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INFLUENCE OF WINDING ENDS ON THE PARAMETERS
OF PULSE INDUCTOR WITH U-SHAPED CORE
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It is known from the scientific literature that magnetic pulse processing of electrically conductive non-magnetic sheet
materials helps to reduce residual stresses, especially in welded joints. This is due to magnetoplastic and electroplastic
effects. To create such effects in non-magnetic electrically conductive materials with welded joints, an inductor with
pulsed magnetic field, U-shaped magnetic circuit and hollow conductor for possibility of active cooling of the winding
is proposed. Such inductor allows inducing high-density pulsed currents in electrically conductive non-magnetic sheet
materials with welded joints. It studies the parameters of the inductor - active resistance and inductance in the fre-
quency-domain mode. The parameters calculated in two-dimensional and three-dimensional models are compared. The
electromagnetic field is calculated using Maxwell equations and finite element method. Parameters of an ends of wind-
ing are determined by the difference in the parameters of the three-dimensional and two-dimensional models of the
induction system. Resistance is calculated separately in the groove's part of the winding, the outer part and on the
frontal parts. The parameters of the induction system with a ferromagnetic core and non-magnetic thin-sheet alloy
AMg6 are calculated for various values of complex amplitude of current in winding. Additionally, the parameters are
calculated both without the magnetic core and without the non-magnetic metal. The quantitative comparison of the
parameters of the three-dimensional model with the two-dimensional one is performed. The active resistance and induc-
tance of end parts of the inductor are investigated by well-known analytical expressions from handbooks of electric
machines. References 11, figures 3, tables 6.
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Magnetoplastic and electroplastic effects [1, 2] was found and investigated in the series non-
magnetic crystals (NaCl, Csl, LiF, Zn, Al, Cu). These effects increase or decrease plastic property of materi-
als, remove residual stresses in heterogeneous structure of materials, and change durability too.

Magnetoplastic effect in the materials with welding joints is caused by magnetic field. Electroplastic
effect is caused by high density eddy currents. Magnetic field and induced currents can be direct, alternative,
or pulsed. It is known about positive effect due to influence the pulsed electric currents 10%...10° A/m” in
electrically conductive materials [3]. In [4] there is that magnetic pulse processing increases fatigue strength
of welded joints of AMg6 alloy [5]. It significantly reduces residual tensile stresses from 165 MPa and more
while converting to compression stress 80 MPa [4]. Experimental results demonstrate significant decrease
and redistribution of residual welding stresses in AMg6 alloy specimen after pulsed electromagnetic treat-
ment [10]. Paper [6] presents an experimental study
about effect by pulsed electromagnetic processing on
fatigue resistance of aluminum (alloy 2011). Clear
beneficial effect has been observed.

Inductors with pulsed magnetic field are pro-
posed in the department of electromagnetic systems
of the Institute of Electrodynamics of the National
Academy of Sciences of Ukraine to create high den-
sity eddy currents in electrically conductive non-
magnetic materials by non-contact method (Fig. 1)
[11]. A magnetic U-shaped core (Fig. 1) allows con-
centrating eddy currents into narrower stream in an
electrically conductive non-magnetic workpiece
materials. Thus, greater local current density in
welding joints (Fig. 1) can be achieved.

magnetic core

Fig. 1
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Pulsed eddy currents 10° A/m” in a welding joint of sheet workpiece material (Fig. 1) is achieved by
the pulsed current in a winding in form of a half-wave of a sine wave. Frequency-domain mode is used to
calculate the resistance and inductance of the inductor (Fig. 1).

Modeling meets difficulty with the three-dimensional formulation (Fig. 2, ») due to requirement
huge computational resources [11]. But the two-dimensional formulation (Fig. 2, a) requires less computa-
tional resources, has less computational time. The two-dimensional model of the inductor doesn’t take into
account winding ends. Therefore, there is the problem how to take into account the influence of winding’s
ends on the total active resistance R and inductance L of the inductor.
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The aim is to investigate the parameters of the winding's ends of the induction system with U-
shaped magnetic core, two coils, tube winding and to investigate the adequacy of simple methods of bringing
a results of the two-dimensional numerical model to the three-dimensional formulation.

To solve the problem, the inductor is modeled in two-dimensional and three-dimensional formula-
tions (Fig. 2). The two-dimensional model (Fig. 2, a) represents 1/2 symmetrical part of the inductor with the
length along z axis equals with length of magnetic core /5, and the three-dimensional model (Fig. 2, b)

represents 1/4 symmetrical part of the inductor. For calculating magnetic field, the finite element method is

used. The magnetization curve of the magnetic core is also taken into account (steel AISI-1010).
Equations of electromagnetic field in quasi-stationary mode:

divB=0, rotH=j, rotA=B, rotE=-0B/ot, E=—0A/0t—grad¢, B=uH, j=0ok. (D)

There A, B, H, j are the vectors of magnetic vector potential, magnetic induction, magnetic field strength,

current density respectively; o is the electrical conductivity; ¢ is the time, ¢ is the electric scalar potential, x is
the magnetic permeability. For the frequency-domain mode, the equations (1) are change as follows:

divB =0, rotl:lzj, rotA =B, rofE=—ioB, E =—iwA—grad¢, ﬁzyfl , izal:] (2)

There A, B, H, j are the complex amplitudes of magnetic vector potential, magnetic induction, magnetic

field strength, current density respectively, @ is the angular frequency, i is the imaginary unit.
According to the equations (2) the equation to calculate magnetic field for two-dimensional model

(Fig. 2, a) is rot(,u"rot[&) =—iwcA + :is . 3)
There j ¢ 1s the current density complex amplitude of the source due to differences in electric potential at

terminals. This current density i ¢ 1s present in the cross section of each wire of winding.
Equation for three-dimensional model (Fig. 2, b) by the (2) is
rot(a’lrotl:l) =—ioB+ rot(o"'js) . 4)
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The following boundary conditions are specified: at the external boundaries of the computational re-
gion (Fig. 2, a and b), and at the boundary of cross-section of wires of winding (Fig. 2, b) the normal mag-
netic field strength equals zero

H,=0; O]
on the border of cross-section of the yoke of magnetic core (Fig. 2, a, b) — the tangential component of mag-
netic field strength is zero

H, =0 ©)
at the internal boundaries there is the boundary with equality of tangential components of magnetic field
strength on both sides of each border

Hy=H,. (7
After solving equations (3) or (4) the averaged magnitude value of an induction is calculated in a

tooth of a magnetic core (Fig. 1)
1 .1a
Bayg = | ‘B‘dV , ®)
v V
where V' is the volume of a tooth of a magnetic core.
Inductance of an inductor is evaluated by the average energy (W )
L=4W, 172 =17" (‘ﬁ‘-‘ﬁ‘)dV . 9)
vV
Here /,, is the magnitude value of current in the winding.

The resistance R of an inductor consists with the resistance of a winding R;, and the resistance from
electrical losses in workpiece sheet metal R, :

R= Rl + R2 . (10)
The resistance R; can be divided into the following parts
R1=R11+R12+Re, (11)

where Ry is the resistance of winding in groove of magnetic core (Fig. 2), R;, is the out-of-groove winding
resistance (Fig. 2), R, is the resistance of end of winding in the 3D model (Fig. 2, b). Each such part of the
winding has its own AC resistance factor
k.=R/R, . (12)
R is the resistance of alternative current (R 4 ), Ry is the resistance of direct current.
Resistance in any region of the model ( R 4 ) is calculated by the expression

R=2PI’. (13)
There are electrical losses P, which are determined by integrating the power density over the volume V of
each region of winding (Fig. 2)

P=[RdV. (14)

V

Power density B, is calculated by expression

A2 A2
P, :‘j‘ Q20)" z‘rotH‘ 20)" . (15)

There j is the current density in volume of electric conductive region.

Magnetic force between the inductor and workpiece sheet metal which is directed along the y-axis is
calculated by follow expression

2
Fy, = éTyde ::S[,ur,uo(Hy -0,5

H|2de ) (16)

There T, is the Maxwell tension tensor [8].

Table 1 presents calculation results of the two-dimensional (2D) model (Fig. 2, a) of the inductor.
Length along axis z equals magnetic core length (/5 = 100 mm).
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Table 1
2D model (/5=100 mm), Fig. 2, a
foe KA Ry. | R, | R, | XR. | By Buye.T| L,uH
mohm mohm mohm mohm kN
1 7,62 9,27 2,81 19,70 00,15 | 0,19 8,50
6 7,26 8,98 2,80 19,04 05,16 1,36 8,29
11 5,93 6,95 2,50 15,38 14,19 | 2,11 7,42
16 4,88 5,48 2,24 12,60 24,75 | 2,52 6,67
16 (without core) 2,19 2,73 1,75 6,670 11,12 - 4,15
Table 2
3D model (/5=100 mm), Fig. 2, b
Ik 0 Ry, | Ry | Rz | Res | TR | Fy | Bage| L. | L,
mohm | mohm | mohm mohm mohm kN T uH uH
1 11,27 9,02 3,02 4,69 28,00 0,23 0,30 13,08 | 4,58
6 10,12 8,10 2,87 4,30 25,39 7,19 1,98 12,39 | 4,10
11 08,19 | 6,22 2,53 3,73 20,67 19,4 2,81 1,11 | 3,69
16 07,44 5,56 2,40 3,54 18,94 37,73 3,60 10,57 | 3,90
(l)gt(r:)i;g 03,03 2,61 1,73 2,82 10,19 15,46 - 6,37 2,22

Table 2 presents calculation results of the three-dimensional (3D) model (Fig. 2, b) of the inductor. It
has magnetic core length /5 =100 mm and other dimensions from Fig. 2, a. Inductance of winding’s ends

L, of the 3D model is calculated by difference of 3D and 2D inductances L from tables 2 and 1:
L, =L [P, (17)
It should be emphasized that inductance L, includes mutual inductance between ends of winding and main

part of inductor.

Table 3

Tables 3 and 4 are simi- 2D model (15=40 mm), Fig. 2, a
lar to tables 1 and 2, but the I,
length of the core along z axis is kA Ry, Ry, Ry, 2R, Fy, | Bags | L,
15 =40 mm. mohm mohm mohm mohm kN T uH

Tables 5 and 6 presents 1 3,05 3,71 1,12 7,88 0,06 0,19 3,40
calculation results of inductor 6 2,91 3,59 1,12 7,62 2,07 1,36 3,32
without sheet workpiece mate-

. . 11 2,37 2,78 1,00 6,15 5,69 2,11 2,97

rial and with core length along z
axis I =40 mm. Tables com- 16 1,95 2,19 0,90 5,04 993 | 2,52 | 2,67

parisons 5 and 6 with 3 and 4 Table 4

let to see the effect of presence -
of the workpiece material on 3D model (/5 =40 mm), Fig. 2, b

1 [ma
the parameters (resistance and WA | R | R, | Rias | Re. | SR| Fy | Bug | L. | Le,

inductance). In tables 5-6 there mohm | mohm | mohm | mohm | mohm | N T wH | y»

aren’t magnetic force £, and
1 6,6 3,58 1,32 4,72 16,22 00,13 | 0,44 791 | 4,51

resistance R to absen
esistance 1t due to absence 6 5,04 2,57 1,10 3,92 12,63 03,61 2,34 6,90 | 3,58

workpiece material under the

inductor. 1 {412 2,04 0,97 3,51 10,64 | 0992 | 327 6,22 | 3,25

Tables 1-6 show how | 16 | 3,79 1,88 0,92 3,38 09,97 | 19,18 | 4,20 5,94 | 3,27

72 ISSN 1607-7970. Texn. enekmpoounamixa. 2020. Ne 6



parameters change due to the saturation of the magnetic core by changing current at terminals. It is also shown

Table 5 that the 3D model has already saturated
) magnetic core at the current 6 kA, and
2D model, Fig. 2 .. .
moce, e @ the 2D model has similar saturation at
I kAL Ry | Ry, Ry, | XR.| Fy. | Bavg: Il the current 11 kA. Therefore, the equiva-
mohm | mohm | mohm | mohm | kN T ’ lent 3D model can be obtained by in-
) i 371 113 484 i 044 8.03 creasing the length .of .the 2D model
along z axis, but it will give some devia-
6 - 2,2 0,88 3,08 - 2,22 6,22 tion.
11 - 1,41 0,74 2,16 - 2,76 4,73 In order to perform the calculation of
16 i 121 071 1.92 i 3.0 .09 an inductor in the 2D quel and to get the
result close to the result in the 3D model,
Table 6 2D model can be calculatqd
- with the length along the z axis
s 3D model, Fig. 2, b more than the length of the
KA Ry, | Ry, | Ra. | Ro. | XR.| Fy | Bavg.| L. | L,,| magnetic core. But it is neces-
mohm | mohm | mohm | mohm | mohm | kN T uH uH sary to find out by what dimen-
sion length along z axis the 2D
1 - 3,59 1,46 4,59 9,64 - 082 | 1579 | 7,76 ) .
model can be increasing,.
6 - 1,60 0,89 3,19 5,68 - 3,02 | 10,61 | 439 The parameters of the
11 - 136 | 082 | 303 | s21 | - | 438 | 0947 | 474 | 3D models (tables 2, 4, 6) of
the inductor (Fig. 2, b) are
16 - 1,28 0,79 2,99 5,06 - 5,75 09,03 | 4,94 .. .
divided on the parameters of its
2D model (tables 1, 3, 5) in order to find out how many times
2 . “ . . .
=4 they differ (Fig. 3). This difference is the result of the presence of
2.2 \—__"_/—4‘ ——iky | winding's ends. In the Fig. 3 there are: inductance coefficient
) j\\ . —*—kgpa| kj ;resistance coefficients kg, kg;, kg, ; magnetic force coeffi-
s \\ / ER cient kp ; coefficient of averaged magnetic induction in teeth of
: —f= K .
Lo — im e 003rg szb 3D/ p2D 3D [ p2D
» | kg kp=DP/PP ) kg =RP[R*P, kp =R /R1 :
1 6 11 16 I, kA

1 6 11
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k> =R§D/R§D, kp=F3P[F? | jy =3P [B2P (18)

avg avg
On the Fig. 3, a there are coefficients obtained from ta-

bles 1 and 2. Averaged inductance coefficient (kL)avg is 1,53;

averaged resistance coefficient (kg)  is 1,43 of all of them

avg

(kpy and kg, are too); averaged force coefficient (kF)avg is

1,43 that similar to resistance in this case.

Results without core are obtained for current 16 kA (Ta-
ble 1, 2 with mark “without core”) and not presented in the
Fig. 3 because they do not change with increasing current. It's
inductance coefficient k; is 1,53; resistance coefficient kp is

1,43; force coefficient ky is 1,39.

On the Fig. 3, b there are the same coefficients as on the
Fig. 3, a, but with core length 40 mm, from the tables 4 and 5.
Average inductance coefficient k; is 2,2; averaged resistance
kg and force kp coefficients are 1,9.

On the Fig. 3, ¢ there are the same coefficients with core
length 40 mm but without workpiece material under the core.
Average inductance coefficient k; is 1,97; average resistance

coefficient kp is 2,22.
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It is also seen that the dependences in Fig. 3 have a nonlinear character — they have smaller values
when the core transitions from the unsaturated state to the saturated state.

All parameters in 2D model can be reduced to parameters in 3D model with some deviation. The
easiest way is increasing the estimated depth of the 2D model along axis z by more than the length of mag-
netic core /5 (Fig. 2, a). Calculation results in the Fig. 3 show that averaged coefficients (18) can be ob-

tained by increasing length of 2D model along z axis by the pole distance 7 (Fig. 2, a):

kLsz:le:kRZZkF:kB:(Z§+T)Z¢;1' (19)
Then the depth of the two-dimensional model along the z axis should be set as
Is=ls+r. (20)

For example, if the magnetic core is 100 mm long along z axis (Table 1-2), and the pole distance 7
is 47 mm (Fig. 2,a), then the parameters of the two-dimensional model (Table 1) are multiplied by a coeffi-
cient 1.47 (19) and compared with the parameters of the three-dimensional model ( table 2). For example, for
the current 6 kA with taking into account (20) the deviation for the active resistance is 10% compared with
3D model, for the inductance is 1.5%, for the induction in the teeth of the magnetic circuit is 1%, for the
magnetic force is 5.4%.

Another way to bring the parameters of the 2D model of the inductor to equivalent 3D is using the
analytical calculation of the inductance and the active resistance of end parts. In this case, the depth along the
z axis of the 2D model is equal to the length of the core /5.

A well-known expression for calculating the inductance of the end parts of single-phase motors [7]
2
L, = 4nfu, Mq(0,47le ~0,37). Q1)
rq
Here, the number 4 means the number of end parts of the winding; g is the magnetic constant, w

is the number of turns in each coil, p is the number of pole pairs, g is the number of grooves per pole and
phase, /, is the length of one winding’s end, 7 is the pole distance. For the inductor’s models (fig. 2) two
coils are included in series. And they can be represented as one coil with 2-w turns, number of pole pairs
p =1/2, number of grooves per pole and phase g =1.

For the model in fig. 2 expression (21) gives the result L, = 3.8 uH. This result is closer to the simu-

lation results when using the workpiece material (tables 2, 4) with the averaged induction in the magnetic
core 2...2.34 T. Deviation during this induction is not more than 10%. In the case without the workpiece
material under the inductor (table 6), the inductance according to expression (21) gives 16% lower value.
With the absence of the magnetic core, the inductance from the end parts is 2.22 uH (table 4), which is 1.7
times less in comparison with the analytical expression (21) (L, = 3.8 uH).

Active resistance of the end parts R, can be obtained approximately using a simple known analyti-
cal expression for calculating the active resistance of the wire with direct current
R,=10(os,)". (22)
Here /,, is the length of the wire, o is the electrical conductivity of the wire, s,, is the cross section of the
wire. Then, to calculate the active resistance of end parts R, the direct current resistance R;. must be mul-
tiplied by the AC losses coefficient &, (12).

Coefficient k, (12) has the different value in different parts of the winding (Fig. 2, b): winding in
groove ( R;1); winding outside the groove ( R, ), winding in the end parts (R, ). Using expression (22) and
resistances Rj;, Ry, R, from tables 1-3 it is possible to obtain k, in different parts of the winding. The
calculation from tables 2, 4, 6 shows approximately the same values of the coefficient k, in the resis-
tances Rj, and R,. For example, in the inductor with the magnetic core length of 100 mm, and the ampli-
tude value of the current 1 kA (table 2), these coefficients are equal to 3,4 and 3,58, respectively in R;, and
R, , and at the current of 11 kA they coincide and equal to 2,85.

A coefficient k, in the end parts can be approximately produced by the expressions from [9]
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Here b,, is the width of the cross section of the winding coils along the x axis (Fig. 2); 4, is the
height of a cross section of a coil of a winding along the y axis; b,, is the width of a cross section of a con-
ductor; 4, is the height of the cross section of a conductor; m and n are the number of layers of conductors

of a coil section along the height (y axis) and width (x axis), respectively.
Expressions (23) gives the coefficient for the model in Fig. 2 equals to 2,86. This coefficient coin-
cides with the value from table 2 at the current 11 kA (k.= 2,85, B,,,=3 T). For other current values (1, 6,

16 kA) this coefficient does not coincide exactly with the values from table 2. For example, at 1 kA
(Bgyg=10,3T), the deviation has its maximum value at 25%.

Conclusions.

» It is shown that the resistance and inductance of an induction system with a U-shaped magnetic cir-
cuit halve when the magnetic core is saturated. The parameters of an induction system depend nonlinearly on
the magnitude of a current in windings.

* Reducing the parameters of the two-dimensional model to the three-dimensional one with a certain
error (from 1% to 10%) is possible by setting the length (depth) of the two-dimensional model in this way:
the length of a magnetic core plus the pole distance of winding coils.

* Calculation of the inductance of end parts by the well-known analytical expression for end parts of
single-phase machines gives the deviation to 10% with the condition that averaged magnetic induction in the
teeth of magnetic core is 2...2.4 T and with workpiece material under the core.

* The coefficient of increasing losses (AC losses) of end parts of the winding coincides with the ana-
lytically obtained one with the deviation to 5%.

* The calculation of the coefficient of increasing losses in end of winding is also possible with the
well-known analytical expressions for electric machines. But these expressions show result with less devia-
tion for the inductor with the saturated magnetic core (more than 3 T), and for the unsaturated magnetic core
(0,3 T) — with the deviation 25 %.

Pobomy euxonano 3a paxymox kowmig 6100dcemuoi npoepamu «Haodiunicmos i 0ozosiunicms mamepianis,
KoHcmpykyiu, obnaonanus ma cnopyoy (KIIKBK 6541030).
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BJIMSIHUE JIOBOBBIX YACTEM HA TAPAMETPBI UMITYJIbCHOI'O UHAYKTOPA
C II-OBPA3ZHBIM MATHUTOITIPOBOAOM

P.C. Kpumyk, kKaHI.TeXH.HAYK

Hucturyr anekrpognnamukn HAH Ykpannsl,

np. [lobenw1, 56, Kues, 03057, Ykpauna, e-mail: dep7ied@ukr.net

H3zeecmno, umo MacHUMHO-UMNYIbCHASL 0OPAOOMKA IAEKMPONPOGOOSUMYUX HEMASHUMHBIX MOHKOAUCHOBLIX MAMEPUAos
nomozaem CHU3UMb OCMAMOYHbIE HANPAICEHUSL, OCODEHHO 6 C8APHBIX COCOUHEHUSX. DMO CEA3AHO C MACHUMONIACIUYECKUM
u enexmponiacmuieckum 3gppexmamu. [ns co30anus makux 3(phexmos 6 HeMAZHUMHBIX INEKMPONPOBOOSUUX MAMEPUATAX
CO CEAPHBIMU COCOUHEHUAMU NPEOTIONCEH UHOYKMOP C UMNYIbCHLIM MASHUMHBIM ROAeM, 11-06pazHbimM MaZHUMOnPo8oooM U ¢
NPOBOOHUKAMU-MPYOKAMU OlIsi BO3SMONCHOCIU AKMUBHO20 OXAAdCOeHUs: oomomru. Taxkou uHOYKmop noseoisem uHoyyupo-
6amb UMNYIbCHbIE MOKU BbICOKOU NIOMHOCMU 8 DNeKMPONPOGOOSUUX HEMAZHUNHBIX MOHKOIUCIOBbIX MAMEPUALAX CO C8ap-
HblMU coeOunerusmu. HMccnedyromes napamempol UHOYKIMOpa — AKMUGHoOe CONpomueileHue u UHOYKIMUSHOCHb 6 K8a3ucma-
YUOHAPHOM pedcuMe U pexcuMe 2apMoHudeckux mokog. CpasHusaiomes: napamempul, pacCyumanHvle 8 O8YMEPHOU U mpex-
MepHOUL Mooensax. DNeKMPOMAZHUMHOE NoJle PACCUUMbIBAemc s ¢ UCROIb308aHUueM ypasHenul Makceenna u memooa Koueu-
Hblx demenmos. Ilapamempul 10606bix yacmeii 0OOMOMKU ONPeOENIOMCS PASHUYEl NAPAMEMPO8 MPEXMEPHOLL U O8YMEPHOU
Mmooeneti UHOYKYuorHoU cucmemsl. Conpomuegienue paccuumsléaemcs 8 nase, 6HeuHell Yacmu 0OMOmKY U Ha 10D0BbIX Hac-
msix 0bMomKu omoenvHo. Boinoanen pacuem napamempoe uHOYKYUOHHOU cucmembl ¢ eppOMASHUMHBIM MASHUMORPOBOOOM
U MOHKOMUCMOBLIM HEMAZHUMHBIM CHAa8oM AMe6 Onsi pasiuyHbIX 3HAYEHUNl KOMNIEKCHOU aMRIumyobl moka 6 06MomkKe.
HononHumenvHo 6blNOIHEH pacuem Napamempos Kaxk 6e3 MA2HUMmonpoeood, maxk u 06e3 HeMAazHUmHo20 06pabamvleaemoo
Memania. BulnoiHeHo KonuuecmeeHHoe CpasHeHe napamempos mpexmeprol mooenu ¢ ogymeproi. Hcciedosano akmusHoe
conpomugienue U UHOYKMUGHOCMb 10008bIX uacmel UHOYKMopa, KOMopble PACCUUMAHbL NO UZGECMHbIM AHATUMUYECKUMU
svipasicenusmu. bubdn. 11, puc. 3, Tadun. 6.

Kniwouesvie cnosa: d>nexTpoMarHuTHeIC napameTpsl, [[-00pa3Hblii MArHUTOMIPOBOJ, MAarHUTOIUIACTHYHBIA 2B (EKT, eneKTpo-
TUIACTHYHBIN 3D (DEKT.
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BIIJINB IOBOBUX YACTHH HA TAPAMETPHU IMITYJIbCHOI'O IHAYKTOPA
3 I-MOAIBHUM MATHITOITPOBOJOM

P.C. Kpumyxk, kKaHa.TeXH.HAYK

Incruryr esiekrpogunamikun HAH Ykpainm,

np. [lepemornu, 56, Kuis, 03057, Ykpaina, e-mail: dep7ied@ukr.net

Bioomo, wjo macnimuo-imnyascna o6podxa enexmponpogionux HeMacHimHuX MoOHKOIUCMOGUX MAMepianié 0onomazae 3Hu-
3UMuU 3aAUUKO8] HANPYIHCEHHS, 0CODUBO 8 36aPHUX 3'cOnanHax. Lle nos'azano 3 MazHiMONAACMUYHUM | eNeKMPONIACMUYHUM
eexmamu. 30N CMEOPEHHs MaKux egexkmié 6 HeMAasHIMHUX eNeKmponpogionux mamepianax 3i 36apHuMu 3'€OHaHHAMU
NPONOHYEMBCS THOYKMOP 3 IMAYIbCHUM MASHIMHUM noiem, [I-nodibHum macHimonpogooom i 3 NpoGiOHUKAMU-mpyoKamu
3a0715 MOACIUGOCNT AKMUBHO20 0XON00JiceHHs 0Omomxku. Taxuii in0ykmop 0ae 3Mo2y IHOYKYy8amu iMRYIbCHI CIMPYMU BUCOKOT
WINbHOCMI 8 NPOGIOHUX HEMASHIMHUX MOHKOIUCMOBUX Mamepianax 3i 36apHumu 3'eOnanuamu. [Jocrioxcyiomscss napamempu
iHOyKmopa — akmueHuil onip i IHOYKMUSHICMb 8 KeazicmayionapHomy pesicumi. IlopisHworomocsa napamempi, o po3paxosami
6 080BUMIPHITL | MpusuMIpHill modensx. Enexkmpomaznimue noje po3paxo8yemucs 3 GUKOPUCMAHHAM pieHsany Maxceenna i
Memooy cKiHueHHux enemenmis. Ilapamempu 10608ux 4acmun 06MOMKU GUIHAYAIOMbCS PIZHUYEIO NAPAMEMPIE MPUSUMIPHOT
i 0808umipHoi modeneti iHOykyitinoi cucmemu. Onip po3paxosyemvcsi 8 NaAsi, 308HIUHbOI YACMUHU 0OMOMKU | HA 10O08UX
4acCmMuHax 0OMOmKU OKkpemo. Bukonano pospaxyHox napamempie iHOYKYitiHOi cucmemu 3 (epomMacHimHuM MazHimonpoeo-
00M [ MOHKOIUCOBUM HeMAaSHIMHUM cniagom AMe6 0as pisnux 3Hayenb KOMHAEKCHOI amnaimyou cmpymy 6 oomomyi. [lo-
0amK080 GUKOHAHO PO3PAXYHOK Napamempis AK 6e3 MacHimonpogooy, mak Oe3 HeMazHimHo20 00poOII08AH020 MEMATy.
Buxonano kinvkiche nopigHsIHHI NApamempis mpusuMipHoi Mooeii 3 0808UMIPHON. [{OCiONCEHO akmugHULl onip i iHOYKmMue-
HiCMb 10008UX YACMUH THOYKMOPA, WO PO3PAX08AHi 3a 8idoMumu anarimuyHumu eupasamu. bion. 11, puc. 3, Tadmn. 6.
Knrouosi cnosa: enexrpomartitHi napamerp, [1-momiOHNAN MarHiTONMPOBil, MArHITOMJIACTUYHUH e(EKT, CICKTPOILIIACTHYHHHA
eQexT.
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