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Abstract: To stabilize the electrical mode of an arc steelmaking furnace in the initial stages of melting,
it is advisable to use a high-speed current-limiting system, in addition to the traditional electrode
movement control system. This system is implemented by including the primary winding of the
furnace transformer choke, controlled by thyristors. The use of such a system, on the one hand,
reduces the negative impact of the arc steel furnace on the the power supply network operation
and, on the other, affects the operation of the electrode movement system, built on the principle
of an impedance regulator. In order to analyze the mutual influences between such systems, a
mathematical model for the power supply and control system of the arc steelmaking furnace was
created. The developed model can work in real time, which corresponds to the world trends of
modern control system synthesis for complex technological objects. In the created model, the work of
the combined control system with different approaches to the formation of the control effect in the
high-speed circuit and the effect of the combined control system on the power supply system of the
ASEF are analyzed.

Keywords: arc steelmaking furnace; mathematical model; electrical regimes control system;
power system

1. Introduction

Steel is one of the main pillars of modern society and, as one of the most important
engineering and construction materials, affects the work of most industries. According
to the International Energy Agency (IEA), global demand for steel will increase by more
than a third by 2050 [1]. Although steel is one of the most recyclable materials on the
planet, the energy needs for initial production make it one of the largest consumers of coal.
The metallurgical industry consumes about 7% of the produced energy and, according to
conservative estimates, it accounts for 7-9% of global greenhouse gas emissions. According
to IEA reports, in order to achieve the global energy and climate goals, emissions from the
steel industry must be reduced by at least 50% up to 2050. One of the ways to achieve such
ambitious goals is the development of electrometallurgy.

Today, about a third of the world’s steel is produced by the electric arc method, which
uses high-current electric arcs to melt scrap steel. The availability of green electricity,
changes in the emissions trading system (ETS) and the development of new technologies
provide the opportunity to significantly increase the share of steel smelting in arc steelmak-
ing furnaces in the coming decades [2,3]. Currently, modern ASFs for smelting 1 ton of
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steel consume approximately 330 kWh of electricity [1]. A 300-ton ASF with a capacity of
300 MVA coexists in the melting process (proceed about 37 min) approximately 132 MWh
of energy. Thus, even a small increase in energy efficiency can provide significant savings.

The problem of reducing electricity costs for smelting one ton of steel encourages
leading electrical companies to create and implement new control systems for ASFs. How-
ever, the dynamic asymmetric and stochastic nature of the ASF load and the presence of
significant nonlinearities in the power supply circuit of a three-phase arc system and in
the automatic electric control system make ASFs one of the most complex technological
objects in terms of automation and implementation of optimal control modes. Today, we
know the technological solutions of such leading companies as Siemens (SIMETAL system),
Danieli (HI-REG and Q-REG + systems) and others, which provide optimal control of the
movement of the arc electrode based on certain factors. The purpose of adjusting the arc
length is to implement the desired voltage—current control for a given voltage converter.
The most common control strategies are based on the impedance control principle, control
by deviation from the specified value of voltage or current [4-7]. The choice of strategy
usually takes into account various factors, in particular: the required active power during
the melting period, the melting process, the technical capabilities of the equipment, etc. The
most widespread architecture of the electrode movement control system in an AFS is the
MISO structure (several inputs, single output), which, as a rule, implements independent
control of each phase. The use of adaptive control or intelligent control technologies in
such a structure makes it possible to improve the quality of control compared to the system
synthesized on the basis of classical control theory [8-13]. However, from an electrical
point of view, the phases are interdependent, which causes unproductive movements in
the electrodes and, thus, impairs the quality of control.

The use of the control structure type MIMO (multiple inputs, multiple outputs) can
improve the quality of control [14]. The synthesis of control effects in such a control system
requires the use of a system model that allows one to take into account the mutual influences
between the phases. The complexity of applying classical control theory for the MIMO
controller synthesis using adequate models of such a complex object as AFS [15-17] has
contributed to the widespread use of artificial neural network theory to solve the problem
of control effect formation [18-21].

However, the control system of electrode movement due to significant inertia is unable
to compensate for the negative effects on the power supply network caused by changes in
the situation in the arc space. In particular, with a short circuit, the active power becomes
almost zero, while the reactive power increases sharply. Thus, the initial period of melting
is characterized by significant and rapid changes in active and reactive power with high
peaks for the latter; significant in amplitude and very fast changes in current, in particular
high values of reactive current; and rapid changes in the power factor [22]. Changing
the situation in the furnace space (occurrence of single-phase or two-phase short circuits,
arc breakage, etc.) and nonlinearity of the volt-ampere characteristic of the arc cause
asymmetric modes and higher harmonic components in the power supply [23-25], which
significantly, highlights the problem of electromagnetic compatibility in the arc steel furnace
and the power supply system.

In ASFs, the power supply system traditionally consists of a furnace transformer with
taps on the secondary winding and, sometimes, a reactor connected in series with the
primary winding of the transformer. As shown in [26-29], the use of a controlled reactor
allows you to effectively limit the current value, minimize the load asymmetry coefficient
on the phases in the arc furnace and improves the power factor, increasing the productivity
of the furnace. In [30], the optimal reactor control from the point of view of complex system
approach is analyzed, in which the arc steelmaking furnace and power supply network are
considered as the only complex electrotechnological system, the control vector of which is
synthesized. As noted in [31], such control can be implemented and a significant effect can
be obtained only in the hierarchical structures of systems of extreme adaptive (situational)
control and high-speed control of the coordinates in the electric mode. At the same time,
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the synthesis and implementation of optimal control in terms of increasing the productivity
of the furnace and reducing the specific cost of electricity is a many-times-more-effective
approach than developing solutions for high-quality stabilization of the coordinates in
the ER.

The current trend of automation for technological processes is the creation of intelli-
gent industries with the widespread use of “digital duplicates” [32-34] and mathematical
models capable of working in real time [35-39]. Due to the continuous melting change in
stochastic characteristics of perturbations in the melting space and power circuit of the
furnace, the need to change the parameters of electricity flow during changes in physico-
chemical state and temperature regimes of charge and melt, using a systematic approach
to control electrotechnological complex “ASF- power supply system”, it is advisable to
use a mathematical model that can work in real time. This will make it possible to apply
model predictive control technology and evaluate the effectiveness of control effects in the
melting process, taking into account the interaction of the high-speed control circuit and
the electrode movement of the arc steelmaking furnace.

Thus, the synthesis of a mathematical model that describes electromagnetic processes
in the power supply system of an arc steel furnace and makes it possible to synthesize and
analyze the effectiveness of control influences, taking into account the mutual action of all
subsystems, is an actual task, the solution of which is proposed in this article.

2. Mathematical Model of the Power Circuit and Calculation Algorithm

In such a case, the model for studying the influence of EAF on the power supply
network should contain a model of the electric circuit with controlled reactor, taking into
account the nonlinearity of the volt-ampere characteristic of the arc, the model of the
control system of EAF electrode movement and the model of random arc length processes.
EAF with a controlled reactor contains different tempo subsystems and is characterized
by a significant range of changes in electrical regime parameters in the melting modes
(in particular, due to changes in the dynamic resistance of the arc and control influences
in subsystems). The proposed model provides a possibility to analyze the effectivity of
the controlled influences in traditional (electrode moving) and high-speed (controlled
reactor) control systems, taking into account the mutual influence of both systems and
electromagnetic processes in different phases of an EAF electric power supply.

2.1. Basic Principles of Mathematical Modeling Solution Algorithm

A mathematical model for the power circuit of the system “arc steelmaking furnace—
power supply system” and its computer application was created using an object-oriented
method [40,41], according to which the model is formed from typical elements presented
in the form of multipoles. This method was used in [17], to create a real-time model of
the electrical complex with AFS. In the framework of this study, the mathematical model
proposed in [17] was supplemented by an adjustable reactor (magneto-thyristor voltage
regulator MTVR). The corresponding calculation scheme of the model is shown in Figure 1.

The scheme is formed by connecting the outer circuits of multipole elements, namely:
three-phase network, controlled reactor (represented by a combination of thyristor voltage
regulator and three-phase inductor), transformer and three-phase short circuit with an
arc. The outer circuits of these multipolar elements are interconnected at the nodes of the
system. The potentials of the independent nodes of the system are denoted as v;—vy.

According to the theory of multipoles, the method of connecting a multipole element
is described by an incidence matrix containing 0 and 1 and indicating which independent
node in the system is connected to the pole of the element. Let us denote the incident
matrices: ITy (three phases power supply), IITyr (thyristor voltage regulator), IT; (three-
phase choke), Il7g (transformer) and I'la ITg; (three-phase short connection with an arc).
Such matrices will be used for equations on electrical potential in system nodes.
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Figure 1. Calculation scheme of the system “arc steelmaking furnace—power supply system”.

According to the calculation scheme in Figure 1, these matrices will appear as:
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To create mathematical models of multipole elements, the method of average voltages
in the numerical integration step AVIS (method of average voltages in numerical integration
step) is used. The main formulas of the last one are described in [41,42] and the advantages
of its application in systems are substantiated, in particular, in [36,38,43]. According to the
the AVIS equation for determining the currents in an electric line containing EMEF, active R,
inductance L and capacity C can described as:

R At 2—(m+1)(m+2)  Lo\.
U+ E=uro ”C°+<m+1 C 2m+1)(m+2) At

_m1<RAtk m—k A+l (m+1)(m+2)—(k+1)(k+2)>d(k)i0_ 1)

S\ G w1 Tk (m +1)(m +2) at®

R At PEZR VR
m+1 Cm+1)(m+2)  At) '
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where 1R, ucp—voltage values on the active resistance and on the capacitor at the beginning
of the integration step, voltage on inductance, arc voltage, respectively; iy, iy—circuit current
at the beginning and at the end of the integration step (herein after index 0 means the
value at the beginning of the step, index 1—the value at the end of the step); At—the
numerical integration step value; m—the order of the method determined by the order of
the polynomial, which describes the current changing in branch at the step of numerical
integration (this model uses the method of the 1st order with a linear approximation of
the current at the step); U, E—average values on the step applied to the voltage and EMF
branches, which are calculated from the instantaneous values of the voltage and EMF e
branches as

) to+At . to+At
U= / udt, = — / edt. @)
to to

According to the used method, the mathematical models of each element of the
multipole are represented as an external vector Equation (3), which is formed on the basis
of Equation (1).

to+At
-2 1 — =
{e4+Gey; [ Dedt+Co=0, @)

fo

= . . . -
where i ,—vector of currents in external branches at the end of the integration step; v.—

vector of pole potentials; G, ag—the matrix of coefficients and the vector of free terms
determined by the parameters of the element and the initial conditions.

Based on the coefficients in Equation (3) of each element that is part of the system and
the incidence matrices of these elements, a vector algebraic equation is formed to determine
the average value of the potential in the system independent nodes in the integration step

1 to-i-.At .
Gs / Osdt + Cs = 0. 4)

to

where ?5 = (v1,v2,v3, V4, U5, Vg, V7, Vs, vg)T—Vector of potentials in independent nodes of
— to+At
the system; Vg = i | vgdt—vector of average potential values in the system indepen-
t
0 —
dent nodes at the integration step; Gg,Cs—matrices of coefficients determined based on
matrices of coefficients in Equation (3) for each element and incidence matrix of elements
by equations:

— —
Gs = ) _ILGII],Cs =) ILC) j— N, TVR, 1, TR, SL. (5)
] ]

According to the average values for the potentials of the system independent nodes
on the integration step obtained from Equation (4) for each element, we determine the
averages values of the pole potentials at the integration step:

) to+At . to+At

— . *>. B T - o T — .

Vi= / Gt =ml Vs=m. | / vsdt|,j— N, TVR, r, TR, SL. (6)
to fo

The mathematical modeling algorithm is as follows. External vector Equation (3)
coefficients are determined for each element in the power circuit. Further, on the basis
of these coefficients and element connection matrices, the coefficients in Equation (4) are
determined according to Formula (5). After solving Equation (4), we find average values
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for the potentials in the system independent nodes. From Equation (6), for each element,
we determine the average values of the pole potentials at the integration step and from
Equation (3)—the currents of the external branches at the end of the integration step.

Next, we describe mathematical models for the elements in the power circuit repre-
sented by multipoles, according to the approach given above.

2.2. Mathematical Models of System’s Elements

To create a mathematical model of the power circuit of a thyristor voltage regulator
(TVR), we make the following assumptions, which are characteristic of the well-known
method of modeling power circuits of semiconductor converters as circuits with a constant
structure and variable parameter. Each thyristor is represented by an electrical circuit of
series-connected impedance and inductance. Their values for the switch-on state are taken
so that the inheritance of the on-voltage on the circuit corresponds to the inheritance of
the voltage on the switched-on thyristor, and the values for the switch-off state such that
the current circuit can be neglected. The option of simultaneously opening two thyristors
in phase is impossible. Thyristor switch-on occurs instantly when the thyristor opening
condition, which is specified by a logical expression, is fulfilled. The thyristor switch-off is a
step in which the current circuit changes its sign from positive (at the beginning of the step)
to negative (at the end of the step), at the moment of the current circuit transition through
0. An increase in the equivalent resistance and inductance of the line at the moment when
the line current is equal to 0 corresponds to the physical principles of thyristor operation
and ensures the stability of the calculation. Note that the used method is distinguished
by increased numerical stability, including parametric changes, which is substantiated, in
particular, in [41,42]. Assuming a linear law of current change in step, this point in time
can be calculated as o

t=tg4+ 01, @)
t1 —to

Taking into account these assumptions, the electrical circuit of the TRN as a six-
terminal will follow the scheme shown in Figure 2.
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Figure 2. Calculation scheme of power circuit of TVR.

After applying Equation (1) for the first-order AVIS method (m = 1) to the calculation
scheme in Figure 2, we obtain the equation:
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where vy p—07 re—POle potentials; i, —ip,—thyristor currents; R;—R —resistances
in circuit equivalent to thyristors; L, —L,—inductances of circuit equivalent to thyristors.
On the basis of Equation (8), write the external vector equation of TVR as multipole:

to+At

e 1 - =
i TVR + GTVRE / vryrdt + Cryr =0

to
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—
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Equation (9) is an algebraic equation that allows us to determine the currents of the
thyristors at the end of the numerical integration step by the known pole potentials, power

circuit parameters and initial conditions.
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to+At

Note that the matrix of coefficients Gryr is determined by the parameters in the
equivalent circuit to thyristors and must be calculated at each integration step. Similarly,

the constant terms vector BTVR must be calculated at each step. This vector is determined
by the parameters in the circuit, which are equivalent to thyristors and the initial conditions.

The thyristor switch-on condition is a logical expression that becomes true when
the thyristor voltage is positive, the thyristor is switch-off and there is permission to
switch-on at the control angle (calculated from the moment when the thyristor voltage
becomes positive).

According to the approach used, the calculation scheme of the three-phase choke is
presented in six-terminal form (Figure 3).

Figure 3. Scheme of three-phase choke.

Applying Equation (1) for the first-order AVIS method (m = 1) to the given calculation
scheme, we will receive

to+At

1 _ 1 _ i Ria y LeaY:  _ (Rea | Lal;
ar Yt a0t Reairag + (B8 + 58 Jira, — (%2 + 54 )ira, = 0,
0 0

1 to+At 1 to+At R L R L

= — = — / B ZrB |4 _ B LrB )4 —

Af tf Uypdt — A tf Uyt — Rrpirg, "’( 2 Art)ZVBo ( 2 T )l"Bl =0, (11)
0 0

to+At

to+At

1 1 H Ry Ly Y, Ry Ly —
Ar tf vt = & tf Uypdt — Ryip, + (7 + E)ZVO - (7 + E)lrl =0,
0 0

where i, 41, iyp1, i;c1—choke phase currents at the end of the integration step; i, 49, irpo, ico—
choke phase currents at the start of the integration step; v,41, V1, Vrc1, UrA2, UrB2, Urca—
pole potentials; R, 4,R,p,R,—active resistance in the choke phases; L, 4,L,p,L,—the induc-
tance of the choke.

Based on the system in Equation (11), we write the external vector equation for the
choke as six-pole:

to+A

- 1 - -

{1+ G / 0,dt+C, =0, (12)
fo

%
where i, = (—i;a1, —i;B1, —irc1,ira1, ir1, ic1)” —Vector of currents in external circuits at

. . = T .
the end of the integration step; v, = (v,41, VrB1, Urc1, Ura2, UrB2, Urc2) —Vvector of potentials
of the outer poles; G, C,—the matrix of coefficients and the vector of free terms, respectively:
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[ Rx 0 0 —Rs} 0 0 [ RER aivay —iray |
0 R 0 0 —Rx 0 Ry 'R, pirg, — irg,
G — 0 0 Rt 0 0  —Rs¢ 2 R'z'Ryciyc, — irc, ’
—Rs} 0 0 Rt} 0 0 —R*R, v, + irag
0 —R&g 0 0 Rs 0 —R:3 ' Rypiyp, + irp,
L0 0 —Rs 0 0 Re | —R!:'Rycive, +irc,

_ Ra Lya _ Ry L,g __ R L .
R¥pq = =54 + 4, R¥,p = =B + FB, R¥,c = =5 + 7 step resistances.

From Equation (12), according to the known pole potentials, choke parameters and ini-
tial conditions, we determine the choke currents at the end of the numerical integration step.

Next, consider the mathematical model of a short network with furnace space (arc).
In [17], using the 1st order AVIS method, the following algebraic equation was obtained to
determine the current in circuit with an electric arc:

.. (R+Ryp L\ 4
i1 =1p+ (2‘10 + Ai’) (u — RZO — uumo), (13)
where iy, i;—the value of the circuit current at the beginning and end of the numerical

integration step; Rjp—dynamic resistance of the arc; R—resistance of circuit; L—circuit
to+At
inductance; U = #; | udt—the average value of the applied voltage at the integration
to
step, uarco—the value of the arc voltage at the beginning of the integration step. We calculate

the instantaneous values of the arc voltage at each integration step according to the formula
Ugrel = Uarco + Rgi, (14)

where Ai = i} — ip—arc current increase in step.

The dynamic resistance of the arc is calculated at each step of numerical integration by
the volt-ampere characteristics in the arc [17]. To calculate the dynamic resistance of the arc
depending on the magnitude of the arc current I, and its length I, in [17], the authors
proposed the use of the following approximations used in this model:

dl
if Iy - d”t” > 0 then

0.4337 I 2 I 2-a41( larc)
Rallae lor) = 77 - o) (1‘ Comermom) )”‘”(‘”““"”)' (i) o

. dI I 2
lf IﬂTC . datrc < 0 then Rd(Iarc; larc) = ﬂ()( larc) . (1 - (th (0_(1‘”:}’)605) ))/ (16)
Where u]]( lurc) - 0.9658 . lurc - 0.1282;

a1 ( lare) = 2.0477 1075+ I3 — 0.0005 - g2 +0.0019 - Lype +0.3992;
a31( Lore) = —0.0026 - Iz 4+ 0.0939 - 102 — 0.3429 - Iyc + 14.0293;
a41( lare) = 2;

0 (lare) = (0.0093 - Iprc2 — 0.4513 - Iope +9.2986) - 10000;

a0( Lare) = (0.0004 - Ipyc* — 0.0124 - Iorc® + 0.1468 + Ippc? 4 0.0081 - Iyyc + 0.1418) /1000.
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According to the approach used, a short network with furnace space (arc) is represented as
six-pole (Figure 4) and is described by an external vector equation of the form (17), obtained
on the basis of Equation (1).

to+At
e 1 — -
isp+GsLog / vsLdt+ Csp =0, (17)
to
= . . . . . . T ) .
where is; = (ispa1,isrB1,isrc1,is1A2,is1B2,isLc2) —current vector of outer circuits;
to+At
- . ..
% [ vspdt—averages of the values for the potentials of the poles at the numerical integra-
to
4)
: - UsL - T =2 T
tion step; vgy = P , Ust1 = (UsLA1,VsLB1, UsLc1) s Ust2 = (UsLA2, USLB2, USLC2) -
SL2

pole potential vectors and coefficient matrices:

- 1 -1 ]
R*SLA 0_1 0 —Rxp 4 0 B 0
0 Rxpp 0 ) 0 —Rxp 0 :
0 0 Rx7, 0 0 — R,
GSL — 1 LC 4 LC ;
—Rx; 4 0 B 0 R 4 0_1 0
0 —Rx[p 0 B 0 Rxpp 0_1
| 0 0 —Rx; - 0 0 R¥ |

[—R g4 (Rspaispao + Uarcao) + israo]

—R *g;p (Rs1pisrBo + Uarcpo) + isLBo
- —R x5} (Rsicisico + tareco) + isico
R g4 (Rspaistao — Uarcao) — isL.ao

1 . .
R g, 5 (Rs1BisLBo — UarcB0) — ISLBO

-1 . .
L R*gre (Rsicispco — tareco) — istco
Rgra+R L R R L R R, L
R¥gra = SLA2 A0 | SALtA,. Rsgrp = SLB;F B0 | ZLthR*SLC — SLC72L dco ZLtC —step

resistance of phases, is;4 = —ispa1 = ispA2, istp = —isLB1 = isLB2, isSLC = —isic1 =
is;co—phase currents (arc currents).

Figure 4. Calculation scheme of a short network with furnace space as six-pole.

Equation (17) is used to determine the phase currents in a short network with furnace
space (arc currents) according to the dynamic arc resistances, which are determined from
approximation Equations (12) and (13), determined with (11) values of arc voltages and
power circuit parameters and initial conditions. Mathematical models of a three-phase
power supply network and a three-phase transformer are described in [17].
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2.3. The Model Verification

To verify the adequacy of the developed model, calculations for the steady-state
symmetric modes and the perturbation mode of the arc length in one phase, during
which there was a sharp decrease in the arc length in phase A (from 16 mm to 4 mm),
were performed.

The simulation results were compared with the results of analytical calculations and
experimental studies presented in [31]. The results of the calculation for asymmetric
perturbation of the arc length mode are shown in Figures 5 and 6. As a result, there was a
sharp decrease in arc voltage in phase A (Figure 5) and an increase in current in phase A
that affected the value of currents in other phases, where the perturbation in the lengths of
the arcs was absent (Figure 6).

100
> ]
< 200
%9)
] ]
o0 o+ f
g
S 200
> 7 g iy g iy vy
o 00
< —6007 T T T T T T 1
2 21 22 23 24
time, s
Figure 5. Voltage of arcs during perturbation in phase A: phase A, phase B, phase C.
150000
< 100000 /\
3 f\'.‘"ﬂ“,
‘E 50000 Ilj\ .'r\'ﬂ: m | ! k \3‘ | | 4
] ] i f f
‘g‘ 0 ;(f\\ﬂ\\l(\\f\\ LY
J i ) Jfl |
O 50000 fAf .f'l -t 1 i
5 JUSVUUVVA L AL AR A
< -100000 \ J . \
7150000 2 21 22 23 24
time, s
Figure 6. Currents of arcs during perturbation in phase A: phase A, phase B, phase C.

Table 1 compares the calculated values of arc currents in the symmetric mode and in the
short-circuit mode in phase A and the experimental results published in [31]. Comparing
the results suggests adequacy in terms of the calculation.

Table 1. Comparison of the calculation results of arc currents with the results of the experiment: I,
Ip, Ic—arc current effective values, 14, Ipg, Ico—constant components of arc currents.
Phase A Phase B Phase C
Operation Mode I4, kA I40, kKA Ig, kA Ipo, kKA Ic, kA Ico, kKA
Mod Exp Mod  Exp Mod Exp Mod Exp Mod  Exp Mod Exp
Switched 3ares 657 45 . - 28 60 - - 35 660 - .
(symmentrical mode)
Onephase short 800 810 38 -32 592 600 17 15 700 760 14 165

circuit on phase A

Note that in [17], a mathematical model for the ASF power supply system without an
adjustable reactor was described. The adequacy of such a system was confirmed in [17]
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Reactor current, A

Reactor current, A

by way of comparison with experimental data. In the presented study, this model is
supplemented with an adjustable reactor (MTVR), so we will focus on the validation of
the model in the part of the power system with an adjustable reactor. Such validation was
carried out by comparing it with the data for analytical calculations.

In [31], an analytical equation for choke MTVR current was obtained

i = o Xt (Imsin(ﬂé) - iﬁ) + %,
where R,, X;—active and reactive choke resistance, I;,,—choke current amplitude, EtT—
switch-on thyristor voltage, a—thyristor opening angle.

On the basis of an analytical description in [31], time diagrams for the choke current
for different values of v = R,/X,, as well as the mains current, are drawn (Figure 7). In
this case, the assumption of a trapezoidal form for the choke current is accepted. In
Figure 8, for comparison, the same values are obtained by computer simulation using the
developed model. As can be seen, the shape of the choke current and the shape of the mains
current according to the results of computer simulation correspond to known analytical
dependences. This confirms the adequacy of the developed model for the power circuit
with MTVR.

i,x10° A . ,
’ ilA],u[B] ks ix100
0.6F P 250 —
S K
) 150 —A4 / ,—y\
04r ) ¥ = / IR A RN
' = e 3 s R\ 7 N
: ¥=0.005 S g 7 L% i,
| ¥=0.025 = = I N LU /17
o2k f ! - 5 , 11
: ¥=0075 05 L
o 3
' 1% N
0 I I 1 | ot o) -2500 t,s
o | T, m, my, = ~ 0003 0006 0009 0012 0015 0018 002 0024 0027 003
. b) time, s
(a) electric angle, rad (b) ’
Figure 7. Analytically calculated choke current (a), mains voltage and network current (b) [31].
400 ¢ 4000 -
I:, A —— —_ UA/]O
| T [ =& /
200 - ’." ‘\ / Y o 2000 :
\ ;" g3 -
] f \ / e ,
0 "I‘J .‘ fl S g 0
\ / E 5]
2004/ \ — BO g 2000 -
— L o c
IS £ = t, s
400 : z -4000 ‘ | . | ‘ |
25 251 252 253 8 25 2,51 2,52 253
(a) time, s (b) time, s

Figure 8. Choke current (a), mains voltage and current (b) based on the results of computer simula-
tion.

3. The Electrode Movement System

A functional diagram of the electrode movement system is shown in Figure 9.
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Figure 9. Structural-functional diagram of the electrode movement system.

The movement of the electrodes is carried out by a DC electric drive. In conducting
research, we used the impedance control principle, according to which the control signal
in the electric drive is boosted based on the current values. I, and arc voltage Uy, are
calculated by the equations

Ape = alpe — bUpe and if Agye = 0 then 27¢ — 2 (18)

arc b

This control law provides optimal power control with a certain adjustment in the
coefficients a and b. Given that at the extreme point

dPﬂTC duarc uarc duﬂrc
= U, Lyye——— = Oand th = - 1
dIlZVC e + e dIﬂ'fC an en IerC dlﬂ?’ﬁ ( 9)

According to [44], the electrical circuit of the ASF in a single-phase substitution circuit
consists of three elements: the arc gap in the form of variable active arc resistance R, and
reduced to the secondary winding of the transformer total active Ry- and reactive resistance
Xy, which take into account the resistances of the furnace transformer with the reactor,
short network with electrode and melt. Then:

Ugre = \/u%phasg - Igrc ’ Xé — larc - Rg (20)
and, respectively:
auurc _ _Iurc : Xé _ R= _X% R= (21)

e 2 2
are \/Uthase = L X5
Then, substituting (21) into (19), we obtain

X2 + Rz - (Rape + Rz)
+Rg === = 22
- Rarc +RE ( )

uarc o X%
Lzrc Rurc + RE
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On the other hand, as shown in [22], the power extremum ZII;—‘;”C = 0 when
Rare = 4/ RzE + Xé and after i micsist substitutions in Equation (22), we obtain:
U, Xi+Rs (./R23+X§+RE)
= . (23)

Lare \/RZ + X2 + Rz

Taking into account (18), the coefficients of the regulator, which theoretically provide
extreme control, can be determined on the basis of (23) as

a=r- (X§+RE- (,/R25+X§+RE))
b=1- (\/RZE+Xé+R5>
where y—scaling factor.

As shown in [45], the inductive resistance varies Xz depending on the stage of melt-
ing, which requires a corresponding change in the coefficients. The change in inductive
resistance Xz is proposed to take into account the following equation

—k
I
S,

where [, X;;,—current and inductive resistance in short-circuit mode; k—factor that
depends on the melting stage, in particular, at the beginning of the melt k = 0.5 = 0.6, in
the case of burning the arc on the lake of molten metal at the stage of penetration of wells
k = 0.25 <+ 0.3 and when burning the arc on the molten metal k = 0.

A mathematical model for the electrode movement system created using the 1st-order
AVIS method is described in [17].

4. Researches Results of Regulation Modes of MTVR

The objectives of the research were: analysis of asymmetric perturbations in the
furnace space, establishment of reactor control laws in the high-speed arc control circuit,
analysis of the interaction of the high-speed arc control circuit and the electrode movement
control circuit, analysis of the controlled reactor impact on the network.

As a result of the perturbation, there is a mismatch signal in the control system of the
electrodes (see Equation (18)), resulting in a control signal to move the electrodes, which
provides recovery of arc length and operating point of arc combustion (arc impedance).
Note that changing the magnitude of arc currents in phases where there are no perturbations
causes a mismatch signal in the control system of the electrodes of these phases, which
causes incorrect electrode movements and changes in arc length in these phases. Stabilizing
the length of the arcs is an important task in the automatic control system.

The thyristor-controlled choke is able to regulate the supply current with high speed
and, hence, the arc current. One way to control the choke is to control the current, the task of
which is to stabilize the arc currents. In this case, the control signal by thyristors is formed
by the PI controller as a function of the deviation in the current value from the setpoint.

Below are given the results of studies on the perturbation mode of the arc length in one
phase, during which there was a sharp decrease in the arc length in phase A. Oscillograms
of instantaneous values for arc currents with MTVR regulation as a function of current, in
which the alignment of arc currents is noticeable, especially at the beginning of perturbation,
are shown in Figure 10.

The thyristor-controlled choke effectively stabilizes the current value of arc currents
(Figure 11). As a result, arc lengths are stabilized in phases where perturbation is absent
(Figures 12 and 13). The fact of stabilization in the arc length is especially noticeable for
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Arc currents, A

Arc current, A

Arc length, mm

phases where currents increase (phases A and C). Slightly smaller (but also noticeable) is
the effect for phase B, where the current changes less. At the same time, current stabilization
reduces the control action of the electrode movement system, because when the current
decreases under the action of a controlled choke, the mismatch signal decreases A (18).
This slows down (almost twice) the recovery of the arc length in the phase where the
perturbation exists, although it reduces the fluctuations in the transient mode (Figure 11a).
Slowing down the control circuit of the electrode movement under the influence of the
high-speed current control circuit is a disadvantage of this method for choke control.

150000 —

100000 :
50000 | | i
o
-50000 :
100000
FHeone 2 ‘ 21 ' 22 ‘ 23 ‘ 24
time, s

Figure 10. Arc currents during perturbation in phase A and in the case of choke control as a function

of current: in phase A, in phase B, in phase C.
85000 85000
80000 80000

<
75000 E\ 75000
70000 %‘) 70000
5000, f"‘m % g 00| TLR e e —— —
60000 ‘“”" ; | ﬁ“xff?_\ ‘ — 60000 _*" Wﬁ ‘ )
2 24 28 32 2 24 28 32
(a) time, s (b) time, s

Figure 11. The current values of arc currents (phase A, B, C) when perturbating the arc length in
phase A, in the case of (a)—without choke control, (b)—with choke control as a function of current:
in phase A, in phase B, in phase C.

™~
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Figure 12. Arc length in phase A, B, C when perturbating the arc length in phase A, incases (a)—
without choke control, (b)—with choke control as a function of current: in phase A, in phase B, in
phase C.
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Figure 13. Arc length in phases B, C when perturbating the arc length in phase A, incases (a)—without
choke control, (b)—with choke control as a function of current: in phase B, in phase C.

To ensure maximum power in the arc, it is necessary to stabilize the specified ratio
between voltage and arc current (arc impedance), determined from (18). With this in mind,
combined choke control is proposed. In this control, in the area of significant discrepancies
Agre (at the beginning of the perturbation, with a significant change in the power of the
arc), control of the inductor is carried out as a function of mismatch, and in the area of
small deviations—as a function of current. In Figure 14 are shown the change in the Ay
mismatch when using choke current control and combined control. Table 2 provides the
standard deviation for the Az, mismatch when using different choke control methods. The
results show that from the point of view of minimizing the standard deviation Aarc, the
combined law of choke control provides better results in comparison with the classical
control of arc currents, although the current asymmetry is greater.

pe——

Aarc
Aarc

16 I é ‘ 2_‘4 I 2_‘8 ‘ 3_‘2 I 1.6 ‘ 2I ‘ 214 ‘ 2‘8 I 3.‘2 ‘ 315
(a) time, s (b) time, s

Figure 14. Mismatch Az when perturbating the arc length in phase A, in cases (a) with choke control
as a function of current (b) with combined control of choke: in phase A, in phase B, in phase C.

Table 2. The standard deviation for the A;. mismatch when using different throttle control methods.

Standard Deviation

Control Methode Aure = alyye — bl from 0
Whithout MTVR 4.64
Control by arc currents 3.7
Combine control of MTVR 3.1

Another research task was to analyze the influence of the thyristor regulator in the
high-speed control circuit on the power supply network. Harmonic analysis of mains
currents was performed using functions Matlab fft, thd. In Figure 15a, the harmonic
spectrum of the mains current in the absence of thyristor-controlled choke for steady-state
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symmetrical mode is described. In this case, the distortions are insignificant and are due
only to the nonlinear nature of the load (arc), as the coefficient of harmonic distortion is
equal to THD = 0.2%.

1500 Single-Sided Amplitude Spectrum
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Figure 15. Harmonic distortion of the currents phase A: (a) without controlled choke (THD = 0.2%) (b)
with combined control MTVR when switched angel of thyristor is maximum 100°, which corresponds
to the complete intro of the choke in the circle (THD = 0.7%).

In Figure 15b, the harmonic current spectrum phase A with thyristor-controlled choke,
in the case of the combined principle of choke control at the beginning of the perturbation,
when there is a maximum control action, is shown. In this case, the control angle of the
thyristors is set to the maximum (in this case 100°) and there is a complete introduction
of the choke in phase A (thyristors in phase A is switched off). In this mode, the current
distortion is slightly increased (THDA = 0.7%). The coefficients of harmonic distortion of
the currents in phases B and C are, respectively, THDB = 0.66%, THDC = 0.8%.

Figure 16 shows the harmonic spectrum of mains currents (phase A, B, C) with current
regulation of the choke at the beginning of the perturbation, when the maximum control
action takes place. As can be seen from the presented results, the distortion in mains
currents, in this case, depends on the switched angle of the thyristors, which is different
for different phases. Increasing this angle causes an increase in the coefficient of harmonic
distortion. At small switched angles of thyristors in phase C (choke is almost shunted),
current distortions are insignificant.

The average value of the harmonic distortion coefficient for the currents in the network
phases over the entire control interval for different ways of controlling the choke are given
in Table 3. As can be seen from the results, the thyristor-controlled choke introduces some
distortions in mains currents, which are greater in the case of using a combined method
of choke control. This is due to the greater control effect on the thyristor regulator at the
beginning of the perturbation during impedance control.

Table 3. The average value of the harmonic distortion coefficient of the currents of the network
phases throughout the studied control interval for different methods of choke control.

THD, %
Control Method of MTVR
Phase A Phase B Phase C
Current control 0.19 0.198 0.2
Combine control 0.41 0.13 0.31

Without MTVR 0.088 0.07 0.07
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Figure 16. Harmonic distortion in the currents control of MTVR at the beginning of the perturbation

(maximum control action): (a)—phase max angle A, max angle 35° (THDA = —1.7%); (b)—phase B,
max angle 20° (THDB = 1.22%); (¢)—phase C, max angle 5° (THDC = 0.55%).

5. Conclusions

Created using the AVIS method, the mathematical model for the thyristor-controlled
choke power supply system considers the power circuit as a circuit with constant struc-
ture and variable parameters and allows one to analyze electromagnetic processes in the
chipboard power supply system, taking into account the interactions of electromechanical
electrode movement power supply, as well as to analyze the impact of the controlled choke
on the power supply network, which is manifested in the distortion in mains currents. The
adequacy of the developed model is confirmed by comparison with analytical calculations
and experimental data. The model has a high speed of calculation and can be used for
synthesize control laws.

A high-speed current control circuit with thyristor-controlled choke allows you to
adjust the supply currents in the chipboard, stabilizing them in the event of perturbations
in the arc length and introducing relatively small harmonic distortion.

As the research results show, the use of the known principle of choke control in
high-speed current control circuits with arc current stabilization affects the operation of
the electrode movement system, slowing down its action. This has a negative effect on
stabilization in the lengths of arcs during disturbances.

To ensure the maximum power of arcs is necessary, arc impedance stabilization, a
comparative analysis on the reactor control methods showed that from the point of view of
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arc impedance stabilization, the best result is provided by the proposed combined method
of choke control, when in case of significant perturbations of the arc length, the control is
carried out by impedance, and in the zone of small deviations—in current function.

The interaction between the high-speed current control circuit and the electromechani-
cal electrode movement system requires further research to synthesize their control laws to
improve the quality of control.
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