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(57) Abstract: A dynamic line rating determination apparatus configured to provide for the control of the current applied to a power
line conductor by determination of a dynamic maximum current rating for said power line conductor, the apparatus configured to;
based on a set of measured voltage and current phase vectors taken at at least two, temporally spaced sample times, the voltage and
current phase vectors comprising; a voltage phase vector for each phase of electrical power carried by the power line conductor at a
first end of the power line conductor; a voltage phase vector for each phase of electrical power carried by the power line conductor at
a second end of the power line conductor; a current phase vector for each phase of electrical power carried by the power line con-
ductor at a first end of the power line conductor; and a current phase vector for each phase of electrical power carried by the power
line conductor at a second end of the power line conductor; determine the dynamic maximum current rating by; applying said set of
voltage and current phase vectors to a predetermined power line model to determine an estimate of the real time conductor temperat -
ure, applying said estimate of the real time conductor temperature to a predetermined thermal model to determine a prediction of a
steady state temperature that the power line conductor will reach over time, and calculating the dynamic maximum current rating
based on at least said prediction of the steady state temperature, a power line conductor current, and a maximum temperature limita -
tion value.



10

15

20

25

30

35

WO 2016/184857 1 PCT/EP2016/061026

DYNAMIC LINE RATING DETERMINATION APPARATUS AND ASSOCIATED
METHOD

This invention relates to an apparatus configured to determine a dynamic line rating
comprising a dynamic maximum current that can be applied to a power line conductor.
The invention also relates to an associated method and an electricity distribution and/or

transmission grid including said apparatus.

According to a first aspect of the invention we provide a dynamic line rating determination
apparatus configured to provide for the control of the current applied to a power line
conductor by determination of a dynamic maximum current rating for said power line
conductor, the apparatus configured to;
based on a set of measured voltage and current phase vectors taken at at least
two, temporally spaced sample times, the voltage and current phase vectors comprising;
a voltage phase vector for each phase of electrical power carried by the
power line conductor at a first end of the power line conductor;
a voltage phase vector for each phase of electrical power carried by the
power line conductor at a second end of the power line conductor;
a current phase vector for each phase of electrical power carried by the
power line conductor at a first end of the power line conductor; and
a current phase vector for each phase of electrical power carried by the
power line conductor at a second end of the power line conductor;
determine the dynamic maximum current rating by;
applying said voltage and current phase vectors to a predetermined power line
model to determine an estimate of the real time conductor temperature Tc,
applying said estimate of the real time conductor temperature to a predetermined
thermal model to determine a prediction of a steady state temperature that the
power line conductor will reach over time, and
calculating the dynamic maximum current rating based on at least said prediction
of a steady state temperature, a power line conductor current, and a maximum

temperature limitation value.

This is advantageous as the apparatus does not require measurement of ambient weather
or environmental conditions or the measurement of the power line conductor temperature.
Instead, through the use of the predetermined power line model and thermal model a
surprisingly accurate and effective dynamic maximum current rating can be obtained. The
apparatus only requires the measurement of voltage and current phasors for each phase
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at two disparate ends of the power line conductor, with then the real time conductor
temperature, steady state conductor temperature and dynamic maximum current rating all

being calculated based on said measured phasors.

Optionally, a set of positive sequence components, derived by a method of symmetrical
components, of the voltage and current phase vectors is applied to the predetermined
power line model, the set of positive sequence components comprising;

a positive sequence voltage component for the first end;

a positive sequence voltage component for the second end;

a positive sequence current component for the first end; and

a positive sequence current component for the second end.

Optionally, the set of positive sequence components are determined based on the

following equation;

1 Vsa Isa Vra Ira
Vs Is Vo Ikl=gl1 o o®lfVs Isp Vo Irp
Vse Isc Vre Ire
where,
Vs and I5 are the positive sequence voltage and current components of the first end:
Vg and iy are the positive sequence voltage and current components of the second end;
Vsa, Vs, @and Vg, are the voltage phase vectors for each phase a, b, ¢ at the first end;
Isa, Isp, @nd g are the current phase vectors for each phase a, b, ¢ at the first end;
Vra» Vrp @nd Vi are the voltage phase vectors for each phase a, b, ¢ at the second end;
Ira, Igp @nd Ig. are the current phase vectors for each phase a, b, ¢ at the second end:;

a is an operator of the transformation where;

and j is the imaginary unit.

It will be appreciated that although this example equation shows the determination of the
positive sequence components for a three phase power system, the principle can be

applied to any number of phases.

Optionally, the apparatus is configured to;
determine the estimate of the real time conductor temperature based on the

predetermined power line model represented in the equation below;
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[Vs] _ [A(Tc) B(Tc)} [VR]
is C(T) D(Tol|igx

For example, if an equivalent Pl section model is used as the power line model, then the
parameters A(Tc), B(Tc), C(Tc) and D(Tc) can be expressed as below:

A(T) = D(T;) = cosh(yl)

B(T,) = Z_.sinh(yl), C(T,) = sinh(yl)/Z.

U(Te) = UTrer)(1 + &)

y(T) = \/(r(TREF)(l + 5)(1 + a(T, — TREF)) +iju)(iwCu)

Z.(T) = \/((T(TREF)(l +&)(1+ a(T; = Trgr)) + jwly))/ (GwCy)

In one or more embodiments, y and Z. may alternatively be determined by the following
equations:

y =V +jol)(wt,)

Ze = \/(T +iju)/(iju)
and

y is the propagation constant of the power line conductor;

l is a length of the power line conductor;

ris series resistance per unit length of the power line conductor;

w is frequency in radians where w=27f;

Z. is a characteristic impedance of the power line conductor,

Trer is a reference conductor temperature and r(Trer) is the resistance per unit length of
the power line conductor at the temperature of Trer;

e is a predetermined elongation parameter of the power line conductor; and
j is the imaginary unit,

w is the angular velocity of the voltage/current where w = 2xf;

L, is the (series) inductance per unit length of the power line conductor; and
C, is the (shunt) capacitance per unit length of the power line conductor.

Optionally, the apparatus is configured to determine the elongation parameter by any one
of the following methods;

i) £= ﬁ + (By(Te — Trgr) + B2(T; — Trgr)?); and

N F
if) e=——+ B1(Te — Trer)

where
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F is the mechanical force that is being applied on the conductor, measured in Newtons (for
example, F can be regarded as the gravitational force due to weight of the conductor
between two pylons, which is calculated approximately by dividing the total gravitational
force on the cable due to its total weight by the number of sections);

A is the cross-sectional area in mm? of the power line conductor;

E is the elasticity modulus in Nmm-2 of the power line conductor;

B, is the linear thermal expansion coefficient in K- of the power line conductor; and

B, is the square thermal expansion coefficient in K2 of the power line conductor.

Optionally, based on the power line model, the estimate of the real time conductor
temperature T is derived using a non-linear least squares method such as the Newton'’s

method.
The power line conductor current may be an average power line conductor current.

Optionally, the apparatus is configured to determine the power line conductor current, I,

as an average power line conductor current, by the following equation;
D G A
| = (IS ""—‘VS -+ IR +"“'VR)/2
2 2

or by a simplified equation;

I = (is + IR)/Z
where,
Vs and Ig are the positive sequence voltage and current of the first end;

Vi and Iy are the positive sequence voltage and current of the second end; and

1 vt
Y' = thanh(z

y(T,) = J (r(Tagm) (L + (1 + (T, — Tage)) + joLo) G C)

2T = [((r a1 + )1+ (T, ~ Tage)) + jola))/GoCy)

In one or more embodiments, y and Z; may alternatively be determined by the following
equations:

v = +jol)wt,)

Zp = \/(T +jwl,)/(jwly,)
y is the propagation constant of the power line conductor;

Z. is a characteristic impedance of the power line conductor
ris series resistance per unit length of the power line conductor;

w is frequency in radians where w=2mf;
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L, is the (series) inductance per unit length of the power line conductor:;

C, is the (shunt) capacitance per unit length of the power line conductor.
Tc has already been obtained by the previous step.

Optionally, the apparatus is configured to apply said estimate of the real time conductor
temperature to the predetermined thermal model to determine a prediction of a steady
state temperature that the power line conductor will reach over time comprises;
determining a time constant representative of a predicted change in real time
conductor temperature over time based on a time derivative of at least two calculated real
time conductor temperatures at different times and using said time constant to determine

the steady state temperature.
The different times may be a current time and a previous time.

Determining the time derivative of the real time conductor temperature may comprise using

the following formula;
T (k) — Te(k — 1)
Ty
where Ts is the time interval between the Te(k-1)th and Tc(k)th value, comprising a

T (k) =

predetermined primary execution time interval (for example, Ts1 may be selected as 5s);
Tc(k) is the conductor temperature at k' time interval (present time);

Te(k-1) is the conductor temperature at (k-1)™ time interval (previous time); and

T (k) is the derivative of T¢(k).

Calculating the time constant a may comprise any one of the following methods;
i) Using the equation;

T, () = T/ (k — 1)
Top(k) = Tepy(k— 1)

a(k) =

ii) Using the equation;

o = 2 Tl + (= 2) — 2T (k = 1)
o = -7 To(k) — T, (k — 2)

where Ts2 is a predetermined secondary execution time interval. For example, Ts2 may be
selected as 10s;
kis the present time sample and k-1 is the previous sample, which are within the secondary

execution time interval Tg,; and
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T(kR)+T (k-1
T, (k) = c__zc(___)

taken as an average of the temperature at the present time, k, and previous time k-1.

where T,,(k) is the mean average real time conductor temperature

Optionally, the apparatus is configured to determine the steady state conductor

temperature Tess by the following process;

1) AT, <¢
Tess(K) = Teyp (k)
2) else
1
Tess(k) = EEIE_)-TCI (k) + Ty (k)

where AT, is the difference between two successively calculated real time conductor
temperature values, T,
AT, = Tey (k) — Tep(k — 1)

¢ is a predetermined threshold value representative of a limit in the change of conductor
temperature for there to be deemed a steady state condition has been reached;

T, (k) is a time derivative of T, (k), the predicted real time conductor temperature at time
k. It will be appreciated that the k and k-1 make reference to the associated values at the
present and a previous time, which in this instance is based on the secondary execution

time interval.

The apparatus may be configured to verify the acceptability of the predicted steady state
conductor temperature Tess(k), comprising;
1) If Tess(k) € [Tess mins Tess.max), then the calculation result of T, (k) is
acceptable;
2) If not, then T.;.(k) maintains its previous historical value;
Tess(K) = Tegs(k— 1)
where [Tcss_min,Tcss_mx] is a predetermined threshold range of T,;.

Optionally, the apparatus is configured to calculate the dynamic maximum current rating
based on one or more of the following;
i) the predicted steady state temperature value T relative to the
predetermined maximum conductor temperature limitation value Tmax;
ii) the difference between a predetermined maximum conductor temperature
limitation value Tmax and a first (initial) steady state temperature value T,
relative to the difference between a subsequent (current) steady state

temperature value and the first (initial) steady state temperature value Tcg;
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jii) the difference between a predetermined maximum conductor temperature
limitation value Tmax and a first steady state temperature value Tess(k-g),
where g is an integer, relative to the difference between a subsequent
steady state temperature value Tess(k) and the first steady state
temperature value and a change in an average conductor current, |,
between the time of the first steady state temperature value and the time of
the subsequent steady state temperature value.

Optionally, the apparatus is configured to calculate the dynamic maximum current rating,

Imax(k), based on one or more of the following equations;

. S T )
i) Imax(K) = \/ Tess () ~Teo(k—1)

. BE-1E_
) ) = [+t (T — Ty ()

where Tmax is a predetermined maximum allowable conductor temperature (the limitation
value), Tess(K) is the calculated steady state conductor temperature at (k)" time interval,
T, is the initial steady state conductor temperature when there is no current flowing in the
power line, and lx is an average conductor current at a k™ time interval, I.1 is an average
conductor current at a subsequent (k-1)"" time interval. It will be appreciated that the k and
k-1 make reference to the associated values at the present and a previous time interval,
which in this instance is based on a predetermined tertiary execution time interval Tss. For
example, Tsa may be selected as 20s.

Optionally, the apparatus is configured to calculate the dynamic maximum current rating,
Imax, based on;

determination of one or more of the following variables for use as judgment
conditions in one or more of three different cases, wherein,

e Al is a difference between two successively determined average conductor
currents, where k-1 represents a first determined value and k a subsequent
determined value;

Al=1, = Ij_4

o AT, is adifference between two successively determined steady state conductor
temperatures where k-1 represents a first determined value and k a subsequent
determined value;

ATess = Tess(K) — Tegs(k— 1)
* T, is aninitial steady state conductor temperature when there is no current flowing

in the power ling;
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e AT, is the difference between two successive initial steady state conductor
temperature,
ATyg = Tep(k) — Teo(k— 1)
e g1, €2, €3 and 4 are all predetermined threshold values that control the
determination of Inax, and
the dynamic maximum current rating Inax is calculated by one or more of the following
equations;

i) if |Al} < €1, Ihax(k) is calculated using the following equation:

e jlﬁ(Tmax ~ Tey(k— 1))

Tcss (k) - Tc0 (k - 1)

in the equation, Tmax is the maximum allowable conductor temperature, Tess(k) is the
calculated steady state conductor temperature at (k)" time interval, and I« is the average

conductor temperature at (k)" time interval;

ii) If |AI} = €1 and|AT.gs| < €2, Iax(k) maintains the historic value;
Imax (k) = Imax(k — 1)
iii) If |AI] = €l and |ATcss| = €2 the maximum current rating I;..(k) is

calculated using the following equation:

1212
Imax(k) = Il% + X = (Tmax — Tess(K))
Tcss(k) - Tcss(k - 1)

The value of T.,(k) may be also updated using the equation below:

Ilz((TCSS(k) - Tcss (k - 1))

Teo(K) = Tess(k) — Z_12
k k-1

Optionally, the apparatus is configured to check that the calculated dynamic maximum
current rating I,,.(k) value lies within predetermined bounds prior to the apparatus

providing it for control of current applied to the power line conductor.

According to a second aspect we provide a method of providing for the control of the
current applied to a power line conductor by determination of a dynamic maximum current
rating for said power line conductor, the method comprising;
based on a set of measured voltage and current phase vectors taken at at least
two, temporally spaced sample times, the voltage and current phase vectors comprising;
a voltage phase vector for each phase of electrical power carried by the

power line conductor at a first end of the power line conductor;
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a voltage phase vector for each phase of electrical power carried by the
power line conductor at a second end of the power line conductor;
a current phase vector for each phase of electrical power carried by the
power line conductor at a first end of the power line conductor; and
a current phase vector for each phase of electrical power carried by the
power line conductor at a second end of the power line conductor;
determining the dynamic maximum current rating by;
applying said set of voltage and current phase vectors to a predetermined power
line model to determine an estimate of the real time conductor temperature,
applying said estimate of the real time conductor temperature to a predetermined
thermal model to determine a prediction of a steady state temperature that the
power line conductor will reach over time, and
calculating the dynamic maximum current rating based on at least said prediction
of the steady state temperature, a power line conductor current, and a maximum

temperature limitation value.

According to a further aspect we provide a computer readable medium or computer
program comprising computer code configured to, when executed by a processor having

memory, perform the method of the second aspect.

According to a further aspect of the invention we provide an electricity distribution grid or
an electricity transmission grid including at least one power line conductor for carrying
electrical power around said grid, the grid including the apparatus of the first aspect for

controlling the power applied to said at least one power line conductor.

There now follows, by way of example only, a detailed description of embodiments of the

invention with reference to the following figures, in which:

Figure 1 shows an example dynamic line rating determination apparatus;

Figure 2 shows a power line conductor between a first end and a second end;

Figure 3 shows a more detailed schematic view of the dynamic line rating
determination apparatus of Figure 1;

Figure 4 shows a more detailed schematic view of the first stage shown in Figure
3
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Figure 5 shows a positive sequence equivalent PI circuit diagram of a three phase

power line;

Figure 6 shows a typical thermal model for any power line;

Figure 7 shows a more detailed schematic view of the second stage shown in

Figure 3;

Figure 8 shows a linear relationship between the squared conductor current (12)

and a steady state conductor temperature (Tess).

Figure 2 shows a power line conductor comprising a length of an electrical conductor. The
power line may be an overhead line and/or an underground cable. The maximum current
that may be passed along the power line is termed the maximum current rating of the
power line and it is limited by the maximum conductor temperature which is allowed on the
power line. The temperature of the power line affects it strength and the amount it may
sag from pylons, for example, which must be controlled to ensure the power line remains
within safe operating limits. Exceeding the maximum conductor temperature may result in
annealing of conductor material thereby causing permanent damage to the power line.
The maximum conductor temperature may comprise a predetermined value based on the
physical dimensions and material of the power line and how it is supported. The conductor
temperature is a function of at least the current flowing through the power line and
environmental conditions, such as the ambient temperature, wind speed, wind direction
and incident solar radiation. The conventional maximum current rating may be determined
based on “worst case” environmental conditions where the environment contributes a
substantial amount to the conductor temperature therefore resulting in a relatively low
maximum current rating to ensure the maximum conductor temperature is not exceeded.
The maximum current rating calculated by this method is termed the static line rating. In
practice, the environmental conditions may be rarely close to the “worst case” situation
and therefore the maximum current rating determined by the static line rating method may
be overly conservative for much of the time. Thus, the capacity of the power line may be

under used.

Determination of the maximum current rating based on actual environmental conditions at
the present time rather than a “worst case” situation may provide for improved utilization
of power line capacity. Therefore, the maximum current rating may increase if the
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environmental conditions contribute less to the conductor temperature and decrease if the
environmental conditions contribute more to the conductor temperature. The maximum

current rating determined by this method is termed the dynamic line rating.

Actively monitoring the conductor temperature to determine if the maximum current rating
can be increased or should be decreased typically requires many measurement units
situated along the power line to collect environmental information and/or the temperature
of the conductor. The use of many measurement units increases the capital cost and the

maintenance cost of dynamic line rating installations.

Figure 1 shows a dynamic line rating apparatus 1 configured to provide a dynamic
maximum current rating 2 for a power line section 20 (shown in Figure 2) having a first
end 21 and a second end 22. The power line section 20 may comprise a length of electrical
conductor and may form part of an electricity distribution grid or an electricity transmission
grid. The power line section may be supported along its length by support structures, such
as pylons 23. The maximum current rating 2 is based on measurements 3 of voltage and
current flow at the first end 21 of the power line section 20 and measurements 4 of voltage

and current flow at the second end 22 of the power line section 20.

A method of determining the dynamic maximum current rating based only on the
measurements 3, 4 and predetermined modelling of the power line conductor will be

described below.

In addition to the dynamic maximum current rating 2, the apparatus is configured to provide
other variables such as an estimated real time conductor temperature 5 and a predicted
steady state conductor temperature 6. The estimated real time conductor temperature 5
and the predicted steady state conductor temperature 6 are calculated based on the
measurements 3, 4 and predetermined modelling of power lines. Thus, environmental
condition measurement sensors are not required, nor are power line temperature sensors.
The steady state conductor temperature comprises the temperature the power line
conductor will ultimately reach after a change in current flow through said power line. Thus,
the change in conductor temperature in response to a step change in current flow may not
occur instantaneously but may reach a substantially constant “steady state conductor
temperature” after a period of time in the future. Thus, the steady state conductor
temperature comprises a prediction of the temperature the conductor will reach assuming

steady state current/power flow and environmental conditions.
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Figure 3 shows a schematic diagram of the dynamic line rating apparatus 1 comprising
three stages 31, 32, 33. The first stage 31 comprises determination of the real time
conductor temperature, Tc, of the power line section 20 and the average current flowing,
I, flowing through the power line section 20. Thus, the first stage 31 comprises the real

time conductor temperature determination stage.

For any power line section 20, either end 21, 22 can be defined as the sending end and,
accordingly, the other end is the receiving end. Hereinafter, the first end 21 will be referred
to as the sending end and the second end 22 will be referred to as the receiving end,
although it will be appreciated that in other examples this could be reversed. The first
stage 31 is configured to receive: a set of voltage phasors (phase vectors) 34 for each
phase measured at the sending end 21; a set of current phasors 35 for each phase
measured at the sending end 21; a set of voltage phasors (phase vectors) 36 for each
phase measured at the receiving end 22; and a set of current phasors 37 for each phase

measured at the receiving end 22,

Vsa, Vsp and Vg, represent three phase voltage phasors of the sending end 21 of a three
phase (phase a, phase b and phase c) system. It will be appreciated that the apparatus 1
may be applied to systems that utilize greater or fewer than three phases. Further,
correspondingly, Is,, I, and ig. represent three phase current phasors as measured at
the sending end 21. Further, Vy,, Vg, and Vg, represent three phase voltage phasors as
measured at the receiving end 22. Further, Ig,, I, and iz represent three phase current
phasors as measured at the receiving end 22. These voltage and current phasors are in
this example sampled at a sampling period Tsampie, Which may be every 20 ms, although
other sampling periods may be used. The determination of the real time conductor
temperature Tc is provided every Tss seconds where T is greater than the voltage and
current phasor sampling period (20 ms in this example). The determination of T¢ and an
average conductor current | from these voltage and current measurements will be

described below. The first stage 31 provides T¢ as output 38 and | as output 39.

The second stage 32 comprises a steady state conductor temperature determination
stage. The second stage 32 is configured to determine the steady state conductor
temperature, Tess, based on only the average current | and the estimated real time
conductor temperature Tc. The determination of Tcss is provided every Ts; seconds where
Tsz2is greater than Ts1. The second stage 32 provides Tcss as output 40 and relays | from
the first stage as output 41.
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The third stage 33 comprises a dynamic maximum current rating determination stage. The
third stage 33 is configured to determine the dynamic maximum current rating, Imax, based
on the steady state conductor temperature, Tcss, determined by the second stage 32 and
the average current, |, determined by the first stage 31. Thus, the only actively measured
variables used by the apparatus comprise the voltage and current phasors obtained in the
first stage 31. The third stage 33 provides Inax as output 42. In figure 3, the third stage is
shown as only providing Imax. lmax may be provided for control of power flow across the
power line section 20. However, as shown in Figure 1, the apparatus 1 may additionally
provide the real time conductor temperature T and/or the steady state conductor
temperature Tess as output. The determination of Inax is provided every Ts3 seconds where
Tsais greater than Ts2 For example, in the present example, Ts1=5 sec., Ts2=10 sec., and
Tsa=20 sec.

In the first stage 31, the real time conductor temperature is evaluated based on the
measured voltages and currents from both ends of the power line by solving a power line
model equation using the voltage and current phasors as input. In particular, the power
line model equation may comprise a transmission equation of a power line using these
voltage and current phasors as input. The voltage and current transmitting from one end
to another are relative to the line parameters, which are functions of the line temperature,
for example. Series impedance and shunt admittance of the line may be functions of the
conductor temperature. Therefore, the conductor temperature can be obtained by directly
solving the transmission equation of a line, in which the voltage and currents are known
quantities and the temperature is unknown variable. A Newton’s method may be utilized
to derive the real time conductor temperature T; from the transmission line equation. The
average conductor current | may be derived based on positive sequence components Is

and Ir for each phase or, in other examples, is received from a different apparatus.

In second stage 32, the steady state conductor temperature is determined based on the
real time conductor temperature derived from the first stage by using a predetermined
power line thermal model.

In the third stage 33, the maximum current rating is determined based on the steady state
conductor temperature derived from the second stage and the average conductor current,

as described in more detail below.

The first stage 31
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Figure 4 shows a more detailed conceptual view of the first stage 31. The first stage 31
comprises a symmetrical components determination element 43 and a power line model
determination element 44. The symmetrical components determination element 43 is
configured to determine a positive sequence component from the twelve voltage and
current phase phasor values 34, 35, 36, 37 measured at the sending and receiving ends
21, 22. In particular, the symmetrical components determination element 43 is configured
to determine a positive sequence voltage term for the first (sending) and second (receiving)
ends 20, 21 and a positive sequence current term for the first (sending) and second
(receiving) ends 20, 21. Thus, four positive sequence components 45, 46, 47, 48 are
determined.

The power line model element 44 is configured to receive the positive sequence
components 45, 46, 47, 48 from element 43 and solve an equation of a predetermined
power line model, as described below, to determine an estimate of the real time conductor
temperature 38. The power line model element 44 or a further calculation block (not shown
in this example) may be configured to determine the average conductor current, |, shown

output at 39.

The positive-sequence components Vs, I, Vg and iy are derived in element 43 using the
following equation;
o Voo lsa Vha ng
Vs Is Vg Ig]l= 3 [1 a o] Vsb Isb Vro Iro
Vse Isc Vre Ire
where,
Vg and g are the positive sequence voltage and current of the sending end;
Vg and Iy are the positive sequence voltage and current of the receiving end:
Vsa, Vsp and Vg, are the voltage phase vectors for each phase a, b, ¢ at the first end:
Isa, Isp, @and Ig. are the current phase vectors for each phase a, b, ¢ at the first end;
Vra: Vrp and Vi, are the voltage phase vectors for each phase a, b, ¢ at the second end:
Ira: Irp @nd I are the current phase vectors for each phase a, b, ¢ at the second end:

a is operator of the transformation; and

j is the imaginary part unit.

The determination of the estimated real time conductor temperature is determined by the
element 44 based on a power line model represented in equation 1 below, which is derived

based on Figure 5.
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[vs] _ [A(Tc) B(Tc)] [VR] (Eq 1)

is] LC(To) D(T|ig
For example, if an equivalent Pl section model is used as the power line model, then the
parameters of A(Tc), B(Tc), C(Tc) and D(Tc) can be expressed as below:

A(T;) = D(T¢) = cosh(yl)

B(T.) = Z.sinh(yl), C(T,) = sinh(yD)/Z,

UT.) = U(Trep) (1 + &)

YT = (s (1 + (1 + (T, = Teg)) + L) 6

2T = J(rTas)(1 + (1 + T, = Tage)) + jolu )/ GC,)

In one or more embodiments, y and Z; may alternatively be determined by the following
equations:

y = +joly)(wCy)

Ze =(r + joly)/(oCy)

y is the propagation constant;
l is the length of the power line section 20;
ris series resistance per unit length of the power line section 20;
Z. is the characteristic impedance of the power line section 20;
Trer is the reference conductor temperature. For example, normally, Trer may be selected
at 20°C and r(Trer) is the resistance per unit length at the temperature of Trer;
€ is the elongation of the power line section 20.
j is the imaginary part unit,
o is the angular frequency of the voltage/current.
w = 2nf
L, is the inductance per unit length of the power line conductor.

C, is the capacitance per unit length of the power line conductor.

The elongation may be determined by;

E="T% + (B1(T; = Trgr) + Bo(Te — Trer)?)

Or, in a simplified expression, as follows;

E=1F + B1(T; — Trer)

Or, £ can also be evaluated approximately according to the material of the conductor and
may thus comprise a predetermined quantity.
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where

F is the mechanical force that is being applied on the conductor, measured in Newtons (for
example, F can be regarded as the gravitational force due to weight of the conductor
between two pylons, which is calculated approximately by dividing the total gravitational
force on the cable due to its total weight by the number of sections);

A is the cross-sectional area in mm?2 of the power line conductor;

E is the elasticity modulus in Nmm-2 of the power line conductor;

B, is the linear thermal expansion coefficient in K-' of the power line conductor; and

B, is the square thermal expansion coefficient in K2 of the power line conductor.

Based on the power line model above of Equation 1, the conductor temperature T, can be
derived using a Newton's method. It will be appreciated that other methods applicable to
solving non-linear least squares problems may be used. Firstly, the power line model

(Equation 1) is rewritten into real number equations.

Re(Vs) Re (f1(VR'I.l‘?'TC))~
s 7o, |
R I V ,I ’ TC
N e
S Re (fz (V. IR'TC))
rmis) im (F (V[ T2) )

where,
fl(VR'iR‘ Tc) = A(T)Vg + B(T)ir
fa (VRrer Tc) = C(TC)VR + D(Tc)iR

Then the conductor temperature T, is calculated using the method below.
1) Select an initial value for Te: T
2) Calculate AY
Ay (1) =y - F(r”)
3) Calculate J

dAY (T.)
(1) = — = 1T = 7
c
4) Calculate AT,
AT (1) = T Y TAY
5) Revise the value of Tc by

Te® = .0 + AT (1)
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6) Check if the following condition is reached. If the condition is reached, then proceed
to step (7); If the condition is not reached, return to step (2) by replacing TC(O) with
Tc(") while Y is not changed;

lay (1) | < 8
7) In this way, the real time conductor temperature T is derived by;

T, =T

Figure 5 shows the positive sequence equivalent Pl circuit diagram of a three phase power
line with the sending and receiving ends 21, 22 labelled. Z' and Y’ are the equivalent
impedance and admittance of the equivalent PI circuit, as will be understood by those
skilled in the art.

Firstly, based on Figure 5, it will be appreciated that the average conductor current, |, can

be calculated (for example by element 44), whereby;
. Y. . Y'.
I = (IS —"—'VS 4+ IR +""‘VR)/2
2 2
Or by a simplified equation;
where
Z' = Z sinh(yD)

v =2 cann
= 7, tanh(R)

VUD=JOU@MO+@U+ﬁ%—HHﬂfM%XMQ)

200 = [((rTasr) (1 + (1 + (T, — Tegr)) + L))/ G0C)

In one or more embodiments, y and Z; may alternatively be determined by the following
equations:

Yy = \/(T‘ + jol,)(jol,)

Ze =0 +jwly)/(jwt,)
y is the propagation constant of the power line conductor;

Z. is a characteristic impedance of the power line conductor

ris series resistance per unit length of the power line conductor;

w is frequency in radians where w=27f,

L, is the (series) inductance per unit length of the power line conductor;
C, is the (shunt) capacitance per unit length of the power line conductor.

Tc has already been obtained by the previous step.
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The estimated real time conductor temperature T and average current | are passed at 38,

39 to the second stage 32 or steady state conductor temperature determination stage.

The Second Stage 32
The second stage comprises the determination of the steady state conductor temperature

Tess from the estimated real time conductor temperature Te.

Figure 6 shows a typical thermal model for any power line. When the current on a power
line has a step change, the conductor temperature 60 on the power line will react to the
change of current and change from one steady state to a new steady state exponentially.
There is mathematical relationship between the real time conductor temperature T. and
the steady state conductor temperature that will be reached over time. Therefore, the real
time conductor temperature calculated in the first stage 31 can be used to predict the

steady state conductor temperature.

Figure 7 shows a schematic diagram representative of the steps 72 and 73 performed by
the second stage 32.

Step 72 comprises determining the derivative of the real time conductor temperature using
the following formulas;
T.(k)+ T, (k-1

ch(k)= 3
T,(k) — T, (k — 1
110 < <9 Tl( )

where Ts1 is the primary execution time interval of the first stage 31 (for example, T¢1 can
be selected as 5s) i.e. Ts1 is the time interval between the Tc(k-1)th and T¢(k)th value;
Tc(k-1) is the conductor temperature at (k-1)" time interval; and

Te(k) is the conductor temperature at (k)" time interval (present time).

T, (k) is the derivative of Tc(k).

Then step 72 comprises calculating the exponentially decaying time constant «. o can be
calculated using several methods.

A first method comprises using the following equation;

oo 2 T+ TG=2) = 2T, 0~ 1)
al) =~ T.(k) — T,k = 2)
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A second method comprises using the following equation;
(k) -T(k—1)
ch (k) - ch (k - 1)

a(k) =

where Ts2 is the secondary execution time interval of the second stage 32. For example,
Ts2 can be selected as 10s. The k is the present time sample and k-1 is the previous time
sample, within the time interval Ts2. Once « is calculated, it may be checked against a
predetermined condition to determine it reasonability. The following “judgment algorithm”
may be applied to determine the reasonability of a. It will be appreciated that the k and k-

1 values below are based on the secondary execution time interval.

o If a(k) € [amin, Mmax]. then the calculation result of a(k) is accepted.
o [f not, then a(k) maintains the previous value.
ak) = ak—-1)

[otmin, @max] IS @n operating range of a and may be predetermined. For example, in the
present apparatus, a,;, is set as 0 and a,,,4 is set as 2. It will be appreciated that other
ranges may be selected. This parameter is a reflection of the thermal time constant of a
power line. It is mainly related to the type of the material of the conductor, the wind pattern
in an area (strong wind area/weak wind area), etc. In practice, if the above information is
inaccessible, then the range may be set as wide as possible. However, it is preferable to

narrow down the range during site commissioning.

Step 73 comprises the determination of the steady state conductor temperature Tess by the

following process;

1) f|AT,| <¢
Tess(K) = Ty (k)
2) If not
1
Tess(k) = ET)TC' (k) + Tep (k)

where AT, is the difference between two successively calculated real time conductor
temperature values, T,
AT, = T, (k) — Tep(k—1)
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¢ is a predetermined threshold value, which may be a small value, and represents a limit
in the change of conductor temperature for there to be deemed a steady state condition
has been reached. For example, ¢ is set as 0.02 °C in the present apparatus 1.

A further “judgement algorithm” may be applied to determine the reasonability of Tess(K).

1) W Tes(k) € [Tessmin Tess.max), then the calculation result of T, (k) is
acceptable.
2) If not, then T, (k) maintains the previous value.
Tess(K) = Tess(k— 1)

[Tcss_min, Tcss_max] is the operating range of T, (k). For example, in the present apparatus
1, Tess_min 18 Set @s 0 and T g5 ax IS S€t @S 2*Tmax Where Tiax is a predetermined maximum

conductor temperature on the power line.

In this way, the steady state conductor temperature T, is determined and provided at
output 40. The average current value, I, may be forwarded to the third stage 33.

The third stage 33
The third stage 33 comprises the determination of the maximum allowable conductor

current based on the steady state conductor temperature T, and the average current I.

Figure 8 shows the relationship 80 between the squared conductor current (12 and the
steady state conductor temperature (Tess). This relationship may be utilized in the

equations below.

The maximum current rating I, is then determined by the third stage 33. The maximum
current rating may be determined based on one or more of the following;
i) the steady state temperature value T relative to the maximum conductor
temperature Tmax,
ii) the difference between the maximum conductor temperature Tnax and an
initial steady state temperature value T, relative to the difference between
a current steady state temperature value and the initial steady state
temperature value Teo;
iii) the difference between the maximum conductor temperature Tmax and a first
steady state temperature value Tcss(k-g), (Wwhere g may be 1, 2, 3 etc.)
relative to the difference between a subsequent steady state temperature
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value Tcss(K) and the first steady state temperature value; and a change in
the average conductor current, I, between the time of the first steady state
temperature value and the time of the subsequent steady state temperature

value.

In particular, the third stage 33 may be configured to determine one or more of the following

variables for use as judgment conditions in three different cases for the calculation of Inax.

For all the expressions and equations below, the time interval of samples at the kth and

(k-1)th time is Tss, are based on the tertiary execution time interval of stage 33 unless

previously stated otherwise. For example, Tss can be selected as 20s.

Al is the difference between two successively determined average conductor
currents, where k-1 represents a first determined value and k a subsequent
determined value;
Al=1 =14
AT.ss is the difference between two successively determined steady state
conductor temperatures where k-1 represents a first determined value and k a
subsequent determined value;
ATegs = Tegs(K) — Tegs(k — 1)
T,o is the initial steady state conductor temperature when there is no current flowing
in the power line.
AT, is the difference of two successive initial steady state conductor temperature,
ATep = Teo(k) — Teo(k— 1)

el, €2, €3 and &4 are all predetermined threshold values that control the
determination of Imax based on the values determined by the first stage 31 and
second stage 32. For example, in one example, 1 is set as 0.1 kA, 2 is set as 0.1
°C, e3is setas 0.1°C, and 4 is set as 5 °C.

Thus, the third stage 33 is configured to calculate Inax in different ways depending on one

or more conditions. In this example, three different ways to determine Inax are provided

and are described in the following three cases.

Case 1: If [Al] < €1, 11,4 (k) is calculated using the following equation:

_ Ilz( (Tmax - Tco(k - 1))
tmax (10 = \] Teos 10— Teg (k= 1)
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In the equation, Tmax is the maximum allowable conductor temperature. Tess(k) is the
calculated steady state conductor temperature at (k)™ time interval. I is the average

conductor temperature at (k)" time interval.

Case 2: If [Al] = €1 and|AT.s| < €2, L. (k) maintains the historic value.
Imax(k) = Imax(k — 1)
Case 3: If |Al] > €1 and |ATcss| > €2 the maximum current rating is calculated using the

following equation:

12 _ 12
max( ) \/ k Tcss(k) - TCSS (k _ 1) max CSS( ))

In addition, in Case 3, the value of Ty (k) is updated using the following equation;

Il%(Tcss (k) - Tcss(k - 1))
I]% - I12<—1

TCD (k) = Tcss (k) -

However, this updated value of T.y(k) may be checked for reasonability against at least

one predetermined condition. In particular,

e If Teo(k) € [Teo min,Teomax] and |ATcO| <e4, then the calculated T.o(k) is
acceptable. [Ty min,Tco max] IS @ predetermined operating range of Te. For
example, in one example, Tco_min is set at 0 °C and Teo_max is set at 30 °C.

e |[f not, T, (k) maintains the historical value.

Teo(K) = Teo(k— 1)

Through the above three cases, I,,,4(k) can be calculated and then provided for control
of the power/current applied to the power line section 20. In practice, to insure the
calculated Imax Will not infringe the actual maximum allowable current of the power line at
all times, the calculated Imax may be multiplied by a coefficient before providing control of
the power/current to the power line. This coefficient can be termed as the reliability
coefficient as it insures the reliability of the dynamic line rating method. The reliability
coefficient should be in the range of 0 to 1. For example, it can be selected as 0.9.

In other examples, the I, (k) value calculated above may be subject to a reasonability
check prior to being provided for control of the power/current applied to the power line

section 20. In particular, the calculated 1,,,(k) value may be checked that it lies within
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predetermined bounds. An example maximum current rating judgment algorithm that may

be used to determine the reasonability of the calculated 1., (k) is as follows;

1) K Inaxr() € [Imax_min Imax_max|, then the calculation result of In,.(k) is
acceptable.

2) If not, then I,,,,, (k) maintains the historical value.
Imax(k) = Imax(k -1

[Inax_mins Imax_max] i the operating range of 1,,.(k). For example, in one example,

Imax_min 15 5€t @8 0 KA and .y max 18 S€t as 5 kA.

The above three stages 31, 32, 33 make up a complete calculation loop. In this way, the
maximum current rating of a power line can be predicted. The apparatus 1 may be
integrated into a power line protection device, which may or may not be already present
on the power line 20. Alternatively, the apparatus 1 may be integrated with a supervisory
control and data acquisition (SCADA) system of the power line section 20. It will be
appreciated that the term “power line section” may refer to a portion of or all of the power
line. The apparatus 1 is shown conceptually comprising three stages in the above
description. However, it will be appreciated that any number of calculation/determination
stages may be provided to perform the above steps and the steps/stages may be
combined rather than following a stepwise determination of the real time conductor
temperature, steady state conductor temperature and maximum current rating. The above
description comprises an implementation on a power line transmitting Alternating Current
(AC). This invention can be applied to a power line transmitting Direct Current (DC) as

well.



10

15

20

25

30

35

WO 2016/184857 24 PCT/EP2016/061026

CLAIMS

1.

A dynamic line rating determination apparatus configured to provide for the control

of the current applied to a power line conductor by determination of a dynamic maximum

current rating for said power line conductor, the apparatus configured to;

based on a set of measured voltage and current phase vectors taken at at least

two, temporally spaced sample times, the voltage and current phase vectors comprising;

2.

a voltage phase vector for each phase of electrical power carried by the
power line conductor at a first end of the power line conductor;
a voltage phase vector for each phase of electrical power carried by the
power line conductor at a second end of the power line conductor,;
a current phase vector for each phase of electrical power carried by the
power line conductor at a first end of the power line conductor; and
a current phase vector for each phase of electrical power carried by the
power line conductor at a second end of the power line conductor;
determine the dynamic maximum current rating by;
applying said set of voltage and current phase vectors to a predetermined power
line model to determine an estimate of the real time conductor temperature,
applying said estimate of the real time conductor temperature to a predetermined
thermal model to determine a prediction of a steady state temperature that the
power line conductor will reach over time, and
calculating the dynamic maximum current rating based on at least said prediction
of the steady state temperature, a power line conductor current, and a maximum

temperature limitation value.

An apparatus according to claim 1, in which a set of positive sequence

components, derived by a method of symmetrical components, of the voltage and current

phase vectors is applied to the predetermined power line model, the set of positive

sequence components comprising;

3.

a positive sequence voltage component for the first end;
a positive sequence voltage component for the second end;
a positive sequence current component for the first end; and

a positive sequence current component for the second end.

An apparatus according to claim 1 or claim 2, in which the set of positive sequence

components are determined based on the following equation;
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VSa iSa VRa iRa
[1 o &?]|Vsb Isv Vmp Irp
VSC ISC VRc IRc

[Vs is VR iR]’:

W=

where,

Vs and g are the positive sequence voltage and current components of the first end;

Vz and iy are the positive sequence voltage and current components of the second end:
Vsa, Vsp, @nd Vg, are the voltage phase vectors for each phase a, b, ¢ at the first end;

isa. Iy, @and g, are the current phase vectors for each phase a, b, ¢ at the first end;

Vra» Vrp @nd Vi are the voltage phase vectors for each phase a, b, ¢ at the second end:;
Ira, Irp @nd i, are the current phase vectors for each phase a, b, ¢ at the second end;

a is an operator of the transformation and is defined as;

o = e3™

j is the imaginary unit.

4, The apparatus of any preceding claim in which the apparatus is configured to;
determine the estimate of the real time conductor temperature T based on the

predetermined power line model represented in the equation below;
[Vs] _[AT) B(T ][\_VR]
is] 1C(To) D(Tl|ig

where,

A(T,) = D(T,.) = cosh(yl)

B(T,) = Z.sinh(yl), C(T.) = sinh(yD)/Z,
UT,) = U(Trer)(1 + &)

y(T,) = J (r(Trge) (1 + £)(1 + (T, — Tagp)) + joLy) GwCy) of

y = (r+joL)(uc,)

Z.(T) = J((T(TREF)(l + E)(l + a(T, — TREF)) +iju))/(ia’Cu) or

Ze = +jwly)/(C,)

and

ris series resistance per unit length of the power line conductor;

y is the propagation constant of the power line conductor;

l is a length of the power line conductor;

Z. is a characteristic impedance of the power line conductor;

Trer is a reference conductor temperature and r(Trer) is the resistance per unit length of

the power line conductor at the temperature of Tgrer;
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¢ is a predetermined elongation parameter of the power line conductor;
j is the imaginary unit,

o is the angular frequency of the voltage/current where w = 2nf;

L,, is the inductance per unit length of the power line conductor; and

C, is the capacitance per unit length of the power line conductor.

5. The apparatus of any one of claims 2 to 4, in which the apparatus is configured to
determine the power line conductor current, |, as an average of a power line conductor

current, by the following equation;
1= (Is = 2Vs + Ty + V0,2
or by the equation;
1= (s +1R)/2
where,
Vs and Ig are the positive sequence voltage and current components of the first end;
Vr and I are the positive sequence voltage and current components of the second end;

and

—3 vt
Y/ = thanh(z

y(T,) = \/(T(TREF)(]- + 5)(1 + a(T, — TREF)) +iju)(iwCu) or

Y= \/(T + jwl,)(wCy)

Z(T) = J((T(TREF)(l + 5)(1 + a(T, — TREF)) +jC¢)Lu))/UWCu) or

Ze = \/(T + jwl,)/(Jw,).

6. An apparatus according to claim 5, in which the apparatus is configured to

determine the elongation parameter by any one of the following methods;
) &=+ (BT — Trer) + Bo(T: — Trer)?); and

i F
i) e=_=+ B1(Te — Trgr)

where

F is the mechanical force that is applied to the conductor in N, such as the force due to the
weight of the power line conductor between support points;

A is the cross-sectional area in mm? of the power line conductor,

E is the elasticity modulus in Nmm of the power line conductor;

B, is the linear thermal expansion coefficient in K of the power line conductor; and
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B, is the square thermal expansion coefficient in K2 of the power line conductor.

7. An apparatus according to claim 4, in which, based on the power line model, the
estimate of the real time conductor temperature T. is derived using a non-linear least

squares method.

8. An apparatus according to any preceding claim, in which the apparatus being
configured to apply said estimate of the real time conductor temperature to the
predetermined thermal model to determine a prediction of a steady state temperature that
the power line conductor will reach over time comprises;

determining a time constant representative of a predicted change in real time
conductor temperature over time based on a time derivative of at least two calculated real
time conductor temperatures at different times and using said time constant to determine

the steady state temperature.

9. An apparatus according to claim 8, in which the apparatus is configured to

determine the steady state conductor temperature Tcss by the following process;

1) AT, <¢
Tess(K) = Tepy ()
2) If not
1
a(k)

where AT, is the difference between two successively calculated real time conductor

Tess(K) = Te () + Ty (k)

temperature values, T,

AT, = Tep (k) = Tep(k — 1)
¢ is a predetermined threshold value representative of a limit in the change of conductor
temperature for there to be deemed a steady state condition has been reached;
T, (k) is a time derivative of T, (k), the estimated real time conductor temperature at time
k; and
Tov is the average of the present and the previous value of T¢, Tc(k) and T¢(k-1).

10.  An apparatus according to any preceding claim in which, the apparatus is
configured to calculate the dynamic maximum current rating based on one or more of the
following;

i) the predicted steady state temperature value T relative to the

predetermined maximum temperature limitation value Tmax;
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i) the difference between the predetermined maximum temperature limitation
value Tmax and a first steady state temperature value T, relative to the
difference between a subsequent steady state temperature value and the
first steady state temperature value Tco;

iii) the difference between the predetermined maximum temperature limitation
value Tmax and a first steady state temperature value Tess(k-g), relative to
the difference between a subsequent steady state temperature value Tcss(k)
and the first steady state temperature value and a change in the average
conductor current, |, between the time of the first steady state temperature

value and the time of the subsequent steady state temperature value.

11. An apparatus according to any preceding claim in which the apparatus is
configured to calculate the dynamic maximum current rating, | max(k), based on one or more

of the following equations;

. _ Ii(Tmax_Tco(k—l))
) Imax () = J Tess()—Teo (1)

) a9 = I i (T~ Tess ()
where Tmax is a predetermined maximum temperature limitation value, Tess(k) is the
calculated steady state conductor temperature at (k)" time, T, is the initial steady state
conductor temperature when there is no current flowing in the power line, and Ik is a power
line conductor current, at a k" time, li.1 is a power line conductor current at a preceding (k-

1) time.

12. An apparatus according to any preceding claim in which the apparatus is
configured to calculate the dynamic maximum current rating, Imax, based on;
determination of one or more of the following variables for use as judgment
conditions in one or more of three different cases, wherein,
» Al is a difference between two successively determined conductor currents, where
k-1 represents a first determined value and k a subsequent determined value;
Al =1 =g
e AT, is adifference between two successively determined steady state conductor
temperatures where k-1 represents a first determined value and k a subsequent
determined value;
AT = Tegs(k) — Tegs(k—1)
* T., isaninitial steady state conductor temperature when there is no current flowing

in the power line;
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e AT, is the difference between two successive initial steady state conductor
temperature,
ATep = Teo(k) — Teolk— 1)
o ¢l, €2, €3 and g4 are all predetermined threshold values that control the
determination of Imax; and
the dynamic maximum current rating Inax is calculated by one or more of the following
equations;

i) if |All < €1, I, (k) is calculated using the following equation:

112( (Tmax - T(:O (k - 1))
Tcss(k) - Tco (k - 1)

Imax(®) =

in the equation, Tmax is the maximum allowable conductor temperature, Tess(k) is the
calculated steady state conductor temperature at (k)" time interval, and I« is the average

conductor temperature at (k)" time interval;

ii) If |AI| = €1 and]AT.gs| < €2, 1hax(k) maintains the historic value;
Imax(k) = Ipax(k — 1)
iif) If JAIl > €1 and |ATcss| = €2 the maximum current rating I..(k) is

calculated using the following equation:

12 -2
Inax(K) = |12+ k k=1 (Toax — Tess (K))
max( ) \/ k Tcss(k) _ Tcss(k _ 1) max CSS( )

13. An apparatus according to any preceding claim in which the apparatus is
configured to check that the calculated dynamic maximum current rating I, .x(k) value
lies within predetermined bounds prior to the apparatus providing it for control of current

applied to the power line conductor.

14. A method of providing for the control of the current applied to a power line
conductor by determination of a dynamic maximum current rating for said power line
conductor, the method comprising;
based a set of measured voltage and current phase vectors taken at at least two,
temporally spaced sample times, the voltage and current phase vectors comprising;
a voltage phase vector for each phase of electrical power carried by the
power line conductor at a first end of the power line conductor;
a voltage phase vector for each phase of electrical power carried by the
power line conductor at a second end of the power line conductor;
a current phase vector for each phase of electrical power carried by the

power line conductor at a first end of the power line conductor; and
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a current phase vector for each phase of electrical power carried by the
power line conductor at a second end of the power line conductor;
determining the dynamic maximum current rating by;
applying said voltage and current phase vectors to a predetermined power line
model to determine an estimate of the real time conductor temperature,
applying said estimate of the real time conductor temperature to a predetermined
thermal model to determine a prediction of a steady state temperature that the
power line conductor will reach over time, and
calculating the dynamic maximum current rating based on at least said prediction
of a steady state temperature, a power line conductor current, and a maximum

temperature limitation value.

15. An electricity distribution grid or an electricity transmission grid including at least
one power line conductor for carrying electrical power around said grid, the grid including
the apparatus of any one of claims 1 to 13 for controlling the power applied to said at least

one power line conductor.
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