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METHOD AND DEVICE FOR THREE-PARAMETER EDDY
CURRENT CONTROL OF METAL RODS

The article analyzes known non-contact one-parameter and two-parameter eddy current methods and devices
for controlling the geometric magnetic and electrical parameters of metal cylindrical products. The subject of
the study is the development of a non-contact method and device, based on a transformer eddy current trans-
ducer, for the joint determination of three parameters of a metal cylindrical product, namely: diameter, magnetic
permeability, and electrical conductivity. The aim of this work is to increase the sensitivity of three-parameter
eddy current quality control of metal cylindrical products and develop a device scheme for their rejection. To
achieve the aim, the following tasks were solved: to develop the theoretical foundations of a control method
based on finding the frequency of the electromagnetic field of a transformer transducer with a rod under study,
which corresponds to the extremum of the transformation function; to develop a device scheme and an algorithm
for implementing the developed method; to conduct experimental studies in order to compare the results obtained
by the developed method with control methods. Results obtained: the main mathematical expressions were found
that link the measured parameters of the primary transducer signal with the information geometric, magnetic
and electrical parameters of the controlled metal product; a device and an algorithm for implementing the pro-
posed method were developed, based on finding the frequency of the field of the electromagnetic transducer with
a rod, which corresponds to the extremum of its conversion function in the case of compensating for the influence
of the air gap between the transducer and the rod; the use of extreme points of the sensor conversion functions
with the product when implementing measurements allows achieving the highest sensitivity to the parameters
being measured; the developed method and device allow increasing the resolution of the transducer to geometric
magnetic and electrical parameters, which are 2%, 5% and 8%, respectively. Conclusion: the developed method
and device are of great importance for the further development of multiparameter methods for quality control of
metal products, in particular when conducting express analysis of material blanks, quality control of the tech-
nological process of manufacturing products, as well as selective control of reliability of operation during their
operation.

Keywords: eddy current converter; extremum of the conversion function; metal rod.

Compared to unproductive and expensive
destructive testing methods, electromagnetic non-
destructive testing is the most effective method for
studying metal products. The advantages of
electromagneticnon-destructive testing methods, such as

1. Introduction

Currently, the problem of quality control of
industrial products is an urgent task. About 75% of metal
structures in various industries have completed their

design service life. At the same time, the aging of metal
structures and equipment significantly accelerates the
pace of technical equipment. Ensuring the necessary
reliability of objects during operation is impossible
without the use of non-destructive testing methods [1].

1.1. Motivation

The development of non-destructive testing
methods for product quality, which are established by
international and state standards, is an important factor
for product competitiveness. Continuous quality control
of materials at the supply stage, during technological
operations in the manufacture of parts, as well as during
their further operation ensures reliability and safety.

high productivity, speed, multi-parameter, electrical
form of the output signal, and weak dependence on
ambient  temperature, pressure, humidity, and
contamination of the surface of the examined control
objects, open up wide possibilities of its application in
systems of non-contact quality control of materials and
products. Primary electromagnetic transducers (EMT)
are used as sensitive elements (sensors) [2].

Most often, it is necessary to determine the
chemical composition of the material, recognize the steel
grade, assess the hardness, strength, depth, and quality of
mechanical, thermal, and chemical-thermal treatments,
determine the degree of mechanical stress, control the
quality of surface layers, detect intercrystalline corrosion,
heterogeneity of the control objects structure, and
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determine the parameters of defects and geometric
dimensions, especially in the case of environmental
contamination, elevated temperatures, mechanical
vibrations, and other obstacles to conducting high-quality
non-contact control [3].

Important for practice was the development of
methods for solving inverse electromagnetic control
problems related to determining product parameters from
the measured parameters of the output signal of the
primary converter.

1.2. State of the art

In theoretical and practical terms, one- and two-
parameter electromagnetic control methods for metal
product parameters have been studied extensively. An
analysis of known works has shown that a significant part
of the authors focused on the development of theoretical
models for simplified specific control cases or two-
dimensional idealizations of the electromagnetic field
using approximate calculation methods. A single
approach to solving a wide range of electromagnetic
control problems for various field and control object
configurations has not been identified at present [4].

The use of simplified mathematical models did not
allow us to fully determine the quantitative relationships
between the geometric and  electromagnetic
characteristics of control objects because the theory of
the electromagnetic method of controlling products of
finite dimensions is based mainly on empirical laws. This
is a significant obstacle to the use of known methods to
increase the reliability of multi-parameter control.

An analysis of the available literature shows that
when simultaneously determining three or more
parameters of the object under study, a larger number of
independent equations is necessary. This means that it is
necessary to measure a larger number of electrical
parameters for the converter. Such parameters can be
determined in a converter operating on the basis of a
method based on several fixed frequencies [5].

However, the use of this method in practice is
complicated by the difficulty of synchronization in the
exciting field and the separation of the output electrical
parameters from the resulting signal of the converter.

An analytical solution to the nonlinear
electrodynamics problem in regions with discontinuous
coefficients and local anisotropy is hardly possible. In
this regard, the modeling of electromagnetic processes in
the implementation of electromagnetic non-destructive
testing is carried out on the basis of numerical methods.
As the experience of many researchers has shown, this
problem cannot be solved by a simple mechanical
increase in the number of selected nodes without any
restrictions. The fact is that with an increase in the
number of selected nodes, not only the calculation time

and the rounding error increase sharply.

One of the main directions for developing non-
destructive testing methods is structural analysis. The
subject of non-destructive structural analysis can be
changes in the state of a material caused by
inhomogeneous mechanical forces. For example, as a
result of hardening or any other mechanical treatment, as
well as processes in metals associated with thermal,
chemical-thermal treatments or hardening by high-
frequency currents. The main task of electromagnetic
structureoscopy is to detect differences in the structure,
chemical composition, or hardness of a controlled sample
according to changes in the electromagnetic
characteristics [4, 6].

The problems solved by electromagnetic
structureoscopy include: determining the degree of
chemical purity of materials and alloys; sorting by
grades, chemical composition, and other characteristics
that affect the electromagnetic properties of the material;
detecting parts that were processed in modes that do not
meet the requirements; detecting areas of inhomogeneous
structure and decarburized areas, both in the process of
manufacturing parts and during their operation; detecting
areas of possible destruction, assessing the susceptibility
of the material to corrosion, corrosion cracking, and
determining the residual strength and operating time of
the part before destruction [7].

Work is being carried out to modernize low-
frequency structureoscopes to expand the range of
controlled material grades and their geometric
dimensions, increase their reliability, and increase the
average service life.

The “Forster Institute” supplies several types of
structureoscopes in which the movement of sensors along
the controlled surface is carried out using electric motors
controlled by a computer according to a program that
takes into account the shape of the part [8].

In addition, insufficient attention is paid to single-
parameter methods that compensate for part of the
converter signal caused by changes in an uncontrolled
parameter. These methods include amplitude—phase,
amplitude-phase and resonance methods [5,9].

The amplitude method, in which the informative
parameter is the amplitude of the output signal of the
converter, consists in the fact that the signal of a certain
frequency, which is removed from the measuring
winding of the converter, is rectified in amplitude, and
the phase compensator reduces the influence of the phase
on the control results.

The phase method, the influence of the change in
the air gap between the converter and the controlled
object is eliminated. The necessary direction of the
amplitude vector to reduce the interfering influence
factor is carried out using phase compensation devices at
the output of which an informative parameter is obtained.
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In the amplitude-phase method, a compensation
converter with a standard sample is used along with the
working converter. This method is characterized by high
sensitivity and discrimination due to the determination of
the change in the parameters of the controlled object
compared with the parameters of the standard sample.

The above methods are based on the fact that the
lines that characterize the change in parameter values on
the complex plane have different directions.

Although widely used, single-parameter methods
have a significant drawback: they do not allow us to
obtain complete information about the control object. A
diverse range of products with different physicochemical
properties and geometric parameters requires the
development of two- or multi-parameter control methods
and devices that implement them [10,11].There are two-
frequency amplitude and amplitude-phase methods of
controlling one parameter, which allow reducing the
influence of interfering parameters at the same time.
Moreover, one of the frequencies of the probing field is
used to determine the controlled parameter, and the other,
usually higher, is used to compensate for the influence of
the uncontrolled interfering parameter.

The most fully developed two-parameter methods
are variable-frequency and fixed-frequency. The
variable-frequency method consists of the need to
maintain a fixed value of the generalized parameter,
which combines the geometric and electromagnetic
parameters of the product and the frequency of the
magnetizing field. In the case of non-magnetic materials,
it is necessary to maintain a fixed value of the phase of
the introduced EMF of the converter at any value of the
diameter of the object under study. The informative
parameter is frequency.

The fixed-frequency method aims to maintain a
fixed frequency value when studying controlled products
with different diameters. The informative parameter in
this case is the phase of the introduced EMF, by the value
of which the generalized parameter is found and, together
with the obtained values of the EMF (introduced or total),
the necessary characteristics of the product are calculated
[10].

Low-frequency structurescopes most often operate
at an industrial frequency of 50 Hz and allow visual or
automatic analysis of the shape of the electromagnetic
transducer signal curve. To control the above
characteristics, as well as to sort ferromagnetic steels by
grade, devices of type VR-10P and its subsequent
varieties are used. High-frequency structurescopes
control the quality of ferromagnetic materials during
their surface hardening, as well as the hardness of the
sheet material. The carbon content in the surface layer of
the product significantly changes its electromagnetic
parameters in the cross-section. Abroad, structurescopes
have been created that have high characteristics, and

most of them are multipurpose, for example,
“Magnatest” (“Forster Institute”, Germany). Universal
eddy current devices with microprocessors and micro-
computers enable various non-destructive testing tasks in
the fields of flaw detection, structureoscopy, and
thickness measurement. Devices and devices of this type
are usually multi-parameter devices that allow
simultaneous measurement of several parameters of
control objects [12].

Eddy current methods also allow us to successfully
control the geometric parameters of an object, which are
required to determine other physical characteristics. This
is usually the diameter of cylindrical products, the
thickness of the pipe walls with one-sided access to the
object, and the thickness of the layer of multilayer
structures, within wide limits determined by the
dimensions of the measuring coil of the converter.

In the amplitude-frequency method, to reduce the
impact of the gap change, the properties of resonant
circuits, including the converter coil, are also used. In this
case, the circuit itself is an oscillator element [13].

Multiparameter methods are based on determining
informative parameters of sensor signals and identifying
their functional relationships with the electromagnetic
and geometric characteristics of control objects. Such a
statement of the problem requires, in the process of
determining the control parameters, the mandatory use of
computer technology [14].

1.3. Obijectives and approach

This research aimed at developing a contactless
method and device based on a transformer eddy current
transducer for the joint determination of three parameters
of a metal cylindrical product: diameter, magnetic per-
meability, and electrical conductivity.

The main tasks and stages of this research are as
follows:

— stage 1. Development of a physical and
mathematical model of an electromagnetic transducer,
the operation of which is based on the extremum of the
transformation function;

— stage 2. Calculation of the relations describing the
operation  of  transformer-type  electromagnetic
transducers when determining three parameters of a
cylindrical product;

— stage 3. Normalized transducer parameters that
link the output signals with the characteristics of the
controlled product;

— stage 4. Development of a multi-parameter
control device based on the use of transformer
transducers to control the magnetic permeability, specific
electrical conductivity, and diameter of cylindrical
products;
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— stage 5. We conducted a comparative analysis of
the obtained results of controlling the parameters of the
studied products using the developed method with the
results of control methods;

— stage 6. Develop a device diagram and algorithm
for implementing the developed method;

— stage 7. Experimental studies were conducted to
compare the results obtained by the developed method
with control methods;

— stage 8. Discussion of the results and formulation
of recommendations for the practical use of the
developed device in control systems for various
technological processes of controlling product
parameters during manufacture and operation.

Thus, the solution of these tasks allows, on the basis
of the created multi-parameter methods and means, to
obtain the most complete information about cylindrical
products of various assortments by electromagnetic and
geometric parameters using the same electromagnetic
converter. Since electromagnetic parameters are
informative, having determined them using the
developed methods and devices, it is possible to solve
further applied technical tasks using the correlation of
these parameters with characteristics such as strength,
hardness, chemical composition, temperature, and others.

Paper structure. Section 1, “Introduction”, consists
of three subsections that define the motivation, current
state of the problem, goal, and main stages of the
research. Subsection 1.1, “Motivation”, describes the
problem of quality control of industrial products, in
particular metal structures in operation, using non-
destructive testing methods.

In subsection 1.2, “State of the art”, we consider
existing research on one-, two-, and three-parameter
electromagnetic control methods for the parameters of
metal products, focusing on the impossibility of using
simplified mathematical models or analytical solutions to
nonlinear electrodynamics problems. The direction of
development of non-destructive testing methods is
considered in electromagnetic spectroscopy.

In section 1.3, “Objectives and Approach”, the
paper outlines specific goals for the development of a
non-contact method and device, based on a transformer
eddy current transducer, for the joint determination of
three parameters of a metal cylindrical product, thus
defining the main tasks and stages of the research.

Section 2, “Materials and Methods,” describes in
detail the eddy current control methods used to determine
the three characteristics (d, ur, o) of the rods using
indirect measurements based on the results of direct
measurements of the signal parameters of a through-type
transformer eddy current converter (TECC) at certain
frequencies f* of its alternating magnetic field, which
correspond to the extrema of its conversion functions. A
method for compensating the TECC air gap was also

investigated.

Section 3, “Results and Discussions”, presents the
results of the experiments, mainly focusing on reducing
errors compared to known methods when using the time
and spatial harmonics of the exciting field and
simplifying the measurement automation process.

The document ends with the section “Conclusions”,
which summarizes the research results.

2. Materials and method of research

2.1. Analysis of known eddy
current control methods

Known methods for determining the three charac-
teristics (d, W, o) of rods are based on indirect measure-
ments from direct measurements of the signal parameters
of TECC of the through-type at certain frequencies f* of
its alternating magnetic field, which correspond to the ex-
trema of its conversion functions. The theoretical basis is
the presence of an extrema of the dependence of the im-
aginary part Im K of the complex parameter K on the gen-
eralized parameter X, and in previous studies [14, 15]
various values of its X* (from 2.5 to 2.515) were given.
Since the values of the extrema parameters of this func-
tion are used as constants in the formulas for calculating
the controlled parameters (d, pr, 6) of rods, the inaccuracy
of determining the value X* leads to a chain of systematic
errors in their indirect measurements. Therefore, it is nec-
essary to refine the value X*.

Experimental studies of these methods revealed a
drawback associated with the significant influence of the
air gap between the secondary winding of the through-
hole TECC and the rod on the accuracy of the control re-
sults. This phenomenon is particularly observed when the
diameter d, of the secondary winding of the TECC ex-
ceeds the diameter d of the controlled ferromagnetic rods.
In [16], a device scheme with a variometer for artificial
compensation of the air gap, measuring instruments, and
analog functional converters was proposed. Most of the
procedures require manual work by the operator, which
limits the control to only the selective type and laboratory
conditions. Therefore, it is necessary to develop a device
scheme that can significantly reduce manual operations
and automate the control process under industrial condi-
tions.

The important factors in the development of devices
for the implementation of such control methods are the
speed and accuracy of the measurement results. In many
respects, they depend on the choice of the optimal
method for searching for the extrema of the TECC trans-
formation functions and accordingly the frequency f*, ac-
cording to these criteria. In previous studies [14,15], a
combination of the uniform search and “golden” section
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methods was used. Laboratory tests of metal rods made
of different alloys and with different electrophysical
properties showed that the disadvantages of such an al-
gorithm are a fairly large number of iterations (tens) and
relatively significant errors in determining the frequency
f*. Therefore, additional studies are required to deter-
mine the optimal method.

2.2. Theoretical foundations of the method
with air gap compensation of TECC

The eddy current method of simultaneous measure-
ments of controlled parameters (d, pr, o) of metal rods is
based on the solution of a system of three independent
equations [10, 11]

(, .. (ImE>* 1
H(ImK) = — ) - —
{l(m ) Ey ) nu,
. d . €Y)
i X=§ 2mpp of

k K =Ef/(E3nur)

where ImE — imaginary part of the normalized complex
electromotive force (EMF) E at the terminals of the sec-
ondary winding of the TECC with a rod;

Eo — EMF of an empty TECC, caused by the magnetic
flux in the air;

n — coefficient of filling the cross-sectional area of the
cavity of the secondary winding of the TECC with the
cross-sectional area of the rod;

lo — Magnetic constant, u, = 41+ 1077 Hn/m;

E; — EMF due to magnetic flux in the body of the rod.

The filling factor n is calculated as

n=d */d; , )

where dm— diameter of the measuring winding of the con-
verter.

In the equations of system (1), the parameters cor-
responding to the extrema of the generalized function (3)
or the transformation functions of the TECC with a metal
rod (4)

Im K=F(X) (3)
ImE

=F(f). 4

Eo i, F(f) 4)

The value of the imaginary part of the complex
EMF quantity E is equal to (Fig.1)

|ImE|:E sin @, (5)

where E is the measured value of the EMF at the termi-
nals of the measuring winding of the TECC with a rod;
@, is the measured value of the phase shift angle between
the EMF E and E,,. The distribution of the EMF vectors
and other parameters of the TECC signals with a con-
trolled rod is illustrated by the diagram (Fig. 1).

EH(AE)

Fig. 1. Vector diagram of the EMF
of a converter with a rod

Note that the first equation of system (1) is a condi-
tion for the agreement of the extrema of functions (3) and
(4), which allows the correct application of the second
and third equations of this system with the previously cal-
culated values of the parameters X* and |K*|. Then it be-
comes possible to solve this system with respect to the
characteristics of the controlled rod (d, p,, o).

However, for this purpose, it is still necessary to
measure the parameters of the TECC signal at the fre-
quency f* of its field. Therefore, the first equation of sys-
tem (1) is also the condition for its definition when its
value corresponds to the value of the generalized param-
eter X* for a rod with specific valuesd, y,, o.

To increase the accuracy of the auto-frame meas-
urements, the extremum of the generalized transfor-
mation function was refined |Im K|=F(X) by calculating
the values of its parameters (X, module |K| and its phase
angle @), given in the table 1.

Experimental determination of frequency f*.
The field of the controlled rod TECC means that it is pos-
sible to immediately obtain the numerical values of the
generalized parameter X*=2,514999 and related quanti-
ties (Table 1) in the left-hand sides of the equations of
system (1).
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Table 1
Fragment of the parameter values of the generalized transformation
function |Im K|=F(X) in the zone of its extremum
X K| @, degree [TmK|
2.514996 0.7236277775973 31.4403392231 0.3774518085562
2.514997 0.7236275371579 31.4403508622 0.3774518085567
2.514998 0.7236272967185 31.4403625013 0.3774518085569
2.514999 0.7236270562792 31.4403741403 0.3774518085570
2.515000 0.7236268158399 31.4403857794 0.3774518085569
2.515001 0.7236265754006 31.4403974184 0.3774518085566
2.515002 0.7236263349615 31.4404090574 0.3774518085561

The search was performed by searching for the ex-
tremum of the TECC transformation function

( Sln(P()) :F(f ) (6)

Eonu,

The implementation of known methods for eddy
current control of several rod parameters was carried out
by two-section TECC [11,14].

In them, an alternating current | of a certain fre-
quency f is passed through the primary windings to create
a magnetic field for the TECC. At the terminals of the
secondary windings of the first (working) section, in the
cavity of which the rod is placed, an EMF arises E, and
the empty second (reference) section — EMF Eo, which is
also the reference signal of the VSP for measuring the
phase angle ¢, (Fig. 1).

Note that the values of the coefficient n and the
magnetic permeability p, of the rod are unchanged when
the frequency f of the TECC field changes. However,
they affect the steepness of the peak of the transformation
functions (4) in the zone of their extrema depending on
the specific values of the diameter d and the permeability
ur of the current controlled rod, which in turn affects the
accuracy of determining the frequency value f*.

Laboratory studies of a TECC with a secondary
winding diameter d,=18.54 mm and a field strength of
46 A/m allowed us to construct its transformation func-
tions (4) (Fig. 2) with bars made of steel grade 20 of dif-
ferent diameters d’, but with the same values of their elec-
tromagnetic characteristics p,’ i o’ which are indicated in
Table 2.

Table 2
Physical characteristics of steel bars 20
Sample, Ne T o', MSm/m | d’, mm n
1 81.0 2.46 5.0 0.073
2 81.0 2.46 7.0 0.143
3 81.0 2.46 10.0 0.291

These characteristics were determined using appro-
priate control methods. Thus, the diameter d' was
measured with a micrometer, the magnetic permeability

w' was determined using a F5063 ferrometer, and the
specific electrical conductivity ¢' —according to the P329
double DC bridge circuit. The TECC transformation
functions obtained with these rods are presented in Fig.
2.

It can be seen that the nature of the change in the
transformation function of sample Ne 1 with the smallest
coefficient n (or diameter d) is very slow with a rather
“blurred” zone of its extremum. However, increasing the
value of 1 only by 2 times (for sample Ne 2) allows us to
more accurately identify the region of its extremum, and
by 4 times (for sample Ne 3) to significantly narrow it. At
the same time, the last value of 1 was only 0.291, which
is much less than 1 when applying the measuring winding
directly to the sample. Therefore, the sharper the peak of
the transformation function in the region of its extremum
becomes, the more accurate and reliable the results of de-
termining the frequency f* and the corresponding param-
eters of the TECC signals, and ultimately — the controlled
characteristics of the rods. Therefore, another way to in-
crease the accuracy of measurements of many parameters
is to artificially increase the value of 1| as close as possi-
ble to 1, regardless of the diameters of the controlled rods
when using the same TECC with a fixed diameter value
d,.

ImE " |/(Eo)

400 600 800
=me N6

1000 1200

Ne3

1400 1600

f, Hz

Fig. 2. Transformation functions of TECC with rods
of different diameters
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Research has also shown that a decrease in the mag-
netic permeability i, at stable values of d and ¢ of the
rods leads to a flat character for the transformation func-
tions of the TECC with them. However, unlike the coef-
ficient n, its value at a constant magnetic field strength H
cannot be artificially changed. It should be borne in mind
that the value p, of the controlled rod can change when
the strength H changes because the induction curves
B=F(H) of ferromagnetic materials of the rods are gener-
ally nonlinear, with the exception of the initial section
and the saturation zone [2]. Eddy current control is usu-
ally carried out at field strength values H<50 A/m, which
correspond to the initial linear section of the induction
curves for most ferromagnetic steels. Therefore, during
the control process, it is necessary to maintain the per-
missible (for the section H<50 A/m) actual value of the
alternating current I in the primary winding of the TECC,
which is calculated in advance using the following for-
mula:

I=H1/(2W)), )

where | and W1 are the length and number of turns of the
primary windings, respectively, of each TECC section.

Let us note a characteristic feature of the transfor-
mation functions of TECC with metal rods, which is
manifested in the shift of the frequency f* of the “peaks”
of their extrema toward its increase with a decrease in the
values of 1, w Of ©.

The analysis of the influence of changing the pa-
rameters of metal rods on the degree of steepness of
peaks in the region of extrema of the transformation func-
tions of the TECC with them showed that the only adjust-
able parameter that can change the steepness of peaks is
the filling factor 1. Indeed, a factor influencing the accu-
racy of control results, especially for rods made of ferro-
magnetic alloys, is the presence of an air gap between the
turns of the TECC secondary winding and the controlled
rod. This occurs when the diameter d, of the TECC sec-
ondary winding exceeds the diameter d of the rods and is
especially evident in the case of n«I.

The maximum steepness of the peaks of functions
(4) is achieved when the condition n=1 is met. It can be
achieved by selecting a TECC with a diameter d, that is
as close as possible to the diameter d of the controlled
rod, or by artificially increasing the value 1 as close as
possible to 1. The first approach is acceptable only for
controlling rods of the same (or close) diameters, which
limits the use of TECC for a specific diameter d,.

The second way is more universal [11] and can be
implemented by introducing into the two-section circuit
of the TECC with working (WS) and reference (RS) sec-
tions an additional compensation section (CS) with an ad-
justable number of secondary turns (Fig. 3).

This allows artificially bringing the measuring

winding WS (Fig. 3) closer to the diameter of the rod,
thus compensating for the influence of the air gap in the
TECC on the control results. At the CS terminals, it is
possible to obtain the EMF of the air gap compensation
E. and direct it in the direction opposite to the EMF E,
which is caused by the magnetic flux in the air gap be-
tween the TECC winding and the rod (Fig. 1).

Qo

Fig. 3. Three-section TECC and its signals

Fulfilling the condition n=1 allows us to compose a
system of equations in which the equality of the TECC
signal parameters become valid:

|Ey| = [Ed]

= =3144°

= [Ed = |aE| - ®)
= |E,| - |E,|

(
%

|

\[Eo

where ¢ — phase angle of shift between EMFE; and E,
(Fig. 1); AE — EMF of the converter with a rod after com-
pensation (Fig. 1, 3);

Ej. — EMF of an empty TECC, caused by the mag-
netic flux in the air on the size of the cross-sectional area
of the controlled rod after compensation (at n=1).

It makes sense to comment on the physical essence
of the equations of system (8) using a diagram (Fig. 1).
The first equation corresponds to the end of the compen-
sation of EMF E, with the signal E,, additionally created
in the opposite direction to it.

Because gap compensation occurs at the set fre-
quency f*, at the moment of its execution the phase shift
angles @o=¢ are equal (the second equation of system
(8)). However, the phase angle ¢ is simultaneously the
angle of the complex parameter K, and therefore, for the
extremum of function (6), its value is 31.44° (Table 1).

The value of the EMF E; can be measured only
when the winding is applied directly to the rod.
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Therefore, when using the TECC, this operation is re-
placed, for example, by measuring the value of the EMF
AE at the terminals of the counter-connected secondary
windings of its working and compensation sections (Fig.
3) after compensation, i.e., fulfilling the condition n=1.
At the moment of compensation, all EMF values in the
third equation of system (8) are equal. After gap compen-
sation, the cross-sectional area of the empty TECC,
through which the magnetic flux penetrates, condition-
ally decreased to that of the controlled rod. Accordingly,
the EMF Eo is also reduced by the value of the EMF E.
to the value of the conditional EMF Eg,, which is re-
flected by the fourth equation of system (8).

The value of EMF Egis usually calculated using the
following formula:

) d?
E,~E, (1 . d7>, 9)

m

Considering that when compensating |E, |=|E.|, we
obtain the ratio for calculating the diameter of the con-

trolled rod as
d=d, |1 c
= - -

From the first (or third) equation of system (1), con-
sidering the relations of system (8) and the known con-

stants (ImK)* (or K (Table 1), we obtain the formula for
determining the magnetic permeability of the rod

(10)

,=1.381927-AE/(E(-E,). (11)
From the second equation of system (1) ), consider-
ing formulas (10) and (11), we obtain the expression for
calculating the specific electrical conductivity ¢ of the
controlled rod as
6=2318786.1-Ey/(d3, AES ). (12)
It can be seen that the formulas for calculating the
controlled characteristics of the bars relate them only to
the measured parameters of the TECC signal (Ec, Eo, AE
and f*) and known constants, which significantly simpli-
fies the control algorithm.

Select a frequency search method f*. The search
for this frequency is based on the search for the extremum
of the transformation function (4), from which, taking
into account (5), it is clear that when changing the fre-
quency of the TECC field, it is necessary to measure a
combination of its signal parameters: EMF E and Eo, and
the phase angle @o between them (Fig. 3). The accuracy

of determining the frequency f* is very important, be-
cause the accuracy of measuring the parameters of the
rods ultimately depends on it. Therefore, when choosing
an algorithm for its determination from a number of one-
dimensional search methods [17-20], the goal was to
minimize the number of search iterations with a given ac-
curacy of its determination.

Research on the simplest methods for finding the
extrema of transformation functions (8) TECC, which are
close to polynomials (Fig. 2), showed that the method of
quadratic interpolation with three points [21] is optimal
in terms of speed and accuracy of determining the fre-
quency f*. The implementation is based on the localiza-
tion of the extremum region of function (4) by the se-
lected limiting values of the frequency of the TECC field
and the task of accuracy (absolute error Af) of determin-
ing the frequency f*. The proposed method also allows
us to detect extrema of functions even outside the speci-
fied frequency interval of the search, which can be the
case when there is a lack of a priori information for its
determination.

If at least approximate data on the parameters are
known d, ., o bars (alloy grade, magnetic properties, di-
ameter etc.) or samples of the same type of serial produc-
tion are subject to control, then it is possible to empiri-
cally significantly narrow the frequency interval for
searching for the extremum, the approximate average
value of which fi is calculated by the formula

t}:3204399.284/(d2prc). (13)

In these cases, the number of iterations can be sig-
nificantly reduced to 2-3. It should be noted that the
choice of the accuracy level of frequency determination
f* (by setting the value of its error Af) must be previously
coordinated with the metrological characteristics of the
measuring instruments of the parameters of the TECC
signals, such as sensitivity, the price of the smallest digit
of digital devices or the price of the division of analog
instruments, measurement limits, accuracy classes (nor-
malized errors) etc. Too small a selected value of Af can
lead to a weak change in the parameters of the TECC sig-
nals within the insensitivity zones of the corresponding
measuring instruments.

Algorithm to implement the control method. The al-
gorithm can be divided into 3 stages of measuring the pa-
rameters of the TECC signals with a rod: searching for
the frequency value f*, compensating for the influence of
the air gap, and determining the controlled parameters of
the rod. The first two are cyclic. In the third stage, the
procedure for rejecting rods can be implemented. To
search for frequency f*, the quadratic interpolation algo-
rithm with three points [21] was selected. For its imple-
mentation, 2 limit frequency values (f and f,) of the un-
certainty interval of the extremum of the studied function
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(4) and the value f; inside it are set, usually the average

(f, 1)
fi=——- (14)

At these frequencies, at a stable value of the current
strength 1 (7), the values of the EMF E and Eo and the
angle @o are measured. Next, the values of the corre-
sponding functions F(f)=(Esin¢,)/Egare calculated,
they are stored, and the next i-th value f; is determined
using the method given in [21]. If its difference with the
previous value f; does not exceed the specified error of
frequency determination Af, then it is accepted as the
value f* that was sought and stored. Otherwise, the cycle
is repeated, but the uncertainty interval.

The compensation of the air gap effect is carried out
at fixed values of the frequency f* and the field strength
H of the TECC by adjusting the number of secondary
turns of its compensation section (Fig. 3) until the angle
(0=31.44° is equal (the second equation of the system
(8)). Then, the values of the EMF Ey, Eo, AE are meas-
ured, and the controlled parameters of the rod are calcu-
lated according to formulas (10-12), the numerical coef-
ficients, and the values of the diameter dy of which are
previously entered into the memory device.

3. Results and discussion

The experimental study of known eddy current con-
trol methods revealed a drawback associated with the sig-
nificant influence of the air gap between the secondary
winding of the through-hole TECC and the rod on the ac-
curacy of the control results. An analysis of the literature
on the implementation of a device for artificial compen-
sation of air gaps by measuring instruments and analog
functional converters allowed us to identify a number of
complexities, features, and shortcomings of the scheme.
This confirmed the relevance of the research and laid the
foundation for the development of a device scheme that
significantly reduced manual operations and allowed us
to automate the control process under industrial condi-
tions.

The developed method allows us to determine the
geometric, magnetic, and electrical characteristics of
products independently of each other by measuring the
measured values of the sensor signal only at one field fre-
quency determined for a specific product. The latter leads
to a significant reduction in errors compared to known
methods when using the time and spatial harmonics of
the exciting field. This allows us to significantly simplify
the process of measurement automation and reduces the
time of computational operations.

The appearance of the primary processing device
for the TECC output signals with the cylindrical product

is shown in Fig. 4. After primary processing, the infor-
mation from the device is sent via the USB channel to a
personal computer, where it is processed to obtain and
display numerical values of the informative parameters
of the sample under study (d, y, ©).

Fig. 4. Appearance of the TECC output signal primary
processing board with the samples

It should be noted that the choice of the accuracy
level for determining the frequency f* (by setting the
value of Af) must be coordinated with the metrological
characteristics of the measuring instruments for the
TECC signal parameters. Too small a value of Af can lead
to weak changes in the parameters of the TECC signals
within the insensitivity zone of the measuring instru-
ments.

The use of extreme points of the transformation
functions of the sensor with the product to implement
measurements allows us to achieve the highest sensitivity
to the measured parameters.

Taking the full differential with respect to the gen-
eralized parameter x for expressions (10)-(12), we obtain
the functional dependences of the relative sensitivities
Sa = f(x), Sur = f(X) and S, = f(X). These dependencies
over various changes in the parameter x are shown
in Fig. 5.

The analysis shows that for each sample these sen-
sitivities will be different, but by changing the current
frequency, it is possible, for different combinations of pa-
rameters d, pr and o of the studied sample, to obtain the
value x at which the joint determination of the three pa-
rameters of the sample will be performed with the maxi-
mum relative sensitivity for each of them, which respec-
tively have the values Sq = 0.52, S,; = 0.4 and S; = 0.17.

The results of determining the values of pr, ¢ and d
of samples using the proposed method are in good agree-
ment with the data of control methods (micrometric, bal-
listic and bridge). The proposed method also has im-
portant practical applications because it allows us to
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obtain the most complete information about the geomet-
ric, physical, and mechanical parameters of a product,
such as its tensile strength, temperature, chemical com-
position, and grade.

S
0.6 ~
Sa
0.5 /
0.4
7 Sur

T/ N
[

0.1
\
/ \\E
0 X
0 1 2 3 4 5

— relative sensitivity to diameter, Sq
— relative sensitivity to magnetic permeability, Syr

— relative sensitivity to electrical conductivity, S¢

Fig. 5. Dependences of relative sensitivities
on the generalized parameter x

4. Conclusions

This study considers the problem of quality control
of metal products via non-destructive testing, namely, by
the electromagnetic method using a transformer eddy
current transducer. An analysis of the existing methods
was conducted, and their main limitations were identi-
fied, in particular, the impossibility of using simplified
mathematical models to accurately determine the param-
eters of the control objects.

A new approach to determining three parameters of
a metal cylindrical product was developed: diameter,
magnetic permeability, and electrical conductivity (d, w,
o) with compensation for the influence of the air gap of
the TECC with the rod on the measurement results. A
physical and mathematical model based on the extremum
of the transformation function and a method for introduc-
ing normalized parameters that allow more accurate de-
termination of the characteristics of a controlled object
are proposed.

The formulas for calculating the controlled charac-
teristics of the rods are obtained and are associated only
with the measured parameters of the TECC signal and
known constants.

Based on the proposed approach, a multi-parameter
control device was developed that provides high accu-
racy for measuring the electromagnetic and geometric
parameters of products. Experimental studies were con-
ducted, and the results confirmed the effectiveness of the
developed method. A comparison with traditional control

methods was conducted, which demonstrated the ad-
vantages of using a transformer eddy current transducer,
in particular its non-contact nature, speed, and high sen-
sitivity.

Thus, the proposed method and device can be
widely used in production processes to ensure quality
control of metal products. Further research can be aimed
at improving signal processing algorithms, optimizing
the design of the converter, and integrating the developed
method into automated control systems for industrial pro-
duction, which will contribute to increasing the effi-
ciency and reliability of technological processes.
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CIIOCIB I MTPUCTPIA TPbOXITAPAMETPOBOI'O BUXOPOCTPYMOBOI'O KOHTPOJIIO
METAJIEBUX ITPYTKIB

M. M. Cipenko, b. M. I'opkynos, C. I'. /Iveéos, T. B. /Ipo3zoosa

B cratTi npoBeneHuid aHai3 BiJOMHUX O3KOHTAKTHHX OJHOMAPAaMETPOBHX Ta JIBOXIAPaMETPOBUX BHXOPOCTPY-
MOBHX CIOCOOIB Ta MPUCTPOIB KOHTPOJIIO TEOMETPUYHUX MarHiTHUX Ta €IEKTPUYHHX IMapaMeTpiB METaJeBUX IIMITiH-
apuuHUX BUpoOiB. IIpeameToM mociipkeHHS € po3poOKa GE3KOHTAKTHOTO METONY Ta MPUCTPOI0, Ha OCHOBI TpaHC-
(hopMaTOpHOTO BUXPOCTPYMOBOI'O IIEPETBOPIOBAYA, ISl CHIILHOTO BU3HAYEHHS TPHOX MapaMeTpiB METAIEBOTO IHJIi-
HAPUYHOTO BUPOOY, a caMme: liaMeTpy, MarHiTHOI IPOHUKHOCTI Ta eJIEKTPONpoBigHOCTI. MeTo10 1aHoi poOoTH € mij-
BHUIIIEHHS YYTIMBOCTI TPHOXIIAPAMETPOBOIO BUXOPOCTPYMOBOI'O KOHTPOJIO SIKOCTI METAIEBUX IIMIIHPUIHUX BHPO-
0iB 1 po3po0OKa cXeMH IPUCTPOIO ISl IX po30paKyBaHHs. [IJisl TOCSATHEHHS] METH BHPIIIEHO HACTYITHI 3aBJaHHS: PO3-
PpOOUTH TEOPETHYHI OCHOBH CIIOCO0Y KOHTPOIIO, 32CHOBAHOT'0 HA TIOIIYKY YaCTOTH €JIEKTPOMArHiTHOTO MOJISI TPaHC-
(hopMaTOpHOTO IEepeTBOpIOBaya 3 JOCIIKYBAaHUM TIPYTKOM, sSIKa BIJIIOBiJa€ eKCTpeMyMy (YHKIII TepeTBOPEHHS;
PO3POOHTH CXEMY MPHUCTPOIO 1 AJITOPUTM peatizailii po3po0JICHOr0 CoCO0Y; MPOBECTH €KCIIEPUMEHTAIbHI JTOCITi-
JDKEHHS 3 METOIO MOPIBHSHHS OTPUMAaHHX Pe3yNbTaTiB pO3POOJICHUM METOAOM 3 KOHTPOJIbHUMH MeTonaMu. OTpu-
MaHi pe3yJbTaTH: 3HANIEHO OCHOBHI MaTeMaTH4YHI BUPa3H, 1[0 TIOB’SI3yIOTh BUMIPIOBaHI MapaMeTpy CUTHAITY Iep-
BHHHOTO MEpPETBOPIOBaYa 3 iHGopMaIliiHIMK FreOMETPUYHUMH, MATHITHUIMHU Ta €IEKTPUYHIUMHU MapaMeTpaMu KOHT-
POIBLOBAHOIO METAJICBOr0 BUPOOY; pO3pOOIICHO MPUCTPIi 1 AITOPUTM peatizailii bOro Crnocody, 3aCHOBaHMH Ha I10-
LIYKY YaCTOTH NOJISl eIEKTPOMArHiTHOTO TIepETBOPIOBaYa 3 MPYTKOM, sIKa BiJINOBiIa€ EKCTpeMyMy Horo ¢yHKIii re-
PETBOPEHHS B pa3i KOMIIEHCALT BIUTMBY HOBITPSHOTO 3a30py MiXK IIEPETBOPIOBAYEM Ta MPYTKOM; BUKOPHCTaHHS €KC-
TpeMaJIbHUX TOYOK (PYHKIIIH MepeTBOPEHHS AaTUMKa 3 BUpOoOOM MpH peaizaliii BUMIpIOBaHb J03BOJISIE IOCSATTH Haii-
BUILIOI YyTJIMBOCTI JI0 ITAPaMETPiB, SKi BUMIPIOIOTHCS; PO3POOJICHUI METO]] Ta TIPUCTPIii TO3BOJISIOTH IMTiABUIINTH PO-
3pi3HIOBAJILHY 31aTHICTh MIEPETBOPIOBAYA JI0 TEOMETPHYHMX MArHITHUX Ta €JIEKTPUYHUX MapaMeTpiB, sIKi CTAHOBJISTH
2%, 5% 1 8% BigmnoBigHO. BUCHOBOK: po3p0o0JICHHI METO Ta MPHUCTPIA Ma€ BaXKIMBE 3HAUYCHHS IS TOAAJIBIIOrO
PO3BUTKY OararonapaMeTpoOBHX METOJIB KOHTPOJIO SKOCTI METaJIeBHMX BUPOOIB, 30KpeMa IpH MPOBE/EHI eKcIpec
aHaJIi3y 3aroTiBOK MaTepialy, KOHTPOJIO SKOCTI TEXHOJIOTIYHOTO MPOIIECY BUTOTOBIIEHHSI BUPOOIB, a TAKOX BHOIpKO-
BUI KOHTPOJIb HA/IIHHOCTI pOOOTH TPH X eKCILTyaTalii.

Kuio4oBi cjioBa: BUXOPOCTPYMOBHIA IEPETBOPIOBAY; eKCTpeMyM (DYHKIIIT IIEpETBOPEHHS; METAIEBUI MIPYTOK.
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