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ABSTRACT

In this thesis, the conducted electromagnetic interference (EMI) emission of an .
improving active-snubber-boost-converter is. analyzed. The proposed timimg diagram”
applying to an improving active-snubber-boost-converter is studied and investigated. The
average power efficiency of this improving active-snubber-boost-converter using auxiliary" -
inductor 5-pH 'is a slightly improved over its conventional boost converter. The
percentage of output voltage ripple (Avolvo) are -similar .on both .converters. The e
conducted EMI' emission  of the proposed circuit is. measured and-analyzed. It is =
illustrated that the proposed active snubber technique can reduce the high switching™™
di/dt rate, as well as the conducted EMI emission noise spectra generated from the hard-c:
switched counterpart.. The measured result of the presented active snubber boost:
converter shows the line to ground and the neutral to-ground conducted EMI emission..:
spectra can significantly-be improved at high frequency range over the hard-switched

operation.
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'3 1 2 3
(3.25)
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(The Lump-Ideal-Component (LIC) Switch Micro Signal Concept)
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(Internally controlled LIC switch: IC-LIC)
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(The Conventional Boost Converter with LIC Switch Model to Describe its

Conducted Emission)
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IRFP460 (LN9@2u -1)

e e
FAIRCHILD
SEMICONDUCTOR®

IRFP460C
500V N-Channel MOSFET

General Description

These N-Channel enhancement mode power field effect
transistors are produced wsing Farchild's propnetary,
planar stripe, DMOS technology

This advanced technology has been especially tallored 10
minimize on-slale resistance, provide superior switching
performance, and withstand high snergy pulse in 1he
avalanche and commulation mode. These devices are well
suited for high efficiency swilch mode power supplies and
power faclor corrections.

February 2002

Features

+ 20A, 500V, Rpg:coi = 0.240 @Vgs = 10V
+ Low gate charge ( typrcal 130nC}

« Low Crss ( lypical 60 pF)

Fast switching

» 100% avalanche lested

Improved dv/dt capability

D
G
TO-3P
GDS IRFP Sorles
S
Absolute Maximum Ratings 1. =25:cunkss onamse acted
Symbol Parameter IRFP460C Units
Viss Drain-Source Voltage 500 v
Ip Drain Current = Continuous (T = 25°C) 20 A
- Continuous (Tg =100°C) 125 A
Iem Drain Current - Pulsed iNow 1) 80 A
Vass Gate-Source Voltage + 30 v
Eas Single Pulsed Avalanche Energy ok 2) 1050 mJ
lar Avalanche Current (o 1), 20 A
Ear Repelitive Avalanche Energy (How 1) 235 mJ
dv/dt Peak Diode Recovery dv/dt Mok 3 4.5 Vins
Pp Power Dissipation (Tg = 257C) 235 W
- Derate above 25°C 188 W'
Ty. Tsta Operating and Storage Temperature Range -6510 +150 L]
T Maximum lead temperature for sollering purposes, &
L : 4 300 C
1/8" from case for 5 seconds
Thermal Characteristics
Symbol Parameter Typ Max Units
Rajc Thermal Resistance, Junction-to-Case - 0.53 ‘CW
oGS Thermal Resistance. Case-to-Sink 0.24 - ‘CW
Rea Thermal Resistance, Junction-to-Ambient - 40 W

S2002 F AT SHMICONTUCIA CCPINAIn

Rév. A FROnDY 2002

2097d4dl
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IRFP460 (U474 -2)

Electrical Characteristics 1. =25-c s omewise o
Symbol | Parameter | Test Conditions [Min | Typ | Max [ units
Off Characteristics
BVpss | Drain-Source Breakdown Voltage Vg =0V, I =250 pA 500 52 - v
ABVoss | Breakdown Vollage Temperature g 5 & -
. \T, | Cosfiicient Ig = 250 pA. Referenced 1o 25°C - 0.55 Vi*C
Ipes Vps =300 V. Vg =0V - 10 uA
53 Ve o Drai S

Zero Gale Voltage Drain Current Vpe =300V Tc=125C = — 06 7
ligse Gale-Body Leakage Current, Forward | Vizs =30V, Vpg =0V . _ 100 Y
NN Gale-Body Leakage Cument. Reverse | Vgg =-30 V. Vpe =0V 5 i 100 nA
On Characteristics
Vasim: | Gate Threshold Vollage Vps = Vae. Ip = 250 1A 20 4.0 v
Rpsin | Static Drain-Source — = ;

el el Vgs = 10V.Ip= 1004 02 | 024 I
OFs Forward Transconductance Vps =80V, Ig= 10.0A  aen - 18 = g
Dynamic Characteristics
Cise Input Capacitance V 25 Vieadov -- | 4590 | 8000 pF
Cosi Ouipul Capacitance ‘_951 B h H“; G¥ s = - 380 | 460 pF
Crag Reverse Transler Capacitance T\ = 60 80 pF
Switching Characteristics
Ly ans Turn-On Delay Time - 50 120 ns
Y Turn-On Rise Time Vop =250V, Ip=20 A, - 150 | 310 ns
[ Turn-Off Delay Time Rp=25Q - 380 770 ns
Y Turn-Of Fall Time Holo 4.5) | - 180 370 ns
Q, Total Gat - 130 170 nC

G otal Gate Chaige Vs £ 400V, 1 = 20 A,
o3 Gate-Source Charge Vi TON -- 20 - nC
Qg Gaie-Drain Charge & e 45 B nC
Drain-Source Diode Characteristics and Maximum Ratings
Is Maximum Continuous Drain-Source Diode Forvard Current - - 20 A
lsm Maximum Pulsed Drain-Source Oiede Fonvard Current 3 » 80 A
Vsp Drain-Source Diode Fonward Voltage | Vas =0V, ls=20 A = - 14 [
L Reverse Recovery Time Vag =0V, 15=20A, - | 480 - ns
Q. Reverse Recovery Charge dip /dt= 100 Alus (Hake 4) - 7.7 - ucC
Hotes:

1. Repatittze Raling © Pulse widlh linited by maxanum junchion tenpecahine
2.1 = 6.1, Iyg = 20A. Vpp = SV, Re = 25 (2, Strting Ty =25°C
315 i 20A. AUl % 200AYS. Vg % BVpss SLang Ty = 25°C
A, PUks Tost: Puls? wkRh = 200us, Duty eyclo 5 2%

5. Essenlialty ndepenadoni of operating tomparalum

02002 F akthild Semicontusion Corporation

Ry, A Fabruary 2002

209vd4dl

87



IRFP460 (U Nd2 -3)

Typical Characteristics
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MURS60 (L19491 -1)

[Eese e e |
FAIRCHILD
[ g Lo el |
SEMICONDUCTOR®

Data Sheet

8A, 400V - 600V Ultrafast Diodes

The MURE40, MURSG0. RURP840 and RURPBGO are low
torward vollage drop ultiratast recovary rectiliers (1, < 60ns).
They use a glass-passivated ion-implanted, apitaxial
construction,

These devices are intended for use as oulpul reclifiers and
liywhesl diodas in a variety of high-frequency pulse-widih
modulated swilching regulalers. Thalr low stored charge and
allendant last reverse-recovery behaviar minirmize electiical
noise generation and in many circuits markedly raduce the
lurn-on dissipation of the asseclated power switching
lransistors.

Formarly developmental typs TA09616.

MUR840, MUR860, RURP840, RURP860

January 2002

Features

« Ullratast with Soft Recovery. ... ........ coe. . 2B0NS
+ Oparating Temperature. .. .. ..........ooou.... 175°¢C
v Fovarse VOITAGE . . s vvcuvramemns vomemss s one e 600V

» Avalanche Enargy Raled

» Planar Construction

Applications
» Switching Power Supplies
+ Power Switching Circuils

= Goeneral Purpose

Ordering Information Packaging

PART NUMBER PACKAGE BRAND JEDEC TO-220AC

ANODE
MUR840 TO-220AC MURS40 CATHODE
RURP840 TO-220AC RURP840 CATHODE
MUR860 TO-220AC MUR#60 (FLANGE}
RURP860 TO-220AC RAURP#60
NOTE: When ordering. usa the enlire part number.
Symbol
K
A
Absolute Maximum Ratings T¢ = 25°C. Unless Otherwise Specied
MURS40 MURS60
RURP840 RURPB60 UNITS

Puak Repelitive Reverse Voltlage. .. .. ... .ot iiaienonn oo on e -ovs . YRRM 400 600 v
Working Peak Revarse VOIAGE © . . wu v v v vron e et e e i e s VRwn 400 600 A
DC Blocking VOllageh, M, . - @0 v 0o oo oo o - imms ranh NG f o YR 400 €00 v
Average Rectitied Forward Qument . (g oo oo v vvvve e T RA 8 8 A

(Tg = 155°C)
Repeliive Peak Surge Current ... ...... - . .QJ B SRR, - IFRM 16 16 A

{Square Wave, 20kHz)
Nonrepelitive Peak Surge CUITent. ... Wi, o« "8l s o vveennnnioioiianinn, IFsm 100 100 A

{Haltwave, 1 Phase, 60Hz)
Maximum Power Dissipation ... ........oo.ouee o iR e Pp 75 75 W
Avalanche Energy (See Figures 10 and 11) .. S EavL 20 20 mJ
Operating and Slorage Temperalure .. ..........o.oviiinianen Tt Ty 650175 6510 175 °C
Maximum Lead Temperature for Solkdering

Leads a1 0,063 in. (1.6mm) from case for 108 5 300 300 o°c

Package Body for 10s, see Tech Briel 334. .. .. .....oooiiiiiiiineiiiienen 260 260 °C

R0G2 Farchik Semiconduchy Corporation

MURE4D, MURS6D, RURFE40, RURP26 Pev. B
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MURSB0 (L19d91 -2)

MUR840, MUR860, RURP840, RURP860

Electrical Specifications T = 25°C, Unless Othenwise Specilied

MUR840, RURPB40 MUR860. RURP860

SYMBOL TEST CONDITION MIN TYP MAX MIN TYP MAX UNITS

Ve I = 8A - - 1.3 - . 1.5 v

Ig = 8A, Te = 150°C - 1.0 - 1.2 v

Ig VR = 400V . - 100 . - - WA

Vg = 600V - - - - 100 HA

VR = 400V, T, = 150°C - - 500 - . . WA

VR = 600V. T = 150°C - - - 500 nA

Iy Ig = 1A, dIpidl = 20045 . = 60 = - 60 ns

Ig = 8A. dip/dt = 200A8 - - 70 - - 70 ns

ty Ig = 8A, dipidl= 200A/u5 - 32 - 32 - ns

s IF = 8A, dIpidl = 200A/us - 21 - - 21 - ns

Qpp Ip = BA, dIpidl = 200Aips - 195 - . 195 . nC

Cy VR=10V.Ip=0A - 25 - - 25 - pF
Ruuc - - 2 - - 2 °cry

DEFINITIONS

Vg = Inslantaneous forward voltage (pw = 3008, [ = 2%)

Ip = Instantaneous reverse currant

I, = Revaise recovery lime (See Figure 9), summation ol 1, + 1,
15 = Time 10 reach peak reverse cutrent (See Figure 9.

Ip = Time fram peak Iy to projected zero crossing of Iy based on a sliaight line liom peak lpi through 25% of Igp (See Figure 9).

QRR = Revarse recovery chaige,
Cy = Junction Capacilance.
Ryye =Thermal resistance junction to case
pw = pulse widlh.
D = duty cvele.

Typical Performance Curves

40
]
<
E b i
= yar
o 777
& 777
& F iV
z 100°_of
& [ o]/
* 4 -
FF—F 257c
¥y J ¥y
0.5 I T 1
[} 0.5 1 1.5 2 25

Vg, FORWARD VOLTAGE (V)

FIGURE 1. FORWARD CURRENT vs FORWARD VOLTAGE

Ip. REVERSE CURRENT (A)

300 400 500 600

VR. REVERSE VOLTAGE (V)

FIGURE 2. REVERSE CURRENT vs REVERSE VOLTAGE

2002 FaichiM Ssemiconduske Coporation
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Uszqlwdnludaainan t-t, As
AQon e % '(’Li—a 't1—2) (A1.3)
Uszalwiludaanan t-t, Ae

AQDXB =0 (n1.4)

Uszqiiinludaanan tt, (t,) Aa

— 1/, ( _ ) ] .
Aag,, _A [’u—peak I i—min ) t3—4 +(’u—min rs—a) (A1.5)
0 /\
ILI
ILi-a /’&Hmn
: I
g o-avg
o IS
"\
vCo
IRo
ton toﬂ:
T,
.t b, t, 1,

g1l A-5 uanatlsy sa Wi WiNuRinsmaagnssalvifinaedlaleniniihinds
Uszalwiihsunsesdaanainisine 1 Auaaiiandlugiln a-5pe

AQDX - AQDXO' % AQDﬂ g AQDx2 L AQDXS % AQDX4 (A1.6)
Aq,, = % ’ ("u—min ’ tO—O')+ yz ' (’u—a gL )+
- / (( LJ—peak Lr min ) t3—4 )+ (ILi—min : t3—4 ) (A1.7)

Dd’ o J ﬂld‘ o 9/ [ ::' | e
ayuulinn it uganilal Raulaiali 1, = 1., AW £, = t,, unudsiouls

veansiiluannsi (a1.7) uazdngiannissialy azla
AQD:: = %'("Lr‘-—min "t )+%'(1Li—-min "t )+
et / (( U—peak LI--rnin ) ll3—-4 )+ (’Lr‘—min ’ t3—4 ) (m1.8)
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AQox = (’Lf—min t )+ % i ("Li—peak T3y )+ % ’ (’u—min tyy ) (1.9)

Anadnenlszqiiime Ag _Aq, ]

Dx—avg

AQDx—avg = % : (’Lf—min 't1—2)+

et %& ' (lLi—peak "ty )+ % ' (ILi—mEn ’ l'3—4) (m1.10)

- i o =1 ' = o - ° o a - I
welinisAunnuilulllaadns syuiudinszualusawileatimen 1, Sdash axls

T 1y = o WHATIMANN2(A1.10) AT
AQp, = % (), (A1.11)
A+ Y (:U_;mn B ol ) (A1.11)

: o 1 H 4 o (=3 1] | 4 1 o’ (=3
{Hesanusasiinianudsuulasisiafiulsyy winduaatszaliiasassiaiuleeg

a =l v ' =3 : L
Mlasuulay wissanAIANALY Tl AB

A
Av0 = QD*—H% (A1.13)

gt -5 ludasna tt, () agliAszalniame

3 1
— S
AVO - (ILi—min _!o—avg)' R (m1.14)
TS. Co
Vv 1—D.,
A = | i = | s (R1.15)
Ro Ts' 'Co
LV B I
Uit o) (A1.16)
L;
VoD ol %4 1—D
Ay, = -0, 7,) —{ = g (A1.17)
L R TG
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1 1 "
v, =V, B (A1.18)
(1_Ds') r
ft
Ds 'Ro toff
L
o r
v1—v0(1—Ds. P (A1.18.1)
Ds'Rotoff

WNANANNNST (A1.18.1) mluaumﬁ‘w A1.17) azlé

Avo = [i].(vo(‘l—Ds')'(‘l_}_—&—J'Ds'.-rs‘]_[i) .[1—Ds'j (m1.19)
LI Ds‘ 'Ro \ toff' Ro Ts‘ 'Co

i (A1.19) msdae vV Uddngilannisazla

VO
Ay, _ (1—03-),[1_1_ 5 J,Dsl 'Ts']'[“}_] (i) (A1.20)
\% Lf. Dy Ryt Ro Vet B
2 A
AVo - Dg. .(1_Ds') RN L, A" __1—D5__ (m1.21)
Vo vo.Li.Co Ds"Ro'toff‘ vo'Ts'.Co'Ro

AW ¢ = (1=D,) T,

2 V-
Av, _[py-(1-ny) -(1+ Ly ) _[_L_L] (1.22)
vo vo'Li'Cn Ds"(‘I_Ds‘).Ts"Ro vo'Ts"Co'Ro
Av. p.-(1-p.F 1—D_, )-L 1—D.,.
0o __s ( s) A ( s) r _ S (n1.23)
v, VL, -C V,*T.'L*C,*R, V,*T,C, R,
)
nie
2
D, -\1—D., T—=iB ) L 1=
AVO — S ( S ) + ( S ) | S (ﬂ1.24)
L,-C T.'L;*C,*R, T.'C,'R
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Conducted Emission Characteristic of Active
Snubber Boost Converter

C. Tantisukarom. V. Khan-ngern, and S. Nitta

Abstrucr—In this paper, the conducted emission charucteristics
of active snubber boost converter with proposed timing diagram
are comparcd with the conventional boost converter. It Is
theoretleally sald that soft switching techniques can reduce the
high switchlng #e4fr and 24l e, und as a result, it therefore
could reduce EMI nolse generated by bard switching, lowever,
with Increasing number of switching chememts, major rate of
change Is still Imposed on clther switches, the effectiveness of soft
switching technique from  presented  active  smubber  boost
converter to mitigate conducted emission is comsiderably limited.

Index Terms— Conducted Emission, Active Snubber,
Boost converter, Electromagnetic Compatibility

1. _INTRODUCTION

THE operation of e converter at high frequeney has risen
clectromagnetic interlerence TEMI) because ol their
switching action.  The rate ol change of voltage and current in
power electronies converter are the main sources of the
conducted emission. For the noise, its propagation mode is
cither by radiation or line conduction. There are two types of
conducied npises produced ons AC main, ditferentinl maode
(DM) and commwon mode (€M) noises. DM noise [Tows in and
out ol the eonverter cireuit through its main inpul power line
(hot and neutral lines). €M noise flows in the same direction
through its main input power lines with stray  capacitance
coupled 10 ground, In this paper. the conlueted emission
characiernistics ol aclive snubber boast converter are presented.
Boost converier is widely usad in many applications,
because of its simple power and  ground=referenee control
cireuit The conventional boost converter known as hard-
switched operation produces the high dvwide and dide. And
those are the major sources of conducted emission. Various
active snubber {soft-switching) technigues have been proposed
1o reduce the switching loss and the switching stress ol those
switches, 1t can evidently improve its power efficiency, aml
extend operating rnge in cerlain condition [3], Active snubber
ereales a zero voltage and or zero current conditions lor the
switches to turn on or ofl solily. So, the instantancous power
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0-7803-7235.6:01/510.00 22001 1EEE.

Josses can be eflectively reducsd The rate of change of
current and voltage is ol reducad due 10 soltsswitehed
conditions, 11 can reduce conducted coupling elfectiveness
Soft switching is then conceivable e reduce the EMI moise
eenerated by hard swiching [1].

1. MECHANISM OF CONDUCTED EMISSION { OUPLING

r

LM, H -
v.,q .y
Lo

I..H\J \
AR DM N s

Fig. | EMI sounces

Fig. | shows the ideal wavetorm of volage and current used
in the experinmental eircuit. There are 1wo major sources o rate
of change, volage and current. The physical layout and
interconnection of circuit are imherently related to the coupling
effect, There are 2 types of coupling, inductive and capacitive
coupling.

A, huductive Coupling (Differential Mode)

The DM noise current. L. in equivalent electrical cireuit is
shown in Fig.2, [4].
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Chassis Grouml

Fig.2 Differential mode current path

‘The eircuit interconnects and cables will cause imbalance in
impedance. Zxrv. in closed loop. Inductance calculalion is
depending on specific physical structure, [3[.]6]. The principle
of DM coupling is based on the didle. The induced vollage
across the inductor is given by



L =g
v=Lg

Where L isa closed Joop inductor

(h

From (1) the inductance L must be kept as low as
possible to minimize the voltage deift v, To achieve this, any
mterconnect realizimg high di%dr must e Kept as shornt as
possible Generally speaking, all interconnects are needed 10
heep o short as possible also.

Active snubber comes Trom snubber inductor, L, With
proper timing control, it s exploited o lmit didde in power
divnde turn ofF and auxiliary switch wm en (ZCS) 1t then
IMPrOves SISEON IMmunity in seme degrees.

B Cupacitive coupling (Common Mixle)

When the conpection between vireut and chassis groumnd is
implementad. the common mode current paths, Tews ] Jewze
[4]. are taken i place as shownin Fig 3,

Chassis

i :
i A
’ 4]
b ¥
|
AT 7§
! £
\ R

oy 1
IV 227 Y Uit \C 487

Chassis Ground

Fig.3 Commaxde imode current path

A capacitor is constructed Trom separated twa plates by a
small distance. [4] The capacitanee is equal WA d  where
@ is the permeability of free space (8833 ¢ i, 4 is the
area of plate ). and s the distance between the plates tm).
Consideration of node Ly and Ny with reference 1o chassis
cround will Torm capacitors, Cer 0d Cen.

The basic equation ol current low into capacitor is

ie=C (2
1t is 1o say that the piece of surface and ground experiencing
the dvale will form o copacitor. 1's wsually catled stmy or
parsitic capacitor. To minimize the effect of parasitic
capacitance, it is 1o keep the arca of plate as small as possible,
use low relative permenbility  material. amdbor increase
distance, d. Since the heat sink of switching element should be
grounded, relative permeability. @, . ol cleemical isolator
between switching body and heat sink must be carelully
selected to minimize parasitic capacitor.

The active snubber is designed to control the rate of change

in voltage of main power switch by ZV'S condition. With this

[

115

condition, winron loss is minimized 1t leads w0 the reduction
in the size of heat sink. The combination of low dwalr. low
relative permeability electrical as an isolator material, and
small in parasitie capacitor plate area forms the mitigation in
common mode conducted emission.

Lo
S

[llo

Ro

Fig.4 Boost conventer in¢luding parasitic ekements: (a) Conventional boast
converter, and (b) Proposed active snubber boost converter

Fig4 depicts the parmsitic elements for conventional amnd
propesed active snubber boost converter. which can be the
conducted emission. Lguex is a track or cable induclance.
barasitie. capailor, G which is fored between high diidt
md. Allof
them are dependent on frequency It con be realized that

pode and heat sink. will couple noise current 1o ere

changing in physical manner sich as wiring, interconnect, or
deviee placement. and electeical manner such as Jilterence in
semicondictor power raling. type. or packaging, will directly

cflect the conduciad emission performance.

111, EXPERIMENTAL CIRCUIT AND OPERATING CONDITION

Fig. 5 Active snubber boost conventer for experinwent



In onder o carry out the study o conducted emission
characteristics of active snubber Boost comverter. 200 wan
single phase of boost converter presented in [ 3] is constructed.

The rating of experimental circuit in Fig.3 are as Tollows
Vi 100N, Chr: 22,000 uF, Li: 470 ull, L 10wl Coz 940
uF. Ma: IRVNAHO, M1 IRUPA60. Do and Dr: MURSoGN. Fy
100 K1z 200 wat output) Uig 6 is the weal key wavetorm ol
the experimental vonverter. Fig 7 shows an example ol
mensurad vnes.

A medilication in contol cneuit diagram Tor ausibiar

switch deviated from [ 3] is proposed.
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Fig.7 Measared wavefonms of gates and inducior cureents, [X-axis:
5pts/ div)

Fig.7 shows the measured wavelorms of gate control. Ve,
Vigs, and of currents of boost inductor, frp and snubber
inductor. fg,. respectively. 10s in good agreement with analysis
wavelorm in Fig.6.

te
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Fig.3 Zero current. Ma. wwd Zero Vollage switch, M1, [x-axis: 5isfdiv |
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|
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10s clear i Fig X that ausalians switch, Ma, achieves zero

current turn on (ZCS) while main switch, W2 s enpoyad zere
voltage switch™s wrn-on conhition (VS In Figw power
Ipe. current wavelorms are

diode. Ipe. und snubber diode.

shown with 4y and Iy inductor currenis
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Fig 9 Examples of Key current waveforms, [x-axist 5;5“_111- ]

The experimental converter ix vomprised of 3 PCB s, which

are power. driver. and- base Trequeney units, They are
incorporated on an open ¢hussis pround plite. The proposad
control scheme. which is different from |3, improves low line
power elficiency by 4%, Proposed control diagram provides
better than 92% efficiency compared to 3870 of conventional

o b red power

With the proper analysis using averge vollage across
inductor over one swilching period is equal 1o zero, solage
cain of experimented active snubber boost converter is.

5 sl !
;,or.l'(] X5
— P, l-r

Ripple current in boost imductor [ 2] is then



l.’ 5
o, =--£[n,,(| -0+ ’_]
g k. 4

The Trequency characteristic ol the ripple current, £, (i) .
can be obiained by using Fourter series analvsis, as shown in
ey i)

el

=4, ?2.’\. cmlgﬂ)_ ]

(3
Where g, =, . A, = ’_’|("l‘ o, =argC, .amd
;. ‘ar’
N 4 cll—“‘T'.] .{u...r_
= et - LA Do . 4. NN
Ta a : ] 1
{6)

Which 4 = .ujg,;'%. r=t1 1 ITectve switching period,
I)’. Ellective turn on duty ratio, and f‘#. ==,

From eq4n snubber inductor Leis effective 1o the ripple
current. Certan limited usable mimge ol Lr can berealized lor
power system stability, 105 also elTective tothe reduetion of

condducted emission as well

IV, TEST SET UIP FOR THE COMPARISON BETWEEN A

CONVENTIONAL BOOST AND ACTIVE SNUBBER CONVERTER

Active snubber boost comverier is measured at 1irst Then
aclive snubber set 1s taken out Jor second measurement as
conventional boost converter. Layout of power ¢ircuil is the
same for both measurements. Snubber inductor Le is replaced
by the same size of wire. Snubber diode. Dr, and auxiliary
switch, M. wiring are taken out. However. M switch anl
heat sink are placed at the same location il the heat sink is

arounded as Dist measurement,

Ao Cirentt model of conducted envisxion measirement

P (S 1]
Troal valaga L Urdat Tosy
™ I
s [F=]
Crownd ;-
e R e e o AP
Lo v
Iobaree e Tolona
: Typeal 3. 10 9pocTum
] LN Analyser
i 509
A 1 o
[

Fig,10 Typical Line Impedance Stabilization Network (LISN) arangement

for conducted emission meastrement
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Line Impedance Stabilization Network (LISN) as shown in
Fig.10 it used 10 provide the constnt impedance 300 for
‘The
interested is mensured by connecting an EMI receiver o LISN

measurement  repeatabiliny. conducted  poise undder
30 ohms impedance terminal. Agilent ET401A ENIC Analyzer
is used as emission receiver and display - The experimental unit
under test chassis ground s connected 1o RE groud point of
ENCO 310 2 LISN. Receiver amd LISN are grounded 1o
Building ground. The load i 2 of 100 watts imeandescent kimp
The peak-hold mode 15 uwsed o measure [30KHz-30M Tz
conducted emission spectrum. This model of LISN is able o0
measure line o ground and neutrl e ground common mede
emission using selector switch

The measurement 13 then @rried out, in the EMC Labs of
King Mengkut's institute of Technology Ladkrabang. withom
enclostire and filter: With the limitation of LISN. this paper

will present CM conducted emission characteristics only.

B, CM Conducted Emission Characterixtic Investigation

VDS Ma
T2c0Vidv]

1D38 Ma
110AVidw]

Y DS ML
1700 Vidrv|

1D8 ML
1BAYsdiv]

Figg.11 Zevo curnent. Ma. and Zero Voltage switch, M1, [x-axis: 5 pis/div )

Fies is repeated as Fig. 11 o investigate EML al source
deseribed in section 11 In Fig.d 1 although soft swiching is
achivved in the experimental circuite there are points o be
considered. Despite it reduces switching loss and stress over
main switch M7 by ZVS vondition significantly: high dvadr is
still in place and shifted from M/ to auxiliary switch. Ma.
However, due 1o zero current turn on condition achieved at
Ma. its noise coupling 1o ground is considered to be lower
than itin hard switching. When M is wrned ofT. current from
boost inductor is kicked to load through snubber diede Dr.
Output voltage is realized, circled i Fig. 1 1. over Ma until Dr
stops conducting. Main swilch, M7 is enjoyed ZVS at lurn on.
It can reduce power-swilching turn on transient compared 1o
hard-switchad one. At e ol pericd. active snubber s
identical 10 conventional boost converter. All of these mean

that there may not be improved commen mode emission



performanee at low frequency. Because elfective wavelorm is
mostly  similar between the two exeept only  ransient
Regarding 1o that stress on switching devices are limited by
soft swilching condition, it could be predicted  that solt
switching techmque could mitigate conducted emission more

ellectn ely at high frequency

V' MEASUREMENT RESULT
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Fig. 12 CM spectrum of Line 1o Ground
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comerter die 1o more sensilive components o emission
included.

As described from mechanism of coupling, CM noise s
primarily coupled through parasitic capacitor from dvidr Sinee
the main switech M1 has much redueed i dide. measured
spectiums ol aclive snubber converter shows better result at
high freqguency.

Ninee the measurement s carned eut in the open aren of
KAMITT EMC Labs test table, the uneertamity of meastirement
is highly necessitatad 1© tke into account when regulation
precomplianee is considerad. FCCTSAC limit hine s Jesidad
inter both Tigures for relerence purpose only.

V] CONCLUSION

Conducted enussion characteristics o an active snubber
Bowost conveter are presented theoretically and experimentally.
Its coupling mechanism has been deseribal. Measured results
are shown that soft switching technigue can - elfectinely
mitieate conducted emission with certain comlition

Regarding to coupling mechanism, it is w be noted that the
depree of emission miligation depends on comverter topology.
detinl o soft swilching technique. physical winng livout,
semiconductor switeh-device iselll proper desizn, and so on,
Ihe solution developad successtully Tor u cireuit may not be
fully applised Foeanother one. For the interested cireuit, it has
1o be investigated by its own topalogy.

However, coupling mechanism presentad in this paper can
wenerally be applicd tor the design ofpoise reduction of power

electronies,
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Abstract

Conducted emusston of active snubber boost
converter at the design stage is presented. Simple
simulation lechnique including emission-coupling
element is proposed. Theoretical simulation result
for the EMI conducted enussion is verified by 130W
oc/dc active snubber boost converter.

Key Words: Conducted Emission, Active snubber,
Boost converter, Simulation Technique

1 Introduction

he conducted Electromagnetic Interference

(EMI) performance could be considered

adeguutely by considering the two domimani
causes, the ifferential mode (DM) noisc due to the
switching current (di/df) and the common mode
(CM) noise due to the change of switched voltage
(du/dt) [1). The comwmon mode and differcntial
moda noises are inherently related to the circuit
topology, device packaging and circuit layout {2,7).
In recent years, PSPICE, one of the powerful
software, 18 generally used for the circuit
simulation at the design stage. PSPICE simulation
equivalent  circuit including Line [Impedance
Stabilization Network (LISN) and parasitic
components of soft-switched boost power factor pre-
regulator are presented [6). However the limitation
when simulated single phase 3-wire for ac/de
converter 18 not mentioned.

In this paper, the simple simulation technigue is
proposed with defined parasitic data (3,4]. It could
be helpful at the design stage for the circuit
designer when accessing to the sophisticated
expensive equipment such as spectrum analyzor or
EMI receiver is of limit.

C. Tantisukarom's work was supporied by TRIO-TECH
(Bangkvk) Ca.Lsd, 327 Chalonghkrung Rd. Lamplathew,
Ladkrabang, Bangkok 10520, Thailand. Tel. 662 326 0847, Fax.
662 3261172, E-mail:chaiya@notech.com sg

2 Componcnt Modeling At High
Frequency

At high frequency. the parasitic element of the
component will dominate s effect more
significantly. The frequency responses of the major
components modeling over the conducted emission
range, 150 kHz to 30 MHz, is simulated to reveal
their components including parasitic element
practical rosponses.

2.1 Inductor Modeling

The inductance is defined as the ratio of the

total flux linknges to the current. which they hink
P
1

Refer to (1), the current  flowing in the Neturn
coi) produce the total © flux and N® flux hinkages
where the flux links each turn of lineor magnetic
media,

At high frequoncy, the current distribution in n
conductor tends to be concentrated near the
surface  [8). The mutunl inductance between
circuits 1 and 2, M12, an terms of mutual fux
linkages, is

n

M. =m‘.§.
12 ]l

Where ®:2 define the flux produced by 1 which
links the path of the filamentary current [z, and V2
is the number of turns in circuit 2. The wutual
inductance, therefore, depends upon the magnetic
interaction between two currents.

The large value of the inductor is obtained by
inserted the high relative permeability in the coil.
The high frequency response is greatly affected by
the added permeable core [9]. At high frequencies,
the core losses limit the maximum impedance aml
the turn to turn capacitance reduces the sell
resonant frequency. The ideal inductor model is
shown in Fig.1. The R. and Ca. are the eguivalent
series resistance and turn o turn capacitsnce
rospectively.

(2)

120
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a) by

Fig.1 Inductor model, a) Ideal model, and b) Computer
model.

Fig.2 shows the simulated result from PSPICE
for an inductor. The circuit using for the
simulation is shown in Fig.2 a). The simuluted
results are shown in Fig.2 b) for the ideal inductor.
Fig.2 ¢) is the simulated result of the inductor with
equivalent geries resistance {ESR) included. The
result of the practical inductor computer-model is
shown in Fig.2 d). It could be noted that Fig.2 h)
and ¢) provides nearly the same result.

Fig.2 Inductor model and its simulated frequency
responses, 1) simulation circuit, b) response of the ideal
inductor, £) response of the inductor with ESR, and d) the
response of the practical inductor model in a)

In Fig.2 d), it could be scen that when the
parasitic element is  included to the ideal
component, the frequency response at high
frequency is obviously changed.

The simulated induclor circuit is run by the ac
sweep function of PSPICE from 1 Hz to 30 MHz.
The ac source is 100 Vac. The inductor, ESR, and
EPC (equivalent parallel turn to turn capacitance)
are 800 pH, 0.25 2, and 180 pF respectively.

2.2 Capacitor Modeling

The capacitance of a portion of the infinite-plane
arrangement having a surface area S whose linear
dimensions is much greater than their separation
d, [8]. 18

C =~—8§ {3)
d

Where C is the designed capacitor, ¢ is the
permittivity of the diclectric between two plates
(F/m) and d is the distance between the plates (m).
The large plate area ia obtained in capacitors of
small physical dimensions by stacking smaller
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plates in 50- or 100-decker sandwiches, or by
rolling up foil plated separated by a flexable
dielectric [8]. The high frequency performance aof
the capacitor 1s greatly affected by the added
diclectric [9). At high frequency. the diclectric loss
incroases the ESR and hmits the minimum
impedance at resonance. The capacitor model 1s
shown in Fig.3. The R. and L. are the equivalent
series resistance and inductance respectively,

¢ R, L, G
___.._ia, o “’l'\;-'f“\';',\', s §—
a). b).

Fig.3 Capacitor medel, a) [deal model. nnd b) Computer
model.

The simulated capacitor circuit is run by the ac
sweep function of PSPICE from 1 Hz to 30 MHz
The ac source 1s 100 Vac. The capacitor, ESR. and
ESL are 0.47 pF, 0.35 Q, and 46 nH respectively.
From Fig. 4 ¢) and d). the responses are affected
significantly from the parasitic component at high
frequencies compared to the ideal component in
Fig. 4 a).

K | .
i o Ty — ~
£

A

e — -
f-i 1

a) b

c) d)

Fig4 Capacitor model and its simulated frequency
regponses, ) simulation circuit, b) response of the uleal
capneitor, ¢} response of the capacitor with ESR. and d)
the response of the practical capacitor model in a)

2.3 Control switch (MOSFET and Diode)

The simulated frequency response of MOSFET.
IRFP460 using as the main switch in the
experimental circwit 1§ presented in Fig.5.

—

s
3 i :
20 e E NFPE .
S 3
K
K T
a) b)

Fig.5 MOSFET: IRFP460 for simulation. a). and s
frequency response, b)

It is run by the oc sweep function of PSPICE
from 1 Hz to 30 MHz The ac source is 100 Vac.
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The R. and R¢r are 6 and 1k € respectively.
Comparing to the response of the ideal inductor
and capacitor, its response is quite similar to the
capacitor with ESR.

Fig.6 shows the simulation circust and frequency
response of DIODE: MURSGO. Fig.6 b) is the time
response of the nominal main frequency (50Hz). In
Fig.6 ¢), it shows the time response when the
source frequency is 1 MHz with the same
amplitude as in Fig.6 b). It could be seen that the
rectification capability of the diode is reduced. The
negaltive signal could flow through the diode. F1g.6
d) is the time response at 10 MHz. Fig.6 d) shows
that the rectification capability of the DIODE is no
longer valid.

Bl - . - .

1 ]
MUNAGY '
L ;
A R -/\__’
)« 1 i
N7 ‘ :
[ I P ™ AT

a) b)

s [
P
s

) d)

Fig 6 DIODE: MURBGY for simulation, a), its frequency
response nt 30Hz, I1MHz and 10MHz in b), ¢). and d)
respectively

3 The Source of the Conducted EMI

Fig.7 shows the typical arrangement for the
conducted emission measurement purpose. It is
scen clearly in Fig.7 that there arc three wires in
practical single-phase system. Unfortunately, most
of the design engincers start with an incomplete
equivalent circuit regarding to the conducted EMI
respect, conventional text books and materials on
clectronies exclude return currents completely, or
else assume that veturn paths have zero length
and zero impedance, [5).

N0
Bl o . - Untt Lnder Teat
’ i
tr o
LN
Crowrs =
s
o P d
i 4
P ——
T Barts :’_ &+ Taisas
1 > 3
1 At P To Specrum
! feron L..I.....p.
1 soll !
: L
o et s et

Fig.7 Typical conducted emissien moeasurement block
diagram and LISN.
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Therefore, thers are some ‘differences’ in the
impedance botween textbook and practical circuit
which reaponding to the rate of change of voltage,
parasitic capacitance, and of curreat, parasitic
inductance.

The LISN circuit and its terminal voltage, source
current, and 500 impedance curve frequency
response are shown in Fig.8 a) and b). Using the ac
sweep function to obtain the responso. 1t shows that
the simulated LISN is allowed the (EMI) frequency
range from 150 kHz to 30 MHz to pass 1w the
output better than 99.535% of those voltages
(considered as high pass filter).

200 G

‘gGirie Lurgent

]
|
!
A
!':14- 828R,  149.081 I
!

i voltare a1 50 ams |

i

! ;
H 1
1

04 Sermrore] - S S
1.00x b OM2Z 1.0 10
o YGRS 1Y) {B1I(US) o VIRS:T) / T{Us)

Frrquency

b)

Fig8 EMCO 3810/2 LISN circuit a) and its voltage-
[requency response b)

It is to be noted that the LISN arrangement
shows the resonance at the frequency of 6.3 kHz.

The physical layout and interconnection of the
cirenit directly impact to the coupling effectiveness.
There are two types of those couplings regarding to
the conducted emission. They are inductive
(differential mode) and capacitive (common mode)
couplings.

3.1 Inductive Coupling (Differential
Mode)

A change of current in one conductor will induce
a voltage in another through magnetic coupling [1].
The induced voltage, ¢, is given by
di
e=M— )
dt

Where M is the mutual inducur}ca between the
source and the induced conductors.
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The induced voltage across the close loop high
frequency inductor, v, is given by

di
T
> 0]

Where L is a closed loop inductor

3.2 Capacitive Coupling (Common
Mode)

Any surface experienced changing in voltage will
induce a current in the other surfaces through
capacitive coupling. The surfaces with a changing
voltage will have a capacitance to 'ground’. It could
therefore give rise to a current in it. This 18 a
conducted CM current that will return to its source
[5). The magnitude of the current, ic. is given by

C e (6
dt :

Where C is the coupling capacitance between the
source and the induced planes.

Fig.9 shows the typical ideal switching waveform
as emission sources, from the experimental cirenit.
In hard switching mode, the switching device
carries a full lead current during turn on and
sustains full voltage during turn off.

AP

wﬂﬂ Y

Ve M, -l of on

W/ AN Sk

1 R, DM Kore souce
Fig.9 Typical ideal waveform of experimental cireuit

The CM and DM noises can be generated
simultaneously. The soft switching technique could
mitigate the noise coupling effectiveness and lower
losses and stresses on devices. The detail of ils
operation and the conducted emission mitigation
can ba found in [7].

Fig.10 shows the example of the parasitic
elements for the experimental active snubber boost
converter. Lioo is a track or cable inductance. This
inductance may lead to the difference in voltage of
the desired signal. It is considered one of the
possible couplings and the cause of the DM noise.
The parasitic capacitor, Cp, which is formed
between high du/dt node and grounded heat sink,
may couple noise current to ground. All of them are
dependent on frequency. From this point of view, it
could be realized that the changing in physical
aspect such as wiring, interconnect, or device
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location, and eclectrical aspect nuch as a difference
in semiconductor power rating. type. or packaging.
can affect or change the conducted emission
performance.

Grewnd

Fig.10  Active booat converter including  parasitic
clements. [7)

4 Interconnect Model

Fig.11 shows the PWB layout of expenmental
power circuit, The double side PCB is used. The
botiom side is dedicated as the ground plane. The
topside is presumed the like of a surface mount
style to fix the camponents.

B MAIN i 5
g 1
&) |
I L
g LEese IE'

Fig. 11 PWB Layout of the power part of the experunenial
active snubber boost converter

The layout of tha PWB is ona the elements that
intrinsically define the EMI charactenstics. They
are not shown on the bill of material or circuit
diagram. Thoy are stray and parasitic elements,
[3].

As short and symmetrical as possible of the
PWB track i1s preferred. The inductance
caleulations of the various layeut structures conld
be found in [4].

5 Single Phase 3 Wire PSPICE
Simulation

Using the component high frequency mode!
described in previous section. the arrangement aof
simulation diagram including LISN could Iy
simply access.

The simple technique to include the third wire is
1o use two LISN, which will have one common
node. This common node is the theoretically ‘zero’
potential point of the balanced system. For the
practical one, there should have gradient
impedance between this common node and the
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equipment return path. The R, and L. are included
as elements to enable the simulation ‘not float’. Its
general arrangement is shown graphically in
Fig.12.

Live
LISN-L I
S Acitve Seubber
i —1 >{— Boaw Corvein
¢ \} A T fresens
\_] k' "‘)_
LISN-N
mCL_j‘

oty

"’V‘J‘.«“(V —e
R, L _%_

Fig.12 Set up of the active snubber boost converter for
simulation

In order to study the conducted emission of
active snubber boost converter at design stage,
150-watt single phase of boost converter [7), is
carried out.

e
o —
) i3 ‘gw o z
m = ‘.‘5‘:““ o
LISN ] ’
1 } o Fa
L~ 4]
% g TE n
iy
EN
Rocciver

Fig.13 Active anubber boost converter fur expenment

The rating of the experimental circunit in Fig.12
are as follows; Vin: 100V, Ci: 22,000 uF, Lz 470
uH. L. 10 uH, Co: 940 uF, Mo: IRF840, M1
IRFP460, Do and D-: MURBG0, Fr: 100 kHz, 150
walt output).

6 Test Set Up for the Conducted
Emission of Active Snubber Boost
Converter at Design Stage

The Line Tmpedance Stabilization Network
(LISN) as shown in Fig.8 is used to provide the
constant 602 impedance for the measurement
repeatability, The 50Q-impedance curve over the
conducted emission frequency range of the LISN is
shown in Fig.14. It is also shown the 10 and 20%
deviation curves. The impedance curve shown in
Fig.14 is considered constant over the range of 450
kHz to 30 MHz.
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Fig. 14 The 5002 impedance curve of EMCO 3812072 LISN
from simulation

The conducted noise under interested is
measured and displayed using Agilent E7401A
EMC Analvzer. The EMCO 3810/2 LISN is used as
standard 5002 impedance. The peak-hold mode is
used to measure 150 kHz - 30 MHz conducted
emigsion spectrum. The measurement 1s carried
out withoput enclosure and [ilter.

o '
10Uy

7 Analysis of the Simulation and
Measurement Results

Before the desired aimulated result is
determined, it could be possible to first 1un by the
ideal components. Then the parasitic over the

.component is included step by step at each

component. With this approach, the result will
show the differont result of the simulanon. Each
result will show the dominant frequencies over the
conducted emission spectrum range. [t could be
possible to diagnose the dominant frequency using
this parasitic step-by.step add-in approach. The
parasitic element at 10 MHz bandwidth is selected
to in¢lude in the simulation circuit. The simulnted
and measured results are shown in Fig.15 and 16.

The results are considered guite in  gooil
agreement between the simulated and measured
ones up to the selected frequency. At that higher
frequency, a number of different responses become
increasingly significant due to parasitic elements
are widely varied by the frequencies.

To study the response of the circuit part by part,
varying the parasitic element of a specific
component and fix all other components. will be
the one of the possible way to identify the source of
the conducted interference at the design stage.
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Fig.15 The simulated spectrum result of the conducted
omission at the LISN Line terminal
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Fig. 16 The experiment spectrum result of the conducted
emisgion at the LISN Line terminnl

8 Conclusion

This paper describes the fundamental of the
conducted emission coupling. The component
formations are presented theoretically to explain
the coupling of the desired and unintended signals.
In the present of the third wire in the single.phase
system, the conducted emission could be integrated
quite accurately at the design stage. Using the ac
sweep function of PSPICE program, the frequency
response of the components could be able to be
simulated for the understanding of their response
to the frequencies.

With the combination of the possible couplings
through the practical model of components, the
conducted emission of active snubber at design
stage is achieved. The frequency response could be
determined to any specific component by varying
its parasitic element while fixing others. With this
approach, the circuit portion, which may dominate
the interference, could be simulated and detected
obviously at the early design stage.

Using the presented technique of
theoretically coupling and simulation.

the
the

=
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conducted emission for other topologies of ac/ile or
de/de converters. could be investigated at the
design stage when accessing to the sophisticated
expensive equipment such as spectrum analyzer or
EMI recemver is of limat.
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Graduate School. Production System Engineering. Sakesian Polytechnic.
2-35-11 leusa Suginami. Tokyo. 167-0021. Japan.E-mail: mittaa ce.iatae jp

Abstract—In this paper., the Lump-Tdeal-Component
(LIC) switches concept is proposed. The micro level
signal using conventional ideal on-ofl switch is not
realized in the large or small signal analysis. With the
proposed switch concept. the micro skgnal can be
fundamentally derived at the switch. It leads to the
possibility to form the de-de converter micro signal
maodel of the conducted cemission analysls using the
proposed lump-ideal-component switches concept.

Index Terms..Conducted Emission, Boost converter.
Electromagnetic Compatibility. Modeling.

1. INTRODUCTION

HE conducted emission is Lypically o complex subject

in the circuit design. Most ot the eflective wayvs v
study the conducted enission_are ol the nvestigation by
experiment and  measurement - [1]0 16 s dilbicult 1o
understand how the micro level signal is really developed
mside the circuits, Researchers have tried - predict the
conducted  emission at the design stage [6)-[5]. Those
approaches are quite complicated. The purpose of this paper
15 10 introduce the Lump-Ideal-Component (LICYy swilch
micro signal concept to replace the conventienal ideal on-
olt switch in the conducted emission circuil analysis. It
leads o an easier and better understanding ol the behavior
ol the switch regarding the conducted emission aspect.

Typically, @ comventional sdeal  switch  bhas  zero
resistance during ON state and zero admittance during OFF
state, U switches between states in Zero time | 2], Therefore.
any high frequency micre level signal caused by the state
chunging of the conventional ideal swilch model could not
be properly seen in that circuit analysis. State changes ona
power  semicombuctor  device  produce  high  Irequency
disturbances with a high repetition rate [3]. This repetition
rales in the range from the mains (requency o [RwW lens
megahertz, These ranges of trequencies will not be properly
realized il the conventional ideal  on-off switch is
represented as the power semiconductor switeh in the
conducted emission analysis circuit purposed.

C. Tantisukarom’s work was supporied by TRIO-TECH (Bangkok)
Co.Lid, 327 Chalongkrung Rd., Lampluhew. Ladkrabang, Bangkok
105 20, Thailand. www.triskech.com.sg

Il EXTERNALLY AND INTERNALLY CONTROLLED | U'MP-
IDEAL-COMPONENT (1 1C) SWITCH MODELS

There are two tvpes of conventional wdeal controlled
switches. extemnally and mternally contrul. The external
control switch s the switch, which can be turned on or oft
actively, such as MOSFET, or 1GBT. While the internal
control switeh will be turned onor of1 i the passive manner
such as PIOBRE. The internal parameter of the mechanical
switch 1s varied depending on its structure. To represent the
gencral coneept Tor all kind ef switches, such as externally
o intemally controlled switches, the energyv-stored | ump-
Ideal-Component madels are proposed as shown in Fig. 1

In this paper. the extermally and internally LIC switch
mudels are propesed. They are mtentienally  used o
deseribe the behavior of the switches responding o the
conducted emission phenomena. In this paper, the N-
channel. MOSFET  and  silicon diode.. which are the
switching elements of the conventional boast circuil, will be
represented by the proposed. LIC switehes 1o analyze the
conducted emission characteristics of the boest circuit. The
externally controlled LIC switch model is operated by ideal
SWitches @y and By The switch ¢, is tumed on by the
riging edge ol the gate drive voliage. The voltage developed
ACTO8S Comy WITT TN ThS SWICH @y o1, The swilch b4, is
turned on when the current flowing - through  the Ly
increases and reaches the rated current. It will be tuirned oft!
by he Talling edge ol the gale drive voltage,

(a) ()]

Fig. 1. LIC switch models {a) externally (MOSFET), and (b) intemnally
{DIODE) controlled switch.

In the same manner, the ideal switches ag, and by
dominate the internally controlled LIC switch model. The
switch a,, is lurned on when the voltage is developed on it



and 15 more than its trn-on threshold voltage. t.e 0.7V Jor
silicon diode. It will be turned off when the veltage
developad across Gy, reaches the maximum: value. The
switch By, has two-pales, o normally open (NO)Y and @
nomually close (NCy switeh, The switch Ay, changes s
state when the current Nowing through Ly, reaches dls
maximum reverse reeovery current of the diede (/0. The
switch Dy, 18 resel o its normial position when the switch g,
Is wperaled agam.

A The Operation of the Externally Controlled LIC Switch

In Fig | an. the externally controlled LIC switch (BC-
LIC switchy needs o have a gate drve signal to tune iton or
ofl. The switeh ay, is turned on with the nisig edge of the
cate drive voltage o turn the TC-LIC switch on. The
current m the EC-1C switeh inereases imearly through the
L. inductor. The voltage across the EC-LIC swilch does
not change hecause ol the Cayy arrangement. When the
current passing through the £, reaches the rated value, the
SWileh B 18 lumed one The voltage across 1he. Caey then
starts discharging. as shown in Fig.3 ¢solid hne).

Towm the EC-LIC switch ot the swilch B, 15 turned
ol at the Falling edge of the gate drive volage: The voltage
across the EC-LIC swateh-lincarly increases. The EC-LIC
switch current gloes not change under the mtluence of the
L. When the voltage across the Cgp maches the rated
voltage, the switch a,, 18 lumed off. The current passing
through the 1., starts decreasing linearly 1o leakage current
of Crgrg-

B, The Operatton of the Internally Controlled LIC Switch

Te wm on the intermally controlled - LIC (JC-LIC)
switch, as shown in Fig.l by the switch g 18 lorned on
when the voltage developed over the [C-LIC switch is more
than the Ihreshold wm-on voltage. T0s 0.7 volt for silicon
diode, The 1C-LIC switeh current linearly inereases due to
the prepertics of the Liy inductor. The voltage drop over
the [C-LIC switch is kept to be constant (+0.7 volu by the
constant voltage souree DC as shown in Fig:l (b).

Applving the voltage across the 10-11C switch inverscly
ot it off. the 1C-LIC switch current decreases linearly.
When the current decrcases to zero, it will Keep a current
Mowing in a reverse direction until it reaches the maximum
reverse recovery currenl value. At this condition. the two-
poles switch by, is changed to its status. The constant C
voltage source is cut off. The Gy is charged 1o the reverse
voltage. The swilch @y is tumed ofi when the voltage
across Cy,, reaches steady state value

[1I. THE CONVENTIONAL BOOST CONVERTER USING LIC
SWITCH MODEL TO DESCRIBE ITS CONDUCTED EMISSION

Ao EC-LIC Switch Turn Off Peried

In Fig.2. the proposed L1C switch is used instead of the
general ideal on-ofl switch in the convention continuous
current mode boost converter. The key wavelorms of the
LC-LIC swilch, A, are shown in Fig.2
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ib) Commmon Mode

Fig.2 The conventional boost convenerusing proposed swilch concept for
the conducted EMI investigation of the differential mode i), and the
common moede 1b),

AUL g, the EC-LIC switeh M s starting o turn off
the falling edge of the gate drive voltage. The voltage
across swilch Moslowly increases. The  overshoot s
constdered as the elfect from the L; and Ceg.; combmation,
The switch ¢y Will be turned off when the voltage across
Cogroaches the rated vollage.

Attty the EC-LIC switch current is slarung v
decrease until it reaches 1o the minimum value at t = b,
During period §,, it generated the common mode emission
due to the dvadr across the EC-LIC switch, At §; interval. it
generates of the differential mode emission rrom the di4ir or
the EC-LIC switeh |3]-[5].

The 1C-LIC switch changes to the turn on slate. I0s
considered as development of he differential mode signal
from its Ly, component.

During the 8, peried in Fig.3. the EC-LIC swiich is in
the off state. The EC-LIC switch assumes no conducted
emission signals because there is no change in state both of
voltage and current.



B EC-LIC Switch Turn On Pertod

Lntering 8y, the switeh M is turned on by appling the
rising cdge of the gate drive voltage at 1 = 5. The switeh ey
is turned on while the swilch B is sull in the ol state. The
EC-LIC current inereases lincarly. The vollage across Coyy.
Vg I3 Kept to be constanl. For the 1C-LIC swilch, it is in
the reverse recovery period. The switeh ag, stll keeps
conducting state. The voltage developed over the [C-LIC
switeh £, 18 equal o 107 volt rom the conslant [XC
vollage source. When the current flowing  through Ly,
reaches 1S maximum reverse recovery current at £ - £, the
switeh Ay, changes s state. The current at this penod
Nowing through the EC-LIC switch A is the sum ol the
reverse recovery current of fi, and dpyy.

A”:ZI

e

B!

oy,

g[“ L4

'_’I

‘ns t!
i gt L nf'ur iy
i i

i
5]

1R 1 b g

b= k=«

Fig.3 The typical swikching sigmals at the extermally controlled switch of
the circuitin Fig. 2.

During period 85, at 1 = 4, the swilch g, is still
conducting, The current Nowing through the L., of the EC-
L1C switch reaches the circuit rated current. The switeh Doy
is tumed on. The voltage across Ciy. starts discharging with
negative slope dwidt until it reaches the mted conduction
voltage, Fosiong. 9t 7 = 5 [t generates the commoen mode
emission signal.

At the same interval, the switch by, of 1C-11C changes
its status. The constant DC voltage source 1s disconnected.
The Cyy stants charging. The veltage developed over the 1C-
LIC switch, Fp,. increases to the circuit reverse rated
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voltage. The switeh a, 15 0 the off state The current
passing through 1t s equal to the leakage current ol 1he Gy,

During period & the EC-LIC swieh s the
conduction  periodd. The switch Mo s generatmg ne

conducted  emission signals because both voltage and
curent are ideally assumed w be constant. As - shown
Fig.2, a common mode current flows through the parasitic
capacitanee between the hme and neutral o the ground. Fhe
ditferential mode current ows threugh parasiie mductanee
between hine and neutral. The conducted emissien signal
propagation  path - will - be mvestigated  using - lump
component concepl mn the next sechon

IV, THE CONDUCTED EMISSION SIGNAL PROPAGATION
PATH OF THE CONVENTIONAL BOOST CONVERTER

Fig.4 shows the conducted emission signal propagation
path ol the conventional boost converter at the externally
controlled switeh, My It can be divided mte two stages, ON
an’ OFF stage. In Digde itoas shown clearly as the
propagation. path o’ the commen mode and dilterential
modde signals:

A The Diflerential Mode Propagation Path

The dirterential mode path s shownn bigo 4 (a and
(b, During the switch My is turning en as shown i Fig4
)it represents the period & e Fig 3. The direction of
Tonkeny 18 shown. The mtemally controlled switch 1), s
conducted for a short while Trom by reverse recovery
characteristics.

When the switch M, is rned ol as shownoin Figd (b,
it's the period 8, as shown in Fig.3, The direction ol /pyam
is shown. The internally controlled switch Dy s conducted.

B, The Cotmmen Mode Propagation Path

The common mode path is shown e Fig, ey and o«

When the switch 3, 18 turned oncas shown in g, 4 (o),
it represents the periedd 85 as shown in Fig. 3 The voltage
from the parasitic capacitance discharges as o current
through the switch M, to ground. The direction ol the
CutTent feyyiony 18 shown.

In Fig. 4 (), the switch My is turned of 1 IUs the perid
&y as shown in I'ig. 3. Fhe parasitic capacitance is charged.
The direction of the charging ewnrent feagom 18 shown.

(a) Extemal control switch turn on period. (differential mode)



(d) Exieral control swilch tum off perind, (commeon mode)

Fig.4 The propagation path of the differential mode and the comman
mode signls

V. ONTHE USE OF THE PROPOSED LIC SWITCH MODEL
REGARDING TO THE BEHAVIORS OF THE CONDUCTED
I MISSION SIGNAL

The propesed Lump=ldeal-Component (LIC) switches
concept has been described in the previous section. The
propagation path ol the dilTerential mede and common
mode conducled emission signals are depicted graphically.
This section will investigate the use of the praposed model
regarding 1o the behaviers of the conducted  emission
signals.

Fig.5 shows a typical arrangement of the conducted
cmission signal measurement [1]. The disturbance signals
are measured normally at the 50€ teeminals. When Cy
capacitors, in Fig.5, are placed at the eutput terminal of the
unit under test, the measured signal with Cy at the output
will be considered higher. equal, ar lower than the measured
signal without Cy.
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Using the  proposad  Lump-Tdeal-Component (L1C)
switch model o explun the signal ow path s as [ollows:

T
LIS 2.

Fulckae Ut Ue "ot

Fig. 3 Typical Line Impedance Stabilization Network (LISN) arrangement
and the location of Cyyand Cy:

{b) Exiemally controlled swikch tum off period, icommon mose)

Fig.6 The propagation path of the common mede when placing Cyiaid
Cy:

I Fig:6 (), the switch M, is trned on. The conducted
current signal Nows through the Ly of the EC-LIC switch
model. It will be divided 1o Now through the parasitic
capacitance (Cpy) and Cyz. The resonant frequeney, without
Cyi and Cya, is delined as 1 . The lew is

.
£ 7 ]Lm(c,,

assumed W be a fixed value. The total capacitance when Cy

placed al the output of the unit under test increases because

the parasitic capacitance €, is in parallel with Cy. It can be

seen that the new resonant [Tequency. I .

£ _u-:hmw, #Cy)

will be Jower, This means that the low frequency behavior
of the conducted emission spectra will be reduced. The cut
off frequency ol the new resenant is lower than the resonant



without Cy. In this case. the high trequency behavior s
expected o be worse han the measured signal without Oy,

F: s mas s

-
¢
H
|
.-
|
e e sy Lon ey Jivy siss g
ia)
wvere

o

Crueri el s
R

g

[N

Swith Cy fillgr _ without Cy filters =

®)

Fig.7 The measured conducted emission spectra of the conventional boost
converter () without Cy, (b) with Cy and (¢) the comparison of’ (a) and
(b

In Fig.6 by, it represents the conducted emission
propagation path ol the boost converter wm off peried. The
conducted current signal Nows through the £L;, of the 1C-
L1C switch, It will be divided o flow through the parasitic
capacitanee C, and Cyy. The Ly of the internally controfled
switch is assumed to be a fixed value, The total capacitance
increases because the parasitic capacitanee G, is in parallel
with Cyy. The new resonant Irequency is lower and defined
by | . The Jow frequency behavior is

=5 (€, 7Ty

Jower. The high frequency’s components increase. The
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muasured results are shown in Fie. 7.
V1. LEXPERIMENTAL RESULTS

The deseripion and the operation of the proposed
Lump-tdeal-Component— (LICy - switch coneept - are
mvestigaled expenimentally i this section. The conducted
emission is measured over the 130W conventional boost
converter [ 1], The measured spectra are shown in Fig. 7 (.,
(b, and 40y, The measured spectrum of the comventienal
boost converter is shown in Fig.7 ). The comentional
boost converter installed with the Cy at the sutpul capacitor
1 measured and shown e Fig.? b Tig.7 (o) shows the
companson of [he two measured spectra. 11 is seen from
Fig.7 that the boost conventer with Cyoal ats output
capacitor, Fig.? (by shows a betlerconducted emission
perfommge at low [requency range over the e without
Cy Fig.7 ta). At the high Irequency range. the comyentional
boost converter with Cy generates higher level of condugted
emission signals.

g7 shows the results expected by the theoretical
mvestigation

Vi CONCLUSION

The Lump-ldeal-Compaonent (LIC) swilch concept 1s
proposed. It is Jdemanded o deseribe more clearly and
casily 1o understand the conducted enission micro level
signal analysis. The offect of the rising and Rlling time of
the practically  power  semiconductor  switch  can - be
developed under the proposed  LIC switch medel. The
development of the micro signal aver the LIC switeh model
can be used o explain the propagation  phenomena
systematically, “The experimental result shows i good
agreement with the qualitative analysis with the LIC swilch
mude] and the measured spectra.

This mode] is considerad to be uselul to provide a betler
understanding o the conducted signal phenpomena.
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Abstract— The efficiency improvement applied to the
minimum-external-component-count  active saubber boost
converter by a new timing diagram Is presented. The ZCS
condition is occurred over the auxiliary switch at the turn en
state. The main switch Is schieved the ZVS turn on condition.
The effectiveness of the propesed control-timing diagram soft-
switching active snubber boest converter Is verified
experimentally,

Index Terms— Active soubber, Boost converter, Soft-
Switching

1. INTRODUCTION

va research and development of the soft-switching

techniques have been presented in the literature and
some examples arc shown in [1]-[8). To achicve ZCS
condition, it usually places the snubber inductor in the circuit
10 control the di/dr. The snubber diode is used to discharge
the stored-energy of the snubber inductor. The capacitor
discharging process is normally amanged to occur over the
scemiconductor switch to achicve the ZVS condition. It is
implied that the active snubber circuit is usually found at
lcast three components, For instance, there arc at Jeast 4
snubber components for the developed snubber circuits as in
the references except in [1]. The circuit proposed in [1] is an
inleresting concept using the mmimum-component-count of
the active snubber. However, it could be implemented
effectively for the high power boost converter only, Iis
cfficiency is lower than the hard-switching scheme at the low
power of the low-line voltage. It shows the lower efficiency
over the interested low power range.

In this paper, the modified ¢ircuit and new control-timing
diagram are proposed. The placement of the main switch
and the auxiliary switch are modified. The circuit analysis
and its opcrating condition are presented. The effectiveness
of the proposed control-timing disgram soft-switching active
snubber boost converter is verified experimentally.

I, PROPOSED CIRCUIT AND OPERATING CONDITION

The proposed circuit is shown in Fig. 1. The dotted line

C. Tantisukarom’s work was supporied by TRIO-TECH (Banghkok)
Co.ld, 327 Chaloagkrung Rd, Lamplsthew, Ladkrabang, Bangkok
10520, Thailand. www.trictech.com.sg

0-7803-7262-X/02/510.00 © 2002 IEEE.
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shows the set of the active snubber added to the conventional
boost converter.
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Fig.1 ZCS-ZVS active snubber boost converter.

The operation modes and the ideal key waveforms arc
shown in Fig.2 (a)-(g). It differs from [1] by reamanging the
positions and the control orders of the zuxiliary M, and the
main M, switches. The auxiliary switch is tummed on before
turning on the main switch. To simplify the analysis, the
boost converter is assumed to be an ideal circuit and
operated in the coatinuous conduction current mode.
However the output capacitance (C,..) and the body diode of
the MOSFET switch, which are not shown in Fig.l, are
inclhuded into the operation analysis. As shown in Fig.2, four
operation modcs are included in one switching cycle.

Before 0, the current from the boost inductor /; flows to
the load through the snubber inductor L, and the boost power
diode D, The two power-switches M, and M), and the
snubber diode D, are in the off state,

Mode-1: Interval 0-1. The gate signal of the auxiliary
switch M, is applied to tun on the switch M,. Since the
curremt fy; is hanged up with the boost inductor and the
snubber inductor, the current between these inductors could
not be changed immediately. The current in the auxiliary
switch will ramp up from zero to the maximum value with
the slope of

G Ve

a L

'y

M

The current in the boost power diode Jpg and the current



in the snubber inductor Ji, will decreasc at the same rate as in
Eq.(1). The boost power diode D, will then stop conducting
softly. At this moment, the output capacitance of the
MOSFET switch M, (not shown) starts discharging through
the snubber inductor L,. When the capacitance is fully
discharged, the voltage across the switch becomes zero. The
current /i, will flow through the body diode (not shown) of
the switch M,. The gate signal of the main switch is applied
at this point of time to achieve the ZVS condition.

i
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(n). The presented circuit.
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(). Proposed control diagram,
Fig.2 Opcration modes and the analysis of the ideal key waveforms.

For the practical circuit, the gate signal of M, should be
applied before taking off the gate signal of M, (condition #1
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in Fig.2g) to guarantee the ZVS condition.

The critical delay time before applying the gate signal of
M, (condition ¥2 in Fig.2g) is to wait until the boost power
diode completely turns off.

Mode-2: Interval 1-2. Entermg this mode, the main
switch M, is already umed on. When the auxiliary switch is
turned off, the current from the boost inductor 1 is “kicked’
out to the load through the active snubber D, Since the
active snubber is conducted, the output voltage is appeared
over the auxiliary switch in this mode.

The snubber diode current Jp, then decreases under the
influence of the snubber inductor L, since thc main current is
conducting by the main switch M. It will stop conducting
softly.

Mode-3: Interval 2-3. The auxiliary switch M, is in the
off state. The main switch A4 is turncd on. It is an equivalent
to the energy boost stage in the boost inductor L, as similar to
the conventional boost circuit.

Mode-4: Tnterval 3-4. This mode is also considered as
equivalence 10 the free wheeling stage of the conventional
boost converter. At the end of this mode, it is 10 be noted that
the main switch M, is turncd off under the same stress as in
hard-switched circuit

It is assumed that L, and C, are Jarge enough o maintain
constant /;,, With the proper analysis using average voltage
across inductor over one switching peried is equal to zero,
voltage gain of experimented active snubber boost converter
18,

1 1 (2)
V, =V, —_
W2 L
1+ -
DR,

Where D, = = , and R, is the resistive load.
Iy
The current ripple of input inductor of boost circuit is then

A L
& —-tle A e D )b 3
Al LD, (1-0.)+ 3 3
M-'n.m}__ m:: +

;’ 3 T ¥ ! i .
saerd 0L W' & S0 .
k r 150
' ’ Rt
o i . P
b OLEY WA ::.:;.::”

(2) Awiliary switch, Jua, and boost inducior, A currents with gate signal
of the main switch for reference.
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(b) Main switch, Au1, and snubber inductor, Ji., curtents with gate signal of
the main switch for reference.
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(c) Boost diode, /py, and snubber diode, for, currents with gate signal of the
main swilck for reference.
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Fig. 3 Measured key waveforms,

The rating of the experimental circuit in Fig.l are as
follows; ¥p: 100 V, Ci: 22,000 vF, Z;: 470 uH, Z;: 10 uH,
C,: 940 uF, M,: IRF840, M,: IRFP460, D, and D,: MURE60,
F,: 100 kHz, 200 watt output),

Fig. 3 shows mcasurcd key current waveforms. It's
shown in good agreement of the analysis waveforms in Fig,
2(g). The efficiency of the 200 walt active saubber boost
converter is 92%. While the efficiency of the boost converter
without active snubber is 88% for low-linc voltage.

III. ANALYSIS OF SNUBBER DIODL SOFT TURN OFF

Fig. 4 Snubber diode conduction in Mode 3

439

134

It is to be noted that the soubber diode conducts a pan
of main current in Mode 3: (interval 3-3°, Fig.2g) free
wheeling mode of the boost converter. The criteria to force
the snubber diode, D, to stop conducting before the auxiliary
switch, M,, is tumecd on in the next cycle, the voltage
inequality in the shade area in Fig.4 will be as follows

V:., "’Vo, > V,,’ 3
Or
V. >Vp ~¥p, 4)

V5, and ¥p, arc assumed to be equal. It means that ¥,
must be induced to be positive in this mterval (3-3°, Fig.2g)
to force the snubber diode to be reverse biased and stopped
conducting its conducting current before the next cycle. To
achieve D, stop conducting softly, the voltage induced over
the snubber inductor is

di
Vs L, — (5)
"
The voltage induced over the boost inductor is
di
Vi =& — 6
L=t > Q)]

Since the current flows in the same conducting loop,
from Eq. (5)-(6), it yiclds

YuNE 0
YN

Equation (7) is used to determine the practical
component values for a specific designed active snubber
boost converter to achieve soft-switching condition for all
switches.
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(a) Current wavelorms of the experimental circuit when L = 10 pH.
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(a) Current waveforms of the experimental circuit when L; = 20 il
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(b) Current waveforms of the experimental circuit when L, = 10 H,
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{c) Current wanveforms of the experimental cireuit when Ly < 4.7 pH.
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(d) Current waveforms of the experimental ¢ircuit when a wire shurts L.
Fig. 4 Measured waveforms of various valucs of saubber inductor L,

Fig. 4 shows the measured waveform of the snubber
inductor for 20pH, 10pH, 4.7pH, and Oull respectively. It
can conclude from Fig.4 that when the snubber inductor is
lower, the current flow more in the snubber diode. From
Fig.4d, the two diodes are considered sharing the current.
Thc reverse recovery of the snubber diode is higher in Fig.4
since it is shortcd to ground when the auxiliary switch is
mmed on in the next cycle.

1V. CONCLUSION

The new control-timing diagram applied to the minimum-
external-component-count active snubber boost converter is
presented. The cfficicency improvement of the proposcd
control-timing diagram sofl-switching active snubber boost
converter is venfied experimentally. The soft turn off

condition over the snubber diode in the presented circuit can
be achieved with the proper sclection of the snubber
induetor.
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Paper

Conducted Emission Characteristics of an Active Snubber
Boost. Converter

Chaiya Tantisukarom”™ Non-member
Werachet Khanngern™ Non-membes
Life Member

Shuichi Nitta™

I this paper, the conducted emission characteristics of an active sinbber bonst converter with proposed
tiwing diagram are investiputed and compared with its conventional boest converter. It iy illustrated theo-
rotically and experiwentally that the soft switching technique can reduce the high swiching dv/de and difdr
rate, as well as the conducted emission noise spectra generared frow the hard-switehed counterpart cffectively.
‘The presented active snubber boost converter shows the line to ground and the neutzal o ground conducted
ernission spectrn sipnificantiy be improved at high lrequency range over the hard-switched vperation.

Keywords: Conducted Emission, Active Snnbber, Boust Converter, Soft Switching

1. Introduction

The operation of the de converter at high frequency
has raised the elect romagnetic noise intecference (EMI)
heranse of their switching action. For the noise. its prop-
agation made is cither by the radiution or koe condue-
tion. The rate of changes of the voltage and current
in power clectronics converters are the main sources of
the conducted emission 9. There are two types of
conduected emission noises produced on the main power
supply. They are the differential mode (DM) and com-
mon mode (CM) noises. The DM noise propagates in
and out of the converter circuit through its maiu in-
put power line. While the CM noise [lows in the same
direction through its main iuput power lines with the
stray capacitance couplad to the chassis ground refer-
ence plane. T this paper, the line to ground and the
neutral to ground conducted emission characteristics
of an active snubber hoost converter are presented.

The hoost converier is widely used in many applica-
tions beeanse of its shuple power and ground-reference
control cireuits.  The conventional boust converler,
which is known as a hard-switched operation, prodnees
high dv/di end difdt rates, Those rates will eause a high
switching Toss and stress over the power switeh. They
are alse perceived as the major sources of the conducted
emission signals. Various active snubber (soft-switching)
techniques for the boost eonverter bave heen proposed
in the literalure 1o reduce the switching loss and stresy
over the semiconductor power switches, They con evi-

tions and Informnation Technalogy, King Mongkut’s lostitute of
Technology Ladkcabang (KMITL}
Bangkok, ‘Thalland 10520, Phone/Fax: 662 T37-3000 Exi.
3322
** Graduite School, Production Systewr Engineering, Sslesion
Polytechnic
2-33-11, Tgusa Snginami, Tokyo, 167-0021, Jupan
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dently improve their power efficiencies. It also improves
andl extends the operating range . The active snub-
ber technique creates a zero voltage and/or zero current
condition over the switch. The switch is then vurned
on or off seftly. So, the instanianeous power losses oc-
curring av the switching transition conld effectively be
reduced. The rate of changes of current and vollage are
also reduced due to the soft-switched schemes. Beeause
the conducted emission signals are proportional to the
rate of change of voltage or current magnitndes, the low
rete of change therefore reduces the conducted emission
coupling efectiveness. The soft-switching techrique iy
then conceivable in the reduction of the condneted EMIE
noise generated by the hard switching operation®”.

The active snubber boost converter presented in
is observed to be the experimcental c¢ircuit for the con-
ducted emission characteristics study. 1t is of interest
from the excellent in a minimion mmmber of components
for the active smubber circuit. However, the voltage and
current stresses of the components of the cireuit in™
are reported similar to the conventional hard-switched
connterpart. The different control-timing dingram aud
its operating modes are proposed in this paper. With
the new conirol diagrun, the presented active sunbber
schieves the ZCS-ZVS condition. The conducted emis-
sion spectra; Line-to-Ground and Neutral-to-Ground, of
the presented active snubber converter arc then studied
and compared with its conventional cirenit.

The measured results show that the proposed soft
switching technique can effectively miligate the con-
ducted eniission over the high frequency range.

2. The Mechanism of the Conducted
Emission Coupling

[6}]

2.1 Inductive Coupling (Dilferential Mode:
DM)  The inductive coupling occurs from the close-
loop of  eurrent signal path. The power main DM noise



currenl, Ipay, in an electrical circuit is illnstrated in
Fig. 1'%,

In a close current loop of the single-pbase two-wire
system. che differential mode enrrent flows in, from one
of the power mmput line theough the cable, wire, and in-
terconnect represented by Zerp, to the load, Zooap. It

then flows out through the rest of the close intercon--

necting loop ZrTie to the other end of the puwer retirn
line. It will develop the dilferential mode voltage, Vpy
as shown in Fig. 1.

The ae resistanee of a copper wire
Lo (1),

is pgiven by

Roo = (02010 T + 026) - Rge -+ vveereeeee

Where d is the diameter of the wire (em), f is the
frequeney {Hz), and fly, is the de resistance (€23, It can
be scen from Eq. (1) that the ac resistance of a copper
wire generally used vy the inlerconnect varies with the
frequency.

The inductance (or self-inductance) L is detined 2 in
2. (2) a3 Lhe ratio of the total [ ® of the linear mag-
netic media linkages to the enrrent I' flowing in the V-
tnrn coil which they link, or

The magnetic Hux € is delined as in Bq. (3),

L [ 13- ds

Where B is the wagnetic lux dengity aud ds is any
dosignated closed arca. It i3 to be noted from Eq. (3)
that the inductance, Eq. {2}, depends on the physical
structure,

The impedance of o wire with o cicenlor cross section

at Ieast 15cm [rom 8 ground structure s given ™ by
Eq. (1).

4
L n.mz:(z;sos tog E) L

" ’4) Gl ()
Where s the lengeh of the wire {cm), dis the dinme-

ter (o), and g, 18 the relative permenbility. The induc-

tunce calenlation from other specific physical structures

WO g G [y gyt

=

!
I
I
)
I
’

S s BassGnd S S S

Fig. 1. Differential mode (DM) current path.
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could be valmably found more in
The prineiple of the DM coupling is then defined fun-

damentally on the di/de and the inductive reactanco.

The induced voltage across the inductor is given by

"
vy — L- (:—:)
1

Where, L is a closed loop indnctor.

The induced voltage ¢, produces the unwanted dif-
ferential mode signals. To minimize it, from Eq. (5], the
inductance Lonust be kept as low as possible. To achieve
this, auy interconnection thac realizes a high di/dc rate

must be kepr as short as possible.  In genernl. all in-
terconnects. printed wiring board [PWB] track, wiring.
and cabling are needed to keep as short as possible also.

The active snubber presented in this paper comes with
the spubber inductor, L. (as shown in Fig. 4). It is used
ro limit the di/dt rave fur the power-cliode an turn-oll and
the nuxilinry-switch at tire-on states. The latter vase
gencrates the zero enrrent switch {ZCS) rurn-on condi-
tion tor the auxiliary switch. From Eq. (5], the rednction
of the circuit difdt in the presence of the snubber indue-
tor L,. reduces the indueed voltage ny. Tt mitigates the
conducted emission.

2.2 Capacitive Coupling (Common Mode:
CM)  The capacitance of a portion of the infinite-
plane arrangement ™ having o surface area 8 whose lin-
car dimensions is much greater than the separation d. is
shown in Eq. (6).

Where (7 is the designed capacitor, £ is the permit-
tivity of the dielectric botween two plales (F/in) amd d
is the distance between the plates (m}. The common
maede noise is recognized in the presence of the earth
systern . Let consider the node Lg and Ny referred to
the chassis gronnd shown in Fig. 2, they may {orm Lhe
capacitors Cean and Copga, respectively.

The fandamental equation of the eurrent, which flows
into the capacitor, is

. de
i O (;E ............................. (7}
-..—---.’:t:.--.--b ----- -, l‘;
i Zex Y
| 1
1 1
1 i
: :
' 3 i 1 I
i Py Chassis i B
1] 1
| |
§ I o o
gl,...._._':'. < - N,
I ™ +—
§ o
] IJ_ = .
vl S bean
i gt W
’
“-_.-...._../i c
| S - vt

AN

S s SsssGoms LSS

Fig. 2. Commode mode current path.
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o
Source

o

S
S
Source

Ground

th) Kxperimnntal aciive snubber boost eonverter,
Fig. 3. Siruplified boost converter inclnding parasitic elements: (a) conventinnal booest converter and

{b) experimentsl active snubbar boost ronverter.

Fromn LEq. {6), a piece of surface respecting to the chas-
sis gronnd may form ueapacitor, [t then may couple o
current from the dv/dr rate represented by Eq. (71 to
the chassis ground. This capnacitor is usually ealled a
sty or pamgsitic capacitor. When the conncetion be
tween the circuit and chassis ground is implemente,
the common mode current., Teyg and fena, are taken in
place as shown in Fig. 2%,

‘I'v minimize the copacitive coupling effectiveness, it
is to keep the area of those plates forming a parasitic
capacitor as small as possible and/or increase the dis-
tance d. Since the heat sink should be grounded. the
relative permittivity €, of the electrical solatar placed
between the switching component package and the heal
sink must be carefully selected to minimize the parasitic
capacitance.

The pctive snubber circuit in this paper is designed
to control the rate of change of voltage at the switch-
ing transient. The Zero Voltage Switch (2VS) condision
is to bring down the voltage across the targeted power
switch to be nearly zero before it is turned on, Under the
ZVS interval, the turn-on switching loss is minimized.
The instantaneous power loss gencrated at the turn on
switching tronsition conld be obvieusly reduced. The
stress over the switch is also reduced to the minimum,
1t leads to the reduction of the required size of the heat
sink.

Fig.3 illustrates the parasitic elements such as Oy,

IS D, 123% 58, 2003 F
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Cpr as shown in dotted lines for the conventional in
Fig. 4(a). The parasitic elements of the presented active
anitbber boost converter is depicted in Fig. 3(b). 'f'hese
parasitic elements characterize the conducied rmission
coupling mechanis, The parositic element Lige, o0
the veturn patl in Fig. 3. represents a total intercon-
necting inductive reactance. The practieal inductor also
has the stray capeeitor, Cry, from its physical struc-
ture 4. The coramon mode parasitic capacitor, Cpy &
e which is formed botween the high dv/dl node and
the grounded heat sink, will couple the noise current to
the chasais gronnd. Al of the parasitic elements depenid
on the frequency. :

In conclusion, any chansing in the physical sspect such
as a wirlng, an interconnect, or a device placement, and
the electrien! aspect such as a difference in a semicon-
ductor power rating, type, or packaging, and the soft-
switched topalogy itsell will directly effeci the conducted
emisslon coupling performance.

The coutributions of the differential mode, Ipn, and
the common mode, [ous, current components to the
measured conducted emission spectra revisited In this
scction is depicted in the section 4, Fig. 8(b).

3. Experimental Circuit and Operating
Conditions

To carry ont the study of the conducted emission char-
acteristios of anactive snubber boost converter, the 200-

*
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Fig 4. Active suubber boost converter for experimert

watl single-phase de boost converter, in Fig. 4, with peo-
posed control timing diagram, Fig. 5(g), is constructed.

The ratings of the experimental circuitin Iig. 4-are as
follows:

Fin: 100V, Cin: 22,000 uF, Lyr ATGupll, Lo 10 uH,
Cor AT0pF, M, IRFS40, My: IRFP460, D, and D,:
MURS6G0, Switching [requency: 100 kHz, and 200-watt
nutput. \

The analysis of the proposed control-timing diagram
of the ZCS-ZVS active snubber boost converler shown
in Fig.5 is derived. The operation modes and the ideal
key waveforms are shown in Fig.ﬁ(n)-‘-(_g). The auxil-
iary switch M, is turned o before Lurning on the main
switeh My, To sunplily the analysis, the boost converter
will be pssumed to be an ideal cireuit and operated in
the continuony conduction enrrent mode. However the
output capacitance (Cp,,) and the body diode of the
MOSFIET switch, which are not shown in Fig. 5, will be
inclnded into the operation analysis. As shown in Fig. 5,
four operation modes are included in one switching cy-
cle.

Before 0, the current from the boost inductor [i;
flows to the load throngh the snubber inductor L. and
the boost power diode D,,. "The twa power-switches M,
and My, and the snubber dipde D, are in the off state.

Mode=1: Interval 0-1. The gate signal of the aux-
iliary switch M, is applied to turn on the switch M,
Since the enrrent [y is hanged up with the boost in-
ductor and the snubber inductor. the current belween
these induetors could not be changed immediately. The
current in the auxiliory switch will ramp up from zero
to the maximurn value with the slope of

disga _ Vo

T ® T NN O Qg (8)

The current in the boost power diode [p, and the
eurrent in the snubber inductor I, will decresse at the
same rate as in Eqg. (8). The boost power diode D, will
then stop conducting softly. At this moment, the out-
put capacitance of the MOSIET switch M (Fig. 4, not
shown) starts dischuarging through the snubber induetor
L. When the capacitance is fully discharged, the volt-
age across the switch becomes zero. The current f, will

flow throngh the body Jdiode (not shown) of the switch
Ay The gate signal of the main switch i applied at
this point of time to ackieve the turn-on ZVE condition.

For the practical circuit, the gate signal of My should
be applied before taking off the gate sipnal of M, (con-
dition #1 in Fig. 5) to guarantee the ZVS condition.

The critical delny time before applying the gote signal
of M {condition #2 in Fig. 5) is to wait until the boost
power-dinde, D, completely turns off.

Mode-2: Iaferval 1-2. Entering this inode, the main
switch M) is already turned on. When the auxiliary
switch is turned off, the current from the boost inductor
Iy is “kicked” out w the load through the active snub-
ber .. Since the active sncbber diode s conducted, the
output voltage is appeared over the awxdliary switch in
this mode.

The snubber diade current. Iy, then decreases vder
the influence of the snubber inductor Ly since the main
current is conducting by the main switch M, It wili
stop conducting softly.

Mode-3: Infervel 2-3. The asuxiliary switch M, is
in the ofl state. I'he main switch- M| is turned on. It
is an equivalent to the energy boost stage in the boost
inductor L; as similar to the conventional boost ciccuit.

Mode-4: [nternal $-4. This mode is also considered
a8 equivalenee to the free wheeling stage of the conven-
tional boost converter. At the end of this mode, it is to
be noted that the main switch Mg is turned off under
the some sivess ay in hard-switched eircuit.

Fig. 6 shows the measured waveforms of the gate con-
tral signals Voua. Vorn, and the currents of the hoost
inductor I, and the simbber inductor Ip., respectively.
It is in a good trend with the analysis proposed wave-
forms in Fig. 5.

In Fig. 7 the measured waveforms of the power diode
ewrrent Jpo, and the snubber diode current Ip, are
shown with the indnctor current waveforms Iy and Ty,
respectively. They are also in s good trend with the
analysis ones.

The experimental converter is comprised of 3 PCBs,
which are the power, the driver, and the base-frequency
units. They are incorpurated on the open chassis ground
plate. The proposed control-timing ciagram improves

510 IEEJ Trans. 1A, Vol.123, No.5, 2003
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\ G jn, in! Propoeed control diagram
l “-T iy ]' ’l‘ ? Fig,5.  Operation modes and she analysis of the
ideal key wavefonms.

(<} Bludes1.
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=5 i - CJ 1R tors currenty, eaxis: G ps/div].
l M L:ﬂu M L o N
v I ¥ <
Yan____ I ' (s ' . |
i) Mode-42. m,w,,)"’r_—_
i —!)'b{‘ Vi R 4 R i
7. 1 9
M Fio 2 o S E!),_ ¢
I e e
v, I h
e 1 &L,
) L VR -
i
Vo T ] &Y | fLr ,_T Wk * B
o) Mode-G. (10AAINY ;
"
£, b i i
ETTT i = Big. 7. Examples of key current waveforms,
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[ the low line power efficiency by 4%. The proposed
i) Mode-4 control-timing diagram provides the power efficiency

bester than 92% compared to 88% of the experimen-
tal converter without the active snubber circuit ab the
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same ratixd power.

Wich the proper algebraic analysis using that the aver-
age woltage across an inductor over one switching period
is equal to zero, the voltage gain of the experimented
active smubber boost converter, Appendix A, is shown

1 1

in Eq. (93,
( “}O+1_ﬁ_J
.U_.» fi’_,,fc.ﬂrr

A Tl e Ty (9)

I'be ripple current in the boost inductor ™ is then ex-
pressed by Eq. (10),
-md+m)

Vol
SR 5 K
(9o -0

[\
I'hie frequency characteristic of the ripple mirrent,
fe(1). ean be obtsined by using the Fourier series anal-
wais, Appendix B, as shown in Eq. {11},

I

AlL, -

) iad gD -
fr(£.|=A:!+§AnCUﬂ (_7‘..‘ i ‘Dll) """" (i”

Where Ay = Afp,, A& 2|0, ¢ = arg Cy, antl
Fip. (12) is obtained.

, al’ IR "(ll";)
Co= Alu | e | us.;(l IRy = _ !

Ta it a a
................ 21y
where, @ = j2nj, T = Effective switching perind, D,

= Effestive turn on duty ratio, and Lygrs= (1 = D) - T\

From Eq. (9), the spubber inductor L, cflects divectly
1o the ripple currens. It also effects to rhe frequency
characteristic of the ripple current (A7Fy,) shown in
2. (10}, (11}, and (12).

4. Test Set Up for the Comparison be-
tween the Proposed Active Snubber
and its Conventional Boost Converter

The presented active snubber boost converter is mea-
sured at first. Then, the ‘sctive snubber gsot’ is taken
ont for the second mensurement represented the conven-
tional boost conyerter, 'The layout of the testod cireuit
is the same for bhotli measurcments, "T'he snubber induc-
tor L 14 replaced by the same size of wire, The snubber
diode D, and the auxiliary switch M, are taken ouf.
Howewver, the switeh M, and its heat sink are placed
and grounded at the same location as in the first mea-
surernent,

4.1 Circuit Model of the Conducted Emission
Measurement  The Line Impedance Stabilization
Network (LISN) as shown in Fig.8(a) is used to pro-
vide firstly the specified impedance over the working ra-
dio frequencies range at the terminals of the unit under
test, It has to provide sufficient isolation the test cir-
cuit from spurious or unwanted ioterference signals on
the supply mains ™, It is used to couple the measur-
ing disturbance voltage to the EMI receiver, It also has
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Fig. 8. The conducted emission measurement.

to prevent the main voltage from being applied to the
measring roceiver.

The impedance of a LISN is the magnitude of the
impedance with respect to the reference estth measured
at an equipment terminal when the corresponding dis-
turbance output terminal is tesminated with 50 Q.

Fig. 5(b) illustrales the contributions of the differen-
tial mode; Ipp, and the common mode. fayx, corrent
components described in the section 2, on the measured
condueted emission siguals vver the conspleted LISN ar-
rangement 4%, From Fig.8(b), the differential more
current flows down through one 3062 resistor and up
through the other one. The commen mode currents flow
down thongh both 50 €2 resistors, The contributions due
to each current add in the V) ¢ and subtract in the V..
IF the DN and the OM corrents are of the same mag-
nitucle, the Line ;o Ground and the Neuiral to Ground
speetra will not be the same.

The Agilent E7401A EMC Analyzer is used as the
emission receiver and display. The experimental unit
under test chassis ground is connected to the RF ground
point. of the EMCO 3810/2 LISN. The Receiver and the
LISN are grounded to the building earth. ‘T'he load is
the 2 pieces of 100 watts incandescent lamps. The peak- -
hold mnde of the EMI receiver is selected to mensure the
0.15-30 Mz conducted emission spectrum. This model
of LISN is able to measure the line to ground and the

1EEJ Trans. 1A, Voi, 123, No.5, 2003
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neneral to ground condncted emission using a selector
rwitch.

The measurement is chen carried out, in the EMC
Labs of the King Mongkut's institute of "Technology
Tadkrabang, without enclosure and filter. This paper
presents the Line to Ground and the Neutral to Ground
condneted emission characteristics measured [rom the
experimental circuit in section 3.

5. The Conducted Emission Characteris-
tics Investigation

Tl messured waveforms of the current and voltage of
the main. My . ond the auxiliavy, M, switches of the ex-

perimented active snubber hoost converter are shown in

Fig.0. The soft switching conditions over the switches
are depicted in Fig. 9. The ZCS condition is achieved

over The anxilinry switch, M, a1 turn on while the ain
switch, M. is turned on at the ZVS coudicion.

It could be noted that the kigh dv/d: as turm on state
takes place in the operation over the auxiliary switch,
M, as shown by Lhe waveform¥pg ae in Pige 8. The
auxiliary switch M, achieves the ZCS condition at turn
on. The switch is modeled comprised of the R-1-C ¢l
ement. for the high frequency as the lnmped ideal com-
ponent (LIC) switch . The noise deveioped over the
I, element of the switch is limited, (difdt is lmited} un-
der the ZOS condition. The voltage change developerd
aver the stray capacitor should be considercd less than
the unlimited di/di. T noise eoupling ctlecliveness to
pround under ZCS vondition s considered lower than
the one in the hard switching mode.

When the anxiliary switeh M, is murned off, the cur-
rent from the hoost induetor, L. is kicked to the load
through the snubber diode, D, The outpul voltage Is
realized (vireled in Fig. 9—0peration Mode-2), aver the
switeh A, until the muxilinry diode D, stops condueting.
This voltage stress over the auxiliary switeh is consid-
ered to exceed thar one in the conventional boost con-
verter.

From the voltage, Vps wiy. and the current /ps yn
waveforms of the main switeh My, in Tig. 9, they show

v, 'i
DY My
ooV L

-
LD:‘.\ll

(200V2div)

][)S M.

(10A/div)

Fig. 9. Zero Cwrent M,, and Zero Voltage M,
Switches, x-uxis: 5us/div].
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the ZVS condition at turn on achievement ol the pro-
posed controktiming dingrun. 1t is seen ot the Z2VS
condition in Fig.9 thal the turn on voltage tronsient
of the main switch is significontly rednced nearly to be
zero, At the free wheeling interval, the experiz ol 2w
tive smihber boost converter is considered 1o L identieal
to the conventional boost converter.

The voltage transient conditions investigated sbove
may be couciuded that the conducted cinbsion perfor-
mance at a low frequency range compared the proposed
active stubber with its conventional counterpart will
iostly show the same result. Because the effective de-
sired wareforms are considered to ve similar between the
wwo eonverters, exeept only the trausients. The voltage
transient stresses on switching devices are linited by the
proposed soft-switched operation. 1t conld be conchuded
thut the proposed soft switching teclmigue conld miti-
gate the conducted enission more effectively over the
high frequency range. The result of the investigation
will be examined experimentally.

6. Measurement Results

Measured apectra are shewn iu Fig, 10 and 11 for the
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conducted emission frotit the Line-to-Ground and the
Neutral-to-Ground, respectively. In those Figutes, the
spectra are compsred the active snubber with the coni-
ventional boost converters, As investigated in section 5,
the measured results show similar spectra as the low fre-
quency bandwidth. Under a certain circumstance, the
active snubber noise performance may be worse than the
couventional boost converter, This is due to more cireuit
components sensitive wo the condueted emission coupling
are included. They could forin other self-resonance fre-
quencies over Lhe original circuit components.

Since the mnin switch My has much reduced in the
dv/du rate, Lhe measured spectra of the proposed active
stubber converter show better resnlt than its conven-
tional boodt converter ar the high frequency range.

The measurement is carried out in the open area of
the KMITL EMC Labs test-table. ‘The uncertainty of
the measurement. is necessitaled Lo take into account
when the regulation pre-compliance is in consideration.
The FCCI5 AC litit line is loaded into both figures for
the reference purpose only. The noise floor is measured
when the main power supply is turned off.

7. Conclusion

The conducted emission characteristics of a ZCS-ZVS
ackive snubber boost converter are presented and inves-
tigated experimentally. Its coupling mechanisin funda-
mentals are deseribed. The measured resules show that
the proposed soft switching technique can effecrively
mitigate the conducted emission over the high frequency
range,

The degree of the conducted omission mitigation di-
rectly depends on the converter topology, the detail of
the applicd soft-switching technique, the physical wiring
and layout, the semiconductor switch device itsell, the
proper circuit design, and all of the electromagnetie re-
lated elements. It could be notified that the solution
developed successiully lor a circuit, might not be fully
applied to the other ones, For the interested cireuit, it
has to be investigated by ity own topology anc design.

The fundamental of the conducted electromagnetic
conpling mechanism, which substantially presented in
this paper, can generslly be applied to the conducted
noise reduction knowledge of the high . switching fro-
quency power electronics circuits.

{(Manuscript received March 22, 2002,

revised Oct. 28, 2002)
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Appendix

Appendix A

Voltage gain of the proposcd active snubber buost con-
verter cireuit.

The average voltage in wne switching cyele is zero,
then [rom app. Fig. 1,

Viloy | (Vi = Vo)t & (Vi =V, )
(VAR bl egYSe 0 oo R R (A1)

—

the timing diagram
usedl to derive the vollage gain.
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Vitm + Vitya = Volyz = Votay ++ Vidos — Vicdas

FVitag — Viatas Vilge = 0-ceeeieennnn (A2)
Viftor + bz ¢ tag o+ 1ag) = Vi (tan + t34)

mp; [fI'J‘i"tlﬁ.) P | R R (‘.\3)
Va(lye + tga) = Vi (tay + Lz — tas + taa)

=T P e (AL

At stendy state, the average voltage across Lrin one
switching cyele is zera. Then V=0, Eq. (Ad) will be as
follows

; Ly
=V o
(tr2 + tog)
e {lpy -+ by = bay o+ ba), and toge = tay

Vo

r =l -
Assume 1)y - “, ¥ then Dy = L
i .

b = —r-"L;'— replaced in Eq. {AD) pets

) I [
V.= W R LI T N (AT)
(1 — Dy} {fiatop) .
; 1 1
V= V) et AY)
(1 —= Dl ( fia, 4 l) ()
o !
I'o {ind out the value of {j»
: tig, L
L’;_,_=l'.,.(“", Afypen ‘r'Ah I Lg Ay L)av.
dt Vi, ' & '
ATg,
A S P 16X T A e (
I, D, (.-\J)
L. AR,
At ! Re gVrcaemel: 3 Sl 4.
ERE Y (AL

Replace Vi, =V, and Aly, = 3 = Ig, i Bq.(A10)

T ¥ 1 Y oy !
Il —e N S & LY
Al foo 17, R (8[|, FC, Fiid

Then replace t17 into Eq. (A8) yields

L 1
V, =¥ ——
ll\]' [)."J (

02 Rl
)

The current ripple of the input inductor far the con-
ventional boost eircnit is

Assume that the current ripple cansed by [g.- is neg-
ligible compared to [y, replace Vo from Tg. (A12) inko
Eq. (A13) gets the current ripple of the proposed cireuit

V., by )
R,

Ly

Al = (us, (L= D) 5 oo

Appendix B
The frequency characteristic of the sipple current,

Je(t
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In order Lo maintain the equality of the phases at the
positive frequencies between the compiex anwd real rep-

resentaiions, a cosinsoidal expansion

e Inrt
f{f) = ;’]u -4 Z f'\,, cus ( ,:;,

=1

of the real Fourier series is the frevaency adopued as an
alternative to the sinusoidal series expaasion.
Tke phase angle is defined as

k ik ;
Si () = - oor cos{d) = — == oo (ALG)
An ‘4"‘
where Ap = \.ffl'_rh_?, + 1)
Jell) - kytay = kolyo = katan — kydag-oooee [A17)

Where 0 < tgy < By oty < tye < da f oy S by, and
ty Ty < L.

3 -
R, Ty = o Y ky = Sgbe and ky w
Vo=V, . — . . ” » .
i, (using the variable from Fig.5 in the pa-
per).

At steady state, it coulé be assumed that, V5, « V.,
and L.< L, Theu

2

fd) — Ag + ;; Ancos (-r;”'

Where ;-3.‘, A, A — 2:CRL o0
G Rl /e

The boundary of the first point to eater the ZVS con-
dition is subject to a load current, It is assnmed that
lg) = (12 for the simplicity of the aualysis as shown in
app. Fig. 2.

The solution of the ), is then

arg (2, and

tz

o —3anry i mydnst
11( e Pt ] S0 F
it} [N

4 —pEnwn f4 A jinme
.+f Fte 7 df.-/ (e 'dt)
g Ay
{A19)
kg,

(6 %

To solve for Oy el fay = tig== Do, ky = ky, by
thien ‘

A | ] ]
A1!.1:: Pk ; H
L. A i i
L 0--i-i.i ......... 1 ...... feea s

012

L.p_ T

upp. Fig. 2. The boundary [irst point to enter the
ZVS condition boost inductor current waveform,
tyy = {ya.



) 1 D, o
comg ([ R0
Ju
20 jZnsdt D Inmi
«] Lo{t)e 7T dt+ [ Jele T d
D. Jan,
Ty y ddnat .
R T {A20)
Dy
Using [e%da = -; and [xe?7dr =

£ [etde =

e C e NI I(! a=- . the solution of the (),
i:-
. 1
STLY % L )
T R
at 21
N {,, in
" iy
at ‘r-’ 3
A26)
A

at 210,
£ 1
[ Q@ n,
From app. I'ig.2, using the average tipple current over
a switching period, the enefficient is approximated as

—ks

& 'T‘,,- 7, 5n’r:', -U.s' ) {..l):-
j i — ]
.............................. (A22)
Let typ = (1 - Pe )T, 1 = T k ~Alg,, and
rearrange K. A22 gets
AT Lalf’ Log? (I-— am)
Cn = mt |TET RS B, AR
Ta a T
a(l—h:—‘)
Go o el . (AZ3)
£ \ A23
And
&7 TiN
Alp, N E" (D {1 — Dy 34-}_{-; Hoae (A24)
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