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Abstract: The discrimination of inrush currents and internal fault currents in transformers is an
important feature of a transformer protection scheme. The harmonic current restrained feature is
used in conventional differential relay protection of transformers. A literature survey shows that the
discrimination between the inrush currents and internal fault currents is still an area that is open to
research. In this paper, the classification of internal fault currents and magnetic inrush currents in the
transformer is performed by using an extended Kalman filter (EKF) algorithm. When a transformer is
energized under normal conditions, the EKF estimates the primary side winding current and, hence,
the absolute residual signal (ARS) value is zero. The ARS value will not be equal to zero for internal
fault and inrush phenomena conditions; hence, the EKF algorithm will be used for discriminating
the internal faults and inrush faults by keeping the threshold level to the ARS value. The simulation
results are compared with the theoretical analysis under various conditions. It is also observed that
the detection time of internal faults decreases with the severity of the fault. The results of various test
cases using the EKF algorithm are presented. This scheme provides fast protection of the transformer
for severe faults.

Keywords: transformer; internal fault currents; magnetic inrush currents; extended Kalman filter
(EKF) algorithm; harmonic estimation

1. Introduction

Transformers require an efficient protection system from faulty conditions in the
power system network. The classification of magnetic inrush currents and internal fault
currents is a challenging issue for proper relay design. The magnetizing inrush current
results in maloperation of the differential relay in transformer protection. The transformer
may become saturated with inrush currents and internal faults due to the presence of zero-
sequence components, which may lead to maloperation of differential current protection.
The waveform correlation technique is suggested for differential current protection of
transformers. The analysis of zero sequence currents due to inrush currents and internal
faults can be performed using the waveform correlation technique [1].

An accelerated Convolutional neural network (CNN) was suggested for estimating
the transformer magnetizing current from internal faults on a 230 kV transmission network.
It was observed that the CNN can have feature extraction and fault detection blocks in a
single deep neural network block by enabling the system to provide important features
automatically [2]. The fundamental theory and principles of magnetizing the inrush current
of the transformer are essential when it is energized. The analysis of the magnetizing
current is important for transformer protection [3]. A new technique was proposed with
two moving windows to predict the magnitude of differential currents of the transformer
for the discrimination of inrush currents from internal faults [4]. The least error square (LES)
was proposed to classify the fault currents and the magnitude of magnetic inrush currents
with the two moving windows technique. The LES method has a very fast response
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capability with good estimation. A new method was proposed for the classification of
fault currents and magnetic inrush currents of the transformer by using measurement
of similarity index between the updated new sequence and a prescribed template. The
proposed technique was used to sort the sample points of differential currents and fault
currents to classify the fault currents and magnetic inrush currents [5].

The discrimination of the inrush currents from the internal faults in power transform-
ers was suggested based on the runs test method, which is derived from the inherent
differences between the waveforms [6]. A short time correlation transform was used to
discriminate the internal fault current and inrush current by extracting the dead angle from
the differential current. The effect of current-transformer (CT) saturation on the inrush
current was also considered for proper discrimination of the faults [7].

Discrete wavelet transform (DWT) was suggested for the separation of magnetic
inrush currents and fault currents by extracting the energy functions. DWT as used with
different wavelet functions to achieve higher accuracy and reliability [8]. The saturation of
the transformer will affect the classification of magnetic inrush currents and fault currents
of a single-phase transformer. An efficient compensation algorithm was suggested for the
discrimination of magnetic inrush currents and fault currents, which are affected by CT
saturation [9].

The EKF algorithm as used to predict the primary winding current for the classification
of magnetic inrush currents and fault currents. The EKF algorithm was used to estimate
the primary side winding current of the transformer based on the residual current [10]. The
novel method was used for the classification of internal fault currents and inrush currents
based on the two-terminal network method. The absolute difference of the active power
(ADOAP) flowing into and consumed by the two-terminal network was considered, so that
the internal faults were identified [11]. The high-temperature resistive Superconducting
Fault Current Limiters (SFCL) is suggested for discrimination of an internal fault from
inrush current of transformer. The SFCL will operate for high fault currents, which gives
more sensitivity than the differential protection [12]. The internal and external electrical
faults and inrush current of the transformer are can be analysed using Maximal Overlap
Discrete Wavelet Transform (MODWT) with Daubechies4 wavelet function by extracting
their features. These extracted features are considered for training the classifiers of Decision
Tree (DT) and Artificial Neural Network (ANN) [13].

The wavelet transform is one of the signal processing techniques that are used for
feature extraction and fault analysis. The discrimination of electromagnetic transients
and internal faults were also estimated by using wavelet transform analysis [14]. The
wavelet pocket transform (WPT) has more features than the fast wavelet transform (FWT)
to discriminate signals in both time and frequency domains. The WPT is an accurate
method for the characterization of signals for both the frequency and time domains [15].

The sine wave curve-fitting was suggested for classifying the magnetic inrush currents
and internal fault currents for three-phase transformers. The sinusoidal wave was fit to the
normalized differential current (I4;¢) by utilizing least squares techniques (LSQ) for every
individual phase. The calculation of residual signals is based on the difference between
normalized differential currents and fitted signals. The prediction of internal fault currents
and magnetic inrush currents by using the residual signals may be possible in less than
10 ms, i.e., half cycle of power frequency [16]. A review of the reliability and safety of
high-speed trains with advanced branches of intelligent transportation was performed
by using fault detection and diagnosis techniques. This literature review will help with
the fault detection of high-speed trains, and it suggests an advanced method for future
investigation [17]. The fault detection and diagnosis (FDD) of high-speed trains in electric
traction is suggested based on modified principal component analysis and a broad learn-
ing system. The broad learning system can be used to extract fault information without
requiring mathematical models or a control mechanism for high-speed trains [18]. The
hybrid KNN-GA is used for differential protection of the transformer, i.e., discrimination
of magnetic inrush current and fault current with improved performance. The proposed
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algorithm also increases the performance of the deferential relay [19]. The inrush currents
and fault currents are distinguished by the novel method, i.e., generalized delayed signal
cancelation (GDSC), based on the sequence components along with the fundamental com-
ponent. The fundamental, second harmonic positive and negative sequence components
are calculated for the estimation of internal faults and magnetic inrush currents [20].

The discrimination of transformer fault currents and magnetic inrush currents is
achieved by multi-scale multivariate fuzzy entropy (MMFE), by applying the fuzzy mem-
bership function. The MMFE renders better results than the WT method for classification
of fault currents and inrush currents, based on the comparison of numerical values of the
fixed value of current [21]. The extraction of features with the measured data from the
differential currents of a power transformer is suggested by using random the forest-based
fault discrimination (RFBFD) technique [22]. New techniques, such as LES, DWT and EKF,
are suggested for analysis and estimation of the current from the measured waveform.
It is observed that the DWT is given detailed coefficients for current estimation with the
varying window technique and EKF is suggested for current estimation with the prediction
and correction method.

From the above analysis of the literature survey, it is observed that discrimination of
internal fault currents and inrush currents is still a problem for researchers. In this paper, a
novel technique is presented for the classification of internal fault currents from the inrush
currents using the EKF algorithm.

In this paper, an EKF algorithm is explored to predict primary side currents of the
transformer, using the nonlinear state-space transformer model. A residual signal is derived
from the difference of measured and estimated currents on the primary side winding of
the transformer. When the transformer is under normal conditions, the residual signal
becomes zero based on the EKF estimation. If the transformer is in a faulty condition,
large residual currents are generated. The residual signal amplitude is compared with the
threshold value in order to classify the magnetic inrush current and internal fault current.
In this paper, the diagonal elements of the covariance matrix are utilized to analyze the
severity of the fault occurrence in the transformer. The nonlinear state-space model of the
one-phase transformer is developed under steady-state conditions and the proposed EKF
algorithm in the next sections. The simulation results are presented to evaluate the EKF for
different conditions of the transformer.

2. Transformer State-Space Nonlinear Model

According to the literature [10], the nonlinear state-space model for the transformer is
formulated by the proposed method, i.e., the EKF. In this regard, the nonlinear equations
are derived in state-space form for the transformer. The transformer equivalent circuit is
presented in Figure 1 [10].
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Figure 1. Single-phase transformer equivalent circuit under steady-state conditions.

By applying Kirchhoff’s current law (KCL) at the single node of the circuit shown
in Figure 1,
L+Dh=ic+inm 1
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By applying Kirchhoff’s voltage law (KVL), the loop equations are applied at the input
side and output side of the equivalent circuit of the transformer,

dh

v = Ri1 + g )
B dly
vy = Ryl + gt 3)

where A; = A3 + Ay and Ay = Ap + Ay, We know that L; and L, are considered linear
inductances; the flux linkages of L; and L, can be written as Aj; = Ljl; and Ajp = Ly,
Therefore, I; and I, are given as

M —Am
L = ——— 4
1 I 4)
Ay — A
L= ZL*Z’” (5)
Applying the KVL in the middle loop of the above circuit is given as:
. dAy
Reic = ——
cle it (6)

Substituting Equation (4) in Equation (2), the first state-space equation is achieved,
which is i R R
1__2 1
T Ll/\1+L1)\m+U1 @)
(First state-space equation)
Substituting Equation (5) in Equation (3), and considering V, = —RpI,, the second

state-space equation is modified as

dAy R; + Ry R; + Ry
s — )\2 +
dt Ly Ly
(Second state-space equation)
Considering [1,4-6], the third state-space equation, which associates the nonlinear
nature of the transformer magnetic core, is given by

dAm R R¢ 1 1 ,
T A+ Lo Ay — R I + L Am — Reim )
(Third state-space equation)
To predict the current in the primary side winding with the EKF method, the nonlinear

state-space model output is derived as:

Am ®)

y=h=p-h— A (10)

Equations (7)—(10) give the state-space formulation of the nonlinear model of the
transformer. In Equation (9), the inrush current iy, is not determined. Therefore, it is
required to determine a nonlinear model of transformer, i,,=g (A,), in which g describes
the nonlinear nature of the hysteresis andmagnetic saturation of the core.

According to the literature [10], various approaches are suggested for modeling this
nonlinear behavior such as tangent, polynomial, and hyperbolic tangent functions, etc.
Based on a trial and error approach, it was concluded that the combination of two Gaussian
functions will best describe the nonlinear behavior of the 1-phase transformer that is
studied in this paper. The criterion for assessment of the different models is the root mean
square of the error (RMSE). The Gaussian model is given as:

A |—b 2 (lm|=ey?

im = g(Am) = sign(Ay) x |ae= ) +de” 7

(11)

According to the literature [10], the main coefficients of the Gaussian model are esti-
mated by using nonlinear LS (NLS) optimization and the Levenberg-Marquardt algorithm
technique. Different Gaussian functions are used to predict the magnetization curve of a
transformer, as presented in Table 1 [10].
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Table 1. Different functions used for the estimation of the magnetization curve of the transformer.

No Function RMSE
I im = Am [—2 +4tan (0.65Am)2] 1.1082
I im = 16A3, — 47A% + 4373, — 11502, — 0.5\, + 0.02 1.3214
I = Mm\—s)z <Mm\—10>2 0.7042

im = sgn(Ap) |44de +170e~ % :

Functions I, II, and III of the above Table 1 are used for various estimations of the
magnetization curve, i.e., magnetizing current vs. magnetization and transformer inrush
currents, as shown in Figure 2a,b, respectively [10]. The magnetic inrush currents are
provided based on the various functions presented in the above Table 1 and it shows the
behavior of the magnetic core [10].

Linkage flux [ wb |

-20

0
Magnetizing current [ A |

(a)

= Real inrush current E
Inrush current based on Ill
- Inrush current based on I
= 4
<
i Inrush current based on 11|
]
<
- 4
= J
10 20 - L el -] L L L N
2 ms/div 6 A/div Time

(b)

Figure 2. Various estimated magnetization curves (a) with their respective inrush currents (b).

Different functions from Table 1 are used for modelling the magnetic core behavior
of the transformer. Different estimations of the magnetization curve are compared in
Figure 2a. Moreover, with different fulfilled estimations, the expected waveforms relevant
to the transformer inrush current under various conditions are shown in Figure 2b.

3. EKF Formulation and Its Working Principle
The proposed working principle of EKF algorithm is given below.

3.1. Proposed Working Principle of the EKF

According to the literature [10], the nonlinear state-space model’s equation of the
1-phase transformer considered was derived in the previous section. The transformer
primary side winding current using EKF is estimated for the model considered [10]. If the
transformer is under a fault condition, the EKF will accurately predict the input current. If
the considered transformer is in a faulty period, the model would not give proper nonlinear
behavior due to the existing internal faults. Therefore, the estimation error of the EKF is
increased, which depends on the accuracy of the model. In this regard, the estimation error
is accountably large during the incipient cycles. Therefore, the absolute residual signal
(ARS), i.e., the difference between the estimated and measured primary side currents,
is increased at the incipient cycle while energizing a transformer in a faulty condition.
This feature is used for the classification of transformer inrush currents from internal
faults. Therefore, the ARS compares with the predefined threshold value for confirming or
rejecting the protection systems [10].
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3.2. Formation of the EKF
The nonlinear behavior of the state-space model can be given as follows:
A= f(A v, w,t)
L = h()\, 0, t)

w = (0,Q)
v~ (0,R)

(12)

where v and w are uncorrelated white noises with zero mean and A3*1 is the state vec-
tor. The complete algorithm of the proposed EKF is given by the following flowchart
in Figure 3 [10].

Getting the Transformer data
by using various tests
v
Modeling the core magnetization
curve using NLS optimization

-

Yes Is Transformer
energized?

EKF initializing
Set QR
4

Real Time measurement of HV i: E[/U
current /; and voltage v; A
P = E[(A4 — Ao)(Ay— A0)]

:

Calculating partial derivative
matrixes A, L, Cand M
l Updating
Calculating Kalman Gain i’:AP'F PAT + LQL'
_ T (A |
K‘PCiMRM ’ — PC*(MRM*)"'CP
Estimating

/1;‘. =j‘(§..r,.a)0.t)+K(Il - h(}..r[,.t))

Calculating

Y

-1

’1, — I 1|>threshold

| Fault Detection |

Figure 3. Flowchart of the proposed EKF method for estimation of different fault currents.
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/\m

—Rp+R Rp+R
:f(/\,vl,w,t) == %‘2 2/\2+ LLZ ZAm +C¢]2

_ Ri+R,

The nonlinear vectors of Equation (12) for the transformer modeled in earlier sections
are formulated in Equation (13).

%Ijl/\l + %Am + 01 +wq

Db (Pmley? (13)
B0y + 8200 — Re (& + ) — Re(sgn(An) a5 4 e 4

y=h=hAovt)={£M—FEAw+0

In Equation (13), y and v; are the measured magnetic inrush currents of the transformer
and input voltage of each sample datum, respectively. Moreover, Q and R matrices are
considered as

02 0 0
Q= 0 005 0
0 0 05

R=1

The Q and R matrices were chosen based on the present model and measurement uncer-
tainties, and the matrices A, L, C, and M were also obtained, as given in Equations (14)—(17).

)
A=Y p=
R -
Ly
Rp+Ry
Iy )
1, 1 7(%*1’)2 2 ( Awb f(Q”}‘”) 2 Am—e
—RC<L—1+L—2>—RC ae”\ ¢ -z " + | de -7 I ”
14
A
when Ay >0

100
:i =101 0 (15)
0w 3 00 1
_ Ok [ 1 1
C_éiﬁ_{h 0 u} (16)
M= —4 (17)
v |3

3.3. Operating Criteria

The residual signal instantaneous magnitude value is determined to bethe criterionfor
differentiating fault currents of the transformer. The residual signal can be shown as:

R=y-y (18)
where y and 7 are the measured value (from the current transformer) and estimated
(with EKF) currents, respectively. If the ARS is greater than the threshold value, the fault

condition is discriminated. The selection of the threshold value is very important, because
it may affect the operating time of estimation and accuracy percentage of the algorithm.

4. Analysis of Simulation Results of Transformer under Various Faults

The proposed method was implemented by using simulated data of the transformer to
distinguish the different inrush and fault conditions. The inrush current may be present in
the system when the transformer is energized under no-load or lightly loaded conditions.
The equivalent circuit of the respective transformer under such conditions is shown in
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Figure 4. Consider Rg, Rp, and R; are a series, core losses and source resistances and Ls and
L are series and magnetizing inductances, respectively.

t=l)
- L= ,
A YT q,%'

|
ar

n.,g Fai

(EEEachy NS
Eg
o

Figure 4. Transformer equivalent circuit under the no-load condition.

4.1. Transformer Parameters

The single-phase transformer equivalent model was designed and simulated using
MATLAB/Simulink, 2018a version by MathWorks, Natick, USA for different internal fault
conditions and inrush currents conditions.

The transformer’s parameters are tabulated in Table 2.

Table 2. Specifications of the single-phase transformer.

Specification No. Parameters Value
1 KVA rating 15 KVA
2 Frequency 50 Hz
3 Voltage Rating 2300/230
4 Rated Primary Current 6.53 amps
5 Winding Resistance on Primary 7.334 mQ)
6 Winding Resistance on Secondary 4.634 x 107° Q
7 Winding Reactance on Primary 3.428 ()
8 Winding Reactance on Secondary 6.194 ()

4.2. Types of Inrush Currents, Modeling, and Simulation of Inrush Currents

1.  Inrush current energization
2. Recovery inrush current
3.  Sympathetic inrush current

4.2.1. Factors Affecting Inrush Currents

The inrush phenomenon occurs due to over-fluxing of the transformer core for a
temporary period. This phenomenon may depend on:

1. The switching time of the voltage waveform, when the transformer is energized.

2. The magnitude and polarity of the flux (residual) persisting in the transformer at the
re-energization time.

3. Resistance on the primary side winding.

4.2.2. Effects of Switching Angle

The phase angle of starting voltage depends on the transformer when it is switched
on. Therefore, the flux in the core also starts from zero at the time of switching. As per
Faraday’s law of electromagnetic induction, the voltage induced across the winding is
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given as e = ’ij(tP' where ¢ is the flux in the core. Hence, the flux ¢ is the integral of the
voltage wave, which can be determined and it is shown in Figure 5 [3].

e=Esinax=d—¢:>¢=jedt=EIsinatdt

dt

, E.sinwt

Figure 5. Calculation of the induced emf.

The saturation of the transformer starts when it is crossed above the steady-state value
of the flux, i.e., when the transformer is switching, the maximum value of flux will double
the steady-state maximum value. After the occurrence of the steady-state maximum value
of flux, the core becomes saturated and the respective current required for producing the
rest of flux when it is high is shown in Figure 6 [3]. Let ¢, be the maximum value of the
steady-state flux. In this regard, the transformer primary side will draw a high peak current
from the source side. This phenomenon is treated as the inrush current or magnetizing
inrush current of the transformer.

0, =(E/ o) J: sin axdt = %J: sinaxd(cx) =29,

YE.sinwt
Figure 6. Transformer flux doubling effect.

During the voltage switching at 90°, the produced flux is the minimum and hence
the current drawn. If the switching angle increases, it leads to a decrease in the amplitude
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of inrush current, which is shown in Figure 7 [3]. The representation of inrush current
energization is shown in Figure 8, and inrush currents for various switching angles are
shown in Figure 9.

The magnitudes of magnetic inrush currents for various switching angles are given
in Table 3.

Hence, the highest inrush current magnitude is treated for a zero-degree switching
angle and the least inrush current magnitude is treated for a 90-degree switching angle. It
is observed that increasing the switching angle decreases the amplitude of inrush current
for different materials, as shown in Figures 10 and 11.

B
o

St — ) i
-

Current(A)

| ]
0 0.01 0.02 0.03 0.04 0.05 0.06
Time(s)

Figure 7. Variation in switching angle effects on inrush current amplitude.

Continuous

Line Parameters o

l
@ Supply Voltage

a

Saturable Transformer
with new core material

Figure 8. Representation of energization inrush current.
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Figure 9. Inrush currents for various switching angles.

Table 3. Magnitudes of magnetic inrush current for various switching angles.

SNo. Switching Angle Inrush Current Magnitude
1 0 degree switching 19.688 A
2 45 degree switching 13.170 A
3 90 degree switching 0.037 A
4 180 degree switching —19.573 A
Selected signal: 15 cycles. FFT window (in red): 5 cycles
15 =]
g
s 10 B
o | i
0 1 . 1 | 1
0 0.05 01 0.15 0.2 0.25 03
Time (s)
" Fundamental (50Hz) =7.732, THD= 66.93%
9 -
8t 4
/| -
£
cor 5
& 4 2
=
3 -
e 4
1+ =
]
0 05 1 15 2 25 3 35 4

Harmonic order

Figure 10. Analysis of inrush current using FFT for old materials.
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Signal

Selected signal: 15 cycles. FFT window (in red): 5 cycles
T T

F A

0 005 0.15 03
Time (s)

1

Signal mag.

FFT analysis

Fundamental (50Hz) =21.78 , THD=20.73%
T T T

S
T
|

Magnitude in Amp
S
T
1

o N & O ©
T
1

Harmonic order

Figure 11. Analysis of inrush currents using FFT for new materials (metglass).

Table 4 shows the magnitude of harmonic currents for old metals and new metals
(metglass) of transformer core.

Table 4. Magnitudes of harmonic currents for different metals of the transformer.

S1.No. Harmonic Oder Ol1d Materials New Materials

(Metglass)
1 Fundamental harmonic (1st) magnitude 773 A 21.78 A
2 2nd harmonic magnitude 478 A 3.86 A
3 3rd harmonic magnitude 1.69 A 1.65 A
4 Total harmonic distortion (%THD) 66.93% 20.73%

4.3. Modeling and Simulation of Internal Faults

The generation of internal faults, i.e., transformer internal turn faults along with
current waveforms, is shown in Figures 12 and 13, respectively.

Table 5 shows the magnitude of internal fault current for different conditions of
the transformer.
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Figure 12. Simulink model for various transformer internal (turn-to-turn) faults (no fault, 2% fault
and 4% fault).
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Figure 13. Internal faults with energization for different percentages of winding shorted.
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Table 5. Magnitudes of internal fault currents for different cases.

S1.No. Particulars No Fault 2% Fault 4% Fault

Current Magnitude

1 (RMS value) 6.52 A 20.23 A 3448 A
(Simulation analysis)
Current Magnitude

2 (Peak = RMS x 1.414 value) 9.151 A 28.226 A 47.666 A
(Simulation analysis)
Current Magnitude

3 (Peak = RMS x 1.414 value) 921 A 28.61 A 48.854 A

(Mathematical analysis)

Hence, the simulation results are validated with the mathematical analysis under various conditions i.e., no fault,
2% fault, and 4% fault.
4.4. Implementation of the EKF for the Specified Transformer

The simulation of transformer with the EKF for primary current estimation with the
specific data of the transformer is shown in Figure 14.

é

Figure 14. Simulink model of the EKF for primary current estimation.
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The functions used in the EKF block are:

1. State transition function
function x = myStateTransitionFcn(x,v)
dt=0.0001;
ind1 = 0.012256;
ind2 = 0.000106;
R1=2.59;
R2 = 2x4.6344e-05;
RC =105,000;
x =X + [(-R1xx(1)/ind1) + (R1x x(3)/ind1) + v;
(-R2x x(2)/ind2) + (R2x x(3)/ind2);RCx x(1)/ind1 + RCx x(2)/ind2 — (RCx x(3)) x(1/ind1
+1/ind2)-RCx sign(x(3)) x(13.89x
exp(-((abs(x(3))-6.17)/2.58)"2)) — RCx sign(x(3)) x(54.55x exp(-((abs(x(3))-6)/1.92)"2))] x
dt;
end
2. Measurement function
function y = myMeasurementFcn1(x)
ind1 = 0.012256;
ind2 = 2x 5.55368e-5;
R1=2.59;
R2 =2x 4.6344e-05;
RC =105,000;
y = (1/ind1) x x(1) - (1/ind1) x x(3);
end

4.5. Simulation Results of EKF Algorithm for Various Conditions

When the transformer is energized in various healthy conditions, the transformer is
able to estimate it almost perfectly with a low residual signal value. The various estimated
magnetization curves with their respective inrush currents mentioned in Section 2 are more
useful for analysis of the EKF algorithm for estimation of inrush current [10].

The transformer is now energized after it has a 2% inter-turn fault. The combination
of inrush and fault currents is not perfectly estimated by the EKF algorithm with a residue
larger than in Figure 15; it can be observed in a close-up view of the EKF estimation
during the inrush case in Figure 16. Similarly, the EKF was tested over the algorithms
with various fault conditions; again, a high residual signal was generated, as shown
in Figures 17 and 18.

The simulation model for discrimination of magnetic inrush current, 2% internal
fault, 4% internal fault, and 6% internal fault along with current waveforms is given in
Figure 19a,b and the respective ARS signals obtained from various sources are depicted
in Figure 20, which indicates that the residual signal keeps increasing with the severity of
the fault.
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Figure 15. Estimation of inrush current by EKF algorithm (blue line is actual current and red line is the EKF
estimation current).

1 1 1 | ] ] 11
St i1 1 LE ] gl £-1. kg 3 Hﬂ_ ol
Time in sec

Figure 16. Close up view of EKF estimation during inrush case (red line depicts actual current where the blue line is the
estimated current waveform).
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Figure 17. EKF estimation during energization with a 2% internal fault.
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Figure 18. EKF estimation during energization with a 6% internal fault.
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Figure 19. (a) Simulation model with various types of internal faults. (b) ARS signals of magnetic inrush current along with

cument ta'mn

P

fault current waveforms.
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Figure 20. ARS signals for various cases.
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The Table 6 indicates the fault detection time with respect to the severity of the faults
along with ARS signal amplitudes for different cases.

Table 6. ARS signals and the fault detection time for various cases.

S.No. Different Cases ARS Signal Amplitude (amps) Detection Time (ms)
1 For all inrush currents less than 5 amps -
2 Threshold value 11 amps -
3 Energization with 2% fault 14.3 amps 116
4 Energization with 4% fault 28.82 amps 115
5 Energization with 6% fault 43.82 amps 114

4.6. Observations

e  The EKF algorithm was simulated for cases of inrush current with various switching
angle cases, and the residue signal was found to be low and within limits (less than
the selected threshold value in all cases).

e  The internal fault current could not be estimated by the EKF filter and all the ARS
values were found to be greater than the selected threshold value of 11 amperes (all
fault conditions had an ARS of 11A or more, so this was selected as the threshold). If
ARS > 114, it is an internal fault; otherwise, it is not.

e  While we prefer a shorter operating time, some fault cases may be perceived as inrush
because the ARS value might not have crossed the threshold by then. Nevertheless,
the operating point was always low (max 116 milliseconds, which is much less than
a cycle). As the severity of the fault increases, the detection time decreases as the
required residual threshold is achieved earlier.

e EKFisindependent of the low second harmonic problem as the filter takes into account
the BH curve of the core. If the core material or other parameters of the transformers
are changed, the equations for the EKF algorithm will have to be changed as well and,
hence, the algorithm is able to predict the inrush currents in every case provided the
equations are derived and implemented carefully.

e  The state-space model and all the coefficients must be derived very carefully. Even a
slight mistake can cause the EKF to diverge, which is bound to give the wrong output.

5. Conclusions

In this paper, the EKF was implemented for the discrimination of inrush currents
and internal faults current of a single-phase transformer. The state-space equations of
the power transformer were simplified using simple circuit theory and curve fitting (for
saturation curve). By using the two-step predictive-corrective mechanism of the EKF
algorithm, the estimation of the primary winding current of the transformer was achieved.
The transformer primary winding current was estimated for various switching angles and
faults using the EKF. It was observed that the ARS value is zero under normal conditions,
and it will not be equal to zero for internal fault and inrush phenomena conditions. Hence,
the EKF algorithm was implemented for discriminating the internal faults and inrush faults
by keeping the threshold level at the ARS value. The simulation results were validated
with the theoretical analysis under various fault conditions. It is also concluded that the
detection time of internal faults decreases with the severity of the fault. Hence, this scheme
provides fast protection of the transformer for severe faults. The results of various test
cases using the EKF algorithm were presented. The implementation of the EKF can be
extended to protect other power system equipments for classification of faults.
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