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ABSTRACT

Electromagnetic interference (EMI) of a boost converter, normally caused by switching
dv/dt rates and interacting with parasitic capacitance in the inductor for a boost converter. The
reduction of high switching dv/dt can be used by such as soft-switching technique. On the other
hand, parasitic capacitance in the inductor can be potentially reduced by winding techniques. In
this thesis, parasitic capacitance in the inductor can be reduced by modified progressive winding
technique. The EMI sources of the inductor normal winding and progressive winding are
identified and measured with both of discontinuous and continuous current modes. Finally, the
experimental EMI spectrum of both normal winding and progressive winding is compared to
demonstrate the reduction of EMI spectrum at 16 MHz about 18.5% in discontinuous current
mode and 14.1% in continuous current mode when using a progressive inductor winding

technique.
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unuADgaN19fio EER-35A UL MB3

NS Y S T RS ) ST L A — 4
Low Power Loss Material Characteristics

JFE
EEHHE
Material Characteristics
#HE Material MB1 MB1H MB3 MB4 MBT1
Lalnamiet 23'C 2000£25% 600125% 2500125 2 5%  3400125%
itial permeatillty W 1 00£25% 250042
23°C 510 540 510 520 510
EHRIF0E R EE(1200A/m) G N e 7 - = =
Saturation flux density at 1200A/m tm 5035 450 9 4
100°C 420 460 390 400 390
23°C 310 300 130 130 90
IR RERE R
Fe Brms (mT)  60°C 170 170 90 88 70
100°C B0 80 55 54 60
23°C 14.0 16.1 14.3 12.7 9.0
RoHRED -
Caars¥iits Hems (A/m)  60°C 9.4 10.5 10.3 8.0 7.0
100°C 6.1 7.3 8.8 6.4 6.0
23°C 900max. 1070max. 700max. 630max. 450max.
1177 —0 Z(100kHz, 200mT) Pov  (kW/m? 60°C 620max. 670max. 500max. 430max. 430max.
Power loss a1 100kHz, 200mT ) J00°C _ 440max.  450mex.  410mex.  000max. _ 380max.
120°C 490manx. 630max. 500man. 400max. 430max.
$a—BN o . . 30mi
Curie temperature Te  (°C) 255min. 300min, 215min. 215min. 230min.
m:hilty P (Q-m) 6min. 6min. 6min. 4.5min. 4min.
i d (kg/m?) 4.9x10% 4,9x10° 49100 49100 4.8210°
Density : ’ ’ : ’
1A/m=4nx10-30e, 1mT=10Gauss
HRIFBIPR31/19/8A) > T FPNCE 2 BEERLTVET,
- AR . Bms-i2 B4
ermeability vs. Frequency(Typical) Saturation flux density vs. Temperature(Typical)
10000 Frpmes ! — 600 -
= HEwet1—H - He12004km
e MB4 it
- P = 500 —~
i X~ |  MB3 £ S
: P B N N
H 1H 3 Mg T~ -
f /LN £ e
£ 1000 b1 = € 300 et
2 o S TNE
z ~._ |MET
H % 200 MBS
& 100
100, 0
10 100 1000 10000 0 20 40 60 B0 100 120 140 160 180 200 220
Frequency 1(kHz) Temperature(°C)
RS
Permeability vs. Temperature(Typical) .
8000 —— ’
| 1=1kHz [ 1
; T =
—t
MB3
6000 ]
3 7 I\ /MB1
== h 74
E O 2T
2 MBT1 = 7ACA R R
E 4000 RoF :," g
=
.§ =] RALY MB4
£ . AL 7 ‘\ 1
2000 —- e - N
e e v
& s B1H
0
-40 0 40 B0 120 160 200 240 280 320
Temperature(°C)
Specifications which provide more details for the proper and safe use of the described product are available upon request. 3

All specifications are subject lo change without notice.
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JFE
MB1H /V7 —OR- R MB3 /X7 —0X- B Y
MB1H Power loss vs. Temperature(Typical) MB3 Power loss vs. Temperature(Typical)
1200 1000
1000 N i
E E
S 800 =
H 2 s00}—™
£ 500 300KHz(100mT) | g .
3 N N /}100kHz(200m £ N _100kHz(200mT)
~
§ a0l Y I 5 — e i e -
H N soontizisomT) | H = g
~N S MZW“H.Z '00'%“ 6 === 200kH2(100mT)
———— 25kHz§200m‘|l1 — zstsztzocl:mﬂ
U520 40 60 80 100 120 140 160 180 %20 a0 60 80 100 120 140 160 180
Tempoerature(°C) Temperature(°C)
MB1H @R X7 & A5 MB3 EAERT VI A%
MB1H Static magnetization curves(Typical) MB3 Static magnetization curves(Typical)
600 | 500 T
. 23°C
500 — 2alc 400 BB e =t :
—
//""/‘-'— 100°C / 4—_—— =11
400 - = / Aot 00°C
3 7 300 ot
1 71 D T #
4 . l ' -3 4/ A X
E N3 E 200 ,-' /
200 — L g /|
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‘ I / 21 AL
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] N’ ,y
oLl ATV
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H ~100 Vi
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MB1H /{7 — 0O X-BREEHE MB3 /37 — O A- BT
MB1H Power loss vs. Flux density(Typical) MB3 Power loss vs. Flux density(Typical)
100000 10000
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Low Power Loss Material Characteristics

MB4 /X7 —O - B
MB4 Power loss vs. Temperature(Typical)

MBT1 /37 — O A-BEHH
MBT1 Power loss vs. Temperature(Typical)

JEE

1000
800
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z
-.‘.‘5600
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o __/"
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25kHz(200mT)
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MBT1 Static magnetization curves(Typical)
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¥ a00 =
g P /g
m s
L
% 200 ,"
3 1 /
/|
-] 4
£ 100 7 1%
1
s
0 i
\/ ’ll
-100, AW
-20 0 20 40 60 80 100 120
Magnetic field H(A/m)

MBT1 /X7 —0OX-HEBERHE
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Specifications which provide more delails for the proper and safe use of the described product are available upon request.
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.FERRITE CORES FOR POWER SUPPLY

EER O 7 _ >
EER Cores

JFE

bk e o P S 3
Shapes and dimensions/Characteristics
B i Dimensions{mm) ) Bobin
Type ¢ A 28 B C oD E min. 2F min. F style
EER-7.5D 5.00 2.5040.10 4.0010.10  260+0.10 560 3.36 1.7640.07
EER:9.3K': ABO 2403005 - 485:0.15 " 3351015 ~ 765 ... 320, - 167510075 .
EER-9.3S 3.95 1.975:0.05  4.90:0.10  3.40:0.10  7.48 2.00 1.075+0.075
EEA-10.8K" 108302 " .. 490 245010 5904010 © 4,38:013 .. 870 © 208, 701.584010° ¢
EER-10.85 10.83:0.18  3.85 1.925¢/0.05  590:0.10  4.13:0.13  8.70 1.95 0.975min.
EER-10.8D . 10.83:0.2 -'4.90. 2451010 _: 590:0.10 .. 4135013 . 870 /298,07 8TEE040
EER-12.4D 12.4+025  8.20 4.1040.10 5.00:0.15  3.40£0.10  10.4 6.00 3.1040.10
EER17:58 ~ 17:540:5 ' 165 . 8254020 . 5051095 . 5054025 13.0 .. 7125 162580107 °
EER-24K 24.430.6 28.9 14.45:0.15  8.5040.40  B.50:0.20  18.0 19.8 10.110.2
EER-255A 2551086 186" 9304025, "7.5040.26 . " 7.5040.25 . 19.7 1197 Lg20s028 UL T LaE
EER-25.58 25.5+0.6 31.0 15.540.3 7.5040.25  7.50:0.25 19.7 24,2
EER-285U . 285:06 167, . 8351020 . 11.4103 . - 9,9040;30 © - 21.1 © ' 9.00 ...
EER-28.5T 28.5:0.6 21.8 10.910.3 11.410.3 9.9040.20  21.1 126
EER-28B.5A 285106 .  28.0, 140803 - 114203 . 9.804030: 214 186 - .9,
EER-28.5B 28.5+0.6 338 16.920.3 11.440.3 9.80:0.30  21.1 24.4
EER-30M = - '20810.8' 316 . 158:0.4 - /9:5030,40 . 9.50+0.30 . 21.9. 214 . - - 11.0%
EER-33S 33.0£0.5 26.0 13.040.2 140025  12.5:0.25 247 16.5
EER-33K ©330805° 3407  17.0:02 . 140025 1255025 1 24.7 ) 1245,
EER-34.2 34.240.8 346 17.3+0.3 10.8:0.3 10.8:0.3 25.6 236
EER-35H 350407 336 - 168103 113103 11.3:04.. . 256, 210 .1
EER-35A 35.0+0.8 41.4 20.710.3 11.310.3 11.3:0.3 25.3 28.8
EER-358 .~ 35040.9 : ~'488 " J44:04 . 113103 1132037 252 - - 36.0.
EER-39J 39.0+0.7 44.4 22.240.3 12.8:0.3 12.8:0.3 28.6 335
EER-39.1 = 301087 306 . - 10803 . - 12503 1251087 293 .. - 286 ,620.3
EER-40H 40.040.5 423 21.15:0.2 15.0£0.2 140:025 307 209 15.15:0.2 0
EER-40D ;- 40,0405, . 4 1224102 - --13330.25 . 13.3:025., 29,0 .. . 303, - LIEAI025 7 i A R
EER-40 27.310.2 13.3:025  13.3:025 290 40.0 20.3+0.3
EER-42, . 212402 - " 152404 - - 152808 301 298 TSRO L e N e
EER-42P 21.240.2 19.60.4 17.3:025  31.8 30.0 15.25:0.25 [¢)
EER-42D - 224402 37 1650025 1561025 204 3027 07 1542037 7 O
EER-44 22.31+0.4 14.810.4 14.8+0.4 325 322 16.5¢0.4
EER-45 . 240804 " " 1481041 - 748104, | 325 - 322 ENER AL I TN TR
EER-48.7 24.740.4 16.3:0.4 16.310.4 36.1 35.4 18.120.4
EER-49M 2394037 1172804 1722025 363 .. 303 .. 1514£0.3° . &b T 4
EER-49L 27.040.3 17.240.4 1724025  36.4 36.4 18.540.3 ]
EER-49P 27.540.2 (172404 17.2¢0025 364 376 . . 190802 " ‘
EER-54K . 2474025 18.840.4 18.840.4 40.0 33.8 17.240.3

-90. 45.0£0.65 30.041.0 30.0410 ° 685 . -70.0 .35.540.5 [ - R
EER-94 47.540.65 30.0£¢1.0 30.0£1.0 68.5 70.0 35.540.5 O ]
BER120 505:0.65 300410  300:10 933 700  355:06 o) o

12 2 HBTLNELC, RECTEAVLLE CLmIz, a»sm:nnoum&u&:uur;rsuanxmlinrv:um<r;'au.
LREATE. BREDBILNFELCRBTIREN B ETOT, BE5rULHTTRCEE D,
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FERRITE CORES FOR POWER SUPPLY
EER 37

EER Cores

JFE
R4k A value(nH/N2)£25% I P EM Core paramelers
Type MB1 MB3 - MB4 MBT1 Cimm~'})  Le(mm) Aeimm2)  Amin(mm?)  Ve(mm3)

5.31 747
BBl A3
9.07 113
5 e v R
149

EER-28.5B
Eenat
EER-33S
EER33K 7
EER-34.2

EER-40

EERA2. -
EER-42P
EER-42D:

5570
EERA9P . 4430 5380 - 6970 . . 0.501. 121 240 - 225 29000
EER-54K 5350 6000 0.412 115 280 278 32200
EER-90.. . . " 6720 . . 8250 8250 : e S 0347 215 619 ‘. 559 1133000 -
EER-94 7480 © 8210 9210 0312 = 222 712 707 158000 819
'EEFi-.J'ZO . 7430 ‘9150 9150 ' 0.318 250 788 707 197000 1070
Specifications which provide more details for the proper and safe use of the described product are available upon request. 13

All specifications are subiect to chanoe without notice
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574

STD5NM60 - STD5NM60-1
STB8NM60 - STPBNM60 - STPBNM60FP

N-CHANNEL 650V @ Tjmax - 0.9Q- 8A - TO-220 /FP- D?/D/IPAK

MDmesh™ Power MOSFET

General features

Type Vbss | Rosny | o | PW

STD5NM60 650V <1Q 5A | 96W

STD5NM60-1 650V <1Q 5A | 96W

\ 3
2

TO-220FP

STBBNM60 650V <1Q 5A | 100W
STP8NM60 650V <10 8A |[100W "
STP8NMEOFP | 650V | <1Q [8A (M| 30w
s
® 100% avalanche tested ,23
® Hlgh dv/dt and avalanche capabilities IPAK
m Low input capacitance and gate charge
m Low gate input resistance
Description Internal schematic diagram
The MDmesh™is a new revolutionary Power
MOSFET technology that associates the multiple b{z)
drain process with the company's PowerMESH™
horizontal layout. The resulting product has an
outstanding low on-resistance, impressively high
dv/dt and excellent avalanche characteristics. The 6(1)
adoption of the company’s proprietary strip
technique yields overall dynamic performance
that is significantly better than that of similar
competition’s products. 503)
y . 5C06140
Applications
m Switching application
Order codes
Part number Marking Package 7 Packaging
STD5SNM60-1 D5NM60 IPAK Tape & reel
STDSNM60T4 D5NME0 DPAK Tube
STB8NM60T4 BBNME0D D2PAK Tape & reel
STP8NMB0 P8NMB0 TO-220 “Tube
STPBNM6E0FP P8NMBOFP TO-220FP Tube
September 2006 Rev 15 118

www.sl.com
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Electrical ratings STP8NME60 - STPBNME0FP - STD5NM60 - STD5NME0-1 - STBBNME0

1 Electrical ratings

Table 1.  Absolute maximum ratings

Value
Symbol Parameter TO-220 IPAK Unit
TO-220FP
D*PAK DPAK
Ves Gate-source voltage +30 \'
Ip Drain current (continuous) at T = 25°C 8 g 5 A
Ip Drain current (continuous) at Te=100°C 5 5(1) 31 A
Ion@ | Drain current (pulsed) 32 32 20M | A
Pror Total dissipation at T¢ = 25°C 100 30 96 W
Derating factor 0.8 0.24 004 | WiC
dv/dt® | Peak diode recovery voltage slope 15 Vins
Insulation withstand voltage (RMS) from all
Viso three leads to external heat sink - 2500 - Vv
(t=1s;T=25°C)
T Operating junction t ture
J perating junction temperatu Ao 15D «c
Terg Storage temperature
1. Limited only by maximum temperature allowed
2. Pulse width limited by safe operating area
3. Igp <5A, di/dt <400A/ps, Vpp =B0%V gr)nss
Table2.  Thermal resistance
Value
Symbol Parameter TO-220 IPAK Unit
TO-220FP
D’PAK | DPAK
Rinjicase | Thermal resistance junction-case max 1.25 1.3 4.16 °CW
Rinj-a Thermal resistance junction-ambient max 625 °C/W
Maximum lead temperature for soldering o
T purpose 300 C
Table 3.  Avalanche data
Symbol = Parameter o Value Unit
| Avalanche current, repetitive or not-repetitive 25 A
AS (pulse width limited by Tj Max) :
5 Single pulse avalanche energy
E . 200 mJ
AB (starting Tj=25°C, lp=las, Vpp=50V)

2/18

3
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Electrical characteristics

2

Electrical characteristics

(Tcase=25°C unless otherwise specified)

Table 4.  On/off states
Symbol Parameter Test conditions Min. | Typ. | Max. | Unit
Drain-source breakdown = =
V(eRjDsS voltage Ip = 250pA, Vgg=0 600 v
| Zero gate voltage drain Vps = Max rating, 1 pA
DSS | current (Vgg = 0) Vps = Max rating @125°C 10 | pA
Gate body leakage cument
lags yiearag Vg = 20V +100 | nA
(Vps=0)
Vaspn) | Gate threshold voltage Vps= Vas, Ip = 250pA 3 4 5 \"
Static drain-source on
=1 = £.
Rosen) | resistance Vgs= 10V, Ip= 2.5A 09 | 1 Q
Table 5. Dynamic
Symbol Parameter Test conditions Min. | Typ. | Max. | Unit
Vpg = | xR .
O | Forward transconductance |, D&~ ion) > IDSlonimax 2.4 S
p=2.5A
Ciss Input capacnénce 400 pF
Coss | Output capacitance Vpg =25V, f=1 MHz, 100 pF
c Reverse transfer Vas=0 10 F
res capacitance P
c (1) | Equivalent output ! o
0ss eq - capacitance VGS_O' VDS =0V to 480V 50 pF
Qg | Total gate charge Vpp=400V, Ip = 5A 13 18 | nC
Qgs | Gate-source charge Vgg =10V 5 nC
Qqqg Gate-drain charge (see Figure 11) 6 nC
1. Coes eq. is defined as a constant equivalent capacitance giving the same charging time as C,.; when Vpg

inceases from 0 to 80% Vpss
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Table 6.  Switching times
Symbol Parameter Test conditions Min. | Typ. | Max. | Unit
L(on) Turn-(?n delay time Vpp=300 V, Ip= 2.5A, 14 ns
i Rise time Re=8.70, Vee=10V 10 ns
tyom | Turn-off delay time = OB 23 ns
i |Falltime (see Figure 16) 10 ns
‘ 2 . .
r(\:om (F';)ff"\:.oltage rise time Vpp=480 V, lp= 5A, 170 ns
f all time ns
Rg=4.7Q, Vgg=10V
i Cross-over time N 2 Ves 17 ns
Table 7.  Source drain diode
Symbol Parameter Test conditions Min. | Typ. | Max. | Unit
Isp Source-drain current 8 A
Isopm'” | Source-drain current (pulsed) 32 | A
Vgp® | Forward on voltage 15p=5A, Vgg=0 15| V
ty Reverse recovery time 15p=5A, Vpp=100V 300 ns
Q Reverse recovery charge di/dt = 100A/pss, 1950 pC
lnam | Reverse recovery current (see Figure 21) 13 A
tr Reverse recovery time Igp=5A, Vpp=100V 445 ns
Q. Reverse recovery charge di/dt = 100A/ps, 3005 pC
lrrm | Reverse recovery current Tj=150°C (see Figure 21) 13.5 A

Pulse width limited by safe operating area
Pulsed: pulse duration=300ps, duty cycle 1.5%

E]
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2.1 Electrical characteristics (curves)
Figure 1. Safe operating area for TO-220/ Figure 2. Thermal impedance for TO-220/
D2PAK D?PAK
1o(A) 2 HVOE500 K ;ﬁ — ©C20830
i\;\}j‘ s 4 = 0.5} e[ HH
’l.‘ &£ s.i:;f:- Pl 1
10" == .,“Z/ . ?’
& 35 0.2 1
p Y f
EE“::‘A 100us LA

el > 0.1 Al
10°, gl 'me 107" [0.05_i< =5

. 10ms 6_':;:# 11 Zm= K Ry

i I (i i &= 1y /7
e s A 0.01

: H _A|SINGLE PuLSE m

, | —{+]

107? “I 10°2
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100 10" 10? 100 Vg (V) 107% 107t 107 107 107 4, (s)

Figure 3. Safe operating areafor TO-220FP Figure 4. Thermal impedance for TO-220FP
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SS0L s =S Sa 10 .
N S mai! P
= « Nk - i =t 0.05 :":: I T
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H ; ig NI ™ 0.01 Zm= K Ryyg
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Figure 5. Safe operating area for DPAK/IPAK  Figure 6. Thermal impedance for DPAK/IPAK
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Figure 7. Output characterisics

Figure 8. Transfer characteristics
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Figure 9. Transconductance Flgure 10. Static draln-source on resistance
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Figure 11. Gate charge vs gate-source voltage Figure 12. Capacitance varlations
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Figure 13. Normalized gate threshold voltage Figure 14. Normalized on resistance vs

vs temperature temperature
HV06540 HVDES45
Vestth) Ruston)
(norm) Mos= Vs trorm) |—| Ves=10V
l1=250p4 I=2.5A
1.1 . 2.5
N /
1 \ 2 /|
N T
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\\
0.8 \\ 1
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P |
-50 0 50 100 150TLT) -50 0 50 100 150TLT)

Figure 15. Source-drain diode forward

characteristics
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3 Test circuit

Figure 16. Switching times test circuit for
resistive load

Figure 17. Gate charge test circuit

506010
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Figure 18. Test circuit for inductive load Figure 19. Unclamped inductive load test
g
switching and diode recovery times circuit
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Figure 20. Unclamped inductive waveform

Figure 21. Switching time waveform
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Conducted EMI Reduction on a Boost Converter Using Progressive Inductor Winding Techniques
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Abstract

Electromagnetic interference (EMI) of a boost converter,
normally caused by switching dv/di rates and interacting with parasitic
capacitance in the inductor for a boost converter. The reduction of high
switching dv/dt can be used soft-switching techniques. On the other
hand, parasitic capacitance in the inductor can be potentially reduced by
winding techniques. In this paper, the parasitic capacitance can be

- s

reduced by modified progressive winding The EMI

of the inductor normal winding are identified and measured with both of
discontinuous and continuous current mode. Finally, the experimental
EMI spectrum of both normal and progressive winding is compared 10
confirm the advantage of a progressive winding techniques.

Keywords : elec ic interference, indi
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