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Method for calculating the electric field inside a dielectric material
layer of a high voltage electric cable for direct electric current, and
system thereof

The present invention relates to the sector of the transmission of
electrical energy in direct electric current and in particular it concerns a
method for calculating the electric field within a dielectric material layer of a
high voltage electric cable for direct electric current.

More specifically, said method is designed to automatically and
substantially calculate in real time the electric field distribution over time
within a dielectric material layer included in the electric cable itself.

The present invention also relates to a system for calculating said
electric field by means of said method.

Prior art

An electric cable is an electrical component that includes from the
inside to the outside in succession:

- a conductor made of metallic material,

- at least a first layer of semiconductive material, arranged around the
conductor,

- a dielectric material layer, arranged around said first semiconductive
material layer,

- at least a second semiconductive material layer, arranged around
said dielectric material layer,

- at least one metallic material layer called screen.

Further layers may be present in the electrical cable depending on the
type of application of the electrical cable.

In general, the main function of the dielectric material layer is to
withstand the electrical stress to which it is subjected during the operation
of the electrical cable, ensuring that the conductor and screen are
electrically insulated from each other.
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The thickness and type of dielectric material are selected and sized on
the basis of the electrical stress and also the thermal and mechanical stress
to be withstand, to prevent the properties of said dielectric material from
being degraded.

Currently, a method is known to monitor in real time the maximum
temperature inside the conductor and the maximum temperature on the
external surface of a high voltage electric cable for direct electric current by
measuring the electric current flowing in the conductor in the axial direction.
(i.e. along the longitudinal axis of the electric cable) with the aim of
preventing the temperature associated with the conductor from being
greater than a predetermined temperature value or temperature threshold
value.

Furthermore, this method allows the following values of electric current
to be calculated in real time:

i) a first maximum value associated with an admissible permanent
electric current which can flow continuously for an indefinite time in a
conductor under the conditions of use without exceeding a temperature
threshold under nominal conditions;

ii) at least a second value associated with an admissible permanent
electric current which can flow continuously for a predetermined time in a
conductor in the conditions of use without exceeding a further temperature
threshold in emergency conditions.

This method is the same method used to monitor high voltage
electrical cables for alternating current.

However, the use of a method designed to monitor high voltage
electrical cables for alternating current in order to monitor high voltage
electrical cables for direct current has some disadvantages.

A disadvantage is that a method designed to monitor high voltage
electric cables for alternating current does not allow real time monitoring of

the electric field inside the dielectric material layer of a high voltage electric
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cable for direct current.

Therefore, monitoring a high voltage electric cable for direct electric
current using the same method with which a high voltage electric cable for
alternating current is monitored does not allow to evaluate the risks deriving
from the accumulation of spatial electric charge inside the dielectric material
layer.

If on the one hand these phenomena are not relevant in a high voltage
electric cable for alternating electric current, on the other hand, in a high
voltage electric cable for direct electric current, said phenomena cause
premature aging and a loss of dielectric properties of the dielectric material
layer of the electric cable.

In fact, the electrical stress is conditioned not only by the voltage
applied between the conductor and the screen, but also by accumulation
phenomena of spatial electric charge that occur over time, when the electric
cable is in use, in which said phenomena are related to the electric field
variations over time.

Therefore, if the time-varying electric field is not monitored and
consequently not known, it is not possible to evaluate the entity of said
phenomena and the dielectric material layer of the electric cable can be
subjected over time to the risks mentioned above (i.e. aging and loss of
dielectric properties).

Aim of the invention

The aim of the present invention is to overcome said disadvantage by
providing a method for calculating automatically and substantially in real
time the electric field within a dielectric material layer of a high voltage
electric cable for direct electric current.

Advantageously, by means of said method, the possibilities that said
dielectric material layer is subject to premature aging and/or a loss of its
dielectric properties and/or runs the risk of failure are limited.

A further object of the present invention is to provide a system for
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carrying out this method.

Object of the invention

Object of the invention is a method for calculating the electric field
within a dielectric material layer of a high voltage electric cable for direct
electric current according to claim 1.

Further preferred embodiments are described in the method
dependent claims.

A further object of the invention is a system for calculating the electric
field within a dielectric material layer of a high voltage electric cable for direct
electric current according to claim 15.

Further preferred embodiments are described in the system
dependent claims.

Figure list

The present invention will be now described, for illustrative, but not
limitative purposes, according to its embodiment, making particular
reference to the enclosed figures, wherein:

Figure 1 is a schematic view of an electric cable comprising from inside
to outside a conductor, a first semiconductive material layer, a dielectric
material layer, a second semiconductive material layer and a metallic
material layer called shield and an outer layer which is a sheath, in which a
plurality of planes transverse to the longitudinal axis of the electric cable,
temperature measuring means, an electric current measuring device, a
voltage measuring device between said conductor and said shield, and a
computer, connected to said temperature measuring means, to said electric
current measuring device and to said voltage measuring device, are visible;

Figures 2A, 2B, 2C show a respective computing domain associated
with a respective area that includes a respective section of the electric
cable, in which said area is arranged on a respective transverse plane to
the longitudinal axis of the electric cable;

Figures 3A, 3B, 3C show a respective further computing domain
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associated with a respective further area, in which said further area is
arranged inside said electric cable, between the first semiconductive
material layer and the second semiconductive material layer of the electric
cable (in Figures 3A, 3B 3C, the conductor, the shield and the outer layer of
the electric cable are not shown);

Figure 4 is a schematic view of a grid of the computation domain of
Figure 2A comprising a plurality of finite elements to be used for the
computation of a temperature distribution by means of a finite element
method;

Figure 5 shows an enlargement of a detail of Figure 4 to show some
finite elements of said computing domain, arranged along a radial direction
of the electric cable;

Figure 6 shows an enlargement of figure 5 of a detail of Figure 4 to
show some finite elements belonging to the further calculation domain,
arranged along a radial direction of the electric cable, to be used for the
calculation of an electric field distribution by means of a further finite element
method.

Detailed description of the invention

With particular reference to Figure 1, a method for calculating an
electric field inside a dielectric material layer 13 of a high voltage electric
cable 1 for direct electric current.

In particular, said electric cable 1 comprises a plurality of layers and
more particularly from the inside towards the outside:

- a conductor 11 having a longitudinal axis A,

- a first semiconductive material layer 12,

- said dielectric material layer 13,

- a second semiconductive material layer 14,

- a metallic material layer 15 called shield,

Moreover, said electric cable 1 further comprises an outer layer 16
which is a sheath.
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In general, additional layers may be present inside the electric cable 1
according to the type of application of the electric cable itself.

For example, the electric cable can comprise further first
semiconductive material layers and/or further second semiconductive
material layers and/or further external layers.

However, in the embodiment being described, said electric cable 1 is
constituted by said conductor 11, by said first semiconductive material layer
12, by said dielectric material layer 13, by said second semiconductive
material layer 14, by said metallic material layer 15 called screen and from
said outer layer 16.

Said method comprises the following steps:

A) identifying one or more areas S;, with j=1,2...N where N is a positive
integer, each of which is arranged along said electric cable 1, on a
respective plane P; transverse to the longitudinal axis A of said electric cable
1 and has a geometric shape defined by a closed reference line;

B) associating a respective computational domain DTy with each area
S;, as well as associating a respective further computational domain DE.
with a further area which is a portion of said area §; and is arranged inside
said electric cable 1, between said first semiconductive material layer 12
and said second semiconductive material layer 14, wherein said
computational domain DTy is discretized through a set of finite elements
eJ1,eJ2...eim, wherein J indicates the area and M is a positive integer and
said further computational domain DE, is discretized through a further set
of finite elements eux,euy...eJL, wherein J indicates the area and X, Y and L
are positive integers used to indicate any finite element, and wherein said
further area is included between a first closed line 120 and a second closed
line 140 and in transversal section said first closed line 120 is a first contact
line between the conductor 11 and said first semiconductive material layer

12 and said second closed line 140 is a second contact line between said
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second semiconductive material layer 14 and said shield 15;
C)  acquiring:
- avalue of temperature TE, at each area S; through temperature measuring
means TS;
- avalue of voltage IV between said conductor 11 and said shield 15, wherein
said value of voltage V is obtained through a voltage measuring device 18
or is a predetermined value of voltage;
- a value of electric current I flowing along the longitudinal axis A of the
conductor 11, wherein said value of electric current [ is obtained through
an electric current measuring device 19 or is a predetermined value of
electric current;
D) calculating, by means of a numerical finite element method, a
respective temperature distribution TeuJ1,TeJe... Teum for each computational
domain DTy, wherein each value of temperature of a temperature
distribution is associated with a respective finite element eJ1,eJ2...euu of a
respective computational domain DTy, each temperature distribution being
calculated by solving:
o Fourier's law for conducting heat in transient conditions,
starting from said temperature values TEy, from said measured electric
current values I, and from a predetermined temperature distribution To;
E) calculating, by means of a further numerical finite element method, a
respective electric field distribution Eeux,Eeuv...Es. for each further
computational domain DEJ, wherein each value of electric field of an electric
field distribution is associated with a respective finite element eJx,eJv...ed
of said further computational domain DEJ, each electric field distribution
being calculated by solving:
o Gauss's law for an electric field E in transient conditions, applied to each
finite element eyy falling into the dielectric material layer 13,
o the law of continuity of electric current in stationary conditions applied

to each finite element eyL which falls in the first semiconductive material
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does not contact one or more finite elements eJj. which fall into the
dielectric material layer 13,

o Schottky's law referred to an injection of electric charges in
correspondence of a contact line between different materials, applied to
each finite element esx which falls into the first semiconductive material
layer 12 or in the second semiconductive material layer 14 and contacts
one or more finite elements ey which fall into the dielectric material
layer 13 (the expression “contact line” or “interface” means the portion
of a contact surface between different materials on the section of the
electric cable 1 inside the respective area S;),

o the relationship between electric field E and said voltage V,
starting from boundary conditions applied to said first closed line 120
and to said second closed line 140 of the respective further
computational domain Dey, in which said boundary conditions depend
on said voltage value V and on a predetermined electric charge density
distribution po.

With particular reference to step A, one or more areas S; are identified
along said electric cable 1.

Each area S; is arranged on a respective plane P; which is transverse
to the longitudinal axis A of the electric cable 1 and has a geometric shape
delimited by a closed reference line.

In the embodiment being disclosed, as shown in Figure 1, a plurality
of areas §; are identified along said electric cable 1 and each area S; is
external to electric cable 1 and arranged around the electric cable itself, on
a respective plane P;.

In particular, Figure 1 shows a plurality of areas S;,S,,...Sy, each of
which is arranged on a respective plane P,,P,,...Py.

However, each area S; can be within said electric cable 1, without
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departing from the scope of the invention.

The step A can be performed by a processing unit (which can comprise
or be constituted of a microcontroller), not shown.

In the embodiment being disclosed, said processing unit is arranged
inside a computer C.

With particular reference to step B, reference is made to two
computational domains:

- a respective computational domain DTy associated with to each area S;,
and

- arespective further computational domain DEy associated to a further area
which is a portion of said area S; and is arranged inside said electric cable
1, between said first semiconductive material layer 12 and said second
semiconductive material layer 14.

Figures 2A, 2B and 2C show a respective computational domain
DT4,DTe..DTn associated with a respective area §;,5,,...Sy.

Figures 3A, 3B and 3C show a respective further computational
domain DE+DE,...DEnN associated with a respective further area which is a
portion of a respective area $;,5,,...Sy-

Each further computational domain DE+1,DEz,..DEN is included in a
respective computational domain DT+1,DT2,...DTn.

As said, said further area is included between a first closed line 120,
which is a first contact line 120 between the conductor 11 and said first
semiconductive material layer 12, and a second closed line 140 which is a
second contact line between said second semiconductive material layer 14
and said shield 15.

Figures 3A, 3B and 3C show for each further computational domain
DE1DEz,.DEN the respective first closed line 120 and the second closed
line 140.

In particular, each computational domain DTy is discretized through a

respective set of finite elements eJ1,es2...eim and each set of finite elements
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forms a respective grid GT..

Furthermore, the finite elements eJ1,e42...em are arranged in such a
way as to divide the computational domain DTy in a plurality of slices, each
of which is arranged along a predetermined radial direction of the section of
the electric cable 1 in said respective area S;.

Figure 4 shows a grid GTu for a general computational domain DT,
associated with a general area S;.

Figure 5 shows an enlargement of a detail of said grid GT..

Furthermore, each further computational domain DE, is discretized
through a respective further set of finite elements and each further set of
finite elements forms a respective further grid GE..

Figure 6 shows an enlargement of a detail of said further grid GE..

In the embodiment being disclosed, each further set of finite elements
is a sub-set of finite elements eux,eJv...es. of a respective set of finite
elements eJ1,eJ2...em.

Therefore, the further grid GEJ is a portion of the grid GT..

Step B can be performed by said processing unit.

With particular reference to step C, in the embodiment being
disclosed, a respective value of temperature TEs at each area §; is
measured through said temperature measuring means TSy, a value of
voltage V between said conductor 11 and said shield 15 is measured
through said voltage measuring device 18, and a value of electrical current
I flowing along the longitudinal axis A of the conductor 11 is measured
through said electric current measuring device 19.

Said temperature measuring means TSy comprise a plurality of
temperature sensors for measuring a temperature at a respective area S;.

In the embodiment being disclosed, said temperature sensors are
indicated with the reference TS1,TS2,...TSn and are arranged on a
respective portion of said outer layer 16 of said electric cable 1.
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However, said temperature sensors can be arranged inside said
electrical cable 1 or at a predetermined distance from said outer layer 16,
without departing from the scope of the invention.

In an alternative, not shown in Figures, said temperature measuring
means can be comprise a distributed temperature sensor with a longitudinal

resolution to measure a temperature at each area ;.

Said distributed temperature sensor can be arranged inside said
electric cable 1 or on said outer layer 16 of said electric cable 1 or at a
predetermined distance from said outer layer 16.

With reference to the voltage measuring device 18, in the embodiment
being disclosed, said voltage measuring means is a voltmeter.

With reference to the electric current measuring device 19, in the
embodiment being disclosed, said electric current measuring device 19 is
an ammeter

In an alternative, the value of voltage can be a predetermined voltage
value (i.e. a constant value) which is not measured by any voltage
measuring device, but is acquired by a processing unit, described below,
configured to acquire said predetermined value that can be established by
a user.

Also the value of electric current value can be a predetermined electric
current value which is not measured by any electric current measuring
device, but is acquired by said processing unit configured to acquire said
predetermined electric current value which can be established by a user.

However, the measurement of the voltage value and the electric
current value is advantageous to correctly calculate the electric field when
there are variations in voltage or variations in electric current.

With reference to step D, a respective temperature distribution
Teut,Tesz... Teuw for each computational domain DTy is calculated by means
of a numerical finite element method.

In particular, the distribution temperature Teyt1,Tes2...Tem was
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calculated assuming that the temperature values vary along a radial
direction of the electric cable 1 and along a tangential direction.

In this way, it is possible to take into account the environment in which
said electric cable 1 is installed, for example underground, in which the heat
exchange between the electric cable 1 and the surrounding environment is
different for different portions of each section of the electric cable 1 within a
respective area S;.

The calculation of each temperature distribution is performed by said
processing unit.

Said processing unit is connected to each of said temperature
TS1,TS2,... TSN and configured to acquire a respective temperature value
TE+,TE2,... TEn measured by each said temperature sensors.

Furthermore, said processing unit is connected to said electric current
measuring device 19 and configured for acquiring an electric current value
I from said electric current measuring device 19.

Each temperature value of a respective temperature distribution
Teust,Tesz... Teuw is associated with a respective finite element eJi,e42...eam
of a respective computational domain DT..

Each temperature distribution is calculated by solving the Fourier’s law
for conducting heat in transient conditions, starting from said temperature
values TEJ (measured through said temperature measuring means TSJ),
said measured electric current value I, a predetermined temperature
distribution To.

Said predetermined temperature distribution To can be stored by the
processing unit in storage means (such as a memory), not shown, and said
processing unit can be connected to said storage means.

In the embodiment being disclosed, said processing unit comprises
said storage means.

In particular, the Fourier's law is expressed in discrete form and is

solved with a spatial discretization which is represented by the finite
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elements of the computational domain DTy, mentioned above, and a
temporal discretization.

This temporal discretization has a predetermined time step At.

This predetermined time step At can be of the order of seconds.

In the embodiment being disclosed, said predetermined time step At
is constant and equal to 10s.

Furthermore, in an initial time instant t,, when a quantity of direct
electric current begins to flow along the longitudinal axis A of the conductor
11, it is assumed that the predetermined temperature distribution To is
constant and equal to the ambient temperature.

With particular reference to step E, a respective electric field
distribution Eeux,Eeyy...EuL for each further computational domain DE. is
calculated by means a further numerical finite element method.

Each electric field value of an electric field distribution is associated
with a respective finite element eJx,eusy...eJjL of said further computational
domain DE..

Each electric field distribution is calculated by solving:

o Gauss's law for an electric field E in transient conditions, applied to

each finite element eyy falling into the dielectric material layer 13,

o the law of continuity of electric current in stationary conditions
applied to each finite element ey which falls in the first
semiconductive material layer 12 or in the second semiconductive
material layer 14 and which does not contact one or more finite
elements eJ. which fall into the dielectric material layer 13,

o Schottky's law referred to an injection of electric charges in
correspondence of a contact line between different materials,
applied to each finite element esx which falls into the first
semiconductive material layer 12 or in the second semiconductive
material layer 14 and contacts one or more finite elements eyy which

fall into the dielectric material layer 13,
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o the relationship between electric field E and said voltage V.

The boundary conditions are applied to said first closed line 120 and
to said second closed line 140 of the respective further computational
domain Dey and depend on said voltage value V measured between said
conductor 11 and said shield 15 and on a predetermined electric charge
density distribution po.

In particular, in said initial time instant t,, when a quantity of direct
electric current begins to flow along the longitudinal axis A of the conductor
11, it is assumed that the predetermined electric charge density distribution
po is constant and equal to zero.

Gauss's law for an electric field E in transient conditions is expressed
in discrete form and is solved with a spatial discretization that is represented
by the finite elements of the further computation domain DEy, mentioned
above, and a temporal discretization.

Said predetermined time step At was also used for this time
discretization.

In particular, this temporal discretization can be the same as that used
to solve said Fourier's law in transitory conditions.

The law of continuity of electric current in stationary conditions is
expressed in discrete form and is solved with a spatial discretization that is
represented by the finite elements of the further computation domain DE,,
mentioned above.

Schottky's law referred to an injection of electric charges depends on
the temperature value, the electric field value, the materials and factors
relating to the contact lines or interfaces between materials.

Since the temperature and the electric field associated with the
elements belonging to the first semiconductive material layer 12 or to the
second semiconductive material layer 14 vary over time and are calculated
in real time using the aforementioned method, the injection of electrical

charges also varies over time.
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Schottky's law can be expressed by the following formula:

—-q- <pez> —-q |—q En
Tex

AyacT?
ky T ky-T. A4me T Aiac

]Schottky = Aesz T exp <

- exp (-q - <mac) coxp| =L |29 Em
kp T ky-T, A4me
where:
Ael € Aiac are respective constants, each of which depends on the materials
and the injected electrical charges, in particular:
Ael is a first constant dependent on the materials and on the fact that the
injected electric charges are electrons, i.e. negative electrical charges;
Aiac € una costante dipendente dai materiali e dal fatto che le cariche
elettriche iniettate sono lacune, i.e. cariche elettriche positive;
is a constant dependent on the materials and on the fact that the injected
electrical charges are electron holes, i.e. positive electric charges;
T is the temperature of the element in which Schottky's law is applied;
q is the elementary electric charge (which is a known constant);
@ is the potential barrier for the injection of electrons;
¥14c 1S the potential barrier for the injection of electron holes;
kj is Boltzman's constant (which is a known constant);
¢ is the permittivity of the material of the element in which Schottky's law is
applied;
E,, éis the electric field of the element where Schottky's law is applied.

The parameters ¢.; and ¢,,. are parameters that depend on the
injected electrical charges (i.e. if the injected electrical charges are electrons
or electron holes), on the materials and on one or more factors concerning
one or more contact lines or interfaces between different materials, such as
material roughness, protrusions of materials, presence of impurities,
presence of gaps between materials due to a non-perfect adhesion between
the materials (for example due to a detachment of the materials), etc..
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The transient conditions for Gauss's law for an electric field £ and the
stationary conditions for the law of continuity of electric current allow to
calculate the electric field distribution Eeux,EeJv...EjL with significantly
reduced calculation times, substantially in real time, compared to known
finite element methods used for the calculation of the electric field.

Furthermore, the electric field distribution Eeux,EeJyy...EsL can be
calculated assuming that the electric field values vary along a radial
direction of the electric cable 1 and along a tangential direction.

Alternatively, the electric field distribution EeJx,Eedv...EjL can be
calculated can be calculated only along a radial direction, assuming that the
electric field values vary only along the radial direction of the electric cable
1 and not along the tangential direction, as explained below.

The calculation of each electric field distribution EeJx,Eeuy...Ei is
performed by said processing unit.

Said processing unit is connected to said voltage measuring device 18
and configured to acquire a voltage value V from said voltage measuring
device 18.

Said predetermined electric charge density distribution po can be
stored by said processing unit in said storage means.

The method may further comprise the following steps which are
performed for each area S; periodically at predetermined time intervals At
(in which each predetermined time interval coincides with the predetermined
time step mentioned above):

F) calculating an electrical conductivity distribution ceux,ceJv...ceqL for
each finite element eux,eJv...eJL of each further computational domain DEy,
starting from said calculated temperature distribution TeJ1,Tes2...Tesm and
from said calculated electric field distribution Eeux,EeJy...Eu;

G) calculating an electric current density distribution Jeux,JeJy...JJL for
each finite element eux,eJv...eJ of each further computational domain DEy

through the Ohm’s law;



WO 2023/031980 PCT/1T2022/050240

10

15

20

25

30

-17 -

H) calculating a respective value of electric charge density
peusx,pedv...pes. for each finite element eux,eJdv...es. of each further
computational domain DEy by solving:

o the law of continuity of electric current in transient conditions,
wherein said law of continuity of electric is applied to each finite
element eJvy of each further computational domain Dejs which falls
within the dielectric material layer 13, and

o Gauss's law for an electric field E in stationary conditions, wherein
said Gauss's law is applied to each finite element eJx, eJL of each
further computational domain DEy which falls in the first
semiconductive material layer 12 or in the second semiconductive
material layer 14;

1) updating said predetermined temperature distribution To with the
temperature values of said calculated temperature distribution
Teust,Tesz... Teuw and updating said predetermined electric charge density
distribution po with the calculated electric charge density values
peJx,peJy...peJL;

J) repeating the steps from C to E.

With reference to the time interval At, said time interval is greater than
of the computational time for solving calculations menzioned in steps from
Ctol

Preferably, said time interval At is three orders of magnitude greater
than said computational time.

Furthermore, once the computational time is known to calculate the
temperature distribution Teu1,Tede...Teum, the electric field distribution
Eeux,Eeuv...EuL, the electrical conductivity distribution ceJx,ceuy...cedL, the
electrical current density distribution Jeux,JeJy...JeJt, and the electric charge
density peJx,peuy...pelL, at a given time instant, steps F to J can be
performed after a further time interval At’ equal to the difference between
said time interval At and said computational time, so as to obtain a result in
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real time every time interval At.

With particular reference to step F, an electrical conductivity
distribution oeJx,ceyy...cej. was calculated by the processing unit of
computer C for each further computational domain DEy, starting from the
calculated temperature distribution Tey1,Tey2...Tewu and the calculated
electric field distribution Eeux,Eeuy...EeJL.

With particular reference to step G, an electrical current density
distribution Jeux,Jeyy...Jes. was calculated by the processing unit of
computer C for each further computational domain DE, using Ohm's law.

In particular, the electrical conductivity distribution ceJx,ceuy...ced,
the electrical current density distribution JeJsx,JeJv...Jed, and the electric
charge density peJx,peJy...peJ can be calculated assuming that the values
vary along a radial direction of the electric cable 1 and along a tangential
direction.

Alternatively, when said electric field distribution Eeux,Eesv...EuL is
calculated only along said radial direction, also the electric conductivity
distribution ceux,ceJv...ceu, the electric current density distribution
Jeux,Jedv...JeuL, and the electric charge density pesx,peJy...peJ can only be
calculated along said radial direction, assuming that they do not vary along
the tangential directions. In this way, the computation time is further
reduced.

With particular reference to step H, by means of the processing unit of
computer C, a respective electric charge density value pesx,peuy...pei has
been calculated for each finite element eJx,eJjv...es. of each further
computational domain DEy, solving the law of continuity of electric current
in transient conditions and Gauss's law for an electric field E in stationary
conditions.

The transient conditions for the law of continuity of electric current and
the stationary conditions for Gauss's law for an electric field E allow to

calculate the electric charge density peJx,pedJv...peJs. with significantly
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reduced computation times, substantially in real time, compared to known
finite element methods used for the calculation of the electric charge
density.

The law of continuity of electric current in transient conditions and
Gauss's law for an electric field E in stationary conditions are expressed in
discrete form.

With particular reference to step |, the predetermined temperature
distribution To is updated with the temperature values of said calculated
temperature distribution Teyt,Teyz2...Teun and the predetermined electric
charge density distribution po is updated with the calculated electric charge
density peJx,peJy...peJL.

The updated values of the predetermined temperature distribution To
and the updated values of the predetermined electric charge density
distribution po can be stored in said storage means.

In light of the above, for each time instant t, withk =1.2 ... Z where Z
is a positive integer, excluding the initial time instant t, mentioned above,
the values of the predetermined temperature distribution To and the values
of the predetermined electric charge density distribution po are equal
respectively to the temperature values TeuJi,TeJo... Teum and to the electric
charge density values peJx,pedsy...peJ calculated in the previous time
instant of time t,_q (ty - tx_1 = Al).

With particular to step J, the steps C, D and E are repeated at periodic
time intervals At.

The method steps described above can be used in addition to other
steps to monitor the electrical stress to which the electrical cable 1 is
subjected with respect to an electrical stress for which the electrical cable
was designed or a predetermined electrical stress.

To this end, said method can further comprise the following steps in
addition to the steps A to E or steps A to J:

K) identifying a respective maximum value of electric field Emaxs in each
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further computational domain DEy;

L) comparing each maximum value of electric field Emaxs with a
predetermined value of electric field Erer;

M)  if said maximum value of electric field EmaxJ is greater than said
predetermined value of electric field Erer, establishing that at least one
section of electrical cable 1 at each said area S; is subjected to an electrical
stress greater than an electrical stress for which said electrical cable 1 was
designed or to a predetermined electrical stress.

In other words, after having identified for each further computational
domain DE, a respective maximum value of electric field Emaxy, each value
of electric field EmaxJ is compared with a predetermined value of electric field
Erer which is a threshold value and if one or more maximum values of
electric field Emaxy are greater than said predetermined value of electric field
Erer, it means that the section of the electric cable 1 at the respective area
S; is subjected to an electric stress higher than an electric stress for which
said electric cable 1 has been designed or to a predetermined electrical
stress.

With reference to the finite element method, said finite element method
mentioned in step D can solve a respective system of linear equations for
each computational domain DT.:

A1 Ti=B1;

dove

A1jis a first square matrix with a number of rows and a number of columns
equal to the number of finite elements eJ1,es2...esm of said computational
domain DTy, and each element of said matrix is a constant numeric
coefficient depending on the geometric properties of said computational
domain DTy and from the thermophysical properties of at least one material
associated with a finite element corresponding to a portion of said electric
cable 1,

Tjis a first column vector with a number of elements equal to the number of



WO 2023/031980 PCT/1T2022/050240

10

15

20

25

30

-21-

finite elements euy1,eJ2...esm of said computational domain DTy and each
element of said first column vector is a value of temperature which is
unknown,
B1j is a further first column vector with a number of elements equal to the
number of finite elements eJ1,eJz...esm of said computational domain DTy
and each element is a numeric value variable over time and depending on
the boundary conditions of heat exchange between electric cable 1 and
external environment, on the temperature of said predetermined
temperature distribution To associated with each finite element eJi,eJ2...em
of said computational domain DTy, on a thermal power value calculated on
the basis of the measured electric current values [ flowing in the conductor
11 and the thermophysical properties of at least one material associated
with a finite element corresponding to said portion of said electric cable 1.
Furthermore, step D can comprise the following sub-steps:
D1) calculating a respective numeric value associated with each element
of each first vector B1j on the basis of a value of temperature
Teu1,Tedz... Teum associated with each finite element eJi,eJ2...eum of said
computational domain DTy and with the values of thermal power due to the
passage of electric current I in the conductor 11 and losses in the dielectric
material layer 13;
D2) multiplying said first vector B1j by a further first matrix A1y, which is
the inverse matrix of said first matrix A1, to obtain a respective value of
temperature Tey1,Tesz...Teuw associated with each finite element
eJ1,eJ2...eum of said computational domain DTy;
D3) for each computational domain DTy calculating a difference
between a respective value of temperature TEs measured at each area ;
and a respective value of temperature between the calculated values of
temperature Teut,Tesz...Teum, wherein said value of temperature is
associated with a respective finite element between the finite elements

eJ1,eJz...eum of said computational domain DTy at which said temperature
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value has been measured, to obtain a respective temperature variation
value ATy;
D4) for each finite element eu1,eJ2...eum of said computational domain DTy
calculating a respective updated value of temperature TeJi,TeJsz... Teum by
adding a respective value of temperature obtained at sub-step D2 and a
respective value of temperature variation AT,y obtained at sub-step D3.

Furthermore, in addition to or alternatively to the sub-steps from D1 to
D4, said step D can comprise the following sub-steps:
D5) calculating a temperature gradient of said temperature distribution
Teust,Tesz... Teum inside a respective section of said electric cable 1 in each
area §; along a plurality of radial directions, wherein each value of
temperature gradient is associated with a respective finite element
eJ1,eJ2...eum of a respective computational domain DTy, wherein said finite
element is arranged inside said electric cable 1; and
D6) identifying a radial direction of said plurality of radial directions
associated with a maximum value of said calculated temperature gradient.

The partition of the computational domain DTy into segments along
said predetermined radial directions advantageously allows to calculate
said temperature gradient along all the radial directions associated with
each segment in a simple manner, without the need for any interpolations.

The radial direction associated with a calculated maximum
temperature gradient value can be advantageously used to speed up the
calculation of the electric field Eeux,EeJv...EjL in step E, as already
mentioned.

In fact, the electric field distribution Eeux,Eeuv...Ei. can only be
calculated along said radial direction identified in sub-step D6.

In this way, it is possible to reduce the calculation times, since the
electric field Eeux,Eeyy...EuL is calculated only along the radial direction
subject to the maximum temperature gradient used as an index to identify

the worst situation.
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Furthermore, also the electrical conductivity distribution
oeJx,0euy...0eJL, the electrical current density distribution Jeux,Jeuy...Jeu,
and the electric charge density peux,peJy...peJL can only be calculated along
said radial direction identified in sub-step D6 .

This further reduces the computation time for calculating the electric
field.

With reference to the further numerical finite element method
mentioned in step E, said further numerical finite element method at step E
can solve a respective linear equation system for each further computational
domain DE,

A2*Ei=B2j
where
A2j is a second square matrix with a number of rows and a number of
columns equal to a number of finite elements of said further computational
domain DEy and each element of said matrix is a constant numeric
coefficient depending on the geometric properties of said further
computational domain DE, and on the dielectric properties of at least one of
a material associated with said portion of said electric cable 1 which falls
inside said further computational domain DE,,
E;j is a second column vector with a number of elements equal to the number
of finite elements eJx,eJy...eJ of said further computational domain DE,J and
each element is a numeric value of electric field Eesx,Eeuy...EiL associated
with each finite element eux,eJv...eJ of said further computational domain
DE.,
B2; is a further second column vector with a number of elements equal to
the number of finite elements eux,esv...es. of said further computational
domain DE,, wherein each element is a numeric value depending on the
boundary conditions of electric field E, on said value of voltage V and on
said predetermined electric charge density distribution po associated with

each finite element eJx,eJv...eJL of said further computational domain DE..
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Furthermore, the step E can comprise the following sub-steps}

E1) calculating a respective numerical value associated with each
element of each second vector B2j on the basis of an electric charge density
value po associated with each finite element eJx,edJv...ej. of said further
computational domain DEy and said measured voltage value V;

E2) multiply said second vector B2; by a further second matrix A2j' which
is the inverse matrix of said second matrix A2;to obtain a respective electric
field value Eeyx,Eeuy...EjL associated with each finite element eJx,euv...eJ
of said further computational domain DE..

Said method further comprises the following steps for taking into
account a thermal conduction along the longitudinal axis A of the conductor
11:

N1) calculating for each area §; the mean value of temperature T_C] in the
conductor 11;
N2) calculating:

a first axial temperature gradient GR1, as a difference between the mean

value of temperature T,; in the conductor 11 at an area S; and the mean

value of temperature ﬁ in the conductor 11 at a previous area S;_; by
dividing for a value equal to a first distance d, between said area §; and said
previous area S;_,, and

a second axial temperature gradient GR2, as a difference between the

mean value of temperature T,;., in the conductor 11 at an area S;,, and the

mean value of temperature T,; in the conductor 11 at a previous area S; by
dividing for a value equal to a second distance d, between said area ;.
and said previous area S;;

N3) multiplying the result due to the difference between said first axial
temperature gradient GR1y and said second axial temperature gradient

GR2, for a mean value of thermal conductivity of the conductor 11 for
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obtaining a respective thermal power flow value Q; for each area §;;

N4) for each area S; calculating, according to a method to discretize
differential equations, each element of said further first vector B1j taking into
account said thermal power flow value Q;.

In the embodiment being disclosed, said first distance d; is equal to
said second distance d,.

Furthermore, the method can further comprise further steps in addition
to steps A to M for obtaining a value of waiting time tzp which is the time to
wait before the polarity of said voltage V between said conductor 11 and
said shield 15 is inverted after that the value of said voltage V has been set
equal to zero, without said maximum value of electric field Emaxy is greater
than said predetermined value of electric field Exgr:

When a high voltage electric cable for direct electric current is
connected to a converter, such as a current source converter, the polarity
inversion of said voltage V allows to reverse the direction of the electric
current I flowing along the longitudinal axis of the conductor 11.

To this end, said method can comprise the following steps:

O1) associating a value equal to zero with said waiting time tgp;

02) repeating the steps from C to M or from C to N4 for a predetermined
number iterations NI considering a predetermined further time interval Atre,
wherein said value of voltage V and said value of electric current I have
been set equal to zero;

03) foreachiteration, adding the value of said predetermined further time
interval Atrp to a respective value of waiting time tzp to obtain a respective
updated value of waiting time tgp;

0O4) repeating the steps from C to M or from C to N4 for a predetermined
further number of iterations MI considering said predetermined further time
interval Atrp, wherein said value of voltage V is in absolute value equal to a
nominal voltage value and has a sign opposite to the sign of said value of
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voltage V before the polarity of said voltage V is inverted, and said value of
electric current I is equal to zero;

05) identifying for each area S; the maximum value of electric field Emaxy
and identify for each iteration of said predetermined further number of
iterations MI a respective maximum value of electric field Emaxrp between
said maximum values of electric field, wherein said maximum value of
electric field Emaxrp is the maximum value of electric field reached after an
inversion of polarity of the voltage V between said conductor 11 and said
shield 15 with a waiting time equal to the waiting time tgp;

06) repeating the steps from O1 to O5 by progressively increasing said
predetermined number of iterations NI until the maximum value of electric
field Emaxre is less than or equal to said predetermined value of electric field
Epgr and storing the value of waiting time tzp corresponding to said
maximum value of electric field Emaxrp.

In general, in use, the conductor 11 is connected to a converter and
the shield 15 is connected to ground.

In particular, when the conductor 11 is connected to a current source
converter, to prevent the dielectric material layer from being subjected to an
electrical stress greater than a predetermined electrical stress (which can
be a desired or required stress) or stress for which the electric cable 1 has
been designed, an operator can invert the polarity of said voltage V through
said converter after having waited a time greater than or equal to tp after
the value of said voltage V has been set equal to zero.

Consequently, the method comprise the step of connecting said
conductor 11 to a converter and said shield 15 to ground.

The present invention relates also to system for calculating a electric
field inside a dielectric material layer 13 of a high voltage electric cable 1 for
direct electric current, disclosed above.

Said system comprises:

- temperature measuring means TSy;
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- a processing unit connected to said temperature measuring means TSy

and configured to:

(@]

¢]

identifying one or more areas S;, with j=1,2...N where N is a positive
integer, each of which is arranged along said electric cable 1, on a
respective plane P; transverse to the longitudinal axis A of said electric
cable 1 and has a geometric shape defined by a closed reference line;
associating a respective computational domain DTy with each area §;,
as well as associating a respective further computational domain DEy
with a further area which is a portion of said area S; and is arranged
inside said electric cable 1, between said first semiconductive material
layer 12 and said second semiconductive material layer 14, wherein
said further area is included between a first closed line 120 and a
second closed line 140, said computational domain DTy is. discretized
through a set of finite elements ey1,eJ2...e4m, said further computational
domain DE, is discretized through a further set of finite elements
eJx,eJy...edL (n transversal section said first closed line 120 is a first
contact line between the conductor 11 and said first semiconductive
material layer 120 and said second closed line 140 is a second contact
line between said second semiconductive layer 14 and said shield 15;

acquiring:

- avalue of temperature TE, at each area S; through temperature measuring

means TSy;

-a value of voltage V between said conductor 11 and said shield 15,

- a value of electric current I flowing along the longitudinal axis A of the

conductor 11;

o calculating, by means of a numerical finite element method, a respective

temperature distribution Teys,Teyz...Teuw for each computational
domain DTy, wherein each value of temperature of a temperature

distribution is associated with a respective finite element ey1,eJ2...em of
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a respective computational domain DTy, each temperature distribution

being calculated by solving:

Fourier's law for conducting heat in transient conditions,
starting from said temperature values TE,, from said measured
electric current values I, and from a predetermined temperature

distribution To;

calculating, by means of a further numerical finite element method, a

respective electric field distribution Eeux,Eeuy...EuL for each further

computational domain DEJ, wherein each value of electric field of an

electric field distribution is associated with a respective finite element

eJx,eJy...elu of said further computational domain DEy, each electric

field distribution being calculated by solving:

Gauss's law for an electric field E in transient conditions, applied to
each finite element eyy falling into the dielectric material layer 13,
the law of continuity of electric current in stationary conditions
applied to each finite element es which falls in the first
semiconductive material layer 12 or in the second semiconductive
material layer 14 and which does not contact one or more finite
elements eJ. which fall into the dielectric material layer 13,
Schottky's law referred to an injection of electric charges in
correspondence of a contact line between different materials,
applied to each finite element ejx which falls into the first
semiconductive material layer 12 or in the second semiconductive
material layer 14 and contacts one or more finite elements eJy which
fall into the dielectric material layer 13,

the relationship between electric field E and said voltage V,
starting from boundary conditions applied to said first closed line
120 and to said second closed line 140 of the respective further
computational domain DEy, in which said boundary conditions

depend on said voltage value V and on a predetermined electric
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charge density distribution po.
In other words, said processing unit is configured to perform the steps
from A to E of the method disclosed above.

In particular, in the embodiment being disclosed, said system
comprises- a voltage measuring voltage 18 for measuring said voltage value
V between said conductor 11 and said shield 15 and said processing unit is
connected to said voltage measuring device 18 for acquiring said voltage
value V.

However, said voltage value V can be a predetermined voltage value
set by a user and said processing unit can be configured to acquire said
predetermined voltage value, according to step C of the method described
above.

Furthermore, in the embodiment being disclosed, said system comprise
an electric current measuring device 19 for measuring said electric current
value I flowing along the longitudinal axis of the conductor 11 and said
processing unit is connected to said electric current measuring device 19
for acquiring said electric current value I, according to step C of the method
described above.

However, said electric current value I can be a predetermined electric
current value set by a user and said processing unit can be configured for
acquiring said predetermined electric current value.

In particular, said system can comprise storage means (such as a
memory) and said processing unit can be connected to said storage means
for storing in said storage means said predetermined voltage value and/or
said predetermined electric current value, when the voltage value V and the
electric current value I are not measured.

With reference to step D of the method, said processing unit can be
configured to perform the sub-steps from D1 to D4 and/or from D5 to D6 of
said step D.

Furthermore, said processing unit can be configured to perform the
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steps from F to J of the method disclosed above or to perform in addition or
as alternative to said steps from F to J, the steps from | to M of said method.

In particular, said processing unit can be configured to perform the steps
from N1 to N4 of the method.

More particularly, said processing unit can be configured to perform the
steps from O1 to O6 of the method disclosed above, for obtaining a value
of waiting time tzp which is the time to wait before the polarity of said voltage
V' between said conductor 11 and said shield 15 is inverted after that the
value of said voltage V has been set equal to zero, without said maximum
value of electric field Emaxs is greater than said predetermined value of
electric field Egzgr:

Furthermore, said processing unit can be configured to store said
predetermined temperature distribution To and said predetermined electric
charge density distribution po, independently of the storage of said
predetermined voltage value and/or said predetermined electric current
value.

Said processing unit can also be configured to store in said storage
means said predetermined electric field value Eggr (which is a threshold
value) and/or said waiting time tzp.

Said system can comprise displaying means, such a display D of the
computer C, for displaying the values of one or more quantities calculated
using the method described above and/or the values of one or more
quantities derived from said calculated quantities.

By way of example, it is possible to display in numerical form or by
charts:

- one or more temperature maximum values in the conductor 11 of a
respective temperature distribution Tey1,Teyz...Teum calculated for a
respective area S;;and/or

- ore or more temperature maximum values on the outer layer 16 of a

respective temperature distribution Teut,TeJso...Teum calculated for a
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respective area S;; and/or
- one or more difference values indicating the temperature difference
between the temperature associated with the first closed line 120 and the
temperature associated with the second closed line 140 of a respective
temperature distribution TeJ1,Teyz...Tesm calculated for a respective area S;;
and/or
- said electric field distribution EeJx,EeJv...EjL and said predetermined
electric field Ezgr; and/or
- said electric charge density distribution peJx,peJy...peJL; and/or
- one or more temperature maximum values in the conductor 11 of a
respective temperature distribution TeJt,Tes2...Teuw calculated along the
longitudinal axis A of the electric cable 1; and/or
- one or more difference values indicating the temperature difference
between the temperature associated with the first closed line 120 and the
temperature associated with the second closed line 140 of a respective
temperature distribution Tey1,TeJz...Teum calculated along the longitudinal
axis A of the electrical cable 1; and/or
- one or more electric field maximum values of a respective electric field
distribution Eeux,Eeuy...EJL calculated for each area S; along the longitudinal
axis A of the electric cable 1.
Said displaying means can also be used to display:

- the position of the area S; associated with the temperature maximum value
in the conductor 11 obtained by said temperature distribution
Teu1,Tesz... Teum calculated for each area S;; and/or
- the position of the area S; associated with the electric field maximum value
of said electric field distribution Eeux,Eeuy...EuL calculated for each area ;.

Furthermore, when the polarity of the voltage V between the conductor
11 and the shield 15 of the electric cable 1 is inverted, said displaying means

can display:
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- the electric field value calculated during step O2; and/or

- the chart of the electric charge density distribution peJx,peJy...peJ referred
to an area S; which is the area in which the maximum value of the electric
field is the maximum between the maximum values of electric field; and/or
- the chart of the electric field distribution Eeux,EeJy...EJL referred to an area
S; which is the area in which the maximum value of electric field is the
maximum between the maximum values of electric field and/or said
predetermined electric field value Exgr.

Advantages

Advantageously, the method object of the invention allows to
calculate, substantially in real time, the electric field within a dielectric
material layer of a high voltage electric cable for direct electric current.

A further advantage is given by the fact that this calculation can be
performed on any computer, as it requires reduced computational
resources.

Furthermore, through the information regarding the electric field and
the comparison with a predetermined electric field value, it is possible to
monitor the electric stress of said electric cable with respect to the stress for
which the electric cable was designed or to a desired stress.

Consequently, it is possible to improve the reliability of the electrical
cable and increase the life span of the electrical cable.

The present invention has been described for illustrative, but not
limitative purposes, according to its preferred embodiment, but it is to be
understood that variations and/or modifications can be carried out by a
skilled in the art, without departing from the scope thereof, as defined

according to enclosed claims.
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CLAIMS
1. Method for calculating an electric field inside a dielectric material
layer (13) of a high voltage electric cable (1) for direct electric current,
wherein said electric cable (1) is of the type comprising from the inside
towards the outside a conductor (11) having a longitudinal axis (A), a first
semiconductive material layer (12), said dielectric material layer (13), a
second semiconductive material layer (14), a metallic material layer (15)
called shield, said method comprising the following steps:
A) identifying one or more areas S;, with j=1,2...N where N is a positive
integer, each of which is arranged along said electric cable (1), on a
respective plane P; transverse to the longitudinal axis (A) of said electric
cable (1) and has a geometric shape defined by a closed reference ling;
B) associating a respective computational domain DTy with each area
S;, as well as associating a respective further computational domain DEy
with a further area which is a portion of said area S; and is arranged inside
said electric cable (1), between said first semiconductive material layer (12)
and said second semiconductive material layer (14), wherein said further
area is included between a first closed line (120) and a second closed line
(140), said computational domain DT, being discretized through a set of
finite elements eyt1,e42...€um, said further computational domain DEy being
discretized through a further set of finite elements eux,esy...eu, in
transversal section said first closed line (120) being a first contact line
between the conductor (11) and said first semiconductive material layer
(120) and said second closed line (140) being a second contact line
between said second semiconductive layer (14) and said shield (15);
C) acquiring:
- avalue of temperature TE, at each area S; through temperature measuring
means (TSu);

- a value of voltage V between said conductor (11) and said shield (15),
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wherein said value of voltage V is obtained through a voltage measuring
device (18) or is a predetermined value of voltage;
- a value of electric current I flowing along the longitudinal axis (A) of the
conductor (11), wherein said value of electric current [ is obtained through
an electric current measuring device (19) or is a predetermined value of
electric current;
D) calculating, by means of a numerical finite element method, a
respective temperature distribution TeJ1,TeJe... Tesm for each computational
domain DTy, wherein each value of temperature of a temperature
distribution is associated with a respective finite element eJi,es2...eum of a
respective computational domain DTy, each temperature distribution being
calculated by solving:
o Fourier's law for conducting heat in transient conditions,
starting from said temperature values TEy, from said measured electric
current values I, and from a predetermined temperature distribution To;
E) calculating, by means of a further numerical finite element method, a
respective electric field distribution Eeux,EeJv...Es. for each further
computational domain DEJ, wherein each value of electric field of an electric
field distribution is associated with a respective finite element eJx,eJv...ed
of said further computational domain DE,, each electric field distribution
being calculated by solving:

o Gauss's law for an electric field E in transient conditions, applied to each
finite element eyy falling into the dielectric material layer (13),

o the law of continuity of electric current in stationary conditions applied to
each finite element e which falls in the first semiconductive material
layer (12) or in the second semiconductive material layer (14) and which
does not contact one or more finite elements ej. which fall into the
dielectric material layer (13),

o Schottky's law referred to an injection of electric charges in

correspondence of a contact line between different materials, applied to
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each finite element eJsx which falls into the first semiconductive material
layer (12) or in the second semiconductive material layer (14) and
contacts one or more finite elements eyy which fall into the dielectric
material layer (13),
o the relationship between electric field E and said voltage V,
starting from boundary conditions applied to said first closed line (120) and
to said second closed line (140) of the respective further computational
domain Dey, in which said boundary conditions depend on said voltage

value V and on a predetermined electric charge density distribution po.

2. Method according to claim 1, wherein said method comprises the
following steps which are performed periodically at predetermined time
intervals At for each area S;:

F) calculating an electrical conductivity distribution ceux,ceJv...ceqL for
each finite element eux,eJv...eJiL of each further computational domain DE.,
starting from said calculated temperature distribution TeJ1,Tes2...Tesm and
from said calculated electric field distribution Eeux,Eeudy...Eu;

G) calculating an electric current density distribution Jeux,JeJy...JJL for
each finite element eux,eJv...eJ of each further computational domain DEy
through the Ohm’s law;

H) calculating a respective value of electric charge density
pesx,pedv...pes. for each finite element eux,eJdv...es. of each further
computational domain DEy by solving:

o the law of continuity of electric current in transient conditions, applied to
each finite element eyy of each further computational domain Dey which
falls within the dielectric material layer (13), and

o Gauss's law for an electric field E in stationary conditions, applied to
each finite element eJx, eJ. of each further computational domain DE,
which falls in the first semiconductive material layer (12) or in the second

semiconductive material layer (14);
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1) updating said predetermined temperature distribution To with the
temperature values of said calculated temperature distribution
Teut,Teyz... Teum and updating said predetermined electric charge density
distribution po with the calculated electric charge density values
peJx,pedy...peJL;

J) repeating the steps from C to E.

3. Method according to any one of the previous claim, wherein said
method comprises the following steps:

K) identifying a respective maximum value of electric field EmaxJ in each
further computational domain DEy;

L) comparing each maximum value of electric field Ewmaxs with a
predetermined value of electric field Erer;

M)  if said maximum value of electric field EmaxJ is greater than said
predetermined value of electric field Erer, establishing that at least one
section of electrical cable (1) at each said area S; is subjected to an electrical
stress greater than an electrical stress for which said electrical cable (1) was
designed or to a predetermined electrical stress.

4. Method according to any one of the previous claims, wherein
said finite element method at step D solves a respective system of linear
equations for each computational domain DTy:

A1 Ti=B1;
where
A1jis a first square matrix with a number of rows and a number of columns
equal to the number of finite elements eJ1,eJ2...em of said computational
domain DTy, and each element of said matrix is a constant numeric
coefficient depending on the geometric properties of said computational
domain DTy and from the thermophysical properties of at least one material

associated with a finite element corresponding to a portion of said electric



WO 2023/031980 PCT/1T2022/050240

10

15

20

25

30

-37-

cable (1),

Tjis a first column vector with a number of elements equal to the number of
finite elements eut1,eJ2...eum of said computational domain DTy and each
element of said first column vector is a value of temperature which is
unknown,

B1j is a further first column vector with a number of elements equal to the
number of finite elements eJ1,eJse...esm of said computational domain DTy
and each element is a numeric value variable over time and depending on
the boundary conditions of heat exchange between electric cable (1) and
external environment, on the temperature of said predetermined
temperature distribution To associated with each finite element eJy1,eJ2...em
of said computational domain DTy, on a thermal power value calculated on
the basis of the measured electric current values I flowing in the conductor
(11) and the thermophysical properties of at least one material associated
with a finite element corresponding to said portion of said electric cable (1),
wherein

said step D comprises the following sub-steps:

D1) calculating a respective numeric value associated with each element
of each first vector B1; on the basis of a value of temperature
Teu1,Tedz... Tesm associated with each finite element eJi,eJ2...eum of said
computational domain DTy and with the values of thermal power due to the
passage of electric current I in the conductor (11) and losses in the dielectric
material layer (13);

D2) multiplying said first vector B1j by a further first matrix A1y, which is
the inverse matrix of said first matrix A1, to obtain a respective value of
temperature Teut,Tes2...Tesm associated with each finite element
eJ1,eJ2...esm of said computational domain DTy;

D3) for each computational domain DTy calculating a difference between
a respective value of temperature TEs measured at each area §; and a

respective value of temperature between the calculated values of
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temperature Teut,Teso...Teum, wherein said value of temperature is
associated with a respective finite element between the finite elements
eJ1,eJz2...eum of said computational domain DTy at which said temperature
value has been measured, to obtain a respective temperature variation
value ATy;

D4) for each finite element es1,eJ2...eum of said computational domain DTy
calculating a respective updated value of temperature Teyt,Ted2...Teum by
adding a respective value of temperature obtained at sub-step D2 and a
respective value of temperature variation AT,y obtained at sub-step D3.

5. Method according to any one of the previous claims, wherein said
step D comprises the following sub-steps:

D5) calculating a temperature gradient of said temperature distribution
Teu1,Teyz... Teum inside a respective section of said electric cable (1) in each
area S; along a plurality of radial directions, wherein each value of
temperature gradient is associated with a respective finite element
eJ1,eJ2...eum of a respective computational domain DTy, wherein said finite
element is arranged inside said electric cable (1); and

D6) identifying a radial direction of said plurality of radial directions
associated with a maximum value of said calculated temperature gradient,
and

wherein

said electric field distribution Eeux,Eeuv...EJL at said step E is calculated only
along said radial direction identified at sub-step D6, assuming that the
respective values of electric field vary only along said radial direction of said

electric cable (1).

6. Method according the claims 2 and 5, wherein the electrical
conductivity distribution ceux,cedv...ceq. at step F, the electric current

density distribution JeJx,Jesy...du at step G and each value of electric
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charge density peJx,pedy...peJL at step H are calculated along said radial

direction of said electric cable (1) identified at the sub-step D6.

7. Method according the previous claim, wherein said method further
comprises the following steps for taking into account a thermal conduction

along the longitudinal axis (A) of the conductor (11):

N1) calculating for each area S; the mean value of temperature T in the
conductor (11);

N2) calculating:

a first axial temperature gradient GR14 as a difference between the mean
value of temperature T_C] in the conductor (11) at an area S; and the mean
value of temperature m in the conductor (11) at a previous area S;_; by
dividing for a value equal to a first distance d, between said area S; and said
previous area S;_,, and

a second axial temperature gradient GR2, as a difference between the
mean value of temperature T, in the conductor (11) at an area S;,, and
the mean value of temperature T_C, in the conductor (11) at a previous area
S; by dividing for a value equal to a second distance d, between said area
S;+1 and said previous area S;;

N3) multiplying the result due to the difference between said first axial
temperature gradient GR1y and said second axial temperature gradient
GR2, for a mean value of thermal conductivity of the conductor (11) for
obtaining a respective thermal power flow value Q; for each area §;;

N4) for each area S; calculating, according to a method to discretize
differential equations, each element of said further first vector B1j taking into

account said thermal power flow value Q;.

8. Method according to the previous claim, wherein said first distance
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d, is equal to said second distance d,.

9. Method according to any one of the previous claims, wherein said
further numerical finite element method at step E solves a respective linear
equation system for each further computational domain DEJ:

A2*Ej=B2;
where
A2j is a second square matrix with a number of rows and a number of
columns equal to a number of finite elements of said further computational
domain DEJ and each element of said matrix is a constant numeric
coefficient and depends on the geometric properties of said further
computational domain DE, and on the dielectric properties of at least one of
a material associated with said portion of said electric cable (1) which falls
inside said further computational domain DE.,,
Ejis a second column vector with a number of elements equal to the number
of finite elements eJx,eJy...eu of said further computational domain DE,y and
each element is a numeric value of electric field Eeux,Eeuy...EJjL associated
with each finite element eux,eJv...eJ. of said further computational domain
DE.,,
B2; is a further second column vector with a number of elements equal to
the number of finite elements eJx,esv...es of said further computational
domain DEJy, wherein each element is a numeric value depending on the
boundary conditions of electric field E, on said value of voltage V and on
said predetermined electric charge density distribution po associated with

each finite element eJx,euv...eJL of said further computational domain DE..

10.  Method according to claims 2 and 3 or according to claims 2 and 3
and any one of claims 4-9, wherein said method further comprises the
following steps to obtain a value of waiting time tzp which is the time to wait
before the polarity of said voltage V between said conductor (11) and said
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shield (15) is inverted after that the value of said voltage V has been set
equal to zero, without said maximum value of electric field Emaxs is greater
than said predetermined value of electric field Egrgg:

O1) associating a value equal to zero with said waiting time tgp;

02) repeating the steps from C to M or from C to N4 for a predetermined
number iterations NI considering a predetermined further time interval Atre,
wherein said value of voltage V and said value of electric current I have
been set equal to zero;

0O3) foreach iteration, adding the value of said predetermined further time
interval Atrp to a respective value of waiting time tzp to obtain a respective
updated value of waiting time tgp;

0O4) repeating the steps from C to M or from C to N4 for a predetermined
further number of iterations MI considering said predetermined further time
interval Atrp, wherein said value of voltage V is in absolute value equal to a
nominal voltage value and has a sign opposite to the sign of said value of
voltage V before the polarity of said voltage V is inverted, and said value of
electric current I is equal to zero;

0O5) identifying for each area S; the maximum value of electric field Emax
and identify for each iteration of said predetermined further number of
iterations M| a respective maximum value of electric field Emaxrp between
said maximum values of electric field, wherein said maximum value of
electric field Emaxrp is the maximum value of electric field reached after an
inversion of polarity of the voltage V between said conductor (11) and said
shield (15) with a waiting time equal to the waiting time tgp;

06) repeating the steps from O1 to O5 by progressively increasing said
predetermined number of iterations NI until the maximum value of electric
field Emaxre is less than or equal to said predetermined value of electric field
Ergr and storing the value of waiting time tzp corresponding to said

maximum value of electric field Emaxrp.
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11.  Method according to any one of the claims 1-10, wherein said area

S; is outside said electric cable (1).

12.  Method according to any one of the claims 1-10, wherein said area

S; is inside said electric cable (1).

13.  Method according to any one of claims 1-12, wherein

said electric cable (1) comprises an external layer (16), and

wherein

said temperature measuring means (TSy) comprise a plurality of
temperature sensors (TS1J) for measuring a temperature at a respective
area S; and said temperature sensors are arranged inside said electric cable
(1) or a respective portion of said external layer (16) or at a predetermined

distance from said external layer (16).

14.  Method according to any one of claims 1-12, wherein

said electric cable (1) comprises an external layer (16), and

wherein

said temperature measuring means comprise a temperature distributed
sensor with a longitudinal resolution for measuring a temperature at each
area S; and said temperature distributed sensor is arranged inside said
electric cable (1) or on said external layer (16) or at a predetermined

distance from said external layer (16).

15.  System for calculating an electric field inside a dielectric material
layer (13) of a high voltage electric cable (1) for direct electric current,
wherein said electric cable (1) is of the type comprising from the inside
towards the external a conductor (11) having a longitudinal axis (A), a first

semiconductive material layer (12), said dielectric material layer (13), a
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second semiconductive material layer (14), a metallic material layer (15)
called shield, said system comprising:

- temperature measuring means (TSy) for measuring a value of temperature
at one or more areas S;, with j=1,2...N where N is a positive integer, each
of which is arranged along said electric cable (1) on a respective plane P;
transverse to the longitudinal axis (A) of said electric cable (1) and has a
geometric shape defined from a closed reference line;

- a processing unit connected to said temperature measuring means (TSy)
and configured to perform the steps of the method according to any one of

the previous claims.

16. System according to the previous claim, wherein said system
comprises:

- a voltage measuring device (18) for measuring a value of voltage V
between said conductor (11) and said shield (15);

- an electric current measuring device (19) for measuring a value of electric
current I flowing along the longitudinal axis (A) of the conductor (11);
wherein

said processing unit is connected to said voltage measuring device (18) and
to said electric current measuring device (19) and configured to acquire a
value of voltage V through said voltage measuring device (18) and said
value of electric current I through said electric current measuring device
(19).

17.  System according to claim 15, wherein, said system comprises
storage means and said processing is connected to said storage means is
configured to store a predetermined value of voltage and/or a
predetermined value of electric current and to acquire said predetermined
value of voltage and/or said predetermined value of electric current from

said storage means.
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18. System according the claim 15 or 16, wherein, said system
comprises storage means and said processing unity is connected to said
storage means and configured to store said predetermined temperature

5 distribution To and said predetermined electric charge density distribution

Po.



