in Fig. 13.
The experimental results of the conducted EMI testing arc
shown in Fig. 6, 7, 8, and 9.

From Fig. 7 and 8, the results of the EMI testing are shown
that the FSC circuit generates the conducted EMI less than the
full-bridge PWM converter circuit, especially at the frequency
3.3 to 3.5 MHz the conducted EMI is over the limited line of
the quasi peak (QP). To improve the FSC circuit by driving
the switch M5 with the push-pull driver the Ry, and Ry are
setat § k0 and 1 k(2 respectively, With this improvement, the
conducted EMI is lower than the average (AVG) limited line
of CISPR 11 class A this results is shown in Fig. 8.

3.2 Switching Loss Measurement

The switching loss measurement of the above mentioned four
circuits is conducted by using the current probe and the digital
oscilloscope. The experimental results of the switching loss
are shown in Fig. 10, 11 and 12. The value of the switching
loss can be calculated as the following equation (6) to (9) and
the results can be tabulated as shown in Table 2. Fig. 10 shows
the switching loss of each power MOSFET of the full-bridge
PWM converter circuit, which is four times higher than the
FSC circuit with respect to the circuit's operation. The
switching loss of the FSC circuit with push-pull gate driver is
shown in Fig. 11, this is higher than Fig. 10 due to the slope
of Ips and Vps to be reduced. Fig. 12 shows the great
improvement of the switching loss of the FSC circuit by using
the current-source and sink circuit combined with the push-
pull gate driver for reducing the switching loss.

The details of the investigated effects of the improved FSC
circuit can be concluded, in Table 3 which shows that the
improved FSC circuit’s performance is high efficiency and
low conducted EMI.

R
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EUT ( Equipment Under Test)
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Fig. 5 Conducted EMI testing set up.
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Fig. 6 Conducted EMI of the full-bridge PWM converter circuit.
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Fig. 7 Conducted EMI of the FSC circuit.
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Fig.9 Conducted EMI of the FSC with push-pull gate driver circuit,
current-source and current-sink circuits,

Fig. 8 Conducted EMI of the FSC with push-pull gate driver circuits.
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Table 1. Operation mode of four quadrants motor drive.

International Conference on Control, Automation and Systems

Operation Mode Gate Pulse Control Motor Direction
Clockwise Counter clockwise
)] Full-bridge‘PWM ot ton) > ton Long <tong
converter circuit ——— ] t ty t 5]
]t.m; | tom MI,M4
MI1,M4 on M1,M4 off | M1,M4 on MI1,M4 off
|'m|toca| M2,M3 M2M3off | M2M3on | M2M3off | M2M3 on
—r .
(2) FSC circuit tt M1,M4 on : M2,M3 off M1,M4 off - M2,M3 on
T M5 on M5 off MS5 on MS off
This circuit operation can eliminate the blanking time, it can
e wn Vs perform in higher sw.itching fr;quency Ifl(li also to reduce th'r.
3 complexity of the driver circuit. In addition the FSC circuit
: with push-pull gate driver, current-source and current-sink
Ips: circuit is greatly reduced the conducted EMI and the
r—'_';——_"\ switching loss, this can be accomplished in that order leading
to high efficiency and the low EMI noise.
: Because of the characteristic of the power MOSFET which is
S\wilt':hing the voltage controlled device, it helps to solve the problem of
\ Loss the conducted EMI and the switching loss. It advantage is the

Fig. 10 Switching loss of & power MOSFET in the full-bridge PWM
converter and the FSC circuits.

B~ et v - vy

Fig. 11 Switching loss of the power MOSFET in the FSC with
push-pull gate driver circuits.

Fig. 12 Switching loss of the power MOSFET in the FSC with
push-pull gate driver, current-source and current-sink circuits.

4  Conclusion

The experimental results can be concluded that the amount of
switching times in the switching period is effected to the
occurrence of the conducted EMI and the switching loss. The
FSC circuit has smaller amount of switching time in the
switching period than the full-bridge PWM converter, there
fore the conducted EMI and the switching loss are reduced.

RaQ

capability to independently consider the slope of Ips and Vs,

Table 2. Switching loss.

Operation Mode Switching Loss(mW) | Reduction(%
(1) Full-bridge PWM MI1+M2+M3+M4 0
converter circuit = 115.560
(2) FSC circuit M5 = 29.375 74.58
(3) FSC with push-pull M5 = 95,562 17.31
gate driver circuits
(4) FSC with push-pull M5 = 36.542 68.38
gate driver and current
auxiliary circuits
Table 3. Efficiency and conducted EMI.
Operation mode Switching | Efficiency | Conducted
[Loss (mW) EMI
(1) Full-bridge PWM 115.560 | very low | very high
converter circuit
2) FSC circuit 29.375 very high|  high
(3) FSC with push-pull | 95.962 low very low
ate driver circuits
(4) FSC with push-pull | 36.542 high low
gate driver and current
auxiliary circuits
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Abstract

This paper presents a Five-Switch Converter (FSC) circuit
that can operate like a full-bridge PWM converter for driving the DC
motor in bidirection. One of the main advantages of this circuit is to
reduce the on-off switching number of power MOSFET. In stead of
tumning on-off simultaneously two of the four power MOSFET’s in a
switching period, this circuit operates only one on-off power
MOSFET, while continuously leaving another two on and the other
two off in switching period. Consequently, the switching loss and

conducted EMI (Electromagnetic Interference) producing from this

circuit is greatly less than those of the full-bridge PWM converter
circuit. In additions, this circuit's key parameters, the slope of I, and
Vs waveform of the power MOSFET are analyzed to obtain an
acceptable compromise between the conducted EMI and switching
loss. To achieve the high efficiency and low EMI noise, the slope of
Vs and ¢ are controlled by push-pull gate driving circuit with R,..
and R for reduction of conducted EMI and the current source and
sink circuits for reduction the switching loss during the turn-on and
turn-off respectively. The experimental results of the EMI testing and
the switching-loss measurement from this circuit confirm the validity

of the proposed strategy.

Keywords : Electromagnetic Interference (EMI)
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i 16 aindeneaiiianinaiaglulees FSC niounes 27 17 adndeaeaiifianinaingluaa FSC wiou199s current-

push-pull gate driver source, current-sink (0¥ push-pull gate driver

M9 1 MIMNUVINADLIIDT

2903 AT T— fiamamsmyuveanemes
AdRm MM
1. nesauiAeiiduudndu St t, >t t, <t
AOUNBINGS tont I tom I MIM4| t, t, t,
tom |ton2 M2M3| MI,Mdon | MIMdoff | MI,Mdon | MIM4 off
T M2M3 off | M2,M3 on M2M3off | M2,M3 on
2. 1993 FSC WiouA102393 t, t, M1,M4 on : M2,M3 off M1,M4 off : M2,M3 on
current-source, current-sink —|_|—l_ M35 t, t, t, t,
11z push-pull gate driver T M5 on MS off M5 on MS5 off

M99 2 AINTIA0ATVOIADZIING

23935 e (mW)
1. 05 auTReiguuANdunounomed M1+M2+M3+M4 = 115.560
2 N3 FSC M5 = 29.375
32393 FSC woudvna0s push-pull gate driver M5 = 95.562
4.2993 FSC W$01A202993 current-source, current-sink LA push-pull gate driver M5 = 39.687

M54 3 UszanSmnmnazdyamssuniu

2903 f Vs Duty cycle aintenenr | dszAnEam dynsunIu
(kHz) V) (%) (mW) (Conducted EMI)
1. 2995fauiAvReuBines 30 20 80 115.560 Very low Very high
2. 2393 FSC 30 20 60 29.375 Very high High
3. 2995 FSC wiaudao 30 20 60 95.562 Low Very Low

197 push-pull gate driver

4. 2995 FSC wiouda01995 30 20 60 39.687 High Low
current-source, current-sink

uaz push-pull gate driver

nsdszgdnimImainonssuTivh aisi 24 (BECON-24) mea. 22.23 WOrRNou 2544
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WIWAATTAVYOITYYIUTUNIU  UAZNIT  current-source 1AL
current-sink (unaaaindanen iliaaes Fsc flszansnmga
{uunzﬂs:ﬁuﬁﬂgtymmmm‘i1mn'h'msvl_au?ﬁ'uﬁﬁuuﬁ'nﬁu

UNTAIIY

5. faAnssulsznn
fAidouvoveuna quuual wiswinl uoznuemn
ywo  Gmnsvesguinanoundaiusilihuazdidnnseiing
(fme.) ﬁ'lfﬂﬁn'nui'wmﬁmﬂuuduﬁ'lummﬂﬁaurftgq;wu:u
N7 (Conducted EMI) AM1IATg1U CISPR 11 CLASS A voveunu
A6 nomsuinameus (me.) Filtfmﬁuﬂmuf;'lumsﬁmu’:ﬁ'ﬂﬁv
veveunu A3 uuniani yamyz w0z ewdging
ngAIMind ewsdilsziimindimnssussuuniugy  awe

- o o -t
wnssumaas  coniumaTuTagwszeoumndudgunmnisain

176

o o ] - .
nsztianngan1ioy curent probe uazIiAumziAeg il

g i #
Wonluiilinumuysainniu

19NI1561994
[1] Dennis F.Knurek, “Reducing EMI in Mode Power Supplies,”
Proceeding of the Conference INTELEC., 1988, pp. 441-420.

[2] A. Consoli, S. Musumeci, G. Oriti and A. Testa, “An Innovative
EMI Reduction Design Technique in Power Converters,” JEEE
Trans. on Electro. Compat., Vol. 38, No. 4, Nov. 1996, pp. 567-
575.

[3

Nt

NihalKularatna, Power Electronics Design Handbook., Newnes,
1998.

[4] G. Belverde, A. Galluzzo, M. Meliot, S. Musumeci and A. Raciti,
“Snubberless Voltage Sharing of Series-Connected Insulated-Gate
Devices by a Novel Gate Control Strategy,” IEEE Trans. on
Power Electro., Vol. 16, No.1, Jan, 2000, pp. 132-141.

[S] CISPR 11, “Industrial, Scientific and Medical (SIM) Radio-

Frequency Equipment,” Electromagnetic Disturbance

Characteristics Limits and Methods of Measurement., Edition 3.1.

1999.

Sanchanok Thanasana was born in Chanthaburi,

Thailand, on 1976. He received B. Eng.

(Telecommunication Engineering) degree from

of

Rajamangala’s  Institute Technology,
Thailand in 1999. He is presently a Master degree in Control
Engineering candidate at King Mongkut's Institute of Technology
Ladkrabang (KMITL). His research interest is in EMI reduction

technique in the switching circuit.

Yothin Prempraneerach was born in Nonthaburi,
Thailand on 1944. He received the B. Eng. (Hon.)
Institute  of

degree from  King Mongkut's

Technology Ladkrabang 1971, the M.S.E.E.

and D. Eng. degree from Nihon University, Tokyo, Japan, in 1974 and
1984 respectively.

He has been on the Faculties of Engineering of King
Mongkut’s Institute of Technology Ladkrabang from 1974 where he is
Associate Professor. His research activities include work in a solid-
state driver for DC motor control, application of a phase-lock loop and

EMI reduction technique in the switching circuits.

i - r -
midszpAnimimisimnssu v aaf 24 (EECON-24) men. 22-23 mgeimou 2544

870



177

MANUHIN V.

2vsnlynaaslullsunsau@euuyuises PSpice



178

=1l*

RWGI LWGI
0.1 ohm 0.2 uH
A i g G Teeee—
LISN 1
M1 IRFP 150N M2 IRFP 150N
R — R o
L gl 1 g2
wC
l 100ng 100 ohm =t L CgSOpF 100 ohm = 1 CafSOF
H | D1 = |D2
Vgl vgz
K, L
33 ohm 0.5 mH
Le, AN Y ]
34 nH
M3|IRFP 150N M4|IRFP 150N
R83 “ Rg4
Ry 3 Ce, 100 ohm = Co3 S0pF 100 ohm - Cga|SOPF
10kohm] = 3300 uF — D3 H Tpa
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1 0.03 ohm
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LN RWGZ LWGZ
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l M1 IRFP 150N M2 IRFP 150N
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M3|IRFP 150N M4|IRFP 150N
Rl:'3 ‘”_ Rg4 _= r
oLy, R, 2 C., 100 ohm 5 Coy SOPF 100 ohm - | CodSO0F
'-|_ 30 V 10 kohm =|= 3300 uF h— D3 — D4
v, v,
20 OI;C(;hm MS5 IRFP [150N
R % L]
100 ohm  [}3 Cas S0pF
L | D5
Vi,
Avd LISN 2 RWG2 LWGZ
0.1 ohm 0.2uH
4

2993 FSC MldmanesluTusunsu@oununaans PSpice [22]



180

MANUIN A.

Ly o d

aananIzuaaztsIaHvauNInBINem ez lalen
a d o o
Tuassyavu3aonazi9as FSC msunosan
mmsgaagluvazinssue

YBINT19N 7.1



NORM:100MS /s 10us /div

CHI=10mY

(10us/div)
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A s ' A - d a
3 A vu-giladuusedn v dn-gundunszue 1 vesadadiwinesueamin Mi

uaz M4 Tursesauiae
VU 200 mV/div

8149 0.2 A/did

NORM:200MS /s Sus/div

CHI=10mV

(Sus/div)

2 B vu-gilnduusedu vy, are-gundunszue 1, voelalen D2 uas D3 Tuasesyauide

YU 200 mV/div
A14 0.2 A/did
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h 1]
CHI=1(

DC 1
b
|

e S—. .

: o ' y a o ¢
W €. vu-gUnduusedy vy, an-gundunszue I, vesadndininesuedvin M1 uaz M4
12993 Fsc

VYU 20 mV/div
812 0.2 A/did

NORM:200MS /s Sus/div
(5us /div)

CHI=10[f[v : CH2=200mV :

WAL vu-gUnaduusedy vy dre-gundunszua 1, veslaTen D2 uag D3 Tuases FSC
VU 200 mV/div

814 0.2 A/did



NORM:200MS /s

Sus /div

Sus /div
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A o ' & a  d 4
W E . vu-gaduusedu v, dre-gundunszua 1, vesadasimnesueamin Ms uaes

EFSC

YU 200 mV/div
219 0.2 A/did
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