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Abstract: High-power ore furnaces mainly use single-phase transformers supplied by
phase-to-phase voltage with the secondary winding made in the form of four to eight isolated splits
and a high-voltage busbar assembly made of the same number of pairs of tube buses. Due to these
design features, turn-to-turn faults are the main faults in the primary winding of the transformer,
and flexible coupling breaks and arc faults in splitting circuits prevail in the high-voltage system.
This is why current and gas protections are currently used to protect transformers against short
circuits. However, current protections are insensitive to turn faults, and the gas protection response
time can be long since it strongly depends on the oil temperature. High-current systems are pro-
tected from arc faults only by insulating tube buses. However, this insulation is gradually de-
stroyed under the impact of abrasive dust in the air, and the presence of coal dust in the air creates
conditions for arc faults. There is no protection against breaks in the circuits of pairs of tube buses.
The extent of damage in a transformer and its high-current system due to the faults can be signifi-
cantly reduced by using new protection devices based on the measurements of the longitudinal
and transverse asymmetry of the stray magnetic fields of the protected transformer. To implement
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is described, and the results of the experiment are given.
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1. Introduction

Single-phase furnace transformers are almost always used in the power supply

system of high-power ore-thermal plants to reduce the line voltage from 6-10 kV to 150—
320 V, regardless of the ore furnace type. The electrical energy from a furnace trans-
former to furnace electrodes [1-5] is usually transmitted through a high-current system.
distributed under the terms and A\ high-current system consists of compensators, a busbar assembly, flexible couplings,
conditions of the Creative Commons a5 Well as a system of shoes, a contact clamp, and electrodes [3-6]. A busbar assembly is
Attribution  (CC BY) license  thelongest and most expensive part of a high-current system. Since operating currents in
(https://creativecommons.org/license @ high-current system can reach 35-150 kA [7,8], the secondary winding of a furnace
s/by/4.0)). transformer is split, and the number of pairs of tube buses in the busbar assembly of a

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.

This article is an open access article

Energies 2024, 17, 2630. https://doi.org/10.3390/en17112630 www.mdpi.com/journal/energies



Energies 2024, 17, 2630

2 of 17

high-current system is equal to the number of these splits. Therefore, a key electrical fault
in a furnace transformer is turn-to-turn faults (TF) [9-14], and flexible coupling breaks
and arc faults (AFs) in splitting circuits [15] predominate in its high-current system.

Due to the design features of single-phase transformers in ore furnaces, overcurrent
protections based on current transformers (CTs) are currently used to protect a trans-
former from SC in the power cable, and the primary winding and gas protection is
commonly used against TFs [12]. However, such an overcurrent protection is
near-insensitive to TF, and the response time of gas protection can be long because it
strongly depends on the oil temperature and the number of closed turns. In addition,
gas protection is inapplicable to dry-type transformers. Therefore, a TF is accompanied
by significant damage to the primary circuit; sometimes, the transformer completely
fails.

To protect against an AF between the tube buses of a busbar assembly, all the tube
buses are electrically insulated [14]. However, a high-current system usually operates
under a high temperature and high content of coal and abrasive dust in the air in
ore-thermal plants. Under these conditions, the insulation of tube buses in the busbar
assembly of a high-current system quickly fails, conductive coal dust bridges appear
between them, and, finally, a short circuit can occur in a pair of tube buses, and an elec-
tric arc can form. This arc can completely damage an expensive busbar assembly in a
fraction of a second under operating currents in a furnace [3,14].

Flexible coupling breaks in the splitting circuits of a high-current system result in
zero current in the damaged pair of tube buses and a significant increase in the current
in the remaining pairs of tube buses. This can lead to overheating and failure of the tube
buses. However, there are no protection systems against this fault type, and they can
sometimes be indirectly detected from instrument readings.

To detect a TF in the busbar assembly of a furnace, longitudinal differential protec-
tion with CTs can be used [12,16,17]. However, it requires a CT with a rated current of
10-30 kA to be mounted in each split of each phase of a high-current system. Such CTs
are very expensive and large, while the space between the axes of the tube buses does
not exceed 100-150 mm. Therefore, the use of CTs in differential protection is of little
promise.

Instead of CTs, cheaper Rogowski coils can be used in a high-current system for
these purposes [18-20]. They are fixed only on tube buses, with a forward current in a
busbar assembly. In this case, all the Rogowski coils in one busbar assembly are se-
ries-aiding. However, manufacturing and mounting Rogowski coils on the tube buses of
a busbar assembly is a difficult engineering task because air gaps between the tube buses
are 20-40 mm. In addition, the electromotive force (EMF) of each Rogowski coil and the
transfer of electrical signals from these coils are strongly affected by the magnetic fields
produced by the currents in the other tube buses of the high-current system. Thus, it is
challenging to implement AF protection in the busbar assembly of the high-current sys-
tem of an ore furnace with the use of Rogowski coils.

A new and little-studied direction in relay protection is the use of magnetic current
transformers (MCTs) in the electrical fault protections of single-phase transformers in
ore furnaces with a high-current system [12,13]. An MCT is usually made as a textolite
carrier bar with a winding in the form of several in series-aiding multi-turn coils. The
MCT operation is based on measuring the magnetic field of the transformer windings.
To do this, an MCT is fixed to transformer elements inside the tank in a certain way.

A device for the relay protection of the busbar assembly of the high-current system
of ore furnaces against arc faults [21] based on MCTs is quite effective. The principle of
its operation consists of measuring a stray magnetic field at an arbitrary point on the
busbar assembly. However, this protection is incapable of responding to faults in the
primary winding of the transformer and breaks in the tube bus circuit in the
high-current system.
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There is reason to believe that MCT protection sensitivity depends on many factors,
including the number of MCTs and their sizes, the number of coils in their windings,
and the arrangement of the MCTs relative to the windings of the transformer.

In this work, we suggest the following procedure for constructing electrical fault
protection for a single-phase transformer in ore furnaces with a high-current system
based on MCTs. First, the technique and device for protecting a transformer and a
high-current system are described. Then, from the analysis of the EMF values of the
winding coils of an MCT, depending on their location relative to the windings of the
transformer operating under different modes [22], their number and positions of wind-
ings in the MCT are determined. Based on the results, a protection circuit is designed;
the protection response threshold is calculated, the protection operation is described, and
the results of the experiment are given.

2. Materials and Methods
2.1. Protection Technique

The technique for protecting [23] a high-current transformer in an ore furnace
against short circuits and faults in the high-current system is based on measuring the
stray magnetic fields of the transformer windings. To detect a fault in the primary
winding, the stray magnetic field of the transformer windings is measured in the Q
plane perpendicular to the yokes of its core and passing through its middle. To detect
faults in the high-current system, stray magnetic fields are measured in the R plane near
the upper and lower ends of one of the transformer coils.

To explain this technique [23], a diagram of the arrangement of the structural com-
ponents of a single-phase high-current furnace transformer and magnetic current trans-
formers (MCTs) (Figure 1) is used. The furnace transformer has a ferromagnetic core (1)
with two identical coils (2 and 3) fixed at the core legs (4 and 5). Each coil consists of half
of a multi-turn primary winding (6) and turns (7-10) of the split secondary winding.
Each of the splits of the secondary winding is connected to an individual pair of tube
buses (11) in the high-current system. Thus, closed turns (12) can occur only in the pri-
mary winding of the transformer during its operation, and an AF and a break in the
high-current system can take place in splitting circuits.
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Figure 1. Arrangement of the components of a high-current transformer and MCTs for the protec-
tion system.
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When assembling the transformer, parts of the primary and secondary windings
are series-aiding. Since the number of turns in the windings of these coils and the cur-
rents in their turns are equal during transformer operation, their total magnetic field is
zero in the Q plane, which is perpendicular to yokes 13 and 14 of core 1 of the trans-
former and passes through their middle. In the event of a TF, closed turns appear in the
primary winding of one of the coils, and the current in them becomes significantly high-
er than the current in these turns before the TF. This results in an additional local stray
magnetic field of these coils, which is nonzero in the Q plane. This enables detecting a TF
in the transformer.

Since the turns of the parts of the primary and secondary windings, for example, in
coil 2 of the transformer, are located symmetrically about its middle, the magnetic fields
of these turns with the current are symmetrical in magnitude with respect to its middle
under the transformer operation. This symmetry is violated in the event of an AF or
break in the splitting circuits of the secondary winding, as well as in the event of a TF in
the primary winding of this coil. This makes it possible to detect an AF and a break in
the splitting circuits of the secondary winding, taking into account the possibility of the
occurrence of a TF.

2.2. Protection Device

MCTs 15 and 16 are used as measuring transducers in the suggested protection de-
vice [21,22] of a single-phase high-current furnace transformer.

Magnetic current transformer 16 is intended for detecting a TF. It is mounted in the
Q plane perpendicular to yokes 13 and 14 of core 1 of the transformer and passes
through their middle. The longitudinal axis 17 of this MCT is parallel to axes 18 and 19
of legs 4 and 5 of core 1.

According to [21,23], this MCT should be manufactured as a textolite carrier bar 20
with winding 21 and terminals 22 and 23. According to Figure 2a, this winding can be
made of several in series-aiding multi-turn coils k1-k3 mounted on this bar in a certain
way. The number of coils of the MCT winding, the number of turns in them, and their
positions on the carrier bar are chosen from the condition of the minimal fluctuations of
the dependence Emcr = f(y), where Ewmcr is the EMF of the MCT and y« is the coordinate
of a closed turn in the design scheme shown in Figure 2a.

The dependence of the EMF on vy« for the MCT with only the coil k1 with wx turns
and the coordinate yu is shown by curve 1 in Figure 2b. One can see that Emcr changes by
more than three times while a closed turn is shifting along the y-axis within 0-He; Emcr
attains its peak at point yxi. Hence, the protection sensitivity changes in a similar way.
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Figure 2. Design scheme (a) for deriving the dependence (Emcr = f(ye)) of MCT 16 (b) with coil k1 as
a winding.
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This situation can be avoided if the MCT is made from two coils with the same
number of turns (coils k2 and k3). Let their coordinates be yx = 0.1H. and yx = 0.9H.. The
dependences of EMFs Ex: and E in the coils and EMF Ewmcr on the coordinate y. are
shown by curves 1, 2, and 3, respectively, in Figure 3. The analysis of these dependences
shows that Ex and Eis attain their maxima at points yx and yw. When a closed turn with
the current shifts within 0- /., Emcr changes by 30%.
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Figure 3. Dependence of the EMF of MCT 16 with (a) two and (b) three coils in the winding with
equal and different numbers of turns in the coils.

The effect of an increase in the number of coils to three in the MCT winding can be
seen in Figure 3b, where the dependences of EMFs Ex, Ex, and Es in the coils with coor-
dinates yx = 0.5H., yre = 0.1H., and yis = 0.9Hc and Emcr on y. are shown by curves 1, 2, and
3, and 4, respectively. To reduce fluctuations of the dependence Ewmcr = f(y«t), coils with wr
= wis and wi = wk2/3 turns are used. In this case, the fluctuations of the dependence Emcr =
flyet) do not exceed 13-15%.

The choice of the number of coils in the winding of MCT 16 and the number of turns
in them, as well as the position of these coils on the MCT carrier bar for a transformer, are
a difficult problem, which should be solved with the use of computers. However, ac-
cording to the calculations, it is sufficient to use the latest MCT version to ensure ac-
ceptable fluctuations of the sensitivity of the protection of almost any transformer type.

To detect an AF event and a break in the splitting circuit of the secondary winding
of the transformer, MCT 15 is used. As is shown in Figure 1, this MCT is mounted in the
R plane, which passes through axes 18 and 19 of legs 4 and 5 of core 1 so that its longitu-
dinal axis 24 is parallel to axis 18. To measure the symmetry of the stray magnetic field
of the secondary winding with the current, MCT 15 is made as carrier bar 25 with wind-
ing 26, which is formed by two identical coils fixed on this bar symmetrically about its
middle (Figure 4a). The winding has terminals 27 and 28 and center terminal 29.
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Figure 4. Dependence ( By = f(y)) (b) of MCT 15 with the winding of two coils (a) during the

transformer operation.

As can be seen from Figure 4a, splits 7-10 of the secondary winding are uniformly
spaced at coils 2 and 3 of the transformer; their positions are determined by coordinates
yn—yu. Under an arbitrary operating mode of a transformer with a high-current system,
equal currents flow through these splits. This arrangement of splits 7-10 of the secondary
winding with currents at the transformer coil ensures the distribution of the axial com-
ponents of the induction of the stray magnetic fields along coils 2 and 3 of the trans-
former, shown by curves 1-4 in Figure 4b. The magnetic induction of these fields attains
the maximal values Bn—Bu at points yn—yu«. The distribution of the total magnetic field of
all splits of the secondary winding is shown by curve 5.

Coils k1 and k2 of the MCT winding are fixed at the carrier bar exactly between splits
7 and 8 and 9 and 10 of the secondary winding at points yx and yk, respectively. In this
case, the axial components of the induction of the stray magnetic fields Bx and Bk at the
points where coils k1 and k2 are fixed can be determined from curve 5 by coordinates yx
and yr. Figure 4b shows that Bu = Br under this mutual arrangement of the splits of the
secondary winding of the transformer and coils k1 and k2; hence, Ex = Er. The acting
EMFs in coils k1 and k2 are calculated as:

EK]. = 4,4‘4‘ f\NKBk'lQK and Ek'2 = 4,44 fVVKBKZQK ’ (1)

and their difference AEx= 0. Here, f is the mains frequency; wk is the number of turns in a
coil; and Qr is the mean area of coil turns.

According to [14,15], in the event of a break and an AF in one of the splits of the
high-current system, the current in it is zero, and the current increases by approximately
1.25-1.3 times in a damaged split during an AF. In this regard, the axial component of the
stray magnetic field of the transformer coils is redistributed. Figure 5 shows the redis-
tribution of the stray magnetic fields of one of the transformer coils in the events of a
break and an AF in the circuit of the fourth split.
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Figure 5. Dependence ( By = f(y)) of MCT 15 with the winding of two coils in the event of (a) a
break and (b) an AF in the circuit of the fourth split of the high-current system.

In Figure 5, curves 1-4 also show the distribution along the transformer coils of the
axial component of the magnetic field induction produced by currents in the split circuit.
The distribution of the total magnetic field produced by currents in all splits of the sec-
ondary winding is shown by curve 5.

The axial components of the induction of the stray magnetic fields Bx and Bk at the
points of coils k1 and k2 can be determined from curve 5 by coordinates yu and y.

Therefore, as can be seen from Figure 5, B,; # B,,, the EMFs in coils k1 and k2 are not

equal under these modes.

The scheme of the protection of a furnace transformer in a high-current system is
shown in Figure 6 [23]. According to this scheme, the beginning 27 and end 28 of the coils
of MCT 15 are connected to the terminals of the variable resistor 31; the center terminal 29
of this MCT and the movable contact 30 of resistor 31 are connected to the winding of
relay 32. In this case, the normally open contact 33 of this relay is connected to the
opening circuit 34 of the breaker and to fault-type indication unit 35. Variable resistor 31
is designed to set the imbalance in current Ior = 0 in relay 32 in the absence of a TF in
winding 6 and an electrical fault in high-current system 11.

Terminals 22 and 23 of MCT 16 are connected to the winding of relay 36. In this
case, the normally open contact 37 of relay 36 is connected to the opening circuit 38 of
the breaker and fault-type indication unit 35, while the normally closed blocking contact
39 is connected in series with contact 33.

f_rf 39
22 | 35
|
La 36 ‘ 37
}31 16 I [:'_l_z 34, 6 breaker
Lar 23 “x + opening circuit

Figure 6. Schematic of the electrical fault protection of a single-phase furnace transformer with a
high-current system.

2.3. Principle of Operation of the Protection

The protection operates as follows. Under an arbitrary operation mode of the
high-current furnace transformer 11, equal currents flow through the same number of
turns in windings 6 and 7-10, which are fixed at different legs of the core. If the wind-
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ings are accurately manufactured and precisely fixed, the currents in them induce a zero
EMF in the winding of MCT 16, and EMFs in the upper and lower windings of MCT 15
are equal in magnitude. As a result, the current Iir = 0 in the winding of relay 36 and its
contacts 37 and 39 are in the starting position. In turn, the current Isr = I, its difference in
the winding of relay 32, Iz = 0, and the contact 33 of relay 32 is also in the starting posi-
tion. Therefore, there are no furnace transformer tripping signals from the contacts of
relays 32 and 36 and at the exit of fault-type indication unit 35 [23]. The high-current
furnace transformer is operating.

In the event of closing turn 12 in the primary winding of the transformer, the cur-
rent in it is much higher than the current in the remaining part of the primary winding.
This results in a change in the distribution of the stray magnetic field of the damaged
winding at leg 4 and the formation of EMF in the winding of MCT 16. In this case, EMFs
in the upper and lower windings of MCT 15 are not equal, and, therefore, the difference
in currents I2r and [1r in the windings of relays 32 and 36 are nonzero. Hence, these relays
actuate, their contacts 33 and 37 close, and contact 39 breaks. As a result, a transformer
tripping signal appears in opening circuit 33, and the “turn-to-turn fault” message is
displayed in unit 35 [23].

In the event of an AF in one of the pairs of tube buses, for example, the pair con-
nected to split 10 of the secondary winding, the current in it increases and becomes
much higher than the current in splits 7-9 of this winding. This results in the same
change in the distribution of the stray magnetic field in coils 2 and 3 located at legs 4 and
5 of the transformer. In this case, the EMF in the winding of MCT 16 is zero, and the
EMFs in the upper and lower windings of MCT 15 are not equal. Therefore, the current
in the winding of relay 36, Iir = 0; hence, it is in the starting position. The difference in
currents in the winding of relay 32, Ior # 0, and it actuates. In this case, contact 33 closes
and contacts 37 and 39 remain in their starting positions. As a result, a transformer trip-
ping signal appears in opening circuit 38, and the “high-current system damage” mes-
sage is displayed in unit 35 [23].

In the case of a break in the circuit of one of the pairs of tube buses, for example, in
flexible couplings between split 10 of the secondary winding and a furnace electrode, the
current is zero in this pair of tube buses and in winding 9, which is connected to it. This
results in the same change in the distribution of the stray magnetic field of the windings
of coils 2 and 3 at legs 4 and 5 of the transformer. The EMF in the winding of MCT 16 is
zero, and the EMFs in the upper and lower windings of MCT 15 are different. Hence, the
current in the winding of relay 36, Iir = 0, and the relay remains in its starting position.
The difference in currents in the winding of relay 32, Ior # 0, and it actuates. In this case,
contact 33 closes and contacts 37 and 39 remain in their starting positions. As a result, a
transformer tripping signal appears in opening circuit 38, and the “high-current system
damage” message is displayed in unit 35 [23].

With this arrangement of MCT 16 relative to coils 2 and 3 of the transformer, its
EMF is equal to the imbalance in EMF Ei in operating modes. This EMF is usually
caused by inaccuracies in the manufacture and mounting of both the transformer coil
and MCT 16 [23]. According to the scheme in Figure 6, the imbalance in the current in
relay 36 can be defined as [24-26]:

|.
[ ibl
ibl , (2)
Z+Zyen
where Zn and Zumcr are the impedances of the windings of relay 36 and MCT 16.
The current in the primary winding and EMF Ein is maximal when the transformer
is energized and in the event of SC after the transformer. Since ore furnace transformers
operate in the mode of SC after the transformer, this mode is not considered. Thus, the

actuating current of protection relay 36 is defined as:



Energies 2024, 17, 2630

9 of 17

Iactl = krliml, (3)

where kr = 1.3-1.6 is the cutoff reliability coefficient.

During the operation of MCT 15, the EMFs in its windings, i.e., Ex and Ek, are not
equal. This is due to inaccuracies in the manufacture and mounting of both the windings
in the transformer coil and MCT 15 [21,23]. Therefore, the difference in currents in relay
32, Iir # 0. This difference is maximal when energizing the transformer. According to the
scheme in Figure 6 and Equation (1), the current in the winding of relay 32 and voltage
at its terminals can be found by the following equations:

Eu—Eyl

Ziy+Zycra Ry /2

I ib2 and Uor = [inZn, (4)
where Zr and Zucr2 are the impedances of the windings of relay 32 and a coil of MCT 15
and Rj; is the resistance of resistor 31.

In this case, the actuation current and voltage of relay 32 are as follows:
Toct2 = kelim2 and Uacrz = krll2r. (5)

However, according to the scheme in Figure 6, the difference in currents in the
winding of relay 32, I, can be controlled. This makes it possible to significantly decrease
this difference with the use of resistor 31 in an available operating mode of the trans-
former, thus increasing the protection sensitivity.

3. Results

Full-fledged experimental studies on verifying the reliability of the above-discussed
theory ground the design of the protection of high-current transformers in ore furnaces
against faults with a real transformer during the operation of an ore furnace. Therefore,
we performed a laboratory experiment with a TT-6 transformer with 6-kVA of power.
The circuit of the electrical setup is shown in Figure 7.

220
i T 5F1
I
L TA
S5F2
Wi
Enicri
MCTI Wi

29 — center terminal of MCT2; 30 — movable contact of resistor R5

Figure 7. Electrical circuit of the experimental setup.
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As can be seen from Figure 7, the primary winding of the transformer of the ex-
perimental setup is connected to a single-phase 220-V alternating current network

through AP-50 breaker SF1. The winding consists of two in series-aiding parts with W;

and WI turns, which are placed on the left and right legs of the core. The current in this

winding is measured by a type E59 ammeter (PA) with an accuracy class of 0.5, which is
connected to the network through a current transformer type 154/1 (TA) with an accuracy
class of 0.2. The current in the primary winding is recorded by the first channel of a
two-channel oscilloscope (DSO). This oscilloscope is based on a personal computer with
Elena-2014 software and enables the recording of two measured signals depending on
time. To record the current, the first input of the oscilloscope is connected to the terminals
of the ammeter PA, which ensures the galvanic isolation of the oscilloscope input and the
supply network. The voltage at the DSO input is controlled by a high-resistance resistor
(R6). The network voltage is measured by a UNI-T UT101 voltmeter (PV). During the

experiments, shorted turns in the primary winding Wet wyere performed as an individ-
ual winding wound on a transformer coil. They are closed by an automatic type AP-50
breaker.

The secondary winding is made in the form of four splits. In this case, splitting parts

are located on the left and core legs (W, —W,, and W, —W, ,, respectively). During

assembly, these parts of the secondary winding are in series-aiding connected. The
transformer load connected to them is represented by resistors R1-R4. The breaking
modes in a pair of tube buses and the occurrence of a short circuit in them are simulated
with the use of automatic AE 2016-10HY3 breakers SF3 and SF4.

The MCT1 16 protection winding was made in the form of a coil from an interme-
diate RP-8 relay [27]. This coil includes 12,500 turns and is fixed to the transformer using
a PCB strip, as shown in Figure 1. The MCT1 voltage Uwmcr is recorded by the second
channel of a DSO. To do this, the terminals of the MCT1 coil are connected to the second
input of the oscilloscope through switch SA.

The MCT2 15 protection winding includes two series-aiding coils from an interme-
diate RP-8 relay [27]. These coils are fixed to the transformer using a PCB strip, as shown
in Figure 1. The distance between them is approximately 0.6Hc. The terminals of the
MCT2 coils connected to the resistor form a measuring bridge, the output of which is
connected to the second input of the oscilloscope through a switch.

The experimental setup is shown in Figure 8. Here, TV is the experimental TT-6
transformer; SF1 and SF2 are the automatic AP50 breakers; SF3 and SF4 are the automatic
AE 2016-10HY3 breakers; TA is the measuring 154/1 current transformer; PA is the E59
ammeter; DSO is the laptop-based digital oscilloscope with Elena-2014 software; R5-R7
are the high-resistance variable resistors; MCT1 and MCT2 are the magnetic current
transformers; and R1-R4 are the load resistance. The high-current system and arc re-
sistances are simulated by resistances R1-R4. In real conditions, arc resistances are not
constant; however, by replacing them with R1-R4, we correctly simulated the operation
of a high-current TT-6 transformer.
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Figure 8. Experimental setup.

At ore-thermal plants, a furnace transformer is switched on in idle mode. Figure 9
shows the oscillograms of the current 1 in the primary winding of the transformer and
the EMF Emcri of MCT 16 recorded during the experiment when the TT-6 transformer
was energized in idle mode.
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Figure 9. Oscillograms of current 1 and EMF Emcni when energizing the TT-6 transformer in idle
mode (0.07 s/Div).

These oscillograms show the maximum current I1 to be 1.52 A and the maximum
EMF Ewmcri to reach 96.3 mV. Only these values were used when designing the protection
to determine its response threshold.
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The experimental results are shown in Figure 10 in the form of oscillograms of the
current 1 in the primary winding of the transformer and EMF Emcri of MCT 16 when
closing one turn in the primary winding in idle mode.
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Figure 10. Oscillograms of current I and EMF Emcri when closing one turn in the primary winding
of TT-6 in idle mode (0.07 s/Div).

These oscillograms show that the imbalance in the EMF of MCT 16, Ex1 = 12 mV in
this mode. If only one turn of 292 turns to the primary winding is closed, then, the EMF
increases to 78 mV. This confirms the high sensitivity of the protection to turn-to-turn
faults.

The sensitivity of this protection can be estimated, taking into account Figures 9 and
10, as follows. First, the dependence Emcr = flwa) experimentally derived in idle mode is
plotted, as shown in Figure 11. Then, the protection operation threshold is calculated,
taking into account the maximal imbalance in EMF Ew for the MCT used. Since the
maximal Ew1 = 0.0963 V when energizing the transformer (see Figure 9), the MCT EMF,
which triggers the protection operation, is as follows:

Eactt = krEi1 =1.6 x 0.0963 = 0.154 V.
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Figure 11. Estimation of TF protection sensitivity.

If a horizontal line is drawn through point Ean on the Emcr axis in Figure 11, the
number of turns under which the protection operates can be found from the point of in-
tersection of this line with the dependence Emcr(w«) on the axis we. Since the number of
closed turns can only be an integer, according to Figure 11, the protection operates when
three turns are closed.
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The furnace transformer energizing is accompanied by the appearance of voltage
Uz, determined by the imbalance in values at terminals 29 and 30 and relay 32. The os-
cillograms of the current Ii in the primary winding of the transformer and the voltage
Uz of MTT 16 experimentally recorded when energizing the TT-6 transformer in idle
mode are shown in Figure 12. These oscillograms show that the maximal imbalance in
voltage Uz = 17.5 mV at a magnetizing inrush current of 1.5 A. In this case, the voltage
Uaer2 at which the protection of the high-current system should operate is as follows:

Userz = kel2r =1.6 x 17.5=28 mV.

Figure 12. Oscillograms of current I and voltage Uzr when energizing the TT-6 transformer in idle
mode (0.07 s/Div).

The experimental oscillograms of the current I1 in the primary winding of the
transformer and the voltage Uz of MCT 15 recorded with breakers SF3 and SF4
during a break and a short circuit in a pair of tube buses are shown in Figures 13 and 14.
They show that the voltage Uz of MTT 15 is equal to 52.5 and 270 mV in case of a break
and a short circuit in a pair of tube buses, respectively. These values are significantly
higher than the voltage U2 at which the protection of a high-current system should op-
erate.
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Figure 13. Break in the circuit of a pair of tube buses (0.07 s/Div).
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Figure 14. Short circuit in the circuit of a pair of tube buses (0.07 s/Div).

Thus, the laboratory experiments confirmed that the technique suggested for de-

signing the protection of an ore furnace transformer against turn-to-turn faults and its
high-current system against electric faults ensures the high sensitivity of the protection
to these faults.

4. Discussion

The main electrical faults in a single-phase transformer in ore furnaces with a

high-current system are turn-to-turn faults in the primary winding of the transformer
and breaks in flexible couplings and arc faults in the splitting circuits of the high-current
system. This is due to the fact that the secondary winding of a furnace transformer is
made of several splits isolated from each other; the high-current system has flexible cou-
plings, and its busbar assembly is made from tube bus pairs, the number of which is
equal to the number of splits in the furnace transformer.

Due to the design of an ore furnace transformer with a high-current system, over-

current and gas protections are used in these transformers against short circuits and
turn-to-turn faults; the electrical insulation of tube buses in the form of several layers of
sticky fiberglass is used to protect against arc faults.

The choice of MCT for constructing a protection system for a transformer and

high-current system is due to the following reasons. Overcurrent protection is insuffi-
ciently sensitive to turn-to-turn faults. Gas protection can have a long response time. The
sticky fiberglass insulation of tube buses is destroyed by abrasive dust contained in the
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ambient air. No protection against breaks in flexible couplings in a high-current system
is usually used, which might be because of the absence of sufficiently simple and cheap
ways to solve this problem. The design of differential current protection based on cur-
rent transformers is a complex and expensive engineering problem due to the need of a
large number of CTs suitable for 10-20-kA networks, their high cost, and the difficulty of
fixing CTs on tube buses with small air gaps between them in a busbar assembly.

An analysis of the distribution of magnetic fields of the coils of a single-phase
transformer operating in an arbitrary load mode has shown these magnetic fields to be
symmetrical about the plane that is perpendicular to the yokes of the magnetic circuit
and passes through their center. Based on this, a technique is suggested for protecting a
single-phase transformer from turn-to-turn faults, within which the stray magnetic field
of this transformer is measured in this plane and compared to a reference value.

A similar analysis of the distribution of the magnetic fields of the coils of a sin-
gle-phase transformer operating in an arbitrary load mode has shown that these mag-
netic fields are symmetrical about the plane that is perpendicular to the cores and passes
through their center. Based on this, a technique is suggested for protecting a
high-current system from arc faults between the tube buses of a busbar assembly and
breaks in the circuit of one of its splits.

Using these techniques, a simple and cheap MCT-based electrical fault protection
system has been designed for a single-phase high-current transformer in ore furnaces.
The system consists of two functional units.

The first functional unit protects a single-phase transformer from turn-to-turn
faults. It is based on one MCT located between the coils of the transformer. To imple-
ment it, the choice of MCT position is justified, the design of this MCT and the electrical
circuit of this functional unit are suggested, and its response threshold is calculated. This
unit is highly sensitive to turn-to-turn faults in the transformer windings and is capable
of tripping it if only a few turns are closed. The high sensitivity of this functional block
to turn-to-turn faults in the primary winding of the transformer is confirmed by experi-
mental results.

The second functional unit is also based on one MCT. It detects arc faults between
the tube buses of a busbar assembly and breaks in the circuit of one of the splits in a
high-current system. To implement this functional unit, the choice of MCT position is
justified, the design of this MCT and the electrical circuit of this functional unit are sug-
gested, and its response threshold is calculated. This functional unit enables one to
quickly turn off the transformer in the event of an arc fault, to identify and disconnect a
damaged pair of tube buses from the circuit, and to successfully complete the smelting
of a ferroalloy in an ore-thermal furnace, which undoubtedly significantly reduces the
downtime of the furnace and the cost of repair.

5. Conclusions

1. New methods for detecting electrical damage to a single-phase transformer in ore
furnaces are suggested. They enable the development of protection that is highly
sensitive to turn-to-turn faults in the primary winding and capable of detecting
breaks and short circuits in the pairs of tube buses of a high-current system.

2. A theory has been developed for the design and arrangement of magnetic current
transformers for the highly sensitive protections of a single-phase transformer in an
ore furnace against turn-to-turn faults in the primary winding and breaks and short
circuits in the pairs of tube buses of a high-current system.

3.  Functional units of the protection device have been designed to turn off a sin-
gle-phase furnace transformer in the event that several turns are short-circuited in
the primary winding of a single-phase transformer in an ore furnace, as well as in
the case of breaks and short circuits at any point along the pairs of tube buses of a
high-current system.
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4.  The performance of the suggested protection device has been experimentally tested.
The results in the form of oscillograms show that the approach to building up pro-
tections for ore furnace transformers against turn-to-turn faults and electrical dam-
age to its high-current system makes it possible to develop protection devices with
sufficiently high sensitivity to these damages.

5. The developed protections with MCTs are currently perhaps the only simple and
cheap systems capable of not only clearing a short circuit of one to three closed
turns in the primary winding of a single-phase transformer in an ore furnace but
also preventing the complete damage of an expensive busbar due to a break in the
circuit of one of its pairs of tube buses or an arc circuit in them.
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Nomenclature
TF turn-to-turn faults
AF arc faults
SC short circuits
MCT magnetic current transformers
EMF electromotive force
CT current transformers
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