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NUMERICAL-FIELD ANALYSIS OF THE CHARACTERISTICS OF A THREE-PHASE
MAGNETIC FIELD INDUCTOR FOR THE TREATMENT OF VARIOUS SUBSTANCES
WITH CURRENT STABILIZATION

Introduction. A three-phase magnetic field inductor (MFI) similar to the asynchronous motor stator, which provides processing
of various substances, is considered. This is done by means of oblong ferromagnetic elements moving with a rotating magnetic
field and located in its cylindrical working chamber. Problem. The aim of the work is to develop the theory and conduct practical
calculations of the parameters and characteristics of the MFI that connect the electromagnetic quantities and their phase
relationships in the mode of its load. Methodology. The studies are carried out on the basis of numerical calculations of the
magnetic field in the MFI taking into account the ferromagnetic elements in its working chamber. The calculation model of the
chamber is represented by a homogeneous anisotropic magnetic medium for which the method of determining different magnetic
permeabilities by its longitudinal and transverse axes is given. In order to obtain the characteristics of the presented MFI, the
method of determining the electromagnetic parameters and phase relationships of the quantities accompanying its operation has
been developed. Results. The theory and results of numerical-field analysis of electromagnetic quantities, their phase
relationships and corresponding characteristics of three-phase MFI are presented. Calculations of characteristics are made for
the inductor load mode depending on the phase shift of the magnetomotive force of the stator winding relative to the longitudinal
axis of the chamber and while ensuring the constant value of the current of this winding. The characteristics include magnetic
flux coupling, EMF and stator winding voltage, phase shifts between them and current, electromagnetic moment, input and
output power, electrical and magnetic loss power, power factor and efficiency. Practical value. The technique of numerical-field
calculations of electromagnetic quantities and their phase relationships is developed, and also the set of characteristics which
should promote designing and perfection of inductors of the considered type is received. The presented technique is universal as it
allows to display their cores practically of any shape. References 11, figures 10.

Key words: magnetic field inductor, asynchronous motor stator, theory, numerical-field calculations, electromagnetic
quantities, phase relationships, characteristics.

Poszenanymi meopia i pe3yiomamu 4uceibHO-NONbOE020 AHANIZY €1EKMPOMAZHIMHUX 6eauduH, IX hazoeux cniegionoutens i
6i0nOGIOHUX XapaKmepucmuk mpugaznozo inoykmopa mazuimnozo noas. Inoykmop nodionuii 0o cmamopa acuHxXpoHHo20
oguzyna i 3abe3neuye o0pooKy piznux peuosun. Ile iooysacmoca 3a 0onomozoio doezacmux hepomazHimuux enemenmie, wio
3HAX00AMBCA 6 1020 podouin Kamepi i pyxarwomvca 3 o0epmoeum maznimuum nonem. Po3paxynxoea moodenv ramepu
npeocmaenena aHi30OMPONHUM MAZHIMHUM CEPEO0BUUIEM 3 PI3HOI0 MAZHIMHOI0 RPOHUKHICMIO RO iT N0006XCHIll i nonepeyniil
ocam. Po3paxynxku xapakmepucmuk 6UKOHAHI 6 pedcumi HAGAHMANCEHHA IHOYKMOPA 3a1exdcHo 6i0 ¢hazo0e02o 3cyey
MAZHImMOpYWinnoi cunu 00MomKu Cmamopa 6iOHOCHO NOO0BHCHBOI oci Kamepu i npu 3a0e3neueHHi He3MIHHOT 6eNUYUUHU CIMPYMY
yici 0omomku. Ompumana CyKynHicmov XapaKmepucmuk ROGUHHA CHPUAMU NPOEKMYBAHHIO | 600CKOHANEHHIO IHOYKMOpI6
posenanymozo muny. Haoana memoouka € ynigepcanvnoio i 003601a¢€ 6idodpaxcysamu ix oceposa npakmuuno 0yov-akoi ¢hopmu.
bi6n. 11, puc. 10.

Kniouosi crosa: iHIYKTOPp MArHiTHOrO MOJIsI, CTATOP ACHHXPOHHOIO JIBHUIYHA, Teopis, YHCEeJbHO-NOJBOBI PO3paxyHKH,
€J1eKTPOMArHiTHI BeJITMUUHHU, ()a30Bi CIIBBiIHOLIEHHS, XAPAKTEePHCTHKH.

Paccmompenst meopus u pe3ynbmamsl HUCTEHHO-NOIEE020 GHANU3ZA ITIEKMPOMAZHUMHBIX GEUYUH, UX (PA308bIX
COOMHOWEHUIL U COOMBEMCMEYIOUUX XAPAKMEPUCMUK MPEXPA3H020 UHOYKMOPA MAZHUMHO20 noad. UnOykmop noooben
Cmamopy acuHXpoHHo20 Oeuzamens u obecneuugaem 006pAOOMKY PAIUUHBIX GeUjecme. IMO RPOUCXOOUNL C NOMOWbIO
0BUICYWUXCA C GPAULAIOUUMCA MAZHUNHBIM NOJEM NPOO00IZ06AMbBIX PEPPOMAZHUMHBIX IIEMEHMOG, HAXOOAWUXCA 6 €20
paboueit kamepe. Pacuemnas moodeny Kamepvl npeoCmasnieHa AHU30OMPONHOL MAZHUMHOU CPeOoll ¢ PA3ZHBIMU MAZHUNHBIMU
NPOHUUACMOCMAMU NO ee NpPoOOabHOU u nonepeunoii ocam. Pacuemuvr xapakmepucmuk npogeoenvi 6 pesicume HAZPy3KU
UHOYKMOpA 6 3asucumMocmu om (hazo6020 coeuza MAZHUMOOBUMCYUEl CUNbL OOMOMKU CMAmMoOpa OMHOCUMETbHO
npooobHOIl ocu Kamepvl u npu obecneweHuu Heu3MeHHOU eequduHnsl moka Imoiu oomomxu. Ilonyuennaa coeoxynnocmo
Xapakmepucmuk 00J12CHA CROCOOCIME06aNb NPOEKMUPOBAHUIO U COGEPULEHCNIGOBAHUIO UHOYKIMOPOE PACCMOMPEHHO20 MUNA.
Ilpeocmasnennas memoouKa A6141emcsa YHUGEPCATbHOU, MAK KAK NO360]14em omodpajxcams ux cepoeyHuKu npaKmuiecKu
10601 popmur. bubdn. 11, puc. 10.

Kniouesvie cnro6a: MHIYKTOP MATrHATHOTO MOJISl, CTATOP ACHHXPOHHOTO JBHTaTeNsl, TeOPHs, YHCJIEHHO-MOIEeBbIe PacyeThl,
3J1eKTPOMArHUTHBIE BeJHYHHBI, ()a30Bble COOTHOLICHHS, XaPAKTePUCTHKH.

Introduction. In a number of industries, magnetic
mixers and separators are used to provide technological
processes for mixing different mixtures or separating
small objects with different electromagnetic properties
[1-3]. The structure and nature of magnetic fields (MFs),
which provide these processes, are very diverse. Among
them are rotating MFs, which are excited by an inductor
similar to the stator of a three-phase asynchronous motor
(TAM).

The difference between such a magnetic field
inductor (MFI) and a TAM is that instead of a rotor, a
working chamber (WC) is located inside the stator,
through which a liquid or loose dry mixture is passed that
needs to be processed. This is carried out using small
ferromagnetic elements (FEs) moving with a rotating MF
and creating the so-called «vortex layer» in the WC [1, 3].
It is assumed that the FEs are made, for example, in the
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form of needles or short pieces of iron wire, and they are
uniformly distributed over the WC, the thin-walled shell
of which is made of non-magnetic material and does not
interact with MF.

An analysis of the literature shows that MFIs,
despite the wide range of applications in various
industries, is still not well understood. The fact is that the
study of their electromagnetic parameters is carried out,
as a rule, based on the theory of magnetic circuits. But in
conditions of very large gaps and anisotropic low-
magnetic space, the representation of the MFI structure by
several homogeneous sections of the magnetic circuit is
problematic.

New opportunities in research and improvement of
the design of MFI appeared with the development of
software for numerical calculations of MF. Their
effectiveness for MFI was already shown in [4] when
analyzing the MF in its transverse and longitudinal
sections based on plane-orthogonal calculation models.

A working tool for the numerical calculation of the
MF in [4] and in this work, a publicly available and
widespread FEMM code [5] was adopted.

In the aforementioned works, MF calculations are
limited to considering the ideal idling (II) mode, i.e.
without the presence in the working chamber of MFI FE.
These studies have provided useful information, but
cannot be the end result. More advanced calculations
should be aimed at studying the electromagnetic
parameters and characteristics of the MFI in the load
mode, which will show the essence of the operation of the
MFT as part of the main device — the mixer or separator.
And here the main problem is accounting of the filling of
the working chamber with the FE, providing the working
process.

Therefore, the goal of this work is to study the
characteristics of the MFI in its load mode based on
numerical calculations of the MF taking into account the
weakly magnetic medium in its working chamber. For
this, the relations of electromagnetic parameters and
phase quantities in the presented MFI with a rotating
magnetic field created by a three-phase winding in a
working chamber filled with FE are derived.

Object of study. The electromagnetic system of the
MFI is the same as in [4]. It is shown in Fig. 1 only by its
cross section, which is enough to achieve the goal of this
work. Rectangular (x, y) and the polar (», a) coordinate
systems with the origin of the angle from the y axis are
here designated and further used.

For technological reasons, the MFI parameters were
set: the radius of the working chamber r,, = 0.15 m, the
active length along the axial axis /, = 0.3 m. The MF
inside the WC is distributed almost uniformly with
magnetic flux density (MFD) in the center of 0.24 T in the
ideal idle move. For this mode, the stator voltage and
current are considered nominal.

The remaining parameters of the inductor are
calculated by a technique close to the classical one for
TAM [6], taking into account the absence of a rotor. Of
the main parameters of the inductor, we present: the
nominal phase voltage Uy = 220 V and current [y = 950
A, the frequency f; = 50 Hz. It has the number of phases
my; = 3 and pairs of poles p = 1, the number of slots

O, = 42; the number of consecutive turns of the phase
winding N, = 28. The radius of the bore of the core of the
inductor ry; is 0.175 m, since it should be slightly larger
than the radius of the WC in order to exclude from it an
annular gap with insufficiently homogeneous MF. The
inductor winding is two-layer, distributed, with relative
shortening B, = 18/21, the connection circuit is «star».
The MFI core is made of 2013 electrical steel, the
sheet thickness is 0.5 mm, the filling factor Kz, = 0.97.

Fig. 1. Electromagnetic system of the MFI: 1 — laminated core;
2 — three-phase winding; 3 — working chamber

Fundamentals of numerical-field calculations.
The source of a rotating MF in a MFI is a three-phase
symmetric system of currents in the stator phase winding
rods (Fig. 1):
iy= Imcos(u)t+[3);
ig =I,cos(wt—2/3n+p); (1)
ic :Imcos((nt+2/3n+[3),

where [, =21 s1s the amplitude of the currents in the

stator winding rods at the current value of the phase
currents /; ® = 27f; is the angular frequency; ¢ is the time;
p is the initial phase of the currents, which sets the
necessary for the specific mode of calculating of the MF
shift of the direction of the MMF of the stator winding F
from the y axis.

Figure 1 shows the directions of currents in the
winding rods at + = 0 and S = 45°, and also shows the
scaled distribution of the MFD vectors B in the
corresponding load mode, in which the MF rotates with
frequency n. It can be seen that the MF in the WC is
almost uniform. As for the MMF of the stator winding Fj,
it is oriented clearly at a given angle £.

The MF of the inductor in its central cross section is
described by the well-known 2D differential equation:

rot {Lrot(l;AZ )} :IEJZ, 2)
He

where A, J, are the axial components of the magnetic
vector potential (MVP) and current density, respectively;

k is the unit vector along the axial axis z; . is the
absolute magnetic permeability (AMP).
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The research tool presented to be the numerical
calculations of MFs by the Finite Element Method using
the FEMM code [5] with the control it by the created Lua
script like [7].

When calculating the MF, the distribution of AMP
in the laminated steel core and non-magnetic space is
taken into account by the well-known method. In the
MFI, the problem of taking into account the magnetic
properties of the medium located in the WC is new. To
achieve the goal of this work, a solution to the problem
arisen is necessary. A separate stage of this work is
devoted to this, which we preface with the description of
the state of the environment of the WC.

The principle of operation of the MFI and the
magnetic state of its WC. Oblong FEs in the WC tend to
be located along the lines of force of the MF and,
therefore, in the direction of the vectors of the MFD.
However, under the influence of the braking effect of the
medium being processed, between the directions of the
magnetic field and the elements rotating together, a
certain angular displacement should be formed. This is a
condition for the occurrence of the electromagnetic torque
(EMT) M,,,, which affects the FEs, on which the intensity
and quality of technological processing of heterogeneous
mixtures depend.

In fact, the EMT in the MFI is reactive, and the
principle of operation of the MFI corresponds to the
principle of operation of a synchronous motor [8]. By
analogy with synchronous machines, in the WC, the
longitudinal axis d is assigned in the direction of FEs
orientation, and the transverse axis ¢ is perpendicular to
it. In the steady-state operating mode, the axes rotate
together with these elements and the MF.

In Fig. 1, where a «snapshot» of electromagnetic
quantities is shown a priori, the longitudinal axis d
coincides with the y axis. The magnetic flux density
vectors B are shifted in an angle from the d axis to the
direction of rotation of the MF, and the MMF vector F
«goesy in front, as the «leading» everything else.

An array of coordinately oriented FEs leads to a
difference in the magnetic properties inside the WC in
different directions, which is expressed by magnetic
anisotropy. Along the longitudinal d and transverse ¢ axes
indicated in Fig. 1, different values of the AMP
components i, and 1, turn out to be. They depend on the
configuration, relative position, and concentration of FEs.

Determination of the equivalent magnetic
properties of the MFI working chamber. Under the
described conditions, this task is very complex and not
strictly determined in view of the possible «element» of
the FEs distribution in the WC. Therefore, in principle, at
this stage, its approximate solution seems achievable. An
idealized model of filling the WC is proposed here, and
an appropriate method for determining its equivalent
magnetic properties, which can be used in the calculation
model of the MFT as a whole, is developed.

The initial assumptions for the formation of the
magnetic properties of the WC are:

e all FEs in the MFI are parallel to each other, which
is natural under the influence of a homogeneous magnetic
MF;

e FEs are distributed uniformly over the volume of the
WC with a given displacement relative to each other;

o the magnetic properties of the medium in the cross
section of the WC are anisotropic along mutually
perpendicular axes: longitudinal d and transverse g;

e the discrete magnetic medium of the WC is replaced
by a continuous medium with equivalent magnetic
permeabilities p, and p, along the indicated axes;

o the MF in the WC is rather weak and the properties
of the FEs correspond to the initial sections of their
magnetization curves, therefore, the values of p; and p, in
the calculation of the MF in MFI practically do not
change.

In the described situation, the problem of
determining the AMP components p, and p, for a given
size and relative position of the FEs is solved on the basis
of numerical calculations of the MF in the idealized
model of filling the WC shown in Fig. 2.
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Fig. 2. Calculation model of the working chamber

In Fig. 2,a the basic triple of the FEs is shown with
the designation of the required minimum size, which can
vary. From these elements, the filling of the entire
calculation model is constructed, as, for example, in
Fig. 2,b. In the common space of the WC, from which the
calculation model is extracted, the boundary lines g, g,
g3 and g4 should be considered as lines of symmetry or
periodicity. In principle, the calculation model shown in
Fig. 2,c, can be minimal, but it is not as clear as in
Fig. 2,b.

The key to forming the filling of the working
chamber are the diameter d, and the height b, of the FE,
as well as the gaps d, u d, between them. At the upper and
lower borders there are halves of complete elements.

To fully reproduce the calculation model (Fig. 2,b),
it is enough to set also the number of elements n, by its
height. In Fig. 2,0, for clarity, the option is given for
n, = 2, but the correct results will be obtained also for a
different value of n, — the main thing is that the stated
symmetry conditions are observed. The remaining
parameters of the WC, including the number of elements
m, along the width of the WC, were found with the
condition that a, = b,.

To ensure the operation of the FEMM code, a Lua
script has been compiled that automatically calculates the
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parameters of the WC, builds its geometric model and
organizes further calculations, as presented, for example,
in [7] and a number of other works of the authors of
this paper.

In cross section of the calculation model (Fig. 2,b)
the MF is described by equation (2) and is calculated as
plane-parallel. This means that, along the axial
coordinate, the structure of the model should not change,
which is not the case with round FE sections in the xz
plane (Fig. 2d). To get around this, round sections are
replaced by square ones with side a, determined from the
condition of preserving the cross-sectional area, namely:

a, =05 Jr d, . Accordingly, the equivalent gap between

the elements along the width of the
dy.=d, +d,— a, is recalculated.

For the calculation model, the total cross-sectional
area S; = ay b, is calculated, as well as its part occupied by
the ferromagnetic elements S, = n, m, a, b.. Then the
filling factor of the working chamber according to the
cross-sectional area is: Kg,, = S,/S;.

It is assumed that along the axial z axis (Fig. 2,d),
FEs are distributed with the same density as in the cross
section. Then the same filling factor Kr., will be valid on
this axis, which will be taken into account when
calculating the MF in 2D formulation.

The total filling of the volume of the WC FE is

characterized the volumetric filling factor K, =K 12:'es .

chamber

The components of the magnetic permeability along
the two axes of the WC are determined by calculating the
magnetic fields oriented along them. Such MFs are
formed by setting the corresponding boundary conditions
at the boundaries of the calculation model of the WC
(Fig. 2,b) for the MVP 4..

The boundary conditions for the formation of a
longitudinal MF are:

g2:0§ A, oA,

4, g4 = Byyag s

04
=0; Z=|,3=0.(3
o gl oy ‘g3 3)

For the formation of a transverse MF, the boundary
conditions are interchanged, namely:

o4, o4,

g3=Bavbs; Egzzoa Eg4:0'(4)

In (3) and (4), the MF excitation factor is the
estimated mean value of MFD B,, in WC.

Inside the domain of the calculation model
(Fig. 2,b), the MF is calculated using the FEMM code by
the Finite Element Method by solving the 2D differential
equation (2). In this case, the nonlinear magnetic
properties of the FE elements, as well as the sparse
structure of the calculation area along the axial axis, are
taken into account by means of a certain filling factor
KFes~

For the test case, the values are taken: d, = 1 mm;
b, =238 mm; d, = 1.43 mm; d, = 1 mm; n, = 1.
Calculations using trivial formulas give: m, =9; a, = 21.9
mm; b, = 24.8 mm; a, = 0.89 mm; d,, = 1.54 mm;
Kros = 0.35; Kr., = 0.122. 1t is for such a structure of the
computational model, Fig. 3 shows the MF images at
longitudinal (@) and transverse (b) excitation.

AZ

gl=0; A4,

a b

Fig. 3. Calculation model with longitudinal (a)
and transverse (b) magnetic fields patterns

Using the magnetic field, the coordinate components
of its strength H, and H, along the x and y axes are
determined, and by them — the magnetic voltage drops
along the vertical and horizontal lines:

b,

S a.s‘
Unmaga = [Hydy 5 Upagq = [Hydx %)
0 0

Then the average values of the components of this
strength along the corresponding axes:

Hyav = Umagd /bgy Hygy= Umagq /ag (6)

give the longitudinal and transverse components of
magnetic permeability for an equivalent medium:
_ _Pav L . _ Bav L 7
Hrd Hyav Ko Hra Hxav Ho @

Using here the magnetic constant p, allows to
immediately go to the relative magnetic permeability
(index r has been added to identify this).

FEMM code provides obtaining Usugs, Unaggy Hyav
and H,,, values using a special procedure included in the
Lua script. As a result, we obtained: U0 = 1420 A;
Hyy = 19090 A/m; Py = 10; Upegy = 8640 A;
Hyey=122600 A/m; p,, = 1.5.

In the general calculation area (Fig. 1), the magnetic
field is described by the same equation (2) with setting in
the WC of the detected magnetic anisotropy along the
longitudinal and transverse axes. The propagation of the
MF is limited by the outer surface of the inductor core,
where the Dirichlet boundary condition is specified:
A4.=0.

As an example, Fig. 1 shows the vector field of the
MFD obtained in the load mode for the already
determined values of magnetic permeability, time, and
angle f = 45°. In this case, the current value I; was 455 A
at phase voltage of the stator winding U; equal to 220 V.
At the central point of the working chamber, the MFD
was 0.36 T.

Quantitative-phase relationships of
electromagnetic quantities in MFIL. The determination or
specification of these relationships is important and
necessary in the calculation of the electromagnetic
parameters and characteristics of the MFI presented below.

According to the results of the calculation of the
MF using FEMM code [5], we obtain EMT through the
Maxwell magnetic stress tensor according to the
formula [9]:
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= o | B.ByrdS, (8)

o(rg —1.) Ss
where B, and B,, are the radial and angular components of
the MFD, respectively; 7, and r, are the radii of the circles
limiting the cross-sectional area of the gap Ss from the
sides of the WC and the stator, respectively.

The basis of the analysis of electromagnetic values
of the MFI is the operation with magnetic flux linkage
(MFL) of the stator phase winding. This value is
calculated by the distribution of the MVP [9] through the
numerical implementation of the expression:

em

K,

Nl Nyl, &
\P=%jAstz SN A NS (9)

® S, 9 Jj=1

where S,, K, are the cross-sectional area of all finite
elements with current in the phase zone of the stator
winding and the number of such elements; A4.,,; is the
average MVP value in the j-th element of the area AS;.

There is a special procedure in the FEMM code that
provides the determination of MFL (9), which is
automated under the control of the Lua script [5, 9].

After calculating the MF with its fixed structure, the
«mask» of the stator phase winding is conditionally
located alternately in the stator slots in different angular
positions oy, with a shift by the tooth division.

In each position of the «mask», similarly to that
described in [10], the MFL is determined by the formula
(9) for all slots of the phase winding and a discrete
angular function of the MFL is obtained:

Y (o), k=1,2,.. K, (10)
where a sufficient number of positions K = Q,/2.
This periodic function is expanded into a

harmonious Fourier series [8, 10], but for the purpose of
this paper, the first harmonic of the MFL is enough:
Y=Y, cos(oc+yw).

(11)
Due to the rotation of the MF with angular velocity

Q= o/p, in (11) ais replaced by Q (¢, and for a stationary
phase winding, the MFL becomes a temporary function:

‘P:‘Pmcos(o)t+yw). (12)

According to the law of electromagnetic induction,

from (12) the EMF of the phase winding is obtained:

e=o0Y, cos((ot + Yy —n/2),

(13)

where its amplitude E, = oY, and the initial phase

Ye =7y — /2 are separated.
Then the effective value of the EMF of the stator
phase winding:
E, :\/Eﬂ?fsqjm' (14)
The set of electrical quantities taken into account in

the stator phase winding is represented using the
equivalent circuit shown in Fig. 4.

U,

=5

Fig. 4. Stator phase winding electrical equivalent circuit

In addition to the phase voltage U and current /;, in
Fig. 4 the ideal source of the already determined EMF E,
is located, as well as the ideal inductive and resistive
elements characterized by the corresponding resistances:
the active resistances R, and R, represent electric and
magnetic power losses, the reactance X, — the frontal
scattering of the stator winding MF. Other scattering
fluxes are already taken into account in the MFL ¥ (9),
determined over the entire MF in the rectilinear part of the
stator winding.

The resistances R, and X, are calculated according to
the classical methods for calculating TAM [6].

To take into account the power of magnetic losses
P, in the circuit in Fig. 4, this active resistance
introduced:

P, mag
Rmag = 5
mgl
and this power is determined in the stator core according
to the updated method [11] after calculating the MF.

For the equivalent circuit (Fig. 4), the equilibrium
voltage equation in a symbolic form is the following:

Ug=-E,~E, +Up, (16)
where the EMF from the magnetic flux of frontal
scattering and the voltage drop across the active
resistances are presented

EV = _ijis 5 QR = (Rs +Rmag)£5 . (17)

Quantitative and phase relationships of the already
mentioned and also a number of electromagnetic
quantities will be provided using the vector diagram (VD)
in Fig. 5,a. It is built on the identified relationships of
electromagnetic quantities in the MFI in compliance with
generally accepted rules of electrical engineering.

(15)

Fig. 5. Vector diagram of electrical and magnetic quantities
of the stator phase winding

The angular coordinates are counted from the
longitudinal axis of the WC d, which, as in Fig. 1, held
vertically. Relative to it, the current vector /; is drawn at
the given angle £, and the MFL vector ¥, which is in (12)
is drawn at the angle of the initial phase y,,. The MFL
vector of the frontal part of the winding P, is parallel to
the vector /. The EMF vector E,, according (13), is
phase-ahead from ¥, by 90°, therefore the vector —E,
included in (16) is ahead of ¥, by 90°. According to (16),
the —F, vector is perpendicular, and the vector Uy is
parallel to the current vector /. The voltage vector U; is
constructed based on the summation of vectors according
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to (16). With respect to the current vector , the vectors
—E, and U received leading phase shifts ¢, and o¢g,
respectively.

The EMF value E, is found from (14), and the
mentioned angle is found by the VD

e = 90° — Y4 = 90° — B + Yy (18)

Then we can find U, and o,. For clarity of this, a
simplified (rotated and without scale) fragment of the VD
is used (Fig. 5,b).

Active and reactive components of EMF E:

E,,=E,cos0p,; E,,=E;singg,. (19)
Similar voltage U, components:
Us,a = Ea,a - UR 5 Us,r = Ea,r - Ev (20)

give the actual value of the phase voltage and its phase
shift relative to the current:

Uy =\UZ,+UZ, s @ =arctg(U, /Uy ,). (21)

As an example, we present the results of a test
calculation carried out in relation to Fig. 1: P, = 1906 W;
Riag =0.00304 Q; ¥, = 0.938 Wb; vy, = 21.09° E, =208 V;
Qrs = 66.09° o, = 65.77°; E, = 10.1 V; U = 6.8 V;
M,,, = 324 N'm. Separately, the values R, = 0.00968 Q
and X, = 0.022 Q are determined.

It is from such data the picture of the distribution of
MEFD is a priori shown in Fig. land VD is built in
Fig. 5,a. Additionally, Fig. 6 shows a picture of the
magnetic force lines of the MF and the mutual
correspondence of the mentioned rotation angles of
different quantities for the considered MFI load mode.

Fig. 6. MF picture in the form of force lines and angle marks
for different quantities

It is noteworthy that the angle yy, turned out to be
substantially smaller than f. At the same time, it was
revealed that, given f = 0, the value vy, also turned out to
be zero, and this corresponded to the II mode, since the
EMT by (8) was zero. The rotation of the MFL vector ¥,
from the II mode to the load mode, according to the
theory of synchronous machines [8], is the load angle.
Therefore, the angle vy, in Fig. 5,a is nothing other than
the MFI load angle, i.e. ® = yg,, which is also shown in
Fig. 6.

The angle of rotation of the vector B is determined
by the coordinate components of the MFD vector in the
center of the WC:

ap=arctg(B,/B,), (22)

which is 15.1°.

Energy parameters of MFI. After calculating the
MF and determining the quantitative and phase
relationships of electromagnetic quantities, it is enough to
quite simple calculate the energy parameters of the MFI.

Electromagnetic power in electrical terms:

Fo =mgE 1,c0sQp, . (23)

On the other hand, electromagnetic power in
mechanical terms can be considered as output or useful
power:

Pom = Poyy = M €2 (24)
Input or expended power:
Py =mUgl;cosqy , (25)

where the power factor cos, is determined by the phase

shift of the voltage and current of the stator winding
calculated in accordance with (21).

Power losses are composed of the power of
electrical losses in the stator winding.

Py =mgRI3, (26)
and the aforementioned magnetic losses power P, in the
stator core.

Efficiency of the MFI:

=L/ By (27)

Characteristics of MFIL. The presented theoretical
base allows to calculate a number of characteristics of the
MFI, connecting its electromagnetic and energy
parameters, as well as the phase relationships of the
corresponding quantities in the mode of a changing load.
When studying characteristics, the basic ones are
traditionally selected from the set of figures, while the rest
are analyzed.

In MFI, the basic ones include voltage U, and
current /; of the stator winding, which are input values for
it. In this case, two variants of operation with a change in
load are possible:

1) the effective current value /; is kept constant, and
the voltage and other values are calculated;

2) the effective value of the voltage U, is kept
constant, and the current and other values are calculated.

In the first case, the effective operation of the MFI at
the maximum permissible level for electric losses of the
stator winding power and its heating is possible, but an
appropriate voltage regulator is required. In the second
case, we can use the existing power supply network to
power, but the stator winding and the MFI can operate in
a given load range with insufficient use.

In this paper, we consider the first variant of the
operation of the MFI — with the stabilization of the current
value of the stator winding, leaving the second option to
continue research in the following works.

At a stable value of the stator winding current, a
change in the mechanical load with a change in the filling
of the WC leads to a change in the EMT due to a change
in the load angle and other phase relationships. Of these,
for calculating the characteristics, as a variable quantity —
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argument it is convenient to take the angle of the
generalized initial phase of the stator winding currents
included in (1).

Then the solution of the problem of calculating the
characteristics becomes quite simple: when setting the
effective value of the current /; and angle S, the MF is
calculated and, according to the method expressed by
formulas (1)-(27), a whole series of necessary values is
obtained.

To obtain various characteristics from the calculated
numerical arrays of different quantities, some of them can
later be taken as an independent argument and from
others — functions that are of interest to the calculator can
be assigned.

In a specific calculation example of characteristics,
the base value of the current /; = 455 A is accepted, which
was already used in the test calculation at f = 45° and
U;=220 V.

To obtain the full characteristics, the angle f range
from 0 to 90° is adopted, which for sufficient
«smoothness» of the graphs is carried out with a step
of 5°.

The main part of the obtained characteristics is
presented in Fig. 7-10. Their essence is manifested by the
quantities indicated on the graphs.

We draw attention to the fact (Fig. 8) that the angles
f and O coincide in values at the extreme points — 0 and
90°. In this case, the EMT is zero, that is, the II mode
takes place. The maximum EMT value corresponds to the
angle f = 46° (Fig. 7), and here the critical load angle @,
is 22.5° (Fig. 8).

According to the theory of synchronous machines, in
the range of the angle ® from 0 to ®,,, the operating mode
of the MFI is stable. In order to have a twofold EMT
margin, the load angle ©,,, equal to about 7° can be
considered nominal, which corresponds to the angle

L=17-18°.
Figure 7 shows that from Il to this angle, the
voltage, MFL, EMF and resistance R,, are

approximately stable — with a slight decrease with
increasing load of the MFI. The same can be said about
magnetic losses (Fig. 9), and electric losses are unchanged
by definition, due to the stability of the current.

The electromagnetic power in electrical (23) and
mechanical (24) expressions is numerically identical
(Fig. 9), which can be considered as a check of the
correctness of the obtained phase relationships of
electrical quantities. The shape of the graphs of these
powers is naturally similar to the EMT graph.

The characteristics of the power factor and
efficiency (Fig. 10) show their natural growth with
increasing load of the MFI. The level of efficiency in the
range of stable operation corresponds to the classic
electric machines of low and medium power. But the level
of the power factor turns out to be very small, which is
explained by the presence of large nonmagnetic gaps and
a low-magnetic medium in the WC.

mQN-m;| V [ Wb

414001160} 0,8

31300} 120} 0,6 § ; X ™

21200} g0l 0,4

1100} 40} 0,2}

ot ot ol o i i H i
0 15 30 45 60degrees 75 90

Fig. 7. Characteristics of voltage, MFL, EMF, EMT
and active resistance to take into account magnetic losses
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Fig. 10. Characteristics of power factor and efficiency

Conclusions.

1. Numerical-field calculation allows to accurately take
into account the geometric shapes of the stator core of the
MFI, its nonlinear magnetic properties and the anisotropy
of the magnetic properties of the working chamber with
oblong ferromagnetic elements.

2.The  considered  phase  relationships  of
electromagnetic and force quantities show that, according
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to the principle of operation, in the composition of the
device for processing various substances, the MFI is
closest to a synchronous motor.

3. One of the key elements of the developed theory and
methodology for calculating electromagnetic parameters,
their phase relationships and MFI characteristics is the
proposed method for taking into account the magnetic
anisotropy of its working chamber with filling with
ferromagnetic elements.

4. In the area of stable operation, in energy terms the
MFI is characterized by a rather high efficiency and a
very low value of power factor. The latter is due to the
presence of large gaps and a law-magnetic medium in the
working chamber in the inductor’s magnetic system.

5. The developed methodology for numerical-field
calculations of characteristics gives a lot of useful
information that can be used to design and improve MFI.
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