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V.V. Makarenko?, V.V. Pilinsky?, V.K. Gurin?

! National Technical University of Ukraine "'I. Sikorsky Kyiv Polytechnic Institute",
Peremohy ave., 37, Kyiv, 03056, Ukraine,

2 Institute of Electrodynamics of the National Academy of Sciences of Ukraine,
Peremohyave., 56, Kyiv, 03057, Ukraine.

E-mail: vikon_g@ukr.net

The paper proposes a methodology for designing a filter for lowering conductive interference level, generated by pulse
voltage converters. Not only the proposed method takes into account the requirements of the standard for
electromagnetic compatibility, but also the parameters of the LISN node to measure the level of noise, which are given
by a converter to a power supply chain. The articles describes the example of the filter design for a lowering DC-DC
converter the noise level of which is in accordance with the standard CSPR25. All stages of design are illustrated by
models, they are developed in the LTspice program. Models for analyzing the amplitude-frequency response of a
interference filter loaded on a LISN are presented. It is shown that when modeling the operation of pulse sources, it is
not advisable to use LISNs with the idealized characteristics of elements. The obtained filter calculations’ results
confirm the correctness of the proposed method. References 11, figures 9.
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Introduction. In modern electronic devices, switching power supplies have become widespread,
mainly due to high efficiency. However, the price for such efficiency is a creation of electromagnetic
interference (EMI) by these kinds of power supplies. Interferences created by the operation of such
suppliesare divided into radio interferences which spread as an electromagnetic field and conductive
interferences, which are transmitted through wires. The conductive interferences are divided into common
mode and differential mode interference [1].

There are various methods of reducing electromagnetic interference, but one of the most effective is
the use of an EMI filter at the input of the pulse converter. In papers[2, 3, 4] there are examples of design of
EMI filters in software packages LTpower CAD, NI Multisim, which allow automatic calculation and
modeling of switching power supply with specified EMI filter, while meeting the requirements of different
standards of electromagnetic compatibility. However, this design method can only be applied to power
supplies built on the components of Analog Device, which are part of the base, the LTpower CAD program.

In paper [5] describes the method of EMC filter calculations for switching power supplies according
to the CISPR22 standard. However, the proposed method does not show the influence of the parameters of
the components Artificial Mains Network/Line Impedance Stabilization Network - (AMN/LISN), on the
calculation of the EMI filter.

In paper [6], describes a method for designing a complex LLCL filter containing three inductors and
one capacitor. Such a EMI filter is more complicated than single-link L or Pi filters and may not always be
an acceptable solution due to its higher complexity and cost.

A universal method of designing EMI filter is proposed in paper [7] asan example of designing a
filter for compliance with the CISPR16 standard. The method proposed by the authors takes into account the
level of interference created by the converter without a filter. During the design of the filter, the margin is set
by the attenuation introduced by it at the frequency of the first harmonic - 10 dB. The cutoff frequency of the
filter is determined with the condition that the intensity of the frequency response decline is 40 dB/decade,
then set the capacitance of the filter capacitor and calculate the inductance of its choke.

The aim of the work is to develop a methodology for designing EMI filters for DC-DC converters
using the LTspice software package, which takes into account the parameters of AMN/LISN components.
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One of the objectives of the study is not only to create a methodology for the design of EMI filters,
but also recommendations for modeling such devices to test the effectiveness of the designed EMI filter.

It is known that different standards of electromagnetic compatibility EMC use different AMN/LISN
devices to measure the EMI level, which leads to differences in the input resistance of these devices in a
wide range of frequencies. The classical theory of LC-filters assumes their calculations at a constant
resistance of the signal source, which is equal to the load resistance. The difficulty of designing filters to
reduce the level of electromagnetic interference is due to the fact that the filter is loaded with a complex
resistance that varies over a wide range of frequencies, and the resistance of the source of interference also
depends on the frequency.

Therefore, before designing a EMI filter, you need to consider the above factors.

Since the theoretical calculations of the level of EMI generated by switching power supplies are too
complex and inefficient, it is possible to compare the noise levels of these converters with the help of
simulation modeling, using simulators.

The LTspice program was chosen to simulate the operation of the EMI filter connected to a DC-DC
converter, taking into account the imperfections of the characteristics of its passive components.

This paper proposes a method of filter design that takes into account the level of interference
generated by DC-DC converters, the input resistance of the AMN/LISN node and the parameters of passive
components. Since different AMN/LISNs with different topologies are used for different electromagnetic
compatibility standards, it is necessary to determine the input resistance of this node at the preliminary
design stage.

In the first stage, the AMN/LISN impedance is calculated, and then a low-pass filter with the same
impedance is designed, taking into account the required attenuation at a given frequency.

Consider the process of determining the wave resistance AMN/LISN with the example of equipment
that meets the CISPR standard 25 [8]. Fig. 1 shows a diagram of the connection of AMN/LISN to the power
supply to measure the levels of EMI (which is analogous to the V-shaped equivalent of the network [9]) and
verify compliance with the requirements of CISPR 25.
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YN ‘ AMNY/LISN with both a 5 pH inductor and a
DC-DC S50pH inductor when operating a DC-DC

RLoad

C, e converter converter from a power supply. Consider the

Ui 1mF T o1mF — ‘ calculation procedure based on the requirements
= for devices of class 4 using a 50uH inductor.

‘ The impedance of the AMN/LISN circuit

Ry R, Spectral is determined by the value of the capacitance of

1 kOm [J 50 Ohm analyzer the capacitor C; and the inductance of the

inductor Li. In the calculations, the capacitance

¢ ¢ C: can be ignored due to the fact that in series

] with the capacitor included a resistor of 50 Ohms

Fig. 1 (input resistance of the spectrum analyzer).

Capacitor C, with resistor R, form a high-pass

filter with a cutoff frequency of 30 kHz. Therefore, the impedance of AMN/LISN can be calculated by the

formula:
6
p= i=4/50 196 =7,1 Ohm. 1
c, V110

To obtain detailed information about the parameters of LISN its frequency response is found in the
scheme which is as close as possible to the actual mode of operation. Fig. 2. shows measured the amplitude-
frequency response on the attenuation scheme.

Fig. 2 also shows the frequency response of the input DC voltage source Vi, with an internal
resistance of 0.1 Ohm to the capacitor C; and resistor Rs, (curve 2). It should be noted that the internal
resistance of the source Vi, does not affect the frequency response, but only affects the transmission factor
from the test signal generator V- to the input voltage generator. Curve 1 indicates the frequency response of
LISN, which is linear in the frequency range above 100 kHz.
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To recalculate the values obtained in (2) in dBuV it is necessary to perform the transformation:
U (dBuV) =20 lgUEL(V) : (3)

1.10° v
To automatically recalculate in dBuV, it is necessary to enter the divisor of 1 pV in the window of
the noise spectrum display in Fig. 4.

Cinbdic:inbz_.l._ Cian_L
39, 2.2 100 PAN
u;; F; "J; | oo CMDSH2-3
4 4.7
D
gl —ll szl —
= Vin  INTVcc EXTVec e, B3
Run TG — BSZO65NO6LSS
[«:]
Pgood Boost I Lol
0.1p SW — Y

U1
Ilim SW

2p c.ml Cob1l
1nu 220i|;

— Freq L7 BG

PLLIN/Mode Sense+

LTC7800 SenseC1
cut 0.0a7p]
Q—| |— Track/SS Sense- CfbTopl
[+ R2 in RfbTopl J_ P
2200p 7-15k 60.4k [|] 10p
‘ jTH Ith Vfb T
o SGND PGND RfbBot1
22:] % 47 11.5k
P .tran 0 3m 2m startup
Fig. 3

ISSN 1607-7970. Texn. erekmpoounamira. 2022. Ne 2 37



100dB _ v — : : — In this figure, this is the value of

90dB L0 1 8 1 | V(emi)/1lu, where emi is the designation of the
80dB 1y, EEE R 4 | point of the circuit at which the spectrum is
e i 7 : o WA o | measured. In fig. 4 this is the point to which

60dB—

resistor Rs is connected. To increase the

accuracy of the calculation of the simulation
—— spectrum in LTspice was performed in an
17 alternative mode.

The horizontal lines show the
permissible noise levels according to the
CISPR25 standard for Class 4 devices. For the
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Fig. 4 switches of the converter) the noise level is 87
dBpV. This value exceeds the value allowed by the CISPR25 standard in the frequency range 0.5... 2 MHz
by 45 dB. The obtained value of the frequency response makes it possible to formulate requirements for the
required level of applied attenuation for the EMI filter, it is necessary to provide a attenuation margin of at
least 3 dB. As can be seen in Fig. 4 the EMI filter must provide attenuation at a frequency of 600 kHz not
less than 48 dB.
The next step in the LTspice program is to determine the rate of decline of the frequency response of
a single-link LC-filter, taking into account that it is loaded on the input resistance AMN/LISN.
Since at a frequency of 600 kHz the low-pass filter must make attenuation not less than 48 dB, the
cutoff frequency of the filter is calculated by the formula:
Agm 48
f > /102 =600-10°/10% =600-10° /1122 = 2389 Hz, 4)
where f; is the frequency of the switching transistors, Asum — the required attenuation of the filter at the
frequency of the first harmonic of the noise.
Knowing the wave resistance of AMN/LISN, you can proceed to the calculations of the EMI filter
elements values. Now we express the inductance of the filter through the impedance, using relation (1).
L, =p°C,, ®)
where Ly, C; are the inductance and capacitance of the filter, p is the impedance.
The expression 5 shows how to obtain
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Tl Y W The model with the EMC filter connected at the input,
ca ST consisting of elements L, Cs and Ry, is shown in Fig. 6, and the

22!,,,— T spectrum of noise - in Fig. 7 (the right part of the DC-DC

Fig. 6 converter circuit remained unchanged and corresponds to the

circuit in Fig.3). Since the quality factor of the oscillatory circuit

formed by L,, Cs is very high, as shown in Fig. 5, so to reduce it the resistor Ry was added. In the absence of

this resistor, an emission in the interference spectrum will be observed at a resonance frequency of this
circuit of 13.8 kHz.

To correctly calculate the interference spectrum, it is necessary to set the start time of the signal
analysis at the point marked on the diagram as EMI, after the completion of transients in the circuit. To do
this, the LTspice program first sets the analysis start time to zero and the analysis end time to 10-20 ms
(depending on the circuit parameters). The simulation directive looks like this .tran 0 10m startup. After
displaying the process schedule, there is a visual time to complete the transition process and this time fits
into the analysis directive. For the model shown in Figure 6, the transient completion time is approximately
7.5 ms and the analysis directive takes the form .tran 0 10m 8mstartup.

In the interference spectrum of the converter with the filter connected, the level of the first harmonic
with a frequency of 600 kHz is 36 dBmkV, which is below the permissible level of 42 dBmkV according to
the CISP25 standard for this frequency.

But the spectral components with frequencies above 2 MHz significantly exceed the allowable levels
of EMI. From fig. 5 it follows that the attenuation of the filter consisting of L, and Cs, starting from the
frequency of 3 MHz decreases rapidly, because the parasitic capacitance of the windings of the inductor L.
forms a high-pass filter with input resistance AMN/LISN. To attenuate the high-frequency components in the
interference spectrum, it is necessary to add another link of the low-pass filter, which has a much higher
cutoff frequency than the first link.

Analyzing the spectra in Fig. 7 and fig. 5 it can be concluded that the second link of the EMI filter
should make attenuation at a frequency of 90 MHz not less than 34 dB, and taking into account the margin of
3dB - 37 dB.

The cutoff frequency of the second link of the filter fc, can be found according to formula (4) above:

Asym 37
f,>f,/10 2 =90-10°/10% =1.3-10° Hz,

The calculation of the second link of the filter is similar to the calculation of the first. Since the
AMN/LISN impedance and the impedance of the calculated filter link are the same, a 7.1 Ohm impedance is
also used to calculate the second filter link.

Calculate the capacitance of the capacitor of the second link of the filter:

Ci,2 ;6 >17,25-10°F.
27-1,3-10°-7,1
Assuming the value of C; = 18 nF, you can find the value of inductance
L,,>p’C. =7,12-18-10°>0.9 uH.
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implement the second link of the filter, a Coilcraft 900 nH inductor with a resistance of Rser = 0.008 Ohm
and a parallel resistance of 84.78 Ohm was selected, and a capacitor from Wurth Electronik with an
equivalent series resistance of 0.116 Ohm and a terminal inductance of 5.659 nH was used as a capacitor.

The results of measuring the interference spectrum are shown in Fig. 9. And although now the noise
levels meet the requirements of the standard in the field of high frequencies, when calculating the filter it is
necessary to make a margin for attenuation of 6...10 dB.

Based on the results of the experiments, we can formulate a method of designing a noise filter for
DC-DC converter in the software package LTspic:

1. Measure the interference spectrum of the DC-DC converter (experimentally or by simulation). If
the switching frequency of the transistor (s) may change during the operation of the converter, the
measurement should be performed at the lowest switching frequency.

2. Determine the frequency and amplitude of the component of the spectrum with the maximum
level.

3. If the noise spectrum is measured by electronic modeling, we recalculate the levels from dB to

dBmkYV according to the formula:
UEMI (dB)

10
UEMI ( fma><.azmp|.) = 20 Ig [dB/UV]v

1-10°Vv
1€ fmaxampi. 1S the component in the spectrum of the noises with the maximum amplitude.

4. Determine the required input attenuation of the EMI filter at the frequency fmax.ampl.

Asum.(dBuV) = Ugwmi - Ucispr,

where Ugspr is the permissible value of the interference level at the frequency fmaxamp. according to the
selected CISPR.

5. Find the cutoff frequency of the filter (f;) EMC (single-link L - like LC - filter), given that the rate
of decline of the frequency response of such a link, loaded on AMN/LISN, is approximately 34-36
dB/decade.

6. Determine the AMN/LISN impedance for the selected CISPR standard according to the formula
p=+/L,/C,[Ohm], where Li is the inductance of the AMN/LISN choke, C. is the capacitance of the

AMN/LISN capacitor connected in parallel to the input voltage source.

7.Calculate the value of the filter capacity by the formula C; =1/(2nf.p) . Choose a capacitor with the
required operating voltage not less than the maximum input voltage of the converter.

8. Calculate the value of the inductor of the filter according to the formula L, >p?C;. Choose an

inductor with a maximum allowable peak current of at least 1.25 ump.. Where Iinamp - amplitude of the input
current of the converter. In series with the filter capacitor include a resistor, the resistance of which may be
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in the range of 0.2... 2 Ohm and depends on the resistance of the losses of the inductor and the filter
capacitor.

9. Experimentally or by simulation find the resistance value of the resistor connected in series with
the filter capacitor to obtain the required attenuation.

When calculating the filter elements, it is desirable to know the resistance of losses in thechoke and
capacitors AMN/LISN, because they have different values at different maximum currents for which
AMN/LISN is designed. Not all AMN/LISN manufacturers provide these values. For example, in [10] the
schematic diagram of AMN/LISN with achoke inductance of 5 uH, but no data on the resistance of thechoke.
In [11] the value of the resistance connected in series with the capacitor C: AMN/LISN, but no data on the
resistance of thechoke AMN/LISN. Although the influence of parameters (loss resistance) of these elements
on the results of calculations has little effect.

Conclusions.

1. For the first time a method of designing an EMI filter is proposed, which takes into account the
peculiarities of the construction of AMN/LISN nodes.

2. Analysis of the operation of the EMI filter with the software package LTspice showed that the
level of attenuation of conductive interference is significantly affected by the quality factor of the LC filter
link. It is shown how to determine the value of the resistance of the resistor to reduce the quality factor LC of
the filter link by analyzing the noise spectrum in the presence of a filter.

3. When modeling the operation of a switching power supply, it is first necessary to determine the
transient time to form the correct parameters of the modeling directive. If the spectrum analysis is performed
before the end of the transient process, it will lead to the appearance in the spectrum of interference by a low-
frequency component due to the resonance frequency of the circuit formed by inductors and filter capacitor
in AMN/LISN.

4. The results obtained in the modeling process confirmed the accuracy of the proposed method of
filter design.
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KaHJ. TCXH. HAYK

Y pobomi nagedeno memoouxy npoexmyganus npomu3asadHo2o Qinempa 015 3HUNHCEHH: PIBHA KOHOVKMUGHUX 3a840,
CMBOPIOBAHUX Ni0 Yac pobomu IMRYILCHUX NePemeoploeatie nanpyeu, 3a 00nomoz2ol npozpamuozo nakema LTSspic.
Memoouxa 8paxo8ye He MinbKu 8UMO2U CIAHOAPMNIE 3 eIeKMPOMASHIMHIN CYMICHOCTI, afle Ul napamempu eKgieaieHma
mepedici.  Posensinymo  npukiad npoeKmysamnHs npomu3aéadnozo ginempa 0as  nonudicysanvhozo DCIDC -
nepemeopiosaua pieeHv 3a6a0 axoco eionosioac cmandapmy CISPR25. Yci emanu npoexmysanns iniocmposamno
mooensimu, pospobnrenumu 6 npoepami LTspice. Hasedeno modeni 0ns  auanizy amniimyoHO-4acmomHoi
Xapakmepucmuxy npomu3asaono2o pitbmpa, Hasanmadiceno2o Ha exeieanenm mepesici EM (AMN/LISN). Ilokaszano
BNIUB NAPASUMHUX NAPAMEMPI6 KOMNOHEHMI6 HA PO3PAXYHOK npomuzasaonozo @irempa. I1i0 uac po3paxyHky
NPOMU3a6AOHO20 Qilbmpa OMPUMAHO Pe3yTbmamu, SKi niOmMeeposCcyloms NPAUIbHICHb 3aNPONOHOBAHOT MEMOOUKU.
bi6n. 11, puc. 9.
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