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Monitoring method and system for detecting the torsion along a cable

provided with identification tags

Field of the invention

The present invention relates to a monitoring method and system for detecting the

mechanical torsion of a cable.

Background of the invention

Cables for heavy-duty applications and in particular for mobile installations, such
as mobile harbour cranes, ship-to-shore container cranes, ship un-loaders, spreaders,
mining and tunnelling equipment, and windmill and windfarm are specifically designed
to withstand harsh environment conditions and high mechanical stresses, such as tensile
forces and torques. Within the present description, we will 1n general refer to heavy-
duty cables, when referring to cables for heavy-duty applications and 1n particular, but
not exclusively, for mobile installations.

An example of heavy-duty electric cable 1s provided in DE patent application No.
3934718, which describes an armoured trailing cable for shearer loaders 1n mines.

WO 01/78086 discloses an electric cable 1n particular for use 1in a pick-up system
such as a cranc or shelving system. The cable comprises a core, which includes first
conductors, completely surrounded by and embedded within a first stress-bearing
matrix. At least one further layer 1s disposed about the first stress-bearing matrix and
has at least one further conductor in the further layer which 1s completely surrounded by
and embedded within a second stress-bearing matrix. The stress-bearing matrices in the
cable arec said to allow the distribution of stress throughout the cable and thus to
substantially reduce the corkscrew effect.

US 6,247,359 describes an apparatus for identifying the need to replace a synthetic
fiber rope constructed of at least two concentric layers of strands laid together and made
from load-bearing aramid fiber strands comprising an indicating device visible on an
exterior surface of the rope for detecting and visually indicating a rotational position of
the rope about 1ts longitudinal axis.

The Applicant has observed that conventional methods of evaluation of the torsion

of a cable based on visual detection of a coloured line or marks along the cable length



10

15

20

25

30

CA 02773855 2012-03-09
WO 2011/032587 2 PCT/EP2009/062031

are often not reliable since they strongly depend on the condition of the cable external
surface, for example they are affected by the presence of dirt or scratches. Furthermore,
such methods generally do not provide quantitative data on the amount of torsion
applied to the cable.

Non-contact torque sensors find wide application in measuring stresses in a shaft
or driveline component of a vehicle during operation.

US 2007/0241890 describes an apparatus for measuring at least one physical
characteristic, e¢.g., torque, of a shaft or driveline component of a vehicle. A radio
frequency (RF) tag 1s associated with the shaft to facilitate communication to an RF
recader. The RF tag 1s capable of storing a physical characteristic of the driveline
component such as torque. The RF reader includes a transmitter provided to send
modulated radio frequency transmissions that both supply power to the RF tag and
assoclated sensor and trigger a responsive transmission signal indicative of sensed
torque. The frequency tag reader 1s positioned adjacent to the driveline component and
operable to read the signal transmitted by the RF tag. The RF tag may be continuously
triggered and read by the RF modulator/reader 1n rapid cycles to facilitate continuous
monitoring of object to be sensed.

Radio frequency identification ("RFID") eclements embedded m a cable can
facilitate locating and i1dentifymng the cable. The RFID elements or transponders can
provide information about the cable — for example, identification number, time of
deployment, manufacturing batch - to a remote RFID reader without directly accessing
or handling the cable. This can be particularly useful in situations such as when the
cable buried underground, suspended overhead, or installed 1n a cable tray.

US 2007/0120684 discloses a cable identifying system used with RFID built-in
cable including therein RFID tags, ecach RFID tag having a responder comprising a
radio transmitter/recerver and a memory device, operable without physical contact, the
system comprising an external information storage apparatus that 1s to store the entire
information on the ID data stored in the memory devices incorporated n all the RFID
tags included 1n the RFID built-in cable. An antenna used for the RFID reader with a
pair of semi-cylindrical members 1s disclosed. It 1s said that by using this type of

antenna, the exact location of cach RFID tag cannot be detected, but the information
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from the antenna incorporated in the RFID tag can be effectively detected urespective
of the position of the tag in the cable.

US 2008/0204235 discloses an optical fibre cable comprising a nonconductive
tape extending a length of the cable and a plurality of RFID transponders disposed
periodically along a length of the tape, wheremn the radio frequency identification
transponders report information that can facilitate locating and identifying the cable.
Each RFID element has a unique code, thereby providing a record of manufacturing
parameters that are specific of that cable. The unique code can be specific to an
incremental length of the cable.

In some applications, such as in heavy-duty applications, transfer of the cable to
the equipment reels and forced guidance during the winding and unwinding phases may
give rise to undesired torsions that can vary along the cable length. Although care 1s
normally recommended in handling and installation of the cable in the mobile
equipments, such as a direct transfer of the cable from the original drum to the cable
reel while avoiding changes of direction or imversions of the original direction of
winding, working conditions may induce relatively large and abrupt torques thereof. In
addition, other systems for cable movement, such as guidance devices, pulley systems
and tender systems, may involve torsions of the cable during operation, in particular 1t
applications require high-speed operation and/or multiple cable deflection mn the cable
payout.

The Applicant has tackled the problem of detecting the presence of torsion in a
cable i use and of providing a reliable measurement of the actual deployment of the

cable, which can be performed throughout the litetime of the cable.
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Summary

Certain exemplary embodiments can provide a method for monitoring torsion of a
cable comprising: providing a cable having an outer surface and extending along a
longitudinal direction, the cable being provided with a plurality of identification tags
arranged along a cable length in respective tag angular positions in cross-sectional planes
taken transverse to the longitudinal direction, each tag storing a tag identification code and
being capable of transmitting a tag electromagnetic signal; interrogating at least one
identification tag to receive the tag electromagnetic signal; and detecting the tag
electromagnetic signal for monitoring torsion of the cable, wherein detecting the tag
electromagnetic signal comprises reading the tag identification code and determining the
tag angular position of the at least one identification tag.

Other exemplary embodiments can provide a torsion monitoring system for a cable
comprising: a cable having an outer surface and extending along a longitudinal direction,
the cable being provided with at least one identification tag arranged in a tag angular
position in a cross-sectional plane taken transverse to the longitudinal direction, the at least
one tag storing a tag identification code and being capable of transmitting a tag
electromagnetic signal; and a reading device capable of interrogating the at least one tag,
of reading the tag identification code thereof and of detecting the tag angular position
thereof for monitoring torsion of the cable, wherein the reading device comprises a
plurality of transceivers radially arranged so as to surround at least one portion of the outer
surface of the cable, the transceivers being spaced radially apart at predetermined reading
angular positions.

Due to the mechanical stresses imposed during normal operation, the typical
lifetime of a heavy-duty cable is in general relatively short and, depending on the
application, can vary from few months to few years. The Applicant has observed that 1t
would be advantageous to provide a monitoring system that permits control of the torsion
in an electric cable, in particular in a heavy-duty cable, during its operation. By knowing
the temporal evolution of the cable torsional condition, an effective periodic maintenance

of the cable can be scheduled and carried out without inconvenience.
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In particular, the Applicant has realized that it would be advantageous to monitor
in situ the actual deployment of a cable by placing a monitoring system 1n
correspondence to parts of the mobile equipment where the cable 1s expected to undergo
significant torsional stresses.

In many applications, especially heavy-duty, a cable has one end fixed into a reel
of a mobile equipment, such a crane for hoisting container or cargo or a mining
cequipment, and the opposite end fixed to a power supply unit for supplying power to the
cable and/or to transmit data and control signals. The power supply unit 1s generally
located at a fixed position, whereas the mobile equipment runs across a sclected arca of
movements of goods or materials.

The Applicant has realised that 1t would be particularly advantageous to record the
time variation of cable torsion for at least one longitudinal cable section, 1.e. the
variation of torsional state of cable sections along the length thercof, which can damage
the cable by fatigue and shorten 1ts lifetime.

In particular, by providing a cable with at least one identification tag detectable by
a recading device, the tag being radially arranged m a detectable angular position, 1t 1s
possible to measure the variation of the angular position of the tag, and thus to infer the
local rotational state of the cable. From that, 1f the cable 1s fixed or motionless at least
on¢ of 1ts ends, 1t 18 possible to infer whether the cable experiences a torsion (and so a
torque) at some location along the cable length.

Within the present description and appended claims, with “torsion™ it 1S meant a
condition of stress and deformation caused when one end of the cable 1s rotated
(twisted) m one direction and the opposite end 1s fixed (or motionless) or 1s twisted 1n
an opposite direction. Torsion may be caused also when a first longitudinal section of
the cable length 1s twisted and a second longitudinal section 1s fixed or twisted in an
opposite direction.

In an aspect, the present invention relates to a method for monitoring the torsion
of a cable comprising the steps of: providing a cable having an outer surface and
extending along a longitudinal direction, the cable being provided with at least one
identification tag arranged in a tag angular position in a cross-sectional plane taken
transverse to the longitudinal direction, the at least one tag storing a tag i1dentification

code and being capable of transmitting a tag electromagnetic signal; mterrogating the at
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lcast one 1dentification tag to receive the tag clectromagnetic signal, and detecting the
tag clectromagnetic signal, wherein the step of detecting the tag electromagnetic signal
comprises the step of reading the tag identification code and determining the tag angular
position of the at least one 1identification tag.

In another aspect, the present invention related to a torsion monitoring system for
a cable comprising: a cable having an outer surface and extending along a longitudinal
direction, the cable being provided with at least one 1dentification tag arranged 1n a tag
angular position 1n a cross-sectional plane taken transverse to the longitudinal direction,
the at least one tag storing a tag 1dentification code and being capable of transmitting a
tag clectromagnetic signal, and at least one reading device being arranged around at
Ieast one portion of the cable outer surface and being apt to interrogate the at Ieast one
tag, to read its tag 1identification code and to detect its tag angular position.

In the preferred embodiments, the reading device 1s arranged with respect to the
cable so as to surround the outer surface, which 1s preferably circumferential, of the
cable and to allow the cable to be movable relatively to the reading device.

In an embodiment, the monitoring system comprises a first and a second recading
device placed at a predetermined distance from one to another and the cable 1s movable
relatively to both reading devices. The local rotational state of a longitudinal section of
the cable 1s evaluated by measuring a first angular position of at least one tag by the first
reading device and a second angular position of the same tag by the second reading
device and by determining the difference between the first and second angular positions.

In some preferred embodiments, the cable comprises a plurality of identification
tags arranged along a cable length, cach tag of the plurality storing a respective tag
identification code and being capable of transmitting an clectromagnetic signal. The
longitudinal distance between next adjacent tags can be selected 1n view of the kind of
cable to be monitored and of the performance requested thereto on the basis of the cable
manufacturer’s experience. Each tag 1s radially arranged 1n respective angular positions.
By determining the variation of the angular position of a plurality of tags 1t 1s possible
to infer the local rotational state in a plurality of longitudinal sections of the cable.

In particular, the angular difference of two adjacent tags of the plurality of

identification tags can provide a map of the torsional state of the cable along 1ts length.
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In the preferred embodiments, the at least one 1dentification tag 1s a radio
frequency (RF) 1dentification tag, namely a RFID tag, capable of emitting an RF signal
and the at least one reading device 1s apt to read the RF signals transmitted by the RF
tags.

Brietf description of the drawings

The present invention will be now described more fully hereinafter with reference
to the accompanying drawings, in which some, but not all embodiments of the invention
arc shown. Drawings illustrating the embodiments are not-to-scale schematic
representations.

FIG. 1 1s a partial perspective view of an electric cable, in an embodiment of the
present mnvention.

FIG. 2 1s a schematic cross-sectional view taken along the A-A line of Fig. 1 and
showing some more details of the internal cable structure than Fig. 1.

FIG. 3 1s a top plan view of a cable, exemplifying a distribution of identification
tags along the cable length after the cable has been subject to a twisting.

FI1G. 4 1s a cross-sectional view of the cable of Fig. 3 taken along the B-B line.

FIG. 5 1s a diagrammatic representation of a cable torsion monitoring system,
according to an embodiment of the present invention.

FIG. 6 1s a schematic perspective view of a reading device in an embodiment of
the present invention.

FIG. 7 1s a diagrammatic representation of a cable torsion monitoring system,
according to another embodiment of the present invention.

FIG. 8 18 a schematic perspective view of a mobile equipment for heavy-duty
applications, which 1s powered by a heavy-duty cable, comprising a torsion monitoring
system according to an embodiment of the invention.

FIGS. 9 and 10 arc lateral views of the mobile equipment of Fig. &, showing,
respectively, the mobile equipment running 1n opposite forward directions with respect
to a cable supply unat.

FIG. 11 1s a schematic perspective view of a mobile equipment for heavy-duty
applications, which 1s powered by a heavy-duty cable, comprising a torsion monitoring

system according to a further embodiment of the invention.
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FIG. 12 1s a diagrammatic representation of a windmill comprising a torsion

monitoring system according to still another embodiment of the present invention.

Dectailed description

Figure 1 1s a schematic perspective view of an electric cable, in particular a heavy-
duty cable, according to an embodiment of the present invention. Figure 2 schematically
illustrates a cross-sectional view of the electric cable of Fig. 1 taken along the A-A line.
Not all details of the cable internal structure shown 1n Fig. 2 are 1llustrated in Fig. 1, to
improve clarity of the latter figure. Cable 1 extends along a central longitudinal axis Z
and comprises three cores 2 radially arranged about a central longitudinal axis Z. For
instance, the cores 2 provide three-phase power transmission. Each core 2 can have a
conventional structure, for example 1t comprises an electrical conductor 12, such as a
copper conductor formed by a bundle of tinned copper electrical wires stranded together
according to conventional methods. In radial external position with respect to each
clectrical conductor 12, an 1nsulating layer 17 1s provided. In some cable constructions,
the electrical conductor can be surrounded by a plurality of layers. For instance, the
insulating layer can be sandwiched between two layers of scrm-conductive raateral, the
tayers being made of polymenc-based matenals that can be extruded one on top of the
ather and externally to the conductor 12, Cable 1 can be a low or medium voltage power
cable, where low voltage indicates a voltage of up to 1 kV and medium voltage
indicates a voltage of from 1 kV to 60 kV.

& central thread member 19 is asranged along the ceniral longitudingl axis 7. In

~7
!
x

the embodiment shown i Fige. 2. the cable comprises two ground conductors 7, for
exaropie in form of a bundle of stranded tinned copper clectrical wires. Especially for
mediunm-voiiage applications, the bundle of clectrical wires of the carth conduciors can
be swrrounded by 8 serm-conductive laver. The ground conduclors 7 are arrange
racially external with respect to the central thread member 19 and are stranded together
with the cores 2 along g cable longiudmal direction. In particular, cores 2 and ground
conductors 7 are hebically wound about the central thread member 19, i accordancs
with conventional methods.

The number of cores and/or of ground conductors 1s purely exemplary, 1n order to

provide an example of an electric cable, and 1n particular of a heavy-duty cable.
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Cable 1 preferably includes an opiical fibre cicrpent 3 comprising a plurality of
optical fibres, ¢.g., from 6 to 18 fibres, for transmission of control signals, voice, video
and other data signals. The optical fibre element 3 can be stranded together with the
cores 2 and ground conductors 7.

Cores 2 and, 1f present, ground conductors 7 and/or the optical fibre element 3, are

herein collectively referred to as the longitudinal structural elements of the electric

cable. Eieciric cables for heavy-duty applications arg typically designed to be robust and
fiexible, In some embodiments, the cable [ may meiude a polvrocrie fitler 20 exiruded
arcuingd the central thread member 19, the filler 20 boinge sometimes called cradie
scparator duc © #s function of mamtaining the distance between the longiudingd
structoral elements radially extermal 10 the central fread wmember and fitling the
merstitial space radially infernal the clemaents, The cradic separator 20 can be formed
by a semi-conductive olastomer, such as NBR-based clasiomer. The longitudinal
structural clements are surrounded by an mner sheath 11, preforably having clastic
properiies, .., by an EPR-based clastomer, to mamian geometrical stabihiy within the
caple. Stabilisation of the shape of the cable can be obilamed, mstead of with the use of
an mner sheath, with a plurality of mwterstitsal fiilers hlhing the mterstibial space radially
exiernal to the structural elements, which are optionally covered by a remnforcing tape
{exarople not shown in the figure).

It 1s to be understood that the above description of the electric cable structure
represents only one of the possible structures of g heavy-duty cable, as the mvenfon is
oot ied to a particular mteroal structure or the number of structural clements within
the cabie For instance, the cablc cores can be m general phase cores for power
trapsmussion, cores for carrving condrol sigoals or cores carrving both power and control
signals.

With reference 1n particular to Fig. 1, a plurality of identification tags from 16a,
16b, 16c,..., which are detectable by a reading device, are arranged along the cable
length on a circumferentially extending peripheral surface of the cable. The number of
1dentification tags shown in the figure 1s purcly exemplary, as the figure represents only
a partial perspective view of the cable. Herein, with 1dentification tag i1t 1S meant a
device readable without physical contact, 1.¢., contactless, by a reading device and in

particular capable of transmitting a univocal 1dentification code using electromagnetic
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ficlds. The 1dentification code of a tag of the plurality 1s univocal with respect the others
tags of the plurality.

An outer jacket 14 encwcles the mner sheath 11, for exammle 18 applied by
extrusion over i, In the preferred embodiments, the 1identification tags are built i the
cable structure, preferably disposed under the outer jacket of the cable, in order to
provide mechanical and wear protection against the external environment. In some
embodiments, the 1dentification tags are placed on the external surface of the inner
sheath 11. In the 1llustrated cable, i 1ncrease the torsion resistance of the elocirg cable,
a rewtorcement layer 13, such as a twaid or a double spiral of remifprcing varns, for
cxarnple of polyester varns, for mstance made of Keviar®, 18 apphied on the ouler
surtace ot the wner sheath 11 before the apphication of the outer yacket 14,

The RFID tags i6a, 16bh, 16¢,... can be glucd on the mmner sheath 11 or they can be
fixed by the application of the remborcement layer 15 (3 presenty or of the outer jacket
i4 on top of them.

In the preferred embodiments, the identification tags are radio-frequency
identification (RFID) tags. The basic principles of operation of an RFID reading system
arc per s¢ known. RFID tags arc remotely interrogated by a reading device and
communication between the reading device and the remote tag 1s enabled by radio-
frequency (RF) signals. Each RFID tag 1s basically a transponder comprising a memory
circuitry, usually i a microchip, for storing data information and an antenna for
recerving and transmitting RF signals. In addition, each tag comprises an RF module for
modulating and demodulating an RF signal. Data information stored in the memory
circuitry contains a univocal identification code, such as a binary code. Optionally, data
information may contain other data identifying the cable, such as 1ts manufacturing date,
the cable length, cable type and so on. Preferably, the memory circuitry stores
information data relating to the longitudinal position of the tag along the cable length.

An RIFD tag can be of active type, 1f 1t monitors for interrogating signals from the
reading device. When an mterrogating signal directed to the active tag i1s sensed, the tag
response may be electromagnetic signals using power from an internal battery or power
source. Alternatively, RFID tags are of passive type and, unlike active RFID tags, have
no internal battery or power source. The passive tag generates an electromagnetic field

when RF waves from a reading device reach the tag’s antenna. This electromagnetic
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ficld powers the tag and enables 1t to send back information stored on the memory
circuitry to the reading device.

Preferably, passive RFID tags are employed since they are typically less expensive
than active tags and they may have a long lifetime, in practice unlimited when
compared to the average lifetime of a heavy-duty cable. Preferably, each RFID tag
comprises an on-chip antenna integrated with a non-volatile memory microchip, in
which an RF modulator/demodulator 1s integrated.

To mercase the resistance of the clectnie ¢able 1o mechanical stresses, the ouier

jacket of a beavy-duty cable 18 typically made of @ polyvmeric material hardened by

curing, for example made of romforced mould-cured heavy-duty  thormosctting
clastomer, such as polvchloroprene (PUPY or rubber compounds, extruded on the
mernal kayers, ¢.g., on the mner sheath 11, Most of the clastomeric materals suitable
tor the outer jacket of beavy-duty cables requuiire a curing process afier extrusion.
tvpicaily carried out at temperatures of TRG-Z200°0 for some mimutes.

The Applicant has observed that the identification tags need to withstand the
relatively high temperatures of the manufacturing processes necessary for completion of
the cable. Furthermore, 1t is desirable that the tags resist tight bends of the cable that
often take place 1n dynamic applications, such as for heavy-duty cables employed 1n
mobile 1nstallations.

Preferably, the RFID tag 1s encapsulated in a hardened resin having a semi-lentil
or lent1l shape to improve mechanical resistance. Hardened resin can be for example an
CpOXYy resin.

For example, RFID tags may have a rectangular shape with area of from 50 to 500
mm” and thickness from 1 to 5 mm.

Examples of RFID tags suitable for the present invention are D7-TAG 2k, D7-
TAG 16k and D7-TAG 32k, commercialised by Microsensys GmbH.

In Fig. 1, the cable 1s assumed to be 1n a substantially untwisted (1.¢. torsion free)
condition. As used herein, the term "substantially untwisted condition"” 1s intended to
describe an 1nitial reference condition of the cable, which may correspond to a condition
before handling the cable from its original drum provided by the manufacturer (i.¢., “as-
manufactured”), for example, before their transfer to winding and anchoring reels or

tender and pulley systems. In most practical cases relating to heavy-duty cables,
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however, the reference condition refers to the cable after installation 1n the mobile
cquipment or 1n a windmill, 1.e., after transfer from the original drum and before
employment, thus before being exposed to relevant torsional stresses.

A twisted condition comprises any cable state different from the substantially
untwisted condition.

In a preferred embodiment, the plurality of identification tags of a cable are
disposed on a peripheral surface of the cable along a generatrix, indicated in Fig. 1 with
reference number 18, which can be substantially parallel to the central longitudinal axis

Z.. In this way, when the cable 1s 1n a substantially untwisted state, cach of the tags are

positioned with a nearly equal angle, ¢.g., within £10°, with respect to a respective
Imaginary axis in a cable transversal section perpendicular to the central longitudinal
ax1s and passing through the tag, and assuming that the so-defined imaginary axes are
parallel one to another.

Initial arrangement of the tags along a generatrix, hercafter the generatrix of
reference, of the cable may simplify the manufacturing process of placing the tags
within the internal structure of the cable. However, within the scope of the present
invention, mitial near longitudinal alignment of the tags along the cable length 1s not
necessary and in general, the 1-tag, with 1=1,2,...., n, with n the number of tags in the

plurality, is associated with a reference angle, o', corresponding to the substantially

untwisted condition.

In working conditions, the cable can be subject to torsion forces and relevant
rotations that can be present and be different in different sections along the cable. Figure
3 1s a partial top plan view of the cable that exemplifies a twisted condition when the
cable of Fig. 1 has been exposed to significant torsional stresses. RFID tags 16a to 161
are shown. For instance, 1t can be assumed that one end of the cable 1s fixed and torsion
takes place 1n a longitudinal portion of the cable. Due to the cable rotation, there exists
an angular misalignment of the RFID tags with respect to the generatrix of reference 18,
in a portion of the cable length. In particular, in the example of Fig. 3, RFID tags 16c,
16d, 16¢ ¢ 16f arc located on generatrices different from the generatrix of reference 18.

Figure 4 1s a cross-sectional view of Fig. 3 taken along the B-B line perpendicular
to a cable longitudinal axis, such as the central longitudinal axis Z, and crossing RFID

tag 16¢. In the represented cable cross-sectional plane, the 1imaginary axis 21 passing
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through the tag 16¢ forms an angle o; with respect to an 1imaginary reference axis 22 in
the same cross-sectional plane crossing the gencratrix of reference 18. The angular
variation due to cable rotation 1s defined as Aoy = ocl-oclo, where o 18 the actual angular
position (twisted condition) and o;" is the reference angle for tag 16e.

In general, by knowing the reference angle, o, i=1,2,....n, of each tag of the

plurality of tags and by measuring the angular position, o, of an 1-tag at a certain time,
for example during cable operation, 1t 1s possible to determine the angular variation,
Aq;, which 18 indicative of a rotational state of the cable 1n a longitudinal portion of the

cable 1n the proximity of the 1-tag. As the cable 1s constrained on at Ieast one of 1ts ends
— either because connected to a power supply system or because of friction 1n a portion
of the length thercof -, a value of the angular variation different from zero 1s indicative
of the presence of a torsional stress at some location along the cable.

In the embodiment illustrated 1n the figures, 1t 1s assumed that the longitudinal
distance, along the axis Z, between two adjacent RFID tags i1s substantially constant
with value 7, ¢.g., /=1 m. However, as described more 1n detail in the following, it 1s
to be understood that it 1s not necessary that the identification tags are placed along the
cable length at regular intervals.

According to a main aspect of the present imnvention, the identification tags are
detectable by a reading device that 1s configured to measure the angular position of at
lcast one tag of the plurality of 1dentification tags in a cross-sectional plane with respect
to a cable longitudinal axis. Preferably, the cross-sectional plane 1s a planc
perpendicular to the cable longitudinal axis. Figure 5 schematically illustrates an
embodiment of the present invention of a torsion monitoring system for monitoring the
torsion in a cable 51 comprising a plurality of RFID tags 52a, 52b, ...., 52¢ disposed
along the cable length. The tags are built-in 1n the cable, for instance they are arranged
under the cable outer jacket (internal structure of the cable not shown). An RFID
reading device 50 having a ring-like shape 1s arranged with respect to the cable 51 so as
to encircle the circumferential outer surface of the cable in correspondence to a certain
longitudinal portion of the cable.

The RIFD tags store in their memory circuitry (€.g., microchip) a univocal tag

identification code and they are preferably passive tags.
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In general terms, the reading device comprises at least one transceiver, wherein
the transceiver comprises an interrogation source, coupled to an antenna for transmitting
and receiving an interrogation signal in an interrogation zone and a detector for
processing the signals produced by the tags in the interrogation zone, also coupled to the
antenna. When a passive RFID tag 1s the interrogation zone, it sends a tag RF signal
triggered by the interrogation signal. The returned tag RF signal 1s received by an
antenna of the reading device and transmitted to the detector, which decodes the
response (namely, “reads” the identification code and other possible coded data) and
identifies the tag.

The at least one transceiver emits an RF carrier signal activating the tag and the
clectromagnetic ficld produced by the transceiver induces a small electrical current 1n
the tag antenna. In particular, when an RFID tag passes through the transceiver’s
interrogation zone, 1.€., the region where a RFID tag can be activated and thus read by
the transceiver. The reader device then decodes the data encoded 1n the tag's memory
circuitry, thereby uniquely 1dentifying the tag.

The reading device scans the outer circumferential surface of the cable for
detection of an RFID tag located or passing through the interrogation zone. When an 1-
th RFID tag is detected, its angular position, o, 1s also detected. The reading device
may ecither store the decoded 1dentification code and the measured angular position of
the 1-tag or pass the data to a control unit (not shown). Preferably, the data are fed to a
control unit, such as a personal computer (PC) or a programmable logic controller
(PLC), apt to process the received data. In some embodiments, the control unit 1s

configured to associate the i-tag to a reference angular position, o, and from that to

calculate the angular variation, Ao, which 1s indicative of the local twisting of the cable

and 1n general 18 indicative on whether the cable 1s subject to a torsional state at some
place along the cable length or at some cable longitudinal section. When the angular
variation 18 calculated for a plurality of adjacent tags, a curve representing the angular
variation as a function of the cable length can be determined and compared to either a
reference curve made of reference angular positions vs. cable length or to a curve
determined from previous measurements.

In some embodiments, the reading device 50 1s placed 1n a fixed position with

respect to the moving cable, which 1n general can move along the opposite longitudinal
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directions, which are indicated in Fig. 5 with double-arrow 54, so that different
longitudinal portions of the cable pass through with the interrogation zone(s) of the
reading device, and thus different RFID tags are detectable by the reading device.

In case of a cable passing “back and forth” through the reading device, a same
RFID tag of the plurality of tags can be measured at different times. This allows the
cvaluation of the local rotational state of the cable by performing consecutive readings
of the same RFID tag at different times.

In particular, the reading device 50 detects an 1-tag a first time and measures a first
angular position of the detected tag. The first angular position associated with the 1-tag
1s stored, for example 1n the control unit connected to the reading device. At a later
time, when the 1-tag passes again through the reading device, the reading device detects
the 1-tag a second time and measures a second angular position. The first angular
position can be taken as the reference angular positions and the successive
measurements of the angular positions of the i1-tag, when the 1-tag crosses the
interrogation zone of the reading device and thus it 1s again detected, can be associated
to the first angular position so as to determine the temporal evolution of the rotational
state of the cable longitudinal portion in the proximity of the 1-tag.

The temporal evolution of the angular positions can be for instance analysed by
comparing a reference curve represented by the reference angular positions of a
plurality of tags along the cable length with one or more curves formed by the measured
angular positions at different times after successive passages through the reading device.

In some embodiments, the angular variation 1s the difference between a first
angular position (e¢.g., the reference angular position) and a second angular position
associated to the same tag. As the reading device 1s generally able to measure angles

between 0 and 27, measurement of a “true” angular variation of an 1-tag at a given time

t, takes mto account possible single or multiple 2@-rotations of the cable. As the cable

can rotate 1n two possible directions, clockwise or counter clockwise, these two
different directions may be distinguished, for example, by assigning positive angle
values to clockwise rotations and negative ones to counter clockwise (or vice versa). To
determine the angular variation at time t for the i1-tag (1i=1,2,...,n), a cable angle
reference measurement 18 established by assessing the angular position and, preferably

the longitudinal position, of each tag at a reference time, tg, which can correspond, for
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example, to the cable mstallation moment. The assessed value 1s the reference angular
position o’ (reference angle for the i-tag). For example, the first tag close to a cable
fixed end, e.g. the 1-tag, has a reference angular position o;". When a value of angular
position, o; (measured value, between 0 and 27), 1s read by the reading device at
acquisition time t1, the corresponding “true” angle value o, ie. the angle of rotation
for the 1-tag at time t1, is calculated as follows. Angle ;" is the value among the values
(0u-21), oy and (o +27) which, subtracted to the reference value o', is comprised
between -t and +7 (only one among the three mentioned values can satisty the
condition). The “true” angular variation, Ac, is then given by (o= - 0i;°).

The next step 1s the detection of an adjacent tag. The distance between two next

adjacent tags, or more generally between two subsequently measured tags, since some

tags may occasionally be skipped by the reading device, should be small enough that the

angular torsion of the cable between them 18 comprised between -t and +1 (clockwise

or counter clockwise, extremes excluded, e.g. -t < (04 -0, )<+m). If this condition is

not satisfied, 1t 1S not possible to determine whether the cable turned clockwise or
counter clockwise and then 1t 18 impossible to determine the “true” angle and the “true”

angular variation of the detected tag. The measurement of the adjacent tag, for example

the 2-tag, will give a measured value o, always between 0 and 27, acquired at a time
t2>t1. The “true” angular position 0;* is determined by comparing the three values (0t-
27), 0 and (0 +271) with the last true angular position of the last previously measured
tag, i.e. o . Only one of the three values subtracted to o results in a value comprised
between -t and +7 and that is the “true” angle value o, . The corresponding “true”

angular variation of the 2-tag is then given by (0 - "), where " is the reference
angle for the 2-tag. The process steps for determining the angular variation of the 2-tag
arc repeated for the next measured tag and m general can be reiterated to determine the
angular variation of a plurality of detected tags.

It 1s however to be understood that the present invention 1s not limited to a
particular selection of the algorithm for the determination of the temporal angular
variation of the RFID tags.

Figure 6 1s a diagrammatic perspective view of a reading device, according to a

preferred embodiment of the present invention. A reading device 40 comprises a hollow
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cylindrical body 41 open at a first end and a second opposite end so that a cable can
move longitudinally through 1t. The symmetry longitudinal axis of the cylindrical body
1s 1ndicated 1n Fig. 6 with reference numeral 46. The cylindrical body has an inner
diameter d; and an outer diameter d,. Preferably, the inner diameter d; of the cylindrical
body differs from the outer diameter of the cable to be measured of not more than 2 ¢m.

Although not shown 1n the figure, two pairs of orthogonal rollers at the entrance
and at the exit of the cylindrical body, respectively, guide the cable 1n and out the body,
thereby preventing friction between the cable outer sheath and the cylindrical body
inner surface. Rollers can be positioned along the longitudinal axis 46 and can be for
example fixed on the frame structure of a mobile equipment.

A first plurality 42 of transceiver antenna chips 43 and a second plurality 44 of
transceiver antenna chips 45 (indicated m the figures with a dashed line) for
interrogation of the RFID tags are arranged around the 1nner surface of the cylindrical
body 41 so as to form two annular arrays of transceivers. The first and second plurality
of transceiver chips are spaced apart axially along the axis 46 of the cylindrical body 41.
Preferably, the first plurality 42 of transceiver chips 1s located 1n the proximity of the
first open end of the body 46 and the second plurality 44 of transceiver chips 1s located
in the proximity of the opposite second open end of the body. Spacing between the
centres of the first array and of the second array 1s indicated with Lg, which can be for
example of from 100 to 500 mm.

Each transceiver chip of the first and second plurality can be of conventional type
and comprise an 1nterrogation source and a detector, both coupled to an antenna
arranged on the chip surface. Each transceiver 1s connected to an integrated feeding
clectronic circuit so that it works as an RFID reader, and the electronic circuit 1s
connected (wireless or through a wired link) with a PC or PLC, which elaborates the
detected information data. Chip antennas can have for example rectangular shape and
can be 2-3 cm long and 1 cm wide and they are preferably disposed with their length
along the longitudinal axis 46. In typical configurations, dimension of a transceiver chip
approximately correspond to the dimension of the antenna provided on the chip, for
example of an antenna wire coiled on the chip surface or of the patterned area of an

antenna printed on the chip surface.



10

15

20

25

30

CA 02773855 2012-03-09
WO 2011/032587 L7 PCT/EP2009/062031

To casy the installation of the reading device around the cable and, possibly, onto
a specific part of the mobile installation carrying the reading device, the reading device
can comprise a cylindrical body formed by two semi-cylindrical members (not shown)
that can be mechanically joint, such as hinged on each other, 1n any conventional way.

The transceiver chips of cach of the first and second plurality are mounted
around the mner surface of the cylindrical body at a given circumferential distance from
one¢ to another. Specifically, the transceivers of each plurality are radially spaced apart
at predetermined reading angular positions, so that each transceiver can be associated to
a respective reading angular position. Each transceiver 1s i1dentified by a univocal
reading 1dentification code.

Transceivers are configured to encircle the cable and to read information from a
RFID tag disposed within the e¢lectromagnetic zone of the reader device at
predetermined angles around the whole cable circumference. In Fig. 6, an exemplary
angular position [3; of a transceiver chip 45j of the second plurality of chips is indicated.
Reading angular position [3; is taken in a cross-sectional plane passing through the chip
457 and orthogonal to the symmetry axis 46 with respect to a reference axis 47 in the
same cross-sectional plane and orthogonal to axis 46.

In an embodiment, the centers of the transceiver chips are arranged at a constant
angular distance from one another.

In some embodiments, the transceiver chips of cach plurality are radially
arranged so that their centers lay side-by-side in a common cross-sectional plane
orthogonal to the symmetry axis 46. In that case, the spacing, Lgr, between the first and
second plurality of transceiver chips 18 given by the axial distance between the two
common cross-sectional planes.

Preferably, the two pluralities of transceiver chips are mutually staggered from
on¢ another, namely they are arranged on the circumferential plane of the inner surface
so that cach chip of the first plurality 42 1s located at a different angular position from
those of cach chip of the second plurality 44, with respect to a longitudinal axis lying 1n
the circumference plane of the inner surface. In an embodiment, the number of
transceiver chips and their angular distance 1s the same for the two annular arrays. The
angular shift, or staggering, between the two annular chip arrays 1s selected so that an

ax1s on the cylinder mner surface and parallel to the cylinder symmetry axis 46
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intersects only one transceiver chip, either in the first or in the second array. When a
cable equipped with a plurality of RFID tags moves through the cylindrical body of the
reading device 40, and neglecting the rotation of the cable within the relatively short
length of the reading device, an RFID tag moves 1n a line parallel or nearly parallel to
the cylinder symmetry axis and it 1s detected by a transceiver chip of either the first
array or of the second array. This can improve the angular resolution of the reading
device, as described more 1n detail in the following.

More generally, the angular distance between two next adjacent transceivers of an
annular array determines, together with the dimensions of the antennas, the angular
resolution of the measurements. In particular, a relatively small circumferential distance
could make two next adjacent transceivers interfere with one another when reading an
RFID. Although 1deally an RFID tag should be read by a single transceiver, dimensional
constraints of the hollow cylindrical body, for example due to the requisite of proximity
of the interrogation source to the outer surface of the cable to be measured, set 1n
practice a range of angular distances between the transceivers, which depends also on
the dimensions of commonly commercially available transceiver chips. In some
configurations, for example when the tag to be measured 1s at an angular position
between two transceiver chips, namely the tag angular position 1s located within the
overlap of the interrogation zones of two respective transceivers, simultancous detection
of the same RFID tag by more than one transceiver may occur.

For example, the angular distance between next adjacent transceiver chips in
cach annular array i1s of from 20° to 30°, and preferably it 1s the smallest possible to
avold interference. In an embodiment, the reading device comprise two staggered
transceiver arrays with angular distance of 30°, and staggering shift of 15°, providing a
nominal angular resolution of 15°, if the spacing, Lg, between the two arrays along the
longitudinal direction of the moving cable within the device 1s large enough to distinctly
detect the moving tag either with a chip of the first array or with a chip of the second
array.

Each transceiver 18 associated to a reading i1dentification code and to a reading
angular position within the reading device, wherein the reader identification code 1s
stored 1n the transceiver chip and the reading angular position 1s retrievable 1n the

control unit, ¢.g., PC, that claborates the information data. When an RFID tag 1s read,



10

15

20

25

30

CA (02773855 2012-03-09
WO 2011/032587 19 PCT/EP2009/062031

the control unit stores the tag identification code and associate that code with the
reading angular position of the transceiver that detects the tag. In some embodiments, as
the transceiver detecting the tag 1s identified by the reading identification code, the
control unit associate said code with the reading angular position. If more than one
transceiver detects the same RFID tag during 1ts passage through the reading device, a
single angular position is selected, for example the average between the detected values.

In an embodiment (not shown 1n the figures), the reading device comprises a
single annular array of transceivers arranged around the mnner surface of the cylindrical
body. Centers of the transceiver chips in the array can lic on a common plane
orthogonal to the longitudinal axis and placed at any axial location of the cylindrical
body or on different orthogonal planes distributed along the body’s length.

Although 1t 1s preferred that at least one plurality of transceivers 1s arranged so
as to surround the outer surface of the cable, the invention encompasses a reading
device m which the at least one plurality of transceivers surround at least one portion of
the cable outer surface.

Figure 7 1s a schematic illustration of a torsion monitoring system for monitoring
the torsion 1n a cable 51 comprising a plurality of RFID tags 52a, 52b, ....,52d, 52¢, ...
disposed along the cable length, according to another embodiment of the present
invention. Same reference numbers are used to identify like components having the
same or similar functions to the elements of Fig. 5. For clarity reasons, only tags 52d
and 52¢ are indicated with referral numbers. The monitoring system comprises a first
reading device 30 and a second recading device 31, which are arranged at a fixed
position with respect to each other and are separated by a fixed and known distance, L,
which can be for example measured at the moment of the installation thercof. The cable
51 1s movable relatively to the reading devices along at least one longitudinal direction
58 1n such a way that a RFID tag can be detected by both reading devices at different

times. In particular, an 1-tag when passing through the first reading device 30 1s detected

and a first angular position, o', is measured. After a distance L¢, the same i-th tag is

detected by the second reading device 31 and a second angular position, o, is

measured. For example, L¢ can be of from 20 cm to 200 cm.

An angular variation between the measured first and second angular positions for

the same tag, Aa=q; -0i°, is indicative of a rotational state of the cable, which causes
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the cable to move from one reading device to the other 1n a torsional state. If the cable
has at least one fixed end, the angular variation 1s indicative that torsion has taken place
in the cable between the two reading devices. The cable passes first through the first
reading device 30 or to the second reading device 31 depending on the direction of the
cable longitudinal movement. In the above description, 1t was assumed that the cable
moves from the first reading device to the second reading device. It 1s understood that
the cable can move 1n opposite longitudinal directions relatively to the reading devices.

The first and second reading devices 30 and 31 encircle the outer circumferential
surface of the cable and comprise respective cylindrical bodies 32 and 33.

Each of the two reading devices 30 and 31 15 configured to detect and decodes the
identification code stored 1n the 1-tag and to detect the angular position of the tag. Each
of the reading devices can comprise at least one plurality of transceivers radially
arranged to surround the outer circumference of the cable to be measured, as described
more 1n detail with reference to Fig. 6. Information data containing the tag 1dentification
code and the measured angular position are passed to at least one control unit.

In an embodiment, the monitoring system comprises a first and second control
unit (not shown) connected, ¢.g., via a wired or a wireless link, respectively to the first
and second reading device and being apt to process the data received from both reading
devices. In another embodiment, the monitoring system comprises a control unit that
can communicate via a wireless or a wired link to both reading devices. Each RFID tag
1s 1dentified by a unique tag identification code and 1s detected by nominally one
transceiver 1dentified by a univocal reading identification code that 1s associated to a
reading angular position. In case of two spaced apart reading devices, the reading
identification code of each transceiver 1s preferably univocal to both reading devices so
that 1t 18 possible to associate the code to either reading device within the torsion
monitoring system. Spatial sequence of the tags along the cable 1s known, ¢.g. 1t can be
provided by the manufacturer, and can be stored in the control unit. By knowing the
spatial sequence, the control unit can derive the direction of cable movement between
the two reading devices. Different passages of an 1-tag are characterised by different
acquisition times.

In some embodiments, a threshold value for the angular variation can be defined,

beyond which the cable 1s acknowledged to be permanently damaged and thus 1t 1s to be
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replaced. In most practical cases, however, the threshold value can be indicative of a
“warning’ status of the cable, in which torsion may not have permanently damaged the
cable, but may lead to a cable’s wear. In an embodiment, if the threshold value 1s
exceeded for a predetermined number of times, then the cable 1s evaluated to be
damaged by fatigue.

RFID tags have practical reading distances depending on the chosen radio
frequency and on the size and shape of their antenna. The Applicant has noted that, 1f
the reading distance 1s too small, a RFID tag may not be accurately detected because of
the relative movement between the cable and the reader device. On the other hand, 1f the
reading distance 1s too large, the RF signals emitted from two next adjacent 1n the cable
longitudinal direction may interfere with ecach other, to the detriment of the
measurement accuracy. Preferably, the RFID tags have a reading distance ranging from
0.5 cm to 20 cm. In an embodiment, the operating frequency of the RFID tags (and of
the at least one reading device) 1s of about 13.56 MHz.

In general, the distance between next adjacent 1dentification tags along the cable

can be random and unknown. It 1s however preferred that such distance 1s equal or

larger than a minimum distance, ¢,, which allows resolving detection of two next

adjacent tags. The capability to resolve the reading of two next adjacent tags depends on
the speed of the cable passing through the reading device, for example during

winding/deployment of the cable, which can typically range from 1 to 4m/s. In some

embodiments, the minimum distance, 7, 1s 0.5 m.

As described above, although it 1s preferred that the reading device 1s apt to detect
substantially cach tag of the plurality of identification tags, the present invention
encompasses a monitoring system i1n which the reading device does not read in
sequence all next adjacent tags. This may occur 1f the speed of the cable passing through
one or more reading devices 1s larger than a maximum speed allowed for detection of
cach tag passing the interrogation zone. In an embodiment, the maximum speed 1s of 4-
5 m/s. For example, the reading device may miss some tags passing in 1ts interrogating
zone(s). In case the reading of a tag 1s skipped, an angular value 1s assigned to the
missed tag. For example, the angular value determined from the last previous
measurement taken on that tag can be assigned as a fictitious angular value.

Alternatively, the angular value determined on an adjacent tag measured 1mmediately
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before or after the passage of the missed tag in the interrogation zone can be assigned.
In an embodiment, a polynomial interpolation of the curve of angular values vs. tag
sequence passing through the measured tags can be used to derive the angular value to
be assigned to the missed tag.

Depending on the design of the reading device, 1t may also occur that an RFID tag
1s measured more than once during a single passage through the device. With reference
to the embodiment illustrated 1in Fig. 6, this may take place when two transceivers from
different arrays or two next adjacent transceivers within the same array detect the same
tag, In this case of close reading involving the same tag, the algorithm 1n the control
unit can be set to consider and store only a single value .

Figure 8 1s a schematic perspective view of a mobile equipment for heavy-duty
applications, which 1s powered by a heavy-duty cable, comprising a torsion monitoring
system according to an embodiment of the invention. Without wishing to limit the
possible applications of the present invention, the embodiment of Fig. 8 shows a heavy-
duty cranec 70 for the movements of goods, such as cargo and especially containers
across a sclected areca of a container terminal or of a whart in a port. Heavy duty crane
70 lifts and transfers containers while being powered and controlled from a power
deliver station (not shown), generally located remotely from the crane. Heavy duty
cranc 70 can be a gantry crane running on a pair of fixed rails 74a and 74b along
opposite horizontal directions indicated by the double arrow 73. The supporting
structure of the gantry crane 70 comprises a bridge 83 typically provided with a winch
trolley that moves perpendicular to the motion of the crane to hoist the containers
(winch trolley and hoisting system not shown 1n the figure).

The gantry crane 1s powered by a heavy-duty cable 71, connected to a cranc
supply unit 81 for providing power for all movements of the crane, and preferably for
sending and receiving control data for remote control of the crane operation. Although
not shown 1n the figure, a conventional power cable can be connected from the crane
supply unit 81 to a remote power delivery station.

The heavy-duty cable 71 1s wound around a cable reel 75 fixed onto a lateral side
of the crane structure. The cable reel 75 can be motorised so as to allow rotation of the

reel in both directions.
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Heavy-duty cable 71 has one end fixed into the crane supply unit 81 and the
opposite end fixed at the cable reel 75, typically at its centre, referred to as the feed
centre, corresponding to the reel rotational axis 76. Heavy-duty cable 1s thus constrained
at both ends when winding and unwinding phases of the cable around the reel take place
during swift horizontal movements of the crane. Guidance of the cable 71 to the crane
supply unit 81 18 provided by a cable guidance device 77 for forced lateral guidance of
the vertically suspended cable exiting the reel 75.

The Applicant has observed that even 1n well designed cable guidance devices,
significant twists can be imparted to the cable during the movements of the crane. In the
example shown 1n Fig. 8, cable guidance device 77 comprises a pair of oppositely
positioned guidance rollers 78a ¢ 78b with respect to the direction of the crane motion,
for allowing the cable to be guided during movements of the crane on either side of the
rails with respect to the crane supply unit. The crane supply unit can be placed at a
middle position alongside the rails with respect to the length of the rails. According to
conventional designs, each guidance roller 78a and 78b can include roller bearings 84,
fitted 1n a V-groove or a profile rail. The guidance rollers form a deflection angle with
respect to the vertical direction of the cable entering the guidance device. Figs. 9 and 10
arc plan views of the crane of Fig. 8 showing the movement in the opposite forward
directions indicated with respective arrows 86 and 87 from the supply unit of the crane.

According to an embodiment of the present invention, heavy-duty cable 71
comprises a plurality of RFID tags arranged along the cable length in radially
distributed angular positions (tags not indicated in the figure). For example, cable 71
can have a structure such that described with reference to Figs. 1 and 2. The crane 70 18
provided with a monitoring system comprising a rcading device 80 capable of
interrogating and 1dentifying the RFID tags incorporated in the cable and of detecting
the angular position of the identified tags. The reading device 80 1s placed in the
proximity of the guidance roller 77. In the embodiment of Figs. 8-10, the reading device
1s mounted by conventional fixing elements 79, such as by a socket plate (visible in Fig.
&), to the upper portion of the guidance device 77. The reading device 1s arranged at the
entry of the guidance device so that monitoring takes place on a longitudinal portion of

the vertically suspended cable that 1s about to be deflected by either guidance roller.
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Reading device 80 1s shaped so as to encircle the cable 71 and to detect the
angular position of the RFID tags on the whole circumferential surface of the cable. In
an embodiment, the reading device 80 1s of the type described with reference to Fig. 6.

Preferably, the angular resolution 1s not larger than 30°, more preferably not larger
than 15°.

The reading device 80 1s logically connected to a control unit configured to
process and store the read RFID information data, including the tag identification code,
and the measured angular positions associated with each of the read RFID data. The
control unit (not shown 1n the figure) can be a micro-processor associated with — for
example connected to - the reading device. The measured data are transferred, for
example by means of an Ethernet cable, from the control unit to an clectrical control
pancl 82, which 1s typically provided for clectrical control of the operations of the
motors for all movements of the crane and of the reel. The control panel 82 1s mounted
on one¢ side of the lateral frame of the supporting structure of the crane and comprises an
clectric-to-optic (EO) medium converter, such as an Ethernet converter. At the output of
the EO converter of panel 82, an optical fibre (not shown), for example a multimode
optical fibre, runs along the frame of the crane to connect to an optical fibre of the same

type comprised in the heavy-duty cable, for example by means of a fibre optic rotary

joint, which 1s often present for allowing employment of additional fibres for

transmission of control and data signals through the heavy-duty cable and thus to the
power delivery station. The fibre optic rotary joint can be placed in correspondence of
the feed centre of the reel. The optical fibre exiting the E/O converter carries optical
data containing the (converted) data detected by the reading device. In this way, the data
obtained from the torsion monitoring system can be displayed and/or analysed remotely
from the crane, such as 1n the power delivery station. The optical fibre connecting the
E/O converter to the feed centre of the reel and the Ethernet cable connecting the
control unit to the E/O converter can run internally the frame structure of the crane and
arc thus not shown in the Figs. 8-10. Alternatively, wireless communication can be
employed for data transmission from the reading device 80 to the station elaborating the
data.

Although i1n the embodiment of Figs. 8-10 the reading device 1s located at the

entry of the guidance device, 1t 18 to be understood that other configurations are
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possible. For example, the reading device can be placed 1n the proximity of a guidance
roller end or a respective reading device can be positioned 1n the proximity of cach
guidance roller end so as to measure the rotation of the cable at the exit of the guidance
device for both running directions of the crane.

As the cable 1s constrained at both ends, detection of an angular variation, and thus
of a rotational state 1n the cable, indicates that torsional stresses are present at some
location m the cable.

Figure 11 1s a schematic perspective view of a mobile equipment for heavy-duty
applications, which 1s powered by a heavy-duty cable, comprising a torsion monitoring
system according to another embodiment of the invention. Same numbers are used to
identify like components having the same or similar functions to the elements of Figs.
8-10. With respect to the embodiment shown 1n Figs. 8-10, the torsion monitoring
system of Fig. 11 comprises a first and second reading devices 92 and 91. The first
reading device 92 i1s arranged at the entrance of a guidance device 93 comprising a
single guidance roller, whereas the second reading device 91 1s placed close to the exit
of the guidance roller. Reading devices 91 and 92 can be fixed to the structure of the
cable guidance device 93 by conventional fixing elements, such as respective socket
plates 94 and 95. The first and second reading devices are structured so as to encircle
the heavy-duty cable 71, which passes, at different times, through the first and second
reading devices. The order with which the cable passes through the first and the second
reading devices depends on whether the cable 1s being wound or unwound from reel 75.
The first and the second reading devices are separated by a fixed known distance.
Measurement of the angular evolution of the cable from the fixed point where the first
reading device 91 1s placed to the second fixed pomt where the second reading device
92 1s placed can be carried out according to the method described with reference to Fig.
7. The heavy-duty cable 71 1s connected to a supply unit 96 positioned in the proximity
of an end of rail 74a.

Each reading device 91 and 92 1s connected to a respective control unit or to a
single control unit, which 1s configured to store and process the information data
detected by the reading devices. Similarly to what described with reference to Fig. 8, the
control unit(s) are connected to the control panel 82 by means of a cable, such as an

Ethernet cable. Assuming that an 1-tag passes through the interrogating zone of the
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recading devices 1n the direction from the cable reel to the guidance device (i.e.,

unwinding phase), the first reading device 92 detects an angular position, ¢;', and the

second reading device 91 detects angular position, o;°. An angular variation (o' - 04°)
different from zero or 1s larger than a given threshold value 1s indicative of a rotational
state of the cable.

A particular aspect of the present mvention relates to a heavy-duty lifting crane
comprising a supporting structure; a reel mounted on the frame structure; an electric
cable wound around the reel and having a first and second end; a guidance device
arranged on (e.g. mounted on) the supporting structure, the cable passing downstream
the reel and entering the guidance device (e.g., passing over at least one guidance roller
of the guidance device), a torsion monitoring system comprising at least one reading
device being arranged so as to encircle a portion of the electric cable downstream the
reel, and a control unit connected to the at least one reading device.

A particular embodiment of the present invention relates to windmill power
gencerators.

Figure 12 1s a diagrammatic cross-sectional view of a windmuill for electric power
generation. A windmill 110 comprises a tower 112 arranged along a longitudinal axis
and a nacelle 111 on top thereof. The nacelle 111 houses devices, known per se, for
converting the rotational energy of blades 116 into electrical energy and including a
generator system (not shown in the figure) and a transformer 115 indicated with a
dashed line. The nacelle 1s apt to be pivoted with respect to the tower axis in order to
follow the variation of wind direction.

A power cable 113 1s provided in the windmill to connect the transformer 115 1n
the nacelle 111 to the tower base 114, where the generated electrical power 1s conveyed
to the distribution network or delivered directly to an end user.

Typically, the power cable 113 1s a tripolar cable and generally comprises three
insulated power conductors and three earth conductors, cach earth conductor being
positioned 1 the interstitial arca formed between two adjacent power conductors. The
three power conductors and the three earth conductors are helically twisted and the
whole assembly 1s successively coated with a cable outer jacket.

The cable 1s vertically arranged along the windmill tower, a first portion 113a of

which 1s suspended freely inside the tower and a second portion 113b of which 1s fixed
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on a sidewall of the tower, for example by means of securing tools 117. Typically, cable
length 1s of about 18-20 m, while tower height 1s of 60-100 m. Due to the rotational
movement of the nacelle both 1n the clockwise and in the counterclockwise directions,
the power cable 1s subjected to cycles of alternate torsional stresses. In particular, the
torsional stresses arise 1n the cable length which 1s freely positioned within the tower,
1.¢. the cable length which exits from the transformer and 1s suspended within the tower
before being fixed to the sidewall thereof. Consequently, the first portion 113a twists
about 1ts axis as the nacelle rotates. Generally, a windmill 1s operated to make three to
five revolutions (of 360° cach) in a given direction (e.g. clockwise) and then the
direction of rotation 1s mnverted (for example, five revolutions in the opposite direction,
c.g. counterclockwise). On average, a windmill makes one turn/day since the wind
direction generally varies not more than 180° in 24 hours.

The power cable 113 1s provided with at least one RFID tag, arranged along the
cable length extending vertically in the windmill tower. As cable 113 1s constraint at
two opposite ends and 1s not subject to substantial longitudinal movements along the
tower axis, torsional stresses can be detected by providing the cable with a single RFID
tag (not indicated 1n the figure). Preferably, the RFID tag 1s provided in the suspended
portion of the cable, more preferably in the proximity of the nacelle that undergoes
rotation. The RFID tag can be included in the cable structure during manufacturing
stage or 1t can be attached to the cable outer sheath before or after cable installation.

A reading device 118 18 provided in correspondence to the cable section provided
with the RFID tag. The reading device can be of the type described with reference to
Fig. 6, comprising at least one annular array of radially arranged transceiver chips.

Although 1t 1s preferred that the information data related to the reference angular
position of the 1dentification tags 1s stored remotely from the cable, such 1n the control
unit connected to the reading device or in a remote PC, so as to simplify the
manufacturing of a torsion-detectable cable, the present invention encompasses a cable
wherein each of the plurality of 1dentification tags arranged along the cable includes a
memory unit storing information related to the reference angular position.

According to an aspect, the present imnvention 1s directed to a cable extending
along a central longitudinal axis and comprising a plurality of 1dentification tags

arranged along the cable length, at least one tag of the plurality of i1dentification tags
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comprising a memory unit, wheremn the memory unit stores information related to a
reference angular position of the at least one tag with respect to an imaginary axis of a
cable transversal section passing through the tag in a plane perpendicular to the central
longitudinal axis. Preferably, cach of the plurality of the tags includes a memory unit
storing the information related to the reference angular position.

Although 1n the detailed description reference has been made to an electric cable,
the present invention encompasses a method and a system for measuring the torsion of

an optical cable or a control cable wherein torsion detection and monitoring 1s needed.
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CLAIMS

l. A method for monitoring torsion of a cable comprising: providing a cable having
an outer surface and extending along a longitudinal direction, the cable being provided
with a plurality of identification tags arranged along a cable length in respective tag
angular positions in cross-sectional planes taken transverse to the longitudinal direction,
each tag storing a tag identification code and being capable of transmitting a tag
electromagnetic signal;

interrogating at least one identification tag to receive the tag electromagnetic
signal; and

detecting the tég electromagnetic signal for monitoring torsion of the cable,
wherein detecting the tag electromagnetic signal comprises reading the tag identification

code and determining the tag angular position of the at least one i1dentification tag.

2. The method of claim 1, wherein each identification tag is a radio frequency

identification tag capable of transmitting a radio frequency electromagnetic signal and

interrogating at least one identification tag comprises transmitting interrogation radio

frequency signals.

3. The method of claim 2, wherein each radio frequency identification tag 1s of
passive type and transmitting interrogation radio frequency signals triggers transmission of

a tag radio frequency signal by the radio frequency identification tag.

4, The method of claim 1, wherein interrogating the at least one identification tag 1s
performed by employing at least one reading device capable of transmitting interrogation

electromagnetic signals and of receiving the tag electromagnetic signal transmitted by the

at least one tag.

5. The method of claim 1, wherein:

interrogating the at least one identification tag comprises transmitting interrogation

electromagnetic signals from at least one plurality of transceivers radially arranged so as to

surround at least one portion of the outer surface of the cable, the transceivers being spaced

radially apart at predetermined reading angular positions;
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detecting the tag electromagnetic signal 1s performed by at least one of the plurality

of transceivers; and

determining the tag angular position of the at least one tag comprises associating a

detected tag electromagnetic signal with the at least one transceiver performing the

detection.

6. The method of claim 5, wherein associating the detected tag signal with the at least

one transcerver comprises associating the read tag identification code with the reading

angular position of the at least one transceiver performing the detection.

7. The method of claim 5, wherein associating the detected tag electromagnetic signal
with the at least one transceiver comprises associating the detected tag signal with the

reading angular position of the at least one transceiver performing the detection, said

reading angular position being taken as the tag angular position.

8. The method of claim 5, wherein the transceivers of the at least one plurality are

arranged side-by-side around a common circumferential plane taken across the longitudinal

direction of the cable.

9. The method of claim 5, wherein the at least one plurality of transceivers comprises
a first and a second plurality of transceivers spaced axially apart along a length of the
reading device so that the first and the second pluralities surround at least one portion of

the outer surface at different longitudinal locations of the cable.

10.  The method of claim 9, wherein the transceivers of the first plurality are radially

distributed at equally spaced first reading angular positions and the transceivers of the
second plurality are radially distributed at equally spaced second reading angular positions,

the first and second reading angular positions being mutually staggered from one another.

11. The method of claim 9, wherein the transceivers of the first and of the second
plurality are radially distributed 1in such a way that the reading angular position of each

transceiver of the first plurality i1s different from the reading angular position of each

transceiver of the second plurality.
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12.  The method of claim 1, wherein interrogating at least one tag of the plurality is
performed by employing at least one reading device comprising at least one plurality of
transceivers radially arranged so as to surround at least one portion of the outer surface of
the cable and the method further comprises, before interrogating at least one i1dentification

tag of the plurality, moving the cable relative to the at least one reading device.

13.  The method of claam 12, wherein moving the cable relative to the at least one
reading device comprises moving the cable in opposite axial directions so as to enable at
least one 1dentification tag to pass through the at least one plurality of transceivers at

subsequent times.

14.  The method of claim 1, wherein detecting the tag electromagnetic signal comprises
determining a first tag angular position of the at least one identification tag at a first
acquisition time and a second tag angular position at a second subsequent acquisition time
of a same tag, and further comprising calculating angular variation Between read first and
second tag angular positions, the angular variation being indicative of a temporal evolution

of a rotational state of the cable in proximity of the at least one tag in a cable length.

15. The method of claim 1, further comprising:
storing the detected tag i1dentification code and tag angular position of the at least

one tag,

associating the tag identification code to a reference angular position, and

determining angular variation between a measured angular position and a reference

angular position, the angular variation being indicative of a rotational state of the cable in

proximity of the at least one tag in a cable length.

16.  The method of claim 1, wherein interrogating at least one tag of a plurality of tags
1s performed by employing a first reading device and a second reading device spaced apart
from the first reading device by a predetermined reading distance, each reading device
comprising a respective first and second plurality of transceivers radially arranged to

surround at least one portion of the outer surface of the cable.
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17. The method of claim 16 further comprising, before interrogating at least one
identification tag of the plurality of tags, moving the cable relative to the first and second

reading device so as to enable the at least one identification tag to pass through the first

and the second plurality of transceivers at subsequent times.

18. A torsion monitoring system for a cable comprising:

a cable having an outer surface and extending along a longitudinal direction, the

cable being provided with at least one identification tag arranged in a tag angular position

~ 1n a cross-sectional plane taken transverse to the longitudinal direction, the at least one tag

storing a tag identification code and being capable of transmitting a tag electromagnetic
signal; and

a reading device capable of interrogating the at least one tag, of reading the tag
identification code thereof and of detecting the tag angular position thereof for monitoring
torsion of the cable, wherein the reading device comprises a plurality of transceivers
radially arranged so as to surround at least one portion of the outer surface of the cable, the

transceivers being spaced radially apart at predetermined reading angular positions.

19. The system of claim 18, further comprising at least one control unit logically
connected to the at least one reading device and capable of processing the tag identification

code and associating the tag identification code with the reading angular position of the at

least one transceiver performing the detection.

20. The system of claim 18, wherein the at least one reading device further comprises a
hollow cylindrical body having an inner and an outer surface, the inner surface facing the
outer surface of the cable, wherein the at least one plurality of transceivers 1s radially

spaced apart around the inner surface of the hollow body.

21.  The system of claim 18, wherein the cable comprises a plurality of identification

tags arranged along a cable length in respective tag angular positions.
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