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3-Phase Filter Design

Sources of interference

« Components
 (alculation and simulation
* Filter Design

* Measurements of interference suppression
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3-PHASE FILTER
DESIGN e

ANP137 | 3-Phasen EMV Filter Design
Messung-Berechnung-Simulation

Andreas Nadler

1. EINLEITUNG

Ziel dieser Application Note ist es, dem Leser einen pragnanten
und umfassenden Uberblick iber die wesentlichen

Dimensionierung eines geeigneten Metzfilters fiir 3-Phasen-
Applikationen zu geben. Dabei wird ein diskreter Netzfilter

durch Berechnungen und LTSpice-Simulationen au tund
e a e p p n O e die Ergebnisse werden anschlieBend im EMV-Labor validiert.
Dariiber hinaus behandelt diese Application Note die

Berechnung von Varistoren und Leckstramen. Grundkenntnisse

in der Anwendung passiver Bauelemente, der Filtertechnik
sowie der EMV-Messtechnik werden fiir das Verstandnis
vorausgesetzt. Flr die Auslegung von 1-Phasen Netzfiltern

sowie weiterfihrendes Grundlagenwissen, wird auf die

ANPO15 verwiesen.

en aktuell geltenden Normen ist fiir diese
2. MESSAUFBAU Produktkategorie keine Messung der Stdrspannungen
unterhalb von 150 kHz erforderlich. Es wird jedoch erwartet,
dass in naher Zukunft auch Grenzwerte im Freguenzbereich

Um die Filterwirkung unter praxisnahen Bedingungen zu




SOURCE OF
INTERFERENCE




Differntial Mode & Common Mode

Differential Mode Common Mode
y | > DC y . DC
wPe = DC P > DC
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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

= d|/dtis dominant cause

= Conducted EMI problem

6 | 24.10.2025

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




Sources of interference 3 phase system

Typical application: inverter for industrial drives

Totem DC
o g 2 Pole Link Inverter
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3-Phase LISN
CISPR 16 LISN

8uF

DUT
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FILTER
COMPONENTS




Y2 Caps

MKP Film MLCC X7R / NPO
= WCAP-FTY2 = \WCAP-CSSA
= Pitch 10 - 37,5mm = 1808 — 2220
= \/r: 330VAC = \/r: 250VAC
= 1nF - 1pF = 33pF - 4.7nF
= X1+ Y2class = X1+ Y2class
= -40°Cto+110°C = -55°Cto+125°C
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Y2 MLCC Characteristics in REDEXPERT TOOL
WCAP-CSSA

ey o EXPERT  Multilayer Ceramic Chip Capacitors (MLCCs)

To Filters: Series = WCAP-CSSA Size = 2211, 2220 4items ¢

%7 Order Code S Spec Series Y Description S Size s AR I T o R T Y | Folew- W (M W Rse W DFE YO N T ¥ | Tass Y | TCC 57  Length %7 Width 757 Height 7

! < 8853522130151 eCH [¥] WCAP-CSSA Safety Class X1/Y2 2211 X7R 2.20nF £10% 250V =10.0GO0 25% -55.0°C 125°C £15% 5.70 mm 5.00 mm 2.50 mrA

ﬂ - 8853522130111 [¥] WCAP-CSSA Safety Class X1/Y2 2211 1.00nF +10% 250V =100 GQ -55.0 °C 125°C $15% 5.70 mm 2.80 mm 2.50 mr

:E-mm-mmmmm-mmmmm

L+ 8853522140021 [¥] WCAP-CSSA Safety Class X1/Y2 2220 1.00nF £10% 250V =10.0GO0 -55.0 °C 125°C 15% 5.70 mm 2.80 mm 2.50 mr
L")

<

8853522130151 8853522130111 8853522140011 X 8853522140021

WCAP-CSSA - X7R - 2211 WCAP-CSSA - X7R - 2211 WCAP-CSSA - X7R - 2220 WCAP-CSSA - XTR - 2220
220nF-250V 1.00 nF - 250V 4.70nF -250V 1.00 nF - 250 V

Show Panel. XN IESENE
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100 O

i 000 1 10% .

1k0 _ ;

: 09 -pom— —_—

1 1

!

1000 | 104 -10.0% i

z i

— 2 200 i

8 SE i 10 4 5 1

= i o~ 30.0% i

@ 10 ” | i g || 5

=4 : i w & -40.0%

1= i 100 mQ - i ;

100 mQ | S 500% i

i O i

i 10ma | 60.0% |

10 m( 1

; i 70.0% |

1m0 + : + | 1m0 : | ; ¢ |‘ 80.0% _ + ; |
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X2 Caps

MKP MKP THB

= WCAP-FTXX/ FTX2 = WCAP-FTXH

= Pitch: 7.5 - 37.5mm = Pitch: 15 — 37.5mm

= \/r: 310VAC/ 275VAC = \/r: 310VAC
= 5.6nF -6.8pF = 33nF - 10pF
= -40°Cto+105°C = -40°Cto+110°C

= THB rated: 1000h @ 85°C + 85% humidity
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CMC’s
3-phase 500V - WE-TPB — @47mm

= MnZn core material / -40°Cto +125°C

= 1kHz to 2MHz effective frequency range
744833120060 X 744833084075 744833052100 744833027110 744833011180 744833005240
WE-TPE - 31 WE-TPE - 351 WE-TPE - 351 WE-TPE - 3XL WE-TPE - 351 WE-TPE - 351
12.0mH - 6.00 A BA0mMH - /.50 A 520 mH - 10,0 A Z/mH-11.0A 1.0 mH - 180 A 450 pH - 24.0 A
L3 _________§b |
= Upto24A
Show Panel: m m
100 kid
= 0,52mH to 12mH
10 k0
3 1 ke
=
=
2
E \
100 @
100
1 kHz 10 I(—z 100 Il-:-|z 1 ‘.':H: 10 r:,1-|z 100 Ir Hz

Frequency
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CMC’s
3-phase 760V — WE-TPBHV — @#70mm

Mm\ ----- 'f

= MnZn & Nanocrystaline core materials / -40°Cto +125°C ' |””I”U‘”WWWJ
= 1TkHz to 20MHz effective frequency range .
= Upto46A

0,2mH to 208 mH

Nanocrystaline MnZn
Gommon odempcnce

Impedance

Imped

111111
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Surge Protection Varistors
WE-VD

5—-20mm @ THT

= \/rms: 14V — 1000V

= |max: T00A — 1T0000A

= -40°Cto 105°C

= UL, [EC & VDE certified

Valtag

1 pA 10 pA 100 pA 1 mA 10 mA 100 ma 1A 10A 1004 1 kA 10 kA
Current
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FILTER STRUCTURE




CM & DM Filter Equivalent

Effective LISN Impedance and Component Arrangement

Common Mode

Differential Mode
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LISN
Impedance
16.6Q

LISN

Impedance
100Q

L1+L2 Lem
B rvyn

3XCy

L PE
LcM_LEAK

- ANY Y
Cx
L2/1L3

Noise
Source

Noise
Source




DUT SETUP




DUT

Motor drive system (Fan)

EMC-Filter

19 | 24.10.2025

Inverter

4 kW: 5 A motor current.



Test Setup

Conducted emission testing

A Phase
s LISN
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Conducted emissions 150kHz to 30MHz
No filter ( PWM fundamental fsw=16kHz )

3 phase Filter
140

115dBuV

120
EEsls

S

B [y I el R Sy 3 1 ey

4 Class B

Limit class B~ =>60dB damping
65dBuV QP requiered @
200kHz

[ o, 1 1 10
Freg [WMHz]

o Filte r
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Test Setup

F 3

16.6Q0 CM
< Impedance
F 3

S
c 80cm
2 CM Distance
H:_j (Wired)
o Current
g Loop Inverter
.
7]
K]
E
1]
c
U v
(@]
=
T

1 872pF =195Q CM

40cm Distance Impedance

-> Capacitive Coupling Motor

F 3

Chassis

22pF =7,2kQ CM
Impedance
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Common Mode vs Differential Mode

Current probe setup

= Common mode on all 3 lines: = Differential mode + common mode on single line

3 PHASE FILTER DESIGN
23 | INTERNAL | ASTI | 21.03.2024 WE




Common Mode vs Differential Mode
DUT with PE / Earth connection

= Green = common mode current on all 3 lines
- = differential mode current + common mode current on a single line

MultiView Receiver -

Meas BW (6dB) 9 kHz Meas Time 100 ms
@ Att 15 dB @ Preamp On  Step TD Scan Frequency 30.0000000 MHz
Input 20C  PS On_ Notch Off

1 Bargraph

Max Peak 30.82 dBpV &S -30 -20

100 kHz 1 MHz 10 MHz

e DM noise
| e st o 44 A R P dominant

e hl / “HHWH’” = below 50 kHz!
UV LB P WAAITI S
o CM noise is
“‘” dominant over

1 100kHz

0 dBpy

-10 depy

-20 dBpy

Start 9.0 kHz T o Stop 30.0 MHz

Measuring ... INRENEENE =~ e I

11:18:13 aM 03/21/2024

2l|- | 3 PHASE FILTER DESIGN
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Requiered Filter Attenuation

DM & CM

Attenuation Needed:

CM+DM: 60dB@200kHz

CM+DM: 60dB@1MHz

100KHz
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MATH




Chosen Filter Structure for DUT 150kHz to 30MHz
,CLC" for DM and ,LC" for CM

— )
z T ALK 1 T b O
= : ° 3
. YN . ; < &
= DM filter provides 60dB/dec cMc
» |Leakage of CMC + X-Caps
CX4| CX5] CX6 CX1| CX2| CX3
CLC = 60dB/dec oy | cy| cov| cov
= CM filter provides 40dB/dec LC = 40dB/dec /77 /77 /77 /77
= CMC main inductance + big Y-Cap Big Y-cap Smaller Y-caps
= Additionally 3x small e.g. 2.2nF MLCC Y-caps for LF for HF
direct connected between phases-PE —> Take care of
to increase the insertion loss over 10MHz air/creepage

distance when

(not included in the math but simulation) , )
using MLCC's
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CM & DM Filter Equivalent
Effective Cx and Cy in 3 phase systems

| \AANJ T
= = ~ G 9 3 8
& AL 2 5
—l . = 0O
= (x between each phase: . Y Y'Y . N
. (o 1 CMC
xeffective — \cx1 | cx2 |
CX4 C)(S. CX6 CX1 CX% CX3
= Cy betwenn all 3 phases and PE: L
_ 1 1.1 cY
" CYerrective = (Gxircxzrcas T o) |
;77
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Corner Frequency for desired Attenuation at fsw = A_fsw
Valid for both: CM & DM

1-Stage LC 2-Stage LC
_ fsw fsw
Afw = log -40dB Afw = 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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Corner Frequency for desired Attenuation at fsw = A_fsw

DM Pl filter
1-Stage CLC = ,PI” Additional Math for ,CLC — PI"
1
fsw £ =
= S C
Ay = log <fco 60dB Zﬂx/LCMleak Cro
fsw
= Cx1-Cx2
fCO Afsw(dB) CXG _ X X
10 60dB Cx1+ Cx2
LCM LEAK Additionally this result must be
Lt fYW\ _ divided by ,2" as we have two X2
LISN in a row between the phases!
-1 Noise
Impedance —
100Q Cx1 X2 Source
12/13
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CLC (DM) & LC (CM) - Stage Calculation (worst case without real CM couping)
Desired damping for CM & DM = 60dB (@ 200kHz

1. .CLCPI"=60dB/Dec (DM) and ,LC" =40dB/Dec (CM)
2. DM filter corner frequency: fc_dm = 20kHz & CM filter corner frequency: fc_cm = 6.3kHz

1
CX1+CX2+CX3

3. DefineY-caps > 2x47nF(star/series connected with the X-caps) 2 Cyesrective = ( + Ciy)-1= 94nF

1 1

4, DefineL_cmforfc_cm=6.3kHz 2 L., = (2rfO)2C,  (2m-6.3kHzZ)?-94nF
. 6. .

= 6.8mH - 8.4mH chosen (744833084075)

1 1 200kHz
5. Actual fem = 21 /LemCy  2m\8.4AmH-94nF 5.7kHz —— AfSWcm = log (5.7kHZ) +40dB = 62dB

XL 390
2nf  2m-100kHz

6. Calc.L_dm > XL =39Q@100kHz = Ly, = = 62uH (use REDEXPERT for help)

. 1 1 Cx1:-Cx2
7. Define (x> C; = G = mnisr oy = LO2UF > 470F chosen > Cyg = oo~ = 2,350F : 2 = 1,18F (6x890334027030CS)
1 1 200kHz i -i‘:*+
g Actual fam = 2 LgmCx  2mJ62uH-1.18uF 18.6kHz — AfSde =lo (18.6kHz) +60dB = 62dB e
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Be careful with Nanocrystalline Cores
https://we-online.com/re/5tasN741

= E.g. 744838180160 - 18mH (datasheet) meas. at 10kHz
= CMimpedance @ 10kHz = 1.06kQ = 17mH

= CMimpedance @ 100kHz = 5.23kQ - 8mH

o N =
> 744838480095 WE-TPBHV 760V 48.0 mH
> 744839003460 WE-TPBHV 4XL [ 760V 3.00 mH 46.0 A

<< |

744838180160 X

Show Pane: [ove | owe |

‘Common Mode Impedance

n
O

10 kO

100 kHz

1kQ

Impedance

100 0 A

T
1 kHz 10 kHz 100 kHz 1 MHz 10 MHz 100 MHz 1GHz
Frequency

= (CM curve is not linear - frequency dependence of the core permeability
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https://we-online.com/re/5tasN741
https://we-online.com/re/5tasN741
https://we-online.com/re/5tasN741

SIMULATION OF THE
CALCULATED CLC
FILTER




LT Spice Schematic CLC EMI Filter

H - WE-TPB
Differential Mode o1 Input Impeda&l;e Inverter
1 6
Te Sy AVAY
sy < R2 €25 2 P 1
lel]p 3 p— 4
L ST
~ Varistor 744833084075
8.4mH
Cc4 Co Cc7 Cc8 C9 C10
4.7p Ttl.?u 4.7p 4.7p T4.?|1 4.7n
WCAP-FTXX WCAP-FTXX
WCAP-FTXH WCAP-FTXH
Common Mode WE-TPB
1 u4 6
e A T
2 j— 5
YTV YL
Impedance: 3 P— 4
R4 Coupling Motor Chassis = e .
7k2 to EMC Setup 744833084075
-> 22pF 8.4mH Impedance:
WCAP-FTXX et —E © ——C 13 C14 __':15 __Clﬁ Coupling Electronic
) Ta 1. T T, to Motor Chassi
WCAP-FTXH |47p |47p  |4.7p WCAP-FIXH T.?u 470 |47 ‘; 8?7;; assis
WCAP-FTXX
DUT
WCAP-FTY2 lc i
T}.uwu To.047p T T T WCAP-CSSA AC1
.ac dec 100 10000 100000000 i 2-5|]V2211)(7R_2-2-I1F_385352213|]151

250V2211X7R_2-2nF_8853522130151
250V2211X7R_2-2nF_8853522130151
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Simulation CLC

Ice

LT Sp

1/V{n001)

1/1{RT)

Diflle rent|

ihl Mode S21

CM+DM: 60dBE@200kHZ

@1MHz

CM+DM: 40dB@5MHz

120dB

I

40dBy----

30dB=----

20dB----

10dB} -

10KHz

0dB:




FILTER PCB




New Filter PCB Schematic

Altium Schematic

GRID o DUT

Q
=
12 2] N bl WE-TPB 11
Ll [ ]4 7 | le = 6 i I} 1] L
L2 3 2. 5 2 12
@ - » = @
L3 2 3 s~y 4 3 L3
@ (] (& o o o @
= = I L1 8.4mH
651137910004 ¥ i =1 =1 = Leakage: 62uH = = =1 691137910004
WR-TBL | > ) 3 Y WR-TBL
WE-VD C1 C2 C3 C4 C5 C6
MP1 MP2
- »
9774100960R WCAP-FTXX WCAPIFTXX 9774100960
WA-SMST /7 7 /77 WA-SMST
PE C7 | | C8 PE
Cc9 C10 C11
47nF 1 TnF 4 TnF 4 InF 4 TnF

o
WCAPIFTXY WCAPICSSA

MP5 _ [P3 4
9774100960R. 9774100960R 9774100960R
PE  WA-SMST PE ~ WA-SMST
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New Filter PCB 3D TOP View

Improved PE connection to chassis

WURTH 2 @ 3-Phase Filter Demo ®

ELEKTRONIK
MORE THAN

YOU EXPECT DC Marking
PE @’ DC Marking

GRID/LISN
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New Filter PCB 3D BOT View

Improved PE connection to chassis
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MEASUREMENTS
WITH CALCULATED &
SIMULATED FILTER




Measurements in the Lab

No Filter
3 phase Filter
115 dBpV il
v\—lm
= Class B
Limit class B =>60dB damping
65 dBpV QP requiered (@ 200 kHz

Freg [WMHz]

o Filte r
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Measurements in the Lab
CLC Filter for 60dB (@ 200kHz

100

115 dBpV .
T° QP Limit
Class B |
LimitclassB  =>60dB damping
65 dBuV QP @ 200 kHz

Freqg [MHz]

mo Filter

Filter yw-Caps to electromnic
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What happens if you place the Y-Caps on the wrong side? (=LISN direction, not DUT)
9kHz to 30MHz conducted EMI

2 phase Filter

2 B

No Filter

Filter with wrong Y-
cap placement

TR

™ | Filter with correct Y-
mpedance — Noise =>60 dB damping cap placement
16.60 ey souree @ 200 kHz e

e
0,01 o, 1 i 10

Freog [WMHZ]

no Filter

Filter — v caps turred Filter yv-Caps to electronic
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