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(57) Abstract: In the field of differential protection schemes there is provided a method of determining a communication time delay
(Trl, Tp2, T3, Tr4, TeS5) in a communication network between a local terminal (L) and a plurality of remote terminals (Ri, R, Rs,
R4, Rs) within an electrical power network (20; 30) comprises the steps of: (a) selecting, in respect of each remote terminal (R1, Ra,
Rs, R4, Rs), a calculation node (J; J1, J2, J3, J4) in the electrical power network (20; 30); (b) calculating, in respect of each remote
terminal (Ri1, Rz, Rs, R4, Rs), a corresponding remote node current (i1, iz, ims, irrs, ims) flowing into the corresponding calculation
node (J; J1, J2, J3, J4) from the said remote terminal (Ri, Rz, Rs, R4, Rs) and a corresponding equivalent node current (i1 1, irz 1,
i3 1, lma 1, irs 1) representative of the current flowing into the corresponding calculation node (J; J1, J2, J3, J4) from the local ter -
minal (L) and the or each other remote terminal (Ri, R2, R3, R4, R5); (c) equating, in respect of each remote terminal (R, R», R, Ry,
Rs), a sum of the corresponding calculated equivalent node current i 1, iz 1, i3 1, 1r4 1, Urs 1) and the corresponding remote node
current (i1, iRz, iJrs, ira, irs) flowing into the corresponding calculation node (J; J1, J2, J3, J4) to zero according to Kirchhotf's first
law; and (d)

[Continued on next page]
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extracting, in respect of each remote terminal (R1, Rz, Rs3, R4, Rs), a communication time delay (Te1, Tr2, Tp3, T4, Tr5) between
the local terminal (L) and the said respective remote terminal (R1, R,, Rs, R4, Rs) from a corresponding equated sum of node cur-
rents. Calculating in respect of each remote terminal (R, R2, Rs, R4, Rs) a corresponding equivalent node current (i 1, iz 1,
i3 1, Ura 1, ks 1) includes: establishing an equivalent admittance (yr1, Yr2, Yrs» Yr4»> Yrs) for each remote terminal (R, Rz, Rs, Ry,
Rs); obtaining a local node current (i, i ); and utilising the established equivalent admittances (Vr1, Yr2, Yr3, Yr4, Yrs) for each re-
mote terminal (R, Rz, Rs, Ra, Rs) and the local node current (iy, i) to calculate the corresponding equivalent node current (i 1,

LRr2 1, UR3 1, LiR4 1, lnast).
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DETERMINING A COMMUNICATION DELAY IN A COMMUNICATION NETWORK
WITHIN AN ELECTRICAL POWER NETWORK

This invention relates to a method of determining a communication time delay in a
communication network between a local terminal and a plurality of remote terminals

within an electrical power network.

Synchronization techniques play a very important role in line differential protection
schemes which help to protect transmission lines within an electrical power system by
identifying when a fault occurs in relation to the transmission lines. The basic principle of
line differential protection is based on a comparison of a differential current (which is the
direct summation of current samples or phasors of both a local and a remote terminal in
the electrical power system) with a bias current (which is the summation of the amplitude

of currents of both the local and remote terminals), that is:

Ly =|I, +1,|
Ly =_;—QIL’+IIRI)
where

1 ,+is differential current;

1,,.is bias current;
I, is measured current at the local terminal; and

I, is the measured current received from the remote terminal.

If the received current from the remote terminal is strictly synchronized with the local
current, then the differential current should be very small (theoretically zero) as there is
no internal fault on the interconnecting transmission line. However, one must consider
the time latency of the received current samples from the remote terminal compared with
the current samples of the local terminal due to a delay imparted by communication of
the measured current at the remote terminal from the remote terminal to the local
terminal, and also the un-synchronized sampling of the current at the remote terminal.
This time latency can lead to a significant increase in differential current, which in turn

can result in mal-operation of the differential protection if an external fault occurs.

it is, therefore, necessary to employ a synchronization technique to enable time

alignment of the local terminal current with the received current from the remote terminal.
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Traditionally Global Positioning System (GPS) based and echo-based processes, such
as so-called 'Ping-Pong’ techniques, have been used for synchronization, where GPS

functions as the dominant synchronization element and Ping-Pong as a backup.

It is evident that GPS can provide synchronization which is adaptive not only for non-
switched but also for switched communication networks. However, it is very costly and
additionally, if the GPS signal is lost, it can lead to mal-operation. Meanwhile the Ping-
Pong technigue can only function correctly for non-switched networks where the forward
and return communication paths are the same (i.e. the time delay from the local terminal
to the remote terminal is the same as the delay from the remote terminal to the local

terminal).

According to an aspect of the invention there is provided a method of determining a
communication time delay in a communication network between a local terminal and a
plurality of remote terminals within an electrical power network comprising the steps of:

(a) selecting, in respect of each remote terminal, a calculation node in the
electrical power network;

(b) calculating, in respect of each remote terminal, a corresponding remote
node current flowing into the corresponding calculation node from the said remote
terminal and a corresponding equivalent node current representative of the current
flowing into the corresponding calculation node from the local terminal and the or each
other remote terminal;

(c) equating, in respect of each remote terminal, a sum of the corresponding
calculated equivalent node current and the corresponding remote node current flowing
into the corresponding calculation node to zero according to Kirchhoff’s first law; and

(d) extracting, in respect of each remote terminal, a communication time
delay between the local terminal and the said respective remote terminal from a
corresponding equated sum of node currents,

the method being characterised in that calculating in respect of each remote
terminal a corresponding equivalent node current includes:

establishing an equivalent admittance for each remote terminal;

obtaining a local node current; and

utilising the established equivalent admittances for each remote terminal and the

local node current to calculate the corresponding equivalent node current.

Equating, in respect of the or each remote terminal, a sum of node currents flowing into

the corresponding calculation node to zero (and thereafter extracting a communication
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time delay from such an equated sum of node currents), i.e. utilising Kirchhoff’s first law,
is advantageous because it helps to isolate the method of the invention, and the or each
communication time delay obtained thereby, from errors which might otherwise adversely
affect the aforementioned differential current lsx and thereafter lead to erroneous

activation of an associated differential protection scheme.

In particular, a consideration instead of differences in calculated voltages at a chosen
calculation node in an electrical power network in order fo establish a communication
time delay can create a larger error in the differential current lgx value calculated
therefrom as a result of only minor errors in the calculated voltages.

The calculation in respect of each remote terminal of a corresponding remote node
current and a corresponding equivalent node current, provides the method of the
invention with a desired degree of scalability and so permits its use with a wide range of
different electrical power network configurations having, e.g. a significantly different

number of remote terminals and/or junctions interconnecting those remote terminals.

Meanwhile, the utilisation of established equivalent admittances for each remote terminal
and the local node current to calculate the corresponding equivalent node current 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 node current, and so
permits in subsequent step (d) the ready extraction of a corresponding communication
time delay since the associated equated sum of node currents can be manipulated to
include only one unknown, i.e. the required communication time delay.
In a preferred embodiment of the invention:

the or each corresponding equivalent node current is calculated by the local
terminal; and

the or each remote node current is calculated by the corresponding remote
terminal and is thereafter transmitted via the communication network to the local terminal

whereat it is received as a corresponding received remote node current.

The foregoing steps desirably incorporate within each corresponding sum of node
currents a communication time delay which represents the amount of time taken for the
given calculated remote node current to travel (via the communication network) from the

associated remote terminal to the local terminal.
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In a method of determining a communication time delay according to another preferred
embodiment of the invention, when applied to an electrical power network having a
single junction between the local terminal and the plurality of remote terminals, utilising
the established equivalent admittances for each remote terminal and the local node
current to calculate the corresponding equivalent node current includes one of:

multiplying the local node current by a current distribution coefficient based on the
said established equivalent admittances; and

adding one or more other node currents, the or each of which is determined from
the equivalent admittance of another remote terminal and a corresponding calculated

node voltage, to the local node current.

Such steps desirably calculate each corresponding equivalent node current in a manner
that can be readily scaled according to the number of remote terminals included in the

particular electrical power network to which the method of the invention is applied.

Preferably, when applied to an electrical power network having a plurality of junctions
between the local terminal and the plurality of remote terminals, utilising the established
equivalent admittances for each remote terminal and the local node current to determine
the corresponding equivalent node current includes:

using the local node current to calculate for each junction a local junction voltage;
and

multiplying the equivalent admittance for a given remote terminal by the
calculated local junction voltage for the junction with which it is connected to thereby

calculate the corresponding equivalent node current for the said given remote terminal.

Such steps desirably calculate the or each corresponding equivalent node current in a
manner that can be readily scaled according to both the number of remote terminals and
the number of junctions included in the particular electrical power network to which the

method of the invention is applied.

Optionally calculating for each junction a local junction voltage includes:

formulating an initial admittance matrix based on the topology of the electrical
power network;

modifying the initial admittance matrix to take account of the established
equivalent admittances for each remote terminal; and

combining the modified admittance matrix with the local node current to thereby

establish each local junction voltage.
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Such steps are again readily scalable according to the topology of the particular electrical

power network to which the method of the invention is applied.

Obtaining a local node current may include measuring the current at the local terminal
and using the measured current at the local terminal to calculate the local node current
using one of the following models of the network between the local terminal and a
corresponding calculation node:

a resistor-inductor model,

a linear resistor-inductor-capacitor model; and

a distributed parameter model.

Obtaining the local node current in the foregoing manner includes a desired degree of
flexibility so as to accommodate different electrical power network configurations, and
more particularly different lengths and arrangements of transmission medium, i.e.
transmission line or cable, between the local terminal and the corresponding calculation

node.

Preferably calculating a given remote node current includes measuring the current at the
corresponding remote terminal and using the measured current at the corresponding
remote terminal to calculate the said given remote node current using one of the
following models of the network between the corresponding remote terminal and the
corresponding calculation node:

a resistor-inductor model;

a linear resistor-inductor-capacitor model; and

a distributed parameter model.

Calculating a given remote node current in the foregoing manner similarly includes a
desired degree of flexibility so as to accommodate different electrical power network
configurations, and more particularly different lengths and arrangements of transmission
medium, i.e. transmission line or cable, between the corresponding remote terminal and

the corresponding calculation node.

According to a further embodiment of the invention step (d) of extracting, in respect of
each remote terminal, a communication time delay between the local terminal and the
said respective remote terminal from a corresponding equated sum of node currents,

includes comparing the phase of the node currents within the equated sum.
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Comparing the phase of the node currents may include one of:
adopting a zero-crossing method in the time domain; and

adopting a Fourier transform method in the frequency domain.

Such steps can be readily implemented, e.g. in a respective microcontroller based
calculation unit within the local terminal and the or each remote terminal, and is well-
suited to identifying a time shift in current waveforms of the type calculated herein in

respect of each node current.

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 a first example electrical power
network having a local terminal and a single remote terminal;

Figure 2 shows a schematic representation of a second example electrical power
network having a local terminal, a single junction and a plurality of remote terminals to
which a method according to a first embodiment of the invention may be applied;

Figure 3 shows a schematic representation of an equivalent version of the
second example electrical power network shown in Figure 2; and

Figure 4 shows a schematic representation of a third example electrical power
network having a local terminal, a plurality of junctions and a plurality of remote terminals

to which a method according to a second embodiment of the invention may be applied.

A first example electrical power network is designated generally by reference numerai 10

and is shown schematically in Figure 1.

The first electrical power network 10 includes first and second terminals 12, 14 that are
interconnected by a portion of transmission medium 16 which, in the example shown is
an overhead transmission line 18. In other arrangements of electrical power network (not

shown) the transmission medium 16 may be an underground transmission cable.

Each terminal 12, 14 includes a protection device (not shown) which may, for example,
be a circuit breaker. Each terminal 12, 14 also includes a control unit which may take the
form of, e.g. a programmable microcontroller. Each control unit controls operation of the
corresponding protection device and the control units are arranged in communication

with one another via a communications network (not shown).
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In the first electrical power network 10 shown the first terminal 12 is designated as a local
terminal L and the second terminal 14 is designated as a remote terminal R, although
this may be reversed in other example first electrical power networks. The local terminal
L couples a local voltage source EL to the transmission medium 16, i.e. the overhead
transmission line 18, while the remote terminal R couples a remote voltage source Er to

the transmission medium 16.

An example method of determining a communication time delay Tr in the communication
network between the remote terminal R and the local terminal L comprises the principal
steps of:

(a) selecting, in respect of the remote terminal R, a calculation node in the
first electrical power network 10;

(b) calculating respective node currents flowing into the calculation node from
the local terminal L and the remote terminal R;

(c) equating, in respect of the remote terminal R, a sum of node currents
flowing into the calculation node to zero according to Kirchhoff’s first law; and

(d) extracting, in respect of the remote ferminal R, a communication time
delay Te between the local terminal L and the said remote terminal R from an equated

sum of node currents.

The calculation node may be any point along the transmission line 18, and either the
local terminal L or the remote terminal R may be chosen as the calculation node. In the
example method described herein, by way of illustration, the calculation node is selected
as being a junction J lying in the transmission line 18 between the local and remote

terminals L, R.

Thereafter, step (b) of calculating respective node currents flowing into the calculation
node from the local terminal L and the remote terminal R involves calculating, in respect
of the remote terminal R, a remote node current iyr which flows into the calculation node,

i.e. junction J, from the remote terminal R, and also an equivalent node current.

The equivalent node current should be representative of the current flowing into the
calculation node J from the local terminal L and any other remote terminals. However, in
respect of the example method, there are no other remote terminals and so the
equivalent node current is equal solely to a local node current iy which flows into the

calculation node J from the local terminal L.
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In the example method, the local node current iy is obtained by measuring the current iL
at the local terminal L and using the measured current iL at the local terminal L to
calculate the local node current iy using a resistor-inductor model of the network, i.e.

overhead transmission line 18, between the local terminal L and the calculation node J.

More particularly the section 18A of overhead transmission line 18 between the local
terminal L and the calculation node J is regarded as a resistor-inductor series-connected
circuit and, because the section 18A is less than approximately 50km, the shunt

admittance can be neglected such that the local node current iy is given by
L = i

A similar resistor-inductor model can be used in other example methods when applied to
a network in which the corresponding section of transmission medium between the local
terminal and the calculation node is defined by an underground cable that is less than

approximately 3km.

In other example methods, when applied to a network in which the section of
transmission medium between the local terminal and the calculation node 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 node 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 examples the local node current iy, can be obtained by a sample based method

or by a Fourier phase based method.
In terms of the Fourier phase based method, the local node current iy is given by
I, =1, =Y, U0,/2

where,

I, is the Fourier phasor of measured current i at the local terminal L;
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U, is the Fourier phasor of measured voltage u. at the local terminal L;
I']L is the Fourier phasor of the local node current iy; and
Y, is the shunt admittance of the section 18A of transmission medium 16

between the local terminal L and the calculation node J.

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
transmission medium 16) by the total length of the section 18A.

In still further example methods, when applied to a network in which the section of
transmission medium between the local terminal and the calculation node 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 node current iy
can be obtained using a distributed parameter model of the aforesaid section of

transmission medium.

In such examples the local node current iy 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;, = cosh(yD)1;, — sinh(yD) U, /Z

where,

1, is the Fourier phasor of measured current i, at the local terminal L;

U, is the Fourier phasor of measured voltage uy at the local terminal L;

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

Zp = \/—z_/—y is the character impedance of the section of transmission medium,
with z again being the impedance per length and y being the shunt admittance per length
of the transmission medium; and

D is the length of the section of transmission medium between the local terminal

L and the calculation node J.

Meanwhile calculating, in respect of the remote terminal R, a remote node current ir

which flows into the calculation node J from the remote terminal R includes measuring
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the current ir at the remote terminal R and using the measured current ir to calculate the
remote node current ijr Using one of the same models of the network, i.e. section 18B of
the overhead transmission line 18 between the remote terminal R and the calculation
node J, as mentioned above, namely one of:

a resistor-inductor model;

a linear resistor-inductor-capacitor model; and

a distributed parameter model.

By way of illustration, in relation to the example method and its application to the first
example network 10 in which the section 18B of overhead transmission line 18 between
the remote terminal R and the calculation node J is less than 50km, a resistor-inductor
model can be used with the shunt admittance again being neglected such that the

remote node current ik is calculated according to

bR = iR

In respect of the example method, the equivalent local node current, i.e. the local node
current iy, is calculated by the local terminal L, and more particularly by the control unit
located therein. In addition, the remote node current ik is calculated by the remote
terminal, i.e. the control unit located therein, and is thereafter transmitted via the
communication network to the local terminal L. The transmitted calculated remote node
current ijr is received by the local terminal L as a received remote node current i’g. In
this manner the received remote node current i’;r embodies the communication time

delay T, between the remote terminal R and the local terminal L.

Thereafter step (c) of equating, in respect of the remote terminal R, a sum of node
currents flowing into the calculation node J to zero according to Kirchhoff's first law,
includes equating to zero the sum of the calculated equivalent node current, i.e. the

obtained local node current iy, and the received remote node current i’ z.

In other words, according to Kirchhoff’s first law the sum of all currents flowing into the

same node, i.e. the calculation node J, must be zero such that

L+ 17r=0

Subsequent to the foregoing, step (d) of extracting, in respect of the remote terminal R, a

communication time delay Tr between the local terminal L and the said remote terminal
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R from an equated sum of node currents, i.e. from the equated sum of the calculated
equivalent node current iy, and the received remote node current i’r, includes comparing

the phase of the said node currents iy, i'r.

Such a phase comparison can be achieved by adopting a zero-crossing method in the

time domain or a Fourier transform method in the frequency domain.

By way of illustration, the example method adopts a Fourier transform method in which

the received remote node current i'yr is rewritten in the form,
i,]R e j onp

such that the communication time delay Tp is given by
~I,
Ty = arg(5—)/(@nf)
I]R
where,
ij is the Fourier phasor of the equivalent node current, i.e. the local node current
L
['; is the Fourier phasor of received remote node current i'x transmitted from the
remote terminal R to the local terminal L; and

f is frequency of the node currents iy, i'sr.

Following all of the above the example method optionally includes the further time
alignment step of delaying the local data, i.e. the measured current i, at the local terminal
L, so that it aligns correctly with the received remote node current i'yr transmitted from
the remote terminal R, such that thereafter correct and reliable operation of an

associated differential protection scheme can take place.

A second example electrical power network is designated generally by reference
numeral 20 and is shown schematically in Figure 2. The second electrical power network
20 is similar to the example first electrical power network 10 and like features share the

same reference numerals.

The second electrical power network 20 includes first, second and third terminals 12, 14,
22 as well as a junction J. The terminals 12, 14, 22 and junction J are interconnected

with one another by respective first, second and third sections 18A, 18B, 18C of a
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transmission medium 16 which, in the example shown, is again an overhead
transmission line 18. In other arrangements of second electrical power network (not
shown) one or more sections of the transmission medium 16 may be an underground

fransmission cable.

In the second electrical power network 20 the first terminal 12 is again designated as a
local terminal L while the second terminal 14 is designated as a first remote terminal Ry
and the third terminal 22 is designated as a second remote terminal Rz. In other second
electrical power networks (not shown) the terminals may be designated differently and
there may be more than three terminals.

The local terminal L again couples a local voltage source E|. to the first section 18A of the
transmission medium 16, while the first remote terminal R couples a first remote voltage
source Egri to the second section 18B and the second remote terminal Ry couples a

second remote voltage source Eg: to the third section 18C.

A method according to a first embodiment of the invention determines a first
communication time delay Tr1 in the communication network between the first remote
terminal Ry and the local terminal L, and also a second communication time delay Te2

between the second remote terminal Rz and the local terminal L.

The first method of the invention comprises similar principal steps of:

(a) selecting, in respect of each remote terminal R4, Rz a calculation node in
the second electrical power network 20;

(b) calculating respective node currents flowing into the corresponding
calculation node from the local terminal L and each remote terminal Ry, Ry;

(c) equating, in respect of each remote terminal Ry, Rz, a sum of node
currents flowing into the corresponding calculation node to zero according o Kirchhoff's
first law; and

(d) extracting, in respect of each remote terminal R1, Rz, @a communication
time delay Te1, Tp2 between the local terminal L and the said respective remote terminal

Ri, Rzfrom a corresponding equated sum of node currents.

The same calculation node may be selected in respect of each remote terminal Ry, Ro,
and it may again be any point within the transmission medium 16 but, by way of example,

is selected as being the junction J lying between the local and remote terminals L, R4, Ra.
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In the first method of the invention, step (b) of calculating respective node currents
flowing into the corresponding calculation node, i.e. the single junction J, from the local
terminal L and each remote terminal Ry, Rz involves various calculations in respect of

each of the first and second remote terminais R1, Ra,

Firstly, in respect of the first remote terminal Ry, a first remote node current ijrs Which
flows into the calculation node, i.e. junction J, from the first remote terminal Ry is

calculated, together with a first equivalent node current iyri_L.

Secondly, in respect of the second remote terminal Rz, a second remote node current iz
which flows into the calculation node J from the second remote terminal Ry is calculated,

as well as a second equivalent node current ijra_t.

The first equivalent node current ijr1_L is representative, with respect to the first remote
terminal R4, of the current flowing into the calculation node J and so comprises the local
node current iy which flows into the calculation node J from the local terminal L and the
other node current ire that flows into the calculation node J from the other remote

terminal, i.e. from the second remote terminal Ro.

Meanwhile the second equivalent node current ijre 1 is similarly representative of the
current flowing into the calculation node J from the point of view of the second remote
terminal Rz, and so comprises the local node current iy, which flows into the calculation
node J from the local terminal L, as well as the other node current ijr1 that flows into the

calculation node J from the other remote terminal, i.e. from the first remote terminal Ry.

In the first embodiment method, the local node current iy is again obtained by measuring
the current i at the local terminal L and using the measured current i at the local
terminal L to calculate the local node current iy using a resistor-inductor model of the first
section 18A of transmission medium 16 between the local terminal L and the calculation

node J.

By virtue of such steps the local node current iy is again given by

=i

In other embodiments of the first method of invention, depending of the length of

transmission medium in question, a linear resistor-inductor-capacitor model or a
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distributed parameter model of the aforesaid section of transmission medium may

instead be used.

Similarly, in the first method of the invention, calculating the first and second remote
node currents ijri1, iyr2 includes measuring the current irq, irz at the respective remote
terminal Ry, Rz and using the measured current ir1, irz to calculate the corresponding
remote node current ir1, irz Using an appropriate model of the section 18B, 18C of
overhead transmission line 18 between the associated remote terminal R4, Rz and the
calculation node J, i.e. one of:

a resistor-inductor model;

a linear resistor-inductor-capacitor model; and

a distributed parameter model.

Each equivalent node current ijri1 1, iur2 L is calculated by the local terminal L, and more

particularly by the control unit located therein.

In the meantime, the first remote node current ijr1 is calculated by the first remote
terminal Ry, i.e. the control unit located therein, and the second remote node current ijr2

is calculated by the second remote terminal Ro.

In each instance the corresponding remote terminal R4, Rz transmits to the local terminal
L, via the communication network, the associated calculated remote node current ijrs,
iRz, Whereat they are received as a respective first received remote node current i';r1 and
a respective second received remote node current i'jr2. In this manner the first and
second received remote node currents i’jri, iJre embody a corresponding first
communication time delay Tp1 between the first remote terminal R and the local terminal
L and a second communication time delay Tp2 between the second remote terminal R

and the local terminal L.

While the local terminal L, in calculating the first and second equivalent node current

iJR1_L, iJRZ_L, i.e. according to

WR1_L = Lo + yrz; @nd

Rz L = L + iR

could make use of the first and second received remote node currents i'yr1, i'ur2, this

would introduce two unknowns, i.e. the first and second communication time delays Tp1,
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Te2, at the next step, step (c), of equating to zero the sum of node currents flowing into
the calculation node J, and thereby make it more difficult subsequently to extract each of
the said communication time delays Tp1, Tp2.

Consequently, in the first method of the invention calculating each of the first and second
equivalent node currents ijr1_t, ijrz_t includes:

establishing an equivalent admittance yr1, yr2 for each remaote terminal R1, Ry;

obtaining the local node current iy ; and

utilising the established equivalent admittances yr1, yrz for each remote terminal
R4, Rz and the local node current iy to calculate the corresponding equivalent node

current iJR1_|_, iJRz_L.
Figure 3 shows one example of how the second remote node current ijrz flowing from the
second remote terminal R: can be considered instead as an equivalent second

admittance yra.

The equivalent admittance yr1, yr2 for each remote terminal R4, R2 may be established by
a sample based method or a Fourier based method.

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

whereby
I'/
— JR1
YR1 = — 73
JR1
_ Tre
Yr2 = — 73
JR2
where,

I'jrs is the Fourier phasor of the first received remote node current i'jr1 Which

embodies the first communication time delay Te1 between the first remote terminal Ry
and the local terminal L;

U’]Rl is the Fourier phasor of a first received remote node voltage u’jr1 which is

calculated by the first remote terminal Ry based on the voltage uri measured at the first

remote terminal R, and which again embodies the first communication time delay Tp1;
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[ "Ir2 18 the Fourier phasor of the second received remote node current i'yr2 which
embodies the second communication time delay Tp2 between the second remote
terminal Rz and the local terminal L; and

U'1x, is the Fourier phasor of a second received remote node voltage u'yre which
is calculated by the second remote terminal R, based on the voltage ug: measured at the
second remote terminal Rz and which again embodies the second communication time
delay Tp2.

Meanwhile the local node current iy is obtained in the same manner as described

hereinabove.

Thereafter, in the first method of the invention, utilising the established equivalent
admittances yr1, Yrz for each remote terminal R1, R2 and the local node current i to
calculate the corresponding first and second equivalent node currents iwi L, ir2 L,
includes multiplying the local node current iy by a current distribution coefficient based

on the said established equivalent admittances yr1, yr2, i.e. according to

I' _ le I
=1

IRLL ™ oy + Vra !

: Yr2 :

I = —]

IR ey + yra I

where,
i]Rl_L is the Fourier phasor of the first equivalent node current ijr1 1;
I;rz_1 is the Fourier phasor of the second equivalent node current ijrs ; and

I']L is the Fourier phasor of the local node current i

In other embodiments of the first method of the invention, utilising the established
equivalent admittances yr1, Yre for each remote terminal Ry, R2 and the local node
current iy to calculate the corresponding first and second equivalent node currents ijr1 L,
isr2_L, may include adding one or more other node currents, the or each of which is
determined from the equivalent admittance yz,, yg, of another remote terminal Ry, Ry

and a corresponding calculated node voltage, to the local node current, i.e. according to

ijl_L = i]L + yRZU]L



10

15

20

25

30

35

WO 2016/202522 17 PCT/EP2016/061307

j]RZ_L = I, + yriUpy,

where,
[ 111 IS the Fourier phasor of the first equivalent node current iyr1_u;
I']RZ_L is the Fourier phasor of the second equivalent node current ijrz t;
I, is the Fourier phasor of the local node current iy ; and
U]L is the Fourier phasor of a node voltage uy which is expected at the

calculation node J and is calculated by the local terminal L based on a measured voltage

uL at the local terminal L.

Thereafter step (c) of equating, in respect of each remote terminal R4, Rz, a sum of node
currents flowing into the calculation node J to zero according to Kirchhoff’s first law,
includes, for the first remote terminal R+, equating to zero the sum of the first calculated
equivalent node current ijr1_L and the first received remote node current i'jr1, and for the
second remote terminal Rz, equating to zero the sum of the second calculated equivalent

node current iyrz_ and the second received remote node current i'jrz.

In other words, according to Kirchhoff’s first law the sum of all currents flowing into the
same node, i.e. the calculation node J, must be zero such that in respect of the first
remote terminal R4

R L +iR1=0
and, in respect of the second remote terminal Rz
iRz L + Rz =0

Following the above, step (d) of extracting, in respect of each remote terminal Ry, Re, a
communication time delay Tp1, Tp2 between the local terminal L. and the said respective
remote terminal R4, Rz from a corresponding equated sum of node currents, i.e. from a
corresponding one of the sums set out above, includes comparing the phase of the said
node currents, i.e. comparing the phase of the first equivalent node current ijr1 . with the
phase of the first received remote node current i'jr1, and comparing the phase of the
second equivalent node current ijrz 1. with the phase of the second received remote node

current i'yre.
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Such phase comparisons can be achieved by adopting a zero-crossing method in the

time domain or a Fourier transform method in the frequency domain.

By way of example, the first method of the invention again adopts a Fourier transform
method in which each of the first and second received remote node currents i'jrq, i'urz is

rewritten in the form,

I'jp1e7%e™1; and

j’]Rzerosz

such that the first communication time delay Tr1 is given by

_ arg(_ijl_L/j,]Rl)
i 2nf

where,
I1r1_1 is the Fourier phasor of the first equivalent node current ir1_;
I”,Rl is the Fourier phasor of the first received remote node current i'jrq

transmitted from the first remote terminal R4 to the local terminal L; and

f is frequency of the node currents isr1 1, 'ur1,

and such that the second communication time delay Te2 is given by

_ arg(_i]RZ_L/iljRZ)
p2 2nf

where,
I']RZ_L is the Fourier phasor of the second equivalent node current ijra L;
f’]Rz is the Fourier phasor of the second received remote node current ire

transmitted from the second remote terminal Rz to the local terminal L; and

f is frequency of the node currents ijrz2_t, i"Jr2.

Following all of the above the first method of the invention optionally includes a further

time alignment step.
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Such a step involves delaying the local data, i.e. the measured current i. at the local
terminal L, by an amount Tmax equal to the maximum value of the first and second

communication time delays Tr1, Tr2, i.e. where

Tmax = maX{TP1, TP2}

then delaying the first received remote node current i’ jr1 by an amount Try given by

Tri = Tmax - Tp1

and then delaying the second received remote node current i’ jrz by an amount Tre given

by
Tr2 = Trax - Tp2

Thereafter each of the local node current iy, and the first and second received remote
node currents i'jr1, i'Jre Will be correctly synchronised with one another such that an

associated differential protection scheme will be able to operate correctly and reliably.

A third example electrical power network is designated generally by reference numeral
30 and is shown schematically in Figure 4. The third electrical power network 30 is
similar to the example second electrical power network 20 and like features share the

same reference numerals.

The third electrical power network 30 includes first, second, third, fourth, fifth and sixth
terminals 12, 14, 22, 32, 34, 36 as well as first, second, third and fourth junctions J1, J2,
J3, J4. The terminals 12, 14, 22, 32, 34, 36 and junctions J1, J2, J3, J4 are
interconnected with one another by respective sections of a transmission medium 16
which, in the example shown, are again sections of overhead transmission line 18. In
other arrangements (not shown) of third electrical power network one or more sections of

the transmission medium 16 may be an underground transmission cable.

In the third electrical power network 30 the first terminal 12 is again designated as a local
terminal L, the second terminal 14 is again designated as a first remote terminal Ry and
the third terminal 22 is again designated as a second remote terminal Rz, while the fourth
terminal 32 is designated as a third remote terminal Rs, the fifth terminal 34 is designated
as a fourth remote terminal R4 and the sixth terminal 36 is designated as a fifth remote

terminal Rs. In other third electrical power networks (not shown) the terminals may be
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designated differently, there may be fewer than or more than six terminals, fewer than or
more than four junctions, and the various junctions and terminals may be configured

differently to the arrangement shown in Figure 4.

A method according to a second embodiment of the invention determines a first
communication time delay Te1 in the communication nefwork between the first remote
terminal Ry and the local terminal L, a second communication time delay Tp2 between
the second remote terminal R, and the local terminal L, a third communication time delay
Te3 between the third remote terminal Rz and the local terminal L, a fourth
communication time delay Tp4 between the fourth remote terminal R4 and the local
terminal L, and a fifth communication time delay Tp5 between the fifth remote terminal Rs

and the local terminal L.

The second method of the invention is comparable to the first method of the invention
and similarly comprises principal steps of:

(a) selecting, in respect of each remote terminal Ri, Rz, Rs, R4, Rs, a
calculation node in the third electrical power network 30;

(b) calculating respective node currents flowing into the corresponding
calculation node from the local terminal L and each remote terminal Ry, Rz, Rs, R4, Rs;

(c) equating, in respect of each remote terminal Ry, Rz, Rs, R4, Rs, @ sum of
node currents flowing into the corresponding calculation node to zero according to
Kirchhoff’s first law; and

(d) extracting, in respect of each remote terminal Ry, Rs, Rs, R4, Rs, a
communication time delay Tp1, Tr2, Tr3, Tr4, Ted between the local terminal L and the
said respective remote terminal R¢, Rz, Rs, R4, Rsfrom a corresponding equated sum of

node currents.

The calculation node may again be any point within the transmission medium 16 but, by
way of example, is selected as being the junction with which the corresponding remote
terminal is directly connected, i.e. the first junction J1 with respect to the first remote
terminal Ry, the second junction J2 with respect to the second remote terminal R, the
third junction J3 with respect to the third remote terminal Rs, the fourth junction J4 with
respect to the fourth remote terminal R4, and the fourth junction J4 again with respect to

the fifth remote terminal Rs.
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In the second method of the invention, step (b) of calculating respective node currents
flowing into the corresponding calculation node from the local terminal L and each
remote terminal R4, Rz, Rs, R4, Rsinvolves calculating respective:

(i) first, second, third, fourth and fifth remote node currents isrs, iRz, 1s3Rr3, i44Rs, 114rs,
which flow into a corresponding junction J1, J2, J3, J4 from each of the remote
terminals R1, Rz, Rs, R4, Rs; and

(i) first, second, third, fourth and fifth equivalent node currents ijr1 L, i2r2 1, iU3R3 L,

1J4R4_L, 104R5 L.

In respect of each remote terminal Ry, Ry, Rs3, R4, Rs, the corresponding equivalent node
current iyr1 L, iy2r2 L, 13R3 L, l0ar4 L, iu4rs L iS representative of the current which flows into
the corresponding calculation node J1, J2, J3, J4 from the local terminal L and the other
remote terminals R1, Ry, Rs, R4, Rs, i.e. with respect to the first remote terminal R, then
the first equivalent node current iyr1 L is representative of the current flowing into the first
junction J1, i.e. the junction with which the first remote terminal R¢ is directly connected,
from the local terminal L and each of the other remote terminals, i.e. each of the second,
third, fourth and fifth remote terminals Rz, Rs, R4, Rs.

In the second method of the invention, calculating the first, second, third, fourth and fifth
remote node currents ijr1, ii2rz, iJ3Rr3, l4rs, l1ars similarly includes measuring the current
at the respective remote terminal R1, Rz, Rs, R4, Rsand using the measured current to
calculate the corresponding remote node current isr1, iszrz, 13Rr3, 4R, iw4rs USING an
appropriate model of the section of overhead transmission line 18 between the
associated remote terminal Ry, Rz, Rs, R4, Rsand the junction J1, J2, J3, J4 into which
the remote node current is flowing, i.e. one of;

a resistor-inductor model;

a linear resistor-inductor-capacitor model; and

a distributed parameter model.

Each equivalent node current iyir1 L, iu2r2 L, l03R3 L, lW4Ra_L, isrs L IS calculated by the local

terminal L, and more particularly by the control unit located therein.

In the meantime, each of the respective remote node currents ijr1, i2rz, 1U3r3, 194R4, isars IS

calculated by the corresponding remote terminal R4, Rz, Rs, Rs, Rs.

The corresponding remote terminal R4, Rz, R3, R4, Rs then transmits to the local terminal

L, via the communication network, the associated calculated remote node current ijiry,
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is2r2, ig3r3, isara, isars whereat they are received as respective first, second, third, fourth

and fifth received remote node currents i'jirs, i'u2re, Uy3rs, i'Jar4, [u4rs.

In this manner each of the received remote node currents i’j1rt, i'urz, 1'y3r3, 1'4ara, Viars
embodies a corresponding communication time delay Te1, Tp2, Tp3, Trd, Trb between

the local terminal L and the corresponding remote terminal R1, Rz, Rs, R4, Rs.

In the second method of the invention calculating each of the equivalent node currents
IJ1R1_L, iJ2r2_L, 103R3_L, lu4r4_L, fuars 1 @gain includes:

establishing an equivalent admittance yr1, Yrz, Yr3, Yrs4, Yrs for each remote
terminal R4, Rz, Ra, R4, Rs;

obtaining a local node current iy« ; and

utilising the established equivalent admittances yr1, Yr2, Yr3, Yr4, Yrs for each
remote terminal Ry, Rz, Rs, R4, Rs and the local node current iy to calculate the

Corresponding equiva|ent node current iJ1R1_|_, iJsz_L, iJsRs_L, iJ4R4_L, iJ4R5_L.

The equivalent admittance yr1, Yr2, Yr3, Yra, Yrs fOr each remote terminal R, Rz, Rs3, Ra,
Rs may again be established by a sample based method or a Fourier based method.

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

iI
1 r1
Yr1 = ————U'
J1R1
. ,
_ 1R
yRZ ™y
J2R2
_ I,]BRB
YRs ==
J3R3
_ I’]4R4
Yra = 7
J4R4
Vas = I'}ars
s =

Tt
J4ARS
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where,

I"]1R1 is the Fourier phasor of the first received remote node current i’y1ry which
embodies the first communication time delay Tp1 between the first remote terminal Ry
and the local terminal L;

U’]ml is the Fourier phasor of a first received remote node voltage u'yir1 Which is
calculated by the first remote terminal Ry based on the voltage urs measured at the first
remote terminal Ry and which again embodies the first communication time delay Tp1;

I'12r2 is the Fourier phasor of the second received remote node current i’sro
which embodies the second communication time delay Tr2 between the second remote
terminal Rz and the local terminal L;

U'j2r2 is the Fourier phasor of a second received remote node voltage u’jzr2
which is calculated by the second remote terminal R, based on the voltage urs; measured
at the second remote terminal Rz and which again embodies the second communication
time delay Tp2;

f'sts is the Fourier phasor of the third received remote node current i’ysrs which
embodies the third communication time delay Tp3 between the third remote terminal R;
and the local terminal L;

U'j3g3 is the Fourier phasor of a third received remote node voltage u’jsrs which is
calculated by the third remote terminal Rs based on the voltage urs measured at the third
remote terminal R; and which again embodies the third communication time delay Te3;

I'14p4 is the Fourier phasor of the fourth received remote node current i’urs which
embodies the fourth communication time delay Tp4 between the fourth remote terminal
R4 and the local terminal L;

U’ 4r4 is the Fourier phasor of a fourth received remote node voltage u’urs Which
is calculated by the fourth remote terminal R4 based on the voltage urs measured at the
fourth remote terminal R4+ and which again embodies the fourth communication time
delay Te4;

I ";ars is the Fourier phasor of the fifth received remote node current i’ yrs which
embodies the fifth communication time delay Te5 between the fifth remote terminal Rs
and the local terminal L; and

U'j4rs is the Fourier phasor of a fifth received remote node voltage u’urs which is
calculated by the fifth remote terminal Rs based on the voltage urs measured at the fifth

remote terminal Rs and which again embodies the fifth communication time delay Tp5.

Meanwhile the local node current iy is again obtained by measuring the current i, at the

local terminal L and using that measured current i_ to calculate the local node current iy
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using a resistor-inductor model of the section of transmission medium 16 between the
local terminal L and a corresponding calculation node which, in the third method of the

invention, is chosen as the first junction J1.
By virtue of such steps the local node current i is again given by
L = L

In other embodiments of the second method of invention, depending of the length of
transmission medium in question, a linear resistor-inductor-capacitor model or a
distributed parameter model of the aforesaid section of transmission medium may

instead be used.

Thereafter, in the second method of the invention, utilising the established equivalent
admittances yr1, Yre, Yr3, Yre, Yrs for each remote terminal Ry, Rz, Rs, R4, Rs and the local
node current iy to calculate the corresponding equivalent node current iyri_L, li2ra_L,
i43R3_L, 144R4_L, lsars5_L, iNcludes:

using the local node current iy to calculate for each junction J1, J2, J3, J4 a local
junction voltage uys_t, Us2_1, Ua_L, Usa_t; and

multiplying the equivalent admittance yr1, Yre, Yr3, Yr4, Yrs for a given remote
terminal Ry, Rz, Rs, R4, Rs by the calculated local junction voltage uyi_, Us 1, Uis_t, Usa L
for the junction J1, J2, J3, J4 with which it is connected to thereby calculate the
corresponding equivalent node current iyri_L, liz2re L, isars_t, ls4ra L, frs 1, for the said

given remote terminal Ry, Rz, R3, R4, Rs, i.e. according to
i]1R1_L = leUjl_L
j]ZRZ_L = )’RzU]z_L
j]3R3_L = Yr3 U]3_L
i]4-R4_L = yR4U]4-_L
i]4R5_L = YRrs5 Uj4_L

where,

I'}1r1 1, 1s the Fourier phasor of the first equivalent node current isr1_L;
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I';2r2 1 s the Fourier phasor of the second equivalent node current iszrz L]
I'13r3_ is the Fourier phasor of the third equivalent node current issra_t;

I ';ara_1 18 the Fourier phasor of the fourth equivalent node current ijsra L;
I ']4R5_L is the Fourier phasor of the fifth equivalent node current ijsrs_i;
U;1 1, is the Fourier phasor of the first junction voltage uui_;

U]Z_L is the Fourier phasor of the second junction voltage ujz_i;

013_L is the Fourier phasor of the third junction voltage us_1; and

U,4_L is the Fourier phasor of the fourth junction voltage uys 1.

In each instance, calculating for each junction J1, J2, J3, J4 a local junction voltage uyi_y,
Uz L, Ugs L, Uy4 L includes:

formulating an initial admittance matrix based on the topology of the third
example electrical power network 30;

modifying the initial admittance matrix to take account of the established
equivalent admittances Yr1, Yrz, YR3, Yr4, Yrs for each remote terminal Ry, Rz, Rs, R4, Rs;
and

combining the modified admittance matrix with the local node current i to

thereby establish each local junction voltage uy1 1, Uaz_1, Uisa_t, Us4 L.

In the second method of the invention, the local junction voltages uyi_, Usz_1, Uss_L, Usa L
are calculated on the basis of the local node current iz with the portion of network, i.e.
network branch, associated with each remote terminal R1, Rz, R3, R4, Rs being regarded

as an equivalent admittance.

More particularly an initial admittance matrix Yy is formulated according to the topology
of the third example electrical power network 30, together with information provided by
the network owner regarding the section admittance y2, Y13, Y23, Yos, Y34 Of the various

sections of transmission medium 16 between the junctions J1, J2, J3, J4.

An example initial admittance matrix Yy is shown below in which each of the diagonal
entries is the summation of all of the section admittances yi2, Y13, Y3, Y24, Y34 that are
directly connected to the corresponding junction J1, J2, J3, J4, e.g. for the row 2, column
2 diagonal entry the section admittances directly connected to the second junction J2 are

Y13 + Va3 + Vo4, i.€.
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Yia T Vi3 —Yi2 — Vi3 0
v = — Vi Vgt Va3 + Vo Va3 Va4
J0 =
— Vi — Vs izt VstV — Vi
0 Y — Y4 Vos T V3

In addition, the remaining row and column entries are the section admittance which is
directly connected between the two junctions in question multiplied by -1, e.g. the
admittance connected directly between the third junction J3 (i.e. row 3) and the first

junction J1 (i.e. column 1) is y13, and so the entry at row 3, column 1 is - ys.

The initial admittance matrix Yy is then modified to take account of the equivalent
admittances Yri1, Yre, Yrs, Yrs, Yrs Of the remote terminals Ry, Rz, Rs, Rs, Rs according to a

topology matrix Mrop which takes the following form:

J1 J2 J3 J4]

L 1 0 0 0

RL 1 0 0 ©
Mip=|R2 0 1 0 0
R3 0 0 1 0

R4 0 0 0 1

RS 0 0 0 1|

The rows in the aforementioned topology matrix Mrop represent the corresponding
terminal L, Ry, Rz, Ra, R4, Rs and the columns represent the corresponding junction J1,
J2, J3, J4. If a particular terminal L, Ry, Rz, Rs, R4, Rs is connected to a given junction J1,
J2, J3, J4 then the corresponding matrix entry is 1 (otherwise a 0 is included).

The diagonal elements of the initial admittance matrix Yo are then modified by
subtracting the equivalent admittance yr1, Yrz, Yr3, Yra, Yrs Of the or each remote terminal
Ri1, Rz, Rs, Rs, Rs that is directly connected to the corresponding junction J1, J2, J3, J4,
e.g. for the fourth junction J4 the entry at (4,4) in the initial admittance matrix Yy is
modified by subtracting the equivalent admittance of the fourth and fifth remote terminals
Rs, Rs, i.e. by subtracting yrs and yrs, such that the modified admittance matrix Ymoa
takes the form
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Yzt V3= Vn sy ~— N3 0
v o= —Vo Y2tV tVu=Vr — Vs ~ Vo
JMod —
Vi3 a3 VstV +Vu—Vn V4
0 ~ Vaa ~ Y34 Yoyt Va4 Vra —Vas

Each junction voltage uys 1, Uiz 1, Ui L, U4 is then calculated according to the following

UJ1 L leL
UJZ_L -y 0
U” P JIMod 0
UJ4 L 0

where,

I,,, is the Fourier phasor of the local node current L.

As an alternative to the foregoing, a local junction voltage U 1, Uiz 1, Ugs 1, Ui L may be
calculated for each junction J1, J2, J3, J4 by instead formulating an initial impedance
matrix that is based on the topology of the third example electrical power network 30,
and more particularly is the reverse of the aforementioned initial admittance matrix Y.

Such an initial impedance matrix may also be established directly.

After that such an initial impedance matrix may be modified to take account of the
established equivalent admittances yr1, Yr2, Yr3, Yre, Yrsfor each remote terminal Ry, Ry,
Rs, R4, Rs, and the modified impedance matrix then combined with the local node current
is1L, in a similar manner to that described above, in order to establish each local junction

voltage uy1_t, Usz_t, Uus_L, Uga L.

Thereafter step (c) of equating, in respect of each remote terminal R, Rz, R3, R4, Rs a
sum of node currents flowing into the corresponding calculation node J1, J2, J3, J4 to
zero according to Kirchhoff’s first law, includes:

for the first remote terminal Ry, equating to zero the sum of the first calculated
equivalent node current iyr1_L and the first received remote node current i'y1r1 flowing
into the first junction J1;

for the second remote terminal Rz, equating to zero the sum of the second
calculated equivalent node current ipr2 L and the second received remote node current

I’ 2r2 flowing into the second junction J2;
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for the third remote terminal Rs, equating to zero the sum of the third calculated
equivalent node current isrs L and the third received remote node current i'y3r3 flowing
into the third junction J3;

for the fourth remote terminal R4, equating to zero the sum of the fourth
calculated equivalent node current iurs4 L and the fourth received remote node current
i'sar4 flowing into the fourth junction J4; and

for the fifth remote terminal Rs, equating to zero the sum of the fifth calculated
equivalent node current igsrs L and the fifth received remote node current i'ysrs again

flowing into the fourth junction J4.

Following the above, step (d) of extracting, in respect of each remote terminal R+, Rz, Rs,
R4, Rs, a communication time delay Te1, Tp2, Te3, Tr4, Tr5 between the local terminal L
and the said respective remote terminal R+, Rz, R3, R4, Rsfrom a corresponding equated

sum of node currents again includes comparing the phase of the said node currents.

Such phase comparisons can be achieved by adopting a zero-crossing method in the
time domain or a Fourier transform method in the frequency domain but, by way of
example, the third method of the invention again adopts a Fourier transform method in
which each of the received remote node currents i'sir1, i'uz2re, '43rs, i'44r4, 1'ars is rewritten

in the respective farm,
I'y1p€/0™2;
I'j2p €702,
I')3pzel“0Tr3;
"J4R4ejw°T”4? and
I'j4pse!®oTes
such that the first, second, third, fourth and fifth communication time delays Te1, Tr2, Tr3,

Ted, Tpb are given, respectively, by

T _arg(={ip1 1/ j1r1),
p1 2nf ’
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T _arg(—ijsz_L/i’jZRz),
pZ 2nf 1

__arg(—ljagrs_1/1"j3Rr3).
Tp3 - '
2nf

T . = arg(—Ijapa 1/1'jars),

pa = - ; and

_ arg(_i]4R5_L/i,j4R5)
ps 2nf

where,

i]lRl_L is the Fourier phasor of the first equivalent node current ijir1_t;

f’]1R1 is the Fourier phasor of the first received remote node current i'jir
transmitted from the first remote terminal Ry to the local terminai L;

I']2 r2_1 is the Fourier phasor of the second equivalent node current izrz 1;

f’JZRz is the Fourier phasor of the second received remote node current i'iz2r2
transmitted from the second remote terminal R; to the local terminal L;

1'13 ra_ is the Fourier phasor of the third equivalent node current issrs (;

f’]3R3 is the Fourier phasor of the third received remote node current i’jr3
transmitted from the third remote terminal R; to the local terminal L;

I']4R4_L is the Fourier phasor of the fourth equivalent node current ijsra_t;

f'/4R4 is the Fourier phasor of the fourth received remote node current i'yra
transmitted from the fourth remote terminal R4 to the local terminal L;

I14rs_ is the Fourier phasor of the fifth equivalent node current iurs_1;

[,j4R5 is the Fourier phasor of the fifth received remote node current i'urs

transmitted from the fifth remote terminal Rs to the local terminal L; and

f is frequency of the node currents.

Following all of the above the second method of the invention optionally includes a

further time alignment step.

Such a step involves delaying the local data, i.e. the measured current iL at the local
terminal L, by an amount Tmax equal to the maximum value of the first, second, third,

fourth, and fifth communication time delays Tp1, Tep2, T3, Ted, Te5, i.e. where
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max = max{ Tp1, Tp2, Te3, Tr4, Trd}

then delaying the first received remote node current i'j1r1 by an amount Trs given by

Tr1 = Trmax - Te1

delaying the second received remote node current i’ ;zr2 by an amount Trz given by

Tr2 = Trmax - T2

delaying the third received remote node current i’ 3ra by an amount Tgrs given by

Tr3 = Tmax - TP3

delaying the fourth received remote node current i’ jsra by an amount Tr4 given by

Tra = Tmax - Tp4; and

delaying the fifth received remote node current i’ jurs by an amount Trs given by

Trs = Tmax - TP5

Thereafter each of the local node current iy, and the received remote node {'jir1, i'Jzre,

i'y3r3, I'u4r4, i'1ars Will be correctly synchronised with one another such that an associated

differential protection scheme will be able to operate correctly and reliably.
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CLAIMS:

1. A method of determining a communication time delay in a communication
network between a local terminal and a plurality of remote terminals within an electrical
power network comprising the steps of:

(a) selecting, in respect of each remote terminal, a calculation node in the
electrical power network;

(b) calculating, in respect of each remote terminal, a corresponding remote
node current flowing into the corresponding calculation node from the said remote
terminal and a corresponding equivaient node current representative of the current
flowing into the corresponding calculation node from the local terminal and the or each
other remote terminal;

(c) equating, in respect of each remote terminal, a sum of the corresponding
calculated equivalent node current and the corresponding remote node current flowing
into the corresponding calculation node to zero according to Kirchhoff's first law; and

(d) extracting, in respect of each remote terminal, a communication time
delay between the local terminal and the said respective remote terminal from a
corresponding equated sum of node currents,

the method being characterised in that calculating in respect of each remote
terminal a corresponding equivalent node current includes:

establishing an equivalent admittance for each remote terminal;

obtaining a local node current; and

utilising the established equivalent admittances for each remote terminal and the

local node current to calculate the corresponding equivalent node current.

2. A method of determining a communication time delay according to Claim 1
wherein:

the or each corresponding equivalent node current is calculated by the local
terminal; and

the or each remote node current is calculated by the corresponding remote
terminal and is thereafter transmitted via the communication network to the local terminal

whereat it is received as a corresponding received remote node current.

3. A method of determining a communication time delay according to Claim 1 or
Claim 2, within an electrical power network having a single junction between the local

terminal and the plurality of remote terminals, wherein utilising the established equivalent
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admittances for each remote terminal and the node current to calculate the
corresponding equivalent local node current includes one of:

multiplying the local node current by a current distribution coefficient based on the
said established equivalent admittances; and

adding one or more other node currents, the or each of which is determined from
the equivalent admittance of another remote terminal and a corresponding calculated

node voltage, to the local node current.

4. A method of determining a communication time delay according to Claim 1 or
Claim 2, within an electrical power network having a plurality of junctions between the
local terminal and the plurality of remote terminals, wherein utilising the established
equivalent admittances for each remote terminal and the local node current to determine
the corresponding equivalent node current includes:

using the local node current to calculate for each junction a local junction voltage;
and

multiplying the equivalent admittance for a given remote terminal by the
calculated local junction voltage for the junction with which it is connected to thereby

calculate the corresponding equivalent node current for the said given remote terminal.

5. A method of determining a communication time delay according to Claim 4
wherein calculating for each junction a local junction voltage includes:

formulating an initial admittance matrix based on the topology of the electrical
power network;

modifying the initial admittance matrix to take account of the established
equivalent admittances for each remote terminal; and

combining the modified admittance matrix with the local node current to thereby

establish each local junction voltage.

6. A method of determining a communication time delay according to any preceding
claim wherein obtaining a local node current includes measuring the current at the local
terminal and using the measured current at the local terminal to calculate the local node
current using one of the following models of the network between the local terminal and a
corresponding calculation node:

a resistor-inductor model;

a linear resistor-inductor-capacitor model; and

a distributed parameter model.
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7. A method of determining a communication time delay according to any preceding
claim wherein calculating a given remote node current includes measuring the current at
the corresponding remote terminal and using the measured current at the corresponding
remote terminal to calculate the said given remote node current using one of the
following models of the network between the corresponding remote terminal and the
corresponding calculation node:

a resistor-inductor model;

a linear resistor-inductor-capacitor model; and

a distributed parameter model.

8. A method of determining a communication time delay according to any preceding
claim wherein step (d) of extracting, in respect of each remote terminal, a communication
time delay between the local terminal and the said respective remote terminal from a
corresponding equated sum of node currents, includes comparing the phase of the node
currents within the equated sum.

9. A method of determining a communication time delay according to Claim 8
wherein comparing the phase of the node currents includes one of:
adopting a zero-crossing method in the time domain; and

adopting a Fourier transform method in the frequency domain.
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