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Abstract. For a noise-reduction filter, the parameters of the manufactured device often do not fit the expected
parameters during development, what is caused by the spread of the parameters of the electronic components
or their parasitic parameters, as well as due to the presence of its own capacitance and inductance of the frequency
response assembly. In this article, the influence of parasitic parameters of components and fasteners on the filter
frequency response is considered. Utilizing the electronic simulator software, the filter parameters were modeled
in the frequency range from 10 kHz to 1 GHz. Based on the simulation results, recommendations were given
for optimizing the filter mounting elements and changing the inductance of low-frequency chokes.
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AnHoTtanust. [TapamMeTpsl TOTOBOTO 3IEKTPOHHOTO U3/IEJINSI MOTYT HE COOTBETCTBOBATH PACUECTHBIM, YTO 00YCIIOB-
JICHO, HAIPUMEP, HEYYTCHHBIMH TTapa3uTHBIMU CBsI3sIMH. [10 3TOM puYnHE MpH KOHCTPYUPOBAHUH TTOMEXOIIOIaB-
JsFoIMX GUIBTPOB (P HEeKTUBHOCT (QUIBTPALMHA MOXKET OBITH 3aHI)KEHA 110 CPaBHEHMIO ¢ oxkunaeMoi. [Tpose-
JICHO MOZICIIMPOBAHUE U3MEHEHHNS aMIUTUTYIHO-9aCTOTHON XapaKTEepUCTUKHU (pritbTpa, 00yCIOBICHHOE BINSHHEM
Mapa3UTHBIX TTAPaMETPOB KOMIIOHEHTOB M 3JIEMEHTOB MEXaHWYECKOTO Kpereka, B quana3oHe yactor ot 10 kI
70 1 I'T'. TIpensyioxkeHsl peKOMEHAAMHN 110 MOAM(UKAIINH JIEMEHTOB MEXaHNIECKOTO KPETICHNS U ONITUMHU3aInN
rapamMeTpoB Jpocceneil HU3KOi 9acTOThI.

KarwueBbie cjioBa: TMOMEXOTOAABIISIOIIMN (1)I/IJ'II>Tp, NapasuTHLIC MMapaMETpPbl, aMIINIMTYAHO-4YAaCTOTHAA XapaKTEe-
PUCTHKA, MOACIUPOBAHUEC.
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Jos mutupoBanusi. [lImenskoBa, A. A. OnTuUMuU3anys TapaMeTpoB [IyMOIOAABICHUs! (PUITBTPOB BBICOKOITPOM3-
BOIUTEIBHBIX HCTOYHUKOB mutanust / A. A. IllmenekoBa, B. B. Auapees, B. E. [Ipau // Joxmagsr BI'YUP. 2023.
T. 21, Ne 5. C. 59-67. http://dx.doi.org/10.35596/1729-7648-2023-21-5-59-67.

Introduction

A noise-reduction filter is required for pulsed power supplies to protect the supply lines of the pri-
mary and secondary circuits from high-frequency interference generated by a pulsed transformer. This
filter must protect against both in-phase and antiphase interference at the same time. In-phase interfe-
rence is formed between the supply line and the common wire of the circuit, and antiphase interference
is formed between two wires of the circuit. The parameters of the developed and manufactured device
often do not meet the expected ones, what is caused by the spread of the parameters of the electric com-
ponents or their parasitic parameters, as well as due to the presence of its own capacitance and the in-
ductance of the PCB assembly.

The relevance of the problem is directly related to the real tasks that engineering and technical
workers of commercial enterprises have to solve. The authors were interested in the task to find out
the reasons for the underestimated attenuation coefficient of the broadband noise-reduction filter, which
for many years has been successfully tested according to the methodology approved in the technical
specifications for the product. However, studies of filters using modern hybrid techniques have revealed
a discrepancy between parameters (frequency response and attenuation coefficient, for example) of real
manufactured device and parameters declared in technical specifications. Determining the cause of this
discrepancy is not an easy task, which includes an in-depth analysis of the product design and the use
of indirect evaluation methods.

Simulation software and technique

In order to find out the reasons for the discrepancy between real and required filter parameters,
we combined laboratory tests, real component measurements and computer modeling for a qualitative
analysis of the interaction of components. The open source QUCS software [ 1] was chosen for modeling
purposes due to verbatim results [2], convenient filter modeling [3], and possibility to measure the S-pa-
rameters of a quadripole, which is useful for designing high-frequency circuits. The only disadvantage
is the impossibility to simulate the electrical circuits in real-time mode.

The scheme of the initial filter is shown in Fig. 1, it is a U-shaped filter that protects against sym-
metrical and asymmetric interference. Elements of £ are ceramic noise-reduction filters of B14 type,
designed to filter high-frequency interference. The attenuation coefficient within the operating range
must be at least 60 dB for specific frequencies of 0.05, 0.1, 10, 30, 100 and 400 MHz.
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Fig. 1. Electrical diagram of the noise-suppressing filter

First of all, we will model a filter with ideal parameters in order to have a reference frequency res-
ponse for a reference. Since two filter channels are identical, it is enough to model only one channel
to evaluate the parameters. The parameters of the capacitors are known, and the inductance parameters
are determined experimentally, their measurement will be explained below.

The filter model is shown in Fig. 2, 3 — its frequency response. Neither the parasitic parameters
of the components nor the influence of the elements on each other are considered here. It should be noted
(and this will be true for almost the entire article) that the modeled frequency response makes it clear
to represent the behavior of a quadripole at different frequencies only, but does not quantify its attenua-
tion: the data is incorrect.
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Fig. 2. Ideal filter model
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Fig. 3. Frequency response of the ideal filter

Binding to the obtained values of the attenuation coefficient is possible only at relatively low fre-
quencies, where the nonlinear parameters of the components are not affected yet and they can be consi-
dered relatively ideal. Practically, these are frequencies up to 50-100 kHz.

The filter pole lies between 10 and 20 kHz, the spike at a frequency of 3 MHz is due to the resonance
of the middle element. For further analysis, it is necessary to supplement the model with parasitic pa-
rameters that exist in any real component.

System model

A. Real components parameters

Depending on the type of capacitor, its characteristics and frequency range, a real capacitor can
be represented by various equivalent circuits. In the most general form, the circuit of a real capacitor
is shown in Fig. 4 (on the top).

Ic € Rg
Rp
Ra L

S

Fig. 4. Replacement circuits of the capacitor (top) and the inductor (bottom): L is the inductance
of the terminals and plates of the capacitor; R, is the active resistance of the dielectric;
Ry is the equivalent series resistance; R, is the active resistance of the terminals and plates of the capacitor

The measurement of intrinsic inductance presents certain difficulties, since it strongly depends
on the length of the terminals, their relative position and orientation relative to the device and its termi-
nal devices. It is enough to slightly change the location of the wires or the orientation of the capacitor
terminals during measurement, as it is possible to obtain a new inductance value that differs several
times from the previously measured one [4].

The value of the dielectric resistance R, is rarely used for practical tasks, since it is a sufficiently
large value, which is inconvenient to operate. The measure of energy loss in a dielectric is much more
widely used, to do this, a special variable was introduced: the tangent of the dielectric loss angle (tan d).
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The measure of energy loss in a dielectric is much more widely used — the tangent of the dielectric loss
angle tand. Then we can write an expression for the active power dissipated by the dielectric

P,=U’X_tand, (1)

where U is the voltage applied to the capacitor; X is the reactance of the capacitor at a given frequency.
The dielectric loss tangent itself for a given substitution circuit is defined as

tand = (R,0C) ", )

where R is the dielectric resistance; o is the cyclic frequency; C is a capacitance of the capacitor [4].

B. Measurement of parasitic parameters of components

Not all parasitic parameters can be measured directly. These parameters include the equivalent series
resistance of the capacitor Rg and the capacitance of the coil C;. The equivalent series resistance of the
capacitor is usually fractions of ohms for capacitors with high capacitance and low voltage, and can
reach two or more ohms for elements with low capacitance and high voltage.

For the combined capacitors K75-10 used in the noise-reduction filter under study, the equivalent
series resistance will consist of the active resistance of the plate R, and the active resistance of the ter-
minals R,

Ry =R, +R;. 3)

The equivalent series resistance is measured by applying a square wave with a frequency
of about 50 kHz and the amplitude equal to several dozens of volts to the tested capacitor, which is con-
nected in series with a low-resistance resistor. The AC voltage that occurs in this resistor is measured
and displayed on the indicator.

Measuring the parasitic capacitance of inductors is a more non-trivial task. Depending on the fre-
quency at which the coil operates, different measurement methods have to be used. One of the ways
to determine the parasitic capacitance is to determine the O-factor (Q) of the oscillatory circuit formed
by the inductance and its parasitic capacitance. As is known, the Q-factor of the circuit is a measure
of the ideality of the oscillatory circuit, showing how many times the impedance of the oscillatory circuit
changes at the resonant frequency compared to the low-frequency value. For an ideal parallel oscillatory
circuit at a resonant frequency, the impedance tends to infinity, for a real one, it will increase by Q times.
The O-factor for a parallel resonant circuit is generally defined as

0=RJC/L. )

It’s necessary to emphasize that calculating of the O-factor of a particular contour is a task de-
pending on various parameters [5—10]. In practice, it’s possible to measure the O-factor using a special
device, so-called Q-factor meter. For this study, the £4-11 model was used. It operates in the frequency
range of 30300 MHz and measures Q-values from 10 to 1000. Its convenience is the direct reading
of the values on the scale of the measuring head. Furthermore, this device makes it possible to measure
the inductance of the coils and (what is important) the parasitic capacitance of inductors. Note that for
a minimum measurement error, the coil terminals must be connected directly to the meter terminals,
without any intermediate wires.

The authors made a sample from a batch of B14 filters in the amount of 36 items and measured their
parameters. The average values were as follows: parasitic capacitance — 1.67 pF, filter inductance —
17 nH. The obtained values will be used in the future for modeling. It was not possible to measure
the parasitic capacitance of other filter coils using a O-factor meter, since the resonant frequency of the
chokes is much lower than the operating frequency of the £4-11 meter. The method of direct measure-
ment of the resonant frequency works better here. Since the inductor with its parasitic capacitance rep-
resents a parallel oscillatory circuit, then its parasitic capacitance is calculated by determining the reso-
nant frequency of the coil and measuring its inductance.

The circuit of the measuring unit is shown in Fig. 5. The oscillating circuit is powered by a low-fre-
quency oscillator with a frequency adjustable in the range of 10 Hz to 10 MHz. A precise oscilloscope
was used as a resonance indicator. The resonance indicator is connected to a current sensor — a resistor
plugged in series with the circuit.
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Fig. 5. Experimental setup for determining the parasitic capacitance of inductors:
G — generator; O — oscilloscope

The resonance is determined visually by the minimum amplitude of the oscillation on the oscillo-
scope screen. Since the accuracy of visual control is low, there is no frequency meter in the installation
to accurately determine the resonance frequency; the resonant frequency is read directly from the sight
of the frequency adjustment knob. The capacity was measured for 20 devices, the average value was
equal to 82.6 pF.

C. Filter model with parasitic parameters

Taking into account all the above, the filter scheme can be represented as shown in Fig. 6. This mo-
del considers the parasitic capacitances of low-frequency coils and ceramic filter, the intrinsic resistance
of low-frequency coils and equivalent series resistance of capacitors. Model settings: input and output
impedance of 50 Ohms, modeling range of 10 kHz to 1 GHz. The frequency response of such a model
is shown in Fig. 7 and differs significantly from the ideal filter model.
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Fig. 6. Filter circuit with parasitic elements
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Fig. 7. Frequency response models with parasitic components

It was noted above that in the low-frequency range, the attenuation data can be considered plau-
sible. Therefore, it should be noted that at the frequency of 50 kHz the attenuation coefficient is less
than the required —60 dB. This section is shown on an enlarged scale in Fig. 8. It is possible to increase
attenuation at a given frequency by increasing the capacitance of capacitors or the inductance of coils
of low-frequency links.
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Fig. 8. Frequency response of the model in the range of 10-50 kHz

Since in the real design we are limited by the dimensions of the chassis, it is easier to increase the in-
ductance of the coils by winding a certain number of turns on the magnetic circuit than to put larger
capacitors. We will increase the inductance to 1 mH (Fig. 9).
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Fig. 9. Frequency response of the model with a modified inductance of coils in the range of 10-50 kHz

At the moment, the attenuation coefficient has become equal to —66 dB, which is within the ac-
ceptable range. To find the reasons for discrepancy between the attenuation coefficient required at high
frequencies, let’s simulate the frequency response of the filter in the short-circuit and idle mode (Fig. 10)
in the range of 100 Hz to 1 GHz. The resistance is changed by scanning the parameter. We will set
two values: 0.5 Ohms for short circuit and 50 kOhms for idle mode.
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Fig. 10. A model for studying the operation of the filter in short-circuit and idle modes

It was suggested that the capacitance of ceramic filters B14 has a significant effect on the attenua-
tion coefficient. Therefore, the manufacturer rejected all available B14 by capacity. As a result, filters
with higher capacity values were installed in the products. Let’s try to find out how much the capacity
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of the ceramic filter within the tolerance affects the frequency response of the product. The simulation
parameters are the same as in the study of short-circuit and idle modes. As a deployable parameter,
the capacity of the ceramic filter is taken from 1.8 to 2.8 nF in increments of 200 pF (a total of 6 values).
As a result, there were six frequency characteristics that completely coincide with each other. Hence,
it was concluded that the change in the capacity of the B14 filter within the tolerance does not affect
the frequency response of the product at all.

The influence of structural elements on the frequency response

In a high frequency range (100-300 MHz), the radiating properties of the structural elements rise
dramatically. So, a metal screw located near the inductor turns into a pin antenna, starting to take some
of the energy from the coil and radiate it into the surrounding space. Also, structural elements that can be
considered short-circuited coils (fasteners, metal clamps, etc.) start interfering with the normal operation
of the device (taking energy from inductive elements and re-emit it). Another danger of short-circuited
coils is a decrease in the Q-factor of inductive elements located near, which worsens the resonant pro-
perties of the oscillatory circuits and, accordingly, their protective properties. Therefore, minimization
in the design of elements that are potentially energy emitters is very important for the competent ap-
proach to high-frequency equipment design.

The filter under investigation consists of two compartments shielded by walls and a partition,
in each of which there are two low-frequency U-shaped links: half of the upper channel according
to the scheme (Fig. 1) and the lower one. The compartments are connected through a ceramic filter (B14).
The inductors of each channel are mechanically connected through a common screw passing through
both compartments. Low-frequency capacitors are fixed with metal brackets on the partition.

The inductor screw can additionally be considered as a common magnetic core for two inductors.
It leads to the presence of a workaround for interference around the ceramic filter, which is why the
attenuation coefficient drops. Also, metal brackets holding capacitors can be called parasitic, since they
are short-circuited coils.

To assess the influence of structural elements on frequency characteristics, we need to modify the
model. The modified model is shown in Fig. 11. To create a common magnetic field between two coils,
a transformer Tr1 is connected in series with them with almost ideal characteristics: a small inductance
of the windings and a transformation coefficient equal to one. Transformers Tr2—Tr5 (with parameters
similar to Tr1) are connected in series with low-frequency capacitors. Their primary winding simulates
the inductance of the capacitor plates, the secondary winding is a short—circuited loop of the mounting

bracket.
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Fig. 11. A filter model that takes into account parasitic elements

Fig. 12 shows the frequency response of the new model. It’s obvious, in the frequency from ~5
to 150 MHz, the attenuation drops and becomes much less than the required attenuation coefficient
of —60 dB. In other frequency ranges, attenuation is also weakened significantly, although it remained
within the acceptable limits.
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Fig. 12. Frequency response of a model that takes into account parasitic structural elements

Research results

The article considered an approach to the theoretical solution of practical problems of the de-
velopment and modernization of noise-reduction filters. It was shown that in the low-frequency part
of the range, the studied filter does not provide the necessary attenuation according to its parameters.
For guaranteed compliance with the requirements, it is necessary to increase the inductance of the coils
from 0.517 to 1.000 mH. The assumption made about the influence of the capacitance of the noise-re-
duction capacitor on the frequency response of the filter is refuted. The influence of the filter elements
on its frequency response was found significant, so it’s recommended to change the mechanical faste-
ners and holders of the elements.

It is impossible to consider all various factors affecting the work of the manufactured device, using
one simulation software only within the framework of modeling. Therefore, in the future, the authors
will continue the research aimed at modeling the volumetric filter model in electromagnetic compatibi-
lity modeling software, for example, HFSS.

Conclusion

Thus, it was found that the studied filter does not provide the necessary attenuation in the low-fre-
quency and high-frequency range. To increase the attenuation coefficient in the lower part of the range,
it is necessary to rise the inductance of low-frequency chokes. The parameters of the capacitors and ce-
ramic filters don’t affect the operation of the device. The characteristics of the filter are noticeably
worsened by the attachment of low-quality capacitors and low-frequency chokes, which provide a para-
sitic capacitive connection between the compartments. To optimize the electrophysical characteristics,
it is necessary to change the way the components are connected. This can be achieved by replacing
the metal pin of the choke holder with a polyamide one. Mounting brackets for chokes must also be made
out of a dielectric material.
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