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Robotic Monitoring of Power Systems

Bing Jiang, Student Member, IEEE, and Alexander Mamishev, Member, IEEE

Abstract—Monitoring of electric power systems in real time for
reliability, aging status, and presence of incipient faults requires
distributed and centralized processing of large amounts of data
from distributed sensor networks. To solve this task, cohesive
multidisciplinary efforts are needed from such fields as sensing,
signal processing, control, communications, optimization theory,
and, more recently, robotics. This review paper focuses on one
trend of power system monitoring, namely, mobile monitoring.
The developments in robotic maintenance for power systems
indicate significant potential of this technological approach.
Authors discuss integration of several important relevant sensor
technologies that are used to monitor power systems, including
acoustic sensing, fringing electric field sensing, and infrared
sensing.

Index Terms—Automated maintenance, distribution power sys-
tems, mobile sensing, real-time monitoring, sensor arrays.

1. INTRODUCTION

CONOMICALLY effective maintenance and monitoring

of power systems to ensure high quality and reliability
of electric power supplied to customers is becoming one of
the most significant tasks of today’s power industry. As with
any preventive maintenance technology, the efforts spent on the
status monitoring are justified by the reduction of the fault oc-
currence and elimination of consequent losses due to disruption
of electric power, damage to equipment, and emergency equip-
ment replacement costs.

In the past few years, there have been several significant de-
velopments on monitoring technologies for distribution power
cables. This review describes technical results relevant to mo-
bile sensing of distributed systems, especially for maintenance
tasks.

II. BACKGROUND

It is a well-recognized fact in surveillance and monitoring
fields that measurement of parameters of a distributed system
has inherently higher resolution and accuracy when it is ac-
complished with a scanning device as opposed to a wide-angle
global system. Experimentally, this has been confirmed in nu-
merous cable testing studies (e.g., [1]). This principle remains
in force for almost all sensing techniques: it is possible to mon-
itor a distributed system with a global device; for example, using
terminal characteristics or propagating waves, but this approach
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does not match the resolution of equivalent sensors placed in the
direct vicinity of system components.

In addition to sensitivity improvement and subsequent
system reliability enhancement, the use of robotic platforms
for power system maintenance has many other advantages.
Replacing human workers for dangerous and highly specialized
operations, such as live maintenance of high-voltage trans-
mission lines, has been a long-standing effort in the power
community. Other needs of robotics in power systems include
operation in hazardous environments, such as radioactive
locations in nuclear plants, access to tight spaces, such as
cable viaducts and cooling pipes, and precise positioning of
measurement equipment. Therefore, one may expect that the
mobile sensing will play an increasingly important role in the
monitoring of power systems.

Numerous worldwide projects attacked this challenging
application from different angles. In 1989, two manipulator
systems differing in operating method were developed by Tokyo
Electric Power Company to traverse and monitor fiber-optic
overhead ground transmission wires (OPGW) above 66-kV
power transmission lines [2]. It was shown that the systems are
fully capable of performing distribution line construction work
using stereoscopic TV camera system. Several other teleoper-
ated robots have been developed for live-line maintenance in
Japan [3], [4], Canada [5], Spain [6], and other locations.

An autonomous mobile robot was developed to inspect the
power transmission lines in 1991 [7]. The robot can maneuver
over obstructions created by subsidiary equipment on the
ground wire. It is equipped with an arc-shaped arm that acts
as a guide rail and allows it to negotiate transmission towers.
At the same time, a basic synthesis concept of an inspection
robot was described for electric power cables of railways [8].
Since the feeder cables are extremely long and have many
irregular points, a multicar structure with joint connections and
biological control architecture was adopted; thus, the robot
could run on the cable smoothly with sufficient speed and deal
with the shape irregularities.

III. TECHNOLOGICAL NEEDS

Hardly any successful robot applications have been reported
for underground distribution cables. Numerous problems have
to be solved for this kind of a robot, such as space confinement,
size and weight restrictions, wireless design requirements, and
adverse environmental conditions. Miniaturization has been one
of the most difficult problems. With the continuing development
of MEMS, microelectronics, and communication technologies,
this problem is on the verge of being solved. Successful applica-
tions of microbots were demonstrated in other fields (e.g., [9]).
Fig. 1 shows a conceptual design of a mobile platform, a mod-
ular system with a separate unit providing autonomy of opera-
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tion and reconfigurable sensing arrays in a master/slave arrange-
ment.

Generally speaking, the mobile monitoring of power systems
involves the following issues.

1) Sensor fusion: Monitoring the condition of cables
requires incorporation of sophisticated property-mon-
itoring sensors in addition to positioning, tactile, and
other sensors aimed to support the autonomy of robot
movement.

2) Motion pattern: Inspection robots used in power systems
can be subdivided into external and internal ones (see
Fig. 1). External robots travel over the outer surface of
electrical components and may possess a high degree of
autonomy [8], whereas internal units use inner spaces of
ducts and pipes and are often implemented as track-fol-
lowing devices with a predetermined route, and a limited
set of operations [10]. The level of autonomy depends on
the task. For example, routine inspection and maintenance
require a high degree of autonomy for economical rea-
sons.

3) Power supply: Since the cable network is a global dis-
tributed system, it is very limiting for the inspecting robot
to draw a power cord behind itself. Ideally, the power
supply has to be wireless. It is desirable that the platform
harvest energy from energized cables. Inductive coupling
for a wireless power supply could be a desired method.
It has been investigated for vehicles [11], batteries [12],
microsystems [13], and numerous consumer applications.
Although a low-frequency coupling is less efficient than a
microwave mode [14], direct proximity to the power cable
will make it a viable choice. Of course, the platform re-
quires an independent backup power source as well.

4) Control strategy: It includes object tracking, collision
avoidance, and prevention of electrical short circuits. The
control system receives initiating commands from the
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operator for the global tasks, and small tasks are often
preprogrammed. The most important requirements are
the following.

a) The control should be robust because of compli-
cated motion requirement and the irregular surface
of the cable connections.

b) It should include an optimum algorithm used to lo-
cate the sensor array with respect to the inspected
system, a path planning algorithm used to track the
whole or part of the network with the shortest path,
and control sequences adaptively switching sensor
operation from a fast superficial inspection mode
to a slow detailed inspection mode.

c) The robot requires considerable computational
resources to be adaptive and flexible. This fact is
highly problematic because of the limited size of
the robot, especially for underground applications.
Accordingly, this strongly argues for the use of
communication and offboard intelligence. This
also involves allocation between local and remote
signal processing.

5) Communication: The communication module exchanges
data between the master computer and the mobile robot,
including data originating from different streams on both
sides of the communication link and different priorities
associated with it. A multiplexing problem that concerns
the allocation between local and remote computation ca-
pacity has to be solved too [15].

6) Positioning system: It should work like the Global Posi-
tioning System (GPS), used to estimate the location of the
robot. Therefore, effective maintenance and rescue tasks
for cable systems, even for the robot itself, can be carried
out. In most applications, two basic position estimations
are employed: relative and absolute positioning. Relative
positioning can provide rough location estimate, the ab-
solute one can compensate the errors introduced [16].

IV. SENSORS AND SIGNAL PROCESSING

The main sensing principles appropriate for monitoring
of power cables include acoustics, dielectrometry, thermal
imaging, eddy currents, and visual inspection. This section
offers an overview of several projects dealing with relevant
technological issues.

A. Discrimination of Energized Cables

As the power network continues to expand and becomes more
interconnected, the task of maintaining an accurate topological
representation of a power grid is often sacrificed. Consequently,
maintenance personnel often need to determine the energiza-
tion status of underground cables. A mobile monitoring system
should be capable to do the same task.

The predominant detection method practiced today is
intrusive in nature, requiring the maintenance personnel ei-
ther to puncture or remove the protective conducting sheath
surrounding the cable in order to measure the emanating
electric field [17]. This method is dangerous since the drill bit
may reach the conductors unexpectedly. More significantly,
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Fig. 2. Fourier transform of acoustic signatures of underground power cables.
(a) Nonenergized cable. (b) Energized and loaded cable.

this method compromises the integrity of cable insulation.
Acoustic vibrations generated by coulombic forces and current
interactions are a preferred potential indicator of the cable’s
energization status [18], [19] because acoustic measurement is
nondestructive.

In an energized cable, whether or not it is carrying current,
substantial second harmonic (120-Hz) acoustic surface waves
are generated. A piezoelectric accelerometer responds to both
surface acoustic waves and power frequency electric fields of
an energized conductor. Analysis of the frequency spectrum and
spatial distribution of acoustic waves on the sensor surface is re-
quired to discriminate between the two effects [19]. Fig. 2 shows
processed acoustic signatures of a three-phase 14-kV shielded
distribution power cable in two states: nonenergized with strong
ambient noise; and energized at low voltage, 10-A balanced
load. The strong presence of the 120-Hz component is fairly
easy to detect; however, the presence of other energized cables
in the vicinity of the cable under test makes the discrimination
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task more difficult. Surface imaging is necessary for nonam-
biguous classification.

B. Evaluation of the Electrical Insulation Status

Maintenance of aging power cables is a major cost item
of the total maintenance of an electric network, which can
be significantly reduced by a more accurate prediction of
the remaining lifetime of cable insulation. Several methods
are used to evaluate the aging status of electrical insulation,
including eddy currents, acoustic sensing, and X-rays. The
most useful and commonly used methods rely on measurement
of electrical properties (dielectric conductivity and resistivity),
measurement of partial discharge activity, and thermal analysis
of insulation under stress.

1) Fringing Electric Field Dielectrometry: Interdigital di-
electrometry is a subset of interdigital electrode sensor applica-
tions that relies on direct measurement of dielectric properties
of insulating and semi-insulating materials from one side [20],
[21]. The basic idea is to apply a spatially periodic electrical
potential to the surface of the material under test. The combi-
nation of signals produced by the variation of the spatial pe-
riod of interdigital electrodes, combined with the variation of
electrical excitation frequency, potentially provides extensive
information about the spatial profiles of the material under test.
Since changes in the dielectric properties are usually induced by
changes in various physical, chemical, or structural properties
of materials, the dielectrometry measurements provide effective
means for indirect nondestructive evaluation of vital parameters
in industrial and scientific applications [22], [23].

While interdigital electrode structures have been used since
the beginning of the century, the application of multiple pene-
tration depth electric fields started in the 1960s [24]. Later, in-
dependent dielectrometry studies with single [25] and multiple
[26] penetration depths using interdigital electrodes have been
continued. Generally speaking, the evaluation of material prop-
erties with fringing electric fields is a much less developed area
than comparable techniques. This field holds tremendous poten-
tial due to the inherent accuracy of capacitance and conductance
measurements and to imaging capabilities combined with non-
invasive measurement principles and model-based signal anal-
ysis.

A conceptual schematic of w — k dielectrometry is presented
in Fig. 3(a). For a homogeneous medium of semi-infinite ex-
tent, a periodic variation of electric potential along the surface
in the z direction produces an exponentially decaying pattern
of electric fields penetrating into the medium in the z direc-
tion. Fig. 3(b) shows the equivalent circuit of the sensor su-
perimposed onto the schematic view of a half-wavelength cell.
Note that each wavelength has an opposite conducting guard
plane at the bottom of the substrate. For each wavelength, a fol-
lower op-amp drives the guard plane at the substrate bottom at
the voltage Vi = Vg, thus eliminating any current between the
sensing and guard electrodes.

The nondestructive measurement methods are often treated
in the framework of the inverse problem theory. In our case, the
definition of forward and inverse problems can be presented as
shown in Fig. 4. For most applications, the inverse problem is
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Fig. 3. Generic fringing electric-field interdigital sensor. The terminal
characteristics, namely, capacitance and conductance between the interdigitated
electrodes, are functions of the substrate and ambient environment properties.
(a) A single-wavelength generic design. (b) Half-wavelength cross-section
with a superimposed equivalent circuit model.
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Fig. 4. Conceptual representation of forward and inverse problems in the
framework of dielectrometry.

inherently more difficult. It does not necessarily have a unique
or any solution, since it requires solving for unknown proper-
ties given a known subset of material and geometrical properties
as well as the measured transcapacitance and transconductance.
Furthermore, even if a unique and exact mathematical solution
exists for a given set of input values, it may have no resemblance
to the true physical parameters because of the effects of mea-
surement noise.

2) Acoustic Sensing: Partial discharge (PD) measurement is
an important diagnostic tool, especially for medium- and high-
voltage cables, where local intensity of electric stress can reach
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breakdown values. A broad range of PD measurement tech-
niques includes acoustic, current, and voltage [27], [28], elec-
tromagnetic [29], time- and frequency-domain reflectrometry
[30], and optical sensing [31]. Acoustic sensing is very suc-
cessful for switchgear and transformers [32], [33], because it is
free from electrical interference, very easy to apply, has no need
to power down, and does not require additional components,
such as high-voltage capacitors [34]. However, cable applica-
tions with acoustic sensing are much more scarce [35], while
electrical PD measurement methods are more preferred [36].
The main reason is that acoustical discharge signal is attenuated
during propagation. Once the sensor can be delivered to a rea-
sonable proximity of the discharge location (about 20 m), both
acoustic and RF pickup will become possible.

3) Thermal Analysis: Polymers commonly used as elec-
trical insulation are thermally sensitive due to the limited
strength of the covalent bonds that make up their structures.
When exposed to sufficiently high temperatures that cause
polymer degradation, these materials experience a drop in
the glass transition temperature, which effectively lowers
the upper service temperature and significantly reduces the
room-temperature mechanical strength of these materials [37].
The lifetime of electrical insulation is reduced when a unit is
subject to continual overheating, usually due to overload. The
impregnated paper used in underground cables is particularly
prone to aging through overheating, but it also holds true for
all types of polymer insulation.

The insulation aging factors interact with each other. For
example, thermal cycling may cause a loss of adhesion at an
interface, thus creating a void within which PD will initiate,
leading to electrical tracking and insulation failure [38]. So
thermal analysis plays an important role in the evaluation of
insulation status by supplying rich system information. Because
of the no-contact measurement characteristics of the infrared
(IR) sensor, it is one suitable sensor to detect the temperature
distribution. By using it, the heat spot along the distribution
system can be detected and analyzed.

C. Water Uptake Measurement

The presence of trees is usually accompanied by a high water
uptake, on the order of 100 ppm [39]. A highly polar mate-
rial, water is best detectable by low-frequency dielectrometry
techniques. Accurate measurement of moisture concentration
across the thickness of oil-impregnated transformer pressboard
is a significant challenge in the power industry. This task has
been attacked for about two decades because the moisture diffu-
sion processes are responsible for multimillion dollar losses due
to explosions of large power transformers. The spatial moisture
distribution has been measured successfully with a three-wave-
length interdigital sensor [40].

Fig. 5 shows measured moisture profiles across the thickness
of transformer pressboard for 14 distinct moments of time. The
moisture spatial profiles were calculated from the measurement
data, shown in Fig. 6, using multivariable parameter estima-
tion algorithms for a three-wavelength sensor, combined with
the moisture measurement data of the ambient environment (air
relative humidity of 12%), together with moisture equilibrium
curves to give the pressboard moisture concentration of 1.8% at
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Fig. 6. Dielectric spectroscopy of oil-free Hi-Val pressboard for five
temperatures and nine moisture levels at 61 frequencies.

2 = 0. The first two profiles (at the time moments of two hours
and four hours) show a slightly overestimated amount of mois-
ture in the middle region of the pressboard because the sensor
resolution is insufficient to capture high profile gradients. The
experiment is stopped at about 30 h, when the signals indicate
new steady state. At this point, the moisture profile is expected
to be almost uniform and at the maximum value of 1.8%.

D. Parameter Estimation Algorithms

One of the most significant challenges in multisensor sys-
tems is the processing of signals in real-time onboard. A deeper
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treatment of signal processing issues is outside of the scope
of this paper. Included here is a commentary on computational
challenges of multiprinciple sensor arrays. Through a general-
ized eigenvalue analysis and regularization theory, multivariable
parameter estimation provides transformation of the vector of
input parameters X into a vector of output signals C, where the
input parameters are physical variables of interest and the output
signals are obtained from individual pixels of the sensor array.
For linearized systems, this transformation can be expressed as

A-x=C. (D

The coefficients of the square matrix A are the partial deriva-
tives of the individual output signals with respect to the input
parameters

oC;
ai; = —. 2
= B, 2
Obtaining the physical variables of interest from the multidi-
mensional sensor response means solving the inverse problem

x=A"1C. 3)

One of the most useful selectivity criteria is the condition
number

max |Ag|

v(A) = [|A]l-[|A7H| = ©)

min |\
where )\, are eigenvalues of the A matrix. The second equality
holds only for eucledian norms. The physical meaning of (4) is
the ratio of half axes of the ellipsoidal distribution of the vectors
formed by the uncertainties of parameters of interest.

Eigenvalue theory can be used to optimize the A matrix
through modifications in sensor design and signal processing
circuitry. Regularization methods trade off the accuracy of
parameter estimation for numerical stability of the solution.
Extensive additional efforts in this area are needed in regards
to fringing electric field sensing. The potential of this approach
will be unlocked once mathematically rigorous methods of
signal analysis are implemented in software.

Mobility of sensor-carrying grippers makes possible pertur-
bation position control, which provide additional sensitivity and
selectivity improvement. The classic differential uncertainty
analysis suggests that in a multiparameter measurement of
dielectric permittivity ¢, the measurement uncertainty is

2
E — 1 Z (EA%) 5)
5 € - dz;

2

where x; are individual sensor output variables (not parameters
of interest, but intermediate variables). The dependence of € on
x; is determined using numerical modeling or through analytical
expressions.

The real measurement uncertainty due to geometry variations
is very difficult to assess. By varying the sensor position by
Az, the device cannot only measure material properties, but
also provide much more accurate estimation of measurement
uncertainty.
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V. CONCLUSION

Review of monitoring technologies for maintenance of elec-
tric power system infrastructure suggests numerous advantages
of mobile sensing. Miniaturization of mobile monitoring plat-
forms is making realistic in-situ estimation of cable remaining
life, operating conditions, and failure modes. A deeper under-
standing of physical nature of aging processes may be achieved
through distributed sensing.

Several critical sensor technologies relevant to monitor
the distribution system have been presented. They include
acoustic sensing discrimination of energized cables, analysis
of acoustic signatures of partial discharges, fringing electric
field sensing, and infrared sensing. The main purpose of this
multisensor system is to monitor the aging status, water uptake,
and incipient faults in electrical insulation. The framework of
multisensor signal processing challenges has been outlined as
well.
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