
 

doi: 10.18323/2782-4039-2023-4-66-7 

Simulation of electrical parameters of a galvanic cell 

in the process of microarc oxidation 
© 2023 

Ekaterina A. Pecherskaya
1
, Doctor of Sciences (Engineering), Professor, 

Head of Chair “Information and Measuring Equipment and Metrology” 

Anatoly D. Semenov, Doctor of Sciences (Engineering), 

professor of Chair “Information and Measuring Equipment and Metrology” 

Pavel E. Golubkov*
2
, PhD (Engineering), 

assistant professor of Chair “Information and Measuring Equipment and Metrology” 

Penza State University, Penza (Russia) 

*E-mail: iit@pnzgu.ru,

golpavpnz@yandex.ru 

1ORCID: https://orcid.org/0000-0001-5657-9128 
2ORCID: https://orcid.org/0000-0002-4387-3181 

Received 26.06.2023  Accepted 11.12.2023 

Abstract: Microarc oxidation is a promising technology for producing wear-resistant anticorrosive coatings for goods 

made of valve metals and alloys and is used in many industries. One of the main problems of this technology is low con-

trollability caused by the complexity and interconnectedness of physical and chemical phenomena occurring during  

the coating process. To solve such problems, digital twins are currently actively used. The paper covers the development 

of mathematical models that are advisable to use as structural elements of the digital twin of the microarc oxidation pro-

cess. An equivalent electrical circuit of a galvanic cell of microarc oxidation is given, which takes into account the electro-

lyte resistance, the part coating resistance in the form of a parallel connection of nonlinear active resistance and capacitive 

reactance. The authors propose a mathematical model describing the behaviour of the equivalent electrical circuit of a gal-

vanic cell of microarc oxidation. A technique for determining the parameters of this model was developed, including  

the construction of a waveform of changes in the resistance of the cell and its approximation, estimation of the values of 

resistances and capacitance of the galvanic cell equivalent circuit. The authors proposed a calculation method and deve- 

loped a Simulink model of the microarc oxidation process, which allows simulating the current and voltage waveforms of  

a galvanic cell. The analysis of the model showed that the model is stable, controllable and observable, but poorly condi-

tioned, which leads to modelling errors, the maximum value of which is 7 % for voltage and 10 % for current. By the para-

metric identification method using experimental current and voltage waveforms, the dependences of the parameters of  

the galvanic cell equivalent circuit on the oxidation time are obtained. It is found that the change in the period average of 

the galvanic cell active resistance correlates with the coating thickness. 

Keywords: microarc oxidation; equivalent electrical circuit; mathematical model; Simulink model; coating resistance 

and capacitance; model adequacy. 
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INTRODUCTION 

Microarc oxidation (MAO) is used to improve the me-

chanical and physicochemical properties of the surfaces 

of parts made of aluminium alloys. The process is appli-

cable both to aluminium and to other valve group metals, 

such as Ti, Zr, Mg, and Ta. The combination of high 

microhardness and wear resistance with corrosion re-

sistance of coatings produced by the MAO method en-

sures the widespread application of products with such 

coatings in many industries [1; 2]. However, at present 

there are a number of unresolved issues hindering 

the MAO technology development, the main of which 

are high energy consumption [3; 4], and low controlla-

bility of the technological process, associated with 

the combined influence of many different factors on 

the properties of the formed coatings [5; 6]. 

Currently, one of the promising ways to manage com-

plex production processes is the use of digital twins, which 

allows simulating and predicting the behaviour of a real 

object in the virtual world, using information received from 

sensors on the object throughout its entire life cycle. In this 

case, as a rule, models of real system components are 

known or easily created using CAD systems, such as, for 

example, 3D models in mechanical engineering production 

[7]. However, for complex multifactor technological pro-

cesses, such as MAO, the process of creating a digital twin 

is significantly complicated due to the imperfection or ab-

sence of mathematical models of some physical phenome-

na, leading to the formation of oxide coatings. Many works 

are concerned with the study of the mechanism of coating 

formation during MAO [8; 9], however, only some of them 

provide its analytical description. Thus, in the review paper 

[10] dealing with the MAO of titanium alloys, there is
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a sufficiently detailed mathematical interpretation of 

the mechanism of electrolysis at high voltage, but 

microplasma processes are not considered. The work [11] 

gives formulas for calculating the electron temperature of 

microdischarge plasma during MAO under the local ther-

modynamic equilibrium conditions, but no relationship with 

electrochemical processes is traced. Moreover, according to 

[10; 12], the fundamental theory of plasma electrolysis con-

taining an analytical description of different phenomena 

(electrochemical, microplasma, etc.) occurring in the pro-

cess of MAO as a single interconnected system, has not 

currently been developed. 

Thus, an urgent scientific task is to build a mathematical 

model that could serve as the basis for a digital twin of the 

MAO process. At a first approximation, this model should 

estimate the thickness of the formed coatings based on 

the hidden information contained in the waveforms of cur-

rent and voltage measured during the MAO process, by 

identifying the parameters of the galvanic cell equivalent 

circuit. 

The purpose of the study is to identify the parameters of 

the equivalent electrical circuit of a galvanic cell, that cor-

relate with the thickness of MAO coatings, and to develop 

a methodology for determining these parameters. 

METHODS 

During the study, 30 samples of MAO coatings were 

produced on blanks made of AD31 commercially pure alu-

minium, GOST 4784-97 (2000) (Table 1), with the di-

mensions of 20×15×2 mm. The MAO coatings were 

formed using an automated MAO installation developed 

by the authors containing a technological current source, 

measuring channels for current, voltage and electrolyte 

temperature, and a control module based on a microcontrol-

ler. The technological current source of this system is 

a series connection of a bank of capacitors with adjustable 

capacitance and a galvanic cell. The technological current 

source is powered by sinusoidal voltage from a 220 V 

50 Hz mains. Before starting the MAO process, the ampli-

tude value of the current through the galvanic cell was set 

by changing the capacitor bank capacitance (connecting the 

required number of capacitors), which remained constant 

until the MAO processing completion. MAO was carried 

out for 30 min at a current density of 5 A/dm
2
 in the anodic-

cathode mode with the ratio of the anodic, and cathodic 

current equal to 1, in an electrolyte of the NaOH (2 g/l), 

Na2SiO3 (9 g/l) composition, and the first sample was pro-

cessed for 1 min, the second – for 2 min, etc. Every minute, 

waveforms of two periods of the forming voltage and cur-

rent in the galvanic cell were measured using measuring 

channels built into the MAO installation, with a relative 

error of ±0.5 % and a sampling frequency of 128 points per 

period equal to the supply voltage period (20 ms). The elec-

trolyte temperature, during the coating process did not ex-

ceed 30 °C. After processing, samples with MAO coatings 

were removed from the galvanic cell, washed with distilled 

water and dried. The thickness of the coatings was mea-

sured on transverse sections using a Mitaka PF-60 3D con-

tour measuring station-profilometer. Software processing of 

the obtained experimental dependencies was carried out in 

the MATLAB+Simulink environment. 

RESULTS 

Mathematical model of the microarc oxidation 

process 

Fig. 1 shows a characteristic view of experimentally 

measured waveforms of the galvanic cell voltage and cur-

rent. The deviation of the forming voltage from the sinusoi-

dal shape is caused by the supply voltage imperfection, as 

well as by the one-sided conductivity of the “anode – coat-

ing – electrolyte – cathode” system, as a result of which 

voltage rectification is observed (the so-called “valve 

effect”). Breaks in the voltage waveforms occurring in 

the anode half-cycle at a voltage of about 320 and 370 V 

are associated with the ignition and extinguishing of 

microdischarges. The difference between the current shape 

and the sinusoidal one (triangular current pulses in the anode 

and cathode half-cycles), is caused by the electrical break-

down of the oxide layer, which occurs only at the sinusoid 

peak, when the voltage on the sample exceeds the break-

down voltage. The nonlinearity of the current-voltage 

characteristics indicates the nonlinear nature of the coating 

formation process, and the presence of hysteresis with 

a characteristic loop indicates the capacitive nature of 

the load. To construct a mathematical model of the MAO 

process, we will use the nonlinear electrophysical model 

developed in [13] in the form of an electrical equivalent 

circuit of a galvanic cell (Fig. 2). 

The electrolyte resistance is simulated by R1 active re-

sistance, the coating resistance is simulated by a parallel 

connection of R2 nonlinear active resistance and C2 capaci-

tance reactance. C1 capacitance connected in series with 

the galvanic cell does not belong to the sample under study, 

and is intended to simulate the output signal of the techno-

logical current source (current limiting in the circuit). 

The mathematical model describing the behaviour of 

the MAO electrical equivalent circuit of the galvanic cell 

(Fig. 2) is as follows: 
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Let us change a model (1) to a state space model: 
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Let us estimate the parameters of the model of the MAO 

electrical equivalent circuit of the galvanic cell. Three 

equivalent circuit parameters are evaluated: the R1 electro-

lyte active resistance, the R2 nonlinear active resistance of 

the coating and its C2 equivalent capacitance. 

Since the model is nonlinear, the use of traditional iden-

tification methods is impractical and can lead to unaccepta-

ble errors in determining the model parameters. In this re-

gard, the authors propose a sequential procedure for deter-

mining the model parameters. 

1. Construction of a waveform of changes in cell re-

sistance and its approximation. To construct a waveform of 

changes in cell resistance, we find the derivative of the cur-

rent-voltage characteristics: 

Table 1. AD31 alloy composition 
Таблица 1. Состав сплава АД31 

Element Si Fe Cu Mn Mg Cr Zn Ti Others Al 

Content, wt. % 0.2–0.6 0.5 0.1 0.1 0.45–0.9 0.1 0.2 0.15 0.15 The rest 

a 

b 

Fig. 1. Waveforms of voltage and current of a galvanic cell (a) and its current-voltage characteristics (b) 
Рис. 1. Осциллограммы напряжения и тока гальванической ячейки (a) и ее вольтамперная характеристика (b) 
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Fig. 2. An equivalent electrical circuit of the MAO process 

Рис. 2. Электрическая схема замещения процесса МДО 
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Fig. 3 shows waveforms of U1 voltage, I1 current and 

total resistance calculated by formula (3). It can be ob-

served that the waveform of the total resistance of the gal-

vanic cell contains four characteristic sections. In the first 

section (≈2–7 ms), coating breakdown occurs with a posi-

tive half-wave of the voltage applied to it, and the coating 

resistance sharply drops to a value of the order of 100 Ω. 

In the second section (≈7–13 ms), the current in the cell 

changes polarity, and the coating resistance is restored to 

its original value of approximately 12 kΩ. In the third 

section (≈13–17 ms), coating breakdown occurs with  

a negative voltage drop. In the fourth section (≈17–

22 ms), the voltage on the cell changes sign and the coat-

ing resistance is restored. 

It is known that the electrolyte specific conductivity lies 

in the range of 6.75...22.5 mS·cm
−1

 [14]. Assuming that  

the R1 electrolyte resistance remains constant, one can con-

sider that the coating resistance nonlinearly depends on  

the voltage applied to it and the current flowing through it. 

The resulting waveforms allow finding the dependence 

R1+R2=f(U1), which is shown in Fig. 4. The values of the ap-

proximating curve of the dependence of the cell resistance on 

the voltage applied to it are summarised in Table 2. 

Fig. 5 shows the approximation of the calculated cell re-

sistance curve presented in Table 2 by a cosine equation 
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2. Estimation of the value of R1 and R2 resistances. Tak-

ing into account that after the breakdown the R2 coating 

resistance is close to zero, the estimate of R1 will be 

 

 1 пminR  R ,                             (4) 

 

where Rim is the set of galvanic cell impedances formed in 

the coating breakdown areas.  

Fig. 6 shows areas of cell low resistance corresponding 

to time intervals from 2 to 7 ms and from 13 to 17 ms (see 

Fig. 3). The average resistance value in these sections is 

R2l=163 Ω, which is an estimate of the R2 low resistance 

value. An estimate of the high value of R2 resistance can be 

the average value of the resistances taken from Table 2, 

which corresponds to the value of R2h=5.9 kΩ. In accord-

ance with (4), the estimate of the R1 electrolyte resistance 

will be equal to R1=22 Ω. 

3. Estimation of the C2 cell capacitance value. To esti-

mate C2, write an expression for the conductivity transfer 

function. From (1), it follows that 
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Using the MATLAB System Identification Toolbox ap-

plication, let us find the parameters of the cell conductivity 

transfer function. As a result, the following time constants 

of the transfer function were obtained: 

 

1 1 2 2

2 2 2

0,002417 s
0,0009829 s

T R R C
T R C
 
 

.          (6) 

 

Let us take the value of R2 resistance equal to its aver-

age value over the period of supply voltage R2av=4.4 kΩ. 

Then, according to (6), the estimate of C2 capacitance will 

be equal to C2=0.22 μF. 

Calculation of time and frequency characteristics of 

the model of the microarc oxidation process  

From knowing the estimate of the model parameters (2), 

it is easy to calculate its time and frequency characteristics, 

using the MATLAB Control System Toolbox application. 

The main characteristics of the linearised model of the 

MAO process were calculated for the coating breakdown 

(short-circuit) and open-circuit modes, when the coating 

resistance is high (Fig. 7). 

The transfer functions of conductivity with respect to I2 

current have the form: 
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Fig. 3. Waveforms of voltage, current and resistance of a galvanic cell 

Рис. 3. Осциллограммы напряжения, тока и сопротивления гальванической ячейки 

Fig. 4. Dependences of cell resistance on voltage applied to it 

Рис. 4. Зависимости сопротивления ячейки от приложенного к ней напряжения 
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Table 2. Approximating curve values 

Таблица 2. Значения аппроксимирующей кривой 

 

 

Voltage, V −100 −50 0 50 100 150 200 250 300 350 400 

Resistance, kΩ 0.15 0.15 6.6 9.4 11.2 14.1 12.2 7.5 3.2 2.1 0.15 

 

 

 

 

 

Fig. 5. Approximation of the calculated curve of cell resistance by the cosine equation 

Рис. 5. Аппроксимация расчетной кривой сопротивления ячейки уравнением косинуса 

 

 

 

 

 

Fig. 6. Cell low resistance areas 

Рис. 6. Участки низкого сопротивления ячейки 
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where k index indicates the short-circuit model. 

The accuracy of determining the parameters of the gal-

vanic cell equivalent circuit using the parametric identifica-

tion method was assessed in terms of stability, controllabi-

lity, observability, and conditionality of the model using  

the time and frequency characteristics of the MAO process 

model. The authors revealed that the model is stable, since 

the performance equation roots are negative. The model is 

controllable and observable, since the ranks of the control-

lability and observability matrices are equal to the order of 

the system, but the model is poorly conditioned, which can 
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lead to significant errors in its parametric identification. 

The condition numbers for the open-circuit Roc and short-

circuit Rsc models are 8410 and 317, respectively. A large 

value of the model condition number indicates its poor con-

ditioning, i. e., a small change in the input signal can lead to 

a fairly large change in the output signal, which introduces 

an error into the modeling results. 

Simulation of current and voltage waveforms in  

the MAO process  

The construction of a mathematical model (1) of the MAO 

process and the assessment of its parameters allow proceed-

ing to modelling the process under consideration. The MAO 

process modelling was carried out in Simulink. Fig. 8 pre-

sents the simulation results. It is found that the maximum 

voltage modelling error in relation to the Umax amplitude 

value does not exceed 7 %, the maximum current model-

ling error in relation to the Imax amplitude value does not 

exceed 10 %. 

Methodology for determining the significant parame-

ters of the galvanic cell equivalent circuit of the MAO 

process 

Based on the proposed mathematical models, a tech-

nique has been developed that allows establishing which 

parameters of the galvanic cell equivalent circuit change 

most significantly with increasing coating thickness dur-

ing the MAO process. The technique is implemented as 

follows. 

1. During the MAO-coating formation, 30 waveforms of 

the voltage drop and current drop of the galvanic cell are 

recorded sequentially every minute. 

2. In each experiment, R1i+R2i are calculated using for-

mula (3) and the estimate of R1=min(R1i+R2i) is found. 

3. The instantaneous value of R2 resistance is calculated 

in each experiment: 
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4. The time dependence of the period average R2 re-

sistance value is constructed (Fig. 9).  

5. In each experiment, using the MATLAB System 

Identification Toolbox application, the parameters of the tran-

sfer function (5) are calculated. 

6. Using formulas (6), taking R2=4400 Ω, the C2 capaci-

tance, the change graph of which is shown in Fig. 10 is cal-

culated. 

 

DISCUSSION 

The developed MAO process models make it possible, 

using the parametric identification method, to estimate the nu-

merical values of the parameters of the nonlinear electrical 

equivalent circuit of the galvanic cell, as well as to identify 

the most significant parameters correlating with the thick-

ness of the coatings. 

The nonlinear electrophysical model, used in the calcu-

lations in the form of a galvanic cell electrical equivalent 

circuit is simplified, and does not take into account some 

features of the process of formation of MAO-coatings. One 

of the sources of error of a model is the use of ideal C ca-

pacitance to simulate the oxide layer, while in electroche-

mical processes they usually use constant-phase elements 

CPE, with decomposition into a frequency-independent  

Q factor, and an n indicator of the degree of heterogenei-

ty of the system [15; 16]. Nevertheless, the model gives 

satisfactory results (the maximum error in simulating 

the volt-ampere characteristic is no more than ±7 % for 

voltage, no more than ±10 % for current), and to a first 

approximation, can be used to formalise the coating de-

position process. 

The developed technique for sequential determination of 

the parameters of the galvanic cell equivalent circuit is 

physically justified, since the shape of the resulting wave-

form of changes in the total cell resistance confirms  

the existing ideas about the MAO process mechanism [17; 

18]. For example, Fig. 3 clearly shows areas of the galvanic 

cell low resistance at maximum anodic and cathodic volt-

ages corresponding to dielectric coating breakdown with 

subsequent ignition of microdischarges. 

As can be observed in Fig. 4, the coating resistance 

value is 12–15 kΩ. On the other hand, it is known that  

the impedance modulus of oxide layers on aluminium 

alloys reaches values of 20–200 MΩ·cm
2
, and the polari-

sation resistance reaches 130–150 MΩ·cm
2
 and higher 

[15; 19]. The revealed discrepancy in the coating re-

sistance values is explained by the fact that the known 

impedance modulus values were obtained at a low fre-

quency (up to 10 Hz), and in this study the impedance 

was calculated using the current-voltage characteristics 

measured at a frequency of 50 Hz. According to available 

data [16], at this frequency, the coating impedance modu-

lus is of the order of 10
4
–10

5
 Ω/cm

2
, which is consistent 

with the experimental results. 

In the graph of the dependence of the galvanic cell re-

sistance on the forming voltage (Fig. 4), a maximum is ob-

served, the presence of which is determined by the choice 

of a relatively simple approximating function (cosine equa-

tion) and is not associated with physical phenomena occur-

ring in the galvanic cell. The choice of a simple approxi-

mating function improves the conditionality of the initially 

poorly conditioned equation for the MAO process dyna-

mics. In fact, a sharp decrease in the R2 resistance of the bar-

rier layer is caused by its electrical breakdown by both 

positive and negative half-waves of the voltage applied to 

the galvanic cell. During the positive half-cycle, breakdown 

occurs at a voltage of about +320 V, during the negative 

half-cycle – about −40 V. Electrical breakdown of the bar-

rier layer at the bottom of the pores when the electrolyte is 

depleted in ions leads to electrolyte boiling, the appearance 

of a vapour-gas bubble, and the ignition of a microarc dis-

charge in it. The recovery of the barrier layer resistance is 

associated with the microarc discharge damping, which 

occurs because of an increase in the size and the vapour-gas 

bubble exit beyond the pore, and an accompanying drop in 

the field strength in it [16; 20]. Thus, the complex form of 

change in the R2 barrier layer resistance is caused by  

a combination of various physical and chemical processes 

occurring in the pore channels of the barrier layer during 

the processes of its breakdown and recovery. 

Fig. 8 presents the results of modelling the galvanic cell 

current and voltage waveforms in the Simulink environ-

ment. It can be observed that the calculated dependence, 

well approximates, the experimental curve in the anodic 
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a 

 

b 

Fig. 7. Time (a) and frequency characteristics (b) of the MAO process model 

Рис. 7. Временные (a) и частотные характеристики (b) модели процесса МДО 

 

 

 

 
 

Fig. 8. Experimental and calculated waveforms of galvanic cell voltage and current 

Рис. 8. Экспериментальные и расчетные осциллограммы напряжения и тока гальванической ячейки 
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Fig. 9. Change in the period average value of R2 resistance in each experiment 

Рис. 9. Изменение за период среднего значения сопротивления R2 в каждом опыте 

 

 

 

 

 

Fig. 10. Change in capacitance С2 

Рис. 10. Изменение емкости С2 

 

 

 

half-cycle, while in the cathodic half-cycle the discrepancy 

between these curves becomes significant. This is caused 

by the fact that the proposed electrical equivalent circuit of 

a galvanic cell, does not fully reflect the behaviour of a real 

electrochemical system, as well as by the error of the para-

metric identification method and the poor conditionality of 

the model. 

Fig. 9 and 10 present the results of applying the deve-

loped technique for determining the significant parameters 

of the galvanic cell equivalent circuit of the MAO process. 

To identify the degree of relationship between resistance 

and capacitance and coating thickness, the authors per-

formed a correlation analysis, during which point and inter-

val estimates of the correlation factor were obtained using 

the Fisher criterion with a confidence probability of 95 %. 

The results of the correlation analysis are presented in 

Fig. 11 and Table 3. It can be observed that there is a strong 

direct correlation between resistance and coating thickness; 

in the case of capacitance, an inverse correlation occurs, but 

it is less pronounced (perhaps this is due to the peculiarities 

of the galvanic cell equivalent circuit and the error of  

the model). Thus, as a significant parameter for determining 

the thickness of coatings in the MAO process, it is reason-

able to use the coating resistance calculated according to  

the proposed technique using the current-voltage characte-

ristics of the galvanic cell. 

Taking into account the above, the authors can con-

clude the following. The proposed mathematical model 

fundamentally provides the ability of determining the thick-

ness of coatings during the MAO process, despite the low 

accuracy. Moreover, the model allows reproducing wave-

forms of the galvanic cell current and voltage, which satis-

factorily approximate the experimental data. Improving 

the model taking into account electrochemical impedanc-

es will allow improving the simulation accuracy, the re-

sult reproducibility and its convergence with experiment, 

and the use of experimental waveforms from the updated 

database in calculations, will provide the ability of pre-

dicting the thickness of coatings for various MAO pro-

cessing modes. 
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Table 3. Correlation analysis results 

Таблица 3. Результаты корреляционного анализа 

 

 

Coating parameter Correlation factor Confidence interval 

Resistance 0.968 [0.93; 0.98] 

Capacitance −0.611 [−0.80; −0.30] 

 

 

 

        

 a b 

Fig. 11. Scattering graphs for coating resistance (a) and capacitance (b) 

Рис. 11. Диаграммы рассеяния для сопротивления (a) и емкости (b) покрытия 

 

 

 

 

The results of the study can be used both in scientific 

research when developing digital twins and automated con-

trol systems for the MAO process, and in production when 

developing the technology for applying microarc oxide 

coatings. 

 

CONCLUSIONS 

The proposed mathematical model based on the electri-

cal equivalent circuit of a galvanic cell, reflects the rela-

tionship between current and voltage in a galvanic cell, and 

allows simulating current and voltage waveforms during  

the MAO process with an error of no more than ±10 %.  

The model is simplified; it does not take into account some 

physical and chemical laws of the oxide coating formation, 

which is its disadvantage. Nevertheless, the model has sa-

tisfactory accuracy, which allows using the calculation re-

sults as an initial approximation, when estimating the elec-

trical parameters of coatings. 

The developed technique for identifying the proposed 

model parameters allows determining the time dependences 

of the coating resistance, and capacitance during the MAO 

process using experimentally obtained waveforms of cur-

rent and voltage in a galvanic cell. Using the correlation 

analysis method, the degree of relationship between these 

parameters, and the coating thickness was established.  

A strong correlation was found between resistance and 

coating thickness, which allows using the coating resistance 

as a significant parameter for assessing the thickness of  

the coating during its formation. 

Using the developed identification technique, the pa-

rameters of the electrical equivalent circuit of the galvanic 

cell correlating with the thickness of MAO-coatings were 

identified. 
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Аннотация: Микродуговое оксидирование является перспективной технологией получения износостойких ан-

тикоррозионных покрытий изделий из вентильных металлов и сплавов и применяется во многих отраслях про-

мышленности. Одной из основных проблем данной технологии является низкая управляемость, обусловленная 

сложностью и взаимосвязанностью физико-химических явлений, происходящих в процессе нанесения покрытий. 

Для решения подобных проблем в настоящее время активно используются цифровые двойники. Исследование 

посвящено разработке математических моделей, которые целесообразно использовать в качестве структурных 

элементов цифрового двойника процесса микродугового оксидирования. Представлена электрическая схема за-

мещения гальванической ячейки микродугового оксидирования, учитывающая сопротивление электролита, со-

противление покрытия детали в виде параллельного соединения нелинейного активного сопротивления и реак-

тивного емкостного сопротивления. Предложена математическая модель, описывающая поведение электрической 

схемы замещения гальванической ячейки микродугового оксидирования. Разработана методика определения па-

раметров указанной модели, включающая построение осциллограммы изменения сопротивления ячейки и ее ап-

проксимацию, оценку значений сопротивлений и емкости схемы замещения гальванической ячейки. Предложен 

способ расчета и разработана Simulink-модель процесса микродугового оксидирования, позволяющая имитиро-

вать осциллограммы тока и напряжения гальванической ячейки. Анализ модели показал, что модель устойчива, 

управляема и наблюдаема, но плохо обусловлена, что приводит к возникновению ошибок моделирования, макси-

мальное значение которых составляет 7 % для напряжения и 10 % для тока. Методом параметрической идентифи-

кации с использованием экспериментальных осциллограмм тока и напряжения получены зависимости параметров 

схемы замещения гальванической ячейки от времени оксидирования. Установлено, что изменение среднего за 

период активного сопротивления гальванической ячейки коррелирует с толщиной покрытия. 

Ключевые слова: микродуговое оксидирование; электрическая схема замещения; математическая модель; Si-

mulink-модель; сопротивление и емкость покрытия; адекватность модели. 
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