International Journal of Electrical and Computer Engineering (IJECE)
Vol. 10, No. 2, April 2020, pp. 1712~1721
ISSN: 2088-8708, DOI: 10.11591/ijece.v10i2.ppl712-1721 a 1712

Transmission line short circuit analysis by impedance

matrix method

Boniface Onyemaechi Anyaka, Innocent Onyebuchi Ozioko
Department of Electrical Engineering, University of Nigeria, Nsukka, Enugu State, Nigeria

Article Info

ABSTRACT

Article history:

Received Nov 30, 2018
Revised Nov 1, 2019
Accepted Nov 15, 2019

Keywords:

Bus impedance matrix
Fault analysis

Power system
Symmetrical fault
Unsymmetrical fault

Fault analysis is the process of determining the magnitude of fault voltage and
current during the occurrence of different types of fault in electrical power
system. Transmission line fault analysis is usually done for both symmetrical
and unsymmetrical faults. Symmetrical faults are called three-phase balance
fault while unsymmetrical faults include: single line-to-ground, line-to-line,
and double line-to-ground faults. In this research, bus impedance matrix
method for fault analysis is presented. Bus impedance matrix approach has
several advantages over Thevenin’s equivalent method and other conventional
approaches. This is because the off-diagonal elements represent the transfer
impedance of the power system network and helps in calculating the branch
fault currents during a fault. Analytical and simulation approaches on a single
line-to-ground fault on 3-bus power system network under bolted fault
condition were used for the study. Both methods were compared and result
showed negligible deviation of 0.02% on the average. The fault currents under

bolted condition for the single line-to-ground fault were found to be 4. 7244p.u
while the bus voltage is 0. 4095p.u for buses 1 and 2 respectively and 0. 00p.u
for bus 3 since the fault occurred at this bus. Therefore, there is no need of
burdensomely connecting the entire three sequence network during fault
analysis in electrical power system.
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1. INTRODUCTION

The main objective of a power system is to ensure a continual supply of electricity to users and to
reduce the outage time whenever abnormality occurs. But due to its complexity, it is practically impossible to
avoid natural events that usually affect the steady supply of electricity to the end users. These events comprise
of lightning, equipment fatigue, accident, e. t. ¢ which will definitely result in the loss of power on the system.
When these events occur, fault is said to have occurred and there is need to analyze the system to clear the fault
and restore the system to its normal working condition. It is easier to analyze fault in a power system by first
knowing the type of fault that occurred. Faults on power systems can be divided into: (i) Three phase balanced
faults or symmetrical faults which is a type of fault that affects all the three phases equally, (ii) Unbalanced
faults or unsymmetrical faults which are faults that involve only one or two phases [1-5]. The occurrence of
fault in power system is highly detrimental which usually cause loss of power. During this abnormal condition,
high current flow is observed in the system which requires critical analysis of the system to obtain the voltage
and current status of the system respectively. The analysis of the system helps to obtain the adequate safety
and protection scheme to be applied for its optimal operation [6-8]. The magnitude of the fault voltage and
current must be accurately calculated in order that mechanical and thermal stresses on equipment may be
estimated for; choice of system layout, breaking capacities of switch and fuse gear, ratings of plant and types
or choice of protective devices and their settings [7, 9-11].
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There are various types of faults in electrical power systems. Some of them are classified as transient
fault and persistent fault. Transient fault disappears once there is outage in the system. This kind of fault occurs
majorly on overhead transmission lines. Power system protection are usually applied to safeguard the system.
Persistent fault last for long in the power system and usually occurs in underground cable. Sometimes, fault in
underground cable is transitory as a result of lightning. These types of faults can be classified as balance and
unbalanced faults. A three-phase symmetrical fault, otherwise called three phase balanced fault, is the most
severe of all the types of faults. It affects the three phases equally [12-13]. This is in contrast to an
unsymmetrical fault, where the three phases are not affected equally. Unsymmetrical fault comprises of; single
line-to-ground fault, line-to-line fault and double line-to-ground fault. The most frequently occurrence fault is
the single line-to-ground fault, followed by line-to-line fault, double line-to-ground fault and lastly the three
phase fault. This shows that unsymmetrical fault is the most frequently occurrence type of fault and the most
complex. Forced outages can be associated with aging equipment/defects, lightning, and wind, birds/animals,
vandalism, and accidents, e. t. ¢ [12]. In real situation, majority of breakdowns in the network are caused by
unbalanced faults. Therefore, symmetrical faults are seen as perceptions. The analysis of unsymmetrical fault
is based on the understanding of symmetrical fault [14].

In other to analyze any unbalanced power system, one has to have the knowledge and use of
symmetrical components to solve such system using a balanced representation [15]. This method is considered
the base of all traditional fault analysis approaches of solving unbalanced power system [16-23]. The theory
suggests that any unbalanced system can be represented by a number of balanced systems equal to the number
of its phasors. The balanced system representations are called symmetrical components. In three-phase system,
there are three sets of balanced symmetrical components that can be obtained; the positive, negative and zero
sequence components. The positive sequence consists of set of phasors which has the same original system
sequence. The second set of phasors has an opposite sequence which is called the negative sequence. The zero
sequence has three components in phase with each other. The symmetrical components approach is a powerful
tool that makes the analysis of unsymmetrical fault as simple as the analysis of a symmetrical fault.

Unsymmetrical fault can be analyzed first by developing the three sequences — (positive-, negative -,
and zero-sequence) network of the power system case study. Also, Thevenin equivalent circuit as viewed from
the faulty point has to be obtained in other to calculate the sequence fault currents of the system. Similarly,
to calculate the branch currents and bus voltage at each bus of a three-phase system, you need to connect three
sequence networks individually when analyzing each of the fault types. This may result to a tedious work in
drawing the systems circuit. Secondly, the relevance of impedance bus matrix approach will not be valid if
the sequence networks connections are used in the course of fault analysis.

However, these two setbacks on using sequence networks to analyze fault can be overcome using bus
impedance matrix method [16]. This method analyzes the basic n-bus network to obtain the bus admittance
matrix (Ypus), from the line impedance. Bus impedance matrix method is used to analyze any kind of fault since
the approach contains the transfer impedances between the buses. Thus, bus impedance matrix method
consumes less time when compared with Thevenin’s approach. This method has another advantage over
traditional method because it is better to use matrix approach to analyze complex power system fault [24-26].
Figures 1-3 represents the different types of unbalanced faults in electrical power system network.

la
Va Va 13 \/\/\/ (‘Y'Y‘Y‘]_

L AN

Fi
1

Figure 3. Double line-to-ground fault
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2. RESEARCH METHOD
The bus impedance matrix approach was used in carrying out the study. We can work out a universal
representation of all the symmetrical and unsymmetrical faults in a three-phase system. This representation is
valid with the imposition of different fault boundary conditions. Admittance and impedance matrix were
developed from the system’s network which helps in calculation of fault currents and fault voltages.
The following steps were used in developing the bus admittance matrix or Y;,,s for an n-bus system;
a. The bus admittance matrix is symmetric.
b. The diagonal of self-admittance (Y;;) is equal to the sum of the primitive admittances of all the components
connected to the i-th node or bus.
c. The off-diagonal element (Y;;) or ij-th element is equal to the negative of the primitive admittance at all
components connected between nodes i and j.
d. Bus admittance matrix is inversely to the bus impedance matrix.
Therefore, following the above steps, the admittance matrix of n-bus system can be developed as shown in (1).

S S S S
y11 y12 Y13 Yln

Vio=| 8 YR Ya Y (1)
yns1 ynsz wa3 Yﬁgn
Thus  Zp,s =[V5,1?t 2

Where Y, . = the sequence admittance matrix of n-bus system, S = 1, 2, and 0 which represent positive-,
negative-, and zero-sequence respectively. We have to note that when a network is balanced, the symmetrical
components impedances are diagonal. This helps to calculate Z,,, separately for zero-, positive-, and negative-
sequence networks. These diagonal bus impedances are the Thevenin impedance to the point of fault. In other
to obtain a solution for the various types of fault, the bus impedance matrix for each sequence network is
obtained separately. Therefore, for fault occurring at bus i of an n-bus system, the fault formula for the various
types of faults like three phase balance fault, single line-to-ground fault, line-to-line fault, and double line-to-
ground fault are summarized:

- Three-phase balanced fault

Since the zero and negative sequence network model does not have any source voltage
Vo=v2=0;1°=12=0.

However, the positive sequence model does have a source voltage V) and hence

VE=Vo-[ZhE+ .+ Z5 F+ o+ ZL L] (3)

Since currents in all the buses except the ith bus are zero

14
It =3 (4)

1
Zjj

Assuming fault impedance to be = Z,

14
I} =~ )

Zfy Zig
To obtain the k-th bus voltage for other buses, we proceed as follows:
Ve = Vo - Zh 1} (6)

- Single line to ground fault
For fault occurring at ith bus, I} =12 =I?. Thus

4
I = )

ZJ+ 2+ 2%+ 32
The phase current is thus

18 =31} 8)

Int J Elec & Comp Eng, Vol. 10, No. 2, April 2020 : 1712 - 1721



Int J Elec & Comp Eng ISSN: 2088-8708

a

1715

The k-th sequence bus voltages are obtained as follow:

0
Vo = —Zik V(0
k = 7047472432
ii ii ii f
z3 v,
vi=zv.. - ik 7 (0)
k= 00) " 204 714 724 37
it Ziit Zjjt 3Z¢
2
—Zix V(0

V2=

- 5,0 1 2
Zi+ Zi+ Z{i+ 32y

- Lineto line fault

For fault occurring at i-th bus, V,° = I? = 0 and I} =—I?. The positive sequence current is thus:

R B
Zy+ Zi+ Zy

Therefore, the k-th voltages are:

Zj, Vio)

V=V, - ———2
k O zl+ 22+ Z;

2
Vé=—5 i Z(O)
Zi+ Zi+ Zf

- Double line to ground fault

©)

(10)

(1)

(12)

(13)

(14)

In this type of fault, if fault occurs at i-th bus, the summation of the sequence currents is equal to zero. Thus,

R+1I}+17=0

Also, V2 =V?
Applying these concepts in a multi-bus system, we have:
= Vo) _ Vo) (Zfi+ 23+ 325)
1= - =
' 1 Z (z%+ 3Zp) Az
Zit 72 7% 3z
it 4l f
2= Vi~ Zili  _ V(o) (Zii+ 3Z)
L z7 AZ
0= Vio-z4it _ -Zfvo)
L Z)+3Z¢ AZ

Where AZ =Z}Z2 + ZL(3Z; + Z) + Z2 (3Z; + ZD)
The sequence voltage at k-th bus are given by

Ve = ~z4,10
Ve =Vioy - Ziic I}

Vi =—Zi I}

The symmetrical components of fault current in line i to j is given by

s_ys
I3 = iV
i B
] Zij

Where i = i-th faulted bus, k = n-th bus, V) = pre-fault voltage, and S = Sequence.

(15)

(16)

17

(18)

(19)

(20)
(21)

(22)

(23)
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- Mathematical Formulations

The mathematical calculation for the fault occurring at bus 3 of the power system network shown in
Figure 4 is done firstly by obtaining the branch admittance of the system since it is before the fault. Therefore,
the reactance from Table 1 is used to obtain the admittance of the network for positive-, negative- and zero-
sequence of the circuit. Thus, from Table 1, the admittance of the zero-sequence power system is as follows;

Table 1. Power system network data [12]

LINENO.  BUSCODE LINE IMPEDANCE
X0 Xt X2

1 12 j012  jo.2 jo.2

2 2-3 j012  jo.2 jo.2

3 13 j012  jo.2 j0.2

4 1-0 j012  jo.2 j0.3

5 2-0 j012  jo.2 j0.3

Figure 4. One-line diagram of a three-bus system [12]

_ 1 _ 1 _ .
Y].Z - YZ]. - Z_12 - ]07 - 'J8.3333
_ 1 _ 1 _ . _ 1
Yi; =Y = 2—13 = E = -J83333Y23 = Z
_ 1 _ 1 _ .
Yo = Z_10 = ]OT =-j6.6667
= i = ; = 'J6.6667 Y23 = Y32

20 7 7,0 jO.15
Y,, = -j23.3333’
YZZ = '123.3333 Y33 = 'j16.6667

The bus admittance matrix is;

(24)
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Therefore; the zero-sequence impedance matrix is thus:

—j23.333  j8.3333  j8.3333
vQ,. =|j83333 —j23.3333  j8.3333 (25)
j8.3333  j8.3333  —j16.6667

Thus:  Zp,s =inv[V2,]

/0.0089 j0.0592 j0.0750 (26)
Therefore, Zp,,, =1j0.0592  j0.0908 ;0.0750
j0.0750 j0.0750 0.1350
Also, for positive- and negative-sequence, the admittance and impedance are as follows:
Vi, =Y =-J5 Yp3=Ys, = 10_2 =-j5
1 .
Y13 =Y :],07:-15 Yio :]0—3: -j3.3333
YZO = ]0% = -j3.3333 Y,, = -j13.3333
=-j13.3333 Y55 =-j10
—j13.3333 j5 j5
Zpus=ZE=inv[Yp ] =inv[ 5 —j13.3333 5 (27)
j5 5 —j10

j0.1773  j0.1227 j0.1500
ZL,. =272, =1j0.1227 j0.1773 j0.1500
j0.1500 j0.1500 j0.2500

(1) Symmetrical components of the currents with a pre-fault voltage Vo, = 1.0p.u is given by

O=I1=12=—  =.j1.5748

T . ,2 2 70
Z33+ Z33+ Z33

(ii) Phase current is

$] 1 —j1.5748] [4.7244
2l=|1 2 -j1.5748[=| o0 |[pu
5] |1 ﬁ ﬁz —j1.5748 0

(iii) The symmetrical components voltage for all the buses is

Bus-1
4% —Z}13 ] 01181
Vi =|Vioy — Zizl3 [07638
V2 —Z2,1% 0.2362
Bus-2
V1 [ —Z%18 1 -o0.1181
Vi =Vioy — Z33l3 =[0.7638| p
(V2] | —z412 —0.2362
Bus-3
(V1 [ —Z%18 ] 1-0.2126
Vi =Vioy — Z3313 =[0.6063lp
(V2] | —Z313 —0.3937
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—0. 1181 0.4095
0.7638 =10.9466| p.u
,82

—0. 2362 0.9466

—0. 2362 0.9466

—0. 1181 0.4095
0.7638 =10.9466|p.u
,82

1718 O
(iv) Bus voltages during the fault are
Bus-1

Ve 1

Vlb =||1

VlC 1 B
Bus-2

—Vza_ 1

Vzb =||1

Zimie /3
Bus-3

V]

vh| = 1 /32

sl (1B /32

(v) The symmetrical components of fault currents in lines for phase “a” are:

For Line2to 1
(V2= V)]

—0.2126
0.6063 0. 9229 p.u
—0.3937 0.9229

€699

(-0.1181—(—0.1181))

2_ 2
Vi -Vi)
2
Z51

For line3to 1
[V = V)T

B |

| = vi-vi| _
21| — 71 -
2 21

121

jo.2
-0.2322—(~0.2322)
jo.2

|[ j0.12 } 0
| (0.7638-0.7638) | = [Ol
ll | lo

[( 0.2126—(— 01181))-|
5] | B I e | [/0.7875
P _|w-vih - (0.6063—-0.7638) |=j0.7875
31 z | jo.2 |
VZ-v2) l(—0.3937—(—0.2362))J JO 7875
For line2to 3
(Vz V3°)] [( 0.1181—(—0.2126))
123 | = I l 0763!:;156063 | [7/0.7875
123 (oo | QIR | |jo.7875
| B 1] conet | |-j07875
(Vz—Vg) l—J
J jo.2

(vi) The line currents are:
For Line2to1

141 [1 1

=1 B

I5,] |11 B
For line3to 1

141 [1 1

=1 B?

5] |11 B
For line 2to 3

2]

13

| 135 ]

1 1 1
=1 p* PB|[-j0.7875]|=
1 B p?

Jl-

11/0.7875] [2.3625
gllj0.7875[=| o |p.u
p2| j0.7875 0

0

—j0.7875] [2.3625
p.u
0

—j0.7875
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3. RESULTS AND ANALYSIS

The results of the analysis are in Figures 5 and 6. Figure 5 represents bus voltage against phase and
Figure 6 represents the branch current against line of the system respectively. Figure 5(a) represents the phase
voltages of buses 1-3 for analytical approach while Figure 5(b) is the results for the simulation method.
Figure 6(a) represents the branch current for analytical method while Figure 6(b) shows the branch current for
simulation approach.

Bus V(p.u) Bus V(p.u)

1 0.94660.9466 9309  0.94660.9466 9900 0.94650.9465 9070  0.94650.9465 g979
09 1
08 0.8
07 0.7
06 0.6
0.5 0.40950.4095 0.5 0.40940.4085
04 04
03 Bus 03
0.2 1 ; 0.2
01 | uss 0.1

0 0

Phase1 Phase 2 Phase3 (Phase) . Phase 1 Phase 2 Phase 3 (Phase)
(a) EBusl @Bus2 [@Bus3 (b) EBusi EBus? mBus3
(@) (b)
Figure 5. Plots of bus voltage against phase; (a) analytical method, (b) simulation method
Current (p.u) 47244 Current (p.u) 47244
35 35
? 2.3625 2.3625 : 23622
15 15
1 1
h Busi-2 Bus1-3 BusZ-3 Bus3-F |io Bus1-2 Busi-3 Bus2-3 Bus3-F Line
(b)
(a) EPhzse A EPhz=eB PhaaseC B Phase A EPhzse B PhaaseC
(@ (b)

Figure 6. Plots of branch current against line; (a) analytical method, (b) simulation method

From the results presented in Figure 5, it can be seen that both approaches showed a negligible
deviation in the range of 0.02% on the average. The simulation results showed a high speed of about 1second
and accuracy of 99.98%. Phase 1 showed a zero (Op. u) voltage magnitude at bus 3 because (Single — line -
to - ground) fault occurred at bus 3 and that affected mostly the magnitude voltage level of other buses of
the same phase and less on those phases that fault did not occur. It can also be seen that the fault voltages of
the various buses are less than the pre-fault voltage which could be as a result of change in line flow due to
fault in the system. Figure 6 represents the branch fault currents of the system. It is observed that the line
current between the buses not connected to bus 3 gave a zero-magnitude fault current for all the phases while
line 1-3 and line 2-3 show an equal current at phase a of the system. The total fault current at bus 3 is represented
as 3 to point F where F represents the fault point and is the summation of all the line currents connected at
bus 3.

4. CONCLUSION

Fault in electrical power system is inevitable. Therefore, the rating and setting of all the protective
devices requires appropriate analysis of fault voltage and current during the occurrence of fault on electrical
power system. This will enhance the safety of equipment/persons and hence increase the reliability of
the system. In this work, unbalance fault on a 3-bus power network was analyzed to obtain the fault voltage,
branch current at the respective buses during the occurrence of fault and the total current at bus 3. The analysis
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was done based on bolted fault. From the results, it was found that when a fault occurs at a particular bus,
its bus voltage becomes zero for a three-phase fault. This is shown at bus 3 of Figure 5. It is also observed that
during fault, voltage at the respective buses reduced below the pre-fault voltage which shows the abnormality
in the system. Also, high magnitude of fault current was observed during bolted fault which is as a result of
low fault impedance of the system. Therefore, any protective device for this power system must not be rated
below 4.7244 A to enhance reliable system reliability. With the accuracy and speed of the simulation approach,
power system performance must be improved if applied.
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