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The purpose of the work was to study the effect of compensation on the stability of the combus-
tion of an electric arc in the furnace bath.

Methodology: The results of the research of operating furnaces by traditional methods, such as
measurement and oscillography of the form of voltage and current on the electrodes during the smelt-
ing of ferroalloys, were used.

Results: Schemes of transverse capacitive compensation on the high or medium voltage side
and longitudinal capacitive compensation in the medium voltage circuit of the furnace transformer
are used for Electric ore reduction furnaces. Electric ore reduction furnaces are large consumers of
reactive power, and their power has already reached such an amount that the value of the inductive
voltage drop becomes unacceptably large; and their natural power factor does not exceed the value
of 0.6 — 0.7. Compensation of the reactive power of the longitudinal compensation devices is tradi-
tionally resolved by usage of capacitor banks. Determined that longitudinal compensation devices
are based on the phenomenon of voltage resonance, then if there are active, inductive and capacitive
resistances in the furnace circuit — the arc burns continuously, even in the case of partial compensa-
tion. This mode occurs at a power factor of about 0.85. In case of full compensation of the inductive
component of resistance of the furnace circuit, the mode of arc burning changes and becomes inter-
mittent.

Scientific novelty: Determined that with a fixed value of the power factor and the value of con-
ductivity bc, it is very difficult to achieve ideal current resonance, and when bc = —abl+bl+ablc the
burning mode of the electric arc will be continuous; however, if the capacitive conductivity becomes
more inductive, overcompensation is possible. In the case of transverse compensation, the total power
of the furnace unit should be approximately 10% higher.

Practical significance: The results obtained can be used for a reasoned selection of reactive
power compensation installations for existing ore reduction electric furnaces. With full compensation
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of the reactive power (transverse and longitudinal), the arc burning mode of the ore reduction furnace
becomes intermittent.

Keywords: electric ore reduction furnace, longitudinal and transverse compensation of reactive
power, electric arc, stability of arc burning, capacitor bank system, operator's model, remnant part,
identification.

Introduction. A significant number of electricity consumers constantly load the
network with the reactive component of consumed power; and this load is constantly
increasing. The implementation of reactive power compensation devices makes it
possible to increase the reliability of electric networks and increase the power
transmission capacity of an energy system.

Among a number of advantages from the use of reactive power compensation
devices, the following can be noted:

1. Energy consumption savings — the implementation of reactive power compen-
sation devices involves reducing the level of energy consumption up to 40-50% of the
total volume.

2. Increasing the service life of equipment — compensation means increase the
service life of furnace transformers.

3. Cost savings for the installation of underwater power networks — installation
of the reactive power compensation system during the design and construction stages
of new structures allows us to significantly save costs on the installation of the distri-
bution network.

4. Improvement of the power supply quality — usage of reactive power compen-
sation makes it possible to suppress network disturbances and minimize phase asym-
metry.

5. The compensation device allows us to avoid fines from the electricity supplier
for the deterioration of the value of the power factor.

The main consumers of reactive power are:

— asynchronous electric motors that consume 40% of the total power;

— electric furnaces — 8%j;

— converters — 10%;

— transformers of all stages of transformation — 35%;

— power lines — 7%[1].

The most effective and efficient way to reduce consumption from the reactive
power network is the use of reactive power compensation capacitor units (capacitor
banks, CB) [1]. The use of reactive power compensation capacitor units allows:

— to unload power transmission lines, transformers and distribution devices;

— to suppress network disturbances, reduce phase asymmetry;

— to make distribution networks more reliable and cost-effective;

— to reduce the level of higher harmonics.

Electric ore reduction furnaces (ORF) are large consumers of reactive power. The
process technology of these furnaces ensures the stability of reactive power consump-
tion and the absence of sharp jumps in its value. A change in the electrical mode on
these furnaces can only occur periodically, due to a change in the quality of the charge
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materials, the failure of some units or due to the need to adjust the power. According
to the requirements of the technology, the increase in the power of the ORF is accom-
panied by a significant increase in the values of the operating currents of the Electrodes
with a relatively slow increase in the useful voltages [1]. In this case, there is a sharp
increase In the inductive component of the voltage drop in the electrical circuit of the
furnace installation, and, as a result, a decrease in its power factor. The power of mod-
ern ORF has already reached such an amount that the magnitude of the inductive volt-
age drop becomes unacceptably large, and their natural power factor does not exceed
the value of 0.6...0.7 (for example, RPZ-48(63) furnaces for smelting ferrosilicoman-
ganese).

The use of rational schemes and constructions of short networks does not allow
to obtain values of reactance smaller than the limit values. This is explained by the fact
that an increase in the number of conductors in the short network phase above a certain
value does not lead to a significant decrease in the reactance of the furnace installation.
At the same time, a significant part of the reactance (40-60%) is contributed by the
resistances of the furnace circuit elements and the furnace bath, which cannot be
changed without disrupting the technological process. In the works of Dantsis Ya. B.
and Zhilov G. M., it was shown that for ORF there is a certain limit power from 8 to
70 MVA (depending on the alloy that is smelted), above which, it is necessary to use
longitudinal capacitive compensation in order to ensure the operation of the furnace on
the ascending branch of the operating characteristic [1].

Compensation of the reactive power of the ORF is traditionally solved by the use
of CB. For ORF, schemes of transverse capacitive compensation on the high or me-
dium voltage side and longitudinal capacitive compensation in the medium voltage
circuit of the furnace transformer are used [2-8]. The advantages of LCD include
equalizing the load by furnace phase, auto-regulation of reactive power when the cur-
rent changes, improving the operating characteristics of the furnace installation due to
the increase in the resulting power factor of the furnace working circuit. The disad-
vantages of LCD are the potential occurrence of ferroresonance and overcurrents in
dynamic operating modes of the electric furnace. To prevent this phenomenon, furnace
transformers with reduced magnetic induction (that is, bulkier and more expensive than
conventional furnace transformers), as well as automatic capacity regulators of capac-
itor banks are used for working with LCD [4-7]. It was noted that for processes with
an extended arc, furnaces using LCD for power factor correction operate with a power
factor not exceeding 0.85 to ensure stable arc burning [9]. With longitudinal compen-
sation, since the compensating electrical capacitors are turned on in series with the load
in the main circuit, the reactive power of the capacitor depends on the magnitude of the
current flowing through the electrode of the arc furnace, and therefore changes with
the fluctuation of reactive power under load. This allows us to perform reactive power
compensation in real time without changing the voltage of working busbar. It should
be noted that in longitudinal compensation, compared to transverse compensation, the
secondary voltage of the furnace transformer may increase due to the voltage of the
boosting transformer. The latter can increase the active power consumed by the furnace
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[10], but it is necessary to take into account the non-sinusoidal parameters of currents
and voltages.

It was shown in works [11, 12] that for the effective use and consumption of elec-
trical energy by a high-power linear load in the sinusoidal long-range mode, it is ad-
visable to use schemes of longitudinal compensation of reactive power with inclusion
capacitors in the higher voltage winding of the longitudinal connection transformer,
which makes it possible to increase the efficiency of the power supply devices of elec-
tric arc furnaces, reduce power losses in the power supply system and the short network
of the furnace by 1.6 times, and reduce the full load in the power transformer by 1.36
times.

The purpose of the research. Based on the above, it can be seen that the use of
LCD in ORF is justified, however, the relationship between the methods of
compensation of reactive power and the nature of arc combustion in the furnace bath
should be clarified and detailed.

Main results. The impossibility of reducing the reactance of the furnace circuit
leads to a decrease in the natural power factor of the ORF with an increase in their
power and makes it necessary to use installations, for example, longitudinal capacitive
compensation, which provide automatic compensation of the reactive voltage drop.
The method of compensation, in which the capacitive resistance of the capacitor bank
Is connected in series with the load resistance, is called longitudinal compensation

(Fig.1).
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Fig. 1. The schematic diagram of longitudinal-capacitive reactive power
compensation for electric furnace RPZ-63I1.:
FT — furnace transformer, EF — electric furnace, C — capacitor bank,
VT — voltage transformer, CT — current transformer, SS — shunt switch,
DS — disconnect switch, R — additional active resistance, IR — inductive resistance,
SG — spark gap (for protection of the capacitor bank from overvoltage) [1]

A feature of the application of longitudinal compensation is that it causes an in-
crease in the voltage on the consumer’s busbars, which depends on the load current.
This is explained by the fact that in the secondary circuit there is a voltage drop in the
capacitor directed opposite to the voltage drop in the inductance. The value of the ca-
pacitive resistance can be selected in such a way that the modulus of the secondary
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voltage vector will be equal to or greater than the primary voltage. From this follows
the possibility of using longitudinal compensation as a means of voltage regulation,
and turning on the LCD is equivalent to switching the furnace to a higher voltage level
of the furnace transformer, but with a higher value of the power factor. For example,
for the RPZ-6311 furnace, this corresponds to switching from 4™ to 1% tap, but the
power factor increases from 0.55 to 0.89, and the phase power — from 11.37 MW to
14.2 MW, the half-phase voltage — from 51.1V to 90.3V. Subsequently, since longi-
tudinal compensation devices are based on the phenomenon of voltage resonance, in
the presence of active, inductive and capacitive resistances in the circuit of the furnace,
even in the case of partial compensation, as noted by a number of authors [3, 4], the
arc burns continuously (Fig. 2, b). This mode occurs at a power factor of about 0.85.
At the same time, the amplitude of zero-crossing voltage shift at triple frequency is
maximum, which indicates the intensity of the arc discharge under the furnace elec-
trodes. Since the magnitude of zero-crossing voltage shift is a function of the power of
the arc discharge in the furnace circuit, the change in the amplitude of this voltage
indicates the change in the power of the arc discharge in the furnace bath.

The operation of the RPZ-6311 furnace with the specified power factor is charac-
terized by the amplitude of the zero-crossing voltage shift from 10 to 12 V, which
indirectly indicates the power of the arc discharge in the furnace. It was also experi-
mentally established that the electrical mode of operation of the furnace does not re-
main stable during the entire melting period. After the release of the alloy, the operating
mode of the furnace is relatively more stable than during the melting process. During
this period, the arc discharge in the sub-electrode space of the bath has a relatively
small power. Subsequently, the power of the arc discharge increases and the amplitude
of the zero-crossing voltage shift increases from 6-8 V by 1.5-1.8 times (up to 12 V).

a) b)

Fig. 2. Mode of arc burning at:
a) compensation of the inductive component of resistance of the furnace circuit,
b) active-inductive load

In the case of full compensation of the inductive component of the resistance of the
furnace circuit, the mode of arc burning changes and becomes intermittent (Fig.2, a); the
power of the arc discharge in the sub-electrode gap is significantly reduced. So, the
main advantage of longitudinal compensation is automatic voltage regulation when the
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load of the consumer changes. Longitudinal compensation capacitor batteries are in-
cluded in the winding circuit of the step-up transformer. The reduced capacitive re-
sistance XC does not depend on the transformation coefficient of the electric furnace
transformer, on the current value and remains constant in all modes of operation of the
furnace. The inclusion in the circle of the furnace installation of the LCD requires a
special approach to the issue of choosing the magnitude of the operating currents and
voltages of the ORF transformers. At the same time, it is necessary, to reasonably
choose the parameters of the furnace transformer and capacitor bank taking into ac-
count the given performance of the furnace and the optimal value of the power factor
for setting.

Transverse compensation is widespread in a number of ORF installations, arc
steelmaking, induction (industrial frequency) electric furnaces [1, 3]. However, such a
scheme does not relieve the electrical equipment of the furnaces. For partial or com-
plete unloading from the reactive power of furnace transformers, it is recommended to
use other schemes.

When using capacitors to compensate for reactive power, it must be taken into
account that current shocks and overvoltages occur when the CB is turned on and off,
as well as when its sections are switched. This is caused by the presence of an oscillat-
ing circuit, which consists of the battery capacity and the inductances of the network
and the transformer. The switching current of an uncharged CB can be 5 to 15 times
higher than its nominal current, and overvoltages can reach three times the value of the
phase voltage. Voltage fluctuations that occur during switching processes limit the per-
missible power of CB, which is 6...15 MVAR at a network voltage of 35 kV and
20...90 MVAR at a voltage of 110 kV. For powerful furnaces (ore reduction and arc
furnaces) it is commensurate with the required compensation power. Therefore, indi-
vidual compensation is mainly used for these types of furnaces [3].

The capacitor battery of the Japanese furnace is connected to a special winding of
a 22 kV furnace transformer with a capacity of 3x27 MV A. The battery with a capacity
of 54 MV AR is equipped with throttles that limit the switching currents of the sections.
At the same time, for example, studies of the use of transverse compensation of reactive
power on the RKG-75 electric furnace (Tanabe company) according to the scheme
(Fig. 3) in the smelting of ferrosilicomanganese show that the compensation device
increases the useful voltage of the electrode by almost 10%, providing an increase in
the useful active furnace power at 21 taps of the furnace transformer by 1...2% with a
decrease in the electrode current by 5...6 kA, an increase in the power factor from 0.65
to 0.91, phase voltage — from 127 V to 142 V, which is equivalent to switching the
furnace transformer from 21 to 25 degrees of voltage and is included in the theory of
current resonance.

The condition of resonance of currents is the equality of conductivities bl = bc.
The smallest changes in the inductive resistance of the furnace circuit cause changes
in this ratio due to the increase/decrease of bl. Therefore, with a fixed value of the
power factor and the value of bc , it is very difficult to achieve ideal current resonance,
and when bc = —abl + bl + abl the burning mode of the electric arc will be continuous,
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which corresponds to Fig.2, b, however, if the capacitive conductivity becomes greater
than the inductive one, overcompensation is possible.
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Fig. 3. Schematic diagram of the inclusion of capacitor banks during transverse
compensation of the “Tanabe” ore reduction furnace:
P1, P2, P3 — disconnectors, B1, B2, B3 — high-voltage switches, P7, P8, P9 — fuses,
RC1, RC2 — discharge resistors, DC1, DC2 — additional resistors [1]

In the compensation scheme proposed in this case, the total power of the furnace
unit is approximately 10% higher than required, and the natural power factor does not
change and is equal to 0.65, which corresponds to the conclusions of the authors [4, 5].

Conclusions.

1. With full compensation of the reactive power (transverse and longitudinal), the
arc burning mode of the ore reduction furnace becomes intermittent.

2. Automatic support of required power factor value within certain individual lim-
its sufficient for continuous burning of the electric arc is required.

3. When connecting the reactive power compensation unit LCD, the natural power
factor of the electric furnace installation does not change.
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AHOTAIIA
MeTto10 po60TH OYJI0 JOCTIAKEHHS BIUTUBY KOMIIEHCAIli HA CTIMKICTh TOPIHHS €NEKTPUYHOI AYTH Y
BaHHI [Ieyi.

Metoauxka. Oy BUKOPUCTaH PE3yabTaTH AOCTIHKEHHS JIIOUMX TeUYeH TpaIulliHHUMU METOIaMH,
TaKUMH K BUMIPIOBaHHS Ta ocimuiorpadis GopMu Hapyru Ta CTPyMy Ha €IeKTPOJAax IiJ 4yac BU-
IJ1aBKU (hepocIliaBiB.

Pe3yabTaT. Cxemu nonepeyHoi EMHICHOI KOMITEHCAIlii Ha CTOPOHI BUCOKOi 00 cepeTHbO1 HApyTH
Ta MO3/I0BXXHBOI EMHICHOI KOMIEHCAIlli B KOJ1 CepelHbOi HAIlPyTy MIYHOTro TpaHchopMaTopa BUKO-
PHUCTOBYIOTHCS AJIsl €IEKTPUYHUX PYJOBIIHOBHUX Ieyeil. EnekTpuyHi py/10BIAHOBIIOBAIBHI M€Yl €
BEJIMKHMH CIIOKMBaYaMH PEAKTUBHOI MOTYKHOCTI, iX MOTY>KHICTh BXK€ JIOCATJIAa TAKO1 BETMYUHH, 110
BEJIMYMHA 1HAYKTUBHOIO NIAIIHHS HAIIPYTH CTAa€ HEMPUITYCTUMO BEJIMKOIO, & IPUPOIHUIN KOEe]IlieHT
NOTYKHOCTI He nepeBuulye 3HayeHHsa 0,6 — 0,7. KommneHcarlist peakTUBHOT MOTYKHOCTI MPUCTPOIB
MO3/I0B’KHBOT KOMIIEHcallll TpaJuLIHHO BUPILIIYETHCS BUKOPUCTAHHSAM KOHIEHCATOPHUX Oarapei.
BcranoBieHo, 1o npucTpoi Mo3/10BXHbOT KOMIIEHCallli 3aCHOBaH1 Ha SBUII PE30HAHCY HANPYTH, TO
SKIIO B JIAHI[IO31 M€Yl € aKTUBHUM, 1HAYKTUBHUM Ta €MHICHUN ONOpPU — Ayra rOpUTh Oe3NepepBHO,
HaBiTh y pa3i 4acTKoBOi koMmeHcauii. Lleif pexxum BUHUKae mpU Koe(ili€HTI MOTYXHOCTI OJIU3bKO
0,85. [Ipu noBHi# KoMIeHcalii 1HAYKTUBHOI CKJIJ0BOT OMOPY KOJia Medl PeXUM TOpIHHS AYTH 3Mi-
HIOETHCS 1 CTA€ MIEPEPUBUACTUM.

HaykoBa HoBu3Ha. BctaHoBNIEHO, 1110 1pH (D iKCOBAaHOMY 3HaU€HH1 KOedillieHTa MOTYKHOCTI Ta 3Ha-
YEHH1 MPOBITHOCTI bC qy’Ke BAXKKO JOCITTH 1I€aJTbHOTO PE30HAHCY CTPyMY, a ipu bc = —Abl+bl+ablc
PEXUM TOPIHHS €NeKTPUYHOI Tyru Oyae Oe3nepepBHUIl; OJHAK, SKIIO €MHICHA MPOBIAHICTh CTAE
O1IbLI 1HTYKTUBHOIO, MOKJIMBA HaMipHa KomneHcauis. [Ipu nonepeuniii kommneHcaiii 3araibHa mo-
TY>KHICTb TOIIKOBOT'O arperary noBuHHa 0yTu npubinsHo Ha 10% Bue.
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IIpakTunyne 3HaYeHHs1. OTpUMaHi pe3ylbTaTH MOXYTh OyTH BUKOPUCTaH1 It OOIPYHTOBAHOTO BH-
00py YCTaHOBOK KOMIIEHCAllii PEaKTUBHOI MOTYKHOCTI iICHYIOUMX PYAOBIJIHOBHUX €JIEKTPOICUYEH.
[Tpu noBHi# KOMITEHCaLlii peaKTUBHOT OTY>KHOCTI (TMOMepedHoT 1 TO3I0BKHBOT) PEKUM TOPiHHS AyTH
PYAOBITHOBHOI I1€4i CTAE MEPEPUBIACTHM.

Knruoei cnoea: enekmpuuna pyoosioHo8Ha nid, N03008i#CHs Ma NonepeyHa KOMNeHcayis peakmus-

HOI nomyascHocmi, enekmpudna 0yad, CmitlKicms 2OPIHHA 0yeU, CUCeMa KOHOeHCamopHux bamapel,
MoOellb onepamopa, 3aIUKo8ad Yacmuta, ioenmupikayis.
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