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Abstract— It has been shown that in order to obtain oxide 

coatings with desired properties, in the process of their 

synthesis, it is necessary to measure and control the 

technological parameters and properties of the coatings. The 

authors proposed an automated system for the synthesis and 

study of coating parameters by the micro-arc oxidation 

method. An algorithm for the selection of methods and 

instruments for measuring technological modes and 

parameters of synthesized coatings according to technical and 

economic indicators and a method for choosing the optimal 

means for measuring technological parameters of the micro-

arc oxidation process according to technical and economic 

indicators based on the average gain criterion have been 

developed. The analyzed technical indicators include 

metrological characteristics of measuring instruments. The 

technique was implemented in the selection of optimal 

measuring instruments for coating parameters in the process 

of micro-arc oxidation, which confirmed the relevance of the 

development of an automated system for the synthesis of 

coatings with specified properties, with a relative measurement 

error of the parameters not exceeding ±0.5 % by micro-arc 

oxidation. 
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I. INTRODUCTION 

An important direction in the development of micro-arc 
oxidation (MAO) is the development of new technological 
and research equipment [1–3], which makes it possible to 
obtain coatings with the required properties depending on the 
field of application. For example, in [4], a mechanism for the 
formation of coatings used in biomedical products is 
proposed; in [5], the results of tests of MAO coatings for 
microhardness and wear resistance are presented; in [6] the 
morphology of the surface, cross-section using scanning 
electron microscopy, X-ray diffraction are investigated; in 
[7] the results of studies of the structure, phase and elemental 

composition of MAO coatings of diesel engines pistons are 
presented. Regardless of the field of application of oxide 
coatings, the control of the technological process requires the 
choice of methods and instruments for measuring 
technological parameters and properties of coatings in real 
time that meet the technical and economic requirements. 

The authors of this study proposed an automated system 
for the synthesis and study of MAO coatings [8 - 10], which 
has the technical and metrological characteristics indicated in 
Table 1. 

TABLE I.  METROLOGICAL CHARACTERISTICS OF THE AUTOMATED 

SYSTEM FOR THE SYNTHESIS AND STUDY OF MAO COATINGS 

Parameter Parameter value 

Sample voltage range from –200 to 600 V 

Range of average current through the sample from 0.25 to 1.75 A 

Test signal frequency range from 5 Hz to 10 kHz 

AC signal amplitude range from 0.1 to 1 V 

Measurement limits for capacitance 0.1 and 1 μF 

Basic error of capacitance measurement no more than ±0.5 % 

Current measurement limits 0.5 and 3 A 

Voltage measurement limit 600 V 

Basic error of voltage and current 

measurement 
no more than ±0.5 % 

Resistance measurement range up to 20 kOhm 

Basic error of resistance measurement no more than ±0.5 % 

Temperature measurement range from 0 to 100 0С 

Basic temperature measurement error no more than ±0.5 % 

To estimate the errors of measuring channels of 
measuring instruments (MI), the methodology of 
metrological analysis is used, for example, given in various 
studies [11 - 13]. 

The reported study was funded by RFBR according to the research 

project № 19-08-00425. 
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Fig. 1. Algorithm for choosing a method and instruments of measuring 

technological modes and parameters of synthesized coatings according to 

technical and economic indicators 

To compare instruments for measuring technological 
parameters of the micro-arc oxidation process and selecting 
their optimal ones in terms of technical and economic 
indicators, the authors proposed an algorithm and a technique 
based on the methodology of system analysis, theoretical 
metrology. 

II. ALGORITHM FOR SELECTING THE METHOD AND 

MEASUREMENT TOOLS OF TECHNOLOGICAL MODES AND 

PARAMETERS OF SYNTHESIZED COATINGS 

The decision-making is based on the expert methodology 
for choosing instruments for measuring the parameters of 
materials according to technical and economic indicators, 
which implements the algorithm (Fig. 1). 

Technical and economic requirements (blocks 1 and 2, 
see Fig. 1) form respectively two data arrays, the elements of 
which contain information listed in more detail in the blocks 
in Fig. 1. The intellectual system is based on the intensive 
knowledge base (KB) of methods for measuring the 
properties of active dielectrics and their instrumental 
implementations (Fig. 1, block 3), containing for each 
measurement method: 

• diagrams of measuring installations, 

• functional and metrological models (respectively, 
formulas for the indirect determination of measured 
quantities and formulas for evaluating the limiting 
values of errors in the results of indirect 
measurements). 

In addition, a database (DB1) of measuring instruments 
and components of electronic equipment, containing the 
metrological characteristics (MC) of the nomenclature of 
elements that is presented in the intensive knowledge base 
(KB) is created. The open database DB2 (block 4, Fig. 1) 
contains the metrological characteristics of the available 
equipment from the nomenclature, which is also presented in 
the KB. In block 5 (Fig. 1), the values of metrological 
characteristics from DB2 are substituted into the formulas of 
the functional models of the KB. As a result, the analysis of 
the feasibility of the methods, based on the available 
nomenclature of measuring components (block 5) is carried 
out, and if such an implementation is possible (output "yes" 
of block 7), then in block 8 the calculation of the limiting 
values of measurement results errors using metrological 
models of the KB is realized. 

If, as a result of block 5, it is concluded that it is 
impossible to implement the method using only the available 
equipment (DB2), then, guided by economic requirements 
(block 2), in block 9, a database of the missing instrumental 
base (DB4) is formed. For these purposes, an open database 
(DB3, block 6), containing information on the nomenclature, 
technical characteristics and cost of measuring components 
(in the case of their purchase, lease, etc.) from third-party 
organizations (suppliers) with which it is installed 
cooperation. In fact, the information of an economic nature 
contained in DB4 supplements DB1 (contains the technical 
characteristics of the components), and therefore these DBs 
can be combined, taking into account the fact that the unique 
information of DB4 must be updated according to the 
changes of the supplier organizations. 

The metrological characteristics of the measuring 
components from the output of block 9 are fed to the input of 
block 8, where the analysis of the feasibility of the methods, 
taking into account the accuracy requirements is again 
performed. 

In block 10, the calculated errors are compared with the 
specified values according to the technical requirements 
(specified in block 1). 

Thus, at the output of block 11, a variety of methods that 
satisfy the given technical and economic indicators are 
formed. The following is a comparison of methods and 
measuring installations for the specified indicators. As a 
result, the method that has the lowest cost and at the same 
time provides a measurement error that is within the range of 
acceptable values is selected. If the methods have the same 
cost, for example, if they are implemented using existing 
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Fig. 2. The structure of the process of comparing methods and 

instruments for measuring technological parameters of the MAO process: 

a) when solving a direct problem; b) when solving the inverse problem 

equipment, then the criterion of measurement accuracy is 
decisive. In this case, the choice of measurement methods 
can be carried out using the procedure for making a 
managerial decision by comparing methods and instruments 
for measuring the coatings properties, depending on the 
metrological characteristics. Comparison of methods of 
indirect measurements in terms of metrological indicators 
can be carried out in two directions, depending on whether 
the problem is solved directly or inversely: 

• a direct task is to compare methods at the stage of 
their development; 

• an inverse problem is a metrological analysis of 
already developed methods. 

Since, as a rule, when setting the problem in the initial 
data, the required measurement accuracy, which should be 
ensured by the methods under consideration (or measuring 
installations implemented with various MI combinations) is 
specified, then the solution of problem (a), in addition to 
developing methods, should contain their analysis, and 
problems (b) - development. In the latter case, the question 
of the need to continue the development is decided on the 
basis of comparing the metrological characteristics obtained 
as a result of the analysis with those indicated in the initial 
data. Consequently, the process of comparing methods by 
metrological indicators always contains feedback, which is 
illustrated in the form of a structure (Fig. 2, a, b). 

Below is the process of comparison and decision making 
based on methods of system analysis of complex systems. 

III. METHODOLOGY FOR CHOOSING OPTIMAL 

MEASUREMENTS OF TECHNOLOGICAL PARAMETERS OF THE 

MICRO-ARC OXIDATION PROCESS BY TECHNICAL 

INDICATORS BASED ON THE AVERAGE GAIN CRITERION 

Let us consider the application of the average gain 
criterion to select the optimal measuring installation by 
technical indicators, and then use the aggregation function in 
the form of the accuracy indicators ratio (identified with the 
target effect) to the indicators of costs for achieving this 
effect. 

A. Formulation of the problem 

There are alternative measuring instruments al, each of 
which is designed to measure N of physical quantities (the 
ordinal number of a physical quantity is denoted by i, 
i = 1, ..., N).  

In this case, AC voltage, current, capacitance, resistance, 
temperature, that is, N = 5, are subject to measurement. 
Known indicators of accuracy xil characterizing the target 
effect when measuring the i-th of physical quantity l-th 
measuring installation. It is necessary to choose the optimal 
method (measuring instruments) with the maximum value of 
efficiency. 

B. Methodology for choosing the best measuring 

instruments by technical and economic indicators 

1. Drawing up a matrix of the effectiveness of measuring 
instruments for the example considered above (Table 2), 
which also contains the values of the corresponding cost 
indicators gl. In this case, 1/xil is the modulus of the ratio of 
the maximum permissible relative measurement error of the 
i-th value to the maximum relative measurement error of the 
measuring instrument al, where l = 1, 2 ... 5 according to the 
numbering adopted in Table 2 (in column 1). For i = 1, AC 
voltage measurement is considered, for i = 2 - AC current 
measurement, for i = 3 - resistance measurement, i = 4 
corresponds to capacitance measurement, i = 5 corresponds 
to temperature measurement. The numerical values indicated 
in Table 2 correspond to specific measuring instruments of 
the listed parameters, which are considered as alternatives. 
The average gain criterion assumes setting the probability pi 
of the so-called onset of the situation associated with the 
measurement of the i-th physical quantity. 

2. Evaluation of the probabilities of occurrence of events 
associated with the measurement of physical quantities. The 
function of probability can be performed by a weighting 
coefficient that takes into account the rank of the factors 
under consideration, depending on the prioritization of 
ensuring accuracy in measuring physical quantities. In this 
paper, it is proposed to use the ratio of the measurements 
number of one physical quantity to the total number of 
measurements over a certain time interval equal to the 
duration of the measurement experiment. Then, an event 
related to the measurement of the most demanded physical 
quantity is considered as the highest priority. In a particular 
case, if all physical quantities are measured often equally 
(which is the case when measuring the parameters of the 
MAO process), then the probabilities are equal to each other: 

 1

1
... ...i Np p p

N
= = = = =  () 

and the average gain criterion degenerates into the Laplace 
criterion. 

3. Evaluation of the measuring instruments effectiveness 
(sets of measuring instruments) when measuring all physical 
quantities. For each alternative measuring instrument (or 
their combination with l = 4) al, it is necessary to calculate 
the efficiency K(al) using the formula: 

 ( )
1

1N

l i

i il

K a p
x=

=   1, ..., l L=  () 

TABLE II.  MATRIX OF THE EFFECTIVENESS AND COSTS OF 

MEASURING INSTRUMENT 

al 
1/xil gl 

1/x1l 1/x2l 1/x3l 1/x4l 1/x5l 
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al 
1/xil gl 

1/x1l 1/x2l 1/x3l 1/x4l 1/x5l 

a1 
0.714 0.625 1.667 0.555 5.000 1.78 

a2 
0.714 0.625 1.667 0.555 0.500 1.25 

a3 
0.385 0.250 1.250 0.250 0.500 1.10 

a4 
0.167 0.333 5.000 5.000 0.500 1.18 

a5 
1.000 1.000 1.000 1.000 1.000 1.00 

When measuring the parameters of the MAO process, 
p1 = p2 = p3 = p4 = p5 = 1/5, the efficiency values are as 
follows: 

K(a1) = 1.712; K(a2) = 0.8122; K(a3) = 0.527; 
K(a4) = 2.2; K(a5) = 1. 

4. Determination of the optimal measuring instrument for 
the target effect, which has an efficiency Kopt that satisfies 
the expression: 

 

1

1
max

N

opt i
l

i il

K p
x=

=   1, ..., l L=  () 

In our case, Kopt = K(a4) = 2.2, therefore, according to the 
technical parameters (according to the target effect), the set 
of measuring instruments a4 is taken to be optimal. 

5. Taking into account the influence of the cost factor gl. 
The data required to calculate the aggregation function that 
takes into account the target effect and the cost factor are 
summarized in Table 3. 

TABLE III.  VALUES OF EFFICIENCIES AND COST FACTORS OF 

MEASURING INSTALLATIONS 

al K(al) gl 

a1 
1.712 1.78 

a2 
0.812 1.25 

a3 
0.527 1.10 

a4 
2.2 1.18 

a5 
1 1 

 

The aggregating function K(al, gl) is defined as the ratio 
of efficiency K(al) to cost factor gl: 

 ( )
( )

,
l

l l

l

K a
K a g

g
=  () 

In our case, K(a1, g1) = 0.95; K(a2, g2) = 0.65; 
K(a3, g3) = 0.48; K(a4, g4) = 1.86; K(a5, g5) = 1. 

7. Determination of the optimal measuring instrument for 
the target effect and cost factor, which has K(al, gl)opt: 

 ( )
( )

, max
l

l l opt l
l

K a
K a g

g
=  () 

In our case, since the set of measuring instruments a4 
does not satisfy the requirements for automation of 
measurements and processing of results, the intelligent 

system under development, designated a5, is recognized as 
optimal. 

IV. CONCLUSION 

In order to compare methods and measuring instruments, 
as well as to select the optimal ones in terms of technical and 
economic indicators, the authors proposed: 

• an original algorithm for choosing methods and 
instruments for measuring technological modes and 
parameters of synthesized coatings in terms of 
technical and economic indicators; 

• a technique for choosing the optimal measuring 
instruments for the technological parameters of the 
micro-arc oxidation process according to technical 
and economic indicators based on the average gain 
criterion. 

Metrological characteristics (limiting basic relative 
measurement errors of voltage, current, capacitance, 
resistance, temperature) are considered as technical 
indicators. The methodology implies the development of a 
matrix of efficiency and costs of measuring instruments; 
evaluating the effectiveness of measuring instruments (or 
their aggregates) when measuring all physical quantities; 
determination of the optimal measuring instrument for the 
target effect; analysis of possible limitations inherent in the 
selected measuring instrument and affecting the possibility of 
using the indicated measuring instrument in specific 
conditions of the technological process (the possibility of 
automation and implementation of nondestructive control of 
parameters directly in the process of micro-arc oxidation); 
calculation of the aggregation function in the form of the 
accuracy indicators ratio (identified with the target effect) to 
the cost indicators for achieving this effect. 

The technique has been tested in relation to the selection 
of optimal instruments for measuring the parameters of oxide 
coatings in the process of micro-arc oxidation, which 
confirmed the relevance of the development of an automated 
system for the synthesis of coatings with specified properties, 
with a relative measurement error of parameters not 
exceeding ±0.5 %, by the method of micro-arc oxidation. 
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