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(57) Abrege(suite)/Abstract(continued):

for best maintenance of the circular polarization state of the light in the coll. The coll fiber may also be Terbium doped for greater
sensitivity. The phase or birefringence modulation of the light may be piezoelectric or electro-optic. A Faraday rotator may be used
INn place of those modulators. The system may be open loop or closed loop. The feedback scheme may be via the modulator or the
phase nulling current affecting the sensing coll.
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FIBER OPTIC CURRENT SENSCR
BACKGROUND

The present invention pertains to fiber optic sensors and, particularly, to

fiber optic current sensors.

Fiber optic current sensors work in the principle of the Faraday effect.
Current flowing in a wire induces a magnetic field, which, through the
Faraday cffect rotates the plane of polarization of the light travelling in

the optical fiber wound around the current carrying wire. Faraday’s law,

stated as
[ = q’ HdL

Where I is the electrical current, H is the magnetic field and the integral
is taken over a closed path around the current. If the sensing fiber is
wound around the current carrying wire with an integral number of turnms,
and each point in the scnsing fiber has a constant sensitivity to the
magnetic field, then the rotation of the plane of polarization of the light in

the fiber depends on the current being carried in the wire and is
insensitive to all externally generated magnetic fields such as those caused
by currents carried 1n nearby wires. The angle, A¢, through which the
plane of polarization of light rotates in the presence of a magnetic field is
given by |

sp = [HdlL

where V is the Verdet constant of the fiber glass. The sensing optical
fiber performs the line integral of the magnetic field along its path, which
s proportional to the current in the wire, when that path closes on itself.
Thus, one has A¢ = VNI where N is the number of turns of sensing fiber
wound around the current carrying wire. The rotation of the state of
polarization of the light due to the presence of an electrical current is

measured by ipjecting light with a well-defined lincar polarization state
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into the semsing region, and then analysing the polarization state of the
light after it exits the sensing region. Alternatively, A¢ Represents the
excess phase shift encountered by a circularly polarized light wave

propagating in the sensing fiber.

This technology is related tc the in-line optical fiber current sensor as
disclosed in U.S. Patent No. 5,644,397 jssued July |, 1997, to inventor
James N. Blake and entitled “Fiber Optic Interferometric Circuit and
Magnetic Field Sensor”. The reader is directed at this point to the
teaching of this document which represents the closest prior art. Optical
fiber sensors are also disclosed in U.S. Patent No. 5,696,858 issued

December 9, 1997, to inventor James N. Blake and entitled, “ Fiber
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Optics Apparatus and Method for Accurate Current Sensing”.

The in-line and Sagnac type current sensors disclosed 1in U.S. Patent
No. 5,644,397, cited above may be operated in a closed loop fashion using direct
digitization of the output of the preamplifier attached to the photodetector. The
closed loop waveform may incorporate a number of different techniques, well
known in the art of fiber optic gyroscopes, including dual ramp, serrodyne, and
digital phase ramp. These closed loop techniques, when applied to the in-line and
Sagnac type current sensor improve the sensitivity and accuracy of the sensor over
that obtainable using the simpler open loop demodulation techniques.

A loop closure scheme typically involves digitization of the output of a
preamplifier attached to the photodetector output signal from an analog voltage to
a digital one, via an analog-to-digital (A/D) converter in loop closure electronics.
An A/D converter “samples” or converts the preamplifier output to a digital signal
representative of the preamp signal periodically, typically several times per half
modulation cycle of the bias modulation period of the signal from a bias
modulation signal generator. The output of the A/D converter is compared
between the two half cycles with a signal indicative of current changes. The
presence of a current change changes a loop closure waveform signal is applied to
a phase modulator via a digital-to-analog (D/A) converter. The loop closure
waveform signal used to rebalance the phase (phi) between the
counterpropagating optical waves in the sensing loop may be a sawtooth-type
signal (a so-called serrodyne ramp), a digital phase step waveform or a dual ramp
waveform. All of these are applied asymmetrically to the interferometer loop to
take advantage of the time delay in coil and allow a phase difference (equal and
opposite to that generated by current) between the waves, to be generated. The
sawtooth or serrodyne waveform has a gradual phase slope proportional to the
electric current magnitude with a rapid flyback or reset of a multiple of 2x phase
shift in size. The dual ramp waveform alternates between a positive-going phase
ramp and a negative-going one with the difference in the magnitude of the
up-slope and the down-slope being proportional to the electric current, all ramp
types are capable of reversing to indicate a reversal in the direction of the current

in the conductor.
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However, a need has arisen for a fiber optic current semsor with much
improved sensitivity. Certain applications require that small leakage
currents be detected in systems carrying large nominal currents.
Examples of such applications include detecting !cakage currents in
underground distribution cable; and in batiery charging s'ystcms. In
charging systems, the detection of leakage currents can be used to provide
protection against electrocution of the operator. Alsa, the current sensor

may be part of a ground-fault interrupter.

SUMMARY OF THE INVENTION

The present invention discloses several methods of increasing the

sensitivity of the in-line and Sagnac loop type current sensors.

In a first aspect the inventiom provides a fiber optic current sensor

comprising:

a light source,

a polarizer coupled to said light source;

a first polarization converter coupled to said polarizer;

a sensing fiber coil connected to said polarization converter,

a terminating reflector connected to said sensing fiber; and

a detector coupled to said polarizer,

and charactecised in that the semnsing fiber coil is spun wfith a spin rate
between 3 and 8 complete revolutions per polarization beat length of said -
sensing fiber to provide a predetermined mainrenance of circular
polarization. . '

This allows a circular state of polarization to be well maintained
throughout a long length of bent fiber so that the aumber of wurns of

sensing fiber around the current carrying wire can be increased to a large

number.

In a second aspect the invention provides a fiber optic current sensor

comrpising:
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a light source;

a polarizer coupled to said light source,

an optical splitter connected to said polarizer,

a fiber loop conpected at each end to said optical splitcer,

a sensing fiber coil situated within said fiber loop and having sensing
fiber and

a detector characterised in that the sensing fiber of said sending fiber coil

is spun with a spin rate of between 3 and 8 complete revolutions per

polarization beat length of said sensing fiber.

Optionally, a dopant such as Terbium may be added to the optical fiber of
the coil to increase the Verdet constant of the sensing fiber, which in turn

increases the magnetic sensitivity of the coil. This is advantageously done

in combination with using the optimally spun fiber.

In another modification, a Faraday rotator may be used to passively bias
the sensor, and the system is run closed loop using & phase nulling current
passing through the sensing coil (in addition to the current to be measured
which also passes through the sensing coil). This is also advantageously

done in combination with either one or both of the first and second
aspects of this 1invention.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure la shows an iIn-line curremt sensor utilizing a piezoelectric

birefringence modulator and open-loop signal processing together with an
optimized sensing fiber.

Figure 1b shows an in-line current sensor utilizing a pieczoelectric
bireiringence modulator and a phase nulling current based closed loop

signal processing together with an optimized sensing fiber.
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Figure 2 shows the remaining power present in a circular state of polarization as
the light propagates along a bent spun birefringent fiber.

Figure 3a shows an in-line current sensor utilizing an electrooptic birefringence
modulator and electronic closed loop signal processing together with an optimized
sensing fiber.

Figure 3b shows an in-line current sensor utilizing an electrooptic birefringence
modulator and a phase nulling current based closed loop signal processing together with
an optimized sensing fiber.

Figure 4 shows a Faraday rotator based passive in-line current sensor and a
phase nulling current based closed loop signal processing together with an optimized
sensing fiber.

Figure 5a shows a Sagnac type current sensor utilizing a piezoelectric phase
modulator and open-loop signal processing together with an optimized sensing fiber.

Figure 5b shows a Sagnac type current sensor utilizing a piezoelectric phase
modulator and a phase nulling current based closed loop signal processing together with
an optimized sensing fiber.

Figure 6a shows a Sagnac type current sensor utilizing an electrooptic phase
modulator and electronic closed loop signal processing together with an optimized
sensing fiber.

Figure 6b shows a Sagnac type current sensor utilizing an electrooptic phase
modulator and a phase nulling current based closed loop signal processing together with
an optimized sensing fiber. .

Figure 7 shows a Faraday rotator based passive Sagnac type current sensor and a

phase nulling current based closed loop signal processing together with an optimized

sensing fiber.

DESCRIPTION OF THE EMBODIMENT
Figure 1a shows an embodiment of an in-line current sensor. Light from source
10 propagates through coupler 11 and polarizer 12 to a 45-degree splice 13, where it
divides equally into the two polarization states maintained throughout the rest of the
optical circuit. Piezoelectric birefringence modulator 14 differentially modulates the

phases of the light in the two polarization states. Modulator 14 is driven by a modulator
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signal generator 71 that provides an electncal, periodic, alternating signal having either
a square or sine wave, The light then propagates through delay line 15, through mode
converter 16 which converts the two linear states of polarization into two circular states
of polarization, and through optimized sensor coil 17. Optimized sensor coil 17 is
wound around current carrying wire 18. The light reflects off reflective termination 19
and retraces i1ts way through the optical circuit, finally arriving at detector 20. Open-
loop signal processor 21 converts the detected signal to an output 22 which is indicative
of the current flowing in current carrying wire 18.

The sensor achieves its greatest sensitivity when the circular states of
polarization are well maintained throughout the sensing coil. It is well known in the art
that a spun birefringent fiber can preserve a circular state of polarization to some degree.
However, for this invention, the concem is that the circular state of polarization be
extraordinarily well maintained so that a very long length (hundreds of meters) of
sensing fiber can be used. A straight spun birefringent fiber does hold a circular state of
polarization over a long distance, but achieving this property is much more difficult
when the fiber is bent, as is done when it is wrapped around a current carrying wire.

Figure 2 illustrates the circular polarization holding capability of a bent spun
birefringent fiber. As the light propagates down the fiber, the light oscillates in and out

of the pure circular polarization state. For minimizing the power that leaves the desired

circular state of polarization, it is important to optimize the ratio of the spin rate to the

intrinsic polarization beat length of the fiber. If the spin rate is too fast, the intrinsic
birefringence of the fiber is too well averaged and the fiber becomes very sensitive to
bend induced birefringence. If the spin rate is too slow, the intrinsic birefringence is not
well averaged, and the fiber does not hold a circular state of polarization for this reason.
Numerical modeling of the characteristics of a bent spun birefringent fiber yields the
result that for practical bend radii (2 to 10 cm) the optimum ratio of the spin rate to the
intrinsic beat length is between 4 and 6. Minimum degradation of the circular
polarization holding capability is achieved when the ratio is between 3 and 8. By
choosing a fiber with a spin rate in this range, the circular polarization state of the fiber

can be maintained for a long length of fiber allowing for the sensitivity of the sensor to

be greatly increased.
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A second méthod of increasing the sensitivity of the sensor of figures 1, and 3-7
i1s to dope the fiber with a material that increases the fiber’s Verdet constant. Terbium is
one element that has this desired effect. Doping the fiber can be done in conjunction
with optimally spinning the fiber. The optimized sensor coil 17 of figure 1a is
advantageously both optimally spun and doped.

Figure 1b shows a variation of the sensor disclosed in figure 1a. In this
configuration, a ¢losed loop signal processor 21’ drives a current generator 23 that
produces a phase nulling current 24. Phase nulling current 24 passes through the
optimized sensor coil 17 producing a substantially equal and opposite effect to that
produced by the current in current carrying wire 18. With this method of operation, the
non-reciprocal phaseshift induced in the current sensor is kept very small, allowing for a
very high sensitivity sensing coil to be employed without encountering non-linearities
associated with detecting large phase shifts.

Figures 3a and 3b show in-line current sensors similar to those in figures 1a and
Ib, the difference being that the piezoelectric birefringence modulators are replaced
with electrooptic modulators 14°. Figure 3a shows a configuration where an electronic
closed loop signal processor 21’ is used to provide a feedback signal to 14’. Also, the
closed-loop processors connected to the modulators in this disclosure provide bias
signals like that of generator 71, as note above. Electronic closed loop signal processor
21" may provide a dual-ramp, serrodyne, or digital phase step closed loop signal.
Figure 3b show a configuration similar to figure 1b, where current is used to close the
loop.

Figure 4 shows a passive version of the current sensor, where Faraday rotator 30
and mode converter 31 provide a passive bias to the sensor. Mode converter 31 is a
quarter waveplate. The polarization rotation provided by Faraday rotator 30 is 22.5
degrees. The bias phase shift to the interference pattern is four times the rotation
provided by the Faraday rotator. The phase nulling current 24 from current generator
23, which is controlled by closed-loop signal processor 21°**, in this configuration can
be more accurate for high frequencies that are achievable for the modulated
architectures of figures 1 and 3, as the bandwidth of the passive sensor is much greater.

Figure 5a shows a Sagnac loop current sensor. Light from source 50 propagates

through coupler 51 and polarizer 52 to loop coupler 53 where it is split and sent in two
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directions around the fiber loop. Piezoelectric phase modulator 54 provides a dynamic
phase bias. Modulators 54 and 70 of the presently disclosed Sagnac sensors modulate
the phase difference of the counter-propagating waves of a polarization state. The
signal driving these modulators is a signal like that of generator 71. Mode converters 55
and 55’convert the light to a circular state of polarization for passage through optimized
sensor coil 56. The optimization condition for the bent spun fiber is the same for the
Sagnac loop current sensor as for the in-line sensor. Minimum deviation of the state of
polarization of the light from the circular is achieved when the ratio of the spin rate to
the intrinsic polarization beat length is between 3 and 8. When this condition is
achieved, a very large number of turns of sensing fiber can be wrapped around current
carrymng wire 57. The light returns through the optical circuit to detector 58. Open loop
signal processor 59 demodulates the signal to give an output 60 that is indicative of the
current flowing in current carrying wire 57.

Figure 5b shows a variation of figure 5a, where the signal processing is now
accomplished by closed loop signal processor 61 which drives a current generator 62
which in turn produces phase nulling current 63. Phase nulling current 63 substantially
cancels the non-reciprocal phase shift produced by the current in current carrying wire
57, allowing for a very high sensitivity sensing coil to be employed.

Figure 6a shows another version of the Sagnac loop current sensor where the
polarization, loop splitter, and phase modulation functions have been combined into a
single integrated optics multifunction chip 70. Electronic closed loop signal processor
64 provides an electronic closed loop signal to the phase modulator. This signal may be
dual ramp, serrodyne or digital phase step. Figure 6b shows a version of the current
sensor where the signal processing is accomplished by closed loop signal processor 64’
which drives current generator 62 which in turn provides phase nulling current 63.

Figure 7 shows a Sagnac loop current sensor where the phase bias is provided
passively by Faraday rotator 81 surrounded by mode converters 80 and 80°. Mode
converters 80 and 80’are advantageously quarter waveplates so that they convert linear
polarization to circular polarization. For this passive sensor, the loop closure bandwidth
of phase nulling current 63 (from generator 62 that is controlled by processor 64°’) can
be much greater than in the dynalnicaliy biased versions of the sensor. This allows for

greater measurement accuracy at higher frequencies.
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There are other variants and embodiments, which encompass the present

invention.
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1. A fiber optic current sensor comprising:
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a light source (10),

a polarizer (12) coupled to said light source (10);

a first polarization cooverter (13) coupled to said polarizer;

a sensing fiber coil (17) connected to said polarizatior. converter (13),

a terminaung reflector (19) connected to said sensing fiber; and

a detector (20) coupled to said polarizer,

and characterised in that the sensing fiber coil (17) is spun with a spin
rate between 3 and 8 complete revolutions per polarization beat length of

said sensipg fiber to provide a predetermined maiutenance of circular

polarization.

2. The sensor of claim 1, further comprising a Faraday rotator (30)

placed between said polarizer (12) and said first polarization converter
(13).

3. The sensor of claim 2, further comprising a second polarization

converter placed between said Faraday rotator (30) and said first
polarization converter (13).

4, The sensor of claim 3, wherein the first and second polarization
converters (13) comprise quarter waveplates.

S. The sensor of claim 2, further comprising a1 means (21,23) for

generating a secondary current that flows ﬁbrough said sensing fiber coils
(17) nulling the output of said sensor.

C
-
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6. The sensor of claim 1, further comprising a piezoelectric
birefringence modulator (14) placed between said polarizer and said

polarization copverter.

5 7. The sensor of claim 6, wherein said polarization converter (13)

comprises a quarter waveplate.

8. The sensor of claim 6, further comprising & means (21,23) for
generating a secondary current that flows through said sensing fiber coil
( 10 (17) substantially nulling the output of sa2id sensor.

9. The sensor of claim 1, further comprising an electronic

birefringence modulator (14) placed between said polarizer and said

polarization converter.
15

10.  The sensor of claim 9, wherein said polarization converter (13)

cCOmprises a quarter waveplate.

11. Tbe sensor of claim 9, further comprising a means (21,23) for

20  generating a secondary current that flows through szid sensing fiber coil
( substantizlly nulling the output of said sensor.

12. The sensor of claim 1, wherein the fiber of said sensing fiber coil

(17) has a doping element that increases the Verdet constant of the sensing
25 fiber.

13.  The sensor of claim 12, wherein the doping element is Terbivm.

14.  The sensor of claim 12, further comprising a Faraday rotator (30)
30 placed between said polarizer (12) and said polarization converter (13).
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15. The sensor of claum 14, further comprising a second polarization
converter placed between said Faraday rotator (30) zapd said polarization

converter (13).

5
16. The sensor of claim 15, wherein the said polarization converters
comprise quarter waveplates.
17. The sensor of claim 12, further comprising a means for generating
( 10 a sccondary current (21,23) that flows through sail sensing fiber coil

substantially oulling the output of said sensor.

18, The semsor of claim 12, further comprising a piezoelectric
birefringence modulator (14) placed between said polarizer and said

15 polarization copverter.

19. The semsor of claim 18, wherein said polarization converter
comprises a quarter waveplate,

20 20. A fiber optic current sensor comprising:
( a light source (10);
a polarizer (12) coupled to said light source (10),
an optical splitter (8) connected to said polarizer,
a fiber loop counected at cach end to said optical splilter (53),
25  a sensing fiber coil (56) situated within said fiber locp and baving sensing

fiber and

a detecrtor (58) characterised in that the sensing fiber of said sending fiber
coil (56) is spun with a spin rate of between 3 and 8 complete revolutions
per polarization beat length of said sensing fiber.

30
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12
21. A fiber optic current semsor according to claim 20 in which a
Faraday rotator (81) is placed between said optical splitter (53) and ap
end of said fiber loop (36).

5 22. A fiber optic current sensor according to claim 20 or 21 in which
the sensing fiber coil (56) has a doping element that increases the Verdet

constant of the sensing fiber.

23. A fiber optic current sensor according to cizim 22 wherein the

[ 10 doping element is Terbium
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