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1-Phasen Netzfilter Design

JANPO15b / ANDREAS NADUER

jonierten Metzfilter zu geben. Hierbei wird ein diskreter 1
tufen Netzfilter mittels Berechnung, Simulation
Im  weiteren  Verlauf werden die
ien von Stromkompensierten Drosseln und
deren Eige ften erlautert. Zudem widmet sich diese Appnote der
Berechnung ven: Varistoren, Leckstrimen und Enfladewiderstinden.
Diese  Appnote  setrt  gewi Grundkenntnisse  von n

menten, Filtern sowie EMV Messtechniken voraus.

2 Precompliance Messaufbau

Grundlegend ist zwischen zwei verschiedenen & ompfaden zu
. Gleichtakt (Common Mede, CM) ie Gegentakt
al Modz, DM). In einer EMV Abnahmemessung werden
sitzlich beide Stirstrompfade gleichzeii gemessen. Um einen
Netzitter auszulegen ist es vorteilhaft im Vorfeld beide Stropfa
DM, messen zu konnen. Dazu wird eine LISN (Line Impedance
on Network) benotigh bei der die zwei Messausgange
ig nutzhar sind. In der LISN sind zwei 50 M
verbaut. In der DM ng liegen diese in Reihe { ), wohingegen
sie in der CM Messung als parallel zu betrachten sind (25Q). Das
Blockschalthild in Abbildung 1 zeigt die DM- und Cl
zwischen einem Spernwandler (Storquelle) und der LIS

Fiir die Precompliance Messung wird ein Rehde&Schwarz RTA4004 mit

500MHz analeger Bandbreite in Kembination mit der Desktop Software

RES EM! Debug Tool und einer CISPR16 LISN (Eigenbau) verwendet
(Aufbau in Abbildung 2)

dass die maximale vertikale Aufldsung der M

ops optimal ausgenutzt wird, der Amplitudenmesshereich

aber auch nicht Oberstevert wird. Hat die erf: Starspannung im

Zeithereich z.B. einen Peak to Peak Pegel von 85mV, so sollte die vertikale

instellung auf einen Endwert von 100mV gesetrt werden, um die

Fiter

Abb. 2: Precompliance Messaufbay mit Koppelplatte, LISN, DUT,
Trenntrafo & Oszilloskop




AGENDA

Sources of interference

Components for filtering

1-stage filter design

2-stage filter design

Calculation and simulation

Measurements of interference suppression

Y-Cap placement and PE connection style
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WE Portfolio for AC Filter

* Varistors min. 14mm! (WE-VD surge protection)
X capacitors (WCAP-FTXX)

* Y capacitors (WCAP-CSSA & FTY2)
 Current-compensated chokes (WE-CMBXx)

* Longitudinal filter chokes (WE-TIHV / WE-SD)

« Complete line filters (WE-CLFS)

4 DIGITAL WE DAYS
APRIL 25, 2024




Technical specification noise source

= DC/DC Flyback-Converter CCM (Forced Continuous Conduction Mode)
= U =24V (19-30V)

= U, =5V
. /out max — =5A (ZSW)

= f,, = 300kHz
= Efficiency = 90%

= |C: ADP1071-2 (Analog Devices)
= with synchronous rectifier

= Transformer: 749119550

ELEKTRONIK = S FLYBRCREMM G
. MORE THAN 5 Wl ACADEMY
= MOSFETS |n TOZZO'paC kage YO% EXPECT / & DEMONSTRATION BOARD %%?1.905

5000000000000000000000000000000080000000000A000CO0AHBOTALBOAVIDD
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Differntial Mode & Common Mode

6|

Vsupp

Differential Mode
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CM & DM comparisson

Differential mode currents

Current path as in circuit diagram

Common-mode currents

Unexpected current path

Easy to follow paths

Return current path very close

Relatively large currents

Filtering with LC, 1t, T topologies

dl / dt is dominant cause

Conducted EMI problem

DIGITAL WE DAYS
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Current flows via parasitic paths

Return current path very large

Relatively small currents (pA)

Filtering with CMC and Y-caps

dU / dtis dominant cause

Radiated & conducted EMI problem




Introduction - Capacitive Coupling in a Flyback Converter

Common mode current paths

Source

O

] Load

High du/dt common mode currents through parasitic capacitances
(electric dipole and monopole antennas)
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Introduction - Inductive Coupling in a Flyback Converter

Differential mode current paths

LISN
Y T ® - *—o >| ®
REELE EEELELE SLLLLELELELEIN : ! :' N ® :“.... ’ ...“
A L — A -
> : B : I
ource 50Q | |: : : ——
ax % Load
_. E— —— | :’. E
___ E ------ : llllllllll .
500 | | %
- RSLLL < 1
Y Y YN\ 1 CETT] FEETTY ..t 3

Inductive coupling caused by high di/dt differential mode currents
(magnetic loop antennas)
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Test#3: Background - Noise categories

Theory: DM and CM noise path in a flyback converter

10 |

Ug(t)

—

—t----q p----
« |"“ Cor
I

U,rr = Ucm + Upm

Unrr = Ucm — Upm

' LISN ' —3
t [ A B A B ] J
—— DM Current
/%7 PE-Frame _I_ PE = Reference Ground

— (M Current

_ Uprr — UnRrF
Upm = >

ULrr + UNRF
2

Ucm =
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CM & DM Filter Equivalent

Effective LISN Impedance and Component Arrangement
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Impedance
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Common mode chokes

Core materials

= |f the CM insertion loss of the calculated 1-stage line filter with MnZn CMC core is not sufficient for the higher
frequency range (from approx. 10MHz - 100MHz), a second CMC with NiZn or nanocrystalline core must also be
used

* MnZn cores * NiZn cores « Nanocrystaline cores
* 10kHz to 10MHz * 5MHz to 200MHz * TkHz to 300MHz
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Core materials comparisson
MnZn, NC, NiZn

744821201 7448012501 744841210
WE-CMB - X5 WE-CMBNC - XS WE-CMB NiZn - XS
1.00 mH - 2.00 A 1.00 mH - 2.50 A 100 pH - 1.50 &

Common Mode Attenuation @ 500 (|

a0

Attenuation (dB)

Moy O
| e -

o1 0.01 0.1 1 10 100 1000
Frequency (MHz)
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Leakage inductance
Is mainly determined by the geometry of the winding body

7448640407 744824101 7448041801
WE-FC - UT WE-CMB - L WE-CMBNC - L
1,00 mH - 10,0 A 1,50 mH - 18,0 A

1,20 mH - 1,80 A

S0 dB q T T

Dampfung

1 MHz 10 MHz

00 MHz

100 kHz
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CMC with airgap

Flat CMC with defined air gap WE-LPCC (up to 24A)
Broadband attenuation from 100kHz to 300MHz
Less maximum attenuation compared to cores without air gap

36 R 20 B ]

%g J|— 7448880100 L 16 1 — 7448680100 \\
& 30| = 7448680120 A el g — 7448680120 TN
T 28-f = 7448630140 i SRl g 1677448680140 / 7]
£ 267 == 7448680180 F A ™ £ 4y d|==7448680180 //
2 247/ ==7448680200 I TN z == 7448680200 ,// s
2 %5 AP I == T £ 12 // A
2 13 P/ PN Sk 3= 2 10 / 7
= F/ATK il 5 v
£ 16 /7T = 8 / K8y
£ 7 5 Ar AN
2 15 1" 4 B 6 {/ F !/ ‘I ri
g 3 AN g //// .’
E A1l 8 4 VA7
“ i Ay 2 /| I’a f

1 A7ell7 L~ 7
2 g il ) 4T
0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100
Frequenz/frequency (MHz) Frequenz/frequency (MHz)

Enamelled Copper Wire
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WE-LPCC

WE-LPCC



Geometric arrangement of filters

 Correct placement of the filters for maximum interference suppression effect is crucial
 Avoidance of parallel structures/coupling of 1/0s

4 ) [ \ 4 )
Input EMI Power
Better Filter Stage Output
\ J\_ '\ J
4 N
Input EMI 4 N
Filter SEIE
\_ J
Worse ; J Stage
Output
L JAN J
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MATH




First: Measure DM and CM separate without filter

Mandatory: LISN with two RF outputs which can be used simultaniosly

|
£
[

/

VD mowoE R sOMs RRT

!
i
i

a2
o
Q
=
w)

?0:[:1 ‘:.
50|.1H LISN _'4.
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Setup
External filter PCB with 1- & 2-stage CM/DM filter

Low impedance reference
plane contact for LISN and
filter PCB
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Conducted Spectrum 50uH LISN
DM no filter

Amplitude (dBuV) < click to enter title > Frequency & Time Controls
100 { Changes here requires a new setup )
2!

8.11.2023 09:02:50
‘ Start Frequency | 150000 Hz
TD:
& dB Stop Frequency (30000000 Hz
= [ kH
3 O O Z Resolution BW (9000 Hz
1
Limits:
7 7 d B “ V “ : 550220P Reference Level dBuV
| I
il Full Scale Range dB

1 [ | ‘ | | } ‘ } \ | J ‘ ‘ H Hm H m'l o e (e
+Peak
= el s LI Al |1|| (LI | | Record Length  Auto = 131072 Sa

F fverage

| ]l Jl J\ 1\ nputVotDiv [T v | @
Ao A Ngﬁ I .l”u!l Nl\ | Input Coupling

|
= | muﬂfnhw M/ MM iy i W Decimation
\f\\v Hjﬂﬁ”ﬂun i ,”J"'Lr fli"% j / \. fw I\{ \J\W | " lu ! A B Bl i Bt
) O 0 A i

f 1
(RN IAzE \1 i [{ L1 | Transducer Factors
\/J\/\\/\ W SingleTD Value [6 | dB | Set
0 TDfile |Use Single TD Factor -

Transducer Correction Enabled

150k ™ 10M 30m
Frequency (Hz)
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Conducted Spectrum 50uH LISN

CM no filter

Amplitude (dBuV)

[ 300kHz )
s | 84dBuV _ 5
IR e e
. AL HMAV I
| LA LALAARITIER

“ i i

‘“Ei

0

A
W

=

— —

K"""‘x
™
“/\’V\f“\ﬂm\m
%\wﬂ*\w
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10Mm 30m
Frequency (Hz)

< click to enter title > ®
28.11.2023 09:16:21

{ Changes here requires a new setup )

Start Frequency Hz
Stop Frequency Hz
Resolution BW Hz
Reference Level dBuV
Full Scale Range dB

Measure Time  Auto=419424 us

Record Length Auto=1310728

3
Input VoltiDiv @
oo -

Decimation

High Resolution Decimation

Transducer Factors

Single TDValue 5 |dB | Set

TD file |Use Single TD Factor ~

Transducer Correction Enabled




Conducted Spectrum 50uH LISN
CM + DM no Filter

Amplitude (dBuV) < click to enter title > Frequency & Time Controls
100 { Changes here requires a new setup )

28.11.2023 08:56:51 et Ermney -
0
Ll 8 6 d B V 6dB Stop Frequency Hz
“ Resolution BW __QDDD Hz
< ( \ ‘ I;EmLIt:ZOP Reference Level dBuV
At least . |

| 'illl MH.. .

N Full Scale Range dB
| |
_L|'Od B “V Traces: Measure Time  Auto =425 352 us
| +Peak 5 =
2 Rt Record Length Auto= 131072 Sa

Input Coupling 50 Ohm DC ~

60

. "‘
40
JJM W 1 Transducer Factors
Single TDValue [5 | dB

30 TDfile |Use Single TD Factor v]

Decimation

High Resolution Decimation

=T

Transducer Correction Enabled

150k m 1om 3om
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Corner Frequency for desired Attenuation at fsw = A_fsw

1-Stage LC 2-Stage LC
_ fsw fsw
Afw = log -40dB Afsw = log - 80dB
fco fco
_ fsw fsw
Jeo = Afsw(dB) Jeo = Afsw(dB) 4B
10 4o0dB 10
(Y'Y Y
LISN Noise LISN Noise
Impedance T Source Impedance T N Source
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1-Stage Calculation
Desired damping CM&DM = 40dB @ fsw(300kHz) - fc= 30kHz

220 max,

1. ,LC" =40dB/Dec

2. Filter corner frequency: fc = 30kHz = 1/10 of fsw - 40dB @ 300kHz damping

3. DefineY-caps=> 4,7nFx2 -> 9,4nF total Cy

1 1

4, Define L_cm for fc =30kHz 2 L.y, = GG, = roeRIT T

= 3mH - 3,3mH chosen (744822233)

5. Actual fon = — JLery = — W = 28,5kHz —= Azg,_ = log (jg‘;’;zz) . 40dB = 41dB

6. Calc.L_dm > XL=920@1MHz > Ly, = 2)1(11} - 2;123142 = 14, 6pH (use REDEXPERT for help) __
7. Define Cx > Gy = G = oo = 1,92uF > 2,244F chosen (890334026034CS) i
8 Actual fi,, = Zn\/l,ldmi(:x = Zn\/m = 28kHz —> AfSde = lo (32080:122) -40dB = 41dB

le- | DIGITAL WE DAYS
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2-Stage Calculation
Desired damping DM&CM = 40dB @ fsw(300kHz) - fco= 95kHz

1. ,2nd LC" =80dB/Dec

2. Filter corner frequency: fc = 95kHz - 40dB (@ 300kHz damping

14 max.

3. DefineY-caps > 2,2nFx2 -> 4,A4nF total Cy (8853622110151)

16 max,

1 _ 1

4.  Define L_cm for fc = 95kHz 2 Ly, = @nfo’c, . (ZnoskHz) aanF

= 0,64mH - 1,0mH chosen (744821201)

1 1 300kHz
5. Actual fon = e = s = T5kHZ = Apyy = log ( ") - 80dB = 48dB

t.
.II

6. Calc.L_dm > XL=410@1MHz = Ly, = 2X_L 410

nf  2m-1MHz

= 6,5uH (use REDEXPERT for help)

1 1

7. Definetx=>C, = @l (ZmOSKHDE65aH 0,43pF - 560nF chosen (890334026018CS)

1 1 300kHz
8 Actual fum = 5o = e = B3KHZ = Apy = wg(gngZ) . 80dB = 45dB

9. Additional DM capacitance: Varistor ~ 420pF & (/, - Cy) = 3.3nF
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2-Stage Calculation

If the values of the filter components differ greatly (DM example)

= |f the size of the inductors are different in size, then there are two pairs of poles: High & Low frequency pole
In this example has L1 the bigger inductance and C1 the bigger capacitance

2 2

s as=1+ =+ 14—+ ]

e en o wn L1>>L2
LI P— 1 f — 1 ‘C1 >>C2
L= e, "¢ T en LG,
L2 |1
- CP = (1 + (2 Lower Inductance Higher Inductance
e I—/ Y'Y YN fYYY\_I
H™= ¢ ~JCH ™ on [1,Cq C2
LISN C1 Noise
= (= % Impedance Lower Higher Source
(C_1+G) | Capacitance Capacitance |
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2-Stage Simulation Example

If the values of the filter components differ greatly

40dB/dec

fcl= 1/2*pi*sqr(L1*Cp)

80dB/dec

fc2=1/2*pi*sqr(L2*Cs)

DUT

V1
AC10

Cp=C1l+C2 Cs=1/(1/C1+1/C2)
L1 L2
/_W " /W »
1m 10p
c1 c2 R2
fc1=5kHz — fc2=89kHz—
1y 470n 100
NS NS

.ac dec 200 1000 10000000

LISN
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2-Stage Calculation Example

If the values of the filter components differ greatly

V(n004)

20dB

0B — N

fc1 5kHz§ ™~

OB - T T S S |

PPN B — ------------- --------- -------
-60dB % ———————————— é rrrrrrrrr % rrrrrr %NN?”
-80dB-
100dB-
120dB+
140dB—
160dB-
180dB—

200dB—

220dB T T T T T —————— T T —————— T T —r———
1KHz 10KHz 100KHz 1MHz 10MHz
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FILTER SCHEMATIC &
PCB




Altium Schematic

AC QEPEXFI VARZ RlZ:CXIﬁL_Al.\M—S

”fgorDCIN B

o S T
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g e 0 PR e ve 5 D B G
Py I YT FE T WCAPCSSA PSS T
SR Spmgmrs s 2o s o S R S M M DRV DI PR O N B u BBy SMTspacer"i'i'i':
WASMST""""'------------------------------------V..ASMST

e L R R S L G ey SRR
':':'::::':::"::::::::::::::':':':::':':':':'J'J':'Z'ZLUWCAPCSSA.... o
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DlagEeln IS N POL U HR R MSG NS A BB DR R0 LM BmR U U GR 0t G iR B Eanoceibug nd 0 B 1
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....... 221]_F /J;
_f_f_ﬁP.Ef_f_ifﬁ..f.f.f.ﬁ_ﬁ_f_f_f_f_f_f_f_f_f_f.f..;WCAPCSSAE.ifﬁ.. “CMCSM@EPE_T_T_T_f
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Altium PCB

31|

DIGITAL WE DAYS
APRIL 25, 2024

o WURTH Wiirth Elektronik

MORE THAN
YOU EXPECT

W/E | EekTRonK  FNSnosCR -

WA-SMST

bunyely 0g

WCAP-FTXX

1-Stage Filter

AC or
DC Supply

WOCAP-FTXX

CYS
WCAP-CSSA

2-Stage Filter

WR-TBL




SIMULATIONS




LT Spice

DM simulation

1-Stage Real

E-V
1-Stage-Real Wgris&:r . 1 L1 4

R_LISN1 L:? lcx4 Lo vdm1i

100 e AC10

R . il DUT
%LISN 890334026034CS_2.2uF g ;42855533 3.3m
WCAP-FTXX WE-CMB
cv7| cvs|
WCAP-CSS%
2220_8853522140011_4.7nF
2220_8853522140011_4.7nF
2-Stage Real
WE-VD L2 890334026018CS_S60nF

2-Stage-Real Varistor _ 1 4 WCAP-FTXX 1 4

R_LISN ics lCX2 oo icx1 Lo vdm

— —_ — AC10

o e [ 2| 2 |7 | 2 DUT

%LISN 890334026018CS 5so|wE -CMB WE-CMB
_744821201_1m XS_744821201_1m .ac dec 100 10000 400000000
cvi cv2 cY3| cva
T TWCAP cSSA  WCAP-cSSA |

1812_8853622110151_2.2nF 1812_8853622110151_2.2nF
1812 _8853622110151_2.2nF 1812_8853622110151_2.2nF
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LT Spice

DM simulation

130dB

120dB~

110dB

100dB~

90dB~

80dB

70dB-

60dB~

50dB-

hpprox. 40-42dB!

1/V(1-stage-real)

1/V(2-stage-real)

2-Stage Filter |

--------------------------------------------------------------------------------------------------------------

_______________________________________________________

40dB~

30dB~

20dB-

10dB~

0dB-

-10dB-

-20dB~

---------------------------------------------------

-------------------------------------------------

______________________________________________

______________________________________________

-30dB

____________________________________

DIGITAL WE DAYS
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10KHz

100KHz

100MHz




LT Spice

CM simulation

1-Stage Real CM Model 1 L10 4
Lol !
CcY5s CcYé6 13
2 | o 3
R3 — = @) DUT
25 S_744822233_3.3m WCAP-+CSSA
LISN We-cie
AC1
~ ~ ~7 ~
2220 _8853522140011_4.7nF
2220 _8853522140011_4.7nF
2-Stage Real CM Model . L1 a . L2 a
Lo ! o !
R4 2 nm 3 __cv1__cv2 2 ﬂ 3 __cv3 __cv4 QDM
25 XS_ 744821201 _1m WCAP-CSSA XS_744821201_1m WCAP-CSSA D U T
LI S N WE-CMB WE-CMB
AC1
~ N N <7

.ac dec 100 10000 400000000 1812_8853622110151_2.2nF

1812 _8853622110151_2.2nF

1812 8853622110151_2.2nF
1812 8853622110151_2.2nF
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LT Spice

CM simulation

1/I(R4)

160dB

T e

120dB~

100dB~

80dB- - ——

s0ds e

1/I(R3)

approx. 4b-43d

40dB{ €= ==

20dBA---o s

0dB-

-20dB-

_______________________________

————————————————————

B
£/

__________________

——————————————————————————————————————————————

2-S:ta:'t_:|eE Fill::elf'

1-stage Filter

-40dB
10KHz
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MEASUREMENTS
FROM EMC LAB

Test side: Wurth Elektronik HIC Freiham




Test Setup Conducted
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Conducted CM+DM
No Filter

110
100
28
80
70
60
50
40
30
20
10

O
.15 1 10 30

Frequency in MHz

Conducted Emissions in dBuV

—— Quasi-Peak —— Average
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Conducted CM+DM
1-Stage Filter—-> approx. 41dB damping (4 7dB (M & 4 1dB DM was calculated)

110
100
90
80
70
60
50
40
30
20

O
0.15

i
—
— —
e
—
—
—
— —
. —
T — S S e S S e S S e — —

Conducted Emissions in dBpV

Frequency in MHz

—— Quasi-Peak —— Average
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Conducted CM+DM

2-Stage Filter > approx. 45dB damping (48dB (M & 45dB DM was calculated)

1
1

Conducted Emissions in dBpV

10

00

90

80

70 +

co i — EN55032 Class B Quasi Peak Limit _
_____________________________________ EN55032 Class B Average Limit

20 S ————r—

40 ¢ ) Up to 30dB better than the

30 1-stage filter

20 |

10 l
\ S=E=E= JM@MMMMW

0 .l - ] ] . B L
0.15 1 10 30

—— Quasi-Peak

DIGITAL WE DAYS

Frequency in MHz

—— Average
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Test Setup Radiated
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Radiated
= No Filter

80
dBuVim

CISPR 32/CISPR32 - FAR B M

" CISPR 32/CISPR32 - FAR B - QPeak/3.0m/ W‘*“"
l‘iﬁ. \\ 4“ ) et

/’1 '_'., /\ v VW A
A7 \v Py

=10

30MHz 6GHz
Frequency
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Radiated
1-Stage Filter

Global Graph:

80
dBuV/m

CISPR 32/CISPR32 - FAR B - QPeak/3.0m/

. "“J'v,-'*% .",._n-“kw_w--‘-___.- PJ,-’ \‘! / & ) ;m“ ’\-‘*.L\J‘wvyﬂwlw@*‘ tpt]
r \ / \ 5 o F \ N ’ y
/ .\uw. il MH."*M

-10

30MHz 1GHz
Frequency
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Radiated
2-Stage Filter

Global Graph:

80
dBpuV/m
10dB Improvement
againSt the 1 _Stage CISFR 32/CISPR32 - FAR B - QPeak/3.0m/
o+ v, f N S I R B i
-10
30MHz 1GHz

Frequency
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Possible Deviations

Measurement vs Math vs Simulation

» |nductance of supply wires

= |naccuracy of simulation models

= Tolerance of the inductive and capacitive components

= Grounding of Y-caps

= (CMC saturation effects

= ESL of filter PCB

= Parasitic inductive & capacitive couling between the filter components

= \/aristor capacitance
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Ready to use Filte PCBs
AC & DC versions

Order Code 7449984 Order Code 744998 Filter Evaluation Boards

Evaluation Board Line Filter [[24
Evaluation Board Differential Filter 208
Evaluation Board DC 2stepCMC Filter [[E1]

Evaluation Board Multiple Line Filter [[20)
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Questions

& Answers

We are here for you now!
Ask us directly via our chat or via E-Mail.

48 | DIGITAL WE DAYS

APRIL 25, 2024



	Calculation, Design & LT Spice Simulation of AC Line Filters
	1-Phase Filter Design
	 
	WE Portfolio for AC Filter
	Technical specification noise source
	Differntial Mode & Common Mode 
	CM & DM comparisson
	Introduction - Capacitive Coupling in a Flyback Converter
	Introduction - Inductive Coupling in a Flyback Converter
	Test#3: Background - Noise categories 
	CM & DM Filter Equivalent 
	Common mode chokes
	Core materials comparisson 
	Leakage inductance 
	CMC with airgap
	Geometric arrangement of filters
	Math
	First: Measure DM and CM separate without filter
	Setup
	Conducted Spectrum 50uH LISN
	Conducted Spectrum 50uH LISN
	Conducted Spectrum 50uH LISN
	Corner Frequency for desired Attenuation at fsw = A_fsw
	1-Stage Calculation
	2-Stage Calculation
	2-Stage Calculation
	2-Stage Simulation Example
	2-Stage Calculation Example
	Filter Schematic & PCB
	Altium Schematic
	Altium PCB
	Simulations
	LT Spice
	LT Spice
	LT Spice
	LT Spice
	Measurements�from EMC LAB
	Test Setup Conducted
	Conducted CM+DM 
	Conducted CM+DM 
	Conducted CM+DM 
	Test Setup Radiated
	Radiated
	Radiated
	Radiated
	Possible Deviations
	Ready to use Filte PCBs
	Foliennummer 48

