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Research Article ABSTRACT

Electric Arc Furnaces (EAF) are the loads in the industry with highest rate of power consumption and they have

History

a highly non-linear operating characteristic. In this study, Design of digital differential role model for protection

of three-phase step-down power transformer supplying EAF and Matlab/Simulink simulation are presented. For
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this purpose, three-phase system model supplying power to EAF is modelled by means of Matlab/Simulink. In
order to ensure sensitivity to role and distinguish the inrush currents from fault currents, inrush currents and

current harmonics experimentally obtained from 100 MVA power transformer are measured. Thus, the
difference between inrush and fault currents are specified and appropriate relay slope coefficients for designed
dual-slope role characteristic are defined. When single-phase and multiphase faults in the obtained results of
the simulation are examined in this study, it is revealed that the designed digital differential relay has an efficient
operational performance in loads with highly non-linear and rapid changes characteristic such as EAF.
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Introduction

Power transformers are one of most important
equipment used in electric power systems [1]. The faults
occur in power transformers are generally internal faults
or originating from transformer connections [2]. Repair
periods of power transformer faults are often long and
their costs are high. Therefore, ensuring protection and
reliability of power transformers is rather important.

Differential  protection, which evaluates the
differential current in terminals of power transformers
and predicts potential faults is commonly used. However,
differential circuit relays are affected by many factors such
as saturation of transformer, tap-changing, over
excitation and inrush currents [3]. Therefore, it is
necessary to distinguish between inrush current and fault
current. In order to make this distinction, various methods
based on processing of current harmonics have been used

[4-6]. In addition, numerous studies have been conducted
to determine the distinction between harmonic limitation
method, inrush current and fault current [7-11]. However,
these methods are insufficient to determine the
distinction between inrush and fault currents when the
transformer is energized. In order to overcome this
insufficiency, magnetic flux and tension suppression
methods [12-14] and induction based methods have been
developed [15-17]. However, as these approaches are
dependent on the parameters of transformers, they are
difficult to implement in practice. Some researchers have
argued that voltage signals can be used to ensure the
reliability of differential protection [18] and difference
power can be utilized to define inrush current [19]. In
addition to these studies, some researchers have revealed
that signal-processing methods based on artificial
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intelligence [20-25], fuzzy logic [26-32] and wavelet
transform [33-39] can be used for differential protection
of transformers. However, these methods fall short in
practice as the complexity of processes limit their
application to the role and they cause noise distribution
[40].

Electric arc furnaces (EAF) are the non-linear loads
with the highest power in the industry. Particularly, when
there is a short circuit during the process of charging and
melting by EAF, waveform of current and voltage change
rapidly. This causes frequent increases in inrush current
and harmonic currents [41].

In this study, three-phase electric system model of the
system supplying 60 MVA EAF plant is modelled by using
Matlab/Simulink. A differential protection relay is
prepared for the 380/34,5 kV step-down transformer
station having 100 MVA Yn/Yn connection structure to
perform protection under heavy non-linear load. Digital
Differential Role (DDR) is defined as dual-slope. An

algorithm is developed by using the threshold values of
inrush and harmonic currents experimentally measured
with power analyzer during charging and melting
processes of EAF and stability of the relay is increased with
elimination of numerical zero-component and adaptation
of vector group [42-43]. When faults of a single phase and
multiphase in the results of simulation are examined, it is
observed that the designed DDR has an effective
operational performance in highly non-linear and rapidly
changing loads such as EAF and this finding is presented in
the study.

Principle of Digital Differential Relay

Basic connection diagram of DDR is presented in Figure
1. When conversion ratios of current transformers are
taken into consideration, the value read from secondary
ends of current transformers is expressed by the equation

(2).
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Figure 1. Connection diagram of differential relay for one phase
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In this statement, it will be s =las in case of a
fault. However, in the event of a fault in the system, this
value will be considerably higher than zero. In this case,
the expression of differential current is defined by
expression (2).

Id :||1s_lzs| 2)

In order for differential relay to operate, there
should be a current on current transformer winding
higher than the specified current value. This current
value is accepted as the average of the currents at the
primary and secondary ends of the transformer. This
current is called the limiting current. Mathematical
expression of limiting current is as in equation (3).

i _||1s+lzs|

r 2 (3)

Basic double slope characteristic curve of DDR is
shown in Figure 2 [42]. In order for the relay to operate
steadily in dual-slope relay characteristic, the
conditions specified in expression (4) should be
satisfied.
<i, if 1, >kl

1" base

I, > (k.
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base

The coefficients defined as k1 and k2 represent the
characteristic of DDR and they are selected specifically
for each relay. Due to the existence of high and variable
current in the operating processes of EAFs, it is rather
important to determine k1 value in particular. This
value may be small for loads without non-linear and
high currents. However, a minimum current of 5 kA is
required to generate electric arc in EAFs. Therefore
limiting of the base current is also high.

This should be taken into consideration when

determining the limiting current in EAFs. Taking a low
value for k1 will cause DDR to send a mal-operation
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signal to breakers during the process of energizing cos(k.30)°  cos((k +4).30)° cos((k —4).30)°
the EAF and melting. A=Z=cos((k-4).30°  cos(k.30)°  cos((k +4).30)°
It is necessary for DDR to operate in a highly cos((k +4).30)° cos((k—4).30)°  cos(k.30)°

(5)

sensitive manner and minimize the failure rates.
Elimination of component zero and adaptation of
vector group may decrease the failure rate [43-44].
Thus, these techniques are used to distinguish internal
and external faults occur in the protection zone of
relay.

The vector group in transformers depends entirely
on the application purpose of transformer. In arc
furnaces, on the other hand, the step-down
transformers supplying the furnace transformer
generally use the YnYnO type of vector group
connection, and step-down transformers used in this
study have this vector connection group. In this case,
when it is accepted that k=0, expression (5) can be
shown with conversion matrix T in equation (6) and this
formula is used in adaptation of the vector group.

A. Adaptation of the Vector Groups to Reduce the
Error of Digital Differential Relay

In order to reduce the failure rate of DDR, it is
necessary to adjust the vector group adaptation of
transformer. The conversion matrix presented in

equation (5) is used to adjust the vector group. In this 1 2 -1
expression, k values show the phase shift coefficients of T= 5 -1 2 -1
transformers depending on the connection group of -1 -1 2

6
transformer. (6)
The basic block structure used for elimination of
component zero and vector adaptation of a three-

phase system is shown in Figure 3.
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Figure 2. Basic characteristic curve of differential relay
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Figure 3. Basic block structure for elimination of component zero and vector group adaptation of a three-phase
system [44].
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B. Zero-Sequence Elimination to Reduce the Error
of Digital Differential Relay

Symmetrical components of a three-phase system
are generally defined with expression (7). In order for
the relay not to send a mal-operation signal, it is
necessary to eliminate the value of component zero in
this expression.

Va Va,D Va,l Va,z l 1 1
Vo 1= Voo |H[Vou [T Vo2 |=|1 o a |
Vol Vool V| Vo] |2 @ @]V

(7)

o

V,
V,

[N
[N) =

Depending on the phase currents, zero component
expression is defined by the equation (8).

1
l==.(,+1,+1.)
3n e (8)

In case zero component is eliminated based on
vector adaptation, eliminated phases are expressed
with equation (9).

L[z -
=31 2 -1,
I -1 -1 2|1,

(9)

C. Defining of Algorithm for Digital Differential
Relay

Flow chart of the protection algorithm designed for
DDR is shown in Figure 4. This algorithm will send a trip
signal to breaker in case of an error in the protection
zone defined for transformer and the breakers will be

opened. Fast Fourier Transform (FFT) is used in
calculation of harmonic values to accelerate the
opening time of breaker. A power analyzer is connected
to the 100 MVA step-down transformer to distinguish
the inrush and fault currents are recorded. Based on
these experimental measurements, appropriate slope
coefficients (k1 and k2) and F1 and F2 constant are
determined in the algorithm.

Measurement of Inrush and Harmonic Currents in

100 MVA Step-Down Power Transformer

HIOKI 3197 and Chauvin Arnoux (CA) 8332B
power quality analyzers are connected to 100 MVA
step-down transformer supplying the 60 MVA EAF
furnace in Sivas Iron and Steel Plants Inc. (SIDEMIR) and
experimental measurements are taken according to IEC
61000-4-7 and IEC 61000-4-30 standards.

Changes of harmonic values and inrush currents
generated in charge, drill, melting and refined phases
of EAF are recorded. Inrush current sample of three
phases measured with HIOKI 3197 power quality
analyzer from 100 MVA step-down transformer
supplying EAF and 2nd harmonic changes of phase B
measured with CA 8332B power quality analyzer are
shown in Figure 5 and Figure 6 respectively. By using
these experimentally obtained values, distinction
between the fault and inrush currents are determined
in the algorithm presented in Figure 4 and appropriate
slope coefficients (k1 and k2), and F1, F 2 values for
stable operation of the relay are experimentally
determined. In addition, non-linear V-I characteristic of
EAF is experimentally defined by using the measured
current and voltage waveforms [45].

Measured Inrush value from current transformer with conversion ratio 200/5

Inrush Current(A)
N

—Phase A
Phase B|
—Phase C

1
Time (ms)

Figure 5. Inrush current waveform measured from 100 MVA step-down transformer supplying EAF with HIOKI 3197
power quality analyzer.
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transformer supplying EAF with CA 8332B power quality analyzer.
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Modelling of Three Phases Electrical System of EAF
and DDR, Simulation Results

In modelling the electric system supplying EAF,
the single-line diagram presented in [45] is used. The
system supplies a 60 MVA EAF. The system includes a
36 MVar compensation and wuses Static Var
Compensation (SVC). The SVC system is designed to
automatically adjust the firing angles of thyristor
depending on reactive power compensation as shown
in [46]. An 18 MVar 150 Hz single-tuned filter parallel to
SVC system is used. 15.3 MVar 100 Hz C-Type High Pass
filter, 10 MVar 150 Hz C-Type High Pass filter and 4.7

MVar 200 Hz single-tuned filter existing in the system
are modelled for harmonic elimination [41].
Transformer parameters for EAF transformer, SVC
transformer and step-down transformer are presented
in appendices section. In order to test digital
differential protection by using these data, three-phase
system model of the electrical system is created with
Matlab/Simulink as shown in Figure 7. In this model, V-
| arc model tested with real experimental
measurements given in [47] is used for the
characteristic of electric arc.

Differential Relay Testing under 3 Phase Nonlinear Load
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Figure 7. 3 phase system model of the electric system supplying EAF with differential protection.

To design the dual-slope differential relay, the
algorithm structure given in Figure 4 is designed as
matlab function block. By using the inrush and 2nd
harmonic values obtained from experimental
measurements, stable operation of differential relay is
ensured and mal-operation trip signals are prevented.
As seen from the experimental measurements, 2nd
harmonic value reaches up to 50 A at the beginning of
charging and melting processes of EAF. The reasons
why this value is high in these processes are the
instabilities at the beginning of melting process and
short circuits caused by the contact of electrodes with
metal. However, such circumstances don't cause any
fault in the system and they occur due to the operation
of the furnace. In case, there is a fault in the system,
however, this value will be above 50 A and this should
be supported with variance in inrush currents. Slope
coefficients of the digital differential relay designed in
the study are designed by taking the dynamic operating
regimes in three operating processes of EAF. In order to

distinguish between the fault and inrush currents from
each other, threshold values are determined based on
inrush and harmonic currents obtained from
experimental measurements. Sensitivity of digital
differential relay is increased with vector component
adaptation and elimination of zero and erroneous
output signals are prevented, and stability of the relay
is increased. The relay will create a trip signal when a
fault occurs within the transformer protection zone and
open the breakers. It will continue to operate normally
outside the protection zone.

Test results regarding the occurrence of a three-
phase fault in the 1st second within the protection zone
of the tested DDR are shown in Figure 10-12
respectively. The relay doesn't trip outside the
protection zone. The presented digital differential role
is designed in the manner to detect different types of
electrical faults intuitively. Opening times obtained in
different types of faults are shown in Table 1.
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Table 1. Opening time of DDR in different fault conditions

Fault Types Opening time of
Phase A Phase A Phase A Ground relay (ms)
+ - - + 3.92
- + - + 3.23
- - + + 6.47
+ + - + 3.14
+ - + + 3.04
- + + + 6.76
+ + + + 2.94
+ + - - 3.03
+ - + - 6.37
- + + - 6.58
+ s + - 3.05
400 . v . . . v v
300 - .
200 |
__ 100} .
=
o
>
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Figure 8. Dynamic V-I characteristic of electrical arc as result of simulation
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Figure 9. Comparison of the arc voltage variation with real time measurement and simulation results
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Figure 10. Current waveform in primer side under three-phase fault

Current Wave Form in Seconder Side

2500

2000

1500 '\
1000 [

Current (A)

-500

-1000

T T

ﬂ

I

A Phase
B Phase
C Phase

-1500

I

UM

-2000
0.9

092 094 096 0.98 1 1.02 1.04 1.06 1.08

Time (s)

1.1

Figure 11. Current waveform in seconder side under three-phase fault
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Figure 12. Current waveform in primer side under three-phase fault
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Figure 13. 2th harmonic RMS changes in secondary side under three-phase fault

Conclusion

DDR design for 100 MVA power transformer
supplying EAF is presented and operation of DDR under
highly non-linear load is tested in this study. For this
purpose, 3-phase model of the electrical system is
modeled with Matlab/Simulink. The experimental
results showed that k1 and k2 should be 0.4 and 0.6
respectively for stable operation of the relay and F1 and
F2 coefficients presented in the algorithm should be
0.3F1<F2<0.7F2 for the Harmonic examination to be
performed. The tests made in different faults of the relay
based on these coefficients obtained from experimental
measurements revealed that,

e  The breakers don't open the system if
the fault is outside the protection zone.
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