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FIBER OPTIC MAGNETIC FLUX SENSOR FOR APPLICATION IN HIGH
VOLTAGE GENERATOR STATOR BARS

BACKGROUND OF THE INVENTION
1. Field of the Invention
{0001} This invention relates generally 1o a fiber oplic magnetic flux
sensor for measuring the magnetic flux in a sitator bar of a high voltage generator
and, more particularly, to a fiber optic magnetic flux sensor employing a
magnetostrictive Bragg grating (MBG) provided within a fiber for measuring the
radial component of the magnetic flux impinging on a stator bar of a high vollage

generator.

2. Discussion of the Related Art

{0002} High voltage generators for generating electricily as a power
source are well known in the arl. A power plant may include gas wrbine engines
that each rotate a shaft by combusting fuel and air in a combustion chamber that
expands across blades which rotate, and in turn causes the shaft o rotate. The
output shaft of such an engine is coupled o an inpul shalt of a high vollage
generator that is mounted to a rotor having a special configurgtion of coils.  An
electrical current provided in the rotor coils generates a magnetic flux around the
coils, and as the rotor rofates, the magnetic flux interacts with windings in a stalor
core enclosing the rofor. The stalor core windings include inferconnected stator
bars that have a special configuration o reduce eddy currents in the windings,
which would otherwise generate significant heat and possibly damage various
generator components.

10003} it is generally necessary {0 determine the distribution of
magnetic flux across the stator bars in a high vollage generator o more accurately
calculate electrical losses, and therefore, more accurately model the overall losses
of the stator windings. The usefulness of these measurements depends largely on
how close the particular flux sensor can be placed relative to the stator bars since

measurements obtained al increasing distances from the measurement location
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must be correclted for attenuation of the flux field over the distance from the sensor
io the bars.

10004} Maonitoring the magnetic flup within large generators is typically
accomplished using copper wire search coils inserted into the slols between stator
teeth in which the stator bars are provided or mounted onto the stalor coils. Search
coils provided in the stator slofs can be used o detect the presence of the radial
flux that could give rise to circulaling currents in the rotor that lead to losses in the
stator windings. However, conductive copper coils tend to have large cross-
sections that imit the abilily {o measure small flux areas, and thus provide an
average measurement of local magnetic flux. Copper coils also provide a risk in
that copper conductive leads can iniliale a ground arc thal can damage the stator
windings.

{0005] it has been proposed in the art o employ fiber Bragg gratings
(FBG) as sensors o measure strain, vibration and temperature for various
applications. FBG sensors measure strain on an optlical fiber at the Bragg grating
locations.  This strain slightly alters the spacing of reflective grating lines in the
FBG, thus affecting its reflective property. A broadband infrared (IR) signal is
fransmitied through the optical fiber to the FBG sensor. The degree of sirain on the
FBG is measured by the wavelength of the IR radiation that is reflected from the
FBG. As the strain spans the fiber Bragg lines, the wavelength of the reflected light
is increased proportionately. As many as a hundred of such measurements can be
provided on a single optical fiber by appropriately setling the spacing between the
Bragg grating lines to prevent overlap in the reflected IR light from each Bragg
grating. Such FBG systems can also operate in a transmission mode.

f0006] For an FBG sensor strain measurement, the FBG sensor is
mechanically strained by bending the coil structure at the FBG sensor atlachment
focations.  For an FBG sensor vibration measurement, a mass atlached to the
optical fiber alters the tension in the optical fiber as il responds {o vibrations at the
attachment site on the coll. For an FBG sensor temperature measurement, the

thermal expansion of the Bragg grating iiself changes the Bragg graling line
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spacing.
SUMMARY OF THE INVENTION

100677 In accordance with the teachings of the present invention, a
magnetic flux sensor is disclosed thal measures the radial component of the
magnetic flux impinging on a stator bar of a high voltage generator. The magnetic
flux sensor includes a fiber Bragg grating formed in an optical fiber and enclosed
within a magnelostrictive coaling. The magnetostrictive coating responds o
changes in magnetic fiux by applying a strain on the fiber that changes the reflected
wavelength of the Bragg grating that can be measured o provide a measurement
of the flux. in one embodiment, one or more of the magnelic flux sensors are
positioned directly within an insulating iayer of the stator bar.

10008} Additional fealures of the present inveniion will become
apparent from the foliowing description and appended claims, taken in conjunction

with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
{0009} Figure 1 is a cul~away, perspective view of a stator core for a
high voltage generator;

(0010} Figure £ is a seclion view of the stator core shown in figure 1;

0011} Figure 3 is a schematic block diagram of a fiber Bragg grating
detection system;

0012} Figure 4 is a block diagram of a fiber oplic magnetic flux
sensor system;

§0013] Figure 5 is a side view of a magnelostrictive Bragg grating

sensor in the flux sensor system;

0014} Figure B is a cross-sectional, broken-away view of a portion of
a stator core showing magnetic flux sensors positioned within a slot relative (o a
stator bar; and

[0015] Figure 7 is a section view of a stator bar including a plurality of

stator bar strands and magnetic flux sensors positioned within a non-conduclive
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filler layer undemeath the main insulation layer of the stator bar.

DETAILED DESCRIPTION OF THE EMBODIMENTS

f0016] The following discussion of the embodiments of the invention
directed o an MBG sensor for measuring the radial component of the magnetic flux
impinging on a stator bar of a high voltage generator is merely exemplary in nalure,
and is in no way inlended to limit the invention or its applications or uses.

100171 Figure 1 is a cut-away perspective view and figure 2 is a
section view of a stator core 10 for a high voliage generator. The stator core 10
includes a magnetic cylindrical portion 12 formed by an assembly of stacked thin,
iron laminate seclions aligned by key rods 16 and defining an internal bore 18, A
series of through bolts 20 extend through the laminate sections to compress and
hold the sections to form the cylindrical portion 12, The laminate sections of the
cylindrical portion 12 define a series of circumferentially positioned slots 22 that are
open to the bore 18 and defing stator core teeth 24 therehetween. Electrically
separated top and bottom stator bars 26 and 28, respeciively, are provided within
the slots 22, where each siator bar 26 and 28 exiends the length of the cylindrical
portion 12, As will be described in more detail below, each stalor bar 26 and 28
includes a plurality of wound copper wire sfrands and an insulaling member
provided around the wire strands. The stator bars 26 and 28 are electlrically
coupled to each cther to form three continuous windings, where stator end windings
30 at each end of the core 10 electrically couple the stator bars 26 and 28, An
insulated support member 32 is mounted {0 each end of the core 10 and provides a
suppaort structure to hold the stator end windings 30 in place.

0018} As will be discussed in detail below, the present invention
proposes an MBG sensor including an FBG for measuring the magnetic flux in one
or more of the siots 22 from the slalor bars 26 and 28, The MBG sensors
discussed herein are placed as close as possible (o the wire strands in the stator
bars 26 and 28 {o provide an accurate flux measurement,

10019} Figure 3 is a schematic view of an FBG detection systemn 40
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including an FBG sensor 42 formed in a section of an oplical fiber 46. The optical
fiber 46 includes an optical fiber core 48 surrcunded by an outer cladding layer 50.
The index of refraction of the cladding layer 50 is greater than the index of
refraction of the fiber core 48 so that a light beam propagating down the fiber core
48 is reflected off of the transition between the fiber core 48 and the cladding layer
50 and is trapped therein. In one embodiment, the fiber core 48 is about 10 um in
diameter, which provides a multi-mode fiber for propagating muitiple optical modes.
The FBG sensor 42 is provided in the optical fiber 46 by creating an FBG 52 using
a suitable optical writing process to provide a periodic patiern of sections 54 in the
fiber core 48, where the sections 54 have a higher index of refraction than the rest
of the fiber core 48, but a lower index of refraction than the cladding layer 50. For
example, the index of refraction ns of the seclions 54 is greater than the index of
refraction n, of the fiber core 48 and the index of refraction n; of the sections 44 is
less than the index of refraction ny of the cladding layer 50.

{0020} As is known by those skilled in the art, the FBG 52 can be
selectively designed so that the index of refraction n, of the fiber core 48, the index
of refraction n; of the seclions 54, and the spacing A between the sections 54
define which wavelength Ag is refiected by the FBG 52 based on eguation (1)

betow,

As= 2 ns A (1)

§0021] The system 40 also includes a circuit 58 that generates the
optical input signal and detects the reflected signal from one or more of the FBGs
52. The circuit 58 includes a broadband light source 60 that generates a light beam
62 that is passed through an optical coupler 64 and is directed into and propagates
down the optical fiber 46 towards the FBG sensor 52. The light that is reflected by
ihe FBG sensor 42 propagates back through the optical fiber 48 and is directed by
the oplical coupler 64 to a dispersive element 68 thal distributes the various

wavelengths components of the reflected beam (o different locations on a linear
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charge-coupled sensor {CCDY 66, or some other suitable optical detector array,
such as a Bragg oscilloscope. A system of oplical filters can also be used {o
reduce system cost, while limiting the number of FBGs on the fiber 46. By
providing the broadband source 60 and the dispersive glement 68, more than one
reflected wavelength Ag can be detected by the CCD sensor 68, which allows more
than one of the FBG sensors 42 to be provided within the fiber 486,

10022} Figure 4 is a block diagram of an MBG sensor system 70
including a plurality of MBG sensors 72 each having one or more fiber Bragg
gratings, such as the FBG 52, formed in an oplical fiber 74, it is noled thal the
Bragg grating portion of the fiber 74 is mechanically isclated from the stator bar
material so that the thermal expansion of the bar does not induce strain on the
sensor 72. The system 70 includes an analysis device 76, many of which are
known in the art, such as a device based on the circuit 58 discussed above, that
generates and transmits an optical input signal propagating down the fiber 74 and
receives a reflected signal Ag from the MBG sensors 72, whose wavslength
depends on the strain in the fiber 74 at the particular location of the sensor 72. A
pressure seal 78 is provided in the sysiem 70 to show thal the MBG sensors 72
may be inside of a pressure environment, such as may be necassary for measuring
magnetic flux in the stator core 10. Each of the MBG sensors 72 reflects a different
wavelength of light, and the strain on the fiber 74 alters the wavelength Ag of that
reflected light beam, which can be detected by the device 78.

{0023} The MBG sensors 72 sach includes an outer layer of a
magnetostrictive material that changes in shape in response {0 a magnetic flux that
gither increases or decreases the strain on the fiber 74 depending on the flux
intensity, which can be measured as discussed above. Figure § is a side view of
one of the MBG sensors 72 in the fiber 74, The MBG sensor 72 includes an outer
coating 80 of a magnetostrictive material that can be depuosited on the fiber 74 by
any suilable manner, such as vapor deposition.  In one-limiting embodiment, the
tength of the sensor 72 is about 1.125 inches and the thickness of the sensor 72 is

about 0.125 inches including the coating 80. Any suilable magnetostrictive material
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can be used for this purpose that is able {o withstand the {emperatures of a high
voltage generator and is able to adequately be deposited on a very narrow fiber,
The magnetostrictive material can be a bulk material, such as Terfencol-D, Galfenal,
Metglas, etc., or a thin film material, such as Sm-Fe, Tb-Fe, FeTh, FeCo, etc. The
MBG sensor 72 s calibrated by applying a known magnetic field 1o the sensor 72
and measwring the corresponding shift in the wavelength of the oplical beam
reflected by the FBG. In this manner, the device 76 is calibrated so that g particular
change in the wavelength of the reflecied signal represents a known change in the
magnetic figld.

10024} A change in temperature of an FBG will change the spacing of
the sections 54 in the FBG that alters the wavelength of the reflected signal. Based
on this phenomenon, | is known o use FBG sensors o measure temperature {o
provide a temperature calibration. Once the MBG sensor 72 is calibrated for a
particular magnetic flux, a change in temperature of the MBG sensor 72 will affect
the fli measurement.  Most applications for measuring the magnetic flux in a
stator bar of a high voltage generator measures AC flux that alternaies with fime.
An AC measurement will typically not require a compensation for lemperature
because a change in temperature will be an offset that is applied to all of the flux
measuremenis as the signal osculates. However, for DO magnetic flux
measurements, it typically will be necessary to know the temperature change of the
MBG for an accurate measurement of the flux. Therefore, the present invention
contemplates providing a second MBG sensor either in the same fiber 74 proximate
o the MBG sensor 72 or in a separate fiber (not shown) adjacent to the MBG
sensor 72, Therefore, as the temperature changes, and the temperaiure
measuring FBG provides an indication of that temperalure change, that
femperature change can be used in the calibration (o determine the DC magnetic
flux being measured.

10025} Figure & is a cross-sectional, broken-away type view of a
portion of a stator core 80 showing a stator bar 92, such as one of the stator bars

26 or 28, positioned within a siot 94, such as one of the slots 22, between two
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stator teeth 96, such as the teath 24, The stator bar 92 is held within the siot 94 by
a wedge 98 positioned within appropriate opposing openings 100 in the stalor teeth
96. The stator bar 92 includes an outer insulation layer 102 enclosing a plurality of
stator bar strands 104 each including copper wire strands enclosed by an insulaling
layer. The stalor bar strands 104 are provided as sections of copper wire strands
surrounded by an insulating layver and stacked in columns relative to each other to
reduce any eddy currents within the stator bar 92 In a manner that is well
undersiood by those skilled in the art. A wedge filler area 108 is provided between
the wedge 98 and the stator bar 92 {o provide spacing and stability for the stator
bar 92.

10026} According to the invention, one or more MBG sensors 108 of
the lype discussed above, are provided in the filler area 106 for measuring the
magnetic flux of the stator bar 92 at a desired location. In this non-limiling example,
five MBG sensors 108 are provided to measure the flux at specific locations across
the siot 94. However, this is by way of a non-limiting exampile in that any suitable
number of the MBG sensors 108 can be provided for a particular application for the
desired flux measurement resolution. The sensors 108 can be part of any suitable
detection system, as discussed above, where the sensors 108 can be provided in a
single optical fiber, mulliple optical fibers, ete., and where some of the sensors 108
can be provided for temperature measurement compensation.  In this non-limiting
embodiment, the sensors 108 are provided in only one of the slots 84 of the stator
core 10 1o provide the magnetic flux measurements. However, the MBG sensors
108 can be provided in any number of the slofs 94 at any desirable location along
the length of the stator core 10 as would be feasible.

f0027} Although the MBG sensors 108 are very close to the stator bar
windings 104 that generale the magnetic flux, they can be positionad even closer to
provide an even more accurate reading of the flux. Figure 7 is a section view of &
stator bar 110 including a plurality of stator bar strands 112 that are the same as or
similar to the stator bar strands 104, The stalor bar 110 would also be positionead

within a slot of the stator bar. The stator bar strands 112 are positioned within a
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Roebel filler 114 that provides alignment, reguiarity and stability for the strands 112
in a manner that is well understood by those skilled in the art. A crimp winding 116
is provided within the Roebel filler 114 {o also provide slignment for the stator
strands 112 in a manner that is well undersiood by those skilled in the art. The
crimp winding 116 allows a proper eleclrical connection from one wire column o
ihe next wire column. The stator bar 110 includes an inner corona protection laver
118 formed around the stator strands 112, which would be under the insulation
layer 102 of the stator bar 92 discussed above. In the normal configuration for the
stator bar 110 as shown, a profile strip 120 is provided at the top of the bar 120
between the protection layer 118 and the Roebel filier 114 and provides a non-
conductive filler portion that conforms with the curvalure of the prolection layer 118,
A cavity 122 is provided within the profile strip 120 to provide an opening for
mounting one or more MBG sensors 124, Thus, in this configuration, the MBG
sensors 124 are very close 1o the stator strands 112, and thus provide a highly
accurate magnetic flux reading.

{0028} The foregoing discussion discloses and describes merely
exemplary embodiments of the present invention. One skilled in the art will readily
recognize from such discussion, and from the accompanying drawings and claims,
that various changes, modifications and variations can be made therein without

departing from the scope of the invention as defined in the following claims.
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CLAIMS
What is claimed is:
1. A magnetic flux sensor sysiem for measuwring magnetic flux in a

staior core of a high vollage generator, said flux sensor sysiem comprising:

at least one magnelostrictive Bragg grating (MBG) sensor
positioned relative (o at least one stalor bar in the sialor core, said at least one
MBG sensor including a fiber Bragg grating (FBG) formed in an optical fiber and
an outer coating of a magnetostrictive material; and

an analysis device providing an optical input signal to the optical
fiver and receiving a reflected optical signal from the at least one MBG sensor,
wherein the reflected oplical signal provides a measurement of the magnetic flux

from the sialor bar.

2. The sysiem according to claim 1 wherein the at least one MBG

sensor is provided within a slot between stator teeth in the stator core.

3. The system according o claim 2 wherein the al least one MBG

sensor is positioned between a wedge and the stator bar in a filler area.
4. The system according {o claim 2 wheregin the at least one MBG
sensor g positioned in a profile strip within a protection layer provided around a

plurality of stacked stator bar strands within the stator bar.

5. The system according to claim 1 wherein the coaling of

magnetostrictive material is a magnetostrictive bulk material.
6. The system according to claim 5 wherein the magnetostrictive bulk
material is selected from the group consisting of Terfenol-D, Galfenol and

Metglas.

7. The system according o claim 1 wherein the coating of

10
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magnelostrictive material is a thin film material.

8. The sysiem according o claim 7 wherein the thin film malerial is

selecied from the group consisting of Sm-Fe, Th-Fe, FeTb and FeCo.

8. The system according o claim 1 wherein the at least one MBG
sensor is a plurality of MBG sensors spaced apart in the fiber, each MBG sensor
reflecting an optical signal having a different wavelength.

10. The system according to claim 1 further comprising a temperature
FBG sensor provided in association with the at least one MBG sensor for
measuring lemperature and providing a reflected temperature compensation

optical signal.

11, The system according to claim 10 wherein the MBG sensor and

iemperature FBG sensor are provided in the fiber.

12.  The system according to claim 10 wherein the MBG sensor and the

temperature FBG sensor are provided in separate fibers.

13. A magnetic Hux sensor system for measuring magnetic flux in a
stator core of a high voliage generator, said flux sensor system comprising:

a plurality of magnetostrictive Bragg grating (MBG) sensors
provided in a common optical fiber and spaced apart from each other, said
plurality of MBG sensors each including a fiber Bragg grating (FBG) formed in
the fiber and an ouler coaling of a magnetostrictive material, said plurality of
MBG sensors being positioned within a slot between stalor teeth in the stator
core in proximity to a plurality of stacked stator bar strands; and

an analysis device providing an optical input signal to the oplical
fiber and receiving a reflected optical signal from each of the plurality of MBG

sensors, where each MBG sensor reflects an optical signal having a different

11
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wavelength, and wherein the reflecied optical signals provide a measurement of

the magnetic flux from the stator bar.

14. The systemn according to claim 13 wherein the plurality of MBG

sensors are positioned belweaen a wedge and the stator bar in a filler area.

15, The system according o claim 13 wherein the plurality of MBG
sensors are positioned in a profile strip within a protection layer provided around

the plurality of slacked stator bar sirands within the staior bar.

16.  The system according to claim 13 further comprising a temperature
FBG sensor provided in associgtion with each MBG sensor for measuring

temperature and providing a reflecied temperature compensation optical signal.

17. A siator core for a high voltage generator, said stalor core
comprising:
a core portion having a ceniral bore, a series of circumisrentially
disposed slots in communication with the bore and stator teeth between the slots;
at least one stator bar positioned within each slot in the core portion
and being in electrical communication with each other and with siator end
windings at ends of the stator core; and
at least one magnetostrictive Bragg grating (MBG) sensor provided
within at least one of the slots, said at least one MBG sensor including a fiber
Bragg grating (FBG) formed in an oplical fiber and an ouler coating of a

magnetostrictive material,

18.  The stalor core according o claim 17 wherein the at least one MBG
sensor is a plurality of MBG sensors provided in the at least one slot spaced
apart from each other in the fiber, where each MBG sensor reflects an oplical

signal having a different wavelength.

12
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19,  The siator core according o claim 17 wherein the at least one MBG

sensor is positionad between a wedge and the stator bar in a filler area.

20.  The sialor bar according o claim 17 wherein the at least one MBG

sensor is positioned within a profile strip between siator bar strands and a
protection layer within the stator bar.
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