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Abstract-The  optimization  method for  increasing  the  signal-to-
noise  ratio  of  surface  eddy  current  frame  probes  by  means  of 
Taguchi's  robust  parameter  design  is  proposed,  which  allows 
determining  the  optimal  design  configuration  for  controlling  the 
electrophysical  parameters  of  the  test  object  without  actually 
eliminating the effects of noise factors. This is realized by combining 
the theory of design of experiments with numerical modeling of test 
processes.  Two types of  confirmatory numerical  experiments  have 
been  carried  out,  which  show the  adequacy  of  the  found  optimal 
probe design.

Анотація-Запропоновано оптимізаційний метод підвищення 
значень  відношення  сигнал/шум  накладних  вихрострумових 
рамкових перетворювачів засобами робастного параметричного 
проєктування  Тагучі,  що  дозволяє  визначити  оптимальну 
конфігурацію  конструкції  для  контролю  електрофізичних 
параметрів об’єкту контролю без фактичного усунення впливів 
шумових  факторів.  Це  реалізовано  поєднанням  теорії 
планування експериментів з чисельним моделюванням процесів 
випробувань. Здійснено два види підтверджувальних чисельних 
експериментів,  які  показують  адекватність  віднайденої 
оптимальної конструкції перетворювача.

Keywords- robust parameter design, surface eddy current probe, 
rectangular orthogonal coils, Taguchi's design of experiments, quality 
loss function, signal-to-noise ratio

Ключові  слова-робастне  параметричне  проєктування, 
накладний  вихрострумовий  перетворювач,  прямокутні 
ортогональні котушки, план експериментів Тагучі, функція втрат 
якості, відношення сигнал/шум

I. IINTRODUCTION

Measuring the  electrophysical  parameters  of  test  objects 
using the eddy current method is a complex metrological task. 
Its  effectiveness  largely  depends  on  eliminating  the  cross-
sensitivity of probe signals to various influencing parameters, 
such as local variations in electrical conductivity or magnetic 
permeability,  lift-off  changes,  instability  of  the  test  object's 
speed  and  thickness.  Therefore,  providing  informatively 
“clean” output signals from eddy current probes that are not 
affected by interference and depend mainly on the measured 
signal  is  an important  scientific  and applied task.  This task 
significantly  improves  the  conditions  for  more  accurate 
measurements during the production process.
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Modern  approaches  to  solving  this  problem  are  mostly 
focused on processing signals received from probes and often 
neglect the stage of their formation. This is irrational, since it 
is very important to improve the informative “clean” of signals 
at the stage of their formation.

Therefore, the aim of the work is to optimize the surface 
eddy  current  frame  probe  by  means  of  Taguchi's  robust 
parameter  design,  which  allows  determining  the  optimal 
design  configuration  for  controlling  the  electrophysical 
parameters of the test object without actually eliminating the 
effects of noise factors.

II. OPTIMIZATION BY ROBUST TAGUCHI’S DESIGN

Taguchi's  robust  design  method  is  based  on  a  specially 
created  design  of  experiments  that  allows  quantifying  the 
effect of controllable and noise parameters in their complex 
interaction on the probe output signal [1-3]. As a result of the 
experiments, the Taguchi-parameters are determined, i.e., the 
optimal values of the controllable parameters of the probe that 
minimize the influence of noise factors and ensure the stability 
of the output signal. The proposed approach is based on the 
use of a special fitness-function that determines the degree of 
compliance  of  the  studied  characteristic  with  its  desired 
purpose.

The values of such a function are calculated based on the 
probe`s  responses  to  numerically  synthesized data  from the 

table of the design of experiments: , where 
Ei is the output signal of the probe; n is the number of possible 
variants of interferences.

The  signal-to-noise  ratio  (SNR)  is  calculated  using  a 

formula  based on the ”larger is  better“ 
property proposed by Taguchi.  The greater the value of this 
indicator, the smaller the variation of the probe output signal 
relative to the target value. That is, determining the values of 
the output signals of probes with different design and operating 
parameters is necessary to find the optimal design.  A general 
view of surface eddy-current probes with orthogonal coils and 
a magnetodynamic model describing the measurement process 
are given in [4].

The  implementation  of  the  proposed  approach  is 
considered  on  the  example  of  an  eddy  current  magnetic 
permeability  meter  of  a  weakly  magnetic  ferromagnetic 
material, for which the controllable design parameters are all 
geometric  dimensions of  the excitation and measuring coils 
and the center distance between them, and the mode parameter 
is the excitation frequency, the ranges of variation of which 
are given in Table I. And uncontrollable parameters, i.e., noise 
factors, are the electrical conductivity of the material, lift-off, 
and the instability of the probe speed.

ТABLE I. INFLUENCE PARAMETERS DURING MEASUREMENTS

Parameters Variation range
Excitation coil width a1, mm 10-20
Excitation coil length b1, mm 16-24
Excitation coil cross-sectional height h1, mm 4-8
Excitation coil cross-sectional width w1, mm 1-4
Pick-up coil width a2, mm 3-5
Pick-up coil length b2, mm 10-14
Pick-up coil cross-sectional height h2, mm 1-2
Pick-up coil cross-sectional width w2, mm 1-4
Center distance c, mm 2-9
Excitation frequency f, kHz 10-50

Thus,  given  the  number  of  parameters  for  each  of  the 
groups,  for  the  further  creation  of  the  Taguchi's  design  of 
experiments, we chose from the catalog of orthogonal arrays 
[5],  L50(21, 511)  for  controllable  parameters  that  will  be 
considered  at  five  levels  of  gradation,  and  L16(45)  for 
uncontrollable  parameters  with  four  levels  of  gradation, 
followed  by  their  modification  to  the  required  number  of 
studied  influencing  factors.  Table  II  shows  the  design  of 
experiments  for  design  parameters  with  50  variants  of 
experiments,  and  Table  III,  respectively,  the  design  of 
experiments for noise factors, which includes 16 combinations 
of them.

ТABLE IІ. DESIGN PARAMETERS OF PROBE VARIANTS

№
controllable parameters

a1, 
mm

b1, 
mm

h1, 
mm

…
w2, 
mm

c, mm
f,

kHz
1 10 16 4 … 1 2 10
2 10 18 5 … 1.25 3.75 20
3 10 20 6 … 1,5 5,5 30
… … … … … … … …
48 20 20 5 … 1 2 50
49 20 22 6 … 1.25 3.75 10
50 20 24 7 … 1.5 5.5 20

ТABLE ІIІ. DESIGN OF EXPERIMENTS FOR NOISE FACTORS

Experiments υ, m/s σ, ·106 S/m z1. mm
1 10 3.6385 0.5
2 10 3.7660 0.833
… … … …
15 30 3.8940 0.833
16 30 4.0220 0.5

The results of determining the output signal E of the probe 
for each of its modifications under various variations of the 
influence  of  noise  uncontrollable  parameters  are  given  in 
Table IV.

ТABLE ІV. OUTPUT SIGNAL OF THE PROBE VARIANTS

№
Е, mV SNR,

dB1 2 … 15 16
1 137.2 121 120 134.2
2 390.6 352.3 349.4 381 -19,3
3 808.5 735.5 731.6 795.3 -9,6
… … … … … … -3.15
48 316.4 301.5 303.7 323.6 …
49 115.1 109.2 108.6 113.3 -10,6
50 298 281 280.6 296.8 -19,5

Based on the calculated values of the SNR coefficients for 
each  of  the  designed  experiments,  taking  into  account  a 
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number  of  statistical  indicators  (Fig.  1)  and  the  “larger  is 
better”  attribute,  the  optimal  controllable  parameters  were 
determined,  namely: а1 = 10  mm,  b1 = 24  mm,  h1 = 4  mm, 
w1 = 1 mm, а2 = 5 mm, b2 = 14 mm, h2 = 1,5 mm, w2 = 2 mm, 
с = 9 мм, f = 50 kHz. 

The  final  stage  of  the  research  involves  a  confirmation 
experiment that allows us to evaluate the effectiveness of the 
optimal  design  under  real  operational  conditions.  For  the 
optimal  design  Taguchi-parameters  of  the  probe  and  its 
frequency  mode  of  operation,  the  output  signals  are 
determined under the same variations in the influence of noise 
uncontrollable  parameters  as  for  the  main  experiment.  The 
maximum possible SNR value of 7.1 dB was obtained, which 
is provided by the optimal design. Instead, the non-optimized 
designs of eddy current probes have significantly lower SNR 
values, ranging from - 21.4 to 5.1 dB (Fig. 2).

In addition, for the optimal probe design and one of the 
non-optimal  ones,  the  output  signals  and  their  variations 
around the noiseless  case are  determined,  provided that  the 
noise  parameters  are  the  change  in  lift-off  z1,  electrical 
conductivity  σ,  and  motion  speed  instability  v,  either 
individually or together.

Fig. 1. Signal-to-noise ratio by levels of controllable probe parameters.

Thus,  in  the  first  case,  the  maximum  relative  signal 
deviation was obtained: 23.7 % for the optimal design and 29 
% for  the non-optimal  one.  Whereas with the instability  of 
electrical conductivity as a noise factor, these values are 0.27 
% and 1.12 %, respectively. Under the combined simultaneous 
influence of these noise factors, the values of this indicator are 
24.2 % and 30.28 %, respectively. 
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Fig. 2. Diagram of the distribution of SNR values for non-optimized probe 
designs

The  statistical  significance  of  the  influence  of  design 
parameters on the resultant attribute was evaluated by Fisher's 
criterion.  For  this  purpose,  the  statistical  indicators  of 
ANOVA-analysis were used. The test of the criterion for each 
factor indicates that the parameters h2 and w2 are insignificant, 
while all the others are on the contrary.

III. CONCLUSION

In  this  research,  the  Taguchi's  method  was  used  to 
optimize  surface  transformer  probes  with  rectangular 
orthogonal coils on the example of an eddy current meter of 
magnetic  permeability  of  a  weakly  magnetic  ferromagnetic 
material. This is realized by combining the theory of design of 
experiments with numerical modeling of test processes. Two 
types  of  confirmatory  numerical  experiments  have  been 
performed, which show that the found optimal design of the 
probe minimizes the influence of noise factors and ensures the 
stability of the probe output signal.
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