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The SECURE Group

" Four U.C. Berkeley faculty
ME, EECS and MSME departments

" Two Post-Docs
® Seven student researchers

" Qur research focus:

Development of novel techniques for in-service assessment of the
integrity of underground power distribution cables.

Currently focused on techniques of assessing the integrity of concentric
neutrals (CN’s)
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..solving problems in society
that people think cannot be solved
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We have the most

*Technology for Societal
Impact means:

*Not “technology-push”

=Professors from the
Business School, Law
School, Public Policy,
Political Science, and the
_awrence Berkeley
_aboratory also have
offices in our
Headquarters building




Berkel ey National Science Foundation
Sensor & Industry/University Cooperative Research Center
on MEMS/NEMS (Since 1986)

Actuator Center

* Access to 150 Researchers, 120 Projects

(access to BSAC Faculty & Graduate Student Recruiting/ Internships)

March/September
PLUS Annual meetings in Japan & Europe

(Send Researchers to Campus for Extended Period)
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Agenda

" |In-service testing methods
RF transmission lines
GMR CN current sensing
Limited range methods

= Summary of other activities
Corrosion of CN’s
Water tree formation mechanism



Underground Power Distribution
Cable

Concentric neutrals (CN’s)

Insulation

Inner semicon layer

Central conductor (CC)

Outer semicon layer



In-service Testing Methods
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RF Transmission Lines

® Transmit an RF signal from Vault Vault A Vault B

A to Vault B —
Perform time-domain reflectometry \_:::::::::::::::::f

(TDR) on reflected signal (at vault A) U/G cable

Measure signal attenuation at vault
B

" Two techniques:

" Surface-guided RF
wave (Goubau)

= 2-wire transmission
line

Goubau wave (reflected) b

Goubau wave (transmitted)

Two-wire RF-transmission line



Surface Guided RF Wave (Goubau)

Georg Goubau, “Surface Waves and Their
Applications to Transmission Lines”, J. App.
Phys., Vol. 21, 1950

(A) Transmitter (B) Receiver

RF SOURCE DETECTOR

E>¥_|:|

Solution to the last mile problem, Glenn Elmore, Corridor Systems Inc.
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Experimental Results (Goubau)

RF power at receiver,
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Frequency Theoretical extent (90%) Observed attenuation at
500 MHz 27 cm 24 cm
2 GHz 8.4 cm 7¢cm




Experimental Results (Goubau)

Attenuation (drop-off of received power) as we move the funnel along
the wire in front of to behind the coaxial split-point
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2-wire Transmission Line

" |deal Model:

Pair model between 2 neighboring wires
c=distance between two wires, d=radius of CN

% = éArcCosh( ),L = %Arcﬁ'osh( )

C C
fd d

: _gfo [B
Frequency: w—an—\ﬁ

Velocity: V= \/g = \/E

LOW - LOSS
DIELECTRIC
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More realistic model with outer
INsulation, semicon & dielectric

" Typical configuration of a 15KV U/G power cable:
0.8 mm jacket
0.8 mm radius CN’s placed 8 mm apart at 24 mm radius
0.8 mm thick concentric layer of semicon with e=100
16 mm thick insulating layer (XLPE with €=3)
0.8 mm inner semicon layer encircling the core conductor
6 mm multiple strand aluminum core conductor
Semicon conductance: 1 Siemens/meter

Concentric neutrals (CN’s)

Outer semicon layer

Insulation

Inner semicon layer

Central conductor

Jacket



Current Sensing in CN’s using GMR

= Giant-Magnetoresistive (GMR) effect:

nickel-iron alloy whose resistivity changes depending on the magnetic
flux

can be exploited to sense magnetic field strength and orientation
fields as low as tens of microgauss can be detected.

L ' Linear Guide for
e T 9 -

positioning of
sensor on cable

Cable section

Sensor package
(3mm square)

Location of sensor
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Further reading: Lenz, J. and Edelstein, A. “Magnetic Sensors and Their Applications.” |IEEE Sensors Journal, vol. 6, pp. 631-649, 2006.



B-field (y-axis, rms)
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Current Sensing in CN’s using GMR
(Experimental Results)

Sensing Individual CN'’s
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Modeling of CN failure; current is
diverted to adjacent CNs (red arrows)

" Theoretic limit of detection ~300 ft

" A sensor can be placed up to 300ft away from a defect in
a CN wire, and still detect it



Limited Range Methods



Interdigitated Dielectrometry

Dielectric

V+

V- Permittivity ¢,
Dielectric
Permittivity ¢, v.
Dielectric Water Tree (Void)
| o—- |
Dielectric N Interdigital i

Sensor Electrodes
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Interdigitated Dielectrometry (1D)

Current prototypes of ID
Sensors
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Field leaking due to CN corrosion

" FEA analysis of field outside the cable due to CN
corrosion

" For a cable carrying 12KV rms:

IE” " No corrosion around CN’s -
maximum detectable voltage is
0.1mV outside the jacket

= 20 um corrosion around all CNs —
maximum detectable voltage is

Iu 6.6 V outside the jacket

Potential within a corroded cable (20 pm
corrosion thickness, 12KV rms in central
conductor)



Experimental Validation

Control Case Corroded Case
six straight neutral non-corroded six straight neutral corroded copper
copper wires wires
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FEA Modeling: Electric field along the outer
circumference of cable with one failed concentric
neutral

Electric field, norm [V /m]
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Modeling suggest a failed CN generate a clear “signature” that could be
easily detectable.



25

Our 100ft Cable Setup

» Dedicated space for ~100ft of
cable in the CITRIS building

« Launching waves on both healthy
and damaged cables



Other efforts



Corrosion of Copper CNs

Kristine Jecen and Thomas M. Devine
Objectives and Approach

» Electrochemically rapidly induce corrosion in lab

» Characterize the corrosion product (esp. dielectric
constant)

» Reintroduce corroded samples onto cables to calibrate
diagnostic techniques for detecting corrosion

Potentiostatic EIS Results from Copper in Borate Buffer
Polarized at 500mV in Ambient Conditions
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Water Treeing - Fatigue Testing of
TRXLPE

Surface: Electric potential [4] Maz: 1000
Conkour: Electric pokential [¥] 1000
Arrow: Electric field
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Water Treeing : Charge Injection into PE

Injection of electrical charge into PE is a key step in electrical breakdown

We have determined that an aqueous electrolyte injects electrical charge into
PE more easily than does a solid electrode.
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We are now investigating if charge injection by an aqueous electrolyte
enhances water treeing (high AC voltage)
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Questions ?

Igorpapa@eecs.berkeley.edu



