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ABSTRACT

Maintenance of underline cable systems requires periodic
measurement of many physical variables at numerous loc
ations. This task can potentially be accomplished with wire
less sensor networks. This paper describes the PD-
sensing algorithms(Discrete Wavelet Transform) for the in
spection of electrical power cables. The diagnostic sensor
array includes thermal, visual, dielectric, and acoustic sen
sors for the measurement of cable status. Laboratory tests
demonstrate the ability of integrated sensors to measure
parameters of interest with the resolution required by the a
pplication. Field tests in the underground cable system de
monstrate the ability of the designed platform to sense alo
ng the cable, and communicate with the host computer.
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INTRODUCTION

Ensuring reliable and uninterrupted operation of transmiss
ion and distribution networks poses a key challenge in the
area of monitoring and maintenance of power engineering
systems. Indeed, monitoring the condition of high-

voltage (HV) systems and cable networks is becoming incr
easingly important as customers demand cheaper electrici
ty with greater security of supply. In turn, this translates to
increased loading of HV cable circuits, whilst reducing ove
rall maintenance and repair costs. Moreover, with unsche
duled shutdown of equipment, additional costs are often in
curred, which are subsequently found to be significantly a
bove the cost of necessary repairs. A satisfactory online m
ethod of anticipating failure of key components is therefor
e required, so as to attain an economic lifetime extension
of high-voltage equipment.

The development of wireless sensor networks(WSN) for m
onitoring and maintenance of underline cables is becomin
g more important among power utilities. The progress in th
is area is driven by the advancements in such enabling fiel
ds as ubiquitous computing, Al technologies, wireless com
munication, sensing, and power scavenging. The deploym
ent of wireless sensor network systems can bring such ad
vantages over traditional monitoring and maintenance met
hods as lower cost, higher measurement accuracy, and gr
eater reliability of system operation. Due to the deregulatio
n and the resulting increasing competition among utilities,
the economic efficiency of daily operations is becoming in

creasingly important in power industry. One of the most co
stly tasks in the power industry is maintenance of power s
ystem infrastructure, namely, generating plants, transmissi
on lines, substations, and distribution networks. A large po
rtion of electric power distribution is accomplished through
cable networks. A typical power utility maintains millions o
f miles of installed cables. Many urban cable installations,
targeted in this project, are installed in tunnels, conduits, o
r pipes, which makes them accessible for WSN. Existing ¢
able maintenance practices fall into one of the two categor
ies: unplanned maintenance or planned maintenance. Un
planned maintenance is a response to a failure that may h
ave caused a power outage. Planned maintenance is a sc
heduled inspection or replacement of power cables. Altho
ugh planned maintenance ultimately delivers a more reliab
le continuous service, it is not an economical option for util
ities. High reliability of an installed network requires conse
rvative estimations of the remaining cable lifetime. Premat
ure replacement of cables leads to economic losses, whic
h could be avoided if the replacement decision were base
d on the specific site data rather than on generic estimate
s. Condition based maintenance is often viewed as a poss
ible solution in the industry. Case studies showed that up t
0 2/3 of the cable systems scheduled for replacement coul
d be kept in service with predictive diagnostics. A key com
ponent of condition based maintenance for cable systems
is obtaining accurate information about the condition of ea
ch cable. Existing techniques for monitoring the aging of di
stribution networks require manual inspection of individual
cables by maintenance staff or by outside consultants. Th
e instrumentation used for such tasks varies from simple h
andheld devices to vans equipped with highly sensitive me
asurement devices. In all cases, the cable inspection is a
costly process. A broad spectrum of sensing principles is
used for the inspection tasks. Some of these sensing met
hods, especially acoustic detection, are greatly enhanced
by the ability to take measurements along the cable, as op
posed to relying on measuring parameters at the ends of t
he cables. The goal of this project is to develop an WSN p
latform that can inspect underground power distribution ca
bles, thus providing utilities with accurate information regul
arly and at a lower cost.

OPERATIONAL ENVIRONMENT

The underground cable environment is not as geometricall
y simple as a pipe and requires a much more adaptable d

esign for WSN. Fig. 1 shows an example of the cables an

d their surroundings in a 154kV underground installation a
t S district, Seoul, Korea.



Figure 1: A typical installation of the underground 154
kV power cables at S district ,Seoul, Korea

Discrete Wavelet Transform

Wavelet based analysis of signals is an interesting, and re
latively recent, new tool. Similar to Fourier series analysis,
where sinusoids are chosen as the basis function, wavele
t analysis is also based on a decomposition of a signal usi
ng an orthonormal (typically, although not necessarily) fam
ily of basis functions. Unlike a sine wave, a wavelet has its
energy concentrated in time. Sinusoids are useful in analy
zing periodic and time invariant phenomena, while wavelet
s are well suited for the analysis of transient, time-
varying signals.
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Figure 2: Sine Wave vs Wavelet.

A wavelet expansion is similar in form to the well known F
ourier series expansion, but is defined by a two parameter
family of functions

S = Zx 2y ajuidind 1]

where j and k are integers and the functions "![',k(t) are the
wavelet expansion functions. As indicated earlier, they usu
ally form an orthogonal basis. The two parameter expansi
on coefficients a; are called the discrete wavelet transfor
m (DWT) coefficients of f(t) and Equation 1 is known as th
e synthesis formula (i.e., inverse transformation). The coef
ficients are given by

ars = [ AP0 dt [2]

The wavelet basis functions are a two parameter family of
functions that are related to a function y/(t) called the ge

nerating or mother wavelet by
dialf) = 27 g2 - k) 3]

where Kk is the translation and j the dilation or compression
parameter. Therefore, wavelet basis functions are obtaine
d from a single wavelet by translation and scaling. There i
s, however, no single and universal mother wavelet functio
n. The mother wavelet must simply satisfy a small set of ¢
onditions and is typically selected based on the signal pro
cessing problem domain. Almost all useful wavelet system
s satisfy the multi resolution condition. This means that giv
en an approximation of a signal f(t) using translations of a
mother wavelet up to some chosen scale, we can achieve
a better approximation by using expansion signals with hal
f the width and half as wide translation steps. This is conc
eptually similar to improving frequency resolution by doubli
ng the number of harmonics (i.e., halving the fundamental
harmonic) in a Fourier series expansion. It is important to
note that the wavelet functions never actually enter into th
e calculation of the discrete wavelet transform. The compu
tation of the transform may be formulated as a filtering op
eration with two related FIR filters.

The 1D discrete wavelet transform is calculated using Mall
at's algorithm. The transform coefficients, ¢, and dy at diffe
rent scales, are calculated using the following convolution-
like expressions:
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where j denotes the resolution and k is the index for the
samples. The operation defined in Equation 4 is a linear
digital filtering operation using filters h and g, followed by
down-sampling. The coefficients cki and dkj are known
respectively as the level j scaling and wavelet coefficients.
The top-level coefficients ¢’ represent the original signal.
For a signal of length N, where N is a power of two, we get
J=Log [2, N]. In such a case, the iteration may be
repeated J times with the last stage being of length one,
one scaling coefficient, and one wavelet coefficient. Note
that the iteration is performed over the scaling coefficients
only. Here is an illustration for N=8.
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Filters h and g are FIR quadrature-

mirror filters known as the scaling and wavelet filters, resp
ectively. The scaling filter is a lowpass filter, while the wav
elet filter is highpass. For an even-

length scaling filter, the two are related by the following for
mula:

E?e = (_1:]:! hN-l-?@: n :D: 1: HE ] N _1 [6]
We used two well known families of scaling/wavelet filters,
and decomposed signals from underground cable line as
shown in Figure 3.
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Figure 3: An example of wavelet decomposition of the
signal from underground cable line.

Infrared Sensors for Hot Spots

Excessive heat build-up contributes significantly to the
premature breakdown of the insulation in distribution cable
networks. The consequences of premature cable failure
include costly replacement and unexpected loss of power
service. Factors that cause overheating include current
overloading, physical damage, insulation aging, partial

discharges, changes in ambient temperature, and proximit
y to other cables and water/steam pipes . Overheating rar
ely affects the entire length of the cable. Typically, so-
called “hot spots” form at the points of excessive mechani
cal stress, water seepage, or crossings with other cables.
The industrial solutions for detection of hot spots include i
nstalling fiber optic sensors along the cable length, manua
| inspection, or avoiding the problem and waiting until the ¢
able fails (which is acceptable in some situations). The
method presented here has never been tried with power ¢
ables and still has to prove its usefulness in an industrial s
etting. Infrared sensors do not need physical contact with t
he cable. In a few years, as technology develops, infrared
sensors are likely to be replaced with infrared cameras in t
his application. Temperature data is acquired continuously
and used for used by the control board for detection of po
ssible incipient faults. Fig. 4 shows an artificially created h
ot spot measured by the infrared sensor in the laboratory
conditions. As experiments continue, much more sophistic
ated pattern recognition algorithms will be used for pre-
processing of sensor data.

Tempersurs Chart Fit 0 -
=0.00

45.00

T

Figure 4: A screen snapshot of the temperature
measurement time sequence in the user interface.

Sensors for Partial Discharges

Partial discharges (PDs) occur when a failure in the cable’
s insulation causes a rapid energy release, usually resultin
g in a detectable acoustic vibration. In many cases, PDs a
re a precursor to total cable failure, and therefore are an i
mportant tool for estimating the remaining service life of a
power cable.

Attenuation of the acoustic wave makes it impractical for
conventional “static” distributed sensor methods to use thi
s monitoring technique. There are significant advantages f
or using acoustic sensing. For instance, an acoustic emiss
ion sensor is not affected by electrical interference.
Acoustic sensing has been very successful for switchgear
and transformers. However, the accurate recognition of
the acoustic emissions from a partial discharge in the over
all vibration pattern of the cable is a challenging task.
Attenuation pattern and the signal time-frequency
characteristics are both important factors in identifying a P
D. These characteristics are both dependent on the intern
al geometry of the cable, interfaces between the materials
, absorption by the material (higher frequency components



are removed), and the frequency dependent propagation.
One of the most significant challenges when implementin
g the acoustic emission sensor is processing large amoun
ts of data, which requires considerable computational reso
urces. This is problematic due to size constraints and the
harsh operating environment found in underground networ
ks. However, the ability to transmit the raw data back to th
e host computer via wireless connection is not always gua
ranteed. Therefore, the processing of the acoustic emissio
ns data will take place on board and the results can then b
e relayed back to the host computer when a connection is
available.

Dielectometry Sensors for Aging Status

Measurement of dielectric properties of the outer layer of
cable insulation can provide valuable insights into its statu
s. The most obvious application is the measurement of pr
esence of water in the bulk of the cable insulation. Water t
rees and electrical trees are the most common causes of
partial discharges. These trees typically develop from a s
mall initial crack, void, or delaminated area. It takes sever
al weeks to several years before the incipient fault causes
cable failure. The dielectric spectroscopy sensor is installe
d on WSN to make continuous measurement of the cable
surface and detect abnormalities, which are not necessaril
y at the surface of the insulation layer. The periodic meas
urement, admittedly, does not guarantee detection of all pr
ocesses. Partial discharges may be intermittent in time, as
environment conditions change. For example, a cable wit
h a small crack may remain dry and be in working conditio
n in the dry hot summer. As weather changes, water may
act as a conductor after this crack becomes wet, allowing f
or electrical discharges. In this case the acoustic sensor w
ould not detect the water tree unless the WSN was in the r
ight place and the right time. The fringing field dielectrome
try sensor may still detect the voids in the insulation, even
if they are not filled with water, although the signal change
would be weaker in this case. In other words, the fringing
electric field dielectrometry sensor tests the actual conditio
n of insulating material rather than the resulting partial dis
charge activity . Measurement of dielectric properties can
also determine the aging status of the insulation material.
The changes of various physical and chemical properties
of materials are reflected in the change of dielectric proper
ties. However, this type of measurement requires highly s
ensitive instrumentation. It will be a very challenging task t
0 use the existing sensor technology in order to obtain info
rmation about dielectric property changes in field condition
s. The shape of the dielectrometry sensor head can vary
depending on the task. Usually, the sensor head looks like
an array of coplanar electrodes, possibly following the cur
vature of the cable.

CONCLUSIONS

A WSN based PD monitoring system for detection of incipi
ent faults in electric power cables has been developed an
d tested in laboratory and in field conditions. The analysis
of detectable physical phenomena led to a selection of
necessary sensing principles. Four types of sensors for
measurement of physical properties of the distributed
infrastructure were integrated into the WSN platform and
tested in laboratory conditions. The WSN based inspectio

n method provides a viable solution to the task of monitori
ng and maintaining underground cable systems.

FUTURE WORK

The next immediate step of this research project is to test
performance of the sensors and the platform itself in a wid
e variety of field conditions. Ultimately, the WSN will have
to work in many different environments with many different
cable configurations. Therefore, the miniaturization and th
e improvement of electro mechanical performance of WS
N are important areas of further research. The use of ener
gy scavenger, in the framework of WSN, is also an import
ant direction of future work.

Acknowledgements

This research has been supported by Power IT Project,
National Strategic Project. The authors also gratefully
acknowledge the invaluable advice from Dong-Chul Lee of
KDN.

REFERENCES

[1] W. Reder and D. Flaten, 2000, "Reliability Centered M
aintenance for Distribution Underground Systems," IEEE
Power Engineering Society Summer Meeting, vol. 1, pp. 5
51-556.

[2] N. H. Ahmed and N. N. Srinivas,1998, "On Line Partial
Discharge Detection in Cables," IEEE Transactions on Die
lectrics and Electrical Insulation, vol. 5, no. 2, pp. 181-188.
[3] A. V. Mamishev, K. Sundara Rajan, F. Yang, Y. Q. Du,
and M. Zahn, 2004, "Interdigital Sensors and Transducer
s," Proceedings of the IEEE, vol. 92, no. 5, pp. 808-845.

GLOSSARY

WSN: Wireless Sensor Networks
PD: Partial Discharge



