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AN OPTICAL SENSOR SYSTEM HAVING A SEGMENTED MAGNETIC FLUX
CONCENTRATOR AND METHODS OF USE THEREOF

[0001] This application claims the benefit of U.S. Provisional Patent Application Serial
No. 63/084,222, filed September 28, 2020, which is hereby incorporated by reference in its
entirety.

FIELD

[0002] This technology relates generally to an optical sensor system and methods of use
thereof. More particularly this technology relates to an optical sensor system, having a
segmented magnetic flux concentrator, that may be employed for sensing both current and
voltage levels in a current carrying cable of an electric power distribution system and methods of

use thereof.
BACKGROUND

[0003] A variety of sensors have been developed for measuring the current in a current
carrying cable, such as the current carrying cables employed in high voltage electricity
distribution systems. Optical current sensors based on the Faraday effect have been utilized to
measure current in a currently carrying cable. Such sensors typically employ bulk glass or fiber
optic cable that surrounds the current carrying cable. While these types of sensors have a very
high dynamic range, they require opening the current carrying cable at installation. Thus, these

types of sensors are expensive to employ in high voltage electricity distribution systems.

[0004] Optical current sensors utilizing a magnetic concentrator with bulk optics in an air
gap have also been employed. The air gap stabilizes the temperature sensitivity of the magnetic
material. Increasing the air gap of the magnetic concentrator may increase the saturation level,
but may also increase the sensitivity to adjacent fields. Due to saturation, the magnetic
concentrator may limit the dynamic range, which limits the usability of such sensors for electric

utilities, as described below.

[0005] Traditional optical sensors are typically designated for different applications
required by electric utilities. Thus, multiple sensors are required for each of the different
applications. For example, current and voltage transformers are used for metering and demand
response, while Rogowsky Coil or Hall effect devices are used for fault allocation and system
protection. A fully fiber optic or bulk current sensor can naturally be used for all applications,

but is expensive and cannot be clamped to the cable, which makes installation difficult.
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[0006] Devices and methods for measuring the current and the voltage in real-time in a
current carrying cable using optical sensors have been employed. However, these devices and

methods fail to provide a low cost and simple sensor design for accurate measurements at large
dynamic range, sensitivity, and bandwidth, that is capable of being installed on the current

carrying cable without disturbing the function of the cable.

[0007] The present technology addresses these and other deficiencies in the prior art.
SUMMARY
[0008] One aspect of the present technology relates to an optical current sensor system.

The optical current sensor system includes an optical sensor positioned within a housing. A
magnetic flux core concentrator is configured to be coupled to the housing. The magnetic flux

core concentrator is configured to releasably couple the optical sensor to a current carrying cable.

[0009] Another aspect of the present technology relates to a method of measuring current
in a current carrying cable using the disclosed optical current sensor system. The method
includes installing the optical current sensor system on the current carrying cable. Current is

measured in the current carrying cable using the optical current sensor system.

[0010] The present technology provides an optical sensor system that may be employed
for measuring the current and/or voltage from a current carrying cable. The method comprises
steps of providing an optical sensor assembly comprising a base unit, and an optical current
sensor mounted on the base unit for transmitting a beam of polarized electromagnetic radiation
and coupling input and output beams optical fibers. A light detector is also provided having a
first channel that operably connects the light detector to an analog to digital converter through a
programmable gain amplifier, a second channel that operably connects the light detector directly
to the analog to digital converter, and a processor operably connected to the analog to digital
converter. The optical sensor assembly is mounted adjacent the current carrying cable, and is
operably connected to a light detector. A plurality of factors are then evaluated from rotation
information from the light detector, by using the first and second channels for analog to digital

conversion operably connected with the processor.

[0011] One objective of the present technology is to provide a system and method for
sensing current that allows for measurements of currents over a wide dynamic range that

generate corresponding low to high magnetic fluxes in high voltage transmission lines.
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[0012] Another objective is to provide a system that provides simplicity and ease of use
and installation. The present technology allows for the use of a single current sensor that is
capable of precise and accurate measurement of currents over a wide dynamic range, which can
therefore be utilized over a wide variety of high voltage power transmission lines, as represented
by a variety of specified class voltages. The present technology provides the value and utility of
having one current sensor suitable for deploying over multiple high voltage electrical power

transmission applications.

[0013] Another objective is to provide a method for sensing current on a current carrying

cable without having to cut or otherwise disrupt the function of the cable.

[0014] A further objective is to provide a system and method for sensing current that
enables an improved dynamic range and sensitivity of measurement for an optical current sensor,
by using the magnetic concentrator with a distributed-air gap, a round shape, and silica steel

materials.

[0015] A further objective is to provide a system and method for sensing current that
includes control elements operably connected to the sensor only with optical fibers, and is
properly grounded, so that there is reduced danger of high voltage transfer to the control

elements.

[0016] A further objective is to provide a system and method for sensing current that
enables several instruments to be operably connected to an optical sensor for measuring several

qualities of the current simultaneously.

[0017] Other features and advantages of the present technology will become apparent
from the following more detailed description, taken in conjunction with the accompanying

drawings, which illustrate, by way of example, the principles of the technology.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] Figure 1A is a perspective view of an exemplary optical sensor system of the
present technology in proximity to a current carrying cable with a magnetic flux concentrator

sub-assembly located proximate to the currently carrying cable.

[0019] Figure 1B is a partial perspective view and partial exploded view of the
exemplary optical sensor system shown in Figure 1A with the magnetic flux concentrator sub-

assembly detached from the current sensor housing.
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[0020] Figures 2A is a side view of the optical sensor system with a magnified view of

the optical sensor and magnetic flux concentrator sub-assembly in a partial phantom view.

[0021] Figures 2B is a side view of the optical sensor system with a magnified view of
the optical sensor and magnetic flux concentrator sub-assembly in a partial phantom view with

the current sensing crystal.

[0022] Figure 3 is a top view of the optical sensor system.
[0023] Figure 4 is an exploded view of the magnetic flux concentrator sub-assembly.
[0024] Figure 5 is a block diagram of an exemplary optical sensor system of the present
technology.
[0025] Figure 6 is a block diagram of an exemplary sensor computing device of the
present technology.

DETAILED DESCRIPTION
[0026] This technology relates generally to an optical sensor system and methods of use
thereof.
[0027] One aspect of the present technology relates to an optical current sensor system.

The optical current sensor system includes an optical sensor positioned within a housing. A
magnetic flux core concentrator is configured to be coupled to the housing. The magnetic flux

core concentrator is configured to releasably couple the optical sensor to a current carrying cable.

[0028] An exemplary optical sensor system 1 for use in measuring the current flowing in
a current carrying cable C is illustrated in FIGS. 1-6. Optical sensor system 1 includes an optical
current sensor 10, a magnetic flux concentrator sub-assembly 12, a clamp 14, a sensor insulator
body 16, a ground clamp 18, a fiber optic cable 20, and a plug-in unit 22, although the optical
sensor system 1 can include other types and/or numbers of additional components, elements, or
devices in other combinations, such as a light source and a light detector coupled to the plug-in
unit 22, by way of example only. The exemplary optical sensor system 1 provides a number of
advantages including providing for precise and accurate measurements of currents over a wide
dynamic range that generate corresponding low to high magnetic fluxes in high voltage
transmission lines. Further, the optical sensor system 1 provides for easy installation on the

current carrying cable C without having to disrupt the current carrying cable C, which provides
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for a decreased installation costs. Further, the optical sensor system 1 can be utilized for
multiple high voltage electrical power transmission applications, including metering and demand

response, fault detection, and assessment of power quality, by way of example only.

[0029] In one example, current carrying cable C is a power transmission line in a smart
grid operated by an electric utility company. An electric utility has various requirements for the
dynamic range of the current sensors, depending on the application. For example, for metering
and demand response, dynamic ranges of about zero to greater than twice the nominal current
may be acceptable. When fault detection is required, a dynamic range in the range of greater
than ten times the nominal current has to be measured in real-time. For assessment of power
quality, the measurement of the harmonics is critical, so higher bandwidths such as up to 6kHz
may be typically required. Smart grids deliver electricity from suppliers to consumers using
digital technology to save energy, reduce cost, and increase reliability and transparency. Optical
sensor system 1 can be used for each of these multiple applications, i.e., metering and demand

response, fault detection, and assessment of power quality.

[0030] Referring now more specifically to Figures 1A and 1B, optical current system 1
includes optical current sensor 10 located in proximity to the current carrying cable C. In this
example, optical current sensor 10 is a high voltage current sensor configured to operate in a
medium voltage range of about 1.2kV to about 69kV, although other current sensors configured
to operate in other voltage ranges may be employed. Optical current sensor 10 includes a
housing 24 that houses the optical components of the optical current sensor 10, including a
current sensing crystal 26, as shown in Figure 2B. The current sensing crystal 26, by way of
example, can be configured similarly in position with respect to the input and output optical
fibers as disclosed in U.S. Patent No. 9,341,653, the disclosure of which is incorporated by
reference herein in its entirety. The housing 24 is also configure to receive a portion of the

magnetic flux concentrator sub-assembly 12 in a gap thereof as described below.

[0031] As shown in Figure 1A, during use, the current carrying cable C extends over one
end of the optical current sensor 10 with the magnetic flux concentrator sub-assembly 12
surrounding the current carrying cable C. The magnetic flux concentrator sub-assembly 12 is
attached to the housing 24 of the optical current sensor 10 by a series of fasteners 30. In this
example, the fasteners 30 are hex bolts, although type and/or number of fasteners that are
configured to provide sufficient fastening strength could be used for this function. Non-limiting
examples of additional fasteners may include eye-bolts, mechanical clamps, etc. Figure 1B

shows an exploded view of the optical sensor system 1 with the magnetic flux concentrator sub-
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assembly 12 detached from the housing 24 of the optical current sensor 10 in order to
demonstrate how the optical sensor system 1 is hung from and attached to the current carrying
cable C. As shown in Figures 2A and 2B the housing 24 of the optical sensor 10 lies at the top

of the sensor insulator body 16.

[0032] Referring now more specifically to Figures 2A, 2B, and 4, the magnetic flux
concentrator sub-assembly 12, includes one or more segmented core components 28 located
therein. As shown in Figure 2A, at least a portion of the segmented core components 28 are
located within a gap within the housing 24 of the optical current sensor. As shown in Figure 2B,
the current sensing crystal 26 is shown within the gap of the housing 24 between the segmented

core components 28.

[0033] Figure 4 is an exploded view of the magnetic flux concentrator sub-assembly 12.
The magnetic flux concentrator sub-assembly 12 includes a flux concentrator housing 32 that is
configured to be coupled to the housing 24 of the optical sensor 10. The flux concentrator
housing 32 is located around the other components of the magnetic flux concentrator sub-
assembly 12 including the segmented core components 28 as shown in Figures 2A and 2B.
Referring again to Figure 4, the segmented core components 28 include a flux concentrator core
34 that is located within the flux concentrator housing 32 and is sandwiched between two flux
concentrator cover foam inserts 36, that are crucial to protecting the flux concentrator core 34
from environmental degradation due to temperature and humidity extremes as well as ingress of
water, dust or dirt, and other foreign particles. The insulating foam inserts 36 provide barriers
that are placed between the flux concentrator core 34 and the flux concentrator housing 32 to
provide protection against corrosion, metal fatigue, shock, as well other possible environmental
effects. The components of the magnetic flux concentrator sub-assembly 12 are covered by the
flux concentrator cover 38, which is secured to the flux concentrator housing 32 by the housing

cover screws 40.

[0034] Referring again to Figures 2A and 2B, the concentrator loop of the magnetic
concentrator sub-assembly 12 has a circumferential geometry, composed of the segmented
ferromagnetic components 28. A gap in the circumferential geometry, allows for optimal
placement of the crystal 26, such that magnetic flux lines are concentrated and focused for
maximal overlap with the Faraday rotation axis of the crystal 26 of the magneto-optic sub-

assembly of the optical sensor 10.
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[0035] A circumferential ferromagnetic concentrator core, subtending a continuous radial
arc, 1s ideal for accommodating the widest range of magnetic fluxes, from high to low, to be
directed upon the Faraday rotation axis of the optical current sensor given by the direction of
light. A circumferential concentrator loop can also provide a high magnetic saturation limit,
reduce eddy currents and losses to a minimum, which can be important in high-frequency
applications in order to observe and precisely characterize current harmonics. Using denser
ferromagnetic materials in the magnetic concentrator loop, that mimic a circumferential core to
the greatest extent possible, even if containing segmented elements, can reduce negative effects
of core losses and keep associated electromagnetic inductive heat buildup to a minimum. The
segmented, circumferential, magnetic core concentrator elements should be generated and
deployed in a robust, temperature and environmentally stable arrangement within an enclosure,

or housing, thus making a compact fixture.

[0036] Referring now to Figures 1A, 2A, and 3, the clamp 14 is configured to couple the
magnetic flux concentrator sub-assembly 12 to the housing 24 of the optical current sensor 10.
Figure 3 is a top view of the optical sensor system 1 showing the location of the magnetic flux
concentrator sub-assembly 12 fastened to the housing 24 of the optical current sensor 10 via hex
bolt fasteners 30, although other types of fasteners may be employed. The clamp 14 is pivotably
coupled to the housing 24 such that the clamp 14 is configured to pivot open or closed to hold
the current carrying cable (not shown) in place. The clamp 14 has a pivot point 42, which can be
a bolt, screw or any similar structure that allows the clamp 14 to pivot at a certain point, and a
tightening bolt 44, which is used to tighten, and hold the clamp 14 in place when the optical
sensor system 1 is installed on the current carrying cable C . The tightening bolt 42 can be any
type of bolt or screw known in the art. Additionally, other tightening mechanisms can be used in
place of the tightening bolt as long as those mechanisms allow the clamp 14 to be held securely
in place. The clamp 14 is designed for straightforward and secure attachment of the optical
sensor system 1 to the current carrying cable C, and is able to support the weight of the entire
optical sensor system 1. Upon removal of the hex bolts 30, and the magnetic flux concentrator
sub-assembly 12, the optical sensor system 1 can be detached, and easily removed from the

current carrying cable C.

[0037] The housing 24 of the optical sensor 10 is coupled to the sensor insulator body 16.
The sensor insulator body 16 includes ground clamp 18 located at its distal end. The fiber optic
cable 20 extends from the plug-in-unit 22 into the sensor insulator body 16. In some examples,

the plug-in unit 22 is coupled to the fiber optic cable 20 and includes hardware, such as analog to
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digital converters that allow the optical sensor 10 to be coupled to a processing unit (not shown)

and contains fiber cables that deliver collimated light to the current sensor head (not shown).

[0038] Referring now more specifically to Figure 5, optical sensor system 1 for use in
measuring the current flowing in a current carrying cable C can also include light source 42, light
detector 44, and sensor computing device 46, although the optical sensor system 1 can include
other types and/or numbers of additional components, such as additional optics or additional
electronics. In one example, light source 42 is a laser configured to provide a beam of polarized
electromagnetic radiation that is transmitted to the crystal 26 through one or more optical fibers
coupled to the plug-in unit 22, by way of example, although other suitable light sources and other
methods of transmission may be employed. Light source 42 may also include additional optics
not described herein, such as collimators. Light detector 44 is positioned and configured to
collect and measure an output beam from the crystal 26 delivered to light detector 44 through
one or more optical fibers. Various light detectors known in the art may be employed for light
detector 44. In one example, the light detector 44 has a first channel 56 that operably connects
the light detector 46 to an analog to digital converter 60 through a programmable gain amplifier
62, and a second channel 58 that operably connects the light detector 44 directly to the analog to
digital converter 60, and the sensor computing device 46, which is operably connected to the
analog to digital converter 60, although in other examples analog to digital converter 60 and

programmable gain amplifier may be integrated in sensor computing device 46.

[0039] The sensor computing device 46 is configured to determine a current and/or
voltage for the current carrying cable C based on rotation information received from the light
detector 44 based on the output beam from the crystal 26 of the optical sensor system 1 in
accordance with the methods described herein. Sensor computing device 46 includes a processor
48, a memory 50, and a communication interface 52, which are coupled together by a bus 54 or
other communication link, although other numbers and types of systems, devices, components,

and elements in other configurations and locations can be used.

[0040] Processor 48 executes a program of instructions stored in memory 50 for one or
more aspects of the present technology. For example, processor 48 can execute instructions to
determine a current and/or voltage for the current carrying cable C based on rotation information
received from the light detector 44 based on the output beam from the crystal 26 of the optical
sensor system 1. Other numbers and types of systems, devices, components, and elements in
other configurations and locations can be used to execute the program of instructions stored in

the memory 50.
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[0041] The memory 50 stores these programmed instructions for one or more aspects of
the present technology, although some or all of the programmed instructions could be stored
and/or executed elsewhere. A variety of different types of memory storage devices, such as a
random access memory (RAM), read only memory (ROM), hard disk, CD ROM, DVD ROM, or
other computer readable medium which is read from and written to by a magnetic, optical, or

other reading and writing system that is coupled to the processor, can be used for the memory.

[0042] The communication interface 52 is used to operatively couple and communicate
between the sensor computing device 46 and one or more other computing devices via a
communications network. Such one or more computing devices may be employed in a smart
grid, by way of example only. Other types and numbers of communication networks or systems
with other types and numbers of connections and configurations can be used for communication
between the sensor computing device 46 and one or more other computing devices, for example,
in a smart grid. By way of example only, the communications network could use TCP/IP over
Ethernet and industry-standard protocols, including NFS, CIFS, SOAP, XML, LDAP, and
SNMP. Other types and numbers of communication networks, such as a direct connection, a
local area network, a wide area network, modems and phone lines, e-mail, and wireless
communication technology, each having their own communications protocols, can be used by the

communication networks.

[0043] Another aspect of the present technology relates to a method of measuring current
in a current carrying cable using the disclosed optical current sensor system. The method
includes installing the optical current sensor system on the current carrying cable. Current is

measured in the current carrying cable using the optical current sensor system.

[0044] An exemplary operation of the optical sensor system 1 will now be described with
reference to Figures 1-6. The optical sensor system 1 is used to measure current in a current
carrying cable C. The optical sensor system 1 is installed on the current carrying cable C without
the need to alter the current carrying cable C. The optical sensor 10 is installed proximate to the
current carrying cable C with the magnetic flux concentrator sub-assembly 12 surrounding the
current carrying cable C. The magnetic flux concentrator sub-assembly is secured to the optical
sensor 10 using hex bolts 30 as well as clamp 14, which fits onto the current carrying cable C.
The design of the magnetic flux concentrator sub-assembly 12 is advantageous, in that being
segmented, it thereby allows for easy attachment of the components or portions of the loop over
the current carrying cable C. The current carrying cable C aligns and runs through the magnetic

flux concentrator sub-assembly and upon attachment during installation, the loop of the magnetic
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flux concentrator sub-assembly 12 closes over the current carrying cable 12. The magnetic flux
concentrator sub-assembly 12 is installed such that the crystal 26 of the optical sensor 10 is

located in a gap of the segmented core 28.

[0045] After installation, the optical sensor system 1 may be employed to measure the
current and/or voltage from the current carrying cable C. A beam of polarized electromagnetic
radiation is transmitted to the crystal 26 from light source 42 through one or more optical fibers.
An output beam is collected and delivered to the light detector 44 through one or more optical
fibers. In one example, the light detector 44 has a first channel 56 that operably connects the
light detector 46 to an analog to digital converter 60 through a programmable gain amplifier 62,
and a second channel 58 that operably connects the light detector 44 directly to the analog to
digital converter 60, and the sensor computing device 46. The optical sensor system 1 is
mounted adjacent the current carrying cable C, and is operably connected to the light detector 44.
A plurality of factors are then evaluated from rotation information from the light detector 44, by
using the first and second channels 56 and 58 for analog to digital conversion operably

connected with the sensor computing device 46.

[0046] Accordingly, the present technology provides a number of advantages including
providing an optical sensor system that may be easily installed on transmission lines to provide

precise current measurements without impacting the transmission lines during installation.

[0047] Having thus described the basic concept of the invention, it will be rather apparent
to those skilled in the art that the foregoing detailed disclosure is intended to be presented by
way of example only, and is not limiting. Various alterations, improvements, and modifications
will occur and are intended to those skilled in the art, though not expressly stated herein. These
alterations, improvements, and modifications are intended to be suggested hereby, and are within
the spirit and scope of the invention. Additionally, the recited order of processing elements or
sequences, or the use of numbers, letters, or other designations therefore, is not intended to limit
the claimed processes to any order except as may be specified in the claims. Accordingly, the

invention is limited only by the following claims and equivalents thereto.
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-11 -
CLAIMS
What is claimed is:
1. An optical current sensor system comprising;

an optical sensor positioned within a housing; and
a magnetic flux core concentrator configured to be coupled to the housing,
wherein the magnetic flux core concentrator is configured to releasably couple the optical sensor

to a current carrying cable.

2. The optical current sensor system, wherein the magnetic flux core

concentrator is configured to surround the current carrying cable during use.

3. The optical current sensor system of claim 1, wherein the magnetic flux
core concentrator comprises one or more segments configured to releasably couple the optical

sensor to the current carrying cable.

4. The optical current sensor system of claim 3, wherein the magnetic

concentrator comprises two or more segmented ferromagnetic cores.

5. The optical current sensor system of claim 4, wherein the two or more
segmented ferromagnetic cores are formed from one or more of grain-oriented steel, laminated

steel, pressed powder iron, or combinations thereof.

6. The optical current sensor system of claim 4, wherein at least one of the
two or more segmented ferromagnetic cores has a continuous element having an angular arc
greater than or equal to 180 degrees or « (3.14) radians about a radius at a vertex of a cross-

section of the current carrying cable.

7. The optical current sensor system of claim 4, wherein the optical sensor

comprises a magneto-optical sensor.

8. The optical current sensor system of claim 7, wherein the magneto-optical

sensor comprises a crystal.
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9. The optical current sensor system of claim 7, wherein the two or more
segmented ferromagnetic cores are configured to focus a magnetic field of the current carrying

cable upon the magneto-optical sensor.

10. The optical current sensor system of claim 9, wherein the two or more
segmented ferromagnetic cores are arranged and aligned such that the magnetic field lines from
the current carrying cable describe a circumferential arc, and the magnetic flux or field lines are
substantially tangential to the circumferential arc, and the circumferential arc subtends a

substantial portion of 2x radians or 360 degrees.

11.  The optical current sensor system of claim 4, wherein the two or more

segmented ferromagnetic cores are encased within an environmentally secure housing.

12. The optical current sensor system of claim 1 further comprising:
a clamping mechanism coupled to the housing and configured to clamp

the housing to the current carrying cable.

13.  The optical current sensor system of claim 1 further comprising:
a light source configured to provide an input beam to the optical sensor;
a light detector configure to receive and output beam from the optical
sensor; and
a sensor computing device coupled to the light detector to receive one or
more items of data from the light detector based on the output beam, the sensor computing
configured to measure a current of the current carrying cable based on the one or more items of

data from the light detector.

14.  The optical current sensor system of claim 13, wherein the one or more

items of data are based on rotation information of the output beam.

15. A method of measuring current in a current carrying cable, the method
comprising:
installing the optical current sensor system of claim 13 on the current

carrying cable; and
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measuring current in the current carrying cable using the optical current

sensor system.

16. The method of claim 15, wherein the current carrying cable is a

transmission line.

17. The method of claim 16, wherein the transmission line is located in a

smart grid.

18. The method of claim 15, wherein the optical current sensor system is

installed without altering the current carrying cable.

19. The method of claim 15, wherein measuring current in the current carrying
cable comprises:
receiving, by the sensor computing device, one or more items of data from
the light detector based on the output beam; and
measuring, by the sensor computing device, the current in the current

carrying cable based on the received one or more items of data.

20. The method of claim 19, wherein the one or more items of data are based

on rotation information of the output beam.
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