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1. INTRODUCTION

The aim of this application note is to provide the reader with a
concise and comprehensive overview of the essential steps
involved in designing a suitable line filter for 3-phase
applications. A discrete line filter is designed using calculations
and LTspice simulations, and the results are then validated in
the EMI Iab. This application note also covers the calculation of
varistors and leakage currents. A basic understanding of the
use of passive components, filter technology, and EMI
measurement techniques is assumed. For the design of
1-phase line filters and for further basic knowledge, please
refer to ANPO15.

2. MEASUREMENT SETUP

To verify the filter performance under realistic operating
conditions, a &4 kW industrial fan with an integrated inverter is
selected as the device under test (DUT).
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Confidential

3 Phase
Inverter

WE

For the measurements, both the housing of the fan and the
inverter, as well as the PE terminal of the EMI filter, are
bonded to a metal plate using a low-inductance connection.
This ensures a common reference for the common-mode
current, as is typically the case for permanently installed
components in a closed conductive housing. This test setup
is shown in Figure 1 and Figure 2.

400 Vac . 4 kW
Grid — LISN  —» EMCFilter —» Inverter — Motor/Fan

Figure 1: Block diagram of the test setup.

According to current standards, no measurement of
conducted emissions below 150 kHz is required for this
product category. However, it is expected that limit values in
the frequency range from 9 kHz to 150 kHz will also be
introduced in the near future (CISPR PAS 39:2024). As this
application note does not address the change to the

standard, this analysis is limited to the frequency range
above 150 kHz.

- a—
3 Phase

Input EMI
Filter

Confidential ¢

Figure 2: Test setup, conducted emissions 9 kHz — 30 MHz.
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Figure 3: Quasi-peak (QP) measurement without EMI filter.

Prior measurement of the DUT is essential for optimum design
of the EMI filter. The measured levels in Figure 3 serve as the
starting point for determining the required filter attenuation.
The lowest interference frequency is of particular importance
here, as it determines the filter cutoff frequency and thus the
physical dimensions of the components.

In this example, an interference voltage level of 115 dBpV (QP)
was measured at 200 kHz. The QP limit according to CISPR 16
at this frequency is 65 dBpV.

An additional 10 dB margin is taken into account as a sufficient
safety margin. This results in a required filter attenuation of
60 dB at 200 kHz.

The two different noise current paths have to be distinguished:
common mode (CM) and differential mode (DM). For radio
interference voltage measurements in accordance with

CISPR 16-2-1, both interference current paths are always
measured simultaneously. In the design of a line filter, it is
advantageous at the outset to be able to measure both noise
current paths, CM and DM, separately.

For the sake of simplicity, it is assumed that the DM and CM
components are of equal magnitude. As shown in Figure 4 and
Figure 5, the respective interference current components can
be determined using a current clamp with sufficient
bandwidth. If the magnitude of the two components differs
significantly, it may be advantageous to define different cut-
off frequencies for CM and DM in the subsequent calculation.
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Figure 4: Common-mode (CM) measurement — all three phases pass
through the current clamp.

Figure 5: Differential-mode (DM) measurement with a residual

common-mode (CM) component on one phase.
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In the line impedance stabilization network (LISN) in Figure 6,
three 50 Q measurement resistors are used. In DM
measurement, two 50 Q resistors are always connected in
series (Rom = 100 Q, phase-to-phase), whereas in CM
measurement, three 50 Q resistors have to be considered in
parallel (Rew = 16.6 Q, phases to PE). The measuring receiver
also has an input impedance of 50 Q. This results in an overall
attenuation of 6 dB.
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Figure 6: CISPR16 3-phase LISIV.
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Figure 7: Simplified representation of the DM and CM
currents/voltages between the LISN and the DUT.
Rm=——=——=16670Q 1
M= 3 3 (1)
Rom =Rusy-2=500Q-2=1000Q (2)
ICM = |a + |b + |C (3)
Rusy  Va+Vp+ Ve
Vem = lem - = I
v =low - —3 3 (4)
(2Va - Vp - Vo)
DM_a = % (5)

For the subsequent simulation, it is helpful to determine the
impedance relationships of the CM interference current loop.
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These relationships are derived from the standardized
measurement setup and the parasitic capacitive coupling
within the DUT.

As described above, the CM impedance of the LISN with
respect to the EMI chamber reference plane is 16.6 Q. Within
the DUT, a parasitic capacitance of 872 pF between the
motor housing and the motor windings was measured using
an LCR meter at a measurement frequency of 2 MHz.

1 1
X = =
Motor = D tfCyoter 2T - 2 MHz - 872 pF

=195Q (6)

The motor housing, in turn, has a parasitic capacitance with
respect to the EMI chamber reference plane. This depends on
the surface area of the chassis (assumed to be 1 m?) and the
distance to the reference plane (40 cm).

€p - A
CChassis—Referencep\ane = d
(7)
8.85- 1042% S
= =22pF
0.4m

XcChassiszeferenceplane

1 1 2610 (8)
T 2mfC T 2m-2MHz-22pF T T

The calculated impedance relationships of the CM current

loop are shown in Figure 8.
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Figure 8: CM current loop and impedance relationships.

The impedance relationships in DM are determined on one
hand by the defined 100 Q of the LISN and by the input
impedance of the inverter power electronics on the other.
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The latter depends on various factors, such as the rectifier, the
PFC stage, and the input capacitors. In practice, the input
impedance can typically range between 0.1 Q and 10 Q. For
simplification, a value of 1 Q is assumed for the LTspice
simulation in this application note.

The lower this value is, the less effective the X capacitors on
the DUT side become or their capacitance must be increased
significantly (i.e. the capacitive reactance decreases).

By taking the determined CM and DM impedances into
account, the LTspice simulation then provides more realistic
results. The CM impedance analysis at 2 MHz is only an
approximation and is frequency-dependent. This applies only if
the housing is not connected to PE.

3. EMI FILTER CALCULATION

To achieve the desired insertion loss of an EMI filter, it is
crucial to arrange the filter components between the DUT and
the LISN in the correct order. As indicated by the previous
analysis, the interference current source in CM exhibits a high
impedance, whereas the interference current source in DM is
comparatively low-impedance. For this reason, the

Y capacitors of the CM filter must be placed in parallel with the
DUT, while the X capacitors of the DM filter are arranged in
parallel with the LISN. In the example shown below, a CLC filter
structure (rt filter) is used for the DM filter, in which the

X capacitors are placed on both sides of the common-mode
choke (CMCQ). If, by contrast, an LC filter with only a single

X capacitor stage is used, it must always be arranged in
parallel with the LISN.

|_1+|_2+|_3 LCM

LISN DUT
Impedance — Noise
16.6 Q 3xCy Source
Figure 9: CM filter component placement.
L Lem_Leak
Y'Y
LISN DUT
Impedance —_ Noise
100 Q Cx Source
Lo/Ls

Figure 10: DM filter component placement; in a CLC structure, an
additional Cx is located on the DUT side.
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In 3-phase systems, an additional option for connecting

the X capacitors arises compared to 1-phase applications. If
the X capacitors are connected directly between the phases
(phase-to-phase), an X1 type has to be used. This type of
capacitor typically has a rated voltage of 440 Vac and is
designed for surge voltages of up to 4 kV. However,
compared to an X2 type (310 Vac, 2.5 kV surge) of the same
capacitance, it has the disadvantage of higher cost and a
larger package size. Since X2 capacitors, due to their
insufficient rated voltage of 310 Vac, must not be connected
directly between the phases, a star configuration, as shown
in Figure 11, is commonly used in practice, which halves the
voltage across each X2 capacitor. Due to ageing effects,
which cause the capacitance of the individual X-capacitors to
degrade at different rates, larger asymmetries in the voltage
distribution may occur over time.

L _L
L, T
L

L 11

X2 Caps

Figure 11: Connection options for X7 and X2 capacitors.

The star configuration also offers the advantage thata Y2
capacitor can be installed at the star point with respect to PE,
as shown in Figure 12. This capacitor can have a significantly
higher capacitance than what is typically used in
conventional configurations. By connecting it at the star
point, the leakage currents are significantly reduced, which is
particularly advantageous for meeting regulatory limit values.
A detailed discussion of this aspect is provided in a later
section.
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Figure 12: Filter structure used — including a combination of larger THT and smaller SMT ceramic Y2 capacitors. The larger THT capacitors
increase the insertion loss in the range below 5 MHz, while the smaller SMT capacitors are effective above 5 MHz (see L Tspice simulation).

From the preceding measurement without an EMI filter, itis
clear that a filter is required which achieves an attenuation of
60 dB at 200 kHz (fsw) in order to comply with the Class B
limits.

For the calculation example, the filter structure shown in
Figure 12 is used. In this configuration, the main inductance
(Lem) of the CMC, together with the Y2 capacitors, forms an LC-
CM filter (blue) with an insertion loss of 40 dB/decade. The
leakage inductance (Lstay) of the CMC, in combination with the
X2 capacitors, forms a CLC-DM filter (red) that achieves an
insertion loss of 60 dB/decade. These values apply above the
respective filter cutoff frequency (f) and must be calculated
based on the required attenuation (Atsw).

First, the cutoff frequency (feo_cw) for the LC-CM filter is
determined:

f
Ao = Iog< il > -40dB (9)
fco_Cl\/I
fow 200 kHz
feo_om = Atswids) ~__60dB 6.3 kHz
10%0dB 1040dB

Next, the cutoff frequency (feo_om) for the CLC-DM filter is
determined:

Sw

f
Afsy, = log (f DM) -60dB
co_

(10)

f,,  200kHz
feo_om = Atswids) __60dB 20 kHz
1060d8  1080dB

Once both cutoff frequencies have been calculated, the
component dimensioning can begin.
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The process begins with defining capacitance values that can
be freely chosen, while ensuring that electrical safety
remains the highest priority. A safety-critical aspect is the
maximum permissible leakage current, which is largely
determined by the total capacitance of the Y capacitors used.
For this reason, it is recommended to begin the dimensioning
process with the maximum permissible total capacitance of
the Y capacitors. For the filter in this calculation example, the
following capacitors are used:

= 2 x 47 nF WCAP-FTY2 THT film capacitors;
= 3 x 2.2 nF WCAP-CSSA SMD ceramic capacitors.

The two larger THT film types are connected in series with
the X2 capacitors at the star point. The effective total
capacitance of all Y2 capacitors is calculated as follows.

C (— -
Yoffektiv CX‘I + CXZ + CX3 + 2 CY

groB

(11)

+ (B'CYk\em)

As the values of the X2 capacitors have not yet been
calculated and are often 10 to 100 times larger in
capacitance than the Y2 capacitors (which have little effect in
a series connection), the equation can be simplified
accordingly:

CYeffeRt\v = (2 ’ CYgru&) + (3 ’ CYk\em) (1 2)

=(2-47nF) + (3-2.2nF) = 100 nF

CYeffekt\v

If MLCCs are used, sufficient clearance and creepage
distances must be ensured with respect to the maximum
operating voltage.
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The missing element for the LC-CM filter is the main
inductance (Lcw) of the CMC. For this purpose, the previously
calculated filter cutoff frequency (feo_cu) is also used.

1

Y —
(ZTcho_CM)ZCv (13)

;
- - 6.4 mH
(21 6.3 KkHZ)2 - 100 nF m

Due to the frequency and temperature dependence of many
CMC core materials, as well as component tolerances, it is
recommended to select an inductor with a nominal inductance
30% higher than the calculated value.

= Selected CMC: 8.4 mH WE-TPB (I 7.5 A)

This completes the calculation of the components for the LC-
CM filter.

In the next step, the components for the CLC-DM filter must
be calculated. The leakage inductance (Leax) of the selected
8.4 mH CMC forms the inductive element “L". This must be
determined first. The value of the leakage inductance (Lieax) is
often not specified in the datasheets.

However, it can be determined very easily using the
REDEXPERT simulation tool. For this purpose, the cursor in
Figure 13 is positioned in a linearly rising (i.e. inductive) region.

Differential Mode Impedance =\
100 kQ
100 kHz
10 kQ A
] 1kQ A
o
c
©
3
2 1000 4
E
100Q
1Q 41
T T T T
1kHz  10kHz 100kHz 1MHz 10 MHz 100 MHz 1 GHz

Frequency

Figure 13: DM impedance curve of the 8.4 mH CMC (744833084075)
from REDEXPERT.

In this example, the cursor was set to 100 kHz (fea), and the
resulting impedance (X.) was read from the table above in
REDEXPERT: 39 Q.
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Using the impedance (X.) and the frequency (fiea), the leakage
inductance (Lieak) can be calculated as follows:

] X, 390
ek = S Mtfieac 270 - 100 kHz

=62 pH (14)

Finally, the values of the X2 capacitors must be determined
in order to achieve the required cutoff frequency of 20 kHz.

! 1
Cx = 5 = -
(2fe_om) Lieak (2~ 20 kHz)? - 62 pH

(15)
=1.02 pF

In this example, the X2 capacitors are arranged in a star
configuration, causing them to form a series connection in
pairs between the respective phases. The resulting
capacitance of two identical capacitors connected in series is
halved. As the CLC-DM filter represents a pi (m) structure,
from a small-signal analysis perspective, the two X2
capacitor groups before and after the CMC are also
connected in series. The effective X2 capacitance between
two phases, Cxg, is therefore halved once again and is
calculated as follows:

c _(CXW-CX2>'2_<A.7pF-A.7pF>'2
o \Cr+ G/ 77 L7 R+ 47 pF) (6]

=1.18 pF

To obtain the required 1.02 pF, a total of six 4.7 pF
WCAP-FTXX capacitors (890334027030CS) must be used,
taking into account the twofold halving resulting from the
series connections.

4. LTSPICE FILTER SIMULATION

It is recommended to first verify the frequency response of
the calculated filter using a simulation tool before it is finally
transferred to a circuit diagram and layout. The free
simulation tool LTspice is used in this application note. The
latest version of LTspice comes with all required Wiirth
Elektronik passive components in the standard library
(searchable by part number). Additional components can be
found in the "Contrib” folder, including the WE-TPB CMC
calculated here. The simulation is shown in Figure 14 and
Figure 15.
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Figure 14: Filter structure used — including a combination of larger THT and smaller SMT ceramic Y2 capacitors. The larger THT capacitors
increase the insertion loss in the range below 5 MHz, while the smaller SMT capacitors are effective above 5 MHz (see L Tspice simulation).
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Figure 15: Simulation of the filter insertion loss, shown separately for CM (blue) and DM (red). The black line shows the required attenuation
based on the preliminary measurement without the filter.

ANP137a| 2026/02/17 7|18
WURTH ELEKTRONIK eiSos www.we-online.com



APPLICATION NOTE

ANP137 | 3-Phase EMI Filter Design
Measurement — Calculation — Simulation

The LTspice simulation confirms that the selected passive
components not only achieve the required attenuation of at
least 60 dB at 200 kHz, but also provide the necessary
insertion loss up to and beyond 30 MHz.

The increase in the blue CM insertion loss above 10 MHz is
attributable to the three smaller MLCC Y2 capacitors. To obtain
results as close to reality as possible, the following points
should be considered in the simulation:

= Use components with realistic parasitic values;

= Enter the real loads (LISN) and source impedances (DUT);
= DM source impedance: low-impedance voltage source;

= CM source impedance: high-impedance current source.

5. CIRCUIT DIAGRAM & PCB EMI FILTER

3-Phase Filter Demo ®

.
GRID/LISN

Figure 17: 3D bottom view of the 3-phase filter PCB.

g
n 2 N rvi WE-TPB I

L[ ]4 a Lo~ 6 L[] u

L |53 2 oA~ S 2 | 2| L2

1| g1 5 5 3 o Y4 3o 13

PE | 51 Q ) 4 15| PE

e ERh A Ll 84mH R
=31 =2 =21 1}
691137910004 a a 5 = 5 Leakage: 62uH 3 5 5 691137910004
WR-TBL < < < < < < WR-TBL
WE-VD ca o TeaToesTes
MP1 MP2
9774100960R WCAP-FTXX WCAPIFTXX 9774100960R
WA-SMST //7 WA-SMST
PE c7 [ PE
L 1 —=C9 —=Cl0 —=Cll
47nF |Z7nF 220F | 220F | 2.20F
WCAP|FTXY WCAPJCSSA
P3 P4
9774100960R /~/ / 9774100960R /77 9774100960R
PE  WA-SMST PE  WA-SMST

Figure 18: Altium circuit diagram 3-phase filter board.
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6. LAYOUT GUIDELINES FOR THE EMI FILTER

A critical aspect of the layout is the correct connection of the
Y capacitors to PE. This connection should be made along the
shortest possible path and with minimal parasitic inductance.
In practice, this is most easily achieved by using SMT spacers
such as the WA-SMST. For multi-stage filters, the PE
connection of the Y capacitor stages should not be
implemented directly on the PCB. The reference potential for
CM interference is the housing connected to PE. It is therefore
crucial that all Y capacitors are connected to this PE reference

potential via the shortest possible path, as shown in Figure 19.

Figure 19: The low-inductance connection of the WCAP-CSSA Y2
ceramic capacitors to PE can be implemented using WA-SMST SMT-
mountable spacers.

If the required clearance and creepage distances cannot be
maintained. the THT Y2 capacitors, such as WCAP-FTY2,
should be used, as shown in Figure 20.

PE @I DC Marking

Buniew og

PEQ[ DC Marking

Figure 20: 3D and 2D views of the connection of the X2 and Y2
film capacitors (WCAP-FTXX / WCAP-FTY2).
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Larger Y2 film capacitors must also be connected to the PE
reference potential via WA-SMST SMT spacers along the
shortest possible path and with minimal parasitic inductance.
In compliance with all required clearance and creepage
distances, the pins or terminals of all components should be
directly connected to the traces. Stub traces should be
avoided whenever possible. In addition, large-area polygon
planes should not be used anywhere in the filter to minimize
unwanted parasitic coupling effects. A possible filter PCBis
shown in Figure 21.

—
GRID/LISN

Figure 21: 2D overall view of the 3-phase filter PCB.

7. MEASUREMENT WITH EMI FILTER

As shown in Figure 22, the calculated and simulated filter
provides the desired attenuation ( ) over the relevant
frequency range. However, if the Y capacitors are not placed
on the DUT side of the CMC, but instead towards the LISN,
they cannot form a low-impedance capacitive feedback path,
which reduces the filter's effect over a wide frequency range
(orange). If the small Y capacitors are removed, the emissions
above 5 MHz rise significantly. The final result indicates that
it makes sense to first design the filter mathematically based
on the lowest interference frequency. In the second step, the
selected components should be verified through simple
simulation to check their insertion loss across the relevant

frequency band.
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Figure 22: Measurement of the DUT without EMI filter (red), with EMI filter rotated 180 ° (orange) and with correctly placed EMI filter (. ).

8. DIMENSIONING OF THE VARISTOR FOR
4 KV SURGE TEST BETWEEN THE PHASES

In the design shown in Figure 23, the "worst-case” scenario
for the varistor is assumed. This is the case at 2 () surge
generator output impedance, as the highest current can flow
through the varistor in this case. The 8/20 ps current curve in
Figure 24 shows that the generator can drive into a short
circuit, serving as the basis for the calculation.

Surge Generator 2 Q

v L

et

18 uF

Decoupling Network

L O : YYN :
| |
I

L o J_mm i DUT
= | MO\?&\ MO\7$\

L O : T anm :

Figure 23: Schematic test setup for the surge test according to
IEC 67000-4-5.

T, T, T T
-t

Figure 24: Surge generator short-circuit current curve (8/20 s pulse).
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The energy contained in the pulse is determined as follows:

T

Wy, = fl\,(t)-vv(t) dt ~Ty - Uy - teq (17)
0

Whereby:

= T: time period under analysis;

= |y and Vuw: Current and voltage as a function of time.

A conservative approximation of the integral is carried out
according to Figure 24 with the current and voltage peak
values over the time period teq in an energy-equivalent
rectangular pulse.

A simpler and more practical alternative is to convert the
area of the curve into an equivalent rectangular pulse. Here,
the pulse duration teq is calculated from two time intervals
teqr and teq.2 as follows:

Linear rise:
teq"] =05 'T1 (18)
Exponential fall:
teq,Z =14 (TZ - T1) (19)
Combined:
teq = teq,W + teq,Z (20)
10|18
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This results in an equivalent pulse duration of 20.8 ps for an
8/20 ps surge pulse.

Example calculation:

= |ndustrial application capable of withstanding up to 1.6 kV
without damage (e.g. max. reverse voltage of the bridge
rectifier);

= Surge test with 4 kV (Ve) and 2 Q (Zc) generator output
impedance between the outer conductors L and N;

= Mains voltage 400 Vewus (Verid).

The working voltage (Veus) of the varistor is selected as follows
so it doesn't switch to the conductive state under normal
conditions:

VRMS > VGRID + ToleranceGRm (21)

VRMS > 400 VRMS +10%=400V-1.1=440 VRMS

The next suitable varistor is a type with 460 Vrus operating
voltage. The electrical properties are shown in Figure 25.

Electrical Properties:

Properties Test conditions Value Unit | Tol.

AC Operating Voltage VRvE 460 V| max.
DC Operating Voltage Ve 615 V| max.
Clamping Voltage VOan'p 100 A @ 8/20 s 1240 V| max.
(Reverse) Peak Pulse Current Ipeak | @ 8/20 ps 10000 A | max.
Power Dissipation Ppiss 1 W [ max.
Energy Absorption W nax | 1071000 ps 440 J max.
Nominal Discharge Current In 5 KA | max.
Measured Limiting Voltage VL 1690 Vo[ max.
(Reverse) Breakdown Voltage Ver [ 1mA 750 V| +10%
(Channel) Input Capacitance Cop | 1kHz 520 pF | typ.

Figure 25: Datasheet excerpt: electrical properties of the WE-VD
820424611 high-surge 20 mm disc varistor; the 460 Vaus working

voltage is already specified including the max. tolerance.

Experience shows that as far as the power loss Poiss and
energy absorption capacity Wmax is concerned, this varistor
must have a diameter of at least 20 mm. The WE-VD
820424611 disc varistor is therefore selected for this
example. The datasheet specifies a maximum clamping
voltage (Vciawp) of 1240 V. This relates to a 100 A surge pulse.
However, in the actual surge test the current through the
varistor is many times higher.
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The most unfavorable case is assumed in the following
analysis, in which the varistor is connected directly to the
surge generator output. The maximum clamping voltage is
determined in this process. This must not exceed the reverse
voltage of the semiconductors to be protected.

The first step is to determine the maximum current through
the varistor. The calculation is carried out with the maximum
clamping voltage (Veiame_max) at the short-circuit current Ig) of
the surge generator. To determine Veiamp_max, the V/I
characteristic (incl. +10% tol.) for the component is required.
(Figure 26) This can be displayed in REDEXPERT; the values
for the short-circuit current (ls) can be found using the cursor.
For the worst case, the peak value

(400 Vrus x 1.41 = 564 \/rws) of the mains voltage must also
be added to the generator voltage (Vo).

_VG+VGRID _ 4KV + 564V

| =2282A (22)
6 Zc 20Q
IV Characteristic 8/20ps = n
X = max v
1kV |
|
o 100V
£ i
< v 1
i
1V A ‘
i
100 mv — : : i ‘ —
\g ¥ & & & v v & &
¥oo¥ N & & &N e e *
NS N N N
Current

Figure 26: /7] characteristic from REDEXPERT of the WE-VD disk
varistor 820424611, +10% tolerance at 2282 A— 1.69 k. The
desired tolerance can be selected using the drop-down tile at the top
right.

Veamp_max — 1.69 kV

The varistor current (lc1) to be expected can now be further

approximated to:

Ve + Vgrip - Veramp_max

1= ZG
(23)
4KV +564V-169kV
- 2Q
lcr = 1437 A
1118
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The next step is to determine the actual max. clamping voltage
using the /I curve in Figure 27 for current lcx:

IV Characteristic 8/20ps = D
X= max v
1KV A :
|
Qo 100V 4 :
2 i
2 1ov !
i
1V 4 I
i
100 mv et st s s -

T
¥ ¥ ¥ & & & v &5 & F &
N o X © N\ & \Q& QQ@ NS S ©

N N

Current

Figure 27: REDEXPERT /I characteristic for the WE-VD disc varistor
820424611, +10% tolerance at 1437 A. The desired tolerance can be
selected using the drop-down tile at the top right.

Vealmp_max — 1560 V

The requirement of max. 1.6 kV from the system specification
is therefore complied with.

The graph is then set in REDEXPERT to ‘'min’ tolerance, as
shown in Figure 28, and the minimum possible clamping
voltage Veamp_min is read off for lcr = 1437 A. This is required in
order to determine the maximum possible current (lc_max)
through the varistor.

IV Characteristic 8/20ps =0
X= min v
v ] IR —
—
100V
(0]
o
iy]
o 10V
S
1V 4
100 mV T T T T T T f f f
¥ ¥ ¥ & & & ¥ v g
N N N < & & N Q N
N e N @ DN NN
Current

Figure 28: REDEXPERT /I characteristic for the WE-V/D disc varistor
820424611, -10% tolerance at 1423 A. The desired tolerance can be
selected using the drop-down tile at the top right.

Vearmp_max — 1290V
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Ve + Varip - VeLamp_min

|C_ma>< = ZG
(24)
LKV +564V-1290V
B 20
|C7max='|637 A (25)

Now check how many 1637 A current pulses the selected
varistor can withstand in relation to its lifetime. Itis
important that the varistor does not fail during the surge test
with a total of 40 pulses (5x positive, 5x negative, at 0°, 90°,
180°, 270° phase angle). The graph in Figure 29 from the
datasheet presents a set of curves illustrating the lifetime of
the varistor as a function of the number of pulses and the
pulse duration at various maximum currents flowing through
the varistor.

Pulse Lifetime Derating:

1 10000

N
2 AN
N
AN
10 LN
AN N [lemax 1637 A
100 = O 1000
1.000 O
2 NE -
2 10.000 b \\ N <
> N ™ N 3
2 100.000 NN N N 100 E
O. N \‘ \‘
S 1.000.000 N S
™~ N \ \‘L
N ™ N NN
teq 21 s NN R N
NN
PN N
~ 10
—
N
S
X
;
10 100 1000 10000

Pulse Duration [us]

Figure 29: Lifetime derating as a function of current, pulse length and
number of pulses.

Using a rectangular equivalent of 21.16 ps and a current of
1637 A, the varistor safely withstands approx. 45 pulses. A
total of 40 pulse loads occurs during the surge testin
accordance with IEC/EN 61000-4-5.

Next, the maximum energy emitted in the varistor is checked:

Wmax = ICfmax ' VCLAMmein *Tpulse (26)
Wax = 1637 A-1290V - 208 us=43.9] (27)
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The datasheet specifies a maximum possible energy
absorption of 440 J. Itis then investigated whether the varistor
has enough time to cool down between surge pulses (Tcool).

IEC 61000-4-5 specifies that a pulse should be sent to the
DUT every 60 seconds.

A maximum power loss Pdss of 1 W can be taken from the
datasheet.

Wmax
I:)diss

447 )
TW

= =447 s

Tcoo\ > (28)

The selected varistor needs less than 45 seconds to cool down
and is therefore ideally suited for use in the application. The
entire worst-case analysis applies when the positive surge
pulse occurs at a 90° phase angle and the negative pulse at
270°. For all other phase angles, the load for the varistor is
significantly lower.

9. CALCULATION OF THE LEAKAGE CURRENT
THROUGH THE Y CAPACITORS

Y capacitors are an effective instrument for reducing common-
mode emissions. The greater the capacitance selected, usually
the greater the reduction in EMI levels. However, the leakage
currents to PE also increase with rising capacitance.
Depending on the industrial standard and protection class,
leakage currents from a few pA (e.g. medical technology) to
many mA (e.g. permanently installed industrial systems) are
permitted. In practice, a cap on the limit values for common
applications with protective conductors is 3.5 mA.

In addition, the level of the leakage current depends on the
mains voltage Uerio, the mains frequency ferio, and the
X capacitors.

Cv Il Ve

Figure 30: Y2 capacitor in series with X2 capacitors in a star

|LEAK

configuration.

In a fully balanced X capacitor network in a star configuration
(Figure 30), theoretically no leakage current (liea) would flow
through the series-connected Y capacitor (Cy).
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In addition, tolerances in the mains voltage (Verio) between
the three phases lead to additional asymmetries. If a mains
voltage tolerance of 3% between the phases and a capacitor
tolerance of 10% are taken into account, the worst-case
leakage current results as follows:

||\eak7ma><| =2nf- CYﬁmax

29
~ Vorip_max " Cx_max = VeriD_min * Cx_min 129)
CX_max +2- CX_min + CY_max
Example calculation:
= Cx=4.7 pF / &y=100nF / £10 % tol,;
= \erip = 400 Vac 50 Hz / =3 % tol. (EN50160).
[lleak_max| = 2M50 Hz - 110 nF
(30)

412V 517 pF - 388V - 4.23 pF

=123 mA
S17UF+2 423 UF+ 110 nF m

L levs

i |(VZ

Figure 31: Alternative Y2 capacitor configuration directly from the
phases to PE.

If the Y2 capacitors are connected as shown in Figure 31, the
following calculation applies:

||Ieak_ma><| =2nf- (CY,max - CY,min) : VGRID_max (31)
Example calculation:
= Cy: 100 nF / +-10 % tol.;
= Verip: 400 VAC50 Hz / +-3 %.
||\eak7ma><|
(32)

=2m-50Hz- (110nF-90nF) - 412V =259 mA

The two calculation examples illustrate that leakage currents
caused by Y capacitors can be significantly reduced in
combination with a star configuration of the X capacitors.
This advantage was deliberately taken into accountin
dimensioning the EMI filter.

13|18
www.we-online.com



APPLICATION NOTE

ANP137 | 3-Phase EMI Filter Design
Measurement — Calculation — Simulation

The two large 47 nF Y2 capacitors used to suppress low-
frequency CM interference components were placed at the
star point of the X2 capacitors. The three smaller 2.2 nF Y2
capacitors, which are designed for high-frequency CM
interference components, were connected directly between
the phases and PE. This achieves broadband suppression of
CM interference while keeping the leakage currents as low as

10. CORE MATERIALS OF COMMON-MODE
CHOKES

In common-mode chokes (CMCs) for three-phase systems,
manganese-zinc (MnZn) and nanocrystalline (NC) materials
are most commonly used as core materials. Impedance

curves of various CMCs are shown in Figure 32 to Figure 34.

possible.

744835150072 * 744835090095 744835050135 744835034160 744835021220 ° 744837018220 744837010290~ 744837006400
WE-TPBHV - 4XL WE-TPBHV - 4XL WE-TPBHV - 4XL WE-TPBHV - 4XL WE-TPBHV - 4XL WE-TPBHV - 4XL WE-TPBHV - 4XL WE-TPBHV - 4XL
15.0mH-7.20 A 9.00 mH - 9.50 A 50mH-13.5A 3.40mH-16.0A 2.10mH-22.0A 1.80mH-22.0A 1.00 mH - 29.0 A 600 pH - 40.0 A

Common Mode Impedance
100 kQ
/ ‘(\ A
[0} N\
o
§ 1kQ \\\

9 \

g NN A\ \ l

g \\ | W\ ' v \

\ A

‘ ' A A

' \ l’ WA |
' \ ‘ J ‘*"'!r ‘
‘ \
U WA |
\ ' |
100 ‘
| | | |

1 kHz 100 kHz 10 MHz 1 GHz

Frequency

Figure 32: Impedance curves from REDEXPERT for CMCs of the WE-TPBHV series with manganese-zinc (MnZn) core material. A characteristic

feature is the linear rise of the curve up to the first resonance frequency.
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744839003460 ~ 744839208072 © 744839125095 ~ 744838480095 ~ 744839047160

744839029220

744837002460 =~ 744838040400 ~ 744839010400

WE-TPBHV - 4XL WE-TPBHYV - 4XL WE-TPBHYV - 4XL WE-TPBHV - 4XL WE-TPBHYV - 4XL WE-TPBHV - 4XL WE-TPBHYV - 4XL WE-TPBHV - 4XL WE-TPBHV - 4XL
3.00 mH - 46.0 A 208 mH - 7.20 A 125 mH - 9.50 A 48.0 mH - 9.50 A 47.0mH-16.0A 29.0mH - 22.0 A 200 pH - 46.0 A 4.00 mH - 40.0 A 10.5mH - 40.0 A
N
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Figure 33: Impedance curves from REDEXPERT for CMCs of the WE-TPBHV serfes with nanocrystalline (NC) core material. Here, a characteristic
bend can be observed in the rising section of the curve up to the first resonance.

Common Mode Impedance =0

10k0 1.00 MHz
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Figure 34: Impedance curve of the 744839003460 WE-TPBHV with
nanocrystalline core. From approx. 10 kHz onward, the curve flattens

significantly up to the first resonance.

As shown in Figure 34, the impedance curve of the common-
mode inductance (Lcw) flattens significantly shortly after

10 kHz. The cause of this behavior is the frequency-dependent
permeability of nanocrystalline cores in this frequency range.
The datasheet for article number 744839003460 specifies a
nominal inductance of 3 mH (+50% tol.), measured at 10 kHz.
Using the cursor function in REDEXPERT, an impedance (Xi) of
217 Q can be read at 10 kHz.
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XL 217Q

= = = 33
Lov = 5% = S0 'z (33)

=3.46mH

At first glance, the measured inductance (Lcw), taking the
tolerance into account, matches the nominal inductance
specified in the datasheet. If the cursoris set to 1 MHz, an
impedance of 1.22 k€ can be read.

(34)

This results in a residual inductance (Lcv) of only 194 pH. This
value must be taken into account in the mathematical design
for the CM filter, and not the nominal inductance.

11. SUMMARY

It was shown how the developer can successfully design a
3-phase filter using simple mathematics, free design tools
and common measurement technology. The primary aim is
to correctly dimension the filter with regard to insertion loss
in order to avoid unnecessary costs and to keep the filter as
compact as possible. Wiirth Elektronik offers an extensive
portfolio of passive and electromechanical components to
establish a complete line filter.
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12. PARTS LIST

Index ‘ Description Value Package size Art. no.
Cs, 10,11 Y-Caps 2.2nF/250V 2211 8853522130151
Crs Y-Caps 47nF/330V P 15 mm 890404125010CS
C1,2.3,456 X-Caps 4.7 pF/310V P 275 mm 890334027030CS
1.2 TBL 750V /24 A P75mm 691137910004
L cMC 84mH/75A 47 mm 744833084075
MP1,2,3,4,5 SMT Spacer 10 mm length 3.3/6 mm 9774100960R
RV1,2,3 MOV 460V /6.5 KA 20 mm 820424611
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IMPORTANT NOTICE

The Application Note is based on our knowledge and experience of
typical requirements concerning these areas. It serves as general
guidance and should not be construed as a commitment for the
suitability for customer applications by W(rth Elektronik eiSos GmbH
& Co. KG. The information in the Application Note is subject to change
without notice. This document and parts thereof must not be
reproduced or copied without written permission, and contents
thereof must not be imparted to a third party nor be used for any
unauthorized purpose.

Wirth Elektronik eiSos GmbH & Co. KG and its subsidiaries and
affiliates (WE) are not liable for application assistance of any kind.
Customers may use WE's assistance and product recommendations
for their applications and design. The responsibility for the applicability
and use of WE Products in a particular customer design is always
solely within the authority of the customer. Due to this fact it is up to
the customer to evaluate and investigate, where appropriate, and
decide whether the device with the specific product characteristics
described in the product specification is valid and suitable for the
respective customer application or not.

The technical specifications are stated in the current data sheet of the
products. Therefore the customers shall use the data sheets and are
cautioned to verify that data sheets are current. The current data
sheets can be downloaded at www.we-online.com. Customers shall
strictly observe any product-specific notes, cautions and warnings.
WE reserves the right to make corrections, modifications,
enhancements, improvements, and other changes to its products and
services.

WE DOES NOT WARRANT OR REPRESENT THAT ANY LICENSE,
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www.we-online.com/products

ANP137a| 2026/02/17
WURTH ELEKTRONIK eiSos

EITHER EXPRESS OR IMPLIED, IS GRANTED UNDER ANY PATENT
RIGHT, COPYRIGHT, MASK WORK RIGHT, OR OTHER INTELLECTUAL
PROPERTY RIGHT RELATING TO ANY COMBINATION, MACHINE, OR
PROCESS IN WHICH WE PRODUCTS OR SERVICES ARE USED.
INFORMATION PUBLISHED BY WE REGARDING THIRD-PARTY
PRODUCTS OR SERVICES DOES NOT CONSTITUTE A LICENSE FROM
WE TO USE SUCH PRODUCTS OR SERVICES OR A WARRANTY OR
ENDORSEMENT THEREOF.

WE products are not authorized for use in safety-critical applications,
or where a failure of the product is reasonably expected to cause
severe personal injury or death. Moreover, WE products are neither
designed nor intended for use in areas such as military, aerospace,
aviation, nuclear control, submarine, transportation (automotive
control, train control, ship control), transportation signal, disaster
prevention, medical, public information network etc. Customers shall
inform WE about the intent of such usage before design-in stage. In
certain customer applications requiring a very high level of safety and
in which the malfunction or failure of an electronic component could
endanger human life or health, customers must ensure that they have
all necessary expertise in the safety and regulatory ramifications of
their applications. Customers acknowledge and agree that they are
solely responsible for all legal, regulatory and safety-related
requirements concerning their products and any use of WE products
in such safety-critical applications, notwithstanding any applications-
related information or support that may be provided by WE.
CUSTOMERS SHALL INDEMNIFY WE AGAINST ANY DAMAGES
ARISING OUT OF THE USE OF WE PRODUCTS IN SUCH SAFETY-
CRITICAL APPLICATION.

CONTACT INFORMATION

appnotes@we-online.com
Tel. +49 7942 945 -0

Wiirth Elektronik eiSos GmbH & Co. KG
Max-Eyth-Str. 1 74638 Waldenburg Germany
www.we-online.com
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