Volume-1, Issue-11, November-2018

International Journal of Research in Engineering, Science and Management 611

IJRESM  www.ijresm.com | ISSN (Online): 2581-5792

Differential Protection for Unsymmetrical Phase
Shift Transformers using Intelligent Tools

Vandana T. Joseph?, Vivek Bargate?
M. Tech. Student, Department of Electrical and Electronics Engg., CSIT, Durg, India
2Assistant Professor, Department of Electrical and Electronics Engg., CSIT, Durg, India

Abstract: This abstract illustrates differential protection
philosophy for indirect unsymmetrical phase shifting transformer
(IUPST) by using combined wavelet transform and artificial
neural network (ANN) methods. Discrimination between interval
fault and magnetizing inrush condition is a very challenging task
in IUPST differential protection scheme. Therefore, wavelet
transform is used to extract the feature from the relaying signal
(i.e. differential current) and the features of the relaying signal is
used to train and test the ANN. The IUPST is modelled in
PSCAD/EMTDC software to obtain the relaying under different
operating conditions. The proposed algorithm is evaluated in
MATLAB under forward and backward mode of PST operation
and the tested data is simulated in PSCAD/EMTDC by varying
inception angle, fault position, tap positions, loading conditions of
IUPST. Genetic Algorithm (GA) is used to obtain the optimal
structure of Multi-Layer Feed Forward Neural Network
(MLFFNN). Results shows that the proposed algorithm is stable,
reliable and selective under different operating conditions of
IUPST.
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1. Introduction

Day-by-day demand of electrical power is increasing due to
development of new electrical and electronic equipment.
Therefore, either expansion of transmission grid or optimal
utilization of existing grid is required to fulfill the power
demand. Expansion or development of new transmission grid
depends on many factors like social, environmental,
geographical and economical etc. On other hand, optimal
utilization of existing grid is more convenient and rational
solution. Moreover, the deregulation of electricity market lead
major changes in utilization of existing transmission grid,
which is used as a transport medium between producer and
consumer. Special transformers are utilized to create a phase
shift between the primary and secondary side of voltages, are
known as Phase Shift Transformers (PSTs). PST has the ability
to offer targeted active and/or reactive power control, is being
deployed to reduce unplanned flows and optimal utilization of
existing transmission grid. Indirect Unsymmetrical Phase Shift
Transformers (IUPSTS) are very useful in the networks where
intensive power wheeling takes places due the regulation. The

apparent power transported over a transmission line is given by
eg. (1).
s=p+jQ="Vlgin g 4 j VWil oo s (1)
X1 XL

Where,

Vs= Voltage of source side

V.= Voltage of load side

X, = Line reactance between source and load
&= phase angle difference between Vs and V.

IUPSTSs play key role in wide area monitoring and control
system where the operator optimize the flow action of very
large system. Its protection is a major concern. Repairing of
IUPST is costly and time consuming affair. Therefore,
monitoring the operating condition of an IUPST is very
important issue in the protection of IUPST. Moreover, to save
the repairing time the prior information about the type of
internal fault occurred in an IUPST is required.
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Fig. 1. Indirect unsymmetrical PST

Generally differential protection scheme is very popular for
the internal fault detection of transformers. In the conventional
differential protection scheme, the differential current is
compared with a threshold but in case of nonstandard
transformers like PST and IUPST, normal differential relay is
unable to compensate the non-standard phase angle shift and
that cause mal-operation. Moreover, in case of [IUPST as shown
in Fig.1, the magnitude of differential current also varies along
with phase angle and this make it more challenging problem for
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protection engineer. There are paper that presents a
compensation method that can calculate differential current for
any power transformer if correct information about On-load
Tap Changer (OLTC) position is known than total differential
protection i.e 87T scheme can be used for PSTs. Like
conventional harmonic restrained based differential protection
approach for power transformer maloperate due to modern core
material, these PST also suffers from the same problem.

This work presents a novel condition monitoring and
differential protection scheme by cascading wavelet transform
and optimal Feed Forward Back-propagation Neural Network
(FFBNN), for detecting internal fault condition of [IUPST which
involves the discrimination from other healthy conditions
followed by identification of the type of internal fault once the
internal fault has identified in the IUPST whether the
differential connection is either 87P and 87S or 87T type. As
the 87P and 87S differential protection is not applicable for
direct PSTs due to the locations of CT, 87T gives an extra
advantage to protect direct PSTs. Because of that reason this
paper will basically deal with the 87T differential protection for
PSTs. As the selection of feature vector is very important for
the classification of problems, therefore the detail coefficients
of the differential signal is used as a feature vector in this work.
Discrete Wavelet Transform (DWT) is applied to decompose
the differential current of IUPST into a series of detailed
components, each of which is a time domain signal that covers
a specific frequency band. Thus, the time and frequency domain
features of relaying signals are extracted and then these
coefficients are employed to train an optimal FFBNN.
Moreover, the interface between wavelet transform and optimal
FFBNN is evaluated to ensure their effectiveness. In the study
of IUPST condition monitoring and differential protection
scheme external fault, internal fault of IUPST (including three
phase faults, three phase-to-ground faults, phase-to ground
faults, phase-to-phase faults, turn-to-turn fault), over-excitation
and ultra-saturation phenomenon are considered. The load
connected with ITUPST is resistive and inductive. The proposed
work is simulated and tested on PSCAD/EMTDC and
MATLAB respectively.

2. Differential current in the power transformer

Differential current relay is mainly two types:
e Simple differential relay
e Percentage differential relay
Percentage differential relay without restraining coil is
considered as a simple differential relay. Number of turns in
restraining coil and operating coil decides the slope of the
differential relay. Slope of the differential relay is in between
differential current vs. restraining current (biased current).
When compare restraining torque with operating torque the
final equation will be.

I1+1,

11_12=T* >

+ T, (2)

Where,
T="N
No

N, is the number of turns in restraining coil

N, is the number of turns in operating coil

I1is the current obtained from one of the CT

I, is the current obtained from another one of the CT
T, is the minimum pick up value of differential relay
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Fig. 2. 3-phase power transformer differential relay configuration
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Fig. 3. (a) Percentage differential relay, (b) Dual slope percentage
differential relay

The Fig. 3 (b), the percentage differential relay can be made
more immune to mal-operation on ‘external fault' by increasing
the slope of the characteristic. That’s why we go for dual slope
percentage differential current slopel gives high sensitivity for
internal faults and slope 2 gives high security against external
fault magnitude of slope 2 is greater than slopel knee point of
dual slope differential current is decided where saturation of CT
is started. In the literature mainly, differential protection
scheme is used for the protection of PST. Mainly two types of
protection schemes have been discussed till now in the
literatures for PST. Where primary differential relay (87P) is
use to protect primary winding of the exciting and series unit
and secondary differential relay (87S) is use to protect
secondary winding of the exciting and series unit. These 87P
and 87S combine protects the PST [5]. Other than this
differential relay there exist overall differential relay (87T) to
protect primary and secondary winding of the series and
exciting unit combined [6].

3. Discrete wavelet transform

Whenever fault occurs there are always transients present.
This transient contains different frequency component of
current at different time. The strength of different frequency
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depends on different operating current. Like in case of inrush
2nd harmonic current is higher than the fundamental current
[14]. Different signal processing technique are available to
study the different frequency component present in the
differential current. One of the techniques is Discrete Fourier
Transform DFT. It is used only for stationary signal and it gives
only about frequency information and it losses about time
information. So, this technique is not suitable for this purpose
because differential current contains transients. Another
technique is the discrete time Short Time Fourier Transform
STFT. It gives information about both frequency as well as time
but limited precision. It increases the frequency information by
varying window then time information is reducing. So, to
overcome the above problem DWT is introduced, it gives
information about frequency as well as time at very high
precision and it gives information like at what time what
frequency component is present which is very useful for
analysis of transient in fault current [10].

x[n] = 7= T Unllo, k104 k[n] +
77 2240 2k Ugl L K1By ] &)

Discrete signal is comprising by using scaling and wavelet
function is:

Where,

Q, k[n] is scaling function

Bk [n] is wavelet function

Uqllo, k] is approximate coefficient

Ugl L, k] is detailed coefficient

[, is shifting parameter

k is shifting parameter
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Fig. 5. Reconstruction LPF and HPF

Approximate (2) and detailed (3) coefficient are:
Uallo, k] = 7= Sy x[nl i [n] @
Ul Lkl = =Sy x[nlBreln] 121 (5)

There are many kinds of mother wavelets, like Harr,
Daubichies, Coiflet and Symmlet wavelets. Smoothness of db8
(Daubichies) wavelet is same like power signal (differential
current). So, it gives vary good result to extract higher
harmonics present in differential current. Discrete db8 filter is
shown in Fig. 4.

The differential current is first sampled with sampling
frequency fs( f; = 2f, f = fundamental frequency) then passes
through LPF and HPF parallel. half of lower frequency band is
passed through LPF and half of higher frequency band is pass
through HPF, the total number of sample after filtering is+l,-1,
here L is length of input signal, | is length of FIR of filter, it
means number of sample is getting increased after passing again
output of LPF through HPF and LPH, so that to make less
calculation and memory efficient, number of sample stored by
reduce to half of the total sample by taking only even number
of sample. This process is called down sampling. Output of LPF
is called approximate coefficient and output of HPF is called
detailed coefficient. Reconstruction of signal is done by first
padding zero in odd places of signal (up sampling) and then
pass through opposite of the filter that is used before for
filtering purposes.

Frequency band of detailed and approximate coefficient after
m-level of decomposition are:

f;
fapproximatec] = [0, 2m5+1]
f; f;
faetail, = [zm_sﬂ: 2_:"

In this process decompose the signal into 5 level means get
detailed coefficient from d1 to d5 and approximate coefficient
A5, and waveform of d4 is clearly different for inrush and all
types of internal faults so that coefficient of d4 component is
use for classification purpose. To obtain waveform of different
level of decomposition coefficient reconstruction filter is used
which is mentioned in Fig. 6.

The Fig. 4, shows the decomposition LPF and HPF of
Daubichies8 (db8) mother wavelet family, where 8 represents
the order of the filter.

Approximate n

HPF

Fig. 6. DWT decomposition filtering block diagram

4. Multi-layer feed forward neural network (MLFFNN)

Classification is a most frequently observed phenomenon of
human activities and it is characterized by training learning and
adaptive capabilities of brain. The artificial neural network
(ANN) can successfully use for classifying real time problem
like speech recognition, medical diagnosis, fault detection etc.
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Here Multi-Layer Feed Forward Neural Network
(MLFFNN) is use for classification purpose, inputs of
MLFFNN are wavelet coefficient of differential current and
output which shows what type of fault is occurs or inrush
condition. The number of hidden layers used here is two for this
purpose. MLFFNN is a black box approach to generalize
network by learning its weights by using various learning
algorithm such as TRAINLIM, TRAINBFG and TRAINRP.
Out of this learning algorithms levenberg-marqurdt (trainlim)
learning algorithm (back propagation) is faster as suited for
MLFFNN with large number of input patterns. MLFFNN used
for classification can uses various type of activation function
(Table 1). The architecture used for classification is shown in
Fig. 7. For a particular application of neural network, it is very
difficult to decide number of neurons in hidden layer and which
activation function will be suitable for particular problem. One
of the solutions for that is to optimize it with different
evolutionary technique like PSO, Genetic Algorithm (GA), etc.
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Fig. 7. Structure of MLFFNN

5. Genetic algorithm (GA)

GA is a search machine which follows natural selection. This
is use for getting optimum value in search algorithm. It uses-

e Inheritance: acquiring parental characteristic

e Crossover: acquiring some characteristics of both
parents.

e Mutation: developing new characteristic with course
of time.

e Selection: evolution of the best individual among a set
of competitors who is superior from every one.

Here GA is use for optimize crucial parameter of MLFFNN
which largely affects the classification accuracy. In this case
number of optimization parameter are five. First 2 are number
of neurons in 1st & 2nd hidden layer and remaining 3 is
activation function of hidden & output layer. GA creates a
random population and find their fitness value. A new
population is generated from the existing population. Then
crossover between parents is done. Mutation takes place. The
whole procedure is repeated until the stopping criteria is
satisfied.
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Table 1
List of different activation function used in MLFFNN
S. No. | Activation | Waveform Equation
function
1 Tansig all 0;
........................ 2
T 1t eCzwWh 1
0; is output of it"
neuron
"""""" T W is sum of
weighted input with
bias of i*" neuron
2 Logsig 0 = 1
S RN 7]
3 Purelin v 0, =Wl
/‘u :
=1
i Wii—
u is center &o is
.ﬁ variance
5 Triangular 0;
basis 1—|WI| for
={-1<Wl;<1
0 else where

Generate initial candidate
solution

)

Find fitness of each individual

l

Store information of individual

Stoping condition

NO

Apply crossover between
selected parents

l

Perform mutation

Fig. 8. Flow chart of GA
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6. Modelling, simulation and results

A. Modelling of IUPST in PSCAD:

The rating of IUPST for overall and based on exciting and
secondary unit and current transformer are listed below [5], [3].
Rating of PST:Voltage- 132kV / 150kV

Rating of PST:Voltage- 132kV / 150kV

Current-  1015A/ 1154A

Phase shift- +28.4°

Frequency- 50 Hz

Exciting unit:

Voltage: 76.21/kV / 35.34kV (at full tap position) taping
present in lower voltage side

MVA- 125.562 MVA (3Ph)

Leakage reactance- 0.0438 pu

Series unit:

Voltage:  41.2kV /61.2kV

MVA-  142.713 MVA (3Ph)

Leakage reactance- 0.0801 pu

Transmission line parameter: linel-

+ve sequence R=0.00945 ohm

+ve sequence XL=0.0302 ohm

+ve sequence XC= 1.435 Mohm

Transmission line parameter: line2-

+ve sequence R=0.00203 ohm

+ve sequence XL=0.0065 ohm

+ve sequence XC= 6.6966 Mohm

CT rating of source side, load side and primary side of
exciting unit is [8]:

Current ratio- 2400A /5A

Burden- R=1.0 ohm

Simulation of PST is done in PSCAD/EMTDC and all the
operating signals are generated. When generating internal fault
current three things are considered. First is fault percentage of
winding, at what phase angle fault (time of fault) occurs and tap
position of exciting unit. In case of Ph-G percentage of fault
winding is 20%, 40%, 60% and 80% from the neutral point, and
fault time is also changing from 0.1sec to 0.12sec in 24 interval
and tap of exciting unit is also varied from 0.179 to 0.9 (-5°
to+24°) of full tap position in 6 intervals. Same is done for Ph-
G fault in exciting primary series primary and secondary
winding and also for turn to turn fault. For finding operating
signal for remaining fault percentage of winding is different and
other things are same as Ph-G fault condition. Model of IUPST
for above condition is shown in Fig. 14. In case of inrush four
things are considered first is the residual flux, second is the
switching angle and third is the tap position of exciting unit and
last is the load condition. In this case switching angle is varied
from 30° to 330° in the interval of 30° and residual flux is varied
from 10% to 80% of rated flux in the interval of 10%. The total
number of 30720 testing and training signal are generated.
Model of IUPST for above condition is shown in Fig. 13.
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Fig. 11. Differential current during Ph-G fault
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Fig. 14. Model of IUPST in PSCAD for internal fault
After modelling and generation of differential current for / operating signal —
different operating conditions of IUPST. The following
algorithm is simulated in the MATLAB environment for the J
protection of IUPST:
18]
B. Implementation of Algorithm for Overall Differential —
- pply Discraln Wi
Protection (87T) ‘ Trangtorm ‘
CT connection for overall differential protection is shown in
the figure 16 In this case overall differential current is use for o
detecting the internal fault and inrush, in this case over
excitation is simply detected by v/f ratio, after this discrete
wavelet transform is apply to the differential current of 100 priush
samples/cycle/phase (300 for 3Ph/cycle) and coefficient of d4
(20 samples in each phase) is use for classification purpose by
MLFFNN. Before this in case of normal condition coefficient
of d4 are all zero because no transient present in normal oy W mcon Mg Ml mc
- H . . Frimuey saccasary primaey sacondary
differential current. All the steps are clearly shown in Fig. 16. J I 1
After applying GA for five better combination, MLFFNN is ‘
trained and tested.
Fig. 16. Algorithm for 87T
Table 2
Five better results for 87T
Hidden layer | Hidden layer 1l Output layer Training accuracy % | Testing accuracy %
Activation function No. of Activation function | No.of | Activation function | No. of
neuron neuron neuron
logsig 95 tansig 15 pureline 5 90.12 89.88
radbas 90 tansig 10 logsig 5 91.54 92.86
logsig 120 radbas 12 pureline 5 92.99 90.56
tansig 110 tansig 11 logsig 5 93.5 93.12
tansig 100 tansig 9 pureline 5 94.01 94.86
Table 3

Best result of 87T

Fault Unit and Inrush Training Sample Tested Sample | False Detection
exciting primary 1400 1288 93

exciting secondary 1800 1320 63

series primary 1720 1064 73

series secondary 1720 1064 16

inrush current 300 32 0
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. 8-245
fault detection accuracy = % = 94.86%
7. Conclusion

The proposed protection i.e. 87T based on combine wavelet
and neural network algorithm provides an overall differential
protection of IUPST. ANN has been taken as classification tool
and DWT as a feature extractor. The training and testing
accuracy are reasonably high. The testing accuracy achieved in
this technique is 94.06%. Which is far better than the
conventional differential relay. This approach is also applicable
on direct PSTs, which removes the limitations of 87P and 87S
for PST protection. Here Genetic Algorithm was used to get the
optimum hidden layer neurons, activation function etc.

References

[1] T. Schmidt, "Phase-shifting transformers applications and tecnology,"
ABB Group, 2016.

[2] J. Mclver, "Phase Shifting Transformers — Principles, Design Aspects and
Operation," Siemens Energy, Inc., Weiz, 2015.

[3] J.H.Harlow, Electric Power Transformer Engineering, CRC Press, 2004.

[4] M. Tripathy and R. P. Maheshwari, "Power Transformer Differential
Protection Based On Optimal Probabilistic Neural Network,"” IEEE
Transactions on Power Delivery, Vols. 25, no. 1, pp. 102-112, January
2010.

[5] M. A. lbrahim, “Phase Angle Regulating Transformer Protection," IEEE
Transactions on Power Delivery, Vols. 9, no. 1, pp. 394-404, January
1994.

[6] Z. Gajic, "Use of Standard 87T Differential Protection for Special Three-
Phase Power Transformers—Part I: Theory," IEEE Transactions on
Power Delivery, vol. 27, no. 3, pp. 1035-1040, 2012.

[71 R. Jimenez and D. A. Tziowaras, "138 kV phase shifting transformer
protection: EMTP modeling and model power system testing," in Eighth
IEE International Conference on Developments in Power System
Protection, 2004.

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[29]

J. Verboomen and D. V. Hertem, "Phase shifting transformers: principles
and applications,” International Conference on Future Power Systems,
2005.

T. Reddy and A. Gulati, "Application of Phase Shifting Transformer in
Indian Power System," International Journal of Computer and Electrical
Engineering, pp. 242-245, 2012.

P. L. Mao and R. K. Aggarwal, "A Novel Approach to the Classification
of the Transient Phenomena in Power Transformers Using Combined
Wavelet Transform and Neural Network," IEEE Transactions on Power
Delivery, Vols. 16, no. 4, pp. 654-660, October 2001.

J. Faiz and S. Lotfi-Fard, "A Novel Wavelet-Based Algorithm for
Discrimination of Internal Faults From Magnetizing Inrush Currents in
Power Transformers," IEEE Transactions on Power Delivery, Vols. 21,
no. 4, pp. 1989-1996, October 2006.

S. K. Bhasker and M. Tripathy, "Wavelet Transform Based
Discrimination between Inrush and Internal Fault of Indirect Symmetrical
Phase Shift Transformer,” IEEE PES General Meeting | Conference &
Exposition, 2014.

S. K. Bhasker and P. K. Bera, "Differential protection of indirect
symmetrical phase shift transformer and internal faults classification
using wavelet and ANN," TENCON IEEE Region 10 Conference, 2015.
S. K. Bhasker and P. K. Bera, "Differential protection of indirect
symmetrical phase shift transformer using wavelet transform," IEEE India
Conference (INDICON), pp. 1-6, 2015.

S. K. Bhasker and M. Tripathy, "Identification of type of internal fault in
indirect symmetrical phase shift transformer based on PRN," IEEE 7th
Power India International Conference (PIICON), pp. 1-4, 2016.

A. Aktaibi and M. A. Rahman, "An Experimental Implementation of the
dg-Axis Wavelet Packet Transform Hybrid Technique for Three-Phase
Power Transformer Protection,” IEEE Transactions on Industry
Applications, vol. 50, no. 4, pp. 2919-2927, 2014.

M. F. Abbas and L. Zhiyuan, "Inrush current discrimination in power
transformer differential protection using wavelet packet transform based
technique,” IEEE PES Asia-Pacific Power and Energy Engineering
Conference, pp. 944-948, 2016.

Xiangning Lin, , Hanli Weng and Bin Wang, "Identification of Cross-
Country Fault of Power Transformer for Fast Unblocking of Differential
Protection," IEEE Transactions on Power Delivery, Vols. 24, no. 3, no. 3,
pp- 1079 - 1086, July 2009.

Y. G. Paithankar, Fundamental of Power System Protection, India,: PHI
Limited, 2003.



