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The article describes an approach to optimization of the electromagnetic regimes of an induction metallurgical
plant, designed to mix liquid aluminum under the influence of a running magnetic field. To improve the properties of the
molten metal in the furnace, short pole linear magnetohydrodynamic machines with copper windings and a steel core
are used. The open configuration of the magnetic circuit and the magnetic coupling between the windings of the induc-
tor lead to asymmetry of the magnetic field. As a rule, a low-frequency transistor inverter is used in the power supply
system of metallurgical machines intended to affect non-ferrous metals. Asymmetrical currents in the phases create
specific modes of the frequency converter, close to emergency, and a two-phase, three-phase or multi-phase power sup-
ply system may become unbalanced. To calculate the integral magnetic fluxes in the toothed zone of an induction instal-
lation, it is convenient to apply a multiphase nonlinear model of a magnetic circuit. As a result of the iterative calcula-
tion, vector magnetic flux diagrams are obtained and the tractive forces in the melt are estimated. The best conditions
for the impact on the melt are obtained with a given objective function when searching for options during optimization
of the magnetizing forces of the windings.

Keywords: three-phase induction plant, induction MHD machine, mathematical modeling, non-linear model of the
magnetic circuit, magnetic flux vector diagram, three-phase IGBT inverter, parametric optimization.
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B cmamve paccmompen no0xo0 K OnmuMu3ayuu 2NeKmpoMAasHUMHbIX PedtCUM08 UHOYKYUOHHOU MEMANTypeuiecKoll
VCMAHOBKU, NPEOHAZHAYEHHOU OJIs1 NEPEeMeUUBAHUsL HCUOKO20 AIOMUHUS NOO 8030elicmeuem be2yujeco MasHumHo2o
noas. /[na yayvuieHusi CGOUCME pAcniasa Memaiia 6 neuu NPUMEeHsIom MalonoaoCHble TUHeHble MASHUMOSUOPOOU-
Hamuyeckue mawunsl (MIJ[-mawiunsl) ¢ MeOHbIMU OOMOMKAMU U CINALHBIM cepOeyHUKOM. Pazomxkuymas xouguey-
Payust MasHUMONPO8OOAd U MASHUMHbIE CE:3U MeHCOY 0OMOMKAMU UHOYKMOPA NPUBOOAM K HECUMMEMPUU MASHUM-
Ho20 noas. Kax npasuno, é cucmeme 31eKMPOCHAOHCEHUA MEMANTYPSULECKUX MAUWUH, NPEOHASHAYEHHBIX OISl 803-
Oeticmeus Ha yeemuvie MEmaiivl, UCNOAbIYIOM HUSKOYACMOMHbBIIL MPAH3UCMOPHYII uHgepmop. Hecummempuunvie
moKu 6 gasax cozoaiom cneyuguueckue pexrcumvl YacmomHno2o npeobpazoeames, Oau3Kue K aeapuiinbimM, npuvem
08yxgasnas, mpexgasnas uau MHo20Qa3nans cucmema eKMpORUMAHUL MONCEM CHAHOBUTNLCA HEYPABHOBEUIeH-
Houl. [{na pacuema unmezpanbHbiX MACHUMHBIX HOMOKO8 8 3Y0Y0801l 30He UHOYKYUOHHOU YCMAHOBKU YOOOHO npume-
HUMb MHO20QA3HYI0 HEAUHEUHYI0 MOOelb MASHUMHOU yenu. B pesyrbmame umepayuonno2o pacuema nouyyaiom
6EKMOPHbIEe OUASPAMMbL MASHUTHBIX NHOMOKO8 U OYEHUBAIOM ms2o8ble ycuausa 6 pacniaee. Haunyuwue ycnosus 603-
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Texnonozuueckue npoyeccost u mamepuaiiol

Oelicmeusi Ha pacniag NOIYHAIom no 3a0aHHOU Yenegou yHKyuu npu nepebope 6apuanmos 6 xooe ONMUMU3AYUY Ha-

MACHUHUBAIOWIUX CUTL 00MOMOK.

Kniouesvie cnosa: mpéxghasnas undykyuonnas ycmanoska, unoykyuonuaa MI J[-mawuna, mamemamuyeckoe mooe-
JUposanue, HeluHeuHas MoOelb MASHUMHOU Yenu, 8eKIMOPHAs OUazpamma MAaeHUmusIx nomokos, mpéxgasueiti IGBT
(insulated gate bipolar transistor) uneepmop, napamempuieckas OnmMUMU3AYU.

Introduction. The electromagnetic inductor is a
working body of the complex MHD-mixing liquid alumi-
num [1]. The necessary technological characteristics of
the inductor are provided when it is powered by an IGBT
inverter, and the frequency converter modes differ signifi-
cantly from the typical ones which are used for an adjust-
able asynchronous electric drive [2]. Current inverters
operating at the edge of the range at a frequency of about
1 Hz are used to power the induction machines of
aluminum stirrers. The heat dissipation mode of power
modules at switching frequencies up to 1 kHz is estimated
as moderate. However, the climatic conditions of the
metallurgical shop can be very difficult, which often leads
to the need to equip the inverter with air conditioning
systems with additional air purification [3].

To implement the current inverter mode, in the phase
of the converter, the stable operation of the modules must
be ensured, with the utilization or conversion of power in
the antiphase state of voltage and current [4].

The transformation of the phase of a three-phase
inverter into a current source significantly distinguishes
its mode, typical for the state of the voltage source [5].

The output of the frequency converter to the mode is
performed by stepwise acceleration according to a
slowed-down volt-second characteristic, which limits the
operation of hardware and algorithmic protections.

Inductors of MHD machines have a low natural power
factor of MHD devices, rarely exceeding 0.05-0.1 in the
area of lagging currents [6]. The steady-state linear
currents of a transistor converter for most induction
machines (MI) of a longitudinal field, average size (up
to 5 tons), take values in the range of 200-350 amperes,
and linear voltages are not higher than 380 V. A draft
of the induction installation under the furnace in the melt
bath area is shown in fig. 1.

The concomitant operational factors of the inverters,
related to the effects of asymmetry during the intensive
energy consumption of the MHD-mixing complexes of
aluminum, is a high level of non-sinusoidal currents of the
distribution network. The practical operation of MHD
complexes showed that with a steady-state inductor power
of about 45 kW and a natural value of cosp = 0.1, the
consumption of the frequency converter from the
workshop distribution point can reach 120-150 kVA or
more, with significant internal generation of the power
source [3; 5].

The appearance of higher harmonics in the network is
due to the operation of a controlled rectifier of the input
module of the frequency converter, designed for
accelerated power gain by a capacitor bank of a DC link.
It is established that the pulsating currents of a three-
phase two-half-wave rectifier can lead to the appearance
of a current harmonic coefficient in the network of up to
80 %. Moreover, in accordance with the specified
technological mode of the MHD inductor, the curves of a
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0.38 kV non-sinusoidal current consumed from a three-
wire network turn out to be modulated by a sinusoidal
signal with a frequency of 1 Hz. One of the means of
counteracting the deterioration in the quality of electricity
is changing the parameters of the DC link by significantly
increasing the capacitance in the DC link [5]. There are
other ways to improve the ecology of the network
described in the literature [7]. It should be noted that the
solution to the problem of reducing the generation of
higher harmonics of the current should be solved in
conjunction with the development of more advanced
hardware and software equipment [8] for frequency
converters, especially for metallurgical inductors.

An example of the output circuit of a three-phase
transistor frequency inverter of a typical structure based
on three half-bridges (D1, D2, D3) and a triangle-loaded
winding of an induction MHD machine is shown
in fig. 2, a. The inductor 1 with a three-zone short-circuit
winding AxZcBy is connected to the inverter 2. The
vector diagram of the magnetomotive force in the
windings of the induction machine is shown in fig. 2, b.

An important distinguishing feature of the
electromagnetic mode of a frequency inverter loaded with
a three-zone induction machine is that the three-phase
current system is not balanced. This means the inequality
of the instantaneous power of the power supply system to
zero in any section of the multiphase power circuit. The
reason for this is the phase inversion and the combined
inclusion of groups of induction windings. This provides
a complex asymmetric structure of the magnetomotive
force, for a given nature of the distribution of magnetic
poles. As a preliminary analysis of the electromagnetic
mode of the inductor showed, in all cases of using three-
phase transistor inverters, for any topology of the
windings of the induction MHD machine, the phase
distribution of the currents turns out to be asymmetric
[4; 5; 8]. The nature of the asymmetry may differ in the
different composition of the currents of the forward and
reverse sequences. Exceeding the modules of the
components of the reverse and zero sequence with respect
to the currents of the direct sequence may turn out to be
twofold and depends on the selected winding connection
scheme [5; 8]. No less important is the question of a
reliable assessment of the limiting current regimes of the
inverter power modules.

Formulation of the problem. In the case of phase
asymmetry, a twofold difference in the operating current
of adjacent quasicomplete half-bridges, during their
continuous operation in the antiphase current-voltage
ratio, may turn out to be a reality [9; 10]. It should be
noted that the use of a universal software environment for
all tasks is not the only right solution and has its
limitations. For example, for converting input and output
information streams, it is convenient to have data in an
ASCII code that is advantageous from the point of view
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of the formation of hybrid models, as well as in full
access to the analysis results.

This condition is extremely important when choosing
the structure of an optimization project, in which it may
be necessary to organize the interaction of heterogeneous
software and the continuous exchange of data between
program modules. Cyclic access to open result files when
solving an optimization problem often forces you to form
a new project shell in which automatic addressing,
marking files, and data loading into different critical
modules and subsystems, including those built using
programming, are performed [11]. To assess the nature of
the distribution of the magnetic field in the inductor, it is
necessary to calculate the magnetic fluxes of the teeth and
the yoke, determine their relationship and evaluate the
means of their regulation. The distribution of magnetic
fluxes in the melt determines the total traction force of the
induction machine, so the problem can be solved using a
numerical iterative model and optimization.

Solution. The solution of the problem of modeling the
field in the graphical shell of modern professional
software products, for the assumptions made, usually does
not cause difficulties [12]. Its details can be omitted using
the calculation results in the form of integral
characteristics of the best options for a longitudinal
magnetic field MHD machine. The calculated parameters
of several induction machines obtained by modeling in a

Maxwell medium at a frequency of 1 Hz for a three-zone
machine 2200 mm long with a steel core are presented
in table. Options 1-2 — three-phase execution, options 3—4
two-phase.

Given in the table the results can be used for practical
design of the inductor. At the same time, details of
studying its energy and the interaction of integrated
magnetic fluxes in the windings, yokes, teeth, and
currents that cause them can be of considerable interest in
clarifying the electromagnetic regime of an induction
MHD machine. An electromagnetic inductor is only a part
of the whole device — a complex of MHD-mixing liquid
aluminum. The necessary technological characteristics of
the inductor are provided when it is powered by an IGBT
inverter, and the frequency converter modes are
significantly different from the typical ones for an
adjustable asynchronous electric drive [9; 13]. Numerous
attempts to adapt common industrial converters, with
standard transistor control algorithms to different types of
flat MHD inductors, have not showed stably positive,
stable results [3; 5]. In addition to the problems of
controllability and reliability of the power link, often
there are difficulties in interfacing the logic of the internal
control system with the operation algorithm of the upper-
level control system controller. Therefore, it was very
important to analyze the features of the inductor, fed by a
low-frequency source of modified sinusoidal voltage [8; 9].

Fig. 1. Draft of the design of a three-zone induction machine

Puc. 1. Ocku3 KOHCTPYKIUH TPEX30HHOM MHIYKIIMOHHON MAIIMHBI

b

Fig. 2. Three-zone induction machine with an inverter and a vector diagram of the magnetomotive forces

Puc. 2. Tpéx30HHAs MHIYKIIMOHHAS MAINHA C HHBEPTOPOM M BEKTOPHAs AWarpaMMa MarHUTOABIIKYIINX CHIT
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Design and operational parameters of induction machines

Design parameter Option
1 2 3 4
Base number of pole pairs 2p=1 2p=4/3 2p=3/2 2p=2
Winding connection diagram AZB AZBX ABX ABXY
Number of inductor windings, pcs. 3 3 4 4
Number of inverter half bridges, pcs. 3 3 4 4
Linear current load, kA / m 87 82 94 89
Inverter line current, A 220 220 350 350
The magnitude of the pole pitch T, mm 2200 1650 1467 1100
Rate of a magnetic field rise V;, m /s 4.4 33 2.9 2.2
The mass of the winding copper inductor, kg 969 1005 1133 1120
Inductor mass total mi, kg 5019 4828 4416 5143
Power inductor Pi, kW 73.0 77.8 80.8 82.7
Tangential force Ft, N 476 647 646 375
Integral force in the melt, N 1832 2111 1836 1245
The ratio of force to power, N / kW 6.52 8.32 8.00 4.53
The ratio of force to mass of the inductor, N/ t 94.8 134.0 146.3 72.9
The speed of the melt, m /s 2.24 2.48 232 0.97
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Fig. 3. Fragment of the model of a magnetic circuit of a three-zone inductor

Puc. 3. ®parmeHT MO/ MarHUTHOM LENH TPEX30HHOTO UHIYKTOpa

An example of a regime analysis when searching for a
quasi-optimal distribution of magnetomotive forces is
discussed below. For a three-zone machine with the
connection of the windings into a triangle, it is possible to
show the procedure for studying the adjustment
characteristics, which takes into account the possibility of
stepwise changes in the ampere turns of different groups
of windings. In practice, it is easiest to apply the
regulation of the number of turns of the middle winding,
or the interconnected synchronous regulation of the
number of turns of the extreme windings. A deeper search
for the optimal ratio of the linear current load of each
phase can be carried out using an inverter, the power key
control algorithms of which allow separate phase control
in the current source mode [5; 10]. In this case, one of the
limitations is the condition for limiting the linear voltages
to the level of 0.4 kV.

To estimate the distribution of magnetic fluxes of a
medium-sized inductor, a spatial multiphase magnetic
circuit model was used, which was constructed by
analogy with [14]. A sectional fragment of a simplified
model is shown in fig. 3. The degree of media
discretization provided for in the model shows a
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calculation accuracy of 5 %. An increase in the dimension
of the problem to 1000 knots does not lead to a significant
refinement of the calculation result. The parameters of the
model elements are determined by the real geometry of
the inductor. The nonlinearity, in the numerical iterative
model, for steel sections of the magnetic circuit is taken
into account according to tabular weber-ampere
characteristics according to the magnetization curve of
structural steel 3. As sources of magnetomotive force, a
linear modification of flux-controlled of magnetomotive
force sources is used kF, kF,, kF3, by analogy with
voltage controlled current sources in electrical circuits.

An example of a family of vector diagrams obtained in
a numerical analysis using a multiphase model of a
magnetic circuit (fig. 3), when controlling the
magnetizing force k F, of the middle phase winding, is
shown in fig. 4.

Due to the large number of vectors, it is convenient to
apply color highlighting when displaying diagrams. For
standard phase shifts o = /3 of the magnetomotive forces
complexes Kk F,, kF, kF; of the windings in the
numerical model, the distribution of magnetic fluxes @,
@,, @3, D, over four teeth, shown in fig. 4. Phase shifts of



Cubupckuil srcypHan Hayku u mexvoaoeui. Tom 20, Ne 3

magnetic fluxes are denoted by the symbols @15, ¢23, ©34,
@41 and their sum is 2.

With step regulation of the average winding MDF F,,
a fan distribution of field vectors with raster angles
[6; and d,], [8; and &5] is formed for each tooth. At the
same time, for the magnetomotive force increase mode 1
F,, the ends of the vectors @,, ®,, ®;, d, synchronously
move along parallel dashed straight lines in opposite
directions, indicated by colored arrows. The phase shifts
between the magnetic flux vectors [®@, and @3], [D; and
@,] increase, and between [®@, and @;], [@; and Dg]
respectively decrease. On each trajectory of the vectors
there are pairs of points at which the optimal position of

the magnetic flux complexes is fixed. The problem of
determining the best distribution of ®@,, @,, ®;, ®, can be
solved by machine optimization search [15-17].

The assumed optimal location of the vectors of
equivalent magnetic flux amplitudes, obtained manually,
is indicated by colored arrows with increased fat content.
In this case, the phase shifts are approximately the same
012 ® 03 = QP34 = @41, however, a more accurate solution to
the problem here is the subject of an optimization search.
To clarify the relationship between the magnetomotive
forces of the windings and the tooth flows, the vector
diagram of fig. 4 is modified to the simplified image
shown in fig. 5.

Fig. 4. Tuning vector diagram of toothed magnetic fluxes

Puc. 4. PerJ'II/IpOBO'-IHaSI BEKTOpHas JuarpaMmma 3y6L[0BLIX MAarHuTHBIX IIOTOKOB

Fig. 5. Simplified vector magnetic fluxes diagram

Puc. 5. YHpOH.leHHaH BCKTOpHAas JuarpaMmMa MarouTHbIX IIOTOKOB
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A study of the winding circuitry for three-, four- and
six-zone machines with a triangle showed that, as a result
of power transfer in an MHD machine, one of the phases
of a three-phase transistor inverter, as a rule, is in the
recovery mode [5; 9]. With technological reversals of the
induction machine, taking into account the change in the
phase sequence, the nature of the current distribution in
the three-wire power cable changes so that in any phase
the inductive power factor can become capacitive and
vice versa. Nevertheless, in general, the nature of the
asymmetry of the electromagnetic mode of the working
body remains acceptable, and can be corrected using
automated optimization procedures [18-20].

The conditionally optimal vectors are denoted by the
symbols @, @,, ®;, @, (lines of increased fat content),
but their distribution corresponds to almost twice the
value of the magnetomotive force F,. The initial value
of the magnetomotive force of all windings |k F,|=
= |koF,| = |k5F5] with the same shift o = n/3 there
corresponds a more “curved" distribution of the vectors
@°, @°,, @, @, at which the amplitudes of the field
vectors of the middle teeth are almost a quarter less than
the amplitudes of the magnetic fluxes of the extreme
teeth. Phase shift limits [0, u 833] >> [011 U O44], are ob-
tained with an increase in the magnetomotive force of the
middle, inverted phase from the value of F,, no E’,

The average position of the vectors @, @,, ®;, O,
corresponds to the initially investigated distribution, fixed
for the above diagrams (fig. 4, 5). The trajectories of the
ends of the vectors without taking into account the
dynamics of saturation remain linear, but are no longer
parallel. Finding the points of the best location of the
magnetic flux vectors is best performed iteratively using
the means described in [9; 14; 21]. However, in this case,
the equivalent optimal mode cannot be achieved,
therefore, the best available mode is considered quasi-
optimal.

Practical studies of prototypes of a six-zone induction
machine have shown that the most “current curves” are
turn-on circuits when connecting a single or double star
with a neutral wire. And when switching to a circuit
without neutral, there are so significant distortions of the
symmetry in voltage that the efficiency of the middle
windings of each group decreases unacceptably. By
changing the linear current load of the windings,
asymmetry can be damped to some extent, but in practice,
traction efficiency, which is not comparable to a triangle,
can be achieved. It should be noted that the search for the
optimal ratio of the amplitudes of the magnetomotive
force and phase shifts of the flows in several windings wy,
W,, W3 interconnected through a common magnetic field
is the subject of numerical optimization, which is carried
out for the characteristic circuit AZB of the phases of the
induction machine.

An example of a diagram of a family of magnetic flux
vectors obtained by synchronous stepwise regulation of
magnetomotive force sources Fy, F3 of the windings of the
extreme phases for a three-zone inductor of the AZB
circuit is shown in fig. 6. At the same time, the condition
of invariance of the middle phase is provided |F,| = const.

Synchronous regulation of the magnetizing forces of
the extreme windings F, 11 F5 u F; {4 F; gives a picture
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of the distribution of magnetic fluxes ®@;, ®@,, ®;, ®, with
a significant distortion of symmetry and a change in the
amplitude-phase relations between the vectors. For this
method of regulating magnetizing forces, an optimization
algorithm, that provides the best available solution, is also
applicable

An example of the diagram of the magnetic flux
vectors in the yoke, with fixed shifts o = n/3 and equal
values of the magnetoresistance of the windings Fy, F,, F3,
is shown in fig. 7. This state corresponds to the previously
obtained distribution of tooth magnetic fluxes ®°;, @,
@, @, according to the vector diagrams of fig. 5, 6. In
the diagram of fig. 7, the streams of teeth and the flows in
the windings ®°g;, @ gy, O g3 placed on the yoke of the
magnetic circuit are combined on a natural scale. In the
analysis of diagrams, it must be remembered that the
same notation is @5, @3, in fig. 5, 7 correspond to
different angles.

One can see that, judging by the diagram, the
equivalent phase zone of magnetic fluxes in the yoke
occupies the raster angle (912 + @23) <20. Moreover, an
increase in the linear current load in the middle of the
core (magnetomotive force of the winding w,) leads to a
narrowing of the equivalent phase zone with increasing
phase shifts 0 and in a significant, fraught with saturation,
increase in the intensity of magnetic fluxes in the steel
yoke. The ratio of the magnetic fluxes of the teeth (red
vectors) and the fluxes in the yoke (green) shows a
significant excess of the fluxes of the yoke over the fluxes
of teeth oriented in the molten metal.

Essentially, this means that the inductor works with
the molten metal on the scattering fluxes, and the main
flow is directed along the core and consumes energy for
heating steel, fastening metal structures and mechanical
vibration. Nevertheless, the results of comparative
mathematical modeling of inductors with longitudinal and
transverse flow show that at a distance from the core by
the size of the operating gap, the magnetic induction
values of both inductors of the same size are comparable
[15; 18]. The decrease in the efficiency of the cross flow
inductors is due to the intense attenuation of the field in
the melt. Therefore, the designs of shortened low-pole
inductors of the longitudinal field turn out to be quite
comparable in efficiency with a lower mass and greater
manufacturability. The operating experience of cylindrical
and flat induction machines of a longitudinal field showed
that the energy of the scattering field at a frequency
of 1 Hz, taking into account the presence of concentrators,
is quite sufficient for effective impact on the melt within
the calculated air gap.

The solution to the problem of achieving the optimal
distribution of the magnetomotive force across the
windings is carried out after modeling a multiphase
magnetic circuit. For this, a well-known optimization
technique using the genetic algorithm (GA) and local
search modification is used [15; 16; 21]. In order to avoid
obtaining a cumbersome intractable optimization
problem, when studying the regulation of magnetomotive
force, only a few parameters are selected and included in
the objective function. The statement of the optimization
problem is formulated in such a way that the greatest
value of the pulling force for each concentrator is ensured
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with equal values of the serrated magnetic fluxes for a
relatively equal distribution of field vectors in the raster,
within the area of influence on the melt. As counteracting
factors, the mass of copper of the induction windings and
the loss of power for their heating are taken into account.
The general expression for constructing the objective
function in the selected optimization technique is shown

below.
F—-F(x G-G(x
Fc(x):nF{| F( )|}+nc{| G( )|}+

+ nQ{—|Q_Q(x)|}+nR {—'R_R(x)|}+...+ (1

0 R

+ Mg {w}—)min.
S

F, G, Q, R, S are functions that significantly affect the
aggregate objective function (1), if it is possible to take
them into account in the problem at the programming
stage, for example, by including subsystems with their
description in the general computational algorithm of the
project. First of all, these are the amplitudes and phases of
the voltages, the overall dimensions of the induction
machine, the mass and characteristics of materials, the
geometry of the core and the parameters of the windings.

Taking into account the truncated goal of the study,
the conditions for using software for the genetic algorithm
should be limited. An abbreviated record of the
expression of the objective function is shown below.

F,-F
Fc,(x):ﬂp{—| 0 7 (x)|}+
’ )
‘o, {|<po (‘P‘P()‘)'}mp{m ;P<x>|}%mm.
0 0

In the accepted notations, the symbol F (x)
corresponds to the relative value of the magnetomotive
force k,F, necessary to create an increased linear current
load due to the middle winding, the symbol ¢ (x) is the
phase shift ¢,; of the tooth magnetic flux vectors @, n @;,
the symbol P (x) — relative value of active power in the
winding, m; — weighting factors. Calculation in the
genetic algorithm according to objective function (2)
made it possible to identify the regime with the greatest
effort, but at the same time the power and mass losses
were somewhat overestimated in comparison with the
results achieved at the design stage of the induction
machine. At the same time, the obtained optimization
results (fig. 8) for unequal magnetomotive force between
the windings wy, w,, ws were confirmed at the stage of a
numerical experiment for a sample of an MHD inductor
of 5 tons in size according to option 1 (table), assigned for
use on mixers with a working gap of about 500 mm.

Judging by the data obtained, for the given criteria: the
range of change in the magnetomotive force kF, of the
winding w, and the phase shift @,; (fig. 5) between the
vectors of the tooth flows, the minimum of the objective
function (2) and the greatest traction force are obtained
when the linear current load increases to a value close to
calculated, Hy = 89 kA/m and phase shift (@, ®@;) equal

404

to @y = 76 degrees. The indicated value of the linear
current load is achieved by increasing the base value of
the magnetomotive force (Fo=53 kA) of the second
phase at point M (fig. 8) to Foy=wyh=
= kv - Fp=1,46 - 53 =78 kA. It should be noted that
the development and refinement of the calculation
algorithm for an extended list of optimized parameters of
the induction MHD machine leads to a significant
correction of the optimization project and even processing
of the corresponding software. The generation of a
mathematical model and its subsequent solution is not
an easy task.

Objective function (1) is more complex in description
and cumbersome to implement in terms of the
effectiveness of achieving the result. In the considered
model, it is not possible to take into account the cutting of
iron sheets, the cost of cutting, the choice of the optimal
tire section, etc., and therefore, the study should be
considered simplified. To design a series of machines
with improved technical and economic indicators, it is
necessary to turn to the global algorithm and the results of
a detailed study of a larger number of options. In this
connection, only the results of the search for the best
current distribution in the windings according to fig. 4, 5
are shown here, and detailed optimization of the MHD
inductor modes in combination with a frequency inverter
for an expanded list of requirements is highlighted in a
separate project.

Structural-algorithmic ~ synthesis of three-phase
transistor IGBT inverters serves as a solution to the
problem of constructing frequency inverters for the
requirements of unbalanced load. The main way to
control power switches is considered to be pulse-width
program modules (PWM), which provide overmodulation
and increase the level of output voltage. In practice,
inverters use all the classic bridge structures with a two-
stage high-voltage DC bus. The presence of a neutral
point in the DC link provides bipolar power to the quasi-
complementary output stage. In addition, such a structure
allows us to propose circuit solutions that increase the
stability of inverters when operating on an asymmetric
load in a star [5; 8; 22]. In this case, the neutral points are
connected, which serves as a means of balancing.
However, such a balancing solution is unsuitable when
connecting the induction MHD load to a triangle.

Taking into account the requirement of low cost of the
power inverter as part of the MHD-mixing of the
aluminum melt complexes, at the initial stage two-three-
level inverting circuits, as well as matrix inverting
circuits, are excluded from consideration of the options
for constructing the inverting link. However, if there is a
problem of power supply to a sharply asymmetric three-
phase load in the steady state, it may be necessary to
consider multi-level solutions. As shown in [5; 10], the
asymmetry of the windings of induction MHD machines
with inverted phases, in typical cases, can be
accompanied not only by a change in the nature of
reactivity, but also by a mutation of the electromagnetic
mode. Moreover, the different phases of the inverter can
go into recovery mode, due to the electromagnetic
transfer of power between the windings of the induction
device [3; 6].
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Fig. 6. Tuning vector diagram of magnetic fluxes

Puc. 6. PerynupoBounast fuarpaMmMa MarHUTHBIX TIOTOKOB
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Fig. 7. Vector diagram of magnetic fluxes in yoke
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Fig. 8. Topology of the target function surface

Puc. 8. Tonosorust moBEpXHOCTH LIENIEBOM QYHKINU

According to the requirements of the technological
mode of foundry and smelting equipment, the inverter
must provide dynamic phase reversal, which complicates
the task of constructing a stable multiphase power supply
system for an induction MHD machine. An additional
factor complicating the construction of the power supply
system for shortened metallurgical induction machines is
the preference for connecting a MHD inductor in a
triangle. To balance the mode of standard half-bridge
modules of different phases in the power link, it is
possible to use an additional modular half-bridge, which
in the specified order is connected to the load as a means
of balancing [10; 22]. Such a connection can be
considered as one of the options for the parallel
connection of IGBT modules, valid for single-level three-
phase inverters.

The described features of the current distribution in
the windings and phases of the MHD machine create the
conditions for considering a wider range of circuit and
algorithmic solutions in the structure of the IGBT inverter
[5; 8; 22]. It is possible to find a solution by duplicating
the half-bridge of each phase with an additional power
rack with their parallel coordinated inclusion. In addition,
it is necessary to take into account the need for extreme
dumping of large reactive capacities during an emergency
shutdown of the MHD inductor. This is very significant,
since a standard power utilization unit is provided in the
structure of a standard frequency converter. For the
changed operating conditions, the modes of its operation
under sharply asymmetric load should be firmly entered
into the inverter state control algorithm, since this
determines the reliability of the entire complex of MHD-
mixing of the melt. The above, formalized in the
transition from general considerations to the formation of
a set of requirements, in the form of technical
specifications for the development of a PWM inverter.

Conclusion. Induction MHD machines of a
longitudinal magnetic field, designed to mix the melts,
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have different tooth intensity in the melt. Therefore, to
correct the running magnetic field mode, the linear
current load of the inductor and the phase mode of the
inverter are used. Of practical importance is the method of
adjusting the flow distribution by coordinating the
calculated number of turns in the induction windings,
with the distribution of currents over the phases of the
frequency converter. The required value of the
magnetomotive forces of the windings of each phase is
specified by adjusting characteristics at the stage of
modeling and optimization of the MHD machine. In
addition, to adjust the characteristics of the induction
MHD machine, program-algorithmic control of the
amplitude-phase operating parameters of the inverter is
used, which makes it possible to equalize the distribution
of tooth magnetic fluxes and the traction value in the
melt. With any distribution of magnetic fluxes along the
teeth, the intensity of the magnetic field in the magnetic
circuit exceeds the intensity of the tooth components. This
can be considered a drawback of the considered
construction of MHD machines with a longitudinal
magnetic field, since an increased value of the magnetic
induction in the yoke can lead to premature saturation of
the core, distortion of the currents in the windings and a
decrease in the efficiency of the inverter of the power
source. Taking into account the low-polar nature of the
induction machine, it can be noted that at a distance
of the working gap, the magnetic field intensity is leveled
out and is sufficient to effectively influence the melt.
The considered example of optimization of the
electromagnetic characteristics of the MI additionally
improves the operational properties of induction MHD
machines of a longitudinal magnetic field.
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