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The differential magnetic field sensing is proposed to detect the position of the electrode tip for the smelting of
the submerged arc furnace (SAF). The magnetic radiation model is established by the magnetic differences
between the electrode zone and electric arc zone in the industrial field of SAF and the differential magnetic
field sensing system is developed. The experiments are carried out under the environment of industrial field.
When the relative distance between the two probes is appropriately set, the field test curve can accurately
reflect the position of the electrode tip. Theoretical analysis and experimental results show that the difference of
the front end of the system can detect the position of the electrode tip and effectively avoid saturating the sys-
tem. Compared with the detection of magnetic field array sensing, the differential magnetic field detection
scheme is more effective for the position information of the electrode tip and has better practical value for

industrial measurement.
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1. Introduction

Submerged arc furnace (SAF) is an industrial electric
furnace which can smelt ores and extract useful metals by
electric arc discharge. The electric arc occurs between the
furnace burden and the tip of electrodes which are the
critical components that inject large current into the furnace
to perform arc smelting [1]. In the process of smelting,
heat distribution in the furnace and balance degree of
three-phase power in the molten bath is regulated by
lifting and lowering electrodes [2, 3].

The position of the electrode tip is essential for the
smelting process of SAF. There are several detection
methods for the position of the electrode tip as follows.

(1) Electrode weighing method. The working length of
the electrode can be calculated by detecting the variables
such as self-weight of the electrode [4], lifting dis-
placement and slipping length of the electrode and so on.
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However, the pressure measurement exits error for the
reasons that furnace burden has the support function to
the electrode and the electrode mass changes slightly with
a short time, and the detection error may rise due to the
nonuniform wear. The pressure sensor, ultrasonic sensor
and encoder used in electrode weighing method need to
be installed on the hydraulic cylinder, electrode holder
and large vertical cylinder of SAF. But the furnace needs
to stop working in order to install the equipment, which
brings a cost loss and is not conducive to the later pro-
duction.

(2) Photoelectric sensing method [5, 6]. The photo-
electric and position sensors have been used to design an
online detection system for the relative position of elect-
rodes. However, photoelectric sensing requires the detec-
tion system to keep the short distance with the SAF and
keep working at the high temperature of SAF. The
accuracy of photoelectric sensing method is low and has
its limitation in practice. This method is in the stage of
laboratory simulation experiment and research [6], and
has not been applied to the field of SAF.

(3) Array sensing using electromagnetic method [7].
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The magnetic field array sensing method for detection of
smelting in SAF is proposed [7]. However, it needs to be
considered to identify the characteristics of the electrode
tip accurately for the high-power and high-capacity SAF.

A differential magnetic field sensing detection scheme
based on the electromagnetic principle is proposed, and
the detection for the position of the electrode tip in SAF
is realized. The theoretical and experimental results show
that the method is effective in determining the position of
the electrode tip.

The paper is organized as follows: The theoretical back-
ground of the measurement is introduced in section 2.
Section 3 describes the verification of the differential
magnetic field detection scheme. Thereafter analysis of
field measurement results is presented in Section 4, and
conclusions are given in Section 5.

2. Theory Background

2.1. Magnetic field detection methods and related issues

The hearth structure [8-10] of SAF is shown in Fig. 1.

The electric arc is generated between the electrode tip
and the molten bath from Fig. 1. The molten alloys gather
in the molten bath and the liquid level is the top of the
molten bath surface.

The large currents flow into the furnace by the elect-
rodes, and the circuit can be regarded as the star circuit
loop and the triangle circuit loop [11, 12], and the two
types of loops can be equivalently transformed in the
sense of electromagnetic. Therefore, we use the triangle
loop to analyze the circuit model. Based on the electro-
magnetism, magnetic field radiation model of SAF [13] is
established as shown in Fig. 2.

In Fig. 2, I, I, and I are the currents of electrode A,
B, and C, respectively, and I, Icp, and Ip, are the
currents in the molten bath. Currents flow into the furnace
along each electrode and form a triangle circuit loop near
the liquid surface. I, is the molten bath current parallel
to the x-axis at point Py; ¢ is the electrode current parallel
to the z-axis at point P,. The concepts of electrode line
and perpendicular bisector are defined as shown in Fig. 3.
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Fig. 1. (Color online) The hearth structure of SAF.
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Fig. 3. The plan view of SAF.

In Fig. 3, the plan view of SAF is given. On the plane
parallel to the molten bath surface, a regular triangle is
generated by connecting three vertex electrodes, and the
core of SAF is the center of the triangle. The line con-
necting the electrode and the furnace core is called elect-
rode line. The vertical of each edge of the regular triangle
is termed as perpendicular bisector. The point P; and P; is
the measured origin of electrode line and perpendicular
bisector, respectively. It can be seen that the perpendicular
bisector is parallel to y-axis at point P, and electrode line
is parallel to y-axis at point P,.

The detecting system of 3D magnetic field [13] is
composed of three identical subsystems, and the outputs
of three dimensions along the x, y and z-axis are V,, V,,
V., respectively. Take the x-direction as an example to
explain the system in which the circuit is composed of
probe, operational amplifier (OPA), low-pass filter (LPF),
and RMS conversion circuit, and it is shown in Fig. 4.

In Fig. 4, the AC signal from the probe for the detection
of the magnetic field information is translated into the
effective value signal as the output signal through OPA
circuit, LPF circuit and RMS conversion circuit.

The method of magnetic field array sensing detection
and the detection method of 3D single point have been
proposed and discussed [7]. Compared with the detection
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Fig. 5. (Color online) The sketch of measuring points in real
industrial field.

method of 3D single point, the array sensing detection
method has the higher efficiency and the superiority over
real-time performance and precision. The measuring sche-
matic diagram of the array sensing method in real industrial
field is shown in Fig. 5.

In Fig. 5, the distance between the origin o and the array
sensor S} is 10 cm, and the electrode tip can be covered
by the measurement range.

The real measurements on the SAF (6300 KVA) is
achieved at a metallurgical company in Yinchuan city in
China. The testing result in industrial field is shown in
Fig. 6.

In Fig. 6, the intersection of #~V, curve and 4~V curve,
namely 80 cm </ <100 cm, reflects the position of the
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Fig. 6. (Color online) The testing results of 6300 KVA SAF.
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Fig. 7. (Color online) The testing results of 33000 KVA SAF.

electrode tip. It can be seen that the magnetic field array
sensing method can reflect the distribution characteristics
of the magnetic field of SAF and detect the position of
the electrode tip.

The same array sensors were used to perform the same
experiment on a high-power and high-capacity SAF (33000
KVA) at another metallurgical company in Yinchuan city
in China. The results are shown in Fig. 7.

By analysis of the curve in Fig. 7, the large current of
33000 KVA SAF causes the output saturation of the
magnetic field detection system. The signal of the elect-
rode tip is weaker relative to the overall output of the
system at the same time, and it is difficult to extract the
information about the electrode tip. So how to achieve the
position of the electrode tip has become a new problem.

2.2. Distribution characteristics of current and mag-
netic field near the electrode tip

2.2.1. Current distribution in electrode zone and arc
zone

In order to analyze conveniently, the electrode top is
assumed to be the origin o, and take p points vertically
down as the test points (Si,..., Sp,..., Sp,..., S,), among
which the point S, is located near the electrode tip, and
the point S, is near the liquid level, m <n <p, and the
distance between these test points and the point o is
(d\,-.., du,..., dy,..., dy). The distribution model of elect-
rode current, arc current and the current in molten liquid
of SAF is shown in Fig. 8 [14, 15].

In Fig. 8 the current is uniformly distributed in the
electrode above the detected point S, in the electrode
zone (d, < d; £ d,). However, the randomness and non-
uniformity of the arc current direction will inevitably be
presented due to the change of the medium between the
detected point S,, and S, (d,, < d; < d,) in the arc zone
[16].
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Fig. 8. The current distribution of electrode, electric arc and
molten bath.

Fig. 9. (Color online) The magnetic induction intensity of the
measuring point S; in electric arc zone.

2.2.2. Magnetic field distribution in arc zone

The electric arc is equivalent to a current-carrying
straight wire 4,4, with the finite length. The length and
the average current at z-axis direction are L,. and /.,
respectively. The line S;M is the vertical line of electric
arc A;4,, and the length of S;M is r, and r is the distance
between the test point and the center of arc column, as
shown in Fig. 9.

Based on the Biot-Savart law [17], the magnetic
induction intensity dB which is generated by any current
element Idl is all going in the same direction which is
perpendicular to the surface of the paper outside and is
parallel to the x-axis. Therefore, only the algebraic sum of
dB, [18] is needed to calculate the total magnetic induc-
tion intensity B, at the test point S;. For the finite electric
arc A,4,, the total magnetic induction intensity B, at the
test point S; can be described as Eq. (1).

—81 -

A2 AZ[_,dl i 6
R (1)
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where /. is the current of the electric arc. ryis the radius
vector from the current element /d/ to the test point S;. 7
is the radius vector from the starting point 4; of the
straight wire carrying current /,,. to the field point S;. r;, is
the radius vector from the end point 4, of the straight
wire carrying current /. to the field point S;. 6 is the
angle between the radius vector 7| and the current element
located at the starting point 4; of the straight wire. 6 is
the angle between the radius vector r, and the current
element located at the end point 4, of the straight wire.

The foot of a perpendicular M is taken as the original
point, and / is assumed as the distance from the current
element /d/ to the foot point M. It can be seen from Fig.

9:
I =7, cos(mr—0)=—r,cos0
r=rsin(r-0)=r,sing

(@)

in which r is the distance from the detection point S; to
the vertical line S;M of the electrode A,4,.

According to Eq. (2), r is eliminated, the distance /
from the current element /d/ to the foot point M can be
expressed by the following equation:

l=-rcotf 3)

Take the derivative with respect to /, and then d/ that is
the differential calculus of / is given as Eq. (4).

a1 -9
sin” @
Change the integral variable / of Eq. (4) to 6, so the

total magnetic induction intensity B, at the test point S; is
presented as Eq. (5).
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From Fig. 9, the expressions of cosé and cosé are
described in Eq. (6).

Lare—1,
cos O :%
(Larc —l’.) +r
/ (6)
cosfr=———
1> +r

i

where L, is the distance between the extreme points 4,
and A4, of the electrode; /; is the distance between the test
point S; and the point S,, which is located at the electrode

tip.
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Fig. 10. (Color online) The simulation result of magnetic
induction intensity in the electric arc zone.

According to Eq. (5) and Eq. (6), the total magnetic
induction intensity B, at the test point S; is expressed by
the following equation:

Bx ~ /uOIarc Lare— li /

+—= (7
4nr \/(Larc—li)z"rl"z \/Zi2+}"2

Because the detection point is outside of the furnace, 14
is equal to 47 x 107 H/m, and I, is approximately equal
to 40 kA [18, 19]. Combined with the parameters of SAF
in real measurements, the values of the parameter » and
Ly are set to r=1 m and L,.~50 cm, respectively.
According to Eq. (7), we use Maple software to carry out
simulation, and the result is shown in Fig. 10.

We make the conclusions that the magnetic induction
intensity B, in the arc zone is normally distributed, and
the magnetic induction intensity B, is the maximum in the
arc zone when /; =12 cm or /; = 13 cm from Fig. 10.

(a) The electrothermal wire mesh connected to electricity

2.2.3. Magnetic field distribution in electrode zone

Since the current is uniformly distributed in the elect-
rode, the electrode can be regarded as a current-carrying
straight wire. The magnetic field strength model in the
electrode zone is similar to the detection model of the arc
zone within the range above the detection point S, (d; <
d; £ d,;). The magnetic field strength is

B, = Holc (cos 6, —cos 62) ®)
4rr

The electrode length is much longer than the arc length,
so when the detection point is close to the electrode, the
distance » from the detection point S; to the straight wire
carrying current /¢ is much less than the electrode length
L¢, namely » << L, while 6, >0, 6 — . The total
magnetic induction intensity B, of the detection point S; in
the electrode zone is given in Eq. (9).

B, = 4lc ©)
2rr
The strength of the electrode current /¢ basically remains
unchanged from Eq. (9). The magnetic field strength at
the test point in the electrode zone is mainly constant,
which is obviously different from the situation in the
electric arc zone.

2.2.4. Simulated experiment of current direction at
the electrode tip

In order to confirm the overall change trend of the
magnetic induction intensity at the electrode tip, the two
trends of electrode zone and electric arc zone should be
taken together for qualitative analysis. The simulation
experiment can prove the inference that both the current
and the distribution of magnetic field are continuous.

SA current is applied to the L-type electrothermal wire

510

Simulation of EF=ES
Electrode Tip ‘

(b) The infrared imagery of the electrothermal wire mesh when

electrified

Fig. 11. (Color online) The simulated experiment of electrode current direction.
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mesh and the current flow direction at the corner is
observed with a thermal imager as shown in Fig. 11.

The current distribution at the corner of the electro-
thermal wire mesh flows to the other end mainly through
the inner bending, which makes a difference on the uni-
formity of the current in the conductor. The change
caused by the uniformity of the current inevitably leads to
the change of the magnetic field vector outside, which is
consistent with Fig. 10.

2.3. A differential detection scheme to obtain the posi-
tion of the electrode tip

According to the changing law of arc current and the
variation tendency of the magnetic field at the detection
point on the electrode line, at a certain time the magnetic
induction intensity distribution of the detection system on
the electrode line of SAF is qualitatively described as
shown in Fig. 12.

The conclusions can be obtained from Fig. 12. In the
electrode zone, the output voltage V. is mainly influenced
by the electrode current /- and remains constant within
the scope of 0 <d; < d,. Near the electrode tip the output
voltage V, changes when d; = d,. In the electric arc zone,
V. increases first and then decreases as A4, increases in the
range of d,,<d<d,

In Fig. 12, the two adjacent test points S; and S, are
taken and the output of the detection system are V,; and
V1), respectively. The output difference at the two
points S; and S;; is set as AV,;. The results from the field
measurement of the 33000 KVA SAF are presented as Eq.

(10).

AV\:/ = in _V

x(i—

o <V (10)

where V,,, is the saturation output voltage of magnetic
field detection system.

The system output voltage shown in Eq. (11) is the
voltage at the front end multiplied by the gain of the
system.
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Fig. 12. The variation tendency of output voltage V', of the sys-
tem in electrode zone and electric arc zone.

_83-

V.o=u_,xG

{ Xt u.\’l >< (1 1)
V(i—l) =U oy X G

X

where u,; is the voltage at the front end of the magnetic
field detection system at test point S;; G is the gain of the
magnetic field detection system.

Due to the large current of 33000 KVA SAF, the output
voltage V,; and V., of the test points S; and S, are
close to the system saturation voltage V. The output
difference AV,; at the two points S; and S; ;| is expressed
by the flowing equation:

AV‘C[ =

U, xG—u; )% G|

xG<KV

sat

(12)

Uy —U iy

The saturation phenomenon can be avoided by making
the output difference at the front of the system before the
signal is amplified.

3. Verification of Differential Magnetic
Field Detection Scheme

3.1. Realization of the differential magnetic field sig-
nal detection

It can be seen from Eq. (12) that before the signal is
amplified, how to make the output difference between the
two coils at the front of the system is the key to the
problem. According to the principle of electromagnetic
induction, the two coils with opposite polarity are con-
nected in series, then the difference value between the
voltages at the front of the magnetic field detection system
is described as Eq. (13).

Uy =1 | (13)

The circuit structure of differential magnetic field signal
detection system is shown in Fig. 13.

In Fig. 13, the probe is composed of two coils with
opposite polarity, which detect magnetic field information
at different spatial positions. The difference value between
the outputs of the two coils is converted into output AV,
by the OPA circuit and LPF circuit, and then by the
TRMS conversion circuit. The expression of AV, is given
as Eq. (14).

Auxi =

LPFH TRMS, L oAV,
Conversion|:

Fig. 13. The model of magnetic field sensing system based on
the differential principle.
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Fig. 14. (Color online) The experimental scene in industrial
field.

AV, =Au xG (14)

The analysis shows that the differential detection scheme
doesn't saturate the system output.

3.2. Field measurement of differential detection method

We perform real measurements on the 33000 KVA SAF
at a metallurgical company of Yinchuan city in China.
Through the multiple experiments, we choose the test site
at the electrode line, and the test site is about 1 m away
from the lateral wall. The experimental scene in industrial
field is shown in Fig. 14.

The height of the furnace in Fig. 14 is 5.6 m. Starting
from the top of the electrode, several points are sampled
along the z-axis with a step length of 40 cm, and each
point is collected 6 times to take its average value. The
test results are shown in Fig. 15.

After several experiments, the distance between the two
coils of the designed system is set as 40 cm.

4. Analysis of Field Measurement Results

In the measurement, only the V,; component of the
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Fig. 15. (Color online) The testing results in industrial field.
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electrode current is obtained at the position of the system,
so only the d;~AV,; curve is analyzed. The furnace is
corresponding to the test curve, as shown in Fig. 16.

From Fig. 16 it can be found that:

(1) When 0 £ d; < 120 cm, the differential output AV,;
of the system is close to zero. It can be inferred that the
segment lies above the electrode tip, which is consistent
with the actual situation.

(2) The peak point appears at the test point d; = 160 cm.
Since the distance between the two coils of the system is
40 cm, we can conclude that the region of the electrode
tip is in the range of 140 cm < d; £ 180 cm, which is in
accordance with the field situation of SAF.

(3) The interval of d; > 200 cm is the molten pool area.
The dielectric of the molten pool is, by and large almost
uniform, and the molten pool current is relatively dispersed,
so the system output is relatively low and is close to zero.

5. Conclusions

In this paper, a differential magnetic field detection
method is proposed to achieve the position of the electrode
tip of SAF. Theoretical analysis and experimental results
show that the distribution characteristics of the magnetic
field of SAF can be reflected and the position of the
electrode tip can be obtained by the differential magnetic
field detection. Compared with the magnetic field detec-
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tion, the differential magnetic field detection can extract
the characteristics of the electrode tip and improves the
measurement accuracy.
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