Electrical Machines and Apparatus
UDC 621.92: 621.313 doi: 10.20998/2074-272X.2020.2.02

V.1 Milykh, L.V. Shilkova

CHARACTERISTICS OF A CYLINDRICAL INDUCTOR OF A ROTATING MAGNETIC
FIELD FOR TECHNOLOGICAL PURPOSES WHEN IT IS POWERED FROM THE
MAINS AT A GIVEN VOLTAGE

Introduction. A computational analysis of the characteristics of an inductor of a rotating magnetic field for technological
purposes is presented. The design of its stator is borrowed from a three-phase induction motor. The cylindrical cavity inside
the stator is occupied by a working chamber into which a granular or liquid processed substance is loaded. The processing is
carried out with elongated ferromagnetic elements moving with a magnetic field. Problem. The purpose of the article is a study
of the electromagnetic, phase, and energy characteristics of an inductor at its operation under load mode with a given voltage
of the stator winding. Methodology. The study is performed on the basis of numerical calculations of the magnetic field,
taking into account the anisotropy of the low-magnetic medium in the working chamber. Its discrete medium is represented
homogeneous with different magnetic permeabilities on mutually perpendicular axes. The technique of transition from the
results of the magnetic field calculation to the electric, magnetic, phase and energy parameters of the inductor is given. This is
facilitated by the electrical equivalent circuit of the stator phase winding, the equilibrium equation of its electrical quantities,
vector diagrams and an iterative method for determining the current at a given voltage. Results. Mutual dependencies of a
number of inductor parameters are formed into a family of characteristics exhibiting its properties in an operating mode with
a changing load. Characteristics include such quantities as magnetic flux linkage of the stator winding, its current and EMF,
Phase shifts between them, electromagnetic torque, expended and useful power and its losses, power factor and efficiency. In
this article, a feature of this mode is the stability of the stator winding voltage in the inductor. This complements the earlier
studies of the inductor in the mode with stabilization of the winding current, which allows to compare these options. On the
example of a test sample of an inductor, a number of its characteristics are shown, vector diagrams of its electric and
magnetic quantities illustrating their mutual phase shifts are given. Practical value. The presented technique for determining
the electric and magnetic quantities of the inductor and their phase relationships, and also the shown family of characteristics
can contribute to increasing the design efficiency and improving the inductors of the considered type. The developed
technique has the universality property, as it is capable of displaying their various circuit and constructional design
parameters. References 9, figures 8.

Key words: three-phase cylindrical inductor, working chamber, ferromagnetic elements, rotating magnetic field, numerical
calculations, load mode, stable voltage, electric, magnetic and energy parameters, phase shifts.

Haoano pospaxynkosuii ananiz xapakmepucmuk iHOYKmopa 00epmo6o20 MAzHIMHO20 RO MEXHOJI02IYHO20 NPUIHAYECHHA.
Koncempykuia 11020 cmamopa 3ano3uuena y mpuaznozo acunxpounoz2o oeuzyna. Ilunindpuuna noposwcnuna ycepeouni
cmamopa 3aiinama pooouolo Kamepolo, 6 AKY 3A6AHMANCYEMbCA CURKa ado pioka o6poodnloeana peuosuna. Oopooka
6i00ysacmuca 006zacmumu HepoOMAZHIMHUMU eleMEeHmamu, Wo pyxaromoca 3 MazHimuum noaem. Buknadena memoouka
OMPUMAHHA eNeKMPUYHUX, MAZHIMHUX [ eHepzeMmUYHUX 6eUYUH IHOYKMOpa, AKA 3ACHO6AHA HA YUCETbHO-NOTbOGUX
PO3PAXYHKAX 3 YPAXYBAHHAM MAZHIMHOT ani3omponii cepedosuua, wio 3ano6HI0E pooouy kamepy. Bzaemni 3anexcnocmi nuzku
6eUYUH ChopMosani é cim’10 XapaKkmepucmuk, AKi RPOAGNAIOMY 11020 671ACMUEOCI 8 POOOUOMY pexcumi. Y yiti cmammi 11020
ocobnugicmrwo € cmabdinvhicmov Hanpyzu oomomku cmamopa indykmopa. Lle oonoenioe npoeedeni pamiuie 00CnidIHCEHHA
iHOyKmopa ¢ pedxcumi i3 cmabdinizayiclo cmpymy 00MomKu, w0 0036014€ nopieuamu maxi eapianmu pooomu. Ha npuxnaoi
mecmoeo2o 3pazKa inOyKmopa nOKa3ano pAao 1uoz2o XapaKmepucmuk, npueedeni 6eKmopHi diazpamu ei1eKmpuyHux i MazHimHux
eenuuun, wo inrocmpyroms ix e3aemui gpazosi smiwenns. bion. 9, puc. 8.

Kniouogi cnoea: tpudazHmii uuaiHApuYHUN iHAYKTOp, podouya kamepa, (epOMATHITHI ejleMeHTH, MarHiTHe mnoJse, 110
00epTacThCs, YNCENbHI PO3PaXyHKH, pe:KMM HAaBaHTa)KeHHs, CTa0lIbHA HANpyra, eJeKTPUYHi, MarHiTHi i eHepreTHuHi
napameTpu, ¢a3oBi 3cyBu.

Ilpeocmaenen pacuemnvlii ananu3 Xapakmepucmuk UHOYKMOPA 6PAULAIOU4€20CA MAZHUMHO20 RONA MEXHOJ102UYeCKO20
Hasnauenusa. Koucmpykyua e2o cmamopa 3aumcmeosana y mpexgaznozo acunxponnoz2o oeuzamens. Lununopuueckan
noNOCMb GHYMPU CMAMOPA 3aHAMA padoueil Kamepoil, 6 KOMOPY 3azpyrHcaencsa cvlnyyee uiu Hcuoxkoe odpadamuvigaemoe
seuwjecmeo. QbOpadbomka nPOUCXOOUmM  OBUNCYUIUMUCA C MAZHUMHBIM HOAEM RPOOOSZ0CAMBIMU  (heppOMAZHUMHBIMU
anemenmamu. H3noxcena Memoouxka NOAyYeHUs INEKMPUYECKUX, MAZHUNHBIX U IHEPLeMUUECKUX GeIUYUH UHOYKmMOopa,
OCHOBAHHAA HA YUCIEHHO-NOJIE8bIX PACUEMAX C YUemOoM MAZHUMHOU AHUZOMPONUU CPeObl, 3ANOTHAIOWEN PAdouy0 Kamepy.
B3aumnwvie 3asucumocmu paoa eenuuun copmuposansvl 6 cemelicmeo XapaxKmepucmuk, NPOAGIAIOWUX €20 CEOliCmea 6
pabouem pesxcume. B oanmnoii cmamve ez0 ocobennocmuvio AenAEMCA CMAOUTILHOCHIL HANPANCEHUA OOMOMKU CHAMOPA
UHOYKmMopa. mo 0ononHAem nposedeHHbvle panee UCCAe008anus UHOYKIMOPA 6 Pexcume co cmadunuzayueii moka ooOMomku,
umo noseonsem cpasHumv makue eapuanmuvl paoomel. Ha npumepe mecmosozo odpasua uHOyKmopa nokasam pao ez2o
XapaKkmepucmuk, npueeoeHvl GeKmoOpHble OUAZPAMMBL IIeKMPUUECKUX U MAZHUMHBIX GeNUYUH, UNTIOCIMPUpYIOwue ux
e3aumnble Qpazosvie cmeuyenun. budn. 9, puc. 8.

Knouesvle cnosa: TpexdasHblii IUIMHAPUYECKUI HHIYKTOP, padoyasi kamepa, (peppoMarHuTHbIE 3JIEMEHThI, Bpalawueecs
MAarHMTHOE TMo0JIe, YHCIeHHbIEe PacyeThl, Pe:KUM HArpy3KH, CTa0HJILHOe HANpsSKeHHe, JIeKTPHYecKHe, MATHHTHBIE H
JHepreTH4YecKHe MapaMeTpsl, (ha30BbIe CMeIeHHsI.

Introduction. In a number of industries, the The magnetic fields that provide this are diverse in
technological treatment of liquid or granular substances is  structure and character, and rotating fields have their

done with magnetic stirrers, grinders and separators [1-5]. © V.1 Milykh, LV, Shilkova
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place here. They are created by an inductor, the design of
which is borrowed from the stator of a three-phase
induction motor [6].

A working chamber is placed in the cylindrical
cavity of the stator, through which the processed
substance is passed. Processing is done by ferromagnetic
elements (FEs) in the form of elongated segments of steel
wire, moving with a rotating field. They create the so-
called «eddy layer» in the chamber [5-7]. The thin shell of
the camera is made non-magnetic and therefore does not
interact with the field.

From the analysis of scientific publications it
follows that the study of the electromagnetic parameters
of the inductor is carried out mainly on the basis of
methods from the theory of magnetic circuits. However,
with very large gaps and a discrete low-magnetic space
inside the working chamber, the representation of the
structure of the inductor in several homogeneous
magnetic sections becomes problematic.

Clarification of electromagnetic calculations and
improvement of the design of the inductor is possible
through the use of numerical-field methods. And on this
basis, in [7], studies of electromagnetic and energy
parameters and the corresponding characteristics of the
inductor during its operation in the load mode have
already been carried out. The condition for this was the
stability of the stator winding current of the inductor with
appropriate regulation of its voltage. And it was also
noted there that the mode of interest is a given constant
voltage mode.

The goal of the paper is study of electromagnetic,
phase and energy characteristics of the inductor during its
operation in load mode with a given voltage of the stator
winding. This is performed, as in [7], by means of
numerical-field calculations taking into account the
anisotropy of a low-magnetic medium in a working
chamber filled with ferromagnetic elements.

Object of study. The electromagnetic system of the
inductor is adopted as in [7], and here it is represented by
its cross section (Fig. 1). In the calculations, the
rectangular (x, y) and polar (r, a) coordinate systems are
used, and « is counted from the y axis.

The inductor has the number of pairs of poles p = 1,
phases m, = 3, slots Q; = 42 and turns of the phase
winding N, = 28. The technical conditions set the radius
of the surface of the chamber r,, = 0.15 m, the axial length
of the core /, = 0.3 m, its inner radius r; = 0.175 m. The
stator winding is distributed, two-layer, its relative
shortening is 18/21, the circuit is «star». The fill factor
K, of the core with electrical steel grade 2013 is 0.97.

The rated phase voltage of the stator winding
Uy =220V, frequency f; = 50 Hz.

A fragment of an idealized structure of FEs
uniformly distributed in the working chamber is shown in
Fig. 2. In general, this corresponds to the data of
experimental studies on the physical model of the
inductor [6]. Although the actual distribution of elements
is somewhat more chaotic, idealization is necessary for
organizing available calculations.

Fig. 1. The cross section of the electromagnetic system of the
inductor: / — core; 2 — winding; 3 — surface of the working
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Fig. 2. Idealized structure of ferromagnetic
elements (a), their sizes and gaps (b)

For the test case, according to the notation of the
quantities (Fig. 2,b), their values are taken: d, = 1 mm;
b, =23.8 mm; d, = 1.43 mm; d, = 1 mm, the fill factor of
the chamber with elements in the plane xy (Fig. 2,a)
Koo = 0.35, by volume Kp,, = 0.122.

The essence of numerical field calculations. A
rotating magnetic field in the inductor is excited by a
symmetric three-phase system of stator winding currents
(Fig. 1):

iy =1I,co8(ws+B) ig =1 ,cos(og—2m/3+B);
ic = I,cos(@gt+2m/3+B) (1)

b

where 7 is time; /,, = NEY s1s the amplitude of the phase

currents at their effective value [;; o; = 2nf; is the angular
frequency; B is the initial phase of the currents, which
gives the angular displacement of the stator winding
MMF vector Fy from the y axis, necessary for a particular
calculation mode.
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The instantaneous directions of currents (1) in the
winding rods are shown in Fig. 1 for # =0 and 3 = 45°, the
corresponding direction of the MMF vector F is also
given.

In the cross section of the inductor (Fig. 1), a plane-
parallel magnetic field is described by the well-known
differential equation:

rot[p 'rot(kA4,)] = kJ, | @)

where £ is the axial unit; J,, 4, are the components of the
vectors of current density and magnetic vector potential
along the z axis; y, is the absolute magnetic permeability.

The propagation of the field is limited by the circle
on the outer surface of the stator core by setting the
boundary condition 4, = 0.

Numerical calculations of the magnetic field are
performed by the FEMM program [8] by the Finite
Element Method, which is controlled by the Lua script
created by analogy with [9].

The magnetic permeability p, in the laminated core
of the stator and nonmagnetic medium when calculating
the field is taken into account in a known manner [8]. In
the working chamber, a discrete magnetic-nonmagnetic
medium (Fig. 2) is represented by a continuous
homogeneous medium  with  different magnetic
permeabilities p; and p, along the longitudinal ¢ and
perpendicular to it transverse ¢ axes (Fig. 1, 2). Different
magnetic properties in the chamber in different directions
correspond, in fact, to the magnetic anisotropy of the
medium. The justification of this transition and the
principle of determining the values of p, n , are given in
[7], where the relative values of the magnetic
permeability p,; = 10 p.u.; p, = 1.5 p.u. were obtained
which are also used in this paper.

Test calculation of the magnetic field and the
principle of operation of the inductor. In Fig. 1, the
longitudinal axis d coincides with the y axis. Here, a priori
a «snapshot» of the vectors of the magnetic flux density B
and MMF F is shown.

When the inductor operates under load, the angle Bis
within the range 0 — 90°, and at extreme values 0 and 90°
there is no electromagnetic torque, and this corresponds to
idle mode [7].

As a «point» example, a test calculation of the
inductor in the load mode with a rated voltage U,y and at
B = 45° was performed. The phase current /; was 455 A,
which was substantiated in [7].

In Fig. 1, the bold arrows show the calculated
corresponding distribution of the magnetic flux density
vectors B in the conditioned mode (on one scale). They
are rotated with respect to the d axis in the direction of
rotation of the field indicated by the arrow n;, but they lag
behind the MMF vector F;, which «leads» the vectors of
the remaining quantities. Note that in the center of the
working chamber, magnetic flux density is 0.36 T.

In idle mode, the vectors F; and B (thin arrows) in
Fig. 1 are directed, naturally, along the longitudinal axis
d. It can be seen that, under load and during idle, the
magnetic field in the chamber is almost uniform.

It is known that elongated ferromagnetic elements
tend to be located along the lines of force of the magnetic

field and, thus, parallel to the magnetic flux density
vectors. The processed substance entering the working
chamber cannot immediately «pick up» the rotation
frequency corresponding to the rotation frequency of the
magnetic field n,, and therefore is penetrated by elements
moving with the field.

Therefore, due to the braking effect of the medium
being processed, between the direction of the magnetic
flux density vectors B of the magnetic field that rotates
and the elements oriented along the d axis, an angle shift
must be formed. This is a prerequisite for creating the
electromagnetic torque (EMT) M,, acting on the
elements, and this determines the intensity of processing
heterogeneous  mixtures according to a given
technological process.

In fact, it is revealed that in the considered inductor
the EMT is reactive, and, therefore, its principle of
operation corresponds to a synchronous reluctance motor,
which was already noted in [7]. That is why — like
synchronous electric machines, the longitudinal axis d is
assigned in the working chamber in the direction of
orientation of the ferromagnetic elements, and the
transverse axis ¢ is directed perpendicularly. In the steady
state load conditions, these axes rotate together with the
magnetic field and FEs.

Determination of magnetic, electrical and energy
quantities of the inductor. The setting or calculation of
such quantities is an important and necessary problem in
calculating the electromagnetic and energy parameters
and characteristics of the inductor, which are presented
below in the text.

One of the basic values of the analysis of a number
of electromagnetic parameters of the inductor is the
magnetic flux linkage (MFL) ¥, of the stator winding. In
the FEMM program, it is determined using the Lua script
[8, 9] with a special function.

After calculation, by scanning the phase winding
with its «mask», the numerical angular function of the
MFL is formed from the instantaneous structure of the
magnetic field:

Wiloy), k=1,2,... K, 3)

where the required number of positions K is O, / 2.

This function is periodic, is represented by a
harmonic Fourier series, and is transformed into the
temporal function of the MFL, as shown in [7]. Of this
series, the first harmonic is used, as is customary in
electric machines:

Y, =Y, cos ((ust +Vya ) 4)

By means of the law of electromagnetic induction,
phase EMF of the winding is derived from (4):

e, = oV, cos (oost +Yya T/ 2) , 4)

whence its effective value and initial phase:
E, :\/Enfslljm;'YEa:’Y\ya_n/2' (6)

The set of processes in the phase winding of the
stator in [7] is represented by an electrical equivalent
circuit, as well as by the corresponding equation of
equilibrium of voltages and EMF:

U,= Ea + ijls + (Rs + Rmag )lc ’ ™)

YT T
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where, based on (1) and (6), the complexes of current and
EMF of this winding are known:

I =1"; E =E.el. (8)
Formula (7) includes the active resistance R; of the

stator winding and the reactance of its frontal scattering
X,. They are calculated according to classical methods for

calculating induction motors and amounted to:
R, =9.68 mQ and X, = 22 mQ.
Active resistance, representing the power of

magnetic losses P, in the stator core, is sought by the
formula:

2
Rinag = Pinag /(msls )s )
and such a power, as in [7], is obtained in the course of

numerical-field calculation.
According to (7), the voltage complex is found in

exponential form U, = Ue/TVs , which gives its effective

value U,. The phase shifts of the EMF E, and voltage U,
relative to the current [ are obtained through their initial
phases vz, and vy, already determined, namely:
PEa = YEa— B and Ps="Yus — B

In the load mode of the inductor, by the test
calculation of the magnetic field and parameters we
obtained: yy, = 21.1°; ¥, = 0.938 Wb; E, = 208 V;
Qra=00.1% Pyge=1.906 kW; R4, =3.04 mQ; o, = 65.8°.
At the same time, the image shown in Fig. 1 is an
obtained vector picture of the magnetic flux density, and
in addition Fig. 3 shows an obtained picture of field lines.
Here, the direction of the vectors of magnetic quantities is
given, and their position angles are shown, including the
magnetic flux density vector B in the center of the
chamber. Its angle is determined by the coordinate
components of the magnetic flux density B, and B,:
ap=arctg(B,/B,) =15.1°

Fig. 3. Magnetic field lines and directions of vectors of magnetic
quantities

An interesting fact is that the angle yy, turned out to
be noticeably smaller than the angle f. In addition, it was
found that for § = 0, the angle yy, also has a zero value,
and this corresponds to the idle mode, because the EMT,

as shown below, is also equal to zero. The angle of
displacement of the MFL vector ¥, during the transition
from the idle to the load, according to the well-known
theory of synchronous electric machines, is called the
angle of load @. Therefore, the angle yy, marked in Fig. 3,
is the angle of the load of the inductor, that is, we can
assume: O = yy,.

Based on the calculation of the magnetic field and
the identification of phase (angular) and quantitative
relations of electrical and magnetic quantities, we can
proceed to determine the energy parameters of the
inductor.

Directly by the distribution of the radial B, and
angular B, components of the magnetic flux density using
the FEMM software [8], through the Maxwell magnetic
tension tensor, the rotating EMT is obtained, which is
essentially reactive:

l

=——< [rB,B,dS,

o (Fsi = Tre) Ss
where S; is the cross-sectional area of the gap bounded by

the radii r,, and r; P is the magnetic constant.
The output, i.e. useful inductor power is obtained in

the mechanical relationship:

Pout = M emg / p -

(10)

em

)]
Through electrical quantities, electromagnetic power
is obtained:
(12)
Power consumption from the mains — input power:
By =mU I cosgg . (13)
The power losses in the inductor are the sum of the
aforementioned magnetic losses power P,, and the
electric losses power in the stator winding:

2
Fop =mgRyl§ . (14)
By determined powers, the efficiency of the inductor
is found:

P,,=myE I;cosqg, .

N=Pour / By- (15)

Variants of the inductor operation in load mode
and the principles of their calculation. When the mode
of operation of the inductor changes, concomitant changes
in the quantitative-phase ratios of electric and magnetic
quantities occur in it. To obtain the characteristics of the
inductor, it is necessary to maintain the values of the basic
quantities, vary one of the quantities accepted as an
argument, and calculate other values— functions.

The initial (generalized) phase of currents f, which
is included in (1), is accepted as a variable quantity,
which, when the inductor operates, is automatically set
depending on the level of its load.

Operation of the inductor is possible in two variants
with the corresponding basic values:

1) when stabilizing the effective value of the current
I, that is, I, = const;

2) when stabilizing the similar voltage value U, that
is, U, = const.

In the first variant, by varying the angle £ for each of
its values, the direct problem is in fact solved: for a given
current [, the magnetic field is calculated and the
necessary parameters of the inductor including the voltage
U; are obtained from the sequence of formulas (1) — (9).
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In the second variant, for a given voltage including
the voltage U, for each angle f, the inverse problem is
solved with the result of obtaining a number of
parameters of the inductor, as well as the current I
unknown in this case.

The solution of the inverse problem is more
complicated and is obtained by the method of successive
approximations with the solution of the direct problem at
each iteration.

For such a solution, for each new value of the angle
B, the initial approximation of the current /;; is set (for
example, it can be taken from the experience of previous
calculations) and the magnetic field is calculated, and
then the voltage value U;, is obtained from (7).

After the first and each subsequent iterative steps, a
new value of the stator current is determined by linear
interpolation or extrapolation:

Zeni Ll (). (16)
U Us,m'—l

where ni, ni — 1, ni + lare the numbers of the current,
previous and next iterations, respectively.

At the first iteration, the number of the previous
iteration is ni — 1 = 0, for which /o = 0 and U, = 0 are
accepted, and the values of 7 ,; and U, are already
prepared.

At the subsequent iteration, the value Ip, + |
obtained by (16) already plays the role of I, and the
previous value of I, ,; plays the role of /;,; . ;. And again,
for the updated current /,; the magnetic field and phase
voltage U;,; are calculated using formulas (1)-(9).

After the next iteration, the voltage mismatch with
its specified value U; is determined:

dU. = abS(Us _Us,ni+1) )

Is,ni+1 = IS,nl'*l +
s,ni

(17)

s
N

Iterations continue until the specified accuracy of the

solution dUs,,,,, is obtained, i.e.
dU, < dU; . (18)

The last value /;,; + | — this is the current /; at which
the value of U, will be provided.

For example, at § = 45°, after setting the initial value
of the current /;; = 500 A, the values /; = 455 A and
dU; = 0.0005 p.u. (for these calculations, this is even
excessive accuracy) were obtained in four iterations.

To identify the quantitative-phase relationships of
the values, calculations were performed for the two
variants of operation of the inductor noted above in the
text. This is done with four values of the angle £: 0, 30°,
60° and 90°. The obtained currents, MFLs, and voltages
are presented in vector form in Fig. 4 in compliance with
the proportions for the same values.

When stabilizing the current, its value is taken as in
the above calculation of the parameters of the inductor at
U;=220 V and f=45° i.e. [ =455 A.

When stabilizing the voltage, its value is assumed to
be nominal, that is, U; =220 V.

It turned out that the vectors of the current and the
MFL coincide in phase only at extreme values of f — at 0
and 90°. For all other angles (and not only those
considered), the MFL vector ¥, substantially lags in

phase from the current vector [, as was already shown in
Fig. 3.

At I = const (Fig. 4,a), with an increase in the angle
p, the values of the MFL and the required voltage Uj
significantly decrease. At U, = const (Fig. 4,b), with an
increase in the angle f, the MFL values are also stable,
but the required current /; significantly increases.

Figure 4 shows the load angle of the inductor ©,
which is counted from the position of the MFL vector
W,.0, corresponding to idle, to the position ¥,
corresponding to any load level. The essence of this angle
was discussed above in relation to Fig. 3.

i d |
A T d
\ | EA.O :
W0
\

\ YWa

A ls‘,O

Fig. 4. System of vectors of current vectors, MFL, and voltage at
angles f — 0, 30°, 60° and 90° marked in the indices:
a — I;= const; b — U, = const

Characteristics of the inductor. The above
theoretical provisions allow to obtain a family of
characteristics of the inductor, which connect its
electrical, magnetic, energy and phase (angular)
parameters when operating in load mode.

The characteristics of the inductor during operation
with stabilization of the stator winding current are
considered in [7]. In continuation of these studies, this
paper further presents the characteristics of the operation
of the inductor with a stable supply voltage. For this
mode, you can do without a regulator, using the available
mains. However, in this case, the stator winding current
must be limited by one — the maximum allowable load.
And in the possible range of operation of the inductor
with a reduced load, the stator winding will operate with
incomplete use of current.

In general, the characteristics show a change in a
number of quantities describing the operation of the
inductor when its load changes. They can occur with a
change in the filling of the working chamber or for other
reasons, accompanied by a change in the mechanical
moment of resistance from the side of the processed
substance. Due to the well-known self-regulation property
inherent in electric motors, the corresponding EMT is
automatically set. With a stable value of the stator
winding voltage, this occurs due to a change in the
winding current, load angle, and other phase ratios of
electrical and magnetic quantities.
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To form the characteristics of the inductor, as was
noted, in the calculations, the angle of the initial phase of
the currents £ included in (1) was varied. And to obtain
integral characteristics, the angle range from 0 to 90° was
adopted, which was passed with a step of 5°, which gave
sufficient «smoothness» of the graphs.

A whole set of characteristics calculated for
U, = const, which may be of interest to inductor
developers, is shown in Fig. 5-8. The essence of the
characteristics is manifested by specific values, which are
indicated on the graphs.

The main input values for the inductor are the
voltage of the stator winding and its current, the output
value is the rotating EMT (10). Figure 5 summarizes the
characteristics of such quantities, and, for comparison, the
mode I, = const is added to the mode U, = const, and the
argument £ is replaced by the load angle ® — respectively,
Fig. 6.

240 i

NS
1000} 500{200 v~ i T

based on the self-regulation property of the inductor
inherent in electric motors.

Note that in Fig. 5 at the initial (f = 0) and final
(B = 90°) points, the EMT is zero, i.e., here the idle mode
imagined earlier a priori takes place. The values of angles
f and @ coincide only at these points (Fig. 6), and within
the range, the angle @ is smaller than S.

The maximum EMT (Fig. 5) was obtained at a
critical load angle @, equal to 44.5°, and this in Fig. 6
corresponds to the angle f = 67°. In the range of the angle
O from 0 to O,,, according to the theory of synchronous
electric machines, the operation of the inductor is stable.
For a twofold margin in torque, it can be taken from
Fig. 5 as a nominal load angle ®,,,, equal to 14°, and it in
Fig. 6 corresponds to the angle = 33°.

In Fig. 5, 6 it is revealed that from £ = 0 (idle mode)
to the angle f = 33° current, MFL, EMF are quite stable.
Further, an increase in load leads to a significant increase
in current, which is accompanied by a corresponding
increase in EMT and a certain decrease in EMF and MFL
included in (6) and (7). Due to the stability of the MFL,
the magnetic losses are stable, and the electric losses (14)
increase along with the current (Fig. 7).
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Fig. 5. Angular characteristics for calculation variants
U, = const and I, = const and related changes in /; and U;
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Fig. 6. Characteristics of magnetic flux linkage,
EMF, phase relationships and power factor

In this way, the angular characteristic M,,(0®),
known in the theory of synchronous machines, was
obtained for the inductor. And in this case, such a
characteristic for the mode U = const has a classical form
— a half-wave of a sine wave of double frequency, which
is typical for synchronous reluctance motors.

It can be noted that the mode U, = const is more
effective from the point of view of obtaining EMT, which
should ensure the implementation of the technological
process of processing substances. This reinforces the
mentioned advantage of this mode — the absence of a
voltage regulator, and the necessary current will be set
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Fig. 7. Characteristics of the input and output powers of the
inductor and its power losses, efficiency and active resistance
taking into account magnetic losses

The powers in the mechanical (11) P,,, (Fig. 7) and
electrical (12) expressions were identical. This can be
considered a check of the adequacy of the phase
relationships of the considered electrical quantities. Note
that the graph of the EMT function M,,,(f) is similar in
shape to the graph of these powers in Fig. 5, which is
natural in view of their connection according to (11).

The graphs of the characteristics of the efficiency
(Fig. 7) n and the power factor cosg, (Fig. 6) show their
increase with increasing load of the inductor. In the range
of stable operation, the efficiency level corresponds to
electric machines of small and medium power. At the same
time, the level of cosg, values is very low, and this is
explained by the increased magnetizing component of the
stator winding current due to the low-magnetic medium of
the working chamber and significant air gap.

Figure 8 shows the functions of changing the
magnetic flux density at points 0, ¢ and b, marked in
Fig. 3. Firstly, the proximity of the values of magnetic
flux density in different places of the chamber is visible,
and secondly, their stability in the operating range of the
load of the inductor.
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By comparing the characteristics of the inductor in
the operation mode calculated here at U, = const, and the
mode presented in [7] at I, = const, one can identify
certain advantages and disadvantages of each of them.

From the point of view of such important
characteristics as power factor and efficiency, the
operation modes of the inductor U = const and /; = const
turned out to be almost equivalent.

0.4 : ; a
T8 b 0 ' ;

i i i ] i B
0 15 30 45 60 degrees 75 90
Fig. 8. Magnetic flux density B characteristics
at certain points of the working chamber of the inductor

Another important requirement for «processors» of
various substances is the uniformity and stability of
magnetic flux density in the working area, while working
in the mode U; = const it is provided much better.

Conclusions.

1. The developed technique based on numerical
calculations of magnetic fields allows to organize an
iterative process for the calculation analysis of the
characteristics of an inductor operating with a changing
load with a stable supply voltage of its winding.

2. For a test sample of the inductor, when operating in
the load mode with the condition of stabilizing the voltage
of its winding, the electric, magnetic and energy
parameters, as well as phase (angular) relationships of the
operation quantities are calculated and presented. Their
interconnections made it possible to form a family of
characteristics with an argument — a phase shift of the
MMF of the stator winding in relation to the longitudinal
axis of its working chamber.

3. In view of the simultaneous calculation of a number
of parameters of the inductor, one can also obtain a
variety of its characteristics by choosing any of these
parameters instead of the argument £.

4. A comparison is made of the angular characteristics
of the inductor, calculated by methods that provide
stabilization of the voltage or current of the stator winding.
More rational for the operation of the inductor is the
voltage stabilization mode, which in the desired operating

How to cite this article:

range of the load angle up to 25° provides its best and
electrical, magnetic, force and energy parameters.
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