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Abstract

In this thess, an dternative solution for designing power line
conductive eectromagnetic interference (EMI) filter by using the
consecutive orthogonal array method is proposed. The circuit parameters of
EMI filters to be determined are assigned as the control variables in the
orthogonal arrays, and the average effects corresponding to each control
variable are calculated from the measured results. In accordance with the
inferential rules, the average effects are used as the observational indices to
adjust the levels of the control variables of the subsequent orthogonal array.
Through manipulating consecutive orthogonal arrays step by step, the
applicable ranges of circuit parameters are approached with desired output
performances. Finally, the component values of EMI filters with minimum
size can be found. The design procedure and the inferential rules are
described by illustrative examples for a single-stage high-power-factor

converter.
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1-1

(Electromagnetic Interference, EMI)

[1-3]

[4.5]

[6-9] EMI

EMI
— (Orthogona Array)[14-16]

EMI
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EMI
1-1
CISPR15 (International Special
Committee for Radio Interference, CISPR) EMI
EN61000-3-2
1-2 13
1-1 EMI

CNS13022 | ANSI C63 | ENS5S0081 CISPR16

CNS13803 | FCC partl8 | ENS5011 CISPR11

CNS13438 | FCC partl5 | EN55022 CISPR22

CNS13439 | FCC partl5 | EN55013 CISPR13

CNS13783-1 FCC partl5 | EN55014 CISPR14

CNS14115 | FCC partl5 | EN55015 CISPR15
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1-2 CISPR15 EMI

dB(uv)
9kHz-50kHz 110 -
50kHz-150kHz 90-80 -
150kHz-0.5MHz 66-56 56-46
0.5MHz-2.51MHz 56 46
2.51MHz-3MHz 73 63
3MHz-5MHz 56 46
5MHz-30MHz 60 50
1-3 EN61000-3-2C ( )
n (%
2 2
3 30 x PF
5 10
7 7
9 5
11 n 39 3

EMI

EMI
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Impedance Stabilization Network, LISN)

(Spectrum Analyzer)
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2-1-2

(Common-Mode, CM) (Differential-Mode, DM)
CM L (Line) N (Neutral) G (Ground)
DM L

—>lem
(@ CM
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NO——— 7.
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(b) DM
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CM DM
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CM DM CM DM
EMI
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CM DM [18-21]
(Current Probe) (Differentia-Mode Rejection Network,
DMRN) (Noise Separator )
CM DM CM
DM
2-4 CM DM 2-5(a)
(b)
L1 SN EMI
L 208 o0
Lem Ldm Cem
3 L
G —Cdm Cam— i J__
) % Ldm Cen
N
50Q & - \ )
2-4 EMI
—0
LN L Volam i
25Q T 2Cent
oL
(& CM
.............. o o
L H—00
Lieakage 2Lgm
100Q7 | | Cam Ca]  [U2Com
N
(b) DM
2-5
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CM

CM DM
CM DM
2-5
¢ 3 1
RCM —
2p+/Lem 2Cem
1

frpom =
2p\/ Lam *Cdm

2-3 EMI
2-3-1

19

DM

CM

(2-1)

(2-2)

DM



Cm  0.68uF Lm 0.3mH
0.990 10%
AC 110V
60 Hz
: 50kHz
- A0W
- !
T e
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L
lin_Lm L o ]|
Vi L
m%@qﬁ FI:TSZ_A_ Lamp| | ==
[ ]
[ |
2-6
2-7
55 EMI 2-8 2-9
2-10 CM DM
EMI CISPR15
EMI 2-2
EMI

EMI
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Vin

Time 5mg/div. - Vin: 50V/div  lin: 0.5A/div

2-7

dBuV RBW: 10k Hz AVG VBW: 30kHz
10
HlAL

L™l

6 O

L
40
2 0
0

0.15 5.15 10.1515.1520.1525. 1530 MHz

2-8 EMI

lodBuV RBW: 10k Hz AVG VBW: 30kHz
80%

6 0

ALl

4 0

20

0

0.15 5.15 10.1515.1520.1525.1530 MH z

2-9 EMI CM

dBuV RBW: 10k Hz

AVG VBW: 30kHz

0.15 5.15 10.1515.1520.1525.1530 MHz

2-10 EMI DM
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2-3-2 EMI
CM DM CISPR15 EMI
CM DM fR,CM =21kHz
fR,DM =25kHz (2-1) (2-2)
(21 (2-2)
2-11(a)-(e)
12(a)-(e)
2-2
2-1
Lem Cem Ldm Cdm
9.80mH 3300pF | 0.330mH | 0.150uF
29.00mH 1000pF | 0.045mH | 1.000uF
2.95mH 10nF 0.045mH | 1.000uF
29.00mH | 1000pF | 1.250mH | 0.033uF
2.95mH 10nF 1.250mH | 0.033uF
dBuV RBW: 10k Hz AVG VBW: 30kHz
70
60 =
5 ok '
40
30 ,
20
10
Oo. 15 5.15 10.1515.1520.1525.1530 MHz
@
211 EMI ()
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7gBuV RBW: 10k Hz AVG VBW: 30kHz SWP: 1 s

60
50

30
20 T
10

0.15 5.15 10.1515.1520.1525.1530 MHz

(b)

dBuV RBW: 10kHz AVG VBW: 30kHz SWP: 1 S

6 0
50 ,
40
30 [
2 O
10

o ©

.15 5.15 10.1515.1520.1525.1530 MHz

(©)

CdBuV RBW: 10k Hz AVG VBW: 30kHz SWP: 1 s

60 O | |
50 .
40 M
30

20

10

0
0.15 5.1510.1515.1520.1525.1530 MHz

(d)

70dBuV RBW: 10k Hz AVG VBW: 30kHz SWP: 1 S

60
5 O . -
40 14 J
30 W.’
20
10

0.15 5.15 10.1515.1520.1525.1530 MHz
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EMI THD
7.16° 0.990 | 6.07%
19.89 0.936 | 9.36%
20.23 0.934 | 9.26%
5.87° 0992 | 7.12%
6.73 0990 | 7.37%

2-2 EMI
CM
0.990
0.934 DM
EMI
EMI

EMI
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31

[22-24]

31

26

bn



L, (b%) L b
(nEc) a
/
L, (b%) 3-2 b
32 L. (b°)
La(bc) Vj VARV
i Vi VY
a VERARA
VI . Y
| w v
W 1 8 i\ W
Vj :n—a d(vj, Vi)Y,
VW =1
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a
nv\jvzéd(v'J,v‘jN)
i=1
- il i=w
d(vt v\ =
(Vj.vi) }0’ i1 w
(3-2) Vi Yexpected
on = min oW U
Vj (optimal) =min {‘VJ"" - Yexpectedhé
[13 _” 13 OH
Lo (3")
A BC D
33 Ly(3")
A B CD Y(A,B,C,D)
1 A" B C D Y
2 A" B c® D° Y,
3 A~ B" Cc' p* Y
4 | A°B Cc’ D Y,
5 A° B° ¢t D Ys
6 A° BY ¢ D° Y
7 A* B c' D° Y,
8 A" B° C D Y
9 At B c° D Y,
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3-3

A

A =MV +Ys) /3 (33)
B

BO=(Y% +Y%6+Yp)/3 (3-4)
33 (33) (34)

(Confirmation Experiment)

A B°c*D”
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(Step)  LD;3~LD3
LD4 LD >
“ On
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A 2
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13 +"
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Step 2
o
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CM DM
EMI
EMI
EMI
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4-1 EMI
4-1-1
EMI

EMI

4-2 CM  (Lgn) DM (Lgm)

CM  (Com Y ) DM (Cgm X )

EMI
EMI
Lo 0 o
Lem Ldm Cem || Lm
__Cd _ T -
oy T Tem [ 1| oF
No (UU\ (0—0\_
\_ J
4-2 EMI
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EMI

EMI
4-1-2
EMI EMI
EMI
EMI 150kHz
(E)
150k-30MHz
Vnoise VIimit EMI

41 (42
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V(dBuV)

»TJ,/LLJMW;/\

S~
° f
150k HzZ 3 MH 2
4-3 EMI
Vnoise- VIimi e \ v
Viotal - (Vnoise- Viimit) , (Vnoise- Viimit) >0 1)
0 , ese
30MHz
Ej. (Vtotal ) df “2)
150k
E MI EMI
E
E MI
4-1-3

EMI
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E MI E MI

4-2
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EMI

EMI

EMI
4-1
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EMI

EMI
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4-1

cm

I-dm Ccm Cdm
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CM DM

4-4
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EMI

EMI
THD
PF=——L  cosf 1
V1+THD?

fq

EMI

4-3
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Start

vV_ . L ., —_n
A=A min( Ej)

No

out
AT Al max( PF ")

END

4-4 EMI
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EMI

EMI
o1 EMI ]
51
40W 50kHz
110V EMI
CISPR
L
EMI L , I E‘ i
O |
Lch - ?Ejj:n G 1CGem o.efﬁT > ||
Go__L m=:Z = m‘_l c. |
N Lem + = o.esuﬁ_ LF =
No TR
51 EMI
L cm L dm C dm c o
L om 0~1.96mH L
0~86uH 0.068~1uF 470~4700pF

42



51 5-2
51

no.| Lem Lom Cdm Cem

1| Lem Lgm =~ Cdm | Cem

3 | Lém Ldm = Cdm Cem

4 L8m I—-dm C(zim Cém

5 | Lem 1%, @ Cdm | Cém

6 L8m Lam CEJIm cc’:m

7 | Lém Lgm | Cdm 2m

8 | Lém L% | Cgm | Cém

9 Lém Ldm Codm Ccm

52
Lem (mH)| Ldm (uH) | Cam (UF) | Cem (nF)
Lém| 0 |Lam!| 0 | Cdm|0.068 Cém|0.47
Len|0.75| Lom | 31 | Cam|0.47 | Cem|1.50
Lém| 1.94| Lim | 86 ' Cam|1.00 | Cém|4.70

EMI



53

54 5-3
0.07
EMI
53

No. | EMI (dBuV*MH?z) ( )| THD%

1 249.290 0.986 7.27 10.96

2 110.014 0.974 11.88 0.82

3 31.801 0.944 18.36 10.26

4 2.352 0.926 18.47 22.08

5 61.213 0.940 19.08 11.50

6 5.420 0.985 7.85 10.30

7 3.605 0.934 19.84 11.97

8 2.511 0.986 7.52 10.80

9 18.935 0.973 12.42 8.30

0.070 0.951 16.88 11.36

54

- ‘0” ‘+”

E(BuvMH2) PF E @Buv+MHz) PF E @Buv*MH2) PF
Lem | 130.368 | 0.968 | 22.995 @ 0.950 8.350 | 0.964
Lam 85.082 | 0949 | 57913 0967 | 18.719 | 0.967
Cdm 85.740 | 0.986 | 43.767 | 0.958 | 32.206 | 0.939
Cem 109.8131 0.966 39.680 0.964 12.221 | 0.952




55 5-6

o7 5>
4 8 EMI
0.961
EMI 5-8
59 5-10
59 34,89 EMI
>6 59
0.951 0.961
EMI
EMI
55

Lem (mH)| Ldm (uH) | Cdm (uF) | Cem (nF)
Lém [0.75] Lam | 31 | Cdm | 0.47 Cém |1.50
Lem|1.42| L4m | 58  Cgm|0.68 Cém|2.20
Lem|1.94| Lim | 86 | Cdm | 1.00 Cém|4.70
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56

No. | EMI (dBuv*MHz) ( THD %
1 5.271 0.976 11.66 8.62
2 3.591 0.957 16.16 8.21
3 1.587 0.940 19.22 9.76
4 0 0.956 16.34 9.00
5 4.884 0.942 18.86 9.95
6 2.143 0.978 10.98 8.20
7 0.658 0.944 18.25 10.82
8 0 0.977 11.23 8.70
9 1.114 0.959 15.66 9.03
0 0.961 15.41 8.33
57
} e i
EwwMig  PF |E@wwmig PF | E@ewemig  PF
Lem 3.483 | 0.958 | 2.342 0959 @ 0.591 | 0.960
Lgm 1.976 | 0.959 | 2.825 0959 | 1.615 | 0.959
Cam | 2471 0.977 | 1568 | 0957 | 2376 | 0.942
Cem | 3756 | 0959 | 2131 | 0960 @ 0529 | 0.958
58
Lem (mH)| Ldm (uH) | Cdm (UF) | Cem(nF)
Lem|1.42| Lam | 58 | Cam| 060 Cem|2.20
L&m |1.70| Lam| 71 Cem|.68| Com|3.30
Lém|1.94| Lim | 86 | Cam| 1.00| Cém|4.70
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59

No. | EMI (dBuV*MHz) )| THD%
1 2.061 0.963 14.65 9.35
2 1.057 0.957 15.95 9.89
3 0 0.938 19.15 11.65
4 0 0.950 17.17 10.47
5 1.064 0.949 17.32 11.17
6 0.675 0.960 15.34 9.52
7 0.575 0.940 18.86 12.06
8 0 0.966 13.86 | 10.39
9 0 0.966 13.79 10.62
0 0.951 17.10 9.70
5-10
) e T
E@uv+mHz) PF E (@Buv*MH2) PF E@Buv*mHz) PF
Lem 1.039 | 0.953 | 0.580 0.953 | 0.192 | 0.957
Ldm 0.879 | 0.951 | 0.707 0.957 | 0.225 | 0.955
Cdm 0.912 | 0963 | 0.352 0.958 | 0.546 | 0.942
Cem 1.042 | 0952 | 0.769 | 0.959 0 0.951
52 EMI

53

47




EMI 0.977
1.94mH S8uH
0.47uF 4700pF EMI 54
55

( dBuV* MHz)

00.51.52.%(mH)

(dBuV* MHz)

_D_StepiiZ
—4+Step3d

150

oL NWAOGI

100

(dBuV* MHz) '._',.-f"""(dBuV*MHz)

[
1504

—»Stepl
-Step2

.

OFRLNWRAO

52 EMI (
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(dBuV* MHz)
A

150}
125}
100}
75
50
25
0

(dBuV* MHz)
A

150 ~+Stepld
125 -Stepz
—+—St ep3:,

10 0
75
50
25}
0

S (dBuUV* MHZ)
o \

_e_ St epl:_;':-
—-Step?2
—4— St ep3

i D\D/E‘
A 4

OFRLNWPA~O
T

00.2.@8.6.8 1.(2uF)

ffkdBuV*MHz)

OrRrNWhO

52

EMI
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O O O O o o

O O O O oo

0.
0.
0.
0.
0.
0.
(b) Lgm
PF +Stepl PF LStepi
o-Step?2 | +Step2
: 0.7199 +Step3
0./08
0.19.7
0.9%
0./95
\ o 094I 1 1 1 1 1 >
00 a. 8. 6.8 1 (uF)y 01 2 3 4 5 6 (nF)
(©) Cam (@ Com
53
OdBuV RBW: 10k Hz AVG VBW: 30kHz
6 Ot
50 : .
40 Y . "W-“ﬁ"ﬂ—
3 o1 4
20
10
0

0.155.15 10.1515.1520.1525.1530

>4 EMI

50

SW



AN
RS NN
AN L TN
AN TN e
AELIER \
AEAAN R R
55 EMII h
5-2 EMI
2-5(b)EMI DM
51
Loy Cp EMI
EMI 5-6
EMI
Ta—y|

5-6 EMI

51



5-2-1

0.068~1UF Cem 470 ~4700pF
511 44 EMI
511 514 517 520
512 515 518 521
513 516 519 522

515 9 EMI
0957 0963 0970 0.981 EMI
EMI 6
6 0.982

1.05mH L gm
86UH 0.6uF 3300pF

57 EMI
5-8
EMI 59 5-10

52



511

Lem (mH)| Ldm (uH) | Cdm (uF) | Com (nF)
Lem| 0 |Lam| 0 | Cdm|[0.068 Cem| 0.47
Lem | 0.75| Lm | 31 | Caml| 0.47 Com| 1.50
Lém| 1.94| Lim | 86 | Cam|[1.00| Cém| 4.70
512
No. | EMI (dBuv*MHz) ( )| THD%
1 137.317 0.451 26.64 171.25
2 77.792 0.920 17.46 27.35
3 36.483 0.950 17.14 10.75
4 18.272 0.305 23.94 282.46
5 16.840 0.936 18.32 16.65
6 6.243 0.983 4.82 16.33
7 2.278 0.972 17.38 44.39
8 6.597 0.931 7.27 36.87
9 13.306 0.986 7.31 10.48
0 0.957 15.84 10.33
513
Ewwmig  PF |E@wwmigl PF [E@ewsmrg PF
Lem 83.864 | 0.774 | 13.785 @ 0.741 @ 7.394 | 0.930
Ldm 52.622 | 0.543 | 33.743 | 0929 18677 | 0.973
Cdm 50.052 | 0.788 | 36.456  0.737 | 18.534 | 0.919
Cem 55.821 | 0.791 | 28771 0.925 | 22450 | 0.729

53




5-14

Lem (mH)| Lam (uH) | Cdm (UF) | Cem (NF)
Lem [0.75| Lagm | 31 | Cdm|0.47| Cém|1.50
Lon|1.42| L% | 58  Cim|0.68 Com|2.20
Lém| 1.94| Lim | 86 | Cam|1.00) Cém|4.70
5-15
No. | EMI (dBuV*MHz) )| THD%
1 5.538 0.953 12.13 22.95
2 0.923 0.974 11.16 12.32
3 0.556 0.963 14.51 10.19
4 14.339 0.961 12.89 17.02
5 4,983 0.962 14.47 11.32
6 3.549 0.984 8.17 10.71
7 1.969 0.952 15.95 14.49
8 7.738 0.982 8.21 12.55
9 0 0.977 11.09 9.17
0 0.963 14.76 9.23
5-16
Ewwni  PF |E@w i)  PF | Egswewnig  PF
Lem | 2339 | 0.963 | 7.624 0969 | 3.236 | 0.970
Ldm 7.282 0.955 | 4.548 0.973 | 1.368 | 0.975
Cdm 5.608 | 0.973 | 5.088 0.971 | 2503 | 0.959
Cem 3507 | 0964 | 2147 | 0.970 | 7.544 | 0.969
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517

Lem (mH)| Ldm (uH) | Cdm (uF)

Cem (NF)

Lem [0.75| Lam | 58 | Cdm

0.60 Ccm |1.80

Lem|1.05| Lom| 71 | Cam

068 C

cm| 2.20

Lém| 1.42| Lim | 86 ' Cam

1.00 C¢m|3.30

5-18
No. | EMI (dBuV*MHz2) )] THD %
1 3.559 0.979 8.57 14.16
2 3.196 0.978 9.65 13.06
3 0 0.964 13.57 12.73
4 1.737 0.977 10.37 11.98
5 3.022 0.972 12.20 10.8
6 0 0.982 9.25 10.21
7 1.312 0.965 13.82 11.54
8 1.314 0.981 9.47 10.95
9 2.772 0.981 9.6 10.13
0 0.970 12.67 11.16
5-19
E(@Buv*MHz) PF E (@BuvmHz) PF E (@Buv*MHz PF
Lem 2.252 | 0974 | 1.586 0977 @ 1799 | 0.976
Ldm 2.202 0.974 | 2511 0.977 | 0.924 | 0.976
Cdm 1.624 = 0980 | 2568 | 0.979 | 1445 | 0.967
Cem | 3118 | 0977 | 1503 | 0.975 @ 1.017 | 0.974
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520

Lem (mH)| Lam (UH) | Cam (UF) | Cem (NF)
Lém [0.90| Lom | 71 | Cdm|0.60) Cem| 2.20
Lom|1.05| L3m | 79 Cdm|0.68 Cem|3.30
Lém| 1.24| Lim | 86 | Cdm|1.000 Cém| 4.70
5-21
No. | EMI (dBuv*MH?2) )| THD%
1 2.922 0.983 8.64 10.77
2 1.844 0.980 9.76 10.25
3 0 0.968 13.21 10.22
4 0.848 0.978 10.30 10.66
5 3.024 0.967 13.57 10.25
6 0.982 9.40 9.94
7 1.636 0.967 13.50 10.91
8 0.981 9.29 10.46
9 2.192 0.979 10.19 9.95
0.981 9.32 10.99
5-22
- ‘o C 47
E(dsuv*MH2) PF E @BuwmHy)  PF E (dBuv*MH2) PF
Lem | 1589 | 0.977 | 1.291 0976 | 1.276 | 0.976
Ldm 1.802 0.976 | 1.623 0.976 = 0.731 | 0.976
Cam | 0974 0982 | 1.628 | 0.979 | 1553 | 0.967
Cem 2712 | 0976 | 1160 & 0.976 | 0.283 | 0.976
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5-8(c)

0.068~0.68UF
470 ~4700pF 5-23
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5-24

5-25 5-24
5-23
Lem (mH)| Ldm (uH) | Cdm (UF) | Cem (nF)
Lém |2.73 | Lam | 120 Cdm|0.068 Cem | 0.47
L2 |4.94 L%m| 180 Cdm|0.33 Cém| 1.50
¢m|7.35 Lim | 240 Cdm| 0.68 Cim| 4.70
5-24
No. | EMI (dBuvV*MHz) ( )| THD%
1 30.079 0.992 255 | 12.09
2 9.315 0.991 6.26 8.29
3 3.255 0.981 9.90 8.60
4 2.849 0.989 6.52 9.40
5 25.257 0.981 9.83 8.97
6 9.958 0.994 3.28 8.86
7 7.083 0.979 10.62 9.12
8 0.766 0.994 3.37 9.51
9 27.547 0.991 6.12 7.81
0.635 0.986 7.96 9.27
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5-25

E(dBuvMH2) PF E (@BuvMmHz) PF E @BuvmH2) PF
Lem 14.216 | 0.988 | 12.688 @ 0.988 @ 11.798 | 0.988

Ldm 13.337 | 0.987 | 11.779 | 0.989 | 13.587 | 0.989

Cdm 13.601| 0.993 | 13.237 | 0.990 | 11.865 | 0.980

Cem 27628 | 0.988 | 8785 0.988 | 2.290 0.988

526 528
6 EMI
529 531
0987  0.985
6
0.991 6.15mH 210uH
0.33uF 2200pF
5-26

Lem (mH) Ldm (uH) | Cam (UF) | Cem (nF)
Lém |4.94 Lgm | 150 Cdm| 0.33 Cém| 1.50
Lom |6.15 L%m| 180 Cum| 0.47 'Cém| 2.20

m|7.35 Lin | 210 Cdm| 0.68 Cim| 4.70

63



5-27

No. | EMI (dBuV*MHz) )| THD%
1 2.580 0.990 6.30 8.38
2 1.386 0.988 7.63 8.31
3 0.053 0.983 9.25 8.58
4 0.067 0.989 6.95 7.93
5 0.111 0.984 8.91 8.31
6 0 0.991 6.14 7.78
7 0.133 0.984 8.91 8.44
8 0.117 0.991 6.37 7.85
9 0.557 0.989 7.13 7.52
0.635 0.987 8.21 7.63
5-28
} o T
E (dBuv*mHz) PF EBuwmHz)  PF E (@Buv*mHz) PF
Lem | 1.340 | 0.987 | 0.059 0.988 | 0.269 | 0.988
Ldm 0.927 | 0.988 | 0.538 0.988 | 0.203 | 0.988
Cdm 0.899 | 0991 | 0670 | 0989 | 0.099 | 0.984
Cem 1.083 | 0988 | 0506 @ 0.988 | 0.079 | 0.988
5-29
Lem (mH) Lam (UH) | Cdm (UF) | Cem(nF)
Lem |5.55 Lam | 195 | Cdm| 0.47 |Cem| 2.20
Lom|6.15 L%m| 210 Cem|0.60 Com| 3.30
ém|6.75 Lim | 225 Cém| 0.68 Chm| 4.70
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5-30

No. | EMI (dBuvV*MHz) ) | THD%
1 1.685 0.988 767 7.59
2 0.717 0.986 8.53 7.92
3 0 0.982 9.65 8.37
4 0 0.985 8.64 8.08
5 0 0.982 9.68 8.65
6 0 0.989 7.49 7.45
7 0.542 0.982 9.72 8.37
8 0 0.989 7.56 7.43
9 0.501 0.985 8.84 7.78
0 0.985 8.71 8.58
531
- ‘o C 47
E (@Buv*MH2) PF E @Buv+MHz) PF E (dBuv+MH2) PF
Lem | 0.801 @ 0.985 0 0.985 = 0.347 | 0.985
Lgm 0.742 | 0.985 | 0.239 0.986 @ 0.167 | 0.985
Can | 0562 | 0989 | 0.406 | 0985 | 0.181 | 0.982
Cem 0.728 | 0985 | 0.420 | 0.986 0 0.985
511
EMI
512
513
EMI 514
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