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UNCERTAINTY ESTIMATION WHILE PROCEEDING MULTI-PARAMETER EDDY
CURRENT TESTING

The article deals with the problem of non-destructive testing of metal products and shows the advantage of the
multiparameter eddy current method, which allows, to determine the conductivity and magnetic permeability of test-
ed object in addition to defects detection. The design and operation description of an eddy-current transducer using
spatially periodic decomposition of the electromagnetic field is presented. A mathematical apparatus that allows the
inverse task solation, namely to determine the parameters of the object being tested is described. A graph-analytical
method for estimating the standard uncertainty of determining the parameters of a controlled object is presented,

and its use is justified.

Keywords: nondestructive multi-parameter eddy-current testing, spatially-periodic decomposition of electro-

magnetic field.

Introduction

Problem statement. Eddy current measuring trans-
ducers are widely used in solving problems of non-
destructive testing (NDT), in particular, in defect-
detection and structure-scanning. The eddy current NDT
method is based on the analysis of the electromagnetic
field generated by eddy currents flowing in a controlled
metal object. Physically, the eddy current transducer
(ECT) is a transformer with one excitation wire and sev-
eral measuring wires. A key-feature of the eddy current
method is the possibility of its use in multi-parameter
testing, and this approach is often the only one that can
identify the material of the metal object under test (OUT)
or detect its stress-strain state. Specific conductivity o,
magnetic permeability p and product radius d are consid-
ered to be parameters of the OUT. Also, the state of the
structure of OUT can be studied while estimating object’s
stress or strain. Multi-parameter testing allows definition
of the electromagnetic parameters of the studied sample
by processing the parameters of a series of electromag-
netic field spatial harmonics, according to certain algo-
rithm. Anyway, the question of the reliability of de-
scribed testing is also important. Namely what are the
values of uncertainties of measured quantities. Due to the
fact that observed algorithm assumes indirect measure-
ments without an explicitly given measurement equation,
the solution to the problem of estimating uncertainty is
also of certain practical interest.

The analysis of recent researches and publica-
tions. Among the competing methods of multi-
parameter NDT electro-potential, eddy current magnetic
multi-frequency eddy current and pulsed eddy current
should be mentioned [1-2]. Eddy-current magnetic
method is used to reduce the effect of magnetic perme-
ability and increase the depth of penetration by using a
constant magnetic field. To achieve the greatest effi-

ciency of such a method, it is necessary to optimize the
operating frequency of the electromagnetic field also the
bias current value should be selected depending on the
type of controlled metal so that measurements would be
taken at the saturation threshold of the material.

Electric potential method is mainly used to control
large-sized objects. Significant current (up to tens of
kA) is passed through the controlled object and both
surface and subsurface defects are detected by the dis-
tribution of the electric potential across the product. The
electro-potential method is complicated because of need
for significant currents. Eddy current magnetic method
requires an accurate adjustment of the bias current for
studying certain material [2].

Pulsed eddy current method implies the use of a
probing signal with a wide spectrum for example of
rectangular shape [3]. A wide spectrum allows the use
of indirect method to determine the frequency-
dependent parameters of the OUT, usually conductivity
and magnetic permeability. Due to the dependence on
the intensity of the influence of magnetic permeability
and conductivity on frequency, the analysis of the spec-
trum of the measuring winding signal allows us to indi-
rectly determine these parameters. However, the ab-
sence of a well-developed algorithm for processing the
spectral components of the signal of the measuring
winding hinders the widespread introduction of this
method [4].

In case of multi-frequency eddy current method, it
should be considered that as the frequency changes, the
maximum current density will shift to another layer of
object’s material, where, due to structural heterogeneity,
material’s properties may be different. The influence of
the skin effect on the result of the product diameter
measurement due to the influence of roughness may also
be significant [5—6]. Moreover, mentioned methods are
mainly used for defects detection and they usually aren’t
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suitable for structure or type of material study. Defects
detection tasks are in some kind of way simpler than de-
termining the composition and structure of a material,
since the defect’s emerging in the sensing zone leads to a
drastic change in the output signal of the transducer.

Purpose of the article. So, the universality of the
eddy current testing method necessitates elaboration of
the mathematical description of the electromagnetic
field picture arising in the “ECT — OUT” system. Avail-
ability of this model and normalized transformation
functions give an opportunity to solve the task of identi-
fying an unknown object by analysis of the electromag-
netic field reaction to its occurrence.

It is possible to identify the ferromagnetic material
from which the OUT is made of by such characteristic
features as magnetic permeability p and specific conductiv-
ity o taking into account the geometric parameter. In addi-
tion, the influencing factors are anisotropy of the material
and the structure of its crystal lattice, which can be influ-
enced by internal stresses arising in the process of casting
and mechanical processing of the sample. With such initial
data, it should be spoken about solving the problem of
multi-parameter testing. It is obvious that the more parame-
ters are subjects to control, the more measured parameters
should be collected from the output signal.

When solving problems of multi-parameter testing,
it is convenient to implement the model of spatially pe-
riodic field structure to expand the number of controlled
parameters of the product [7]. According to this model,
the measuring windings can be placed in such a way
that it is possible to get information about parameters of
several spatial harmonics. In this case, amplitudes and
phases of each spatial harmonic are, in general, inde-
pendent informative parameters. The algorithm for spa-
tial field harmonics parameters determination is de-
scribed in [8]. The task of determining the parameters of
a cylindrical metal sample is studied below.

Exposition of basic material

Suppose there is a ferromagnetic cylinder 6 (fig. 1)
of radius a, which is located in an electro-magnetic field
created by excitation wire (EW) 1 that is placed at a
distance d from the sample’s axis.

A sinusoidal current of density J flows in the con-
ductor 1 in the direction coinciding with the positive
direction of the z axis. The longitudinal axis z of the
sample is the center of a circle of radius r, along which
measuring wires (MW) 2, 3, 4, 5 are located. The posi-
tion of each wire is described by the angular coordinate
measured from wire 1.

In order to eliminate edge effects longitudinal
length of MWs is made 10-20% less than one of EW.
This construction allows making an assumption of elec-
tromagnetic field homogeneity.

For such spatial model in [7-8] expressions for the
r-th and n-th components of the magnetic field inside

and outside a cylindrical product were obtained. Those
expressions allows to represent these components as an
expansion in Fourier series by spatial harmonics taking
into account the angular pole widths y:

sin(ny)

H,(r,p,t) = ei(”th—fIl (r)sin(ne);
n W

L os o Sin (1
H¢ (rs (pst) = elﬁ)t‘]z%n (I')COS(H(P),
n

M

where n — spatial harmonic number; ©=2nf — excita-
tion field frequency; f,, and g, — distribution functions

for sine and cosine components of corresponding spatial
harmonics of electromagnetic field.

Fig. 1. Mutual arrangement of the metal cylinder,
measuring and excitation wires

Fig. 2 shows the spatial pattern of the field when
first two harmonics of Fourier series are considered and
depicts measuring and excitation wires location.
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Fig. 2. First and second spatial harmonics
of electromagnetic field
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To acquire the amplitudes of spatial harmonics, it
is necessary to perform the measurement procedure
without OUT. To distinguish the amplitude E;; of the
first spatial harmonic, measuring wires 2 and 3 need to
be connected in series in subtractive polarity. To distin-
guish second spatial harmonic E,j, measuring wires 4
and 5 need to be connected in series in additive polarity.
Then OUT (cylindrical sample) is placed into the trans-
ducer, the amplitudes of the spatial harmonics E; and E,
are again determined using the algorithm described
above, and the angle of the first spatial harmonic rela-
tive to the current of the EW is measured with a phase-
shift meter. It is important to keep the same value of
current density J in the EW in case of sample’s presence
and absence.

Next, the normalized amplitude of the first and
second spatial harmonics is determined as the ratios
Al = i 5 A2 = E .

Ejo Ezo

To determine the sample’s parameters, it is neces-
sary to obtain theoretical dependences for the first and
second spatial harmonics. [9-10]. System of equations
(1) has a solution for functions f, and g, , which after

distinguishing real and imaginary components of Bessel
function, by the means of ber and bei Kelvin functions
allow us to obtain formulas for amplitudes and phase
shifts of i-th spatial harmonic. As for practical applying
it is advisable to perform EMF normalization as the
ratio of EMFs values with and without inspected prod-
uct. Such normalization let us to eliminate field dis-
symmetry and difference in wires parameters. Conse-
quently we can get expressions to determine theoretical
values of normalized amplitudes of n-th spatial har-
monic

A, = (%jn \/(Re(fn ) +(im(t,))° @)

()~ o). ®
where
o) () o) )67 () 46
Ref, =
(1l ol )+ () 6]
a7 () )+ b6 (a2
Imf, =

' () 4 a4 (pl) 150

(uan +ay ) +(ubn +by )

a£1+) =ber,_;X + ber, 1 X; agl_) = ber,_;x — ber,,X;

b{") = bei, jx+beiy,x; bl =bei, x —bei,,x.
While deriving these expressions the variable x

was introduced, which is the function of initial quanti-
ties:

X = afligo® @)

If there is a structure change or a flaw in controlled
zone owing to measurement of several parameters (spa-
tial harmonics amplitudes and phase shifts) mentioned
issues could be identified more reliably.

Universal functions application leads to reverse
task solving that lies in determining electromagnetic and
geometric parameters of studied sample.

Reverse task algorithm is following. Basing on the
knowledge of spatially-periodic field structure (fig. 2)
MW and EW are placed in certain way, that allows to
get amplitude and phase shift of the first spatial har-
monic from the output signal. After these amplitudes
normalization we will get opportunity to compose ex-

pression for wuniversal amplitude determination -
Ay

A21 = 5 -
(A1)

Utilizing known from [7-8] theoretical dependen-
cies for Ay =f(tg®;) (fig. 3, a) with the use of previ-
ously measured values A,, A; and tgd; it is possible

to define the value of magnetic permeability L.
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Fig. 3. Theoretical dependencies to determine
the parameters of the sample

94


http://www.hups.mil.gov.ua/periodic-app/journal/soi/2018/4

Memponozia, ingpopmayiitno-eumiprosansui mexnonozii ma cucmemu

Utilizing known from [7-8] theoretical dependen-
cies for tg®; =f(x) (fig. 3, b) with the use of meas-
ured value of tgd; and defined on the previous stage
value of pwe define a value of x. In some occasions the

value of diameter a of OUT can be unknown, in that
case for o determination the value of diameter should
be defined at first. This can be done with the use of

known theoretical dependencies K = f(x) (fig. 3, ¢) by

the expression

d
a=A;—. 5
g (5
And after that from
2
ot 0
a Mol @

the value of specific conductivity can be defined. This
in the end gives us the values of pu and ¢ and these pa-

rameters could be used to distinguish the type of mate-
rial of OUT.

Due to mathematical complexity of described algo-
rithm it seems difficult to proceed standard uncertainty
calculation after classical approach. According to this
approach in order to calculate standard uncertainty type
b the functional relationship that connects measurand
and measured quantities should be given explicitly. De-
scribed algorithm for determining p and c supposes

indirect measurements whose uncertainty accordingly to
GUM should be estimated with the use of partial deriva-
tives of quantities, included in that functional relation-
ship and those quantities should contribute significantly
to the value of the measurand. And if in case of deter-
mining ¢ and a required functional relationships are
given (eq. 5-6) there is no such relationship for p un-

certainty determination.

The paper proposes discussion of graphical way of
uncertainty value estimation which essence is illustrated by
the example of magnetic permeability uncertainty calcula-
tion. Fig. 4, a, b shows graphical dependencies of magnetic
permeability as a function upon arguments A,; and tgd;.
Let’s suppose the values of A,y and tgdy,, and corre-
sponding uncertainties were obtained while studying some
OUT. It is proposed to compare two ways of uncertainty
calculation. The first one supposes that uncertainty value
can be estimated as a length of a diagonal of a rectangular
area of uncertainty spans overlapping (the diagonal lies on
the line 1) (fig. 4, a, b). The second one supposes that un-
certainty value can be estimated as a segment length of a
line 2 that is perpendicular to the tangent to the curve
p="=1(A,;,tgd;) in the point with coordinates (Azm;
tgd,,,1) and this segment lies inside the area of uncertainty
spans overlapping. Fig. 4a, b illustrates straights 1 and 2 for
areas with different curve steepness.

To determine lengths of mentioned segments it is
proposed to use approximation method that assumes

magnetic permeability values definition, which corre-
sponds to the segment ends of straight 1 (fig. 4, a). To
approximate p = f(l) dependence (where 1 is coordinate

over an axis with known values of / for p=1, p=3 and

p=10. Fig. 5 shows the example of p determination.
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Fig. 4. Ways of uncertainty estimation for the areas
with different steepness of 1 =1f(A,;,tgd;) curve

Margins for the uncertainty for the point (Ajimi;
tgd 1) calculated for the segment of straight 1 accord-
ingly to the method described is 0,52 and for the seg-

ment of straight 2 is £0,43; as for the point (Asim;
tgdp) values are £0,8 u +0,6 respectively.

Vo) e}
N -
I Il
3 L

u=A) ,\

Fig. 5. Example of graphical method
of uncertainty calculation

Fig. 6 shows curves for p=f(A,;,tgd;) for the
values of pu which corresponds to the calculated values

of uncertainty margins.

95



Cucmemu 06pooku ingpopmauii, 2018, eunyck 4 (155) ISSN 1681-7710

Footnotes on fig. 6 show in what way one or the netic permeability dispersion. Authors of this research
other curve was obtained (i. e. curve 4a, is for segment  has developed mathematical apparatus allowing to cal-
of straight 1 of the 4a figure and so forth). culate magnetic permeability as the function

A21' p=1(A,;,tgd;). This apparatus allows to calculate
15}

Flg 4a,
'F:z :Z‘ magnetic permeability values intrinsic to maximum
. 2 . . .
Fig. 4b, 1=10 permissible error of measurement instruments used
\ (voltmeter and phase shift meter) then maximum differ-
& .
% :

ence of calculated magnetic permeability values gives
us its dispersion (uncertainty). But in certain circum-
stances proposed graph-analytical method would be the
only one that allows estimating uncertainty, especially if
ol _ L | L there is only graphic data available and there is no
-1 0.8 18P 12 04 18Dy gD, mathematical apparatus to calculate p value. Given al-
gorithm of measurement performing and proposed
structure of the transducer allows determining geometri-
cal and electromagnetic parameters of metal cylindrical
Conclusion sample being tested. Advantage of proposed algorithm
and transducer is capability of simultaneous measuring
of three OUT parameters and presumes contactless test-
ing of cylindrical metal samples.

Azlmzl

u=1
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1=3
R;ﬁ
D —

i

AZImI :'

Fig. 6. Magnetic permeability curves corresponding
to its calculated uncertainty values

In the result of research has been made it is possi-
ble to assert that obtained with the use of graph-
analytical way values of standard uncertainty with
enough exactness characterize the area of OUT mag-
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OUIHKA HEBU3HAYEHOCTI NMPU BATATONAPAMETPOBOMY BUXPOCTPYMOBOMY KOHTPOII
B.M. I'opkynos, C.I". JIeoB, €.A. Bopucenko

Cmamms npucesyena npobiemi HepyIUHIBHO20 KOHMPONIO Memanesux eupodie ma nokazye nepeeazy bazamonapamempo-
6020 BUXPOCIMPYMOBO20 MEMOOY, AKULL 00360A€ BUSHAYAMU NPOSIOHICMb MA MAHIMHY NPOHUKHICMb 6Uunpobysanozo 06'ekma
Ha 000amox 00 euseienHs deghexmis. Hasederno onuc konempykyii ma cnocody nioOKmoueHHs. GUXPOCPYMO8020 NEePemeopro6a-
4a i3 BUKOPUCMAHHAM NPOCHOPOBO-NEPIOOUUHO20 POKNAOAHHS eleKmpomazHimnozo nonsa. Onucanuii MamemamuyHull anapam,
AKULL 00380JIA€ SUPIULY8AMU 360POMHY 3A0a4y, A Came GUSHAYUMU napamempu eunpobogysanozo ob'ckma. Hasedeno ma obrpy-
HMOBAHO OOYLTbHICb BUKOPUCMAHHS 2PADIYHO-AHATIMUYHO20 MemOoOy OYIHKU CMAHOAPMHOI HeBU3HAYeHOCMI napamempie
KOHMPOIbOBAH020 00'€Kma.

Knrouogi cnosa: nepyiinienuii 6azamonapamemposuii UXpoCmpymoguil KOHMpoab, NPOCMOPOBO-NePioOUtHa CMpyKmypa
e1eKMPOMAZHIMHO20 NOTIA.

OLEHKA HEONPEOENEHHOCTWU NPU MHOITOMAPAMETPOBOM BUXPETOKOBOM KOHTPOIE
B.M. I'opkynos, C.I". JIeoB, E.A. Bopucenko

B cmamve paccmompena 3a0aua Hepaspywanoueco KOHmMpOo.s Memaiiudeckux u30enuti ¢ yeablo OnpeoeneHus ux dJeK-
MPOMASHUMHBIX XAPAKMEPUCTIUK TUO0 UOeHMUDuKayuu nPUHAONIEHCHOCMY K onpedenennol mapke cniaea. Ilokazano npeumy-
Wecmeo MHO2ONAPAMEMPOBO20 BUXPENOKOBO20 Memo0d, KOMOpblil Kpome 0OHapydiceHus 0eh)eKmos no3eoniem pewums oo-
DPamuyio 3a0auy Hepaspyulanujeco KOHmpo.s, KOMOpAs 3aKI0UAemcs 8 OnpeoeneHuu d1eKmponposooUMoCcu, MAazHUmMHoU
NPOHUYAEMOCIU U 2€0OMEMPUUECKO20 NAPAMEMPA KOHMPOIUPYEMO20 U30enus. nymem o0pabomKu U3MepumenbHbix CUSHAN08,
00YCI08NIEHHbIX peakyuell DNEeKMPOMASHUMHO20 NOJIA HA 6HECEHUe 8 He2o uccaedyemo2o obvekma. Taxce 6 cmambve UCnonb30-
8aH NOOX00, NO3BONAIOWUL NPEOCMABUMb CIPYKMYPY N0 6HYmMpU, 80U3U NOBEPXHOCTU U 30 NPedelamu UCCIedyemoz20 00b-
exma 6 gude psoda NPOCMPAHCMEEHHBIX 2APMOHUK Ol PAOUATILHOU U MAHZEHYUATLHOU COCIMABHAIoOWUX Hanpscennocmu. Tpu-
6€0€HA KOHCMPYKYUs U ONUCAH ANROPUMM PAGONbl GUXPENOKOBO20 NPeodpaz08ameis, UCnOIb3VIouec0 npoCcmpaHCmEeHHo-
nepuoouieckoe npeocmagienue dAeKmpomacHumno2o noas. Onucan aneopumm, NO3OIAOUUTI COBMECTHO ONpeOelums Mmae-
HUMHYIO NPOHUYAEMOCHb, YOETbHYIO NPOGOOUMOCHIb U OUAMEMD YUTUHOPUHECKO20 MEMANIUYecKo20 0bbekma npu obpabomke
CUHAaNa Nepevix 08YX NPOCMPAHCMBEHHBIX 2apMOHUK noasl. Tlokazano, umo 6 6udy UCNONL306AHUSA 2DOMOZOKO20 Mamemamuye-
CK020 annapama npeocmasiaemcs 3ampyOHUmMenbHbiM pacyem cmanoapmuoll HeonpeoeneHHOCMU NO KAACCUYECKOMY NOOXO00Y.
Ilpuseoen epagho-ananumuyeckuii Memoo OYeHUBaHUs CMAHOAPMHOL HeOnpeoeleHHOCMU HA npumepe UMepeHusi MazHUmHou
nponuyaemocmu. Ilpoussedeno cpasnenue 08yx Memooos ¢ NPUMEHEHUEM ANNPOKCUMAYUY SHAYEHUL MACHUMHOU NPOHUYAEMO-
CMU HA YUCTOBOI OCU, NOCMPOEHHOU NO 2PAPUYECKUM OAHHBIM, NOJYYEHHbIM C NPUMEHEHUEeM ONUCAHHO20 6 CIambve Mamemda-
muyecko2o annapama. AHANU3 NOIYYEHHbIX SHAUEHUI NOKA3AI, YMO Npediazaemblii Memoo 0aem 3HAUEHUs. HEONPEOEIeHHOCU C
00CMAMOUHOU MOYHOCHIBIO XAPAKMEPU3YIOUUe 001ACTb DASMBIMUS 3HAYEHUT] USMEPAEMO20 NAPAMEMPA.

Knroueewie cnoea: nepaspywaiowuii MHO20Napamempogbsiil 6UXPemoKoeblil KOHMPOIb, NPOCMPAHCMEEHHO-NEPUOOUTECKAs
CIMPYKMypa 1eKMmpoMASHUMHOZ20 NOJIL.
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