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Abstract 

Small, high performance and low cost inspection vehicles, working together as teams 

of autonomous agents, are well suited to remote inspection tasks in areas that are 

only accessible through narrow passageways or are hazardous for humans. In partic

ular, the evaluation of complex infrastructures that consist of numerous components 

with small structural dimensions motivate the application of robotic micro systems 

for inspection and on-site manipulation. This thesis describes the development of a 

synergetic multi-robot inspection system for Non-Destructive evaluation (NDE) of 

engineering structures, enabling magnetic (flux leakage and eddy current), ultrasonic 

and visual techniques in a complementary fashion. Particular emphasis is placed on 

the design of the miniature autonomous climbing vehicles, the Eddy Current and 

Magnetic Flux Leakage payload, the positioning and host system and the fusion of 

the different NDE data. 
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Chapter 1 

Introduction 

1.1 Background 

Renewable energy currently accounts for seven percent of the EU energy mix [288]. 

While it is ecologically crucial to achieve the targeted increase to 12% by 2010, taking 

into account that global energy demands will rise by 50% - 60% by 2030 [287], it is 

important to maintain and ensure safety of the infrastructure that supports existing 

energy supplies such as pipelines, railway networks, power transmissions systems, 

bridges as well as bulk cargo vessels, offshore platforms, storage tanks and the power 

generating plants themselves. 

These assets need to be periodically inspected subject to the regulations of the 

respective controlling bodies in order to prevent unscheduled and costly outages, 

catastrophic failures which often lead to environmental disasters and loss of life. In 

particular the detection of corrosion, erosion, and fatigue cracks in welded regions 

is crucial. For example, statistics inidcate that 90% of ship failures are attributed 

to these defects, in many cases causing total loss of the vessel and often resulting in 

devastating environmental damage [175]. Furthermore, the network of buried and 

aboveground pipelines in the US consist of approximately 150,000 km of gather

ing lines, 450,000 km of transmission pipelines, and 1,400,000 km of distribution 

pipelines [2], and there are over 10 million kilometres of pipelines in Europe. Spills 

of hazardous fluids from these into the environment outnumber all other sources 

of contamination including the above mentioned tanker spills in oceans. Up to 4 

million gallons of oil are leaked into the environment each year. Construction or re

placement costs of a steel pipelines are of the order of £500K per km [49, 142, 181], 

and as the pipelines operate at as much 70% of their yield strength, companies 

spend over £3000K annually for detection and repair of leaks in urban and subur-
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ban areas. Similarly, cleaning and inspecting a pair of tanks for floating production 

storage and offioading at offshore platforms costs £25-30K and involves 60-70 man 

days of work [190, 191]. Those manual inspections are not only time-consuming, 

but may also give false readings: PANI trials, carried out to assess the effectiveness 

of manual inspections [49], have shown that operators detect only 50 per cent of de

fects, which is due to the monotonous nature of the work and the fact that efficient 

concentration lasts for only 30-60 minutes. Furtherore, the inspection and repair 

of these engineering structures may involve the costly installation of scaffoldings or 

gondolas and is highly dangerous - Statistically two workers are killed per week on 

construction sites [181] and in the light of these facts, exploiting robotic technology 

is essential both for improving safety and accuracy and reducing cost. 

Miniature mobile robots, that offer high mechanical and electrical robustness, flex

ibility, reliability and a high degree of autonomy with respect to energy, are well 

suited for such inspection of structures and are particularly effective in areas that 

are only accessible through narrow passageways or hazardous for humans due to 

biological, radioactive or chemical contamination. Moreover, the inspection task 

can be extended to a group of heterogeneous robots collaborating as a team to 

share information and resources. Though each robot is specialised and has only 

limited sensing, computation, and communication capabilities, the team is capable 

of performing more complex and demanding missions. Such distributed robotic sys

tems may incorporate a large number of cooperating vehicles deploying sensors for 

purposes of defect detection and characterisation. Each robot can be built much 

smaller, lighter and less expensive. Furthermore, as individual robots are expend

able, reliability can be obtained in numbers, facilitating system redundancy: if a 

single robot fails, only limited capabilities are lost, and the team can still continue 

the task with the remaining robots. In this way, the role of a human practitioner in 

such a Non-Destructive Evaluation (NDE) scenario is safer and more intellectually 

exciting. 

1.2 Aims of this Thesis 

• Design of a prototype inspection vehicle with particular focus on locomotion 

system, climbing technique, miniature overall size and robustness. 

• Demonstrate complete autonomy of this mobile robot with regard to control, 

power management and communication 

• Implementation and evaluation of a low cost 3D positioning system 
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• Expansion toward a heterogeneous team of inspection robots 

• Development and evaluation of on board Eddy Current test equipment for 

autonomous operation 

• Integration of required hardware for Visual Inspection and automated weld 

following 

• Development and evaluation of a novel inspection technique based on Magnetic 

Flux Leakage in pection. 

• Reliable interpretation of the collected NDE data. 

• Integration of a set of air coupled ultrasonic transducers for Lamb Wave In

spection of thin plate 

• Software development of a Graphical User Interface for overall system control 

• Fusion and tati tical interpretation of the collected DE data 

1.3 Contributions to the Field 

., ., 
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Figure 1.1: Contribution to the field of robotics and Non-Destructive Evalutaion. 
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Previous research in the field of robotics has been concentrated on the separate 

areas of individual miniature- and micro robots, swarms and teams of robots, climb

ing robots and sophisticated and complex large scale robots with high computing 

power and intelligence. In parallel, the development of NDE equipment has taken 

place, as visualised in Fig. 1.1. Recently work about efforts in fusing two or three 

of these fields has been reported, such as the development of teams of miniature 

robots or individual large scale robots for NDE tasks or miniature climbing robots. 

This thesis presents the successful development of a team of autonomous climbing 

robots of small size and capable of performing a variety of NDE tasks. Hence, for 

the first time all of the above mentioned areas are combined in a single inspec

tion system. As part of this system, the first modular inspection vehicle has been 

built that offers complete autonomy, versatility and flexibility, while showing a size 

and weight reduction of factor 3 compared with designs that have previously been 

reported. Furthermore, a novel alternative for the Magnetic Flux Leakage Inspec

tion technique has been developed which utilises the field of the magnetic wheels 

of the inspection robot thereby significantly reducing the overall vehicle size. This 

automatically collected data from multiple sources is combined by applying tech

niques for NDE data fusion to reduce uncertainty and create intelligible images of 

the test specimen. Thus, as an additional major contribution to the field of NDE, 

a formal framework to combine data from diverse and uncertain measurements in a 

multi-sensor system is presented. 
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1.4 Thesis Content 

To identify the current state of the art of the numerous areas with relevance to the 

development of a team of miniature robotic sensor agents for NDE, Chapter 2 con

tains a summary of an extensive literature review. The relevant robotic technology 

encompasses the fields of miniature and micro-robotic systems, groups and teams 

of robots, climbing robots, robots for NDE tasks and mobile robot positioning. In 

addition, a general review of NDE is carried out and a range of inspection techniques 

is presented. 

Chapter 3 contains a detailed description of the final vehicle design, which is the 

result of a series of iteration steps. After an initial discussion about the optimal 

locomotion mechanism and climbing technique, the individual modular components 

are introduced and alternative design concepts investigated. The issue of mobile 

robot positioning is addressed in Section 3.3, where the absolute positioning system 

and the method of relative position measurement are presented. Furthermore, as 
the overall inspection system has to be regarded as a whole with all elements being 

linked to each other, this Chapter also covers both the programs running on the 

host and the programs running on board of the vehicles. 

Chapter 4. focuses on the vehicle payload for Eddy Current Inspection. A descrip

tion of the underlying theory is followed by a brief presentation of results which 

have been obtained by simulations. The design of the coils and the electronic drive 

circuitry are described in Section 4.4. Section 4.5 then presents the experimental 

results that have been obtained with this payload, including the required coordinate 

transformations and a probability of detection analysis. 

Chapter 5 covers the vehicle payloads for Magnetic Flux Leakage, Ultrasonic and 

Visual inspection. Section 5.2 explains the underlying theory for Magnetic Flux 

Leakage Inspection followed by a presentation of results which have been obtained 

by simulations. Non-centred defects, the theoretical effect of lift-off and a high 

permeable back yoke are investigated using two dimensional simulations and com

plemented by a 3D Model of the magnetic field created by the wheels. A series of 

experimental results is presented in the following section with particular focus on 

identification of the optimum Hall array configuration. Sections 5.5 and 5.6 contain 

the theory and results of Ultrasonic and Visual Inspections, respectively. 

In Chapter 6 techniques for fusing the NDE data obtained in the preceding Chap

ters is employed, and images based on Bayesian Analysis and Dempster Shafer 
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Evidence Theory created. In this way, an intelligible statistical interpretation of the 

detected defects is obtained. 

The performance of the overall inspection system is discussed in Chapter 7, with 

particular focus on the positioning system, the communication link and the micro 

controller. Additionally, the different NDE inspection techniques are compared and 

evaluated. 

A conclusion of the thesis is given in Chapter 8, which also contains suggestions 

of where further work could start most reasonably. 
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Chapter 2 

Robotics and Non-destructive 

Evaluation 

2.1 Miniature and Micro-Robotic Systems 

As indicated in Fig. 1.1, there have been numerous reports in literature recently 

about the development of single miniature or micro- scale mobile robots. The mo

tivation for size reduction is based on the fact that if the robot is scaled equally in 

all three dimensions, its weight will scale down with the third power of the scaling 

factor [10], which is a key issue when considering potential climbing capabilities 

of the vehicle. The term 'microrobot' is commonly separated into three different 

subcategories [23, 63, 82, 87, 115, 167]: Miniature Robots, Microelectromechanical 

Systems (MEMS) based Microrobots and Nanorobots. Miniature Robots have a size 

of the order of a few cubic centimetres, are fabricated by assembling conventional 

miniature components and generate forces comparable to those applied by human 

operators during fine manipulation. The size of Microrobots is of the order of a few 

cubic micrometers. Therefore, the structure of these vehicles can be conceived as 

a modified integrated circuit containing micro motors, sensors and processing cir

cuitry. These type of robots may be as small as 60 x 250 x 10 /-lm [67]. Ultimately, 

Nanomachines and Nanorobots have sizes comparable to those of biological cells 

being in the order of several hundred nanometres. 

For inspection of engineering structures, the dimensions of the robots of the minia

ture category are regarded as most appropriate. The main challenges of scaling 

down these vehicles emerge from space and power restrictions [48, 198, 210, 229] 

and have been resolved most successfully in the 'Alice' robot. Five years of devel

opment at the Institute of Robotics at the Swiss Federal Institute of Technology 
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F igure 2.1: Prototype evolution of miniature robot Alice [40] . 

and everal iteration proce e have led to the 20 x 20 x 20 mm small prototype 

shown in Fig. 2.1 , which compri e two bidirectional watch motors with aluminium 

wheels and rubber tire a PIC16F 4 micro controller and three silver-oxide bat

terie , supported by a plastic frarne. Interconnection of all the vital component i 

facilitated by a flexible PCB [40. 41 , 42, 1]. The robots weigh 11 g, have a power 

consumption of 121m Wand everal hundreds have been built so far and sold as 

a commercialised product . 

A European con ortium i currently developing a cluster of mobile miniature robot 

slightly smaller than the Alice' machines for micro- manipulation and assembly in 

a micro factory [6 , 75 301]. The e vehicles comprise a piezo electric module for 

high velocity locomotion at nanometric resolution and an adhoc infrared link for 

wirele s communication. Po itioning control with micrometer accuracy i achieved 

utilising a Moire Fring based machine vision system. An induction coil provides 

power to the on board lectronic during operation via a specially designed floor. 

The arne application area has b en targeted by other researchers using an mm 

long, 6 mm wide and 6 mm high omni-directional miniature robot which is based 

on a novel castor tru ture and a 2.1 x 2.1 x 1.3 mm electromagnetic micromotor 

[130]. However, the main application areas of the 'Alice' robots are well-controlled 

indoor nvironment under laboratory condition . 

For r al world appli ation miniature robots are slightly larger: A prototype mea

suring 41 x 30 x 20 mm has been developed for inve tigation of the interaction 

b tw n robot ' and animal in mixed societie [41], and a wirele s miniature pipe 

robot with a diam t r of 9.5 mm and a length of 66 mm is available from Den 0 

Corporation [162, 167]. Th latter feature a total power consumption of 65 mW, 

transmits imag from the in ide of the pipe to an external host and employ a 

microwav modul for n rgy upply and communication. 



The field of military reconnaissance and surveillance completes the major application 

areas of miniature robots, although it must be born in mind that the number of 

application areas is continuously expanding: A set of cylindrical 'Scout' robots of 

11 em length and 4 cm diameter has been designed for independent exploration and 

mapping of unknown terrains by transmitting a video from a small on board camera 

to a remote human teleoperator [69, 187, 188, 211J. The small size of these robots 

is important to avoid detection, they use wheels to travel on smooth surfaces and 

have spring loaded tails which enable them to jump over over 30 cm high obstacles. 

Scouts are deployed by larger 'Ranger' robots, and may work together as described 

in the following section. 

2.2 Groups and Teams of Robots 

Collective autonomous agents can exploit information derived from multiple dis

parate viewpoints and simultaneously collect information from different locations 

[96, 161J. These multirobot systems display advantages in comparison to single units. 

For example, they offer simultaneous sensing and action from physically different 

positions, reconfigurability of the system, redundancy and the ability to achieve 

linear performances via division of labour, dynamic task allocation and adaptive 

behaviour approaches [7, 14, 89, 91, 125, 129]. 

In this context, large size robotic sensor agents for complex environmental monitor

ing have been developed [169, 170, 171] and cooperative repair capability in a team 

of two robots has been studied [17, 18]. The first results in the field of collaborat

ing robots have been obtained by the 'Millibots' project [96, 97, 161, 222]: A team 

of heterogeneous centimetre scale robots exploits ultrasonic distance measurements 

from each moving robot to three stationary robots for collective mapping and ex

ploration of unknown environments. In this leap-frogging approach, the stationary 

robots serve as beacons, and the position of the moving robot is obtained by trilater

ation. Hence, neither landmarks nor previously deployed beacons are required. The 

robots reach 20 cm/s on smooth surfaces, have a range of about 30-50 m per bat

tery charge and a run time of 90 minutes. They comprise infra red sensors for short 

range obstacle detection, a miniature CMOS video camera with transmitter and 

pyro-electric sensors for detection of humans and other warm bodies. Heterogeneity 

of the Millibots arises from functional rather than physical differences. 

Cooperation between robots has been developed at a higher level by establishing 

physical interconnections between team members [36, 68, 102, 103, 104, 156, 157, 

9 



163,228]: the 'S-bots' are currently the state of the art of robots with self-assembling 

capabilities. They either act independently as a full autonomous mobile robot or 

self-assemble into a 'Swarm-bot' by using grippers to perform collective transporta

tion when encountering larger obstacles. This 'Swarm-bot' concept is a compromise 

between collective and self-reconfigurable robotics. Similarly, a team of modular 'M

Tran III' robots has been developed that collectively assemble and disassemble into 

different shapes to move across rough terrain [178]. Each unit has a 6.5 cm x 6.5 cm 

footprint and consists of two motorised rounded blocks with a U-shaped cross sec

tion, connected by a rigid bar. 

Swarm robotics, a subset of multi agent systems research, focuses on large teams 

of small robots working together towards a common goal [59, 60, 61]. Originally 

inspired by the capabilities of natural swarms such as termites, wasps, and ants, 

it is a novel paradigm for the coordination of multiple robots. The concept is 

aimed to find application in the inspection of complex engineered structures such 

as turbines: A simplified two dimensional turbine environment has been created by 

the Swarm-Intelligent Systems Group at the Ecole Polytechnique Federale Lausanne 

for evaluation purposes. While neither the issue of actual flaw detection nor the 

problem of how to attach the vehicles on a real cylindrical structure have been 

addressed, focus has been on individual and group motion in the turbine scenario. 

The swarm for this study consisted of 40 'Alice' robots presented in Section 2.1, 

which were small enough to be released into a real turbine without disassembling 

it. The individual robots were able to discriminate between team mates, blades and 

external walls in the arena by utilising exclusively on board sensors. To understand 

general properties of the dynamics of the swarm engaged in an inspection task, the 

probabilistic population dynamics of the swarm, the average ratios of robots within 

a certain state, and the spatial distribution of the swarm in the environment in 

terms of a spatial probability density functions have been modelled. 

However, issues involving how to coordinate a team of robots and how to represent 

the different capabilities of individuals are still open fields of research. There have 

been a variety of studies on efficient control and navigation of a group of mobile 

robots moving to target locations to achieve multiple tasks. Most algorithms are 

proposed for the task assignment problem in static environments, such as a dynamic 

tabu search algorithm [111], a neural network approach [260], the graph matching 

algorithm [127], a distributed auction algorithm [237], a network simplex algorithm 

[165], a genetic algorithm [53] and agent based algorithms [3]. Other studies have 

focused on collaboration and priority control of groups of robots [30,47, 74, 154, 212] 
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and coordinated multirobot exploration and localisation [37, 96, 113, 179, 200, 137, 

262]. 

2.3 Climbing Robots 

Autonomous Non-destructive Testing is not restricted to pure horizontal applica

tions. In fact there are many cases where the vehicle needs to be able to cope 

with different types of inclined, curved, and vertical surfaces. Even upside down 

operation would be envisaged, thus the robot requires climbing skills. 

Climbing robots establish the connection between themselves and an engineering 

structure either by adhesive forces or by positive connections like grippers [13, 33, 

34, 193]. Since the main applications involve smooth surfaces, predefined structural 

elements that support mechanical fasteners are not to be expected, the vehicle has 

to be attached by some kind of adhesive force. In this field state of the art climb

ing systems can be divided into four main types, and each is characterised by the 

adhesive force it employs. These four modalities are listed below: 

• suction adhesion, 

• magnetic adhesion, 

• adhesion based on vortex regenerative air movement (VRAM) and 

• dry adhesion. 

These four different adhesion techniques constitute partial solutions to the climbing 

requirement and therefore represent one row of a morphologic box during the design 

process. 

Suction adhesion offers the advantage of being independent of the surface material, 

as long as the surface structure is smooth, non porous and has no surface cracks 

[112, 166, 182, 250, 258, 276]. Recently passive elastic suction cups have been 

developed, which are evacuated simply by pressing them onto the surface. The 

suction is released by opening small valves to reinflate the cups [35]. In this way, 

they require only minimal energy for adhesion, which is important for an autonomous 

climbing robot. However, the main drawback of suction cups are their large size 

and high degree of complexity of the robots. This is due to multiple legs and the 

reduced travelling speed as developing appropiate vacuum requires time. The main 
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application for robots with suction adhesion is window- and facade cleaning in high

rise buildings, where big legged robots cover larger areas in less time and the smooth 

glass surfaces offer optimal conditions for suction cups [73, 153, 225, 226, 227]. In 

addition to climbing, the legged climbing robot RobugII with suction cups is also able 

to perform autonomous floor to wall transfers [133, 134, 240] and to seek and verify 

its own foot holds. This robot has an endoskeletal structure: An internal frame that 

provides the required strength and stiffness for locomotion as well as locations for 

the joints, whilst the external actuators act as the prime mover. It consists of two 

pivot-mounted modules with mechanical legs and a vacuum gripper feet powered 

by double acting pneumatic cylinders. The most recent design in the field of legged 

climbing robots is 'SkyCleaner 3' [255, 256], which comprises 14 suction cups and 

a novel movement mechanism. It is 113 em long, 73 em wide, 38 em high, weighs 

45 kg and can carry a payload of 15 kg. Like all robots of this kind, it requires a 

supporting vehicle and a hose. 

A variation of suction adhesion has been employed at the Alicia3 climbing robot, 

which is based on a large air aspirator and high airflow [132]. As aspirators have a 

lower vacuum level compared with vacuum pumps, they need to be of large diameter 

in order to provide sufficient adhesion force. Three modules of 30 em diameter are 

combined with a linear actuator leading to an overall length of the robot of 1.3 m and 

a weight of 20 kg. When incorporating fewer actuators, in order to reduce size and 

weight, more compact underactuated kinematic designs have been proposed which 

comprise a self-contained smart robotic foot (SRF) [10, 124, 126, 246, 247, 248]. 

These feet are equipped with an integrated vacuum pump, a suction cup of 4 em 

diameter, a micro-valve and a pressure sensor, which is used by the micro-controller 

on the robotic body to decide whether the SRF is firmly attached to the surface. In 

spite of the under actuated design robots containing two SRF need 123 em space in 

flipping stride to pass through and 58 cm in crawling mode. 

Due to the fact that the adhesive force provided is up to ten times higher than that 

delivered by suction grippers, magnetic adhesion is commonly employed on ferro

magnetic surfaces. It allows for fast inspection, small robot size and is characterised 

by inherent reliability [204, 244, 245, 267, 282, 286, 294]. Crawlers exploiting this 

inspection technique have found application in pipework [52, 167, 194, 214, 253, 

257, 261], storage tanks [58, 206] and on hulls of vessels [114, 189]. In general, 

they are significantly smaller than climbing robots with suction cups, down to a 

few centimetres overall size, and less complex. However, application is restricted to 

ferromagnetic structures. 
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Figure 2.2: Robot size and complexity resulting from different climbing techniques. 

Two innovative technologies in the field of climbing robots independent from the 

surface material are vortex regenerative air movement (VRAM) and dry adhesion. 

VRAM technology provides attraction in air and underwater by creating a local 

captive vortex, which is significantly more efficient than conventional vacuum [249, 

271]. A vehicle of 18 x 12 x 6 cm is commercially available, which can carry a payload 

of 0.45 kg for approximately 45- 60 minutes. Equipped with a video camera, it is 

mainly used for military surveillance and reconnaissance purposes. 

Dry adhesion is the second novel adhesion technique. In contrast, it is biologically 

inspired and based on surface contact (van der Waals-) forces. These molecular forces 

result from a large number of artificially machined nano fibres [11, 149,202, 203,231] 

or from a special moulded structured polymer made of polyvinylsiloxane [62]. The 

nano fibres have a diameter of 4 J.Lm and provide an adhesion force of up to ION per 

lcm2 [150]. Both dry adhesion and VRAM are independent of the surface material 

and roughness , and in general result in more compact designs compared with robots 

equipped with suction cups, as illustrated in Fig. 2.2. 

In addition to the above mentioned basic techniques for attaching robotic devices 

to engineering structures, there are research prototypes engineered for a specific 

application. E.g., a Stewart-Gough parallel platform with six degrees of freedom 

has been modified as a climbing robot to externally move along pipes, steel cables, 

electric posts and palm trunks [5, 242], and a novel omni-directional inspection 

robot has been presented which overcomes the limitations raised from pipe bends 

and pipe branches [49]. The latter comprises three sets of omni-directional wheels, 

symmetrically placed at 1200 and evenly distributed along the total length of the 
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crawler. 

2.4 Mobile Robot Positioning 

Exact knowledge of the precise position of the vehicle is fundamental for navigation 

and localisation of the detected flaws. For positioning of mobile robots, a wide 

range of on board sensors based on different measurement techniques is available, 

including compasses, gyroscopes, inclinometers, accelerometers, acoustic sensors, 

laser and infra-red sensors, inductive, magnetic and capacitive proximity sensors 

and photoelectric proximity switches. The different principles for determining the 

position of a mobile robot in its environment are divided into two main groups

relative and absolute positioning systems. Further subdivision into the following 

categories is common [27]: 

• Relative Position Measurements (Dead Reackoning) 

- Odometry 

- Inertial Navigation 

• Absolute Position Measurements (Reference-Based Systems) 

- Active Beacons 

- Landmark Navigation 

- Model Matching 

For wheeled mobile robots, the principle of utilising encoder measurements at the 

wheel shaft to ascertain the position of the vehicle is referred to as Odometry. Start

ing from a known reference point, the current position and orientation of the robot 

is obtained by time integration of the vehicles displacement. Similarly, integrating 

the information gathered from a combination of gyroscopes and accelerometers in 

order to determine the current position is deployed in inertial navigation: The linear 

acceleration of the robot in the inertial reference frame is determined by measuring 

both the current angular and linear acceleration. Performing integration on these in

ertial quantities and utilising the original velocity as the initial conditions yields the 

inertial velocities of the system, and integrating again utilising the original position 

as the initial condition yields the inertial position. Odometric and inertial naviga

tion systems have the advantage of being totally self-contained, but both suffer from 

integration drift, as in particular, in Inertial Navigation systems small errors in the 
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measurement of acceleration and angular velocity are integrated into progressively 

larger errors in velocity and position. 

These accumulated errors do not exist when measuring the absolute position of 

the system, most commonly facilitated by active beacons [27]. The Active Beacon 

method provides positioning information with minimal processing effort by carry

ing out angular and distance measurements. Two different types of active beacon 

systems are distinguished: 

Trilateration: This type of beacon system determines the vehicle's position in 3D 

space based on distance measurements from an on board receiver to usually 

three known emitter locations. Alternatively, a method known as 'inverse 

CPS' is used whereby a small on board tag transmits a signal to multiple 

receivers. 

Triangulation: Position and orientation of a vehicle in 2D is computed from the 

angles of three beacons relative to the vehicle's longitudinal axis. 

Similarly, in Landmark Recognition artificial or natural landmarks in direct line of 

sight of the vehicle allow position estimation, as their locations in the environment 

are known, and in Model Matching the robot utilises on board sensors to create a 

map of its local environment. This local map is compared to a global map previously 

stored in memory. 

Commercial absolute positioning systems based on the Active Beacon technique that 

utilise acoustic methods to determine the distances between emitter and receiver 

achieve accuracies up to 2 - 3 em [19, 109, 110, 289, 296]. Hybrid systems, which 

comprise inertial measurement units, provide additional orientation information, are 

immune to metallic, acoustic, and optical interferences, and do not suffer from line 

of sight obstructions [281]. The position and orientation of the tracking stations of 

these systems are preliminary obtained by accelerometers and gyroscopes, and to 

prevent position and orientation drift, this data is fused with range measurements 

from the ultrasonic components. This approach yields an accuracy of 3 mm and 

0.5°. The highest accuracy is achieved by systems based on optical techniques: 

the state of the art 'Indoor Laser CPS Constellation 3Di' from ArcSecond [265] 

utilises small infra red laser transmitters that emit laser pulses to provide their 

real-time coordinate location. Photo detectors pick up the signals and compute 

angle and positions based on the timing of the arrival of the light pulses. The 

system is designed so that the horizontal and vertical angles from the transmitter to 
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the receiver can be instantaneously measured, and this is accomplished by having 

each transmitter generating three signals: two infra red laser fanned beams rotating 

in the head of the transmitter and an infra red LED strobe. The accuracy of 

the system is less than 1 mm. In harsh indoor environments or wherever dust 

or physical contaminants could damage the sensitive laser optics the Partial Pulse 

Positioning (P3) radio frequency carrier phase position tracking technology offers 

the most accurate alternative [106, 291]: A small transmitter tag transmits an RF 

signal that is received at a number of fixed receivers or at an array of two receiving 

antennas. p 3 achieves standard derivations of 7.1 mm, 5.7 mm and 33.0 mm in x-, 

y- and z-direction [106] and avoids errors caused by signal reflections that usually 

impairs RF position tracking. 

There are numerous approaches to improving Relative Position Measurements of 

mobile robots. In [22, 45, 46, 123, 186, 219, 259] sensor-fusion techniques are pro

posed utilising odometry together with inertial measurements from gyroscopes and 

accelerometers. When fusing these data, Kalman Filtering techniques are com

monly applied to improve accuracy [117, 128, 184, 197, 205]. In addition, efforts 

have been undertaken recently to establish collective or collaborative localisation 

[76, 79, 159, 185, 209]. For this purpose, an infrared localisation system based on 

inexpensive commercial transducers has been developed to detect both range and 

bearing of autonomous mobile robots. By measuring the strength of a modulated 

infrared signal, which is also utilised for communication between the robots, average 

standard deviations of 6-80 and of 3-18 cm have been achieved [120, 174]. 

The control and motion planning of multiple robots navigating in a terrain with 

obstacles while maintaining a desired formation and changing formations has been 

addressed in [64] and [72]. Based on Graph Theory, the robots follow a trajectory 

while maintaining a desired formation by designating a lead robot that directly and 

indirectly controls all the remaining vehicles in the formation. 

2.5 Non-destructive Evaluation Methods 

Non-destructive testing (NDT) as well as non-destructive inspection (NDI) and non

destructive evaluation (NDE) testing play key roles in the prevention of structural 

failures. An initial inspection of new structures, in order to detect manufacturing 

flaws, is usually followed by repeated inspections during service to locate fatigue 

cracks, corrosion or forms of accidental damage. General requirements for NDE are 

simplicity of application, sensitivity to small anomalies and reliability. 
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While destructive testing provides a more reliable assessment of the state of the 

test object, it is usually more costly and inappropriate in many circumstances, such 

as forensic investigation. The six primary methods for non-destructive testing of 

engineering ·structures as reported in literature are: 

Visual Inspection: This is the most common procedure employed in practice and 

the majority of defects are detected in this way [208]. For this simple tech

nique the human eye or a camera system acts as the inspection sensor and 

the inspection stimulus is visible light. Due to shadows and reflections light

ing is critical, hence visual inspections are usually combined with other NDE 

methods. 

Penetrant Inspection: Significant enhancement of visual inspection of surface 

breaking defects is achieved by applying dye penetrants. The penetrant, a 

solution of coloured or fluorescent dye in an oil based liquid, enters into cracks 

and tight crevices by capillary action. After thoroughly cleaning the surface 

a developer highlights remaining penetrant and thereby reveals the defective 
region. 

Radiography: This classical NDE method can be used for detecting internal and 

external defects. Radiation passes through the test object and creates a 

shadow image of the internal structure on a recording plane. Usually X

or gamma rays are used in combination with photographic films, fluoroscent 

screens or electronic sensors acting as recording media. In particular, non

planar effects like voids and cavities are detected reliably using this method. 

However, this method may require a disassembly and there is a radiation haz

ard. 

Ultrasonic Inspection: Soundwaves are introduced by transducers and propagate 

in the test material. The information regarding interactions of these sound 

waves with imperfections within the structure are recorded by ultrasonic sen

sors. Ultrasonic (US) Inspection is versatile, simple, safe and applicable for 

metallic and composite materials. It is widely used for locating and quantifying 

both surface and internal defects, but requires admissible surface conditions 

and usually a couplant [21]. 

Electrical Inspection: Electromagnetic Inspection is the process of inducing elec

tric currents or magnetic fields or both inside a test object and observing the 

response. There are a number of electrical methods which can be used for 

NDE, such as resistance measurement, electrical conductive measurement and 
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the use of triboelectric, thermoelectric and exoelectron effects. The two groups 

of major relevance for automated inspection, however, are Alternating Current 

Field Measurement (ACFM) and Eddy Current (EC) Inspection. In both, an 

alternating current-carrying coil induces the eddy current in the metal under 

test. In the EC technique, the change in the impedance of the coil is exploited 

in order to detect a flaw, while in the ACFM technique the flaw is detected by 

directly measuring the magnetic field using a specialised probe [151]. 

Magnetic Inspection: The test piece is magnetized by magnets or electrical cur

rent. Anomalies cause flux leakage fields that are then detected by visual or 

electronic sensors on the surface. Subset of this technique are Magnetic Flux 

Leakage (MFL) Inspection and Magnetic Particle Inspection, where small par

ticles migrate to the flux leakages associated with the flaws in the test piece. 

This method is restricted to ferromagnetic materials and surface or near sur

face defects. Magnetic Flux Leakage Inspection is commonly employed in 

pipelines, and can be further subdivided into the induction coil method and 

the Hall effect method. 

Further details and an assessment of the usefulness of the various methods can be 

found in references [95] and [105]. In addition to the primary techniques, current 

research focusses on new methods based on acoustic emission, thermal imaging, 

advanced optical methods like holography, proton annihilation, neutron scattering, 

proton radiography, microwaves and nuclear magnetic resonance [32, 70, 95, 138, 

140]. Depending on whether or not energy is introduced to the test object all 

techniques can be characterised as being either active or passive. In a similar manner 

there is the distinction between surface-, near surface- and volumetric methods. 

2.6 Robots for NDE Tasks 

As indicated in 1.1 in Section 1.3, there have been recent developments directed to

wards merging the fields of large scale robots, climbing robots and NDE equipment. 

Several prototypes based on Magnetic Adhesion have been presented for underwa

ter reactor vessel inspection [121], in-pipe inspection [167, 194, 214], inspection of 

storage tanks [58, 206] and hulls of vessels [114, 189]. In general, the dimensions of 

inspection robots with climbing abilities are between 30 x 50 x 30 mm up to 640 x 

400 x 180 mm [43, 98, 114, 134, 183, 189, 190, 191] and magnetic inspection with 

Hall sensors [207, 215], Eddy Current inspection [217] and automated Ultrasonic 

inspection [43, 134, 190] is applied. 
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The majority of the presented designs are specifically geared towards particular 

applications, such as the inspection of the fire side of water wall boiler tubes [207]. 

This system, effectively based on the MFL technique and the ultrasonic method, 

is able to identify 1.6 mm through hole and wall loss. The robot is 320 x 240 x 

200 mm, its crawling speed is 5-15 mjmin and apart from the NDE payload it 

includes a furnace wall cleaning apparatus. However, it requires external power 

via an umbilical, is restricted to one specific tube size and can only travel in one 

direction. Unfortunately however, the resulting NDE signal is seriously corrupted 

by noise. Similarly, the teleoperated mobile service robots SADIE and NERO [134] 

had been especially designed for non-destructive testing of welds on the main reactor 

cooling gas ducts in the nuclear power plant at the Trawsfynydd nuclear power 

station in Wales. Owing to the design of this reactor, which provides only limited 

access for engineering servicing, the vehicle is driven remotely by an operator and 

controlled via a 100 m umbilical. An additional operator is required to handle the 
cable. 

Umbilicals of up to 150 m length have also found application in underwater inspec

tion systems for hulls of marine vessels and floating units employed in the offshore 

oil industry [43, 44]. A remotely controlled mobile vehicle with magnetic wheels 

has been developed which carries ultrasonic transmit-receive apparatus involving 

immersioned transducers. However, due to its length, significant electronic noise is 

developed when the cable is entering the water, which affects the quality of the NDE 

signal. The inspection vehicle weighs 170 kg, and is 1.7 m long, 1 m wide and 0.5 m 

high. 

A similar approach is employed for visual inspection of reactor vessels and in-service 

inspection of storage tanks. Inspection vehicles have been developed for operation 

within a fluid medium thus avoiding the inconvenience of emptying and cleaning the 

tanks [51, 58, 190, 191,243]. These vehicles are 540 x 300 x 300 rom and 250 x 250 

x 750 mm and generate adhesion force to the tank wall by means of thrusters. The 

motors and their drivers are sealed in a pressurised box with inert gas to ensure the 

vehicle complies with safety requirements. In cases where there is the possibility 

of emptying storage tanks, automated floor-inspection can be performed by a 1 x 

1 x 0.75 m rugged four-wheel drive robot with laser range finders for mapping the 

environment [20]. The robot is equipped with a water-filled rubber wheel, which 

contains an ultrasonic sensor for measuring the thickness of the bottom plates, and 

a side-scanner with ACFM sensors and phased-array sensors for weld inspection. 

In the field of miniature pipe inspection robots the most representative prototype 

19 



has been developed at Shanghai Jiaotong University, which includes a machine frame 

tooth gear, pressing force driving mechanism [215]. Three driving rubber wheels are 

installed equably around the pipeline by 1200
, and can be adapted to suit pipeline 

diameters between 190 mm and 320 mm. 112 Hall sensors for MFL inspection are 

utilised on a separate sensing unit to detect defects of with a minimum area of 10 

mm2 . 

2.7 Probability of Detection and Receiver Oper

ating Characteristic 

Under specified inspection conditions and procedures and for a defect of a given type 

and size group, repeated inspections do not necessarily result in consistent hit or miss 

indications. In fact, the spread of detection results for each defect size and type is 

represented by the quantitative statistical parameter Probability of Detection (PoD) 

[90, 92, 164]. For a specific test method and test protocol, there are four possible 

outcomes for an inspection of a component: 

• True Positive: a defect indication is reported and there is an actual defect 

present, equivalent to a hit 

• False Positive: a defect indication is reported and there is no defect, equiv

alent to a false alarm 

• False Negative: no defect is reported and an actual defect is present, equiv

alent to a miss 

• True Negative: no defect is reported and no defect is present, equivalent to 

correct rejection 

The bottom diagram in Fig. 2.3 shows the internal response probability of oc

currence curves of an NDE instrument. The internal response may be the output 

voltage of a sensing element, and the vertical axis shows its probability of occurrence 

depending on whether a defect is present or not. Whenever the output voltage of 

the sensor is higher than the criterion indicated in Fig. 2.3, the device will detect 

a defect. The criterion divides the graph into four sections that correspond to the 

'lfue Positives (TP), False Positives (FP), False Negatives (FN) and 'lfue Negatives 

(TN) as described earlier. 

In signal detection theory, a Receiver Operating Characteristic (ROC) is a graphical 

plot of sensitivity for a binary classifier system as its discrimination threshold is 
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Figure 2.3: Internal re ponse probability of occurrence and ROC curves of an NDE 
device. 

varied. The ROC curve i obtained by plotting the fraction of True Positives over 

the fraction of Fal e Positive. The best possible detection method would yield a 

point in the upper left corner or coordinate [0; 1] of the ROC plane with 100% 

sen itivity and no False Positives. The top diagram in Fig. 2.3 shows the ROC 

curve for the NDE sensor describing the effect of different values for the criterion 

and giving an indication about the quality of the device. If the inspection method 

is represented by Point A with a True Positive rate of 0.75 and a Fal e Positive rate 

of 0.2, the four outcome can be formulated in a 2 x 2 contingency table or confusion 

matrix, with the columns adding to unity as illustrated in Fig. 2.4. 
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Figure 2.4: Confusion matrix at point A. 

The accuracy of an NDE sensor with regard to ROC is defined as: 

ACC= TP+TN 
P+N 

(2.1) 

with P being the total number of positive hits and N the total number of negative 

hits. 
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Chapter 3 

System Design 

3.1 Introduction 

This Chapter covers the design and development of the inspection system, which 

apart from the vehicles, also includes the positioning equipment and the host com

puter. Advantages and disadvantages of different design aspects in respect of the 

requirements for non-destructive testing applications are discussed and the design 

based on magnetic wheels is justified, followed by a description of the software run

ning on the host and the vehicles' on board controller. 

3.2 Prototype Development 

3.2.1 Locomotion Mechanism and Climbing Technique 

The design decision regarding which of the climbing mechanisms presented in Sec

tion 2.3 to adopt and how to attach the robot to the structure for inspection, is 

determined from the performance specifications and the particular requirements for 

the autonomous vehicle. As magnetic devices generate more than ten times higher 

[189] adhesive force per unit area on ferromagnetic surfaces and the aspect of minia

turisation is of particular importance, the most compact design based on magnetic 

adhesion is chosen for the miniature vehicles. This magnetic function can also be 

integrated into already existing robot components like wheels to reduce the size even 

further. They are replaced, if necessary, in later design stages by one of the alterna

tive adhesion techniques presented in Section 2.3 for non-ferromagnetic structures. 

The second fundamental design decision is related to the locomotion mechanism, as 

this directly affects the general structure and the final performance of the robots. 

23 



Shortcomings at this point, at the foundation of the design, are directly related to 

greater demands at the control- and positioning system in later design stages. In 

general, for autonomous vehicles there are a variety of possible ways to move through 

their environment. The different motion mechanisms have been partly inspired by 

nature: crawling, sliding, running, jumping and walking [192, 199, 216]. Addi

tionally, mobile robots may benefit from human inventions like the actively powered 

wheel or tracks. Due to the still existing limitations of human fabrication techniques 

and the advantageous cell-structure of biological systems, artificial mechatronic sys

tems in general are in a significantly inferior position to biological systems in the 

important areas of torque to weight ratios, energy storage, complexity and miniatur

isation. For this reason small state of the art autonomous research robots are either 

wheeled or use a small number of articulated legs. Legged locomotion offers high 

manoeuvrability and adaptability in difficult terrains with major vertical variation 

in ground height and on soft ground. However, it requires higher degrees of freedom 

and therefore greater mechanical complexity and electrical power. Compared with 

legs and tracks, wheels have a relatively simple mechanical implementation while 

being well suited for Hat surfaces. They consume less energy as there is only negli

gible rolling friction, which is of major relevance taking the limited on board energy 

supplies of autonomous robots into account. Furthermore, wheeled designs do not 

encounter challenges in respect of stable balance, given that the number of wheels 

is greater than one. 
In conclusion, as the robots are aimed to be small and employed within the 

scope of structural condition monitoring where hard surfaces are to be expected, a 

locomotion mechanism based on magnetic wheels is regarded as being most suitable. 

3.2.2 Wheel Types 

Having elucidated the advantages of a wheeled design in the previous section, fur

ther specification is necessary at this point to decide on the design of the wheel 

itself and the overall wheel arrangement. Considering the requirements of the ve

hicle kinematics according to McKerrow [147] and Siegwart [199], when designing 

complex systems, a common method to visualise the numerous requirements and 

their possible partial solutions is to list them in Morphologic Boxes. In terms of the 

wheel arrangement, the different partial solutions are listed in Figures 3.2 and 3.3 

and can be interpreted as a row within such a Morphologic Box. The main benefit 

from using this technique in the design process is the possibility of arbitrarily com

bining different partial solutions to the final design and thereby finding solutions 
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Figure 3.1: Different wheel types: I) Fixed Standard Wheel, II) Steered Standard 
Wheel, III) Swedish wheel, IV) Spherical Wheel. 

that are not obvious in the first instance. 

The four major wheel types are illustrated in Fig. 3.1: A steered standard wheel 

is characterised by a primary axis of rotation that intersects with the wheel axle, 

so the wheel must be steered firstly along this vertical axis before moving it in 

different directions. It has two degrees of freedom: the rotation about the wheel 

axle and the vertical rotation about the contact point. This is the main difference 

to the castor wheel, where this vertical axis of rotation is situated with an offset 

from the horizontal one and not passing through the contact patch with the ground. 

Accordingly, steering motions of castor wheels involve side effects to the chassis of 

the vehicle. The two remaining wheel types, Swedish wheels and Spherical wheels, 

constrain the vehicle motions less as they allow sideways motion. Swedish wheels 

consist of a circular hub surrounded by rollers, the angle between the rollers and the 

hub is either 90° (Stanford Wheels) or 45° (Illanator wheels) . In that way they not 

only move forwards and backwards but along various possible other trajectories along 

the surface. Spherical wheels possess the lowest constraints regarding directionality 

since they spin in any direction. 

3.2.3 Number of Wheels 

The design decision regarding the four different wheel types in the previous section is 

linked to the choice of the wheel arrangement and the number of wheels. Figures 3.2 

and 3.3 provide an overview about the different wheel arrangements. A wheel con

figuration based on two wheels offers the potential of small overall size, however, 

for reasons of stability, two-wheeled designs are inappropriate due to the fact that 

the centre of gravity has to be situated below the wheel axle, which in turn requires 

impractically large wheel diameters. Moreover, there is no dynamic stability, since 

the absence of a counter torque results in rotational movements of the chassis during 

rapid motor accelerations. In combination with the restoring gravitational force at 

the centre of gravity, the chassis performs uncontrolled swinging movements - an 
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unacceptable condition for obtaining precise NDE sensor readings. 

In contrast, static and dynamic stability pose no problems with vehicles having 

three wheels. Providing the centre of gravity is within the circle defined by the 

three points of contact on the surface, the vehicle is in balance at any time. Three 

points of support are also advantageous for operating on curved surfaces. When 

using more than three wheels, suspension systems have to be integrated in order 

to maintain continuous wheel-to-ground contact. Miniaturisation is more difficult 

and maneuverability of four-wheeled constructions is limited, hence a three-wheeled 

design is most appropriate for the vehicle. 

3.2.4 Wheel Kinematic Constraints 

The vehicle's driving performance depends mainly on the wheel types, as described 

in Section 3.2.2. The different three-wheeled variations [3.1] to [3.6] in Fig. 3.2 

are evaluated utilising the concept of holonomy, which describes the path space of 

mobile robots and refers to the kinematic constraints of the robot chassis [199]. 

For describing a holonomic robot it is necessary to distinguish between its degrees 

of freedom (DOF) and its differentiable degrees of freedom (DDOF): the DOF is 

equal to the number of independent coordinates that a robot can attain on a two

dimensional surface. Vehicles that can be positioned at any (x, y, 8) in the global 

reference frame have a DOF = 3. In contrast, a robot with only two fixed standard 

wheels would have a DOF = 1, since it can only be positioned along the axis that 

runs through the wheel planes. The DnOF of a mobile robot is equal to the number 

of independently achievable robot velocities (x, iJ, 9) that arise from the kinematic 

constraints of the wheels, also denoted as the components of robot motion that are 

independently controllable, or the number of dimensions of the admissible velocity 

space of a robot [199]. It is always equal to the number of degrees of freedom that can 

be immediately manipulated by changes in wheel velocity. A bicycle-type vehicle 

therefore has a nDOF of 1 - it can only directly control its forward and reverse 

speed rather than its entire global position and orientation at a certain point in 

time. Vehicles with DOF = DDOF are holonomic and vehicles with DOF > DDOF 

are referred to as nonholonomic. The kinematic constraints of the four different 

wheel types arise from restricting free two-dimensional vehicle movements due to: 

• the rolling movement of the wheel - in order to allow for pure rolling at the 

contact point all motion along the direction of the wheel plane must be ac

companied by the appropriate amount of wheel spin, 
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• no lateral slippage on the contact point, wheels do not slide orthogonal to the 
wheel plane. 

As shown in Fig. 3.4, the position and orientation of a fixed standard wheel within 

the chassis is described by a, {3, 4J, r, I, A and v in the body-fixed reference frame 

X r , Y,.. (3 denotes the angle of the wheel plane relative to the chassis and a describes 

the position of the wheel [38]. The rolling constraint for a fixed standard wheel 

therefore is: 

[sin(a + (3) - cos(a + (3) (-l) cos {3] R(8){r = r¢ (3.1) 

The term R(8){r transforms the motion parameters {r from the global reference 

frame into the local reference frame {Xr , Y,.}. Furthermore, taking the sliding con

straint into account, wheel movements orthogonal to the wheel plane of standard 

wheels must be zero, and thus: 

[cos(a + (3) sin (a + (3) I sin{3] R(8){r = 0 (3.2) 

If the rank of a matrix is defined as the maximal number of linearly independent rows 

and C1 denotes a matrix whose rows consist of Equations (3.1) and (3.2) applied to 

all standard wheels of the vehicle, the DDOF is: 

DDOF = 3 - rank[C1]. (3.3) 

Three is the maximum number of degrees of freedom in the plane, and the rank of 

C1 is equal to the number of linear independent sliding constraints. Vehicles with 

rank [C1] > 1 are consequently restricted to movements along a straight line or a 

circle. The wheel types castor wheel, swedish wheel and spherical wheel do not 

impose kinematic constraints on a robot chassis since they do not constrain vehicle 

movements in terms of Equations (3.1) and (3.2). 

These considerations regarding holonomy and kinematic constraints of different 

wheel types are the base for evaluation of the configUrations [3.1] to [3.6] in Fig. 3.2. 

For the inspection of surfaces vehicles have to accomplish a search pattern - a typ

ical path is shown in Fig. 3.5. The main requirements for the wheel configuration 

are the provision of high directional stability for accurate straight line movements 

between AA and BB as well as the ability to perform turning-over manoeuvres 

neatly on the locus between AB and BA. So, evidently, the DOF of the vehicle has 

to be three. However, the appropriate value for the DDOF is two: In order to allow 
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for directional stability the vehicle should physically be incapable of immediately 

changing its position orthogonal to the current moving direction. Due to the wheel 

constraints, accurate straight line movements are possible while providing for suf

ficient manoeuvrebility for turn-overs on one spot. The holonomic configurations 

[3.5] and [3.1], based on three spherical/swedish wheels therefore are not suitable, as 

they lack the mechanical prerequisites for directional stability. It is not essential to 

follow an arbitrary path while maintaining a certain orientation in that application, 

therefore these two omnidirectional holonomic configurations with DOF = DDOF = 
3 provide a degree of manoeuvrebility, that is not required. In contrast, the DDOF 

of configurations [3.3}, [3.4] and [3.6] is one: there are no two robot motions (x, iJ, 8) 
that are independently controllable in these configurations. Consequently, the rna

noeuvrebility in respect of turning-over performance at the end of each straight line 

between AB and BA in Fig. 3.5 is restricted. This is a major disadvantage compared 

with the differential drive of configuration [3.2]. Here DDOF = 2 and rank[C1] = 1, 

since the two fixed standard wheels share a common horizontal axle and the second 

wheel adds no additional kinematic constraints. Thus only in this three-wheeled 

nonholonomic configuration does the vehicle meet the requirements of sufficient rna

noeuvrebility and directional stability. Further advantages of a two-wheel centred 

differential drive with an unpowered omnidirectional wheel are: 

• climbing performance and automated floor to wall transfer capability: inte

gration of two magnetic wheels of sufficient size and a magnetic castor wheel 

as omnidirectional third wheel, 

• no steering errors due to a combined drive and steering mechanism, 

• no jamming rollers, characteristic of Swedish wheels, leading to immobilisation 

of the vehicle, 

• no complex and fault-prone mechanical design of spherical wheels, 

• no off-directional forces of Swedish wheels - higher efficiency, 

• flexible adjustment of wheel size depending on surface irregularities and ex

pected obstacles, 

• reliable odometric pose estimates for dead reckoning positioning possible due 

to reduced slippage of magnetic wheels, 

• shorter transmission change - minimisation of probability of failure, 
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Concluding the considerations in respect of wheel design, number of wheels and 

wheel kinematic constraints, a mechanical structure based on on a differential drive 

and a passive castor wheel proves to be most appropriate for an autonomous NDE 

vehicle. 
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Figure 3.2: Wheel configurations for rolling vehicles with two and three wheels 
based on [199J. 
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3.2.5 Modular Components 

To allow for future modifications and to incorporate a wide range of NDE inspection 

equipment for different test objects, materials and surface conditions, modularity has 

long been recognised as a concept for attaining robot specialisation without creating 

an unacceptably large pool of robots [49, 78, 80, 169, 170, 178, 234]. This section 

presents the different modules for propulsion, power, sensing, communication and 

computation that are combined with the different NDE payloads to construct ve

hicles specialised for detection of certain types of defects. Restricting the supply 

voltages to 12V and 5V and utilising a common connector system allows for easy 

replacement of components as a part of the development process. As size is crucial 

and standard crimps and sockets tend to increase the overall robot size unaccept

ably, the components are connected utilising a special compact system for wire sizes 

between 28 and 32 AWG. Fig. 3.6 shows the different modules in a block diagram: 
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Figure 3.6: Block diagram. 

the full arrows represent data flow, while the dashed lines indicate the flow of en

ergy. The pivotal component is the micro controller, which is described in the next 

subsection, followed by a brief discussion of the remaining components. 
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3.2.5.1 The Microcontroller Module 

The process of designing embedded microprocessor systems starts with defining the 

requirements and specifications and generally follows the steps presented in [15}, 

which includes processor selection, system evaluation and firmware design. This is 

crucial, since all modules have to be interfaced to the micro controller unit (MCU) 

and for preventing long term shortcomings like insufficient RAM or speed. For the 

team of miniature robots these main requirements are: 

• small board size and potential of miniaturisation, 

• 8-bit based processor (sufficient computing power and low cost), 

• multichannel AD converters for evaluation of analogue NDE signals, 

• flexibility of interfacing both standard and non standard sensors and actuators, 

• on board communication interface, 

• low current operation and noise immunity, 

• low cost, especially with regard to a swarm of inspection robots, 

• mounting holes, standard connectors and robustness, 

• 32K RAM program storage capacity, 

• programmable in C. 

The 5 cm x 5 cm square Microcore-ll board which includes an M68HCll processor 

from Motorola meets these requirements most closely. It is the most versatile general 

purpose controller at the higher end of the 8-bit market and there is an extensive 

range of documentation and software tools available. In respect of further miniatur

isation, it offers the option of implementing the 2.5 cm2 Microstamp-ll in a second 

design stage as described in Section 7.6, the smallest M68HCl! module available. 

The necessary programming environment and compiler are identical and only mini

mum change of code is required to change the programs from the Microcore to the 

Microstamp board. Both controllers are programmed in C utilising the ImageCraft 

ICCl! integrated development environment [279} as a cross compiler and the final 

assembler files are downloaded with the free software MicroLoad [297}. 

3.2.5.2 The Power- and Motor Driver Module 
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Figure 3.8: 3D Model of module for 5V generation, low battery detection circuit, 
gyroscope and motor driver. 

As all robots require regulated +5V and 5V, a motor driver, a battery low detection 

circuit and a gyroscope these functions are integrated on a single common power

and motor driver module. This compact double sided board, the circuit diagram of 

which is shown in Fig. 3.7, i designed to be of identical dimensions as the micro 

controller and ha the same configuration of mounting holes to allow for a stacked 

board arrangement on threaded studs. A MAX638 step-down switching regulator 

with external inductor, a catch diode and filter capacitors, generates regulated +5V 

with an efficien yof 5%. The circuit also contains a low battery detection function: 

The LBO pin sinks current when the input voltage at LBI is less than the 1.31 V 

internal bandgap reference. LBO is connected to a pull up resistor and a pnp 

transi tor for witching the battery low Light Emitting Diode (LED) D1. A voltage 

divider consisting of a 100 kO and a 650 kO resistor creates the input voltage at LBI 

from the main battery upply to switch the LED on whenever the battery voltage is 

below 10.4V, thu indicating the critical discharge point. As visible in Fig. 3.8, the 

gyroscope is located in the centre of the board close to the centre of rotation of the 

robot. The output of i device i a voltage proportional to the angular rate about 

the axi normal to the top urface of the package, in this way providing a measure 

o[ how fast th robot i turning. The remaining space on the board is occupied by 

th L293D four channel driver and a 74HC04 CMOS inverter IC. Both constitute 

part of an II-Bridge [or driving the two DC-Motor with the L293D providing up 

to 600 rnA output per channel and accepting standard Transistor-Transistor Logic 

(TTL) signal from the micro controller on the enable inputs. The motor driver and 

the gyros op r quir -5V which is generated by a MAX660 charge-pump voltage 
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F igure 3.9: Power consumption of components. 

inverter and two external capacitor. This inverter offers an efficiency of more than 

90% and is capable of ourcing a current of up to 100 rnA although operating at 120 

/-LA. 

3.2.5.3 Battery 

The overall power con umption during operation, taking into account that the reg

ulated 5V is g nerated with an efficiency of 5% as described in the previous sub

section, is between 2200 mW and 3070 mW, depending on the inclination of the 

test surface. Fig. 3.9 illustrate the contribution of the different components. Main 

energy ource of the robot i a three-cell Lithium-Polymer (Li-Po) battery with 

910 mAh, which yield a theoretical minimum operating time of 3.3 hours. How

ever, du to the di charge rate characteristics, the total battery voltage drops below 

12V already after approximately 25 minute. 

Con idering that th battery volume of centimetre-scale robots usually reaches up

ward of one third of their volume [161], Li-Po technology offers currently the highest 

volum tric capa ity among r chargeable batteries [41]. The energy density of Li

Po batt ri i ov r 20% higher than Lithium-Ion batteries and three to four times 

b tter than ick I-Cadmium and ickel-Metal-Hydride batteries, while also being 
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significantly lighter, as no metal cell casing is needed. The voltage of a fully charged 

Li-Po cell is 4.2V with a nominal voltage of 3.7V. During discharge, the load has to 

be removed as soon as the voltage drops below 3.0V per cell, otherwise the battery 

subsequently no longer accepts a charge. This threshold is monitored by the battery 

low detection function described in the previous subsection. 

To increase the operational time, the NDE payload could be deactivated while the 

vehicle is moving to the critical area of inspection. Similarly, while the robot is 

waiting for a new command to be received from the Host PC, the motors should be 

stopped. 

3.2.5.4 Chassis and Wheels 

To provide holding force on ferromagnetic material, Neodymium (Nd-Fe-B) magnets 

are chosen. This is the strongest type of permanent magnet with a magnetic field 

strength of 8.9· 105~ and a magnetic magnetic flux density of 1.23 T (grade N40). 

The most powerful grades lose their magnetism at temperatures above 800 and the 

material is extremely brittle. For this reason initial attempts to build wheels out 

of disc magnets, by drilling a central hole to fit the shaft extension for the motors 

failed, and 6.35 mm thick ring magnets with an outer diameter of 38 mm and 

inner diameter of 12.7 mm were utilised for the final design. As both magnetic 

wheels together provide a high holding force of 30 N, the main chassis is made 

from aluminium to allow for a robust base and the motors and the castor wheel 

are mounted directly, as the main load is on these components when the vehicles 

are attached or released from a ferromagnetic surface. The frame consists of four 

bolted plates which support the threaded rods that hold the square shaped electronic 

boards and the screws for the main power switch and the NDE payload, as visible 

in the technical drawings A.3, A.4 and A.5. However, due to this rigidity the chassis 

contributes a major part of the overall robot weight, as shown in Fig. 3.10. 

The third point of support is established by the omnidirectional castor wheel. Since 

the wheel has to rotate freely 3600 about the steering axis, a significant amount 

of space in the rear end of the vehicle is required. Attaching the support for this 

castor wheel at the outside of the main frame and leaving a major cut-out in the 

rear lateral block, as visible in drawing A.3, provides sufficient space for these free 

rotations about the steering pivot. The wheel itself is a Nd-Fe-B ring with an outer 

diameter of 12 mm and a thickness of 3 mm, pivot-mounted on a 3 mm brass shaft 

which is secured on the hold by miniature circlips. A significant challenge here 

is the correct height of the castor wheel to ensure a constant horizontal level of 
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Figure 3.10: Weight distribution. 

the vehicle frame . As there is only a limited election of Nd-Fe-B rings with fixed 

outer diam t r commercially available, the hold of the wheel is designed 0 that the 

exa t vertical po ition i adju table by a brass distance piece of variable thickne as 

shown in drawing A.12. imilarly, the inner diameter of the magnetic wheels cannot 

b cho ' n arbitrarily b drilling a hole into a disc magnet due to the brittleness of 

the material. Henc th bras haft. exten ion in drawing A.13 has been designed to 

fit both the main wheel and the encoder code disc of inner diameters of 12.7 mm and 

5 mm r peciively on the 3 mm output shaft. of the motor-gear head units. This shaft 

extension al a olv the prahl m of limited length of the output shaft of 10 mm, 

taking into a count a minimum r qui red haft length of 6 mm for the encoder code 

di c, a fram width of 3 mm a 2 mm thick encoder hold, a wheel thickne of 

6.35 mm and 2 mm cl arance between the wheel and the frame and the wheel and 

n ad r hold. To d ouple the DC motors magnetically from the neodymium 

wh I th haft xten i n i ' mad of brass. Ii is ecured on the output shaft by 

1 mm grub rew. 
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3.2.5.5 Motors 

An initial test prototype vehicle was designed, comprising a set of ultrasonic motors, 

which offer the advantages of a high power to weight ratio, low inertia, a compact 

design, high precision and high torque at low angular velocities. They may be as 

small as 1 mm in outer diameter [254] and provide a holding torque when not being 

supplied with current for a stop on a vertical surface. However, the required drive

and power electronics increase the overall robot size significantly and outweigh the 
benefits that follow from the miniature size of the motors themselves. For this reason 

stepper motors have been considered as an alternative propulsion method. Stepper 

motors provide a holding torque like ultrasonic motors, are compact and require 

neither encoders nor gear heads. Yet, compared with DC motors they require greater 

complexity in terms of power electronics, they also have a worse weight-performance 

ratio, do not support continuous rotation in the standard configuration and are less 

efficient. A series of novel low profile DC micro motors with encapsulated precision 

gear heads was therefore regarded as the optimum solution. Mounted directly on 

the chassis, no bevel gears or additional transmission is necessary, and they can be 

driven with minimum electronic effort via an H-Bridge as described in section 3.2.5.2. 

Motor dimensions are of particular importance, as experience has shown that the 

propulsion system consumes the major part of the on board energy. Standard dimen

sioning criteria for motors are maximum power, maximum torque, angular velocity 

and motor size. The highest demand for long term operation is when the vehicle is 

driving straight up a vertical wall. With a weight of 500 g and a wheel diameter 

of approximately 40 mm, this requires a torque per shaft of 50 mNm. Hence, the 

necessary gear reduction is 207:1 [277], which corresponds to a gearbox output speed 

of 24 rpm and a maximum inspection speed of 5 cm/s. With this gear ratio the units 

also provide sufficient holding torque for a stop on vertical walls with switched off 

motors. 

3.2.5.6 Wheel Encoders 

For relative position measurement and velocity control, wheel encoders provide feed

back from the motor shafts. The smallest overall size use magnetic encoders, which 

are commonly used with standard DC motors mounted directly on the drive unit 

increasing its overall length by only 1.4 mm [277]. However, implementation of this 

encoder type, in combination with the novel low profile motors, is not feasible due 

to the internal coil arrangement and larger optical encoders have to be utilised in

stead. Optical incremental encoders use a disc attached to the shaft which contains 
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Figure 3 .11: Initial Encoder design with separate codewheel and sensing unit. 

a multitude of radial mark . A photo diode working as an optical switch gener

ates an electrical pul e whenever one of the radial marks on the code wheel passes 

through its sensing region. Initially, a design based on a thin aluminium disc with 

machined radial slots and a separate sensing unit as illustrated in Fig. 3.11 was 

tested. However, alignment of the two components has proven to be difficult due 

to low shaft axial- and off-axis tolerances and the position on the outer sides of 

the robot expo ed to mechanical impacts. Significantly greater robustnes i offered 

by encap ulated encoder , where the precision machined aluminium hub and the 

encoder circuit board module are protected by a plastic cover, these are also more 

tolerant to misalignment. The malle t of such units, which is u ed for the final 

design, i 13 mm high and has an overall outer diameter of 20 mm [284, 299]. It 

requires a singl +5V power supply and has a low power option as well as provision 

of a implified adju tment of code wheel and diodes. The resolution r is 300 pulses 

per revolution, but as the motor- gear head units only have a single output shaft, it 

measure the gear-r duced output directly on the wheel hub. 

For pot turning manoeUVTe of differential drive robots with two independently 

driven propulsion wh el and an unpowered omnidirectional third wheel, the centre 

of rotation of the robot i located exactly in the centre between the two wheels as 

indicat d in Fig. 3.12. Henc with a wheel diam ter d of 38.1 mm and a distance 

J betwe n the c ntr of gravity of both wheels, the corresponding number of pulses 
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Figure 3.12: Ascertaining maximum turning speed and number of encoder pulses 
for 90° turns. 

per shaft p for a 90° turn is: 

/ p= 75-. 
d 

(3.4) 

/ for the vehicles carrying MFL payload is 42.5 mm while the distance between 

the centre of gravity of the main wheels of the remaining robots is 64 mm. The 

theoretical accuracy for spot turns, ~a, is hence 

(3.5) 

which yields 1.3° for a wheel distance of 42.5 mm and 2° for a wheel distance of 

64mm. 

3.2.5.7 Gyroscope 

The most critical disadvantage of the odometry-based positioning method described 

in the previous subsection is that small momentary orientation errors cause a con

stantly growing lateral position error. For this reason the encoder data is sup

plemented by angular rate information provided by a ADXRS150 micromachined 

angular rate sensor from Analog Devices. The device operates on the principle of a 

resonator gyroscope: two polysilicon sensing structures each contain a dither frame, 
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which is electro statically driven to resonance. This produces the velocity element 

to produce a Corio lis force during angular rate. At two of the outer extremes of 

each frame, orthogonal to the dither motion, are movable fingers that are placed 

between fixed pickoff supports to form a capacitive pickoff structure that senses 

Coriolis motion. The resulting signal is fed to a series of gain and demodulation 

stages that produce the electrical rate signal output on the printed circuit board -

a voltage proportional to the angular rate about the axis normal to the top surface 

of the board (yaw rate). An on-chip charge pump provides the 14V - 16V for the 

electrostatic resonator, so that, in keeping with the concept of modularity, only a 

single +5V supply is required for operation. The device is suitable for operation 

between 55°C and +125°C and has a sensitivity of 12.5 mV lOs. Orientation changes 

up to 1500 /s are detected, which is adequate considering the maximum turning rate 

a of the vehicle: 

(3.6) 

With n being the gearbox output speed of the motor units and f the distance 

between the wheels according to Fig. 3.12, Equation 3.6 yields a maximum turning 

speed of 1300 /s for the robots with the closer wheels for MFL inspection and 86°/s 

for the remaining vehicles. 

3.2.5.8 Communication Link 

The vehicles comprise a miniature RF module to access the RS-232 interface of the 

micro controller board wirelessly. Working at 10 selectable spot frequencies between 

433 and 434 MHz communication is possible up to a distance of 250 m line of sight. 

The size of the units without the aerial is 53 mm x 20 mm x 5 mm, they operate 

at the battery voltage of 12V and have a selectable power output to reduce energy 

consumption. The turbo version of the Microcore-ll board contains a 9.8304 MHz 

crystal, which provides an increased Baud rate from 9600 bits/s to the maximum 

speed of these telemetry modules of 38400 bits/so 

3.2.5.9 Hall Sensor Array for MFL Inspection 

For detection of corrosion pits and thickness loss a linear array of Honeywell SS94A2 

Hall sensors is mounted on a spring loaded lever underneath the vehicle for MFL in

spection in the centre between the two magnetic wheels, as shown in Fig. 3.13. These 

ceramic based linear Hall effect devices produce an output voltage proportional to 

the intensity of the magnetic field to which they are exposed. Their sensitivity is 
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Figure 3.13: Linear Hall array on spring loaded lever for constant lift-off distance 
of Hall element from surface. 

5 m V IGau s, they require 30 rnA current at regulated + 12V, have an effective area 

of 1 mm2 and operate between 40 to +125°C. In order to insulate the array from 

external magnetic field the central plate of the lever is made of steel , and the motors 

of the vehicle that carry thi DE payload are located at the outer side of the chas

si , while the wheel and the eparate optical encoders are positioned inside. Thus, 

with the wheel being clo er together, the magnetic field strength in the sensor area 

is increased which lead to an improvement of defect ensitivity. 

The spring loaded lever maintain a constant minimum distance between the array 

and the in pection urface as the Hall sen or readings are highly sensitive to changes 

in stand off and the ignal is proportional to II d4 [54]. Two 1.25 mm high shoulders, 

shown in Fig. A.25 along the ides of the bottom plate ensure that there is no 

phy ical contact between the 1 mm thick Hall plates and the specimen and avoid 

attrition of the en ing element when the vehicle is moving. Electrical insulation 

of s n or connectors from th conducting surface is essential, and for obtaining high 

quality array data it i important that the thickness of the glue layer underneath the 

el ments i uniform a ro the plate to provide for equal height of all Hall Sen or . 

Chapter 5 give a more d tailed de cription of the payload for MFL inspection. 

3.2.5.10 Eddy Current Sen ing 

For inspection of conducting material, vehicles are equipped with an EC sensor which 

consi ts of a pair of coil as shown in Fig. 3.14. The probe is located at a maximum 

di tan from the motor to avoid electrical interference, and, like the linear Hall 

array de cribed in th pr viou sub ection, they are mounted on a spring loaded lever 

that hold the probe in firm conta t with the surface to maintain minimum stand off. 
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Figure 3.14: Eddy Current coils on spring loaded lever. 

Different coil have been de igned in order to optimise both defect sensitivity and 

the discrimination between flaws and stand off. Coils with 10 - 400 windings with 

wire size varying from 27 34 SWG have been tested at frequencies between 100 Hz 

and 40 MHz. The coil core i a 1.5 mm ferrite rod, a ferrimagnetic ceramic sintered 

compound material con i ting of various mixtures of iron oxides, commonly used 

for antenna application and Radio Frequency Identification (RFID) devices. Due 

to the mall particle ize of < 2J.lm and the resulting high electrical resistance, eddy 

current 10 e are minimi ed while offering a relative permeability of 48. Chapter 4 

give a more d tailed description of the payload for EC inspection. 

3.2.5.11 Transducers for Ultrasonic Inspection 

For US in pection, the vehicle carries a pair of air coupled piezoelectric transducers. 

Working as tran miLLer and receiver in pul e echo mode, they generate a local zeroth 

order anti- ymmetric (Ao) Lamb wave in thin, planar structures. As the angle to 

the test sp cimen ne d to be variable to adjust the required angle of incitation for 

the specific te t fr quency, the tran ducer are pivoted and clamped between two 

thin parall 1 beams, illu trated in drawing A.31, which constitute the main sensor 

bar. Th h ight an be changed by varying the position of the threaded support rod 

by which each tran ducer i attached to the pivotal cube between the beams. Both 

rod and bar are made of acou tically 10 y plastics and feature multiple cut-outs in 

ord r to minimi e ro talk between the tran mitting and the receiving tran ducer 

via th clamp. For adju ting the tran ducer angle, two tensioning screws between 

th two b am have to be r Ie ed and tighten d re pectively. 

3.2.5.12 Wirele Camera for Visual Inspection 

A miniatur amera bas d on a harp CMOS Sensor with a resolution of 3 0 lines 

i ' int gral d for vi ual in p tion and machine vi ion for automated weld imaging. 
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This module weighs 20 g, measures 19 x 19 x 16 mm and has a power consumption 

of 50 m W. The focal lens i adjustable to allow for closeup views of surfaces from 

less than 1 cm. Four infra-red LEDs switch on automatically below 3 Lux and 

the camera witches into night mode for operation inside pipes independent from 

ambient light conditions. The picture is transmitted wirelessly to the receiver unit 

up to a distance of 100 m. 

3.2.6 Vehicle Design 

Based on the considerations of the previous five subsections of this chapter, a three 

wheeled vehicle has been de igned utilising the three dimensional design software 

package Pro Engineer Wildfir [292] and four prototypes with different DE pay

loads have b en built. A equence of iterative steps eventually led to the design 

shown in Fig. 3.15. The dimensions are 7 x 7 x 8 cm and the vehicle weighs 580 g. 

The open architecture and the identical configuration of mounting holes of all boards 

allows [or a sta ked board arrangement on threaded studs and the possibility of em

ploying ba kplane adaptor thus nabling fast module replacement and adaptation 

to diff r nt in p ction requirements. The top layer board in Fig. 3.15 manages the 
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robot's absolute position, which is described in more detail in the following section, 

while the lower layers house the motor drive electronics, the NDE sensors and power 

management. As illustrated in Fig. 3.10, these components do not contribute a ma

jor part of the overall weight, so locating them at the top does not affect the low 

centre of gravity of the robot. In contrast, the main battery is placed at the bottom 

of the vehicles. The pivot of the spring loaded levers that carry the NDE sensors is 

located in the front of the vehicle with the lever facing backwards in order to prevent 

self locking. 

The overall vehicle length is kept short enough to cope with 90° convex and con

cave corners, as shown in Fig. 3.16 and Fig. 3.17, to overcome steps, stairs, fins, 

ripplings, bulges, depressions and flanges in pipework. However, in practice there 

is not sufficient friction between the wheels and the surface in order to complete all 

of the transitions autonomously. Table 3.1 shows a selection of friction coefficients 

for different materials on a dry steel surface [274, 275]: These figures indicate that 

Polystyrene: 
Brass: 
Copper: 
Leather (clean): 
Aluminium: 
Steel: 
Rubber: 

0.3 - 0.35 
0.35 
0.53 
0.6 
0.61 
0.78 
0.6 - 0.9 

Table 3.1: Static friction coefficients steel 

a thin rubber belt fitted to the outer surface of the wheels could improve traction, 

but neither this nor a layer of sandpaper or a toothed timing belt on the wheels 

with rubber studs provide sufficient friction, thus radii of more than twice the wheel 

radius on the test structure are required for autonomous transition between different 

surfaces. 
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Figure 3.16: Transfer from non-ferromagnetic floor to steel wall. 

Figure 3.17: Vehicle temporarily sliding on frame on 900 convex corners. 
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3.3 Vehicle Positioning 

3.3.1 Introduction 

For implementation of an automated scan pattern, the vehicles need to be con

tinuously driven in order to closely follow the previous swath and to be quickly 

repositioned at the end of each cut. Deviating from the path leaves a band of 

missed surface area, while overlapping leads to longer inspection times. In general, 

none of the methods listed in Section 2.4 are utilised exclusively for reliable mobile 

robot positioning, but two or more methods are combined to overcome individual 

weaknesses. Hence, as there is also not only the position of a single robot to be 

determined, but a swarm of vehicles needs to be controlled, complete direct control 

of each individual robot's position by a host in real-time appears to be intricate 

and fault-prone. Thus, each inspection vehicle comprises an independent relative 

positioning system. 

Starting from the overview about the different techniques for mobile robot posi

tioning presented in Section 2.4, a trilateration type system with portable emitters 

carried by the vehicle and beacons which have been previously installed in the lo

cal environment, is considered as the most suitable absolute positioning system. A 

major advantage, given the severe power and weight restrictions, is the minimal 

number of sensors required on board the individual robots, which can be of much 

smaller and lighter construction. The following sections describe the positioning 

system which combines relative and absolute position measurements. 

3.3.2 Relative Position Measurement 

3.3.2.1 Introduction 

The vehicles comprise a set of two wheel encoders and a gyroscope which provide 

incremental motion information with excellent short term accuracy. During normal 

driving, both motors receive a pulse width modulated signal according to the encoder 

output, and depending on the surface condition and the slope. The length of this 

duty cycle and consequently the efficient motor power, is adjusted to maintain vehicle 

velocity and current travelling direction. This is of particular importance when 

performing NDE on structures, as the sensor signals are affected by the vehicle's 

travelling speed. 
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Figure 3.18: PI-control for accurate straight line behaviour and constant inspec
tion velocity. 

3.3.2.2 Local PI-Control 

The encoder output is fed back to the micro controller to establish a local Proportional

Integral (PI) control loop. Due to the differential steering design, both motor speeds 

are monitored and updated continuously to achieve accurate straight line driving: 

The two separate feedback paths at the top and the bottom in Fig. 3.18 maintain 

the desired velocity, while the central feedback path secures synchronisation of the 

two wheels. Implementing additional derivative and integral controls within the two 

separate paths for velocity control of the motors has been tested, but did not lead 

to improvements in driving performance. 

As the encoders are measuring the gear-reduced output directly on the wheel hub 

as described in section 3.2.5.6, the motor's speed is updated every 500 ms. The 

experimentally obtained gain for optimal response is: 

Kp = 1 and Ki = 0.8. (3 .7) 

Normal driving on flat ground is based on 70 encoder pulses per control interval and 

40% pulse width, which leaves sufficient reserves for maintaining the same travelling 

speed for inspection up vertical walls. 

3.3.2.3 Calibration of Odometry System and UMBmark Experiment 

Odometry is based on integration of incremental motion information over time and 

the assumption that wheel revolutions can be translated into linear displacement 

relative to the floor. Reasons for inaccuracies in the translation of wheel encoder 
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readings into linear motion can be categorised as systematic errors and non sys

tematic errors [9]. Non systematic errors are not directly caused by the kinematic 

inaccuracies of the vehicle's propulsion system, but arise through factors such as 

wheel slippage, floor irregularities, external forces, internal forces resulting from 

castor wheels and non-point wheel contact with the floor. Systematic errors, in con

trast, build up because of the modelling error due to the parameter uncertainties in 

the kinematics equations which are used to convert the wheel's displacements into 

vehicle's displacements: They can arise from unequal wheel diameters, differences 

between left and right wheel diameter and nominal wheel diameter, misalignment of 

wheels, limited encoder resolution and limited encoder sampling rate [25]. System

atic errors are particularly grave, because they accumulate constantly and therefore, 

for inspection of smooth surfaces, they make the major contribution to the over

all odometry error. Careful mechanical design and the most common calibration 

methods based on Least Square techniques [8, 9] and the University of Michigan 

Benchmark (UMBmark) procedure [24] reduce these systematic errors significantly. 

As the calibration procedure proposed by Borenstein and Feng [26] claimes to be 

capable of isolating and identifying minute mechanical inaccuracies such as wheel 

diameters that differ as little as 0.1%, this method was selected and applied. 

For differential drive mobile robots, the two dominant systematic error sources are 

unequal wheel diameters and the uncertainty about the effective wheelbase [27]. 

These two errors, Ed and Eb respectively, are dimensionless vehicle specific values 

defined as: 

and E 
_ bactual 

b- , 
bnominal 

(3.8) 

where b is the wheelbase of the vehicle and DR and D L are the actual wheel diameters 

of the right and left wheel, respectively. Eb only affects turning manoeuvres while Ed 
has an effect only on straight line motion. By measuring the individual contribution 

of these two dominant errors, their effect can be compensated for by the on board 

software. Therefor the inspection vehicles complete a variation of the University 

of Michigan Benchmark (UMBmark) test for mobile robots, a set of well defined 

experimental runs where each vehicle is programmed to traverse the four legs of a 

4x4 m square path. As the subject of investigation are vehicles of miniature size 

and due to the size of the available test specimens, this path was reduced to 0.75 

x 0.75 m. The experiment was performed five times in clockwise (cw) and counter 

clockwise (ccw) directions and yielded five sets of return position errors (eXi' eYi,). 
Averaging reduces the random effect of non-systematic errors and yields the centre 
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of gravity of the cluster of return positions for each cw and ccw test: 

1 n xc.g• = - LeX, 
n i=l 

1 n 

Yc.g. = - Ley, 
n i=l 

(3.9) 

For deriving correction factors from the error distribution pattern, two odometry 

error characteristics in orientation, Type A and Type B, are defined. As illustrated 

in Fig. 3.19, orientation errors which reduce or increase the total amount of rotation 

of the robot during the square path experiment in both cw and ccw direction are 

of Type A, and Type B errors in orientation are defined as reducing or increasing 

the total amount of rotation of the robot during the square path experiment in one 

direction, but increasing or reducing the amount of rotation when going in the other 

direction. Type A errors are caused only by the wheelbase error while Type B errors 

result from unequal wheel diameters. Both can be calculated as follows, utilising 

expressions for a and {3 derived from the geometric relationships in Fig. 3.19: 

a = 
X c.g.,C1II + xc.g .,CC1II 1800 

(3.10) -4L 7r 

{3 
xc.g.,C1II - xc.g.,CC1II 1800 

(3.11) - -4L 7r 

R+~ 
Ed 2 (3.12) -

R-~ 

Eb 
900 

(3.13) - 900 -a 

with R being the the curvature of the path of Fig. 3.19b 

(3.14) 

Compensating for these errors in software is achieved by defining the two correction 

factors 

2 
(3.15) 

and 

2 
(3.16) 
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F igu re 3.19: UMBmark Eperiment Type A and Type B errors in orientation in 
ccw and cw direction [26]. 

which are implemented in the calculation of the travelled distance per wheel as: 

(3.17) 

where Cr.1 i a conversion factor to translate encoder pulses into linear wheel dis

placement: 

nDn 
Cm = C

e 
. (3.18) 

NL /R i th pulse increment of the encoder, Dn the nominal wheel diameter and Ce 

is the encoder resolution in pulses per revolution. 

For this xperim nt , information about the robots orientation is solely based on the 
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encoder data without accessing the output of the on board gyroscope. As mentioned 

previously, the position estimation is particularly sensitive to inaccuracies in the 

robot's orientation. Higher accuracy can be achieved by using Bayesian Techniques 

or Kalman filtering to fuse data from both measurement systems [117,128,184,197, 

205]. 

Fig. 3.20 shows the one dimensional range measurement performance of the wheel 

encoder system with an uncertainty ellipsoid typical for odometry based positioning 

of mobile robots. The vehicle's final position is measured after moving along a 

preprogrammed straight path of 1 m length. The ellipsoid results from the fact that 

the uncertainty grows more quickly in the direction perpendicular to the robot's 

direction of movement. The standard deviations in x- and lateral direction are: 

U x = 0.75 mm and U y = 10.69 mm. (3.19) 

There are no significant discrepancies between these results and results obtained 

from experiments on non-ferromagnetic surfaces. Hence, the impact of increased 

slippage on non-ferromagnetic surfaces, where contact between wheels and ground 

is reduced due to continuous absence of the magnetic force, is minor. 

When performing the UMBmark experiment with 0.75 m path length in cw and ccw 

directions, the final positions in relation to the starting position of the robot are as 

illustrated in Fig. 3.21 and 3.22. The standard deviation for position coordinates 

before calibration in two dimensions is 

19.74 mm < ux / y < 22.8 mm. (3.20) 

This changes to 

6.08 mm < ux / y < 28.15 mm (3.21) 

after calibration, and the centre of gravity of the cluster of cw turns improves from 

[-65 mmj -49 mm] to [-3 mm; 9 mm], as shown in Fig. 3.21. 
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Figure 3.23: Cricket unit, configurable as listener or beacon. 

3.3.3 The Absolute Positioning System 

3.3.3.1 Introduction 

As described in the previous subsection, the main drawback of the relative position 

estimation is the long term,. inaccuracy. For this reason, Cricket units, developed at 

the MIT Laboratory for Computer Science [173, 205, 289], are configured as fixed 

listeners and as beacons on the robots to derive 3D absolute position information by 

trilateration. For inferring the distances between the vehicle to the three listeners, 

each beacon periodically broadcasts its space identifier on an RF channel at 433 Mhz 

and synchronously emits an ultrasonic pulse at 40 kHz. The listeners receive both 

pulses with a time difference, as the RF pulse travels with the speed of light and 

ultrasound propagates through air at approximately 343 m/s. From these different 

arrival times and knowledge of the ambient temperature, the distance between one 

listener and a beacon is calculated. The default transmit power level and the embed

ded antennas provide a range of about 30 meters indoors for the radio transmission 

while the maximum line of sight ultrasound range is 10.5 meters. 

The listeners are attached to a portable and foldable frame, as illustrated in Fig. 3.24. 

Assigning coordinates to the listeners, the beacons are localised with reference to the 

local coordinate system of the frame. In this way, the system is kept versatile and 

mobile for a wide range of applications. Denoting the position of listener 1 on the 

frame as the origin of this reference system and placing the remaining listeners at 

L2 = (r, 0,0) and L3 = (0, r, 0), the position of the robots in Cartesian coordinates 

(xn Yr, zr) is calculated by simultaneously solving the set of three equations 

(3.22) 
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Figure 3.24: Overall ystem concept - position estimation by trilateration. 

to 

(3.23) 

(3.24) 

(3.25) 

If the portable frame i in taIled above the area of intere t, only the negative solution 

of Equation 3.25 has to be con idered. 

3.3.3.2 Configuring Cricket Units 

The Cri k t ommand Interface erve for configuring the Crickets and is accessible 

via th standard communication uLility HyperTerminal [278]. The parameters for 

thi erial command interface are: 

Tran mi ion speed: 
Data format: 
Flow control: 

top bits: 

115200 bits/second 
bits, no parity 

Xon/Xoff 
1 

Figure 3.25: Parameter for Cricket serial interface 

All command ' hav identical g n ral format and utilise one of two directives [263]: 

'G t ' (G) return th valu orre ponding to the parameters specified in the com-
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mand and 'Put' (P) sets the value of the specified parameter to the specified com

mand argument. To configure units as beacons, the parameter of the run mode 

command (MD) is set to '1': 

P MD 1 <return> 

In addition, the temperature compensation for the time of flight measurement of the 

Cricket units is activated for maximum accuracy by setting the accordant parameter 

of the temperature sensors command (TP) to '1' and the parameters of the display 

units command (UN) is set to '1' to plot the measurements in [cm] and [DC]: 

P TP 1 <return> 

P UN 1 1 <return> 

For the listeners, the parameter of the output format command (OU) is set to '0' to 

switch off the automated listings and restrict the output to responses to the beacon 

listing (LS) command: 

P OU 0 <return> 

Eventually, the above settings have to be saved to flash memory to be active the 

next time the beacon is powered up: 

P SV <return> 

In order to reduce energy consumption, the on board RS-232 chip of the beacons is 

disabled by placing the test switch of the modules in the 'off' position. 

3.3.3.3 Error Propagation 

The accuracy of distance measurements between two Cricket units is stated to be 

between 1 cm and 3 cm [289]. However, the variance of this error is ascertained 

more precisely by linear displacement experiments and found to be proportional to 

the absolute value of the measured distance: 

(3.26) 

Three of these measurements are necessary to extract a single space coordinate. 

The probability distribution of the three coordinates Xr , Yr and Zr, each of them 

depending with known functions Ii on the three input signals d1, d2 and d3 according 
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to Equations (3.23), (3.24) and (3.25) can be described with the output covariance 

matrix Cp given by the error propagation law: 

(3.27) 

where Cp is the covariance matrix representing the propagated uncertainties for the 

position coordinates, CD is the covariance matrix representing the uncertainties of 

the individual distance measurements and FD is the Jacobian matrix defined as 

TT (II) 8 8 8 
FD = VI = [VD • I{D)] = h (lcf lcf lcf)' 

h 1 2 3 

(3.28) 

The three distance measurements between the robot and the listeners can be re

garded as being independent from each other, hence 

(3.29) 

This yields the covariance matrix Cp which represents the propagated uncertainties 

for the 3D space coordinates according to Equation 3.27: 

(3.30) 

since 

and with the partial derivations as in Equations 3.32 - 3.37. 

Figures 3.26, 3.27 and 3.29 visualise the propagated uncertainties at different po

sitions employing Gauss' law of error propagation. For a measurement result y = 
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I(A, B, C, ... ) derived from different independent measurands A, Band C, the result

ing measurement uncertainty u(y) in dependence on the measurement uncertainties 

of the individual measurands u(A), u(B) and u(C) is given by: 

u(y) = (a
l r (a

l r (al r aAu(A) + aBu(B) + acu(C) + .... (3.31) 

With 

aXr aYr dl (3.32) 
adl 

-
adl 

- r 
aXr d2 

(3.33) = 
ad2 r 
aYr d3 

(3.34) 
ad3 

-
r 

aZr dl (4 - 24 + 4) 
(3.35) 

adl 
-

rJ -d~ + 24r2 + 244 - 2r4 - 2d1 - d~ + 24r2 + 244' 
aZr d2(~ + r2 +~) 

(3.36) = 
ad2 rJ -d~ + 24r2 + 244 - 2r4 - 2dt - d~ + 24r2 + 244' 
aZr -d3(4 - r2 _~) 

(3.37) 
ad3 

-
rJ -d~ + 24r2 + 244 - 2r4 - 2dt - d~ + 24r2 + 244' 

and Equation 3.26 this yields the measurement uncertainties of the positioning co-

ordinates: 

u(Xr) - (dl r (d
2 r -;:-u(dl ) + --;:-u(d2) , (3.38) 

u(Yr) - (dl r (d
3 r -;:-u(dd + --;:-u(d3 ) , (3.39) 

u(zr) - (aZr r (aZr r (aZr r ad
l 
u(dl ) + ad

2 
u(d2) + ad

3 
u(d3) • (3.40) 

For a plane parallel to the plane defined by the portable frame this yields the aver

age positioning accuracy in x-, and y-direction visualised in Fig. 3.26: As expected, 

highest accuracy is at Po = [20; 160] in the central area between listeners on the 

frame in the first quadrant, and with an inter-listener distance of 300 cm the error 

increases as shown. To optimise positional accuracy for inspection of two dimen

sional surfaces, the parameters frame distance h and inter-listener distance r are 

determined analytically. For re-initialisation of the odometry system, a high local 

accuracy in a single point is vital and is achieved by choosing low values for rand h, 

as visible in Fig. 3.29. By contrast, as can be seen in Fig. 3.27, reasonable accuracy 

over a larger surface results from greater values for rand h. A C-algorithm has 
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been developed to determine those values for rand h that yield the largest surface 

coverage for a given threshold in the point of highest accuracy. For example, placing 

the beacon at 

(3.41) 

with a listener distance r of 50 cm yields an accuracy, according to equations 3.38, 

3.39 and 3.40, of: 

u(xr ) = 3,4cm u(Zr) = 7,6 cm. (3.42) 

This theoretical error propagation is validated experimentally by positioning the bea

con at different locations within the observation space and determining the Cartesian 

coordinates with the implemented C-routine for trilateration. The result is displayed 

in Fig. 3.28: The colour marks indicate the position estimation derived from trilat

eration while the bold marks each represent the true position of the beacon. As 

shown, the measured position is within the previously ascertained tolerances. 
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Figure 3.28: Measurement uncertainty of the reference based positioning system, 
bold dots representing real position and regular dots measured posi
tion of beacon ('3D Grapher') . 
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Figure 3.29: Propagated uncertainties for x- and y- according to Gauss' law of 
error propagation, frame distance from surface = 40 cm, inter-listener 
distance 50 cm. 
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Figure 3.30: Conditional density of variable x based on data Zl and Z2. 

3.3.3.4 Kalman Filter for Absolute Positioning 

Kalman filtering is regarded as the optimal solution for tracking and data prediction 

tasks that involve multiple uncertain measurements. It is a recursive data process

ing algorithm for dealing with noise corrupted data in robotics but also in areas 

as diverse as aerospace, marine navigation, nuclear power plant instrumentation, 

demographic modelling and manufacturing [145, 197, 218, 221]. Its strength lies in 

its simplicity and computational efficiency. A Kalman filter processes all available 

measurements, regardless of their precision, to estimate the current value of the 

variables of interest utilising knowledge of: 

• the system and measurement device dynamics 

• the statistical description of the system noises 

• measurement errors 

• uncertainty in the system models 

• any available information about initial conditions. 
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For this, the confidence in the measurement is balanced against the confidence in the 

state estimate to determine the amount by which the state estimate should change 

[145]. As illustrated in Fig. 3.30, the best estimate of a variable x based on the two 

measurements (or a measurement and an estimate) ZI and Z2 is p.. ZI and Z2 have 

the standard deviations 0"1 and 0"2 and are taken at tl and t2' The probabil.ity of x 

being a certain value based on ZI and Z2 is represented by f:.;(t2)1.c(tl,t2) {XIZl, Z2). 0"2 

in Fig. 3.30 is smaller than 0"1, hence the second measurement or estimate is more 

accurate than the first one and the optimal estimate J.l. at time t2 is closer to Z2. 

Although 0"1 is large, the standard deviation 0" of this optimal estimate p. is still less 

than 0"2, which shows that even poor quality data can provide additional information 

and increase the precision of the filter output. 

The Kalman Filter addresses the general problem of estimating the state x f !R1l of a 

discrete time controlled process that is governed by the linear stochastic difference 

equation 

(3.43) 

with a measurement Z f!Rm 

(3.44) 

h(Xk) is the observation model relating the state Xk to the measurement ZIc according 

to Equation 3.22: 

( 
J X2 + y2 + Z2 ) 

h(x) = J(x - r)2 + (y)2 + Z2 

J X2 + (y - r)2 + Z2 

(3.45) 

The random variables Wk and Vic in Equations 3.43 and 3.44 represent white process 

and measurement noise. They are assumed to be independent of each other and 

normally distributed as illustrated below: 

p{w) '" N{O, Q) 

p{v) '" N{O, R) 
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Q and R are referred to as the process and measurement noise covariance matrices: 

Q - E[wkwl1 

R - E[vkvl1. 

(3.48) 

(3.49) 

Both might change with each time step. The n x n matrix A in the difference 

Equation 3.43 is the transition model relating the state at the previous time step 

k-l to the state of the current step k in the absence of both a driving function and 

process noise. The n x I matrix B is the control input model relating to optional 

control input U E lR' to the state x. As mentioned previously, Kalman filters use the 

most recent sample and its internal state to project ahead and produce an estimate 

of the state vector for the next time step. If Xk E lRn is the a priori state estimate at 

step k, given knowledge of the process prior to step k, and xi: E lRn the a posteriori 

state estimate at step k given measurement Zk, the a priori and a posteriori estimate 

errors ei: and ek are defined as 

e; - Xk - x; 
ek - Xk - Xk. 

The a priori and a posteriori covariance matrices are then 

P; - E[e;e;T1 

Pk - E[e;el1· 

(3.50) 

(3.51) 

(3.52) 

(3.53) 

Pk can be interpreted as a measure for the estimated accuracy of the state estimate. 

Recursive Kalman filter algorithms start with initial values for Xk-l and Pk- 1 and 

recursively condition the current estimate on all of the past measurements in a 

feedback loop [2381: 

x; - AXk-l + BUk-l (3.54) 

P-k - APk_1AT + Q (3.55) 
P-HT 

Kk k (3.56) -
HP;HT+R 

Xk - x; + Kk{Zk - h(x;» (3.57) 

Pk - (I - KkH)P; (3.58) 
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Where H is the Jacobian of the observation model h(Xk): 

- 8hli] 
H[iJ] = ax (Xk,O). 

Ii] 
(3.59) 

The term H PKHT in Equation 3.56 corresponds to the covariance matrix Cp of 

Equation 3.27 in Section 3.3.3.3, though a different observation model is utilised 

here. 

The filter algorithm thus has two stages: time update and measurement update. The 

time update equations project the current state and error covariance estimates to 

obtain the a priori estimates for the next time step, while the measurement update 

equations provide feedback by incorporating a new measurement into the a priori 

estimate. Equations 3.54 and 3.55 are also referred to as predictor equations and the 

measurement update equations 3.56 - 3.58 as corrector equations. As the measure

ment error covariance R in equation 3.56 approaches zero, the residual is weighted 

more heavily. That is, more confidence is put into highly accurate measurements 

of Zk. The noiseless connection H between the state vector and the measurement 

vector serves for correctly propagating only the relevant component of the mea

surement information and magnifies only the proportion of the residual that does 

affect the state. Equation 3.57 computes the a posteriori state estimate as a linear 

combination of the a priori state estimate a weighted difference between the actual 

measurement Zic and a measurement prediction h(x'k). The difference Zk - h(x'k) in 

Equation 3.57 is referred to as measurement innovation or residual and Kic is the 

Kalman gain. If Q and R are constant, both the estimation error covariance and 

the Kalman gain will stabilise quickly and then remain constant. These parameters 

can then be precomputed by either running the filter off-line or by determining the 

steady-state value of Pic' 

The position-velocity filter model of the inspecting robots is based on straight move

ments with a constant velocity along the surface of the test specimen and the discrete 

absolute position measurements. The filter utilises the most recent distance sample 

to project ahead and produce an estimate where the vehicle should be in the next 

time step. When the next distance sample arrives, the Kalman filter corrects its 

internal state taking into account the difference between where the vehicle would 

have been had the prediction been accurate and the actual distance sample. The 

state vector x'k in Equations 3.54 - 3.58 contains the X-, y- and z- coordinates of 

the vehicles. The process noise variance is assumed to be 1 cm and the measurement 
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Figure 3.31: Propagation of conditional probability density. 

noise covariance R is measured prior to operation of the filter: 

(3.60) 

for a measurement in two dimensions with known horizontal position z and with 

a standard derivation according to Equation 3.26. The impact of Q is clarified in 

Fig. 3.31. The robot is travelling with a constant velocity 

dx 
d

t 
= Vrobot + w, (3.61) 

with w being a noise term which represents the uncertainty in the knowledge of 

the actual velocity due to disturbances and effects not regarded in the first order 

equation above. The conditional density of the robot position travels along the 

abscissa at nominal speed V,.obot while simultaneously spreading out about its mean. 

The resulting performance of the implemented filter is shown in Figure 3.32: The 

red line is a simulated circular path of an inspection vehicle and the blue marks 

represent the noise corrupted measurements of the beacon system. Applying the 

filtering technique described above yields the smooth estimated robot path plotted 

in green. Also, clearly visible is the reduced accuracy in the third quadrant resulting 

from greater beacon-listener distances, as described in Section 3.3.3.3. Figure 3.33 

shows the performance of the filter on a simulated straight path. 
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F igure 3.34: Screenshot of RobCon interface. 

3.4 Host Program Structure 

3 .4.1 Graphica l User Interface 'RobCon' 

For overall control of the robotic team and implementation of the two independent 

po itioning y tem di cu ed in the previous sections, the system is designed as 

visualised in Fig. 3.24: A ho t PC controls the team of robots and receives the dis

tance measurements between the beacons on each robot and the three listeners on 

the portable frame [or calculating the position of the robots in Cartesian coordinates 

as de cribed in Se tion 3.3.3. For this purpose, the MS-Windows application 'Rob

Con' has b n d velop d utili ing the Microsoft Foundation Class (MFC) to create 

the Graphical er Interface hown in Fig. 3.34. In addition to the RobCon C++ 
elas , thi dialog b d application comprises 'CSerialPort' for serial communication 

and the library elas DrawWindow' for visualisation of the robot positions. The 

window in th top left corner o[ this interface displays the 3D-coordinates of each 

vehicle if the Crick t y tem i activated beforehand, by pushing the corresponding 

radio buttons. With the two radio boxes below, the user is able to address spe-
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cific robots and switch between 'manual mode', 'target mode' and 'automated scan 

mode'. The box for manual control contains push buttons for forward and backward 

vehicle movements, left and right turns, a vehicle stop and buttons that initiate 900 

and 1800 turns. Depending on the ID of the vehicle that the user wants to address, 

a corresponding command is sent via the serial port. The editable text area for 

setting the target position is active in 'target mode', while the search pattern and 

clockwise or counter clockwise scanning direction can only be set in 'automated scan 

mode'. An emergency stop button is active at all times. On the right hand side of 

the interface the 3D position of the vehicles, with reference to the absolute coordi

nate system, is displayed, with yellow boxes representing the listeners on the frame. 

Each robot is marked as a red dot and its path is plotted in blue. 

3.4.2 Interfacing the Cricket Units 

The main program consists of an event-driven thread for vehicle control and a paral

lel timer thread for position estimation and plotting. This timed thread accesses the 

listeners by opening the accordant COM port every 1000 IDS, which is the average 

interval between beacon messages [263]. The output format of each listener is set 

to 'no output' to switch off the automated reports, as described in Section 3.3.3.2. 

Instead, the timed thread of the application is sending a listing command: 

G LS <return > 

and each listener lists the unique ID of all beacons that signals have been received 

within the past 15 seconds and the last five distance measurements received for these 

beacons. The listener ID is a permanent 64-bit number that is returned in the form 

of 8 hexadecimal numbers and cannot be changed. The output is a string in ASCII 

format, a typical listing of three beacons in range is: 

LS 0: 5:f2:66:b1:a:0:0:df 211 213 212 211 211 

LS 1: 3:f2:32:67:a:0:0:45 156 156 156 156 156 

LS 2: a:42:0:b4:a:0:0:21 91 91 92 92 91 

To convert the distances of the string above into integers, a subroutine extracts the 

relevant three-, two- or single digit numbers by searching within the string for both 

space and control characters which separate the individual measurements and mark 

the line feed. 

As Ultrasound-based sensors suffer from specular and multi-path reflection from 

multiple objects [27, 96], the average distance of the previous four measurements 
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is utilised to detect and compensate erroneous readings: In case the latest distance 

sample exceeds a previously defined range of tolerance, it is regarded as an outlier 

and replaced by the average distance. This feature is of particular importance for 

the path plotting feature of the program, where a single wrong set of positioning 

coordinates results in a corrupted plot. The new distance sample then serves as 

the base for the the trilateration equations with the inter-listener distance r as a 

parameter. To establish the hardware connection between the host and the listeners, 

a USB Hub and Serial to USB adaptors are required to interface each Cricket unit. 

The baud rate for this connections is 115200 b~s, while communication between the 

robots and to the host is established at 38400 b~s as described in Section 3.2.5.8. 

3.4.3 Target Mode 

For automatically directing a vehicle to a certain x-y position in 'target mode' with

out orientation information and to establish basic position control, an estimate of 

the robot's driving direction is derived from the latest two consecutive sets of co

ordinates at tl and t2. The target position and the current vehicle position are 

compared as shown in the structogram in Fig. 3.35 and visualised in Fig. 3.36. A 

general description of structograms is given in Section 3.5.2. Depending on the 

quadrant and the driving direction, a 'correct-left' or 'correct-right' command ac

cording to the command protocol in Table 3.2 is sent to the vehicle, which reacts 

with a minor heading change into the direction of the target. If the robot is driving 

straight away from or towards the target, within a corridor between quadrants of 

width d, as illustrated in Fig. 3.36, the host is sending no command or a command 

for a 1800 turn respectively. The routine is completed once the vehicle position 

equals the target position plus a selectable tolerance. The smaller this tolerance, 

the longer the routine takes for completion. In this way it is possible to navigate 

the vehicle up to 5 cm close to the target position, if it is located at the point of 

highest accuracy described in Section 3.3.3.3. 
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true false true false 

Left Raght Turn Str Raght Left Turn 

(Xr; Yr): Current Position of Robot 

Left: Minor heading change to left 
Right: Minor heading change to right 

Str. 

Yr< Yt? 

true false 

Right Left Turn Str Str 

(Xt; Yt): Desired Target Position 

Tum: 180°Tum 
Str.: Straight, maintain heading 

Figure 3.35: Structogram Target Mode. 
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Figure 3.36: Schematic of target algorithm. 
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Command All Robot 1 Robot2 Robot3 Robot4 

left 1 a A n N 
right 2 b B 0 0 
back 3 c C p P 

forward 4 d D q Q 
left90 5 e E r R 

right90 6 f F s S 
scan ccw 7 9 G t T 
scan cw 8 h H u U 
go 1m 9 I I v V 

correct right 0 j J w W 
correct left \ k K x X 

stop_ I I L Y Y 

start nde [ { £ % & 

stop_ nde ] } $ " • 
acknowleged # - + = ? 

Table 3.2: Command protocol for serial communication. 
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3.5 Onboard Program Structure 

3.5.1 Introduction 

The Microcore-ll MCU offers 18 interrupt vectors supporting 22 interrupt sources. 

Interrupts are a common technique for multitasking. They are asynchronous signals 

from hardware indicating the need for attention or synchronous events in software 

reporting the need for a change in execution. A hardware interrupt causes the 

processor to save its state of execution, the contents of all registers, via a context 

switch, and begin execution of an interrupt handler. Software interrupts are usually 

implemented as instructions in the instruction set, which cause a context switch 

to an interrupt handler similar to a hardware interrupt. In both cases, the pro

gram counter is loaded with a vector that points to the new location from which 

instructions are to be fetched. The interrupts utilised in the programs running on 

the HCll are recognised when the global interrupt mask bit in the condition code 

register (CCR) is clear. For some interrupt sources, such as the Serial Communica

tions Interface (SCI) interrupt, the flags are automatically cleared during the normal 

course of responding to the interrupt requests. 

In a computer architecture, a register is a small amount of fast memory providing 

quick access to commonly used values. The micro processor moves data from the 

memory into its internal registers for processing, operates on them, and moves the 

result back into the main memory. There are two different types of registers: accu

mulators, and index registers. While accumulators are utilised to perform arithmetic 

or logical and bit operations, index registers point at data that is located in mem

ory. At the start of the main program running on the HCll, the relevant registers 

for serial communication, AID conversion, timers and counters input capture- and 

timer functions and interrupts are set initially and configured continuously during 

execution depending on the different operations. 

The analog input port, which interfaces the gyroscope and the NDE payload, is 

configured by the System Configuration Options (OPTION) and the AID Control 

Status (ADCTL) registers. In order to use the AID converter, the system has to 

be powered-up initially by setting the corresponding bit in the OPTION register. 

There are two banks of four analog channels each, and during normal operation only 

values from either of these four-channel banks are converted. The channels and the 

sampling mode are selectable via the ADCTL register. Since sampling a channel 

takes a significant amount of time, it is possible to repeatedly sample only a single 

channel for close monitoring of a particular signal. The HCll timing system is 
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Figure 3.37: implified 68HCll architecture. 

compod of fiv clo k di\'ider chain, the main one of which includes a 16-bit free

running counter (TC IT) which i driven by a programmable prescaler controlled via 

th Tim r lnt rrupt Iask R gi tel' 2 (TMSK2). There are four timers, each with its 

own output ompare regi l r which i compared against TCNT, and the programmed 

action i ' tart d oon as th value of TC T matches the value in the timer's 

output mpar r gi t r. F\lrth rmore, the lICll supports a pulse accumulator that 

op rat ' ith r a impl event counter or for gated time accumulation. In event 

counting mod ,thi ' -bit count r increments when a specified edge is detected on an 

input pin, and during gated time accumulation an internal clock source increments 

th count r whil an input 'ignal has a predetermined logic level. In addition to the 

pul a umulator. th r ar thr input capture registers at port A. These store the 

tim xt mal v nt occur at the as ociated input pin by transferring the value 

of T T into th input captur regi ter pair as a single 16-bit parallel transfer. 

A ' m n ion d pr vi u 'ly and illu trated in the simplified block diagram in Fig. 3.37, 

th 11 11 in Iud , [ atur ' for rial line input and output, AjD converters, pro

gramm bl . tim r ' nd ount r . While Port C is a bidirectional digital port, Port 

B is unidir i nal nd for output only. The data direction of Port C is configured 

via the data dir ti n (DDR) r gi Ler. Port E is the analog input port, Port 

A impl'Ill nt ' 'p ial tim rand counLer circuitry and port D is dedicated to serial 

inpuL and output function . 

3.5.2 rial Communications Interface Interrupt and Main 

ubrout in 

In omputing, a ~lru to ram, a1 'o r f rr d to as Nassi-Shneiderman diagram, is a 

graphical deign r pr s ntation for tructur d programming. Algorithms and pro

gram functions ar illustrat d as a flow hart to vi uali e the logical structure follow-
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letting baudrate and registers 
IWltch on test LED for 11 for Indication of nJ'uling program 

activating Int~1 

while (1) procesl commandO; " waiting for lertallnterrupt 

switch (command) 
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lelt riltrt back fO"dd leiOO ri\tlOO scan_~ scan_cw IJUm corred_~ht coned.JeIt stop star\..nlle slop_nile m. left right ... 

Figure 3.38: Top level structogram of on board program. 

ing a top-down design: the problem at hand is reduced into smaller subproblems, 

represented as nested boxes, until only simple statements and control flow con

structs remain. Hence, consistent with the philosophy of structured programming, 

structograms have no representation for a 'goto' statement. 

The basic elements of structograms are processes desribing a program function as 

pseudocode. For instance, the first line in the structogram in Fig. 3.38 represents 

the set of commands for the initial set up of the baudrate and registers at the 

beginning of the on board programs of the robots. In the case where the process 

is an elementary command directly translated from the source code, this is marked 

by a semicolon. Loop notations are utilised when processes are repeated until a 

certain condition is met while a double forward slash is indicating comments for a 

more detailed description, as shown in line four of Fig. 3.38. The selection symbol, 

a rectangle divided into three parts by diagonal lines, marks decisions with the 

condition or decision in the uppermost triangle and the two possible outcomes on 

either side of the decision. For a Case statement, the multiple cases are listed next 

to each other in a table format, as illustrated in lines seven and eight of Fig. 3.38. 

The programs running on the individual controllers of each robot utilise the SCI 

interrupt handler to respond to incoming commands on the serial port. As shown 

in the top level structogram in Fig. 3.38, the program stops until a character from 

either the main host or another team member is received. According to the command 

protocol in Table 3.2, the vehicle then starts the requested subroutine. Each team 

member can be addressed either individually by its own unique set of characters or by 

the set which is shared by all robots. The Serial Peripheral Interface Status Register 

(SPCR) for this purpose has to be set to ObOlOlOOOO and the Serial Communications 

Interface Control Register 2 (SCCR2) to ObOOlOllOO. As the Turbo version of the 
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Microcore-ll board contains a 9.8304 MHz crystal which supports a Baud rate of 

38400 bits/s, the Baud Rate Control Register (BAUD) has to be set to ObOOlOOOOO 

and the Highest Priority I Bit of the Interrupt and Miscellaneous Register (HPRIO) 

to Obxxxx0100 (x - arbitrary) in order to elevate the SCI system above all other 

interrupt sources. 

With the corresponding character on the serial port, the subroutine 'forward' is 

started: Motors, variables and counters are initialised, the encoder readings are reset 

and the vehicle starts the scan. The ADCTL Register is set to ObOOllOOOO and the 

OPTION Register to OblOOOOOOO to enable A/D conversion on pin ANO and sample 

the input from the NDE sensor. As shown in the structogram in Fig. A.44 and 

Fig. A.45 and described in Sections 4.5.3 and 5.4.1, different algorithms, depending 

on the vehicle payload, are utilised for reliable defect detection. 

As illustrated in Fig. A.46 and Fig. A.47, the subroutines for minor corrections to 

left and right for the operation in 'Target' mode, for a straight line movement of 1 m 

and the subroutines for 90° turns comprise a while loop that monitors the encoder 

output. In contrast, the structograms of the subroutines for basic left, right and back 

movements and stopping are of plain structure, as shown in Fig. A,47, Fig. A.48 and 

Fig. A.49. A combination of these elementary routines build the subroutines 'scan

ccw' and 'scan-cw' for initiation of a counter clockwise or clockwise scan respectively. 

The subroutines 'start-nde', 'stop-nde' and 'acknowledged' only consist of setting 

the accordant flag, which is utilised in the 'forward' routine described above and for 

organisation of communication between multiple vehicles. 

The software structure described is predictable according to the hierarchical model, 

also referred to as the classical, functional or engineering model with three levels of 

abstraction and a top-down implementation [31]. The highest level takes the driving 

decisions, in this case the main routine of the top level structogram in Fig. 3.38, 

which responds to commands from the main host by starting one of the requested 

subroutines of the medium level. Execution of the actual driving commands and raw 

data processing of the sensors is left to the bottom layer, the actual interface to the 

vehicle. In contrast, a program architecture based on a behaviour-based model is 

bottom-up designed and less predictable: Each robot's functionality is encapsulated 

in a small self-contained modules, behaviours, which run as parallel processes while 

an overall controller coordinates the activation of behaviours at appropriate times 

to achieve the desired objective. 
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3.5.3 Shaft Encoder Pulse Accumulator Software Driver and 

Input Capture Registers 

As the HCll comprises only one pulse accumulator, the right wheel encoder output 

on pin PAO is monitored by the IC3 interrupt handler and the accumulated pulses 

are fed into the input capture register three (IC3). To configure the register for 

this operation, the Timer Control Register 2 (TCTL2) is set to Ob00000001 and the 

Timer Interrupt Mask Register 1 (TMSKl) to Obxxxxxxxl. The IC3F flag is cleared 

by setting the Timer Interrupt Flag 1 Register (TFLG 1) to Obxxxxxxx1 at the start 

of the program and after every interrupt. By contrast, for the left encoder the 

internal 8-bit counter associated with port A pin PA7 and the pulse accumulator 

register PACNT is utilised for counting the rising edges. The pulse accumulator 

control register (PACTL) is therefore set to ObOlOllOOO to declare port PA7 as 

input, PA3 as output and set the Real-Time Interrupt Rate (RTI). Both left and 

right encoder readings provide the required input for the pulse-width modulation 

software driver described in the following section. 

3.5.4 Pulse-Width Modulation Software Driver and Output 

Compare Registers 

The motor speed in the PI-loop of Fig. 3.18 described in Section 3.3.2.2 is set by 

sending a pulse width modulated signal exploiting the latency of the mechanical 

motor system: instead of generating an analogue output signal with a voltage pro

portional to the desired motor speed, it is sufficient to generate digital pulses of 

amplitude equal to the system voltage. Varying the pulse width changes the ef

fective analogue motor signal. The three output compare registers OCl, OC2 and 

OC3 determine the length of this duty cycle and are compared with TCNT. Both 

the Output Compare 1 Data Register (OCID) and the Output Compare I Mask 

Register (OCIM) are set to ObOllOOOO to enable the motors on PA5 and PA6 via the 

H-bridge and to specify the action of disabling both motors after each duty cycle, 

the Timer Control Register I (TCTLI) is set to Oblxlxxxxx. 

3.5.5 Gyroscope Software Driver 

For deriving the orientation information, the gyroscope output is integrated over 

time: 

l
kT 

Sg(k) = Sg(k - 1) + 8(t)dt + vg(k) 
k-l 

(3.62) 
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The sampling time is 10 IDS. Before each turn, the gyroscope is initialised by taking 

20 readings which are stored into an evaluation vector. The arithmetic mean of this 

vector, as well as the largest and smallest reading, are determined, and the difference 

between the sample and the arithmetic mean is utilised for integration. Only those 

values contribute, that are outside the previously defined span. After ascertaining 

the exact threshold for 90° turns by calibration experiments, 8 g(k) serves as the 

terminating condition for the main while loop in the corresponding subroutine. 
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Chapter 4 

Eddy Current Inspection 

4.1 Introduction 

For inspection of electrically conducting material, Eddy Current (EC) Inspection 

is one of the most widely used and well-understood NDE techniques, which is par

ticularly sensitive to service induced fatigue cracks and stress corrosion cracks of 

0.1 mm depth and less [28, 65, 107, 122, 252]. It gives an instantaneous indication 

and offers high reliability and potential for rniniaturisation. In general, EC sensors 

provide the most reliable results for NDE [21, 94, 152, 195, 239]. 

4.2 Theory 

According to [107] any practical eddy current test requires the following: 

• a suitable probe, 

• an instrument with the necessary capabilities, 

• an approximate idea of size, location and type of the flaws it is desired to find, 

• a knowledge of the material conductivity and whether it is magnetic or not, 

• a suitable test standard to set up the equipment and verify correct operation, 

• a procedure for accept/reject criteria based on the above, 

• the necessary operator expertise to understand and interpret the results. 

EC testing is based on generating alternating currents in a test coil with frequencies 

between 100 Hz and 10 MHz which induce eddy currents in conducting material 
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Figure 4.1: Effect of lift-off, conductivity and crack on coil impedance [155]. 

in close proximity [105]. The ECs generate a reverse magnetic field, that affects 

the loading on the coil which leads to changes in its impedance. A crack in the 

surface immediately underneath the test coil interrupts or reduces the EC flow, thus 

decreasing the loading on the coil and increasing its effective impedance. Fig. 4.1 

shows the effect of lift-off A and conductivity u: The inductive reactance of the coil 

increases for higher values of A and lower values of u as shown. The effect of a 

crack on coil impedance is represented by the vector in Pl' With the conductivity 

being as low as in point P2 , discrimination between impedance change caused by 

probe clearance and impedance change caused by a crack requires higher accuracy. 

Apart from lift off, cracks and conductance the change of the test coil impedance is 

affected by: 

• magnetic permeability in a ferromagnetic specimen p. 

• metallurgical variables in the specimen 
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• primary coil size 

• test frequency 

• dimensions of the specimen 

• the orientation of the crack 

Furthermore, the density of ECs within a material decreases monotonously in thick

ness direction, which is referred to as skin effect. Pivotal to efficient EC inspection 

is good probe design. Particularly, the probes ability to induce and detect ECs in 

the material under test. The coil usually contains a ferrite core, a rod of electri

cally non-conductive ferromagnetic ceramic compound material consisting of iron 

oxide, to focus the magnetic fields into the work piece, thereby increasing the probe 

sensitivity to the defect. 

Three different probe types are distinguished: Absolute EC probes probes consist of 

a single coil and do not compensate for material variations, non planar orientation 

(wobble) and temperature changes. In contrast, differential probes consist of two 

sensing elements which are placed at different locations of the test material. Com

pensation is achieved as the instrument responds to the difference between the EC 

conditions at the two points. The third probe type is the reflection or driver-pickup 

probe, which has a primary winding driven from an oscillator and one or more sensor 

windings connected to the measurement circuit. Depending on the configuration of 

the sensor windings reflection probes give a response equivalent to either an absolute 

or differential probe. 

Surface crack detection is normally carried out with pencil probes with the probe 

axis normal to the surface at frequencies from 100 kHz to a few MHz. Depending on 

the surface condition cracks up to 10 JLm depth are detectable [105, 160, 217, 232]. 

The following sections describe the development of the EC test equipment which 

incorporates two sensing differential coils for autonomous operation on a miniature 

inspection robot. 

4.3 Simulation 

Prior to the actual design of the probe, the induction of eddy currents in a metallic 

test sample is simulated with Femlab. The coils for this simulation are based on 

an array instrument for offshore applications developed earlier [220] and consist of 

30 windings of 31 SWG wire around a 15 mm x 1.5 mm ferrite core with a relative 
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Figure 4.3: Bridge circuit of two differential coils. 

to the change in coil impedance, it is measured by determining the phase angle 

between the two signals with a phase discriminator. The two coils are positioned 

on a vertically adjustable spring loaded lever, as shown in Fig. 3.14. This maintains 

a constant minimum sensor lift off by holding the probe in firm contact with the 

surface. The probe is located at a maximum distance from DC motors to avoid 

electro magnetic interference. The initial coil design is based on the work of Thomson 

[220] as described in the previous section. The probe consists of two coils 1 cm apart. 

The inductance of each coil is directly proportional to the square of the coil diameter 

d and the number of windings N: 

(4.2) 

with J,lo being the the permeability of free space (471" 1O-7~), J1-r the dimensionless 

relative permeability of the ferrite core (48), A the cross sectional area of the coil 

in square metres and l the length of the coil in metres. This yields a theoretical 

inductance of 16 J,lH, which is in compliance with the experimentally determined 

values of 15.8 J,lH for coil 1 and 14.2 p.H for coil 2. The DC resistance of the coils is 

R = 71'pdN, 
A 

(4.3) 

which yields ~ O.lmO and can be disregarded. For accurately detecting a change 

of inductance, the two coils are driven in a series resonant circuit with two 100 pF 

capacitors and two additional resistors. Equation 4.4 gives a theoretical resonant 

frequency of 3.97 MHz. 

1 
f = 271'-/W 

WL __ 1 

tancp = we 
R 

(4.4) 

(4.5) 
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According to Equation 4.5 the theoretical phase angle at resonance is zero, and mar

ginal changes in the inductance of either of the coils will therefore cause a significant 

change of the phase angle between them. 

In order to improve the sensitivity of the sensor further, the coil diameter and the 

number of windings are increased in a second design step to achieve a higher coil 

inductance of 1.2 mH on a flawless mild steel surface. With two 1 nF capacitors 

these coils work close to the optimum operational frequency of the ferrite cores 

at approximately 145 kHz at resonance, depending on the exact inductance of the 

manufactured coils. The inner and outer diameter are increased to 5 mm and 10 mm 

respectively, and thinner 34 SWG wire allows for 400 windings. 

Fig. 4.4 shows the circuit diagram of the eddy current module. The MAX660 mono

lithic charge-pump voltage inverter converts the regulated 5V from the motor driver 

board into -5V which is needed for operation of the remaining Ies. The high fre

quency function generator MAX038 produces a sine wave signal, which is selected 

via Ao and Al in Fig. 4.4. The output frequency is inversely proportional to the 

capacitor 0/ and can be set manually by the variable resistor ~n to adjust the exact 

resonance frequency of the coils. In this way, compensation for both deviations of 

coil and material properties of the test specimen is achieved. The internal frequency 

adjust circuit of the function generator, intended for fine frequency control inside 

phase-locked loops, adds a temperature coefficient to the output frequency, and as it 

is not required for this application, this feature is disabled by connecting the FADJ 

pin to ground through R3 • However, in this configuration the oscillator frequency 

doubles, which changes the formula for the output frequency to 

(4.6) 

with v,.e/ being the internal reference voltage of 2.5 V on pin 1. The generated 

signal is fed into a high speed unity-gain open-loop buffer BUF634, which provides 

250 rnA output current for driving the two coils. As at resonance the coil impedance 

is minimal, the current limiting variable resistors ~nl and ~n2 are used to adjust the 

maximum available current through the coils. The higher the current through the 

coils, the higher the induced eddy currents and consequently the greater the probe 

sensitivity. Both AC signals are connected to the non-inverting input of LM311 

voltage comparators which work as zero crossing detectors and provide two square 

waves with a phase difference equivalent to the phase difference between the two 

eddy current coils. These signals are the input for the balanced phase comparator 
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of the XR-215A phase-locked loop system, the DC voltage between pins 2 and 3 

of which corresponds to the phase difference between the signals on pins 4 and 6. 

Adjustable voltage dividers consisting of RB, R,g, ~n3 and ~n4 scale the output of 

the phase comparator to a range of 5V for the following instrumentation amplifier. 

This differential amplifier is adjustable via ~n5 and ~n6 to provide appropriate gain 

of the phase difference signal: 

(4.7) 

The output of the instrumentation amplifier is subsequently connected to one of the 

analog input pins of the micro controller. 
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frequrncy 11l nil' . on u fin\\'1 ... s 11l t I :urfa c and above a the crack as illustrated. In 

parti 'u\cu th' pha: l' ns l " how high ' '11 'itivily towards dcfects and lift off. More

ov r, as slIgg 'st d h ' h mon [220], a di ' rimination between impedance changes 

that r suI from \1lrintioll in lift off net tho 'e that ar cau ed by the presence of 

a ra k is po~!:-ih\(' \\'h'l1 Op<'f t ing at (h indicat d working frequency. This offers 

many advnutas . with r ·gard to utomal d 'can ' where maintaining a constant 

pr br lift off, C]J -inll: 011 lin '\" n surfa ' . on titute one of the major problems. 

Pr viding lhat th : pro\w i ori nlnt d ' 0 that th onnecting line of t he centre of 

th two oils b panlld t tit main dri\'ing dir Lion of the robot, as shown in 

ig . 3.11, (h front oil will cro~:-. n n k or a.n indentation before the back coil, 

and lhr alg< billie ~igll of tit pha: ( changciv ' a I a.r indication about the type of 

irrcglliarit.y. Th' following ~ -tion. pn-i'lll r 'ult ' of aULonomou scans of a variety 

of tcs SP( illl'lll-> ht nilled with lh ll-board E i L quipment described above. 

4.5. £ rm tion and Euler Angles 

Wh('ll d tC'rlllinin~ (h ' , 1 I lonlioll of n dd tit h ' Lo b taken into account that 

th' c'o r<iillilt .~ )f th l! p ... ilioJling Illoduk llla, w'11 b different from the position of 

t h( net tlH I j b . 'IN)I which d 'IR'llds 011 t h' ri niaLi n of the robot-fixed reference 
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Figure 4.6: b 'olut r fer nc frame A and robotfixed reference frame R. 

fram within th global ab olut reference frame. Coordinates can be transformed 

from thi ' robot-fix d r feren e frame R into the absolute coordinate system A by 

a quenc of thr 

typically us Enl r angt to d 

of Eul r angJ i ' d fin dill : 

rotations. Engineering and robotics communities 

ribe these rotations. The z-x-z form (x-convention) 

1. Rotation ov r angle ¥' about z-axi of the laboratory (absolute) reference frame 

2. Rotation "r angl () about the new x-axis 

3. otation v r angl ¢ about z-axi which has been obtained as a result of the 

pr vious two rot 

Th r tati ns ar . n t lllmulativ. II n e, the transformation matrix that trans-

form ' ordinal f a [ram R into oordinate of a frame A is: 

(4.8) 

[ 

C 1/' 

b ~'sind> + 
, () in <p in 'IjJ 

e <p in 'if; 

in I.' ' in e 
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- sin t/J cos 4> - cos () sin 4> cos t/J sin () sin if> ] 
- sin t/J sin 4> + cos () cos if> cos t/J - sin () cos 4> 

cos t/J sin 4> cos 9 

(4.9) 

where if>, () and t/J are the Euler angles. The origin of the robot fixed reference frame 

R coincides with the origin of the positioning module and is orientated as illustrated 

in Fig. 4.6. The position of the first of the two Eddy Current coils and the middle 

Hall element in this robot fixed coordinate system is 

(

-52 ) 
x!= -68 mm 

-85 

and X!!ft = ( ~ ) mm, 
-85 

(4.10) 

as the position of the middle Hall element in the robot fixed coordinate system is 

directly below the origin of the positioning module. The vectors in the absolute 

coordinate system for compensation of the offset between positioning module and 

actual NDE payload are thus: 

(4.11) 

and the corrected position of the defect in absolute coordinates 

_ A 
Xcorr - Xmeaa + X • (4.12) 

4.5.2 Upside Down Inspection of an Inclined Steel Plate 

For a first test of the overall system the bottom side of an inclined plate of mild 

steel was scanned by an autonomous vehicle equipped with an EC probe, with the 

top of the robot facing towards the lab floor. During turning manoeuvres, between 

AB and BA of Fig. 3.5, the scan is interrupted. The plate has an inclination of 

420 and a 2 mm through hole at an arbitrary position. The distance between the 

three listeners according to Fig. 3.24 for this experiment is 500 mm and the frame 

has been positioned with reference to the plane defined by the plate as shown in 

Fig. 4.7. Following the right-hand rule for the algebraic sign of the rotations, the 

Euler angles for the robots scanning the plate are 

and ( 4.13) 
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for scanning in direction 1 and 

0=-132° and (4.14) 

for direction 2. The rotary matrices according to Equation 4.9 hence are 

[ -1 
0 

Si~O ] R~(8h = ~ -cosO (4.15) 

sinO cos (} 

and 

[ ~ 
0 -s~nO ]. R~(8h = cosO ( 4.16) 

sinO cosO 

which yield the vector for taking the offset between positioning module and actual 

NDE payload into account: 

(4.17) 

for direction 1 and 

(

-52 ) 
x! = -18 mm 

107 

(4.18) 

for direction 2. Comparing the vectors of Equations 4.17 and 4.18 with the true 

position of the defect [-125; 182; 585jT mm shows a deviation of up to 18% between 

the uncorrected and corrected position. 
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Pi ur 

t d defe t at bottom side of inclined steel plate. 

97 



igur 4. : 'l<,st specimen with artificial defects of varying depths. 

4.5.3 Probability of Detection of A rtificial Pits in Steel and 

Aluminiun1 

For comparing th p<'rf rman of th EC te t-equipment with the MFL method 

and in particular with th ' in p Lion technique in terms of the accuracy of the 

positioning h)'st Ill. two 1m x 1m plat of t el and aluminium have been machined 

containing a set of nin 3 x 1 cm artificial d feet simulated corrosion pits that 

vary in depth from 10% to 0% of tolal plat thickne and are distributed equally 

as shown in ig. 4.. \' raIl lhickn of both plates i 1.5 mm. As described in 

clion 1..1. the output of th ph . comparator i connected to one of the analogue 

input pins of th lUi ro ontroll r. whi hi continuously sampled while the vehicle is 

scanning tIl(' surfac . or xaluation. th following algorithm is implemented in the 

scanning routin of th robot: The av rag over 20 sample i taken for analysis to 

r('clurc' t 1lC' mfillrnrr of random nois. 'cqucncc of 40 of these average readings is 

'l r d in n V(' tor e wi hold n' ding being replac d by new ones by a fir t-in-first

out (I ) prill Ipl ' \\'ith 'wry new av rag d measurement, the average gradient 

of the 1 f( 20 vaIu s of is compar d with th gradient of the right 20 values. The 

diff('l'c'llCt' of th e grn lirllts indirat '8 a d fe t, as hown in Fig. 4.9. The robot stops 

. soon as t h diff'l lice xc d. a threshold and ends the m asurement of the phase 

clif[('l'('Il<'(' to th(' host wl1<'l'<' it is stoH'd togdlH r with Ul<' positioning information. 

Plotting t hI'S dat a. H. sUIlling a \"nlue blow th thre hold at all remaining po itions, 
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Figur _9: Typical ~ignal r 'ulting from 0.15 mm deep defect on a plate of mild 
st 1. 

an autonomous s an produc . th - can image of the inspected metal plate shown 

in Fig. 1.10. Th criti al thr -hold corre pond to the ROC criterion in Fig. 2.3 and 

can b varied in the on-board program t.o achieve the desired ratio of True Positives 

to Fal 'c Positiv s. Exp rim ntal inv ligation have shown that the accuracy of the 

EC scnsor i:-; d OM' to 100%. For d fe t down to 0.3 mm depth located at the end 

of a 50 cm tpst path. in 20 out of 20 attempts the robot detected the defect at its 

orr . t position at th cnd of th path. The analog input of the microcontroller, 

whi h is COllll cted to th ~DE n 'or. i - ampl d approximat.ely every 100 ms while 

the robot is scanning. That i, b ' th tim the robot reaches t.he defect there has 

alrpacly be 11 ~\ high numb r of Tru gative detections at each attempt. Thus, 

as~mmil1g a numb r of -0 Truc ~egative det ctions per attempt , this yields an ROC 

curve which f\lllS d os \ t the coordinate [0; 1J of the ROC plane. The confusion 

matrix for the E s .usor is shown in Tabl 4.l. The criterion can be set so that the 

numbrr of fabe positiY and fal ' n gativ hit, according to Section 2.7, is do e to 

zero for d('f ·ts down to 0.3 mm d pth and th probability of detection (PoD) for 

this def ct siz ' is 100%. In th<' xp rim nlal tup de cribed earlier, the robot tops 

in lout of 20 att<'llIpt ' at the end of th 'canning path [or defects with 0.15 mm 

d pill . This yi('lds tIl<' confusion matrix -hown in Table 4.2 as the robot does not 
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TP - 20 - 1 - 20- FP = 0 

FN=O TN = 1000 - 1 
1000 -

Table 4.1: Confusion matrix of the EC sensor for 0.3 mm defects in steel 

TP = ~~ = 0.9 FP = 0 

FN = 0.1 TN = 1000 = 1 
1000 

Table 4.2: Confusion matrix of the EC sensor for 0.15 mm defects in steel 

stop at any position other than the defect. 

Experiments on an aluminium plate have shown, that the confusion matrix for 

defects down to 0.45 mm depth is identical to Table 4.1 and for 0.3 mm defects a 

confusion matrix identical to Table 4.2 was obtained. 
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Chapter 5 

Magnetic Flux Leakage, Ultrasonic 

and Visual Inspection 

5.1 Introduction 

For ferromagnetic structures, in particular pipelines, magnetic flux leakage (MFL) 

inspection is commonly used and it is the most cost effective method for monitoring 

metal loss due to corrosion, pitting or gouging [20, 141, 143, 177, 215]. It finds wide 

application for in-service inspection of oil and gas pipelines, wire ropes, and floors 

of storage tanks, where corrosion pits can develop up to a rate of 5 mm per year 

[21, 142, 168,236, 190]. Since direct contact with the test material is not required, it 

is robust and suitable for automated high speed testing. MFL inspection is regarded 

as a qualitative technique and largely a screening tool, which is usually followed by 

ultrasonic inspection for determination of defect characterisation. 

5.2 MFL Inspection - Theory 

Permanent or electromagnets magnetise the specimen to near saturation flux density 

and the magnetic flux lines, the magnetic lines of force, are uniform and unperturbed 

Figure 5.1: Principle of Magnetic Flux Leakage inspection. 
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Figur 5.2: Wheel a the ource of the magnetic field for inspection. 

inside th ferromagnetic mat rial [105J. If there is a surface-breaking or a subsurface 

flaw. th r is a local chang in p rm ability v , and the field is distorted causing local 

magu<'iic flux INtkag(' fi('ld~ . A sensor i placed bciween the' poles of the magnet 

to d t t the leakage field . id ntify damaged areas and estimate the depth of metal 

loss. Fig. 5.1 illn trale ' the general principle of MFL inspection. The magnitude 

change of lh ' magnetic field can be dciected by miniature Hall sensors, which detect 

chang , of magn tic field up to 0.02 mT and achieve a spatial resolution of up to 

1 mm [55, 136. 141. 142. 16 . 195, 26 J. Experiences with a single scanning-type 

lIall sen 'or for valuation of w ld quality in automotive tailor-welded blanks indicate 

cxc 11 nt potential of thin 'p tion method based on a moving Hall sensor and an 

inspection apparatus that creat the magnetic field by fixed permanent magnets 

[55. 142J. 

As d scrib('d in lion 3.2 miniaturi ation has high priority during the design 

proce . Hrnc . th prototype v hie! for MFL inspection utilises the field created by 

the two magn tic wh l ' ( ' the ource fi ld, a illustrated in Fig. 5.2 and Fig. 5.3. 

The onla t ar a of th longitudinal magneti ed magnets with the ferromagnetic 

t st object th Il can b approximated as a thin line of length t. Fig. 5.3 shows the 

di tribution of th flux lin ' on the plan urface of a ferromagnetic test material: 

with the 11 rth p Ie of th left wh I fa ing the outh pole of the right wheel this 

arrang III nt i . charaet ritic of ' tandard MFL inspection principles. The following 

srctions rover the simulation of this magnC'tic field and invC'stigatr the theoretical 

iIltC'fHctiol1 with flH\\,~ Clnd imperf dion . 
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Figure 5.3: Qualitative distribution of flux lines on surface of ferromagnetic mate
rial. 

5.3 MFL Inspection - Simulations 

5.3.1 2D Magnetic Field Modelling 

The change of the magnetic field above the surface due to imperfections in the test 

material can be imulated b a variety of software packages such as Maxwell 2D 

[269], An ys [270], F mlab [272] Co mas [273], MagNet [280], QuickField [293] or 

Vector Field ' [300]. Th 'e tool, for general electromagnetic field modelling, simulate 

stati magn tic fi Id in ro - ctions of structures by employing finite element 

analy i . Aft r p ifying g ometrie and material properties the field strength and 

the magneti ftu..x d n 'it at arbitrary locations of the highly non linear magneto

static sy t m ar al ulat d utilising Maxwell's equations: 

B = /-10 (II + 1) 

B = \lxA 

J = \1xII 

(5.1) 

(5.2) 

(5.3) 

with B bing th magn ti flux den ity, H the magnetic field strength, M the 

int nsity of magn Lisation in the material, /-10 the magnetic susceptibility, J the 

lilT nt d n 'ity and A the magn tic potential. 

n r t d with ~lax\V 112D, shows the distribution of flux lines within the 

te t obj t and th ' urrotmding air. The era s-section runs through the supporting 

points f th magn ti wh 1 on the test surface. A thin crack is situated in the 

material 

and hav 

/-1r of th 

ntrally b tw n both wheels, which are assumed to be 100 mm apart 

a di m t r of 3 mm and a Lhickness of 6 mm. The relative permeablity 

t st urfae i 4000 £ r iron the magnetic field strength H of the N d-
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Figure 5.4: Fluxlin within the test material and the surrounding air. 

Fe-B p rman nt magne .9.105 Ai m and the magnetic flux density is set to 

1.23 T [269J. Th imulated gap, 1 mm wide and 4 mm deep, is filled with air with a 

relative p rm ability J.Lr of 1. The urfaces of all objects are modelled with Neumann 

boundarie : th magn ti fi ld i perpendicular to the edges of the problem space 

and conLinuou aero all object interfaces. After specifying these parameters, the 

t t pec.mon , .ron 
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Figur 5.5: Magn ti fi ld above mat rial with and without flaw, modelled with 
Ma.xw 11 2D. 

, automati all er ate the finite element mesh and calculate the 

d ir d magll ti fi ld olution. Fig. 5.5 5.6 and 5.7, generated with Maxwell 2D, 

QuiC'kFi('ld and ('llliau show a comparison of the magnetic field strength B in the 
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Figure 5.6: ~lagneti field above material with and without flaw, modelled with 
QuickField. 

centr b tw n th wh with and without defect. When the vehicle passes over 

a defect , the flux lin which run within the test material from the north pole of 

right wh 1 to th outh pol of th left wheel are diverted causing a reduction of 

th magneti fi ld tr ngth immediately above this crack, visible as the blue areas 

in Fig. 5.5, 5.6 and 5.7. The value of the change in flux density varies depending 

on th ofLwar tool u d: 

• F mlab: 0.3 mT 

• QuickField: 0.7 mT 

• Maxw 11: 4 mT 

This hangr j ' lightly mall r compar d with the variations in flux density between 

1 mT and 10 mT whi h ar common for standard large scale NDE equipment [142, 

236]. How v r furth r imulation show, the change of the magnetic field above 

ignifi antI wh n the wheels of the robots are closer together and 

thu ' r ate a ' trong r magn tic field in the sensing area. For this reason, the design 

of th v hi 1 . carrying th IFL te t equipment is different from the other vehicles 

by having a r du d wh 1 to whe 1 di tance of 42 mm, as described in Section 3.2. 
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Figure 5.7: Detail view of magnetic field above material with flaw, modelled with 
F mlab. 

Th optical encoder ' of the in pection vehicles are located above the ensing Hall 

plat ' whil th motor unit are attached at the outside of the frame in order to 

avoid magn . ti 

5.3.1.1 Eft t of Lift-off 

As visibl Figur 5.5, 5.6 and 5.7, the change of flux density is limited to the region 

dir ctly abov t he defect . H nc , the impact of lift-off distance is investigated closer: 

Fig. 5. and 5.9 how th field tr ngth with and without a flaw being present as a 

[un Lion ofnrfa ditan b d on imulation with the software package Fernlab. 

Whil th height of th ' n ing Hall element is less crucial at large area defects, 

mall d pdf ct cau (' m urabl fi ld change only directly above the surface, as 

cl arly vh;ibl wh n comparing th 'e two plot. lIence, the sensing Hall elements 

ar mount d on a 'pring load d in Section 3.2.5.9, to maintain a 

on 'tant minimum di. tane b tw n th array and the inspection surface. 
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Magnetic Field Strength [mT] above 5mm imperfection in surface of testmaterial 

3 
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Vertical Distance from Flaw/Testsurface [mm) 

Figure 5.8: lagnetic fi Id trength vs. height above a 5 mm wide and 2 mm deep 
d f t, material: iron. 
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Figur 5.9: Iagn tic field 'tr ngth v . height above a 1 mm wide and 4 mm deep 
d C t, mat rial: iron. 

10 



Ie 

16 

U +--'Ir--

~ 12-l-- -T-
~ 
~~ 
:! .§. 10 
.... CD 
.j 
f 8-l--

• 

Magnetic Field Strength [m1] above Smm non-centered imperfection 
In surface of testmaterial 

-+-Wrth lmmflaw, non. 
centered 

_WIthout flaw at same 
pOint 

2+------~-----~-----~------------------~ 
a 2 

Vortlc.1 Oistuce from FlawfTestsurfacelmml 

Figure 5.10: ~Iagn('tic field trength vs . height above a 5 mm wide and 2 mm 
deep non- ntral crack in an iron test surface. 

5.3.1.2 on-e ntral D feet 

Ac ording to simulation wher the defect is located at a non-central position be

tween the whe '1., the field d'llsity change in a similar manner as if it was located 

in th e ntre: 5 mm wide and 2 mm deep defect in 12 mm distance from the 

left whe 1 and 30 mm from th right wheel causes a reduction of the magnetic flux 

density in the ntr b twe n the two wheels analogous to Fig. 5.7, as shown in the 

plot in Fig. 5.10. 1'0 vid nt. in thi configuration, is the high sensitivity to lift-off 

distanc . Tlm" th r ticall th ntire area between the two wheels is investigated 

during a single canning motion, which ignificantly increases the effective covered 

ar a. This not only r .du th time required for a complete scan with a single 

s nsing lIall el m nt, but aloin pire the development of a linear Hall sensor ar

ray p siLion .d along the conn dian line of the two support points of the wheels as 

d 'cribcd in dion 3.2.5.9. 

5.3.1.3 Effi t of High P rm able Yoke 

As visibl in Fig. 5.2. IFL in 'p ction usually involves a high permeable back yoke 

for closing th magn'ti loop. whi h increases the sensitivity of the system up to 

200% [21, 136. 16]. in (' in th cas of the in pection vehicles, the magnetic wheels 
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Ma,gntUc Field Strength [mT] .bove1 mm naw with Yoke 
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Figure 5.11: ~fagn tic field trength vs. height above a 1 mm wide and 4 mm 
d p crack in an iron te tsurface, vehicle design with yoke. 

create th source field for in pection, a flexible connection between the inner side of 

the wh Is and 'uch a yok i ' required. In practice, carbon brushes could establish 

this connection, and with an iron back yoke, the theoretical change in field density 

in the c nirr of the \Vh el increase from 0.2 mT to 1.5 mT, as can be seen when 

comparing Fig. 5.9 with Fig. 5.11 . 
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surrounding air 

Figure 5.12: 3D plot of magnetic field, Femlab. 

5.3.2 3D Magnetic F ield M odelling 

To llpport th r ults o[ th two dim n ional simulations of the previous sections, 

the wh 1-. p cimcn-dcf ct configuration was modelled in three dimensions with the 

I ctro magn tic add-on module of Femlab: An iron plate with two Ne-Fe-B disc 

magn t is lo('at d within a 'phere of air. The boundary conditions of the sphere are 

set to magn .ti in 'ulalion and for all remaining surfaces within the sphere continuity 

is as 'urn d: 

n x - 0 

n x (III II2 ) - 0 

(5.4) 

(5.5) 

Th domain within the. eF B magnet. and the test pecimen is governed by Equa

tion ' 5.6 and 5.7. Hb th iron i ' not magn ti ed (J-Lr = 4000): 

'\7 X (ILo 1'\7 x r\ - JI) - O"/.' x ('\7 x A) - r 
'\7 x (Po IJlr IV X ... 1) - 0'1} x ('\7 x A) - J(' 

(5.6) 

(5.7) 

The sub domain ' tOng [or condu tivity and magnetisation of the magnets are 

O'm - 1.12· 107 and 1 = .9· 105~, th velocity v and the external current density 

JC ar z roo The width of th 'imulated crack and the wheel distance are identical 
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Figure 5.13: ehicle chassis with Hall sensor on test specimen. 

to th(' simulation in two dim n ion. Fig. 5.12 show a cross section slice plot per

p ndicular to th t ·t 'urfac and the moving direction of the vehicle. The result is 

idcnlicalto th on obtain d with the imulation in two dimensions: a reduction of 

th magnetic fi Id tr ngth dir ctly above the imperfection. For this purpose the plot 

is manually "Cal d to highlight a linear distribution between Bmin = 9.317 . 10-5 T 

and Bmax = 6.112·10 3 T. which leads to extensive white areas of regions that are 

out of range. 

5.4 M FL Inspection - Experimental Results 

To validat th th or tical 'imulation of the previous chapter, a large scale version of 

th vehi Ie has 'i W . con ·tru t d with a wheel di tance of 100 mm and equipped 

with a Hon well 94 2 Hall effect probe to prove the concept of utilising the 

magnetic field of th wheel for urface inspection. Three sets of holes, varying from 

5 mm lo 1 mIll in diam ler and d pths of 5 mm, 3 mm and 1 mm, are investigated 

as shown in Fig. 5.13. With th vehicle moving along the test surface the Hall 

prob d te t !; chang " of magnetic flux density above the artificial flaws. The level 

shift inp, and s < linp, circuit of Fig. 5.15 amplifie the output ignal and compensate 

for th bias of th n 'or. lO-bit AjD conversion of this signal takes place on a 

16-bit Rene 'as 116- mi ro ontroll r shown in Fig. 5.14. A protection circuit 

cOW:lisling of a r tifying and a zen r diode constrains the output voltage within OV 
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Figure 5.15: Level shifting and scaling circuit with additional diodes for limiting 
the overall voltage range. 

and 5V. The output voltage in Fig. 5.15 is: 

(5.8) 

This can be shifted from U minln "" U m&Xln to U minout ,.... U m8.Xout by varying Rf and 

R2 according to Equations 5.9 and 5.10. The voltage drop at the rectifying diode is 

Udiode = 0.6V, U I = 12V, ~ = 100Kn and R2 = 20Kn. 

(5.9) 

(5.10) 

The measured Hall sensor output on an even flawless surface changes periodically 

with low frequency periodic background noise, as shown in Fig. 5.16. This periodic 

change of the magnetic field results from inhomogeneous magnetisation of the disc 

magnets and has to be taken into account when interpreting the sensor data. The 

frequency depends on the vehicle's travelling speed. 
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Figure 5.18: Quantitative validation of simulation. 
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A typical signal resulting from the set of artificial flaws described above without 

this low frequency component is presented in Fig. 5.17: Clearly visible are the 

voltage drops which indicate the positions of the drilled holes. Moreover, as shown in 

Fig. 5.18, the change in voltage supports the theoretical calculations of Section 5.3.1 

quantitatively (~B = 0.3 mT): The sensitivity of the Hall Sensor is S = 50 :~ and 

the amplification factor of the signal conditioning circuitry K = ~ is 30. Thus, 

1 
~B = ~U KS = 0.215 mT (5.11) 

The shape and size of the signal depend on the speed of the vehicle and the sampling 

rate. Hence, interpreting the raw signal on the micro controller without filtering al

lows for fast calibration without hardware changes. For different materials and types 

of defects, the corresponding parameters are adapted in the software, as described 

in the following section. 
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Figure 5.19: C-routine monitoring the average gradient of Hall sensor output volt
age. 

5.4.1 Interpreting the Data of a Single Hall Sensor 

Fig. 5.19 shows the signal that results from a single Hall element passing over 5 mm 

and 4 mm boreholes from Fig. 5.13. To filter out the low frequency component 

caused by the rotating wheels and detect a defect, a C-routine running on the on 

board controller monitors the average gradient of the conditioned Hall voltage. The 

main part of this algorithm is a vector x containing the 2n last recent measurements. 

The difference between the average gradient of the first n elements Xl of this vector 

and the average gradient X2 of the last n readings build the detection criteria: A 

defect is present, if 

(5.12) 

is true for m consecutive samples, where b is a buffer value for controlling the 

sensitivity of the routine. This buffer effects the Probability of Detection as follows: 

Increasing b reduces the number of false positive hits, whereas a decrease of b leads 

to less false negatives - flaws are more likely to be detected. 
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Figure 5.20: ix element Hall array - experimental results. 

5.4.2 Interpreting t he Data of Hall Sensor Arrays 

J 

6 

To incrcas the urfa e coverage per travelled distance and to improve reliability, 

the performan e of arra of Hall en ors, illustrated in Fig. 3.13 and Fig. 5.20, is 

investigated. Th output of each Hall element in Fig. 5.20 corresponds to its position 

and orientation within th array - Hall elements 1 and 4 are passing over the flaws 

of Fig. 5.13 and th r for yi Id a more distinct indication of defects compared to the 

data d riv d from a ingle el ment. The delay and the shape of signals caused by 

flaw ' vari . betw n differ nt material and defect types and depends on the vehicle's 

tray lling sp d and th ampling rate. Hence, it takes considerable computational 

power to btain unambiguou flaw indication. Arranging three Hall sensors in a 

lin ar configuration betw n the contact points of the magnetic wheels , as depicted 

in Fig. 3.13, redu th e oftware overhead and offers higher reliability. Due to 

the id nti al p ition of ach en or with regard to the vehicles longitudinal axis, all 

Hall 1 III nt ov r a flaw simultaneously, which leads to a typical signal shown 

in Fig. 5.21. \ h n in 'ligating large scale defects, the concurrent change of the 

thr av rag gradi nt ' all w ' [or a more distinct defect detection and improves the 

p rforman 'ignifi anlly. For malleI' defects, the combined signal contains further 

information about ,ize and po 'ilion: With only the right element passing over a 
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5.4.3 Detection of Artificial Pits in Steel 

The first generation of inspection vehicles for MFL inspection comprises a three 

element linear Hall array described in the previous section. The output signal of the 

middle element from Fig. 5.21 is utilised to produce a C-scan image of a 1m x 1m steel 

plate with a set of nine 3 x 1 em artificial defects varying in depth from 10% to 90% 

of total plate thickness and distributed equally as shown in Fig. 4.8. This permits 

a comparison of the performance of the MFL payload with the EC equipment and 

the result obtained with a set of ultrasonic transducers as presented in [85]. The 

module for MFL inspection contains three level shifting and scaling circuits from 

Fig. 5.15 and a TC1044S IC for -12V generation, as shown in the circuit diagram in 

Fig. 5.24. The output of each element is calibrated via Rinl _ 6 respectively, and the 

corresponding output voltages between OV and 5V are connected to the analog port 

of the HCll micro controller. Utilising the routine described in Section 5.4.1 yields 

the C-scan image shown in Fig. 5.25. The vector in the absolute coordinate system 

for compensation of the offset between positioning module and the MFL payload, 

as described in Section 4.5.1, is 

x!o = ( ~ ) mm, 
-85 

(5.13) 

as the transformation matrix is 

(5.14) 
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5.4.4 Upside Down Inspection of an Inclined Steel Plate 

The MFL payload described in the previous sections was tested via an upside down 

inspection of a 42° inclined plate of mild steel with identical experimental condi

tions as for the experiment with Ee sensors described in Section 4.5.2. The rotary 

matrices according to Equations 4.9, 4.15 and 4.16 yield the vector for taking the 

offset between positioning module and actual NDE payload into account: 

(5.15) 

for direction 1 and 2. The true position of the defect and the coordinates ascertained 
by the vehicles for MFL inspection is illustrated in Fig. 4.7. 

5.4.5 Inspection of a Pipe Section 

In addition to the experimental validation of the previous two sections, the overall 

system and the MFL payload was tested on a pipe section of 1 mm thick mild steel 

which contains a set of two 20 mm long and 2 mm wide through slots. The vehicles 

were examining the specimen both from outside and inside. Maintaining a constant 

travelling speed via pulse width modulation while circling around the specimen is 

essential for the MFL inspection at this point. For the inspection along the outer 

surface, the frame with the listeners was positioned above the pipe section with 

an inter-listener distance of 197 ern, yielding the absolute coordinate system with 

reference to the specimen as illustrated in Fig. 5.26. Hence, with () derived from the 

position of the defect on the pipe, the Euler angles for the robots scanning the pipe 

section along the outer surface are: 

and 

for scanning in direction 1 and 

() = -4r and 

for direction 2. The rotary matrices according to Equation 4.9 are hence: 

- cos(} 

o 
sin () 
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(5.16) 

(5.17) 

(5.18) 



and 

[ 

0 cos (} - sin (} ] 
R~(8):l = 1 0 0 I 

o sin (} cos (} 
(5.19) 

which yield the vectors for taking the offset between positioning module the MFL 

payload for directions 1 and 2 into account: 

( 

-63) x!o = 0 mm 

-58 
(5.20) 

The true coordinates of the artificial defects [620; 990; -1070jT mm and 

[620; 1315; -1070jT mm and their position ascertained by the inspection vehicles 

is visualised in Fig. 5.26. For the inspection along the inner surface of the specimen 

the inter-listener distance r is decreased to 54 mm and the frame is positioned di

rectly in front of the open end of the pipe section in order to allow for line of sight 

contact between the robots and the listeners. The origin of this auxiliary coordinate 

system H is at OH = [0; 1970; -1360F and it is orientated with reference to the 

absolute system A as illustrated in Fig. 5.26. The Euler angles with respect to the 

reference frame H for the robots scanning the inner surface of the pipe section are 

and (5.21) 

for scanning in direction 1 and 

and (5.22) 

for direction 2. The rotary matrices according to Equation 4.9 are thus: 

nl\(9h - [~ 
cos <I> sinql ] 
sin <I> - c;scf> 

0 

(5.23) 

and 

nl\(9), - [ ~ 
- coscf> mnql ] 
- sin cf> - c;s cf> I 

0 

(5.24) 
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which yield the vectors for taking the offset between positioning module and actual 

NDE payload into account: 

(5.25) 

for direction 1 and 2. The defects are detected at xr = [560; -250; -940]T mm, 

x~ = [530; -260; -920F mm, xr = [540; -260; -630]T mm and 

xr = [560; -250; -640]T mm. Applying Equations 4.12 and 5.25 yield the corrected 

positions. The Euler angles for transforming these coordinates of the frame H into 

the absolute coordinate system A are 

and (5.26) 

which yield the rotary matrix 

co~() -s~n()] = [ ~ 
sin () cos () 0 -1 

o 
(5.27) o 

With 

(5.28) 

the corrected position of the defects in the absolute coordinate system A are xt = 
[622; 1030; -1052F mm, x~ = [592; 1050; -1042]T mm, x~ = [592; 1340-1042]T mm 

and xt = [622; 1330; -1052]T mm, as illustrated in Fig. 5.26. 
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5.5 Ultrasonic and Visual Inspection - Theory 

In terms of structural and material strength, the most serious defects are surface 

breaking and these are detectable by careful Visual Inspection [105]. In partic

ular, weld defects such as severe undercutting or incompletely filled grooves can 

be discovered automatically with an on board camera system which can also pro

vide valuable contextual and quality-control information such as surface shape and 

roughness. Complementary to Visual, EC and MFL Inspection, Ultrasonic (US) 

Inspection gives indication about non surface-breaking and internal defects within 

the test material. 

As described in Section 3.2.5.11, the payload for US inspection comprises a pair of air 

coupled piezoelectric transducers that work as transmitter and receiver in pulse echo 

mode to generate a local zeroth order anti-symmetic (Ao) Lamb wave. Lamb waves 

are two-dimensional guided elastic waves that propagate in solid plates or layers with 

free boundaries [77, 233], their velocity depends on the material characteristics, plate 

thickness and frequency. They are generated by mode conversion of a longitudinal 

wave incident at the boundary of the test piece, when the velocity of the longitudinal 

incident wave equals the velocity of the desired mode of the Lamb wave. For a fixed 

angle of transducer inclination, any change in the thickness of the test material in the 

region between the transmitter and receiver results in an attenuation of the Lamb 

wave, indicating structural change. Lamb waves are free modes of plates, hence their 

amplitude decreases only inversely with respect to the propagation distance from 

the source. For this reason, they propagate over considerably longer distances than 

bulk waves while still offering a reasonable signal to noise ratio. As they interrogate 

the entire thickness of the specimen by producing stresses throughout the plate 

thickness, they are therefore particularly well suited for NDE of thin plates or pipe 

walls with minimal inspection time. 

Fig. 5.27 shows the inspection vehicle with the transducers on the main hold as 

described in Section 3.2.5.9 and illustrated with more detail in the technical drawings 

A.28 - A.3!. 

5.6 Ultrasonic and Visual Inspection - Experimen

tal Results 

For evaluating the US inspection technique experimentally, a the set of artificial 

defects, described in Section 4.5.3 and shown in Fig. 4.8, has been produced within 
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Chapter 6 

Data Fusion 

6.1 Introduction 

'Vhen comparing the results obtained in the previous chapters, the location and 

distribution of defects detected with different NDE payloads vary and may in some 

cases be in disagreement even if related to the same defect. In general, the problem 

of how to combine diverse and uncertain measurements in a multi-sensor system 

is addressed by data fusion techniques such as Bayesian Analysis [16, 57, 66, 131, 

135, 251], Dempster-Shafer Evidence Theory [50, 139, 176, 196], Fuzzy Logic [29, 

118], Graph Pyramids [56, 201], Neural Networks [71, 116] and Wavelet Transforms 

[93, 230]. The objective of these techniques is to reduce uncertainty and increase 

the confidence level of a measurand by synergistic use of information from multiple 

sources, thus creating a consistent, accurate and intelligible data set. The most 

commonly used theories that have appeared in literature in the field of NDE data 

fusion are Bayesian probabilistic reasoning and Dempster-Shafer theory of evidence 

[99]. These methodologies are employed in the following sections to fuse the data sets 

obtained in Chapter 4 and 5. For this the 1m x 1m specimens are divided into square 

shaped 'pixels' with an edge length of 1 em, the resolution of the positioning system. 

Each of these pixels relates to the same position on the sample and represents either 

a flawless surface or a defect. Fig. 6.1 shows the top view of the specimen indicating 

the true positions and depth of the artificial defects in the steel and aluminium plate 

as described in Section 4.5.3. Fig. 6.2, 6.3, 6.4 and 6.5 are interpolated plots of the 

original MFL, EC and US scan results. For the image obtained by US inspection, 

positions where the amplitude of the received lamb wave was below 40 m V are 

considered as defective. 
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6.2 Bayesian Analysis 

Bayes's theory is the most commonly used probabilistic method for combination of 

evidence. It offers the possibility of distinguishing inconsistencies among various 

sources of information and improves the reliability of decision making by reducing 

vagueness and providing a. measure of certainty. In Bayesian inference, evidence or 

observations are used to update the probability that a hypothesis may be true or 

otherwise. An a. priori, a. marginal and a conditional probability are used to pro

duce a posterior probability of a hypothesis. The a priori probability is updated as 

new information is conveyed to the system. The Kalman Filter, which has been em

ployed for improving the accuracy of the discrete time measurements of the absolute 

positioning system as described in Section 3.3.3.4, is an example of combining data 

over time instead of sensor number. 

Given n mutually exclusive and exhaustive hypotheses Hi = {Ho, Ht,··· , Hn} that 

an event or piece of evidence E will occur, the posterior probability P{Hi I E) of 

having E given that IIi is true is obtained via Bayes' theorem: 

(6.1) 

P{E) is the marginal probability of E, the probability of witnessing the new ev

idence E under all mutually exclusive hypotheses. It is the sum of the product 

of all probabilities of mutually exclusive hypotheses and corresponding conditional 

probabilities: 

P{E) = 2: P{E I Hj)P(Hj). (6.2) 
J 

P{E I Hi) is the conditional probability of E given that the hypothesis Hi is true, 

and is also referred to as the likelihood function. P{Hi ) is the a priory probability 

of hypothesis lit. The probabilities of all hyptheses sum to one: 

(6.3) 

The hypothesis for a. particular location on the test specimen are {defect, no defect}. 

Ho is the hypothesis of a. defect being present, and E is the output of the NDE sensor 

at the trilaterated x-y position on the plate. Based on the confusion matrix shown 

in Table 4.2 in Section 4.5.3, the conditional probabilities correspond to the True 
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TP = 0.8 FP = 0.2 

FN = 0.2 TN = 0.8 

Table 6.1: Confusion matrix for data fusion of the EC sensor taking the uncertainty 
of the positioning system into account. 

TP = 0.7 FP = 0.3 

FN = 0.3 TN = 0.7 

Table 6.2: Confusion matrix for data fusion of the MFL sensor taking the uncer
tainty of the positioning system into account. 

Positive and False Positive rate and are thus 0.8 for detecting a defect and 0.2. By 

calibrating of the buffer value as described in Section 5.4.1, a similar performance 

can be achieved with the MFL payload. In addition to these probabilities, the 

accuracy of the positioning system has to be taken into account: Even if the NDE 

sensors have detected a defect correctly, there may be an error in the trilaterated 

position. Hence, considering both the performance of the actual NDE sensor and the 

uncertainty of the positioning system, the probability of a defect being present at a 

particular position is assumed to be 80% for a positive result of the EC inspection 

and 70% for a defect detected with the MFL payload. Alternatively, the inaccuracy 

of the positioning system could be taken into account by a separte iterative step. 

The confusion matrix in Table 4.2 suggests 100% reliability for negative results (TN 

= 1). However, again taking the uncertainty of the positioning system into account 

and according to common practice, identical probabilities are assumed when the 

inspection methods report defects or flawless positions. Thus, 

P ec(E I Ho) = 0.8 and Pm8(E I Ho) = 0.7, 

which yields the confusion matrices shown in Tables 6.1 and 6.2: As the edge length 

of a pixel is 1 em, and the defects in the test specimens described in section 4.5.3 

are 3 cm x 1 cm, the a priori probability of containing a defect is: 

27 
P(Ho) = 10000· 
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6.3 Dempster-Shafer Theory of Evidence 

The Dempster-Shafer (OS) theory is a generalisation of the Bayesian theory of 

subjective probability with the advantage of being capable of handling uncertain, 

imprecise, and incomplete information. OS theory is based on obtaining degrees 

of belief for one question from subjective probabilities for a related question and 

a rule for combining such degrees of belief with independent items of evidence 

[99, 100, 101, 118]. A Frame of Discernment a, also referred to as Universe of 

Discourse, is defined initially: 

(6.4) 

This set of mutually exclusive and exhaustive alternatives defines the working space 

for the application being considered and consists of all propositions for which the 

information sources provide evidence. The evidence is expressed by mass-values m, 

which can also be distributed on subsets of the frame of discernment Ai E 29 . These 
mass-values of subsets of e have to satisfy the conditions 

m(4)) = a (6.5) 

and 

L m(A,) = 1. (6.6) 
Ai e 28 

m(A,) represents the strength of evidence of a single hypothesis Hi or a union of 

hypothesises Hi' The exact belief in the proposition is represented by A. With these 

mass distributions, the belief and plausibility functions can be defined to assign a 

measure of the total belief and disbelief to each proposition represented by the subset 

ofe: 

(6.7) 

L m(Aj) (6.8) 
Ain AiJl!c,6 

with 

(6.9) 
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While the belief function Bel represents the minimum uncertainty value about Ai, 

the plausibility Pis is a measure of the maximum uncertainty value about this 

hypothesis and expresses how much belief is in A if all currently unknown facts were 

to support A. These two measures are also referred to as upper and lower probability 

functions and span the evidential interval [Bel(Ai); Pls(Ai)]. Bel(.Ai ) is the disbelief 

or doubt. For example, if tomorrow's weather forecast predicted a sunny day and 

one could believe this particular forecast to 80%, the evidential interval (EI) for a 

sunny day tomorrow was [0.8; 1]. If one cannot belief in the forecast there is no 

information - it could be sunny or not. This is the basic difference to the standard 

probability approaches, where the remaining 20% are assigned to the complementary 

hypothesis rather than to the frame of discernment. 

In order to derive the mass distribution m = ml EB m2 that contains the joint 

information provided by two different sources, the mass distributions ml and m2 

are combined with Dempster's orthogonal rule: 

m{Ai) = (1 - K)-l x L ml(Ap) m2{Aq) (6.10) 
ApnAq=Ai 

where 

K = L ml(Ap) m2(Aq ). (6.11) 
ApnA.,=1/I 

This changes to 

m(Ai} = (1 - Ktl x L (6.12) 
Ap n Aq=Ai l:Si:Sn 

with 

K= L (6.13) 

for more than two sources. K can be interpreted as the measure of conflict between 

the two sources. The larger K, the more conflicting they are and the less sense 

their combination. If K-1 = 0, ml e m2 does not exist and ml and m2 are called 

totally or flatly contradictory. (1 - K)-l in Equations 6.10 and 6.12 then serves as 

a normalisation term. 

For the inspection of the steel and aluminium plates, the frame of discernment for 
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each pixel on the plates is: 

9 = {defect,no defect}. (6.14) 

A basic probability assignment of 60% is designated to the results of EC, US and 

MFL inspection for easier interpretation of the resulting evidential interval and to 

avoid combining two high and inconsistent mass values. The mass distribution for 

fusing the EC and the MFL scan thus is: 

mec(A,) = 0.6 mec(8) = 0.4 
mm/l(A,) = 0.6 0.36 0.24 
mm/l(8) = 0.4 0.24 0.16 

This yields, for positions where both MFL and the EC scan report identical results, 

an evidential interval of [0.84; 1J for this particular coordinate. So for the white 

regions in Fig. 6.8 there is 84% evidence that there is no defect at these positions 

with a plausibility of 100% supporting this conclusion. Similarly, the red areas 

mark defective regions with 84% evidence and 100% plausibility. The blue lines 

indicate regions where a defect has been detected with only one method but not 

with the other. Hence, according to Equation 6.10, after normalisation this yields 

an evidential interval of [0.375; 0.625J. With an evidence of 37.5% and a plausibility 

of 62.5% there is a defect present. The ignorance is 25% and the disbelief 37.5%, as 
there is no information about which one of the two results is erroneous. 

Fig. 6.9 shows the fused image of the Lamb Wave and the EC scan of the aluminium 

plate. The mass distribution is identical to the fusion of the EC and MFL scan above. 

As in Fig. 6.8, for the white regions there is 84% evidence that there is no defect 

at these positions with a plausibility of 100% supporting this conclusion, and the 

red areas mark defective regions with 84% evidence and 100% plausibility. The blue 

lines indicate regions where with an evidence of 37.5% and a plausibility of 62.5% 

there is a defect present. 
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Chapter 7 

Evaluation of Performance 

7.1 Vehicle Design 

The inspection robots presented in Section 3.2.6 constitute the successful synergy of 

the five different research fields illustrated in Fig. 1.1. Working as a team of multiple 

cooperative vehicles, they exploit information derived from multiple disparate view

points simultaneously, thus perform tasks faster and more efficiently than a single 

unit while also being able to compensate for individual failures. The hardware cost 

per vehicle is approximately £300 excluding the positioning system, while standard 

commercial NDE equipment cost is in the order of £20K [266]. Typically, NDE 

robots for MFL and US inspection have a size of 540 mm x 300 mm x 300 mm and 

a weigh of 15 kg [190, 207]. Hence, the vehicle developed in this thesis achieves a 

size and weight reduction of a factor of three, and for the first time offers complete 

autonomy and adaptability of the NDE payload. Furthermore, the performance 

of NDE payload itself was improved. Pits half as deep compared with previous 

investigations [54, 207, 215] were used for experimental validation. 

To achieve a high level of specialisation without creating a large pool of robots, a 

modular design approach was adopted. Each vehicle was constructed by assembling 

a set of self contained subsystems ranging from computation to communications 

and sensor technologies. Modularity allows for keeping the size of the individual 

robots to a minimum while maintaining the versatility of the team and supports the 

integration of new sensing and processing modalities. This concept significantly en

hances the iterative design process, as the individual modules are easily replaceable 

for repair and test purposes. 

A major requirement was small overall size to allow for application in areas which 

are difficult to access. For this reason, the wheels are mounted directly on the 
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output shaft of the motor-gearbox unit without additional and fault prone bevel 

gears, thus minimising the number of power transmission components. In order 

to reduce vehicle width in this arrangement, the motor units had to be as fiat 

as possible to fit both the encoder and the MFL inspection payload on the same 

vertical axis. Ultrasonic motors were considered initially as a propulsion source, 

as they offer high power to weight ratio and can be used without gearboxes due 

to their high torque at low angular velocities. However, due to low efficiency and 

the large amount of drive electronics required for this type of motor, small DC 
motors were preferred. Similarly, stepper motors, which have a compact design 

and operate without encoders and gearboxes, require twice the power and drive 

electronics compared with DC motors and usually do not offer continuous rotation. 

A brass extension on the output shaft was designed to magnetically decouple the 

motor units from the wheels. This component takes account of the difference in 

diameter of the code wheels and disc magnets and provides an effective shoulder for 

the wheels. A firm connection between this extension and the shaft is established 

by grub screws to avoid backlash between the output shaft and the encoders, which 

would affect precise motor control. 

The propulsion system of mobile robots is by far the greatest consumer of energy, 

hence the main disadvantage of using gear heads is the reduction in motor efficiency. 

The units presented in Section 3.2.5.5 decrease the efficiency to 53%, but are nec

essary to provide sufficient torque and generate the desired travelling speed of the 

robot. The overall locomotion mechanism, with the arrangement and number of 

wheels as described in Sections 3.2.1 - 3.2.4, was successfully tested on a variety of 

three dimensional test specimens and surface conditions. Due to the high chassis 

clearance and the short overall length, the vehicles are theoretically capable of cop

ing with steps and stairs, fins in hulls of vessels, bulges and depressions. However, 

as highlighted in Section 3.2.6, there is insufficient friction between the wheels and 

the surface, so that the minimum required radius of these corners in practice is 40 

mm. 

7.2 Power Management 

Li-Po batteries currently offer the highest energy densities [41] and are commercially 

available as cells with a nominal voltage of 3.7V. As described in Section 3.2.5.3, 

three of these cells are serially connected as the main power source providing 11.IV 

for more than three hours. The voltage of a fully charged Li-Po cell is 4.2V and 
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passive mobile architecture, is more appropriate. The required infrastructure for 

passive mobile architectures is simpler, as the beacons can be placed at arbitrary 

positions without being connected to a central database or host. The active mobile 

architecture, on the other hand, receives simultaneous distance estimates at multiple 

receivers from the mobile device. Hence, it usually performs better tracking than the 

passive mobile system in which each vehicle obtains only one distance estimate at a 

time and may have moved between successive estimates. The absence of guaranteed 

simultaneity of distance estimates implies also, that tracking a moving object entails 

more than just one solution to Equation 3.22. 

The effective area covered by the EC probe is a circle of 1.5 mm diameter, the 

width of the ferrite core. For EC scans with a preprogrammed search pattern, the 

accuracy of the positioning system is hence insufficient, as the scan regions would 

have to be exactly 1 mm apart. Furthermore, the lack of orientation information 

of the absolute positioning system poses severe limitations on the 'target mode', 

as described in Section 3.4.3. Alternatively, the orientation of the robot could be 

obtained by determining its position at the two different points in time tl and t2. 
If these positions are 100 mm apart within the circular area of 50 em around the 

point of highest accuracy, the resolution would theoretically be 1.50, with the frame 

positioned 80 em above the surface. With the variance of the position measurement 

in this area being reduced to less than 3 em by using the average value of five 

distance samples for static measurements or by implementing a Kalman Filter, as 

described in Section 3.3.3.4, the vehicle's orientation could be determined even more 

exactly. 

Independent from the beacon and listener system, the performance of the odometric 

position measurement has been improved by calibration based on the UMBmark 

experiment, as shown in Section 3.3.2. The individual contribution of the two dom

inant systematic errors, as described in Section 3.3.2.3, was measured and their 

effect was compensated by varying the parameters in the on-board software. How

ever, the code wheel is located on the output shaft of the gear head, which limits 

the resolution of the encoder to 300 pulses per wheel revolution. This limits the 

response time of the internal control loop, and deviations up to 3 mm from the 

ideal straight path may occur. Furthermore, the performance of the gyroscope, the 

second component of the relative positioning system, can be improved. The AID 
port of the micro controller only supports 8-bit conversion, which together with the 

integration error yields an accuracy for turning manoeuvres that is of the same or

der than the accuracy, which can be achieved by deriving the changes in orientation 
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from the number of encoder pulses and the wheel diameter. A more powerful micro 

controller supporting lO-bit AID conversion would significantly improve the quality 

of the gyroscope data, and could also be utilised to implement a Kalman filter for 

fusion of gyroscope and encoder readings. 

Despite these limitations however, the solution proposed in Section 3.3 was proven 

to be sufficient for the current developmental state, in particular under consideration 

of the cost of commercially available high accuracy positioning systems, which may 

be as high as £1OK - £20K for the fixed infrastructure and additional £2.5K for 

each robot [285]. As shown in Figures 4.7,4.10,5.25,5.26 and 5.28, it is well suited 

for obtaining the position information necessary to produce plots of the defects with 

reference to the investigated specimen. 

7.4 NDE Payload and Inspection Results 

Both MFL- and EC inspection offer different advantages depending on the particular 

application and the material of the specimen. As shown in Chapters 4 and 5, shallow 

pits and thickness loss are easily detectable with the MFL method, while the EC 

sensor shows superior performance at small deep defects and cracks. If the critical 

flaw size is less than 2.6 mm, it is possible that its position may be precisely in the 

gap between two sensing elements of the linear Hall array, it may therefore remain 

undetected. In this case, with a sensitive area of 5 mm x 5 mm, the MFL inspection 

method is three times faster than an EC scan. However, if the defect is greater than 

this, MFL inspection can be as much as thirteen times faster than the EC method, 

where the effective area covered by a single scan is just 1.5 mm wide. The EC probe 

is also less suitable for curved surfaces and pipes of small diameters, as the sensor 

head consists of a 5 mm x 10 mm sensor flat area. Additionally, the sensitivity of the 

EC sensor can be improved, as the current coils have been manufactured manually 

and hence are not precisely matched. 

For MFL and EC inspection a constant minimum sensor lift-off is essential. Keeping 

the probe in contact with the surface utilising the spring loaded lever design has 

proven to be an effective solution for both methods. However, as the inspection of 

the steel plate described in Section 5.4.3 shows, false positives in the proximity of 

defects may occur when the castor wheel passes through one of the artificial pits, 

causing a change in lift-off distance of the Hall plates. 

The two reported false positives which have occurred during the upside down MFL 

150 



inspection described in Section 5.4.4 indicate that this technique is less robust com

pared with the EC method, even though the electronic drive circuitry is significantly 

simpler. For both inspection methods, an initial calibration of the payload on a 

mock-up defect is required prior to optimum autonomous operation, to set the value 

for the criterion in Fig. 2.3. True Positives can be detected with a probability close 

to 100% with the number of False Negatives being zero, when the vehicles are cali

brated on explicitly smaller defects than the critical ones. For this purpose, the raw 

NOE signal needs to be sent to the host computer. The telemetry module adds a 

fixed package overhead of 13.2 IDS to all packets sent from the inspection vehicle to 

the host, which restricts the transmission rate significantly, and only permits a max

imum sample frequency of 20 IllS. To accomodate a higher sampling rate, a standard 

RS-232 wire is required for this initial calibration and the converted analogue input 

voltage of the NOE sensors is sent to the host as an 8-bit value, where it is stored 

for analysis and interpretation. Transferring the value to the host via the contin

uously open CO~l1 port takes approximately 3 IDS, which has to be compensated 

for by a 3 IllS sleep command when the vehicle is performing the inspection without 

transmitting the raw NDE data to the host. 

A major advantage of the US sensor is the suitability for a wider range of materials, 

and the capability of detecting defects within the test structure. Utilising Lamb 

Waves, thin plates and pipes can be inspected with minimum inspection time, as 

shown in Section 5.6. Contrary to Visual Inspection, US inspection is sensitive to 

different kinds of defects within the material, and is therefore the ideal technique to 

complement the EC and MFL payload. However, the main challenge is the develop

ment of the extensive drive electronics for autonomous battery powered operation. 

As shown in Fig. 4.5, the EC sensor is sensitive to 0.3 mm wide cracks, and 0.15 mm 

deep simulated corrosion pits are detected with a probability of 90%, as presented 

in Section 4.5.3. Large scale NOE devices, like trolleys that contain heavy-duty 

magnets for inspecting steel floors, as presented in [20], are usually tested with 

defects with a minimum depth of 0.5 - 2 mm and diameters ranging from 0.34 rnrn 

to several millimeters [55, 158]. The main objective of the robotic team, the reliable 

detection of real world defects on engineering structures, has hence been successfully 

achieved. 
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is performed with a set of EC coils with a ferrite core of 0.75 mm on a pivoted lever, 

illustrated in Fig. A.39. Apart from the drive circuitry for this NDE payload, which 

could be easily integrated as an additional layer on top of the motor driver board, 

the vehicle is completely autonomous. Two 60 mAh Li-Po cells, 13 x 22 x 4.5 mm 

each, provide on board power at 7.4V in series, which is transformed to +5V by the 

regulator of the controller board. As visible in Fig. 7.2, the two main boards form 

an integral part of the robot chassis together with the vertical aluminium plates on 

the sides. 

Due to the severe size constraints, this prototype does not contain a positioning 

module, wheel encoders or a gyroscope. Considering its low cost, it is in fact suitable 

for the swarm coordination approach suggested in [60], where the spatial distribution 

of multiple vehicles in an environment is modelled by density functions. Instead of 

knowing the exact position of each individual inspection vehicle, a large number of 

robots is deployed on the structure under inspection, scanning in a random pattern 

and indicating detected defects by a full stop and flashing the LED on the top. 

However, this requires a miniature proximity switch for collision avoidance in the 

front of the vehicles. 

Two 6V DC micromotors serve as propulsion source for the size reduced prototypes. 

Though offering compact dimensions of 6 mm thickness and 15 mm diameter, their 

maximwn torque of 0.3 mNm is not sufficient for inclined surfaces or vertical walls, 

and the rotational speed does not allow for slow vehicle movements. Therefore these 

motors have to be used with integrated gear heads, the 1512 series from Faulhaber 

[277], for future developments. As there is no space for a ball caster or a castor wheel 

in the back of the vehicle, adhesion at the third point of contact poses a problem. 

A sliding magnet increases the friction unacceptably, and with only two magnetic 

wheels the vehicle is restricted to upwards movements on vertical walls. A further 

drawback of the miniature design are the less sensitive EC coils. As shown in Fig. 7.3, 

the change in phase angle above a defect is smaller compared with the larger coils in 

Fig. 4.5, which necessitates greater complexity in the drive electronics. In general, 

the miniature prototype of Fig. 7.2 is characterised by severely reduced functionality 

and reflccts the limit of the current departmental manufacturing capabilities. 

Hence, a weight optimised prototype was designed for investigating the potential for 

applying one of the alternative adhesion techniques presented in Section 2.3, which 

require the vehicle to be as light as possible. Experiments with double sided tape 

glued onto the wheels of the vehicle in Fig. 3.15 have shown, that the robot may 
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between the motors in the front to lift the vehicle. These actuators would have to 

provide 50N in total, the force necessary to detach the magnetic wheels from the 

floor-surface. State of the art linear actuators based on miniature DC motors and 

a spindle nut offer forces up to 60 N [264, 277]. However, there is not sufficient 

space between the motors to incorporate such actuators, as visible from Fig. 3.15. 

The smaller 1512 series from Faulhaber would leave the necessary space, but their 

maximum torque of 30 mN m each is too low for climbing up a vertical wall. With a 

wheel diameter of 38 mm and a robot weight of 580 g, the required torque per wheel 

shaft for an upward movement with constant speed is 55 mNm. Decreasing the 

wheel diameter would theoretically reduce this number, but as the wheels have to 

be clearly larger than the outer diameter of the wheel encoders (22 mm), this is no 

solution in practice. Hence, the vehicle would have to be build significantly wider 

to incorporate the linear actuators, and this would only be a feasible approach, 

if the autonomous floor to wall transfer of 900 corners was a major requirement. 

Similarly, for the transition of 900 convex corners, as illustrated in Fig. 3.17, a higher 

chassis clearance is essential, which also directly conflicts with the miniaturisation 

requirement and therefore was not pursued further. 

The overall vehicle hight was eventually reduced by modifying the chassis according 

to Figures A.42 and A.43 in order to house the battery lower in the chassis. Fig. 7.6 

shows the improved design with the space for a three-cell Li-Po battery at the bottom 

centre of the vehicle. In the absence of detailed specifications of the particular NDE 

problem, this design must be regarded as the optimum solution. 

7.7 Data Fusion 

Both the MFL scan in Fig. 5.25 and the EC scan in Fig. 4.10 show a representative 

map of the defects in the test specimen. However, in particular when one of the 

underlying inspection techniques is characterised by poor reliability and thus defects 

may remain undetected, a significantly more complete image can be obtained by 

fusing the data, as presented in Chapter 6. Variations, with regard to the location 

of defects, may result both from the different sensitivities of the inspection methods 

and from inaccuracies of the positioning system. 

Estimating the a priori probabilities of defect occurrence for Bayesian Analysis, as 

described in Section 6.2, usually presents a problem for real world situations. In 

these cases, where no prior knowledge of the specimen and the type of defect is 

available, it is common practice to assume 50% for P{Ho) [100]. The resulting 
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Chapter 8 

Conclusion and Suggestions for 

Further Work 

8.1 Conclusions 

8.1.1 General Overview 

An novel automated inspection system, comprising a team of heterogeneous robots, 

has been developed and successfully tested under laboratory conditions. The inspec

tion vehicles achieve a size and weight reduction of a factor of three compared with 

designs that have previously been reported in literature, while for the first time 

offering complete autonomy and adaptability of the NDE payload. Experiments 

show that the vehicles are capable of reliably performing a range of inspection tasks 

and defects of 1 mm size and pits of 0.3 mm depth can be reliably detected. True 

Positives can be detected with a probability close to 100% with the number of False 

Negatives being zero, when the NDE payload was calibrated on a defect that is sig

nificantly smaller in comparison to critical defects anticipated in the test structure. 

In addition to plane, two dimensional test specimens, the system is also suitable for 

three dimensional ferromagnetic structures. The inspection robots exploit magnetic 

adhesion and offer capabilities for automated transition from horizontal to vertical 

surfaces. For overall system control, the Graphical User Interface 'RobCon' has been 

developed, which is running on a host computer and inter-vehicle communication is 

achieved using wireless links. 
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8.1.2 System Design 

As climbing skills are required in order to cope with a variety of inclined or curved 

surfaces and ceilings, a compact generic vehicle design has been developed which 

offers minimum overall size. The prevalence of hard and flat surfaces normally found 

in the field of NDE has determined the most suitable locomotion mechanism and the 

optimum type and configuration of wheels. This design involves permanent magnets 

that provide both the holding force and the source of the magnetic field for inspection 

with Hall Elements. To employ additional techniques for Ultrasonic-, Visual- and 

Eddy Current Inspection without creating a large pool of robots, a vehicle base has 

been developed, which can be equipped with different NDE payloads. Consisting 

of a number of changeable modules for propulsion, navigation, power management, 

processing and communication, this approach allows for easy future modifications 

and simplifies the iterative design process greatly. 

Each vehicle is equipped with a miniature gyroscope and a set of optical wheel en

coders, which yield the input data for a local PI-control loop. This control loop 

is running on board to maintain a constant travelling velocity and allow for suf

ficient straight line accuracy. The performance of this odometry system has been 

improved significantly by applying the UMBmark calibration routine. After cali

bration, the centre of gravity of the cluster of clockwise turns of this experiment 

has been improved from [-65 mmj -49 mm] to [-3 mm; 9 mm]. The main draw

back of relative position measurement is the long term inaccuracy, thus an absolute 

positioning system based on trilateration has been implemented, which utilises the 

distance measurements between the beacon on top of each robot and three listeners 

at known locations. The listeners are mounted on a hinged frame and connected 

to a portable computer to maintain mobility of the system. By utilising these two 

complementary positioning systems, the communication requirements between the 

vehicles and the host PC are reduced significantly. Depending on the arrangement of 

the listeners, an accuracy of up to 0.64 em can be achieved for the absolute position 

measurement. The Graphical User Interface, which has been developed and runs on 

the Host PC, shows the coordinates of each team member and the detected flaws. 

Automated scans are supported as well as semi-automatic and manual scan modes. 

Each vehicle can be addressed individually and its 3D path plotted with reference 

to the origin of the portable frame. 
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8.1.3 NDE Payload and Results 

NDE test equipment for autonomous on board operation has been developed with 

focus on MFL and Eddy Current Inspection. The differential Eddy Current probe 

has been developed, which consists of two differential coils operating at resonance at 

a resonant frequency of 145 KHz, with the main components of the drive- electronics 

being an on board signal generator and a phase comparator. A significant reduction 

of overall weight and power consumption of the robots for MFL inspection has been 

achieved by utilising the magnetic field created by the wheels both for adhesion and 

as the source field for the NDE signal. A spring loaded lever is essential to maintain 

constant lift-off of the sensors and highest reliability for MFL and EC inspection has 

been achieved by initially calibrating the payload on a mock-up defect. The full po

tential of employing a variety of different NDE methodologies has been exploited by 

the implementation of data fusion techniques. By simultaneously applying Bayesian 

Analysis and Dempster-Shafer Evidence Theory to the NDE data, any uncertainties 

often associated with multiple inspection results have been greatly reduced. This 

has resulted in the provision of a consistent, more accurate and intelligible data set. 
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8.2 Suggestions for Further Work 

The main purpose of the inspection vehicles is to facilitate reliable NDE. Hence, 

further work should start with a refinement of the NDE payloads and an improve

ment of defect sensitivity. In particular, the ultrasonic test system for on board 

operation requires further development, which should include both small size air 

coupled transducers and the transmit and receive electronics for lamb wave inspec

tion. To complement this inspection technique and to detect cracks smaller than 

300jlm, which are found in pressure vessels in nuclear power plants, further work 

should also focus on the refinement of the circuitry and coils for eddy current in

spection. A more compact coil arrangement and a flexible sensor arm supported 

by a spherical joint could improve the flexibility of deploying the probe, and the 

use of surface mount components and better matching coils would reduce the space 

requirement while significantly enhancing the signal to noise ratio of the output sig

nal. Thus, deriving quantitative information and classification of defects is possible. 

Furthermore, dosing the magnetic saturation from the wheels for MFL inspection 

and incorporating better visual inspection is essential, as well as performing a sys

tematic set of tests to estimate the confusion matrices in Section 6.2. Eventually, 

the NDE signal could be identified automatically, as suggested in [158] and [172]. 

Implementing incremental learning algorithms with confidence estimation, signals 

generated by potentially critical defects could be automatically distinguished from 

those generated by benign discontinuities. 

The robots and sensors need to be evaluated under real world conditions and the 

communication and positioning systems tested in industrial environments like stor

age tanks or pipelines. Utilising more than three listeners for obtaining the absolute 

position would reduce the limitations that arise from the line of sight confinement 

of the listener-beacon system. As described in Section 4.5.1, on three dimensional 

structures the angles of the rotation matrix R~(e) for compensation of the offset 

between positioning module and actual NDE payload are essential. For this, on 

board inclinometers could be used as proprioceptive sensors to measure the current 

inclination when the vehicles are moving along these structures, while a detector in 

the front of the robot could ensure that the material of the specimen is ferromagnetic 

to avoid sudden loss of adhesion during climbing. As the navigation problem is not 

restricted to 2-D space, host and vehicle should also be able to determine how to 

avoid obstacles, whether to climb over or drive around them. In this regard, cooper

ative behaviour could be implemented to overcome the friction problem described in 

Section 3.2.6, by utilising a. second team member which pushes temporarily against 
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the back of the vehicle that is about to perform the floor to wall transfer illustrated 

in Fig. 3.16. In this manner, the normal force against the vertical wall is increased, 

and with it the vertical friction force F rv in Fig. 7.5. To prevent damage to the 

main battery, an automated 'return to host' routine could be activated as soon as 

the voltage drops below 3.4V per cell. Ideally the robots would then automatically 

connect to a charging station and continue inspection when they are recharged. 

In general, further work may cover two areas: Firstly, miniaturisation of the current 

vehicle design inspired by natural swarms such as termites, wasps and ants. Starting 

with the size optimised prototype presented in Section 7.6, low cost vehicles. could 

be developed that fit into a lern3 cube with reduced functionality and limited on 

board intelligence. Employing recent advances in Swarm Robotics and multi agent 

systems research, a team of these robots is suitable for inspection of engineering 

structures with severely restricted accessibility. Due to the size constraints of the 

vehicle and the physical shape of the test structure, the implementation of a sophisti

cated positioning systems or navigation algorithms is currently impossible. Instead, 

a Swarm-Intelligence (SI) based technique could be employed. This statistical ap

proach is characterised by intrinsically probabilistic swarm coordination - robust 

inspection and coverage of a regular structures is achieved by imitating biological 

examples provided by swarming, herding and shoaling phenomena of social insects 

[59]. Programmed with simple behaviours and equipped with a miniature infra red 

proximity switch in the front for obstacle detection and collision avoidance, a large 

number of miniature vehicles could be deployed on the structure which return to 

a marked starting position within a previously defined time frame. The vehicles 

would stop at defects, indicating the need for closer examination. In addition to 

the miniature EC coils described in Section 7.6, potential NDE sensors for such 

miniature robots constitute integrated micro machined silicon Hall-type sensor ar

rays. These devices for MFL inspection offer an absolute sensitivity of 300 mTv with 

a resolution of 32 JlT. A 32 x 8 element Hall sensor array covers an area as small 

as 1 mm2, with an active area per probe of 6 pm2 [12, 86, 119]. 

The second area for further work is the development of a group of remote sensing 

agents with increased on board computing power that do not require a Host PC for 

overall system control. \Vhile still being of small scale, these robots would offer full 

sensing, positioning and communication capabilities. Using Wifi or Bluetooth links, 

team members could exchange information, send support calls to a robot with a 

more suitable NDE payload where an imperfection is encountered and concentrate 

their efforts in a particular area. Carrying a novel 50mm x 30mm x 26 mm 'Inerti-
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aCam' produced by Intersense [281] as part of the inertial-optical motion tracking 

system, the six degrees of freedom of each robot could be determined with an orien

tation accuracy of up to 0.10 and a position accuracy of 2 - 5 mm. This would not 

only significantly simplify the distributed control of the vehicles, but also allow for 

collaborative localisation. The fiducials of the position reference system could be 

carried by the team members themselves. Thus, with individual robots serving as 

beacons and the remaining vehicles positioned with reference to them, a previously 

installed infrastructure in shielded or narrow inspection environments would not be 

required. Furthermore, a collaboration with the miniature vehicles is imaginable. 

The more intelligent sensing agents could serve as team leaders and organise the po

sitioning of the smaller robots, which are capable of accessing the crucial inspection 

areas. 
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Appendix A 

Technical Drawings and 

Structograms 

Section A.l of this appendix contains the general technical drawings for the parts 

that are identical in all inspection vehicles. Section A.2 contains the specific parts 

for the Eddy Current Sensor, Section A.3 covers the hold for the Hall Sensor Array, 

Section A.4 the sensor hold for the US transducers and Section A.5 the hold for the 

wireless camera. Section A.6 contains the drawings for the miniature prototype, Sec

tion A.7 three drawings for an improved vehicle design with a lower battery position 

and Section A.S the structograms of the subroutines of the on board program. 

A.1 General Vehicle Configuration 
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A.2 Eddy Current Sensor 
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A.3 Hold for Hall Sensor Array 
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A.4 Sensor Hold for US Transducers 
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A.5 Hold for Wireless Camera 
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A.6 Miniature Design Prototype 
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A.7 Improved Design with Lower Battery Posi

tion 
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A.8 Structograms of On board programs 
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initialise motors and set driving direction 
iniatialise variables and counters 

reset encoder readings and integral counter for straight line control 
for(c1=0; c1<40; c1 ++) 

average =0; 
hlr(c2=O;c2<20;c2++) 

enable AID conversion 
lasttwenty_readings[c2) = ADR1; 

average: average + last twenty readings[c2); 
average = average/20; 

evaluation[c1) :: average; /I new reading Into test array 

while [(straight:::: 1) && (detected ::= 0)) 
c2=0; c1::0; 

while [(NDE_active::= 1) && (c1 < 100)) 

for (i:0; i<20; i++) 
lasttwenty. readings!c2] = ADR1; 

if (c2>18) /I averaging over 20 samples to reduce noise 

y /. 
average = 0; 

for (i=O; i<20; i++) 

I average = average + last twenty _readings[i); 
average = average/20; 

c2=0; 
evaluation[39) : average; 1/ reading new averaged signal into vector 

Jor(i=O; i<20; 1++) 

I overallaverage1 = overallaverage1 + evaluation!i]; 
I evaluation!i) = evaluation~+ 1]; /I move one position lell 

overaliaveragel = overallaveragel/20; 
for(i=20; i<40;i++) 

I overallaverage2 = overallaverage2 + evaluation~J; 
I evaluation~) = evaluation~+1J; II move one poSition lell 

overallaverage2 :: overallaverage2l20; 
if (overallaverage2 > (overallaveragel + 30» 

y /N 
measure:: overallaverage2-overallaverage 1 ; 

detected:: 1; 
msleep(3) II sampling time between signals 
overallaverage 1 =0; overaliaverage2=O; 

cl++;c2++ 
if (correction_counter>8) 

y IA 
correct for phYSical difference between lell and right wheel 

read encoder pulses left and right wheel 
evaluate PI-loop 

set new power left and right motor 
process commandO; /I check serial port for new command 

stop motors; detected :: 0; 

while(straight::= 1) 
send variable "measure" to host as indication for defect size 

Figure A.44: Structogram of the subroutine for EC scanning. 
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initialise motors and set driving direction 
iniatialise variables and counters 

reset encoder readings and integral counter for straight line control 
for(c1=0; c1<30; c1++) 

I enable NO conversion 
I evaluation[cl) = ADR1; 

while [(straight == 1) && (detected == 0)) 
cl=O; 

while (NDE_active == 1) && (c1 < 100)) 
enable AlD conversion 

evaluation[29j = ADR1; II new reading into test array 
for (i=O; i<15; 1++) 

evaldiff1 = evaldiff1 + (evaluationV+11- evalualionp]); 
evaluation~l = evaluation[i+11; /I move one position left 

II obtaining average gradient of left 15 elements in vector evaluationD 

for(i=15; i<30; 1++) 
evaldiff2 = evaldiff2 + (evaluation[i+1J- evalualion(i]); 

evaluation[i] = evaluation[I+1]; " move one position left 
/I obtainino averaoe oradient of left 15 elements in vector evaluationn 

if (evaldiff2 > (evaldlffl + 14» 

y ~ 
indicator = indicator + 1; indicator-O; 

measure = measure + (evaldiff2 - evaldiffl); measure=O; 
if (indicator >5) 

Y ~ 
detected=1 ; 

msleep(3);" sampling time between measurements 
evald,ffl=O; evaldiff2=O; c1++; 

if (correction_counter>8) 

I~ y 
correct for physical difference between left and right wheel 

read encoder pulses left and right wheel 
evaluate PI-loop 

set n~~wer left and ~g.!'t motor 
process_commandO; /I check serial port for new command 

stop motors; detected = 0; 

while(straighl == 1) 
I sena variable measure 10 host as indication for defect size 

Figure A.45: Structogram of the subroutine for MFL scanning. 
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initialise motors 
initialise variables 

set di rection 
start motors 

while ({f(lelldicks_sum + righlclickuum)/2) < L} && (nde_active = 1» 

msleep(controljnterval); 
if (correction_counter> threshold) 

y /. 
correct for physical difference between left and right wheel 

read encoders 
evaluate PI-loop 

set new power left and right motor 
process_commandO; /I check serial port for new command 

stop motors 

Figure A.46: Structogram of the subroutine for aIm straight path. 

initialise motors 
set tuming speed 

set direction 
start motors 

while [(righlclicks sum < threshold) && (left_clicks sum < threshold)) 
read encoders 

update right clicks sum and left Clicks_sum 
msleep(controUnlerval tuming) 
slop motors 

Figure A.47: Structograms of the subroutines for 90° left and right turns. 

stop motors 

Figure A.48: Structogram of the subroutines for stopping NDE scans. 

initialise motors 
set direction 
start motors 

Figure A.49: Structograms of the subroutines for basic left and right turns and 
driving backwards. 
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while(NDE active ==1) 
while( overal'-encoder ....oulsesjeftand_right < sidejel1llth1) 

I forward 
righl90 

while! overall encoder _pulsesjelland_riaht <sidejength2) 
I forward 

right90 
while( overall_encoder J)ulsesjelland right <sidejenghI1-sensocwidth) 

I forward 
right90 

while( overall encoderJ)ulses lelland_right <sidejength2) 

I forward 
right90 

Figure A.50: Structograms of the subroutines for clockwise scans. 

while(NDE_aclive ==1) 
while( overall_encoder ....oulsesjeltand_right < sideJength1) 

I forward 
left90 

while( overall_encoder_.pulsesJelland_.righl <sideJength2) 
I forward 

left90 
while( overall_encoder_pulsesJelland right <sidejenghI1-sensor_width) 

I forward 
left90 

while( overall_encoder ..pulses lelland_right <sidejength2) 
I forward 

lell90 

Figure A.51: Structograms of the subroutines for counter clockwise scans 

NDE active =1; 

Figure A.52: Structogram of the subroutines for starting NDE scans. 
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