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Abstract 

Mobile monitoring of underground cable systems 

by Bing Jiang 

Chair of the Supervisory Committee 

Assistant Professor Alexander Mamishev 
Department of Electrical Engineering 

 
Deregulation of the power market brings change by creating an increase in 

competition amongst utilities. Utilities realize that economical efficiency is becoming 

more crucial in order to stay competitive. Minimizing the cost of maintenance and losses 

due to cable failures is a key to successful operation. 

An economical cost-driven model for maintenance assess is derived to evaluate the 

economical performance of traditional maintenance methods. Further, the model is 

employed to generate a hybrid maintenance strategy, which is a function of specific cable 

system characteristics. The hybrid strategy is used to deploy the optimum methods 

among traditional methods to a specific power network according to its status, i.e., it 

could combine advantages of different maintenance methods. Simulations demonstrate 

the possibility of applying condition-based maintenance for the entire service period of a 

cable system if maintenance cost could be lowered to a certain level. 

 The aging of power cables begins long before the cable actually fails. Preventing 

incipient failures developing into failures can greatly reduce losses. There are several 

external phenomena indicating undergoing aging problems, including partial discharges, 

hot spots, mechanical cracks, and changes of insulation dielectric properties. Most 

sensors currently used are cumbersome to move, complicated to use, or destructive to 

cables. In the presented project, non-destructive miniature sensors capable of determining 

the status of power cable systems are developed and integrated into a monitoring system, 

including a video sensor for visual inspection, an infrared thermal sensor for detection of 

  



  

hot spots, an acoustic sensor for identifying partial discharge (PD) activities, and a 

fringing electric sensor for determining aging status of insulation material and detection 

presence of water trees. The working principles and experimental setups with these 

sensors are discussed. 

 Mobile monitoring can greatly reduce the maintenance cost and supply more accurate 

status of local cables over traditional monitoring techniques. The application range of 

condition-based maintenance can be expanded greatly with the aid of mobile monitoring. 

A novel autonomous robot is developed to perform a monitoring routine. The modular 

robot can move freely and negotiate obstacles. The robot’s distributed control system 

consists of a control board built from four micro-controllers, and a signal-processing 

system based on a DSP board and an ADC board. The bilateral communication between 

the master micro-controller and slave micro-controllers is achieved by combination of 

SPI bus and interrupting routines, while the communication between the control board 

and DSP board is implemented through an unsynchronized serial bus. Corresponding 

communication protocols are developed to ensure the correct transmission. These 

protocols can perform error checking and direction checking for communications. 

Wireless communication enables remote control of the robot from a host computer. A 

graphical user interface on the host computer is developed to enable motion control, 

sensor control, and signal processing. When robot teams are employed to monitor the 

status of cable systems, communication and cooperation will be very complicated. A 

control algorithm for robot teams is put forward to solve this problem.  

 Presented work demonstrates the use of mobile monitoring system for underground 

power cables systems to be viable and economically efficient. 
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Chapter 1. INTRODUCTION 

1.1 Background 

Deregulation of the power market brings changes by creating an increase in competition 

amongst utilities.  In order to stay competitive, utilities must be economically efficient. 

The successful operation of utilities is determined by many factors. One of the most 

important elements is the service quality that utilities can deliver to customers. Service 

quality of utilities can be expressed as the dependability and stability of power delivery to 

customers. Power service quality has been a serious problem for a long time. There are 

about 12 to 20 cable failures per month within Puget Sound region, Washington (Puget 

Sound Energy). In the summer of 1996, power outages left large portions of the Western 

United States without electricity for periods of up to 14 hours on one of the hottest days 

of the summer (CNN). The high-tech industry is especially sensitive to power supply 

outages. For instance, a chip fabrication plant can be offline for up to a week from just a 

several minute power outage. Millions of dollars worth of e-commerce business can 

disappear in one second. According to CEIDS, outage in electric power systems 

contributes $104 billion to $164 billion loss annually in the USA [1]. One of the most 

significant tasks of today's power industry is to provide high quality power to customers 

while keeping the cost of power systems maintenance as low as possible.  

The United States has millions of miles of underground cables within power systems. 

Many of these cables, which installed dozens of years ago, are on the edge of 

replacement. It is well recognized that utilities can save significantly if proper 

maintenance is performed to underground cable systems. Currently, there are three 

maintenance methods employed by utilities: corrective maintenance, scheduled 

maintenance, and condition-based maintenance. Corrective maintenance dominates in 

today’s power industry. Being able to predict the incipient problems, condition-based 
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maintenance emerges to be the most potential method in future applications. One case 

study showed that the performance of a network was increased 40% and the maintenance 

cost was lowered to 1/7 when cables were repaired instead of replaced [2].  

The insulation material of underground cables keeps aging (degrading) during the 

whole service period until a failure or replacement happens. Once aging status reaches a 

certain critical level, external aging phenomena can be observed, such as hot spots, partial 

discharges, and mechanical cracks. For example, a void introduced by aging can initiate 

partial discharges (PDs), and most systems will eventually fail during service time after a 

PD initiates, possibly years later [3]. These phenomena can be used to locate the position 

of deteriorating cables and estimate the remaining lifetime of these cables. If incipient 

failures can be detected, or the aging progress can be predicted accurately, possible 

outages and following economical loss will be avoided.  

In order to estimate accurately the status of cable insulation, suitable sensor 

technologies have to be applied to power systems. Aging estimation of electrical 

insulation has remained as a visible and actively investigated field of electric power 

industry for many decades. Different types of sensors are being used, and new sensors are 

being developed. Resonance type partial discharge (REDI) sensors and ultrasonic sensors 

[4] are used to locate voids of insulation material by detecting electrical pulses introduced 

by partial discharges [5]. Ultrasonic sensors [6] and nuclear magnetic resonance (NMR) 

sensors [7] are used to detect electrical trees. Among failure phenomena, the most 

important one is the partial discharge activity. PDs can be regarded as a forerunner for an 

insulation failure. PD measurement is an important diagnostic tool, especially 

predominant for medium and high voltage cables, where local intensity of electric stress 

can reach breakdown values. Figure 1.1 and Figure 1.2 show two types of sensors used to 

detect PD defects. 
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Figure 1.1.  Capacitive measurement of partial discharges (Lemke Probe LDP-5). 
 

 

 

Figure 1.2.  Acoustic detection of partial discharges (Acoustic Emission Consulting, Inc). 
 

Because of the high price of monitoring devices, there is no way to install them in 

every portion of a cable system. Either a wide-angle global monitoring system or a 

distributed sensor network is used in power systems, where only important equipment, 

such as generators and transformers, can be monitored. Neither of monitoring techniques 

is sufficient for adequate diagnosis of aging status and incipient faults, therefore they 

should be supplemented with local sensing devices. A local scanning device has 

inherently higher resolution and accuracy than a global/distributed system. In order to 

implement cost-efficient localized sensing, technicians have to be employed to scan the 
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network with handheld instruments. Only trained professionals with limited access to the 

underground tunnel can do this dangerous job.  

Mobile sensing emerges to be able to solve the local sensing problem and is playing 

an increasingly important role in the monitoring of power systems with the advance of 

sensor, robotics, MEMS, and IT technologies. This method suggests a robotic platform 

carrying a sensor array is used to “patrol” the power cable network, locate incipient 

failures, and estimate the aging status of electrical insulation. This National Science 

Foundation and Advanced Power Technologies (APT) Center at the University of 

Washington funded project “Condition-based Maintenance of Electric Power Systems” 

focuses on the prototype development of mobile monitoring. The long-term goals of this 

project are to design a powerful robotic platform, develop a sensor array, put forward a 

signal-processing algorithm to process multiple sensing signals, and estimate accurately 

the aging status of electrical insulation. In this project, we are trying to generate evidence 

that mobile monitoring can be a viable of the maintenance method in the future. 

1.2 Motivation 

For many years, the main maintenance strategy for power cable systems has been 

corrective maintenance (CM), i.e., there is no maintenance reaction until an unexpected 

failure. Since utilities have to compensate the economical loss of customers within the 

deregulated power market, this method is not applicable if the failure rate is high. The 

outage loss, especially for large industrial customers, can be too large for both customers 

and utilities. It turns out preventive maintenance is the necessary choice. As with any 

preventive maintenance technologies, efforts spent on status monitoring are justified by 

the reduction of the fault occurrence and elimination of consequent losses due to 

disruption of electric power, damage to equipment, and emergency equipment 

replacement costs. Condition-based maintenance (CBM) is becoming a superior choice, 

since it is based on real time status data. The only drawback of condition-based 

maintenance is monitoring cost. Expensive monitoring devices and extra technicians are 

needed to implement condition-based maintenance. The application of CBM is limited 
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due to its high cost. The mobile monitoring has low cost properties, making condition-

based monitoring possible.  

In addition to sensitivity improvement and subsequent system reliability 

enhancement, the use of robotic platforms for power system maintenance has other 

advantages. Removing human workers from dangerous and highly specialized operations, 

such as live maintenance of high voltage transmission lines, has been a long-standing 

effort in the power community. Other needs for robotics in power systems include 

operation in hazardous environments such as radioactive locations in nuclear plants, 

access to confined spaces such as cable viaducts and cooling pipes, and precise position 

of failures.  

Mobile monitoring puts more requirements on sensor systems: they have to be 

miniature, non-destructive, and energy-efficient.  With the advance on IT, MEMS, 

robotics, sensor technology, wireless communication, and signal processing, the 

monitoring robot can become a reality.  

1.3 State of the art 

In the past few years, there have been significant developments in monitoring 

technologies for distribution power systems. 

1.3.1 Mobile robot platforms 
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 Co. to traverse and monitor fiber-optic overhead ground 

transmission wires (OPGW) above 66 kV power transmission lines [8]. It was shown that 

systems were fully capable of performing distribution line construction work using 

stereoscopic TV camera system. Several other teleoperated robots have been developed 

for live-line maintenance in Japan [9;10], Canada [11], Spain [12], and other locations. 

An autonomous mobile robot was developed to inspect power transmission lines in 1991 

[13]. The robot was able to maneuver over obstructions created by subsidiary equipment 

on the ground wire. It was equipped with an arc-shaped arm that acted as a guide rail and 

allowed it to negotiate transmission towers. At the same time, a basic synthesis concept 
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of an inspection robot was described for electric power cables of railways [14]. Since the 

feeder cables are extremely long and have many irregular points, a multi-car structure 

with joint connections and biological control architecture was adopted. Thus, the robot 

could run on the cable smoothly with a sufficient speed and deal with the shape 

irregularities. The Electric Power Research Institute also evaluated the feasibility of 

remote, teleoperated, non-destructive evaluation (NDE) and repair activities in coal-fired 

electric power plants [15].  

Hardly any successful robot applications have been reported for underground 

distribution cables. Numerous problems have to be solved for this type of 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.  

1.3.2 Sensing 
Dozens of methods exist for evaluating the aging status of electrical insulation. Main 

sensing principles appropriate for monitoring of power cables include acoustics, 

dielectrometry, thermal imaging, and visual inspection.  

1.3.2.1 Thermal sensing 
Polymers commonly used as electrical 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, insulation 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 materials [16]. Lifetime of electrical insulation is reduced when a unit is subject to 

continuing overheating, usually due to overload or failures. 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, overheating may 

cause loss of adhesion at an interface of cables, thus creating a void where PD will 

initiate. The released energy leads to higher temperature. This process repeats itself with 
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accelerated speed until the insulation of the cable fails [17]. Thermal analysis plays an 

important role in the evaluation of insulation status by supplying rich system information. 

Due to its no-contact measurement characteristics, use of an infrared (IR) sensor is one 

suitable solution for measuring of temperature distribution along the cable length.  

1.3.2.2 Sensing of partial discharges 
Referring to IEC Publication 270, “a partial discharge, within the terms of this standard, 

is an electric discharge, that only partially bridges the insulation between conductors. 

Such discharges may, or may not occur adjacent to the conductor. Partial discharges 

occurring in any test object under given conditions may be characterized by different 

measurable quantities such as charge, repetition rate, etc. Quantitative results of 

measurements are expressed in terms of one or more of the specified quantities”.  

The history of partial discharge recognition could go back to the year 1777 when 

Lichenberg reported novel results of experimental studies during a Session of Royal 

Society in Göttingen [18]. No theoretical analysis was done until Maxwell published his 

electromagnetic theory in 1873 [19]. Partial discharges can be measured electrically, 

acoustically, optically, and chemically.  

 Electrical Sensing: 
Generally, electrical PD measurement is preferred over others because of its high 

sensitivity and availability of complete test systems [20]. There are different types of 

electrical sensors for PD measurement of cables, including metal foil electrode, internal 

shield electrode, resonance type high-frequency (REDI), and embedded capacitive 

sensors. Basically, they can be categorized as: 

 Inductive sensors: Inductive impulses are detected along with inductive injected 

pulses for calibration, based on the fact that the current pulses from partial 

discharges traveling along the cable can be observed to follow the spiraling 

structure [21;22]. In order to detect inductive pulses, the sensor is placed around 

the outer sheath of the cable. This sensor doesn’t make any changes to the cable 

under test, but it can only be applied to cables with a sheath of helically wound 

wires [20].  
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 Capacitive sensors: Capacitive impulses are detected along with capacitive 

injected pulses for calibration, making the capacitive sensor useful for broad 

applications [20;23]. The sensor detects the induced voltage, so it can only be 

applied to the cable without metal sheath or the cable with the embedded/buried 

sensor. For the latter application, the integrity of the cable is damaged. 

 Capacitive-Inductive sensors: Directional coupler belongs here, and it uses 

superposition of inductive and capacitive coupling [24;25]. This method has the 

same limitation like capacitive sensors. 

Although the electrical PD sensing is the most popular method in applications and 

returns the highest sensitivity (up to 0.1 pC), it either has special requirements on cable 

types, or is destructive to the cable. Electromagnetic interference is a serious problem for 

electrical sensing as well. 

 Acoustic Sensing: 
A partial discharge results in a localized release of energy creating a small explosion. 

Hence acoustic waves are generated and propagate from the source to the outer surface of 

the cable [26;27]. Acoustic sensing has great advantages over electrical sensing, 

including being free from electrical interference, very easy to apply, no need to power 

down, and not requiring additional components, such as high voltage capacitors [28]. 

The amplitude and frequency components of acoustic waves are both factors in 

detecting the PD. They can be caused by geometrical spreading of the wave, interface 

between materials, absorption of the material (higher frequency components are 

removed), frequency-dependent propagation, and so on [26]. Interpretation of the 

acoustic signal is a very complicated process since it involves many unknown 

parameters.  

Cable applications with acoustic sensing are much scarcer, while transformer 

applications are more popular. The main reason is that acoustic signals of PDs attenuate 

during propagation. Experiments show that 10 pC partial discharges can’t be detected if 

the sensor is located 70 mm away from the site. Sensitivity of acoustic sensor is also 

limited (reported with 10 pC [28]). Once the sensor can be delivered to a reasonable 

proximity of the discharge location, acoustic pickup will become possible. Although 
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accelerometers and acoustic emission (AE) sensors both are used for detecting acoustic 

waves, only AE sensor can be used to detect PDs because of its higher frequency range.  

 Optical Sensing: 
Optical sensing is a potential direction for partial discharge measurement with advances 

in optical fiber technology, which enable accurate measurements even in hostile 

environments with a high background noise level. The application of this technology in 

the field is still extremely limited to date.  

Partial discharges can produce ultrasonic pressure waves which can also be detected 

with suitable pressure optical transducers [29;30]. The optical fiber sensor system can be 

safely immersed inside the transformer. The perturbation caused by pressure wave 

induces stress on the fiber core and affects the light beam traversing the fiber. By using 

interferometric techniques, the optical phase shift caused by the perturbation can be 

detected accurately with a phase-modulated type optical sensor. The use of optical fiber is 

being exploited, primarily in acoustic detection of PD [31], but not limited to it. Optical 

sensors can also detect the electrical pulses introduced by partial discharges, which are 

measured by using light-emitting diodes (LEDs) and fiber optics under impulse voltage 

conditions [32]. The sensor attached to a high-voltage power transmission cable couples 

signals with enough intensity from a partial discharge to an electro-optic modulator to 

measurably change the amplitude of an optical carrier. One advantage of the optical 

sensor is there is no power requirement at its site [33].  

 Chemical Sensing: 
Partial discharge activity also results in changes to the chemical composition of power 

systems. These changes have been exploited in the detection of PD activities. A low cost 

SOF2 transducer was used with GIS to detect PD activity [34]. The gas generated in the 

oil by PDs is exploited to identify PD activities [35]. Hydro-Quebec has developed a 

large database and tables of acceptable levels. Paper insulation degradation bi-products 

can be detected with liquid chromatography, but there is no future for this method 

because of its poor sensitivity and complex data analysis [36]. Basically, there is no 
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chemical sensing method applied to solid insulated cables, although it has been 

investigated on gas/oil-insulated cables [37;38]. 

 None of above PD sensing methods is perfect. Their characteristics determine the 

range of their applications. Based on requirements of mobile monitoring, the acoustic 

sensor is the most suitable sensor type, mainly because it is non-destructive to cables, 

small in size, and easy to implement. Since the robot is an auto-tracking system, the 

acoustic attenuation problem is easily solved.  

1.3.2.3 Fringing electric field sensing 
Water trees/electrical trees are dangerous incipient failures, which are not detectable by 

the previously described thermal or acoustic methods. Water trees or electrical trees may 

develop for a long time without any PDs until the insulation is damaged suddenly within 

a short period. Generally, these failures are very harmful and contribute a large portion of 

total failures.  

There are different methods available to directly detect the properties of insulation 

material [6;7]. 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 non-destructive evaluation of vital 

parameters in industrial and scientific applications [39;40]. One effective method is 

fringing electrical field sensing, which relies on direct measurement of dielectric 

properties of insulating and semi-insulating materials from one side [41;42]. The basic 

idea is to apply a spatially periodic electrical potential to the surface of the material under 

test. The combination of signals produced by the variation of the spatial period of 

interdigital electrodes, combined with the variation of electrical excitation frequency, 

potentially provides extensive information about the spatial profiles of the material under 

test.  

While interdigital electrode structures have been used since the beginning of the 

century, the application of multiple penetration depth electric fields started in the 1960s 

[43]. Later, independent dielectrometry studies with single [44] and multiple [45] 

penetration depths using interdigital electrodes have been continued. Generally speaking, 
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the evaluation of material properties with fringing electric fields is a much less developed 

area than comparable techniques. This field holds a tremendous potential due to the 

inherent accuracy of capacitance and conductance measurements and due to imaging 

capabilities combined with noninvasive measurement principles and model-based signal 

analysis.  

Another important application of fringing electrical sensors is to detect water uptake. 

As a highly polar material, water is easily detectable by low frequency dielectrometry 

techniques. The spatial moisture distribution has been measured successfully with a 

three-wavelength interdigital sensor for transformers [46]. 

1.3.2.4 Video sensing on mechanical damage 
As one of the aging factors, mechanical aging contributes to cable failures too. 

Mechanical aging could cause cables to rupture mechanically, lose adhesion at interfaces, 

lose or absorb liquids and gases [47]. The mechanical aging can initiate and accelerate 

the process of PDs and electrical trees/water trees; therefore it is not trivial to locate the 

mechanical damages. The active sensors, such as sonar, can be used to investigate the 

structure changes of the cable, while a digital video camera is helpful to find the external 

abnormal appearance of the cable by vision or through video signal processing. 

1.3.3 Signal processing and diagnosis  
The major purpose of signal processing and diagnosis is to determine the fault type, fault 

extent, and aging status. Then the accurate estimation can be given to aid the decision on 

maintenance. The non-destructive 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 Figure 1.3. For most applications, the 

inverse problem is inherently more difficult. It does not necessarily have a unique or any 

solutions, since it requires solving for unknown properties given a known subset of 

material and geometrical properties as well as the measured partial discharges, 

temperature, 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 measurement noise. 
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There are already successful projects for power transformers [46;48], but little work has 

been done with power cables.  

 

Expert system

Decision (e.g. 

replace, repair, etc)

PDs, mechanical 
damage, and
temperature

 

 

Figure 1.3. A conceptual representation of forward and inverse problems in the 
framework of dielectrometry. 

 
Some work has been done on the acoustic measurement of partial discharges. 

Experiments performed determined the detection limits for acoustic PD signals in a cable 

joint made from EPDM rubber. Results show that there were several propagation modes: 

high frequency is dominant one when the sensor is close to the PD source, whereas low 

frequency is dominant when the sensor is away from the PD source [49]. Acoustic 

emission spectral analysis tool was applied to identify specific types of PDs: point-plane 

type discharge in oil, surface discharges in oil, gas bubble discharge in oil, or discharges 

in indeterminate-potential particles moving in oil [50]. This demonstrated a specific type 

of PD can be identified if suitable spectral descriptors are selected. The result was limited 

to pattern identification of partial discharges in oil. One back-propagation (BP) artificial 

neural network (ANN) with using acoustic emission measurement on PDs with high 

voltage cables was investigated. The signals were processed with three-dimensional 

patterns and short duration Fourier Transforms (SDFT) [51]. Regular shape and 
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arrangement of voids can be effectively identified with this method. It has to be pointed 

out that voids in practical condition are generally irregular, there is still no methods 

developed to for irregular voids that are common in power systems. Besides these 

methods, MLP Neural Network [52;53], fuzzy logic [54], fracture geometry feature [55], 

statistic estimation [56], and wavelet techniques [57] have been used to analyze PDs. 

Current practice still relies heavily on human expertise in the identification and location 

of PD sources in electrical apparatus and cables [53]. Future development needs to 

include following things: developing more powerful noise rejection procedures; 

improving the reliability of monitoring systems; developing sophisticated expert-systems 

which can integrate multiple data for quick recognition of dangerous PD faults [58]. 

When several sensors are used together for insulation estimation, they can supplement 

each other to supply more information than only one sensor system. There are still no 

signal-processing methods available for a multi-sensor system that can perform 

temperature, mechanical, PD, and dielectrometry measurement. One of the most 

important tasks is to develop an algorithm that can integrate multiple signals and access 

accurately the status of insulation. 

1.4 Thesis Outline 
This thesis focuses on developing a mobile platform and a sensor array that could be later 

used in the monitoring of underground power cable systems. 

In chapter two, a profit-driven model is derived and traditional maintenance methods 

are evaluated by their economical performance. The model is also employed to generate a 

hybrid maintenance method, which is a function of specific cable systems’ 

characteristics. It demonstrates economic efficiency can be improved greatly if mobile 

monitoring technology can be introduced. 

In chapter three, a mobile robotic platform is designed to deal with the monitoring 

task. Based on the information flow scheme configured, the control board is implemented 

with four micro-controllers, and a data acquisition system is developed on a DSP board. 

Bilateral communication among micro-controllers is implemented with the serial 

peripheral interface bus and external interrupts.   
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In chapter four, the development of the digital signal processor (DSP) board 6711 and 

the analog to digital converter THS1408 is explained. The direct memory access (DMA) 

routine and thresh-hold voltage detection are developed for sensing data transferring on 

the background of the DSP. The serial communication between the DSP board and 

control board is implemented by adopting a synchronous serial port on the DSP chip into 

an asynchronous serial port through software. 

In chapter five, applications of the infrared sensor, the acoustic sensor and the 

fringing electric field sensor are addressed. The working principles and experimental 

setups are discussed, respectively.  

 In chapter six, some existing problems are addressed in detail, including stability 

problem of the robot and experiment problems. Future research directions are put forward 

towards to solve these problems. 

In chapter seven, conclusions of the thesis are drawn. 
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Chapter 2. ECONOMICAL ANALYSYS 

2.1 Introduction 

Due to the deregulation policy introduced into power market, utilities are market players 

now, no longer as monopolies. From the perspective of utilities, the ideal power network 

should work continuously and without failures. In reality, it is not possible, but the ideal 

can be approached through minimizing maintenance cost and maximizing the service life 

and reliability of existing power cable networks, both goals cannot be achieved 

simultaneously. Timely preventive maintenance can dramatically reduce system failures. 

Investments must be made to prevent unexpected cable failures, including the addition of 

hardware/software and possibly more technicians. On the other hand, maintenance does 

not always mean cost efficiency. For instance, it is meaningless to maintain a power 

network with certain types of minor cable failures endured within normal system 

operation. Maintenance or replacement of cables with these problems would result in 

additional and unneeded financial losses. Therefore a cost-efficient maintenance strategy 

is necessary to reach a minimum operational cost for utilities [2]. 

2.2 Economical rule 

Since a low operational cost is a necessary condition for a maximum profit, an economic 

model can be simplified to include only the controllable operational cost, without the 

fluctuating price of energy. In order to achieve minimum operational cost, the following 

cost driven rule should be calculated when any maintenance strategies are performed to 

power systems: 

 ( ) ( )min min F F M MC Cλ λ= + C  (2.1) 
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where  is the total operational cost, C  is the loss due to failures, C F MC  is the 

maintenance cost, Fλ  and Mλ  are the weighting factors for C  and F MC , respectively.  

Weighting factors are introduced to accommodate utilities’ concerns regarding failures 

and maintenance. Utilities who concern more with service and long-term benefit would 

use a larger value for Fλ  than the value of Mλ . In this paper, Fλ  and Mλ  are simplified 

into an identical value, 1. Further,  and FC MC  can be explicated as (2.2) to (2.5) 

 /F B CC C C P= +  (2.2) 

 B unit cusC P P T=  (2.3) 

 /C P unit penC C T C= +  (2.4) 

 M MON RC C C= +  (2.5) 

where  is the loss due to undelivered power,  is the unit price of energy,  is 

unclaimed (due to the failure) power consumption, T  is the failure period,  is the 

compensation cost, C  is the unit compensation,  is the penalty which utilities may 

be required to pay customers in the event of serious failures, 

BC unitP

penC

cusP

/C PC

unit

MONC  is the cost of 

monitoring, and C  is the cost of repair/replacement of the power network/components. 

Generally,  can be ignored because of its minor value, i.e., price of energy will not 

affect the applications of maintenance strategies. 

R

BC

It is well known that the occurrence of failures is dependent on maintenance. By 

observing failure trends with respect to maintenance, the following facts are observed:  

 When no maintenance is performed on a specified system, failure is unavoidable, 

and C  reaches its maximum value.  F

 Increasing MC  can lower C , and the relationship between F MC  and  is 

generally nonlinear.  

FC

 After a certain value, increasing MC  has very small effect on C . F

Based on above observations, a simplified function model C f  is derived in 

Figure 2.1. Three zones presented in the model represent different effects of 

(F C= )M

MC  on : FC
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  decreases while FC MC  increases within zone A. The influence of MC  on C  is 

increasing. 

F

 Once the MC  increases to a critical point “a”, a small increase in MC  results in a 

large decrease of C  within zone B. F

 MC  passes another critical point “b” and goes into zone C, resulting in a 

decreasing influence that MC  has on C .  F

 Effects of MC  on C  may be nonlinear and the three zones described are not 

necessarily uniform in width. 

F
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Figure 2.1. The relationship between failure loss and maintenance cost. 

 
If the functional relationship between MC  and C  is linearized between critical 

points, varying slopes can be calculated within zones A, B, and C (Figure 2.1). Of course, 

cost analysis is much more complicated for real applications due to varying market 

conditions. The optimum operational cost  is determined by the maintenance strategies, 

the status of power networks, the availability of funding and manpower, and other 

factors. In the next section traditional maintenance strategies are evaluated based on the 

above cost driven rules. 

F

C
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2.3 Maintenance strategies 

General maintenance methods can be divided into two distinct categories: unplanned 

maintenance which is event driven and planned maintenance which is carried out with 

forethought, control, and the use of records to a predetermined plan. These strategies also 

hold true to the power industry. Three basic levels of maintenance strategies are 

described and identified by their flexibility [59], although other classifications are also 

available: 

2.3.1 Corrective/emergency maintenance (CM) 
Corrective maintenance (CM) is passive. In other word, there is no action until a failure 

occurs. CM is economically efficient when failures cause only minimum inconvenience 

to the customers and minimum financial loss. For many years, the maintenance strategy 

for power cable systems has been the CM type. One can see from (2.1) to (2.5), no 

monitoring cost implementing this strategy incurs, but other costs are still present. Let us 

assume there is a minimum operational cost MINC  when an optimal maintenance strategy 

is applied. Hence (1) can be rewritten for CM as  

 MIN F RC C C≤ +  (2.6) 

It shows that CM could be practical if and only if the right part of (6) is close to MINC . 

Examples of power networks for which CM is a reasonable choice include a recently 

perfectly installed non-critical distribution network. Another example is an underwater 

cable network. In the former, the pay from prophylactic maintenance is too low. In the 

latter, the costs of routine maintenance are very high, at least, with current technology. If 

unnecessary monitoring is imposed in these situations, the total operational cost C  may 

have the characteristics shown in Figure 2.2.  The loss is introduced, although the profit is 

expected. 
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Figure 2.2. The relationship between failure loss and maintenance cost. 

 
Generally, CM is unacceptable when the right portion of (2.6) increases to a critical 

level. For example, an unexpected power shutdown to some customers will generate 

costly compensation and emergency maintenance. The cost of this type of outage can be 

too large to afford for both customers and utilities.  

2.3.2 Scheduled maintenance (SM) 
Scheduled maintenance (SM), as the name suggests, is one of planned maintenances 

carried out in predetermined time intervals to prevent possible failures. SM includes 

routine monitoring, repair of a network, or part replacement when incipient faults are 

detected by routine monitoring or predicted by estimation.  

It is inherently difficult to determine optimum maintenance time intervals. Since the 

standard to estimate network/components lifetime is generally conservative, losses are 

generated if network/components are replaced prematurely. As a result of premature 

replacement of network/components, C  in (2.5) is increased. On the other hand, failure 

risk increases as components approach their predicted life expectancy.  

R

2.3.3 Condition-based maintenance (CBM) 
Condition-based maintenance (CBM) is defined as planned maintenance based on 

periodic or continuous monitoring of equipment status. CBM is very attractive since the 

maintenance action is only taken when required by the power components/systems. By 
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predicting failure, this strategy helps to extend the service lifetime of power systems. 

CBM has received increasing attention in recent years in the power industry as a viable 

maintenance method for cable networks. A case study of CBM showed the performance 

of a network was increased 40% and that the maintenance cost was lowered by a factor 7 

when cables were repaired not replaced [2]. Figure 2.3 shows one possible functional 

relationship of operational cost when CBM is applied to the power system. The drawback 

of CBM is possible unavailability and cost of monitoring technologies. 
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Figure 2.3. The total cost trend to the increase of CBM cost. 

 

2.3.4 Hybrid maintenance (HM) 
No single maintenance method is always the most efficient for power systems at a given 

time. Every method has its own advantages and disadvantages. Based on the cost driven 

rule (2.1), a hybrid maintenance strategy is presented here. The performance of this 

approach is maximized when C  is calculated by using a combination of CM, SM, and 

CBM in a predetermined period. System data and records of similar systems can 

determine the time periods used in this process. The maintenance method with minimum 

 will be selected for this specific period. For example, a newly installed network has a 

low expected failure occurrence. CM is cost efficient for this period of network life. As 

time progresses, network components begin to age and the system then requires routine 

C
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monitoring and maintenance. Scheduled maintenance works well for this time period. 

When a cable system becomes prone to fail and approaches its life expectancy, CBM 

becomes the best maintenance method. Finally, when repair is no longer effective, 

replacement of the network is required. Upon replacement of the cable system, the 

described process starts again. Simulated results for different maintenance strategies are 

shown in Figure 2.4. The minimum operational cost is shown as the bottom boundary 

generated by CM, SM, and CBM. The complexity of the system introduces uncertainty 

making it difficult to determine the intersection points of the curves in Figure 2.4. 

Therefore, a hybrid method is expected to have discontinuities, as illustrated by the bold 

curve in Figure 2.4. 
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Figure 2.4. Costs of different types of maintenance. 

 

2.4 Mobile monitoring 

As with any preventive maintenance technologies, it is crucial to obtain the accurate 

information about the system. The efforts spent on monitoring of a power system are 

justified by the reduction of fault occurrence and the elimination of consequent losses due 

to electric power disruptions. Traditional monitoring methods are expensive and 

complicated to operate for global monitoring and distributed monitoring methods, 
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making the application of condition-based maintenance very limited. This fact directly 

affects the operational cost of the system. Mobile monitoring is able to solve this problem 

and is playing an increasingly important role in the monitoring of power systems with the 

advance of sensing technologies.  

A novel mobile robot platform, which can perform monitoring tasks on underground 

cable systems, is developed in our lab. The platform measures cable aging status through 

the use of thermal, acoustic, dielectric and visual sensors to detect hot spots, partial 

discharges, cable insulation dielectric properties and visual flaws. These particular 

sensors were chosen based on the following standards: 

 Able to report the actual condition of the system 

 Non-destructive 

 Cost-efficient 

 Small and light-weight 

The autonomous robot exercises the following monitoring procedures: 

 Execute the operational loop “run – stop – detect”. A local DSP board on robot is 

used to process raw sensor data.  

 Once the incipient failure is detected, the robot will automatically perform 

detailed scans, i.e., more scans will be executed and the signals will be 

transmitted back and processed by a host computer.  

 When there are no incipient failures detected, processed information can be saved 

locally. 

The information gathered by the robot is used to generate an analysis of the cable 

aging status used to plan future maintenance procedures. 

Information gathered by the robot is used to generate an analysis of the cable aging 

status used to plan future maintenance procedures. The total hardware cost of this robot is 

about $2,500, including sensors, a DSP board, and a control board. Assuming the robot 

runs at an average speed of 5m/min, the traveling distance of the robot can be up to 7.2 

km per day. When only using 5 distributed sensing stations, the cost of hardware, 

installation, and maintenance of the stations would be at least 5 times that of the robot, 

i.e., more than $12,500. It can be seen that mobile monitoring has lower cost than 
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distributed sensing, not even mentioning higher resolution and sensitivity. Figure 2.5 

shows following observations when CBM is implemented with mobile monitoring : 

 Mobile monitoring can greatly reduce the cost of condition-based maintenance. 

 Operational costs will be less when condition-based maintenance is implemented 

earlier. 

 Once the cost of Condition-Based Maintenance is reduced to a certain level, 

condition-based maintenance can even replace scheduled maintenance 

completely.  

 If sufficient information is not available to utilize a hybrid maintenance method, 

condition-based maintenance can be applied for the entire cable service period.  
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Figure 2.5. Costs of different types of maintenance. 

2.5 Conclusions 

Based on the derived cost driven model, the economical assess is performed for 

traditional corrective maintenance, scheduled maintenance, and condition-based 

maintenance. Further, the hybrid maintenance method derived can nearly reach the 

minimum operational cost by combining the advantages of above strategies. As one of 

implementation methods of condition-based monitoring, mobile monitoring demonstrates 

the most honorable property, the lowest cost. Results show that mobile monitoring can be 

one of future maintenance strategies. 

  
 
 



  
24

Chapter 3. MOBILE ROBOT PLATFORM 

3.1 Introduction 

Due to properties of an underground distribution cable system (Figure 3.1), such as space 

confinement and network structure, an attempt to design a robot that can patrol such a 

system has to solve numerous problems. Some of these challenges are described below. 

 

 
 

Figure 3.1. Underground cables. 

 Motion patterns of robot platforms: 
Inspection robots used in power systems can be subdivided into external and internal 

ones. External robots travel over the outer surface of cables and conductors and may 

possess a high degree of autonomy, whereas internal robots travel in the inner spaces of 

ducts and pipes and are often implemented as track-following devices with a 

predetermined route and a limited set of operations (Figure 3.2). The selection of motion 

patterns is determined by their complexity and the autonomy level. The internal pattern 

requires an extra guide inside the cable. This causes a significant problem because it 
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impairs the integrity of the cable. Another problem is that the size of the internal pattern 

robot is too small to carry many functions.  Due to its simplicity and high autonomy level 

over internal pattern, the external traveling method is preferred.  
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(b) External platform 
 

Figure 3.2. Conceptual design of miniature robotic platform. 

 Power supply:  
Since the cable network is a distributed 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 harvests energy from energized cables. Inductive coupling for 

wireless power supply could be a desired method. It has been investigated for vehicles, 
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batteries, microsystems, and numerous other consumer applications. Although the low 

frequency coupling is less efficient than microwave mode [14], direct proximity to the 

power cable will make it a viable choice. The platform requires an independent backup 

power source as well. 

 Control strategy:  
Control strategy includes object tracking, collision avoidance, and prevention of electrical 

short circuits. The control system receives initial commands from the operator for the 

global tasks, and small tasks are often pre-programmed. The most important requirements 

are:  

a) The control should be robust because of the complicated motions required and the 

irregular surface of the cable connections. 

b) An optimum algorithm should be used to locate 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 operations from a fast superficial inspection mode to a slow detailed 

inspection mode. 

c) The control algorithm should be able to handle the situation when a mobile 

monitoring team is implemented. Robots need to cooperate with each other and 

share data. 

 Signal processing strategies: 
The robot requires considerable computational resources to be adaptive and flexible. This 

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 off-

board intelligence. This also involves allocation between local and remote signal 

processing.  

 Communication:  
The communication module exchanges data between the master computer and the mobile 

robot, including data originating from different streams on both sides of communication 

link and different priorities associated with it. Wireless communication can be 
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implemented through transition stations distributed along the cable network. A 

multiplexing problem concerning the allocation between local and remote computation 

capacity has to be solved as well. 

 Positioning system:  
The positioning system should work like a Global Positioning System (GPS), i.e., the 

exact position of the robot can be estimated by such a system. Once this system is 

implemented, effective maintenance and rescue tasks for cable systems, even for the 

robot itself, can be carried out. In most applications two basic position estimation systems 

are employed, relative and absolute positioning. Relative positioning can provide a rough 

estimate of location, while the absolute positioning can compensate the errors introduced 

[16]. 

In this chapter, the design of this robotic platform will be addressed, including the 

mechanical design, control circuit board design, and control panel design. 

3.2 System Overview 

Figure 3.3 shows a mobile robotic platform developed in our lab. A unique segmented 

configuration allows the robot to traverse cables negotiate obstacles along its path with a 

diameter of four to eight centimeters.  The design of the platform consists of a multi-

processor control board, a 900 MHz wireless communication module, a DSP board, and 

multiple sensors. Figure 3.4 shows the information flow of the system. 
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Figure 3.3.  Robot platform. 
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Figure 3.4. Information flow of the robotic platform. 
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The following procedures occur when the robot performs monitoring tasks (Figure 

3.4 and Figure 3.5): 

1) The host computer diagnoses the insulation status of the cables and plans the 

route and monitoring styles for the robot.  

2) The host computer sends out commands to the robot and waits for 

confirmation/reply. These can be planned routine, monitoring, or inquiring 

commands. The communication between the host computer and the robot is 

through two MaxStream® 9Xstream serial wireless modems with a 19200 Baud 

rate.  

3) Once the master micro-controller receives commands from the host computer, it 

decodes the commands and assigns tasks to different slave micro-controllers. A 

confirmation reply is sent back to the host computer. 

4) Required actions, such as motion and data collection, are executed corresponding 

to the commands. If the host computer requires data, such as current position of 

the robot and status of the cable, the master micro-controller will collect data from 

sensors or slave micro-controllers. 

5) Once the robot conducts monitoring tasks, a general scan mode is chosen, i.e., the 

robot will perform monitoring with the loop run—stop—detect. A DSP-based 

system processes all collected data and saves processed data locally. General scan 

can supply a high speed of scanning. When a possible defect is detected, the 

monitoring mode will automatically switch to detailed scan mode, i.e. more 

measurements will be performed around the possible defect. All data will be 

transferred back to the host computer for accurate diagnosis during the detailed 

scan period. 
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Figure 3.5. Diagram of monitoring.  
 

3.3 Mechanical design 

The robotic platform consists of two modular segments coupled by a freely rotating joint. 

Additional segments may be added when functionality evolves. This configuration makes 

the robot fit well with winding cables. Each end segment has a pair of servo-controlled 

legs that can actively hug or release the cable, thus allowing the robot to negotiate cable 

branches and similar obstacles (Figure 3.6). The flexible shafts and rubber wheels are 

used to adapt to the irregular shape of the cable surface; therefore the needed friction 

force can be insured for the motion of the robot.  
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Figure 3.6. Mechanical design of the robotic platform. 

 
An unsolved problem still exists with the current design: it is very difficult to get the 

robot to stay on top of the cable, since the circular movement of the robot is not 

controllable. In order to solve this problem, a new platform with the addition of a steering 

system added is under development (Figure 3.7). By implementing an accelerometer 

sensor ADXL202, the robot’s position in vertical direction, i.e. the circular slip, can be 

detected. By adjusting the angle of the steering wheel, the robot can be brought back to 

the top of the cable. Other enhancements include the adoption of DC motors for the main 

drive and an encoder for speed measurement. The speed of the robot can be improved 

greatly with DC motors.  
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(a) Photo of new platform 

 
(b) CAD design 

Figure 3.7. Mechanical design of the new robotic platform. 
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3.4 Control board 

The monitoring robot has to deal with different tasks: sensor control, motion control, and 

communication. It is impossible to handle all of these functions with only one micro-

controller; therefore a distributed multi-processor design is used in this project.  

The control board consists of four AVR® RISC micro-controllers, one master micro-

controller ATMEGA128 operating at 16MHz, one slave micro-controller ATMEGA128, 

and two AT90S5835s operating at 8MHz. This control board applies distributed 

computation: each micro-controller unit (MCU) has its own functions. The schematic of 

the circuit is shown in Figure 3.8.  
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Figure 3.8. Schematics of the control board. 

 

 The master MCU MEGA128 communicates with a UART wireless module 

(MAXStream® 9XStream) and all slave MCUs directly. The master MCU controls 

all slave MCUs. The wireless communication between the host and the robot 
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enables the robot to access more space and perform more flexibility. An extra 

128K-memory chip is added to the master MCU. It can be used to store data or as 

a data buffer. 

 The slave MCU2 AT90S8535 is connected with an infrared thermal sensor 

(Raytek® MID) by RS232. MCU2 supplies PWM signals to servomotors. 

 The slave MCU3 AT90S8535 is connected to the TI DSP board by a UART bus. 

MCU3 also supplies PWM signals to servomotors. 

 The slave MCU4 AT90S8535 is used to drive the LCD. This function helps to 

debug the program. 

 There are some IO devices included, such as the encoder used to measure the 

traveling distance and the speed of the robot, ADC function used to measure the 

energy status of battery packages, and some obstacle detectors, are distributed to 

different MCUs. 

3.4.1 Communication between the master MCU and slave MCUs 
The Serial Peripheral Interface (SPI) Bus (Figure 3.9) connects all micro-controllers 

together. The SPI bus allows high-speed synchronous data transfer between AVR 

devices. The interconnection between master and slave CPUs with SPI is shown in Figure 

3.10. Whether the CPU is a master or a slave is determined by the control bit SPE of SPI 

control register (SPCR). The SCK pin is the clock output in the master mode and is the 

clock input in the slave mode. Writing to the SPI Data Register from the master CPU 

starts the SPI clock generator and the data written shifts out of the MOSI pin and into the 

MOSI pin of the slave CPU. After shifting one byte, the SPI clock generator stops, setting 

the end-of-transmission flag (SPIF). If the SPI interrupt enable bit (SPIE) in the SPCR 

register is set, an interrupt is requested. The Slave Select input (SS) is set low to select an 

individual slave SPI device. The two shift registers in the master and the slave can be 

considered as one distributed 16-bit circular shift register. When data is shifted from the 

master to the slave, data is also shifted in the opposite direction, simultaneously. During 

one shift cycle, data between the master and the slave is interchanged, while the master 

controls the data communication. 
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Figure 3.9. SPI block diagram of AT90S8535/MEGA128 (AVR® datasheet). 
 

 
 

Figure 3.10. SPI master-slave interconnection (AVR®  datasheet). 
 

  
 
 



  
36

Tasks assigned to slave MCUs must be synchronized between the master and slaves, 

i.e. the master MCU must be aware of each slave MCU. For instance, when the host 

computer asks the cable temperature, the master MCU must be able to transmit the 

command to the slave MCU2 and receive the result from it in time once the sampling is 

done. This requirement introduces one critical problem: how to realize a real-time 

bilateral communication between the master MCU and slave MCUs by using as few pins 

as possible, since extra pins can be used to other functions. It will be a big advantage if 

the slave-to-master communication can utilize the existing SPI bus as well. Although the 

original SPI bus can only realize one-way communication, the problem can be solved 

with polling function, i.e. the master MCU keeps exchanging data with the slave MCU all 

the time until the required data is received. This inevitably causes several problems:  

 The master can not do any other tasks during this period, therefore the resource is 

wasted; 

 Since the master MCU dominates this progress, there is no protection to the 

integrity of the data from the slave MCU. When the polling is implemented, 

wrong characters may be received.  

In order to avoid the above problems, the interrupt routine is implemented. Once the 

required data is prepared on the side of the slave MCU, the slave MCU will drive one 

external interrupt pin of the master MCU to low (high) level. This negative (positive) 

edge will initiate a one-byte SPI transfer. This process keeps looping until all data is 

transferred (Figure 3.11). In order to discriminate between two SPI transferring modes, a 

communication protocol has been developed. 
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Figure 3.11. Bilateral SPI implementation. 
 

3.4.2 Serial communication 
The micro-controller communicates with peripheral devices, such as the temperature 

sensor, the fringing electric field sensor, and DSP board, by a full duplex (separate 

receiver and transmitter registers) Universal Asynchronous Receiver and Transmitter 

(UART). UART data transmission is initiated by writing the data to be transmitted to the 

UART I/O Data Register, UDR (Figure 3.12). On the baud rate clock following the 

transfer operation to the shift register, the start bit is shifted out on the TXD pin. Then the 

data follows, LSB first. When the stop bit has been shifted out, the shift register is loaded 

if any new data has been written to the UDR during the transmission.  
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Figure 3.12.  UART transmitter of AT90S8535 (AVR®  datasheet). 
 

The front-end logic circuit of the receiver samples the signal on the RXD pin at a 

frequency 16 times the baud rate (Figure 3.13). While the line is idle, one single sample 

of logical “0” will be interpreted as the falling edge of a start bit and the start bit detection 

sequence is initiated. Let sample 1 denote the first zero-sample. Following the 1-to-0 

transition, the receiver samples the RXD pin at samples 8, 9 and 10. If two or more of 

these three samples are found to be logical “1”s, the start bit is rejected as a noise spike 

and the receiver starts looking for the next 1-to-0 transition. If however, a valid start bit is 

detected, a sampling of the data bits following the start bit is performed. These bits are 

also sampled at samples 8, 9 and 10. The logical value found in at least two of the three 

samples is taken as the bit value (Figure 3.14). All bits are shifted into the Transmitter 

Shift register as they are sampled. 
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Figure 3.13. UART receiver of AT90S8535 (AVR® datasheet). 

 

 
Figure 3.14. Sampling received data (AVR®  datasheet). 

 

3.5 Internet remote control 

A complementary PC application was developed in parallel with the platform to control 

the robot and analyze gathered data. The software was designed with a modular 

architecture, so that as the project grows, the user can simply add functional modules 

rather than integrate new code into a monolithic program. The resulting architecture 

consists of a suite of modules that interact through software sockets as shown in Figure 

3.15. 
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Figure 3.15.  Modular software architecture for robot control. 
 

Each module communicates with the main control program via bi-directional 

asynchronous software socket connections. The main control program issues high-level 

commands and routes data between the functional modules. For instance, the main 

control module can issue high level commands to the communication module, which in 

turn relays the signal to the robot. The data processing and data visualization modules 

have not been implemented yet.     

The current system allows a technician to control a remote distributed network of 

power line inspection robots through a LAN or dial-up connection. This goal was realized 

with a distributed client/server model, detailed in Figure 3.16.    
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Figure 3.16.  Client/server model for distributed line crawling robot team. 
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Multiple instances of remote robot control can be established by creating bi-

directional asynchronous socket connections from the central computer to each server, 

using standard TCP/IP protocol.  Every server is assigned a unique port number on the 

central computer. After connecting to a new server, the user has full remote control of the 

associated robot and can operate it in one of two modes. 

The first mode places the robot into fully autonomous operation, with all data 

processing done onboard. In this scenario, multiple robots can continuously patrol a 

network of power cables, reporting detected cable faults back to the central computer.  In 

the second mode of operation the robot is fully controlled by the central computer and 

does no data processing onboard.  Rather, it relays all data back to the central computer 

for analysis. This mode can be used by technicians to investigate reported errors in 

greater detail. 

User interfaces for server applications and the host computer are seen below in Figure 

3.17 and Figure 3.18, respectively. 

 

 
 

Figure 3.17.  Server user interface. 
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Figure 3.18.  The host computer user interface. 

3.6 Conclusions 

A mobile robot is developed to work as the mobile platform for underground cable 

systems. It comes with both a modular design and a legged design. The former can fit the 

evolution requirement, while the latter can handle obstacles along the traveling path. The 

control board is implemented with four distributed micro-controllers, which greatly 

increases the performance of the robot. The modified Serial Peripheral Interface Bus and 

the corresponding protocol are developed for the communication between the master 

micro-controller and the slave micro-controllers. Sets of software are developed to realize 

the Internet control for the robot.  
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Chapter 4. DSP BOARD DEVELOPMENT  

4.1 Introduction 

When the mobile robot patrols cable systems, sensors are used to detect the cable either 

continuously or with a fixed rate. As a result, plenty of data is collected, which can be 

either processed locally (on board) or relayed to the host computer to be processed 

remotely (off board). The local signal processing gives real-time diagnosis on the status 

of cables but, its computation resources, including hardware, software, and storage space, 

are very limited. On the other hand, the host computer, which can be a super-computer, 

has a great capability of computation but, its application is limited by the slow 

transferring rate of wireless communication, and the validity of data cannot be 

guaranteed. In order to integrate advantages of the above two methods, a digital signal 

processor (DSP) based data acquisition/processing system is adopted by using a Texas 

Instruments® 150-MHz C6711DSP board capable of executing 900 million floating-point 

operations per second (MFLOPS). The DSP-based real-time system can process collected 

sensing data with acceptable accuracy. If the diagnosis shows no incipient failures, the 

robot will keep running. As a result, the estimated status of insulation material can be 

saved locally or be sent back to the host computer. Some buffered data could be 

transferred back and recorded on the host computer for reference in the future. Once a 

possible failure is found, the relevant data will be transferred back to the host computer, 

where the high-level algorithm of signal processing proceeds with powerful computation 

resources, and corresponding decision on the status of the cables is made. 

 The whole data acquisition system consists of a C6711DSK, a THS1408EVM ADC 

board, an over-voltage protector, and sensors (Figure 4.1). Not all sensors are connected 

directly to the ADC board. Some sensing data, such as temperature, is relayed to the DSP 

by the control board. 
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Figure 4.1.  Data Acquisition system setup. 

4.2 C6711DSK development 

The Texas Instruments® C6711DSK has the following important features: 

 150-MHz C6711DSP capable of executing 900 million floating-point operations 

per second (MFLOPS) 

 Dual clock support, CPU at 150MHz and external memory interface (EMIF) at 

100MHz 

 16M Bytes of 100 MHz synchronous dynamic random access memory (SDRAM) 

 128K Bytes of flash programmable and erasable read only memory (ROM), 

where the program for the stand-alone DSP is written 

 8-bit memory-mapped I/O port 

 Expansion memory and peripheral connectors for daughter board support 
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4.2.1 Data transferring between ADC and DSP 
In a real-time system, it is important to understand data flow and control it to achieve 

high performance. In general, the CPU should only be used for sporadic (non-periodic) 

access to individual locations; otherwise the system can sustain performance degradation. 

One important guideline is to use the available direct memory access (DMA) controller 

for background off-chip data accesses, and the CPU can be scheduled for other tasks 

during the same time. Once the data transfer is done, the DMA will initiate an interrupt to 

the CPU, which will handle the left over things. Due to the flexibility of the CPU and the 

DMA, code structure and DMA activity can be tailored to maximize data I/O bandwidth 

for particular situations.  

 C6711 has an enhanced direct memory access (EDMA) controller (Figure 4.2), which 

can handle data transfers between the level-two (L2) cache/memory controller and the 

device peripherals. These data transfers include cache servicing, non-cacheable memory 

accesses, user-programmed data transfers, and host accesses. It has to be mentioned that 

EDMA accesses are only allowed to L2 space that is configured as mapped SRAM. In the 

TMS320C6711, the L2 is a 64 KB memory that can operate in different modes, all 

SRAM, 1-Way cache and ¾ SRAM, 2-Way cache and ½ SRAM, 3-Way cache and ¼ 

SRAM, or 4-Way cache.  
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Figure 4.2.  TMS320C6711 schematic diagram (Texas Instruments® datasheet). 

 
 The DSP must be able to transfer the data from ADC to the memory of the DSP in 

time. Earlier or later transfers will result in wrong data. This data transfer can be done 

with an EDMA event. An EDMA event is a synchronization signal that triggers an 

EDMA channel to start a transfer. EDMA events are captured in the event register. The 

transfer parameters corresponding to this event are stored in the EDMA parameter RAM, 

and are passed onto the address generation hardware, which address the EMIF and/or 

peripherals to perform the necessary read and write transactions. Since the timer 0 of 

DSP is used to drive the ADC, the event “Timer0 interrupt” (EDMA) should be enabled 

for the ADC data transfers. Because the timer 0 is originally occupied by the TI CCS 

BIOS, tasks assigned to timer 0 have to be taken over by other timers to free the timer 0. 
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Figure 4.3.  EDMA controller (Texas Instruments® datasheet). 

 

 The THS1408EVM works as an asynchronous shared memory device for the DSP 

board C6711DSK, while it is connected with the external memory interface (EMIF) of 

the DSP (Figure 4.4).  Since all kinds of memories share the same data bus, address bus 

and control logic (Figure 4.4), suitable configuration has to be set up to get the suitable 

operations. Reading and writing strobes of EMIF are specified referring to the memory 

type of the ADC.  
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Figure 4.4.  External memory interface (Texas Instruments® datasheet). 

 

If the threshold-value detection can be implemented on the ADC board, the number 

of pieces of data collected will be greatly reduced, i.e. the CPU will process only 

interesting data sets. As a result, the CPU will be freed from continuous computation. 

Because of the limitation of the ADC THS1408, there is no First-in First-out (FIFO) 

function available, i.e. there is no hardware implementation for the threshold-value 

detection. Using software can compensate this drawback. The algorithm shown in Figure 

4.5 is used for threshold-value detection in order to minimize the involvement of the 

CPU. 
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Figure 4.5.  Software implementation for thresh-hold detection. 
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4.2.2 Communication between DSP and the control board 
The communication between the DSP board and the control board has to perform the 

following functions, forward commands from the control board to the DSP board and 

transfer the required data from the DSP board to the control board.   

 The UART bus is available on the control board. The UART standard is a well-

established protocol for the exchange of serial data. Since it is asynchronous, the 

communications link requires no clock signal to be transmitted. Instead, the receiver and 

transmitter each have their own serial clocks that run at a preset frequency. The UART 

transmission protocol includes start and stop bits to help the receiver synchronize to the 

incoming data. A high-to-low transition on the data line signifies the beginning of a 

transmission.  

There are also serial communication ports available on the DSP board, referred to as 

multi-channel buffered serial ports (McBSPs). McBSPs provide the following powerful 

functions: full-duplex communication; double-buffered data registers, which allow a 

continuous data stream; independent framing and clocking for receiving and transmitting; 

and an external shift clock or an internal, programmable frequency shift clock for data 

transfer. The problem is the McBSPs on the C6000 devices are synchronous serial ports, 

and are not capable of interfacing to a UART natively. UART functionality can be 

implemented in software, however. 

 The C6000 DSP can interface with a UART by using its general-purpose input/output 

pins. The McBSP pins CLKX, FSX, DX, CLKR, FSR, DR, and CLKS can be used as 

general purpose I/O (GPIO) pins when the following two conditions are true: 

 The related portion (transmitter or receiver) of the serial port is in reset: 

(R/X)RST = 0 in the serial port control register SPCR. 

 A general purpose I/O is enabled for the related portion of the serial port: 

(R/X)IOEN=1 in the pin control register PCR.  

 Although different GPIO pins on the C6000 DSP can be used as GPIO pins, only 

McBSP DX and DR pin are used as general-purpose output and input pins, respectively. 

Figure 4.6 illustrates the McBSP to UART connection. Besides the hardware connection, 

three low-level functions are used for the UART communication. These functions are 
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used to set the McBSP in GPIO mode and detect the UART transmission rate, transmit 

UART data from the McBSP to the UART, and receive UART data that comes from the 

UART to the McBSP. 

 

 
 

Figure 4.6.  UART connection with GPIO implementation. 

4.3 A/D converter board configuration 

The analog-to-digital converter THS1408EVM has the following features: 

 14-Bit resolution 

 Up to 8 MSPS speed 

 Differential nonlinearity (DNL) ±0.6 LSB 

 Integral nonlinearity (INL) ±1.5 LSB 

 Internal reference 

 Differential inputs 

 Programmable gain amplifier 

 Timing compatible with TMS320C6000 DSP 

The THS1408 core is based on a pipelined architecture with a latency of 9.5 samples, 

i.e., the conversion results appear on the digital output 9.5 clock cycles after the input 

signal is sampled. The parallel interface of the THS1408 ADC features three-state 

buffers, making it possible to directly connect it to the parallel data bus of DSP. Besides 

the sample results, it is also possible to read back the values of the control register, the 

PGA gain register, and the offset register. Selecting which register to read is determined 

by the address inputs A[1,0], while ADC results are available at address 0. 

The EVM provides an external SMB connection for ADC clock input. This can be 

configured to be either ac- or dc-coupled. In order to make the ADC board suitable to 
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different applications and keep synchronization between the ADC board and DSP board, 

a timer of DSP is used to drive the ADC as the external clock source. The digital lines 

from the ADC are buffered before going to the daughter card connectors. The EVM has 

onboard logic that controls the memory mapping of the ADC within the motherboard’s 

peripheral memory space, i.e., not all address formats with A[1,0] equal to 0 are accepted 

as valid ADC addresses (Figure 4.7). 

 

 
 

Figure 4.7.  Schematic diagram of THS1408EVM (Texas Instruments® datasheet). 

 

Analog input to the ADC THS1408 is provided via two external SMB connectors. 

This input can be configured onboard to be true differential or single-ended transformer-

coupled to the input of the device.  Single-ended transformer-coupled input is used in our 

application (Figure 4.8), therefore the signal amplitude on both inputs of the ADC is one 

half as high as in a single-ended configuration thus increasing the ADC ac performance. 
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Figure 4.8.  Transformer coupled analog input of THS1408 (Texas Instruments® 

datasheet). 

4.4 Over-voltage protector 

It is not suitable to connect sensors to the ADC board directly, since output of sensors 

and input of ADC are different voltage levels. In our case, the output of the acoustic 

emission sensor can be up to 15V peak to peak, while the maximum input range of ADC 

is only 4V peak to peak. One interesting thing is the acoustic emission sensor, under PD 

experiments, generally gives the output much less than 1V. In order to prevent the 

possible damage, an over-voltage protector is required to keep the ADC board within the 

normal operating range and filter the unpredicted shocks. Figure 4.9 shows the diagram 

of the over-voltage protector used in our project, where a optic-coupler PC915 (Sharp, 

Inc) is used. The left part of the circuit diagram works as a current mirror, i.e., the 

variance of current flowing through the right PNP transistor is proportional to the 

variance of the input voltage. The amplitude of the current flowing through the right PNP 

transistor determines the light intensity of the internal LED of the PC915, corresponding 

to the output voltage level. The PC915 chip has wide band linear output from 10Hz to 

8MHz and high isolation voltage up to 5000V. A voltage buffer attached to the output of 

the PC915 makes this circuit able to drive the load. 
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Figure 4.9.  Over-voltage protector circuit diagram. 

 

4.5 Conclusions 

In this chapter the data acquisition system is introduced. It consists of a TI C6711DSK, a 

THS1408EVM ADC board, an over-voltage protector, and sensors. In order to free the 

CPU from the over-loaded computation, enhanced direct memory accesses and threshold-

value detections are implemented. The former can directly transfer data from the ADC 

board to DSP memory, and the latter will not initiate a 1k data sampling and transfer until 

the detected value is over a specified value, the threshold value. In order to prevent 

possible damage to the ADC board, an over-voltage protector is added to the system. 
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Chapter 5. SENSOR IMPLEMENTATION  

5.1 Introduction 

In order to detect the status of the underground cable system, several sensors are 

integrated with the robotic platform. These sensors must be non-destructive, lightweight, 

and sensitive to external phenomena of cable failures. Based on the review on the state of 

the art, four sensors are used on this robotic platform:  

 Infrared thermal sensor, which can be used to locate hot spots along the cable.  

 Acoustic emission sensor, which can be used to detect partial discharge defects. 

 Fringing electric field sensor, which can be used to identify the insulation status 

of insulation materials. 

 Video sensor, which can be used to look for the mechanical cracks of the cable. 

5.2 Thermal measurement 

Polymers and paper commonly used as electrical insulation are thermally sensitive. As 

described in the Chapter 1, thermal analysis plays an important role in the evaluation of 

insulation status by supplying rich information.  

 The intensity of an object's emitted infrared (IR) energy is proportional to its 

temperature. The IR sensor measures the temperature of objects remotely without 

contact, preventing any heat damage to the robot platform. Miniature infrared thermal 

sensor Raytek® MID with RS232 option is used in this project. The real temperature of 

an object under measurement is determined by  

 Measured
True

T

TT
ε

=   (5.1) 

where, MeasuredT  represents measured temperature, T  represents the real temperature of 

the object, and 

True

Tε  represents the emissivity of the object. To accurately measure the 
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surface temperature of an object, the most important thing is to identify emissivity of the 

object. As a measure index of an object’s ability to absorb and emit infrared energy, 

emissivity has a value from 0 (shiny mirror) to 1.0 (blackbody). The emissivity index of 

the cable is calibrated with a contact temperature device by adjusting the index until the 

infrared sensor has the same reading with the contact device. The real emissivity of the 

cable can change a lot due to dusts on the surface of the cable and aging. The ambient 

temperature and sensor housing temperature are taken into account as well when 

detecting a hot spot to avoid any false readings. The corresponding signal processing 

software is developed as Figure 5.1.  

 

 
 

Figure 5.1.  Temperature analysis graphic user interface. 

5.3 Partial discharge measurement 

Partial discharges (PDs) can occur in a solid, liquid, or gas media in ways that will not 

affect the breakdown voltage during a high voltage “proof” test.  Most systems will 
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eventually fail during service time after PDs initiate, possibly years later [3]. Since PDs 

can be regarded as a forerunner for aging of electrical insulation, PD measurement plays 

an important role in diagnosis of power cable systems. PD monitoring is predominant for 

medium and high voltage cables, where local intensity of electric stress can reach 

breakdown values. 

 Acoustic sensing is one non-destructive PD measurement method, which is used 

widely on transformer applications, whereas applications on cables are scare. The main 

limitation of acoustic sensing is the attenuation of acoustic waves along the cable. A 

mobile sensing system can be used to deliver the acoustic sensor to the position close the 

PD source, making the acoustic sensing possible. 

5.3.1 Basics of acoustics 
Sound propagates through a medium by means of wave motion, i.e., the propagation of a 

local disturbance through the medium. The general differential equation of acoustic wave 

motion can be expressed as  

 
2

2
2 2

1 pp
v t

∂
∇ =

∂
  (5.2) 

where, p  is the pressure, v  is the velocity of sound, and t  is time [27]. 

 The elastic wave equation has a tensor form with three orthogonally polarized plane 

wave solutions for any direction of propagation. The harmonic pressure wave equation 

can be expressed as  

 ( ) 0, sin xp x t p t
v

ω ω= ±
 


   (5.3) 

This equation shows the variance of a pressure wave corresponding to time, location, and 

velocity, angular velocity. 

 When a wave propagates through a structure, the intensity of the wave decreases as a 

function of distance from the source. This phenomenon known as attenuation results from 

several mechanisms: 

 Geometrical spreading of the wave 

 Dividing of the wave among multiple paths 
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 Transmission losses in propagation from one medium to another and at 

discontinuities in the medium 

 Acoustic adsorption because of conversion of acoustic energy to heat [26] 

 When an acoustic wave propagates from one medium to another medium with 

different acoustic impedance, it complies principles of wave propagation, i.e., reflection 

and refraction will take place simultaneously. In the case of normal incidence of a plane 

wave, the transmission coefficient is given by 

 
( )

1 2
2

1 2

4
trans

z za
z z

=
+

  (5.4) 

where  and  represent two media’s acoustic impedance, and determined by  1z 2z

 z vρ=   (5.5) 
where ρ  is the density of the specific medium. Equation (5.4) shows only a small 

fraction of the incident wave is transmitted across the interface if there is a large 

difference in acoustic impedance; therefore the multi-layered structure, such as the cable, 

will greatly reduce the intensity of acoustic wave. Due to attenuations acoustic sensors 

performing PD measurements on a cable must be as close as possible to the PD source to 

receive detectable signals. 

 A solid can support both longitudinal and transverse waves. Both types of wave are 

usually generated simultaneously. The velocity differs for each wave type and can be 

determined by the density and elastic properties of the material, i.e., Youngs modulus 

( ) and Poisson ratio (E µ ). In general, the velocity of longitudinal wave is two times of 

the velocity of transverse wave. For unbounded solid, the velocity range is about 

  v = −  m/s, 4000 12000Long 2000 6000Transv = −  m/s  (5.6) 

5.3.2 Acoustic sensors 
In general, two types of sensors can be used for detecting acoustic waves in solids: 

accelerometers and acoustic emission sensors (Figure 5.2) [26]. The output of both types 

of sensors is proportional to the acceleration of material to which the sensor is attached. 

Accelerometers are designed to achieve flat frequency response, and can be used up to 50 

kHz. Acoustic emission sensors work with a large variety of frequency ranges from 30 

kHz to 1 MHz. It is well known that the acoustic frequency range of PDs is around 40 
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kHz to 200 kHz, therefore only acoustic emission sensors can be used for the PD 

measurement in the cable. Acoustic emission sensors are resonant sensors. A single 

sensor can be used only within a narrow frequency band. An acoustic emission sensor 

R6I is used in this project with operating frequency range from 35 kHz to 100 kHz, since 

higher frequency components attenuate greatly during propagation. A driven and DC-

decoupler circuit of the sensor is shown below (Figure 5.3). 

 

 
 

Figure 5.2.  Accelerometers and acoustic emission sensors.  
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Figure 5.3.  A driven and decoupling network for the R6I acoustic sensor. 

5.3.3 PD experiments 

A PD simulating experimental setup is shown below (Figure 5.4). High voltage DC 

source (Hipotronics®), instead of AC, is used for PD generation. An iron needle is 

inserted into the cable to ensure the PD generation with a low voltage. In order to prevent 

the possible PD occurrence of at the opposite end of cable, that end is sealed with 

insulation material. By changing the sensing location, the AE sensor can pick up different 

signals responding to the same partial discharge source. As a result, the propagation 

properties of PD acoustic waves can be investigated, including amplitude and frequency 

components relevant to the distance from the PD source. Corresponding experiments are 

being executed. 
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Figure 5.4.  Partial discharge experimental setup. 

5.4 Dielectrometry properties measurement 

The investigation on the relationship between dielectrometry properties and insulation 

status of insulation material plays an important role in the estimation of insulation status. 

If this relationship can be formulated or charted, the aging status, and the cable life 

remaining lifetime will be very easy to estimate. Fringing electric field sensing is a 

tentative way to measure the dielectrometry properties of cables. Figure 5.5 shows some 

applications of FEF sensors. By changing the pattern of electrodes and driving-signal 
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frequency, different interested properties can be measured. The complexity of FEF signal 

processing of FEF sensing is shown as well in Figure 5.6. 

 

 
 

Figure 5.5.  Applications of FEF sensors. 

 

 
 

Figure 5.6.  Signal processing of FEF measurement. 

 

Motorola® E-field chip MC33794 is used in this project. It is intended for 

applications where non-contact sensing of objects is desired. When connected to external 

electrodes, an electric field is created. The chip 33794 is intended for use in detecting 

objects in this electric field. The IC generates a low-frequency sine wave, while its 

frequency is adjustable by using an external resistor and is optimized for 120 kHz. The 
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sine wave has very low harmonic content to reduce harmonic interference. The IC 33794 

also contains support circuits for a microcontroller unit (MCU) to allow the construction 

of a two-chip E-field system. The IC supports up to 9 electrodes, which is especially 

useful for the multi-channel FEF sensors. Figure 5.7 shows the design of the FEF sensor 

system. The output of MC33794 is a DC signal and can be seen as an RMS value. It is 

concluded the low sampling frequency 15 ksps is enough for this analog value. With this 

sampling rate, the micro-controller AT90S8535 can support up to 10 bits ADC resolution 

for the analog input. It is well known that the permittivity of insulation material is 

frequency dependant. In order to obtain the best sensitivity, changing driving frequency is 

desired. Through changing the control signal of a multiplexer added, the IC 33794 

oscillating resistances are adjusted, i.e. the frequency of the driving signal is changed. In 

order to increase the sensitivity and reduce the noise, the differential measurement is 

adopted within this design. 
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Figure 5.7.  The diagram of FEF sensor system. 
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Figure 5.8 shows a FEF sensor with a small wavelength comes with an accurate 

estimation on dielectrometry properties of the outer material, while a sensor with a large 

wavelength also supplies information of the inner material. Detailed information about 

the insulation material can be attained by applying combined sensors with different 

wavelengths. 

 

 
 

Figure 5.8.  A conceptual view of multiple penetration depth sensor. 

5.5 Conclusions 

In this chapter, the working principles and experimental setups for the infrared sensor, the 

acoustic sensor, and the fringing electric field sensor are introduced. A temperature 

processing algorithm and graphic interface are developed. Based on the acoustic 

properties of partial discharges, an acoustic emission sensor is chosen and corresponding 

driving circuit is designed. A simplified experiment setup for partial discharges is 

presented. Finally, the fringing electric field sensor system is designed to detect 

dielectrometry properties, which is based on the MC33794 E-field chip. Corresponding 

experiments are being performed. 
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Chapter 6. FUTURE RESEARCH 

6.1 Current problems 

Following problems should be addressed in the near future: 

 Mechanical stability:  
When traveling along the cable, the robot has to stay on the top of the cable.  The 

current robot has two degrees of freedom: longitudinal and azimuthal with respect to 

the cable. There must be no less than two independent inputs to keep the robot under 

control. The current design only has one control variable input along the cable, 

therefore positive stability cannot be guaranteed. 

 Control strategies:  
As a multi-body dynamic system, the robot should have robust control stability. The 

robot should be able to right itself after a tilt, stay on the cable when it negotiates 

obstacles, and avoid collisions. Optimum algorithms should be used to position the 

sensor array with respect to the inspected system, 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. Another problem is control of the sensor actuator. 

Smaller driving force will result in an imperfect connection between the sensor and 

the cable surface, while bigger force will possibly damage the sensor. It is reasonable 

to use force feedback control on the sensor actuator. 

 Power supply:  
Since the cable network is a global distributed system, it is impossible for an 

inspecting robot to draw a power cord behind itself. Ideally, the power supply should 

be wireless. It is desirable that the platform harvests energy from energized cables. 
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Inductive coupling for wireless power supply could be a desired method. Although a 

low frequency coupling is less efficient than a microwave mode, direct proximity to 

the power cable will make it a viable choice. Inductive coupling is limited by metal-

shielded cables as well. Of course, the platform requires independent backup power 

source as well.  

 Experiment problems:  
Before the relationship between external phenomena and aging status of cable 

systems can come into being, there are many experiments needed. Experiments are 

time-consuming. The PD failures and aging statuses have to be simulated, since the 

real samples are difficult to obtain, such as a collection of cable samples with 

different service time or with voids of different size and shape. Another problem is 

the limited resources. The HV power source for PD experiments should be changed to 

AC if possible, since the initiating voltage level and repetition rate of PDs are quite 

different between DC and AC.  

 Signal processing:  
Processing collected data is the most important step for identifying insulation status. 

Especially when several sensors are used for measurement of insulation properties at 

the same time, there are still no available signal-processing methods to integrate 

signals together. The signal processing method should include algorithms to identify 

failure types, locate the 3D position of the PD source, recognize the size and shape of 

voids, formulate the relationship between the dielectrometry constants and aging 

status, and determine the current status of insulation materials. 

6.2 Future plans 

Following sub-projects are being executed or planned for immediate future: 

 New robotic platform:  
The new platform has a steering system to keep the robot on the top of the cable and a 

sensor actuator to drive an acoustic emission sensor and a fringing electrical field 

sensor to the top of the cable. 

  
 
 



  
67

 Robust control:  
A robust control algorithm is proposed for the new robot. It can realize the dynamic 

control of the robot based on the closed-loop feedback. The feedback signals are 

longitude velocity and vertical acceleration signals measured by encoders and 

accelerometers. 

 PD experiments:  
By simulating different types of partial discharges, an efficient algorithm will be 

developed to identify them. This process will be divided into three steps: 1) changing 

positions of the AE sensor; 2) changing sizes of voids; 3) changing shapes of voids.  

 Insulation status experiments:  
There are two steps: 1) design a FEF sensor with suitable patterns, which has the best 

sensitivity and supplies the enough information of insulation materials; 2) formulate 

the relationship between the dielectrometry properties and aging status of insulation 

materials. The accelerated aging experiment method will be used to generate suitable 

samples due to short of real samples. 
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Chapter 7. CONCLUSIONS 

This project aims to develop a monitoring robot which can identify the aging status and 

locate incipient failures of power cable systems. The following results or progresses have 

been made: 

1) Based on the derived cost driven model, a hybrid maintenance method is 

presented. It can nearly reach the minimum operational cost by combining the 

advantages of traditional strategies. As one of implementation methods of 

condition-based monitoring, mobile monitoring demonstrates the feature of a low 

operating cost. Results show that mobile monitoring can be one of the solutions to 

future maintenance strategies. 

2) A mobile robot is developed to work as the mobile platform for underground 

cable systems. The platform is modular and utilizes mechanical appendages in 

operation to achieve stability. The control board of the robot is implemented with 

four distributed micro-controllers. This greatly increases the performance of the 

robot. Modified serial peripheral interface bus and the corresponding protocol are 

developed for the communication between the master micro-controller and the 

slave micro-controllers. Sets of software are developed to implement the Internet 

control for the robot. 

3) A DSP-based data acquisition system is developed, which consists of a TI 

C6711DSK, a THS1408EVM ADC board, an over-voltage protector, and sensors. 

Enhanced direct memory access and threshold-value detection are implemented, 

which frees the CPU resources. In order to prevent possible damage to the ADC 

board, an over-voltage protector based on an optical coupler is added to the 

system. 
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4) Operation principles and experimental setups for the infrared sensor, the acoustic 

sensor, and the fringing electric field sensor are introduced. Early experimental 

results are obtained. 

It can be concluded that mobile monitoring can be a viable solution to the 

maintenance of underground cable systems. This project displays the usefulness of a 

mobile robotic platform and helps to open the possibility of inspection of over-head lines, 

nuclear plants, and underwater cables with robots. 
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