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Introduction 
The problems of increasing the efficiency of industrial enterprises are now becoming increasingly 

relevant [1, 2], while the task of optimizing the activity of industrial units and machines is of particular 
importance. There are a large number of industrial units, the basis of which is the use of energy created 
by an electric arc. The lining layer present in such units during operation is subjected to thermal and 
electromagnetic effects created by the arc. A quantitative measure of this effect is the lining wear coeffi-
cient (LWC), one of the most important technological characteristics of modern multi-electrode arc fur-
naces. The most significant effect on the LWC is exerted by the arc power, the distance from the arc axis 
to the lining, and the applied voltage. In most studies, the influence of the described factors on the LWC 
is not taken into account. At the same time, heat fluxes affecting all elements of the furnace structure, 
including the lining, depend on the shape of the arc. 

The aim of the work is to study this effect and find the parameters that provide optimization of the 
LWC. To achieve this goal, an algorithm for calculating the shape of arcs in an AC steelmaking furnace 
has been developed, which will be used to optimize the objective function. 
 

Analysis of the shape of alternating current electric arcs parallel burning  
in the direction of the horizontal surface during their electromagnetic  
interaction and the influence of this shape on the lining wear coefficient 
The electromagnetic interaction of the arcs is determined by the equilibrium equation of the arc col-

umn element [3–6] 
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Introduction. Currently, the most important task of the steel industry is to constantly update the 
product range, increase its operational characteristics, and increase the efficiency of equipment use. 
Achieving goals is possible with a methodological base based on the principles of system analysis. 

In metallurgy, multi-electrode arc furnaces using three-phase alternating current are widely 
used. The lining layer present in such units during operation is subjected to thermal and electromag-
netic effects created by the arc. A quantitative measure of this effect is the lining wear coefficient 
(LWC). In most studies, the influence of the described factors on the LWC is not taken into account. 
At the same time, heat fluxes affecting all elements of the furnace structure, including the lining, de-
pend on the shape of the arc.  

Aim. Selecting the parameters of the electric arc furnace, which optimizes the lining wear coefficient. 
Materials and methods. When performing the work, methods of computational mathematics 

and evolutionary methods of numerical optimization of functions of many variables were used. 
Software which uses freely distributed scientific libraries was based on them.  

Results. The influence of the system of three burning arcs on the wear coefficient of the lining 
is considered taking into account the shape of the axis of the arc column.  

Conclusion. An algorithm and program have been elaborated that allow us to evaluate the 
thermal perception of the lining depending on the shape of the arcs. Based on the developed algo-
rithm, special software can be created that is integrated into the system of automated regulation and 
prediction of the thermal operation of multi-electrode arc units to increase the reliability of assessing 
the wear of the furnace lining under different technological modes of arc burning. 

Keywords: electric arc, multi-electrode arc furnace, three-phase alternating current, electro-
magnetic interaction, arc post axis shape, lining wear coefficient, evolutionary algorithms.  
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where 1 2dF 


 is the force of interaction of an arc element with another arc (or other arcs), 1 1dF 


is the force 

of interaction of an arc element with itself, 1 цdF 


is centrifugal force seeking to straighten an arc column. 
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tude values of currents [4]. Consider the case when the current value of the currents is the same 
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In the electromagnetic interaction of three alternating currents, two repulsive forces act on the element 

1dl
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Since the instantaneous strength values 1 2 3- -dF  are continuously changing during each half-cycle, 
the electrodynamic forces acting on the arc element change in magnitude and direction. We find the av-
erage integral force over half a period that determines the average position of the arc  
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This force is directed from the center of decay of the electrodes. 
Consider the electromagnetic interaction of an arc element 1dl


 and direct current from the side of 

the arc. Vector 1 1dF 


 is in the plane yOz, is perpendicular to 1dl


 and oppositely directed to the vector 

1 2dF 


, and its module [4] 
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It is seen that the electromagnetic interaction of direct current with itself is the same as an alternat-
ing current with the same effective value. 

In the general case, equation (1) of the equilibrium of an element of an arc column during its elec-
tromagnetic interaction with one or two arcs of constant or alternating currents can be written as 

1 1 2 1 1 1 0цk dF dF dF    
  

.                   (5) 
Based on the algorithms proposed in [3, 4, 6–12], one can solve equation (5) and obtain an approx-

imate description of the shape of the arc.  
The most important indicator of the thermal load of the furnace lining is the lining wear coefficient 

(LWC) [13–15]. LWC is defined as 
2

3 d dP ULWC
a

 , where Pd is the arc power, Ud is the arc voltage, a is 

a distance from the arc axis to the lining [13–15]. 
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To more accurately determine the heat perception of the side wall, we modify the LWC calculation 
formula taking into account the shape of the axis of the arc column found when solving equation (5). To 
do this, we will find the LWC at the minimum distance from the wall from the arc. From physical con-
siderations, we can conclude that the minimum distance from the arc to the lining is achieved at the 
point of contact of the arc with the surface of the melt. Based on this, it is possible to formulate a control 
problem for finding the optimal coefficient of wear of the lining, changing within acceptable limits the 
parameters that determine the operation of the furnace. As such parameters, the applied voltage and the 
distance from the surface of the melt to the end of the electrode can act, which can be adjusted during 
each stage of the process. To solve the problem of optimizing the LWC value, we use an approximately 
determined dependence of the shape of the arc on the control parameters. Since this dependence cannot 
be described analytically, the use of gradient optimization methods seems inappropriate. Therefore, for 
optimization, evolutionary methods are used.  

For optimization, a genetic algorithm was chosen [16] with a population size of 17 individuals, a sim-
ple single-point crossover, a mutation with a probability of 0.2 was implemented. The software implemen-
tation is done using freely distributed Python packages. It was found that at currents of about 50 kA and 
arc powers of about 20 MW, the lining wear coefficient varies from 1630 to 1750 MW • V/m2. 
 

Conclusions 
Based on the shape of the arcs, algorithmic and software have been developed to optimize the wear 

coefficient of the lining from three arcs of three-phase alternating current burning in the direction of a 
horizontal surface, make decisions on the effective heat transfer of the radiation of the arcs to the charge, 
depending on the shape of the arcs, determined by the power and voltage of the arc, the distance from 
the arc to the axis of the electrode. 
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Введение. В настоящее время важнейшей задачей черной металлургии является постоян-
ное обновление сортамента продукции, повышение ее эксплуатационных характеристик, повы-
шение эффективности использования оборудования. Достижение поставленных целей возмож-
но при наличии методологической базы, основанной на принципах системного анализа. 

В металлургии широкое распространение получили многоэлектродные дуговые печи с ис-
пользованием трехфазного переменного тока. Имеющийся в таких агрегатах слой футеровки в 
процессе функционирования подвергается тепловому и электромагнитному воздействию, соз-
даваемому дугой. Количественной мерой данного влияния является коэффициент износа футе-
ровки (КИФ). В большинстве исследований влияния описанных факторов на КИФ форма дуги 
не учитывается. В то же время от формы дуги зависят тепловые потоки, воздействующие на все 
элементы конструкции печи, и в том числе на футеровку.  

Цель исследования. Выбор параметров работы электродуговой печи, обеспечивающий 
оптимизацию коэффициента износа футеровки. 

 Материалы и методы. При выполнении работы применялись методы вычислительной 
математики и эволюционные методы численной оптимизации функций многих переменных. 
На них основывалось созданное с использованием свободно распространяемых библиотек про-
граммное обеспечение. Результаты. Рассмотрено влияние системы трех горящих дуг на коэф-
фициент износа футеровки с учетом формы оси столба дуги.  

Заключение. Создан алгоритм и программа, позволяющие оценивать тепловосприятие фу-
теровки в зависимости от формы дуг. На основе разработанного алгоритма может быть создано 
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специальное программное обеспечение, встроенное в систему автоматизированного регулиро-
вания и прогнозирования тепловой работы многоэлектродных дуговых агрегатов, для повыше-
ния достоверности оценки износа футеровки печи при разных технологических режимах горе-
ния дуг. 

Ключевые слова: электрическая дуга, многоэлектродная дуговая печь, трехфазный пе-
ременный ток, электромагнитное взаимодействие, форма оси столба дуги, коэффициент 
износа футеровки, эволюционные алгоритмы. 
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