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(57) Abstract: In the field of power transmission schemes there is provided a method of locating a fault in a multi-terminal electrical
power transmission scheme (10) in which each terminal (T1, T2, T3, T4, T5, T6) is connected with a junction (J1, J2, J3, J4) via a
power transmission section (12) and the or each junction (J1, J2, J3, J4) interconnects a plurality of power transmission sections (12),
the method comprising the steps of: (a) measuring the voltage and current at each terminal (T1, T2, T3, T4, TS5, T6); (b) calculating
from the measured voltage and current at each terminal (T1, T2, T3, T4, TS5, T6) corresponding voltage and current phasors (V1, [1, Vo,
Ip); (¢) determining from the calculated voltage and current phasors (V1, I1) a synchronisation difference (Tpl, Tp2, Tp3, Tp4, Tp5)
between the measured voltage and current at a designated terminal (T1 ) and the measured
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voltage and current at the or each other terminal (T2, T3, T4, T5, T6); (d) modifying the calculated voltage and current phasors (V1,
I;) to compensate for the or each synchronisation difference (Tpl, Tp2, Tp3, Tp4, Tp5); and (e) determining from the compensated
voltage and current phasors (Vsyn, ITsyn) the location of the fault.
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METHOD OF LOCATING A FAULT IN A POWER
TRANSMISSION SCHEME

This invention relates to a method of locating a fault in a multi-terminal power

transmission scheme.

According to an aspect of the invention there is provided a method of locating
a fault in a multi-terminal electrical power transmission scheme in which each
terminal is connected with a junction via a power transmission section and the
or each junction interconnects a plurality of power transmission sections, the

method comprising the steps of:
(a)  measuring the voltage and current at each terminal;

(b)  calculating from the measured voltage and current at each

terminal corresponding voltage and current phasors;

(c) determining from the calculated voltage and current phasors a
synchronisation difference between the measured voltage and current at a
designated terminal and the measured voltage and current at the or each other

terminal;

(d) modifying the calculated voltage and current phasors to

compensate for the or each synchronisation difference; and

(e) determining from the compensated voltage and current phasors
the location of the fault.

The voltage and current at each terminal are typically recorded, i.e. measured,
by a disturbance recorder in a respective relay, i.e. a respective circuit breaker,
which is operatively deployed with each terminal. More particularly the voltage
and current values are usually recorded in a COMmon format of TRAnsient
Data Exchange (COMTRADE) format which provides for universal readability
of the underlying data.
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The method of the invention makes use of such readily available data to allow
for the off-line determination of a fault location within an electrical power

transmission scheme.

Preferably step (a) of measuring the voltage and current at each terminal
includes resampling the measured voltage and current from one or more

terminals.

The voltage and current data, e.g. the COMTRADE data, from different
terminals may have been obtained at different sampling rates, for example if
the associated relays are produced by different manufacturers. Resampling the
measured voltage and current data from one or more terminals desirably
permits all of the data to thereafter have the same equivalent sampling rate,
and so facilitates subsequent use of all the data in the method of the invention.

Optionally the power transmission scheme is a multi-phase power transmission

scheme, and

step (a) of measuring the voltage and current at each terminal includes
measuring the voltage and current of each phase at each terminal, and

step (b) of calculating from the measured voltage and current at each
terminal corresponding voltage and current phasors includes converting the
measured phase voltages and phase currents into respective phase phasors
and then transforming the phase phasors into respective positive and negative
sequence voltage phasors and positive and negative sequence current phasors.

The method may further include the step of determining from the measured
phase currents whether a fault has occurred and if a fault has occurred whether
it effects all phases.

In a preferred embodiment of the invention if the fault effects all phases then
the positive sequence voltage and current phasors are used in subsequent
steps of the invention, otherwise the negative sequence voltage and current
phasors are used.
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Positive sequence voltage and current phasors are always available,
irrespective of the type of fault. Otherwise, so long as the fault does not effect
all phases then the negative sequence voltage and current phasors are used in
subsequent steps of the invention because they desirably omit load

components and so are contaminated to a lesser extent under fault conditions.

Step (c) of determining from the calculated voltage and current phasors a
synchronisation difference between the measured voltage and current at a
designated terminal and the measured voltage and current at the or each other

terminal may include:

- calculating, with respect to the designated terminal, an equivalent
current flowing at the or each other terminal;

- equating, in respect of the or each other terminal, a sum of the
measured current and the calculated equivalent current to zero according to

Kirchhoff’s first law; and

- extracting, in respect of the or each other terminal, a
synchronisation difference between the measured voltage and current at the
designated terminal and the measured voltage and current at the said

respective other terminal from a corresponding equated sum of currents.

The calculation, with respect to the designated terminal, of an equivalent
current flowing at the or each other terminal, provides the method of the
invention with a desired degree of scalability and so permits its use with a wide
range of different power transfer scheme configurations having, e.g. a
significantly different number of terminals and/or junctions interconnecting

those terminals

Meanwhile, equating, in respect of the or each other terminal, a sum of the
measured current and the calculated equivalent current to zero according to
Kirchhoff’s first law readily and reliably permits the subsequent extraction of a
corresponding synchronisation difference.
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Preferably calculating, with respect to the designated terminal, an equivalent
current flowing at the or each other terminal includes establishing an equivalent

admittance matrix for the power transmission scheme.

The utilisation of an equivalent admittance matrix for the power transmission
scheme to calculate an equivalent current flowing at the or each other terminal,
has the benefit of removing from such a calculation any unknowns, e.g.
regarding the status of current flow, in respect of the or each corresponding
equivalent current, and so permits in a subsequent step the ready extraction of
a corresponding synchronisation difference since the associated equated sum
of currents can be manipulated to include only one unknown, i.e. the required

synchronisation difference.

In another preferred embodiment of the invention step (e) of determining from
the compensated voltage and current phasors the location of the fault includes:

- designating a terminal at a first end of the power transmission
scheme as a first end terminal and a terminal at a second end of the power

transmission scheme as a second end terminal;

- obtaining a first set of voltage phasors, wherein the first set of
voltage phasors includes the compensated voltage phasor at the first end
terminal and further includes respective voltage phasors at each of the second
end terminal and the or each junction that are determined based on the
compensated first end terminal voltage phasor;

- obtaining a second set of voltage phasors, wherein the second
set of voltage phasors includes the compensated voltage phasor at the second
end terminal and further includes respective voltage phasors at each of the first
end terminal and the or each junction that are determined based on the
compensated second end terminal voltage phasor; and

- comparing the first and second sets of voltage phasors to identify
the power transmission section or junction corresponding to the location of the
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fault, wherein each voltage phasor of the first set of voltage phasors is
compared to the respective voltage phasor of the second set of voltage phasors
that corresponds to the same end terminal or junction.

These steps not only result in efficient determination of the location of a fault in
a power transmission scheme, but also are accurate due to the consideration
of the distributed parameters of the power transmission scheme. In addition
these steps are readily scalable to accommodate different topologies of power
transmission scheme. The latter is particularly advantageous for use in a power
transmission scheme with a complex layout, such as a multi-ended power

transmission scheme.

These steps therefore permit quick determination of the location of a fault in a
power transmission scheme, which reduces the time required to locate and
repair the fault and thereby minimises the downtime of the power transmission

scheme.

The method may further include the step, if a given power transmission section
is identified as the location of the fault, of determining the distance of the fault
along the power transmission section using corresponding voltages and

currents of an equivalent two-ended system.

Such a step identifies with even more accuracy the location of the fault, and so
reduces the time taken to find and deal with the said fault.

There now follows a brief description of preferred embodiments of the invention,
by way of non-limiting example, with reference being made to the following
figures in which:

Figure 1 shows a schematic representation of an example multi-terminal

power transmission scheme;

Figure 2 shows a schematic view of an overall structure of a method

according to a first embodiment of the invention;
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Figure 3 shows various steps which take place within a second block

shown in Figure 2;

Figure 4(a) shows various steps which take place within a fourth block

shown in Figure2;

Figure 4(b) shows a selection algorithm which forms one of the steps
shown in Figure 4(a); and

Figure 5(a) shows an initial admittance representation of the power

transmission scheme shown in Figure 1;

Figure 5(b) shows an equivalent admittance representation of the power

transmission scheme shown in Figure 1;

Figure 6 shows various steps which take place within a seventh block
shown in Figure 2; and

Figure 7 shows a schematic view of an implementation structure which

lies within an eighth block shown in Figure 2.

An example multi-terminal electrical power transmission scheme is designated

generally by reference numeral 10 and is shown schematically in Figure 1.

The power transmission scheme 10 includes first, second, third, fourth, fifth and
sixth terminals T1, T2, T3, T4, T5, T6 and first, second, third and fourth junctions
J1,J2, J3, J4. The terminals T1, T2, T3, T4, T5, T6 and junctions J1, J2, J3, J4
are interconnected with one another by respective power transmission sections
12, e.g. respective power transmission lines or other transmission conduits
such as underground cables. The voltage and current at each terminal T1, T2,
T3, T4, T5, T6 is measured and then recorded in the COMTRADE format.

Other multi-terminal power transmission schemes are also possible and the
method of the invention is equally capable of locating a fault in these other

power transmission schemes.
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Returning to the example power transmission scheme 10 shown, a method
according to a first embodiment of the invention locates a fault with the

transmission scheme 10.

The overall structure of the method is illustrated schematically in Figure 2 and
comprises the principle steps of:

(@) measuring the voltage and current at each terminal T1, T2, T3,
T4, T5, T6;

(b)  calculating from the measured voltage and current at each
terminal T1, T2, T3, T4, T5, T6 corresponding voltage and current phasors Vi,
I, Vo, I2;

(c) determining from the calculated voltage and current phasors V1,
I1 a synchronisation difference Tp1, Tp2, Tp3, Tp4, Tp5 between the measured
voltage and current, i.e. the recorded COMTRADE data, at a designated
terminal T1 and the measured voltage and current, i.e. the recorded
COMTRADE data, at each other terminal T2, T3, T4, T5, T6;

(d)  modifying the calculated voltage and current phasors V1, I1, V2, |2
to compensate for each synchronisation difference Tp1, Tp2, Tp3, Tp4, Tp5;

and

(e) determining from the compensated voltage and current phasors
V1syn, lTsyn the location of the fault.

More particularly, step (a) of measuring the voltage and current at each terminal
T1, T2, T3, T4, T5, T6, i.e. reading the COMTRADE data recorded at each
terminal T1, T2, T3, T4, T5, T6, additionally includes resampling the measured
voltage and current from one or more of the terminals T1, T2, T3, T4, T5, T6.

By way of example, such resampling may include determining the minimum

sampling rate of measured voltages and currents from all of the terminals T1,
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T2, T3, T4, T5, T6 and down sampling, as needed, the other measured voltages

and currents to the minimum sampling rate.

If the original sampling rate of one or more of the other measured voltages and
currents is not an integer multiple of the minimum sampling rate then
interpolation is needed. One possible interpolation algorithm (although others
may be used) is

x, (k)=x(n)+An[x(n+1)— x(n)]

resmp
where,
x(n) is a sample series to be resampled,;
Xresmp IS the sample series after resampling;
n is floor[kfs/fmin];
An is kfs/fmin-n;
fs is the original sampling rate; and
fmin IS the minimum sampling rate

The example power transmission scheme 10 is a three-phase scheme
(although the method of the invention is also applicable to schemes having
fewer than or more than three phases), and so the aforementioned measuring
and resampling steps are applied at each terminal T1, T2, T3, T4, T5, T6 to
each phase a, b, c. The aforementioned measuring and resampling steps for
each terminal T1, T2, T3, T4, T5, T6 take place inside a first block 14 within the

overall structure shown in Figure 2.

Thereafter, step (b) of calculating from the measured voltage and current at
each terminal corresponding voltage and current phasors takes place within a
second block 16, and more particularly includes converting the measured
phase voltages Vac and phase currents lae into respective voltage phase
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phasors Va,, Vb, Ve and current phase phasors lj, Iv, lc, and then transforming
the voltage phase phasors Vi, Vb, V¢ into respective positive and negative
sequence voltage phasors Vi, V2 and the current phase phasors la, Ip, Ic into

respective positive and negative sequence current phasors I, I2.

One way of converting the measured phase voltages Vanc into respective
voltage phase phasors Va, Vb, V¢, and the measured phase currents lac into
respective current phase phasors lj, Ib, lc, is to apply a Fourier transform of the
type illustrated schematically in Figure 3.

More particularly, by way of example, the algorithm for the COS filter is
2 ¥ 27k 7
XCOS(n) = ﬁ;x(n —-N+ k)COS(T_ﬁ)

with the real and imaginary parts of each phasor Va, Vi, Vq, I3, Ib, Ic being

Xpe(n) =X o5 (n—1)
XM =[Xeps(n=2) = X (s (m)]- K

where,
K'is 1/(2sin(2=/N)); and
N is the number of samples per cycle.

The three voltage phase phasors V., Vb, Vc can then be transformed into

respective positive and negative sequence voltage phasors V1, V2 according to

V=W, +aV, +a’V.)/3
V,=(V,+a’V,+aV.)/3

and the current phase phasors li, b, Ic can be transformed into respective
positive and negative sequence current phasors l1, I2 according to
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I, =0, +al,+a’l,)/3
I,=(,+a’l,+al)/3

In addition to the foregoing, the first embodiment method of the invention also
includes the step of determining from the measured phase currents l.nc whether
a fault has occurred and, if a fault has occurred, whether it effects all phases a,
b, c.

Determining whether a fault has occurred, which takes place within a third block
18 shown in Figure 2, may be carried out according to any technique well known
to a person skilled in the art, such as considering the sum of negative sequence
current, zero sequence current and phase current, or by considering delta

phase current.

Meanwhile, one way (if a fault is determined to have occurred) of determining
whether the fault effects all phases a, b, ¢ is to consider respective delta phase

to phase currents Ai,, Ai,., Ai, in the manner illustrated schematically in

ca

Figures 4(a) and 4(b). Such consideration takes place within a fourth block 20

in Figure 2.

More particularly, once respective delta phase to phase currents Ai,, Ai,., Ai_,

have be calculated according to

Aiy, (n) =[i,(m) =i, (m)]=[i,(n=N)—=i,(n=N)]
Aiy(n) =[i,(n) =i.(m)]=[i,(n = N) —i.(n = N)]
Ai,(n) =[i.(n) =i, (W] =[i.(n=N) —i,(n—N)]

where N is the number of samples per cycle,

then Root Mean Squared (RMS) values of delta phase to phase currents A/, ,
Al,., Al are calculated, e.g. using a half-cycle Fourier integral as shown

below

10
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X puys () :ﬁz x(n—ngk)‘

where N is again the number of samples per cycle.

Other ways of calculating Root Mean Squared (RMS) values of delta phase to

phase currents A/, , Al,., Al are also possible, however, such as a one-

cycle Fourier method or by a norm calculation.

Thereafter the or each faulty phase may be determined by applying the
selection algorithm illustrated schematically in Figure 4(b), i.e. so as to identify
a single phase fault to ground AG, BG, CG; a two-phase fault between two
phases or between two phases and ground AB/ABG; BC/BCG, CA/CAG; or a
three phase fault ABC.

If the fault effects all phases a, b, ¢ then the first embodiment method of the
invention determines that the positive sequence voltage and current phasors
V1, |1 are to be used in subsequent steps of the method. Otherwise, i.e. if some
other fault of those identified above occurs, the method of the invention
determines that the negative sequence voltage and current phasors Vo, |2 are
to be used subsequently in the method. Such determination of whether to use
positive or negative sequence phasors takes place within a fifth block 22 in the
Figure 2 structure and leads to the use in some subsequent steps of the method
of the invention of a selected voltage phasor Vt and a selected current phasor
I+ corresponding to each terminal T1, T2, T3, T4, T5, T6.

Meanwhile step (c), i.e. determining from the calculated voltage and current
phasors (e.g. the positive sequence voltage and current phasors Vi, |1) a
synchronisation difference Tp1, Tp2, Tp3, Tp4, TpS between the measured
voltage and current at a designated terminal T1 and the measured voltage and
current at each other terminal T2, T3, T4, T5, T6, takes place within a sixth
block 24 shown in Figure 2.

The main steps within step (c) are:

11
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- calculating, with respect to the designated terminal T1, an

equivalent current flowing at the or each other terminal T2, T3, T4, T5, T6;

- equating, in respect of the or each other terminal T2, T3, T4, T5,
T6, a sum of the measured current ijr1, iJr2, 1JR3, 1JR4, Iurs @nd the calculated
equivalent current iyr1_L, iJrR2_L, IJR3_L, 1JR4_L, IJr5_L tO Zero according to Kirchhoff's

first law; and

- extracting, in respect of the or each other terminal T2, T3, T4, T5,
T6, a synchronisation difference Tp1, Tp2, Tp3, Tp4, TpS between the
measured voltage and current at the designated terminal T1 and the measured
voltage and current at the said respective other terminal T2, T3, T4, T5, T6 from

a corresponding equated sum of currents.

For the purpose of describing step (c) in more detail the additional nomenclature
shown in Figure 1 is adopted with respect to the six terminals T1, T2, T3, T4,
T5, T6. More particularly, the designated terminal T1, i.e. the first terminal T1,
is referred to as a local terminal L and each of the other second, third, fourth,
fifth and sixth terminals T2, T3, T4, T5, T6 is considered respectively as a first,
second, third, fourth and fifth remote terminal R1, R2, R3, R4, R5.

It should be noted that the first terminal T1 need not necessarily be the
designated terminal, i.e. need not necessarily be referred to as the local
terminal L, and that in other embodiments of the method of the invention one of
the other terminals T2, T3, T4, T5, T6 may instead be the designated terminal
(and hence considered, for the purpose of identifying respective

synchronisation differences, as the local terminal L).

Calculating, with respect to the designated terminal (T1), an equivalent current
flowing at each other terminal T2, T3, T4, T5, T6, i.e. calculating respective first,
second, third, fourth and fifth equivalent currents ijr1 L, iR2 L, IJR3 L, iJR4 L, 1JR5 L
at each of the first, second, third, fourth and fifth remote terminals R1, R2, R3,
R4, R5, includes:

12
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establishing an equivalent admittance yer1, Yer2, YeRr3, YeRr4, Yers fOr each
remote terminal R1, R2, R3, R4, R5;

establishing an initial admittance matrix Yo with respect to the or each
junction, i.e. the first, second, third and fourth junctions J1, J2, J3, J4 in the

particular example embodiment shown;

combining the equivalent admittance yer1, Yer2, Yer3, Yer4, Yers for each
remote terminal R1, R2, R3, R4, R5 with the initial admittance matrix Yo to

establish an equivalent admittance matrix Ymod;
obtaining a local equivalent current iy; and

utilising the equivalent admittance matrix Ymod and the local equivalent
current iy to calculate the corresponding equivalent current ijr1 L, iJr2_ L, 1JR3 L,

iJr4 L, iJrs L for each remote terminal R1, R2, R3, R4, R5.

In terms of establishing an equivalent admittance yer1, Yer2, YeR3, Yer4, Yers fOr
each remote terminal R1, R2, R3, R4, R5, each of the currents ijr2, iJr3, iJr4,
iJrs measured at the second, third, fourth and fifth remote terminals R2, R3, R4,
R5 can be considered instead as a corresponding equivalent second, third,

fourth and fifth admittance yer2, Yer3, Yer4, YeR5.

The equivalent admittance yer1, Yer2, YeRr3, Yer4, Yers for each remote terminal
R1, R2, R3, R4, R5 may be established by a sample based method or a Fourier
based method.

By way of example, the method of the invention utilises a Fourier based method

whereby
i
JR1
YeR1 =3
¢ V]Rl
i
JR2
YerR2 =3
¢ V]RZ

13
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_ 1]R3
Yer3 = V
JR3
_ 1]R4
Yers = V
JR4
_ 1]R5
Yers = V
JR5

where,

1']R1 is the Fourier phasor of the measured current ijr1 at the first remote
terminal R1, i.e. is the positive sequence current phasor |1 corresponding to the
first remote terminal R1, which embodies a first synchronisation difference, e.g.
a first time difference Tp1, between the measured voltage and current at the
first remote terminal R1 and the measured voltage and current at the local

terminal L;

V]R1 is the Fourier phasor of the measured voltage vyr1 at the first remote
terminal R1, i.e. is the positive sequence voltage phasor V1 corresponding to
the first remote terminal R1 (which can be calculated from the COMTRADE
data for the first remote terminal R1), and which again embodies a first
synchronisation difference Tp1;

1']R2 is the Fourier phasor of the measured current ijr2 at the second
remote terminal R2, i.e. is the positive sequence current phasor I
corresponding to the second remote terminal R2, which embodies a second
synchronisation difference, e.g. a second time difference Tp2, between the
measured voltage and current at the second remote terminal R2 and the

measured voltage and current at the local terminal L;

V]R2 is the Fourier phasor of the measured voltage vyr2 at the second
remote terminal R2, i.e. is the positive sequence voltage phasor Vi
corresponding to the second remote terminal R2 (which can be similarly

14
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calculated from corresponding COMTRADE data), and which again embodies

a second synchronisation difference Tp2;

1']R3 is the Fourier phasor of the measured current ijrs at the third remote
terminal R3, i.e. is the positive sequence current phasor |1 corresponding to the
third remote terminal R3, which embodies a third synchronisation difference,
e.g. a third time difference Tp3, between the measured voltage and current at
the third remote terminal R3 and the measured voltage and current at the local

terminal L;

V]R3 is the Fourier phasor of the measured voltage vyr3 at the third
remote terminal R3, i.e. is the positive sequence voltage phasor Vi
corresponding to the third remote terminal R3 (which can be similarly calculated
from corresponding COMTRADE data), and which again embodies a third
synchronisation difference Tp3;

1']R4 is the Fourier phasor of the measured current iyjrsa at the fourth
remote terminal R4, i.e. is the positive sequence current phasor I
corresponding to the fourth remote terminal R4, which embodies a fourth
synchronisation difference, e.g. a fourth time difference Tp4, between the
measured voltage and current at the fourth remote terminal R4 and the

measured voltage and current at the local terminal L;

V]R4 is the Fourier phasor of the measured voltage vjrs at the fourth
remote terminal R4, i.e. is the positive sequence voltage phasor Vi
corresponding to the fourth remote terminal R4 (which can be similarly
calculated from corresponding COMTRADE data), and which again embodies
a fourth synchronisation difference Tp4;

1']R5 is the Fourier phasor of the measured current ijrs at the fifth remote
terminal RS, i.e. is the positive sequence current phasor |1 corresponding to the
fifth remote terminal RS, which embodies a fifth synchronisation difference, e.g.

a fifth time difference Tp5, between the measured voltage and current at the
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fifth remote terminal RS and the measured voltage and current at the local

terminal L; and

V]RS is the Fourier phasor of the measured voltage v,rs at the fifth remote
terminal R5, i.e. is the positive sequence voltage phasor V1 corresponding to
the fifth remote terminal RS (which can be similarly calculated from
corresponding COMTRADE data),
synchronisation difference Tp5.

and which again embodies a fifth

Thereafter, an initial admittance matrix Yo is established with respect to the first,
second, third and fourth junctions J1, J2, J3, J4, i.e. with respect only to the
power transmission sections 12 between adjacent pairs of junctions J1-J2, J2-
J3, J3-J4, in accordance with the initial admittance representation 44 of the

power transmission scheme (10) shown in Figure 5(a), to give:

Y2 +i - L 0 0
Zn Zn
1
- YT+t 1y I 0
Y. — 21 12 2 Zx
0 1 1 1
0 — Yy t——F—+yy —
Zn Zy3 Iy Z34
0 0 —L s
L Z34 34

Following such a step, the initial admittance matrix Yo is then combined with the
equivalent admittance yer1, Yer2, YeR3, Yer4, Yers for each remote terminal R1,
R2, R3, R4, R5 to establish an equivalent admittance matrix Ywmod in accordance
with the equivalent admittance representation 46 of the power transmission

scheme (10) shown in Figure 5(b), i.e.:

1 1
Yot~ Ve - 0 0
12 12
1 1 1 1
- Yot —Ft——+VntVm - 0
Yy = 212 Zp I 2y
Mod 1 1 1 1
0 - B B (VI ) -
3 Iy Iy Iy
1 1
0 0 - Vag T F Vops T Vers

e Iy
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Meanwhile the local equivalent current iy, i.e. a designated equivalent current,
is obtained from the measured current i at the local terminal L (available from
corresponding COMTRADE data) by using the measured current iL at the local
terminal L to calculate the local equivalent current iyL using a resistor-inductor
model of the power transmission section 12 between the local terminal L and
the first junction J1.

More particularly the power transmission section 12 between the local terminal
L and the first junction J1 is regarded as a resistor-inductor series-connected
circuit and, because the section is an overhead transmission line that is less
than approximately 50km, the shunt admittance can be neglected such that the

local equivalent current iy is given by
oL = iL

A similar resistor-inductor model can be used in other embodiments of the
method when applied to a network in which the corresponding section of
transmission medium between the local terminal and the first junction J1 is

defined by an underground cable that is less than approximately 3km.

In other embodiments of the method of invention, when applied to a network in
which the power transmission section between the local terminal and the first
junction is defined either by an overhead transmission line between
approximately 50km and 150km in length, or by an underground cable that is
between approximately 3km and 20km in length, the local equivalent current iy
can be obtained using a linear resistor-inductor-capacitor model of the
aforesaid section of transmission medium, i.e. the parameters of resistance,
inductance (or reactance) and shunt capacitance (or admittance) are
considered to vary linearly along the said section. Such a linear resistor-

inductor-capacitor model may also be known as a pi-equivalent circuit.

In such embodiments the local equivalent current i,. can be obtained by a
sample based method or by a Fourier phase based method.
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In terms of the Fourier phase based method, the local equivalent current iy is

given by
i]L = iL - YLVL/Z
where,

I, is the Fourier phasor of measured current i_ at the local terminal L, i.e.
is the positive sequence current phasor |1 corresponding to the local terminal
L;

V., is the Fourier phasor of measured voltage v at the local terminal L,
i.e. is the positive sequence voltage phasor V4, corresponding to the local

terminal L;
i]L is the Fourier phasor of the local equivalent current iy ; and

y. is the shunt admittance of the power transmission section 12 between
the local terminal L and the first junction J1.

With regards to the last parameter, i.e. the shunt admittance y,, this can be
determined by multiplying the admittance per length (which can be obtained
from the operator of the said power transmission section 12) by the total length
of the section.

In still further embodiments of the method of invention, when applied to a
network in which the power transmission section 12 between the local terminal
and the first junction is defined either by an overhead transmission line over
approximately 150km in length, or by an underground cable that is over
approximately 20km in length, the local equivalent current iy. can be obtained
using a distributed parameter model of the aforesaid power transmission
section 12.
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In such embodiments the local equivalent current i,. can be obtained by a
sample based method or by a Fourier phase based method, with the Fourier

phase based method yielding the local node current iy. according to
i]L = cosh(yD)i, — sinh(yD) V,./Zc
where,

I, is the Fourier phasor of measured current i_ at the local terminal L, i.e.

is the positive sequence current phasor |1 corresponding to the local terminal L;

V., is the Fourier phasor of measured voltage v at the local terminal L,
i.e. is the positive sequence voltage phasor Vi, corresponding to the local

terminal L;

y = ,/zy is the propagation coefficient of the power transmission section
12, with z being the impedance per length and y being the shunt admittance

per length of the power transmission section;

Zc = \/z/y is the character impedance of the power transmission section,
with z again being the impedance per length and y being the shunt admittance

per length of the power transmission section; and

D is the length of the power transmission section between the local

terminal L and the calculation node, i.e. the first junction J1.

The equivalent admittance matrix Ymoqa and the local equivalent current iy are
then utilised to calculate the corresponding equivalent currentijr1 L, iur2 L, IJR3 L,

irRa L, IJrs L for each remote terminal R1, R2, R3, R4, R5 by, first of all

determining an equivalent voltage V,, ,, ¥,, ,, V,; ,, V,, , at each junction

J1, J2, J3, J4 according to:
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VJLL _jJL_

Vis s 0

S = Ve and
VJ37L " 0|’
_I/J47L_ L O |

then determining each equivalent current ijr1 L, iJR2 L, IJR3 L, iJR4 L, IUR5 L

according to:

[JRLL = yeRlVJLL

5 [JR27L = yeRZVJ27L
[JR37L = yeR3VJ37L

[JR47L = yeR4VJ47L

Is 1= VarsVss s
where,

10 i]Rl_L is the Fourier phasor of the first equivalent current ijr1_L;
I;r2_, is the Fourier phasor of the second equivalent current ijra_i;
I']Rg_L is the Fourier phasor of the third equivalent current ijr3 L;
I']R4_L is the Fourier phasor of the fourth equivalent current ir4 ;
I']RS_L is the Fourier phasor of the fifth equivalent current ijrs 1; and

15 I, is the Fourier phasor of the local equivalent current i,

Thereafter, the step of equating, in respect of each remote terminal R1, R2, R3,

R4, R5 a sum of the measured current ijr1, iJr2, 1Jr3, IJrR4, IJrs and the calculated
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equivalent current iyr1_L, iJrR2_L, IJR3_L, 1JR4_L, IJr5_L tO Zero according to Kirchhoff's

first law, includes:

— for the first remote terminal R1, equating to zero the sum of the first

calculated equivalent current ijr1_L and the first measured current ijrq;

— for the second remote terminal R2, equating to zero the sum of the
second calculated equivalent current ijrz2 L and the second measured

current iyr2;

— for the third remote terminal R3, equating to zero the sum of the third

calculated equivalent current ijrs L and the third measured current ijrs;

— for the fourth remote terminal R4, equating to zero the sum of the fourth
calculated equivalent current ijr4 L and the fourth measured current ijr4;

and

— for the fifth remote terminal R5, equating to zero the sum of the fifth

calculated equivalent current ijrs L and the fifth measured current ijrs.

In other words, according to Kirchhoff’s first law the sum of all currents flowing
into the same node, i.e. the corresponding remote terminal R1, R2, R3, R4, R5,

must be zero such that in respect of the first remote terminal R1
R1 L+ iRr1 =0

in respect of the second remote terminal R2
iR2 L +ijr2=10

in respect of the third remote terminal R3
iRz L+ ir3 =0

in respect of the fourth remote terminal R4

R4 L+ ira=0
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and in respect of the fifth remote terminal RS
iRs L+ irs =0

Following the above, the step of extracting, in respect of each remote terminal
R1, R2, R3, R4, R5 a corresponding synchronisation difference, which in the
preferred embodiment described takes the form of a time difference Tp1, Tp2,
Tp3, Tp4, Tp5 (although in other embodiments it may instead be a phase
difference), between the measured voltage and current at the local terminal L
and the measured voltage and current at the said respective remote terminal
R1, R2, R3, R4, R5 from a corresponding equated sum of currents, i.e. from a
corresponding one of the sums set out above, includes considering the phase
of the said currents.

Accordingly, adopting a Fourier transform method to rewrite the sums set out
above in a phasor form, and utilising respective phasors of the measured
currents ijr1, iJrR2, IJR3, 1JR4, iUrs at each remote terminal R1, R2, R3, R4, R5 to
incorporate the corresponding synchronisation difference, i.e. corresponding
time difference Tp1, Tp2, Tp3, Tp4, Tpd gives, in respect of the first remote
terminal R1

i]Rl_L + i]RleijTpl = 0
where,
i]Rl_L is the Fourier phasor of the first equivalent current ijr1 1;

1']R1 is the Fourier phasor of the first measured current ijr1 at the first
remote terminal R1, i.e. is the positive sequence current phasor I

corresponding to the first remote terminal R1; and
fis frequency of the currents ijr1 L, iJr1,
in respect of the second remote terminal R2

i]RZ_L + 1.]R23jw0T7‘Jz =0
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where,
i]RZ_L is the Fourier phasor of the second equivalent current ijr2 ;

1']R2 is the Fourier phasor of the second measured current ijr2 at the

second remote terminal R2, i.e. is the positive sequence current phasor I

5 corresponding to the second remote terminal R2; and
f is frequency of the currents ijrz 1, iJr2,
in respect of the third remote terminal R3
Ijrs_ + [jpze/ @03 = 0
where,
10 I']Rg_L is the Fourier phasor of the third equivalent current ijr3 ;

1']R3 is the Fourier phasor of the third measured current ijr3 at the third

remote terminal R3, i.e. is the positive sequence current phasor I
corresponding to the third remote terminal R3; and

f is frequency of the currents ijr3 L, iJr3,
15 in respect of the fourth remote terminal R4
Iirat + [ra€? @04 = 0
where,
I']R4_L is the Fourier phasor of the fourth equivalent current ir4 ;

1']R4 is the Fourier phasor of the fourth measured current ijrs4 at the fourth

20 remote terminal R4, i.e. is the positive sequence current phasor I

corresponding to the fourth remote terminal R4; and

fis frequency of the currents ijr4 L, iJrs4, and
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in respect of the fifth remote terminal RS

i]RS_L + i]RSeijTPS = 0

where,

I']RS_L is the Fourier phasor of the fifth equivalent current ijrs_1;

I'JR5 is the Fourier phasor of the fifth measured current ijrs at the fifth
remote terminal R5, i.e. is the positive sequence current phasor I

corresponding to the fifth remote terminal R5; and
fis frequency of the currents ijrs_L, iJrs.

Each of the foregoing sums is then rearranged to give the corresponding time
difference Tp1, Tp2, Tp3, Tp4, Tpb, i.e. such that the first time difference Tp1

is given by

_ arg(_i]Rl_L/i]Rl)
Pl 2nf

where arg gives the angle of the aforementioned Fourier phasors,

the second time difference Tp2 is given by

_ arg(_i]RZ_L/i]RZ)
p2 2nf

the third initial time differenceTp3 is given by

_ arg(_i]R3_L/i]R3)
p3 2nf

the fourth time differenceTp4 is given by

_ arg(_i]R4_L/i]R4)
p4 2nf
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and such that the fifth time differenceTp5 is given by

_ arg(_i]RS_L/i]RS)
ps 2nf

Following the determination of the synchronisation difference, i.e. the time
difference Tp1, Tp2, Tp3, Tp4, TpS between the voltage and current measured
at the local terminal L, i.e. the designated first terminal T1, and the voltage and
current measured at each remote terminal R1, R2, R3, R4, R5, i.e. each other
terminal T2, T3, T4, T5, T6, the method of the invention carries out principle
step (d) of modifying the calculated voltage and current phasors, i.e. modifying
the selected voltage and current phasors Vr, It for each terminal T1, T2, T3, T4,
T5, T6, to compensate for the synchronisation differences, i.e. the time
differences Tp1, Tp2, Tp3, Tp4, Tp5.

Such compensation takes place within a seventh block 34 shown in Figure 2,
and may be carried out by applying a compensation factor to the selected
voltage and current phasors Vr, |t for each terminal T1, T2, T3, T4, T5, T6 (i.e.
V11, Iy for the first terminal T1; Vr(r2), It(t2) for the second terminal T2; V1(r3),
It(t3) for the third terminal T3; V1(r4), It(t4) for the fourth terminal T4; Vr(ts), lt(15)
for the fifth terminal T5; and V1(ts), l7(te) fOr the sixth terminal T6), as illustrated
schematically in Figure 6, to give rise to corresponding compensated voltage
and current phasors Vrsyn, ltsyn (i.€. VsynT1), ltsyn(t1) for the first terminal T1;
V1syn(T2), ltsyn2) for the second terminal T2; Vtsyn(rs), ltsyncr3) for the third
terminal T3; V1syn(T4), lTsyn(t4) for the fourth terminal T4; Vrsyn(ts), ltsyn(Ts) for the

firth terminal T5; and V1syn(te), ltsyn(ts) for the sixth terminal T6).
The compensation factor preferably takes the form

exp(jwoTy)
where,

wy is the fundamental angular frequency of the power transmission

scheme 10; and
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T, is the corresponding time difference, i.e. Tp1 for second terminal T2
(i.e. the first remote terminal R1), Tp2 for the third terminal T3 (i.e. the second
remote terminal R2), Tp3 for the fourth terminal T4 (i.e. the third remote terminal
R3), Tp4 for the fifth terminal T5 (i.e. the fourth remote terminal R4), and Tp5
for the sixth terminal T6 (i.e. the fifth remote terminal R5).

Thereafter the method of the invention carries out, within an eighth block 36 of
Figure 2, further principle step (e) of determining from the compensated voltage
and current phasors Vrsyn, ltsyn the location of the fault.

Such a determination includes the main steps of:

- designating a terminal, e.g. the first terminal T1, at a first end 40
of the power transmission scheme 10 as a first end terminal and a terminal, e.g.
the sixth terminal T6, at a second end 42 of the power transmission scheme 10

as a second end terminal;

- obtaining a first set of voltage phasors V., wherein the first set of
voltage phasors Vy. includes the compensated voltage phasor at the first end
terminal, i.e. the compensated voltage phasor Vrsynt1) at the first terminal T1,
and further includes respective voltage phasors at each of the second end
terminal, i.e. the sixth terminal T6, and each junction J1, J2, J3, J4 that are
determined based on the compensated first end terminal voltage phasor

VTsyn(T1);

- obtaining a second set of voltage phasors Vr, wherein the
second set of voltage phasors Vr includes the compensated voltage phasor at
the second end terminal, i.e. the compensated voltage phasor Vrsyn(ts) at the
sixth terminal T6, and further includes respective voltage phasors at each of the
first end terminal, i.e. the first terminal T1, and each junction J1, J2, J3, J4 that
are determined based on the compensated second end terminal voltage phasor

V1syn(Te); and
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- comparing the first and second sets of voltage phasors V., Vir
to identify the power transmission section 12 or junction J1, J2, J3, J4
corresponding to the location of the fault, wherein each voltage phasor of the
first set of voltage phasors V, is compared to the respective voltage phasor of
the second set of voltage phasors Vyr that corresponds to the same end
terminal T1, T6 or junction J1, J2, J3, J4.

A schematic view of a second implementation structure 38 which lies within the
eighth block 36 and determines the location of the fault, including identifying the
power transmission section 12 (or junction J1, J2, J3, J4) corresponding to the
location of the fault and (in the embodiment method described) the distance of
the fault along the given power transmission section 12, is illustrated
schematically in Figure 7.

More particularly, determining the location of the fault includes feeding the
compensated voltage and current phasors Vrsyn, ltsyn for each terminal T1, T2,
T3, T4, T5, T6 (i.e. V1syn(T1), ltsyn(r1) for the first terminal T1; Vrsyn(r2), ltsyn(t2) fOr
the second terminal T2; V1syn(T3), lrsyn(rs) for the third terminal T3; Vrsyn(ra),
Itsyn(t4) fOr the fourth terminal T4; Vtsyn(ts), ltsyn(rs) for the firth terminal T5; and
Vrsyn(Ts), ITsyn(s) for the sixth terminal T6) into a Block A within the second
implementation structure 38 to calculate, i.e. to obtain: first and second sets of
voltage phasors Vy., Vur; first and second sets of current phasors lu, lir; and
further voltage phasors V.

Moving from the first terminal T1 to the sixth terminal T6 (i.e. left to right in
Figure 1), the first sets of voltage and current phasors V., l,. are determined

as follows.

In the first set of voltage phasors V., for the purposes of the description below,
the voltage phasor at the first terminal T1 (which for the purposes of
simplification can temporarily be considered a zero junction Jo) is identified as
VoL, the voltage phasor at junction J+ is identified as Vi, the voltage phasor
at junction Jz is identified as V,a., the voltage phasor at junction Js is identified
as VuaL, the voltage phasor at junction Js is identified as Vi4, and the voltage
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phasor at the sixth terminal T6 (which for the purposes of simplification can

temporarily be considered a fifth junction Js) is identified as Vys..

The first set of current phasors |y includes the following current phasors (which
are identified as indicated for the purposes of the description below): a current
phasor in the power transmission section between the first terminal T1 and the
first junction J1 which is identified as lio_JiL, @ current phasor in the power
transmission section between junctions J1 and J2 which is identified as lu1_JzL, a
current phasor in the power transmission section between junctions J2 and Js
which is identified as ls2 3L, a current phasor in the power transmission section
between junctions J3 and Js4 which is identified as ls3 4., and a current phasor
in the power transmission section between junctions J4 and Js which is identified

as lya_Js.

The voltage phasor Vi at the first terminal T1 is, as indicated above the
compensated voltage phasor Vr1syn(t1) for the first terminal T1, and similarly the
current phasor lj siL in the power transmission section between the first
terminal T1 and the first junction J1 is the compensated current phasor lrsyn(t1)
for the first terminal T1, i.e.

1

Jo_JIL —

I

View = VTSyn(Tl) TSyn(T1)

Each of the other voltage phasors VyiL,ViaL, Vs, Vua,VusL at the respective
junctions J1, J2, J3, J4 and the second end terminal, i.e. the sixth terminal T6
(which for purposes of simplification can, as indicated above, temporarily be
considered a fifth junction Js) is calculated based on the voltage phasor of the
preceding junction and the current phasor of the preceding power transmission
section. Each of the other current phasors ly1_sai,luz 3L, lu3 vaL,lus use in the
respective power transmission sections are based on the voltage phasor of the
preceding junction, the current phasor of the preceding power transmission
section, and the current phasor in a further power transmission section

connected to the preceding junction.
Accordingly, the foregoing are given by:
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VJkL = AJk—le VJk—lL + BJk—le]Jk—liJkL )

]Jk7Jk+1L =ChV o + DJk—leIJk—lijkL + Z]kan ;

nelJ;

where k ranges from 1 to 5;
Ap_ie =Dy = COSh(y il i) s
B =L SO ) s

Coroope =Sy il ) Zogoiges

V=1 = N Z -1 g1

Zegporg = \/ Z o ! Voo ;

Z 1k is the impedance per length of the power transmission section

interconnecting the k-1th junction to the kth junction;

Y o_ir is the admittance per length of the power transmission section

interconnecting the k-1th junction to the kth junction;

le_le is the line length of the power transmission section

interconnecting the k-1th junction to kth the junction;

IJkiTn is the nth-terminal-to-kth-junction current flowing in the further

power transmission medium connected to the kth junction.

Moving from the sixth terminal T6, to the first terminal T1 (i.e. right to left in
Figure 1), the second sets of voltage and current phasors Vur, Lir are
determined as follows.
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In the second set of voltage phasors VJr, for the purposes of the description
below, the voltage phasor at the first terminal T1 (which for the purposes of
simplification can, as indicated above, temporarily be considered a zero
junction Jo) is identified as VJor, the voltage phasor at junction J1 is identified as
V1R, the voltage phasor at junction J2 is identified as V,2r, the voltage phasor
at junction Js is identified as VusRr, the voltage phasor at junction J4 is identified
as Vu4Rr, and the voltage phasor at the sixth terminal T6 (which, for the purposes
of simplification can, as indicted above, temporarily be considered a fifth
junction Js) is identified as Vysr.

The second set of current phasors ljr includes the following current phasors
(which are identified as indicated for the purposes of the description below): a
current phasor in the power transmission section between the sixth terminal T6
and the fourth junction J4 which is identified as 5 J4r, @ current phasor in the
power transmission section between junctions J4 and Js which is identified as
lua_y3Rr, @ current phasor in the power transmission section between junctions Js
and J2 which is identified as lyz J2r, @ current phasor in the power transmission
section between junctions J2 and J1 which is identified as ls2_Jir, and a current
phasor in the power transmission section between junction J1 and the first

terminal T1 which is identified as ls1_Jor.

The voltage phasor Vysr at the sixth terminal T6 is, as indicated above, the
compensated voltage phasor Vrsyn(ts) for the sixth terminal T6, and similarly the
current phasor ly4_ys. in the power transmission section between junction J4 and
the sixth terminal T6 is the compensated current phasor ltsyn(te) for the sixth
terminal T6, i.e.

Visg = VTSyn(T6) ]J57J4R = ]TSyn(T6)

Each of the other voltage phasors Vior, VJir,Vu2r,Visr,Vuar at the respective
junctions J1, Jz2, J3, Jaand the first end terminal, i.e. the first terminal T1 (which
for purposes of simplification can, as indicated above, temporarily be
considered a zero junction Jo) is calculated based on the voltage phasor of the
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preceding junction and the current phasor of the preceding power transmission
section. Each of the other current phasors 11 Jjor,li2 J1r,lu3 J2r,lu4 43R in the
respective power transmission sections are based on the voltage phasor of the
preceding junction, the current phasor of the preceding power transmission
5 section, and the current phasor in a further power transmission section

connected to the preceding junction.

Accordingly the foregoing are given by:

VJkR = AJk+1JkVJk+1R + BJk+1Jk]Jk+17JkR )

]Jki.]k—lL =ChnVpar + DJk+1Jk]Jk+17JkR + Z]kan ;

ned;

10  where k ranges from 0 to 4;,

Apeeize = Do =0Sh( il i) s
B st = Z g SMNY il i)

Creoe =Syl Zogoins

Y eslgk = \/ZJk+1Jkka+1Jk ;

15 Zepan = \/ZJk+1Jk IV geersk

Z e 1S the impedance per length of the power transmission section

interconnecting the k+1th junction to kth junction;

Y 1S the admittance per length of the power transmission section

interconnecting the k+1th junction to the kth junction;
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le+1Jk is the line length of the power transmission section

interconnecting the k+1th junction to the kth junction;

IJkiTn is the nth-terminal-to-kth-junction current flowing in the further

power transmission medium connected to the kth junction.

The further voltage phasors V,r, include the following further voltage phasors
(which are identified as indicated for the purposes of the description below): a
further voltage phasor at junction J1 which is identified as Vi1 12, a further
voltage phasor at junction J2 which is identified as V2 13, a further voltage
phasor at junction Js which is identified as V3 14, and a further voltage phasor
at junction J4 which is identified as Vy4_1s.

Further current phasors in respective further power transmissions sections are
also calculated. These further current phasors |yt include the following current
phasors (which are identified as indicated for the purposes of the description
below): a further current phasor in the further power transmission section
between junction J1 and terminal T2 which is identified as ly1_t2, a further current
phasor in the further power transmission section between junction J> and
terminal T3 which is identified as ls2 13, a further current phasor in the further
power transmission section between junction Js and terminal T4 which is
identified as ly3 14, and a further current phasor in the further power
transmission section between junction J4 and terminal TS which is identified as

lua_1s.

The further voltage and current phasors for junction J1 with respect to terminal
T2 are calculated by the following equations:

VJ17T2 = A2VTSyn(T2) +B,1 TSyn(T2)
1 JL T2~ C2VTsyn(T2) +D,1 TSyn(T2)

where,
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A, =D, =cosh(y,l,,);
B, =—Z,sinh(y,l;,);

C, =—sinh(y,l,,)/ Z,;

V2 =A%V,
S Zczzvzz/yz;

z, is the impedance per length of the further power transmission section

interconnecting junction J1 to terminal T2;

), is the admittance per length of the further power transmission section

interconnecting junction J1 to terminal T2;

10 l,, is the line length of the further power transmission section

interconnecting junction J1 to terminal T2.

The further voltage and current phasors for junction J2 with respect to terminal

T3 are calculated by the following equations:

VJ27T3 = A3VTSyn(T3) + B3] TSyn(T'3)
1 J2 T3 C3 VTSyn(T3) + D3] TSyn(T'3)

15 where,

Ay = Dy = cosh(y;l;5) ;
By =—Z ysinh(y,l;5);

Cy =—sinh(y;l,5)/ Z5;
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V3 =AZ3)3
Ly :\/23/3’3 ;

Z, is the impedance per length of the further power transmission section

interconnecting junction Jz to terminal T3;

5 Y5 is the admittance per length of the further power transmission

section interconnecting junction J- to terminal T3;

5 is the line length of the further power transmission section

interconnecting junction Jz to terminal T3.

The further voltage and current phasors for junction Js with respect to terminal
10 T4 are calculated by the following equations:

{VJ3T4 = A4VTSyn(T4) + B4]TSyn(T4)

1 J3 T4 = C4VTSyn(T4) +D,1 TSyn(T4)
where,
A, =D, =cosh(y,l;,);
B,=-Z.,sinh(y,l.,);

15 C, =—sinh(y, /. ,)/ Z.,;

Va =NZ4ds
Zey :VZ4/y4 ;
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z, is the impedance per length of the further power transmission section

interconnecting junction Js to terminal T4;

), is the admittance per length of the further power transmission section

interconnecting junction Js to terminal T4;

5 l;, is the line length of the further power transmission section

interconnecting junction Js to terminal T4.

The further voltage and current phasors for junction Js4 with respect to terminal

T5 are calculated by the following equations:

VJ47T5 = ASVTSyn(TS) + Bl TSyn(T5)
1 J4 15 — CSVTSyn(TS) + D1 TSyn(T5)

10  where,

As = Dy = cosh(ysl;5);
B, =—Zssinh(y /)

Cs :_Sinh(%lTs)/chi
Vs = Zs5)s
15 chz\/zs/ysi

Zs is the impedance per length of the further power transmission section

interconnecting junction J4 to terminal T5;

Vs is the admittance of the further power transmission section

interconnecting junction J4 to terminal T5;
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.5 is the line length of the further power transmission section

interconnecting junction J4 to terminal T5).

The first and second sets of voltage phasors Vy.,Vvr and the further voltage
phasors Vyr are then fed into a Block B within the second implementation
structure 38 to compare the voltage phasors to identify the power transmission

section or junction corresponding to the location of the fault, as follows.

A subtraction voltage phasor for each junction is obtained. In this regard the
subtraction voltage phasor of each junction is equal to the difference between
the corresponding voltage phasors of the first and second sets of voltage

phasors V,,VJr, as shown in the following equation.

AVJO _VJOL o VJOR |
AVJI VJIL o VJIR
Aij VJZL o VJzR
AVJ3 VJ3L o VJ3R
AVJ4 VJ4L o VJ4R
_AVJS _VJSL o VJSR _

Then the minimum amplitude value (modular) AVmin of the plurality of
subtraction voltage phasors AV, is determined using the equation: AVmin =
min{|AVux|, k = 0,1,2,3,4,5}.

The minimum amplitude value AVmin is subsequently compared with a
predefined voltage threshold Vthres1 to determine whether AVmin is less than
Vthres1. Vthres1 is exemplarily set at 0.02 times of the rated voltage of the
power transmission scheme 10 so that, for example, if the rated voltage is 110
V, then Vthres1is 2.2 V.

If the minimum amplitude value AVmin is less than the predefined voltage
threshold Vthres1, it indicates that the fault is either on the junction
corresponding to the minimum amplitude value AVmin or in the further power

transmission section connected to this junction. For example, if |]AVy3|=AVmin,
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it indicates that the fault is either on the junction Js or in the further power

transmission section interconnecting the junction Js and the terminal Ts.

Subsequently the location of the fault is more accurately determined by using
the discriminative criterion of |Vu-Vu_m| > Vthres2, where AVmin = V..
Therefore, for example, if [AVy3|=AVmin, the discriminative criterion is |VyaL-
V3 14| > Vthres2. Vthres1 is exemplarily set at 0.05 times of the rated voltage
of the power transmission scheme so that, for example, if the rated voltage is
110V, then Vthres1is 5.5 V.

If |Vok-Vok | > Vthres2, then the fault is located in the further power
transmission section interconnecting the kth junction and the nth terminal. If
[Vuk-Vuk_Tn| <= Vthres2, then the fault is located on the kth junction. If there are
multiple terminals connected to the junction in question, the discriminative

criterion is applied to each terminal in turn.

If the minimum amplitude value AVmin is more than the predefined voltage
threshold Vthres1, it indicates that the fault is in the power transmission section
interconnecting the kth junction and the k+1th junction. For example, if
|AVy3|=AVmin, it indicates that the fault is in the power transmission sections

interconnecting the junctions Jo,J1,J2,J3,J4,Js.

Subsequently the location of the fault is more accurately determined by
comparing the voltage phasor of a given junction with the voltage phasor of a
neighbouring junction to identify the power transmission section corresponding
to the location of the fault. Different criterion may be applied to determine the

power transmission section in which the fault is located.

In a first exemplary criterion, the power transmission section in which the fault
is located is determined by comparing the phases of the subtraction voltage
phasor AV of a given junction and the subtraction voltage phasor AV+1 of a
neighbouring junction to check whether the comparison meets the following

criterion:
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90° < arg% <270°

Jk+1

If the criterion is met, then the fault is located in the power transmission section

interconnecting junctions Jk and Jk+1.

In a second exemplary criterion, the power transmission section in which the
fault is located is determined by comparing the amplitudes of the subtraction
voltage phasor AV of a given junction and the subtraction voltage phasor
AV y+1 of a neighbouring junction to check whether an amplitude comparison

meets the following criterion:

AV conj(AV,,)) <
AV, AV )

imag( &

where ¢, is the threshold with per-unit value. For example, ¢ =-0.01.

If the criterion is met, then the fault is located in the power transmission section

interconnecting junctions Jk and Jk+1.

In a third exemplary criterion, the power transmission section in which the fault
is located is determined by comparing the subtraction voltage phasor AV of a
given junction and the subtraction voltage phasor AVu+1 of a neighbouring
junction to check whether the comparison meets the following criterion.

AV + AV | < AV = AV,

If the criterion is met, then the fault is located in the power transmission section

interconnecting junctions Jk and Jk+1.

If a given power transmission section is identified as the location of the fault, a
Block C within the second implementation structure then selects the appropriate
voltage and current phasors from the first and second sets of voltage and

current phasors V., VR, luL and ljr and forms a two-ended system equivalent
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of the power transmission section identified as the location of the fault with

voltages and currents Vwu, Vn, Iv, In.

If the relevant power transmission section is connected between junctions Jk
and Jk+1, the voltage and current phasors Ve, lik k+1L, Vok+1R, lik+1kr are
selected to form the two-ended system equivalent such that: Vm = Vu; Im =
luk_k+1L; VN = Vuk+1Rr; and In = lik+1_kr. That is, junction Jk is the equivalent end M
of the two-ended system equivalent, and junction Jk+1 is the equivalent N of the
two-ended system equivalent.

If the relevant power transmission section is a further power transmission
section interconnecting a junction Jkx and a terminal Tn, Block C then selects
the voltage and current phasors at the terminal Tn, the voltage phasor Vk.,Vikr
at the junction to which the terminal Tn is connected, and the negative
summation of the corresponding current phasors of the first and second sets of
current phasors -(lu, k+1LHukk-1R), such that: Vm = Vi Im = Itn; VN = Ve In = -
( ok, k+1L +luk k-1r). That is, terminal Tn is the equivalent end M of the two-ended
system equivalent, and junction Jk is the equivalent end N of the two-ended

system equivalent.

Based on the two-ended system equivalent the distance of the fault along the
power transmission section is determined on the basis of the voltage and
currents Vm,Vn,Im,In of the two-ended system equivalent. In the second
implementation structure 38, Block C feeds the voltage and currents Vu,Vn,Iv,In
of the two-ended system equivalent to a Block D, which determines the fault

distance using the following equation:
V\, cosh(x) — Z.1,, sinh( yx) =V, cosh( ¥ (I — x)) — Z .1, sinh( y(/ — x))
where

x is the distance to the end M of the two-system equivalent;

y=vz;
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Z.=+z!y;

z is the impedance per length of corresponding section, which is
settable by customer;

y is the admittance per length of corresponding section, which is

5 settable by customer;
[ is the line length of corresponding section.
The above equation can be simplified as:

Vi—zxl,, =Vy —z(I-x)I,

40



WO 2018/095710 PCT/EP2017/078152

CLAIMS:

1. A method of locating a fault in a multi-terminal electrical power
transmission scheme (10) in which each terminal (T1, T2, T3, T4, T5, T6) is
connected with a junction (J1, J2, J3, J4) via a power transmission section (12)
and the or each junction (J1, J2, J3, J4) interconnects a plurality of power

transmission sections (12), the method comprising the steps of:

(@) measuring the voltage and current at each terminal (T1, T2, T3,
T4, T5, T6);

(b)  calculating from the measured voltage and current at each

terminal corresponding voltage and current phasors (V1, l1, Va, 12);

(c) determining from the calculated voltage and current phasors (V1,
I1) a synchronisation difference (Tp1, Tp2, Tp3, Tp4, Tp5) between the
measured voltage and current at a designated terminal (T1) and the measured

voltage and current at the or each other terminal (T2, T3, T4, T5, T6);

(d)  modifying the calculated voltage and current phasors (V1, l1) to
compensate for the or each synchronisation difference (Tp1, Tp2, Tp3, Tp4,
TpS); and

(e) determining from the compensated voltage and current phasors

(VTsyn, ltsyn) the location of the fault.

2. A method according to Claim 1 wherein step (a) of measuring the voltage
and current at each terminal (T1, T2, T3, T4, T5, T6) includes resampling the
measured voltage and current from one or more terminals (T1, T2, T3, T4, T5,
T6).

3. A method according to Claim 1 or Claim 2 wherein the power

transmission scheme (10) is a multi-phase (a, b, ¢) power transmission scheme,
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step (a) of measuring the voltage and current at each terminal (T1, T2,
T3, T4, T5, T6) includes measuring the voltage and current of each phase (a,
b, c) at each terminal (T1, T2, T3, T4, T5, T6), and

step (b) of calculating from the measured voltage and current at each
terminal (T1, T2, T3, T4, T5, T6) corresponding voltage and current phasors
(V1, l1, V2, I2) includes converting the measured phase voltages (Vax) and
phase currents (lanc) into respective phase phasors (Va, Vb, Vq, I3, Ib, Ic) and then
transforming the phase phasors (Va, Vb, Ve, la, Ib, Ic) into respective positive and
negative sequence voltage phasors (Vi, V2) and positive and negative
sequence current phasors (l1, 12).

4. A method according to Claim 3 further including the step of determining
from the measured phase currents (lac) whether a fault has occurred and if a
fault has occurred whether it effects all phases (a, b, ¢).

5. A method according to Claim 4 wherein if the fault effects all phases (a,
b, ¢) then the positive sequence voltage and current phasors (Vi, 1) are used
in subsequent steps of the invention, otherwise the negative sequence voltage
and current phasors (V2, |2) are used.

6. A method according to any preceding claim wherein step (c) of
determining from the calculated voltage and current phasors (Vi, l1) a
synchronisation difference (Tp1, Tp2, Tp3, Tp4, Tpd) between the measured
voltage and current at a designated terminal (T1) and the measured voltage
and current at the or each other terminal (T2, T3, T4, T5, T6) includes:

- calculating, with respect to the designated terminal (T1), an
equivalent current flowing at the or each other terminal (T2, T3, T4, T5, T6);

- equating, in respect of the or each other terminal (T2, T3, T4, T5,
T6), a sum of the measured current (ijr1, ur2, iJr3, 1JrR4, IJrs) and the calculated
equivalent current (ibr1_L, 1JR2_L, R3 L, JR4 L, iJrRs L) tO zero according to

Kirchhoff's first law; and
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- extracting, in respect of the or each other terminal (T2, T3, T4, T5,
T6), a synchronisation difference (Tp1, Tp2, Tp3, Tp4, Tpd) between the
measured voltage and current at the designated terminal (T1) and the
measured voltage and current at the said respective other terminal (T2, T3, T4,
T5, T6) from a corresponding equated sum of currents.

7. A method according to Claim 6 wherein calculating, with respect to the
designated terminal (T1), an equivalent current flowing at the or each other
terminal (T2, T3, T4, T5, T6) includes establishing an equivalent admittance
matrix (Ymod) for the power transmission scheme (10).

8. A method according to any preceding claim wherein step (e) of
determining from the compensated voltage and current phasors (Vrsyn, ltsyn)
the location of the fault includes:

- designating a terminal (T1) at a first end (40) of the power
transmission scheme (10) as a first end terminal and a terminal (T6) at a second
end (42) of the power transmission scheme (10) as a second end terminal,

- obtaining a first set of voltage phasors (V,.), wherein the first set
of voltage phasors (V) includes the compensated voltage phasor (Vrsyn(t1)) at
the first end terminal (T1) and further includes respective voltage phasors at
each of the second end terminal (T6) and the or each junction (J1, J2, J3, J4)
that are determined based on the compensated first end terminal voltage

phasor (V1synT1));

- obtaining a second set of voltage phasors (VJr), wherein the
second set of voltage phasors (V,r) includes the compensated voltage phasor
(Vtsyn(s)) at the second end terminal (T6) and further includes respective
voltage phasors at each of the first end terminal (T1) and the or each junction
(J1, J2, J3, J4) that are determined based on the compensated second end

terminal voltage phasor (V1syn(ts)); and
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- comparing the first and second sets of voltage phasors (ViL, VJRr)
to identify the power transmission section (12) or junction (J1, J2, J3, J4)
corresponding to the location of the fault, wherein each voltage phasor of the
first set of voltage phasors (V,.) is compared to the respective voltage phasor
of the second set of voltage phasors (VJr) that corresponds to the same end
terminal (T1, T6) or junction (J1, J2, J3, J4).

9. A method according to Claim 8 further including the step, if a given power
transmission section (12) is identified as the location of the fault, of determining
the distance (x) of the fault along the power transmission section (12) using
corresponding voltages and currents (Vwm,Vn,Im,In) of an equivalent two-ended

system.
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