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[bookmark: _Toc514245045]Executive Summary
Loose connections in electrical switchgear on Navy ships can lead to unsafe and costly electrical failures including arc faults.  Current practices to detect these errors primarily involve infrared thermographic inspection of the connections looking for the hot spot that indicates a connection going bad.  These inspections are done with open energized, equipment and the newer medium and high voltage electrical panels pose hazards to personnel, even with proper equipment and procedures.  A previous NSRP project investigated using IR transparent windows to allow safer inspection of the higher voltage cabinets without removing the covers.  That project also identified two issues with IR inspection through the windows: densely packed equipment in the cabinet can preclude line of sight to all points of interest and that all higher voltage connections are now covered with a silicone rubber dust boot.  These boots permit hot spots to be seen through heat transfer, but an accurate temperature measurement is hard to make.
This current project investigated whether a fiber optic based Distributed Temperature Sensing (DTS) system could be used to make the required temperature measurements without the limitations of the line of sight and dust boot issues.  In DTS, the sensors are either embedded in the optical fiber or the fiber is the sensor itself.  This allows one optical fiber to be routed throughout the electrical cabinet, touching on each point of interest and lying beneath the dust boots.  As the temperature is sensed directly, there is no line of sight to a sensor.
A set of requirements for the DTS system was drawn up and sent to vendors of four different DTS technologies.  The technologies were Raman backscatter, Rayleigh backscatter, Brillouin backscatter and Fiber Bragg Gratings (FBGs).  The first three take advantage of a natural phenomenon where a laser light is shown down the fiber and intrinsic non-uniformities within the optical fiber reflect the light back, where the electronics in a device known as an interrogator analyzes it.  A disturbance at a location in the fiber, such as a temperature change, will move the reflected light in wavelength which the interrogator will interpret as a temperature measurement.  The FBGs are different in that an interferometer is actually etched on the fiber which reflects light at a given wavelength.  A temperature disturbance shifts that wavelength which is detected by the interrogator.
Based on responses to the requirements document and discussions with the vendors, the Brillouin system dropped out of the comparison as not being suitable for the application nor as economical as the others.  The remaining systems were invited to the Penn State Electro-Optics Center to provide a benchtop demonstration.  Two separate FBG vendors provided demonstrations.  
The information collected and the results of the demonstrations were factored into a trade study.  The Raman system and one of the FBG systems were selected as most promising and asked to participate in the final demonstration, which was in an actual Naval 4160 V panel.  DRS Naval Power Systems in Milwaukee, WI, a member of the IPT, offered use of their prototype 4160V cabinet and test rig for the final testing.  This test rig allows the actual 4160V cabinet to be tested with low voltage and high current.  This simulates the heating of the connections and also allows for a fault to be safely simulated by loosening a connection.  The Raman and FBG systems were both installed in the prototype cabinet and normal operation and simulated fault tests were run.  Both systems were able to make the measurements and valuable information about the setup and use of the DTS systems was learned.
The primary overall conclusions of the project are:
· Either of the tested DTS systems is capable of making the required measurements for detecting loose connections in electrical switchgear cabinets.
· Neither of the systems has been used in this application before, so additional development work is required to produce a system ready for implementation on ship.
· The Raman system must coil a certain length of fiber into a small area to provide the needed localized measurement point, and the prototype coils used in the experiment need to be developed into a repeatable and easy to make and install device.
· The fiber between the Raman coils and between the FBG sensors will need to be ruggedized for installation on ship.
· Neither system can process the temperature data on its own to make the required comparisons between the three phase connections.  However, both systems can output temperature data in a form that can be processed by additional software to make the required determinations.  This software will need to be developed.
· As this is a new technology, the design of the electrical cabinets and the design of the infrastructure on board the ship will need to be modified to accommodate it.
· The addition of continuously monitoring of temperature data allows loose connections to be detected before they become serious, thus reducing risk of a serious electrical issue such as an arc fault.
· The automatic data collection system opens up possibilities for health monitoring that is currently not possible, such as monitoring trends in current usage, monitoring temperature anywhere inside equipment and not just at the connections.

It is recommended that further development be explored to bring the capabilities of this technology to where it can be implemented in this application.
  

[bookmark: _Toc514245046]Background
Shipboard electrical panels are inspected prior to delivery, during acceptance/sea trials, and at regular maintenance intervals to identify loose or incorrect connections that can potentially lead to dangerous and destructive arc faults and other failures.  Currently, these inspections are primarily done by infrared (IR) thermography. A previous NSRP panel project investigated use of IR transparent windows for safer inspections so that the panel covers did not need to be opened. While this is a viable option, there are limitations to line of sight from windows due to obstructions within the panels and silicone rubber dust boots being installed over higher voltage connections.  This project investigated the use of fiber optic Distributed Temperature Sensing (DTS) to measure the temperature of the electrical connections.  With DTS, the optical fiber is the sensing element itself, and can be placed such that the line of sight issues with IR windows are eliminated.  It also has the advantage that the sensing points are in series, along the same fiber, rather than in parallel, such as with thermocouples or other point measurement systems. Four distinct commercially available DTS technologies were examined and a trade study performed to compare each of them against the requirements for inspection on Navy ships.  Bench top demonstrations were performed and the project culminated in a proof of concept demonstration in a relevant environment.

[bookmark: _Toc479758510][bookmark: _Toc514245047]Integrated Project Team (IPT)
Project execution was guided by the Integrated Project Team which consists of all funded participants including the lead investigator, sponsoring shipyard and government stakeholder, plus the project technical representative (listed on the title page of this document), as well as other advisors/stakeholders (see section 6.1 Other Advisors / Stakeholders).  Other stakeholders that participated on our Integrated Project Team (IPT) include the NAVSEA Electrical Technical Warrant Holder office, LHA8 Electrical Subject Matter Expert (NSWCCD – SSES), and an industry representative; supplier for electrical distribution and power conversion components.  

Stakeholder guidance and participation helped shape the requirements and conclusions of the trade study on the different DTS technologies so that the evaluation is relevant to the Navy shipboard environment. 


[bookmark: _Toc514245048]Project Tasks
The project started with a review of the issues with Infrared Thermography for inspection of electrical cabinets.  From that review, a set of requirements was drawn up for a DTS system that would provide at least the same level of coverage and completeness as the currently used IR Thermography.  This document included a section on General Requirements about form and function, Specific Requirements for the application of detecting loose connections and a set of Highly Desirable Features for the software appropriate to the application.  Questions to the vendor about their systems followed. The LHA series of ship was used as a reference, due to use of 4160V cabinets and availability of data on it through HII Pascagoula, the sponsoring shipyard. The Requirements Document was vetted through this project’s IPT.  This document is reproduced in section 6.2 at the end of this report.
[bookmark: _Toc514245049]Survey of DTS Technologies Available
Four different DTS technologies were identified in this phase as possible candidates for the application.  Potential vendors were also identified.  The methods were:

· Raman backscatter. A natural phenomenon that occurs when the fiber is disturbed by a temperature increase.  Uses normal fiber and the fiber itself is the sensor.  Location is determined by the time the light takes to go down the fiber and return.  Low spatial resolution, but long fiber lengths are permitted.  The vendor is RSL Fiber Systems, LLC in East Hartford, CT.
· Rayleigh backscatter.  Also a natural phenomenon. Uses normal fiber and the fiber itself is the sensor.  Location is determined by the time the light takes to go down the fiber and return.  High spatial resolution, but the fiber length is limited to about 50 m.  The vendor is Luna Corp of Roanoke, VA.
· Fiber Bragg Gratings (FBGs) – each sensor is a miniature interferometer etched on the fiber itself. Therefore, the locations have to be planned before the fiber is installed in the cabinet.  While COTS sensors are available, an array with a specific number of sensors for a particular electrical cabinet would be a custom product.  Each sensor responds to a very narrow bandwidth.  A temperature change shifts the bandwidth proportional to the amount of temperature difference.  The interrogator notes which bandwidth shifted and knows the location of that grating.  Very high spatial resolution.  The number of sensors per channel of electronics is limited to the bandwidth available and the spacing of the wavelengths in the sensors.  Two vendors were identified; Micron Optics of Atlanta, GA and Optromix of Cambridge, MA.
· Brillouin backscatter.  This is also a natural phenomenon, but it is a very high frequency acoustic effect rather than photonic.  In practice it is similar to the other backscatter techniques.  A laser light is sent down the fiber and the electronics detect the backscatter effect from the point of temperature disturbance.  Additional laser light is added from the other direction to provide an amplification effect.  This requires two fibers per measurement channel.  The vendor is OzOptics from Ottawa, ON Canada.  

All of these systems are able to measure temperature through optical fiber, but none of them have been used in this particular application before.
The Requirements Document was sent to each of these vendors and the answers consolidated for the trade study for downselect.  The document included a Request for Proposal to generate a rough idea of the equipment costs for a system the scale of an LHA ship.  The Brillouin backscatter candidate dropped out at this point.  The vendor indicated that it was much more suitable for long distance measurements and the vendor recommended using the Raman backscatter technique, which was less expensive.  It was also not possible to arrange a demonstration of the Brillouin in the time available.


[bookmark: _Toc514245050]Bench Testing of Candidate Technologies
Benchtop demonstrations were arranged with each of the remaining four vendors.  
The Penn State Electro-Optics Center has a test setup where the connection between an external cable and the electrical bus bar can be simulated.  Two such cable/bus bar connections are provided and each can be individually heated via resistance heating on the rear of the bus bar.  This can simulate one good connection and one loose connection by setting the temperature differently on the two bus bars.
Vendors brought their equipment to Penn State and provided their own prepared demonstration if they had one.  The equipment was then set up on the Penn State test rig to monitor two simulated electrical connections in a shipboard panel.  A thermocouple was used to periodically spot check the accuracy of the temperature measurement reported by the vendor’s equipment. Further discussion was held on the practical aspects of installing the vendor’s equipment on a typical Navy ship.  Notional sketches were provided to the vendor to indicate the possible distribution of measurement points within a typical cabinet and the distribution of cabinets throughout the ship.  Vendors used this information to refine their proposals.
This is a summary of the results of each demonstration:
1. Micron Optics provided a demonstration of Fiber Bragg Gratings on August 25, 2017.
a. Fairly small, low power interrogator.  A sixteen channel interrogator is available.
b. Sensors are typically sold as individual single measurement devices, but custom arrays with multiple sensors in series possible.
c. Up to 79 sensors in series are available per interrogator channel.
d. The total distance of a lead and sensing cable can be up to 5 km.
e. Regular fiber lead cable can be used between interrogator and sensing cable.
f. Sensor is in a metal case that can be screwed, welded, or epoxied to the surface.  For the demo, the sensor was clamped.  Design of the metal case decouples strain from the temperature measurement.
g. Demonstration performed well on EOC test rig with sensor clamped.  Readings close to thermocouple measurements.
h. Provided an a la carte proposal with component costs.  For the notional distribution of panels on a ship, the cost was $221,600 with 20% of that being electronics and the remainder in the sensors.
2. Luna provided a demonstration of Rayleigh backscatter on August 28, 2017
a. Somewhat larger, but still low power interrogator.  Each channel requires a small remote module at the far end of the lead cable to correct for local differences in ambient temperature and vibration.
b. Sensor is a fiber optic cable.  As sold off the shelf it is coated but not jacketed.  It would need protection for installation in an industrial environment.  A means of mounting would need to be devised into the protective covering.  For the demo, the fiber was taped to the test rig.  Strain would be decoupled by allowing the fiber to move in an outer sleeve. Measurements can be averaged along lengths of fiber for greater accuracy
c. As the sensor itself is the fiber, the number of sensing points is determined by the spatial resolution, which is 5 mm, and the number of successive points being averaged.  In practice, this can be over 1000.
d. Sensor cable is limited to 50 meter length, but can make measurements as close as 5 mm apart.
e. Lead cable is standard optical fiber.  Presently 50 meters is longest demonstrated, but theoretically could be longer.
f. As demonstrated, sensor was just fastened with tape.  For practical implementation, would need to be encapsulated in some mechanical structure.
g. Demonstration performed well on EOC test rig with sensor taped down.  Some level of noise in the data attributable to jerry rigged installation, sensitivity to room conditions and no filtering applied.  Readings close to thermocouple measurements.
h. Proposed material cost of the system is $658,500 of which 98% is electronics.  This is a consequence of the relatively short fiber and lead cable lengths, which drive the requirement for more electronics units than the other candidates to outfit a ship.
3. Optromix provided a demonstration of Fiber Bragg Gratings on September 7, 2017
a. Rack mount, low power interrogator.  An 8 channel interrogator is available
b. Sensors are typically sold as individual single measurement devices, but custom arrays of multiple sensors are possible.  Strain is decoupled from temperature via the sensor design.  Also, depending on the range of measurement, the software can filter one or the other out of the measurement.
c. Up to 20 sensors in series are available per interrogator channel
d. The sensing cable can go out to hundreds of meters.
e. Regular fiber lead cable can be used between interrogator and sensing cable.
f. Sensor is in a metal case that can be welded or epoxied to measurement point.  Vendor indicated willingness to create custom mount.  For demo, sensor was clamped to test rig.
g. Demonstration performed well on EOC test rig with sensor clamped.  Readings close to thermocouple measurements
h. Proposed material cost of system is $327,950 of which 38% is electronics, mostly because five 8 channel interrogators are needed to accommodate the required number of sensors, since the interrogators are limited to 20 sensors per channel.  Multiplexers are available, but the tradeoffs still favor multiple interrogators. Vendor indicated that for production, much can be customized, including sensor mounting.
4. RSL provided a demonstration of Raman backscatter on September 8, 2017
a. Rack mount ruggedized interrogator, power consumption unknown.  A sixteen channel interrogator is available.
b. Sensing uses regular jacketed multimode fiber that plugs directly into interrogator. As the fiber itself is the sensor, the number of sensing points will depend on the spatial resolution settings and the number of points averaged.  In practice, it can be thousands. Spatial resolution for measurement along fiber can be 50 cm.  Measurements require a 4x spatial resolution coil of fiber at each measurement point to get a good measurement.  Measurements can be averaged along fiber.
c. Maximum fiber length is up to 30 km depending on resolution settings, but at least 5 km, much more than needed for shipboard application.
d. The lead cable is regular optical fiber, spliced to the sensing coils.
e. This coil of fiber was placed on the test rig and secured by a wire tie. In practical application, the coil of fiber would need to be premade for easy and repeatable installation.
f. Demonstration had difficulties with EOC test rig, with the system reported temperatures >10 °C below the thermocouple measurement.  RSL began looking into the cause of this and methods for mitigation.
g. Proposed material cost of the system is $78,740, of which 57% is electronics.  This relatively lower cost is due to the long maximum fiber length allowing only one interrogator to be sufficient for one ship.

Details of all the benchtop demonstrations are included in the document, Bench Demonstration Summary Report (January 2018), which is reproduced at the end of this report as Appendix A.
[bookmark: _Toc514245051]Downselect to Final Candidates
The trade study was completed once the bench demonstrations were finished and the revised proposals from vendors were received.  The goal was to determine the best candidate to perform the final demonstration in the actual electrical cabinet and consequently would the most suited to the application.

During this period, a visit was made to Huntington Ingalls Shipbuilding in Pascagoula, MS to tour the LHA-7 ship (USS Tripoli) which was being outfitted at the shipyard.  The types and distribution of 4160 VAC electrical panels was noted, so that a better idea was obtained as to what would be necessary to install a DTS system on such a ship.  Issues regarding durability and possible installation difficulties were noted.  This information was used to further evaluate the vendor proposals.

There were some factors that were common to all of the vendors.  These were:
1. All interrogator electronic units are 3U 19” rack mount or smaller and use a 120 VAC 15 Amp circuit for power.  No special cooling is required.
2. All can make multiple measurements per channel and have multiple channel interrogators available.
3. While some have more signal processing capability than others, none of the interrogators can make the desired measurements and comparisons with their internal software, however, all interrogators can offload data to a supervisory computer for analysis and alarms.
4. All interrogators use a laptop computer as a user interface for setup, programming and diagnostics.  Once in operation the laptop is not required.  If connected via network to another computer, presumably the UI software can run on the supervisory computer.
5. All can use standard optical fiber for connections between the interrogator and the sensing array, although some have length limitations.
6. All have various signal processing tools within their software to improve accuracy, such as selectable sample rates, temporal and spatial averaging, and more.
7. All have selectable measurement intervals, so data size versus sample interval tradeoffs can be managed.  All are capable of running on their own, thus providing continuous measurement and ability to detect a developing issue before it becomes serious and to analyze the data for trends.

The results are summarized in Table 1.

	
	Raman
	Rayleigh
	FBG (Micron Optics)
	FBG (Optromix)

	Sensing
	Anywhere along fiber
	Anywhere along fiber
	At embedded sensors1
	At embedded sensors1

	Points per channel
	1000
	>1000
	79
	20

	# channels/interrogator2
	4
	4
	16
	8

	Length limitation
	5 km
	50 m3
	5 km
	100’s of meters

	Connection method
	Splice
	Splice or connector
	Splice or connector
	Splice or connector

	Connection notes
	Requires coil of fiber4
	Requires local module5
	As is
	As is

	Determine location6
	Calibrate or Measurement
	Calibrate or Measurement
	Construct per spec
	Construct per spec

	Bench test performance
	Read >10 °C low7
	Within 2 °C of reference T/C
	Within 2 °C of reference T/C
	Within 2 °C of reference T/C

	Installation notes
	Encapsulated coil8
	Ruggedize fiber9
	Screw, weld or epoxy
	Epoxy or weld

	Cost for LHA-710
	$78,740
	$658,500
	$221,600
	$327,950

	# of interrogators LHA-7
	1
	6
	2
	5

	% total cost electronics11
	57 %
	98 %
	20 %
	38 %


[bookmark: _Ref514085959]Table 1  DTS Method Comparison


Some notes from Table 1:
1. Fiber Bragg Gratings are etched at predetermined locations in the array.
2. Other numbers of channels are sometimes available, but these were recommended by the manufacturer.
3. Sensing cable is 50 meters maximum length, and lead cable is also 50 meters maximum
4. Raman requires minimum of 4 x the spatial resolution setting to be coiled around the measurement point.
5. Rayleigh requires an additional piece of equipment to offset local temperature and vibration effects.
6. Rayleigh and Raman both calculate position by length of time for signal to return.  FBG are fixed by wavelength. Sensor with particular wavelength must be mapped to location.
7. Raman consistently reported lower than reference thermocouple.  See below:
8. Raman fiber coil will need to be premade and encapsulated (potted) for ease of installation and to provide uniformity.
9. Rayleigh sensing fiber is coated, but not jacketed and would require ruggedization.
10. These are material costs only and do not include labor.  These costs are for commercial grade systems and do not include non-recurring engineering costs to modify the systems for shipboard use.  The type and distribution of electrical panels from LHA-7 was used as a comparison to develop these costs.  A ship on the scale of the LHA-7 has roughly 30 electrical panels and over 800 separate measurement points on multiple decks across both sides and along the 900 foot length of the ship. Vendors were not shown this information, but their quotes were adapted and some assumptions were made.  These assumptions were applied to all vendors.  The results are not absolute costs, but are consistent between vendors for comparison purposes.
11. Percent costs of electronics is a measure of scalability. If an installation requires more sensors but not more interrogators, then a higher percentage electronics cost would be preferable.

Some key points in the comparison are shown in red in Table 1.  The 50 meter length of the Rayleigh sensing cable and lead cable is a major limitation.  In electrical cabinets with large numbers of connections, 50 meters of fiber may not cover all the required measurement points and another channel would be required. The limited lead cable means that an interrogator would need to be located close to the cabinets being monitored.  As these cabinets are spread throughout the ship, additional (and expensive) interrogators are needed.  While it is possible to reduce costs by using a single interrogator and plugging it into different sensing cables throughout the ship, this gives up the ability for continuous measurement and introduces reliability issues.

The Fiber Bragg Grating sensors can be used in their COTS form, provided it is acceptable to the cabinet manufacturer.  They will need to be made into a custom array, however.  Rayleigh requires an additional module at each sensing cable and the Raman fiber will need to be configured into coils to localize the measurement.

Raman has advantages in costs and length of fiber, but in the bench testing, suffered from inaccurate temperature measurements.  The cause of this was not well understood at the time, since the Raman performed well in other applications.  RSL continued to do independent research and consult with the equipment manufacturer to determine how this could be mitigated.

The bench testing results were presented to the project IPT and through discussion, it was determined that the Rayleigh system could be eliminated on cost grounds because of the fiber length limitations.  At this point, RSL was making progress with the Raman accuracy issues, but it was still not sufficient and Raman was eliminated on performance grounds.  Of the two FBG vendors, Micron Optics had the more applicable system, due to the larger bandwidth available per channel which allowed for more sensors per array and better economics.  The IPT concluded that the Micron Optics FBG system should be invited to the final demonstration.

[bookmark: _Toc514245052]Field Testing/Final Demonstration
DRS Naval Power Systems (now Leonardo DRS) in Milwaukee, WI provided a representative 4160V electrical cabinet for the final testing.  This cabinet contains two three phase 4160V vacuum circuit breakers and the bus bars connecting them.  DRS also supplied a test facility where the cabinet could be energized with low voltage and high current.  This simulated the heating typically present in an energized electrical cabinet.  This setup also allowed the loosening of connections to safely simulate a fault and the resultant high temperatures involved.  
Due to difficulty in arranging schedules, the final testing was eventually arranged for April 24 and 25, 2018 in Milwaukee.  In the intervening time, RSL had made sufficient progress in understanding the reason for the low temperature recordings.  The main reason was that the system requires multiple (at least 8) spatial samples in order to produce an accurate reading. In the bench test, due to the amount of coil used and the firmware in the interrogator at the time, only 2 samples were being used.  RSL obtained a firmware update and also developed a new method of making the coils, using increased number of turns of bend tolerant fiber.  Tests at their facility showed good correlation with reference temperature readings.  RSL was therefore invited to bring the Raman backscatter system to the demonstration in Milwaukee.
The DTS systems were set up with the sensing points where the external cable lugs were bolted to the bus bar connections at the rear of the circuit breakers.  The Raman system recorded temperature at all three phases where the current came into the cabinet at the top and the Fiber Bragg Grating system recorded at all three phases where the current left the cabinet at the bottom.  Note that while the connections at three phases were measured, the test set that generated the current was only one phase.  Therefore the connections for the three phases were actually in parallel with each other, as split out from the test set terminals.  Some differences in impedance meant the current was not exactly balanced between phases but this was evident in the temperature data that showed slightly different heating when the currents were different.
Five tests were run.  A baseline test had all connections tightened properly and simulated normal operations.  The second test loosened a connection at the top where the Raman system was monitoring, while the third test repeated this at the bottom for the FBG sensors. The fourth test loosened a connection on top and bottom at the same time but at a less severe failure simulation.  The last test repeated this, but had the FBG sensors glued onto the bus bars with RTV rather than clamped as in the previous tests.
The significant factors learned in this testing were:
· Both the Raman backscatter system and the Fiber Bragg Grating (FBG) system were able to make consistent temperature measurements on the copper bus bars adjacent to the cable attachment points within the electrical cabinet.
· There were no fundamental technical issues that would preclude use of either of these systems for permanent measurement of temperatures at connection points within the electrical cabinets of Navy ships.  All of the issues are concerned with a practical implementation within the manufacturing, installation and testing of the cabinets and in handling of the data to provide the required information.
· Both systems responded with reasonable data when presented with a simulated severe fault (rapid rise in temperature) and a simulated moderate fault (rise over time, but still faster than normal heating)
· Both systems provided accurate temperature measurements when compared with a thermocouple reference, particularly when the temperature change was not rapid.  Both systems reported temperatures that matched the thermocouple within the accuracy of the thermocouple.
· The Raman system lagged the thermocouple readings during a simulated severe fault.  This lay in the method of averaging selected within the system to process the raw data.  This had been optimized for and worked well with slowly changing data.  It was learned that these settings would need to be changed to accommodate rapidly changing temperatures if this is desired.  There is a wide range of flexibility in these settings.
· The FBG system actually tracked ahead of the thermocouple during the rapid temperature rise.  This was attributed to the thermal mass of the copper bus bar taking time to heat up where the referenced thermocouple was located.  The FBG sensor was located right next to the cable lug where the simulated fault was created and responded more in real time. The sensing will be more accurate the closer it can be placed to the point of interest.
· Neither method as demonstrated is “production-ready”.  The FBG system used off the shelf sensors that had no inherent method for attachment and the 1 mm fiber jacket between sensors would need to be ruggedized (with aramid fibers and a thicker jacket for instance) for installation in Navy ship cabinets.
· The Raman system required 4 meters of fiber to be coiled into a unit that could sense localized temperature.  For this demonstration, these were hand wound and secured with aluminized tape.  A plastic sleeve was placed over the fiber between coils to provide mechanical stability.  For permanent installation, these coils would need to be premade with an attachment method built in and ruggedized fiber between them.
The full details of this testing are included in the document, Field Test Report (May 2018), which is reproduced at the end of this report as Appendix B.


[bookmark: _Ref446408330][bookmark: _Ref446408333][bookmark: _Toc514245053][bookmark: _Ref320706473][bookmark: _Ref320706490][bookmark: _Ref320796213]Technology Transition
None of the systems examined are ready for use in this application.  Additional development will need to occur in several areas in order to transition the technology to a practical implementation:
· For the Raman system, the sensing coils will need to be developed into a form that is compact and easy to install into the electrical cabinet.  This will likely be an encapsulated (potted) disc with some form of attachment feature built in.  A repeatable method of fabrication is needed to ensure uniformity. 
· Each Raman sensing fiber will need to be fabricated into a harness, unique to a particular electrical cabinet, with the sensing coils located at predetermined intervals and with ruggedized fiber between them.
· The FBG sensors will need to be fabricated with an attachment feature such as tabs for screwing or epoxy.  Some COTS sensors have this feature, but the cabinet manufacturer will have input on whether they are appropriate.
· The FBG sensor arrays can be made with the sensors at specified intervals and ruggedized fiber between them.  This is a custom order and these will need to be designed for each different electrical cabinet.
· The system interrogators will need to have their set up and data acquisition parameters optimized for this application. This is particularly true of the Raman system as there is wide flexibility as to how the system is set up.
· None of the systems can make the required comparisons of temperature automatically.  To detect a loose connection, the temperatures for the three electrical phases must be compared to each other to find which one is hotter.  As the temperature of all three varies with the electrical load, an absolute measurement or comparison is not appropriate.  It is only the difference between the three that is significant.  Therefore, the data must be exported from the interrogator to another computer for analysis.  Both systems are capable of doing this, but the software to process the data will need to be written and tested.
· A computer will need to be designated to house this software and interface to the interrogator.  For the Raman, the interrogator can output temperature data.  For the FBG, only raw wavelength data is exported from the interrogator and additional software converts it to temperature.  This software and the analysis software can reside on the same computer.  This computer will also interface to the ship’s systems to register alarms and maintenance issues, if that is desired.  It is possible that this computer might be the existing Machinery Control System (MCS) that already reads sensors and monitors multiple systems on the ship.  Or it may need to be a separate computer entirely.
· Infrastructure to house the computer, interrogator and fiber runs to the electrical cabinets will need to be designed and fabricated.
· Neither of these systems has been tested to MIL standards, although MIL qualified optical fiber can be used as the lead fibers.  Some form of qualification such as shock and vibration to Grade B MIL-STD-901D will be required, and other tests as determined by the Navy.
· Any new computer system will have to be reviewed against cyber security requirements and this may affect the options for running the required software and interfacing with ship systems.
· Some additional development will be necessary if it is decided that existing ships are to be retrofitted.  It is imagined that the costs of retrofit will be considerably higher, as there is currently no provision for this equipment in the electrical cabinets or in the ship’s infrastructure.
· New procedures will need to be developed for installation into cabinets and onto the ship, test and operation, maintenance and troubleshooting, and repair.

Discussion with IPT members resulted in the following possible scenario for implementation once the development has been completed:
· The electrical panel manufacturer will design the fiber cable routing and attachments for each of the measurement points.  A fabrication drawing and specification is sent to the fiber vendor.  Each different panel will have a different part number for its fiber harness.
· The fiber vendor produces a fiber cable harness that meets this spec and delivers it to the panel manufacturer.
· The panel manufacturer installs the fiber harness as part of the assembly of the panel.  It is possible that some preliminary testing can be done before the panel leaves the factory.  It is still to be determined how to handle the measurement points where the shipyard connects cables to the panel.  The harness may not be completely installed until then, or it may actually be a separate harness.
· The shipyard installs the panels on the ship.  Each panel fiber harness either has connectors or a pigtail for a fusion splice where the fiber enters and leaves the panel.
· The shipyard installs the electronic interrogator(s) and runs the connecting fiber from there to each of the panels.
· At the panels, the shipyard connects or splices the connecting cable to the sensing cable in the panel.  It is anticipated that each panel is chained to the next to the limits of the sensing technology, so that each channel of electronics has several panels in series.
· The shipyard connects the DTS electronics by network to a supervisory computer, such as the MCS that can examine the data and make the required comparison measurements.
· The shipyard performs the required setup or calibration as part of initial testing.  For the FBG system, calibration data for the sensors in each array will be contained in a configuration file and downloaded into the processing software.  For the Raman, the system does not know in advance the length of fiber between the interrogator and the sensing coils.  The distance between coils inside the cabinet will be known from the manufacturing specification, but the amount of lead fiber between the interrogator and the first cabinet and between cabinets will likely vary somewhat at each installation.  Either meticulous measurement will be needed, or some calibration procedure, where a heat source is applied to the fiber at the entrance to the cabinet and the interrogator can therefore register that point as the start of the sensing fiber.
[bookmark: _Ref446406878][bookmark: _Ref446406880][bookmark: _Toc514245054]Navy Supervisor of Shipbuilding Gulf Coast Perspectives [SSGC]
[bookmark: _Toc446578556]Business Case

The ability to prevent arc faults on Navy ships ensures mission readiness by keeping personnel safe and equipment operational.  Faults typically occur as a result of loose or defective connections inside electrical enclosures. During new construction, overhauls, and deployment, periodic electrical inspections are performed using thermal imaging devices. As long as the electrical enclosure is powered, the inspector can perform an infrared (IR) inspection on the enclosure.  This inspection typically requires the cover to be removed to allow the imaging device to see inside the enclosure.  Generally, the inspections evaluate temperature differences on various phases per circuit.  If a temperature difference is discovered, it is a good indication of a potential problem due to the unlikelihood of varying temperatures on different phases of the same circuit.  If not corrected, over time, it will likely cause a mishap. Because most of the electrical items onboard a ship are 450 volts or less, this can be safely accomplished as long as the inspector does not cross the plane of the equipment with the imaging device. At some installations, full arc fault PPE and exclusion zones are required, even for 450 V systems

Using thermal imaging devices to evaluate electrical equipment that is 450 volts or less continues to be beneficial in the prevention of faults and in the detection of faulty connections.  This team has learned that the success of thermal imaging devices is solely dependent upon the ability to see the inspection points (i.e. connectors, bus joints, etc.).  Because the enclosure cover is typically opened for 450V or less electrical equipment, thermal imaging devices work well.   

With the Navy’s recent transition to medium voltage generation and distribution (4160V), an effective method of performing thermal imaging inspections on this equipment has been restricted due to OSHA & Navy prohibiting the removal of enclosure covers.  A previous NSRP project consisting of the same team successfully integrated IR transparent windows to allow inspectors to use thermal imaging equipment to inspect 4160V enclosures without removing the covers.  As a result of the project, medium voltage switchboard specifications now require IR windows.

The successful IR window NSRP project was not without limitations.  Unlike the 450V or less IR survey where an inspector can remove the enclosure cover and move the IR camera to various angels to ensure all connection points are inspected, the IR windows do not provide a large enough portal to see every connection; in addition, the cable installation may block portions of the IR windows further limiting the view.  Even with the limitations of the IR windows, the value IR windows provide in new 4160V enclosures far exceeds any costs associated with them.

The prevention of faults can be accomplished if one can detect a delta in the temperature between phases whether using IR camera, thermocouples, fiber optics temperature probes, or other temperature measuring device.  In an attempt to remove the limitations discovered when using the IR window technology, the team wanted to evaluate the use of Fiber Optics Based Distributed Temperature Sensing (DTS) system to detect temperature deltas and determine the effectiveness of this technology.

From SUPSHIP Gulf Coast Code 270’s perspective, the use of fiber optics DTS to detect, alert, and potentially perform automatic operations is achievable.    
Implementing Fiber Optic DTS will provide the following benefits to the US Navy:

Eliminates the Current Infrared Inspection
· The current process to perform an inspection requires using a thermal image device with special permission in accordance with the NSTM Ch 300.  Equipment greater than 1000 volts requires a written instruction from the NAVSEA 05Z3 Technical Warrant. This permission typically requires extensive effort to produce.  The method in which the inspection will occur has to be explained along with outlining the equipment being used (IR device, arc flash suits, etc.).  Because some of the equipment is in tight locations, special tactics may be required.  If permission is granted to perform this type of inspection, it will likely not be accomplished while the ship is underway due the potential movement of the ship causing a concern for safety.  In addition, it is a massive undertaking to remove the covers for this equipment.  For example, the crew would likely be required to tag-out the equipment which often takes extensive time to complete.  Once tagged-out the covers will be removed and the area will be secured (i.e. roped off).  Once the area is secured, the crew would clear the tags followed by re-energizing the equipment with covers removed to begin the inspection.    When the inspection is over, the crew would be required to follow the same tag-out process to re-install the covers.   This is not only time consuming, but very disruptive to the entire ship, since loss of power is likely and will potentially prevent others on the ship from performing their missions.  Because this process is so disruptive, the test is usually scheduled really late in the day or at a time to minimize disruption.  

Provides Continuous Monitoring
· Because the Fiber Optic DTS system is permanently installed the likelihood of detecting a loose connection or a condition which will lead to a fault is greatly improved.    Due to the aforementioned factors, there is a chance some issues may not be able to be detected using the Thermal Imaging device.
 
Reduces Manpower
· The crew or special team will no longer be required to come onboard a ship to perform the manpower extensive inspections.  The continuous monitoring eliminates the need to perform dedicated inspections.

Ensures Adequate Inspection
· Especially with 4160V enclosures, many of the connections and bus joints are difficult to see or inspect.  Some connections have creepage boots or sleeves over the connections making it difficult to inspect using a thermal imaging device.  Using a permanently installed system such as the Fiber Optic DTS ensures all critical areas are properly monitored.  From the beginning of the enclosure design, a systematic approach can be used to ensure the system is monitoring the desired areas.  




While the benefits of a permanently installed temperature monitoring system outweigh the concerns, below are some areas which need to be considered before implementation:

Potential Cost
· The system material cost of the Fiber Optic DTS system is not too concerning, but the cost associated with the implementation, installation, and testing for the enclosure manufacture along with the cost associated with the shipbuilders need to be evaluated to ensure feasibility.

Installation and Maintenance
· The delicacy of fiber optics, especially inside an enclosure containing very large copper cable may cause some challenges during initial installation and maintenance (such as annual cleaning).

This technology is phenomenal and will no doubt be implemented somewhere on a US Navy ship in the future.  Using it as a temperature monitoring system inside electrical enclosures is likely, and this project proved the technology will work for this application.  Once the industry team can determine a means to make it robust and easy for the shipbuilder and enclosure manufacture to implement we will likely see this technology inside our medium voltage enclosures.



[bookmark: _Ref446408141][bookmark: _Ref446408144][bookmark: _Toc514245055][bookmark: _Ref416269152][bookmark: _Ref416269158][bookmark: _Ref416429855][bookmark: _Ref416429861][bookmark: _Ref433637120]Thermal Imaging Window Integration – Shipyard Impacts [J.P. Farmer, Ingalls Shipbuilding]
1.1.1 [bookmark: _Ref372709716][bookmark: _Toc435097077]Discussion
1.1.1.1 Technology Need & Design Impact
A safe and reliable method of inspecting and monitoring electrical connections is needed as the U.S. Navy is transitioning to increased use of medium voltage systems.  As determined in the previous NSRP Panel Project, “Safer Thermographic Inspection of Medium Voltage Electrical Panels on Navy Ships”, the use of IR windows provides for inspection of some connections; however line-of-sight issues preclude this from being an ideal solution in all cases.  Implementation of a DTS system would enable all applicable connections to be thermally monitored.  This additional capability would allow a loose connection to be identified prior to an arc flash incident – eliminating costly equipment damage and potential for injury to personnel.   

1.1.1.2 Current Shipyard Inspection Processes
Equipment is received in the shipyard and undergoes initial receipt inspection at a land based test facility.  Following the inspection, equipment is protected and transported to the ship for installation and electrical hook-up processes.  Following installation, the equipment is groomed and at a later stage energized.  Thermography testing is conducted as part of the Electric Plant Infrared Survey to verify all electrical connections are secure and the system is ready for delivery.  These thermal inspections are currently conducted on 450V boards only due to safety concerns.
Inspections are done on low voltage (450V) equipment as standard practice. This process includes removal of the panel cover and exposing the electrical connections of interest.  With the system at high load, an IR survey is conducted.  This series of testing is conducted during Builders Trials, Acceptance Trials, and as needed throughout the ship construction process.  Additionally, the U.S. Navy conducts this type of testing after delivery at regular maintenance intervals.  

1.1.1.3 Impact to Current Shipyard Processes:
Potential impacts at the shipyard level will include changes to engineering documents, installation processes, test procedures, test equipment and trades involved in installation and testing processes.  The extent of these impacts will be dependent on the DTS system design and installation approach selected.  As noted herein, multiple DTS systems were investigated and have the potential to capture the necessary thermal measurements.  Whether a Fiber Bragg Grating (FBG) or Raman backscatter system is selected, either system would require additional development, including system design, software interface, and installation methods for the intended shipboard application.    
Potential installation options range from the DTS system being fully integrated into the electrical switchgear by the manufacturer to installation of sensors and interrogator at the shipyard.  If the system were fully integrated at the manufacturer, the DTS system would be part of the cabinet.  In this scenario, impacts could be as small as an additional communication link to the cabinet.  Likewise, if the DTS unit were to require installation of the sensors and interrogator units by the shipyard, a significant change to existing processes would be required.  In this scenario, an additional trade would be involved in the switchgear installation to handle the fiber optic component installation and testing.  
In either scenario, testing processes would be impacted.  Testing to verify connection integrity could be conducted using the DTS system.  This would eliminate the need for the Electric Plant Infrared Survey testing in 450VAC systems and would provide a safe method for inspecting medium voltage (4160VAC) systems. 

1.1.1.4 Cost Savings Opportunities & Business Case
The implementation of a system with the capability to monitor electrical connections as demonstrated by fiber optic DTS systems would give personnel sufficient advance warning to eliminate arc flash incidents associated with loose connections.  This increased capability would provide benefits including avoidance of cost associated with equipment damage, equipment removal, and personnel injury.  An arc flash incident can cause catastrophic damage to equipment.  The removal of damaged equipment may require access cuts be made in the ship’s structure.  This process is very costly and impacts construction schedule.  These costs are in addition to the cost to replace the damaged equipment.   
Benefits could be observed from new construction through the ship’s service life.  The system would provide the ability to monitor connections from initial operation of the electrical equipment.  This could eliminate the need for the Electric Plant Infrared Survey conducted during ship construction activities.  After ship delivery, the system would provide continuous monitoring capability that could eliminate the need to conduct routine thermal surveys of equipment connections.    
1.1.2 Conclusion & Recommendations
New methods of inspecting medium voltage switchgear are needed to reduce risk of equipment damage and to ensure personnel safety during the inspection process.  This project evaluated fiber optic distributed temperature sensing options as a method of monitoring electrical connections.  Benchtop demonstrations, laboratory testing, and a formal trade study were conducted.  Two systems were selected for testing in a relative environment.  Data collected determined that both systems are capable of making the necessary measurements with satisfactory accuracy; however additional development is needed to field a system for specific shipboard applications.  
Shipyard impacts will be dependent on the final system design and installation methods.  Implementation of a DTS system could eliminate the need for Electric Plant Infrared Survey conducted during the ship construction process.  Additionally, arc flash incidents associated with loose electrical connections could be prevented resulting in avoidance of costly repairs, schedule delays, and personnel injury.
Further development of this technology is recommended.  The monitoring capabilities of a DTS system as demonstrated in this project would provide benefits to the Navy and shipbuilding industry.  



[bookmark: _Toc514245056][bookmark: _Ref446409057][bookmark: _Ref446409078][bookmark: _Ref446409097]Conclusions
The goal of the project was to determine whether a fiber optic based Distributed Temperature Sensing system could make the required temperature measurements to find loose connections in electrical switchgear.  The purpose is to overcome the difficulties of restricted line of sight and dust boot covers that hamper IR thermography inspection through IR windows.
The project examined four distinct technologies for DTS and concluded that two of them (Raman backscatter and Fiber Bragg Gratings) are applicable in technical performance and economics. No fundamental issues were identified that would preclude such a system being used to detect loose connections.  However, neither system has been used in this application before, so further development is necessary to create a practical system that could be implemented on ship.
This development is primarily in two areas, the sensing itself and the processing of the data.  
· For the Fiber Bragg Gratings (FBGs), COTS sensors exist that are close to what is needed, but a custom array of them for implementation throughout multiple sensing locations on the ship will need to be designed and fabricated.  For the Raman system, the fiber itself is the sensor, so in order to make measurements at a local point such as an electrical connection, the fiber must be coiled.  The prototype measurement coils that showed proof of concept will need to be matured to reproducible, easily made and easily installed units.  For both types, the fiber between and leading to the sensors will have to be ruggedized for shipboard installation.
· To detect a loose connection, the temperatures from all three electrical phases of a circuit are compared to see if one is hotter than the other two.  Neither of the systems can make this comparison internally.  Each can export the temperature data to another piece of software.  This software will have to be developed, but it has the straightforward tasks of segregating measurements from the same circuit and comparing values between them.
· There will be additional development effort to build a system like this into the electrical cabinets and also to provide the infrastructure for it in the ship design.
The benefits of a system like this include:
· The present IR thermography method is a spot check that is done at intervals of weeks or months and problems can develop between inspections.  The DTS is a continuously monitored system that can automatically detect connections coming loose before they develop into serious problems.  
· This project used the 4160V cabinets in a ship of the LHA series as a reference for implementation needs, but these systems are scalable to higher voltages and larger or smaller ships.  
· Once an automatic monitoring system has been put in place, it opens up possibilities for system health beyond just looking for loose connections.  Temperature on other things can be tracked, such as rotating parts.  Trends can be tracked so that a system health within the electrical load can be inferred.  For example, an increase over time of all three phases of current supplying a large motor may indicate a failing bearing in the motor.  In the case of the Raman system, the fiber itself is the sensor, so data can be extracted from the lead cable between the DTS electronics and the electrical cabinet.  This can be used to determine the heat in adjacent electrical cables in the same cable tray or even as fire detection wherever the fire runs.
· During the field testing, at times there was evidently some electro-magnetic interference with the thermocouple readings being used as a reference.  The cause was not determined, but it illustrated that the fiber optics are unaffected by EMI in the electrically noisy environment of high voltage electrical switchgear.
The proof of concept has been demonstrated that these DTS systems are technically feasible to make the required measurements and overcome the limitations of the IR thermography.  The potential benefits of having such a system suggest that the additional development required should be pursued to make them into a system that can be implemented in a production setting.




[bookmark: _Toc514245057]Recommendations
The overall recommendation is to further develop DTS into a practical system that can be implemented on Navy ships by addressing the ruggedization of the sensing cable design and developing the software to process the data for this application.

The effort will require close coordination between DTS and fiber manufacturers, the electrical equipment manufacturers, the shipyards and the Navy so that all aspects of implementation, training and usage are addressed.

[bookmark: _Toc514245058]Potential Future Work
[bookmark: _Ref446406652]This project has seen the potential benefits of automatic temperature measurement to detect loose electrical connections.  The next steps in developing the technology toward the practical application will include:
1) The Navy and industry should together develop detailed specifications as to what the target production system will look like and specify requirements for performance, environment capability and future expansion, all of which will have an impact on system cost.
2) Additional testing of each system in a controlled environment against a trusted reference should be done to characterize the performance under all conditions expected to be encountered.  This will allow things like the coil construction and software settings for the Raman system and the attachment method for the FBG system to be refined and optimized for this application.
3) A practical design for sensor harnesses will need to be developed.  For the Raman system, this involves making the coils into an easily produced and easily implemented sensor and ruggedizing the fiber between them.  For the FBG it will involve selecting a sensor with a workable attachment mechanism and ruggedizing the fiber between them.  
4) Develop the software to process the raw temperature data and extract the desired information. This involves exporting the data from the system interrogators, grouping the measurements so that the three phases from the same circuit can be compared, and developing code that creates alarms when the required conditions have been met.
5) Some deeper economic analysis should be performed for the cabinet manufacturer’s costs to implement, the shipyard costs to install and long term maintenance costs.  This project only examined tradeoffs within the context of a ship the size of the LHA series.  The analysis should be expanded to other class ships to see where the trade space lies.
6) Additional capabilities for these systems should be explored.  Once an automatic temperature measurement system is already installed, then the software and settings to perform other monitoring besides loose connections and to monitor trends and analyze historical data can be developed.
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The following document was supplied to DTS vendors to evaluate their product against the requirements for this application.

Distributed Temperature Sensing System Requirements				6/16/17
1. General Requirements
a. System is targeted for 4160 VAC Three Phase electrical switchgear placed in multiple locations within a Navy ship
b. System must sense temperature at multiple points.
c. System must be able to uniquely identify the point at which each temperature measurement is being taken.
d. System must not interfere with normal operation of electrical switchgear.
e. System readings must not be affected by normal operation of electrical switchgear.
f. System must be able to display readings at specific points on demand
g. System must be able to cycle through all measurements within 30 minutes.
h. System sensing elements must be able to be installed or designed into switchgear without extensive design modifications that would alter the size or functionality of the switchgear cabinet.

2. Application specific Requirements
a. System must read temperature with ≤ 1 °C resolution.
b. System must read temperature with +/- 2.5 °C accuracy.  (IR Thermography chart requires notation to be made at ≥ 5 °C difference between phases.)
c. System electronics must operate within 25°C to 65°C temperature range (or be modified to meet that requirement)
d. System sensing elements must operate within 25°C to 95°C temperature range (or be modified or substituted with to meet that requirement).
e. System electronics must meet shock and vibration requirements of Grade B MIL-STD-901D (or be able to be modified to meet such standards)
f. System sensing elements must meet shock and vibration requirements of Grade B MIL-STD-901D (or be able to be modified to meet such standards)
g. System will allow for one sensing element (fiber) to run into one cabinet, out of that cabinet and into another, and so on for multiple times.  Connectors and/or splices may be needed to facilitate this feature.
h. An individual cabinet may contain between 20 and 75 points of interest where temperature is to be measured.  Measurement points can be physically as close as 6 inches to each other or as far apart as 24 inches.
i. The system should be able to measure temperature at up to 800 individual locations.  A combination of multiple sensing elements and multiple electronics units may be required to accomplish this.

3. Highly desirable features
a. System is programmable to compare measurements against each other and display the results, specifically, compare temperatures of three electrical phase connections in the same circuit.  In general, three measurement points (which may or may not be adjacent along the length of the fiber) are grouped together.  The system will be able to display temperatures for each member of this group compared to the other two.  There will be many sets of these groupings.
b. System has the ability to set alarms based on comparative measurements, for example, if one phase connection in a circuit is more than 5 °C warmer than the other two comparative phases in the same group.  It should compare and alarm if any of the three measurements exceeds the other two measurements within the group.
c. System has the ability to store data and/or offload data to an electronic storage device, including alarms.
d. System has the ability to make measurements, evaluate alarm conditions and store data on a programmable schedule, up to days or weeks between measurements.
e. System has the ability to display or alarm on trends in the data, specifically programmed.  For example, temperature data for one phase versus the other phases tracked over days or weeks.
f. Optional: Alarms can be tied into hardware outputs that can drive external actions such as indicator lights, etc.

Questions for Vendors
1. Can the system meet the attached requirements, including the highly desirable features? 
2. How many measurements can be made on a single fiber?
3. How many channels can the system accommodate?
4. What is the temperature resolution?
5. What is the temperature accuracy?
6. What is the spatial resolution?
7. What is the longest distance for a single fiber sensor?
8. Are there any installation considerations, such as how fibers need to be attached to the measurement point (laid adjacent, screws or clips, adhesives, etc.), whether there is a minimum length of fiber required to touch the measurement point to assure adequate signal to noise, etc.?
9. Is the system sensitive to other disturbances besides temperature differences?  If so, how are they distinguished from each other or how is the influence of the other mitigated so as to get the desired measurement?
10. Does a temperature disturbance in one location on the fiber affect the measurements of locations in the same fiber beyond that location?  In other words, can the system register two or more temperature events on the same fiber with the same accuracy and resolution?
11. Does the system need calibration after installation?  If so what is involved?
12. Does the system need periodic calibrations after being in service?  If so, how often and what is involved?
13. Are any of your systems qualified for military use?
14. Can the electronics (interrogator) be separated from the fibers on a regular basis?  That is, if desired, can a single electronics unit be carried to one location, hooked up to the installed fibers and measurements taken and recorded, then disconnected and taken to a different location and the measurements repeated there?  This trades off continuous monitoring with a permanent installation using multiple electronic units for the cost savings of using a single electronic unit to make periodic measurements at different locations.
15. As an example, assume there are switchgear cabinets on 5 separate locations with unknown spacing which could be several hundred feet apart.  Each cabinet will have 40 to 75 measurement points within it, or about 150 measurement locations at each location.  How would you configure a system to measure all of these points?  
16. What would be the rough cost of this system?  Assume that costs to get your system military qualified (if it is not) are not included at this time.
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Distributed Temperature Sensing Bench Demonstrations

Introduction

Four benchtop demonstrations of DTS equipment took place at the Penn State Electro-Optics Center
(EOC) across two weeks in August and September of 2017. Two Fiber Bragg Grating vendors (Micron
Optics and Optromix), one Rayleigh backscatter vendor (Luna) and one Raman backscatter vendor (RSL)
demonstrated their equipment. It did not prove possible to arrange a demonstration of the Brillouin
backscatter method (Oz Optics), so that will be evaluated on the basis of provided information.

The demonstrations consisted of further discussions as to requirements of the shipboard application,
demonstration of the equipment as provided by the representative, and demonstration of the
equipment on the EOC simulated electrical connection mockup. Vendors were given a sketch of a
representative electrical cabinet noting measurement points of interest and a sketch of a notional
distribution of electrical cabinets throughout a ship, so that they could refine their proposals against the
actual application.

The EOC test mockup is the same one used in the NSRP panel project Safer Inspection of Medium
Voltage Electrical Panels on Navy Ships (IR Windows). It consists of two short lengths of actual 4160V
supply cable. Each length terminates in a lug. Each lug is bolted to a piece of copper bus bar, similar to
what might be in a shipboard cabinet. A high wattage resistor is bolted to the back of each bus bar. A
DC current through the resistor causes the resistor to heat up, transferring its heat to the bus bar and to
the bolted connection. By applying different currents to the two bus bars, the temperatures of each can
be set to different values, thus simulating a good connection (warm) and a bad connection (hot). A
thermocouple touched to the bus bar adjacent to the lug provided a temperature reference. The
candidate sensors were applied to the bus bar adjacent to or around the connection as the vendor saw
fit. Measurements were taken and in some cases recorded. Photographs were taken of each setup.
Figure 1 shows the front (at left) and rear (right) of the test setup.

Figure 1 EOC Test Setup

Summary

Detailed descriptions of each vendor’s system and the outcomes of the demonstrations are provided
below. This section contains a high level summary.





The main difference between systems is that the Fiber Bragg Grating (FBG) systems essentially use a
point sensor, that is, measurement at a specific point, while the Raman and Rayleigh can measure
anywhere along the fiber. In practical application, however, both the Raman and Rayleigh will need to
concentrate portions of the fiber in a location that is rugged and easy to install. They therefore
effectively become point sensors. There are some specific minor advantages to being able to measure
along the fiber, but they are secondary to the main objective of detecting loose connections.

All of these systems are set up to make absolute measurements, which is more for traditional data
acquisition. The alarm settings and measurement analysis techniques depend on whether the
measurement is above or below a preset threshold. There is limited ability to make relative
measurements, such as comparing one measurement with two others as in this application. Some
indicate that software changes are possible to enable this function. However, all have the ability to
offload the data to a supervisory computer in a variety of formats. Custom software in the supervisory
computer can be written to compare any measurement points with any other points and provide alarms
on a variety of conditions within that measurement. Therefore, while none of these systems can make
the comparison measurements needed for this application, all are capable of sending data to a
computer that can. All of the systems have numerous averaging, filtering, and other signal processing
techniques built in.

All systems had a laptop computer for setup and for displaying data if required. In production setting,
laptop will only be used for setup at installation or for debugging. Interrogator will run on its own and
offload the data to another computer. Comparison of temperatures at the electrical phases and
generation of alarms or warnings will take place in the supervisory computer.

With one exception, all made measurements that were within 2 °C of spot checks made with a
thermocouple. Asthe thermocouple is only accurate to a degree or two, the accuracy may be better
than that. The exception was the Raman system provided by RSL. There is evidently a heat transfer
issue that introduces a large lag in the temperature reading when the measurement point temperature
changes. See details below.

None of the systems has mil qualified equipment. However, most of them offer ruggedized, industrial
grade electronics. Fiber protection will need to be taken into account.

Highlights of the individual demonstrations are listed here:
Micron Optics — Fiber Bragg Grating

- Fairly small, low power interrogator. A sixteen channel interrogator is available.

- Sensors typically sold as individual single measurement devices, but custom arrays possible.

- Upto 79 sensors in series are available per interrogator channel.

- Regular fiber lead cable can be used between interrogator and sensing cable.

- Demonstration performed well on EOC test rig with sensor clamped.

- Proposed cost of system is $221,600 with 20% of that cost being electronics and the rest being
the sensors.

Optromix — Fiber Bragg Grating

- Rack mount, low power interrogator. An 8 channel interrogator is available





Luna

Sensors typically sold as individual single measurement devices, but custom arrays would be
proposed.

Up to 20 sensors in series are available per interrogator channel

Regular fiber lead cable can be used between interrogator and sensing cable.

Demonstration performed well on EOC test rig with sensor clamped.

Vendor indicated that for production, much can be customized, including sensor mounting.
Proposed cost of system is $327,950 of which 38% is electronics, mostly because five 8 channel
interrogators are needed to accommodate the required number of sensors, since the
interrogators are limited to 20 sensors per channel.

— Rayleigh Backscatter

Somewhat larger, but still low power interrogator. Each channel requires a small remote
module at the far end of the lead cable to correct for local differences in ambient temperature
and vibration.

Sensor is a fiber optic cable. As sold off the shelf it is coated but not jacketed. It would need
protection for installation in an industrial environment.

Sensor cable is limited to 50 meter length, but can make measurements as close as 5 mm apart.
Lead cable is standard optical fiber. Presently 50 meters is longest demonstrated, but
theoretically could be longer.

Measurements can be averaged along lengths of fiber for greater accuracy.

Demonstration performed well on EOC test rig with sensor taped down. Some level of noise in
the data attributable to jerry-rigged installation, sensitivity to room conditions and no filtering
applied.

Luna quote from 10/9/17 applied to LHA 7 distribution results in total cost of $658,500 of which
98% is electronics. If one interrogator used and moved from point to point, total cost is
$123,500, of which 89% is electronics.

RSL — Raman Backscatter

Rack mount ruggedized interrogator, power consumption unknown. A sixteen channel
interrogator is available.

Sensing uses regular jacketed multimode fiber that plugs directly into interrogator.

Spatial resolution for measurement along fiber is 50 cm. Measurements require a 2 m+ coil of
fiber at each measurement point to get a good measurement.

Maximum fiber length is 30 km, much more than needed for shipboard application.
Measurements can be averaged along fiber

Demonstration had difficulties with EOC test rig. There is a thermal lag in heat transfer from the
measurement surface to all portions of the coil where the measurement is being made, resulting
in reported temperatures at times > 10 °C lower than actual.

Subsequent tests by vendor show that the system interprets the temperature along the total
length of the coil at the measurement point. This means that the portions touching the
simulated connection read hot, while the coils at the top are reading closer to ambient, which
lowers the subsequent reported temperature.





- The most likely mitigation for this is to embed the coil in and enclosure with some potting
material that would insulate it from the ambient, or provide a conduction path so that all loops
of the coil are exposed to the same temperature. Vendor is investigating.

- RSL proposal from 1/29/18 applied to LHA 7 distribution results in total cost of $78,740 of which
57% is electronics.

Demonstration Details
Micron Optics — Fiber Bragg Gratings — August 25, 2017

Micron Optics, Inc. is headquartered in Atlanta, GA. The company website is www.micronoptics.com.
Micron Optics is vertically integrated. The sensors and interrogators (including the lasers, and filters)
are made by them. They have several off the shelf (OTS) sensors available, but can also utilize sensors
from other vendors. They do not have a fiber optic draw tower so they cannot make long fibers with
multiple integrated sensors in house.

They sell individual FBG sensors with fiber pigtails with or without connectors on the ends. Multiple
sensors can be placed in series by either splicing them together (a custom product) or connecting them
via fiber optic bulkhead connectors. Because each sensor is made with a lead in and lead out fiber, the
closest the sensors can be located to each other along the fiber is 30 cm, even with a custom cable
consisting of individual sensors spliced together.

For FBGs, each sensor is set up for a specific wavelength. For best accuracy, the wavelengths would be
spaced 4 nm apart. However, they offer spacings of 2 nm apart, which has less accuracy, but is sufficient
for the temperature measurements in this application. The interrogator has a tunable laser operating
over 1460 nm to 1620 nm wavelength, which is a total bandwidth of 160 nm per channel. At2 nm
wavelength spacing, this would allow up to 80 separate sensors (79 in practice) in series on a single
fiber. A lead fiber with no sensors can be inserted between the interrogator and the sensing cable,
extending the distance between the interrogator and the point of sensing. The limit of cable length is on
the order of 5 to 10 km, so reaching anywhere on the ship is no problem. Also, the lead cable can be
any standard SMF-28 optical fiber for 1550 nm.

Sensors come in a few variations of packaging, but are essentially the same inside. The recommended
sensor, model 0s4100 (see data sheet) has the FBG mounted inside a flat stainless steel frame. This
frame can be clamped, screwed, epoxied or welded to the material being measured. Fiber Bragg
Gratings are sensitive to both strain (movement) and temperature. The decoupling of strain from
temperature is done in the packaging. An S turn in the fiber within the package allows for growth and
shrinking, which places no strain on the fiber and allows strictly temperature to be measured. Sensors
are pre-calibrated. An array of sensors can be set up and tested for calibration prior to installation. A
configuration file for each sensor or array keeps track of the exact wavelength of each sensor. Once this
file is loaded into the interrogator, the interrogator knows which sensor is which and has the calibration
information for each as well.

Sensors are typically spliced or connected in series. One end of this cable (with or without a lead cable)
is plugged into one of the interrogator channels with a standard fiber optic connector. The other end is
left unconnected, but is usually terminated with a connector. Angle polished connectors are used to
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prevent back reflection from the far end of the fiber, but the connector is capped to protect it. This
provides some level of redundancy. If there is damage to the fiber between the interrogator and the
first sensing element, the far end of the cable can be plugged into the interrogator instead, and the
system can keep operating. In a shipboard application, this would require running a separate lead cable
to the far end of the sensing cable run, but that can be installed originally and only put into service if
needed. Because the individual gratings are identified by their unique wavelength, sensing cables can be
spliced into a tree structure with a splitter. There is a certain amount of insertion loss with this, but it is
within the loss budget of the interrogator if splices are used. A tree structure may not be necessary, but
would allow for parallel sensing for redundancy if desired and reduce susceptibility to single point
failure.

The interrogator, called Hyperion, is 12” x 10 %” x 2 %" in size (see data sheet). It can be rack mounted,
or kept portable. It is ruggedized to industrial standards, contains no fan, and is powered by 9-36 VDC,
using under 40 W. It is available in 4, 8 or 16 parallel channels. Sensors in series on the same channel
must have different wavelengths, but sensors with duplicate wavelengths can be used on different
channels. Therefore a single interrogator could service up to 1264 (16 * 79) sensors, which is more than
is projected for an LHA type ship. The interrogator can be set to scan at 10 Hz, 100 Hz or 1 kHz for all
channels. Typically speed can be traded for accuracy. As the proposed measurements do not need to
be taken with high frequency, the highest accuracy 10 Hz measurements can be used. At the 10 Hz rate,
the interrogator has a loss budget of 40 dB per channel. Connecting the sensors in series with the FO
bulkhead connectors will add about 0.5 dB insertion loss per connection. At a maximum of 80
connections per channel, this is borderline acceptable. However, splices only add insertion loss of about
0.05 dB and are more reliable, so connectors are not recommended, except perhaps where a fiber
enters or leaves a cabinet. Actual losses in the fiber are negligible at the lengths being considered.

The interrogator generates the laser pulses for all the sensors and numerous built-in Digital Signal
Processing in both hardware and firmware to provide analysis of the return signals. The unit has no
built-in user interface, but instead utilizes a separate laptop for setting up the system and accessing the
data. Once the system is setup on board ship for automatic operation, the laptop can be disconnected.
Micron Optics has a software product called ENLIGHT (see data sheet) that runs on the laptop. ENLIGHT
provides tools to load configuration files for sensors, configure the system and adjust parameters in the
data analysis, such as averaging and filtering. Data can be displayed in real time on the laptop via this
software and alarms programmed and displayed. It has the ability to input a drawing or photograph of
the physical structure being monitored with the data points overlaid in the appropriate location. This
would allow a sketch or photograph of each electrical cabinet being monitored to display the
temperatures next to the sensor location in the cabinet. The ENLIGHT software also permits storing or
exporting the data. Data can be saved on demand, or through a schedule, or triggered by an alarm
event (stores pre-trigger data).

The tools provided with the ENLIGHT software would be useful for analysis of temperature data after an
alarm or as part of a general assessment. Currently, the software does not have the ability to make
comparative measurements, such as is desired for this project for seeing the temperature differences
between electrical phases of the same circuit. However, the data can be exported to a supervisory
computer where custom software would need to be developed to make the appropriate comparisons
for each set of three measurements.





Micron Optics did not bring a prepared demonstration. Instead, the system was set up with the EOC
test rig. Micron Optics had brought two versions of the fiber bragg grating sensor. One is set up as a
temperature probe, with the grating inside a metal cylinder and one fiber coming out. The other was
the recommended 054100 flat sensor with a fiber out of each end. One sensor was clamped to one of
the bus bars adjacent to the connection and the other sensor was clamped to the other bus bar. Figure
2 shows the sensors on the test rig. The straight temperature probe is on the left and the flat series
sensor is on the right.

Figure 2 Micron Optics Sensors on EOC Test Rig

Figure 3 shows a close up of the 0s4100 flat sensor next to the connection point. The sensor can be tack
welded, epoxied, clamped or screwed to the measurement point (the screw holes are covered by the
clamp - see data sheet).

Figure 3 Micron Optics 0s4100 sensor





Figure 4 shows the Hyperion Interrogator, front view on the left and rear. In the front view, power from
the AC adapter enters through black cord on the left and the Ethernet connection to the laptop is
through the gray cord. The display on the front shows configuration information but no data. The demo
unit that Micron Optics brought is a four channel unit. The four optical connectors can be seen on the
rear of the unit. A sixteen channel interrogator would just have sixteen connectors. For the demo, the
two sensors were plugged into two of the channels. The yellow cable is a four fiber extension cable
connected to the sensor cables via bulkhead connectors just visible behind the unit power supply.

Figure 4 Micron Optics Hyperion Interrogator

The system was set up as described and the power supply to the heaters was turned on. The system
was allowed to run for about an hour and a half. Due to the thermal mass of the bus bars, it takes a
while for the temperature at the connection to rise to its maximum and stabilize. The two sensors
displayed this rise. Periodic spot checks with a thermocouple agreed with the FBG temperature reading
within 2 °C. Data was taken at 10 Hz and offloaded as text files. The data could be loaded into a
spreadsheet for manipulation or into another program that could compare data and generate alarms on
programmed conditions.

Micron Optics was given the sketches for the electrical cabinet layout and the notional cabinet
distribution across the ship. They did not respond with a specific proposal, but rather with a quote for
individual components. This included a 16 channel interrogator, custom sensor arrays of various
numbers of their standard 0s4100 FBG sensors spliced in series, connectors and lead cables of various
lengths. By making certain assumptions about where the interrogator might be located with respect to
the notional cabinet distribution sketch, a total cost of $221,600 was calculated for outfitting a ship such
as the LHA type. The price was pro-rated for arrays of different numbers of sensors than those quoted.
Of this total, $45,500 was for the interrogator (the electronics), which represents 20.5% of the total.
The remainder is for the sensors and cabling between them.

Note that this is not an actual quote for outfitting a particular ship. The quote is also only for the
standard products and does not reflect any changes that would need to be made for a military
installation. It is only for comparison with the other methods being evaluated. It should be recognized
that with this method, the sensing is 80% of the cost, compared to the electronics.

Luna, Inc. — Rayleigh Backscatter — August 28. 2017





Luna Inc. is from Roanoke, VA. The company website is www.lunainc.com. Luna can provide an
integrated solution, but it is not known if they manufacture the electronics and the sensors. The system
is called Optical Distributed Sensor Interrogator —B (ODiSI-B) which consists of the interrogator, a laptop
for user interface, a stand off cable and a remote module. The standoff cable is just SMF-28 fiber optic
cable in a ruggedized sheath. The remote module sits at the end of the standoff cable and compensates
for environmental (thermal and vibration) factors at the sensor versus the conditions at the
interrogator. The sensor cable plugs into the remote module with an LC type Angle Polished Connector
(APC). See data sheet. A new version of the ODiSl is coming out at the end of 2017.

The sensor is a single length of standard optical fiber. The sensor is typically unjacketed but has a
polyimide coating. The system can detect temperature or strain anywhere along the sensor fiber. The
demo system is limited to a 20 meter long sensor cable, but this can be made to be 50 meter. The
present standoff cable is also 50 meters. In theory this can be extended, but they have not tried that.
The sampling rate can be traded off for the measurement distance along the fiber. Faster sampling
leads to higher noise. The optimum sampling rate for this application is 50 Hz, which provides the
longest sensor length. At 50 Hz sampling, the special resolution is about 5 mm. This means that a
separate measurement could be taken every 5 mm along the fiber.

Measurements can be averaged along a length of fiber to turn multiple small measuring locations to one
large one. For example in this application, the length of the electrical supply cable lug where it bolts to a
bus bar is about 2.5 inches, or 64 mm. If it is desired to measure temperature with a fiber laid alongside
this lug, at 5 mm per measurement, about 13 measurements can be averaged together to reduce noise
and get a more accurate result. Luna recommends at least an inch of fiber be in contact with the
measurement point. Measurements can also be averaged over time if desired. The sensing cable has a
LC type APC connector on one end and the other end is terminated to prevent back reflections.

Each sensor comes with a memory stick that contains the initial Rayleigh backscatter pattern. When this
is loaded into the system, it identifies the sensor and applies the calibration data. Broken sensors are
detected by comparing real time measurement with the stored data. The fiber is sensitive to both
temperature and strain. To decouple strain from temperature, the fiber can be placed inside a tube in
which it slides freely, but which allows the temperature to pass through. The tube is bonded to the
measurement surface. Or, bonded sections can be interspersed with unbonded sections and the
responses from each can be compared to subtract out any influence from strain.

Accuracy is nominally +/- 2 °C, but can be improved to +/- 1 °C when calibrated against an RTD.
Normally, no calibration is needed once the sensor is installed. An alignment is done periodically to
maintain calibration. This takes seconds and can be set up (with software modifications) to occur
automatically with no intervention from the operator. Bend radius of the normal sensor cable is a few
centimeters. The normal cable is quite thin, with a diameter of 0.15 mm. This would need to be
protected inside the electrical cabinet. The fiber could be mounted inside a tube of thermoplastic
polymer, such as PEEK. This tube could be thicker where protection is needed and thinned out at
measurement points. The tube could be installed first, then the fiber run through it. Alternately, the
fiber could be embedded in the bus bar, although this might present challenges if replacement is
required.

Since the sensor is just a normal optical fiber, the notation of the measurement points needs to occur at
installation. The system itself notes the length down the fiber where the temperature disturbance takes
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place. Therefore, the length down the fiber where each measurement is to take place must be carefully
noted. This can be done by measuring the fiber as it is installed, planning the fiber installation and
marking the fiber so that the marked places are installed at the correct location, or installing the fiber
then making a temperature disturbance at each location in turn. In the latter case, the system will
display the cable length where the disturbance takes place. This can then be mapped to the physical
measurement points., Sensor cables can be connectorized between electrical cabinets for ease of
replacement. If a section is replaced, the system can capture the new Rayleigh backscatter pattern for
future reference. This is built in as a feature called Repair Option. This could also be automated with
some software modifications.

The ODiSI-B interrogator is in an enclosure 14.4” x 13.6” x 6.6” and weighs approximately 17 |b. The
standard operating temperature range is 10 to 35 °C. The box is not environmentally sealed, but
requires no fans. It does have ventilation in the case. It consumes 45 Watts and is powered by 120 VAC.
The new version coming out will have up to 8 separate channels. Each channel will handle a sensor
cable up to 50 meters long. The sensor cable plugs directly into the remote module, which sits at the
end of the lead cable. In this application, the remote module would be close to the first electrical
cabinet in line for the sensor cable.

Figure 5 Luna Rayleigh Interrogator with Lead Cable

Figure 5 shows the ODiSI-B interrogator with the laptop interface on top. The laptop would not be
needed in a production system that offloaded the data to another computer. The 50 m lead cable is on
the black spool at left. One end plugs into the front of the interrogator. The other plugs into the remote
module, which is the small black box in the background.
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Figure 6 Luna Remote Module

Figure 6 shows the remote module. The LC type connector on the sensor fiber plugs into the remote
modaule at the right.

There are a number of software features currently available. The fiber position can be mapped onto a
photograph or sketch for a graphic rendition of the locations of the temperature measurements. Alarms
can be set on absolute measurement conditions (min and max). Pre-alarm conditions can be set, so that
a yellow condition means the measurement is getting close to the actual alarm, red condition means the
alarm threshold has been met. Alarms can be done on rate of change. All alarming is done off board
from the interrogator, in the laptop or other computer. The data is streamed in real time over TCP/IP.
The type of comparative measurement needed in this application is currently not available in the built in
software. With a software modification, it possibly could be. Since the data is streamed, the
comparative measurements could be done in a supervisory computer. Once the point locations are
identified, the software can be written to compare any two. Filtering, averaging and other data
manipulation can be performed prior to the data streaming out of the interrogator.

Luna started with a prepared demonstration. The sensor cable they brought is used for both
temperature and strain measurements. This sensor cable was attached with tape to an aluminum
cantilevered beam. As the beam was deflected manually in several locations, the disturbance showed
up on the display. Luna also had a separate temperature demonstration that consisted of one sensing
fiber stretched back and forth several times across a frame. Temperature vs. fiber length was displayed
on a graph on the computer. A can of freeze spray was used to cool down small portions of the fiber
individually. The resultant temperature change was visible on the graph.

The sensing fiber was then installed on the EOC test rig, secured to the bus bar and electrical cables via a
small piece of electrical tape at each location. The end of the fiber was secured on one bus bar, then the
fiber snaked up to the top of that bus bar and down the other side. It then moved up one side and
down the other of the second bus bar. After leaving that bus bar, it was secured to the two electrical
cables at a few locations.

Figure 5 shows the fiber installed on the EOC test rig, starting at the lower left of the left bus bar,
looping over and down the right side of the left bus bar, crossing over to the left side of the right bus bar
and descending down the right side of the right bus bar, then touching four points on the electrical
cables. The fiber is secured with small pieces of black electrical tape. Between the tape pieces, the fiber
was stretched tight enough to make contact with the bus bar along its length. It is difficult to see in the
figure, but the loop at the top of the right bus bar extends about an inch and a half above the top of the
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bar so that this small portion of fiber was exposed to ambient temperature. A similar loop at ambient is
where the fiber crosses from the left to the right bus bar.

Figure 7 Rayleigh Fiber Installed on EOC Test Rig
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Figure 6 is a close up view of the fiber taped next to the electrical lug.

Figure 8 Close up of Rayleigh Fiber Installation

Once installed and measuring, the freeze spray was directed in turn next to each place where the fiber
was taped down. The distance down the fiber for each temperature was noted and stored as a
measurement point in the machine. The rig power supply was then turned on and the current set to
different values for the two bus bars to create a temperature difference between the two. The
temperature rise was reflected in the display on the computer. As the display shows temperature vs.
length down the fiber, the temperatures of the two bus bars were separated in time. The two loops out
in the air showed considerably lower temperatures than where the fiber was alongside the bus bar or
the electrical cables. Data was recorded once a second and 47 minutes of data were offloaded onto a
memory stick in a text file. Subtle temperature differences were noted in the data. For example, the
loop at the top of the left bus bar only extended into the open air a minute amount. The temperature at
this loop location was lower than the adjacent fiber portions by a small but noticeable amount. Several
spot checks with the thermocouple agreed with the displayed measurement within 2 °C.
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Figure 9 Luna Data - Last Measurement Taken

Figure 9 is a graph of the data taken from the last measurement, when the temperature had risen to its
maximum. The vertical axis is temperature in °C above ambient, which was about 21 °C. The horizontal
axis is the distance down the fiber, with the zero axis being the end of the fiber off the left of the left bus
bar. As can be seen in the graph, the temperature hovers around ambient until the fiber contacts the
bus bar, then it rises to a maximum over the left bus bar. The short dip at the top of the left bus bar is
where the loop of fiber at the top barely leaves the bus bar. The next drop to ambient occurs between
the bus bars. The second plateau represents the right bus bar, at a lower temperature than the left one.
The dip in the middle is for the loop at the top, which leaves the bus bar a larger distance, shown by the
lower dip. The remainder of the graph shows the points where the fiber was taped to the electrical
cables which, while not connected in the test rig, do get warm from heat transfer down the copper
conductors. This is raw data, without filtering or averaging.

Though the sensing fiber was not inside a sheath, there was no evidence of strain being coupled into the
data. Several sharp raps were made on the table below the test rig and no disturbance was visible in the
data display.

Luna was given the sketch of the electrical cabinet and the notional cabinet distribution sketch and
asked to refine their proposal. This proposal has not been returned yet.

Optromix — Fiber Bragg Gratings - September 7, 2017

Optromix is based in Cambridge, MA. Their website is www.optromix.com. Optromix can provide an
integrated solution but they only make the sensors. The interrogators are made by another firm. The
system consists of an Interrogator, a lead cable and the sensor. A laptop computer provides a user
interface. The off the shelf sensor (see data sheet) is a single Fiber Bragg Grating (FBG) in a small case
with a fiber out each end. The ends may or may not be terminated with a standard FC type Angle
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Polished Connector (APC). If terminated in a connector, they can be strung in series by connecting them
with bulkhead connectors. If unterminated, they can be spliced together. In a production setting, a
custom cable would be made with the designated number of sensors on it. The OTS sensor has a steel
case that can be epoxied or embedded into the material. For production, a custom sensor enclosure
could be made to be more accommodating to the physical needs of the application. The attachment for
sensors is typically a bracket or clamp, but in production the casing could be made to accommodate any
attachment method, such as epoxy or welding. The proposed OTS sensor has a temperature range of -
50 °C to +80 °C, which is a bit lower than the 95 °C in the Requirements Document. The vendor offers
another sensor with a 100 °C maximum to its range. These are the same sensor, only the case is
different, which allows different applications.

The demo unit included a four channel interrogator in a ruggedized case. The case had four flying lead
fiber cables terminated in FC type connectors. The sensor cable FC connector was attached to the flying
lead with a bulkhead style connector. The proposed interrogator (see data sheet) is an 8 channel unit
that is rack mountable. Itis 19” x 15.7” x 3.3” and consumes 45 Watts of 120 VAC power. Its operating
temperature range is +10 to +40 °C. Each channel can accommodate up to 20 sensors.

The sensors are calibrated in an oven when they are made. Calibration data for each sensor is loaded
into the interrogator. Any calibration on site after installation is just for setting of the zero or reference
temperature. No recalibration of the sensors is required. A calibration check may be needed after years
of service in extreme environments, due to deterioration of the fibers and the sensors themselves. Each
sensor wavelength is unique. Each channel of the interrogator can accept up to 20 different
wavelengths. Sensor accuracy is stated at 0.1% of full scale. For the proposed sensor, full scale is 130
°C, so accuracy is 0.13 °C. This is considerably better than the other methods, (including the other FBG
vendor — checking on this).

Strain can be decoupled from temperature in several ways. The brackets typically used allow for some
mechanical decoupling. Rigid mounting can be avoided if it is an issue. The effects of strain may be
below the level of the temperature readings that you are interested in. Therefore, it can be filtered or
averaged out.

The laptop computer is used only for setup and spot checking of data. It is not necessary in a production
system. The data is not stored on the interrogator, but it could be with a software modification. Instead
it is transferred via TCP/IP over an Ethernet connection to a supervisory computer. All alarming and
comparison of measurement between different points will occur in the supervisory computer.

Optromix did not bring a prepared demonstration. Instead, they had two sensors of the same type.
These were connected in series with a bulkhead connector, and one end was connected to one of the
four the fiber flying leads from the interrogator with another bulkhead connector. Prior to installing the
sensors on the EOC test rig, the two sensors were mounted side by side on a card. The sensors were
therefore at the same temperature, which was ambient (around 22 °C). However, on the computer
display, there was a 0.6 to 0.7 °C difference between them. This was later attributed to the two sensors
being originally calibrated with a different interrogator (operating at 1 Hz) than the interrogator used in
the demonstration (operating at 100 Hz).

While the sensors were still attached to the card, one of them was held in the hand to raise its
temperature. The display rose fairly quickly to reflect the rise in temperature. The other channel also
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showed a corresponding rise, but it was very small (<0.2 °C). It was not clear why this occurred other
than it is possible some of the heat from the hand was picked up by the adjacent sensor. Regarding
decoupling of strain from temperature, banging on the table near the sensors did not show any
corresponding disturbance on the display.

The sensors were then attached using clamps to the EOC test rig to each of the bus bars adjacent to the
electrical cable lug. Figure 10 shows the sensors in place on the test rig.

Figure 10 Optromix FBG Sensors on Test Rig

The power supply was turned on and the system tracked the temperature rise. Several spot checks with
the thermocouple showed temperature readings within 2 °C of the temperature displayed by the
system. The system was left to run for 45 minutes or so. No data was stored or recorded elsewhere.

Figure 11 Optromix Demonsration Interrogator
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Figure 11 depicts the interrogator that Optromix brought to the demonstration. This is a 4 channel unit
in a ruggedized case. The fiber connections are made to the four flying lead fibers that exit on the right
side of the unit and terminate in FC type connectors. The proposed solution will utilize an 8 channel
rack mount unit (see datasheet). The demonstration laptop is shown in Figure 12.

Figure 12 Optromix Laptop Interface

The laptop is connected to the interrogator via Ethernet. The laptop display is showing temperature vs.
time, indicating the temperature rise of both sensors as the bus bars in the test rig heat up. Eventually,
the curves for the two sensors diverge as the one bus bar was hotter than the other.

Optromix was given the electrical cabinet sketch and the notional cabinet distribution sketch and asked
to produce a proposal. They returned a proposal utilizing five 8 channel interrogators, one on each deck
of the ship. Figure 13 shows the notional shipboard cabinet distribution annotated with Optromix’s
proposed solution.
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Figure 13 Optromix Proposal for Notional LHA Type Ship

Note that the lines between the interrogators and the electrical cabinets sometimes represent more
than one channel, and hence more than one fiber lead cable. Each channel of the interrogator has a
maximum of 20 sensors. Therefore, a cabinet with 75 measurement points would require 4 channels,
one with 60 would require 3 channels, etc. Looking at this, the 8 channels of each interrogator are
utilized. Interrogators numbers 1 and 5 also have some channels that cross decks to accommodate the
larger number of measurement points on the adjacent decks.

The Optromix quote has five interrogators at $25,100 each or $125,500 total for electronics. There are
805 sensors quoted at $250 each or $201,250 total for sensing. The quote includes $1200 for shipping
and handling bringing the total to $327,950. Of this total, 38.4 % is the electronics and 61.6 % is the
sensing. Optromix mentioned that in a production setting, the sensing cables would not be individual
OTS sensors spliced together, but custom made units. They did not include any custom cables in their
quote.

RSL — Raman Backscatter — September 8, 2017

RSL Fiber Systems, LLC is in East Harford, CT and offers a Raman backscatter DTS. Their website is
http://rslfibersystems.com. RSL is well versed in fiber optic systems but they do not manufacture the
DTS system. The DTS system manufacturer is Lios in Germany. The system consists of a rack mount
interrogator, and a laptop for user interface. The interrogator is not built to military spec, but it is made
for harsh environments. It is sealed and has no fans. The sensing is done on ordinary fiber, which plugs

18



http://rslfibersystems.com/



in with or without a lead cable into connectors on the back of the interrogator unit. A special European
F2000 connector with a spring loaded cover is used. These are available from a number of sources in
the US. RSL buys them with pigtails attached and fusion splices them to the cable. In a production
system, Lios could switch to a more common connector, provided they were technically equivalent
(Angle Polished Connectors, APC) are used.

Standard SMF-28 multimode jacketed optical fiber is used for the sensing fiber. Spatial resolution for
separate measurements along the fiber can be 0.5 meters. The demonstration unit is set up for 1 meter
resolution. This has to do with the wavelength of the pulse sent and the signal processing built into the
interrogator. Shorter spatial resolution combined with higher frequency of measurement introduces
noise. Accuracy will decline, but only to about +/- 1 °C, which is more than adequate for this application.
Frequency of measurement is a setting on the interrogator. As there is no particular spacing of sensors
down the fiber, fiber breaks can be easily repaired with fusion splices. The cable is typically marked with
lengths on the outside of the jacket, to aid in installation and setup. Maximum fiber length is around 30
km, so length on board ship is not a problem. An alternative to careful calculation of fiber lengths
throughout the ship is to have a coil of optical fiber at the beginning of each cabinet, attached to a small
heater. On installation, the heater can be turned on, and the system will note the length down the fiber
where the disturbance occurred, then it will automatically download the next x number of meters to
cover the fiber that is inside the cabinet.

The system has a feature where accuracy can be improved if necessary. In normal operation, one end of
the sensing fiber is connected to the interrogator in a straight run, with one sensing cable for each
channel of the interrogator. Alternately, each end of the fiber can be plugged into a separate channel in
what is called loop mode. The pulse goes out one channel in one direction, then alternates with a pulse
out the other channel in the opposite direction. The returns back are averaged for better accuracy. The
trade off is that two channels of the interrogator are used for each sensing cable instead of just one.
This is probably not needed for this application. However, it could also be a form of redundancy if there
is a fiber break where it could be tolerated (not in the middle of the measurement area). A straight run
must be terminated at the far end to avoid back reflections, but this termination could also be a
connector, so that redundancy could still be obtained by running the far end all the way back to the
interrogator, but not plugging it in unless it is needed.

Because of the spatial resolution, measurement points physically near each other will need to have the
fiber coiled in between. In addition to this, better accuracy is obtained with longer fiber lengths (1 to 2
meters) coiled over the measurement point. The system can average over length of the fiber, so more
fiber at the measurement point improves this average. The coils can be two inches or less in diameter.
The minimum diameter for standard fiber would be 1.3 inches. Other fiber types could be smaller.
There was some discussion on the possible installation difficulty of winding 2 or more meters of fiber
into coils and securing them at each measurement point. It was proposed that the coils be premade and
encapsulated to provide the means of quick mounting. The coil inside would not need to be jacketed
and the encapsulation would be engineered to not only protect it, but to provide rapid and uniform heat
transfer to the entire coil.

The laptop is only used for setup. The interrogator does not need an interface. It can run by itself and
store data. The actual size of the memory is not known, but the system has been able to store data
taken every meter along a fiber once a second for a month. Data can also be buffered and captured
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only when an event occurs, including a portion of data prior to the event. The interrogator can also be
set up to offload data to a supervisory computer. The interrogator has other features, such as the ability
to take other inputs, such as thermocouples, and hardware outputs that can actuate an external alarm
or control (for fire suppression, for example).

The laptop (or other computer) runs software called Charon3 for setup. Itis not a Ul for running the
system. Charon3 retrieves configuration information from the interrogator, allows changes to be made
to the parameters of that configuration, downloads the modified configuration back to the interrogator
and is used to optimize the setup after installation. The sensor should not need calibration unless the
environment degrades the fiber over time. There are many setup options for measurements. Alarms
can be set and configured so that multiple successive measurements must be above threshold to trip
the alarm. This reduces false positives. Data can be output to a network through one of several
protocols. Output can be in different formats, including Excel.

There is another software package called Charon4 which functions as a user interface, if desired. It has
graphical representation, where a picture of the physical system can be loaded in, and the temperature
measurements and alarms can be displayed directly on the picture, indicating the location of the
problem. There are different modes of operation, such as service, maintenance, user, etc. so that
features available to maintenance personnel are not necessarily accessible by operators.

For this application, one of the most useful features is the ability to create zones in the software. A zone
is created in software to essentially restrict measurements and alarms, etc. to a specific length down the
fiber. There can be up to 1000 zones per channel. An obvious use of zones is to ignore the portion of
fiber between the electrical cabinets, so that there would not be spurious measurements filling up
memory. Alarms and measurements can be set up differently for each zone. The system can do relative
measurements within a zone but not across zones. For this application, each set of three measurements
across the three electrical connections would be grouped into its own zone. An automatic
measurement, known as a hotspot, compares the peak within a zone to the other measurements within
the zone and alarms if the delta is more than a selectable difference.

There are some issues regarding this hotspot measurement technique. Within a zone set up over this
portion of fiber, there will be three sections of elevated temperature, separated by lower temperatures
in between the measurement coils. The hot spot measurement compares the peak within the zone to
the average measurement. This is problematic, since the portions of the fiber between measurement
points (in ambient) will pull the average measurement lower. Also, if one of the measurement points
goes high, the average will be pulled up, so an alarm based on comparison between peak and average
will be skewed. The hotspot alarm does not identify which of the measurements in the zone was the
highest. That information is extracted with a secondary operation. The current requirement for
measurements within a zone forces the three electrical phase measurements to be made on contiguous
locations on the fiber. This requires the fiber to be run from phase to phase in one circuit, then onto the
next circuit. In some cases, it might be physically advantageous to run the fiber across Phase A
throughout all circuits, then all of Phase B, then all of Phase C. At present this feature precludes that.
However it may be possible to take care of these issues with a software change. This is an interesting
feature, but it would be simpler to offload the absolute measurements and make the comparisons in
another computer.

20





At the present time, with no software changes, data analysis can take place in the supervisory computer.
The data can be normally offloaded from the interrogator to another computer. The interrogator can
output in one of several formats and protocols, so this could be tailored to a form conducive to this
analysis. Once in the other computer, the measurements for each electrical connection can be isolated
and compared, regardless of where they occur on the fiber.

One feature of the zone capability could be utilized for additional purposes. In normal circumstances, a
zone would be created around the long lead of fiber between electrical cabinets (possibly hundreds of
feet) so that data from this portion of fiber could be ignored. Alternately, since the fiber is there
anyway, and likely running in cable trays along the ceiling of a corridor, or through some inaccessible
portion of the ship, it could be used for fire detection. Alarms can be set so that if the temperature in
this part of the fiber gets above a threshold, it is indicative of a fire. Also, since the cable trays would
contain power cables as well, the fiber can collect information on the length of time the adjacent power
cable spends at elevated temperatures, which can degrade the life of that cable. Since the data is
available, so why not put it to use?

Figure 14 RSL (Lios) Raman Interrogator Front View

Figure 14 shows the front view of the interrogator. There are a number of status lights on the front, but
the main interface is either through a laptop or a supervisory computer.
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Figure 15 RSL (Lios) Interrogator Rear View

Figure 15 is a rear view of the interrogator. The orange cable is the sensing fiber. It connects directly
into the interrogator. This demo interrogator has four channels. It is available in up to 16 channels. Itis
powered by 120 VAC. The red cable is the Ethernet connection to the laptop. Connectionto a
supervisory computer would also be through Ethernet. The box is sealed but the top cover is finned to
dissipate heat.

RSL first set up the system with a prepared demonstration using a test rig made by another company
aside from Lios. This rig had four separate measurements set up. Each measurement had about 50
meters worth of unjacketed fiber coiled around a resistance heater. The fiber ran in series between
these measurements. Controls on the front allowed the resistance heater to be turned off or set to
various temperatures. The response displayed on the laptop showed the temperature rise over those
portions where the heaters were turned up. Various alarms and measurement options were
demonstrated.

Figure 16 RSL Fiber Installed on EOC Test Rig
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The regular fiber was then installed on the EOC test rig and the current set to generate different
elevated temperatures on the two bus bars. The original setup had about one meter of cable coiled
around one electrical cable lug and about two meters of cable between them, then another meter of
cable coiled around the second electrical cable lug. The coils of optical fiber were secured to the bus bar
by plastic wire ties. See Figure 16. The display showed a peak at the location of one coil, then a valley
for the fiber between the coils, then another peak for the second coil. The second peak was not as high,
indicating the different temperatures at which the bus bars were set.

With the system set up such as this, there is an apparent issue with thermal transfer through the fiber
jacket. Thermocouple measurements of the bus bar next to the fiber showed the Raman system
running at least 10 °C below the thermocouple measurement, sometimes more. It appeared to be a
larger gap for the larger temperature, rather than a straight offset, but data was not taken to verify this.

Figure 17 Close up of Raman Fiber Coil

Figure 17 shows a close up of the coil of fiber around the measurement point. The heat needs to
equalize over the one meter sampling distance to get a good reading. It can be seen in the figure that
only the bottom one or possibly two coils are actually touching the bus bar. For the entire one meter of
coil to reach the same temperature, the heat must be transferred through the fiber jacket to the upper
coils. Testing with the thermocouple showed about a 10 °C difference between the jacket of the part of
the coil touching the hot metal and the jacket of the part of the coil at the top, indicating that this heat
transfer was not taking place or was taking place very slowly. An experiment was performed wherein
the fiber coil was wrapped in foil and placed back on the bus bar. This would serve to hold the heat in
rather than let it dissipate into the air. The readings became closer after this, but did not catch up after
at least 45 minutes in this configuration. Also, it is possible that the unevenness of the foil beneath the
coil provided a worse heat transfer that the coil alone. The system does have the ability to introduce an
offset to the measurement if the heat transfer characteristics are known. It is also anticipated that the
temperature would probably eventually reach equilibrium, but going by the measurements taken, this
would likely take hours.
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Subsequent tests by RSL at their facility have revealed that the portion of the fiber touching the heated
bus bar does indeed pick up the bar temperature, while the coils above that read more of the ambient
temperature. This causes the readings to be low compared to a thermocouple at the measurement
point. RSL suggests encapsulating the coil. This would insulate it from ambient air, and would also
promote heat transfer from the hot bus bar throughout all of the coils of the measurement fiber. This
has yet to be experimentally confirmed.

RSL was given the sketches of the cabinet layout and the notional cabinet distribution and asked to
refine their proposal. A proposal was issued 1/26/18. This indicated that one interrogator at $45,000
would be sufficient to instrument the entire ship. The interrogator comes with four channels, but only
one channel would be needed. As it can do up to 30 km of fiber a single fiber snaked through the ship
would also be sufficient. However, practical considerations show limitations in this approach. This
scenario would require the shipyard to install the fiber within each cabinet and between the cabinets
and the interrogator, which is not desirable. The coils around the measurement points should be pre-
made for quality control and so as to provide a more efficient mounting. Finally, one single fiber is
subject to a single point failure.

Upon discussion with RSL, a more practical approach would be this:

- Each electrical panel would be designed with a fiber optic harness that touches all the
measurement points and accommodates all the other equipment in the panel.

- That harness would have a spec and a part number which would be given to a fiber optic
supplier to manufacture. This manufacturer would place the coils at the appropriate spacing in
the fiber, encapsulate them for uniformity and ease of assembly and supply the harness back to
the panel supplier.

- The panel supplier would install that harness in the panel before the panel leaves the factory.

- Atthe shipyard, the panels would be installed and the shipyard would install the interrogator.

- All four channels of the interrogator would be utilized, say two for the port side and two for the
starboard side. On those side, one channel could service the upper decks and one the lower, or
split them up fore and aft, whichever makes sense for the cable runs.

- The shipyard would install the fiber cables between the interrogator and all the panels. At each
panel, the internal harness already installed would be fusion spliced to the cable coming from
the ship. Each panel would be spliced into the fiber as it ran from the interrogator out to all of
the panels along that channel.

- The shipyard would calibrate the system so that each measurement point corresponds to a
known distance along one of the four fibers.

Applying this approach to the LHA7 example ship, the total outfitted material costs would be $78,738, of
which $45,000 or 57% of which is the interrogator electronics. The remaining costs cover the cost of the
fiber in the panel harnesses and in the connection cables between panels, plus fusion splice covers
where the cable enters and exits the panel. Finally, an estimated cost of fabricating each of the
encapsulated measurement point coils was included.
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Executive Summary

Laboratory tests performed in the Fall of 2017 examined the use of fiber optic based Distributed
Temperature Sensing (DTS) systems for measuring temperature of connections within Electrical
switchgear cabinets on Navy Ships. Higher temperature on one connection compared to the other
connections in the same circuit indicate a loose connection. The different methods were downselected
to two which showed the best promise in the application. These were Raman backscatter and Fiber
Bragg Gratings. The purpose of these field tests was to examine the two methods in an actual shipboard
electrical panel and identify issues that would be relevant in this setting. The tests were performed on
April 24 and 25, 2018 at the DRS Naval Power Systems factory in Milwaukee, WI. DRS had built a
prototype 4160 Volt cabinet of the type relevant to this project and offered it as the test fixture. The
DRS testing facility also allowed the cabinet to be energized with low voltage, high current to simulate
the temperature build up at the connections. A benefit of this method was that faulty connections
could be simulated by loosening a cable connection. This would not have been possible on a cabinet
energized at 4160V due to concern of a potential arc fault. Members of the project IPT were on hand to
observe the tests. The project IPT would like to acknowledge DRS for offering the use of their cabinet,
testing facility and personnel at no cost to the project.

This particular cabinet contained two 3 phase 4.76 kV vacuum circuit breakers. The DTS systems were
set up with the sensing points where the external cable lugs were bolted to the bus bar connections at
the rear of the circuit breakers. The Raman system recorded temperature at all three phases where the
current came into the cabinet at the top and the Fiber Bragg Grating system recorded at all three phases
where the current left the cabinet at the bottom.

The most significant things learned were:

e Both the Raman backscatter system and the Fiber Bragg Grating (FBG) system were able to
make consistent temperature measurements on the copper bus bars adjacent to the cable
attachment points within the electrical cabinet.

e There were no fundamental technical issues that would preclude use of either of these systems
for permanent measurement of temperatures at connection points within the electrical cabinets
of Navy ships. All of the issues are concerned with a practical implementation within the
manufacturing, installation and testing of the cabinets and in handling of the data to provide the
required information.

e Both systems responded with reasonable data when presented with a simulated severe fault
(rapid rise in temperature) and a simulated moderate fault (rise over time, but still faster than
normal heating)

e Both systems provided accurate temperature measurements when compared with a
thermocouple reference, particularly when the temperature change was not rapid. Both
systems reported temperatures that matched the thermocouple within the accuracy of the
thermocouple.





e The Raman system lagged the thermocouple readings during a simulated severe fault. This lay
in the method of averaging selected within the system to process the raw data. This had been
optimized for and worked well with slowly changing data. It was learned that these settings
would need to be changed to accommodate rapidly changing temperatures if this is desired.
There is a wide range of flexibility in these settings.

e The FBG system actually tracked ahead of the thermocouple during the rapid temperature rise.
This was attributed to the thermal mass of the copper bus bar taking time to heat up where the
referenced thermocouple was located. The FBG sensor was located right next to the cable lug
where the simulated fault was created and responded more in real time.

o Neither method as demonstrated is “production-ready”. The FBG system used off the shelf
sensors that had no inherent method for attachment and the 1 mm fiber jacket between
sensors would need to be ruggedized (with aramid fibers and a thicker jacket for instance) for
installation in Navy ship cabinets.

The Raman system required 4 meters of fiber to be coiled into a unit that could sense localized
temperature. For this demonstration, these were hand wound and secured with aluminized
tape. A plastic sleeve was placed over the fiber between coils to provide mechanical stability.
For permanent installation, these coils would need to be premade with an attachment method
built in and ruggedized fiber between them.

Additional smaller items regarding the practicality of DTS measurement were noted during the tests.
These are listed in the conclusion section at the end of the report.





Introduction

Previous laboratory testing examined different technologies for measuring temperature using optical
fiber. The methods most relevant to the electrical switchgear cabinets were Raman backscatter and
Fiber Bragg Gratings. The Raman system uses backscattered light from impurities within the optical
fiber itself to detect disturbances due to temperature change. Thus the fiber itself is the sensor. The
Raman system was made by Lios and represented by RSL Fiber Systems, LLC from E. Hartford
Connecticut. The Fiber Bragg Grating (FBG) system has an individual interferometer etched onto the
fiber at the desired measurement point. These gratings reflect light in the fiber at a certain wavelength.
A temperature change shifts the wavelength of the reflected light, which is detected by the system
electronics. A FBG system has a series of these gratings embedded along the fiber. The FBG system was
from Micron Optics in Atlanta, GA. and consisted of COTS temperature sensors fabricated into a custom
array on a single fiber and an electronic instrument (interrogator) on loan.

The purpose of this set of field tests was to perform DTS measurements in a relevant practical setting
and determine any issues particular to installation on electrical panels. DRS Technologies offered use of
their prototype 4160V electrical cabinet at their facility in Milwaukee, Wisconsin. These tests were
performed on April 24 and 25, 2018 at the DRS factory in Milwaukee. The cabinet and test equipment
were the same as were used in the predecessor NSRP project that explored using infrared thermography
through IR transparent windows for this inspection.

The DRS prototype cabinet was of a nearly complete design and considered representative for the
purposes of these tests. The cabinet was not energized at 4160V for safety reasons. Instead, low
voltage at high current was passed through the connections in the cabinet. This heated the connections
sufficiently to provide realistic targets for the DTS measurements. For part of the testing, a cable was
loosened to simulate a faulty connection. Some thermocouple measurements were made to provide a
reference for the DTS systems.

The main connections of interest were where the power to the cabinet is connected by the shipyard.
These are across the cabinet at the top and across the cabinet at the bottom. The DTS systems and
thermocouple measurements were consequently made at these points.

This report describes the testing and the results.

1 TestSetup

The DRS cabinet is a prototype in that it does not represent the complete final design of the cabinet.
However, it is representative of typical 4160V cabinets. The electrical test set could provide sufficient
current at low voltage to cause the cabinet connections to heat up in a realistic fashion.

1.1 Cabinet

Two views of the rear of the DRS cabinet are shown in Figure 1.





Figure 1 DRS Test Cabinet - Rear View

The cabinet is 81” high by 23” wide by 54” deep. The cabinet is designed to hold a three phase circuit
breaker in the top section and another three phase breaker in the bottom section. The breakers are in
the front of the cabinet. There is an interior wall that separates the breaker compartment from the rear
compartment where the connections are made. The rear of the cabinet was the area of interest as that
is where the shipboard connections are made. The red circles visible in the right image are insulators
around the connections to the breakers. A copper bus bar connects to the center of each insulator. On
board a ship, there could be as many as four of these cabinets side by side in a single unit, connected by
bus horizontal bus bars through the opening in the side. The black electrical cables entering the bottom
of the cabinet are the test cables that bring the current in and out of the test box.

In actual use, the three connections would be separate phases of a three phase electrical system. For
this demonstration, the test set was a single phase unit. The three sets of test cables were paralleled off
of the single connection on the test set. This caused roughly the same current to flow in each of the





phases, however, it was all the same phase, not offset by 120° as in normal operation. This also meant
that the current between phases could not be balanced exactly. It was subject to the impedance in the
cables and breakers and intermediate connections.

Looking in at the rear of the cabinet, the phases were labeled A B and C from left to right. The cables
from the test set were attached to the three connections at the top, two cables for each electrical
phase. The current passed out of the top breaker in the next set of three connections and is carried via
heavy bus bars to the bottom breaker. It then exits the breaker into the set of cables connected to the
lowest row of bus bars, which returned it to the test set.

The test used approximately 3 Volts at roughly 850 Amps per phase. The current in each phase was
measured periodically during the test using a clamp on ammeter. As the three phases were not
balanced precisely, the current was not identical in the three phases. The approximate currents were
870A for Phase A, 730 A for Phase B and 950 A for Phase C. The current levels were reflected in the
temperature readings, as the connections were hotter when the current was higher. When the
connections were altered to simulate faults, the current changed accordingly. The tests were run at the
ambient temperature of mid 20’s (degrees C).

Figure 2 Cabinet Interior Upper Connections

Figure 2 shows the upper connections within the cabinet. Each phase was serviced by two cables with
lugs, one bolted on the front side of the bus bar and the other on the rear side of the bus bar. This
arrangement was duplicated at the bottom connections where the return cables left the cabinet.

1.2 DTS System - Raman Backscatter.

The Raman backscatter technology was represented by RSL Fiber Systems LLC of E. Hartford, CT. The
DTS equipment is made by Lios in Germany. Figure 3 shows the RSL system. The Interrogator
electronics is on the cart at lower right with the laptop computer on top of it. The laptop contains
software that is used for system setup and to control the data acquisition. In a production setting, the
laptop would not be used. The orange reel at the left of the figure contains the sensing fiber. One end
is plugged into the rear of the interrogator. The other end is spliced to the sensing coils, which are just
extensions of the fiber. More detail on the RSL system is available in the Bench Demonstration
Summary Report, January 2018.





Figure 3 RSL Backscatter System

Figure 4 is a closeup of the Raman coil prior to installation. The system was set to a spatial resolution of
0.5 meters, meaning that it can take a reading every half meter along the cable. To get an accurate
temperature measurement, 8 consecutive readings are taken. This requires 4 meters of fiber localized
in the area where the measurement is to be made, namely the cabinet bus bar. The fiber is a bend
optimized fiber for tight bend radius. It has a 50 micron core, 125 micron cladding and 250 micron
acrylate buffer. The figure shows 4 meters of coiled unjacketed fiber to form the sensor. The fiber was
wrapped around a mandrel 35 times to form the coil. The finished coils are = 36 mm in diameter.
Sections of plastic tubing were applied over the unjacketed fiber to provide some protection between
coils. Aluminized tape was used to both hold the coil’s shape and adhere it to the bus bar. The metal
tape also served to prevent heat dissipation to the surrounding air from the coil. In a production setting,
a more repeatable durable method would be used to manufacture the coils and secure them to the
measurement points.

Figure 4 Raman Coil Closeup





The lead cable was the same 50/125 core and cladding but with a tight buffer and aramid fibers with a
jacket. There was 10 meters of this fiber to a splice into the sensing cable. There was 2 meters to the
first coil and 2 meters of fiber between each coil. After the last coil there was 15 meters of the
unjacketed coil which was spliced to a 10 meter pigtail. The pigtail at the far end was terminated in a
connector in case there was a break in the first lead pigtail the far end connector could be used and the
test continued. It was not plugged in during the testing. The connector was angle polished to prevent
unwanted back reflections. The first sensing coil was placed on phase A bus bar. The next coil was
placed on Phase B and the third on Phase C. Thus the lead in fiber and the three coils were all in series.
The entire fiber serves as the sensor. The software was configured to have several zones that separated
out the areas of interest from the remaining fiber.

Figure 5 shows the fiber coils installed on the upper set of connections within the cabinet.

Figure 5 Raman Coils Installed on Bus Bars

Each of the coils was secured using tape on the bus bar next to the cable connections. The blue lines in
the figure are Type K thermocouples taped to the bus bar in the center of each coil. These provided a
temperature measurement reference. The thermocouples were plugged into a hand held meter and the
temperature read from its display. The meter was only two channel, so in most tests, the two
thermocouples of most interest were plugged in and read most often. However, periodically, all
thermocouples were cycled through the meter and their measurements recorded.

The Interrogator was set to record data once every 30 seconds. This setting was chosen to provide
representative measurements, but also to collect a manageable amount of data over several hours of
testing. The data is typically stored in the interrogator, but for this test, it was also downloaded to the
laptop for display, review and collection at the close of the testing.





Figure 6 Screenshot of Raman System Display

Figure 6 is a screenshot of the display on the laptop of the Raman system. The tabular data at the top
shows the temperature readings in real time and the graphs shows temperature on the vertical axis and
displacement down the fiber on the horizontal axis. Thus the three humps in the graph represent the
three fiber coils on the electrical connections. The tabular data Tavg/°C column represents the average
of the data points across the humps and is used as the reported temperature in the various tests. In this
particular test, the coil on the first connection (Phase A) is showing a much higher temperature than the

others.

1.3 DTS System - Fiber Bragg Grating
The Fiber Bragg Grating (FBG) system was represented by Micron Optics of Atlanta, GA. Figure 7 shows
the interrogator. The laptop computer used to set up and monitor the system operation is seen at the

left of the image.
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Figure 7 Micron Optics FBG System

The only connections are the white Ethernet cable to the laptop, the black power cable and the fiber,
which is the black cable at the right with the green connector. This is a 5 meter fiber extension cable to
the sensing cable, which is attached using connectors, but could be spliced. The sensing cable was
custom made, but consisted of three COTS FBG temperature sensing elements spliced in series with 1
meter of fiber between them. Each sensor reacted at a specific wavelength around 1550 nm. In this
case, the sensor wavelengths were 4 nm apart. The far end of the sensing cable terminated in a
connector which was unused in this test. It was an Angle Polished Connector, and so presented no
interferign back reflections to the interrogator.

The interrogator provides a light pulse down the fiber and analyzes the reflections back at the
wavelength of each sensor. A temperature change at a sensor shifts the wavelength of that sensor. The
interrogator sends the wavelength data to the software running on the laptop, which interprets it as
temperature, using calibration data for each sensor that was provided by the manufacturer. This
software also provides a user interface that controls the setup and the data acquisition.

Figure 8 shows the laptop screen with the data acquisition controls. From this screen, the duration and
interval of data collection can be set and the collection turned on and off. Other screens allow for setup
of the sensors, monitoring of system health, and user interface. The laptop is not strictly required in a
production setting, but the software to convert wavelength data to temperature will need to reside in
another computer aside from the interrogator.
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Figure 8 Micron Optics Control Screen

Figure 9 FBG Sensors Installed on Bus Bars

Figure 9 is a picture of the installation of the FBG sensors. Each sensor is laid along the bus bar within %
inch of the cable lug. The white grease surrounding each sensor is thermal compound to promote heat
transfer between the bus bar and the sensor. Small C clamps were used to secure the sensors. Spring
clamps were originally tried, but it was decided that the clamping force was excessive and the strain on
the sensor might influence the temperature measurement. The C clamps were then used, as the
amount of clamping force could be controlled. The first sensor in the cable was attached to Phase A, the
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second to B and the third to C. In a production setting, there can be as many as 79 sensors in a single
sensor array on each channel of the interrogator, so each sensor will need to be mapped to a certain
location within the cabinet.

Phase A and Phase B in the photo have a type K thermocouple attached with aluminized tape. There
were only five thermocouples available, so for initial testing, Phase C did not have one. Later testing
moved the thermocouples around to record the areas of most interest.

This particular interrogator was capable of collecting data at 2 Hz, but the instrument was set for 1 Hz
sampling, so as to minimize the size of the data files recorded.

More detail on the Micron Optics system is available in the Bench Demonstration Summary Report,
January 2018.

1.4 Testing Summary
The tests were:

Test 1 — Normal Operation. All connections were torqued down to the normal specification for tight
connections. The Raman system measured the temperature of the three phases at the top connections
and the FBG system measured the three phases at the bottom connections.

Test 2 — Simulated fault for Raman system. The Top Phase A connection was loosened to simulate a
fault. The Raman system and the FBG system collected data on all six connections.

Test 3 — Simulated fault for FBG system. The top Phase A connection was retightened and the bottom
Phase A connection was loosened. The Raman system and the FBG system collected data on all six
connections.

Test 4 — Simulated fault for both systems. The bottom Phase A connection was retightened and the top
and bottom Phase C connections were loosened. The Raman system and the FBG system collected data
on all six connections.

Test 5 — Test 4 was repeated, except that the FBG sensors were secured to the bus bars with RTV instead
of clamped, as they were in previous tests.

A summary of the equipment used in all tests appears at the end of this report.

2 Test1 - DTS Measurement of Normal Electrical Connections
This first test was a baseline test to see both DTS systems taking data in what would be considered
normal operation with no faults.
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2.1 Test1 Setup and Execution
All of the cable connections were left tight, which had been torqued to the normal setting of 48 ft.-Ibs.
The locations of sensors and thermocouples was as described above in the previous section.

The power was applied at 9:22 AM CST to the test setup and the data collection was started on both DTS
systems. The system ran for one hour and 13 minutes. Periodic thermocouple readings were recorded.
DRS had an Infrared thermometer and this was used on the bus bars adjacent to the DTS sensing and
compared to the thermocouple readings. After iteratively adjusting the emissivity setting on the
thermometer, some of the readings were close and others not. The state of oxidation and discoloration
on the various bus bars made getting a consistent emissivity setting very difficult. It was decided not to
rely on the IR Thermometer readings and concentrate on the thermocouple measurements.

Periodic measurement of the current in each phase connection was made using a clamp-on ammeter
connected to a multimeter.

2.2 Test1 Data

Table 1 shows the periodic data that were taken on the Thermocouple temperature and current

measurements.
Time TopPh A | TopPhB | TopPhC | BotPh A | BotPh B | Current | Current | Current
T/C(°C) | T/C(°C) |T/C(°C) |T/C(°C) |T/C(°C) |PhA(A) |PhB(A) |PhC(A)
9:35 30.6 29.1 31.2 29.9 30.2 870 725 933
9:51 36.1 32.9 36.5 34.3 33.4 881 738 947
10:14 41.7 37.7 42.8 39.2 37.3 888 748 957
10:35 46.0 43.2 46.3 41.8 39.3 886 748 957

Table 1 Test 1 Thermocouple and Current Measurements

The data show a steady rise in both top and bottom bus bars as the system warms up. As mentioned
above, the test setup did not permit adjusting of the current through the three phases. This balance of
current was determined by the impedance of the cables and breaker phases. The lower temperatures
for Phase B also reflect the lower number for current through Phase B.

2.2.1 Raman Backscatter Test 1 Data
The Raman temperature data can be displayed in real time on the laptop screen, and/or
offloaded into a text file. The text file was imported into a spreadsheet for analysis.

Figure 10 below shows the temperature against the time. It shows the steady rise in
temperature as the bus bars heat up. Note that the temperature for Phase B (Bus Bar #2 in
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graph) runs cooler than the others due to less current flowing in the connection. Data points
were recorded every 30 seconds.

Test 1 - Raman Normal Operation
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Figure 10 Test 1 Raman Temperature Data

During this test, the thermocouples for Top Phase A and Top Phase B were left connected to the
two channel meter and these readings were taken down every five minutes or so. This provided
a large number of data samples with which to compare the DTS reading to the Thermocouple
reading.

Test 1 Raman Normal DTS vs T/C Ph A
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Figure 11 Test 1 Raman DTS and T/C Data Phase A
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Test 1 Raman Normal DTS vs T/C Ph B
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Figure 12 Test 1 Raman DTS and T/C Data Phase B

Figure 11 and Figure 12 show the correlation between the DTS data and the thermocouple
readings for Phase A and Phase B. The gap in the line represents a point where the
thermocouple data was not recorded.

Test 1 Raman Normal Ph A & B Delta DTS - T/C
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Figure 13 Test 1 Raman Delta between DTS and T/C





Figure 13 charts the difference between the Raman DTS reading and the Thermocouple reading
for both Phases. Negative numbers means the Raman reading was colder than the T/C reading.
Note that the difference is always less than 1.2 °C and often less than that. This is well within

the +/- 2°C accuracy of Type K thermocouples.

2.2.2 Fiber Bragg Grating Test 1 Data
The Fiber Bragg Grating temperature data can be displayed as a graph in real time on the laptop

screen and downloaded as a text file. This text file was imported into a spreadsheet for analysis.

Figure 14 Test 1 FBG Data Charts Temp vs. Time

Figure 14 is a screen shot of the Micron Optics real time chart display. The A (top) B (middle)
and C (bottom) graphs are for the measurements at Phases A, B and C respectively. They show

the steady rise in temperature as the bus bars heat up.
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FBG Normal Operation
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Figure 15 Test 1 FBG Temperature vs. Time

Figure 15 graphs the FBG temperature data for the first test. Data points were recorded every
second. The graph also shows the steady temperature rise as the bus bars heat up. It also
shows a slight disparity between the three phases, which is reflective of the difference in
current.

Test 1 Normal Ph A & Ph B FBG and T/C data
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Figure 16 Test 1 FBG vs. T/C measurements

Figure 16 is the data from the FBG system against the thermocouple measurements for both
phase A and phase B. Note that these are the bottom Phases A and B, and not the top phases
where the Raman system was installed. As these bottom phase thermocouples were not
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normally plugged in, there are fewer data points. The data taken does show close correlation
with between the DTS data and the thermocouple measurements.

Test 1 Normal PhA & PhB Delta (FBG-T/C)
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Figure 17 Test 1 Delta between FBG and T/C Phases A & B

Figure 17 is the difference between the FBG and the thermocouple reading for both measured
phases. Note that the difference is always less than 1 °C, well within the accuracy of +/- 2 °C for
Type K thermocouples.

2.3 Test1 Summary
Both the Raman DTS and the Fiber Bragg Grating DTS showed expected measurement results for
normal operation. Both indicated a temperature rise as the bus bar heated up. Both showed
differences in the temperature between the three phases that is consistent with the measured
current between phases. Power, and hence heat, is given by IR, and while the resistance varied
between phases, it is very small and the current will dominate (being large and also squared).

Both DTS systems also showed very good correlation between the reported temperature and
periodic checks with the thermocouples. For both, the differences were well below the
accuracy of the type K thermocouples used.

At least for slowly changing temperatures, both DTS systems are capable of making accurate
temperature measurements in this application.
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3 Test 2 Simulated Fault Condition, Raman Sensing

For this test, the upper Phase A connection was loosened to simulate a fault. The loose lug formed a
high impedance connection that got hotter than the normal connections when the current passed
through it. The connection was being measured directly by the Raman DTS system. The Raman and FBG
systems continued to measure the other five connections.

3.1 Test 2 Setup and Execution
It took some iteration to degrade the connection enough to produce a measureable rise in
temperature. At the top Phase A connection, the bolt that holds the two cables was loosened
from the normal 48 ft.-lbs. of torque to 15 ft.-Ilbs. The power was turned on at 10:54 AM CST
and data collection started. The connection was still good enough that there was no change in
the phase A current from Test 1 and the Raman DTS showed only one degree difference
between Phase A and Phase C.

After 11 minutes, the power was shut off and the connection loosened more. The data
collection was still running during the shutdown. The torque wrench being used had no setting
below 15 ft.-lbs. but the torque was estimated at around 5 ft.-lb. The cable would move if
tugged on, but it did not hang loose. Power was restored at 11:07 AM, but the results were
similar: very little temperature difference between the outer phases and the current remained
within a few amps of where it had been.

After another 11 minutes, the power was shut off. Data collection continued. The two cables at
the top Phase A were removed. A steel washer was placed between the cable lug and the bus
bar for both the rear and the front cable. The bolt was reinserted and torqued so that it was
loose enough to move when tugged, but not hanging loose. The washer reduced the amount of
surface area of contact between the two lugs and the bus bar, thus putting all the current
through a smaller area and raising the temperature.

Power was turned back on at 11:25 AM. The change was immediately noted. The current
between the three phases was now 686 A for phase A, 830 A for Phase B and 989 A for Phase C.
(Compare to A = 885A, B = 745A and C = 935A prior to inserting the washers.). The lower
current in Phase A indicated higher impedance, which raised the temperature.

It was also noted from the thermocouple readings that the temperature at Top Phase A
immediately began to rise.

The test was terminated at 11:35 AM because the temperature at the lugs was at 120 °C, which
was becoming too hot for the rating of the cables.
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3.2 Test 2 Data

Data was collected at all six connection points. Data continued to be collected even when the
system was shut down to determine how to loosen the cable to simulate a fault.

3.2.1 Raman Backscatter Test 2 Data

Figure 18 shows the DTS data from the top three phases.

Test 2 - Raman Top Ph A Loosened

120
100
o 80
[
a 60
£ o _
@ 40
20
0
I NN AN N T NN N0 W WO OSSN
n ~ OO a4 n n NS~ ) A mon N O A N n 00 A H N
n i i @ @ @ @ @ <o o o d d NN »0”
o o o — — — — — i i — — i — — i - — i — — i
- — i — — i — — i i — — i — — i — — i — — i
Time Stamp
e BUS Bar #1 (Zone 2) == Bus Bar #2 (Zone 4) Bus Bar #3 (Zone 6)

Figure 18 Test 2 Raman Top Phase Temperatures

The data show typical numbers for the period up until 11:25 AM, which is when the final
configuration was established. This indicates that the first two attempts to loosen the cable had
little or no effect.

The rapid rise in temperature is seen after the washers were inserted. The test terminated
when the temperature approached 120 °C, which was deemed too hot for the cables. The
apparent stepping of the data during the rapid rise is due to the sampling rate of every 30
seconds. The graph does not interpolate between points and the rise is rapid enough to
produce a noticeable jump.

During the rapid rise portion, thermocouple data was recorded for Phase A just about every 30
seconds as well. Figure 19 graphs the thermocouple data against the DTS reported
measurements.
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Test 2 Top Ph A Loosened, DTS vs T/C Ph A
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Figure 19 Test 2 Raman DTS vs T/C for Phase A Simulated Fault

It can be seen that the two track along together until the rapid rise. The thermocouple
measurements show the immediate rise in temperature. The DTS measurements lag at first,
until the thermocouple temperature starts to level off and the DTS begins to catch up. The test
was terminated before the DTS quite reached the thermocouple measurement.

The reason for the lag was determined in post-test analysis of the data and the data collection
settings in the software. As set up, the system collected data points from intervals every 0.5
meters down the length of the fiber once every 30 seconds. To improve accuracy, every 8
sample locations were averaged. This is actually a rolling average, so at each location, it is
averaging the reading at that location plus the seven preceding locations. The measurement
coil contains 9 of these locations (4 meters of fiber at 0.5 meters apart, plus the one on the end).
The rolling average means that for the first location in the coil, it is averaging with seven prior
locations that are not in the coil, but are in this case hanging in free air and recording a
temperature much lower than the bus bar. Thus the first location in the coil has a reading that
is artificially low. The next location average contains six locations off the coil plus the first one in
the coil which is already artificially low, so that compounds the issue.

This carries on through all the points within the coil, each average including more of the points
in the coil, but these numbers are already low. Therefore all the numbers from the 9 locations
in the sensing coil are low. On top of that, these 9 locations are averaged to get the number
that is reported. This effect is minimal when the temperatures are not changing very fast, as the
averages will be close to the individual measurements. However, in a rapid temperature rise
such as in this test, the low numbers have considerable effect on the averages and
consequently, the reported numbers are low compared to the thermocouple measurements.

In a practical application, the averaging parameters would need to be set up with respect to the
desired sampling interval. The rolling average of the previous measurements would be
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3.2.1

dispensed with so as not to include data points that are off the sensing coil. The averaging of
the 9 points within the coil would be retained so that a more uniform measure of the bus bar
contacted by the coil could be obtained. As each of these points represents only the
temperature measured there, this should be able to respond quickly to catch any significant
faults as they develop. This and the sampling rate would have to be balanced against recording
large quantities of data that doesn’t change rapidly. If the data is only required to be taken
every several minutes the sampling does not need to be quick.

Note also that the data indicates the bus bars did not cool down much during the times the
power was off. This is also a consequence of the rolling average used to take the data.

Fiber Bragg Grating Test 2 Data

The FBG system collected data even though the simulated fault was at the other connection. As
such it was expected that this data would be similar to that from Test 1 Normal Operations.

Test 1Top Phase A Loose FBG Data
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Figure 20 Test 2, FBG Data for Lower Phases

Figure 20 shows the FBG data for the three bottom phase connections when the fault was
simulated on the top Phase A connection. The data shows the same distribution as in Test 1
until the washers were added at 11:25 AM. Then it shows the temperature of Phase A going
down to at or below that of Phase B, which reflects the change in current between those two
phases. The data does show a slight reduction in temperature each time the power was turned
off to make adjustments to the connection.
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There was no thermocouple data recorded for the bottom connections during this test.

3.3 Test 2 Summary
A fault was simulated by reducing the surface area of contact between the cable lugs and the bus
bar at one of the phase connections. After this, a rapid rise in temperature occurred at that
connection, which was detected by the Raman system monitoring that connection. The
temperature at the other connections was unaffected, except for slight changes due to a difference
in current in the new arrangement.

There was a time lag between the DTS reported temperature and the thermocouple measurements
once the temperature started to rise rapidly. This was due to the spatial averaging settings selected
for making the measurements at each 0.5 meter interval along the fiber. As the temperature rise
leveled off, the DTS system caught up and reported temperatures closer to that measured by the
thermocouple. This delay can be removed by changing the data collection averaging settings in the
software.

4 Test 3 Simulated Fault Condition, Fiber Bragg Grating Sensing
For this test, the simulated fault was moved from the upper Phase A connection to the lower Phase A
connection where the FBG system was monitoring temperature.

4.1 Test 3 Setup and Execution
The connection at the top Phase A was restored to normal condition. The washers were removed
and the bolt torqued to 48 Ft.-lbs. The two washers were installed on the bottom Phase A
connection and the bolt tightened so that the cable could be moved when tugged but not hanging
loose.

Power was applied at 12:40 PM CST. Current readings again showed a higher impedance in Phase A.
Phase A was 715 A, Phase B was 833 A and Phase C was 981 A.

The test was terminated at 12:51 PM due to the temperatures getting too hot for the cable ratings.
At the termination of the test, Phase A current was 757 A, Phase B was 804 A, and Phase C was 970
A.

One of the thermocouples was moved to the bottom Phase C location and Bottom Phase A and
Phase C were monitored on the thermocouple meter.

Toward the end of this test, an anomaly was noted in the thermocouple data. The meter started to
indicate wildly inaccurate numbers, such as 270 °C or 312 °C. At the same time there was an issue
with the clamp on ammeter not releasing, suggesting a possible magnetic field issue. The erratic
thermocouple measurements appeared to be random and would come and go. This effect was
noted in the remaining tests as well.
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4.2 Test 3 Data

The Raman and FBG systems continued to measure all six connections.

4.2.1 Fiber Bragg Grating Test 3 Data

Figure 21 is a graph of the FBG data from the bottom three phases when Phase A was altered with
the washers. Phases B and C appear as normal. Phase A shows the rapid temperature rise of the
simulated fault. These particular sensors had a maximum point in their linear range of 120 °C.
Therefore, the software was set to consider 120 °C as the maximum. It can be seen that the sensor
saturates at this value. At the 12:51 mark, where the power was turned off, the temperature can be
seen to come out of saturation and decay toward normal levels.

Test 3 Bottom Phase A Loose - FBG Data
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Figure 21 Test 3 Bot Ph A Loose, FBG Data

Figure 22 shows the data for the FBG and thermocouple together. There is another lag here, but
this time it is the thermocouple lagging the DTS system. The response time of a thermocouple
depends on the thickness of the wire, but is typically a second or less for the type used. The slow
response was attributed to the location of the thermocouple on the bus bar. The thermocouple tip
was about two inches away from the location of the loose connection. The bus bar is thick copper.
Therefore, the slow response of the thermocouple is attributed to the time required for the large
thermal mass of the bus bar to heat up from the localized heating source around the connection.
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Test 3 Simulated Ph A Fault FBG vs T/C
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Figure 22 Test 3 Bot Phase A - FBG vs T/C

The FBG sensor was placed adjacent (around 1/8” away) from the loose connection and therefore
saw the rise in heat before the thermocouple did. The last thermocouple reading recorded was at
12:46, which is where the graph in Figure 22 ends. The DTS has already saturated by this time. The
test was not terminated until 12:51 PM, but the thermocouple data is still rising. Extrapolation of
the thermocouple data indicates it would have reached the 120 °C mark at around 12:50 PM, just
before the test was terminated.

4.2.2 Raman Test 3 Data
The Raman system collected data for the top three phase connections while the simulated fault was
on the bottom Phase A. Figure 23 shows the Raman data. The temperatures are more around the
normal operating temperatures. Phase A reads higher than the other two. Phase A was running
lower current that the other two phases, so it would have been expected to be lower temperature.
However, the temperature at Phase A is most likely due to the large thermal mass of the bus bar
holding residual heat from the previous test when it was raised to 120 °C with a simulated loose
connection. The absolute difference between the phases is only about 3 to 4 degrees.
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Test 3 - Raman Bot Ph A Loosened
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Figure 23 Test 3 Raman Temperatures Top Phase Connections

4.3 Test 3 Summary

When the simulated fault was moved to the bottom Phase A connection, the FBG system recorded
the rapid temperature rise. In this case, it had a faster response than the reference thermocouple
due to the thermal mass of the copper bus bar between the heat source and the thermocouple
measurement point. The test was terminated after only 11 minutes due to the temperature
approaching the rating of the cables. The Thermocouple data was approaching that of the DTS
when the test was terminated.

A measurement anomaly was noted at the end of this test that affected the thermocouple readings.
The meter reported wildly unrealistic measurements of hundreds of degrees in a random fashion.
This phenomenon was noted in the subsequent tests, but it was localized to readings from the
bottom half of the electrical cabinet. There was some slight suggestion from the clamp ammeter
that it might be related to a magnetic field.

The cause of this anomaly was not definitively determined, but it may be related to the test
configuration. The power in this test setup was not the normal configuration for cables. The
cabinet normally is supplied with three phase power at high voltage and lower currents. Therefore
the magnetic field generated by a cable would be lower than in this test setup, where the current
was high and the voltage low. In addition, normally, the current in the three cable sets would be
120° out of phase and the magnetic fields would cancel. In this test setup, there was a single phase,
so all six cables entering the cabinet and passing to the top connections would have the same phase
and the fields would reinforce each other. These cables pass next to the lower bus bar connections
(see Figure 1).
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5 Test4 - Simultaneous Faults

This test allowed a comparison of sorts between the Raman and the FBG DTS systems. In this test a
connection was loosened both at the top and at the corresponding connection at the bottom. It was not
a direct comparison as the two systems were not reading at the same point, just similar conditions in
the same circuit.

5.1 Test4 Setup and Execution
Phase C was chosen for this test, partly because it had recorded the highest currents during Test 1
and partly to allow Phase A to cool down after being heated up to the cable temperature limits on
the previous two tests. Both the top and bottom Phase C connections were loosened. However, the
washer was only installed at the front cable at each connection. The rear cable lug was placed flat
against the bus bar as in a normal connection. This was done to provide a less rapid temperature
rise seen in the previous tests.

The monitoring thermocouples were in Phase C top and bottom. The bottom thermocouple was
moved closer to the cable connection (about 1 1/8”) to reduce the lag caused by the bus bar
thermal mass. All three top connections were monitored by the Raman system and all three bottom
connections by the FBG system.

Power was turned on at 13:26 CST. The current measurements reflected the loose connections on
Phase C: Phase A was 893 A, Phase B was 777 A and Phase C was 868 A. The Phase C current was
down about 100 A from its normal value.

The thermocouple meter anomaly reappeared at random times during this test. Recordings were
taken when the meter was behaving normally. There is also some uncertainty of the time stamping
of the recorded thermocouple readings.

The power was briefly interrupted at 13:48 after it was discovered that the lower Phase 3
thermocouple had fallen off. It was reattached in the hope that the readings would settle down.
Power was back on at 13:51. One reasonable T/C number was recorded for the bottom Phase C
connection just after the power was back on and it correlated with the FBG data to within less than
2 degrees C.

Power was shut off at 14:00.
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5.2 Test4 Data

5.2.1 Raman Test 4 Data

Test 4 Raman Ph C Top and Bottom Loose
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Figure 24 Test 4 Raman Ph C Top and Bottom Loose

Figure 24 shows the Raman data for the Phase C simulated faults. The steady rise in temperature
for Phase C can be seen in the green trace. The leveling off at 13:48 was when the power was shut
off to replace the thermocouple onto the bottom Phase C connection. The temperature starts to
rise again after the power is restored. Note also that the temperature rise is not as rapid nor does it
reach the level of the first simulated fault in Test 2.

The Raman DTS data corresponded fairly well with the thermocouple data that was obtained. This is
shown in Figure 25 below. The difference between readings is less than the +/- 2 °C accuracy of the
Type K thermocouple. As noted above, there is some uncertainty of the exact time stamp of the
thermocouple readings, so the T/C curve may slide to the right or left by a small amount, which
would not affect the overall results.
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Test 4 Ph C Fault Top and Bottom Raman vs. T/C
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Figure 25 Test 4 Ph C Loose Raman vs. T/C Data

5.2.2 FBG Test4 Data

Test 4 FBG Top and Bottom Phase C Loose
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Figure 26 Test 4 FBG Data Top and Bottom Ph C Loose

Figure 26 is the FBG data for this test. The same rise in temperature on the simulated fault is
apparent. The temperature dip at 13:48 occurs when the power was shut off but climbs again when
power was restored. The same lower temperatures are representative of the level of fault
simulated.
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Test 4 Ph C Fault Top & Bottom FBG vs T/C
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Figure 27 Test 4 Ph C Loose, FBG vs T/C Data

Figure 27 is the FBG data plotted along with the thermocouple data. Aside from the first few data
points, there is close correlation between the two temperature measurements. The uncertainty in
the time stamp of the thermocouple measurements may be contributing to the separation at the
beginning of the graph.

5.3 Test4 Summary
This test showed reasonable temperature data for both systems for similar simulated faults. The

data also reflected the lesser nature of the simulated faults in this test compared to Test 2 and Test
3.

The anomaly in the thermocouple readings reappeared in this test, but some thermocouple data
was recorded when the meter was producing normal numbers. There was uncertainty in the time
stamps of the recorded thermocouple readings.

Both systems showed good correlation with the thermocouple data. Some differences may be
attributed to the uncertain time stamps on the thermocouple data.

6 Test5 Dual Simulated Faults with New FBG Attachment Method

Test 5 was a repeat of Test 4, except that the FBG sensors were attached to the bus bars with RTV rather
than clamped, as they were for all previous tests. The loose connections at the top and bottom Phase C
remained in place.
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6.1 Test5 Setup and Execution

The physical configuration of having a washer under the front cable lug on both the top and bottom
Phase C connections remained from Test 4.

The FBG sensors were removed from the bottom bus bar connections. The thermal compound was
wiped off of the sensors so that it did not interfere with the adhesive. A dab of RTV silicone sealant
was used on each end of the sensor where the fiber enters the sensor housing. No RTV was placed
on the sensor itself, per Micron Optics’s recommendation. The sensors were placed alongside the
cable lugs against the bus bars in essentially the same location as for the previous tests. The RTV
used has a quick cure time, so the attachments were allowed to cure for 10 minutes or so.

Figure 28 Closeup of RTV FBG Attachment

Figure 28 shows the FBG sensor attached to the bus bar adjacent to the cable lug. A dab of RTV was
used on the black transition area between the sensor and the cable. There is no RTV on the white
sensor itself.

Power was turned on at 14:34 CST. All six connections were monitored by the Raman and the FBG
systems. The thermocouple meter indicated wildly unrealistic readings as soon as the power was
turned on. It was during this test that the issue was localized to the lower portion of the cabinet.
The lower thermocouple was unplugged and only readings from the top were noted.

Power was turned off at 14:50
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6.2 Test5 Data

6.2.1 FBG Test 5 Data

Test 5 PH C loose, FBG Attached with RTV
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Figure 29 Test 5 FBG Data Ph C Fault RTV Securing Sensors

Figure 29 shows the FBG data with RTV attachment of the sensors to the bus bars. The same rising
temperature is seen as the bus bar heats up.

Comparing Test 5 data with Test 4 data is inconclusive. First, the tests occurred at separate times,
and there is no guarantee that the bus bars heated up in the same manner each time. It is also
difficult to align the data from one test with another as there is no clear common starting point.
Finally, for Phase A, the clamped sensor data was consistently higher than for the RTV, Phase B very
close and for Phase C, the RTV showed consistently higher temperature. If it was a matter of better
thermal contact, it should be consistent at all the measurement points.

The best comparison would have been against thermocouple data, but there was no reliable
thermocouple data for both tests, so the data was not compared against this reference.

6.2.2 Raman Test 5 Data
Data was collected by the Raman system during this test, but as it is very similar to that in Test 4 and
it was not involved in the objective of this test, it is not presented here.

6.3 Test5 Summary
The data taken with the RTV attached sensors was consistent with the data taken with the sensors
clamped. Both showed a rise in temperature for the sensing point with the simulated loose
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connection. Direct comparison was difficult as the tests were done at separate times and one
method was not consistently higher or lower than the other.

The only way to determine if one method was better than the other would be to compare them
against the same independent measurement. As there was no reliable thermocouple data for both
tests, this comparison could not be made.

This test showed that either attachment method was viable, but that more investigation would be
needed to determine the best attachment method. The clamped sensors showed very good
correlation in earlier tests with thermocouple data when consistently good thermocouple readings
could be made.

However, in a practical application, neither of these methods would be used. The sensors would not
be clamped, unless a fixture specifically for them was built into the bus bar or other measurement
points. If secured by an adhesive, it would likely be an epoxy and a consistent method for
application would be developed. These COTS sensors did not have specific arrangements for
securing the sensor to a flat metallic surface. For a full implementation, the attachment method will
likely be built into the sensor, so that it could be screwed or glued or even tack welded. All these
methods are available. It was not possible during these field tests to explore any of the other
methods, partly due to the limited time available and partly due to the inability to modify the test
cell by drilling holes or welding.

7 Conclusions

The objective of this testing was to investigate the use of two different Distributed Temperature Sensing
technologies to detect loose connections in a relevant 4160V ship electrical cabinet. Using a cabinet
mock-up in a factory testing facility allowed a safe simulation of faulty connections, which was the most
interesting thing to test. Previous laboratory testing characterized the performance of the DTS systems
and revealed potential issues. The testing also permitted some insights as to the practical
implementation of the fiber optic sensing within an electrical cabinet. The most significant things
determined were:

e Both the Raman backscatter system and the Fiber Bragg Grating (FBG) system were able to
make consistent temperature measurements on the copper bus bars adjacent to the cable
attachment points within the electrical cabinet.

e There were no fundamental technical issues that would preclude use of either of these systems
for permanent measurement of temperatures at connection points within the electrical cabinets
of Navy ships. All of the issues are concerned with a practical implementation within the
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manufacturing, installation and testing of the cabinets and in handling of the data to provide the
required information.

e Both systems responded with reasonable data when presented with a simulated severe fault
(rapid rise in temperature) and a simulated moderate fault (rise over time, but still faster than
normal heating)

e Both systems provided accurate temperature measurements when compared with a
thermocouple reference, particularly when the temperature change was not rapid. Both
systems reported temperatures that matched the thermocouple within the accuracy of the
thermocouple.

e The Raman system lagged the thermocouple readings during a simulated severe fault. This lay
in the method of averaging selected within the system to process the raw data. This had been
optimized for and worked well with slowly changing data. It was learned that these settings
would need to be changed to accommodate rapidly changing temperatures if this is desired.
There is a wide range of flexibility in these settings.

e The FBG system actually tracked ahead of the thermocouple during the rapid temperature rise.
This was attributed to the thermal mass of the copper bus bar taking time to heat up where the
referenced thermocouple was located. The FBG sensor was located right next to the cable lug
where the simulated fault was created and responded more in real time.

e Neither method as demonstrated is “production-ready”. The FBG system used off the shelf
sensors that had no inherent method for attachment and the 1 mm fiber jacket between
sensors would need to be ruggedized (with aramid fibers and a thicker jacket for instance) for
installation in Navy ship cabinets.

The Raman system required 4 meters of fiber to be coiled into a unit that could sense localized
temperature. For this demonstration, these were hand wound and secured with aluminized
tape. A plastic sleeve was placed over the fiber between coils to provide mechanical stability.
For permanent installation, these coils would need to be premade with an attachment method
built in and ruggedized fiber between them.

During the individual tests, the following items were noted or determined:

e It was determined in the subsequent data analysis that the settings for data collection for the
Raman system were adequate for slowly changing temperatures, but not for rapidly changing
readings. The system used a rolling average of the previous locations to calculate the value for
each location. That meant that some locations not on the sensing coil were averaged in with
the locations on the coil. This averaged lower temperatures in with those on the bus bar,
bringing the resultant value down. This showed up as lagging data compared to the more
instantaneous thermocouple readings. For future use, the rolling spatial average will be

35





dispensed with and only the sensing locations within the coil touching the bus bar will be used
to calculate a temperature, which should be much more accurate in real time.

e It was difficult to get reliable thermocouple reference data in the later tests, due to interference
with the thermocouples or the thermocouple meter. The cause of this interference was not
determined. There were indications that it may have been caused by magnetically induced
currents in the thermocouple wires as it was localized to those T/Cs from the bottom half of the
cabinet where the power cables entered. In addition, this was not a normal configuration for
the cabinet, as it was being operated at low voltage and high current plus with all three
connections on a single phase, where any magnetic fields induced by current in the wires would
reinforce that in the other wires, rather than cancel as would be the tendency with all three
connections on different phases.

e The issues with the thermocouple also emphasize one benefit of using fiber optics for the
temperature sensing as opposed to more traditional means such as thermocouples or RTDs.
The Fiber Optics is not susceptible to electric or magnetic interference.

e Two different attachment methods for the FBG sensors were tested — clamping them to the bus
bar and gluing them with RTV. A comparison showed that both methods returned reasonable
data, but it was not possible to determine which method might have yielded more accurate
results, partly due to the thermocouple issues and partly due to the fact that the tests were
conducted at different times.

o Neither of the tested FBG attachment methods would be used in a production setting. The FBG
sensors would not be clamped, but would have a built into them for screwing, or welding or
gluing. If glued, an epoxy would be used rather than the RTV used in the test and a consistent
method for attachment would need to be developed.

e For a production setting, the routing of the fiber through the cabinet will need to be carefully
considered. The Raman system required at least 2 meters of fiber between the sensing coils.
Since the sensing is done everywhere along the fiber, some distance is required between the
measurement zones to be sure that the readings do not overlap. This extra 2 meters of fiber
was just draped between the bus bars for this experiment, but will need to be managed in a
positive way for production. The FBG sensors also had excess fiber between the sensors, but
most of this can be mitigated when the cables are custom made.

Additional points were noted as the testing took place.

e Both of the methods would benefit from additional testing under controlled circumstances to
determine the best path forward for practical implementation. For example, a test rig that
could put out three balanced phases at high current, low power would generate more balanced
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temperatures between the phases and allow the development of comparison and alarm
techniques for monitoring.

o Areliable method for determining ground truth for the temperature measurements would be
needed to fully characterize the performance of the two systems.

e Any installation scheme would need to be simple for the cabinet manufacturer to implement
and would minimize variability to guarantee repeatability in measurements.

e |n addition to the problems with the thermocouple meter, it was also noted that the LCD display
on the DRS test set was disrupted partway through the test. Instead of presenting alphanumeric
characters, random segments were displayed. This affect went away after all of the other
equipment, including the DTS systems was shut down. There was no opportunity to
troubleshoot this as it was noted at the end of the allocated test period. It may be coincidence
or it may be part of the same phenomenon that affected the thermocouple meter.

8 Equipment List

The equipment used in the test consisted of:

1. Testsetup
a. Breakers — DRS Part number MC- DRS Part MC-034541 (Vacuum Circuit Breaker) rated
4.76 kV, 1600 Amps
b. Cables-313.3 MCM DLO cable (super flex), 2 kV, 9’6" length per cable, two cables per
phase.
c. Testset- AVO MultiAmp DDA-6000 test set, 1 phase
Washer for simulating loose connection — Steel, 0.533 inch ID, 1.06 inch OD, and 0.083
inch thickness.
e. Thermal Compound for FBG sensors - GC electronics Type 44 Heat Sink Compound — P/N
10-8120
f. RTV adhesive for Test 5 — Red Devil Architectural Grade RTV Silicone Sealant, clear.
2. Measurement Equipment
a. Raman backscatter — Lios DTS system with OFS LaserWave Flex 300/550 bend optimized
optical fiber
b. Fiber Bragg Gratings — Micron Optics LM125 Interrogator with single array of three
0s4310-S-SR temperature sensors and one 0j1005 5 meter fiber optic jumper cable.
c. Clamp on Ammeter connected to Fluke 87B multimeter
IR thermometer — Fluke 572
Type K thermocouples read by two channel B&K Precision 715
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