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Abstract: A model of a device for nondestructive
control by eddy currents has been proposed. The device
and the object under control are represented by an
equivalent circuit in the form of an electromagnetic
circuit described by the system of differential finite
equations in the coordinates of loop magnetic fluxes and
currents of windings. The model allows us to take into
account three parameters of the defects: depth, width,
and conductivity. The spline method of analysis of
periodic processes is used to carry out calculation.
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1. Introduction

The eddy current defectoscope is a nondestructive
control device consisting of one or more inductive coils
which are designed for excitation of eddy currents in a
control object. It converts an electromagnetic field,
which depends on the parameters of the object, into an
information signal of defectoscope. There exist models
of the devices for nondestructive control using eddy
currents method which are based on Maxwell's equations
for monoharmonic processes in terms of magnetic vector
potential [3]. These models are complicated for
engineering calculations of these devices. In this paper
we use the approach proposed in the article [2].

2. Mathematical formulation of the task

This paper deals with a magnetic circular model of
the eddy current defectoscope with a ferromagnetic core
(Fig. 1).

To build the model we have made the following
assumptions:

1. The magnetic field in elementary volumes is
considered homogeneous, and therefore these volumes in
the schemes are presented as lumped magnetic reluctance.

2. The displacement currents in the windings are
neglected.

3. The temperature
conductivity is neglected.

4. The phenomenon of hysteresis (basic magne-
tization curve) is not considered.

5. The calculated scheme is presented not as a three-
dimensional but two-dimensional planar grid taking into
account the symmetry of the field.

effect on the electrical

The domains with defectoscope, the object of
control and the environment around are divided into
elementary volumes in the form of various-sized
cylinders (Fig. 2). The magnetic fluxes transit through
these volumes in vertical and horizontal directions.
These cylinders represent reluctance R, R,, of domain

with its vertical and horizontal components of the
magnetic flux.

Reluctance R, , R, is determined by the following

my >

expressions:

R, = }/['H‘UOT ]z.rdadr] = 2h/(,uy0ﬂ(r22 —1’12 )) ; (1)

o

R, = Jdr/(;z,uohar) =In(ry/n)/(mha); ()
where A, a, ry, r, are the geometrical sizes of elementary
volume (Fig. 2); u is the relative magnetic inductivity of
a material of elementary volume; g4 stands for the
permeability of vacuum.
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Fig. 1. Eddy current nondestructive testing.
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Fig. 2. Elementary volume and its parameters.
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Fig. 3. Magnetic circuit diagram.

The studied objects can be made of ferromagnetic
and non ferromagnetic conductive materials, i.e. the
electromagnetic circuit is nonlinear (Fig. 3). Defects in
these objects are approximated by the resistance change
of the respective domain of broken area. This approach
allows you to explore the parameters of defects, namely
their depth, width and conductivity. The depth of the
defect is given by the reluctances R of the respective
cylinders, which represent the object and its width —
reluctances R,

The mathematical model of nondestructive testing
instrument is formed in the coordinates of loop magnetic
fluxes and currents of windings as a system of
differential finite equations:

rmUm ( ) Wr; =0 > (3)

Wdd [dt+Ri —ii=0; (4)
where: T, is (¢xs)x p,, -dimensional second incidence
matrix of the magnetic circuit (here gxs is the contours

of the magnetic circuit; p, stands for the branches of

the magnetic circuit); l7m (®)- p,, represents  the
dimensional column vector of the magnetic branches
voltages; (TDK is the column vector of the loop magnetic
fluxes; W — nx(gxs) stands for the dimensional matrix
of the elementary loops turns of the magnetic circuit;
i =(i,i,,...i ), represents the column vector of the
defectoscope eddy

i = (u,,0,...0), is the column vector of the voltages of the

coils currents and currents;

solenoid and
R =diag(R,,R,,..
The model of nondestructive testing instrument in the
coordinates of the current branches is created by diffe-
rentiating equation (1) with respect to magnetic flux @

equivalent windings;
.R)) is the resistance diagonal matrix.

r,dU,/d®-W,di/dD=0. (5)
From equation (5) the following is received

od, o7 =(T,00, [6®T,,) W, =R,\W,  (6)

where @ = F,n,ék .
After some transformations we obtain the following
equation (4)
Mdi[dt+Ri —ii =0, (7

where M =Wad, /0i = WR,\W,; R,
matrix of differential magnetic reluctance.

Here is the same equation written in the Cauchy
form

is the circuit

mk

Mdi/dt =i —Ri , (8)
where # is the periodic function.

Since we are interested in a stationary mode in this
circuit, it is better to apply the method of calculation
which allows doing this without calculating a transient.

We use the spline method for calculating the
discussed periodic processes.

A solution to equation (8) is a periodic dependence
i(t)=i(t+T).

Let us draw a n+1 nodes grid at the period 7 and
obtain »n domains. The coordinates of vector i at each of
these domains are approximated by the cubic spline

P(t)=a,+b,(t=t) e (=1 ) +d (11, ()

where a,,b,, ¢, d, are the spline coefficients; i =(1,n)

is the number of a domain.
We are using a regular nodes grid with the step
h= lig —

From the structure of cubic spline we can see

i(t,)=i=a, (10)
(di/dt), =b,. (11)

Taking into account the conditions of periodicity
a,,=a;; b, =b (12)

an algebraic analogue of the system of differential
equations (6) is obtained as a system of » non-linear
algebraic equations:

M-B, M-B,|la] . __.
|=4u—-Ra;
BZI BZZ c
¢=-B,B,a;
M(B, -B,,B,,B, )i=i—Ra, (13)

or
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Qai=ii (14)
where d=(a,,...,a, ), is the column-vector of all the
currents values in the grid nodes; B, ; are the square
(mxm) matrixes; Q:M(B”—BlzB'Z'ZBZI)—R is the
square (mxm) matrix; m=k-n; k is the number of

currents in the circuit .

Vh -1/h 0 ... 0
0 IYh -lh ... 0
B,=[0 0o ... .. 0] (15)
0o .. 1/h —1/h
0 -1/ 0 ... 1/h
2n/3 -h/3 0 .. 0
0  —2n/3 -h3 ... 0
B,=| 0 0 .. .. 0 [: @6
0 —2h/3  —h/3
0 -h3 0 ~2h/3
3h —6/h 3/h ... 0
0 3/h —6/h 3h 0O
B,=[0 o0 .. ... 01]: an
0 3/h ... 3/h —6/h
0 —6/h 3/h 3/h
~h —4h —-h ..
0 —h —4h —h
B,=[0 0 .. .. 0 (18)
0 —-h ... —h —4h
0 —4h —h .. —h

The system of nonlinear algebraic equations (14) has
been solved by Newton's method and the method of
continuation with respect to a parameter

Qaa" = F(a(“) , (19)

where ﬁ(ﬁ(k)):Qﬁ(”—eﬁ stands for the vector of

residuals of the system (14).

3. An application example

The approbation of the model has been performed
for the eddy current nondestructive testing device and
the object under control with such parameters.

Fig. 4 shows the result of calculation of the current
in the excitation coil.

Table 2 displays changes of the excitation coil
impedance and voltage of the coil under investigation
depending on the location of the defect.

Table 1
The model parameters
Parameter Value Unit of measure
Un 24 \Y
Nex 600 Number of windings
Rex 52,3 Q
d. 0,003 m
he 0,006 m

Fig. 4. Current of the excitation coil.

Table?2
Results of calculation
1 kHz 10 kHz
AZ, AU, mV AZ, AU, mV
Q Q

Defect in an 0.22 694.4 90.42 299.5
upper layer
Defect in a 02176 109.3 22 3.6
lower layer
Defects in all 0.5657 1407.3 207.5 659.0
layers

4. Conclusion

The proposed model allows us to optimize the
parameters of a nondestructive testing instrument (its
design, voltage of an excitation coil as a function of
time) for the gain in sensitivity to defects.
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MAT'HITHO-KOJIOBA MOJEJIb
BUXPOCTPYMOBOI'O
JAE®EKTOCKOITA

Opecrt Namona, MapTta ['amorna,
Beegonon I'opsiuko

3alpollOHOBAHO  MOJENL  INIPHCTPOIO  HepyHHIBHOTO
KOHTPOJIIO 33 METOOOM BHXPOBMX CTPyMiB. IlpmcTpiii i
JIOCIIDKYBaHUI 00’ €KT MPelCTaBieHI 3aCTYIMHOK CXEMOIO Y
BUIJISUIL  €IEKTPOMArHITHOTO KOJIA, OIMCAHHX CHCTEMOIO
mdepeHIiHO-CKiIHUeHNX PiBHAHD B KOOPAMHATaX KOHTYPHHUX
MarHiTHUX MOTOKIB Ta CTPyMiB 0OBHTOK. Mojesih HO3BOJISE
BpaxyBaTH TpH mapameTpu pedekTi: mimbuHy, mmpuHy i
MPOBiTHICTE. M po3paXyHKYy BHUKOPHCTOBYETHCS CILTAiH-
METOH aHaJI3y HePIOIMIHUX PEIKUMIB.
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