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AC steel arc furnaces are the most powerful units 
connected to the electrical grid, the operating mode 
of which is dynamic, asymmetrical and non-linear.  
That is why these furnaces cause the entire possible 
range of negative effects on the quality of electricity 
in the grid, in particular, fluctuations, asymmetry and 
non-sinusoidal voltage.

Known proposals for improving the electromagnetic 
compatibility of electric arc furnaces are mainly focused 
on eliminating the consequences of their ne gative impact 
on the power grid.

The proposed approach and the corresponding tech-
nical solution are aimed at reducing the level of gener-
ation of a negative factor and at the same time reduce 
fluctuations, asymmetry and non-sinusoidal voltage. 
This result is obtained due to the fact that the proposed 
solution takes into account the peculiari ties of the range 
of modes natural for arc furnaces. Optimal for such con-
sumers is the use of a constant current power supply sys-
tem I=const in the range of modes from operational short 
circuit to maximum load and the system U=const in the 
whole other range of modes. The implementation of such 
a system is carried out on the basis of a resonant convert-
er «constant current – constant voltage».

Studies have found that the use of such a power sup-
ply system, in comparison with the traditional circuit, 
makes it possible to reduce the non-sinusoidal voltage in 
a low-power grid from 3.2 % to 2.1 % and the unbalance 
coefficient from 3.66 to 1.35 %. Previously published 
data on a significant reduction in voltage fluctuations 
was also confirmed.

The positive effect of such a system on the energy per-
formance of the furnace itself is shown, manifes ted in an 
increase in the arc power by 12.5 %, and the electrical 
efficiency by 5.1 %. This improves the productivity and 
efficiency of electric arc furnaces
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1. Introduction

AC electric arc furnaces (EAF) are special consumers of 
electrici ty that negatively affect the quality of electricity in the 
grid, thereby creating problems for other electricity receivers. 
As a rule, metallurgical enterprises solve these problems by 
installing devices that improve the quality of electricity in the 
power grid. Their cost is comparable to the cost of the main 
technological electrical equipment, which leads to a deteriora-
tion in the economic performance of enterprises.

At the same time, arc furnaces are the most common 
charters for producing high-quality steel and, taking into 
account the trend towards an increase in the volume of 
electric steel production, the share of their load in the grids 
will increase. Considering that powerful technological units 
have high efficiency, one can expect a further increase in the 
unit capacity of the furnaces, which may exceed the current 

maximum of 300 MVA. Thus, the development of the elec-
tric steel market does not provide for a decrease in the load 
on the power grid.

Traditionally used measures to reduce the negative 
impact of electric arc furnaces on the power supply grid 
are aimed, as a rule, at eliminating the consequences of the 
negative impact of furnaces by increasing the power of the 
power system or using means of dynamic compensation of 
reactive power.

Despite the use of modern means of dynamic compensa-
tion, the negative impact of EAF on the grids remains signif-
icant, that is, the problem of the quality of electricity in EAF 
power grids has not generally been solved.

A change in the paradigm, which consists in the direction 
of measures not to eliminate the consequences of a negative 
impact, but to reduce the generation of a factor of negative 
impact, may allow solving this issue at a different level, at 
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which it becomes possible not only to ensure electromagne-
tic compatibility to a greater extent, but also to increase the 
useful power of the arcs and furnace efficiency.

The relevance of the topic and the development lies in 
the fact that the «constant current – constant voltage» con-
verter (CC-CVC) for powering the EAF makes it possible 
not only to significantly reduce the negative electromagnetic 
effect on the power grid, but also to simultaneously improve 
the energy performance of steel smelting.

2. Literature review and problem statement

AC steel arc furnaces (EAF) are characterized by load, 
are fast-changing, stochastic, non-linear and asymmetric. 
When using the conventional furnace power supply circuit 
circuit (CSS), the features of the electric mode of the furnaces 
are indicated, causing a decrease in the quality of electricity in 
the power system grids both at the enterprises of the indus-
try [1] and for groups of furnaces or individual installations [2]. 
The degree of deterioration in the quality of electricity, despite 
the use of means of dynamic compensation, is so significant 
that penalties are imposed on the enterprises of the industry. 
This indicates the relevance of the topic focused on ensur-
ing the electromagnetic compatibility of arc furnaces with  
the grid.

Arc furnaces are large consumers of reactive power [3], 
changes in the value of which cause fluctuations in the volt-
age in the grid. To reduce voltage fluctuations in electrical 
grids, various types of dynamic compensation for reactive 
power are traditionally used. Their use, according to exper-
imental data [4], provides a decrease in the short-term dose 
of flicker from 6.38 % to 3.31 %. The use of a static synchro-
nous compensator (STATCOM) can reduce the short-term 
flicker index by a factor of 6, provided that the grid imped-
ance and its changes are properly taken into account [5]. 
The use of a Static Switched Reactor Compensator (SVC), 
according to [6], also has a positive effect on the operating 
characteristics of the furnaces. For the effective operation 
of compensating means, it is necessary already at the design 
stage to take into account the specific characteristics of the 
furnace installation and the features of the grid node [7]. In 
addition, taking into account the dynamics of the process, an 
important role in the optimal control of devices is played by 
the quality of the algorithms for determining the coordinates 
of the furnace mode, which cannot be directly measured [8].

Given in [5], the maximum reduction ratio of the short-term 
flicker index for dynamic compensation by a factor of 6 is deter-
mined by the modern technical capabilities of power electronics. 
However, this does not ensure the proper quality of electricity 
for the use of powerful furnaces in low-power grids. In addition, 
the positive effect of compensating means on the performance 
of the arc furnace is rather limited and allows achieving, at best, 
the nameplate data of the furnace.

Since the electric arc is a non-linear element of the cir-
cuit, the furnace generates higher harmonics into the grid. 
For their studies, arc modeling of EAF arcs is most often 
carried out by approximating sections of the current-volt-
age characteristics of the arc by linear/nonlinear segments 
with/without taking into account the thermal inertia of 
the arc [9]. In addition, models are used based on artificial 
neural grids [10] and with reproduction of chaotic processes  
in an arc [11], etc.

Mathematical models based on the energy balance of the 
arc column are also often used to study the characteristics of 
electric arc unit. A survey of such models, in particular, by 
Cassie and Mayr, was carried out in [12]; the mathematical 
model of a dynamic arc [13], which was called the Pantegov 
model in [14], is also described there. The steels of the time 
of this model can be taken from the data of work [15]. The 
combined Cassie - Mayr model is also used, the error indices 
of which were analyzed in [16].

To substantiate the reliability of the reproduction of the 
arc voltage shape by the considered arc models, the results 
obtained were compared with the experimental data of the 
arc voltage functions. The time diagrams of the arc voltage 
were developed [17], obtained from the measurement data 
on the secondary winding of the transformer, as well as 
the experimental data of the arc voltage for a furnace with  
a transformer power of 60 MVA [18].

Electric arc furnaces are characterized in certain periods 
of melting by a significantly asymmetric load and, according 
to experimental data [19], the field of expected values of ne-
gative sequence currents is within 15–30 %. This indicates  
a significant level of mode asymmetry.

Furnace power circuits use dynamic compensation tools 
that can reduce fluctuations and voltage unbalances in the 
grid. In fact, such compensators are devices whose action is 
aimed at reducing the consequences of the negative impact 
of EAF on the grid.

Conceptually promising is the approach in which the area 
of action of the funds is directed directly to the source of 
exposure in order to reduce the level of generation of a nega-
tive factor. This can be realized using an inductive-capacitive 
converter, which can stabilize the alternating arc current 
and reactive power at the same time and sharply reduce the 
reactive component of voltage losses in the grid. The charac-
teristics of the resonant converter with galvanic coupling of 
reactive elements are described in detail in [20].

However, given the peculiarities of chipboards with fre-
quent breaks of arcs and abnormal modes close to this, such 
converters cannot be directly used for electric arc furnaces.  
It is necessary that the external characteristic of the conver-
ter in the area of operating modes was constant in current, 
and in the area of abnormal modes – constant in voltage.

A converter with such a characteristic «constant cur-
rent – constant voltage» (CCCV), allows to schematically 
stabilize reactive power flows [21] and in dynamic modes to 
significantly reduce the short-term flicker indicator in the 
grid [22] with simultaneous equalization of the phase load. 
An estimate of the power of the equipment required for the 
implementation of the converter is given in [23]. The analy-
sis of asymmetric modes was carried out taking into account 
the stochastic nature of the furnace load [24].

Studies [22] showed that the use of a CCCV resonant 
converter for powering arc steel-making furnaces can reduce 
the rate of short-term flicker by more than 10 times. These 
results were obtained by the linear symmetric problem set-
ting and it is necessary to confirm them under conditions 
of nonlinearity and asymmetry of the load. In addition, 
under the same conditions, it is necessary to determine the  
influence of the converter on the main indicators of the 
operation of the furnace itself, in particular, its productivity  
and efficiency. To obtain reliable results, it is necessary that 
the arc model most adequately reproduces its real current- 
voltage characteristics.
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3. The aim and objectives of research

The aim of research is to confirm the effectiveness of 
the application of the CCCV circuit for powering an arc 
steelmaking furnace with a nonlinear and asymmetric load. 
To do this, it is necessary to determine the indicators of 
the effect on the grid (coefficients of negative sequence and 
current distortion) and the effect on the indicators of the 
furnace itself (useful arc power and electrical efficiency).  
In addition, it is expected to confirm the nonlinear load re-
sult for reducing voltage fluctuations by a factor of 10–15, 
obtained by the linear dynamic load [22].

To achieve the aim, the following objectives were set:
– to develop mathematical models of the considered 

furnace power supply circuits and to justify the choice of the 
electric arc model;

– to determine the indicators of the quality of electricity 
in the grid with a non-linear load;

– to calculate the influence of nonlinear asymmetric load 
on the main energy characteristics of the furnace regulations 
and the quality of electricity in the grid.

4. Materials and methods of research

The object of research is two power supply circuits for 
a large-capacity arc furnace EAF-160 – a traditional power 
supply circuit for CSS and with the use of CCCV, each of 
which is powered from a low-power grid. The confirmation 
of the effectiveness of the application of the CCCV circuit 
for powering an arc steel-making furnace with a nonlinear 
and asymmetric load is carried out based on the results of 
comparing these two options for the power supply circuit.

The essence of the main research hypothesis is that with 
complete identity of the load characteristics in both cases, 
the data on the quality of electricity in the grid and the per-
formance of the furnace correspond to the properties of the 
compared circuits.

In the study, it was assumed that the inductance of  
a short grid during dynamic changes and unbalanced load 
does not change; also did not take into account the inter-in-
ductive coupling between the phases of the short grid.

The power system grid in nonlinear modes was repro-
duced by a simplified equivalent circuit with inductive and 
active resistances; the ratio of inductive resistance to active 
resistance is taken equal to 20.

In order to obtain the parameters of the regimes of the 
CCCV and CSS circuits, necessary for the analysis of the in-
dicators of the quality of electricity and the energy character-
istics of the furnace, it is necessary to develop mathematical 
models of the circuits under study. These models are intended 
to be generated using matrix methods for analyzing electrical 
and magnetic circuits, and their implementation is carried 
out in the MatLab Simulink software environment (USA).

To carry out qualitative studies of circuits with an elec-
tric arc, it is necessary to operate with an adequate arc model.  
The choice of such a model is carried out on the basis of  
a comparative analysis of the results obtained for the Cassie 
and Pantegov arc models in the CSS circuit and published 
experimental data.

The process of calculating asymmetric furnace modes 
is accompanied by a significant increase in the data array. 
Their analysis and generalization of the results were carried 
out taking into account the stochastic nature of the load 

on the basis of the provisions of the theory of probability.  
In this case, the real boundaries of the range of values of the 
mathematical expectation and the standard deviation of the 
variable coordinate were set.

5. Results of the study of the power supply circuits  
of the arc furnace in nonlinear asymmetric modes

5. 1. Mathematical models of the furnace power supply 
circuits and the rationale for the choice of the arc model

A schematic circuit of a furnace power supply with a «con-
stant current – constant voltage» converter is shown in Fig. 1. 
Its main element is a resonant converter, which consists of 
inductive L and capacitive C elements, the parameters of which 
are selected from the resonance condition, taking into account 
the characteristics of the furnace transformer FT. The circuit 
is connected to the PS grid at the Point of common coupling 
(PCC). The SC short circuit connects the secondary turns of 
the furnace transformer to the actual electric arc furnace (EAF).

 

EAF
PS SC

PCC CC-CVC

L

C FT

Fig.	1.	Schematic	circuit	of	the	«constant	current	–		
constant	voltage»	converter

This converter provides a practically constant value of 
the arc current Ia = const under conditions of load change 
from the operational short circuit mode to the maximum 
load (normal mode area). In abnormal modes from maximum 
load to no-load, the formation of a section of the characteristic 
is provided, on which the arc voltage is close to the constant 
Ua = const. The elements for the formation of this section of the 
characteristic are not reflected in the diagram. Such an exter-
nal characteristic of the converter provides in normal modes 
an almost constant value of reactive power consumption and a 
significant reduction in voltage fluctuations in the grid.

A mathematical model in matrix-vector form has been 
developed to carry out studies of CCCV and CSS circuits in 
specified modes (dynamic, nonlinear and asymmetric). The 
given system of equations (1) describes electromagnetic pro-
cesses in circuits of various configurations and, to a certain 
extent, makes it possible to unify the approach to the analysis 
of mode parameters for various circuits due to the simplified 
preparation of the input data. System (1) is supplemented 
with the characteristics of nonlinear elements, in particular, 
arc models, as well as elements of the formation of the exter-
nal characteristics of the installation in the area of abnormal 
modes. This system of equations is as follows:

GMG
di
dt

GRG i G u u Get
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where 


ik  – column vector of the outline coordinates of the 
circuit; 



un ,  


uc , 


e  – column vectors, respectively, of voltages of 
nonlinear elements, voltages of capacitive elements and EMF 
of branches of an electric circuit; G, Gt – the second incidence 
matrix of the circuit graph, combined for the branches of electric 
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and magnetic circuits, and its transposed matrix; M, R – mat- 
rices of own and mutual inductances and active resistances of 
the circuit branches, respectively, combined for electric and 
magnetic circuits; C – matrix of capacities of circuit branches.

To take into account the nonlinearity of the arc, system (1)  
is supplemented by a system of equations for its model. The 
work uses the mathematical model of the Pantegov arc [16]. 
The rationale for the choice of this model and its parameters 
are given below. This model is described by the following 
system of equations:

θ θ
θ αp

d i
dt

i i



 

2
2 2

+ = ,  (2)

where 


iθ  – current vector of the static state of the arc column 
for each of the phases and a given static current-voltage charac-
teristic of the arc; 



ia  – vector-column of phase currents of arcs;  
θр – diagonal matrix of time constants of the Pantegov arc model.

The static current-voltage characteristic of the arc has a 
descending character and is given by an equation of the form:
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,  (3)

where U0, I


0  – diagonal matrix of voltages of the selected 
points on the static characteristics of arcs in different phases 
and the corresponding vector of currents of these points;  
n – exponent, the value of which is negative; 





u u iθ θ= ( ) – 
stress vector of the static state of the arc column.

Since the resistance of the arc column is determined by 
the parameters of the dynamic state, on the one hand, and 
the corresponding parameters of the static state, on the other 
hand, by equating them it is possible to obtain the voltage 
vector of the arc column 
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where Rst

��
 – resistance of the arc column.

Equations (1)–(4) form a system, the solution of which 
makes it possible to determine the necessary parameters of 
the regime.

The calculation results are obtained in the formats of the 
instantaneous coordinates of the mode, the effective values 
of the parameters, harmonic and symmetric components.  
In asymmetric modes in the absence of zero sequence cur-
rents, symmetrical components are also determined at fre-
quencies of 150 and 450 Hz.

Energy models of arcs of Cassie, Mayr, Cassie-Mayr and 
Pantegov are often used to study electric arc unit. As shown 
in [12], Pantegov model is generalizing for the above models, 

whose equations, as a special case, can be obtained for certain 
values of the constants. Its positive feature is that it relies on 
a given static current-voltage characteristic.

At the same time, this model of the arc is used mainly for 
studying the welding arc, the unit power of which, as a rule, 
is significantly less than the power of the EAF arcs. Since 
the power of the installation significantly affects the thermal 
inertia of the processes, it is necessary to refine some parame-
ters of this model, in particular, the thermal time constant θp 
in equation (2) and the constant n in (3).

The thermal time constant of the Pantegov arc model θp 
can be determined from the time constant of the Cassie arc 
model θc from the relation 2θp = θc given in [12]. Thus, based 
on the data on the time constants of the Cassie arc [16], the 
steel θp have the following values: at the beginning of the melt-
ing period – 0.1 ms; the end of the melting period – 0.6 ms; 
during the periods of oxidation – 2 ms and refining – 5 ms.

To determine the exponent of the static current-voltage 
characteristic of the arc n, a mathematical model has been 
developed for the traditional furnace power supply circuit, 
the power circuit of which consists only of the furnace trans-
former and the reactor.

To simulate electromagnetic processes, the system of 
equations (1) with the removed second equation with com-
posite capacitive elements is used.

The results are calculated for the traditional power 
supply circuit for the EAF-160 arc steel-making furnace. 
Furnace transformer technical data: power 140 MVA; coil 
voltage 35/1.3 kV; voltage and active losses of the transform-
er short circuit experience, respectively, 8 % and 0.8 %. The 
reactive and active resistance of the short grid are 4.75 and 
0.68 mΩ, respectively. Taking into account the inductance of 
the high-voltage reactor and transformer, the total reactance 
of the circuit is 6.2 mOhm. The multiplicity of the operation-
al short circuit current is 1.9.

Calculations for the traditional power supply circuit for 
an arc steelmaking furnace with a Pantegov arc model are 
performed according to the uniform loading of phases. Fig. 2 
shows the timing diagrams of the arc current and voltage us-
ing the Pantegov model in the CSS circuit at the beginning of 
the melting period, when θp = 0.1 ms. For a visual assessment 
of the influence of the exponent n of the static volt-ampere 
characteristic of the arc on the shape of the current and arc 
voltage, this indicator in the diagram is different for each 
period of the power frequency of 50 Hz. 7 periods, this indi-
cator received the following 7 values (minus sign omitted): 
0.01; 0.02; 0.05; 0.1; 0.14; 0.16; 0.18. The results are given for 
a low-power power system with the value of the short-circuit 
power of the power system in relation to the power of the 
furnace transformer SSC
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Fig.	2.	Timing	diagrams	of	the	current	and	voltage	of	the	Pantegov	arc	model	with	different	values	of	n
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As can be seen from the diagram in Fig. 2, the shape of 
the arc voltage of the Pantegov model with a time constant 
of 0.1 ms (the initial melting period) is characterized by the 
presence of ignition and extinction peaks. With increasing 
modulus n, the value of the ignition peak voltage increases 
from 736 V for |n| = 0.01 and reaches a maximum value of 
1070 V for |n| = 0.18. The extinction peak for the initial value 
n is barely noticeable. As the modulus of the exponent grows, 
this peak grows, and with everything in the study, |n| reaches 
a maximum. The effective value of the arc voltage in the first 
2 periods (for the values |n| 0.01 and 0.02) is practically un-
changed and amounts to 592 V, and then increases from 594 
to 670 V. The effective values of the arc current in the first 
2 periods do not decrease significantly, and further sharply 
decrease from 57 to 42 kA. As can be seen from the diagram 
in Fig. 5, in the last two periods when |n| gets a value of 0.16 
and 0.18, the arc burning mode is close to intermittent. Let’s 
note that the 592 V arc voltage is nominal when the furnace 
is powered from a low power grid.

The arc current in the first two periods has a nominal 
value, and further decreases significantly.

For the given curves, the ratio between the voltage of the 
arc ignition and the voltage of the arc at the moment of its 
maximum current (relative voltage of the arc ignition) has the 
following values for the indicated 7 periods: 1.26; 1.27; 1.35; 
1.47; 1.59; 1.63 and 1.68. According to the experimental data, 
during the melting period, this ratio of arc stresses behind the 
diagrams in [17] is in the range of 1.24–1.76, and for [18] –  
from 1.46 to 1.6. Thus, in terms of the relative arc ignition 
voltage, all considered the value of the exponent n make it 
possible to obtain the shape of the arc voltage, the charac-
teristics of which are consistent with the experimental data.

Thus, the nominal parameters of the furnace mode (under 
the conditions of the given power of the power system) are 
provided with values of the modulus n equal to 0.01 and 0.02. 
Further calculations in the work were performed with the 
value of this modulus 0.02.

The dynamic volt-ampere characteristics of the arc with 
the value θp = 0.1 ms and their static volt-ampere characteris-
tic are shown in Fig. 3.

A qualitative assessment of the influence of the arc time 
constant θp on the shape of its current and voltage can be 
made on the basis of the timing diagrams shown in Fig. 4. 
They are calculated with a variable value of the arc time con-
stant for each period, which acquired the following values: 
0.05; 0.1; 0.25; 1.0; 2.5; 4 and 6 ms.
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Fig.	4.	Timing	diagrams	of	the	current	and	voltage		
of	the	Pantegov	arc	model	with	different	values		

of	the	time	constant

From the diagrams in Fig. 4 it can be seen that at values 
of θp equal to 6 and 4 ms, the shape of the current and volt-
age of the arc is almost sinusoidal. Small deviations of these 
parameters from the sinusoidal form occur at a time constant 
of 2.5 ms; at θp<2.5 ms, current and voltage distortions are 
significant.

To carry out calculations with the Cassie arc model, the 
first equation of system (1) is supplemented by the following 
equations of the Cassie model and arc voltage:

θ
�
��

�� �

�� ��
c

a

a a

a cg

d g

dt
i

g U
⋅ =

⋅
−

2

2 2 1,

�
�
��u
i

ga

a

a

= , (5)

where 


ga  – conductivity of the arc; U c

��
 – voltage of the 

arc column of the Cassie model; is the time constant of the  
Cassie model.

Fig. 5 shows the timing diagrams of 
the arc current and voltage, calcula-
ted for the following parameter values: 
U a

��
= 590 V;  θc = 0.1 ms.
Shown in Fig. 5 mode parameters 

are as follows: ignition peak voltage – 
686.5 V; voltage at the moment of ma-
ximum current – 592 V; arc voltage 
peak value – 590 V; effective current 
value – 63.5 kA. From the given data, 
let’s obtain the relative value of the arc 
ignition voltage equal to 1.16.

For a qualitative assessment of the 
effect of the arc time constant on the 
shape of the mode coordinates in Fig. 6 
shows the time diagrams of the current 
and voltage of the arc of the Cassie model 
with the parameter θc variable for each 
period, acquiring the following values: 
0.1; 0.2; 0.5; 1, 2.5; 4 and 6 ms. When 
comparing the diagrams, one should take 
into account the relationship between 
the time constants of the arc models 
2θp = θc.
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As can be seen from Fig. 6, the time constant significantly 
affects the shape of the arc voltage. At the same time, the ef-
fective value of this voltage is 600 V, it changes only by 0.4 %, 
that is, it remains practically constant. In this case, the shape 
of the arc voltage remains non-sinusoidal for θc = 6 ms.
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Fig.	6.	Timing	diagrams	of	the	arc	current	and	voltage		
of	the	Cassie	model	with	different	values	of	the		

arc	time	constant

The shape of the arc current changes to a lesser extent. 
The effective value of the current for the first 4 changes of the 
parameter decreases from 63 kA to 54.3 kA and then remains 
practically unchanged.

The time diagrams of voltages of the analyzed arc mo-
dels for the beginning of the melting period (θp = 0.05 ms, 
θc = 0.1 ms) show that the relative arc ignition voltage of the 
Pantegov model is 1.26, and that of the Cassie model is 1.16. 
Comparison of these values with experimental data shows 
that the data of the Pantegov model are included in this 
range, while the Cassie model is not. This indicates that the 
Pantegov model adequately reproduces the shape of the arc 
voltage. In addition, this model has great flexibility due to 
the variable parameter of the static current-voltage charac-
teristic. In further calculations of the characteristics of the 
furnace, the Pantegov model was used.

5. 2. Determination of power quality indicators for 
non-linear load

Calculation results for the CCCV circuit. The defining in-
dicator of the negative impact of EAF on the grid is, as a rule, 
voltage fluctuations. The calculation of voltage fluctuations 
at the common point of the power system and the furnace 
is carried out according to the uniform loading of phases in 
the range of operating modes. It is assumed that the load 
changed from an operational short circuit to a value at which 
the arc voltage is 10 % higher than the rated one. The range 

of the relative short-circuit power of the power system SSC
*  is 

considered from 8 to 100 units of the nominal power of the 
furnace transformer (relative units – pu). It is assumed that 
the parameter of the arc model is n = –0.02.

The results obtained for a set of quasi-static modes at 
the beginning of the melting period, that is, with a value of 
θp = 0.1 ms, are shown in Table 1.

Table	1

Dependence	of	voltage	changes	in	the	grid		
on	the	power	of	the	power	system

SSC

* pu 8 10 30 50 70 100

dUs % 0.37 0.37 0.21 0.14 0.10 0.07

The level of higher harmonics in the elements of the EAF 
power supply circuit is most influenced by the arc burning 
time constant θp. The influence of this parameter on the 
THD of the arc currents Ia and the grid Is is shown in Fig. 7 
for different values of the time constant in the range from 
0.1 to 5 ms. Data are given for nominal arc voltage at power 
system power ratio of 8.

The maximum THD of the system current is 2.9 % and 
is approximately half the distortion of the furnace current. 
This is due to the presence in the CCCV circuit of a branch 
with an inductive element, the current of which is almost 
sinusoidal.
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Fig.	7.	Dependence	of	the	distortion	factor	of	the	furnace	
and	mains	currents	on	the	arc	time	constant

As can be seen from Fig. 7, the maximum value of the 
non-sinusoidality coefficient of the furnace current is 6.7 % 
at a constant arc time of 0.1 ms. With an increase in the value 
of this constant, the THD value rapidly decreases and for 
θp = 5 ms, the arc current distortion becomes less than 0.1 %, 
that is, the arc current is almost sinusoidal.

Harmonic components of the current cause distortion of 
the voltage. With a time constant θp = 0.1 ms and the power 
of the power system SSC

* ,= 8  the THDU of the system at ma-
ximum load is 2.1 %. The fifth harmonic is the most signifi-
cant, with an average value of 1.7 %.

When using the CCCV, there is a certain instability of 
the arc current. The numerical value of this instability is 
characterized by the instability coefficient β – the ratio of the 
difference between the operating short-circuit currents of the 
furnace and the rated load to the rated load current.

Table 2 shows the values of the instability coefficient of 
the effective values of the arc current β as a function of the 
arc time constant θp and the relative short-circuit power  
of the power system SSC

* .
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In order to be able to compare with the linear loads of the 
furnace in the grid SSC

* ,= 8  the arc current instability coeffi-
cient was calculated, the value of which is 5.7 %.

Table	2

Arc	current	instability	coefficient	value,	%

θp, ms
System short circuit pow SSC

* ,  pu

8 10 30 50 70 100

0.1 0.84 0.79 0.88 0.93 0.96 0.99

0.6 1.60 1.45 1.30 1.32 1.33 1.34

2 3.69 3.28 2.43 2.32 2.27 2.24

5 5.07 4.50 3.28 3.09 3.01 2.96

From given in Table 2 numerical data, it can be seen that 
the nonlinearity of the arc noticeably affects the degree of 
current stabilization. In particular, for the smallest of the 
analyzed power system capacities, the current instability de-
creases from 5.7 for a linear load to 5.07 for the smallest level 
of current waveform distortion, which occurs at θp = 5 ms. 
An increase in the content of harmonic components with  
a decrease in θp causes an improvement in the stabilizing 
properties of the circuit and is accompanied by a decrease in 
β to values less than 1 % for θp = 0.1 ms.

For large values of the arc time constants equal to 4 and 
10 ms, as the power of the power system increases, the insta-
bility of the furnace current decreases monotonically.

For values of θp equal to 0.6 and 0.1 ms, this dependence 
is somewhat different, which is explained by an increase in 
the proportion of harmonic components of the current. At 
the same time, in the entire range of variation of the power 
of the power system, the limits of variation of the current 
instability are rather narrow 0.2–0.3 %.

As can be seen from the data in Table 2, the higher har-
monics generated by the arc have, in this case, a positive 
effect, since they cause an improvement in one of the main 
characteristics of the CC-CV converter – the degree of sta-
bilization of the arc current.

Calculation results for the CSS circuit. The CSS characte-
ristics for the EAF-160 furnace are calculated under the same 
conditions, that is, with a symmetrical load for the Pantegov 
arc time constant θp = 0.1 ms and the relative power of the 
grid.

In conditions of low power of the power system in the 
CSS circuit, there are significant voltage losses in the grid. 
According to calculations, a change in the mode from an 
operational short circuit to the rated current of the fur-
nace causes a change in voltage losses from 19.5 to 9.8 %. 
At the same time, with constant parameters of the circuit 
equipment under conditions of the rated arc current, its 
voltage has a value less than the rated voltage, which leads to  
a decrease in the arc power. Under conditions of load change 
from the operational short-circuit current to the nominal 
voltage fluctuation in the grid will be 9.7 %.

Non-linearity of the load causes distortion of the furnace 
and mains current. For the rated current, the distortion 
factor of these currents is 4.1 %, and the voltage distortion  
is 3.2 %. Note that in the CCCV circuit, the voltage distor-
tion coefficient is 2.1 %. These voltage distortion values in 
both cases are less than the maximum allowable.

5. 3. Influence of nonlinearity and unbalance of the 
load on the energy characteristics of the furnace and the 
quality of electricity

The main energy characteristics of furnace power circuits 
include useful arc power, power losses in circuit elements 
and electrical efficiency (efficiency, EFF). It is advisable to 
determine the basic values of these parameters for the rated 
load for the uniform loading of the phases.

The arc power, taking into account its nonlinearity, can 
be determined by the effective values of its current and 
voltage or by the harmonic components of these parameters.  
In the CCCV circuit, the rated arc power, calculated from the 
harmonic components, is 105.7 MW. The arc power, calculat-
ed for the same conditions according to the active values, is 
overestimated by 7 %. This is due to the influence of three-
fold arc voltage harmonics. The results obtained at a constant 
arc time θp = 0.1 ms, showed that in modes with a symmetric 
load THD, the arc voltage is in the range of 41–44 % out of 
an average value of 42.5 %. Analysis of individual harmonic 
components of this voltage shows a significant proportion 
of harmonics that are multiples of three, in particular the 
third, which is approximately 35 %. In the absence of neutral 
points of the grid and communication between them, there is 
no electrical circuit for the passage of zero sequence current. 
Accordingly, for taking into account only the components 
accompanied by the occurrence of current harmonics, the 
averaged distortion factor of the arc voltage will be 24.2 %. 
Therefore, the calculation of the arc power according to the 
effective values gives such a significant error.

The calculation of losses in the circuit elements was car-
ried out taking into account the surface effect. According to 
the ordinal number of the harmonic ν, it is assumed that the 
growth rate of the resistance of current conductors is v .

Calculations have shown that the increase in electrical 
losses due to the surface effect for the rated load does not 
exceed 0.5 %. Such a low level of additional losses is due to 
relatively small distortions of the current shape.

Power losses in the CCCV circuit take place in the short 
circuit and the furnace transformer, as well as in the reactive 
elements of the circuit – the reactor and the capacitor bank 
and amount to 9.85 MW for the rated load. Calculations 
have shown that the losses in the short circuit and the fur-
nace transformer are decisive and at maximum load make up 
90 % of the total electrical losses statutes.

From the obtained values of power and power losses, the 
efficiency of the unit (EFF) can be calculated. In terms of 
uniform loading of phases and rated load, its value is 91.5 %.

The reactive power of the inductive and capacitive cir-
cuit elements was determined through the effective values 
and harmonic components of the mode parameters. For the 
no minal load mode, the consumption of reactive power from 
the grid with harmonic components is 45.9 MVAr. The result 
obtained from the effective values of currents and voltages 
is less by 6 % due to unaccounted for changes in reactance. 
The power factor of the installation, determined from the 
harmonic components of the components, for the rated load 
is cos j = 0.93.

Note that when using the CCCV, an almost constant arc 
current is maintained, and its voltage is proportional to the 
equivalent arc resistance. Thus, by changing the arc length, 
it is possible to obtain a voltage and a high nominal voltage 
under conditions of low power of the power system.

In the CSS circuit, according to the rated arc current, its 
active power is 83.5 MW, reactive power – 73.7 MVAr, and 
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power losses – 8.8 MW. According to the efficiency of this 
mode is 90.5 %, and cos j = 0.78.

The EAF electric arc is a stochastic element of the elec-
tric circuit and its parameters vary over a wide range. Despite 
the use of automatic regulators, the setpoints of which are 
constant for the individual melting intervals, these changes 
take place differently in each phase. Therefore, in fact, the 
entire smelting process occurs with an asymmetric phase 
load. Under such conditions, an estimate of the averaged 
parameters of the regime can be obtained only on the basis of 
probabilistic methods.

The processes occurring in the area of arc burning are 
characterized by the influence of many random factors and 
therefore are stochastic and have a certain law of probability 
density distribution. It is known, according to many studies, 
currents of arcs of electric furnaces inherent in the normal 
law of probability density distribution. Accordingly, the 
resistance of the arc, which leads to a change in the current, 
and its voltage, will also have a normal distribution. Since 
the physical processes in the working space of the furnace 
depend on the furnace supply system, then such a law of the 
probability density distribution of the variable coordinate 
takes place not only for the system I = const, but also for the 
system U = const.

In the system U = const, according to the normal distribu-
tion law of the probability density of the arc voltage f(Ua), 
as a random function unbounded in values, has the follow-
ing form [24]:

f U ea

U ma U

( ) =
−

−( )
1

2

2

22

σ π
σ ,  (6)

where Ua – arc voltage; σ is the standard deviation of the arc 
voltage; mU –mathematical expectation of the arc voltage.

In real conditions, the actual value of the arc voltage 
of the EAF has a limited range of variation from zero to 
the nominal value U2N. Since the probability of finding the 
mode in this range should be equal to one, it is necessary to 
normalize the result by introducing a correction factor h into 
equation (6).

Taking this into account, the normalized probability den-
sity function f0(Ua) will have the form:
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The value of the correction factor can be determined from 
the following equation (8) by calculating the values of the 
Laplace function in the range 0 ≤ Ua ≤ U2N:
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Thus, using equations (7), the probability of finding the 
value of the arc voltage in a certain range for a given ma-
thematical expectation and standard deviation of this voltage 
can be determined. The same probability to have other coor-
dinates of the mode, the quantitative characteristics of which 
are determined in the same range of arc voltage values. The 
sum of the interval values of the calculated coordinate, taking 
into account the correcting factor, will make it possible to 
obtain the expected value of this coordinate according to the 

data of one mode. The aggregate of quasi-stationary asym-
metric modes can be used to calculate the averaged probabi-
listic value of the corresponding coordinate. The calculations 
were carried out for the ranges of values of the mean square 
deviation from 0.1 to 0.7 and the mathematical expectation of 
the arc voltage from 0.7 to 1.3 of the nominal.

The results of calculations and processing of asymmetric 
EAF modes for the power of the power system are given in 
Table 3 for the traditional power circuit and in Table 4 –  
for the circuit with CCCV.

Table	3

Probability	characteristics	of	asymmetric	CSS	modes

Parame-
ters

mU 
Standard deviation, σ

0.1 0.2 0.3 0.4 0.5 0.6 0.7

U2S, pu

0,8 3.675 3.676 3.690 3.694 3.697 3.702 3.707

1 3.628 3.663 3.661 3.662 3.668 3.676 3.685

1,2 3.891 3.746 3.677 3.656 3.654 3.660 3.668

Pa, MW

0,8 95.1 94.6 93.5 92.4 91.7 91.2 91.0

1 95.1 93.5 91.9 91.0 90.5 90.3 90.2

1,2 90.8 89.9 89.3 89.1 89.2 89.3 89.4

dP, MW

0,8 9.67 10.07 10.49 10.77 10.90 10.95 10.94

1 10.74 11.13 11.39 11.47 11.45 11.39 11.31

1,2 12.42 12.42 12.30 12.14 11.97 11.81 11.66

EFF

0,8 0.878 0.874 0.869 0.866 0.863 0.862 0.862

1 0.869 0.864 0.860 0.857 0.856 0.856 0.857

1,2 0.854 0.850 0.848 0.848 0.850 0.851 0.852

Qs, 
MVAr

0,8 58.2 62.3 65.3 66.6 67.1 67.4 67.5

1 72.9 73.8 73.2 72.1 71.1 70.4 69.8

1,2 87.9 83.7 79.8 76.9 74.7 73.1 72.0

Table	4

Probability	characteristics	of	asymmetric	CCCV	modes

Parame-
ters

mU 
Standard deviation, σ

0.1 0.2 0.3 0.4 0.5 0.6 0.7

U2S, pu

0.8 1.467 1.470 1.485 1.500 1.512 1.520 1.526

1 1.181 1.250 1.318 1.374 1.417 1.447 1.469

1.2 1.166 1.185 1.233 1.292 1.345 1.387 1.419

Pa, MW

0.8 103.4 105.0 106.4 107.0 107.3 107.4 107.5

1 110.5 110.8 110.3 109.7 109.2 108.9 108.6

1.2 117.2 115.3 113.5 112.0 111.0 110.2 109.7

dP, MW

0.8 9.69 9.74 9.78 9.80 9.82 9.82 9.83

1 9.86 9.88 9.88 9.87 9.86 9.86 9.85

1.2 10.07 10.68 9.97 9.93 9.90 9.89 9.88

EFF

0.8 0.908 0.909 0.909 0.909 0.909 0.909 0.909

1 0.913 0.912 0.912 0.911 0.911 0.910 0.910

1.2 0.916 0.915 0.914 0.913 0.912 0.911 0.911

Qs, 
MVAr

0.8 47.09 46.46 45.91 45.64 45.51 45.44 45.40

1 44.34 44.12 44.29 44.53 44.72 44.85 44.95

1.2 41.41 42.22 42.97 43.57 44.00 44.31 44.53
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The following designations are adopted in the Tables 3, 4: 
Pa – active power of the arc; dP – power losses in circuit el-
ements; Qs – reactive power of the power system; EFF – effi-
ciency factor; U2S – power system negative sequence voltage.

6. Discussion of the results of the study of nonlinear 
asymmetric modes of the arc furnace power supply circuits

The study of nonlinear modes of the considered circuits 
was carried out for using the Pantegov arc model. The basis 
for its choice is the results of comparing the stress diagrams 
obtained during the studies on the model with experimen-
tal data. According to published diagrams of arc volta-
ges [17, 18], the relative value of arc ignition voltage is in the 
range of 1.24–1.76.

For the Pantegov model, during the research, the relative 
values of the arc ignition voltage were obtained in the range 
of 1.26–1.68, and for the Cassie model – 1.16. From these 
data it can be seen that the ignition voltage of the Pantegov 
arc model has values falling within the range of 1.24–1.76, 
but the Cassie model does not. This means that the Pantegov 
model adequately reproduces the shape of the arc voltage 
in the initial melting period. Therefore, further calculations 
were performed using this arc model.

The analysis of arc nonlinearity for voltage fluctuations 
in the grid was carried out under conditions of changing the 
furnace mode from an operational short circuit to the rated 
value of the arc current (voltage). It was found (Table 1) 
that when using the PSSN circuit, the voltage range is less  
than 0.4 %. In the circuit with CSS, the change in the load 
from the operational short-circuit current to the nominal one 
is accompanied by an unacceptable value of the voltage swing 
in the grid – 9.7 %. These data confirm the results [22] on 
the possibility of reducing voltage fluctuations in low-power 
grids by more than an order of magnitude.

Since an electric arc is an element of an electric circuit 
with stochastic parameters, the process of steelmaking is al-
ways characterized by phase-by-phase asymmetry of the mode 
parameters. The real set of quasi-stationary asymmetric modes 
in the field of phase-by-phase variable coordinates (voltage 
or arc current) is very large. Therefore, obtaining generalized 
characteristics of such modes is possible only when using the 
probabilistic approach (equation (6)–(8)). The results ob-
tained for the mathematical expectation of the variable param-
eter (for the CCCV circuit – the arc voltage, and for the CSS 
– its current) in the range 0.8–1.2 and the standard deviation 
from within the values of 0.1–0.7 are given in Tables 3, 4.

Given in Table 3 data shows that under the conditions of 
changing the CSS mode from the beginning of the melting 
period (σ = 0.7) to the end of melting (σ = 0.1), the proba-
bilistic average value U S2

*  is 3.66 %. This exceeds the value 
of 2 % allowed by the standard. The data is based on the 
nominal setting of the automatic current regulator of the  
furnace mIa

* .= 1
When using CCCV, the range of change U S2

*  during the 
entire melting period is in the range from 1.47 to 1.18 % (ave-
rage – 1.35) at the nominal setting of the furnace voltage 
regulator mU = 1 and meets the requirements of the standard. 
Thus, for the use of the CCCV, the negative sequence voltage 
decreased by 2.5 times.

The analysis of the parameters of the mode of the tradi-
tional power supply circuit of furnaces in a low-power grid 

showed that under conditions of constant equipment pa-
rameters it is impossible to develop the rated arc power due 
to large voltage losses in the grid. Therefore, both with sym-
metrical and unbalanced loads, the arc power is reduced. 
Under these conditions, an increase in the current setting 
leads to a further decrease in power, as well as an increase 
in losses, since the operating point is on the descending 
section of the Pa = f(Ia) characteristic. As a result, for the 
period of melting with the setting of the automatic regula-
tor Pa = f(Ia) = 1, the average expected value of the arc power 
will be 91.8 MW, and the power loss will be 11.3 MW (Ta-
ble 4). According to the probabilistic value of the electric 
efficiency of the furnace, it will have values of 0.85–0.86. 
Let’s note that given in Table 3 the efficiency values were 
calculated as probabilistic characteristics for a set of their 
actual values in specific asymmetric modes, and not through 
the expected values of the arc power and power losses.

The use of the CCCV circuit, as can be seen from the 
data in Table 4, makes it possible to obtain for mU = 1 the 
probabilistic value of the arc power of 109.7 MW, that is, by 
19.5 % more than in the CSS circuit. In the CCCV circuit, a 
change in the value of mU causes a proportional change in 
the useful power. Note that the arc power in both cases was 
calculated from the harmonic components of the currents. 
In asymmetric modes, the fraction of the arc power due to 
the symmetrical components of the positive and negative 
sequence current at frequencies of 150 and 450 Hz was also 
taken into account. This share for both power supply circuits 
of the furnace is 0.6–2.8 % of the arc power at the base by 
harmonics in this mode.

The expected power losses in the equipment are about 
10 MW and there is less than in the CSS circuit. According 
to the CCCV circuit, it provides a high furnace efficiency, the 
average value of which is 91 % and is almost 6 % higher than 
when using the CSS circuit.

The obtained positive results indicate that the charac-
teristics of the proposed power supply system correspond 
to the features of the mode inherent in arc steel-making 
furnaces. The operating range of such furnaces is the area 
from the operational short circuit to the maximum operat-
ing load. Accordingly, the operational short circuit should 
be the normal operating mode of the furnace, the current 
value of which should be close to the nominal one. In the 
range of modes from maximum operating load to no-load, 
the circuit should provide a practically constant value of 
the supply voltage. This is the characteristic of the proposed  
CCCV circuit.

It is worth noting that the above results were obtained 
using a study on a mathematical model. Such a model makes 
it possible to reproduce arbitrary dynamics, nonlinearity, or 
asymmetry of the regime; however, the mathematical model 
is not a real arc. Therefore, further research should be carried 
out with a natural arc.

The development of the research lies in the physical 
implementation of the circuit. This can be a pilot charter 
for a low-power furnace or a working model. In the process 
of implementing such a proposal, questions of equipment 
parameters may arise, at present it is not serially produced, 
the purchase of equipment, including for measurements and 
registration of mode parameters. In addition, the charter 
must be materialized (physically implemented) at a specific 
facility. This is possible, but requires appropriate time and 
other resources.
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7. Conclusions

1. The use of the Pantegov arc model in comparison with 
the Cassie model makes it possible to adequately reflect the 
current-voltage characteristic of the arc in the initial period 
of melting. Its positive feature in comparison with other 
energy models of arcs is based on the static current-voltage 
characteristic of the arc, provides a better reproduction 
of the real parameters of the arcs. To reproduce the ini-
tial melting period, the constants of this model have the 
following values: the exponent of the static current-volt-
age characteristic n = –0.02; thermal time constant of the  
arc θp = 0.1 ms.

2. Non-linearity of the current-voltage characteristic 
of the arc causes distortion of current and voltage. In the 
same characteristics of the arc and the grid, in the case 
of using the CSS circuit, the distortion factor of the grid 
current is 4.1 %, and its voltage is 3.2 %. As can be seen 
from the comparison of the current and voltage distor-
tions, current and voltage distortions for the use of CSS 
are large, but the voltage distortion value does not exceed 
the permissible limit of 6 %.

The assessment of additional losses in circuit elements 
from higher harmonic currents was carried out taking into 
account the surface effect. An increase in electrical losses at 
maximum load by 0.5 % was obtained, which indicates a rela-
tively small distortion of the shape of the currents.

Studies have shown that the nonlinearity of the arc sig-
nificantly affects the degree of stabilization of the effective 
value of the arc current in the CCCV circuit. It was found 
that with an increase in the distortion of the arc current, 
the instability coefficient decreases. It is shown that with a 
linear load, its value is 5.7 %, and for θp = 0.1 ms it decreases 
to 0.84 %, that is, the stabilization of the effective value of the 
arc current increased by 6.8 times.

3. The results of research in nonlinear asymmetric modes 
obtained for a low-power grid show that the use of a CCCV 
converter has significant advantages over the CSS circuit:

– range of voltage change under conditions of changing 
the mode from the operational short circuit to the rated load 
decreases from 9.7 to 0.4 %;

– voltage distortion coefficient decreases from 3.2 to 2.1 %;
– the probabilistic value of the voltage unbalance coeffi-

cient decreases from 3.66 to 1.35 %;
– probabilistic value of the useful arc power at the nomi-

nal setting of the power regulator increases from 91.8 to 
109.7 MW (by 19.5 %);

– probabilistic value of the arc power losses at the nom-
inal setting of the power regulator decreases from 11.3 to  
9.9 MW (by 12.4 %);

– probabilistic value of the electrical efficiency increases 
from 86 to 91.1 %;

– probability value of the power factor increases from 
0.79 to 0.93.
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