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(57) A method for determining the length of the elec-
trodes of a submerged arc furnace and the position of
those electrodes relative to the furnace hearth, charac-
terised in that the voltage of the electrodes is measured
between the bottomof the furnace hearth and themoving
terminals on the electrode casings in their upper position
and the current derivatives measured on the secondary
side of the transformer to determine the electrical para-
meters of the area immediately surrounding the electro-
des, following which the length of the electrodes is cal-
culated, with measurements being taken at the time iek
(tk) at which both the electrode current iek(tk) and the
desired voltagewaveformon theequivalent resistanceof
the peri-electrode area uek(tk) take the value of zero. The
invention also comprises a measuring system for deter-
mining the resistance of the electrodes (1, 2, 3) of a
submergedarc furnace (4) supplied froma furnace trans-
former (5), characterised in that it comprises a Rogowski
coil system (RC1, RC2, RC3) for measuring the current
derivatives in the high-current line supplying the elec-
trode array (1, 2, 3) and an array of voltmeters (7, 8, 9) for
measuring the voltage between the counter-electrode
and the predetermined moving terminal of the a given

electrode (1, 2, 3) on the electrode casing the upper
position of the electrodes.
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Description

[0001] The invention relates to a method of determining the length of electrodes in submerged arc furnace with
electrodes submerged in the charge to generate an arc in the working area, and for determining the position of the
electrodes relative to thebottomof the furnacehearth.Thepresent inventionalso relates toasystem for implementingsaid
method.
[0002] From the Polish patent description No. PL100928 B1, there is known a method for determining the depth of
submersion of the electrodes in the charge of a submerged arc furnace (and the system for determining it) based on the
measurement of the reactance determined by themeasurement of the electrode current and reactive power between the
electrode holder and the liquid alloy at the furnace bottom.
[0003] From the US patent description No. US5687187 A, there is known a method for determining the length of
electrodes in submergedarc furnaces, inwhich the lengthof theelectrodes ismeasuredusingnumberedgas tanksplaced
intermittently in the electrode, said gas tanks beingmelted during operation, and the subsequent gas emissionmeasured
by spectroscopic methods. Subsequent emissions, consistently with the interval melting of the tanks and the continuous
wear of the self-baking electrodes, allow the position of the tip of the electrodes in the charge to be determined relative to
the bottom of the furnace hearth.
[0004] Furthermore, the European patent No. EP1099087 B1 discloses a method in which the determination of the
position of an electrode tip in a charge is determined using an estimation of themaximumandminimum range of electrode
positions through mathematical operations, extended by methods of manual probing, weighing of the electrodes or by
measuring the vertical movement of the electrodes.
[0005] The above-mentioned documents do not take into account the variability of the arc burning parameters in the
reductive atmosphere, as well as numerous additional electrode performance parameters such as self- and mutual
induction of the electrode system, including the influence of the electrode casing, and therefore do not provide a
satisfactory solution to the problem.
[0006] On the other hand, from the Polish patent document No. PL220417 B1, there is known amethod of identification
of the resistance and the power of active working areas of a submerged arc furnace, especially for the production of
ferrosilicon, based on measuring the instantaneous value of the current and phase voltage of the electrode, determining
the value of the amplitude, phase of the current and the phases of the successive harmonic components during a
measuring period of 20ms, fromwhich the resistances of theworking area zones are calculated, including the resistances
of the charge and the electric arc, using equivalent diagrams, assuming the resistance of the charge secondary circuit, the
electric arc and the resistance of the sub-electrode zone to be constant values in each period of the supply voltage.
[0007] Thepurposeof the inventionwas todevelopamethod fordetermining the lengthofelectrodes inasubmergedarc
furnace. Determining the electrode length values in real time is extremely difficult due to the very high operating
temperatures of the furnace (>2000 K), high temperature of the arc itself and the submersion of the electrodes in the
charge.Therefore, it becomesnecessary todetermine theoperatingparametersof furnacesystemsbasedonmeasurable
values of the process input components and their correlationwith the effects on theworking areas using physico-technical
simulation models.
[0008] Determining the active power in the electrode areas of electric furnaces requires accurate identification of the
voltage waveforms at the equivalent resistances of the furnace. The starting point for determination of the voltages at the
equivalent load resistances at the electrode zones of a submerged arc furnace for the production of ferroalloys are the
measurements of the instantaneous values of the electrode currents ie1(t), ie2(t), ie3(t) and the phase voltages measured
between the furnace counter-electrode and the moving terminals on the electrode casings in the upper positions of the
electrodes up1(t), up2(t), up3(t) (fig.1).
[0009] Determination of these voltages is possible if one determines the voltages induced in the measuring path, i.e. at
the individual electrodes as well as at the extension of the electrode casings, under the influence of the currents of the
individual electrodes and the currents of other close parts of the high-current lineduct, especially those parts that are run
parallel to the electrodes in their vicinity. To solve this task, a circuit model of the system is used, taking into account the
aforementioned non-linear resistances of theworking charge area aswell as the resistances of the electrodes and the self
and mutual induction coefficients of the individual phases (fig. 2).
[0010] According to the designation of an equivalent diagram, the measurement voltage at the kth electrode is
expressed by the following formula:

where:
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Rek = Re(hk, Re) resistance of the kth electrode with the length of hk and the diameter of De;
Mkl- coefficients of self-induction k=I and mutual induction for k ≠I electrode array, uek(t)‑the desired instantaneous
value of the voltage on the equivalent resistance of the kth phase of the area immediately surrounding the electrode.

[0011] Asshown in fig. 1, the coefficients of self-inductionandmutual inductionMkldependon the lengthof the individual
electrodes hk as well as the coordinateswk of the position of the voltagemeasuring point at the extension of the electrode
casing of the length hp from the contact clamps. As the lengths of the electrodes change within certain limits during the
process and the automation system changes the position of the measuring point relative to the point of reference, the
inductance values Mkl also change. It is therefore necessary to estimate these parameters during each supply voltage
period.
[0012] A simplifying assumption is introduced, M12 = M23 = M31 = M for k≠I , and the set of equations is reduced as
follows:

[0013] For such a case, there is known a method for estimating the equivalent phase inductance, which consists in
decomposing equation (B) at the time of tk at which both the electrode current iek(t) and the desired voltage waveform on
the equivalent resistance of the area near the electrode uek (t) take the value zero:

[0014] In such a case

where - current derivative of k - phase at the moment of crossing zero value
[0015] Thus, after each period of T=20ms of supply voltage, the voltage waveform on the equivalent resistance of the
working area uek(t) of the individual phases can be reconstructed as follows:

[0016] Measurement and simulation tests have proven that this type of voltage identification on the equivalent
resistances of the working areas of ferrosilicon furnaces is correct. However, such states of asymmetry on the furnace
have been observed where the assumption of equality of magnetic coupling between phases is unavoidable.
[0017] It can be seen that only three electrode lengths that change during the process are unknown. As shown in fig. 1,
self‑ and mutual inductance matrix can be considered as a function of the three length variables hk. A formula for mutual
inductanceof twoparallelwireswithaxesdijapart, lengthsh1,h2,h3and twocorrespondingcoordinatesof its startingpoints
w1,w2,w3 can be introduced into the estimation calculation. This formula is the relationship of the variables described
above:

[0018] Since the current in the electrode also induces a voltage at the extension of electrode steel casing of the length of
hp to the measuring point, the mutual induction coefficient between the electrode and the corresponding rectilinear
extensionmustalsobe taken intoaccount. Functiondetermining thecoefficientofmutual inductionbetween two rectilinear
conductors of length hk and hp having a common end is as follows:
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[0019] Theself-induction force in the kthelectrodewill bedeterminedusing the formula for the inductanceof a cylinder of
the radius Re and the length hk

[0020] The current of the kth phase of the high-current line duct flowing in the vicinity of this kth electrode also induces
somevoltages,whichare taken intoaccount in themodellingbyadditionally introducing theself-inductance factordLk. The
value of this coefficient is not significant and does not depend on the length of the electrode hk but can be determined
approximately by calculation or measurement.
[0021] Theessence of the invention is amethod for determining the length of the electrodes of a submerged arc furnace
and thepositionof saidelectrodes relative to the furnacehearth , characterisedby the fact that thevoltageof theelectrodes
ismeasured between thebottomof the furnacehearth and themoving terminals on theelectrode casings in upper position
of the electrodes and the derivatives of the current measured on the secondary side of the transformer to determine the
electrical parameters of the area immediately surrounding the electrodes, following which the length of the electrodes is
calculated, themeasurements beingmadeat the timehk,atwhichboth theelectrode current iek(tk) and thedesired voltage
waveform on the equivalent resistance of the area immediately surrounding the electrodes uek(tk) take the value of zero.
[0022] Preferably, when the position is determined by solving the following system of three non-linear equations due to
h1, h2, h3::

where:

iek(tk) means the electrode current
uek(tk) is the voltage on the equivalent resistance of the area immediately surrounding the electrode
Lk(hk,Re), dLk is the self-inductance of the electrode
Mep(hk,hp) means the mutual inductance on the steel casing of a Soderberg electrode of a fixed length of hp
Mk-l(hl, hk+hp, wl+hp, wk, dkl) means the mutual inductance between the electrodes k and I
upk (t) means the voltage between the counter-electrode (bottom of the furnace hearth) and the moving terminals on
the electrode casings in their upper position

[0023] Bybreaking down theequation (1) at the time tk such that both the electrode current iek (t) and thedesired voltage
waveformon theequivalent resistanceof the area immediately surrounding theelectrodesuek (t) takes the valueof zero, a
system of non-linear equations due to h1, h2, h3 is obtained.
[0024] Newton’smethodcanbeused tosolveasystemofnon-linearequations.TheJacobianof thesystemofequations
(1) can be determined analytically, which is important in terms of minimising the cost of numerical calculations.
[0025] In another aspect the invention relates to ameasuring system for determining the resistance of the electrodes (1,
2, 3) of a submerged arc furnace (4) supplied froma furnace transformer (5) characterised in that it comprises aRogowski
coil array (RC1,RC2,RC3) formeasuring thecurrent derivatives in thehigh-current linesupplying theelectrodearray (1, 2,
3) and an array of voltmeters (7, 8, 9) for measuring the voltage between the counter-electrode and the fixed moving
terminal of a given electrode (1, 2, 3) on the electrode casing in their upper position.
[0026] In order to identify the current parameters it is necessary to use modern measurement techniques allowing for
synchronous recording of sampled electrode current and voltage waveforms.
[0027] The present invention solves the technical problem of determining the electrode lengths of a submerged arc
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furnacewithout interrupting theoperationof the furnace itself. Thesolution is to identify theelectrical operatingparameters
of the areas immediately surrounding the electrodes ("working") areas based on a holistic approach to the furnace
electrodes’ operating sequence and their mutual influence on the current conditions occurring during the operation of the
furnace system. Determining the values of the electrical parameters of the areas immediately surrounding the electrodes
of a submergedarc furnace is basedon takingmeasurements of the currents and voltages supplying theelectrode system
without interferingwith the drive systemsand the interior of a furnace, resulting in reducing the need for organising furnace
downtimes for process control.
[0028] The object of the invention is illustrated in the embodiments, which do not limit its scope, and in the drawing
wherein:

Fig. 1 shows an illustrative furnace layout with the lengths tested in the process of measuring the lengths of elec-
trodes in a submerged arc furnace.

Fig. 2 shows an alternate electrical circuit diagram of a system for measuring electrode length including current
variables

Fig. 3. diagram of the measuring system generating the data necessary for equation (1),
Fig. 4 illustrates, in a table, an example of measurement data and identification of electrical parameters for a fur-

nace in normal operating conditions,
Fig. 5 illustrates example voltage-current characteristics on phase resistances in the area immediately surround-

ing the electrodes for measurement data from the table in fig. 4,
Fig. 6 illustrates examples of equivalent resistance waveforms in the electrode zone for the measurement data

from the table in fig. 4,
Fig. 7 illustrates in a table an example of measurement data and identification for a furnace after a failure,
Fig. 8 illustrates exemplary voltage-current characteristics at phase resistances in the area near the electrodes

after a failure for the measured data in the table in fig. 7,
Fig. 9 illustrates examples of equivalent resistance waveforms in the area immediately surrounding the electrodes

after a failure for measurement data from the table in fig. 7,
Fig. 10 illustrates exemplary estimated electrode lengths calculated in the furnace system,
Fig. 11 illustrates the estimated arc power - furnace,
Fig. 12 illustrates the recorded active power - furnace.
Fig. 13 illustrates exemplary flow of the derivation of currents.

[0029] The embodiment shown in fig. 1 depicts the furnace system with the lengths tested in the process of measuring
the lengths of the electrodes in submerged arc furnace. The lengths w1, w2, w3 constitute the distance between the top of
theelectrodecasingsand the roof of the furnaceplacedat a fixedheight from thebottomof the furnacehearthh.The length
hp defines a fixed characteristic length of the electrode casings above the electrode contact clamps. The lengths he1, he2,
he3 represent the unknown length of the electrodes below the contact clamps,while d1, d2, d3 represent the distance of the
edgeof theelectrode from thebottomof the furnacehearth. Thedistancesd12, d23 andd31 represent thedistancebetween
the individual electrodes. The electrode voltages are up1, up2, up3, a ie1, ie2, ie3, while ie1, ie2, ie3 determine the current
supplied to the electrodes.
[0030] Fig. 2 shows an equivalent electrical circuit diagram for measuring electrode lengths with current variables.
Equation (X) is used to determine the length of the electrodes based on data from themeasuring system shown in figure 3
(V0- counter-electrode signal source; V1‑2‑3 - electrode voltage signal sources,RC1‑2‑3 -Rogowski coils; di1‑2‑3/dt - current
derivatives, 1‑2‑3 - electrodes, U/W/V1‑2 - terminals of the secondary side of the furnace transformer supplying the
electrode system).

where:

iek(tk) means the electrode current
uek(tk) is the voltage on the equivalent resistance of the area immediately surrounding the electrode
Lk(hk,Re), dLk is the self-inductance of the electrode
Mep(hk,hp) means the mutual inductance on the steel casing of a Soderberg electrode of a fixed length of hp
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Mk-l(hl, hk+hp, wl+hp, wk, dkl) means the mutual inductance between the electrodes k and I

means the derivatives of the current of a given electrode
upk (t) means the voltage between the counter-electrode (bottom of the furnace hearth) and the moving terminals on
the electrode casings in their upper position

[0031] In order todetermine the lengthof theelectrodesusingequation (X), it is necessary to select the time tkwhenboth
the electrode current iek(tk) and the desired voltage waveform on the equivalent resistance of the area immediately
surrounding the electrodes uek(tk) take the value of zero. By solving the resulting systemof non-linear equations due to h1,
h2, h3 one arrives at the lengths of the electrodes at time tk.
[0032] In order to verify how the calculated values of h1,h2,h3 relate to the actual electrode lengths, an experiment was
carried out, whereby the electrode lengths were measured mechanically with some accuracy, following which the results
were substituted into a mathematical model of the system and, successively, such corrective inductances dL, ,dL2, dL3
were selected thatwill ensure that the phasecurrents of the electrodesand the voltagesat the equivalent resistancespass
through zero simultaneously.
[0033] In an embodiment, the measuring system for determining the resistance of electrodes 1, 2, 3 of an electric
submerged arc furnace 4 fed froma furnace transformer 5 includes an array of Rogowski coils RC1,RC2, RC3 connected
toasampling circuit 6. TheaforementionedRogowski coil arrayRC1,RC2,RC3 isused tomeasure the current derivatives
in the high-current line path feeding the electrode array 1, 2, 3 and the voltmeter array 7, 8, 9 to measure the voltage
between the counter-electrode and the fixedmoving terminal of the respective electrode 1, 2, 3 on the electrode casing in
their upper position. This method was tested on a test bench on a submerged arc furnace. An exemplary identification of
the parameters of the area immediately surrounding the electrodes in normal operating conditions is shown in fig. 5 and 6
and themeasurement dataand identificationof the furnaceparametersare shown in the table infig. 4,while fig. 8and9and
the table in fig. 7 show these characteristics after an emergency.
[0034] The results obtained confirmed that the developed method for determining the position of the electrode tips is
capable of estimating this position with an accuracy of more than +/‑10 cm in successive estimation steps.
[0035] The calculations resulted in the exemplary electrode lengths over time shown in fig. 10‑12
[0036] An exemplary waveform of the derived currents is shown in fig. 13

Claims

1. Amethod for determining the length of the electrodes of a submerged arc furnace and the position of those electrodes
relative to the furnace hearth, characterised in that the voltage of the electrodes ismeasured between the bottom of
the furnace hearth and the moving terminals on the electrode casings in their upper position and the current
derivatives measured on the secondary side of the transformer to determine the electrical parameters of the area
around the electrodes, following which the length of the electrodes is calculated, the measurements being made at
time tk, atwhichboth, theelectrodecurrent iek(tk) and thedesired voltagewaveformon theequivalent resistanceof the
area immediately surrounding the electrodes uek(tk) assumes the value of zero.

2. Themethod according to claim 1, characterised in that the position is determined by solving the following system of
equations:

where:

iek(tk) means the electrode current
uek(tk) is the voltage on the equivalent resistance of the area immediately surrounding the electrode
Lk(hk,Re), dLk is the self-inductance of the electrodeMep(hk,hp)means themutual inductance on the steel casing
of a Soderberg electrode of a fixed length of hp
Mk-l(hl, hk+hp, wl+hp, wk, dkl) means the mutual inductance between the electrodes k and I
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upk (t) means the voltage between the counter-electrode (bottomof the furnace hearth) and themoving terminals
on the electrode casings in their upper position

3. Ameasuring system for determining the resistance of the electrodes (1, 2, 3) of a submerged arc furnace (4) supplied
from a furnace transformer (5), characterised in that it contains a (6) Rogowski coil system (RC1, RC2, RC3) for
measuring the current derivatives in the high-current line feeding the electrode array (1, 2, 3) and a voltmeter array (7,
8, 9) for measuring the voltage between the counter-electrode and the predetermined moving terminal of a given
electrode (1, 2, 3) on the electrode casing in the upper position of the same.
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