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Purpose. To derive the relationships for calculating determination of equivalent quantities for electromagnetic
field in massive ferrous bodies at strongly varying loads.

Methodology. We have applied methodological fundamentals of skin-effect theory for massive ferrous bodies
combined with methods of mathematical physics as well as physical and computer simulation.

Findings. We have found the mathematical expressions for the equivalence ratios allowing calculate basic elec-
tromagnetic field quantities, such as magnetic flux and losses, in massive ferrous bodies under strongly varying loads.
Their adequacy is confirmed by research on physical and computer models, as well as existing computational proce-
dures of the additional losses in the massive units of energy-intensive electrical equipment for special purposes.

Originality. For the first time, we have established mathematical dependencies between skin losses and magnetic
flux in massive ferrous body and total and individual harmonic distortion of periodically varying magnetic and electric
fields. Found dependences are the basis for the development of refined computational procedures for determining the
parameters of the electromagnetic field in massive ferromagnetic elements of electrical equipment under strongly-

varying loads.

Practical value. The use of derived expressions for the equivalence ratios enable successfully solve the problems
aimed to optimize constructive components when designing electrical equipment for supplying consumers with strongly-

varying behavior of the load.

Keywords: electromagnetic field; strongly-varying load; massive ferrous body; skin-effect; skin magnetic flux;
skin losses; equivalence ratio; composition of high harmonics.

I. INTRODUTION

Massive details are integral constructive elements of
electric equipment, including power-intensive equipment
for technology applications. Such details are usually made
of ferromagnetic materials and intended to provide elec-
trodynamic stability and optimal functioning of the
equipment in different technological and emergency con-
ditions. In service process, constructive elements of elec-
tric equipment, including massive ferrous details, are
stressed by alternating stray magnetic fields causing addi-
tional losses because of strong skin-effect [1], [4], [9],
[13].

II.ANALYSIS OF LAST RESEARCHES

For the sake to select optimal engineering solutions,
these phenomena are carefully analyzed at all develop-
ment stages of electric equipment. The electromagnetic
calculations, being performed in the process, are made
with use of available engineering procedures [3], [8], but
in engineering experience such problems are solved, for
the most part, by experimental way using, for example,
scale simulation [6], [10]-[12].

However, when we deal with strongly-varying behav-
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ior of the load, the analysis of electromagnetic phenomena
significantly complicates because of availability of high
harmonic, DC and DC pulsating components [2], [7], [9],
[13], [14]. It, in turn, complicates investigations and
evaluation of losses in constructive components of electric
equipment. Therefore, the use of conventional engineering
calculation procedures is in this case inadmissible in terms
of real service conditions. Especially it is related to special-
purpose transformer equipment and tap-changers, in par-
ticular, for HVDC power transmission lines (power super
highway) and back-to-back stations, as well as supplying
power-intensive electric technological installations, such as
arc steel melting furnaces, and other applications. [3], [5],
(6], [10], [14].

Available high harmonic, DC and DC pulsating
components lead to significant increase in losses and local
heating of constructive details in comparison with the
case, when the electromagnetic field is sine time-varying.
Direct component and individual inrushes result in change
of the ferromagnetic magnetic permeability [7], [9], [15]-
[18].

It is well-known that when we deal with strong skin-
effect, electromagnetic field in ferrous bodies is concen-
trated into thin superficial layer. With, the dimensions of
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massive details of electric equipment, as a rule, in far ex-
cess of equivalent penetration depth of electromagnetic
wave. By this why, to sufficient for engineering practice
accuracy the constructive complex-shaped components
can be considered as ferromagnetic half-space [6]-[9].

In this work, it is shown that electromagnetic field
quantities in massive ferrous bodies (constructive equip-
ment components) under strongly-varying behavior of the
load can be determined by equivalent averaged magnetic
field of increased intensity or equivalent frequency.

III. FORMULATION OF THE WORK PURPOSE

The work purpose is the development of engineering
calculation procedures concerning to electromagnetic
field quantities in massive ferrous constructive compo-
nents of equipment under strongly-varying behavior of
the load.

IV. EXPOUNDING THE MAIN MATERIAL AND
RESULTS ANALYSIS

Analytical statement of the problem and research
procedure. It is known that when we deal with massive
ferrous bodies the electromagnetic field on their surface
indicates internal physical phenomena. It enables to use
external characteristics of the electromagnetic field with-
out researching proper ferrous body. Therefore, in this
case researches and evaluation of the electromagnetic
field quantities are performed by means of time-averaged
rms values of

- magnetic field intensity expressed as:

T 5 105
Hyo =\ I {ZHmsin@)vtﬂva)} dtp (1)
1 olLv=l
- electric field intensity expressed as:
A 2 ®
Eyg)= T j {ZEW sin(covt+(va)} dtb ; 2)
oLv=l
- skin magnetic flux expressed as:
R 2 1%
Dy = T j [Zcpmv sin((ovt+q)@)} dts 3)
oLv=l

where 77 is the first harmonic cycle duration; ® is angle
the frequency; ¢ is the time; ¢ are the initial phases; v are
the number of harmonic component; H,,,, £y, Oy are the
amplitude values of harmonic components for magnetic
and electric field intensities as well as the skin magnetic
flux.

Skin impedance Z: and skin losses Q: of massive
ferrous body for the case being considered, as well as the
magnetic field intensity are correlated between them by
the following relationships [1], [6]-[8]:

N
Ez0) = ) 01vDy(0) = 0eqPe(0); 4)
v=1
N
10,5
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v=1
_ 10,5
Zg = Ee)-Hyo) = [(“’1"“)'5 1]0 , (7

where 6 is the electric conductivity of the ferromagnetic ma-
terial; p is the magnetic permeability of the ferromagnetic
material; ®; is the angle frequency of the first harmonic
component of the electromagnetic field.

It should be pointed out here that magnetic perme-
ability is non-linear characteristic of the ferromagnetic.
However, in our case at the beginning the electromagnetic
processes are considered in linear ferromagnetic, and then
derived findings will be extended to real massive ferrous
element.

An analysis of the equalities (4—7) shows the possi-
bility to represent the quantities of the electromagnetic
field, caused by strongly varying behavior of the load,
with harmonic (equivalent) quantities. The essence of
such approach implies that the magnetic field on the sur-
face of the body being considered is substituted by har-
monic (equivalent) time-varying magnetic field with the
first harmonic frequency or increased (equivalent) fre-
quency so that the equalities

- for the electric field intensities:

Ee() (s &0) )- Ew) (H'i 1m:mqu
or ; ®

EcoHeo) )= Eo) o, 1 et

eqE

- for the skin magnetic fluxes:

Do) (H a(O)): P (Heqlw:weq«»

or ; )

o) (He0)) =00 (‘Deq} .

~leqd

- for the specific skin losses:

30 (H £(0) ) =Q0 (Heq X‘D:mch

or

O 0 (H £(0) ) = Q(m)|H =Hep

) (10)

will be fulfilled.

In expressions (8-10): ®qqp # Weqp # Oqp are the
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equivalent frequencies; H. p # Heqq # Hoqp are equiva-
lent magnetic field intensities. In the case of linear ferro-
magnetic, at sine-varying magnetic field with frequency
of first harmonic, the skin-effect quantities are described
by the following equalities [1], [6]:

Q(HI(O)): [((91“)(20)71]0’5 'H12(0)§ (11)

Eoy oo Hy =lonlo) [ 0 (12)

15
@) = [H(U)lG) ]0 'Hl(O)' (13)
Determining equivalence ratios. The equivalence
ratios or coefficients of equivalence for strongly-varying
electric and magnetic field intensities, skin flux and skin
losses are found from the following equalities:

Heqro) = Hoy .BiE|o)=o)| iHy=He) (19
Heq(D(O) - H(O) .Bi®|m:m1;H<0):Hé(o) ’ (15)
Heqoi0) = H o) ‘BiQ|m:m];Hm>:H;(o> ’ (16)

where Bz, Bia, Pip are the equivalence ratios for the elec-
tric field intensity, skin flux and losses, respectively.

The equivalence ratios are also determined basing
upon the fractional contribution of the harmonic compo-
nents included by the electromagnetic field predetermined
on the surface of the massive ferrous body. Besides, the
magnetic field intensity is to be represented by averaged
quantities for the cycle of the first harmonic component
according to expression (1).

From equalities (14-16) it follows that each quantity
of the electromagnetic field:

Eeo)(Heo)) @e00) (Hego) ) Qe (Hego) )

is corresponded by its own equivalence ratio or coef-
ficient of equivalence. This situation enables to reduce the

calculation of its quantities to the calculation of corre-
sponding equivalence ratios. Accordingly, these quantities
can be expressed through the equivalence ratios and rep-
resented by the following equations:

- for the electric field intensity:

EyoHyo))=Eo Ho)) B

=0, Hy ) =Hyg)

(o)l -
Eqo\Po)=Eo\Ho) /Ot sy, i1,
- for the skin magnetic flux:
Dy H ) =P By R
;o (18)
Dy He))= P Hi )-8 o o,
- for the skin losses:
AHe )= AHio)-B iQ|m:m1 He(0)=H(0)
(19)

OHz o)) = OHo))- Seqg)|

The equivalence ratios are calculated basing upon
the spectral composition of one of strongly-varying elec-
tromagnetic field quantities for the ferrous body being
considered.

©=0eq,He(0)=H(0)

The expressions derived for the equivalence ratios of
the electromagnetic field quantities for a massive ferrous
body under strongly-varying loads are represented in ta-
bles 1 and 2.

As seen the equivalent quantities allow simplify simu-
lation of electromagnetic processes and engineering calcu-
lations of skin losses in massive constructional details of
electrical and electric-technological equipment subjected
by action of the electromagnetic field caused by strongly-
varying loads.

The equivalence ratios indicate the effect of each har-
monic, contained by the magnetic field, on its parameters.

Table 1. The expressions for the equivalence ratios of the magnetic field intensity during the researches of the
electromagnetic field quantities in massive components of structural steels at strongly-varying loads.

Equivalence The expressions for the equivalence ratios of the electromagnetic field quantities
ratios magnetic electric skin flux
& 05 20’5 2 05 ST A
Bio ZV’ Y SmQ’ZYEv‘V’ ZV¢V'V 2|80
v=l v=l v=l
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Table 2. The expressions for the equivalence ratios of the frequency during the researches of the electromagnetic field
quantities in massive components of structural steels at strongly-varying loads

Equivalence The expressions for the equivalence ratios of the electromagnetic field quantities
ratios magnetic electric skin flux
N 2 N 2
05,2 2
SwQ (ZV S'Y J [Z’YEV.V 5] 80)5 (Ymv'v%)z'SoﬁD
v=l v=l
N -1 N 1 N "
B [ZVZHV 'Vlj ( 5/"_2] PREIR
v=l v=l v=l
N N -l
| Sty | [Se] > v
v=I1 v=l1

Influence of high harmonic components. In prac-
tice every so often, there are the cases, when it is known
harmonic composition of one of the quantities of the elec-
tromagnetic field: either magnetic or electric field inten-
sity or skin magnetic flux, but harmonic composition of
other one is required.

Therefore, it should be represented the relation between
the equivalence ratios and high harmonic components
contained by the strongly-varying electromagnetic field.

The dependences between high harmonic components
and skin-effect quantities: magnetic and electric fields as
well as skin flux can be derived in an explicit form. For
other electromagnetic field quantities, such as skin imped-
ance and losses, such dependencies are resulted from influ-
ence of strongly-varying loads. By this why the influence
of high harmonics will be estimated through the ratio be-
tween each harmonic component and averaged parameter
being considered for the cycle.

For the magnetic field intensity:

Yev = Ev) 1Eé<0>(H &w)}

YO =) By gy (Heo) b (20)
v = Hyo) t Heo)-
For the electric field intensity:
-1
N Y5
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For the skin flux:
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Expressing the harmonic components of the electric
field through respective parameters of the magnetic field
and, conversing the derived result with consideration of
expressions (20) and (21), gives the expression relating
fractional contribution of the harmonics in the skin flux
with corresponding value in the magnetic field intensity:

-1
N
Yov =V '(VZﬁw :VJ =
v=1

:YHv(Vil'SmH)OS (YHV Vo )Bl(D

(23)

Rearranging each of combinations (21), (22), (23) in
the same manner gives equations relating high harmonic
components of the strongly-varying electromagnetic field
parameters with respective equivalence ratios:

=(yg v [VZYHV J | =

v 0517
ZYEV'{ %(’YEV:V)21| }

The relationship between the harmonic components of
the electromagnetic field quantities under strongly-varying
loads will be defined by the following equations:

24

=YEV'6(11E'V71'

-1
Yz :YEV'{NEZEV'V_IJ ZYEV(V_I'Bgﬁ)QS :Ya'(ﬁE‘V_l)Qsa (25)
=

Yo =Vav 'VA[iV‘ “fdavJ_ :qu(\" 6;1:)&5 Yav (3;123‘9% (26)
=

Represented equations enable, basing upon har-
monic composition of one of the electromagnetic field
quantities, to determine the harmonic composition of
other its quantities. These equations allow also to deter-
mine the equivalence ratios for the current (tables 1 and 2)
as well as skin losses, electric field intensity and skin flux.
The equations are suitable for practical engineering calcu-
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lations and researches.

Further researches are not represented in this work.

Their findings are shown in table 3.

Table 3. Expressions relating the high harmonic components of the electromagnetic field quantities in massive ferrous

details of structural steels under strongly-varying loads.

Parameter to be Expressions for the electromagnetic field parameters
investigated magnetic electric skin flux
Vi Hyo)/ Hgo) (SM -v‘l)o’s Vi (6;2, : v)o’5 Yo
Y Ev ( (’OIH-V)O’S Vi Eq0/Ex) (qu) vl )0’5 Yoy
Yo o v v | kv Dy (0) /Peo)

Electromagnetic calculations with use of equiva-
lence ratios for massive ferrous constructive components
of electric equipment become more complex due to non-
linear dependence of equivalent magnetic permeability
from the magnetic field intensity. They complicate also
because of availability of high harmonic, DC, and DC
pulsing components. For the case being considered (i.e.
electromagnetic field excited by strongly-varying loads)
the equivalent magnetic permeability is to be found from
averaged magnetic field intensity for the cycle of the first
harmonic [8]. Let us consider the physical essence of
equivalent magnetic permeability in the electromagnetic
field resulted from strongly-varying loads and the proce-
dure for its quantifiable estimation.

Equivalent magnetic permeability is, in general case,
integral characteristic of a ferromagnetic. However, for
massive ferrous constructive components it is usually
defined as averaged characteristic found from the mag-
netic and electric field intensity measured or calculated on
the surface of the body being considered. In the case of
electromagnetic field, excited by strongly-varying load,
the use of this characteristic is difficult due to availability
of high harmonic, DC, and DC pulsing components.

Therefore, in this case the modulus and argument of
equivalent magnetic permeability are used that is found
from averaged parameters of magnetic field for the first
harmonic cycle predetermined on the surface of massive
ferrous body being considered. In practical calculations
the experimentally measured modulus and argument of
equivalent magnetic permeability are usually used or they
are found from analytic dependences derived from fun-
damental B-H curve or magnetic permeability averaged
over the first harmonic [7, 8]. Such calculations, as a rule,
lead to complex computations, which are not compen-
sated by accuracy of derived findings required for engi-
neering practice.

In such a way, the equivalent magnetic permeability
can be represented by the following expression:
. E 2
JO &0
Heg QH é(0)|): —[H—] : @7
€(0)

(Deq

12

The modulus and argument of such characteristic
can be expressed through the equivalence ratios in the
following form:

2
o [ Exo
I ): 2o | 28
“eqq a<o>| ©,8p ( H (28)
n Qa(lH &(0))
arguequé(o)D:E—zargCOS E§T| (29)

&(0)

The skin losses are determined in this case through
the electromagnetic characteristics of the ferromagnetic,
magnetic field intensity and equivalence ratio for losses:

Q&qHﬁ,(mD: queq(O)D'B

In such representation the derived findings are the most
acceptable and suitable for the use in practical calculations.

2
i

(30)

The experimental researches and numerous computa-
tions support the possibility to use represented equivalence
ratios in engineering calculations. As an example, the fig. 1
shows the equivalence ratios as functions of total harmonic
distortion (THD) of the current flowing in the field winding
of the samples of structural steels.

The equivalence ratios were evaluated from harmonic
composition of the current. In the experiment the high har-
monic components was measured with analyzer of spec-
trum and frequency characteristics and calculated accord-
ing to the proposed procedure. THD characterizing frac-
tional contribution of high harmonic components in strong-
ly-varying magnetizing current:

K :Lﬁsz(o) / ﬁ;HV(O)}&OO%

was measured with measurer of non-linear distor-
tions.
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Figure 1.Equivalence ratios as a functions of THD of the ex-
citing current: e, 0, X — the equivalence ratios for current, losses
and frequency, respectively

As it is seen from Figures 1 and 2, the most discor-
dances between calculated and measured findings are
observed for the frequency equivalence ratios. It is ex-
plained by that during the experiment the frequency did
not succeed to be maintained in the predetermined range.
The error as for other parameters is significantly lower.
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A, Vv, A —the first, third and fifth harmonics, respectively

Figure 2.IHD as a functions of THD of the exciting cur-
rent

Numerical findings of equivalence ratios in the
range the magnetic field intensity from 258 to 6214 A/m
at different THD of the exciting current are represented in
tables 4-6.

Equivalent parameters are determined so that the
equality of skin losses in the sample under sine and non-
sine currents was valid:

- while finding the equivalence ratios for the fre-
quency, the exciting current frequency was increased up
to equality of the losses under condition of equality of

13

averaged, for the cycle, sine and non-sine magnetic fields;

- while finding the equivalence ratios for the current,
the averaged, for the cycle, exciting current was increased
up to equality of the losses, but the frequency was se-
lected to be equal to power frequency.

Figure 2 shows behavior of change of the individual
harmonic distortion (IHD) for the current as functions of its
THD.

Numerous findings represented in tables 4—6 show
that error between measured and evaluated equivalence
ratios below 5.6% that is quite acceptable for engineering
calculations.

Table 4. Equivalence ratios for non-sine exciting current
(THD equals to 33.7%)

T g Equivalence ratios, r.u.
o =
& < | forcurrent | for frequency for losses
2 = = = =]
D = S 8 2
> > >
(] o o
258,3 | 1,087 [ 1,080 | 1,410 | 1,367 | 1,189 | 1,169
520,1 | 1,083 1,385 1,178
785,2 | 1,079 1,387 1,173
1321,6 | 1,081 1,384 1,171
17454 | 1,072 1,370 1,167
2693,7 | 1,076 1,393 1,174
3501,2 | 1,083 1,397 1,191
4371,1 | 1,089 1,384 1,174
5243,3 11,073 1,378 1,169
6214,5]1,081 | 1,080] 1,397 | 1,367 | 1,183 | 1,169
Table 5. Equivalence ratios for non-sine exciting current
(THD equals to 53.9%)
= g Equivalence ratios, r.u.
o I
& < | for current | for frequency for losses
2 x5 =) = =
0 = .8 .8 .8
SHe| = = = i = =l
F8| E E y= E §= El
S g - < = < = <
5 5 5
258,3 | 1,251 {1,203 | 2,191 | 2,087 | 1,497 | 1,451
520,1 | 1,249 1,964 1,520
785,2 | 1,225 2,037 1,501
1321,6 | 1,241 1,975 1,483
1745,4 | 1,239 1,941 1,514
2693,7 | 1,238 2,053 1,451
3501,2 | 1,223 2,041 1,473
4371,1| 1,217 1,971 1,484
5243,3 | 1,211 2,036 1,459
6214,5 | 1,240 1,980 1,482




ISSN 1607-6761 (Print)
ISSN 2521-6244 (Online)

«EJIEKTPOTEXHIKA TA EJIEKTPOEHEPTETHUKA» Ne 4 (2018)

(Po3ain «EgekTpoTexHika)

Table 6. Equivalence ratios for non-sine exciting current
(THD equals to 70.2%)

T g Equivalence ratios, r.u.

g < for current | for frequency | for losses
S
258,3 | 1,281 1,279 | 2,578 | 2,627 | 1,597 | 1,621
520,1 | 1,317 2,584 1,591
7852 | 1,233 2,591 1,603
1321,6 | 1,312 2,601 1,578
17454 | 1,284 2,607 1,581
2693,7 | 1,297 2,604 1,594
3501,2 | 1,285 2,597 1,587
4371,1 | 1,308 2,610 1,573
52433 | 1,287 2,627 1,584
6214,5 | 1,309 2,598 1,609

Figures 3 and 4 represent, as an example, time dia-
grams and oscillograph traces of the skin-effect quantities
derived by the way, respectively, computer and physical
simulation of non-stationary electromagnetic processes in
massive ferrous constructive components under non-sine
exciting current having THD equal to 53%.

Ky N N ’2
-V v, (1)

001 002 003 18

Figure 3. Time diagrams of the current, electric field intensity
and magnetic flux derived from computer simulation of elec-
tromagnetic processes in ferrous constructive components at
Kj; = 53% and corresponding high harmonic composition

Figure 4. Oscillograph traces of non-sine current (a) and elec-
tric field intensity (b) and their spectral composition (c) and (d),
respectively, derived from physical simulation of non-stationary
skin-effect in massive ferrous details

V.CONCLUSIONS

1. We have derived the expressions for equivalence
ratios of skin-effect parameters that enable:

—to research non-stationary skin-effect in massive
ferrous bodies without considering penetration of electro-
magnetic field into the body;

—to calculate additional and local losses in ferro-
magnetic constructive components of power-intensive
equipment being magnetized by electromagnetic fields
resulted from strongly-varying loads taking into account
spectral composition of high harmonics;

— to solve engineering problems concerned with se-
lection of most optimal constructions for special-purpose
electric and technologic equipment with error no more
than 5,6%.

2. The efficiency of practical application of the
equivalence ratios consists in that they can be found from
predetermined parameters of the magnetic or electric
fields or the flux on the surface of ferrous body to be con-
sidered or construction to be designed.

3. The truth of represented findings is confirmed by
the researches using physical and computer simulations as
well as experiments with power-intensive electric equip-
ment supplying arc steel-melting furnaces and drives of
rolling mills.
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BU3HAYEHHSA EKBUBAJIEHTHIX ITAPAMETPIB
EJEKTPOMATI'HITHOI'O ITOJIA Y MACUBHUX ®EPOMAT'HITHUX
JAETAJISAX EJIEKTPUYHOI'O OBJATHAHHA ITPU PI3BKO3MIHHUX

HABAHTAXKEHHAX

3IHOBKIH B.B.

0-p mexH. Hayk, npoghecop, npogecop kagedpu erekmponpugooa ma asmMoMamusayii

NPOMUCIOBUX YCMAHOBOK 3anopizbKo20 HAYIOHANbHO20 MEXHIYHO20 YHigepcumemy,
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KaHO. MexH. HayK, OOyeHm, 0oyenm Kageopu eleKmpuyHux ma eleKmpoHHUX anapamie

3anopizbko020 HAYIOHATLHOZO MeXHIYH020 YHisepcumemy, 3anopixcocs, Yxpaina, e-

mail: bliznl953@gmail.com;

Mema pobomu. Ompumamu cniggionouienHs Oist PO3PAXYHKOBO20 GUHAUEHHSL eKBIGAICHMHUX NAPAMEMPIE eleK-
MPOMASHIMHO20 OIS 8 MACUSHUX (DEPOMASHIMHUX MINAX NPU PIBKOSMIHHUX HABAHINMANCCHHSIX.

Memoou oocnidxcenns. I[lpu oocniodicenHi UKOPUCTNAHT MEMOOONI02IUHI OCHOBU Meopii NOBEPXHEB020 edeKkmy y
MACUBHUX (DepPOMACHIMHUX MINAX Y CHOJYYEHHI 3 MemoOamMu MamemMamuyrol @Qizuxu, Qi3uuHuM ma KOMn 1omepHum

MOOETIOBAHHAM.

Ompumani pesynomamu. Ompumani mamemamuuni upasu KoegiyicHmie exeigaieHmHocmi, wo 00360A10Mb
PO3paxyeamu OCHOBHI NAPAMEMPU eNeKMPOMASHIMHO20 N0 (MASHIMHUL ROMIK U 6MPaAmu) y MACUBHUX hepoMacHim-
HUX MiNax npu pi3KOIMIHHUX HABAHMAdCeHHAX. IX adexgamuicmb niomeepoicena OO0CNIOHCEHHAMU HA DI3UYHUX U
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KOMN TOMEPHUX MOOESIX, d MAKONC ICHYIOUUMU MEMOOaMU PO3PAXYHKIE 000AMKOBUX 6Mpam y MACUBHUX 8Y31AX eHep-
20EMHO20 €1eKMPOMEXHIUH020 OONAOHANHS CEeYIaNbHO20 NPUSHAYEHHS.

Hayxoea nosusna. Bnepuie scmanogneni mamemamuuni 3a1eCHOCIMI NOGEPXHESUX 8MPAM MA NOBEPXHEEO20 MA2-
HIMHO20 NOMOKY Y MACUBHOMY (PepOMASHIMHOMY MINi 8i0 HeCUHYCOIOANbHOCMI MA CREKMPAIbHO20 CKAAJY UIYUX 2ap-
MOHIK MAZHIMHO20 | eleKMpU4Ho20 noui. Bouu € 0cHo8ow 015 po3podKU Oibls MOYHUX THHCEHEPHUX Memo0die po3pa-
XYHKY napamempie eieKmpOoMAacHImMHO20 NOJA Y MACUBHUX (DEPOMASHIMHUX eleMeHmax KOHCMPYKYIll eleKmpoycmam-
KY8aHHSA NPU PI3KOZMIHHOMY Xapaxmepi HA8AHMAICEHHS.

Ilpaxmuuna yinnicms. Bukopucmanns ompuManux eupasie KoeqiyicHmie exeisanrenmuocmi 00380J5€ YCRIUHO
BUPIWLYBAMU [HIICCHEPHI 3a0ayl ONMUMI3AYIl eleMeHmie KOHCMPYKYIU npu NPOeKmy6anHi eleKmpomexHiuHo2o 001ao-
HAHH3L 0151 JICUBTIEHHSL CROJICUBAYIE 3 PI3ZKOZMIHHUM XAPAKMEPOM HABAHMANCEHHSL.

Knwouoei cnosa: enekmpomaznimne none; pisaKo3minne HAGAHMAMCEHHA; MACUBHe (hepomazHimHe mino; nose-
DPXHeguill eheKm; noeepxXHegUIl MAZHIMHUIL NOMIK; NOGEPXHesi empamu; Koepiuicnm ekgisaneHmuocmi; ckiao
GULYUX 2APMOHIK.

OIIPEAEJIEHUE DKBUBAJIEHTHBIX IAPAMETPOB
QJIEKTPOMATI'HUTHOI'O ITOJIA B MACCUBHBIX ®EPPOMAT'HUHBIX
AETAJAX SJEKTPOOBOPYJIOBAHUA ITPU PESKOIIEPEMEHHBIX
HAI'PY3KAX

3MHOBKNMH B.B. I-p TexH. Hayk, npodeccop, npodeccop Kadeapsl IEKTPOIPUBOAA ¥ aBTOMATU3AIUN
NPOMBIIIIEHHBIX ~ YCTAHOBOK  3allOPOJKCKOTO — HAIMOHANBHOTO  TEXHHYECKOTO
YHHBEpCHUTETa, 3alIOpoKbe, YKpauHa, e-mail: znvvv(@ukr.net;

BJIM3HSIKOB A.B.  kana. TexH. HayK, JIOLEHT, JOIEHT Kaeapbl JIEKTPHUECKUX U JJIEKTPOHHBIX AAPaToB
3anopokCcKOro HAIMOHAIBHOTO TEXHMYECKOTO YHUBEPCUTETA, 3allOPOKbE, YKPAUHE, e-
mail: blizn1953@gmail.com;

Lenv pabomut. [lonyuums coomuowienus Olsl paAcuemno20 OnpedeseHus IKGUBATICHMHBIX NAPAMEMPO8 IJLeKMPO-
MAZHUMHO20 NOJISL 8 MACCUBHBIX (PepPOMACHUMHBIX MENAX NPU PE3KONEPEMEHHBIX HAZPY3KAX.

Memoowr uccnedosanus. llpu ucciedosanuu UCHOIb308AHbL MEMOOON0SUYECKUE OCHOGbL MEOPUU NOBEPXHOCTHOZ0
ohpexma 6 MaAcCUHBIX PEPPOMASHUMHBIX MENAX 68 COYEMAHUU C MEMOOAMU MAMEMAMUYECKOU QU3UKU, PUUYECKUM
U KOMNBIOMEPHBIM MOOCTUPOSAHUEM.

ITonyuennvie pezynomamol. [lonyuenvl mamemamuyeckue GblpANCEHUs KOIDOUYUEHMO8 IKEUBANEHMHOCMU, NO-
38051I0WUE PACCUUMATNb OCHOBHLLE NAPAMEMPbL IJIeKIMPOMASHUMHO20 NOJISL (MASHUMHBII NOMOK U HOMEPU) 8 MACCU6-
HbIX (DEPPOMASHUMHBIX MENAX NPU Pe3KONEPEMEHHbIX Hazpy3Kkax. Mx adexsamHocms nooOmeepicoenHa Uccied08aHusIMu
Ha uU3UYECKUX U KOMNBIOMEPHBIX MOOEIAX, a MaKdice Cywecmasyowumu Memooamu pacuemos 000a8ouHbIX Nomepsb 8
MACCUBHDBIX V3IIAX IHEP2OEMKO20 NEKMPOMEXHUYECK020 000PYO08AHUSA CNEYUATLHO20 HAZHAYEHUSL.

Hayyna nosusna. Bnepesvle ycmanognenvl mamemamuieckue 3a8UCUMOCMU NOBEPXHOCHHBIX NOMEPD U NOBEPXHO-
CMHO20 MAZHUMHO20 NOMOKA 8 MACCUBHOM (DEPPOMASHUMHOM Mmejie Om HEeCUHYCOUOANbHOCIMU U CREKMPATIbHO20 CO-
CMasa bICUUUX 2APMOHUK MACHUMHO20 U INEKmMpuiecko2o noiei. Onu s6isi0mcst 0CHO80U OISl paspaboOmKu YIMouHeH-
HbIX MEMOO08 pacuema napamempos 3NeKmpOoMAaASHUMHO20 NOISL 6 MACCUBHBIX (DeppOMACHUMMHBIX INEMEHMAX KOHCH1-
PYKYUtl 31eKkmpoodopy00sanus npu pe3konepemMeHHoOM Xapakmepe Hazpy3Ku.

Ilpakmuueckas yennocms. Hcnonv3o6anue nomyueHHblX blpadiceHull KOIDOUYUeHmMos IKGUBALEHIMHOCTU N0360-
Jisilem YCHeWwHO Peulams UHMICCHEPHbIe 3a0ayu ONMUMU3AYUU IAEMEHMO8 KOHCMPYKYUL NPU NPOEKMUPOSAHUU 3J1eK-
MPOMeEXHUYECK020 000py008aHUs 0I5l NUMAHUL nompebumenell ¢ pe3KONepemMeHHbIM XAPAKMepoM HAepy3KU.

Knrouesvle cnosa: snekmpomazHummoe none; pe3KONepemMenHas Hazpy3Ka; MACCUsHoe heppomazHummuoe meno;
nogepxHoCmHbL Shhexm; NOBEPXHOCMHBIY MAZHUMHBIY NOMOK; NOBEPXHOCMHble nomepu; Kodgduyuenm sxeusa-
JIEHMHOCMU; COCMAB BLICUAUX 2APMOHUK.
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