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• Sources of interference

• Components for filtering

• Filter Design 

• Y-Cap placement, leakage current and PE connection style

• Calculation and simulation

• Measurements of interference suppression

• Varistor calculation and placement

3-Phase Filter Design

26.07.2024
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FILTER DESIGN
1-PHASE &
DCDC
Related Appnote: ANP015
Coming 2025: ANP137 (3-Phase)

26.07.2024
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SOURCE OF
INTERFERENCE

26.07.2024
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Differntial Mode & Common Mode 

Vsupp

Common Mode

DC

DC
Vsupp

Differential Mode

DC

DC

26.07.2024
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CM & DM comparisson

26.07.2024

 Common-mode currents

 Unexpected current path 

 Current flows via parasitic paths

 Return current path very large

 Relatively small currents (µA)

 Filtering with CMC and Y-caps

 dU / dt is dominant cause

 Radiated & conducted EMI problem

 Differential mode currents

 Current path as in circuit diagram

 Easy to follow paths

 Return current path very close

 Relatively large currents

 Filtering with LC , π , T topologies

 dI / dt is dominant cause

 Conducted EMI problem
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Introduction - Flyback Converter
Hot Node and Critical Loops

26.07.2024
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Introduction - Capacitive Coupling in a Flyback Converter

High du/dt common mode currents through parasitic capacitances
(electric dipole and monopole antennas)

Common mode current paths

26.07.2024

LISN

Source 50Ω

50Ω

Load
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Introduction - Inductive Coupling in a Flyback Converter

Inductive coupling caused by high di/dt differential mode currents
(magnetic loop antennas)

Differential mode current paths

26.07.2024

LISN

Source 50Ω

50Ω

Load
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Sources of interference 3 phase system
Typical application: inverter for industrial drives

26.07.2024

I_dm

I_cm
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3-Phase LISN
CISPR 16 LISN

26.07.2024
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LISN / DUT 

 𝑅𝐶𝑀 =
𝑅𝐿𝐼𝑆𝑁

3
=

50Ω

3
= 16.67Ω

 𝑅𝐷𝑀 = 𝑅𝐿𝐼𝑆𝑁 ∙ 2 = 50Ω ∙ 2 = 100Ω

 𝐼𝐶𝑀 = 𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐

 𝐼𝐷𝑀,𝑎 + 𝐼𝐷𝑀,𝑏 + 𝐼𝐷𝑀,𝑐 = 0

 𝑉𝐶𝑀 = 𝐼𝐶𝑀 ∙
𝑅𝐿𝐼𝑆𝑁

3
=

𝑉𝑎+𝑉𝑏+𝑉𝑐

3

 𝑉𝐷𝑀,𝑎 = 𝑉𝑎 − 𝑉𝐶𝑀 =
2∙𝑉𝑎

3
∙
𝑉𝑏

3
∙
𝑉𝑐

3

Simplified RF model

26.07.2024
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COMPONENTS

26.07.2024
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X1 / Y2 Caps

 WCAP-FTY2

 Pitch 10 – 37,5mm

 Vr: 330VAC

 1nF – 1µF

 X1 + Y2 class

 WCAP-CSSA

 1808 – 2220

 Vr: 250VAC

 33pF – 4.7nF

 X1 + Y2 class

 -55°C to +125°C

MKP Film(Prototyp Status) MLCC X7R / NP0

26.07.2024
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X2 Caps

 WCAP-FTXX / FTX2

 Pitch: 7.5 – 37.5mm

 Vr: 310VAC / 275VAC

 5.6nF – 6.8µF

 -40°C to +105°C 

 WCAP-FTXH

 Pitch: 15 – 37.5mm

 Vr: 310VAC

 33nF – 10µF

 -40°C to +110°C

 THB rated: 1000h @ 85°C + 85% humidity

MKP MKP

26.07.2024
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 MnZn core material / -40°C to +125°C

 1kHz to 2MHz effective frequency range

 Up to 24A

 0,52mH to 12mH

3-phase 500V - WE-TPB – Ø47mm 
CMC´s

26.07.2024
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 MnZn & Nanocrystaline core materials /  -40°C to +125°C
 1kHz to 20MHz effective frequency range
 Up to 46A
 0,2mH to 208mH

Nanocrystaline MnZn

3-phase 760V – WE-TPBHV – Ø70mm

26.07.2024

CMC´s
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 5 – 20mm Ø THT

 Vrms: 14V – 1000V

 Imax: 100A – 10000A

 -40°C to 85°C

 UL, IEC & VDE certified

WE-VD

26.07.2024

Surge Protection Varistors
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POSSIBLE FILTER
STRUCTURES

26.07.2024
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CM & DM Filter Equivalent
Effective LISN Impedance and Component Arrangement

26.07.2024

 CM

 DM
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Main CMC Inductance + Y-Caps

26.07.2024

Possible Filter Structures Common Mode
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CMC Stray Inductance + X-Caps
Possible Filter Structures Differential Mode

26.07.2024
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SIMULATION OF
DIFFERENT FILTER
STRUCTURES

26.07.2024
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LT Spice Simulation
1-stage filter for 400V / 18A / 11kW

26.07.2024
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LT Spice Simulation Insertion Loss
1-stage filter for 400V / 18A / 11kW

26.07.2024
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LT Spice Simulation
2-stage filter for 400V / 18A / 11kW / Standard CY 

26.07.2024
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LT Spice Simulation Insertion Loss S21
2-stage filter for 400V / 18A / 11kW / Standard CY

26.07.2024
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LT Spice Simulation
2-stage filter for 400V / 18A / 11kW   CY - Star Connection

26.07.2024
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LT Spice Simulation Insertion Loss S21
2-stage filter for 400V / 18A / 11kW   Y-Cap Star Connection 3x4.7nF= 14.1nF

26.07.2024
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LT Spice Simulation Insertion Loss S21
2-stage filter for 400V / 18A / 11kW   Y-Cap Star Connection bigger Y-Cap (47nF)

26.07.2024
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ST Spice Simulation Insertion Loss S21
Compare all 3 Common Mode Configurations

26.07.2024
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MEASUREMENTS IN 
THE LAB 

26.07.2024
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DUT
Motor drive system

26.07.2024

Inverter
Optional 

EMC-Filter

400 V 
grid

3 kW; 5 A motor current.
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Test Setup
Conducted emission testing

26.07.2024

Confid
ential
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Test Setup
Conducted emissions testing – basic idea CM-coupling

26.07.2024
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 Motor is noise source for Common Mode Noise.
 Coupling over the air or over PE-connection.

Test setup
Detailed coupling

26.07.2024

LISN

R
eferen

ce

Inverter

8
0

 cm

40 cm

Capacitive CM-
coupling

CM-
Current

Motor

25 Ohm CM-
Impedance

Motor stray capacitance
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Motor stray capacitance

 Motor stray capacitance: 877 pF @ 2 MHz.
 Winding to chassis.

Measurement with LCR-meter

26.07.2024

Confid
ential

Confide
ntial
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Conducted emissions
No filter

26.07.2024
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Common Mode vs Differential Mode

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

Current probe setup

3 PHASE FILTER DESIGN
INTERNAL | ASTI | 21.03.2024
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Common Mode vs Differential Mode

 Current probe:
 Linear performance starting at 10 kHz.
 Note: LISN is linear at 50 Ohms starting at MHz range!
 LISN linear starting at 1 MHz.

Current probe setup

3 PHASE FILTER DESIGN
INTERNAL | ASTI | 21.03.2024
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Common Mode vs Differential Mode

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

DUT with PE / Earth connection

3 PHASE FILTER DESIGN
INTERNAL | ASTI | 21.03.2024

DM noise 
dominant 
below 50 kHz!
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Filter Calculation

 Attenuation earthed 60 dB required -> 1000 times reduction of the noise current.
 218 Ohms loop impedance -> 218 000 Ohms Filter impedance if only CMC is used...

 Complexe filter calculation or simulation possible, when impedance system is known.

Common mode loop

3 PHASE FILTER DESIGN
INTERNAL | ASTI | 21.03.2024

25 Ohm CM-
Impedanz

C-Stray Setup: 
7200 Ohms

C-Stray Motor: 
193 Ohms

Filter
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Requiered Filter Attenuation
DM & CM

26.07.2024
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MATH

26.07.2024
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CM & DM Filter Equivalent
Effective LISN impedance and component arrangement

26.07.2024

 CM

 DM
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CM & DM Filter Equivalent

 Cx between each phase:

 𝐶𝑥𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 =
1

𝐶𝑋1
+

1

𝐶𝑋2

−1

 Cy betwenn all 3 phases and PE:

 𝐶𝑦𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 = (
1

𝐶𝑋1+𝐶𝑋2+𝐶𝑋3
+

1

𝐶𝑌
)−1

Effective Cx and Cy in 3 phase systems

26.07.2024
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 DM filter provides 60dB/dec
 Leakage of CMC + X-Caps

 CM filter provides 40dB/dec
 CMC main inductance + Y-Cap

„CLC“ for DM and „LC“ for CM
Chosen Filter Structure for DUT 150kHz to 30MHz

26.07.2024

LC = 40dB/dec

CLC = 60dB/dec
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Corner Frequency for desired Attenuation at fsw = A_fsw

1-Stage LC 2-Stage LC

Valid for both: CM & DM

26.07.2024

𝐴fsw = log
𝑓sw
𝑓c𝑜

∙ 40𝑑𝐵 𝐴fsw = log
𝑓sw
𝑓𝑐𝑜

∙ 80𝑑𝐵

𝑓𝑐𝑜 =
𝑓𝑠𝑤

10
𝐴𝑓𝑠𝑤(𝑑𝐵)
40𝑑𝐵

𝑓𝑐𝑜 =
𝑓𝑠𝑤

10
𝐴𝑓𝑠𝑤(𝑑𝐵)

80
𝑑𝐵
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Corner Frequency for desired Attenuation at fsw = A_fsw

1-Stage CLC = „PI“ Additional Math for „CLC – PI“

DM PI filter

26.07.2024

𝐴fsw = log
𝑓sw
𝑓c𝑜

∙ 60𝑑𝐵

𝑓𝑐𝑜 =
𝑓𝑠𝑤

10
𝐴𝑓𝑠𝑤(𝑑𝐵)
60𝑑𝐵

𝑓𝑐𝑜 =
1

2𝜋 𝐿𝐶𝑀𝑙𝑒𝑎𝑘 ∙ 𝐶𝑋𝐺

𝐶𝑋𝐺 =
𝐶𝑥1 ∙ 𝐶𝑥2

𝐶𝑥1 + 𝐶𝑥2
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CLC (DM) & LC (CM) - Stage Calculation (worst case without real CM couping)

1. „CLC PI“ = 60dB/Dec (DM)   and „LC“ = 40dB/Dec (CM)

2. DM filter corner frequency: fc_dm = 20kHz & CM filter corner frequency: fc_cm = 6.3kHz

3. Define Y-caps 47nF(star connected)  𝐶𝑦𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 = (
1

𝐶𝑋1+𝐶𝑋2+𝐶𝑋3
+

1

𝐶𝑌
)−1= 𝟒𝟕𝒏𝑭

4. Define L_cm for fc_cm = 6.3kHz   𝐿𝑐𝑚 =
1

2𝜋𝑓𝑐 2𝐶𝑦
=

1

(2𝜋∙6.3𝑘𝐻𝑧)²∙47𝑛𝐹
= 13.6𝑚𝐻  12mH chosen (744833120060)

5. 𝐴𝑐𝑡𝑢𝑎𝑙 𝑓𝑐𝑚 =
1

2𝜋 𝐿𝑐𝑚𝐶𝑦
=

1

2𝜋 12𝑚𝐻∙47𝑛𝐹
= 6.7𝑘𝐻𝑧 −→ 𝐴𝑓𝑠𝑤𝑐𝑚 = 𝑙𝑜𝑔

200𝑘𝐻𝑧

6.7𝑘𝐻𝑧
∙ 40𝑑𝐵 = 𝟓𝟗𝒅𝑩

6. Calc. L_dm XL = 54Ω@100kHz  𝐿𝑑𝑚 =
𝑋𝐿

2𝜋𝑓
=

54Ω

2𝜋∙100𝑘𝐻𝑧
= 𝟖𝟔µ𝑯 (use REDEXPERT for help)

7. Define Cx  𝐶𝑥 =
1

2𝜋𝑓𝑐 2𝐿𝑑𝑚
=

1

2𝜋∙20𝑘𝐻𝑧 2∙86µ𝐻
= 737𝑛𝐹 2,2µF chosen 𝐶𝑋𝐺 =

𝐶𝑥1∙𝐶𝑥2

𝐶𝑥1+𝐶𝑥2
= 𝟏, 𝟏𝟖µ𝑭 (6x890334027030CS)

8. 𝐴𝑐𝑡𝑢𝑎𝑙 𝑓𝑑𝑚 =
1

2𝜋 𝐿𝑑𝑚𝐶𝑥
=

1

2𝜋 86µ𝐻∙1.18µ𝐹
= 15.8𝑘𝐻𝑧 −→ 𝐴𝑓𝑠𝑤𝑑𝑚 = 𝑙𝑜𝑔

200𝑘𝐻𝑧

15.8𝑘𝐻𝑧
∙ 60𝑑𝐵 = 𝟔𝟔𝒅𝑩

Desired damping for CM & DM = 60dB @ (200kHz)

26.07.2024
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SIMULATION OF THE
CALCULATED CLC 
FILTER

26.07.2024
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LT Spice Schematic CLC 
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LT Spice Simulation CLC
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LT Spice Schematic CLCLC
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LT Spice Simulation CLCLC
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FILTER PCB

26.07.2024
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Example 2-Stage Design TOP view
What can be improved?

26.07.2024
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Example 2-Stage Design BOT view

26.07.2024
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NEW MEASUREMENTS
WITH CALCULATED & 
SIMULATED FILTER

26.07.2024



67

No Filter

26.07.2024

Measurements in the Lab

115dBµV – 60dB = 
55dBµV @ 200kHz
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Calculated CLC Filter for 60dB @ 200kHz

26.07.2024

Measurements in the Lab

-60dB = @ 200kHz
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2- Stage CLCLC Filter for 80dB @ 200kHz

26.07.2024

Measurements in the Lab

-80dB = @ 200kHz



70 26.07.2024

Overview

No Filter

CLC Filter

CLCLC Filter
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 CMC tolerance
 Cap tolerance
 Coupling between components
 Layout coupling (e.g. PE/chassis connection in multi stage filter)
 Grounding impedance is to high
 Wrong system impedance estimation
 Wrong DM – CM separation setup
 CMC saturation (e.g. applications with high dv/dt and long unshielded motor cables)
 Nominal CMC inductance does not match with impedance curve at requiered frequency

Why don´t we get so much attenuation as simulated?

26.07.2024

Deviation between Math, Simulation and Real Test
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Y-CAP LEAKAGE

26.07.2024
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 In a balanced capacitor networtk, the sum of all 3 line currents are zero

 In theory, if all X-caps are equal, there will be no leakage

 In reality, the tolerances of the X-caps will cause some leakage

 The highest leakage occur at the highest unbalance between the phases

 Cause for the unbalance are the tolerances of the grid voltage & caps

 Assume 3% tolerances for grid voltage and 10% for caps

Y-Cap leakage
3-phase system with X-cap star connection

26.07.2024

𝐼𝑙𝑒𝑎𝑘,𝑚𝑎𝑥 = 𝑉𝐶𝐿 ∙ 2𝜋𝑓 ∙ 𝐶𝑌,𝑚𝑎𝑥

𝐼𝑙𝑒𝑎𝑘,𝑚𝑎𝑥 = 2𝜋𝑓 ∙ 𝐶𝑌,𝑚𝑎𝑥 ∙
𝑉𝐺𝑅𝐼𝐷,𝑚𝑎𝑥 ∙ 𝐶𝑋,𝑚𝑎𝑥 − 𝑉𝐺𝑅𝐼𝐷,𝑚𝑖𝑛 ∙ 𝐶𝑋,𝑚𝑖𝑛

𝐶𝑋,𝑚𝑎𝑥 + 2 ∙ 𝐶𝑋,𝑚𝑖𝑛 + 𝐶𝑌,𝑚𝑎𝑥
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 Example calculation

 Cx = 2.2µF  / Cy = 100nF / +10% tolerance

 400VAC grid 50Hz  +-3% tolerance (EN50160)

Y-Cap leakage
3-phase system with X-cap star connection

26.07.2024

𝐼𝑙𝑒𝑎𝑘,𝑚𝑎𝑥 = 2𝜋𝑓 ∙ 𝐶𝑌,𝑚𝑎𝑥 ∙
𝑉𝐺𝑅𝐼𝐷,𝑚𝑎𝑥 ∙ 𝐶𝑋,𝑚𝑎𝑥 − 𝑉𝐺𝑅𝐼𝐷,𝑚𝑖𝑛 ∙ 𝐶𝑋,𝑚𝑖𝑛

𝐶𝑋,𝑚𝑎𝑥 + 2 ∙ 𝐶𝑋,𝑚𝑖𝑛 + 𝐶𝑌,𝑚𝑎𝑥

𝐼𝑙𝑒𝑎𝑘,𝑚𝑎𝑥 = 2𝜋50𝐻𝑧 ∙ 110𝑛𝐹 ∙
412𝑉 ∙ 2.42µ𝐹 − 388𝑉 ∙ 1.98µ𝐹

2.42µ𝐹 + 2 ∙ 1.98µ𝐹 + 110𝑛𝐹
= 1.22𝑚𝐴
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Y-Cap Leakage

 In a perfect symmetrical / balanced system there is no leakage

 In reality a 3-phase filter is always loaded unbalanced:

 Y-cap tolerances

  Imbalance of the supply grid

  Asymmetrical load

3-phase system

26.07.2024
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 The leakage currents of the vecotors of the phases need to be
added together to determine the resulting discharge current!

 Practical assumption: Cy: 100nF / 50Hz / 400V

Y-Cap leakage
3-phase system

26.07.2024

𝐼𝑙𝑒𝑎𝑘,𝑚𝑎𝑥 = 2𝜋𝑓 ∙ (𝐶𝑌,𝑚𝑎𝑥−𝐶𝑌,𝑚𝑖𝑛) ∙ 𝑉𝐺𝑟𝑖𝑑

𝐼𝑙𝑒𝑎𝑘,𝑚𝑎𝑥 = 2𝜋50𝐻𝑧 ∙ 110𝑛𝐹 − 90𝑛𝐹 ∙ 400𝑉 = 2.51𝑚𝐴
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DISCHARGE RESISTOR

26.07.2024
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Caps Discharge Resistor

 Power rating resistor: 𝑃𝑣 = 𝑉𝐿𝑖𝑛𝑒²

𝑅𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

 e.g. 𝑅 = 220𝑘Ω → 720𝑚𝑊@400𝑉

 Total capacitance:    𝐶𝑡𝑜𝑡 = 𝐶𝑋1 + 𝐶𝑋2 + 𝐶𝑃𝑎𝑟𝑎𝑀𝑂𝑉 + (
1

1

𝐶𝑌1
+

1

𝐶𝑌2

)

 Cap discharge voltage decay:     𝑉 = 𝑉𝐺𝑟𝑖𝑑 ∙ 𝑒
− 𝑡/𝑅𝐶

 Example: 
 𝐶𝑡𝑜𝑡 = 2,2µ𝐹 𝑉𝐺𝑟𝑖𝑑 = 400𝑉 𝑅 = 220𝑘Ω 𝑡 = 1𝑠𝑒𝑐

 𝑉 = 𝑉𝐺𝑟𝑖𝑑 ∙ 𝑒
−

𝑡

𝑅𝐶 = 400𝑉 ∙ 𝑒−1𝑠÷ 220𝑘Ω∙2,2µ𝐹 = 50,6𝑉

 Capacitor Safety Discharge Conversion Calculator | DigiKey
 Take care of: creepage, clerance and voltage rating when choosing the discharge resistor!

Voltage after power plug removed: In 1 second

26.07.2024

https://www.digikey.de/en/resources/conversion-calculators/conversion-calculator-capacitor-safety-discharge
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VARISTOR FOR 4KV 
SURGE TEST

26.07.2024
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Varistor

 Industrial inverter with 400 V AC voltage supply
 Surge test according to DIN EN 55024
 Coupling type: symmetrical (phase to neutral conductor)
 Test voltage: 𝑈 ̂_G= 4kV
 Coupling impedance (= internal resistance of the test generator): 
 𝑍G = 2Ω

 Selection of the varistor:
 Operating voltage taking into account the tolerance:
 𝑈_rms = 460𝑉
 20 mm high surge disk varistor WE-VD 820424611

 Specification: 
 Voltage at the electronics should not exceed 1.6kV

Typical 3-Phase , 4kV Surge Test

26.07.2024
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Varistor 3-Phase / 4kV Surge

 Step 1: Determination of the maximum clamping voltage for the short-circuit current of the test generator ( ෠𝑉G=4kV/ 𝑍G = 
2Ω / 2kA / 400V x 1.41 )  𝐼𝐺 =

𝑉𝐺+𝑉𝐺𝑟𝑖𝑑

𝑍𝐺
=

4𝑘𝑉+564𝑉

2Ω
= 2282𝐴

V/I characteristic curve +10% tolerance:   𝑉𝐶𝐴𝐿𝑀𝑃𝑚𝑎𝑥@2282𝐴 → 1.69𝑘𝑉

 Step 2: Calculation of the new current value through the varistor using the known coupling impedance 𝑍G and
V_clamp_max:     IC1 =

VG+VGrid−VCLAMPmax

ZG
=

4kV+564V−1.69kV

2Ω
= 1437𝐴

 V/I characteristic curve +10% tol. :   𝑉𝐶𝐴𝐿𝑀𝑃@1437𝐴 → 𝟏. 𝟓𝟔𝒌𝑽

 Step 3: Determine max. I_clamp through varistor using the V/I curve with -10%
 𝑉𝐶𝐴𝐿𝑀𝑃𝑚𝑖𝑛@1437𝐴 → 1.29𝑘𝑉

 Step 4: Calculate the max. current through the varistor: IC_max =
VG+VGrid−VCLAMPmin

ZG
=

4kV+564V−1.29kV

2Ω
= 𝟏𝟔𝟑𝟕𝑨

Determination of operating point Alternative iterative calculation (use Redexpert V/I max. curve for reading)
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Varistor

 Check how many 8/20µs current pulses the varistor can 
withstand

 Determining the equivalent width of the square-wave current 
pulse

𝑡eq,8/20 = 0,5 ⋅ 𝑇1 + 1,43 ⋅ 𝑇2 − 𝑇1
= 0,5 ⋅ 8µs + 1,43 ⋅ 12µs

= 21,16µs

 The varistor can withstand approx. 50 @ 21µs pulses with 
766A

 What is the maximum energy occurring in the varistor during 
the test?  40 pulses 

Typical 3-Phase, 4kV Surge Test

𝐼c,max1637𝐴

𝑡eq21µ𝑠
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 Maximum energy occurring in the varistor:

𝑊V = 𝐼clamp,max ⋅ 𝑈clamp,min ⋅ 𝑡eq, Τ8 20 = 1637A ⋅ 1290V ⋅ 21,16µs = 44.7Ws

 Datasheet: 𝑊max = 440Ws (Joule)   

 The maximum power loss is specified as 𝑃_max=600mW. The minimum necessary recovery time (cooling of the 
component) is therefore given as:

𝑇 >
𝑊V

𝑃max
=

44.7Ws

1W
= 44,7s

 The basic standard DIN EN 61000-4-5 requires a maximum recovery time of 60 seconds. The varistor fulfills this 
criterion.

Typical 3-Phase, 4kV Surge Test
Varistor
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