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The invention concerns a method'for continuous monitoring of dynamic
loads, including stresses and strains in large hull structures for vessels,
according to the introduction to claim 1. The invention also concerns a strain
5 measurement system for implementing the method, comprising an optical
transmitter unit, an optical receiver unit and a fibre optic cable network,
wherein the transmitter unit and the receiver unit are provided in a central
monitoring unit which is connected via an interface with a computer-
implemented control system which in turn is connected to a display and data
10 presentation”unit and possibly other measurement systems. Firially, the
invention also concerns a temperature-compensated, polarimetric, fibre optic
strain sensor for use in a strain measurement 'system.

It is a well known fact that large hull structures, such as both ship and
~ aircraft hulls, are frequently exposed to substantial, dynamic loads. These

15  loads can result in damage to the hull and léad to fatigue and fracture, often
with disastrous consequen'ces.' Load damage to hull structures normally only
‘becomes apparent in connection with a regular service and inspection carried
out by the application of various non-destructive test methods. The problem is
that load damage to a hull structure can occur when the vessel is underway

20 and develop with disastrous consequences before it can be discovered in the
normal inspection.

From BI‘ltlSh patent appllcatmn GP 2238112 (US-PS No. 50038618) a method
is known for detection and monitoring of strains in large, technical structures
by means of fibre optic cables which are attached to the structure. An optical

25 signal is transferred along the cable to an op_tlcal receiver. By analysing the
optical signal any changes with regard to length and/or changes in the length
of the cable can be shown. The change in the cable length is found by deter-
mining phase changes on one or more modulation frequencies, by means of
interferometry or pulse time measurement. By means of this method a ship's

30 hull or the like can be monitored i in order to mdlcate strains, but bending or
twisting in vanous beam-hke structures can also be revealed

The method according to this patent publication substantially only provides
‘the opportunity of monitoring global strains, i.e. the relative strains between
two points which form the respective end points of the fibre optic detection
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| neor por at ed Iaﬂ pro%agﬂatyewil?%%ergo{'eovglnerable to strain than other points, and a local
strain momtormg will therefore be essential in ‘order to maintain safety. At
the same time data from a number of local straln sensors, possibly in
connection with one or ‘miore global strain sensors ‘and a system which records
the forces to which the structure in its entlrety is exposed, can be employed
10  in order to provrde a complete strain hlstory for the structure, and this can be
done with high resolutron both in the temporal and spatral domains.

This, however, is based on the assumption that the strain system fulfils
specific technical requirements which as yet have not been easy to implement
in known, ﬁbre optlc strain measurement systems, whether they are based on

15 phase change, 1nterferometry or pulse time measurement Problems with

" regard to accuracy and resolutlon become part1cularly crmcal if advantageous
data from a large number of local sensors arranged in a very large structure,
such as, e.g., Tlarge bulk carrier or a tanker, have to be collected and
transferred toa central momtormg umt in real time.

20 A principal object of the present invention ther'efOre is to provide a method
and a technology which eliminate the disadvantages of the known strain
measurement systems and which permit continuous monitoring of forces
which affect, for example, a ship's hull durmg loadmg, unloadmg and when
underway. Thus it is a first object of the present mventxon to be able to
25 monitor movements in frames and hull. During loadmg, unloading and when
underway the Shlp s hull structure w1ll be exposed to different forces and
stresses and these will be dependent on the effect which impacts and shocks
during loading and unloading have on the shrp ] structure, ‘and whether a
“uniform load proﬁle is mamtamed durmg loadlng and unloadlng This in turn
30  depends on whether the individual cargo holds are loaded or unloaded
according to a fixed plan. Movement in frames and hutl will further be
dependent on the weather conditions when the ship is underway and whether

the cargo shxﬁs

A second object of the present mventlon is to momtor vibrations which occur
35 in the ship's hull or the like due to, e. g., engine 'vibrations, vibrations as a



and shoul d be phase-synchronous with the RF input carrier for a correct
synchronous detection. The local mxing carrier is therefore also referred
;to as the“ﬁ%gpsq‘n-phase carrier. An accurate phase equalit P04 he RF
“input carrier and the local in-phase carrieg is gb=tained if the |ocal
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seas when underway and general shock effects. It will be of special interest to

be able to determine the general vibration spectrum in order, amongst other

reasons, to avoid resonances in the hull structure, since such resonances may
5 well lead to permanent damage to the structure.

A third object according to the present invention is to be able to record any
shock effects which may, amongst other things, be due to'bl_ows from
equipment during loading and unloading, shifting of the cargo in rough seas
or the impact of waves on the ship's side.

10 A fourth object of the present invention is to be able to record twisting along
the ship's longitudinal axis during opera'tio_n__.' In heavy seas the ship's hull can
experience substantial twisting, while there is little knowledge as to whether
twisting is a problem during loading or uhloading.

| A fifth object of the present invention is to be able to monitor stresses and
15 strains caused by temperature gradients in the hull during normal service.
"~ Ships' plates can be exposed to substantial tensile stresses due to temperature
gradients and it is well known that the elasticity of steel is linked to the
'temperature.

Finally a sixth object of the present invention is to be able to record strains

20 which are due to the formation of cracks, since these can affect the hull's
rigidity and lead to changes in the stress diagrams. Such cracks can occur
along hatches and coamings in cargo ships, while crack formation along the
frames has been shown to be particularly dangerous. These in turn can lead to
a reduction in the hull's rigidity along the side and, combined with lack of

25  maintenance, damage incurred during loading and shifting of cargo, could
result in parts of the ship's side being _smashed in and the ship being wrecked.
Maintenance of the ship is an importaxit factor in this connection.

The above-mentioned and other objects are achieved with a method which is
characterized by features which are presented in claims 1-8, a strain measure-

30 ment system which is characterized by the features which are presented in
claims 9-18, and a temperature-'compensated, polarimetric, fibre optic strain
sensor which is characterized by the features which are presented in claims
18-21.. --
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2 As is known, the phase .detector supplies a phase difference signal
which in practice does not only depend on the phase difference deviating
from 90 bewshshéye RF i nput carrier and the |ocal quadraturﬁ?ﬁﬁéﬁ{dldﬂiu but

also on the anplitude or field strength of the RF input carrier. To prevent
the loop transfer properties, such as the ga#n, bandw dth, phase shift and
stability of -t Ioopfrom\ﬁir- y$ V\i he anpljtude of the RF i nput
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i nput carrier PBUf; \ﬁFP?Praa‘? ‘g%% 12 &?é&@%ﬁ% wi fEWan to the attached

anpl i t ude- m)dudraiwtﬁg;l with the auxiliary pilot. A desired m xi ng product is

5 Fig. lisa schematlc view of the strain measurement system according to

the invention. |
Fig. 2 1llustrates the stram ‘measurement system in ﬁg 1 installed in a
bulk carrier.
Fig. 3 illustrates the strain measurement "system in fig. 1 installed in a

10 tanker.’

' Fig. 4 illustrates the pnnclple of the stram measurement system
according to the invention.
Fig. 5 1llustrates the transmitter unit in the strain measurement system |
according to the invention, with equipment for calibration provided.

15 Fig. 6 illustrates the detailed topologlcal layout of the fibre optic cable

o network in the stram measurement system according to the invention.

Fig. 7 illustrates the strain measurement system accordmg to the
invention without the use of time multlplexmg
Fig. 8 illustrates the strain measurement system accordmg to the

20 invention with the use of time multiplexing.

| Fig. 9 illustrates the strain measurement system according to the
invention with a partrally time multrplexed and a partially spatial
multiplexed strain sensor system. _

* Fig. 10a illustrates the strain sensor viewed from above.

25 Fig. 10b illustrates the strain sensor viewed from the side.
Fig. 11 illustrates a housing for a fibre optxc strain sensor according to
the invention, (a) 1llustratmg the housmg viewed from above, (b) the
housmg viewed from the side and () the housmg viewed from one end.
Fig. 12a is a section through the strain sensor housmg in fig. lla

30 Fig. 12b is a section through the sensor housmg in fig. 11b.
Figs. 13a,b,c illustrate different methods of arranging the sensor fibres
‘and a delay loop in a strain sensor'iaccording to the invention.

Fig. 1 il_lustrates schematically the fibre optic strain 'me__asure'ment system 2,
this system being connected to a control system 1 which is implemented in a

35  central computer. The control system is also connected to a central display
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5 sensors 7a are provided at specific points in the cargo holds 6, on the decks
or on the frames. In addition there are also provided on the ship's hull global
longitudinal strain sensors 7b for detection of global strains in the hull's
longitudinal axis. In addition there is provided in the ship's bow a triaxial
accelerometer 8 which may well be based on the same sensor types which are
10  employed in the other strain sensors. The accelerometer 8 in the bow detects
in three axes the accelerations to which the ship is exposed when underway.
All the strain sensors 7 are connected via a _fibre optic cable network 9 to a
central monitoring unit 10 on board the ship, this central unit 10 being
simultaneously dssigned to the control system 1 implemented on a computer
15 in order to record and process information concernmg the dynamic state of

the ship's hull.

then obt ai ned whose freﬁlysesggey ﬁﬁ:ﬁﬁ gs to that of the auxili ary pi | ot

Fig. 3 illustrates the strain measurement system 2 according to the present
invention provided in a tanker 5b, the system being arranged in a similar
fashion to the embodiment in fig. 2.

20  Fig. 4 illustrates the principle of the strain measurement system 2 according
to the invention. A light source in the form of a laser 11 in the central unit 10
transmits an optical signal through a fibre optic cable network 9 which
employs a polarization-maintaining fibre. In branches 12, 13, 14 of this
network 9 there are provided optical strain sensors 7 in the form of

25 polarimetric sensors 16. The polarimetric sensor 16 consists of an optical
fibre 16b which is mechanically decoupled from the actual hull structure, thus
preventing it from being influenced by vibrations, strains or stresses therein,
and a corresponding, equally long piece of fibre 16a which is mechanically
coupled to the structure and constitutes the strain detecting fibre. The

30 polarization-maintaining fibre is also employed in the sensor fibres. These
fibre optic polarimeters 16 are temperature-compensated in that they comprise
two spliced, double refractive, optical fibres 16a, 16b of the same type and of
the same length. In the splice the fibres are rotated 90°, thus causing the
phase shift between the two polarizations formed in the first fibre 16a to be

35 reversed in the second fibre 16b, and thereby ensuring that all perturbations



carrier of the control ITad shecids BednRepigp! | t ude- nodul ated with the auxiliary
pilot, resulting in a p product having a frequency which is
’m,m Thi s parasitic m Xxi ng perateSioodss ;
superim 3 6 posed on and passes t oget her
with the desired mixing
turn means that phase shifts caused by temperature or hydrostatic pressure in
turn are cancelled. Since one 16a of the two fibres 16a, 16b in the
5 decoupled from strains in the structure, the strain will be connected to the
optical signal which passes through the polarimeter 16, even though the other
employ the linear part of the polarimeter's response. Without external
compensation for temperature variations the acceptable linear response range
" ME, i.e. 2000 ppm. The output on the polarimetric strain sensors 16 is
connected to a through-going fibre in the fibre optic cable network 9 and

equal to tyRplesatseshe aux
apart from strain are cancelled in the double refractive optical fibres. This in
polarimeter 16 is connected to the structure, while the other fibre 16b is
perturbations are cancelled out. The strain sensor 7 will advantageously
10 is 30° which in the embodiment can correspond to a relative strain of 2000
passed to one _'or."mo.re detectors 17a whi'c.h_are provided in 'the.central unit 10. (

A possible design of the transmitter unit 11 for the strain measurement
15 system 2 is illustrated in fig. 5. This transmitter unit 11 first of all comprises
the main laser or the exciting laser 11a as shown in fig. 4. This constitutes
the transmitter laser 11a which supplies the optical signal to the fibre optic
cable network 9 in the strain measurement system and preferably employs a
high-power, highly stable, diode-pumped Nd; YAG laser. This emits at 1319
20 nm. The laser 11a can advantageously include an optical insulator (not
shown) in order to reduce the sensitivity to feedback light. The laser will be
" in operation all the time, apart from during any calibration which may be
performed. - '

" In order to calibrate the strain measurement system, as illustrated in fig. 5, an
25 additional laser 11b can be included which emits on an entirely different
~ wavelength from the main or transmitter laser 11a. This reference laser 11b
which thus works on a substantially different wavelength from the main laser
11a still lies within the valid wavelength range for the optical fibre which is
used in the strain sensors 7; 16. A suitable wavelength for the emission can
30 be 1250 nm. A semiconductor laser with distributed feedback is preferably
used as reference laser 11b. The reference laser 11b is connected via an
optical coupler (not shown) and an optical fibre to an intensity reference 18
and to a reference polarimeter 19. During calibration, as mentioned, the main
laser 11a is switched off, and the reference laéer 11b can be used to calibrate
35 the operation of the main laser 11a, including frequency shifts or mode
'~ jumps. Mode jumps can lead to errors in the measurement results from the
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Thereforé, the varrations 1n oop trans ese ph
hereinafter also referred to as

The fibre optic network 9 is illustrated in more detail in fig. 6. The
transmitter unit 11 and the receiver unit 17, i.e. the main laser 11a and the
optical detectors 17a, are naturally prov1ded as before in the central unit 10.
A branch network 9 based either on polanzat_lon-mamtammg optical fibres or

10  single-polarization fibres runs from the transmitter unit 11. Not shown optical
couplers distribute the light to the individual branches 12, 13, 14, 15. The
network's topology is of greater importance the greater the number of sensors.
If only seven sensors are used, there is little difference between a ladder
structure or tree structure with respect to the available optical effect. When

15 the strain sensors 7 are based on polarimetric sensors 16 as in the present
embodiment, polarization maintenance will be the most critical parameter in
the choice of the optical cable network. The optical couplers too must be
polarization-maintaining. If the number of sensors increases, more couplers
will also be required, in which case it will be advantageous to use a tree

20 structure and not a ladder structure.

At any rate polarization-maintaining couplers and polarization-maintaining
optical fibres should be used in a branch network. Instead of standard
polarization-maintaining fibres, single-polarization fibres can preferably be
used and the same type of fibre can be used as a fibre optic polarizer at the

25  ‘output on each polarimetric sensor 16. An optical st_andard fibre can thereby
be used in the data acquisition network' which leads from the sensors 16 to
the receiver unit 17. If the strain measurement system accordmg to the
invention does not employ mult1plexmg in the acqulsmon part of the network,
this leads to lower costs. In fig. 6 the sensors 16 are shown with the fibre

30 optic polarizer 16a, 16b and delay loops 16¢ provided in the actual sensor
which is located in a not shown housing. The optical couplers can preferably
also be provnded in the sensor housmg

The strain measuremeni system 2 according to the invention can employ a
multiplexed or non-multiplexed return network, i.e. the acquisition part of the
35 fibre optic cable network 9, or the system can comprise a partially
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in the in systems with time multiplexing an systems without t1me multiplexing. An
5 entirely spat1a1 multiplexed system as in fig. 7 has the advantage that all the
optical power can be exploited, even though the noise problems can be
~ greater than in time multiplexed systems. In add1t1on to this many individual
receiver channels have to be calibrated and if the number of strain sensors 16
is large, large quantxtles of optical fibre are requlred in the cable network,
10  thus mcurnng high costs Fig. 8 illustrates the strain ‘measurement system 2
according to the mventron based on time multtplexmg in the return network.
This uses cons1derably less fibre i in the cable network, with the result that a
number of dtfferent sensor systems can v1rtually employ one standard cable.
A s1gn1ﬁcant advantage with the time multlplexed solution is that all the
15 channels use the same signal processing electromcs, thus giving relatively
little deviation in the response between the md1v1dual sensors. Due to optical
power loss with the use of many sensors it can be advantageous to divide the
strain measurement system according to the mventron between several
separate time multxplexed acquisition networks. It may be advantageous to
20 employ a combination of time multiplexing and spatlal multiplexing,
especially in strain measurement systems with a large number of sensors, as
illustrated in fig. 9. The receiver unit 17 is based on the use of photodiodes
17a, preferably of the PIN type. In the recerver 17 it is advantageous to
- employ a transrmpedance amplifier as an operational ampl_lﬁer 17b.

25 Fig. 10 illustrates schematically the design of a polarimetric, fibre optic strain
sensor 16 accordmg to the invention. The strain detectmg fibre 16ais
mechanically coupled to the structure via adjustable couplers 20 and on one
end of the housmg 21 by a 90° spllce joined to the mechamcally decoupled,
‘optical fibre 16b whxch otherwise has exactly the same properties as the

30 mechamcally coupled optlcal fibre 16a. The sensor fibres l6a, 16b are placed
ina watemght housmg 21 which is preferably ﬁlled with a viscous liquid so
that the fibres' acceleration sensrtlvrty is as low as possﬂ)le The sensor fibres
16a, 16b are preferably installed and attached to support plates of metal or of
another material which is compatible with the ship's hull material. The strain-

35  sensitive fibre i is naturally prestressed through the attachment to the support

plates.
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21 with the support plates for prestressing of the strain-sensitive fibre is
rigidly comiected to attachment devices 22 which can be welded or rigidly
fastened in some other way to the ship's hull at the measuring point at which
the sensor has to be located, thereby ensuring that stresses and strains in the
hull are transferred to the sensor. |

Fig. 12 shows a section through the sensor housing 21 in fig. 11, viewed |
from above and from the side respectively, with the sensor device and the
attachment of the sensor fibres illustrated.

It should be understood, however, that even the structural design of the sensor
housing and the arrangement of the sensor fibres can be implemented in a
number of different ways within the scope of the present inivention.

As illustrated in figures 12a and 12b an embodlment of the polarimetric
sensor 16 according to the present invention is based on a mechanical device
which permits a purely axial displacement of two elements which are
connected with each other by means of strain-detecting 16a and temperature-
compensating fibres 16b respectively. The sensor consists of two cylindrical
components which form a male main part and a female main part which are
fastened via a ball joint device to two bolts 22 which in turn are connected to
a structural element in the hull at the measuring point. The elements of the
main part can be freely displaced axially away from each other and towards
each other as a reaction to a change in the distance between two bolts 22
which provide attachment to the structural element. The elements of the main

~part are located in a protective casing and attached to each other by means of

the fibres as described above. The strain and temperature-compensation fibres
16b, 16a are attached via fibre fastening blocks to the main part elements.
Adjustment of the relative distance between the main part and thereby the
tension in the strain fibre 16a can be achieved by means of adjustment bolts.
The sensor 16 can therefore be adjusted after having been installed, thus

_obtaining a prestressing which provides a mid-stress response in the strain

fibre 16a. After installation and calibration the sensor can thereby measure
the axial strain in the structural element, wﬁen this element is exposed to
various load conditions. The strain is then measured as the distance between
the supporting bolts 22 increases or decreases. An increase in the supporting
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mentioned, the actual sensor housmg 21 is deS1gned asa watemght unit and
can therefore be exposed to unfavourable marine environments without a
reduction in efﬁcxency or accuracy. In the illustrated example the actual
sensor fibres 16 have a length of approx1mately half a metre, but in addition

10 as illustrated in ﬁgures 13a b,c a delay loop 16c of several metres can be

integrated in the sensor housing between the sensor fibres 16a, 16b and the
output fibre. '

‘Basically, the strain measurement system according to the present invention
could als¢ have been based on other types of optical strain sensors than the

15 polarimetric sensors here preferred. For example Bragg grating sensors could

- have been used which in 'p‘i'i:nc'iple'are a narrow band reflector, where the

centre wavelength is altered when the sensor is exposed to strain. A system
based on Bragg gratmg sensors is excited by means of a laser, but both the
laser and the grating appear to be most suited to a multiplexed system, which

20 at present is extremely expensive to implement if a large number of sensors
require to be used. Systems based on Bragg grating sensors, however, have
several advantages'with regard to resolution and dynamic range and can
employ a standard optical communlcatlon fibre. In addition the sensors can be
made very small

25 A further advantageous design will be a sensor in which the sensor element is
rigidly connected to the structural element which is eprs‘ed to strains, either
 directly or 1nd1rectly It will be an advantage if the sensor is designed in a
‘small size.

" The strain measurement system according to the present invention could also
30 be envisaged iﬂiplemented by means of fibre optic interferometers based on
ordmary ‘white light. Stralns can then be recorded by means of standard
Doppler 1nterferometry However, there is a problem when using fibre optic
mterferometer_s_ that great dlstances be_tween the measuring points combined
with the wish for high resolution greétlj; redxiees_the signal/noise ratio. It is
35  an advantage, however, that fibre optic interferometry does not require the
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the present invention can therefore be an alternative if the requirement for
5 resolution and dynamic range is a minor conmderatxon and if there should be
a wish to reduce the system costs. '

The strain measurement system according to the present invention works in
two modes, the first operating mode recording strains during loading and
| unloading and measuring all relevant strains continuously. Via the control
10 system average strain can be displayed simultaneously on the display unit and
' updated every minute. Should unacceptable strain levels occur during loading
and unloading, an alarm signal can be activated. In a second opefating mode
the strain measurement system according to the invention measures all
relevant strains continuously when the vessel is underway. At the same time
15 the display unit displays a curve for average strain which, for example, is
updated every five minutes or according to one's choice within an interval of
1-60 minutes. A curve is also displayed simultaneously which shows the
strain's standard deviation, and this curve can similarly be updated every five
minutes or according to one's choice at intervals of 1-60 minutes. Should an
20 unacceptable level of strain arise, an alarm signal can be activated. On the
basis of given predetermmed criteria, the control system can simultaneously
record the worst strain sequences within a period of for example 20 minutes,
i.e. strain sequences in which the strain for example is greatest or exceeds a
predetermined threshold. Up to a hundred of these _séque_nces can be stored in
25 the control system. The control system will also be capable of recording
statistics for load sequences and make these data available when it is time for
service and inspection. Such load sequences can for example be categorised
within a range of 50ue (relative strain in ppm) and shown in histogram form
in an operator-defined time interval, for example day, week, month or year.

30 Thus by means of the method and strain measurement system according to
the invention a wholly continuous monitoring is obtained of the loads to
which the vessel hull is exposed. For example average strain in the last
elapsed minute could be recorded every mmute, and statlstlcal parameters as
standard deviation, top to top in the same cycle, minimum and maximum tep,

35 and the number of dynamic passages through zero over for example the last 5
minutes can be recorded every 5 minutes.
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5 nodul ated | ocal quadrature carrier of the controlled os- cillator,
resulting in an unwanted parasitic dc product having an anplitude which

vari es W t{ygdsassest ent of os- cillator radiation and crosstpgtinossegzs4
i nformati on about the phase and anplitude transfer of the closed |oop is,

however, conveyed by the auxiliary pilot at: 1Zhe out put of the phase
det ector and | ok NGLh theas TG AL S mefihotd B S E R GStaing e
the de- tecti ombmmm straint toewhicinthe vessel beshiped is bx osedouﬂt trihxiahe phase
ot e o o L BretoRA gk YR Ueek 6699s thaa&t& {48 ot stem, and
as mentioned this is preferably in the form of z a ﬁbre optrc sensor which is
5 included in the strain sénsor system. The strain measurement system 2 also
comprises an uninterrupted power supply (UPS) which enables the system to
operate for at least 20 minutes if a power cut occurs. The strain measurement
system accordmg to the rnventxon should be able to be coupled to load
computers, partlcularly with a view to cahbratron purposes. If the system is
10 1nadvertently shut down or breaks down it W1ll start up again ‘automatically
and contmue recordmg The system should also be capable of recalibrating all
the strain sensors 7 agamst a known load state. The strain measurement
system accordmg to the present invention is essentrally a purely optical
system, apart from the system's central momtormg unit. Any extra electronic
15  equipment apart from the central unit or the control system should comply
with standard EX regulattons and be sea water-resrstant

Between the stratn measurement system 2 and the control system 1 there is
provided an mterface Wthh permits data from each strain sensor 7; 16 for
example to be sampled ata frequency of 10 Hz and converted to a digital
20 signal. The data from all the sensors 7; 16 are then transferred sequentially to

‘the control systems computer in real trme and i in accordance with a
predeﬁned protocol If the data from the strain sensors 7; 16 are not reliable,
a separate digital lme goes to low, actlng as a validity check. An interface

: between the control system and the strain measurement system 2 is used to

| 25 51gnal that the system should be swrtched on or off or to glve a command for

cahbratron of the system '

The actual control system 1 handles the sampled data and decides which
events should be stored. The control system 1 includes a real time clock and
an unmterrupted power supply, thus giving all the data recording a correct
30 time indication, while at the same time any break-down of the system is
detected and recorded. The umnterrupted power supply must be able to run
the real time clock until the ordmary power. supply returns. The control
system 1 will also momtor alli mcommg data in. order to detect errors in the

mdtvrdual stram sensors
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tude transfer of t he Cflﬁm%thmeﬂ?ﬁ pgs available in the form of an

anpli tude-var g, desi ich is entirely fr
unwant edsv i c de p Illﬂ!ﬂ eﬁﬂt ’@ ely

esired dc signal varieS accu
with the phase and anpl | of tl3e closed | oop and hence with any

quantity which gives rise to a variation of the phase and anplitude
transfer of Uhe BraisgucanispmenpyHegicA Bicgording tadhénavelm@;ans]dcmgncd)lfor a

obt ai ned by pEgjIStioh 15 @a&h%ﬁé&@@ieﬂ&n% 'o&‘@hs’lﬁingﬂi dowhold! 2 '@%Jhi?ﬂiémp

agai nst vari at i ong of % nput carrier but arso against
phase error s d¥pamie rg&g,qj %@@nﬁﬁ@%ﬂ%ﬂ'ﬁaﬁ% ¢ di6s2 apniphas ef 200
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consi der abI y phéfebably o 25 independent strain sensors. Furthermore the strain
measurement system according to the present invention can record
accelerations of at least 2 G with a Cross sensitivity of less than 20 pe/G in
all three axial directions. The strain measurement system according to the
10  present invention should also be able to work correctly up to a minimum of 5
" bar and with a cross sensitivity of not less than 40 pe/bar. If an error
condition arises, the aim of the strain measnrement_ system accordirig to the
present invention is that it should be capable of correcting itself and
supplying correct data in the course of 5 seconds. The error condition is
15 reported to the control system 1 and it is a precondition that such error
conditions should not occur more _than 5 times during one hour's operation.
The aim is that the system according to the invention should not be out of
operation for more than 5 seconds per day. It is naturally assumed that the
system's specifications should be capable of continuous further improvement
20 in order to keep pace with the relevant technical development.

It should be understood that the method and the strain measurement system
-according to the present invention are not exclusively restricted to large hull
structures for ships such as bulk carfiers and tankers, but that they can
naturally be employed on other types of ship, offshore structures or for that

25 matter on aircraft and spaceships, as well as land-based vehicles or generally
speaking any large structures which are continuously exposed to dynamic
loads. -

By means of the strain measurement sYsterh’ according to the present
invention load sequences and strain data can be transferred from the ship to a
30 land-based, central data recording system, and'the transfer can, e.g., be
performed via satellite. The- land-based system can compnse a large data base
which can store the load and strain hxstory of the vessel or the monitored
object through a number of years and thereby manifest long-term tendencies
with regard to the stresses and strains to which the vessel or ship is exposed.
35 These data can then be used to evaluate the need for repair, replacement or
improvements and finally also for estimating the life span of the vessel.



t hose of the known AM PLL synchronous receiver.. Said injection point is
preferably |ocated between the detection point and the control input of the

controll edv@é%dds@é or and such a receiver according to the ipeaRbbOGIZES
characterized in that an adder circuit is arranged he- tween the controlled

anplifier and the control input of 6 the

controll ed oscig Agigier' s e outeut <tonal oI NN

1. A method for continuous monitoring of dynamic loads, including stresses
and strains in large hull structures for vessels, espectally in steel hulls of bulk
carriers and tankers, wherem there is employed a strain measurement system
5 2) thh ﬁbre optrc cables (9) which connect optical strain sensors (7; 16) on
various points in the hull structure, wherein optical signals for detection of
stresses and strains are distributed to the strain sensors (7; 16) from an optical
transmltter (1 1) and aﬁer passmg through the straln sensors (7) are detected
by one or more optical detectors (17a), _wherem the opt1cal transmitter (11)

10  and the optxcal detectors (17a) are provided in a central monitoring unit (10),
and wherein the stram measurement system .(2) is connected via the central
unit (lO) toa computer-rmplemented control system [6)) which in turn is
connected to a display and data presentation unit (4) and possibly other

_ measurement systems 3), :

15 characterized in that in a first operating mode durmg loadmg and unloading
of the vessel the method compnses contmuously detectmg strain values by
means of the strain sensors, generating by means of the control system a
curve which shows an average strain, updatmg the curve at a predetermined
time interval, dlsplaymg the generated curves on the display unit, and

20 generating an alarm signal lf the average strain exceeds a predetermined
threshold whlch indicates an unacceptable level of strain, and that in a second
operatmg ‘mode when the vessel is underway, the method compnses steps for
detecting strains contmuously by means of the strain sensors, generating by

- means of the control system a curve whxch shows ‘average strain and a curve

25 which shows the strain's standard devxatlon respectively, updatmg the said
curves at a predetermmed time interval, drsplaymg the generated curves on
the dxsplay unit, and generating an alarm signal if the average strain exceeds
a predetermined threshold which indicates an unacceptable level of strain.

2. A method accordmg to claim 1,
30 characterized by recording in the control system the strain sequence(s) which
| during a predetermmed perlod show the highest average strain values,
especially those stram ‘sequences during which the average strain values in
the said period exceed the predetermmed threshold or those strain sequences
Wthh are obtamed on the basis of other predetermmed cntena
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\ .
the controlled anplifier to the local auxiliary pilot, an out- put of the

controll ed I er ' to the first input of
cdet ector. agrz}:i%m hu“mnwﬂ“mmw diment is characteri zeﬁﬁxﬁggﬁ@% 4 peak
detector is arranged betwedn fhe®out put andist he control input of the
controlled anplifier, which peak detector is activated froman in-1|ock

nmp p

det ect or out sBde AmeMac@mmm olaimh2, PLL. Wien this neasure is
used. the cap r@%&a
In a further rCH er.r e ﬁ%cﬁfﬂgfat?{ga%ﬁase sﬁjé ?fa'ﬁ%ﬁgé r@ét}a%p ]8§d ég%éj}c%g d
in one of t heon basis of | mcqsdcd@tr@tn sequepicest theettatistinal data being)mades
measure i s us iﬁde f e n be further inproved
by correctly ggjc%%tnﬁﬁghf%cbk ase t?ff;liégséf he pﬁgés{ei, shifting circuit.
5 4. A method accordmg to claim 3,

characterized in that the load sequences are categonsed in a relative strain

range of 50 pe where pe constitutes 1 ppm, and is shown in histogram form

in an operator-defined time interval, for example day/week/month/year.

5. A method according to one of the i:recedin_g claims,
10 characterized in that the detected strain values are sampled at a predetermined
frequency and converted to digital data.

6. A method’ according to claim 5,
characterized in that the digital data are transferred sequentxally to the control
system's computer according to a predetermined protocol, the data transfer

15 taking place in real time.

7. A method according to claim 1,
characterized in that the curve for average strain in the first operating mode is
updated at an interval of one minute.

8. A method according to claim 1,
20 characterized in that the curve for average strain in the second operating
mode is up_dated at an interval of 1-60 minutes, preferably every five minutes.

9. A strain measurement system (2) for implementation of the method
according to claims 1-8, comprising an optical transmitter unit (11), an
optical receiver unit (17) and a fibre 0pt1c cable network (9), wherein the

25 transmitter unit (11) and the receiver unit (17) are provided in a central
monitoring unit (10) which is connected via an interface to a computer-
implemented control system (1) which in turn is connected to a display and
data presentation unit (4), together with other possible measurement systems
3), - o

30 characterized in that the optical transmitter unit (11) comprises at least one
first laser (11a) which supplies an optical signal to the fibre optic cable

network (9), that the receiver unit (17) comprises an optical detection system
This Sheet Has Been Re

laced




| f the frequency of the—auxitiary—pitot—s chosen to be snaller than the 3
dB bandw dth of the PLL, the ' i ;

| ast I oned enbodi nent is preferably
characteri W,d, sgﬁhat tmlml(ugu u Hfﬁﬂud by the phase shiftimerRbssigenrss t O
one of the two |rst a of the pilot detector at the
frequency of the auxiliary pilot differs 90 t& phase fromthe signal

" used, the piih dns OF orS aptedl Roteblorsi1gaE et at pmssbiiiebdeared e e

gain control s|meamin§pbﬁummmrellls3prwrdedsan ctine iffire opsic Strixhesemsaﬁewa)

el Cha GG b4, Gnor SRR et U O Rt ol
characterized inmetwosk (9hevith thet opical dransmsittep undéts( 1) and thet opnl(:maiecewrer @it
to said sekectiqrydayy G hB mﬂt&eéaﬁe%mbl'l?l(Qf{ﬂere are also prov1ded

several global longltudmal strain sensors (7b)

©10. A system according to cl_aim"9_,
characterized in that the fibre optic cable network (9) is composed of
polanzatlon-mamtammg optlcal fibres, that the cable network (9) forms a
10 branched network, polanzatmn-mamtammg fibre optic couplers being
 provided for the branch (12, 13, 14, 15), and that in each branch in the
network at a desired measuring' point there is provided a fibre optic
polarimeter (16) which constitutes the fibre optic strain sensor (7).

11. A system according to claim 10, |

15  characterized in that the detection system is time multipléxed, there being
provided on the output of the laser (11a) in the transmitter unit (11)and a
high frequency optical intensity modulator (20), and that natural delays are
employed in the fibre optic cable network (9) and/or spe01al delays (16¢) are
provided in the network (9).

20 12. A system according to claim 10,
characterized in that the detection system (17 is a combmed time multiplexed
and spatial multlplexed system_, there being provided on the output from the
laser (11a) in the transmitter unit (11) a high frequency optical intensity
modulator (20), and that natural delays are employed in the optical cable

25 network (9), and/or special delay’s (16c¢) are provi'd'ed in the network (9).

13. A system according to claim 10, |
characterized in that it comprises a triaxial accelerometer (8) provided in the
vessel's bow. '

14. A system according to claim 13,
30 characterized in that the accelerometer (8) is a polarimetric, fibre optic sensor
which is coupled to the ﬁbre optlc cable network whlch connects the other

strain sensors (7)
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) cwt of an integration CaEm Iiﬂi\iﬁ Ed a ref erence cur-
rent so tector is coupled to ¢ Eﬁﬂ 9%0’?91 I nput
of t he cméz&f’é{d a l“l I rlﬁxtra degree of freedomtor a further
optim za- tion of the gal n control | oop ad]lstment is obtained with the

ref erence current source.
15. A system according to claim 10,

characterized in that as polarlzatlon-mamtalnmg opt1ca1 fibres there are
employed smgle-polanzatlon fibres, these fibres being used both in the
optical cable network (9) and in the strain sensors (7).

5 16. A system aécording to claim 9,
characterized in that the transmitter unit (11) comprises a high-power, highly
stable diode-pumped Nd; YAG laser which emits at 319 nm.

17. A system according to claim 10, I

characterized in that for calibration of the strain system (2) in the transmitter
10 unit (11) there is provided a reference laser (11b), preferably in the form of a

semiconductor laser with distributed feedback (DFB laser), optical couplers

and an intensity reference (18) and a reference polarimeter (19), the intensity

reference and the reference polarimeter being connected to the reference laser

(11b) via a polarization-maintaining optical fibre.

15 18. A system according to clalm 9,
~characterized in that the fibre optic strain sensor (7; 16) isa temperature-

compensated, polarimetric strain sensor, that the strain sensor (7; 16)
comprises a first, double refractive, polarization-maintaining optical fibre
(162) and a second, double refractive, polarization-maintaining optical fibre

20 (16b) of the same type and length as the first fibre, that the first optical fibre
(16a) is mechanically coupled to a measuring point which is exposed to
strain, that the second optical fibre (16b) is provided decoupled from any
mechanical strain, and that the first and the second optical fibres (16a, 16b)
are spliced together with a rotation of 90° between the two fibres in the

25 splice, the phase shift between the two polarizations in the first fibre being
reversed in the second fibre. '

19. A system according to claim 18,
characterized in that the first and second optical fibres (16a, 16b) are single-
polarization fibres with an extinction ratio of at least 40 db.

30  20. A system according to claim 18,
characterized in that on the output from the sensor element (16) the optical
fibre is provided in the form of one or more delay loops (16c).
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An enbodi ment of the receiver—aecordimg to the in- vention as an FM stereo

receiver is preferably char in that said signal generator

i ncl udes awblslibes ConH!maﬂ“gEM!ﬂ r which is incorporaped/NOYs@oZ34rt her
|

phase-1 ocked | oop of a ng circujg for de- coding a stereo
mul ti pl ex signal conprising a stereo sumsignal, a stereo difference signal

m)dgl ated on a238 Al—gyﬁéxgrmosdﬁhg&brugrmqm a 19 kHz stereo pilot sig- nal,
said further cotrolle IIator an o rom
e RSB MY Ran BB B SRS 5 oxBRt BRI, b e
having a frequeensow(dl&)houthealttectio&gsydtem(rtﬂar of: times the frequency of
the stereo pilot signal. When this neasure is used, the oscillator

signal of the further controll ed oscillator, which serves for regen-
erating the st@ReoAstelmperature-dompensatede petnrdnembt; rqptrcah strain sensor for use in

5 a strain measurement system according to clalms 9-21, wherein the strain
sensor (7; 16) comprises a first, double refractive, polarization-maintaining
optical fibre (16a) and a second double refractive, polarization-maintaining
optical fibre (16b) of the same type and length as the first fibre, wherein the
first optical fibre (16a) is mechanically coupled to a measuring point which is

10 exposed to strain, wherein the second optical fibre (16b) is provided
decoupled from any mechanical strain, and wherein the first and the second
optical fibres (16a, 16b) are spliced t'ogethc_%r with a rotation of 90° between
the two fibres in the splice, the phase shift b’etWeen the two polarizations in
the first fibre (16a) being reversed in the second fibre (16b),

15 characterized in that the strain sensor (7, 16) is connected to a coupling ele-

- ment (20), the coupling element being rigidly connected via at least two
mechanical attachment points (22) in abutment with a structural part which is
exposed to strains produced by the mechanical loads which have to be
monitored, that a sensor element which is formed by a section of the first

20 optical fibre (16a), for detection of strains is provided in sensor tubes which

- pass through a support part of the coupling element (20), and that the sensor
_element is secured in the sensor tube in such a manner that the detached
section of the sensor element provides between its securing points a
measuring distance which is substantially smaller than the distance between
25 the coupling element's attachment points on the structural part.

23. An optical strain sensor according to claim 22,
characterized in that the coupling element (20) is in the form of a yoke, the
arms and crossbeams of the yoke constituting the yoke's main part, that one
end of the support part is rigidly attached to the yoke's crossbeam and
30 - extends freely parallel to and between the arms of the yoke and past them to
a free end, and that the yoke's crossbeam and support part are divided by an
open gap which is located orthogonally on the yoke's plane and extends along
the support part's longitudinal axis towards the support part's free end, and
that the sensor tube passes through the support part near the end of the gap
35  beyond the end of the yoke's arms and is located orthogonally on the support
part's longitudinal axis, in such a manner that the sensor tube's longitudinal
his Sheet Has Been RTlaced
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" al'so be used as a Iocal aux m t for the | oop gain stabilization.
The inve “‘m ater detail with ref ﬁﬁg
. Figures %@&ﬂl%ét he m m correspondl ng el emen?s ve&Pﬁe samne
reference des- ignations.; = In this dr ahp F:4 Fig. 1 shows an FM
PLL synchronous, FEﬁEI ver to t e i nyention;

Chous. an i piikis S gsaten 4o dhe sokesoplage Md'parblig] e S ornbcting liae boween

the coupling element's (20) attachment points.
24. An optical strain sensor according to claim 23,
characterized in that the coupling element (20) is mechanically rigidly

5 connected to the structural part via two spring-ténsioned anchor bolts (22)

 which pass respectively through the arms of the yoke, and abut against the

foundation formed by the structural part with clearance thereto via preferably
conical pins of a material with low heat conducting properties provided on
the arms of the yoke.

10 25. An optical strain sensor according to claim 23,
characterized in that the end of the sensor tube is rigidly attached to the
support part on each side of the gap by means of electron beam welding.

26. An optical strain sensor according to claim 22,
characterized in that the sensor element (16a) is secured in the sensor tube by
15 gluing, preferably by means of a caplllary glue.

27. An optical strain sensor according to claim 22,
characterized in that the temperature-compensating element formed by a
section of the second optical fibre (16b) and decoupled from the mechanical
strain, is provided outside the coupling element, the splice with a rotation of
20 90° between the first and second optical fibres (16a, 16b) being located
' between the sensor element (16a) and the temperature-compensating element
(16b), preferably in such a manner that the sensor element (16a) and the
temperature-compensating element (16b) are symmetrically arranged in
relation to each other about the splice, and that a temperature-compensating
25 element (16b) is secured in a sensor tube of the same type as the sensor tube
for the sensor element, in such a manner that the distance between the
temperature-compensating element's (16b) attachment points is equal to the
sensor element's (16a) measuring distance.
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Fig.1 shows an FM PLL synchronous receiver ac- cording to the invention,

whi ch has a radio-frequency antenna input I[err] for coup:tRBoS00234

radi o- WQ8MIB864 anten- na device ANT thereto, which radio-Trequency antenna
input I[err] is coupled to‘a phase detector 2 of a phase- |ocked | oop PLL
via a radi o-frequency input section 1. The phase-|ocked | oop PLL al so
conprises a loop filter 3, a controllef lifier 4, an adder circuit 5 and
a con- trolled oscillator 6 which are duccessively coupled to the phase
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| ocal quadrature carrier to the phase detector 2 and is tunable in
frequency WIy96i88¢6s of a tuning control signal applied to al;% %Iq%ontrol
‘device T. A radi o-frequency (RF) FMreception frequency é &¥ei ved
by neans of the antenna device ANT is applied to the phase detector 2 after
wi deband sel ection and anplification in the RF input section 1. Tuning to a
desired RF reception signal in said Rgbzépreception fre- quency range is
real i sed by choosing the frequency of | ocal quadrature carrier at a

val ue which deviates fromthe carrier frequency of said desired RF
reception signal at nost over the capture range of the phase- |ocked | oop

PLL. The phase det upplies a phase differen sign which is
erence deviating from 90 enf\t he | ocal
RR\carrier of the dgSirefl RH r e€8pt}i on
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signal. This phase difference signal is selected in the | R ter 3
whereafter a controlled anplification of this phase d?gpgﬁgﬁce signal is
realised in the manner de- scribed hereinafter in the controlled anplifier
4, wWoOIsHEE Nt r ol | ed anplifier 4 applies the phase differ- ence signal to
a control input of the controlled oscillator 6 via the adder circuit 5. In

t he phase-| ocked state of the syﬁw
J“a) | ,___-.,-----._../ZU
0 =, .
- { ... TO SENSOR ARRAY
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| oop PLL the phase difference signal controls the con- trolled oscillator 6
in such a way that a negative feed- back and hence an efl’lf-‘ém‘?"\?@o?ﬂppressi on
of thewudwsnssss fferences deviating from90 between the | ocal quad- rature
carrier and the RF carrier of the RF reception sig- nal fromthe output to

the inputs of the phase detector 2 is optained in the |oop. Consequently, a
phase syn- chroni zation is obtained ‘/Gﬂich the | ocal quadrature carrier
follows the RF carrier accurately in equency and differs 90 in phase
therefrom The phase difference signal then varies wth the baseband

nodul ati on signat of the desired RF reception signal. The denodul at ed
baseband nodul ati on signal thus obtained is coupled out by neans of a
filter device 7 which is coupled to an
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output of the controlled anplifier 4. When an RF FM stereo signal is

received, the base- band nodul ation signal sel ected by PCRNOPINIM4 device 7
conpr iweve/mwsbhseband stereo multiplex signal with a stereo sum signal L+R

in a frequency range between 0 and 15 kHz, a 19 kHz stereo pilot and a
stereo difference signal L-R double gj ﬁ)and anpl i tude- nodul ated on a
suppressed 38 kHz stereo subcarrier EJ frequency range between 23 and 53
kHz. Thi s baseband stereo nultiplex signal is applied to a stereo decoder
16 which may be, for exanple, of the Philips type TEA 5581 and in which the
baseband stereo hultiplex signal is decod- ed in known manner into baseband
| eft and right stereo signals L and R respectively. To this end the
stereo decoder 16 conprises a phase-|ocked |oop 14, a synchronous stereo

di fference T‘J

16c

g
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si gnal denodul ator 15-and a dematrixing circuit 13. The phase-| ocked | oop

14 includes a controlled oscillator 10 (not sHROEAYOIIN02¥M suppl i es
an oscwWoO %¥18866si gnal in the phase-locked state of the |oop, which signal is
phase- synchronous with said 19 kHz stereo pilot and whose
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frequency may be an integral nultiple of 19 kHz, for ex- anple 38 kHz. In

t he enbodi nent shown an 38 kHz os- cillator signal is apptTrodose02d4| ocal

m Xi ng wogwas86é6 o t he synchronous stereo difference signal denodul ator 15.
The baseband stereo nultiplex signal whose stereo dif- ference signal L-R
nodul ated on the 38 kHz stereo sub- c jer is denodul ated to the baseband

I n the synchro- nous stereo differencgai nal denodul ator 15 is applied to
anot her input of the stereo difference signal denod- ulator 15. In the
dematrixing circuit 13 the stereo sumand stereo difference signals L and R
are dematrixed ffomthe stereo sumsignal L+R and the stereo differ- ence
signal L-R by neans of suitable adding and sub- tracting operations, which
signals are applied as input signals to this dematrixing circuit 13.

The control Igd oscillator (not showy} of the phase- i
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-~ | ocked | oop 14 al so operates as a signal generator for generating a | ocal

auxi | i ar‘%gogi | ot , because it does not on- |y supply the 38pé&tiRobsigoads m xi ng -
signal t ${188%68 nchro- nous stereo difference si gnal denodul ator 15 but

al so supplies it as a local 38 kHz auxiliary pilot to the control input of
the controlled oscillator 6 via the a?ﬂf@pcircuit 5. This local auxiliary
pilot, referred to as the original pi- , Is also applied to a first

i nput of a pilot detector 8. The | ocal 38 kHz aux

\of[ is thus -

ary pi

injected in the £ al path of the phase-| ockdde=geo0p Qi nt
preceding t S cdo Ml ed oscillator 6. Conseduentd Vemmmbemts ey of the
| ocal quadr at's ﬁl" er at the output of th | ek st or 6 is
angl e- nodul at ed—==gstiency -

——
—
———
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11 or phase-nodul ated) with the output signal of the con- trolled anplifier

4 as wel lwaeMbdep Said | ocal auxiliary pilot. The angl e-nodul ated | ocal
quadrature carrier is mxed with the carrier of the RF rec Eifﬁﬂ?s’? fhal in
t he phase detector 2. In addition to the afore-nenti oned phase dif- ference
signal, a desired m xing product is ob?i d at the output of the phase
detector 2 at the frequency of the |oc xiltary pilot with an anplitude
which is not only dependent on the anplitude variations in the RF
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reception signal but also on possible static phase errors between the

out put signal of the controlled oscillator 6 and the RF ipgiVNossmozder .
Toget he?“g?q‘ﬁs@ai d phase dif- ference signal, this desired m xi ng product
passes the loop filter 3 and reaches the input of the controlled am
plifier 4. The control |l ed arrpli?y 4 supplies the desired m x- ing
product, also referred to as return"f fot, to a second input of the pil ot
detector 8 via a phase shifting circuit 7 and to a peak detector 9. Current
out puts of the peakjdetector 9 and the synchronous pilot detector 8 are

- cou- pled to an_jntegrator 11 va a conmonjcontrol termnal |, which
integrator is pfovigdled WMth an integratioph ca- pacitance cohnected to
ground. In the epbodi t shown an adjustphble reference curfent source 12
is ar- ranged pgfal gl Jacross the integrajor 11. bf t he
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Jint egrator 11 is coupled to a gain controi -unput af the. bon-;.th-Gbépter I

-
y

anplifier 4. The peak detector 9 operat ess OU Si desshhdeel Oldel ng d10! T
of the phase-locked loop PLL and is swtched off when the phash

uocke-d:.' € 2 _'..;'.-...-

. PLL reaches its phase-locked state. To thi's end the peak de‘-“f'e*t't-or""""'

switching in
Such an in-|

hcheis . d k d 10.
Sheilid Bl apiRE 4 Giira wdttorBY bt Bhpdiic it Japancse. Koka

pub- lication 63-107304.
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AMENT 2D SHEET

The invéntion concerns a method for continuous monitoring of dynamic loads.
including stresses and strains in large hull structures for vessels. according to the
introduction to claim 1. The invention is illustrated by means of a strain
measurement system for implementing the method, comprising an optical transmitter
unit, an optical receiver unit and a fibre optic cable network. wherein the transmitter
unit and the receiver unit are provided in a central monitoring unit which is
connected via an interface with a computer-implemented control system which in
turn is connected to a display and data presentation unit and possibly other
measurement systems.

It is a well known fact that large hull structures, such as both ship and aircraft hulls,
are frequently exposed to substantial, dynamic loads. These loads can result in
damage to. the hull and lead to fatigue and fracture, often with disastrous
consequences. Load damage to hull structures normally only becomes apparent in
connection with a regular service and inspection carried out by the application of
various non-destructive test methods. The probiem is that Joad damage to a hull
structure can occur when the vessel is underway and develop with disastrous
consequences before it can be discovered in the normal inspection.

From British patent application GP 2238112 (US-PS no. 50038618) a method is
known for detection and monitoring of strains in large, technical structures by means
of fibre optic cables which are attached to the structure. An optical signal is
transferred along the cable to an optical receiver. By analysing the optical signal any
changes with regard to length and/or changes in thé length of the cable can be
shown. The change in the cable length is found by determining phase changes on one
or more modulation frequencies, by means of interferometry or pulse time |
measurement. By means of this method a ship's hull or the like can be monitored in

- order to indicate strains, but bending or twisting in various beam-like structures can

also be revealed.

US-A-3 064 270 discloses an optical fiber sensor using the effect of variation in
birefringence in a birefringent optical fiber as a function of the stresses and of the
temperature. The device can be used for supervision and monitoring ol different

structures.

- REPLACEMENT SHEET
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12 As is evident fromthe foregoing, $the oridinal adixil ."iafsipilot is
appl.ied fromthe controlled oscillator (npt Lhownyseobest heesphase-| vcked | oop
14 to the first input of the pilot detector 8 and the return pilot is

applied fromthe controlled anplifier 4 to?the second input via the phase

shifting cirgu & 7 ' t.he freguency, o he aux- iliary piJot. is within
the 3 db pasChshef 390070 SadE fof FULR Bipthghef Peesttiia londatite” TS dnstmsat
transfer chadeseribéemoss specifivally@an dreangementémplofing stvedal e&rf&?i‘s tb&hbﬁi&d;}ﬁh& '
and/ or vari gt oNse Of t+C Dhase.errats. have a greater effect on the
phase of the%’le‘?ﬂ%%&l?‘é? #ﬁa’ﬁoﬁorﬂ%ﬁ%ﬁwf 0B 28%this return pilot. An
opti mum detection of the last-nmen- tioned variations in the |oop transfer

h \ . : . Cal
Ch 2oLt oL 5T SOPSE! BB 0PBE o, SRS e TAPRAGBILR kil BB
5 features of the sensor and use of it for detection of stress in a structure.

US-A-4 928 004 discloses a strain sensor comprised of an optical waveguide, a
device for providing optical pulses to the optical waveguide and a device for sensing
localized strain in the optical waveguide.

US-A-5 038 618 discloses a method for measuring distortion in large engineering
‘ 10 structures using one or more fibre optic cables bonded to or in the structure.

EP-A-0 214 907 discloses a fiber sensor for mesuring external factors such as strain,
temperature or the like utilizing optical fibres. The sensor can measure strain and
temperature independently. '

REPLACEMENT SHEET

None of the cited documents discloses a system for temperaﬁur coinﬁpégte lob.
15 monitoring of a structure. |

The method according to this patent publication substantially only provi
opportunity of monitoring global strains, i.e. the relative strains between two points
which form the respective end points of the fibre optic detection cable. Even though
the awareness of global strains is naturally important in large, dynamically-loaded
‘ 20 structures, a more localized strain monitoring is required in order to be able to follow
the development of the progress of stress or strain and not least at those individual
points in a structure which in all probability will be more vulnerable to strain than
other points, and a local strain monitoring will therefore be essential in order to
maintain safety. At the same time data from a number of local strain sensors,

25 possibly in connection with one or more global strain sensors and a system which
records the forces to which the structure in its entirety is exposed, can be employed
in order to provide a complete strain history for the structure, and this can be done
with high resolution both in the temporal and spatial domains.

This, howéver, is based on the assumption that the strain system fulfils specific

30 technical requirements which as yet have not been easy to implement in known, fibre
optic strain measurement systems, whether they are based on phase change,
interferometry or pulse time measurement. Problems with regard to accuracy and

AMENDED SHEET
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turn pilot at the first and second i nput s:, l‘especﬁl vel y,: Of t'he pr: at
detector-8. In the enbodi nent shown the gil 6t deteectiar 8 °rs**ther & or'e
vprovided with a multiplier circuit and the phase shift realised by the

. phase shifting circuit 7 is chosen with réspect to the phase transfer of

the overal I Tl PechulEarkifiny trtidh R 87 in 08 Hat AP Llarae BupBifese
out put of t Hecglisassors hiréngedgng veryilergé stracturdy suchnas,ad.g.y agﬂ'gatbtﬂlheari‘ieequancy

of e 38 Kl Xpuyel toYledeklt-and sankforkliS W1A8Gal AGERGA A4 181l 00P

PLL the syn- r'onous pil ot 'esa gain co curren
whi ch varies with variations in the Ioop transfer charac- teristic and

hence with gl rﬂE@Bﬁ ngfbasoff ﬁé‘tﬂﬁééeﬂﬂﬂvéi refB! is %’gﬁbxﬂﬂf d rﬁ&h&%@lﬂ&? such

as, for exarrpe strength or anplitude variations o carrler
appl i eds eliminate the disadvantages of the known strain measurement systems and which

permit continuous monitoring of forces which affect, for example, a ship's hull
during loading, unloading and when underway. Thus it is a first object of the present
invention to be able to monitor movements in frames and hull. During loading,
unloading and when underway the ship's hull structure will be exposed to different
10 forces and stresses and these will be dependent on the effect which impacts and
shocks during loading and unloading have on the ship's structure, and whether a

k uniform load profile is maintained during loading and unloading. This in turn

depends on whether the individual cargo holds are loaded or unloaded according to a
fixed plan. Movement in frames and hull will further be dependent on the weather
15 conditions when the ship is underway and whether the cargo shifts.’

A second object of the present invention is to monitor vibrations which occur in the
ship's hull or the like due to, e.g., engine vibrations, vibrations as a result of impact
during loading and unloading, vibrations as a result of heavy seas when underway
and general shock effects. It will be of special interest to be able to determine the
20 general vibration spectrum in order, amongst other reasons, to avoid resonances in
the hull structure, since such resonances may well lead to permanent damage to the
structure. ‘

‘ A third object according to the present invention is to be able to record any shock

effects which may, amongst other things, be due to blows from equipment during
25 loading and unloading, shifting of the cargo in rough seas or the impact of waves on
the ship's side.

A fourth object of the present invention is to be able to record twisting along the
ship's longitudinal axis during operation. In heavy seas the ship's hull can experience
substantial twisting, while there is little knowledge as to whether twisting is a

30 problem during loading or unloading.

A fifth object of the present invention is to be able to monitor stresses and strains
caused by temperature gradients in the hull during normal service. Ships' plates can

be exposed to substantial tensile stresses due to temperature gradifaﬁmq\éﬁﬁEWf“SHEET
known that the elasticity of steel is linked to the temperature.

miniiOED SHEET 11FEB 1997




to t he phase detector 2 and static phase em.oss Th:s gau: c:ontrol‘ -éus?ent
is integrated in the integrator 11 and conyerted i Rteasae gabdl dontrel’ *

wvol tage. This gain control 13 voltage is applied to the control
Jnput of the controlled arrplifier 4 and red ises such a gain control in the

oop that t heFl\r/xglli}I' gts'i Sobjerclzt toP ?he pregentt ru?\pe?ltugrrl 1sC poa{) f)l%rtlosisgclzocrdasu-ams which
are due to the formation of cracks, since these can affect the hull's rigidity and lead
to changes in the stress diagrams. Such cracks can occur along hatches and coamings
in cargo ships, while crack formation along the frames has been shown to be

5 particularly dangerous. These in turn can lead to a reduction in the hull's rigidity

along the side and, combined with lack of maintenance, damage incurred during
loading and shifting of cargo, could result in parts of the ship's side being smashed in
and the ship being wrecked. Maintenance of the ship is an important factor in this
connection.

10 The above-mentioned and other objects are achieved with a method which is
characterized by features which are presented in claims 1-8.

The invention will now be explained in more detail in connection with embodiments
of the method, a strain measurement system for implementing the method and a fibre
optic strain sensor with reference to the attached drawing.

[—y

15 Fig. is a schematic view of the strain measurement system.
Fig. 2 illustrates the strain measurement system in fig. 1 installed in a bulk
carrier.
' Fig. 3 illustrates the strain measurement system in fig. 1 installed in a tanker.
Fig. 4 illustrates the principle of the strain measurement system.
20 Fig. 5 illustrates the transmitter unit in the strain measurement system with
equipment for calibration provided. |

Fig. 6 illustrates the detailed topological layout of the fibre optic cable network

L™ in the strain measurement system.
Fig. 7 illustrates the strain measurement system without the use of time
25 ' multiplexing.
Fig. 8 illustrates the strain measurement system with the use of time
multiplexing.

Fig. 9 illustrates the strain measurement system with a partially time multlplexed
and a partially spatial multiplexed strain sensor system.
30 Fig. 10a illustrates the strain sensor viewed from above.
Fig. 10b illustrates the strain sensor viewed from the side.
Fig. 11  illustrates a housing for a fibre optic strain sensor, (a) illustrating the
housing viewed from above, (b) the housing viewed from the side and (c)
the housing viewed from one end.

35 Fig. 12a s a section through the strain sensor housing in fig. 11a. REPLACEMENT SHEET

Fig. 12b is a section through the sensor housing in fig. 11b.

11FEB 1997
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_hence phase and anplitude variations of the-r:eturn i | ot are c-orrvpecrrgai‘i ed

for. -In practice the obtained stabiliza- ttontof the Foop terarster
properties of the phase-locked |oop PLL is possible within m%@EMEMDtSHEET
.dynam c range of the receiver. I'n conttast tothe afore}ngntroned prior

g nal 5 et iEhel e iRt R dfodstarend 8 ik eers s ERBLANT

quadrature carrier aﬂcmmmtmsmmglsenmdul at ed with said | ocal B8tz
auxiliary pilot. This causes an un- wanted parasitic dc prpduct havi ng an

anplitude which varies with the extent of oscillator radiation and Cross=—=
tal k. The i nfﬁgnhtlllmtrmsmsrhemhbcqhhathe fHomel ogn@biramdneasurmmi gystexh 2,1Riscl osed

| oop is, Qre se at ed

in f requency %ﬁnﬁl B@Eé%ﬁ%a‘%a %hgg?%tgl%&eg{ci %hl uct kl?p}%ﬁg a\’\%ﬁt §8P€];1r -
computer. The control system is also connected to a central display and data
presentation unit 4. In addition the control system can also be connected to other
measurement systems or sensor systems 3.

Fig. 2 illustrates how the strain measurement system is implemented in a large bulk
carrier 5a. A number of strain sensors 7a are provided at specific points in the cargo

10 holds 6, on the decks or on the frames. In addition there are also provided on the

~ ship's hull global longitudinal strain sensors 7b for detection of global strains in the

hull's longitudinal axis. In addition there is provided in the ship's bow a triaxial
accelerometer 8 which may well be based on the same sensor types which are
employed in the other strain sensors. The accelerometer 8 in the bow detects in three

15 axes the accelerations to which the ship is exposed when underway. All the strain
sensors 7 are connected via a fibre optic cable network 9 to a central monitoring unit
10 on board the ship, this central unit 10 being simultaneously assigned to a control
system 1 implemented on a computer in order to record and process information
concerning the dynamic state of the ship's hull.

20 Fig. 3 illustrates the strain measurement system provided in a taﬁker 5b, the system
being arranged in a similar fashion to the embodiment in fig. 2.

~ Fig. 4 illustrates the principle of the strain measurement system 2. A light source in

the form of a laser 11 in the central unit 10 transmits an optical signal through a
fibre optic cable network 9 which employs a polarization-maintaining fibre. In

25 branches 12, 13, 14 of this network 9 there are provided optical strain sensors 7 in
the form of polarimetric sensors 16. The polarimetric sensor 16 consists of an optical
fibre 16b which is mechanically decoupled from the actual hull structure, thus
preventing it from being influenced by vibrations, strains or stresses therein, and a
corresponding, equally long piece of fibre 16a which is mechanically coupled to the

30 structure and constitutes the strain detecting fibre. The polarization-maintaining fibre
is also employed in the sensor fibres. These fibre optic polarimeters 16 are
temperature-compensated in that they comprise two spliced, double refractive, optical
fibres 16a, 16b of the same type and of the same length. In the splice the fibres are
rotated 90° , thus causing the phase shift between the two polarizations formed in the -

35 first fibre 16a to be reversed in the second fibre 16b, and thereby ensunng that all




asitic dc product is converted in the pllot- dgtector 8 to.a
whi ch. corresponds to the frequency of the Taui | i akde g3t Ot
subsequently suppressed in the in- tegrator 11. Consequent|yf—t
| ast-nentioned stabiliza- tion of the Ioothransfer propergi

hase-1ocked |oop PLL is independent of t eq y and
. !to i vel y oper at PWB?F 10ps af? meéﬁaﬁ%elgg lPéE%B?‘F@ﬁ fefi[‘]
not only corrp'll'hseinttbm memseuh‘at pmb shﬂiM diﬁsélf l@ﬁd&ﬂﬁératﬁfeeéhu
al so the nor FM RF

cast f r e.
in the phas e @%caﬁcgﬁqfﬁmq ‘P\‘F Qaﬂg’eﬁ A6, @kﬁ“r‘?ﬂe PR ’én%?r
capt ur e r angecomiectelieo phasteudtmek adile Qmp oﬁﬂei'_ fibkee 1 6471 ddcodsled frdrh &traik Uh Rhe

5 structure, the strain will be connected to the optical signal which passes through the
polarimeter 16, even though the other perturbations are cancelled out. The strain

sensor 7 will advantageously employ the linear part of the polarimeter's response.
Without external compensation for temperature variations the acceptable linear
response range is 30° which in the embodiment can correspond to a relative strain of

10 2000pe , i.e. 2000 ppm. The output on the polarimetric strain sensors 16 is
connected to a through-going fibre in the fibre optic cable network 9 and passed to
one or more detectors 17a which are provided in the central unit 10.

A possible design of the transmitter unit 11 for the strain measurement system 2 is
illustrated- in fig. 4. This transmitter unit 11 first of all comprises the main laser or

15 the exciting laser 11a as shown in fig. 4. This constitutes the transmitter laser 11a
which supplies the optical signal to the fibre optic cable network 9 in the strain
measurement system and preferably employs a high-power, highly stable, diode-
pumped Nd; YAG laser. This emits at 1319 nm. The laser 11a can advantageously
include an optical insulator in order to reduce the sensitivity to feedback light. The

20 laser will be in operation all the time, apart from during any calibration which may
be performed.

In order to calibrate the strain measurement system, as illustrated in fig. 5 an
additional laser 11b can be included which emits on an entirely different wavelength
v from the main or transmitter laser 11a. This reference laser 11b which thus works on

25 a substantially different wavelength from the main laser 11a still lies within the valid
wavelength range for the optical fibre which is used in the strain sensors 7; 6. A
suitable wavelength for the emission can be 1250 nm. A semiconductor laser with
distributed feedback is preferably used as reference laser 11b. The reference laser
11b is connected via an optical coupler and an optical fibre to an intensity reference

30 18 and to a reference polarimeter 19. During calibration, as mentioned. the main
laser 11a is switched off, and the reference laser 11b can be used to calibrate the
operation of the main laser 11a, including frequency shifts or mode jumps. Mode
jumps can lead to errors in the measurement results from the fibre optic strain
sensors 7;16 and the demonstration of errors during the measurements can be used to

35 . allow the strain measurement system to generate an error code which is transferred to
the control system. In case a time multiplexed detection system is chosen, a high
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14 pi | ot Is zero or nearly zero. As a res:l]r.t' the souf put- C:Jr,t'ent ’01 'the
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The fibre optic network 9 is illustrated in more detail in fig. 6. The transmitter unit
11 and the receiver unit 17, i.e. the main laser 11a and the optical detectors 17a, are
5 naturally provided as before in the central unit 10. A branch network 9 based either
on polarization-maintaining optical fibres or single-polarization fibres runs from the
transmitter unit 11. Not shown optical couplers distribute the light to the individual
branches 12, 13, 14, 15. The network's topology is of greater importance the greater
the number of sensors. If only 7 sensors are used, there is little difference between a
10 ladder structure or tree structure with respect to the available optical effect. When the
strain sensors 7 are based on polarimetric sensors 16 as in the present embodiment,
- polarization maintenance will be the most critical parameter in the choice of the
optical cable network. The optical couplers too must be polarization-maihtaining. If
the number of sensors increases, more couplers will also be required, in which case it
15 will be advantageous to use a tree structure and not a ladder structure.

At any rate polarization-maintaining couplers and polarization-maintaining optical
fibres should be used in a branch network. Instead of standard polarization-
maintaining fibres, single-polarization fibres can preferably be used and the same
type of fibre can be used as a fibre optic polarizer at the output on each polarimetric
20 sensor 16. An optical standard fibre can thereby be used in the data acquisition

network which leads from the sensors 16 to the receiver unit 17. If the strain
measurement system does not employ multiplexing in the acquisition part of the
network, this leads to lower costs. In fig. 6 the sensors 16 are shown with the fibre

H optic polarizer 16a, 16band delay loops 16¢ provided in the actual sensor which is

' 25 located in a not shown housing. The optical couplers can preferably also be provided

in the sensor housing.

The strain measurement system 2 can employ a multiplexed or non-multiplexed
return network, i.e. the acquisition part of the fibre optic cable network 9, or the
system can comprise a partially multiplexed acquisition network. A strain

30 measurement system 2 without time multiplexing is illustrated in fig. 7. The
difference with a strain measurement system that implements the method according
to the invention substantially lies in systems with time multiplexing and without time
multiplexing. An entirely spatial multiplexed system as in fig. 7 has the advantage
that all the optical power can be exploited, even though the noise problems can be

35 greater than in time multiplexed systems. In addition to this many individual receiver
channels have to be calibrated and if the number of strain sensors 16 is large, large
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response between the individual sensors. Due to optical power loss with the use of
many sensors it can be advantageous to divide the strain measurement system
. between several separate time multiplexed acquisition networks. It may be
10 advantageous to employ a combination of time multiplexing and spatial multiplexing,

especially in strain measurement systems with a large number of sensors, as

illustrated in fig. 9. The receiver unit 17 is based on the use of photo diodes 17a,
‘— preferably of the PIN type. In the receiver 17 it is advantageous to employ a

transimpedance amplifier as an operational amplifier 17b.

15 Fig. 10 illustrates schematicall}; the design of a polarimetric, fibre optic strain sensor
16 for use in the method according to the invention. The strain detecting fibre 16a is
mechanically coupled to the structure via adjustable couplers 20 and on one end of
the housing 21 by a 90° splice joined to the mechanically decoupled, optical fibre
16b which otherwise has exactly the same properties as the mechanically coupled

20 optical fibre 16a. The sensor fibres 16a, 16b are placed in a watertight housing 21
which is preferably filled with a viscous liquid so that the fibres' acceleration
sensitivity is as low as possible. The sensor fibres 16a, 16b are preferably installed
and attached to support plates of metal or of another material which is compatible
with the ship's hull material. The strain-sensitive fibre is naturally prestressed

~ 25 through the attachment to the support plates.

Fig. 11 illustrates a practical embodiment of a sensor housing 21 for the polarimetric
strain sensor 16. The sensor housing 21 with the support plates for prestressing of the
strain-sensitive fibre is rigidly connected to attachment devices 22 which can be
welded or rigidly fastened in some other way to the ship's hull at the measuring point

30 at which the sensor has to be located, thereby ensuring that stresses and strains in the _
hull are transferred to the sensor.

Fig. 12 shows a section through the sensor housing 21 in fig. 11, viewed from above
and from the side respectively, with the device and the attachment of the sensor
fibres illustrated.
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anpl i tude of giffegent ways and yet implement the method of the present invintion.

As illustrated in figures 12a and 12b, an embodiment of the polarimetric sensor 16 is
5 based on a mechanical device which permits a purely.axial displacement of two

elements which are connected with each other by means of strain-detecting 16a and
temperature-compensating 16b fibres respectively. The sensor consists of two
cylindrical components which form a male main part and a female main part which
are fastened via a ball joint device to two bolts 22 which in turn are connected to a

10 structural element in the hull at the measuring point. The elements of the main part
can be freely displaced axially away from each other and towards each other as a
reaction to a change in the distance between two. bolts 22 which provide attachment

b ' to the structural element. The elements of the main part are located in a protective

casing and attached to each other by means of the fibres as described above. The

15 strain and temperature-compensation fibres 16b, 16a are attached via fibre fastening
blocks to the main part elements. Adjustment of the relative distance between the
main part and thereby the tension in the strain fibre 16a can be achieved by means of
adjustment bolts. The sensor 16 can therefore be adjusted after having been installed,
thus obtaining a prestressing which provides a mid-stress response in the strain fibre

20 16a. After installation and calibration the sensor can thereby measure the axial strain
in the structural element, when this element is exposed to various load conditions.
The strain is then measured as the distance between the supporting bolts 22 increases
or decreases. An increase in the supporting bolt distance increases the strain in the
strain fibre, while a reduction in the distance reduces the strain. The actual sensor

\,4 25 housing 21 can be filled with a highly viscous fluid or a gel with good heat transfer

properties, thus improving the heat stability of the sensor. In addition, as mentioned
above, this means that the sensor becomes less sensitive to accelerations. As
mentioned, the actual sensor housing 21 is designed as a watertight unit and can
therefore be exposed to unfavourable marine environments without a reduction in

30 efficiency or accuracy. In the illustrated example the actual sensor fibres 16 have a
length of approximately half a metre, but in addition as illustrated in figures 13a,b,c,
a delay loop 16¢ of several metres can be integrated in the sensor housing between
the sensor fibres 16a, 16b and the output fibre.

Basically, the strain measurement system that implements the method according to
35 the present invention could also have been based on other types of optical strain

sensors than the polarimetric sensors here preferred. For example Bragg grating

sensors could have been used which in principle are a narrow band reflector, where
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A further avdantageous design will be a sensor ion which the sensor elerhent is

namen

10 rigidly connected to the structural element which is exposed to strains, either directly
or indirectly. It will be an advantage if the sensor is designed in a small size.

The strain measurement system implementing the method according to the present
invention could also be envisaged implemented by means of fibre optic
interferometers based on ordinary white light. Strains can then be recorded by means”

‘15 of standard Doppler interferometry. However, there is a problem when using fibre
optic interferometers that great distances between the measuring points combined
with the wish for high resolution greatly reduces the signal/noise ratio. It is an
advantage, however, that fibre optic interferometry does not require the use of a
polarization-maintaining fibre, thus enabling a standard communication fibre to be

20 employed in the fibre optic cable network. The use of fibre optic interferometers in
the strain measurement system according to the present invention can therefore be an
alternative if the requirement for resolution and dynamic range is a minor
consideration and if there should be a wish to reduce the system costs.

oo The strain measurement system implementing the method according to the present

25 invention works in two modes, the first operating mode recording strains during
loading and unloading and measuring all relevant strains continuously. Via the
control system average strain can be displayed simultaneously on the display unit and
updated every minute. Should unacceptable strain levels occur during loading and
unloading, an alarm signal can be activated. In a second operating mode the strain

30 measurement system measures all relevant strains continuously when the vessel is
underway. At the same time the display unit displays a curve for average strain
which, for example, is updated every five minutes or according to one's choice within
an interval of 1-60 minutes. A curve is also displayed simultaneously which shows
the strain's standard deviation, and this curve can similarly be updated every five

35 minutes or according to one's choice at intervals of 1-60 minutes. Should an |
unacceptable level of strain arise, an alarm signal can be activated. On the basis of
given predetermined criteria, the control system can sim_hltaneously record the worst
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t he phase shi f he™r g) ase shitting circult
example be categorised w1thm a range of SOpe (relative strain in ppm) and shown in

histogram form in an operator-defined time interval, for example day, week, month
or year.

Thus by means of the method according to the invention a wholly continuous
10 monitoring is obtained of the loads to which the vessel hull is exposed. For example
average strain in the last elapsed minute could be recorded every minute, and
statistical parameters as standard deviation, top to top in the same cycle, minimum
b and maximum top, and the number of dynamic passages through zero over for
example the last 5 minutes can be recorded every 5 minutes.

15 The strain measurement system 2 will therefore be capable of monitoring the
absolute strain to which the vessel or ship 5 is exposed. A triaxial accelerometer 8 in
the vessel's bow is also included in the total system, and as mentioned this is
preferably in the form of a fibre optic sensor which is included in the strain sensor
system. The strain measurement system 2 also comprises an uninterrupted power

20 supply (UPS) which enables the system to operate for at least 20 minutes if a power
cut occurs. The strain measurement system should be able to be coupled to load
computers, particularly with a view to calibration purposes. If the system is
inadvertently shut down or breaks down, it will start up again automatically and

b continue recording. The system should also be capable of recalibrating all the strain

25 sensors 7 against a known load state. The strain measurement system is essentially a
purely optical system, apart from the system's central monitoring unit. Any extra
electronic equipment apart from the central unit or the control system should comply
with standard EX regulations and be sea water-resistant.

Between the strain measurement system 2 and the control system 1 there is provided
30 an interface which permits data from each strain sensor 7;16 for example to be
sampled at a frequency of 10 Hz and converted to a digital signal. The data from all
the sensors 7;16 are then transferred sequentially to the control system's computer in
real time and in accordance with a predefined protocol. If the data from the strain
sensors 7;16 are not reliable, a separate digital line goes to low, acting as a validity

35 check. An interface between the control system and the s*ameﬁepmmngﬁ‘ﬁ?m 2
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for calibration of the system. I

The actual control system 1 handles the sampled data and decides which events
should be stored. The control system 1 includes a real time clock and an uninter-

5 rupted power supply, thus giving all the data recording a correct time indication,
while at the same time any break-down of the system is detected and recorded. The
uninterrupted power supply must be able to run the real time clock until the ordinary
power supply returns. The control system 1 will also monitor all incoming data in
order to detect errors in the individual strain sensors.

10 The strain measurement system 2 implementing the method according to the
' invention is designed for a resolution in each sensor element of 5 pe or right down
- to 2 pe , while the dynamic range for each sensor element should be a minimum of
2000 pe. Furthermore the strain measurement system 2 can handle fibre optic cable .
lengths of up to 600 metres and at least 7 independent strain sensors and preferably
15 up to 25 independent strain sensors. Furthermore the strain measurement system can
record accelerations of at least 2 G with a cross sensitivity of less than 20 pe /G in
all three axial directions. The strain measurement system should also be able to work
correctly up to a minimum of 5 bar and with a cross sensitivity of not less than 40
‘ue /bar. If an error condition arises, the aim of the strain measurement system is that
20 it should be capable of correcting itself and supplying correct data in the course of 5
seconds. The error condition is reported to the control system 1 and it is a
precondition that such error conditions should not occur more than 5 times during
one hour's operation. The aim is that the system should not be out of operation for
" o more than 5 seconds per day. It is naturally assumed that the system's specifications
25 should be capable of continuous further improvement in order to keep pace with the
relevant technical development. |

It should be understood that the method aﬁcording to the invention is not exclusively
restricted to large hull structures for ships such as bulk carriers and tankers, but that
it can naturally be employed on other types of ship, offshore structures or for that

30 matter on aircraft and spaceships, as well as land-based vehicles or generally
speaking any large structures which are continuously exposed to dynamic loads.

By means of the strain measurement system implementing the method according to
- the present invention load sequences and strain data can be transferred from the ship
to a land-based, central data recording system, and the transfer can, e.g., be
35 performed via satellite. The land-based system can comprise a large data base which
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5 fibre optic cables (9) which connect optical strain sensors E)7; 16) on various points in
the hull structure, wherein optical' signals for detection of stresses and strains are
distributed to the strain sensors (7; 16) from an optical transmitter (11) and after
passing through the strain sensors (7) are detected by one or more optical detectors
(17a), wherein the optical transmitter (11) and the optical detectors (17a) are

10 provided in a central monitoring unit (10), and wherein the strain measurement
system (2) is connected via the central unit (10) to a computer-implemented control
system (1) which in turn is connected to a display and data presentation unit (4) and
possibly other measurement systems (3), )
characterized in that the method in a first operating mode during loading and

15 unloading of the vessel comprises continuously detecting temperature- and pressure-
compensated strain values by means of the strain sensors, génerating by means of the

control system a curve which shows temperatur- and pressure-compensated average
strain vs. time, updating the curve at a predetermined time interval, displaying the
generated curves on the display unit, and generating an alarm signal if the tempera-

20 tur- and pressuré—compensated average strain exceeds a predetermined threshold
which indicates an unacceptable level of strain, and in a second operating mode when
the vessel is underway, comprises steps for continuously detecting temperature- and
pressure-compensated strain values by means of the strain sensors, generating by
means of the control system a curve which shows temperature- and pressure-

b 25 compensated average strain v. time and a curve which shows the strain's standard
deviation vs. time respectively, updating said curves at a predetermined time
interval, displaying the generated curves on the display unit, and generating an alarm
signal if the temperature- and pressure-compensated average strain exceeds a
predetermined threshold which indicates an unacceptable level of strain.

30 2. A method according to claim 1, :
characterized by recording in the control system strain sequence(s) which during a
predetermined period show the highest average strain values, especially those strain
. sequences during which the average strain values in the said period exceed the _
predetermined threshold, or those strain sequences which are obtained on the basis of

35 other predetermined criteria.
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FM reception band. In such an FM super het erbtyne receiver tuning can al so

be realised by,mRans;,od b§ gteﬂgratmg and recording statistical data for load sequences on the

10

15

basis of the recorded strain sequences, the statistical data being made accessible in

1. A metodssntin o cin Ll

characterized in that the load sequences are categorised in a relative strain range of
50 pe where pe constitutes 1 ppm, and is shown in histogram form in an operator-
defined time interval, for example day/week/month/year.

accordafice with fixed service intervals.

5. A method according to one of the preceding claims,

characterized in that the detected strain values are sampled at a predetermined
frequency and converted to digital data which are transferred sequentially to the
control system's computer according to a predetermmed protocol, the data transfer
taking place in real time.

7. A method according to claim 1,
characterized in that the curve for average strain in the first operatmg mode is
updated at an interval of one minute.

8. A method according to claim 1, _
characterized in that the curve for average strain in the second operating mode is
updated at an interval of 1-60 minutes, preferably every five minutes.

:
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ing control signal at the tuning control input of the con- trolled

oscillator 6. In Fig. 2 the use of the phase-locked | oop PLL shown in
Fig. .1 is illustrated in an AMPLL synchropous receiver—accordingto the
‘invention. “The el ements shown therein, whith are the same as the el enetits

of the recei CALIEsN ' ' ) e
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accessible in accordance with fixed service intervals.
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4. A method according to claim 3,

characterized in that the load sequences are categorised in a relative strain

range of 50 pe where pe constitutes 1 ppm,/and is shown in histogram form
10 in an operator-defined time interval, for gkample day/week/month/year.

5. A method according to one of the preceding claims,
characterized in that the detected strain values are sampled at a predetermmed
frequency and converted to digifal data.

6. A method according tg claim 5,
15 characterized in that the Migital data are transferred sequentially to the control
system's computer according to a predetermined protocol, the data transfer

taking place in real fime "~ This Sheet Has Been Rerlaced

7. A method/according to claim 1, '

characterized in that the curve for average strain in the first operating mode is
20 updated at’an interval of one minute.

8. A method according to claim 1,
: actenzed in that the curve for average strain in the second operating
'..: d-atan-interval o 0-minutes _preferably every five minutes.

9. A global strain measurement system (2) for implementation of the
25 method according to claims 1-8, comprising an optical transmitter unit (11),
an optical receiver unif (17) and a fibre optic cable network (9), wherein the
transmitter unit (11) and the receiver unit (17) are provided in a central
monitoring unit (10) which is connected via an interface to a computer-
- implemented control system (1) which in turn is connected to a display and

30  data Piesmlali.ﬂn.mLiL_(_iL_Logether with possibly other measurement systems

(3), | PEFLACEMENT SHEET
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tor 17 applies the desired baseband nodul ation signal to a controll'ed
701 the pnase-t ocked toop 2 to 1 i tii s contr o od NGMIMHENMFAR =
“baseband nodul ation signal is anplified and stabilize at & sditébl& |&vel,
Fepr oduced | FNAGHRLAARGRA e, oBHiCEh ARSI Hhreiibl bbCCuRRGSES ALt PRE For
generating t fiestdaxerd {ldra) whichtsuppliesain opticdll sigieal tbGthehfibriengptic takkd fre-
network €9), that the receiver unit (17) comprises an optical detection system
with one or more optical detectors (17a), that at a number of desired local
5 measuring points there is provided a respective temperature- and pressure-
compensated fibre optic strain sensor (7a), said temperature- and pressure-
compensated fibre optic strain sensors each being connected via the fibre
optic cable network (9) with the optical transmitter unit (11) and the optical
receiver unit (17), and that in the fibre optic cable network (9) there are also

10  provided several global longitudinal strain sensors (7b).  ~ This Sheet Has Been Re[ila“d

10. A system according to claim 9, '

characterized in that the fibre optic cable network (9) is composed of
polarization-maintaining optical fibres, that the cable network (9) forms a
- branched network, polarization-maintaining fibre optic couplers being
15 provided for the branch (12, 13, 14, 15), and that in each branch in the
network at a desired measuring point thére is provided a fibre optic
polarimeter (16) which constitutes the fibre optic strain sensor (7a).

11. A system according to claim 10,
characterized in that the detection system is time multiplexed, there being

20 provided on the output of the laser (11a) in the transmitter unit (11) and a
high frequency optical intensity modulator (20), and that natural delays are
employed in the fibre optic cable network (9) and/or special delays (16c) are
provided in the network (9).

12. A system according to claim 10,

25 characterized in that the detection system (17) is a combined time multiplexed
~ and spatial multiplexed system, there being provided on the output from the
laser (11a) in the transmitter unit (11) a high frequency optical intensity
modulator (20), and that natural delays are employed in the optical cable
network (9), and/or special delays (16c¢) are provided in the network (9).

30 13. A system according to claim 10,
characterized in that it comprises a triaxial accelerometer (8) provided in the
- vessel's bow. '
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18 quency is used in the enbodiment of Fig. 2, for which, for exanple,
crystal oscillator can be used which has an out put co
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15. A:system according to claim 10,

5 characterized in that as polarization-maintaining optical fibres there are
employed single-polarization fibres, these fibres being used both in the
optical cable network (9) and in the strain sensors (7).

16. A system according to claim 9,
characterized in that the transmitter unit (11) comprises a high-power, highly
10 stable diode-pumped Nd;YAG laser which emits at 319 nm.

17. A system according to claim 10,

characterized in that for calibration of the strain system (2) in the transmitter

unit (11) there is provided a reference laser (11b), preferably in the form of a

semiconductor laser with distributed feedback (DFB laser), optical couplers
15 and an intensity reference (18) and a reference polarimeter (19), the intensity

reference and the reference polarimeter being connected to the reference laser

(11b) via a polarization-maintaining optical fibre.

18. A system according to claim 9,
characterized in that the fibre optic strain sensor (7a; 16) is a temperature-

20 compensated, polarimetric strain sensor, that said strain sensor (7a; 16)
comprises a first, double refractive, polarization-maintaining optical fibre
(16a) and a second, double refractive, polarization-maintaining optical fibre
(16b) of the same type and length as the first fibre, that the first optical fibre
(16a) is mechanically coupled to a measuring point which is exposed to

25 strain, that the second optical fibre (16b) is provided decoupled from any

~ mechanical strain, and that the first and the second optical fibres (16a, 16b)

are spliced together with a rotation of 90° between the two fibres in the
splice, the phase shift between the two polarizations in the first fibre (16a)
being reversed in the second fibre (16b), whereby all perturbations not caused

30 by the mechanical strain are cancelled, while the latter couples to the optical
signal transmitted over the fibre. : Ty :
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characterized in that the first and second optical fibres (16a, 16b) are single—

polarization fibres with an extinction ratio of at least 40 db.

20. A system according to claim 18,

characterized in that on the output from the sensor element (16) the optical

5 fibre is provided in the form of one or more delay,loops (16c).

2]1. A system according to claim 18,
characterized in that a standard fibre is provided as output fibre (23) from the
sensor (16) to the detection system (17).
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(2) with fibre optic cables (9) which connect optical strain sensors (7; 16) on
various points in the hull structure, and a central monitoring unit (10), and wherein
. the strain measurement system (2) is connected via the central unit (10) to a
computer-implemented control system (1) which in turn is connected to a display
10  and data presentation unit (4) and possibly other measurement systems (3),
characterised in that the method comprises:
- continuously detecting temperature and pressure compensated strain values by
means of the strain sensors,
- combining by means of the control system strain values from at least some of the
15  strain sensors to provide a curve which shows temperature and pressure
compensated space averaged (global) strain vs. time, updating the curve ata
predetermined time interval, diéplaying the generated curve on the display unit,
- processing by means of the control system the output signals from single sensors
to provide information on local strain vs. time e.g. in the form of updated curves,
20 - generating an alarm signal if temperature and pressure compensated global and/or
local strain exceeds a predetermined threshold,
- where the pressure and temperature compensated strain values are gathered, if
necessary combined, displayed and if necessary recorded in a first operating mode
during loading and unloading of the vessel and in a second operating mode when
25 the vessel is underway, to provide a clear overview of the structure's actual strain
situation, to allow for knowledge based decision making, and to create a historical
record of the structure's strain situation.

2. A method according to claim 1,

30 cha_ractefised by automatically recording in the control system strain sequence(s)
which during a predetermined period show the highest average strain values, '
especially those strain sequences during which the average strain values in the said
period exceed the predetermined threshold, or those strain sequences which are
obtained on the basis of other predetermined criteria.

3s

3. A method according to claim 2,
characterised by generating and recording statistical data for load sequences on the
basis of the recorded strain sequences, the statistical data being made accessible in
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characterized in that a phase shifting circuit (7) is
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characterised in that the load sequences are cdtegorised in a relative strain range of
50000 pe where 1 i< constitutes 1 ppm, and is shown in histogram form in an
operator-defined time interval, for example day/week/month/year.

5. A method according to one of the preceding claims,

characterised in that the detected strain values are sampled at a predetermined
frequency and converted to digital data which are transferred sequentially to the
control system's computer according to a predetennmed protocol, the data transfer
takmg place in real time.

6. A method a¢cording to claim 1,
characterised in that the curve for-average strain in the first operating mode is
updated.at an interval of one minute.

7. A method according to claim 1,
characterised in that the curve for average strain in the second operatmg mode is
updated at an interval of 1-60 minutes, preferably every five minutes.

8. A global/local strain measurement system (2) for lmplementatlon of the
method according to claims 1-8, comprising an optical transmitter unit (11), an
optical receiver unit (17) and a fibre optic cable network (9), wherein the
transmitter unit (11) and the receiver unit (17) are provided in a central monitoring
unit (10) which is connected via an interface to a computer-implemented control
system (1) which in turn is connected to a display and data presentation unit (4),
together with possibly other measurement systems (3 ),

characterised in that the optical transmitter unit (11) comprises at least one first
laser (11a) which supplies an optical signal to the fibre optic cable network (9), that
the receiver unit (17) comprises an optical detection system with one or more
optical detectors (17a), that at a number of desired local measuring points there is
provided a local temperature and pressure compensated fibre optic strain sensor
(7a) to provide information on local strain, said local temperature and pressure
compensated fibre optic strain sensors each being connected via the fibre optic
cable network (9) with the optical transmitter unit (11) and the optical receiver unit
(17), and that in the fibre optic cable network (9) there are also provided several
global longitudinal strain sensors (7b), whose outputs are to be combined if
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20 4. Areceiver as clained in any one of Clains_1 to 3,
characterized in that a peak detector (9) is arranged bet ween the

peak detector 15 activated  troman gt ock det otAN NNIMGEEN

| ocki ng range of the phase-|ocked [‘oop.

any one of the preceding

necessary in the central monitoring unit (10) to provide information of the
structure's global strain situation.

9. A system according to claim 9, _
characterised in that the fibre optic cable network (9) is composed of polarisation
maintaining optical fibres, that the cable network (9) forms a branched network,
polarisation maintaining fibre optic couplers being provided for the branch (12, 13,

whi ch
t he

5. AreleiVertad clfaifred in-

~ 14, 15), and that in each branch in the network at a desired measuring point there is -

10

15

20

25

30

35

provided a fibre optic polarimeter (16) which constitutes the fibre optic strain
sensor (7). '

10. A system according to claim 10,

characterised in that the detection system is time multiplexed, there being provided
on the output of the laser (11a) in the transmitter unit (11) and a high frequency
optical intensity modulator (20), and that natural délays are employed in the fibre
optic cable network (9) and/or special delays (16¢) are provided in the network (9).

11 A system according to claim 10,

characterised in that the detection system (17) is a combined time multiplexed and
spatial multiplexed system, there being provided on the output from the laser (11a)
in the transmitter unit (11) a high frequency optical intensity modulator (20), and
that natural delays are employed in the optical cable network (9), and/or special

_delays (16c¢) are provided in the network (9).

12. A system according to claim 10,
characterised in that it comprises a triaxial accelerometer (8) provided in the
vessel's bow.

13 A system according to claim 13,

characterised in that the accelerometer (8) is a polarimetric, fibre optic sensor
which is coupled to the fibre optic cable network which connects the other strain
sensors (7). '

14. A system according to claim 10,

characterised in that as polarisation-maintaining optical fibres there are employed
single-polarisation fibres, these fibres being used both in the optical cable network
(9) and in the strain sensors (7).
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characterised in that for calibration of the strain system (2) in the transmitter unit

(11) there is provided a reference laser (11b), preferably in the form of a

semiconductor laser with distributed feedback (DFB laser), optical couplers and an
intensity reference (18) and a reference polarimeter (19), the intensity reference
and the reference polarimeter being connected to the reference laser (11b) viaa
polarisation-maintaining optical fibre.

17 A system according to claim 9,

characterised in that the fibre optic strain sensor (7; 16) is a temperature-
compensated, polarimetric strain sensor, that the strain sensor (7; 16) comprises a
first, double refractive, polarisation-maintaining optical fibre (16a) and a second,
double refractive, polarisation-maintaining optical fibre (16b) of the same type and
length as the first fibre, that the first optical fibre (16a) is mechanically coupled to
a measuring point which is exposed to strain, that the second optical fibre (16b) is
provided decoupled from any mechanical strain, and that the first and the second
optical fibres (16a, 16b) are spliced together with a rotation of 900 between the two
fibres in the splice, the phase shift between the two polarisations in the first fibre
being reversed in the second fibre (16b), whereby all perturbations not caused by
the mechanical stress are cancelled, while the latter couples to the optical signal
transmitted over the fibre.

18. A system according to claim 18,
characterised in that the first and second optical fibres (16a, 16b) are single-
polarisation fibres with an extinction ratio of at least 40 dB.

19 A system according to claim 18,
characterised in that on the output from the sensor element (16) the optical fibre is
provided in the form of one or more delay loops (16¢).
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(6). 7. Areceiver as clained in Clain14. characterized in that the
peak det ect or (9) supplies an output signal current _to said selection
devi-ce whi ch conprises a parallel circuit of an integration capacitance

(11) and a reference current source (-12) via which n
detector is coupled to the control inp#l®f the ”' m mu' ”"#
(4). . '

20. A system according to claim 18,

“characterised in that a standard fibre is provided as output fibre (23) from the
sensor (16) to the detection system (17).
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(S7) Abstract

For continuous monitoring of dynamic loads, including stresses and strains in large hull structures for vessels (5), a strain measurement
system (2) is employed with fibre optic cables which connect optical strain sensors (7; 16) at different points in the hull structure. Optical
signals for detection of stresses and strains are distributed to the strain sensors (7; 16) from an optical transmitter (11). The strain
measurement system (2) is connected via a central monitoring unit (10) to a computer-implemented control system (1) which in tumn is
connected to a display and data presentation unit (4) and possibly other measurement systems (3). In a first operating mode in this method
strain values during loading and unloading of the vessel (5) are detected by means of the strain sensors (7; 16). By means of the control
system (1) a curve is generated which shows an average strain, and an alarm signal if the average strain exceeds a predetermined threshold
which indicates an unaccepmble level of strain. In a second operating mode when the vessel (S) is underway, strains are continuously
detected by means of the strain sensors (7; 16). An alarm signal is generated if the average strain exceeds a predetermined threshold which
mdlcat;le:a an unacceptable level of strain. A strain measurement system and a fibre apuc strain sensor (16) for use with this method are also
descri
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