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Abstract

This paper presents a new method to find fault location on a two- or three-terminal
transmission line. The method uses phase currents and voltages recorded by digital
protection or digital fault recorder at the line terminals. The advantage of the method is
that accuracy of calculated fault location is immune to fault resistance and mutual
coupling inductance from other paralleling circuits. Positive sequence impedance of the
line is only requirement as setting value to locate the fault. The new method has been
verified with numerous actual fault data and it can be used to provide efficient tool for
line fault patrolling purpose in field.
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1.0 Introduction

There are a great number of digital protections equipped on power transmission lines in
Hydro One grid. Fault location scheme has been embedded in typical digital line
protections. However, the digital relays often can not report accurate fault location due to
many factors, such as fault resistance, zero sequence mutual inductance coupling, multi-
terminal sources in-feeding and etc.

Even though many methods have been developed to locate the fault, Takigi algorithm
based on single-ended voltage and current is a standard solution in most of digital line
protections [1]. The method generally uses voltages and currents at the relay location of
one side of the line. Information from remote end is not used due to unavailable
communication or other factors. The advantage of the single-ended method is that the
relay can report fault location immediately after the fault occurs. The disadvantage of the
method is that a significant estimate error appears when mutual coupling between
paralleling circuits or other factor mentioned above exists. The error of reported results is
often too high to be acceptable for fault patrolling purpose.

Many algorithms have been proposed to compensate or model the effect of mutual
coupling from other lines. However, the mutual coupling effect is a very complex issue.
At Hydro One, it is very common that more than two circuits parallel with each other.
The paralleling circuit may have different voltage levels. They also do not parallel in
entire way of line in fact. It also is not feasible to introduce current or voltage from other
circuit to relay at faulted circuit. These factors make it very difficult to model or
compensate effect of mutual coupling from other circuits.

[2] proposed a fault location algorithm for parallel lines based on negative sequence
currents and voltages from each terminal. It is very obvious that the calculation result is



immune to mutual coupling from other lines. However, the algorithm uses source
impedances behind the digital protection at each terminal. For a complex transmission
grid, the source impedance may not be a fixed parameter like line impedance. The
equivalent source impedance varies with fault location. Deviation on setting will result in
significant calculation error.

This paper proposes a new algorithm for fault location for two- or three-terminal
transmission lines. The algorithm uses currents and voltages recorded by digital
protection relays or digital fault recorders at each end of the line. The accuracy of
calculated fault location is not affected by fault resistance and mutual coupling
inductance from other paralleling circuits. Only positive sequence impedance of lines is
required as unique setting value.

Even though the algorithm uses fault data from remote terminals, synchronization of
sampling is not required as the proposed method provides a way of aligning the
asynchronous sampling data from relay at each terminal. The fault data can be obtained
from different types of microprocessor-based relays or digital fault recorders.

Unlike some of other algorithms based on mutual coupling model, this algorithm is built
to eliminate effect of mutual coupling from other circuit. Therefore, accuracy of model of
mutual coupling does not affect result of the fault location.

The new algorithm is mainly used for offline calculation of fault location. It has been
validated with numerous actual fault data.

Because both phase-to-phase fault and three-phase fault do not create trouble for fault
location calculation, only single phase to ground fault is discussed in this paper.

2.0 Fault Location Algorithm for Two-Ended Circuit
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Figure 1 Two-Ended System

For a two-ended line as shown in Figure 1,
At terminal S:



Ugs =Ui —1s-mZy 1)
At terminal R:

U(/:FR:U(pR_IgoR'(l_m)ZlL 2
Where, for single phase to ground fault, e.g., AG fault,

U(pFS :UAFS _UOFS :UlAFS +U2AFS

U(pFR =U er =Uorr =Uiarr U o

Uk =Ups =Ugs =U s +U s

3
U(pR :UAR _UOR :UlAR +U2AR
I(pS = IAS - Ios = I1As + I2As
I(pR = IAR - IOR = IlAR + I2AR

Subscripts 0, 1 and 2 in (3) and later equations stand for zero, positive and negative
sequences respectively. mZ,, is positive sequence line impedance between terminal S and
fault point F. At the point F, voltage calculated with fault data recorded by relay S and R
must be equal. After considering alignment of relay S and R data, we have

Ug—lg-mZy =Ug—lz-A-mZ,)-e? (4)

Where, ¢is sampling synchronization compensation angle between two terminals. It
represents phase difference between data sampled by two relays sample to a voltage or
current. o keeps unchanged as power load varies and fault occurs if every digital
protection uses a fixed sampling rate.

Sampling synchronization compensation angle ¢ can be calculated by using non-faulted
phase quantities.

U\I’S_I‘I—’S'ZlL:U‘YR'ej(S (5)

For example, for phase A to ground fault,
Uys =Ugs —Ugs =(a* _a)'(Uls —Uy)

lys = lgs —les =(@° =) (g — 1) (6)
Upr =Ug —Uer =(a% —a)- (U, —Uy)
Therefore,
ej5:U\ys_|\1’s‘ZlL (7)
U e

Similarly, we can calculate ¢ for phase B or C to ground fault.
From (4), we have,

Ug-Ug-14s-2,)€"
m=Ye Ve lwZu) ®)
(s +1,5-€%)-2,,

According to (7) and (8), it is not necessary to calculate value of & because only e’
instead of & is needed in (8).




Because both zero sequence voltage and current have been eliminated in (3) and (6), only
positive and negative sequence quantities are used to assess the fault location, mutual
coupling from other circuit does not influence accuracy of fault location. Therefore, the
algorithm is suitable for both simple single line and line with other paralleling circuit
nearby.

Equation (4) is satisfied without assuming any condition about fault resistance at fault
point. Therefore, accuracy of this algorithm is not influenced with fault resistance. From
(4) and (8), it is very apparent that positive sequence line impedance Z,, is unique setting

value.

3.0 Algorithm to Three-Terminal Line
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Figure 2 Three-Terminal Power Transmission System
3.1 Faulted Section Selection

For a three-terminal transmission system as shown in Figure 2, first step is to find faulted
section. When a fault occurs on section S-J, joint point J voltages calculated with
sampling data from terminals P and Q are same as actual voltage. However, calculated
voltage of J point based on sampling data of relay at Terminal S is different from actual
voltage because the fault insolates two points. The nearer the fault to terminal S, the
greater the difference between actual voltage and calculated voltage is. Therefore, faulted
section can be selected by method below.

At Terminal S:

U(/A]SZUgoS_I(pS'ZlLS (9)
At Terminal P:

Uue =U o — 1o Zys (10)
At Terminal Q:

Uuo =Yoo o - Zug (11)



Where, for single phase to ground fault, e.g., AG fault,
Uws =U AJS _UOJS = UlAJS +U2AJS

U(pJP :UAJP _UOJP :UlAJP +U2AJP

U(NQ :UAJQ _UOJQ :UlAJQ +U2AJQ
U¢s =U s —Ugs =Ujps +Up

U(pP:UAP —Ugp =Upp +U (12)
Uf/)Q =UAQ _UOQ :U1AQ +U2AQ

|¢5 = IAS - Ios = IlAS + I2AS

I(pP =lpp —lop =lipp + lopp

I(/)Q = IAQ - IOQ = IlAQ + I2AQ
From Figure 2, if a fault falls on section SJ, then

||U(pJS |_|U@Q ||>||U¢JP |_|U@Q ||<||U¢as |_|U¢JP ” (13)
Similarly, if a fault falls on section PJ, then

U e | =1U g [IP1U s [=1U g [I<I1U s [ =1V e |l (14)
Similarly, if a fault falls on section QJ, then

U g [ =1U s [TV s | = 1U e IV g [ = TU g |l (15)
If a fault exactly falls on junction J, then

|U¢JQ =] UgoJS =] U@P | (16)

When a fault does not fall on any of three line sections, (16) also is satisfied. However, it
is not a problem because we will not start calculation of fault location if the fault does not
occurs on this circuit.

3.2 Fault Location Algorithm for Three-Terminal Circuit

Similarly with two-terminal system, we can align voltage and current at three ends with
non-faulted phase sampling data as below. Let us take a phase A to ground fault as an

example.
At terminal S:

Uws =U BCS IBCS 'ZlLs (17)
At terminal P:

Ugp =Upgep = locp ~Zuip (18)
At terminal Q:

U‘PJQ =U BCQ IBCQ 'ZlLQ (19)

Where,U ;s ,Uypand Uy, are voltages of joint point J calculated with voltage and
current samplings of terminals S, P and Q respectively.

If we take terminal S as reference, we have
_ ip
U wip — U gy "€
_ ia
U wiQ — u g5 "€



That is,

ef =U wap U s (20)
e =U 0 /U s (21)
If a fault occurs on line section SJ, we can establish fault equation similar with (4),
qus—l(ps-mZIL:UW—I{N-(1—m)ZlL (22)
Where,
1 y N
U, =E(Uwp-e1p+UwQ-eJq) (23)
Iy =lp-eP+1,-e7" (24)
From (22), fault location can be found as below.
m:U(/;S_(ngJ_I(pJ'ZlLS) (25)

(s +1,5)Zys
Similarly, we can find the fault location when a fault happens on other sections.

4.0 Examples

The fault location algorithms proposed above are validated with actual fault data recorded
by micro-processor-based line protection in Hydro One grid. Fault causes actually were
found according to re-calculation result.

4.1 115kV Three-Terminal Parallel Transmission Lines

. Gerrard Jairit m
Leazide TS Us Hearn 55
357 lem J 2.930km | C
e o
== Ih
B
o
W
e
[=
[N]
Cecll TS

Figure 3 Three-Terminal Parallel Circuits

A single phase C to ground fault occurred on 115kV circuit as shown in Figure 3. Other
parallel lines are not shown.

Fault location results reported by digital line protections at each terminal were:
Leaside TS: 7.87km;



Hearn SS: 2.80km;
Cecle TS: 1.66km.

Because three relays indicated conflict fault location results, the new algorithm was used
to re-calculate the fault. The fault was found according to new calculation result.
Following shows some faulted section decision and fault location result.
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Figure 4.b Currents and Voltages at Leaside
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Figure 4.c Currents and Voltages at Hearn

The fault voltages and currents recorded by protections at three terminals were shown in
Figure 4a, 4b and 4c.

Figure 5 shows non-faulted phase voltages at Joint Gerrard calculated with sampling data
from each terminal by using (17), (18) and (19). The top waveforms are instantaneous
values and low waveforms are magnitude values of the voltages.
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Figure 5 Joint Point VVoltage Calculated from Each Terminal



From the waveforms, it is very clear that the calculated voltages have same magnitude
but with different phase angles. It is necessary to align them according to (20) and (21)
for next step of fault calculation.
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Figure 6 Aligned Currents and Voltages of Joint Point

Faulted phase voltages at Joint Point Figure 6 have been compensated with sampling
synchronization angles according to (20) and (21). The three voltages almost completely
overlap. According to (16), the fault should falls around Joint point.
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Figure 7 Fault Location to Hearn



In order to verify how

far the fault is to the Joint, Hearn section is chosen to calculate the

fault location according to (13)-(15), the final result is shown in Figure 7. The distance

between the Joint to

the calculated fault location is about 50 meters. Accuracy of

calculation is 1.7%. The fault was finally found according to new calculation result at the

Joint.

4.2 115 kV Two-Terminal parallel Line with Tapped Load Transformers

On September 3, 2007, line Q5B experienced 4 trips due to faults by lightning. Line
configuration is shown in Figure 8. Fault locations reported by digital line protections are

in Table 1.

Table 1 Fault Location Results By Line Protection

Fault # Birch TS (km & %) Thunder Bay SS (km & %)
1 10.24(75.3%) 10.89(80.1%)
2 10.08(74.1%) 10.62(78.1%)
3 10.00(73.5%) 10.58(77.8%)
4 9.98(73.4%) 10.60(77.9%)
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Q3B —— James —
3 44km 8.16km
iB
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Figure 8 Parallel Lines Q5B with Tapped Load Stations

From Figure 8, it is very clear that results in Table 1 is not acceptable for fault patrolling
because sum of distance from fault point to two ends is much larger than line length.
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Figure 10 Fault Currents and voltage at Thunder Bay

Because there is no fault data from tapped stations, we recalculated the fault location
according to two-ended algorithm (8). New result shown in Figure 11 indicates that the
fault should fall around James Joint or the short section of line from the James Joint to

Bowater TS.

11



krn

9 T T T T T T T T
I I | I
| | | |
: M\J’W";_/,\
|
ikl REEELEE R Rl EEtE EEEL LR EEE EEEE R EEEY EEEL EEE R =
| | | |
| | | |
i
Fll R e h L L LT PR PR SRR SR P P Ehaar —
i
|
i
S AP AP AP (PR SRS SRR U (R S .
h
|
i
|
[ I S AR O SR 00 RO SUSUPUOR PRI [N S -
|
i
|
R e T it EECEEEE EEEPEFEE PR FEEE PR —
i
|
i
T U AP AP SR SR U R SO .
h
|
i
|
el e bkl LEEEE T R Ry L e e e e CE ey TP —
|
|
i
L el R R e Litls tLbt CECE T —
i
|
i
D | | | | | ] | | —

0 20 40 =] 20 100 120 140 160 180
sampling point - red+FL-birch, green+L-thb

Figure 11 New Calculation Results of Fault Location

If the fault occurs on section between James and Bowater TS, further calculation will be
required. Because there was no information from Bowater TS, we will use single-ended
Takigi method [1]. The method needs voltage and current at James. We calculate them as

below.

.
—_—
g
. R
(m.Z-.-l- 108 I0R (:_’1-1]132311
Ma T &=
- e
@“ mZ0L - (1-m)Z0L
0% TR
If

Figure 12 Parallel Line with Tapped Load

In Figure 12, I0P and ZOM represent total equivalent mutual coupling effect from other

parallel lines.

For left side of the junction J,

12



Ugy =Ugs —Mlgs - Zop =Ml - 2y (26)
For right side of the junction J,
U, :UOR_(l_m)IOR'ZOL+(1_m)|0P'ZOM (27)
Here, m is ratio of distance between J and S to whole line length. mis a known constant.

For convenience on writing, all voltages and currents have been compensated by
sampling synchronism angle.

Because both 1,,and Z,,, are mysterious to us, they should be eliminated. From (26) and
(27), we have,

Ug, =(@-mUgs + MU —m@-m)(los + log) - Zo, (28)
Therefore, voltage and current to fault point at the junction J are

U, =U,; -Uy)+Uy,

(U(/)S _UOS)_(I¢7S - Ios)'mzll_ +(U¢>R _UOR)_(I(/)R - IOR)'(l_m)ZlL
= 2 +U0J
IJ12 = IlJ + IZJ = I(/)S - Ios + I(/JR - IOR

e =1gy =los + 1oz
(29)
Fault location from the junction J can be found according to Takigi method [1],
U I
Im(I—J) =n-Im( |“2 2, +Zy,) (30)
f f
That is,
Im(:)
n= ! (31)

|
Im(%-z1J +Z,;)
f
Here, Z,;andZ,;are total positive and zero sequence impedances from J to the

transformer terminal at the tapped load station. Im in (30) and (31) stands for imaginary
part of a complex number.
nis percentage distance from the junction J to fault point.

Because we already consider the effect of other parallel circuits in (26) and (27), result
of fault location from (31) should be accurate.

Maximum zero sequence current will flow on this faulted section. Mutual coupling from
other circuit to the short faulted line shall be ignorable. The calculation result is shown in
Figure 13. It is very close to 1.6 km. The fault was finally located at end of the circuit at
Bowater. The calculated location is exactly same as real fault point.
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Figure 13 Final Calculation Result of Fault Location
5.0 Conclusions

A new algorithm of fault location is developed for two- or three-terminal circuits. It has
following advantages:

1. It uses samplings of phase voltages and currents from each terminal of the line.
Synchronization of sampling is not required. Therefore, it is not necessary to install
additional synchronization devices.

2. An Alignment algorithm of the samplings is proposed to compensate sampling
synchronization angle. The algorithm uses non-faulted phase current and voltage so that
the higher compensation accuracy can be guaranteed because non-faulted phase voltage
has higher value.

3. The algorithm does not need source impedances behind the relays. Positive
sequence impedance of line is only requirement for fault location calculation.

4. The new algorithm is not influenced with fault resistance, mutual coupling
from other lines.

5. The algorithm of fault location can be used to accurately measure fault location
for two or three terminals circuit with or without parallel circuit.

The algorithm of fault location has been verified with numerous actual fault data
and simulation with high accuracy. Therefore, it can be used as a tool for fault patrolling
purpose.

14



6.0 Acknowledgement

The Authors would appreciate Dr. Lianxiang Tang and Dr. Marti Luis for reviewing
earlier version of this paper.

7.0 References

[1] T. Takigi and et al, “Development of a New Type Fault Locator Using the One-
Terminal Voltage and Current Data,” IEEE Transactions on Power Apparatus and
Systems, Vol. PAS-101, No. 8, August 1982, pp. 2892-2898.

[2] D.A. Tziouvaras, and et al, “New Multi-Ended Fault Location Design for Two- or
Three- Terminal Lines.” Proceedings of the 15™ Annual Western Protective Relay
Conference, Spokane, WA, October 24-27, 1988.

8.0 Biographies

Fenghai Sui joined in Hydro One Networks Inc. in 2006. Before he came to Canada, Mr.
Sui worked in Nanjing Automation Research Institute (NARI), China as a senior
protection development engineer. He currently is a network management engineer in
Hydro One Inc, Ontario, Canada. Mr. Sui is a registered professional engineer in Ontario.
Mr. Sui is a senior IEEE member.

Aaron Cooperberg joined Ontario Hydro (predecessor of Hydro One Inc.) in 1977,
working in the protection design group for 21 years. In 1998, he transferred to the newly
created Asset Management department at Hydro One as a senior network management
engineer. Mr. Cooperberg is currently manager of protection and control planning. He is
registered with professional engineers Ontario with a license in protective relaying
systems design.

15



Appendix: Prove Equation (5)
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Figure A.1 Two-Terminal System Model

When phase A to ground fault occurs at point F,

UAS :U15 +Uzs +Uos
Ug =a’U +aU,g +U
Ucs =aU +a’U,s +U
UAR :UlR +U2R +U0R
Ug =a°Uy, +aU,, +Uq

2
Ucr =aU +a’U,, +U g,

(A-01)

IAS:|18+IZS+IOS
.2

lgs =al g +al,g + 1

l..=al.+a%l,. +1

Cs 18 28 0s
(A-02)

IAR:|1R+|2R+IOR

2
lgr =@l g +al,z + 1

leg =alg +a%1,, + g
For non-faulted phases B and C,

lgs +152 =0

A-03
les +1g =0 ( )
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Therefore,

UBCS :UBS _ch = (az _a)(Uls _Uzs)
UBCR =UBR _UCR = (a2 _a)(UlR _UZR)

X (A-04)
IBCS = IBS - Ics :(a _a)(lls - |2s)
locr = lgr — I = (@’ —a)(lig —1R)
IBCS + IBCR =0 (A'O5)
U BCS IBCS 'mzlL + IBCR '(1_ m)ZlL =U BCR (A'OG)
That is,
U BCS IBCS 'ZlL =U BCR (A'O7)

After considering sampling synchronism compensation angle, we can obtain equation (5).

As difference values of two phase voltages and currents are used in (A-07), zero
sequence current and voltage have fully been eliminated. Therefore, it is very obvious
that equation (A-07) will not been affected with mutual coupling from paralleling and
fault location on faulted line.
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