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Abstract: In the article given materials of developing of three-phase electromagnetic current transducers of reactive
power, using with asynchronous motor, methods connecting of two sensing element, series, parallel and differential and
loops suitable for each phase, dynamic characteristics of output signals of three-phase electromagnetic current transducers
asynchronous motor.

On the basis of modern calculation and design complexes are of great importance in the research variable sizes of
three-phase current electromagnetic transducers of filter-compensation devices of reactive power of asynchronous motors.
Presented mathematical model of research of electrical, electromagnetic and magnetic elements of electromagnetic current
transducers in the control and management system of the filter-compensation devices of the reactive power of asynchronous
motor, as well as research of their processes and quantities.

Researched interactions of quantities with different characteristics, affecting tof asynchronous motors three-phases
electromagnetic current transducers, studying the dynamic characteristics of the voltage signals coming out of the loops of
the sensitive element, characterizing the output signals and studying differential equations representing tooth processes were
created. The determination of the dynamic characteristics of the three-phase electromagnetic current transducers of the
asynchronous motor was carried out on the basis of the results determined practically through theoretical calculations and
modern technologies.

Keywords: three phase current transducers, filter-compensation device, sensing element, magnet parameter,
asynchronous motor, dynamic characteristics.

Annomayun: Maxonada acunxpon momop yu hazanu INEKMPMASHUM MOK Y32apmKUYidpuHune epagrap
Hazapusicued acoCan Uuaab YuKUiean Mamemamurx MoOeiiapu Epoamuod, UKKUma ceseup d1eMeHm xaukacuea, xap oup
¢asza yuyn moc yranuw ycyrnapuea Kypa Kemma-Kkem, napaiien 8a ouggepenyuan xamoa oumma xanaxaea sea Oyieau
INEKMPMAZHUM MOK Y32APMKULIAPUHUHS YUKUUL CUSHATIAPUHU 8AKM2A OOSIUKIUK OUHAMUK MABCUDAAPUHU MAOKUK IMULU
HAMUICanapu Keimupuiean.

Acunxpon Momop peaxmue Ky86amuHuHe Quibmp-KOMNEHCayusi KypuiMaiapu Y4y y4 azaiu mox d1eKmpMacHum
V32apmMKUUNAPUHURZ MYPAKKAO 84 Y32apyeuan KAmmAiUKIapHu MAaoKuK dmuulod 3aMOHASUL XUcobnaul 6a J1ouuxaiaul
MANCMYANApUOan otioaranums Myxum axamusameda 32d. ACUHXPOH MOMOP PeaKkmug Ky8eamuHune Quibmp-KOMNIEeHCAYUs:
KYPUIMARAPU HA30pam 64 OOWKAPUUL MUUMUOA2U ILEKMPMAZSHUM MOK Y32apMKUYIAPUHUHS JIIEeKMp, DIempMAzHUm 6a
MASHUM y32apmMupunl dNeMeHmiapy Xamoa yiapodzu jHcapaéniap 6a KammanukiapHu maokux SMUMHUHE MAMeMamux
ugooanapu xenmupuiea.

Acunxpor Momop y4 (hazanu d1eKmpMAZHUm moxK y32apmruyea masCup Kypcamyeyu mypiau XyCcycusmea 32a 6yniean
Kammanukiapuuie y3apo MabCupuHu uHobamea o0nean Xo10d, ce3eup J1eMeHm XalKanapuoan HuKyeuu KyuildHuul
CUCHAITAPUHUHS OUHAMUK MABCUGIAPUHI YPeaHUWl, YUKUUL CUSHATIAPUHU MABCUDIOUU 64 YMUUL dHCapaéHiapunu
ugooanosuu  ouppepenyuan menenamanap mysuieaw. Acumxpon Mmomop Y4 - pazanu  INeKMPMASHUmM - MoK
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V32apMKUYIAPUHUHE OUHAMUK MABCUDIAPUHYU AHUKLAW, HA3APUL XUCOD-KUMOOIAp 84 3AMOHABUL MEXHOI0SUANAD OPKAU
amanuil GHUKIAH2AH HAMUdCAnap acocuoa onud bopuia.

Tasnu cyznap: yu asaru mox yzeapmiud, QuIbmMp-KOMAEHCAYUS KYPUIMACU, CEe32Up DJeMeHm, MacHum
napamempu, aCUHXPOH MOMOP 6d OUHAMUK MABCUP.

Annomayua: B pabome npugedenvl pazynomamvl UCCIe008aHUS ACUHXPOHHBIX Ogueamenel ¢ mpexgasHvim
INIEKMPOMASHUMHBIM Npeobpasosamenem mpexghasno2o moxka, OMiIUYaruuecs no cnocodbam coeouHeHUs Kaxcootl @asvl
KOHMYPAMU 4Y8CMEUMENbHO20 dNEMEHMA: NOCIe008aMenbHblll, NAPAILeTbHbIl U OudpepeHyuanvhvlii u 0OUH Nems.
Hccnedosanvl  8bixoOHble  CUCHATBI  OUHAMUYECKUX —XAPAKMEPUCMUK — MPeXQasHoco mMoKa  NeKmMpOMASHUMHO0
npeobpazoeamens u ACUHXPOHHO2O 08UaAMes.

Hcnonvzosannvle coepemeHHble paciemHO-KOHCMPYKMOPCKUX KOMNIEKCO8 umerom 00abloe 3HaAueHue npu
UCCTIE00BAHUU CTOHCHBIX U NEPEMEHHBIX TMUNOPASMEPOS INEKMPOMASHUMHBIX npeobpazoseameneti mpex@asHozo moxa 01
PUILMPO-KOMNEHCAYUOHHBIX — YCTPOUCME — PEeAKMUGHOU — MOWHOCMU — ACUHXPOHHO20 — Ogucamend.  IIpueedenvl
MamemamuyecKue Gblpadcerus Onsl UCCIeO08AHUA INEKMPUYECKUX, IJIeKMPOMASHUMHBIX U MASHUMHBIX DJNEeMEHMO8
INEKMPOMASHUMHBIX npeobpazoeameneli mMoxKa 6 cucmeme KOHMPOASL U YNPAGLeHUs UIbIMPO-KOMNEHCAYUOHHBIMU
YCmpOTicmeamu peaxmugHol MOUHOCMU ACUHXPOHHO20 O8USAMEI.

Ha ocnose yuema 63aumoOeiicmeus Geiuuun ¢ pasiuyHblMU XaApaKxmepucmuxkamu, 030eticmeyiouux Ha
ACUHXPOHHBIL  O8U2AMENb  MPeXQAasHo0 INEKMPOMASHUMHO20 Nnpeodpasosameis MOKA, UYYEHUA OUHAMUYECKUX
XAPaxmepucmux CUeHAI08 HANPANCEHUS, 6bIXOOAWUX U3 KOHMYPO8 UYECMGUMENbHO20 DJIeMEHMA, XapaKmepucmuxa
BHIXOOHBIX CUSHATI08 U U3YYeHUs: OudepeHyuanvbHbix ypasHenui, Ovliu co30ansl npoyeccol. Onpeodenenue OUHAMUYECKUX
Xapakmepucmux mpexgasHuix 2NeKMpOMASHUMHBIX npeobpasosameneli MOKA ACUHXPOHHO20 08uUcamesns NPo8e0eHO Ha
OCHO8€ pe3yTbmanos, ONPedeieHHbIX ¢ ROMOWBIO MEeOPEMUYECKUX PACYEMO8 U COBDEMEHHBIX MEXHONOSUL.

Kntouesvie cnoea: mpexghasuviii  npeobpasogamenv mMokda,  GUILIMPO-KOMNEHCAYUOHHOE  YCMPOUCMEO,
YYECMBUMENbHYIIL SNeMEHM, NAPAMEmp MASHUMA, ACUHXPOHHYII 08Ueamens U OUHAMUYECKAs XAPAKMePUCUKA.

Introduction

A number of inconveniences and shortcomings in analysis of complex magnetic circuits
consisting of several circuits, which causes difficulties in determining results, taking into account
characteristics of magnetic system of transformers that convert the stator current into voltage in control
and management systems of the reactive power of asynchronous motors. Currently, there are several
types of calculation systems, through which it is possible to determine results, taking into account
properties and characteristics of magnetic quantities and factors affecting them. Making calculations
taking into account such a large number of factors complicates e process of determining results.
Therefore, it is desirable to improve the calculation methods and mathematical models of magnetic,
electric and electromagnetic circuits, as well as increase speed, accuracy and simplification of
calculation results.

The analysis and calculation of the conversion circuits for three-phase asynchronous motor stator
current to output voltage conversion is based on graph theory. Analyzing and calculating the circuits for
converting asynchronous motor stator current to output voltage through graph theory makes it possible
to clearly understood of processes involved. Three-phase current electromagnetic transducers for filter-
compensation devices of asynchronous motor reactive power are characterized by a number of
parameters and quantities, including electrical, electromagnetic, magnetic, mechanical, thermal and
technical-economic indicators.

In three-phase asynchronous motor electromagnetic current transducerss, it is important to take
into account the structure of certain parts of transducers in process of changing stator current to the
output voltage. Modeling is mainly carried out with the help of models developed by graph theory, based
on the defining parameters and indicators of the electromagnetic current transducers.

Materials and Methods

The model of electromagnetic current transducers is based on relationships behind the input and
output quantities, that is, the model of the process of changing the stator current to the output voltage
depends on the number of element sections, geometric dimensions and research their formed depending
on characteristics quantities. The output signals are formed based on distribution of quantities in which
number of rows, columns and nodes defining change sections is determined (Figure 1 and Figure 3) [1].
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Three-phase stator currents by combining models of each part of induction motor stator current to
output voltage conversion process, models of three and six output voltage conversion processes and
differential structures suitable for each phase according to the number is constructed as follows:

Ia

My

Figure 1. A graph model for organizing the components of output voltage of a three-phase asynchronous motor
electromagnetic current transducer with one sensing element.

It is suitable for each phase of a three-phase asynchronous motor with one sensing element loop,
and the output voltages generated in sensing elements are generated by magnetomotive forces (m.m.f.)
(Figure 2). The process of interconnection of electric and magnetic quantities in the electromagnetic
field is determined based on Kirchhoff's and Ohm's laws, depending on the geometric dimensions of the
electromagnetic system [2]. The interrelationships of the magnetomotive forces, stator current and
output voltage in the stator and in the air gap for each phase are expressed according to the graph model
as follows (1):

F.,-F, F.-F, F_.-F
ull ul2 + ull u21 + ull u3l

= KI F IA;

Hoyll Hl,ull HlylS m
szl - szz I F,uZl - FySl I F/¢21 - Fyn _ KI ] IB;

HO,ulZ HlylZ Hlyll o
F,u3l - Fﬂ32 + Fﬂ31 - F,ull + F,u3l - F,uZl _ KI . IC,

H0y13 H1y13 HlylZ o (1)
FﬂlZ - F;tll + F;tlZ - F,UZZ + F;tlZ - F,USZ — KU . Ua,

110, 10, 110 5 ks
F;zzz - FyZl " Fyzz - Fy32 " Fy22 - FyZl =Ky . Ub;

10 ,, 10,,, 110, b

F,u32 - F,u3l n Fysz - Fﬂlz n Fysz - Fyzz _ KUCF Uc;
HO,ulS HO#Z?: HO;[ZZ )

On the bases of graph model, analytical models for the research of m.m.f. are formated as follows

[3]:
I:,l.i,j zKliFﬂ Ii (2)
Ui =Ko, e, Fuig (3)
1, j=0l,;;=X,; (4)
1 ..
m...=———»x 5
o /’lly.i,jS]',u.i,j ( )
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10, ; .
1o, = (6)
40, ;S0

wi,j
where 171, ; — magnetic parameters of stator core, /70, ; — resistances of the magnetic parameters of
air gap.

Ua

&

%]

Figure 2. Three-phase electromagnetic current transducers of asynchronous motor (on phase A) with one sensing
element loop arranged in accordance with stator grooves.
1 - windings of the stator, 2 - the winding of the sensing element.

Determining the dependence of output voltage on e stator current is expressed as follows based
on the above system of equations (7):

ALFa, {U" } )

i.out

where F,; i —m.m.fand A, ; — magnetic parameters.

Modeling of the processes of changing magnitude of stator current I; to the magnitude of output
voltage Uout in an asynchronous motor by electromagnetic current transducers with one sensing elements
presented below [4, 5].

The dynamic characteristic of output voltages, using mathematical equations, determined by
graph model of three-phase electromagnetic current transducers with one sensing element loop of
asynchronous motor is given below (8) [6, 7]:

t
U, =Ky W (Fs, F;:)()KIAF“[IA.d sinawt+1,,e TJ

t
U, = Kye W (F,, F;,X)K.BF;,(IM sin( ot +120°) + I, J ®)

t
U, =Ky W (F,, F@K.Ca(lc.d Sin( ot ~120°) + 1. e J

where lad, Isd, lcd, 1an, Ien, lcn — the periodic and non-periodic values of each phase current of the
stators windings.

Determining of the dynamic characteristic of output voltages using mathematical equations
defined by the graph model of electromagnetic current transducers with two sensing element loops of
asynchronous motor is given below (9) [8, 9]:
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t
Ua= Ku'aFﬂW (F s, F‘,LM)KIAF#(IA.d sinawt+1,,e TJ

t

U'a= Ky W (F'is, F"M)K,AFM(lA,d sin(wt—180°)+1, e T

t

Ub =K, W (Fla, F;,X)K,BF{lB_d sin(wt +120°) +1,.e T

t

U = Kye W (F s, F”;,X)K,BF#(IB_(, sin(wt—60°)+1,.e T

t

U'e=K, W (Fla, F',,X)K,CF#(ICU sin( wt —120°) + 1. ,e T

t

U'c=K, W (Fa, |:';,X)K,CF#[|C_d sin(wt—300°) + 1. .e T

|

|

(9)

where lad, Isd, lcd, lan, Ien, lcn — the periodic and non-periodic values of each phase current of the

stator.

The stator windings current Iy of asynchronous motor, the m.m.f. F, in the stator, the m.m.f. F.x
in the air gap, and the model of the variation of the output voltage of the flywheel in the electromagnetic

field are constructed in the following form based on the theory of graphs [10].
Uy = KUDMF#H/JKIlFﬂ I,

(10)

Analytical expression of plane voltage coming out of the loop of one sensitive element placed in
the order with the stator windings of an asynchronous motor and representing the stator current is as

follows (10) [11]:

I,

Figure 3. A graph model for organizing the components of the output voltages of a three-phase asynchronous motor

electromagnetic current transducers with two sensing element loops.

The relationship between the output voltages representing the stator current in the three-
phase asynchronous motor electromagnetic current transducers with two sensing element loops

suitable for each phase, and the m.m.f. the stator and in the air gap, is expressed based on the

graphical model as a follows (11) [12]:

39



CHEMICAL TECHNOLOGY. CONTROL AND MANAGEMENT. Nel /2023

Fﬂll - FyZl i Fﬂll - Fﬂ3l i Fyll - FylZ i F‘ull - FﬂlS - K |-
Hl;tll Hl;tlS Hoyll HOyZl nFu A
Fy2l - Fyll 4 Fyzl - Fy31 4 F/./Zl - Fy22 + FyZl - Fy23 _ I
m,, m,, 170 ,, 110, oFu "B
Fy31 - FyZl 4 F,,31 - F,ull 4 F,131 - l:;132 i Fy31 - F,u33 - K | .-
Hl,ulZ Hl/.tlS Ho,ul?: HO#ZS teFu e
F,ulZ - F/lll + F,ulZ - Fy23 + F,ulZ - F,u33 =K u' :
= NuyrR, ™~ an
Hoyll Hoy31 HO;{SZ
Fy22 - FyZl 4 F/,122 - Fy33 Fy22 - F,ulS _ u' -
= NuyE,~ b
110 ,, 110 5, 110 5,
F,u32 - F,u3l 4 Fysz - Fy13 i F,u32 - szs _ KU' . u' -
Ho,ul?: Ho,u35 Ho,u36 o
F/J13 - Fyll i F,/la - F//ZZ 4 F,ul3 - Fy32 _ Ku" . u" -
I'[Oﬂ21 I'[Oﬂ34 I'IOﬂ35 au
F;123 - Fﬂzl + Fy23 - Fysz i F,u23 - F/le _ Ku" . U"b ;
0, 170 46 110 4, b Pl (11)
Fy33 - FySl + F;133 - F,ulZ 4 Fy33 - FyZZ _ KU" . u" -
110 ,,; 110 5, 110 3, orH
Based on graph model, analytical equations for research of m.m.f. formatted as follows:
F,Ll.i,j zKliFﬂli (12)
U I‘u,i,j = KU‘LDutF# F'HI’J (13)
U "‘u'i'j = KU "i.oulFﬂ F,U-irj (14)
Hy.i,j :a)Ly.i,j :X,u.i,j (15)
10 ..
o, =——=— (16)
0,50,

where /71, ; — resistances of the magnetic parameters of the stator core, 770, ; — resistances of the

magnetic parameters of the air gap.
Determining the dependence of the output voltage on the stator current is expressed as follows
based on the above system of equations (17):

Aﬁ,j . Fy.i,j =|U iout (_‘]_7)
U"i.out

where F,; ; —m.m.f.and A; ; — magnetic parameters.

Modeling of process of change of stator current I to output voltage U'out and U"eut in
electromagnetic current transducers of asynchronous motor with two sensing element loops suitable for
each phase [14].

The analytical expression of voltages coming out of first and second loops of sensitive element
placed in the order corresponding to the stator windings of asynchronous motor and representing the
stator current is as follows (18):

Uow =K  TT.Kg | (18)

U'outF,,
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U HOUI = KU"outF‘,H"’UKllF,u Il (19)

where Kyourn — Fux and Kuourn — F*’ux 1S the inter-chain coupling coefficients of the conversion of
the magnetomotive force in the air gap into the output voltage U'out and U"oyt, I’y — U’oye @and 1177, —
U”’out IS the magnetic parameters related to the output voltages.

An asynchronous motor three-phase electromagnetic current transducer determines the output
signals according to the series, parallel and differential connection of two sensing elements (Figure 4,
Figure 5 and Figure 6). In this case, based on the above formulas, the amount of voltage in the circuits
of each sensing element is determined [15, 16].

Us
& - -

Figure 4. An asynchronous motor is a three-phase electromagnetic current transducers (for phase A) with two sensing
element loops connected in series, which are placed between the poles of the stator grooves.
1 - windings of the stator, 2 - the first loop of the sensing element, 3 - the second loop of the sensing element.

U,=Ua.+U"% (20)
The output signal of the electromagnetic current transducers, which has two sensitive element

loops suitable for each phase, corresponding to the stator winding loops, placed between the poles and
connected in series with each other, is determined as follows (for phase A) (20).

Figure 5. An asynchronous motor is three-phase electromagnetic current transducers (for phase A) with two sensing
element loops connected in parallel, which are placed between the poles of the stator grooves.
1 - windings of the stator, 2 - the first loop of the sensing element, 3 - the second loop of the sensing element.
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Y U "a
T UL+U"
The output signal of an electromagnetic current transducer with two sensing element loops,

corresponding to the stator winding loops, placed between the poles and connected in parallel is
determined as follows (for phase A) (21).

1 2 3
s

U (1)

A B C x v

U

7] &

Figure 6. Three-phase electromagnetic current transducers (for phase A) with differential connection of two sensing
element loops, suitable for asynchronous motor stator windings.
1 - windings of the stator, 2 - the first loop of the sensing element, 3 - the second loop of the sensing element.

The output signal of an electromagnetic current transducer with two sensing element loops,
corresponding to the grooves located on the stator winding loops, placed oppositely and differentially
connected to each other, is determined as follows (for phase A) (22) [17].

_ 44w fl A,u/uoz See

out
)
where f is the mains frequency, la is the stator current, Sse is the surface of the sensing element
loop, Wse is the number of sensing element windings, J is the air gap, u is the magnetic permeability, w0
is the magnetic constant.

(22)

Results

The dynamic characteristic of the electromagnetic current transducers formed by the series
connection of two sensitive element loops suitable for each phase is determined practically by the
CassyLAB device, according to Figure 8, the time of reaching the stability of the output voltage is the
time of reaching the stability of the stator current we can see that it is almost equal and that the influence
of higher harmonics on the output signal of the electromagnetic current transducers during the start of
the asynchronous motor is less than that of the single-phase current transducers.

Ve (V)
25—

ST

0 0,05 0.1
t (sek)

/’\.

Figure 7. Dynamic characteristic of the output voltage of an electromagnetic current transducer with one sensitive
element loop suitable for each phase.
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aony N
VAV A

I T T T T I
' sk
Figure 8. Dynamic characteristic of output voltage of electromagnetic current transducers with two sensitive element
loops, which are placed between the stator poles and connected in series, suitable for each phase.

In practice, dynamic characteristic of e output signals of an electromagnetic current transducers
with two sensitive element loops, suitable for each phase, placed on the inter-pole heads of the stator
and connected in parallel. According to Figure 9, the output voltage is equal to the output voltage of an
electromagnetic current transducer with a single loop, and the output of high harmonics we can see the

effect on the signal.

0 005 01

t (sek)

Figure 9. Dynamic characteristic of output voltage of electromagnetic current transducers with two sensitive element
loops placed between the stator poles and connected in parallel for each phase.

Uout (V)

25—

PR

-1,25 —

=
T
—

-25

The determined dynamic characteristic of e output signals of electromagnetic current transducers
with loops of two sensitive elements placed in the slots where the stator windings are located and
differentially connected. According to Figure 10, the value of output voltages is equal to signals of
current transducers with loops connected in series, to output signals of the upper harmonics. We can see
that the effect is small and settling time of the signal is equal to settling time of stators current.
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Figure 10. Dynamic characteristic of the output voltage of a differentially connected electromagnetic current
transducers with two sensitive element as loops suitable for each phase.
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Conclusion

Based on the results of research, determined possibles of clearly see processes in the magnetic
circuit due to highly formalized mathematical models of three-phase current transducers of
asynchronous motor with one or two sensing element loops, based on the graph theory, which converts
the stator current output voltage. It is important to evaluate electric and magnetic quantities in the
change. As a result, based on the mathematical model of synchronous motor three-phase electromagnetic
current transducers, it was possible to increase the speed, accuracy and simplification of the calculation
results.

Based on the practical results determined by the CassyLAB device, time-dependent voltages
Uout=f(t) of the three-phase electromagnetic current transducers of an asynchronous motor with one
sensitive element loop or two sensitive element loops in series, parallel and differential connection based
on the description of the characteristics, may be conclude that, based on theoretical calculations, the time
of reaching the stability of the output signals of the three-phase electromagnetic current transducers of
the asynchronous motor is compatible with the practically determined results.

According to the dynamic characteristics of the electromagnetic current transducers with one or
two sensing element loops, compatible with the stator windings discussed above, suitable for each phase,
the stator windings are placed opposite the slots, and the sensing element loops are differentially, it was
found that the accuracy of the output voltage signal of connected three-phase electromagnetic current
transducers is high.

Based on the results of the research, we can conclude that the time to reach stability of the output
voltages of three-phase electromagnetic current transducers of asynchronous motor with one or two
sensitive elements is almost equal to the time of stator currents to reach stability, and the output voltage
signals represent the reactive power, the asynchronous motor is reactive it is effective to use three-phase
currents as electromagnetic current transducers for the control and management of power filter-
compensation devices.
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