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Simulation of electrical parameters of a galvanic cell
in the process of microarc oxidation
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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.
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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

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].

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

Frontier Materials & Technologies. 2023. Ne 4

73


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

Pecherskaya E.A., Semenov A.D., Golubkov P.E. “Simulation of electrical parameters of a galvanic cell in the process of microarc oxidation”

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 20x15x2 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” 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),
Na,SiO; (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 R; active re-
sistance, the coating resistance is simulated by a parallel
connection of R, nonlinear active resistance and C, capaci-
tance reactance. C; 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:

1
ajlldHRlll +R, (U))L, =U

1
C—2j13dt—R2 (U)1, =0

(1
1
U =U-—|1dt
1 Cl'[ 1
I, =1,+1,
Let us change a model (1) to a state space model:
dx
— =Ax+BU
dt ; 2)
y=Cx+DU

where X=(I1 Iz)T;

U
= +—;
y=14 R,
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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 R, electro-
lyte active resistance, the R, nonlinear active resistance of
the coating and its C, 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
Taénuua 1. Cocmas cnnasa A/[31

Element
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Mg Cr Zn Ti Others Al
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Fig. 1. Waveforms of voltage and current of a galvanic cell (a) and its current-voltage characteristics (b)
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Fig. 3 shows waveforms of U; voltage, I; 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 Q.
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 kQ. 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..22.5mS-cm ' [14]. Assuming that
the R, 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
R+R,=f(U,), 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

-150
R +R, =70-[1—cos(%n-

2. Estimation of the value of R, and R, resistances. Tak-
ing into account that after the breakdown the R, coating
resistance is close to zero, the estimate of R; will be

R =min(R,), (4)

where R;, 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
R,=163 Q, which is an estimate of the R, low resistance
value. An estimate of the high value of R, resistance can be
the average value of the resistances taken from Table 2,
which corresponds to the value of R,,=5.9 kQ. In accord-
ance with (4), the estimate of the R; electrolyte resistance
will be equal to R;=22 Q.

3. Estimation of the C, cell capacitance value. To esti-
mate C,, write an expression for the conductivity transfer
function. From (1), it follows that

5@)_ R,Cyp+1

= . %)
U, (p) RR,C,p+R +R,

w(p)=

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:

T, = RR,C, =0,002417 s (6)
T, = R,C, =0,0009829 s

Let us take the value of R, resistance equal to its aver-
age value over the period of supply voltage R,,=4.4 kQ.
Then, according to (6), the estimate of C, capacitance will
be equal to C,=0.22 pF.

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

Puc. 3. Ocyunnozpammol HanpsadiCeHUs, MOKA U CONPOMUBTLEHUSL 2AIbEAHUYECKOU SAYeuKU

15000
c
& 10000 ,;”1 X’
Q
c
T
e
g
= 5000 -
8 N\
1
0
50 0 50 100 150 200 250 300 350

Voltage U1, V

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

Puc. 4. 3asucumocmu conpomueieHus SAYeluKu om NPUTIOHCEHHO20 K Hell Hanpsoicenus

Frontier Materials & Technologies. 2023. Ne 4

77



Pecherskaya E.A., Semenov A.D., Golubkov P.E. “Simulation of electrical parameters of a galvanic cell in the process of microarc oxidation”

Table 2. Approximating curve values
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Fig. 5. Approximation of the calculated curve of cell resistance by the cosine equation
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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 R,. and short-
circuit R, 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 U,,, amplitude
value does not exceed 7 %, the maximum current model-
ling error in relation to the I, 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, R;tR,; are calculated using for-
mula (3) and the estimate of R;=min(R;;+R,,) is found.

3. The instantaneous value of R, resistance is calculated
in each experiment:

AU,

R +R,y =
li

4. The time dependence of the period average R, 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 R,=4400 Q, the C, 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
O factor, and an » 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 kQ. On the other hand, it is known that
the impedance modulus of oxide layers on aluminium
alloys reaches values of 20-200 MQ-cm®, and the polari-
sation resistance reaches 130—150 MQ-cm® 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*-10° Q/cm?, 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 R, 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 R, 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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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
Tabnuya 3. Pesynomamvl KOpperayuoHHo20 anaiu3da

Coating parameter

Correlation factor

Confidence interval

Resistance 0.968 [0.93; 0.98]
Capacitance —0.611 [—0.80; —0.30]
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Fig. 11. Scattering graphs for coating resistance (a) and capacitance (b)
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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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Annomayusn: MUKpOIyroBoe OKCHIUPOBAaHHE SIBJISICTCS IEPCIICKTUBHON TEXHOJIOTHEH MTOTy4eHHs N3HOCOCTOMKHX aH-
TUKOPPO3HOHHBIX MOKPBITHH H3/AENNI W3 BEHTHJIBHBIX METAJUIOB M CIUIABOB M MPUMEHSETCS BO MHOTHX OTPACIAX IPO-
MBIIIIeHHOCTH. OMHON M3 OCHOBHBIX MPOOJIEM IJaHHON TEXHOJIOTHH SIBISIETCSI HU3Kas YHPaBJIIEMOCTh, OOYCIIOBICHHAS
CJIO’KHOCTBIO M B3aHMMOCBSI3aHHOCTBIO (DM3MKO-XUMHYECKUX SBICHHH, MPOUCXOJSAIINX B MPOLECCEe HAHECCHUS MTOKPBITHH.
Jlis penreHust NOZOOHBIX MPOOJIEM B HACTOAIIEE BPEMs aKTUBHO HCIIONB3YIOTCS IMppoBsle nBoitHMKH. McciaenoBanne
MOCBSIIICHO Pa3paboTKe MAaTEMAaTHYECKUX MOJEINEH, KOTOpBIE MENecOo00pa3HO HCIOIb30BaTh B KA4ECTBE CTPYKTYPHBIX
JIEMEHTOB LU(POBOro IBOWHHKA MPOIECCa MHKPOAYTOBOTO OKCHAMpoBaHUA. [IpemcraBieHa aneKkTpuUecKas cxema 3a-
MEIEHUS TATbBAHUYECKON SYEHKM MHMKPOAYTOBOTO OKCHIMPOBAHUS, YYUTHIBAIOIIAS CONPOTHBIICHUE JJICKTPOJIMTA, CO-
MIPOTUBJICHHE TOKPBITHS JIETalld B BUJE MapajuIIbHOIO COEIMHEHUS] HEJIMHEHHOr0 aKTHBHOTO CONPOTHBIICHHS M peak-
TUBHOTO €MKOCTHOTO comnpoTuieHus. [Ipeanoxkena MaremaTinyeckas MoJiellb, ONMCHIBAIONIAs TOBEACHUE 3JIEKTPUIECKON
CXEMBI 3aMeIIEHHs TalbBaHMYECKOH SYEHKH MUKPOJYTrOBOTO OKCHUAMpOBaHUs. PazpaboraHa MeTonuka omnpenesieHus ma-
paMeTpoB yKa3aHHOM MOJEJH, BKIIIOYAIOIIas MOCTPOCHHE OCILMIUIOrPaMMbl U3MEHEHHUS CONPOTHUBIICHUS STYCHKU U ee an-
[IPOKCUMALIMIO, OLEHKY 3HAYEHUH CONPOTUBICHUH U €MKOCTH CXEMBbI 3aMELICHMsI rajdbBaHUUECKON sueiiku. Ilpennoxen
crocob pacuera M paspaborana Simulink-mMomens mporecca MEKPOAYTOBOTO OKCHAWPOBAHMS, ITO3BOJIIONIAS MMHTHPO-
BaTh OCHIJUIOTPaMMbI TOKAa M HANPSDKEHHS TalbBaHMUYECKON SYeHKH. AHAIW3 MOJEIH MTOKa3aj, YTO MOJIETh yCTOWYMBA,
ynpasisieMa ¥ HaOJlfogaeMa, HO II0X0 00yCIIOBICHA, YTO MPUBOJUT K BOSHUKHOBEHUIO OIIMOOK MOJEIHPOBAHMS, MAKCH-
MaJIbHOE 3Ha4EHHE KOTOPBIX cocTaBisieT 7 % aist HanpspkeHus u 10 % amst Toka. MeToom mapameTpuaeckoi HaeHTu(u-
Kalll{ C MCHOJIb30BaHUEM KCIIEPUMEHTAIBHBIX OCIMIUIOrPaMM TOKA M HANPsDKEHMS TOJTyYeHBI 3aBUCHMOCTH ITapaMETPOB
CXEMBI 3aMEIleHUs TaIbBAHUYECKON SYEHKH OT BPEMEHU OKCHAMPOBAHUs. YCTaHOBJECHO, YTO M3MEHEHHE CpPEJIHEro 3a
MepHO/ aKTHBHOTO CONPOTHBIICHUS I'aJIbBaHUUECKOI TUEHKU KOPPEIUPYET C TOJIIIMHON TIOKPBITHSL.

Kniouegvie cnosa: MUKpOIYroBOe OKCHIMPOBAHKE; JIEKTPUYECKas cCXeMa 3aMelleHus; MaTeMaTiHieckass Moenb; Si-
mulink-Mozenb; CONPOTHBICHNE U EMKOCTb ITOKPBITHS; aJIeKBATHOCTH MOZECIIH.
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