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Abstract: It is the first paper where the eectrical
mode of an arc furnace (AF) is proposed to be
considered as a state change. This work aso proposes a
methodology for calculating the time values of the
probabilities of these states. The methodology is based
on the representation of state-change processes by the
Markov model of continuous time, discrete state (CDS)
stochastic processes.

The state of electrical mode in each phase of an arc
furnace is identified by the value of arc current that can
be set for a given melting period, may be in the range of
permitted deviations, or may get to the range of large
operational or emergency deviations. Assuming that the
system goes from state to state under the action of the
Poisson flows of events, the concept of intensity of
disturbance flows, and the intensity of flows of control
actions are introduced. This makes it possible to form a
system of Kolmogorov differential egquations to change
the state probabilities of the AF electricd mode. The
solution of the system results in obtaining time
dependencies of change in state probabilities.

When analyzing graphs of changes over time in the
probabilities of AF electrical mode states, it is possible
to choose the desired intensity of the flow of control
actions, which ensures that the electricd mode is in a
given sate under the action of the corresponding
disturbance flow.

Key words:. arc furnace, electrical mode, probability
of the electricd mode state, Markov stochastic
processes, intensity of disturbance flows, intensity of
control actions.

1. Introduction

Electric arc furnaces are powerful eectro-
technological installations that belong to a class of
sophigticated systems and are characterized by the
random nature of load and parametric disturbancesin arc
spaces and power supply circuits of three-phase arcs.
The specified 1oad characteristics complicate the process
of contralling such objects and impose appropriate
l[imitations on systems engineering — models, methods
for and approaches to improving the existing systems of
mode control and regulation of electric coordinates.

The problem of integrated improvement of energy
efficiency and electromagnetic compatibility of arc
furnaces is resulted from the need to increase the
competitiveness of arc-furnace sted and high aloys on
the domestic and foreign markets of metal products. The
arc furnace mode state is largely determined by the level
of perfection of the control system that, in turn, is
determined by the accepted model of its synthesis. It is
clear that for such electro-technological stochagtic
objects, it ismost appropriate to use models based on the
probabilistic characteristics of disturbance processes,
that is, those that are most fully consistent with the
processes occurring in arc furnaces.

In a series of works, the control actions in arc
furnaces are synthesized by the use of probabilistic
models of processes [1-5]. However, the authors of these
works use moment functions of different coordinates as a
criterion for the functioning of the system, and
synthesize the process of control actions based on the
spectral characteristics of such coordinates.

The issue of contralling the electrical mode of arc
furnaces by ensuring that the latter isin a given state, as
far as we know, is most likely not to have been studied
by any of the researchers. Therefore, the purpose of
this work is, first of all, the determination of time
characteristics of the AF dectricd mode date
probabilities, followed by the use of these dependencies
for the synthesis of intensities of control action flows
that provide the greatest probability of the existence of
agiven gtate.

The most appropriate approach to solving the first
problem is to create a modd for changing the electrical
mode states in arc furnaces, based on the theory of
Markov processes.

2. Resear ch results
For the most general case, we present a dynamic
system for controlling the electrica mode in an arc
furnace by the state-change mode! (Fig. 1).
InthisFig. 1, the following notations are used:
state X1— characterizes a given eectrical mode
of an arc furnace;
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state X2 — is characterized by permitted
deviations of the eectrical mode from a given
value;

state X3— is characterized by large operational
or emergency deviations of the electrical mode.
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Fig. 1. A graph of the eectrical mode states
in an arc furnace, where my 1(t), myo(t), ma(t), | 1.3(t), | 12(t),
| »3(t) aretheintensties of control system response and the
intensities of disturbances of the eectrical mode, respectively.

The change in the states i, j of such a system is the
effect of the action of one or another flow of events with
the intensity, for examplel j; (t), at the time moments
when the first event of the flow occurs.

The mathematical expectation of the number of
flow events that occurring during the elementary time

interval Dt equals | (t)*Dt. Accurate to higher-order
infinitesmals, this variable can be identified as a probability
of occuring a single event during an dementary time
interval, since the probability of occuring more than one
event during(t + Dt) is neglected.

Thus, each state of the arc furnace eectrical mode
can vary under the action of two flows of actions — the
flow of disturbances that act in an arc furnace and take
the electrical mode out the given state, and a flow of
control actions, which are the control system response to
eliminate the eectrical mode deviations from the given

values. Then, the probability Pj(t+Dt) of system's

being at time (t +Dt) in state X; will be equal to:

Py (t)gL- 1 (1) g+
+.51F? (£)A i (t) Doy (1),
1=

| j (t)Dt is the probability of action at time t
and in dtate j;
i (t)>Dr

timet andin State ;
G;j (t) denotes the probability of transition from

dtatei to statej.

P, (t+Dt)=

where

represents the probability of action at

Now, due to the nature of the object under
control, note that if there is a leap of any action
(controlling or disturbing), it will definitely change
the state of the system, and then the probabilities ¢j; or

gj; automatically become equal to 1. The moments of

going the system from state to state are not predefined,
known or fixed that makes it possible to identify this
process by the above mentioned CDS Markov process
[6]. This in turn alows the Kolmogorov equation for
determining the probabilities of possible states of the
dynamic system (Fig. 1) to be written as

ERRT,
+mpy (t) Byp (t) + myy (1) (t)
dpxjt(t):- 3 (1) + o ()R (1) (1)

at the normalizing condition Py (t)+ P, (t) + Pa(t) =1
and initid Pe(0)=1, PRy(0)=0,
Pa(0)=0.

conditions

In this system of equations, for the general case the
intengties of dectricd mode disturbances are indicated

bylj(t),and the intensties of the regulation system
responcesby my; (t) , respectively. However, asshown by the
dudies peformed [7-14], for most redizations of the
gationary dectrical modes in arc furnaces, the intensties of
going the mode from gate to state caused by disturbancesin
the AF can be assumed time independent and congtant in
megnitude for all transitions thet is 1 ;; (t) =1 .

Similarly, the responses of the control system
mj; (t) = mare identical for transitions and are time

independent, especially in case the control is carried out
using a high-speed circuit [12-14].

Taking this into consideration, system of equations
(2) will be written asfollows:

dP):jlt(t) =-2Rq ()4 +§P (t)+ Ra(t)gpm
dP);th(t) =-B, (t))(l +m)+|:’xl(t)>‘I +Px3(t)>¢n (2)
dp)jt(t) =- 2PX3(t)>¢n+ éPXZ (t)+ PXl(t)EI)d '

at the sameinitial and normalizing conditions.
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Applying the Laplace transform to solving the

resulting system (2)
SRa(8) =- 2 By (s) + MR (s) + mB5(s) ;
SR2(8) =- (I +MB;(8) +1 Ry(s) + mP3(9) ;
SPa(8) = - 2mB3(s) +1 Pa(s) +1 Py(s),
and considering the normalizing condition
Ra(s) = é - Po(9)- Ral(9),

one obtains a system of equations with regard to two
unknowns P (s) and Ri(s):

SP(s) =- (I +mMP,(s) +

&

SPa(s) =- 2mP(s) +1 Bo(s) +

H - Ro(9- sz(s)g+ P (9);

él u
+1 "g' PXZ(S)' Px3(S)EI-

&

After  simple
expressions for

transformations, one  obtains
RPa(s) and Rp(s)in the form of
functions from the Laplace variable:
I
PX3(S) - sXs+2m+l) ;
! +
(s+2 +mxs+2m+l )

+ 3m
s(s+2m+1 )Xs+2 +m)

Peo(s) =

and in the form of time functions

| - (2mH )t |
Pat)=- — ¢ ( t—;
() 2m+| 2m+|
I @+mt, | —emi
P,(t)=— ¢ +——¢€ -
x2() m- | - m
i 3'm - (2mH )t
@m+1)Xl - m
i 3m - (20 +mt 3m
(2 +mxm-1) 2m+1)X2l +m)

It isnot difficult to show that the probabilities Py(t)
and Po(t) att=0areequd to Po(0) =0 and P(0) =0,
respectively.

Thus, the initial conditions for the probabilities of
states are satisfied, since at zero values of the second and
third states probabilities, the probability of the first state
is equal to 1. It is also necessary to verify that the

normalizing condition will be satisfied when the
transition process of the state change is compl ete.
Consequently, when t =%, that is, when the
transition process of changes in the probabilities of states
has completed, one will have the following expressions
for the established values of the probabilities of states:
.
2m+1
Am )
@m+1)x2 +m)’

PX3 (¥ ) =

Po(¥)=

and
I 3m _
2m+l (2m+1 )42 +m)

_ | m+2m?
CemE) 2 +m)

Pa(¥)=1-

For the probahility of the first state to be equal to 1
after completing the trangtion process, it is necessary to
synthesize the density of the flow of control actions

when the condition m>>| issatisfied. Then
limPs(¥)= lim =0
npum® ¥ me ¥ m+l|
imRy(¥)= lim — 30 -q
ppun®y MPUMB¥ 2| 242nf +5 m
+
lim Pg(¥)= lm —™ 2

npume¥ 2| 242nf +5lm

As we can see, the normalizing condition is satisfied
after completing the transtion process of changing the
probabilities of states.

Thus, the time dependences determined in this way
for the probahilities of states enable, at a given intensity
of the disturbance flow of the AF dectrical mode, the
synthesis of the flow intensity of the control actions
which, over the optimal time of the transtion process of
changing the probabilities of states, will ensure the
maximum probability of being the electrical mode of the
furnacein thefirst state.

npum® ¥

3. Conclusions

The practical use of the proposed theoretical
principles of controlling the arc furnace eectrical mode,
provided that the intensity of the electrica mode
disturbance flow is given, will enable the intensty of the
flow of control actionsto be operatively synthesized that
will ensure the optimum speed of dynamics of the
transition process of changing the probabilities of the
states, and thus, the maximum probability of being the
electrical mode of the furnace in thefirst state.

The latter will make it possible to increase the
operating time of an arc furnace at the best rates of
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electrotechnological ~ efficiency, and, thus to
comprehensively improve the indicators of eectro-
technological efficiency, averaged in over the full
interval of melting. Obtaining the concrete values of
electro-technological efficiency indicators will be the
subject of further stochastic research.
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HNPEACTABJIEHHSA EJEKTPUYHOI'O

PEXKUMY JYT'OBUX CTAJIEILIA-
BUJIBHUX NEYEN MOJEJLIIO
3MIHU CTAHIB I 3HAXO/’KEHHS
NMOBIPHOCTEM [IUX CTAHIB

Opect Jlo3uncekuii, AHpin JIO3UHCHKHH,
SApocnas ITapanuyk

OHpaHbOBaHO MaTeMaTH4HI OCHOBHU CHUHTE3Y IIOTOKY

KEPYrOUnx BHJ'[I/IBiB, 3a JAKOIro OHTI/IMi3y€TLCﬂ npouec mnepese-
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JICHHSI JIEKTPHYHOI0 PEKUMY JTyTOBOI CTAJICIUIABIIIBHOI 114l B
3aJaHuil CTaH B yMOBaX, Bi/IOBIJHUX MOTOYHHUM CTaHAM IIedi
MOTOKIB ~ 30ypeHb  €JIEeKTPUYHHX [IpakTuune
BHUKOPUCTAHHS 3alpOIIOHOBAHOI MaTeMaTHYHOI MOJEJl 3MiHH

PEXKUMIB.

CTaHIB J1aCTh 3MOI'y OIIEpaTHBHO CHHTE3YyBaTH IHTEHCHUBHICTbH
MIOTOKY KepYyIOUMX BIUIUBIB, IO JaCTh MOXJIMBICTH OTPUMATH
ONTHMAJIbHY IIBHAKOJIIO PETYIIOBAaHHS JWHAMIKH Iiepe-
X1JTHOTO TIporiecy 3MiHM HMOBIpHOCTEW CTaHiB, i, THM CaMHM,
JIOCSITTH  MaKCUMaJIbHOI HMOBIPHOCTI 3HAXODKEHHS —eJIeK-
TPUYHOIO PEXKHUMY B Iedi B HEOOXiJHOMY €JIEKTPOTEXHO-

JIOTIYHO OOTPYHTOBAHOMY CTaHi.
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