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SYNTHESIS AND ANALYSIS OF ARC FURNACE ELECTRICAL MODE CONTROL
SYSTEM ON THE BASIS OF THREE-DIMENSIONAL PHASE CURRENTS VECTOR
DISTRIBUTION

Goal. The purpose of the article is to create the method for the operative synthesis of an arc steel-melting furnace (ASF) electric
mode (EM) control signal on the basis of a three-dimensional arc currents vector, which takes into account the stochastic nature
of the processes in the melting space and power circuit and has low sensitivity to the control object parameters changes, as well as
development of the control system structure for its implementation. Method. The basis of the created control method is formed on
the statistical theory of dynamical systems, as well as the provisions of the statistical theory of optimal control based on the
Fokker-Planck-Kolmogorov equation, which enables to synthesize operational control by the criterion of approaching the
regulated coordinate distribution density to the S-function, that is to minimize the dispersion of the three-dimensional furnace
Phases arc currents vector. Results. The system of equations for operational real-time calculation of control influences of the
thyristor switch of phase inductors, included in the power supply circuits of three-phase arcs, and the structural scheme of the
adaptive contour for the formation of three-dimensional phase currents vector dispersion for the implementation of adaptive
optimal control were obtained. Scientific novelty. For the first time, based on the Fokker-Planck-Kolmogorov equation, we obtain
a system of equations representing a mathematical model of a stochastic adaptive optimal control of the arc furnace electric mode
by the criterion of a minimum dispersion of three-dimensional phase (arcs) currents vector, which enables, in comparison with
known methods, to increase dynamic precision of the arc currents stabilization at the level set by the criteria of energy efficiency
and electromagnetic compatibility values. Practical value. The use of the proposed adaptive optimal control model and structural
system scheme for its implementation allows, in comparison with the serial arc power regulators, to improve the dynamic
accuracy of the arc current currents stabilization at the level of given optimal settings and, based on this, to improve the energy
efficiency and electromagnetic compatibility indices of the arc furnace and power supply network. References 18, figures 5.

Key words: arc furnace, electric mode, three-dimensional vector of phase currents, stochastic control, dispersion,
optimization, adaptation, arc current control circuit.

Mema. Memow cmammi ¢ cmeopenns memooy ONEpamueHo20 CUHME3y CUZHANY KepyeanHusa enekmpuunum pexcumom (EP)
0y2060i cmanennasunsnoi neui (/JCII) na ocnogi mpusumipnozo éekmopa cmpymie ¢has, wio 6paxoeye cmoxacmuimny npupooy
npoyecie y niaguibHOMy RpPOCHOpI, CUNOBOMY €NeKMPUYHOMY KOJi neui, MAE HU3LKY 4Uymaugicme 00 3MiHU napamempie
00°cKma Kepysanna ma po3pooaenna CmpyKmypu cucmemu KepysanHua 011 iiozo peanizauii. Memoouxa. B ocnoey cmeopenozo
Memoody KepyeanHs NOKIAOEHO NON0MCEHHA CHMAMUCMUYHOI meopil OuHAMIYHUX CcUCmeM, a4 MAKOMNC NOJI0HCEHHA
cmamucmuynoi meopii onmumManbHo20 Kepysanua Ha ocnoei pieuanna @Dokkepa-Ilnanxa-Konmozoposa, wio oaec 3mozy
CUHme3y6amu onepamugHe KepyeanHsa 34 KPUMEPIEM HAONUNCEHHAM ZYCIMUNU PO3NOOIYy pezynbosanoi Koopounamu 00 &
ynxyii, moomo minimizyeamu oucnepcito mpusumiprnozo eekmopa cmpymie ¢asz (0y2) oyzoeoi neui. Pesynemamu. Ompumano
cucmemy piGHANDL 0714 OREPAMUBHO20 6 pexcuMi on-line po3paxynKy Kepylouux 6niueie mupucmopHo20 KOMymamopa gaznux
opocenie, w0 GKIIOYEHI Y CUI06€ KOJI0 HCUGTEHHA MPUDAZHUX Oy, mMaA CIMPYKMYPHY CXeMY A0AGRMUBGHO20 KOHMYPA (opmMy6aHHs
oucnepcii mpugumipnozo eekmopa cmpymie 0yz 0y2080i neui 011 peanizayii adanmuenozo onmumaibnozo Kepysanns. Haykosa
Hoeu3Ha. Bnepwie mna ocnogi pienanna ®@oxkepa-Ilnanka-Konmozoposa ompumano cucmemy pieHAHb, WO ROOAIOMb
Mamemamuyny Mooenb CHOXACMUYHOZ0 AO0ANMUGHOZ0 ORMUMANLHO20 KEPYGAHHA eNeKMPUUHUM PeHCUMOM 0y2060i
cmanennasuibHol neyi 3a Kpumepiem MiHIMymy Oucnepcii mpusumipnozo 6eKmopa cmpymie oyz, ujo 0ae 3mozy y nOpieHAHHI 3
gioomMuMu memooamu Rnidsuwyumu OUHAMIUHY mouHicmb cmabinizayii cmpymie Oyz Ha pieHi 3a0aHux 3a Kpumepiamu
enepzoehekmugnocmi ma enekmpomazHimnoi cymicnocmi 3nauens. Ilpakmuuna yinnicmo. Peanizayia 3anpononosanoi mooeni
A0anMUBGHO20 ONMUMANILHO20 KEPYGAHHA Ma CMPYKMYypHoi cxemu cucmemu 0as ii peanizayii oacmo 3mo2y y NOpiGHAHHI 3
CepilinuMU Peynamopamu ROMYyMCHOCmi 0y2 ROJINWMUMU OUHAMIYHY MOYHICMb cmabinizayii cmpymie 0ye Ha pieHi 3a0anux
ONMUMANLHUX YCMABOK i HA OCHOGI UbO2O KOMNIEKCHO RONINMWMUMU NOKA3ZHUKU eHepzoedheKmuenocmi ma eaeKmpomazHimuoi
cymicnocmi pexcumie 0y2060i neui ma enekmpomepexnci. bion. 18, puc. 5.

Kniouosi cnosa: pyroBa crajemiaBUIbHA IIiY, eJIeKTPUYHHUI peKUM, TPUBUMIPHHI BeKTOp CTpyMiB (a3, croxacTuuHe
KepyBaHH#, JUcIepcis, onTuMizauis, agantaunisi, KOHTYP peryJloBaHHs CTPYMiB IyT.

Llenv. Ilenvio cmamovu a6nemea co30anue Menooa ONEPpamueHo20 CUHMe3q CUZHANA YRPAGIEeHUA ITIEKMPUUECKUM PEHCUMOM
(EP) oyzoe0it cmanennasunvnoui neuu ([CII) na ocnose mpexmepHozo 6eKmopa mokoe a3z, Komopwlil yuumsleéaem
CHIOXACMUYECKYI0 NPUpPOOy NPOUEcco8 6 NIAGUIAbHOM RPOCHIPAHCHIGE, CUNO0BOI INEKMPUUECKOI Yenu neuu, umeem HU3KYIo
YPECMEUMENILHOCIY K UMEHEHUIO NAPaAMempos 00beKma ynpasienua u paspadomka cmpyKmypsl cCUcnembvl YRPaeneHus Ons
ezo peanuzayuu. Memoouka. B ocnoee co30annozo memooa ynpasienusa ucnoab306ansl NOJ0MHCEHUA CMAMUCMUYECKOU meopuu
OUHAMUYECKUX CUCMEM, G MAKMCe NOJIOHCCHUE CIAMUCIUYECKOl meopuu ORMUMAIbHO20 YRPAGIEeHUA HA OCHOGe YPAGHEHUA
®Doxkepa-IInanxa-Konmozoposa, umo no3eonsaem CUHmME3UPO6AmMs ONEPAMUEHOE YRPAGIeHUEe NO KPUMEPUIO RPUOIUHCEHUS
nAOMHOCIMU PAChpedeseHUs Pe2yupyemoil KoOpounameol K S~(yHKyuu, mo ecmv MUHUMUUPOGANL OUCHEPCUIO MPEXMEPHO20
6ekmopa mokog 0yz 0yzoeoii neuu. Pezynomamewl. Ilonyuena cucmema ypasnenuil 07 Onepamuenozo 6 peycume on-line
pacuema ynpasnarouwiux 6030eicmeuli MmupucmopHozo Kommymamopa (asnwvix opocceneil, 6KIIOYEHHbIX 6 CUIOBYI0 Uenb
numanua mpexgazuvix 0y2, u CMPYKMYpHYI0 cxXemy a0anmuéHo20 KOHmMypa GopmMuposanus oucnepcuu mpexmepHo20 eKmopa
mokoé ¢haz 0y2060it neuu 014 peanuzauuu AOANMUEHO20 ONMUMATbHO20 ynpasnenua. Hayunaa noeusna. Bnepgvie na ocnoge
ypasnenua @oxkepa-Ilnanxa-Konmozoposa nonyuena cucmema ypagHeHull, NPeoCMAGAIOWUX MAMEMAMUYUECKYI0 MOOeab
CHIOXACMUYECK020 A0ANMUGHOZ0 ONMUMATLHO20 YRPAGAEHUA IIEKMPULECKUM PEHCUMOM 0Y20801i CHAIENIA8UIbHON nevu no
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Kpumepuio munumyma Oucnepcuu mMpexmepHoco0 6eKmopa moKoe Oye, UYmo no3eojiiem nO CpPAGHEHUI0 ¢ U36eCMHbIMU
Memooamu noevlCUmb Ouuamuuecxyto mo4YHOCHb cmaéwmzauuu MmoKoe6 oye Ha ypoene 3A0AHHBIX NO Kpumepuam

InepzoIphexmusnocmu u Inekmpomaznumnou coemecmumocmu 3navenui. Ilpakmuueckas uennocme.

Peanuzayusn

NPeONoNCEHNON MOOenU A0ANMUBHO20 ONMUMAILHOZ0 YAPAGIEHU U CHMPYKMYPHOU CXeMbl CUCHeMbl O ee peanu3ayuu
N0360/151€M NO CPAGHEHUIO C CEPUIIHBIMU PeZYIIMOPAMU MOWHOCHU OY2 YIYHIUUMb OUHAMUYECKYIO MOYHOCHb CIAduIu3ayuu
MoK06 0yz Ha YpOGHEe 3A0AHHbIX ONMUMAIbLHLIX YCHIAGOK U HA OCHO6E IMO20 KOMHIEKCHO YIAy4uums HOKA3amenu
IHEP2oIPhexkmusHoCmU U INEKMPOMACHUMHOU COBMECIUMOCHU PEHCUMO8 0Y2080ii neuu u 3n1ekmpocemu. butdn. 18, puc. 5.

Knrouesvie cnosa: ayrosasi CrajielJiaBUJIbHasl T1i€Yb,

JIEKTPUYCCKUI PpeKuM,

TpPeXMepHbIl BEKTOP TOKOB (a3,

CTOXaCTHYECKOEe YIPABJICHHE, JUCIIEPCHs, ONITHMU3ALHUS, AIANTALNA, KOHTYP PeryJupoBaHis TOKOB AYT.

Introduction. Arc furnaces are powerful electrical
technological installations that belong to a class of
complex systems and are characterized by extremely
incident, dynamic, nonlinear, phase by phase non-
symmetric nature of loading and continuous action of
intense coordinate and parametric disturbances in arc gaps
and power supply circuit of three-phase arcs. The
specified loading characteristics complicate the control
process of such objects and impose appropriate
limitations on the system engineering — models, methods
and approaches for improving existing systems of control
modes and regulation of electric coordinates.

The problem of integrated improvement of energy
efficiency and electromagnetic compatibility indices of
arc steel-melting furnaces (ASFs) is dictated by the
necessity of increasing the competitiveness of electric
steels and high alloys on the domestic and foreign
markets of metal products. Its state is largely determined
by the level of excellence of automatic control systems
(ACS) of electrical modes (EM) of arc furnaces,
characterized by the speed and dynamic accuracy of
coordinate (first of all, arc currents) regulation, the
efficiency of electric modes control models, state
identification and prediction of the process of electric
steelmaking.

It is obvious that for such electrical technological
nonlinear stochastic control objects with a range of
installed power of power electric equipment of 1...175
MVA, it is most appropriate to use models based on
probabilistic characteristics of control processes and
that most fully correspond to the nature of the processes
which occur in them. Efficiency and completeness of
solution of control problems in general and adaptive
optimal, in particular, of electrical modes of electric
steelmaking are determined, first of all, by the speed
and dynamic accuracy of the regulation of the
coordinates of the electric mode and, the most
important, by currents of arcs.

Problem definition. The complexity of the tasks of
the modern theory of adaptive optimal control of
stochastic dynamic objects and processes requires the
improvement of the mathematical apparatus for their
description, identification and control synthesis models,
and also requires significant computing power of digital
means (microcontrollers, microprocessor devices) for
implementation of identification and real-time control.

Unfortunately, the control of modes in the vast
majority of arc furnaces is realized on the basis of
classical deterministic models of identification of states,
parameters, phase by phase regulation of coordinates and
control of modes that do not correspond to the stochastic
phase by phase interconnected nature of the processes
underlying them functioning.

Therefore, in our opinion, the most appropriate
approach to solving the above problem is to improve the
existing and create new effective methods and approaches
for the tasks of controlling modes and coordinate
regulation, in particular, the operational formation of
control effects based on the three-dimensional vector of
phase currents and its probabilistic characteristics.

Review of recent publications. For the first time,
the theoretical principles of stochastic models for the
formation of control effects for the electromechanical
system of displacement of electrodes of three-phase ASFs
have been published in [1]. The coefficients of the
relationship between the average rectified currents of arcs
included in the created model of the ASF are proposed to
be determined on the basis of probabilistic analysis and
taking into account the correlation interconnections of
phase processes in the furnace space of the three-phase
arc furnace. The model of electric mode control of the
ASF obtained in this work allows to adjust the control
signals of typical regulators of the electric mode by
current and, thus, to avoid false operations of the
regulator of the i-th phase (to eliminate false electrodes
displacement) by perturbations in adjacent phases. Under
this control model, the phase by phase autonomy of
electric mode control is improved, which, in turn,
increases the efficiency of the electrometallurgical plant.
But with the help of such a model, it is impossible to
implement the above-stated approach of control of three-
phase ASF modes.

Similarly, the problems of the phase by phase
autonomy of electric mode control by arc furnace phases
on the basis of the account of stochastic parameters of
perturbations of adjacent phases are considered in the
work [2]. According to this work, the signal formed by
the displacement of the electrodes in each phase is
formed additively from the signals of the dissonance of
all three phases, which are normalized by the weight
factors. To find the values of these coefficients, the
authors obtained a mathematical model that describes
the reactions of such a complex object as the ASF on the
pre-synthesized control influences and perturbation
processes that convert the electric mode of the furnace
to a particular state. In the final case, these coefficients
are also some averaged over a certain time interval the
coefficients of the weight of the signals of discrepancies
of phase modes. Nevertheless, it should be noted here
that in this paper for the first time it was noted that
optimization of the system of controlling the electric
mode of the ASF should be carried out with an
orientation to such an integral characteristic of the mode
as the variance of the three-dimensional vector of arc
currents, but specific solutions in this direction in this
work are not offered.
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In the paper [3] for the analysis and synthesis of
control systems of electric drives, which are under the
influence of random perturbations, the expediency of
using the probabilistic approach is substantiated. This
approach ensures an adequate response of the ACS to the
processes and perturbations that take place in the control
object. In this paper, the method of formation of the
variance of the regulated coordinate, that is, the method of
stochastic dynamic stabilization for application in the
problems  of stabilization of coordinates  of
electromechanical systems with random perturbations is
worked out. In its implementation, it is possible to control
the dispersion of the output coordinate of the dynamic
system in accordance with the current requirements and
conditions of operation of the control object, in particular
such as an arc furnace.

In work [4] a mathematical description of the
electromechanical control system of electrodes position
was worked out, on the basis of which «on-line» synthesis
of the desired dynamic characteristics of the state change
process on the basis of integral quality criteria is carried
out. The proposed approach is based on the account of the
phase by phase interconnection of electric modes caused
by the peculiarities of the parametric non-symmetric
power supply circuit of the three-phase arcs and the
impedance or differential law of the formation of a
control signal on the displacement of the electrodes. But
this work, like the previous one, is far from the idea of
applying the control of processes in arc furnaces and the
idea of forming a three-dimensional vector of arc currents
and its stochastic characteristics.

The mathematical and computer models of control
of electrical modes of the three-phase arc furnaces
proposed in the papers [5-9] have certain advantages and
disadvantages among themselves in terms of the
completeness and accuracy of the description of modes,
identification of states, conveniences in use and
readjustment, but they do not meet the above
requirements for energy efficiency and electromagnetic
compatibility modes in full, primarily due to the
inadequacy of the control models to the nature of the real
processes of changing the coordinates of the EM, also
because of the high sensitivity of the obtained dynamics
to changing parameters of the control object, which is
highly undesirable in terms of continuous action of
stochastic parametric disturbances in the power circuit of
the furnace and in phase arc gaps.

The goal of the work is the development of system
and structural solutions for the operative synthesis of the
control signal of an arc furnace electric mode on the basis
of a three-dimensional vector of arc currents, taking into
account the stochastic nature of the processes in the
melting space and the power supply circuit of the three-
phase arcs and has a low sensitivity to the change of the
control object parameters, the use of which in comparison
with known solutions allows to increase the dynamic
accuracy of the stabilization of arc currents at the level
specified by the criteria of energy efficiency and
electromagnetic compatibility.

The scientific task is to create the method of
adaptive optimal control of the electric mode of an arc
furnace according to the criterion of the minimum

distribution density of a three-dimensional vector of phase
currents and the structural scheme of the control system
for its realization, which, in comparison with known
control methods, enables to increase the dynamic
accuracy of the stabilization of arc currents at the given
(in particular, optimal) values and thereby improve the
energy efficiency and electromagnetic compatibility
indicators of arc furnace and power supply network.

Identification of previously unsolved parts of the
general problem. The dynamics of the regulation of the
EM coordinates of the ASF, in particular the arc currents,
in the overwhelming majority of the existing (serial,
typical) control systems of the process of electrical steel
molding (by using arc power) does not fully meet the high
modern requirements for energy efficiency and
electromagnetic compatibility indicators of arc furnace
modes and power supply network. Therefore, the problem
of creating effective system, circuit and algorithmic
solutions, which are based on increasing the speed of
processes of regulation of phase (arcs) currents and
complex improvement on the basis of indicators of energy
efficiency and electromagnetic compatibility of modes for
today for the electro-metallurgical industry is important
and relevant.

Content of research material. In this paper, the
term «optimality» is used in the narrow sense, in which
the system of automatic control is evaluated only by the
indicators of the quality of dynamic processes, and one of
the criteria of this quality is the integral quality index —
the generalized dispersion of the regulated coordinate.
Such a description of the quality criteria makes it possible
to use modern well-developed mathematical optimization
apparatus to find optimal control.

Under the action of the flows of random
perturbations and control influences, the electric mode
(which is estimated by the stochastic characteristics of arc
currents) of a three-phase arc furnace can be in different
states.

Define these states by a three-dimensional vector of
phase currents, which characterizes the electric mode of
the arc furnace during the melting company as:

1 — a state characterized by the given (required)
values of the coordinates of the electric mode, in
particular by the set values of arc currents;

2 — a state characterized by deviations of arc currents
in the domain of admissible directive deviations;

3 — a state characterized by deviations of the arc
currents into the region of large, in particular extreme,
deviations — short circuits, breaks of arcs and close to
them.

It is clear that the concept of being in one or another
state is associated with some definite time interval 7. The
graph of the states of the three-dimensional vector of
states of the electric mode of an arc furnace is shown in
Fig. 1.

Each of these states is proposed to be identified by
means of the integral parameter (indicator) value, which
is the generalized variance of the three-dimensional
vector of the ASF arc currents. In turn, this integral
indicator is defined as the determinant of the matrix of
second order moments, or the correlation matrix [10], and
it characterizes the value of the deviation of the vector of
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arc currents of the three-phase arc furnace from the
desired state.

Fig. 1. A graph of states of the electric mode of an arc furnace —

ki1 (0), k1.2(0), k2,1 (0), ko 2(0), K1 3(0), ko 3(0), ks 3(0), ks 1 (D), ks o(F) —
the intensities of the transition from state to state

So, having adopted the designation of a three-
dimensional vector of regulated coordinates (for the
considered problem of arc currents) as

I,=y=|y y »3|

we obtain an expression for the dispersion of the three-
dimensional vector in the form:

D; =D, =detd,,

where A, is the correlation matrix, or matrix of moments
of the second order of the form:

A A A
A, =1 Ay Agsl

The criterion for the functioning of such a dynamic
system is the desired level of probability of being the
system in state 1 during the time of the melting of charge.
In view of the above, we write the expression for the
density of the three-dimensional vector of the regulated
coordinate as:

1

P, Y2, 03) =
(2/7)*"2 Jdet A,

3
1 4 - -
cor 23 A7 3
i,j=1 '

X

(M

1 .
-4; ; are the elements of the inverse
detd,

-1
where 4, =
Yi,j

matrix Ay_l ; A;; are the corresponding elements of the

attached matrix, and the probability of being of the
electric mode of an arc furnace in a given state is found as
an integral of density (1):

€ ok ok

Y123

P(y1s y2, 3) = ij(yl, Y2, y3)dyrdyy dys
000

where yr s y; R y; are the maximum values of the change

of the coordinates of the electric mode, for example, the
value of the circuits of the short circuit in the ASF phases.

It is clear that the smaller the variance of the three-
dimensional vector of the regulated coordinate (the arc
currents of the arc furnace), the greater the probability of
a state that is identified by such a variance value, i.c.,

state 1. Taking into account that in a real object we have a
flow of disturbances and a flow of control influences that
change the state of the system (the state of the electric
mode), we write the model of state dynamics in the form
of the Kolmogorov-Chapman equation [11]:

dP.(f) < 3
;,t :ij,i'k_j,i(t)—zpi'ki,j(t),
j=1 j=l

and the system of equations for determining the
probabilities of individual states is written as:

d}fo) =—R(0) [y () + ki3 (0)]+ kay (6) - Py (1) +
+k31(t)'P3(t);

%:_ng).[kzl(mkzs(r)]+ku<t>-ﬁ(t); )

% ==Py(0)- [k31 () + ks O]+ ky3(0)- B (2) .

From the presented system of equations (2) and
graph in Fig. 1 it can be concluded that the intensities of
transitions k,(f); k31(¢); kso(f) are formed by controlling
effects of the control system, which bring the electric
mode of the arc furnace from the unwanted states 2 and 3,
and especially from the state 3 to state 1. At the same
time, the intensities of transitions kix(¢); ki3(2); kas(f) are
determined by the disturbances that act in the melting
space and power circuit of the ASF.

The method of formation of effective control
influences was developed in works [12-15], namely, the
method of forming a vector of control effects of the so-
called second (high-speed electric) circuit of regulating
arc currents included in the structure of existing (serial)
one-contour electric control systems of electric mode of
an arc furnace. The main feature of such a two-contour
structure of the electric mode control system of the arc
furnace is the high speed of the arc currents regulation
(the current regulation time is 0.03-0.04 s), which allows
to significantly improve the control dynamics, that is, to
obtain a high dynamic accuracy of the arc currents
stabilization, and thus, with high accuracy to control the
dynamics of the state graph, in particular, to transfer the
electrical mode of the arc furnace to states 1 or 2.

The functional scheme of such a two-circuit control
system of the EM of the arc furnace is shown in Fig. 2.
This system contains the traditional electromechanical (or
electrohydraulic) contour for regulating the lengths of the
arcs EMCRLA (it is traditionally called the regulator of
the arcs power), which has a relatively high inertia, which
results in the operation of such a regulator of arcs power
is accompanied by a significant dispersion of the
coordinates of the EM — lengths, voltages, currents and
powers of arcs.

Each phase channel of this circuit includes the arcs
voltage sensor (VS) and current sensors (CS), the control
signal formation unit (CSFU), the electrode displacement
electric drive (EDED) and the electrode displacement
mechanism (EDM), and also contains a voltage level
switch (VLS) of the furnace transformer FT. Most often,
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in such EMCRLAS, the control signal on the displacement
of the electrode in each phase is formed according to the
differential law.
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Fig. 2. Functional scheme of the two-circuit control system of
the electric mode of the arc furnace

An example of the dynamics of the regulation of arc
currents by the electromechanical circuit, performed in
the structure of the ACS of the EM of the arc furnace
JCII-200 by the serial regulator of the arcs power of the
type APJM-T-12, is illustrated in Fig. 3,a by the
fragments of the temporal dependencies of the arcs
currents 1,(f) (j=A, B, C) (computer experiments were
carried out at time intervals of stationary 7,=180-300 s of
random processes of perturbations by the lengths of arcs
of the furnace JICII-200 for various technological melting
stages).

In the composition of each phase channel of the
electric high-speed contour for the regulation of arc
current (HSCRAC) there are the arc current sensor (CS),
adjuster (CA) and the regulator (CR) of the arc current,
the thyristor switch (TS), the control effect of which is the
time of the shunting of the throttle (Th) on a certain
regulated part of the half-period of the voltage given by
the angle « of the control of the parallel thyristor-reactor
group. At the joint functioning of these two regulating
contour, their advantages are combined: reliable ignition
of arcs in the treatment of extreme disturbances —
operational short circuits and breakdowns of the arcs of
the EMCRLA and high speed of regulation of arc current
of the HSCRAC. As a result of such a combination of
contours in the two-contour structure of the ACS of the
EM of the ASF it is possible to achieve high

controllability and dynamic precision of the stabilization
of currents (lengths, voltages, powers) of arcs under the
conditions of the action of continuous random transient
parametric and coordinate disturbances.

Fig. 3. Temporal dependencies of arc currents of the JJCIT-200
furnace at the operation of the regulator APIM-T-12 (a)
and APJIM-T-12 with a high-speed contour at control
by the criterion Dy = min (b)

To compare dynamics, as an example, Fig. 3,0
shows the temporal dependencies of arcs currents in the
operation of a two-contour system under the influence of
random disturbances with the same parameters of
stochastic  perturbation  characteristics using the
proportional integral current regulator CR and EM
optimization based on the scalar criterion for the
minimum of the dispersion of the reactive power of the
furnace Dy = min, which is largely correlated with the
criterion for the minimum dispersion of arcs currents. The
dispersion of arcs currents in the two-contour structure of
the ACS of the EM of the JICII-200 at the functioning of the
proportional-integral regulator was: DjaA =29510" A%

D; =3.1510" A*, D; =2.35-10" A’. The average on
aB ac

the phases the dispersion of the currents of arcs was
Dr,=2.82-10" A%, The presented temporal dependencies

illustrate high speed of regulation and high-quality
dynamic stabilization of arcs currents in the structure of
the two-contour ACS of the EM of the arc furnace.
Comparison of dispersions shown in Fig. 3 for processes
of the change of arcs currents 7,(f) with the values of
dispersions under other parameters of stochastic
disturbances by the arcs lengths shows a considerable
(almost an order of magnitude) decrease in the dispersion
of arcs currents in the joint operation of
electromechanical and high-speed electric contours with a
proportional integral regulator of arcs currents in the two-
contour structure of the ACS of the EM of the arc furnace
in comparison with the operation of a one-contour ACS of
the EM (regulator APJIM-T-12) [10].

For such a two-contour structure of the ACS of the
EM of the arc furnace, it is important to develop effective
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system-engineering solutions — models of the formation
of phase controlling effects of the high-speed contour of
regulating the arcs currents of the HSCRAC, which would
improve the indicators of the electrical efficiency and
electromagnetic compatibility of the arc furnace modes
and power grid.

Therefore, it is expedient in the context of the task
defined in the work to develop the theoretical bases of a
stochastic model of operative synthesis of control
influences by a three-dimensional vector of arcs currents
in the structure of such a two-contour ACS of the electric
mode of the ASF.

For the synthesis of the vector of control effects on
the regulation of the arcs currents of the two-contour ACS
of the EM of the arc furnace, we apply the principle
according to which the optimal change in the distribution
density of the three-dimensional arcs currents vector is
realized, in particular, in the direction of approximation of
this distribution to the form of the J-function.

So, in the ideal case, the system will better perform
its intended purpose, namely, to ensure the state 1 of the
three-dimensional vector of phases currents, the sooner it
will convert the initial distribution density p(y4, vz, Ve, to)
of the three-dimensional vector of currents of arcs of the
furnaces in J-function, or in the J-distribution, which is
combined with the point y4 = Ve, Y8 = VBosetr YO = YCosets
where 4, ¥s, Y, Vaser» VBser» YCser are the current and set
values of the regulated coordinates — arcs currents of the
arc furnace.

This conclusion corresponds to the principle of the
statistical theory of transients, according to which, on the
basis of the Fokker-Planck-Kolmogorov equation [16],
optimal control is obtained in relation to the ctransient of
changing the density of the n-dimensional probability
distribution to the density of the form of the 5~function.

For our case, we write the Fokker-Planck-
Kolmogorov equation in the form
dp <d(p-F)
@ _ L 3)
dt i-1 dyl

as an equation for a dynamic system in the absence of
noise.

In this equation (3) it is indicated: p is the
probability distribution density of a three-dimensional
vector p=p(y1, 2, ¥3) Yi+Fi(y1, y2, ¥3) =0 is the
equation describing the system coordinates movement.

For the automatic control system, the functions F;
can be represented as a set of two functions:

Ey = fis y2, y3)—u(yis y2, ¥3),
where the function f; belongs to the control object, and the
function u —to the control system.

Synthesized in [16] controls for dynamical systems
that provide an optimal change in the density of the
distribution of the n-dimensional vector of regulated
coordinates y; are calculated by the expression:

5111(1?))

i
where d; is the maximum permissible or limit value of
control influence; y; is the component of the
n-dimensional vector of regulated coordinates.

u; =d; -sign(

Such a control on one of the coordinates, for
example, on the first, for our case, is written as:

Oln(p(y1, ¥2, ¥3 )))
M
To find the appropriate control we write down the
distribution density (1) of the three-dimensional vector of
the regulated coordinate of the electric mode of the ASF
in the form convenient for differentiation:

uy =d, -sign(

1 11
p1s 2, 13) = -exp{——-—x
2/7)*"? [det A, 2 detd,

x (A (1 =) +2- A (=) (2 = ¥y) +

+2-A13(y1—yl)-(yg—y3)+A22(y2—y2)2+ )
- - -2

+2-A3p(y2 = y2) (3 —y3) + A33(y3 —y3)7}

where ;1, ;2, ;3 are the mathematical expectations of

phase regulated coordinates, which for the considered
object are given by the values of the currents of arcs of
individual phases of the ASF.

If we make the necessary mathematical
transformations and substitute currents of arcs 7,4, 1,5 I.c
instead of generalized regulated coordinates y; (i = 4, B, C),
we obtain the expressions for the mentioned control
influences uy, up, uc for each of the phases of the arc
furnace in form:

1411 (Lgg —1Las)+

. 1
uy =dp -sign{
ﬂdet/l]

+Ajp(Ugp —1aB) + A13(Lyc —1aC)]}s

(A1 (Lgy —Lan)+

1
Jdetd; 4)

+ Ay (U —1aB) + Ay3(Lyc —1aC)]}s

1
ﬂdet/l]
+ A3 (g —1aB) + A33(Lyc —1aC)l}-
As we see, for the operative formation of the control
influences u,(?), up(f), and uc(z) it is necessary to know
the matrix A; of other moments of the three-dimensional

up =d, -sign{

(431 gy —Lad) +

uc =dsy-sign{

vector of the currents of arcs (phases) of the ASF. The
operational calculation of control effects by the received
model (4) for modern microprocessor devices is a simple
(to some extent trivial) technical task.

We note here that the control signals obtained by the
equations (4) are formulated as boundary controls and can
only be considered as conventionally optimal ones.
However, studies [16] show that these controls can be
quite close, and even coincide with strictly optimal
controls, which translate the n-dimensional distribution of
the regulated coordinate into J-function.

The obtained model (4) of operative synthesis of the
vector of control signals u,, up, uc is realized in the
proposed structure of the two-contour adaptive control
system of arc furnace electric mode, the functional block
diagram of which is shown in Fig. 4.

In the presented scheme of the two-contour adaptive
ACS by the values of implementations of the average
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rectified currents of the three phases 7,4, 1,3, I,c of the arc
furnace in the block of calculations BC operatively at
each interval of stationary (7, = 3-5 min) of the processes
of phases currents changes, the calculation of the matrix
Ay of other moments of the three-dimensional vector of
the currents of arcs of arc furnace, its determinant detA;
and the values of the elements A;; of the adjoint matrix 4
of the inverse matrix A, is performed.

En . Ly Ro 1,
- B
[
1
r - __—_— = — !
‘ Ap, Are, Ays, det A _ day cs :: - |
| ‘ B o |
Az, Azz, Az, det Al I
BC — EICS 1
| e R
AU
‘ Agg -’4237 Ays.det A e \ IS |
, 4 _ Ccs TA
\ I | T
_ AU |
1 YV L |
| — |
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- |
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| 4= ' |
\ |
‘ —— u TSy |
—a|
| GCSy 2 |ppes [ 7 :
[ 5= |
| |
\ (= 1. |15 |
o,
| GCS¢ = PPCS |“c |
\ 4= |
pwceEDTey e L |
f————————
| Uaszl
|
l i
| . U
| —EDM FEDED “ | CSFU
|
|
|
[EMCRLA

Fig. 4. Functional scheme of the two-contour adaptive control
system of arc furnace electric mode for minimization of
dispersion of three-dimensional vector of currents

The specified signals from the BC outputs are fed to
the third vector input of each phase generator of the
control signal for current [,, namely: A4y, Ay, A,
detA; — to the third GCS, input; Ay, Ay, Az, detA; — to
the third GCS; input; Az, Az, 433, detA; — to the third
GCS¢ input, and to the first and second vector inputs of
GCS,, GCSp, GCS. the three-dimensional vector of
currentaverage rectified values of arcs currents /,; from
the outputs of currents censors CS and a three-
dimensional vector of the averaged on the stationary
intervals 7, currents I, are input, respectively. The
fourth input of the GCS; is fed by the scalar signal d of the
maximum value of the control influence. On the outputs
of the GCS; continuously online phase control signals u;
are generated based on the obtained control model (4),

which are fed to the corresponding phase thyristor
switches TS;. Output signals a; of pulse-phase control
systems (PPCSs) determine the moments of shunting/
switching on in the power circuit of the corresponding
phase throttles Th;.

The proposed procedure for operative synthesis of
control effects uy(f), up(t), and uc(f) is divided into two
parallel processes in time: the first process implements
the adaptation of the coefficients of the synthesis model
(4) to change the parameters of stochastic characteristics
of coordinate and parametric perturbations on the time the
interval of melting, and the second one performs online
operative with discreteness At calculation of control
effects uy(¢), up(t), and uc(f) in GCS,, GCSp, and GCS¢
units by this model. The first process involves at each
interval of stationary 7, the duration of which is
correlated with the technological stages of melting (the
physical and chemical state of the melt) and depends on
the types of arc furnaces ((7,. = 180-300 s), the calculation
in the BC of the coefficients of the model (4): det4,,

7a,j, A

.m» and the second one implements the process
of calculating the control effects wuy, up, uc and is
performed with the interval Az = 0.02 s in the function of

averaging the values (rms) of phases currents /;(f;)

(ty =ty +4t, m=1,2,3, n=1,2,3, j=4,B,C) in
this interval.

To wverify the effectiveness of the proposed
stochastic model for synthesizing the control signals u4(2),
up(f), and wuc(f), the corresponding mathematical
experiments were performed on the three-phase in
instantaneous coordinates Simulink model [17, 18] of the
two-contour ACS of the EM of the arc furnace JICII-200
(Fig. 2). The modelling studies were performed at the
functioning of the proportional integral arc voltage
regulator and using the proposed stochastic model (4) for
synthesizing the control signals u,(#), up(t;), and uc(t;)
which is implemented in the proposed structure of the
adaptive ACS of the EM of the arc furnace (Fig. 4), which
implements a strategy for minimizing the dispersion of a
three-dimensional vector of phases currents.

To do this, a computational block is introduced into
the structure of the Simulink model, in which, according
to the well-known model [10], on the intervals of

stationary T,.;, the coefficients of the model (4) det4;,
;a, j» Apm are calculated. In the next interval of

stationary 7. ;,;, these coefficients are used in GCS,,

GCSp, and GCS for synthesis of control signals u, ug,
uc by model (4) in the function of current averaged over a
period of supply voltage At = 0.02 s phase currents [,
Ip , Ic. Obtained control uy, up, uc are applied to the
inputs of thyristor switches. At the same time, the new
values of the coefficients of the model (4) det;, fa, s
A

control signal uy, up, uc, etc. synthesis, are calculated on
the current stationary interval 7, ;. .

.m» are used in the next T, ,interval of online

Figure 5 shows the initial fragments of temporal
dependencies of phase currents obtained on the Simulink
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model at the control by the above model (4),
implementing the strategy of minimizing the dispersion of
a three-dimensional vector of phases currents.

s, KA
kA [
L,k

ikl

[T
| B

| '|

Fig. 5. Temporal dependencies of the arcs currents of the
furnace JICII-200 with the regulation by the obtained model (4)
of minimizing the dispersion of the three-dimensional vector of
arcs currents in the two-contour structure of the ACS of the EM

of the arc furnace JICII-200

As a result of working out the time dependenceis of
the currents of the arcs /(¢) in Fig. 5, the following values
of their dispersions are obtained: D; = 0.95-10" A%
Dy, = 1.05-10" A% Dy, = 1.03-10” A% The average by
the phases the dispersion of the currents of arcs is
Dy =1.01-10" A%

Comparative analysis of temporal dependencies of
arcs currents in Fig. 3, and Fig. 5 shows that the average
by phases dispersion of arcs currents at the regulation by
the obtained model (4) of minimizing the dispersion of the
three-dimensional vector of arcs current in the two-contour
structure of the ACS of the EM decreased by 2.73 times.
The computer researches for perturbation processes by the
lengths of arcs of other technological melting stages, which
differ in frequency spectrum and amplitude of oscillations,
have shown that the average dispersion of arcs currents at
the regulation by the obtained model (4) of the
minimization the dispersion of the three-dimensional arcs
current vector in the two-contour structure of the ACS of
the EM compared with the use of known proportional-
integral model of the formation of control signals (%),
up(t;), and u(t;) decreased in 1.6-3 times.

Due to the cyclical updating of the matrix A; of other
moments of the three-dimensional vector of arcs currents
of the acr furnace in the block BC and elements of the
vector /,; on the outputs of the averaging units AU, the
adaptation of the vector of control influences uy(t;), up(t;),
and uc(#) to the change of parameters of stochastic
characteristics of coordinate and parametric perturbations
in the power circuit and arc gaps of the arc furnaces in the
full range of melting is realized.

Thus, due to the obtained model (4) of the operative
formation and adaptation of the vector of control effects
and their realization through the adaptive contour of the
formation of the dispersion of the three-dimensional arcs
current vector ACFDTCV of the arc furnace one can
obtain a significant approximation of the distribution of
the three-dimensional vector of arcs phase currents of the
arc furnace to the type of the J-function. And the fact that
the reduction of the dispersion of arcs currents

significantly influences the improvement of energy
efficiency indicators (electrical efficiency coefficient of
the furnace, specific energy consumption, specific ASF
productivity, the price of the ton of smelted steel, etc.) of
an electro-technological installation, which is an AC arc
furnace power is a well-known fact.

It should also be noted that the proposed stochastic
model of the regulation of the coordinates of the EM of the
arc furnace and the model of adaptive synthesis of control
signals based on the three-dimensional vector of phase
currents implements a relay, in contrast to the existing
control law. Such a law of control of compliance with the
conditions of stability, as is known, provides maximum
regulation speed and, as a result, high dynamic accuracy of
the arc current stabilization at the level of optimal for the
selected criterion of values, and also is characterized by a
much lower sensitivity to the change of parameters of the
control object — the parameters of dynamic volt-ampere
characteristics of three-phase arcs and parameters of the
elements of the power circuit (short circuit) of an arc
furnace. The last feature of the proposed method is
particularly important for implementing adaptive optimal
control strategies under continuous conditions of intense
stochastic parametric perturbations in the power circuit and
arc gaps of the furnace during melting.

The stochastic model of operative synthesis and
adaptation of the vector of controlling for minimizing the
dispersion of the three-dimensional arcs currents vector
obtained in the paper is expedient for practical use in the
two-contour structures of the ACS of the EM of arc
furnaces with a high-speed contour for regulating arc
currents.

Conclusions. The developed in the paper the
theoretical bases of the method of electric arc furnace
control on the basis of the formation of the distribution
density of the three-dimensional vector of arc currents
make it possible to implement the adaptive optimal
control strategy of the electric mode by the criterion of
the minimum dispersion of arc currents. As the results of
the performed model researches show, the synthesis of
the vector of control of arc currents by the obtained
stochastic model (4) compared with the use of the
proportional-integral regulator of arc current for
controlling the EM reduces the dispersion of arc currents
by 1.6-3 times. The minimization of the arc current
dispersion positively affects the reduction of the power
of electrical losses in the elements of the short arc
furnace network and, as a result, reduces the specific
energy consumption, the corresponding increase in the
furnace productivity and the electric efficiency of the arc
furnace. In addition, the transformation of the three-
dimensional vector of arc currents into the J-function in
the control of the electric mode greatly reduces the
consumption of reactive power of the furnace and,
accordingly, increases the power factor, reduces the
volatility and deviation of the network voltage on the
power supply buses of the furnace and accordingly
reduces the dose of the flicker.
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