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OPTICAL FIBRE GRATING SENSOR SYSTEM AND METHOD

Background of the invention

The invention relates to an optical fibre grating sensor system and to a
method for increasing the number of measurement sites in such a system. In
particular, the invention relates to a system and method using Fibre Bragg
(FBG) or Long Period Fibre (LPG) Gratings, and contemplates the use of the

system applied to a wind turbine power plant.

Wind turbine components are subject to temperature variation from a number
of sources, such as environmental temperature change, and heat generated
in components. Consequently, it is important that the temperature of those
components is monitored to ensure that they are operating within appropriate

ranges.

In addition, wind turbine components are subject to deformation or strain from
a number of sources, such as the accumulation of particulates like dirt or ice,
their own weight, and the force exerted by the wind itself. Consequently, it is
important that the strain on components be monitored to ensure that they

remain fit to operate over their intended working lives.

An FBG sensor is an optical fibre in which an optical grating is formed. The
grating itself is typically a periodic variation in the refractive index of the fibre,
tuned to reflect a particular wavelength of light. The region of the optical fibre
having the grating is then attached to the region of the wind turbine
component where an operating condition such as temperature or strain is to
be measured. It is attached in such a way that any deformation, strain or
temperature change experienced by the component is transmitted to the fibre
and to the grating. Temperature variation, deformation and strain causes the
spacing and the refractive index of the grating to change, and causes a
detectable change in the wavelength of light reflected back or transmitted by
the grating. Various arrangements are known for inserting light into the FBG

sensors and for extracting and analysing the output.
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Long Period Fibre Gratings operate in a similar manner to FBGs but instead
couple light of particular wavelengths travelling in the core to the cladding

where it is subsequently lost due to absorption or scattering.

A number of techniques for mounting fibre optic sensors on wind turbine
components are known, such as attaching the fibre optic cable by means of
brackets, or hollow casings, or locating the sensor within a capillary tube that
can be embedded, tube and all, in a composite material. When attaching a
fibre optic sensor, it is important that the sensor will not be damaged by the
mounting means, either when the cable is mounted or later during the
operational life of the sensor. However, for strain sensors, it is also important

that the sensor be sufficiently sensitive to strain on the component.

Present FBG sensors pose a number of disadvantages. In particular, in order
to measure temperature, or strain, at a number of different locations a series
of FBGs need to be used, each FBG being tuned to a different wavelength. In
addition, the range of wavelengths that each FBG operates over need to be
distinct from each other FBG’s range of operating wavelengths. This is
illustrated by way of example in Figure 8. This is necessary to enable a single
wavelength to relate to a specific FBG and a specific operating condition.
Such systems require a broad band light source and a broad band
interrogator, or a narrow band tunable light source, which results in significant

overall cost of the system. LPGs suffer from similar problems.

We have appreciated that there is a need for a more cost effective solution for
detecting temperature changes and/or deformation at multiple locations in a

wind turbine component.

Summary of the Invention
The invention is defined in the independent claims to which reference should
be made. Advantageous features are set forth in the dependent claims to

which reference should be made.
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According to a first aspect of the present invention, there is provided an
optical fibre sensor system for measuring at a plurality of locations an
operating condition, the sensor comprising: a sensor optical fibre; a light
source for inputting light into the sensor optical fibre; a light detector for
receiving light from the sensor optical fibre; and a processor for outputting
measurements of the operating condition corresponding to the plurality of
locations based on light received at the light detector. The optical fibre sensor
comprises a plurality of optical gratings, each grating in use being disposed at
a respective location on the wind turbine component and arranged to operate
over a respective range of wavelengths depending on variations in the
operating condition. A first of the plurality of gratings is a master grating and
is arranged to operate over a first wavelength range, the first wavelength
range being distinct from a second range of wavelengths over which the other
gratings are arranged to operate. The other gratings are arranged such that
the respective wavelength ranges over which they operate are spaced apart
from the first wavelength range by a respective predetermined interval and
such that they overlap with the respective wavelength range of at least one of
the other gratings. The processor is operable to determine the value of the
operating condition at the location of the master grating from the wavelength
value received in the first wavelength range, and to determine the value of an
operating condition at the location of one of the other gratings based on the
wavelength value received in the first wavelength range, a wavelength value
received in the second wavelength range, and the predetermined intervals by

which the overlapping ranges are spaced apart from one another.

The term “arranged to operate” as used herein means interact with light at a
wavelength that falls within the allocated range of wavelengths and that varies

within the range depending on variations in the operating condition”.

By providing such an optical fibre sensor system, advantageously the cost of
a sensor for measuring multiple operating conditions may be reduced. The
cost may be reduced since the range of wavelengths that the light source, and
the light detector, operate over can be reduced for the same number of

measurements. Alternatively, advantageously, there may be an increase in
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the number of measurements that can be made for a given light source

capable of emitting a fixed range of wavelengths.

Preferably, the light having a wavelength in the first wavelength range is
uniquely indicative of the value of the operating condition at the location of the

master grating.

Preferably, the processor is operable to determine a reference wavelength
value for a first one of the other gratings, the reference value indicating for the
first one of the other gratings, the wavelength in the grating’s respective range
of wavelengths that corresponds to the value of the operating condition
measured at the master grating. In this case, the reference wavelength value
for the grating is calculated by adding or subtracting the respective
predetermined interval from the wavelength value received in the first

wavelength range.

Preferably, the processor is operable to determine the value of the operating
condition at the first one of the other gratings by determining the difference
between the reference wavelength value for the grating and the closest

received wavelength value.

Preferably, the amount by which the respective ranges of wavelengths of the
other gratings overlap is such that for each of the other gratings there is a
range of unambiguous wavelengths that are unique for that grating and a
range of ambiguous wavelengths that overlap with the wavelengths of the

adjacent grating.

The sensor system may also comprise a memory. In this case, the processor
IS operable to store a time series of measurements of wavelength in the
memory for each of the other gratings, and the processor is operable to
determine the value of the operating condition at the first one of the other
gratings by determining the difference between the reference wavelength
value and a received wavelength value falling in the ambiguous wavelengths

for the first one of the other gratings, and by comparing the received
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wavelength value to historic values of the wavelength in the time series of

measurements.

Preferably, the second wavelength range is divided into lower and upper
second wavelength ranges, and the first range of wavelengths lies in between

the lower and upper ranges.

Preferably, the first and second wavelength ranges are separated from one

another by a margin of unused wavelengths.

According to a further aspect of the present invention, there is provided a
method of operating an optical fibre sensor system, the system comprising a
sensor optical fibre having a plurality of optical gratings, each grating in use
being disposed at a respective measurement location and arranged to operate
over a respective range of wavelengths depending on variations in an
operating condition of the measurement location, the method comprising:
allocating a first range of unique measurement wavelengths to a master
grating in the optical fibre; allocating respective ranges of measurement
wavelengths to further gratings in the optical fibre, wherein the ranges
allocated to the further gratings are distinct from the first range of unique
measurement wavelengths and separated from the first range by
predetermined intervals, and wherein the ranges allocated to each of the
further gratings overlap with at least one other of the further gratings;
determining the value of the operating condition at the location of the master
grating from a wavelength value received in the first range of unique
measurement wavelengths; determining the value of an operating condition at
the location of one of the other gratings based on the wavelength value
received in the first wavelength range, a wavelength value received in the
wavelength ranges allocated to the further gratings, and based on the
predetermined intervals by which the overlapping ranges are spaced apart

from one another.

Preferably, the method further comprises determining a reference wavelength

value for a first one of the other gratings, the reference value indicating for the



10

15

20

25

30

WO 2013/044919 PCT/DK2012/050345
6

first one of the other gratings, the wavelength in the grating’s respective range
of wavelengths that corresponds to the value of the operating condition
measured at the master grating, and the reference wavelength value for the
grating is calculated by adding or subtracting the respective predetermined
interval from the wavelength value received in the first wavelength range.
More preferably, the method also comprises determining the value of the
operating condition at the first one of the other gratings by determining the
difference between the reference wavelength value for the grating and the

closest received wavelength value.

Preferably, the amount by which the respective ranges of wavelengths of the
other gratings overlap, such that for each of the other gratings there is a range
of unambiguous wavelengths that are unique for that grating and a range of
ambiguous wavelengths that overlap with the wavelengths of the adjacent

grating.

Preferably, the method further comprises : storing a time series of
measurements of wavelength in the memory for each of the other gratings,
and

determining the value of the operating condition at the first one of the other
gratings by determining the difference between the reference wavelength
value and a received wavelength value falling in the ambiguous wavelengths
for the first one of the other gratings, and by comparing the received
wavelength value to historic values of the wavelength in the time series of

measurements.

Preferably, the second wavelength range is divided into lower and upper
second wavelength ranges, and the first range of wavelengths lies in between

the lower and upper ranges.

Preferably, the first and second wavelength ranges are separated from one

another by a margin of unused wavelengths.
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According to a yet further aspect of the present invention, there is provided a
computer program product having computer code stored thereon which when
executed on a processor causes the processor to carry out a method as

described herein.

According to a still further aspect of the invention there is provided an optical
fibre for a fibre optic sensor. The optical fibre comprises a first Fibre Bragg
Grating adapted to operate over a first range of wavelengths, and at least one
set of further Fibre Bragg Gratings adapted to operate over a second range of
wavelengths. Each Fibre Bragg Grating within the set is adapted to operate
over a portion of the second range of wavelengths. Furthermore, each Fibre
Bragg Grating within the set has an operating range that partially overlaps
with at least one other such Fibre Bragg Grating operating range. By
providing an optical fibre with a set of Fibre Bragg Gratings with overlapping
wavelength ranges, advantageously the cost of a sensor for measuring
multiple operating conditions may be reduced. The cost may be reduced
since the range of wavelengths that the light source, and the light interrogator,
operate over can be reduced for the same number of measurements.
Alternatively, there may be an increase in the number of measurements that
can be made for a given light source capable of emitting a fixed range of

wavelengths.

Preferably, the first range of wavelengths does not overlap with the second
range of wavelengths. This enables the first grating to be used to
unambiguously determine a range of expected operating conditions for the

other gratings.

The optical fibre may also comprise a second set of further gratings adapted
to operate over a third range of wavelengths. Each grating in the second set
is adapted to operate over a portion of the third range, and each grating within
the set has an operating range that partially overlaps with at least one other
such grating operating range. Providing a second set of gratings enables

more measurements to be made by a single optical fibre.
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Preferably, the first range of wavelengths is between the second range and
the third range. By providing the first range of wavelengths in the middle of
the two other ranges of wavelengths, a single grating may be used to
unambiguously determine two ranges of expected operating conditions, the
first range for the first set of gratings and the second range for the second set

of gratings.

According to a still further aspect of the present invention, there is provided a
fibre optic sensor comprising at least one optical fibre as described herein.
The fibre optic sensor also comprises a light source for feeding light into the at
least one optical fibre, a light detector for detecting light that has travelled
along the at least one fibre, and a controller for determining, from the detected
light, the wavelengths of light interacting with the gratings. This arrangement
allows the sensor to be implemented using only a small number of optical
components, and therefore provides advantages in cost, installation and

maintenance.

The invention extends to apparatus and/or methods substantially as herein

described with reference to the accompanying drawings.

Any feature in one aspect of the invention may be applied to other aspects of
the invention, in any appropriate combination. In particular, method aspects
may be applied to apparatus aspects, and vice versa. Furthermore, any, some
and/or all features in one aspect can be applied to any, some and/or all

features in any other aspect, in any appropriate combination.

It should also be appreciated that particular combinations of the various
features described and defined in any aspects of the invention can be

implemented and/or supplied and/or used independently.

Brief Description of the Drawings
Preferred embodiments of the invention will now be described, by way of

example, and with reference to the drawings in which:
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Fig. 1 illustrates a known wind turbine;
Fig 2. illustrates an optical fibre according to the invention;
Fig. 3 illustrates an optical fibre sensor according to the invention;
Fig. 4 illustrates a controller according to the invention;

Figs. 5(a) and 5(b) illustrate the wavelength ranges allocated to variations in

temperature of an optical fibre according to the invention;

Figs. 6(a) and 6(b) illustrate sample wavelength outputs for two uniform but

different temperatures;

Figure 7 illustrates sample wavelength outputs for the case where the local

temperatures are different; and

Figure 8 illustrates the prior art wavelength allocation.

Detailed Description of Preferred Embodiments

Figure 1 illustrates a wind turbine 1, comprising a wind turbine tower 2 on
which a wind turbine nacelle 3 is mounted. A wind turbine rotor 4 comprising
at least one wind turbine blade 5 is mounted on a hub 6. The hub 6 is
connected to the nacelle 3 through a low speed shaft (not shown) extending
from the nacelle front. The wind turbine illustrated in Figure 1 may be a small
model intended from domestic or light utility usage, or may be a large model,
such as those that are suitable for use in large scale electricity generation on
a wind farm for example. In the latter case, the diameter of the rotor could be

as large as 100 metres or more.

Figure 2 illustrates one example of an optical fibre for use in an optical fibre
sensor system according to the invention. Although in this example, the
optical fibre described contains a plurality of gratings, it will be appreciated

that the optical fibre according to the invention could be constructed with a
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plurality of LPGs, or indeed any other suitable wavelength-selective optical

grating.

The optical fibre 200 comprises a fibre core 201, and a fibre cladding 202.
The fibre core is provided with two sets of Fibre Bragg Gratings (FBGs) 203,
204, 205, 206 and 207 in FBG set 208, and FBGs 209, 210, 211, and 212 in
FBG set 213. The FBG sets 208 and 213 correspond to FBGs AtoD and F
to | respectively in Figures 5(a) and 5(b), while FBG 203 corresponds to FBG
E. Each FBG is tuned in the sense that it will reflect a different wavelength of
light determined by the grating dimensions. If the section of the optical fibre
20 having an FBG is placed next to or in contact with a wind turbine
component, then the changes in the length of the optical fibre at that location
(for example, due to a temperature change of the component or a change in
strain), will result in a change in both the dimensions of the FBG and the
refractive index of the optical fibre. Both effects alter the wavelength of any
light reflected and/or transmitted by the FBG, which can therefore be used as

a measure of the temperature or strain of the component at that location.

Figure 3 illustrates an embodiment of an optical fibre sensor system according
to an example of the invention. The sensor 300 comprises a light emitting
device 301, such as an LED, laser, halogen or metal halide source, a light
collecting measuring device or detector 302, such as a photo-sensor, and an
optical fibre 200 (for conciseness only FBG set 208 is shown). The light
emitting device is connected to one end of the fibre optic cable to input light
into the fibre, and the light measuring device (such as an interrogator) is
connected to the other to receive light transmitted along the fibre. An
interrogator is a light detector that detects and measures light across a wide
spread of wavelengths. A controller 303 is connected to both light emitting
device 301 and light measuring device 302, by connections 304 and 305,
such as wires or cables. Components 301 to 305 may be housed in a
mounting box, or the like, for easy attachment to the inside or outside of a

wind turbine component.
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Figure 4 illustrates the controller 303 as described above with reference to
Figure 3. The controller comprises a light source controller 400, coupled to
the light source 301. The light source controller is used to determine when

the light source is operated.

The controller also comprises a memory 401 for storing the output received
from the light detector. An analyser 402, such as a processor, and coupled to
the memory, is provided to analyse the output from the light detector 302
stored in memory and determine the wavelengths of light reflected by the
FBGs. There are two alternatives available for determining the wavelengths
of light reflected by the FBGs. Either the wavelengths are measured directly
by having the light detector 302 positioned at the same end of the optical fibre
200 as the light source 301, or by detecting the difference between the light
profile provided by the light source, and the light received at the other end of

the optical fibre.

A calculation unit 403 is coupled to the analyser 402 to calculate the
difference between the wavelength received from each FBG and a reference
wavelength expected if there were no temperature or strain difference, for
example, between the FBGs (A, B, C or D) and FBG E. The calculation unit
403 is also coupled to the memory 401. The memory 401 is adapted to store
a look-up table, and the look-up table is provided to allow the calculation unit
to look-up the expected range of wavelengths for each FBG. The calculation

unit then determines the value of the operating condition measured by FBG.

The controller further comprises an input/output line 404 for receiving and
transmitting instructions or data to and from a remote site, such as a

monitoring station. The input/output line may be wired or wireless.

Additionally, error detection can be incorporated into the controller 303. If no
wavelength is detected within the expected range for a particular FBG, then
this could be an indication of a fault. This could be the result of a breakdown
in the coupling between the operating conditions being measured, or that the
FBG itself is faulty.
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Although the controller has been described in terms of separate hardware
components, this is solely to illustrate the functionality of the controller in a
clear manner. It would be possible in practice to provide the hardware
components as software or hardware, or as any combination of single or

combined components.

The optical fibre 200 is mounted on or in a wind turbine component (not
shown in Figure 3) to measure the strain in the component, or indeed any
other suitable operating condition of the component, such as temperature. In
one example, this may be achieved by mounts attached to the outside or
inside surface of the component. Other mounting methods would be
acceptable as would be known to the skilled person. If the sensor were to be
installed in a wind turbine to measure the strain in the wind turbine blades, it is
likely that the mounting box would be situated in the hub 6, and the optical
fibre 200 would extend internally within the blade from the hub to the relevant
region of the blade to be assessed. In this way, the aerodynamic properties of
the blades are not affected by the presence of the sensor. In other locations,

the optic fibre sensor may be mounted on the outside of the component.

The optical fibre sensor system described can therefore be utilised to
measure a number of operating conditions, one operating condition per FBG.
However, it is required that those operating conditions are coupled (i.e. that an
increase in one operating condition results increase in the other operating
conditions, and vice versa). For example, the operating conditions could be
the temperature of a number of components housed within the electrical
housing of a wind turbine since it would be expected that a rise in temperature
of one component would lead to a rise in temperature of another component,
and vice versa. The overall range of temperatures that could be measured

can be large, for example from -40 degrees C to 60 degrees C.

The operation of the optical fibre sensor system will now be described in more
detail, and with reference to Figures 2, 5a and 5b. In this example, the use of

the sensor to detect temperature only will be described. The operation of the
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sensor will be the same for other operating conditions that are to be measured.
Furthermore, in this example, it is assumed that the FBGs are configured to
reflect light back to the detector, rather than transmit light to a remote detector
at the end of the optical fibre 200. In practice, either or both configurations are

acceptable.

As shown in Figure 2, optical fibre 200 comprises a number of FBG's Ato |,
each tuned to a different wavelength and each located at a different location
on the component where measurements are to be taken. As shown in Figure
5a, FBG E is tuned to a first default wavelength, lying in the middle of the
range of wavelengths of light that can be transmitted along the optical fibre
200 and detected by the light detector 302.

Also as shown in Figure 5a, a first range of measurement wavelengths is
allocated to FBG E for use, which corresponds to the range of temperatures
that FBG E will be used to detect. In Figure 5a, the range of wavelengths is
illustrated as extending between Aemin and Aemax, with Aemid signifying the

middle value of the range.

In practice, therefore, if the FBG E is required to detect temperatures in the
range of say -40 to 60 degrees C, the FBG E will be constructed in the optical
fibre 200 so that when the optical fibre 200 at FBG E is at -40 degrees C, the
wavelength of light reflected by the FBG E will equal Aemin, and so that when
the optical fibre 200 at FBG E is at 60 degrees C, the wavelength of light
reflected by the FBG E will equal Aemax. Assuming linear variation of the
FBG wavelength with temperature therefore FBG E will reflect light at Aemid at
10 degrees. Using FBG sensors in this way is well known, and the appropriate
wavelengths to correspond to the desired temperature can be calculated, read

off product sheets for the optical fibre, or determined by simple experiment.

As shown in Figure 5a, FBG E is allocated a unique and distinct range of
wavelengths for the expected range of the operating parameter being
measured. Thus, if a light signal is received having a wavelength in the range

of Aemin and Aemax, the controller 303 can unambiguously recognise that
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signal as being representative of the temperature of FBG E (and therefore the
temperature of the component at that location) and no other. As the light
signals from FBG E can always be detected unambiguously, FBG E shall be

referred to as a calibration FBG.

Similarly, FBGs A to D and F to | are allocated respective ranges of
wavelengths between Anmin and Anmax (where n is representative of A, B, C,
D, F, G, Hand I). It is assumed that each of the FBGs will operate over the
same range of temperatures as FBG E, and in this example therefore, each
FBG will be used to detected temperatures in the range -40 to 60 degrees C
but at different locations of the component. As above, each FBG will be
constructed so that as the temperature of the FBG varies, the wavelength of
light reflected varies between the maximum and minimum allotted wavelength

values.

In the prior art example discussed above with reference to Figure 8, each of
the FBGs A to D and F to | would therefore require a unique range of
operating wavelengths to be distinguished from one another and provide
unambiguous temperature measurements in the manner described for FBG E.
However in this case, as illustrated in Figure 5a, the respective ranges of
wavelengths of the FBGs A to D and F to | are overlapped with at least one
adjacent FBG (excluding FBG E). This advantageously provides a reduction in
the total range of wavelengths that must be accommodated by the fibre and
the sensor system, but does mean that in certain scenarios the signals
provided by each of the FBGs A to D and F to | are no longer unambiguous.
As the ranges of adjacent wavelengths overlap with one another, it is possible
that a light signal received from the optical fibre 200 corresponds to more than
one possible value of temperature and location. Calibration FBG E is therefore
used to determine the expected range of temperatures measured at FBGs A
to D and FBGs F to | (this can be achieved as it assumed that the locations
where the FBGs are located are thermally coupled, meaning that there will be
some correspondence between temperatures at different locations) as well as

distinguish the values of the different FBGs from one another. For this reason
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FBGs Ato D and F to | will be referred to as subsidiary FBGs, to indicate their

dependence on calibration FBG E.

As shown in Figure 5a, FBG E is constructed to operate over wavelengths
Aemin to Aemax. FBGs A to D are allocated lower ranges of wavelengths in
comparison to the range allocated to FBG E, while FBGs F to | are allocated
higher ranges. In this example therefore the range of wavelengths allocated
to FBGs D and F are adjacent to that allocated to FBG E. The minimum
allocated wavelength of FBG F Afmin and the maximum allocated wavelength
of FBG D Admax are separated from the range for FBG E by a tolerance value
a. This tolerance value is intended to accommodate any imprecision in the
manufacturing technique and allow for possible deviations in the constructed

wavelength of the respective FBGs.

Each allocated range of wavelengths will necessarily have a midpoint Anmid
around which the range is centered. Taking the calibration FBG E initially, the
maximum expected variation of wavelengths for FBG E is the range of
wavelengths between the midpoint Aemid and either Aemin or Aemax. In this
example, the difference in the base wavelengths of each of the ranges for
FBGs Ato D or FBGs F to | (that is the difference between Aamin and Abmin
for example) is set to be this maximum variation for FBG E plus the tolerance
alpha. This ensures that the overlapping ranges of wavelengths are not
spaced out too much (in which case the reduction in bandwidth is diminished),
but are also not too close together (in which case the accuracy of the sensor

could be impaired).

Referring now to Figure 5b, it can be seen that this results in ranges of
wavelengths that overlap, but that for each range of wavelengths there is a
central portion that remains unambiguous, and overlapping portions where for
the expected range of operating temperatures, a single wavelength could fall

in the range of wavelengths allocated to both of two adjacent FBGs.

A number of different example modes of operation will now be explained, to

illustrate how the controller 303 processes the light signals received from the
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optical fibre 200 and resolves any ambiguities between signals received from
different FBGs.

In the first example, it is assumed that the temperature of the optical fibre 200
is the same at each of the different FBG locations A to |. Light source
controller 400 instructs light source 301 to input light into the optical fibre 200,
and as a result light is reflected back from each of the FBGs Ato | and is
detected at light detector 302. Analyser 402 scans through the nine signals
received from the respective FBGs A to | to detect the signal reflected back by
calibration FBG E. The signal from FBG E can be distinguished from the other
FBGs as (assuming the temperature of the component has not gone outside
of the expected range of temperatures) it will always lie in the dedicated range
of unique wavelengths Aemin or Aemax. From the measurement Ae the
temperature of the component at location E can be determined by analyser
402 and calculation unit 403. This value will also be stored in memory 401
with a time stamp information. Referring to Figure 5b, this first temperature is

denoted as T1.

As the relationship between the wavelength ranges of FBG E and FBGs A to
D and F to | is known, the wavelength of the light signals reflected by the
FBGs Ato D and F to | when those FBGs are all at the same temperature can
be calculated by the analyser and calculation unit 403. The wavelength of light
that corresponds to the same temperature as the FBG E shall be referred to
as the reference wavelength for the FBG (it will be appreciated that this will

vary with variations in temperature).

As the size of the wavelength range is the same for each FBG, the difference
in expected wavelengths between FBGs E and D at the same temperature
can be given by the difference in the centre of the ranges (Aemid - Admid) for
example (the minimum or maximum values of the ranges could also be used).
Similarly, the difference in expected wavelengths between FBGs E and C at
the same temperature can be given by the difference in the centre of the
ranges (Aemid - Acmid) for example (again the minimum or maximum values

of the ranges could also be used). Thus, as shown in Figure 5b, once the
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value of T1 is determined absolutely from FBG E, the wavelengths for the
same temperature T1 at each of the different locations Ato D and F to | can
be readily determined by subtraction or addition of a respective predetermined
interval. This interval will be different for each FBG range, and may be
measured relative to the adjacent FBG range or to the range of wavelengths
for FBG E.

Further, as shown in Figure 8b, it will be appreciated that assuming the optical
fibre is uniformly disposed at a second lower temperature T2, the respective
wavelengths of the signals reflected back by the FBGs in this case will be
lower, but that the interval between the respective wavelengths will be the
same in both cases. This is illustrated in Figures 6a and 6b for temperatures
T1 and T2. In use therefore, if the analyser 402 and calculation unit 403,
having determined the temperature at E also determine the regular spacing of
wavelengths indicated in Figures 6a and 6b it can deduce that the optical fibre

is at a uniform temperature.

In Figures 5b, the horizontal bars A, B C and D underneath the wavelength
axis indicate how the ranges of wavelengths that can be detected at the FBGs
A to D will change with temperature. As the temperature at FBG E varies the
other FBG’s usable measurement range of wavelengths slides up or down the
wavelengths available. For temperature T1 for example the analyser 402 and
calculation unit 403 assume that each of the FBGs A to D are operating in the
unshaded unambiguous wavelength range indicated directly underneath the
wavelength axis. For, temperature T2, those ranges of unambiguous
wavelengths are shifted down. Due to the assumed thermal coupling between
FBG E and the other FBGs, once the temperature at FBG E is determined,
the expected operating range at the other subsidiary FBGs can be readily

determined.

In practice, the temperature at the locations being monitored by the other
FBGs Ato D and | to F will not be identical to FBG E, and the signals reflected
back to the light detector 302 and the analyser 402 will not exhibit the regular

spacing illustrated in Figures 6a and 6b, but will be spaced irregularly as
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shown in Figure 7. In this case, the irregular spacing is indicative of the
temperature differences at each location. To determine the actual temperature
of each of the FBGs, the calculation unit therefore determines the difference
between the reference wavelength (referred to as An_ref) of FBG n, assuming
that FBG n is at the same temperature as FBG E, and the actual signal that is
detected from FBG n. An_ref is calculable once Te is known, as explained
above, and calculating the difference to give a temperature reading at FBG n

is therefore simply a matter of subtraction or addition as shown in Figure 7.

This case assumes that the actual wavelengths reflected back from the
various FBGs all lie in the unshaded ranges of FBG wavelengths illustrated in
Figure 5b. These unshaded wavelengths are unambiguous as once they are
calibrated with respect to FBG E, it is possible to assume to a high degree of
confidence that a received signal in that range was reflected from a particular
FBG and no other. It will be appreciated for example that if the light signal
falling into that wavelength range had in fact been reflected by the FBG
(n+1/n-1) adjacent to the expected FBG n, it would indicate a very great
deviation in temperature at the adjacent FBG from that which is expected.
This is unlikely given the requirement that the FBG locations be thermally

coupled.

Where signals received from the optical fibre 200 lie in the shaded region on
the wavelength axis, the sensor system has two choices. In one
implementation, the system simply disregards the sensor readings and gives
an error message indicating that the received light signal wavelength no
longer indicates an unambiguous wavelength but instead indicates one of at
least two temperatures depending on which of the FBGs are believed to
reflected the signal. Alternatively, the analyser 402 can process the signal
falling into the shaded ambiguous wavelength regions and see if the
originating FBG (and therefore the correct temperature and location can be

determined). This can be achieved in a number of ways.

First, the sensor system is configured to record the temperature and

wavelength indications continuously over time. In this way, a received
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wavelength that falls in the shaded ambiguous portion of the wavelength axis
can be compared against the received wavelengths for the immediately
preceding time intervals. Assuming that historic values of the received
wavelength originated in the unshaded region of the wavelength axis and then
drifted into the shaded ambiguous region as the temperature changed,
potentially ambiguous wavelength values can be resolved simply be
inspection and comparison of previous values. This does however assume
that the wavelengths are sampled often enough for successive values to be

relatable to one another.

In a more simple configuration, the analyser may simply assume that
wavelength values in the ambiguous region of the wavelength range belong to
the unambiguous FBG wavelength range to which they are closest. This
introduces more room for error, but does mean that the analysis and
processing overhead of the sensor is less. In practice, using the wavelength
values in the ambiguous regions of the wavelength axis will be desirable or
unnecessary depending on the degree of overlap between the adjacent
ranges. It will be appreciated that taking the wavelength value that is closest
to the reference value occurs ordinarily when the wavelength that is received
lies in the unambiguous range of wavelengths. Operating based on the
closest wavelength therefore allows the system to disregard the distinction

between the unambiguous and ambiguous ranges altogether.

Similarly, it will be appreciated that the dedicated range of wavelengths of
FBG E may overlap by a small amount (for example, by an amount less than
the overlap of the wavelength ranges allocated to FBGs A and B). Again,
because it is assumed that the FBG locations are thermally coupled, even
when the measured wavelength for FBG E lies in a range that is also
allocated to FBG D (or FBG F) by analysing the wavelengths of light reflected

by the other FBGS the temperature at FBG can be unambiguously determined.

The invention has been described with reference to example implementations,

purely for the sake of illustration. The invention is not to be limited by these,
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as many modifications and variations would occur to the skilled person. The

invention is to be understood from the claims that follow.

Each feature disclosed in the description, and (where appropriate) the claims
and drawings may be provided independently or in any appropriate

combination.
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Claims

1. An optical fibre sensor system for measuring at a plurality of locations
an operating condition, the sensor comprising:

a sensor optical fibre;

a light source for inputting light into the sensor optical fibre;

a light detector for receiving light from the sensor optical fibre; and

a processor for outputting measurements of the operating condition
corresponding to the plurality of locations based on light received at the light
detector;

wherein the sensor optical fibre comprises a plurality of optical gratings,
each grating in use being disposed at a respective location and arranged to
operate over a respective range of wavelengths depending on variations in
the operating condition;

wherein a first of the plurality of gratings is a master grating and is
arranged to operate over a first wavelength range, the first wavelength range
being distinct from a second range of wavelengths over which the other
gratings are arranged to operate, and

wherein the other gratings are arranged such that the respective
wavelength ranges over which they operate are spaced apart from the first
wavelength range by a respective predetermined interval and such that they
overlap with the respective wavelength range of at least one of the other
gratings;

wherein the processor is operable to determine the value of the
operating condition at the location of the master grating from the wavelength
value received in the first wavelength range, and to determine the value of an
operating condition at the location of one of the other gratings based on the
wavelength value received in the first wavelength range, a wavelength value
received in the second wavelength range, and the predetermined intervals by

which the overlapping ranges are spaced apart from one another.
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2. The sensor system of claim 1, wherein the light having a wavelength in
the first wavelength range is uniquely indicative of the value of the operating

condition at the location of the master grating.

3. The sensor system of claim 1 or 2, wherein the processor is operable
to determine a reference wavelength value for a first one of the other gratings,
the reference value indicating for the first one of the other gratings, the
wavelength in the grating’s respective range of wavelengths that corresponds
to the value of the operating condition measured at the master grating, and

wherein the reference wavelength value for the grating is calculated by
adding or subtracting the respective predetermined interval from the

wavelength value received in the first wavelength range.

4. The sensor system of claim 3, wherein the processor is operable to
determine the value of the operating condition at the first one of the other
gratings by determining the difference between the reference wavelength

value for the grating and the closest received wavelength value.

. The sensor system of any preceding claim, wherein the amount by
which the respective ranges of wavelengths of the other gratings overlap,
such that for each of the other gratings there is a range of unambiguous
wavelengths that are unique for that grating and a range of ambiguous

wavelengths that overlap with the wavelengths of the adjacent grating.

6. The sensor system of any preceding claim, comprising a memory,
wherein the processor is operable to store a time series of measurements of
wavelength in the memory for each of the other gratings, and

wherein the processor is operable to determine the value of the
operating condition at the first one of the other gratings by determining the
difference between the reference wavelength value and a received
wavelength value falling in the ambiguous wavelengths for the first one of the
other gratings, and by comparing the received wavelength value to historic

values of the wavelength in the time series of measurements.
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7. The sensor system of any preceding claim, wherein the second
wavelength range is divided into lower and upper second wavelength ranges,

and the first range of wavelengths lies in between the lower and upper ranges.

8. The sensor system of any preceding claim, wherein the first and
second wavelength ranges are separated from one another by a margin of

unused wavelengths.

9. The sensor system of any preceding claim, wherein the grating is a

Fibre Bragg Grating, or a Long Period Fibre Grating.

10.  The sensor system of any preceding claim, wherein the operating

condition is one or more of temperature, strain, deformation, or pressure.

11.  The sensor system of any preceding claim, wherein the plurality of

locations are respective locations on a wind turbine component.

12. A method of operating an optical fibre sensor system, the system
comprising a sensor optical fibre having a plurality of gratings, each grating in
use being disposed at a respective measurement location and arranged to
operate over a respective range of wavelengths depending on variations in an
operating condition of the measurement location, the method comprising:

allocating a first range of unique measurement wavelengths to a
master grating in the optical fibre;

allocating respective ranges of measurement wavelengths to further
gratings in the optical fibre, wherein the ranges allocated to the further
gratings are distinct from the first range of unique measurement wavelengths
and separated from the first range by predetermined intervals, and wherein
the ranges allocated to each of the further gratings overlap with at least one
other of the further gratings;

determining the value of the operating condition at the location of the
master grating from a wavelength value received in the first range of unique

measurement wavelengths;
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determining the value of an operating condition at the location of one of
the other gratings based on the wavelength value received in the first
wavelength range, a wavelength value received in the wavelength ranges
allocated to the further gratings, and based on the predetermined intervals by

which the overlapping ranges are spaced apart from one another.

13.  The method of claim 12, comprising determining a reference
wavelength value for a first one of the other gratings, the reference value
indicating for the first one of the other gratings, the wavelength in the grating’s
respective range of wavelengths that corresponds to the value of the
operating condition measured at the master grating, and

wherein the reference wavelength value for the grating is calculated by
adding or subtracting the respective predetermined interval from the

wavelength value received in the first wavelength range.

14.  The method of claim 12, comprising determining the value of the
operating condition at the first one of the other gratings by determining the
difference between the reference wavelength value for the grating and the

closest received wavelength value.

15.  The method of any of claims 12 to 14, wherein the amount by which the
respective ranges of wavelengths of the other gratings overlap, such that for
each of the other gratings there is a range of unambiguous wavelengths that
are unique for that grating and a range of ambiguous wavelengths that

overlap with the wavelengths of the adjacent grating.

16.  The method of any of claims 12 to 15, comprising:

storing a time series of measurements of wavelength in memory for
each of the other gratings, and

determining the value of the operating condition at the first one of the
other gratings by determining the difference between the reference
wavelength value and a received wavelength value falling in the ambiguous

wavelengths for the first one of the other gratings, and by comparing the

PCT/DK2012/050345
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received wavelength value to historic values of the wavelength in the time

series of measurements.

17.  The method of any of claims 12 to 16, wherein the second wavelength
range is divided into lower and upper second wavelength ranges, and the first

range of wavelengths lies in between the lower and upper ranges.

18. The method of any of claims 12 to 17, wherein the first and second
wavelength ranges are separated from one another by a margin of unused

wavelengths.

19.  The method of any of claims 12 to 18, wherein the grating is a Fibre
Bragg Grating, or a Long Period Fibre Grating.

20.  The method of any of claims 12 to 19, wherein the operating condition

is one or more of temperature, strain, deformation, or pressure.

21.  The method of any of claims 12 to 20, wherein the plurality of locations

are respective locations on a wind turbine component.

22. A computer program product having computer code stored thereon
which when executed on a processor causes the processor to carry out the

steps of claims 12 to 21.

23.  An optical fibre for a fibre optic sensor, comprising:

a first Grating adapted to operate over a first range of wavelengths; and

at least one set of further gratings adapted to operate over a second
range of wavelengths, each grating being adapted to operate over a portion of
the second range;

wherein, each grating within said set has an operating range that

partially overlaps with at least one other such grating operating range.

24.  The optical fibre of claim 23, wherein the first range of wavelengths

does not overlap with the second range of wavelengths.
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25.  The optical fibre of claim 23 or 24, further comprising a second set of
further gratings adapted to operate over a third range of wavelengths, each
grating being adapted to operate over a portion of the third range, wherein
each grating within said set has an operating range that partially overlaps with

at least one other such grating operating range.

26.  The optical fibre of claim 25, wherein the first range of wavelengths is

between the second range and the third range.

27.  The optical fibre of any of claims 23 to 26, wherein the grating is a

Fibre Bragg Grating, or a Long Period Fibre Grating.

28.  An optical fibre sensor comprising:
at least one optical fibre according to any of claims 23 to 27,
a light source for feeding light into the at least one optical fibre;
a light detector for detecting light that has travelled along the at least
one fibre; and
a controller for determining, from the detected light, the wavelengths of

light interacting with the gratings.
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