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Abstract

A fault detection and location algorithm on three-terminal transmission line is proposed. Vast literature on fault
location shows that to simplify the analysis, line charging currents are often ignored. To improve the accuracy
of fault location, synchronized current and voltage measurements from three ends of the three-terminal line are
utilized to detect and locate distance to fault while considering the line charging currents. The method first
detects the zone at which the fault has occurred and then locates it from the respective line ends. Since three-
terminal lines provide solutions for connecting existing system to the grid, facilitating bulk transfer of power,
thus the fault detection and location on the same is important to maintain reliability and security of the system.
Performance of the proposed algorithm is tested for various fault types, fault locations, fault resistances and fault
inception angles. The 200-kV system is simulated in ATP/EMTP; however, the algorithm is developed in
MATLAB. The extensive simulation studies demonstrate accuracy of the proposed scheme.
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Introduction

In power systems, the distribution and transmission links ensure the continuity of power from the generation
end to the other. In case of faults, it is very important to clear them at the earliest to restore the interrupted power
supply. Thus, to speed up the restoration of power, fault-location techniques are vital from the view of economic
reliability and quality of power being fed. Three-terminal and tapped lines reasonably provide temporary
solutions for connecting areas that are closer to an existing transmission line to grid without the need for
constructing a new substation, until the need is actually justifiable. Since, measurements are not available at the
junction of the three-terminal line, fault location should be accompanied by detection of the zone at fault first
by using synchrophasor based technology. With the invention and thereby increasing usage of Phasor
Measurement Units (PMUs), Global Positioning System (G.P.S.) and fiber optic communication, measurements
from ends of the line can be conveniently utilized to locate distance to fault.

In the past, many algorithms were developed on fault location, most of which are related to two-terminal lines
fault location, some amongst them made use of unsynchronized voltage and current data from the two- end
terminals [1]-[2] while others utilized synchronized data for locating distance to fault [3]-[4]. Also, techniques
have been proposed for fault location on three-terminal and tapped lines. Most of the above algorithms neglect
line charging currents. Reference [5] first frames an optimization problem to find the line parameters and then
utilizes the same in detecting and locating the distance to fault by making use of synchronized transient
measurements. Protection of three-terminal transmission lines against power swing related issues is dealt with
in [6] using voltage calculated at tee point utilizing positive sequence synchronized current and voltage
measurements.

Reference [7] also makes use of synchronized measurements to locate faults on in-service and out-service line
branch of the three-terminal line. Location of faults using dynamic parameters of three-terminal lines utilizing
Newton’s iterative method is achieved under dynamic fault conditions by first identifying section at fault [8].
Direct underreaching transfer trip (DUTT) scheme makes use of a system of communication between the line
ends by taking into account the pre-fault measurements at the ends [9]. Ensuring overlapping between settings
of zone 1 is essential for reliable operation of DUTT scheme. Time instances of arrival of fault-generated
traveling waves are noted to locate distance to fault for both three terminal single-and double-circuit transmission
lines [10].

Current transformer errors introduced in estimating the location to fault are eliminated by making use of only
the negative sequence component of voltages to detect and estimate the distance to fault in three- terminal line
[11]. Indices based on graph theory are first developed for two- and three-terminal transmission lines using the
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data window for optimal calculation which is then extended to multi-terminal lines to detect and locate distance
to fault [12]. Another method estimating the distance to fault makes use of traveling waves for hybrid three-
terminal systems which include onshore overhead line as well as offshore cables making use of discrete wavelet
transformation [13]. Reference [14] also makes use of wavelet transform but is different from [13] in a way that
this method proposes combined fault locator for three- terminal lines and is based on high and low frequency
components of the signals that originate from fault conditions in the system.

Fault location on transmission line is first facilitated by optimally placing PMUs to optimize the installation cost
but making sure that every bus in the network is observable [15]. Fault location in three-terminal line is also
facilitated by wavelet transform and is validated for inclusion of series compensation, mutually coupled line
section for various values of fault resistances [16]. In contrast to [11], reference [17] makes use of three- phase
currents from all line ends and three-phase voltage from the end at which fault locator is installed with the aim
of developing a fault locating algorithm for applications with current differential relays. Fault location using
optimal placement of PMUs in existing networks involves selection of fault-side at first and then estimating the
distance to fault [18].

The algorithm is used to locate faults for two-terminal line in [19]. This paper computes the distance to fault
using positive sequence components of voltages and currents of the three-terminal line by appropriately
compensating charging currents as well. The time synchronized voltage and current measurements are obtained
from the ends of the three-terminal line. By using these measurements, the zone at which fault has occurred is
first detected by using voltage magnitude method and is confirmed by current phase comparison method [20],
followed by estimating the distance to fault using sequence component theory. Simulation studies include all
types of asymmetrical and symmetrical faults with varying fault resistances, fault inception angles, results for
which prove reliability of the proposed method.
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Fig. 1: Three-Terminal Line Positive Sequence Representation with Fault on First Section

Let us consider a three-terminal transmission line with PMUs as shown in Fig.1 represented in sequence domain.
Bus voltages and line currents are represented with appropriate notations. PMUs, as shown are installed at the
three ends of the three-terminal line for voltage and current measurements. The symmetrical components theory
can be utilized since fully transposed lines are considered without the need to make any simplifying assumptions.
Thus,

Io=(1/3) (1o + Iy + Lo); I = (1/3) (1o + alp + a°Lc); I = (1/3) (I + 2%, + al.)

Vo=(1/3) (Va+ Vb + Vo); Vi = (1/3) (Va+ aVy + a%V,); Vo2 = (1/3) (Va + 2>V, + aVo)

where, Va,, Vb, V. are phase components of voltages respectively, Vo, Vi, V2 are zero, positive and negative
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sequence components of voltages respectively, L,, I, Ic are phase components of currents respectively and Io,
Ii, I, are zero, positive and negative sequence components of currents respectively.

Thus, after phasor estimation and sequence transformation, we get six positive sequence components, namely,
IX1, Iy1, IZl, VX1, Vyl, VZ].

where, Ixi, lyi, Iz) are positive sequence currents from end terminals and Vxi, Vyi, Vz; are positive sequence
voltages from end terminals and Zx, Zy and Zz are line impedances from sections x-t, y-t and z-t respectively,
Y is charging current admittance and Vf is voltage at fault point f,

Vfx; and Vft; are voltages at fault point calculated from ends x and t respectively and a is 12120 degrees.
Assuming fault occurs only on one section at a time, from Fig. 1, fault is considered on Section 1.

From terminal x,

IX561 = IXh] _j(Yl/Z)VX1 (1)
VfX1 = VX1 _dlelxsel (2)
From terminal y, Iy*; = Iy —j(Y1/2)Vyi 3)
Vty1 = Vyi —Zyly* 4)
Iyt; = Iy* —j(Y1/2) Vty: (5)
From terminal z, 1z*¢; = Iz" —j(Y1/2)Vz; (6)
Vtz, = Vz; —Zz1z2%% (7
Izt = Izd; —j(Y1/2)Vd, 8)
Thus, from equation nos. (5) and (8),

Itx; = Iyt1 + Izt; (9)
Vit = Vtyl _(1_d)ItX1 (10)

To calculate voltage at fault point from the other end, either of the two ends i.e. ’y’ and ’z’ can be considered
since none of the two are at fault. Considering voltage drop from end ’y’ and equating equation nos. (2) and (10)
and appropriately substituting other values, thus derived to get distance to fault °d’,

d =Vx; + Zx11txy —Vtyl Zx 5% + Zx,1tx; (11)
Currents Ix%, Ixly, Iy®ey, Iyl 1z, 1z, Itx;, Iyt; and Iyt; are appropriately shown in Fig. 1, where, I,, Iy, I. are
phase components of currents respectively,

To, 11, I are zero, positive and negative sequence components of currents respectively.

Extensive simulations are performed in ATP/EMTP to decide the voltage threshold value, e=800. This value is
used to decide the zone at which fault has occurred.

Methodology

Algorithm

Flowcharts of the proposed method is as shown in Fig. 2 and Fig. 3.

1) Input sampling frequency (fs).

2) Obtain time synchronized samples of three-phase currents and voltages of all the sections of the three- terminal
line, i.e. Vabe X(t), Labe X(t), Vabe Y(t), labe ¥(t), Vabe Z(t), labe Z(t) from buses x, y and z respectively. Time t is
indicative of the time of the newest sample whereas a, b and ¢ denote the three phases.

3) Use Full Cycle Recursive DFT technique to convert thus obtained samples to phasors [21].

4) Using sequence transformation, compute the positive, negative and zero sequence components of all the three
phase currents and voltages.

5) Calculate voltage at junction point ’t’ from all the ends of the three-terminal line i.e. Vtx;, Vty; and Vtz; using
three-end voltages and currents.

6) Identify the zone at fault using Voltage and Current techniques

«  Voltage Magnitude Comparison Technique- If |Vx; - Vtyi| or [Vx;-Vtz| >e, fault is on section 1 else if |Vy;

- Vtzy| or | Vyi - Vtxy| >e, fault is on section 2 else if |Vz; - Vtxi| or | Vz; - Vtyl| >e, fault is on section 3. Else

go to step 2, where, Vtx;, Vty; and Vtz; are voltages calculated at the junction point ’t’ from the three terminals

‘x’, ’y’ and ’z’ respectively.

« Current Phase Comparison Technique [20]- If (2 Ix)-£ (Iy + Iz) # 180, fault is on section 1 else if (£ Iy)-£ (Iz +

Ix) #180, fault is on section 2 else if (£ 1z)-£ (Ix + Iy) # 180, fault is on section 3. Else go to step 2.

7) Compute and locate distance to fault by the derived formulae (11) for both symmetrical and unsymmetrical

faults.
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Fig. 2: Fault Detection using Voltage Magnitude Fig. 3: Fault Detection using Current Phase
Comparison Comparison and Fault Location

Results

The system simulated in ATP-EMTP is shown as in Appendix I. Three-terminal transmission line is modelled
as shown in Fig. 4. The transmission line has equivalent-m model with 100 km length. Simulations are performed
in ATP/EMTP platform with 1 kHz sampling frequency. PMUs are located at the ends of the transmission line.
The algorithm implemented in MATLAB computes distance to fault from sending end of the transmission line.
PMU calculates 1 phasor per cycle in a system of 50 Hz. Various types of faults (such as LG, line to line, line
to LG, three phase) with varying fault distances, fault inception angles and fault resistances have been simulated
to validate the proposed algorithm on all the line sections. The results are as shown in Table I.

%Error = (Actual Location - Estimated Location)/ Total Line Length [19]

Conclusion

This paper proposes a novel algorithm to detect section at fault and then computes the distance to fault on three-
terminal transmission line in sequence domain. The algorithm first detects the section at fault using the voltage-
magnitude comparison technique and confirms the same using secure phase current comparison [20]. Distance
to fault is then computed using positive sequence voltages and currents from the three-ends, appropriately
compensating the line charging currents. The proposed method has good accuracy in detecting section at fault
and locating the distance to fault for the tested cases.

« The algorithm detects all types of asymmetrical and symmetrical faults at varying distances and at varying
fault inception angles. * The location to fault is minimally affected by inclusion of fault resistance. * The efforts
of computation of distance to fault are less since the method is not iterative. *The algorithm is independent
of modelling of impedances behind the line terminals. « No assumption on source impedance is made.
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Section 1 Section 2 Section 3
Fault 45 90 45 90 45 90
Inception
Angle
(Degrees)
Fault 50 100 50 100 50 100 50 100 50 100 50 100
Resistance
(Ohm)
Fault Fault
Type Distance
(%)
LG 10 0.06 | 0.11 [ 0.09| 0.04 | 0.08 | 0.05 | 0.06 | 0.1 | 0.068 | 0.07 | 0.06 | 0.08
50 0.06 | 0.08 | 0.1 | 0.15 | 0.15| 0.08 | 0.09 | 0.12 | 0.06 | 0.08 | 0.07 | 0.07
90 0.07 | 0.05 | 0.07 | 0.065 | 0.06 | 0.07 | 0.08 | 0.05| 0.065| 0.05 | 0.03 | 0.06
LL 10 0.12 | 0.09 | 0.06 | 0.08 | 0.05| 0.08 | 0.09 | 0.16 | 0.04 | 0.08 | 0.07 | 0.09
50 0.09 | 0.045 | 0.05| 0.06 | 0.2 | 0.03 | 0.18 | 0.05| 0.09 0.1 |0.035|0.15
90 0.1 | 009 | 0.2 | 0.15 | 0.08 | 0.07 0.2 [0.12] 0.08 | 0.065| 0.1 |0.23
LLG 10 0.05| 0.08 [0.12| 0.1 |{0.09| 0.1 |0.065|0.05| 0.12 | 0.055| 0.05 | 0.08
50 0.09 | 0.05 [ 0.07| 0.2 | 0.06|0.045 | 0.035 | 0.07 | 0.06 0.1 0.07 | 0.2
90 0.08 | 0.09 | 0.16 | 0.2 03 | 0.15 | 0.08 | 0.17 | 0.2 0.08 | 0.05 | 0.22
3 PHASE 10 027 | 0.13 [ 0.16 | 0.08 | 0.23 | 0.13 | 0.16 | 0.08 | 0.16 | 0.07 | 0.23 | 0.25
50 0.08 | 0.17 | 0.07 | 023 | 0.13 | 0.2 0.09 | 0.08 | 0.06 | 0.12 | 0.08 | 0.09
90 02 | 0.18 | 0.08| 0.08 | 0.1 | 0.25 | 0.18 | 0.07 | 0.23 | 0.15 | 0.25 | 0.1

Table 1: Performance of Proposed Algorithm for Varying Fault Types, Fault Locations and Fault
Inception Angles

Appendix

The simulated system is referred from [5] with system as in Fig. 4 and parameters as in Table 2.

Figure 4: Simulated System

Component | Parameter Positive Zero
Sequence Sequence
Line r((©)/km) 0.0275 0.275
resistance
Line L((mH)/km) 1.00 3.27
inductance
Shunt C((nF)/km) 13 8.5
Capacitance
Terminal x 7x(Q) (1.31+j15) | (2.334j26.6)
Terminal y Zy(Q) (2.62+j30) | (4.5+j53)
Terminal y 72(Q) (7.87+j90) | (14+j160)

Table 2: System Parameters

Phase angle of EMF of terminal x = 0 degree.

Phase angle of EMF of terminal y = -20 degrees.
Phase angle of EMF of terminal z = -30 degrees.

13
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