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Abstract

Refineries, the chemical industry, airports etc. have an existing stock of thousands of 

storage tanks, the majority of which were manufactured in the sixties. Depending on 

the field of industry they are used in, these tanks contain environmentally harmful 

fluids such as gasoline or petroleum oil in the petrochemical industry or acids in the 

chemical industry.

Other than in newly constructed tanks, there are few possibilities in preventive leak 

detection in older tank constructions, as the bottom plate is in direct contact to the 

ground. Hidden corrosion in this structural element has caused a series of 

catastrophic petroleum spills in the past. In response to these spills, guidelines which 

specify how and when to inspect tanks have been established globally to guarantee 

their structural integrity. To allow the inspection of the tank's bottom plate in 

particular, using state of the art techniques and equipment, the tanks are taken out of 

service and prepared for the inspection. This preparation process requires draining, 

washing, degassing and ventilating the tank which is a very polluting, time 

consuming and expensive process.

A review of existing approaches has shown that automated inspection systems where 

a crawler carries the inspection probes, while the tank remains filled, can circumvent 

the need for the preparation process. However, there are some serious limitations to 

such systems as the crawlers used are in direct contact with the tank's structure, 

where obstacles inside the tanks present a problem. To make such remotely operated 

vehicular systems more flexible and reliable, this study investigates the fundamental 

requirements and replaces the crawler with a remotely operated submersible.
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Abstract

The critical review of currently available ROVs showed that it would be difficult to 

procure such a vehicle and so it was decided to develop a new ROV, where aspects 

of operational environment (use in different petrochemical fluids), high lateral 

stability as well as advantageous design with respect to the subsequent controller 

design have been taken into account. It has been shown that this design strategy led 

to a vehicle where linear controller design strategies could be applied. An analysis of 

its suitability for use in different petrochemical fluids is provided by a detailed study 

of the materials that have been used and the flexibility to adjust its buoyancy which 

has been built in. The lateral stability of the vehicle which is a prerequisite to 

performing the desired plate thickness measurement is demonstrated and the 

reliability and robustness of the control system that was employed is also considered. 

A final field experiment has shown the reliable interaction of the system components 

and that the inspection system provides a useful and desirable capability for use 

under field conditions. Finally, an analysis of the system's performance has also 

shown its economic viability.
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1. Introduction

1.1. Background and Motivation

The petrochemical industry, storage depots and users such as airports operate 
thousands of storage tanks, the majority of which were manufactured in the sixties. 

These huge vessels, like that shown in Figure 1.1, provide capacities of 100000m3 

and greater.

Figure 1.1 : Above Ground Storage Tank

Other than recently constructed tanks, there is little prospect of detecting leakage 
because for example, the bottom plate is in direct contact with the ground. Habiby, 
Imtiaz et al. [2003] describe the corrosion mechanism causing leaks within this 
bottom plate and stated that such leaks would not be immediately detectable from the
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outside and could therefore cause enormous environmental damage. An example for 

such a scenario is described in Adams [1996], where a tank failed catastrophically in 

Pittsburgh USA due to a leaking bottom plate, which resulted in approximately 1 

million gallons of product spilling into a nearby river that provided water for many 

towns downstream. As a result of such disastrous scenarios, the environmental lobby 

gained strength and both state and federal governments of highly developed countries 

in particular introduced legislation (such as the VAwS [2002] in Germany) to 

prevent such disasters. The consequences for new tank constructions were design 

standards which demanded the implementation of safety mechanisms. For older tank 

constructions, inspection regulations and guidelines such as the TRwS133 [1997] are 

in place to compensate for their safety deficits.

Hendrix and Carvicci [1995] describe such tank inspection programs and address the 

three main storage-tank components: the roof, shell and bottom, as these elements 

need to be inspected to establish that sufficient remaining wall thickness exists. The 

currently applied inspection techniques are based on Non Destructive Testing (NDT) 

technologies such as Ultrasonic Testing (UT), Magnetic-flux Exclusion (MFE) and 

Eddy Current Measurement (ECM). For state of the art procedures, only manually 

operated inspection equipment is available [Kelb and Bonisch 1999], The sensors of 

the corresponding NDT technique are driven across either the whole area of the tank 

components or sampled across selected sections. With respect to the roof and the 

shell of the tank, this causes no serious problems as they are accessible from the 

outside, allowing inspection in service. Special attention has to be applied to the tank 

floor which is not accessible from the outside. To allow the inspection of the tank's 

bottom plate it is currently necessary that the tank is taken out of service and 

prepared for the inspection. This preparation process requires draining, degassing 

and ventilating the tanks, which is a very time consuming and expensive process, 

resulting in a highly complicated maintenance programme. This also includes
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negative and arguably avoidable environmental impacts such as hydrocarbon releases 

to atmosphere whilst venting the tanks.

1.2. General Aim and Objectives

Due to the described economic and environmental costs of periodic tank inspections, 

a research project funded by the "Bayerische Forschungsstiftung 1 '' and published in 

their annual research report [Krejtschi and Otte 2002] has been established. Of 

special interest to this project was an analysis of the current inspection process with 

the aim of finding possible approaches to decrease these costs for both of the aspects 

mentioned. As a result of this analysis included in the literature review, the general 

aim of this project was defined as follows:

To investigate the feasibility of reducing the environmental and economic costs 

associated with periodic inspections of storage tanks by altering the inspection 

regime.

To derive the specific objectives to be investigated in this study, a critical review of 

relevant literature with regard to different aspects has been undertaken. To avoid the 

need for the preparation process, which is necessary to allow a manual inspection of 

a tank's bottom plate, other approaches have been suggested. The research indicated 

that it was necessary to develop an NOT probe which was able to move in a 3D- 

space without limitations of e.g. a mechanically driven manipulator system or 

crawler based solutions. The system needed to be able to move autonomously along 

a predefined course across the tank hull and acquire plate thickness data. These 

measurements would need to be combined with x,y,z-coordinates in order to create

1 Bavarian Research Foundation, Prinzregentenstrasse 7, 80538 Milnchen
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documentation of the tank's remaining wall thickness. As a result of this, the general 
system configuration in Figure 1.2 was proposed.

Transmitter for acoustic 
navigation system

Coupling 
Device

UT probe

ROV

Data 
acquisition

Control

Manhole

Receivers for acoustic 
navigation system

Heating 
element

Figure 1.2 : Inspection system configuration

It shows an Ultrasonic Testing (UT) probe fixed onto a remotely operated submarine 
or so called Remotely Operated Vehicle (ROV), which became the preferred 
approach to be further investigated. This vehicle equipped with a propulsion system, 
a control system and a precise acoustic position determining system should be able to 
guide the UT probe across the tanks bottom plate and measure its remaining wall 
thickness. A tether connecting the ROV to a service truck located near the tank 
would provide a power supply and communication. Acquired thickness data were 
sent via the umbilical tether to an evaluation computer located inside the service 
truck, which would combine these data with position data to generate the inspection 
result. To investigate the technical feasibility and the applicability to the aimed
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inspection task as well as the economic viability of this novel and patented concept 

[Krejtschi, Otte et al. 2004], the following specific objectives have been defined:

1. Investigate the technical feasibility of designing and controlling a free 

flying remotely operated NDT probe for autonomous UT inspections of 

storage tanks.

2. Assess the integrity and value of data provided by a system fulfilling the 

general aim of the study.

3. Investigate the economic viability of such an inspection system within the 

context of an environmental and legislative framework and an 

appropriate market place.

As Germany is the first intended market place and as the investigation of the specific 

objectives, especially with regard to the investigation of the economic viability, 

requires a detailed knowledge of confidential data, the region of Germany has been 

chosen for detailed investigations. For this region, the collaboration refinery 

BayeraOil has been an excellent source for such data. In order not to lose generality, 

these geographically limited investigations are supported by circumstantial evidence 

allowing reasonable extrapolation of the results to other countries.
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1.3. Outline of the Thesis

The content of the following chapters can briefly be summarised as follows:

• Chapter 2: This chapter contains a detailed discussion of existing literature 

to show the background and details of the state of the art of currently 

performed tank inspections and to analyse this with regard to possible 

alternations of the inspection regime which is the general aim of this study. A 

detailed investigation of various fields of technology is then performed to 

derive a promising technical approach and to define specific objectives for 

investigating its technical feasibility and economic viability.

• Chapter 3: This chapter establishes the theoretical background for realising 

the general concept of a novel inspection system which has been derived 

from the literature review. For the development of the inspection system 

carrier, a general mathematical model is used. A possible design strategy is 

introduced to construct an ROV which is subject to specific environmental 

conditions and to justify a simplified mathematical description of the realised 

ROV. The linear time invariant control strategy used in the control system is 

introduced. It is shown how the theory was applied to achieve the desired 

system dynamics. To complete the closed loop control system the basic 

technology used for determining necessary system states is introduced. The 

synthesis is completed by a description of the path planning and tracking 

strategies used and finally this chapter provides the basis for the realisation of 

the proposed inspection system.
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• Chapter 4: This chapter presents a complete description of hardware and 
software used in the embodiment of the ROV, NDT system and control 
strategy, detailing the sensors used in determining the system states and the 
algorithms employed in the path planning and tracking strategies. After 
performance tests on the individual system components, it is shown how the 
complete inspection system was assembled and calibrated.

• Chapter 5: This chapter provides a detailed discussion on the implications of 
the realised system with regard to the intended inspection task. It presents an 
assessment of the inspection results generated by the complete system and 
evaluates its economic and environmental viability within the context of the 
general aim and specific objectives of this study.

• Chapter 6: The final chapter includes the conclusions drawn from the results 
of this study and recommendations for further work.
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1.4. Contributions of the Thesis

The original contributions to knowledge included in this work are contained in the 

approaches taken and specific techniques used to assess the technical feasibility of 

such a system, the integrity and value of the data it would provided and its economic 

viability and environmental. Furthermore, the conceptual approach to tank inspection 

and its realisation are novel and this fact is supported by the granting of a patent for 

the inspection system for above ground storage tanks [Krejtschi , Otte et al. 2004]. 

More specifically, those contributions to knowledge beliefed to be most significant 

are listed according to the chapter in which they occur:

• Chapter 3: The establishment of a theoretical basis for realising the novel 

inspection system in the context of specific environmental conditions, 

operational simplicity and robustness of such a system is a contribution to 

knowledge which can be adopted and adapted to other systems.

• Chapter 4: This chapter demonstrates that the theoretical approach 

introduced in Chapter 3 is technically feasible and provides detailed 

information of realising, calibrating and combining different subsystems 

which are primarily mechanical, electronic and computer science based, 

leading to an operational inspection system.

• Chapter 5: The performance analysis of the realised inspection system 

provides original information on the accuracy, applicability and economic 

viability of the inspection system under consideration and also provides an 

understanding of the systematic considerations necessary to its employment 

in the field.



2. Literature Review

This chapter will establish the general aim of the study with respect to the state of the 

art in tank inspection and leads to the specific objectives which were presented in 

Section 1.2. Referring to this, Section 2.1 discusses the background of current tank 

inspection methods and derives a promising starting point for altering the current 

inspection regime. Based on this result, Section 2.2 discusses the prospects of 

alternative inspection techniques and equipment with regard to their applicability to 

the tank inspection task to derive a basic concept for a novel inspection system 

configuration. Section 2.3 provides a more specific discussion on promising 

apparatus and control strategies that could be utilised for realising the inspection 

system configuration proposed in Section 2.2 and leads to the specific objectives of 

this study.

2.1. Review of Current Tank Inspection Methods

The first step in deriving a possible approach for altering the state of the art 

inspection regime was to analyse the background (Section 2.1.1) and impacts on 

economic and environmental costs (Section 2.1.2) of currently performed 

inspections. The purpose of this review was to clearly identify weak spots of this 

method and to provide the basis for further, more detailed investigations regarding 

more effective technical solutions fulfilling the general aim of this study.



2 Literature Review

2.1.1. Background of Current Tank Inspection Methods

Current tank inspection regulations have been established in response to various 

drivers based on the high environmental concern which has developed in the last 

decades. Gandhi [2001] states, that in the past, minor product leakage was 

acceptable. The cost of product lost due to small corrosion leaks was not always 

great enough to be a major concern as only economic aspects have been taken into 

account. Therefore the design standards were limited to only structural stability 

aspects. Storage tanks which were built in this period provide only little possibility in 

preventive leak detection. Additionally, carbon steel has been used for construction 

due to its low cost and availability, which is susceptible to corrosion. Habiby, Imtiaz 

et al. [2003] state that unlike atmospheric corrosion on visible parts of the tanks such 

as the roof or shell, underside corrosion of the bottom plate remains hidden and 

unnoticed until leaks develop. With no other possibility of determining the amount of 

contained product than by measuring the liquid level, a significant amount of fluid 

would spill into the environment before an existing leak could be detected.

Adams [1996] describes a disastrous scenario that occurred in 1988 in Pittsburgh. A 

leakage caused by underside corrosion of a tank's bottom plate resulted in about 1 

million gallons (3.79 million litres) of product spilling into a nearby river that 

provided water for many towns downstream. Depending on the product price, this 

may already imply a significant loss for the tank operator. Although significant, 

product loss may be second to the impact on the environment and resulting negative 

consequences to the operator as leaking tanks may jeopardise a company's positive 

public image. Gandhi [2001] states that the clean up costs where vast amounts of 

groundwater have been contaminated can reach millions of dollars. Following Lynch 

[1998], the inordinate adverse consequences of these discharges on the natural 

environment and human health and safety were also the principal stimuli prompting

10
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the Federal Governments, especially of highly developed countries, to institute 

standards governing the storage of pollutants in storage tanks. In the latest versions 

of the German standards [VAwS 2002; VbF5.020 2002; WHO 2004], safe operation 

of storage tanks containing water-polluting fluids is described in such a way that 

disastrous leakages must be avoided by the monitoring of the structural integrity of 

the tanks. For new tank constructions it is therefore prescribed that preventive leak 

detection techniques such as interstitial monitoring for double-walled tanks [Crocker 

and Miyamoto 1996] be considered in the design. Also corrosion protection 

mechanisms such as internal and external lining with special coatings [Hummel 

1996], cathodic protection by galvanic or sacrificial anode systems or corrosion 

inhibitors [Braune 1996] are prescribed.

However, Kriiger, Dix et al. [2003] state that there are many older tanks, whose 

design is no longer compliant with current design regulations, but which are still in 

operation. These tanks have been built in times with low awareness of environmental 

protection and do not provide preventive leak detection possibilities or proper 

corrosion protection. Although it is possible to retrofit corrosion protection 

mechanisms to areas of the tank's structure, the protection of the outer surface of the 

tanks bottom plate is not practically possible [AH and Al-Beed 1998]. Also the 

installation of a second bottom plate is difficult and in most cases not profitable 

enough to compete with alternative possibilities in preventive leak detection. In these 

cases, Kriiger, Dix et al. [2003] describe conditions for future operation in such a 

way that safety deficits can be compensated by periodical inspection procedures at 5 

to 10 yearly intervals, executed by qualified companies or institutions. One of these 

institutions in Germany is the Technical Inspection Association (TUV). The aims of 

such institutions are to develop inspection procedures, such as the TRwS133 [1997], 

to fulfil the requirements resulting from safety regulations. Although recurrent 

inspections are currently not required world wide by state regulation, Myers [2004] 

states that there are many other drivers for setting up inspection standards such as the
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Spills Prevention Controls and Countermeasures Program (SPCC) in the USA. 

Recognised and Generally Accepted Good Engineering Practice (RAGAGEP) also 

drives inspections because it is the benchmark by which a company or facility is 

judged when incidents occur.

As a result of the described drivers, institutions particularly in developed countries 

produced codes and guidelines, such as the Engineering Equipment and Materials 

User Association (EEMUA) in the UK, which produced "Recommendations for In- 

Service Inspection of Aboveground Vertical Cylindrical Steel Storage Tanks" 

[EEMUA159 2003], the American Petroleum Institute (API) in the US, which 

produced and continuously updated [Hendrix 1996; Hendrix 1998] a document for 

"Tank Inspection, Repair, Alteration and Reconstruction" [API653 1991] and the 

Australian Institute of Petroleum (AIP), which published a "Code of Practice for the 

Inspection and Integrity Monitoring of Large Steel Vertical Petroleum Storage 

Tanks" [CP16 1993]. Although these guidelines are representative of developed 

countries, it is easy to observe that safety requirements and the awareness regarding 

environmental protection are intensifying globally and increasing the need for such 

tank inspections. It is also clear that all these guidelines are different in their detail, 

as they are all based on different environmental standards and other drivers in their 

respective countries [Adams 1996]. However, all of these industrial standards 

consistently state that tanks require periodic inspection to determine wall thickness 

reduction to achieve the following benefits:

• Avoidance of inordinate adverse consequences on the natural environment 

and human health and safety.

• Avoidance of negative economic consequences on the storage tank operator 

caused by product losses, clean-up costs and a jeopardised positive public 

image.
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To compensate for missing preventive leak detection systems, Kriiger, Dix et al. 

[2003] state that the inspections need to quantify the actual state of the tank structure 

and the results need to be evaluated to decide whether ongoing corrosion could cause 

a leak within the next inspection interval. You and Bauer [1995] describe Non 

Destructive Testing (NDT) methods such as Ultrasonic Testing (UT), Magnetic-flux 

Exclusion (MFE) and Eddy Current Measurement (ECM) which are used for 

measuring the remaining wall thickness of the tank structure.

As can be observed from Bonisch, Dijkstra et al. [2000] or Raad, Bonisch et al. 

[2002], available testing equipment is manually operated. This is not a serious 

problem when testing the shell and the roof of the tank as these components are 

accessible even if the tank is full. The bottom plate of the tank is not accessible while 

the tanks are full. Quinn [2002] states, that this along with the fact that the available 

testing equipment is manually operated requires the tanks to be drained, degassed 

and cleaned to provide a safe environment for the inspector who has to enter the 

tanks. This preparation process is a very time consuming and expensive process, 

resulting in a highly complicated maintenance program. Further, this process might 

include negative and arguably avoidable environmental impacts such as hydrocarbon 

releases to atmosphere, in venting the tanks. For assessing the implications of these 

economic and environmental costs on the intended positive effects of recurrent 

inspections, the following section will provide a more detailed discussion of the state 

of the art inspection process.
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2.1.2. Environmental and Economic Effects

As discussed in Section 2.1.1, the state of the art inspection of the tank bottom plates 

might involve significant negative impacts on the intended positive outcomes of 

recurrent inspections. Therefore, the following discussion will quantify the 

environmental and economic effects. Clear comparisons to numbers of vehicular 

travel or residential energy consumption are used to evaluate the potential of altering 

the inspection regime.

Economic Costs
Each tank owner computes tank cleaning and inspection costs differently as indirect 

costs such as reduced availability of tank capacity for example is strongly dependent 

on the refinery's total capacity. However, the costs which are directly related to the 

inspection and cleaning process can be quantified with good generality as the 

transaction of this process is not dependent on a specific location or refinery. For 

deriving the value of these direct costs, a typical range between a small tank capacity 

of 25000m3 to a large tank capacity of 100000m3 will be considered in the 

subsequent calculations. Zollinger [1997] quantified the costs of cleaning, degassing 

and disposing the waste material to be between 350006 and 125000€, which 

correlates well with the information provided from BayernOil [Cebulla 2003] who 

suggested these costs are between 230006 and 1050006. Another consideration 

with regard to this preparation process is that often no redundant tank capacity is 

available in which to store the product during the inspection process. As a 

consequence, a large amount of the product must be sold in a short time, which 

results in a price drop of about 0.0056 per litre. The total cost will depend on the 

range of tank capacities and assuming those mentioned, the cost is between 1250006 

and 5000006 for each tank. The costs of the inspection process are mainly 

attributable to the manpower and equipment used to measure the remaining wall
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thickness of the tank base. According to the information provided by BayernOil 

[Cebulla 2003], these costs are between 10000€ and 30000€. The costs of the 

overall procedure are related to the major steps to be performed for a state of the art 

manual inspection, which are the preparation process and the inspection process. 

From Table 2.1, which presents the costs for a conventional inspection (tank capacity 

from 25000m3 to 100000m3), it can be seen that the major part (more than 90%) of 

the total costs of an inspection lies in the preparation process.

Process

Preparation process

Inspection process

Approximated costs [€]

148000 to 625000

10000 to 30000

Table 2.1 : Costs of a state of the art inspection

This result correlates well with the estimates provided in InTank [2000] and Quinn 

[2002], where the costs of the preparation process have been calculated to be 

approximately 5% of the total costs of a conventional inspection. Also Proctor [1999] 

quantified the preparation costs for the inspection of a 32750 m3 tank to be 

approximately 185000 $. With the Euro/Dollar exchange rate of approximately 1 in 

1999 [Ehrmann and Fratzscher 2005], this figure could be extrapolated to the tank 

capacities used in Table 2.1. The resulting cost range of 141,000 € to 565,000 € for 

the preparation process also correlates well with the presented costs.

According to Quinn [2002], these direct costs are usually dwarfed by the indirect, 

hidden costs mentioned. The traditional method involves extensive planning by the 

operator and multiple contractors before the job is ever scheduled. The planning 

process typically requires a significant amount of time from internal resources 

including engineering, supply, scheduling, safety and tank operations. The process 

for vapour freeing the tank also has hidden costs. Frequently owners incur costs for
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transferring and downgrading product in preparation for cleaning. Sometimes 

temporary lines are constructed and product must be moved out of the tank using 

various systems. Disposition of the tank heel often results in hidden costs because 

saleable product intermingled with water and sludge is unavoidably wasted. Once the 

tank is out of service, the operator incurs supply related costs associated with tank 

downtime: higher shipping costs for smaller inbound lots, transportation costs for 

ships or rerouting trucks and production impacts due to reduced storage capacity. 

Finally, if repairs are required, more hidden costs occur. The repairs are an 

immediate emergency since the operator is eager to return the tank to service. 

Frequently there is insufficient time to follow a normal bidding and contractor 

selection process, so often, the first qualified contractor who can begin work 

immediately wins the work, completing the repairs typically at a higher cost due to 

the scheduling imperative. Additionally, repair creep sets in since many repairs are 

made earlier than warranted just so they can be completed while the tank is out of 

service, forcing the operator to accelerate deferrable costs into the current budget 

cycle.

The figures for the direct costs along with the indirect costs associated with the 

preparation process demonstrate the high economic potential for altering the 

inspection regime. It is also clear that the intended economic benefit of recurrent 

inspections is significantly limited by these costs.
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Environmental Costs

In addition to the economic costs, the conventional method presents serious safety 

and environmental challenges. In the words of Quinn [2002], the product is generally 

transferred through temporary lines creating an increased risk for spills, contact with 

personnel and other catastrophes. Further, the tank is opened to the environment via 

the man way exposing the environment and personnel to substantial vapour releases. 

As a consequence, this method is a significant contributor to volatile organic 

compound (VOC) emissions, jeopardising environmental credits in many 

jurisdictions. In order to avoid VOC emissions, such as benzene and other chemicals 

on the Toxic Release Inventory, operators will typically burn the evacuated fumes 

with methane and other gases to eliminate the VOC release. Nevertheless, 

incineration generates significant CO2 emissions. Hartsell [1999a] quantified the 

resulting CO2 emissions for a 10000 m3 tank to be in a typical range of 80 to 120 

tons, resulting in an average emission rate of 0.01 t/m3 . In Wiersch [2004], the total 

European storage tank capacity, for the petrochemical industry, is calculated to be 

approximately 168 million m3 . Discussions with members of the TUV [Keilhofer 

2002] have shown that about 80 % of the tanks require recurrent inspections at a 5 to 

10 yearly interval. With this information an average number of 18 million m3 of 

storage tank capacity to be inspected every year, could be derived. Cole [2003] 

showed that about 50 % of the inspected tanks don't require repairs. As a 

consequence, about 9 million m3 of storage tank capacity are removed unnecessarily 

from service, resulting in approximately 90,000 tons of CO2 emissions every year in 

Europe. In comparison with vehicular travel, it is calculated by the European- 

Commission [1999] that the actual COj emissions from passenger cars in Europe are 

186 g/km. With the average annual distance of 15,000 km/year travelled by a car in 

the EU [ACEA 2004], the CO2 emissions of a car per year are approximately 2.8 t. 

Hence, the emissions of unnecessarily performed inspections produce the equivalent 

emissions to more than 30,000 cars every year.
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The energy loss due to the burning process and product wasted is also significant and 

is quantified by Hartsell [1999a] to be about 350,000 kWh for a 10,000 m3 tank, 

resulting in an average energy waste rate of 35 kWh/m3 . With the derived figure of 9 

million m3 of unnecessarily inspected storage tank capacity, a quantity of 

342,000,000 kWh of wasted energy could reasonably be estimated. Comparing this 

with the average energy consumption per capita in Europe (residential sector) of 

8100 kWh [Barbier, Baron et al. 2004], shows that the energy for supplying more 

than 40,000 people is wasted.

Although it is understood that the above calculations are approximations, the results 

could reasonably be compared with the intended benefits of recurrent inspections 

discussed in Section 2.1.1. This clearly shows that there is a significant discrepancy 

between the desired effects and the real outcome of recurrent inspections. The 

positive economic effect due to the avoidance of clean up costs is partially 

compensated by the great expense of the inspection process. Further, the large energy 

waste associated with the preparation process might also jeopardise the positive 

image of the industry. And finally, the VOC and CC>2 emissions partially counteract 

the positive effect of avoiding leaks and are in contradiction to the general intention 

in reducing the emission of green-house gases.

Although associated with negative effects, there is no doubt about the general 

necessity for recurrent inspections to prevent disastrous spillages. The general aim of 

this study was therefore:

To investigate the feasibility of reducing the environmental and economic costs 

associated with periodic inspections of storage tanks by altering the inspection 

regime.
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2.2. Review of Alternative Tank Inspection Methods

Due to the significant economic and environmental costs of the preparation process, 

which have been shown in Section 2.1.2, the avoidance of this process has been seen 

to be a promising approach in altering the inspection regime within the context of the 

general aim of this study. As has been discussed, the preparation process is necessary 

to provide a safe environment for the inspector who has to enter the tank for 

inspecting the bottom plate. However, approaches in other industrial or military 

applications have shown that specific works can safely be carried out in hazardous 

environments by utilising highly developed equipment.

For example the detection and removal of antipersonnel landmines is without doubt a 

very dangerous task if performed manually. Santos, Garcia et al. [2004] describe a 

remote-controlled robot system which allows the human operator to accomplish this 

task from a safe distance. Haferkamp, Bach et al. [1997] describe robot systems 

which are able to handle inspection equipment in the hazardous environment of the 

nuclear power industry. Also offshore applications have recently been supported by 

robotic systems as the safety considerations for manned deep-sea operations require 

an increasingly complex certification effort [Ballard 1993]. In this paper, a remote- 

controlled submersible is described which has been developed to perform deep 

seafloor installations or observations without the need of a human presence.

In the field of inspection and maintenance non-contact methods such as infrared 

thermography are in use. With this technology, tasks such as the inspection of 

operating smokestacks [Vavilov and Demin 2002], building diagnostics [Balaras and 

Argiriou 2002] or the inspection of high voltage electronic components [UKTA 

2001] can be performed from a safe distance. With regard to tank inspection,
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basically two approaches can be extracted from the above discussion. The first would 

be the investigation of remote-controlled NDT equipment by some kind of robotic 

system. The second would be the investigation of other corrosion detection and 

assessment techniques which would allow an inspection from outside the tank. 

Therefore, the underlying questions for the further review are:

• Would alternative inspection techniques or sensors for inspecting the bottom 

plate from the outside of the tank be applicable?

• Would it be technically feasible to provide remotely operated conventional 

sensors so that they could be operated from outside the tank?

In order to carry on focusing on a tangible technical solution for altering the current 

inspection regime, the alternative techniques mentioned are discussed in Section 

2.2.1 and 2.2.2 respectively.

2.2.1. Alternative Inspection Techniques

Apart from UT, MFE and ECM, there are several other non-destructive evaluation 

techniques to assess the corrosion in metal structures that have been used. In 

Saidarasamoot, Olson et al. [2003], a review of these methods has been reported with 

regard to the inspection of marine structures. It is clear that most of the mentioned 

techniques would theoretically be applicable to detect corrosion in storage tank 

structures. However, some of the assessed methods would require a large installation 

effort and would result in permanently installed sensor arrays inside the tank. For 

repairing certain areas of the bottom plate, parts of this array would have to be 

uninstalled prior to the repair and reinstalled after it. Additionally, a malfunction of 

the sensor array itself would also require emptying, cleaning and degassing the tanks 

to repair it, which would be a prohibitive. The prospects of these techniques with
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regard to their applicability for tank inspections have been evaluated and the results 

are presented in Table 2.2.

Technique

Visual inspection

Acoustic Emission

Radiographic 
method

Thermal imaging

Electrical 
resistance 

measurement

Galvanic thin film 
micro sensor

Electrochemical 
sensors

Hydrogen 
measurement 

probe

Chemical sensors

Electrochemical 
impedance 

spectroscopy

Ultrasonic guided 
waves

Prospect of applicability
This technique has been rated to be not applicable as the bottom plate is not visible from 
the outside of the tank.
As leaks and even active corrosion are known emitters of acoustic signals which can be 
measured over long distances, this method might be applicable and will be reviewed in 
more detail.
As this method requires access to both sides of the structure to be penetrated by gamma 
and X-rays, this method has been rated to be not applicable.
This method is based on the evaluation of infrared camera images. Referring to this, it is 
questionable whether underside corrosion would emit enough heat to be detectable by an 
IR camera inside the tank. Further, the fluid inside the tank might significantly decrease 
the precision or even omit the detection of corrosion. This method has therefore been 
rated to be not a promising approach and is not included in the following discussions.
This method is based on the measurement of an increased electrical resistance of a 
structure. This increase is caused by a reduced cross sectional area of the structure due to 
corrosion. With regard to a tank's bottom plate, pitting corrosion might not result in a 
significant increase of the plate's resistance. Further, the localisation of corrosion areas 
might be difficult. This method has therefore been rated to be not a promising approach 
and is not included in the following discussions.
These sensors have originally been developed to monitor the corrosivity of the 
environments. Modified sensors have recently been used to also monitor the corrosion of 
structural components. For a thorough monitoring of the tanks bottom plate however, this 
method would require the installation of hundreds of sensors. Additionally it is 
questionable if underside corrosion would be detectable by sensors installed inside the 
tank. The cumulative measurement principle might significantly influence the precision 
of such a system in long time measurements. Therefore this method has been rated to be 
not a promising approach and is not included in the following discussion.
This methodology has been developed to yield information on corrosion types, corrosion 
kinetics, and local corrosion rates. It results in a forecast of e.g. pitting potential within a 
field of investigated chemical parameters but does not provide information about 
remaining wall thickness. Therefore this method would not be applicable for the tank 
inspection.
This method is based on the measurement of hydrogen evolutions due to corrosion. Due 
to the wide range of different chemicals stored in tanks, the evolution of hydrogen is not 
guaranteed. Thus, this method has been rated to be not applicable.
This method is based on monitoring the changed chemical characteristics of either 
compounds brought in contact with the metal structure or the surface of the structure. 
However, the way of monitoring the changed chemical characteristics is based on some 
kind of optical examination. Thus, underside corrosion of the bottom plate would remain 
hidden. This method has therefore been rated to be not applicable.
This method is based on low frequency impedance measurements and has been 
developed to measure the early stage degradation of coating and substrate corrosion 
underneath a paint coating. Although the precision of this technique could not be 
identified, the application would require a sensor network inside the tank. This method 
has therefore been rated to be not applicable.
The guided wave method has been successfully applied to various inspections of 
complicated and large structures and will therefore be reviewed in more detail.

Table 2.2 : Available NDT techniques after [Saidarasamoot, Olson et al 2003]
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The review of alternative NDT techniques provided in Table 2.2 has led to the 

conclusion that ultrasonic guided waves and the acoustic emission monitoring might 

be the most promising approaches in performing an inspection of a tank's bottom 

plate without the need of a human presence inside the tank. In the following both 

techniques will be discussed in more detail.

Acoustic Emission Monitoring (AEM)
Leaks or active corrosion are known to be sources of acoustic emissions. The applied 

method is based on the detection of these emissions with the help of piezoelectric 

transducers. Lackner and Tscheliesnig [2000a] describe a configuration, where the 

sensors were mounted on the tank shell, distributed across the circumference at a 

height of approximately 1m. Each sensor was connected to a separate channel of a 

computerised measuring system which was used for processing, storage and 

visualisation of the acquired data. Since the sensors were located at different 

positions, the AE waves emitted by a source would be detected by the sensors at 

different points in time. The arrival time together and the speed of sound and the 

sensor positions are the main parameters to locate the origin of the emission. Based 

on this information, the idea of using acoustic emission monitoring for the tank 

inspection implies a very simple approach and would be an ideal alternative for 

currently performed tank inspections. Compared to the state of the art, this system 

would allow monitoring of the condition of tanks continuously with very little effort.

However, Lackner and Tscheliesnig [2000b] note that the results of an AE 

monitoring system are very vulnerable to environmental influences, resulting in strict 

requirements concerning the environmental conditions during an inspection. As a 

consequence, the following environmental conditions are defined to be necessary for
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an inspection using acoustic emission monitoring:

• The tank needs to be taken out of service at least 24 hours prior to the 

inspection.

• All equipment causing currents within the liquid like heating elements, 

agitators etc., need to be stopped. Even electrical devices like pumps which 

are either located near the tanks or connected to the tank via pipelines need to 

be taken out of service during the inspection.

• During the inspection there must be no rain, no heavy wind and not too much 

solar radiation.

Due to these limitations, the method has already lost considerable flexibility as it is 

not possible to continuously monitor the condition of the tank. However, there is no 

imperative to have the possibility of a continuous monitoring and the mentioned 

limitations are therefore not necessarily a disadvantage of the system compared to 

other approaches. What might be problematic with this system is the fact, that the 

parameter of interest, which is the remaining wall thickness of the tank, is not 

measured directly. As it is stated in Tscheliesnig and Schauritsch [1997] or 

Barbagelata and Barbagelata [2002], the original intent of this system was to detect 

leaks in pressure vessels. In the case of tank inspection this kind of failure needs to 

be predicted prior to its occurrence by measuring critical corrosion attacks. For that 

reason this method has been improved hi such a way that it is possible to distinguish 

between active corrosion and leaks. Alazard, Andries et al. [2002] describe a method 

where significant acoustic patterns for different types of corrosion and leaks have 

been generated in a test tank and stored in a database. This empirically generated 

database is then used to evaluate emitted signals during a real inspection by 

comparing them with significant patterns for corrosion and leaks. In Tscheliesnig and 

Lackner [2000]; Tscheliesnig and Lackner [2001]; Tscheliesnig [2002], the result of
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certain inspection campaigns are presented and it is shown that it is possible to 

distinguish between the different acoustic signals and with that to detect active 

corrosion. Another experiment is described in Marino [2002], where the results of 

the acoustic emission is compared with the results of a prior conventional inspection. 

The resulting correlation between the indications of the two methods turned out to be 

very significant. However, it needs to be taken into account that the acoustic 

emission gives an indication of the severity of detected corrosion while the results of 

the conventional method are given by percentage of thickness loss. As a consequence 

the correlation can only be rated as a qualitative result with no real thickness 

information coming from the acoustic emission monitoring. With respect to the 

demands of valid inspection regulations, which are described in Section 2.1.1, the 

following conclusions could be drawn from the discussion above:

• Only active corrosion can be detected. As a consequence, the condition of the 

tanks bottom plate has to be measured before or after the inspection using 

conventional methods.

• It is questionable if it would be possible to make sure that the corrosion 

during the measurement is representative of the past and the future.

• It is questionable if it is possible to evaluate the tank bottoms' conditions in 

terms of remaining wall thickness based on the knowledge of active corrosion 

in the past.

With regard to the last point, Saidarasamoot, Olson et al [2003] state that this 

method cannot provide an accurate depth or area of the corrosion which is why other 

methods are required. Using the acoustic emission monitoring technique as a self- 

contained system for the tank inspection is therefore not accepted at the moment 

[Kriiger, Dix et al. 2003]. However, Cole [2003] states that this method could be 

used as a screening tool for assessing the condition of tanks when scheduling
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inspection activities using more precise techniques for measuring the remaining wall 

thickness and may therefore lead to a very fast and accurate focusing of these 
activities only on tanks, which really demand them.

Ultrasonic Guided Waves (UGW)
Guided waves refer to mechanical (or elastic) waves in ultrasonic and sonic 

frequencies that propagate in a bounded medium (such as pipe, rail or plate) parallel 

to the plane of its boundary. Following Cawley and Alleyne [2003], the use of 

guided waves in NDT applications can typically be grouped into three categories 

according to the propagation distance involved. Short range applications such as 

leaky Lamb wave inspection of composite materials or acoustic microscopy involve 

propagation distances of less than 1m. Plate inspection, where the propagation 

distances is about 10 meters [Light, Kwun et al. 2003], falls into the category of 

medium-range applications. Long-range applications typically involve one- 

dimensional waveguide structures such as pipes [Siqueira, Gatts et al. 2004] or rails 
[Hayashi, Song et al. 2003] where the propagation distances are in the range of tens 

or even hundreds of meters.

Storage tanks, which are structures composed of plates joined together, would belong 

to the category of medium range applications. In such 2-dimensional structures, the 

guided wave propagates radially outwards from the excitation source, thus 

decreasing in amplitude and effectively limiting the inspection range to several 

meters [Fromme, Wilcox et al 2003]. Saidarasamoot, Olson et al. [2003] described a 

methodology that by using appropriate mode and frequency, guided waves can 

penetrate a 6.35 mm thick ship hull, and travel through complicated structures with 

the maximum wave path of 7.6 m. In this paper, the successful use of ultrasonic 

guided waves to detect and localise the damage to a ship's hull resulting from a 

bomb attack was described.
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For tank inspection, however, defects going through the bottom plate need to be 

prevented trough inspection. In this context, Salzburger and Hubschen [1988] 

described experiments where the guided wave technique was used to detect corrosion 

in plate structures. A special interest of this paper was the discussion of the 

applicability of this technique to storage tank inspection. It has been shown that 

different types of corrosion such as wastage and pitting can reliably be detected from 

distances of up to 0.5 m. The experiment also showed that corrosion areas close to 

each other are distinguishable. However, the results of the experiments were still 

limited to the detection of corrosion from relatively close distances. For acquiring the 

precise depth of the detected flaws, conventional ultrasonic wall thickness 

measurement techniques were proposed. Even years after these first approaches and 

in spite of the availability of sophisticated sensors described in Cawley, Lowe et al. 

[2003], Rose, Pelts et al. [2000] state that the ability to go beyond detection and 

location to classification and sizing is still extremely difficult. Referring to this, some 

experimental results are presented by Jeong, Shin et al. [2000] showing that the 

amplitudes of reflected signals were proportional to the depth of artificial elliptical 

defects. With the results presented in Rose, Pelts et al. [2000], where a theoretical 

approach (boundary element method) which related defect depth to reflected 

amplitude was introduced, quantitative analysis might be possible by comparing 

measurements with calculated amplitudes of the reflected signal.

Although promising, the potential of such approaches is weakened by real 

environmental conditions. Other than in theoretical discussions, a real tank bottom is 

not an ideal plate but a structure of plates joined together. With a guided wave probe 

placed at a plate, the inspection of adjacent plates would require the wave beam 

travelling through one or several welded joints. Additionally, real corrosion shows 

countless patterns which all might result in different reflection intensities. In Light, 

Kwun et al. [2003] an experiment is described where the test plate sample that has
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been used was 6.45 mm thick and approximately 1.22 m x 12.19 m in overall size. It 

was made by full-penetration welding of two carbon steel plates. During this 

experiment growing corrosion was simulated by placing a 6.35 mm diameter, 50 % 

thickness deep drilled hole into one plate and increasing their number up to five. For 

monitoring this simulated corrosion process, a guided wave probe was placed at the 

other plate at a distance of about 7 m to the simulated corrosion defect. As a result of 

this experiment it is described that the drilled-hole signal was detectable when the 

number of drilled holes was three or more due to increasing signal amplitudes. With 

regard to the described quantitative analysis, this already implies that increased 

signal amplitudes are indicators of both an increased defect depth and an increased 

defect size. It was further observed, that the amplitude of signals from the weld 

varied although this geometric feature didn't change. This would also induce errors 

in the detection of defects and their growth very near these geometric features.

It can be seen that the potential of this technique in precisely quantifying the extent 

of flaws over long inspection ranges and under real environmental conditions is 

presently hardly possible. Further, it is questionable if derivatives of probes and 

evaluation algorithms could lead to an improved solution to this problem. 

Additionally, the limited range of current sensors would only allow inspections of 

small tanks (up to 20 m in diameter) from the outside. In inspecting larger diameter 

tanks, this method would require the permanent installation of a sensor network 

inside the tanks which would be best avoided. Due to the results of this discussion, 

the method of guided wave inspection was considered not to be a promising 

approach for avoiding the tank preparation process.
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2.2.2. Remotely Operated Conventional Sensors

As discussed in Section 2.2.1, the application of alternative testing methods as 

standalone techniques for tank inspections would not provide the accuracy and 

reliability of current techniques and might therefore not be accepted by the relevant 

authorities. Another possibility in avoiding the need for the tank preparation process 

could involve replacing what is currently performed as a manual inspection by an 

automated inspection. The underlying idea would be to use the same NDT measuring 

technique as conventional methods but avoid the need for manual handling of the 

sensors. In comparison to the approaches discussed in Section 2.2.1, this approach 

would also avoid time consuming and expensive acceptance tests for a new NDT 

method as only the handling of the probes would change. The task of this section is 

therefore to assess the area of robotics to extract a promising concept for an 

automated tank inspection system.

The approach of replacing manually performed NDT inspections by automated ones 

has already been successfully performed in many other industrial applications, such 

as inspecting rotors of gas or steam turbines and train axles [Krautkramer and 

Krautkramer 1986]. The robotic systems that are used to guide the NDT probes are 

so-called manipulators which are designed to perform a specific kinematic task. Such 

manipulator based inspection systems have also been developed for inspecting large 

structures such as reactor pressure vessels of nuclear power plants. The use of these 

systems allows the inspection to be undertaken in hazardous or even mortal 

environments without the need for a human presence inside the tank, which would be 

advantageous for the tank inspection process. For the installation of these 

manipulators, the cap of the reactor is removed. Systems developed by, for example, 

Cegelec NDS [Cegelec 2004] are then installed on top of the pressure vessel. 

Different kinematic solutions have been realised to guide a NDT probe array across
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the surface of the vessel to inspect it. For the inspection of storage tanks, however, 

the roof of the tanks cannot be removed to allow the installation of a large 

manipulator on top of the shell. The installation of such a system through the 

manhole might also not be a reasonable approach and would also require a human 

presence inside the tank which it is intended to avoid. At first sight, the application of 

a large robotic arm such as the ones used for large range manipulations in space 

might seem to be a solution for this problem as such a system would fit through the 

manhole. However, large range manipulations require a large robotic arm (depending 

on the tank size and manhole position, up to 100 m) which might also involve a 

considerable installation effort. Additionally, the length of this arm would certainly 

complicate the micro positioning of the probes inside the tank. Although Mennenga 

[1999] stated that even massive objects weighting thousands of kilos can be moved 

with a precision of better than 3 mm (in space), the presence of gravity and fluid 

forces inside a tank might significantly worsen this figure. Different obstacles 

installed at different positions inside the tanks would also require complicated 

kinematics. Summarising the above, it can be deduced that the efficient use of a 

manipulator guided inspection system for tank inspection is questionable. 

Consequently, other approaches have been investigated.

Analogous to the use of helicopters, where the installation of a crane would be 

complicated or even impossible, it might be feasible to drive an NDT probe without 

the need for a mechanically guided manipulator system. In this case, some kind of 

remotely operated or even autonomous robotic vehicle might be applicable to drive 

the NDT probe across the tanks bottom plates. Compared to manipulator systems, it 

would be relatively easy to install such a system and the ability to avoid obstacles is 

much greater as the kinematics are not limited by a specific manipulator 

configuration. Inspired by such groups as the CLAWAR Thematic Network 

[Armada, Gonzales-de-Santos et al. 2002], several workgroups have been established
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in the past to investigate the solutions and advantages that climbing and walking 

robots could provide to some problems presented by the petrochemical industry and 

underwater applications. With respect to the problem of tank inspections, some 

companies and institutions have already presented prototype versions of vehicle 

based tank inspection robotic systems.

Surveys done by the author have identified the most advanced systems, which are: 

Maverick produced by Solex Robotics (USA) [Strzelecki 2000], OTIS produced by 

In Tank Services (USA) [Silverman 2002], Neptune developed at the Carnegie 

Mellon University (USA) [Schempf, Chemel et al. 1995] and the RobTank mobile 

robot that has been developed at the South Bank University (UK) [Sattar, Zhao et al. 

2002]. In their general configuration, all these systems comprise a robot crawler 

vehicle which carries the necessary testing equipment, a deployment system which 

lowers and retrieves the crawler, an acoustic positioning system [Borenstein, Everett 

et al. 2000] to chart and control the location of the robot and an external remote 

control console utilising commercial or custom software for display, planning and 

control tasks. The main difference between these systems is the realisation of the 

drive system. The Maverick, OTIS, and RobTank system are equipped with wheel 

drives. To provide sufficient friction, as deposits cause the surface of the bottom 

plate to be slippery [Armada, Gonzales-de-Santos et al. 2002], magnetic wheels are 

used. The negative effect is that they tend to attract all the magnetic material they 

drive over, especially oxides (i.e. rust flakes), eventually reducing their magnetic 

holding capacity [Schempf, Chemel et al. 1995] or even causing the whole system to 

become stuck [Hartsell 1999b]. To avoid this problem, the Neptune crawler is 

equipped with a "switchable" magnetic chain drive. Although success or failure of 

this system is not reported, it is clear that driving a crawler system inside a tank by 

any of the described locomotion methods involves serious problems which might 

significantly reduce the reliability of the overall system. It is also obvious that the
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solutions described require a highly sophisticated mechanism that itself might be 

susceptible to faults and difficult to maintain.

A further problem, which independently from their drive mechanism, concerns all 

crawler systems is the increased turbidity in their surrounding. Due to the fact that 

they are in direct contact to the ground, even slight deposits on the bottom plate 

could severely decrease the transparency of the fluid preventing a proper visual 

inspection. Following reports given by BayernOil [Cebulla 2002], who have tested 

an early version of the OTIS crawler, this is a serious problem as the visual 

inspection is an important part of the inspection procedure. Another problem is that 

the interior of most storage tanks presents obstacles such as filling and drain pipes, 

heating coils over large areas of the bottom plate, their supports and mixers. The only 

possibility for such a system to overcome each obstruction would be to drive 

underneath these obstacles causing their supply cable to become stuck in all 

likelihood. As a result, some areas may be beyond the reach of the crawler systems 

limiting their performance with regard to an exhaustive inspection of the bottom 

plate. Westfall and Burke [2003] note that crawler systems would inspect only 

"nearly every floor plate" resulting in a small portion of the floor (up to 5%) actually 

tested for thickness, which is evidence of the systems limitations.

To overcome this problem, the necessity for the supply cable could be avoided by 

some kind of wireless communication and an autonomous energy supply for the 

vehicle. For wireless communication an acoustic modem could be used while the 

energy could be provided by a battery and some kind of docking station for 

recharging the battery. However, as has been shown by Greenman, Holland et al. 

[2003], the efficiency of such systems is limited due to the system's down time 

during the recharging process. Energy consumption during its operation therefore 

becomes a major issue which might significantly restrict the realisation of the
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system. Referring to this, developments such as the SlugBot described by Kelly and 

Melhuish [2001] or the power supply system of the EcoBot I described in leropoulos, 

Melhuish et al. [2004] have shown that energetically autonomous vehicle design is 

feasible without the need for batteries. Similarly to most living organisms, where one 

of the key aspects is their ability to exploit natural sources of energy within their 

environment, the SlugBot utilises a special fuel cell to generate electricity from slugs 

which are collected by the robot. Analogous, a robotic system for tank inspections 

could utilise the energy of the petrochemical fluids by a fuel cell. At first sight, 

effective fuel cells which could be integrated into the vehicle's construction would 

provide the necessary energy. However, processing hydrocarbons in a fuel cell 

requires the presence of oxygen which would again reduce the availability of 

electricity as only a certain amount of gas could be stored in the vehicle. 

Additionally, this solution would be extremely dangerous as a leakage from this 

system could result in an explosion. As a consequence, the acceptance of such a 

system by the customers and official authorities might be difficult to achieve. 

Another problem that arises with this un-attached approach is the recovery of such 

systems. Hartsell [1999b] reported cases where occasionally the crawler systems got 

stuck due to a malfunction of their driving mechanisms or that they fell into swamp 

holes with no possibility of getting out by their own drive system. With no supply 

cable attached to the vehicle it might therefore be impossible to recover the system. 

To be able to recover the inspection system in emergency cases, other system 

solutions which could minimise the negative effects of a supply cable should be 

reviewed.

The analysis of all the problems described for crawler systems lead the author to the 

conclusion that they are consistently caused by the fact that these systems are 

restricted to a 2-D space. To make this fundamentally good approach of an 

automated inspection system more reliable, a possible solution could be to increase
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the degrees of freedom in which the inspection system carrier can move. With 

respect to locomotion, Hillenbrand and Berns [2004] describe legged vehicles as 

another class of crawlers that has extensively been used for various industrial 

inspection and maintenance applications. In comparison with wheel or chain driven 

systems, Luk, Cooke et al. [2001] state that such legged vehicles can be designed to 

negotiate and step over obstacles to increase the flotation of crawler systems. The 

Robugll crawler described impressively demonstrates this ability by performing 

challenging geometric tasks such as an automatic floor-to-wall transfer. Such 

vehicles can indubitably be designed to overcome all the obstacles inside a tank. 

However, the various shapes and unknown locations of the obstacles would involve a 

very demanding effort on the kinematics and control of such vehicles. Also a 

complicated sensor system for obstacle avoidance would be necessary to allow its 

automatic operation in uncertain terrains. Under such circumstances, Nishi [1996] 

proposed the reconstruction of the crawler systems described such that they can fly 

over obstacles by employing a suitable mechanism and control system. This solution 

would prevent the need for complicated kinematical solutions to overcome various 

obstacles. In this paper however, it was proposed to use this ability just to overcome 

obstacles. After that, the system reattaches to the surface and uses its "conventional" 

locomotion mechanism for the further movement. With regard to tank inspection this 

would again involve the problems accorded to the visual inspection. Additionally, the 

driving mechanism would be further complicated and the problems with regard to 

wheel or chain drives would not be solved.

At this stage of the review it is obvious to consider a system which uses just the 

flying mode without touching the bottom plate, leading to the general configuration 

for a new inspection system introduced in Section 1.2. In this proposal the inspection 

system carrier is based on a free flying robot instead of a crawler based vehicle as 

shown in Figure 1.2. Such a free flying vehicle which is commonly known as
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remotely operated vehicle (ROV) could carry the NDT devices for measuring the 

remaining wall thickness as well as a camera for visual inspections at a predefined 

distance from the bottom plate. As a consequence, the traction problems can be 

avoided as the ROV is driven by thrusters and not by wheels or tracks which require 

a direct contact to the tanks structure. As such a vehicle can move at a certain 

distance from the bottom plate, it might be possible to prevent sediment from being 

disturbed which would provide the possibility of a visual inspection. Obstacles inside 

the tank could easily be avoided as such an inspection system carrier is able to hover 

above the obstacles without the danger of the supply cable becoming trapped. For the 

same reason swamp holes no longer pose a risk to the system.
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2.3. Review of the Applicability of ROVs

Based on the outcome of Section 2.1.2 where the positive contributions of an ROV 

as an inspection system carrier have been considered, this section will focus on the 

applicability of such vehicles. The following discussions are based on environmental 

aspects such as the use in different fluids or the accessibility to tanks, as well as on 

the control and guidance of such vehicles. Additionally the UT technique is 

considered as measuring system. Other than ECM or MFL, this technique does not 

rely on volumetric tests and following calculations of an average wall thickness of a 

certain area of the bottom plate but directly measures the remaining wall thickness at 

discrete locations. Additionally, this technique allows the positioning of the probe at 

a certain distance to the structural element to be inspected which is hardly possible 

by using the other techniques. However, it is also the most demanding technique in 

terms of lateral stability requirements on the inspection system carrier as the 

precision of UT is known to be vulnerable to deviations from a perpendicular 

position of the probe to the surface of the structure to be inspected. With regard to 

the mentioned requirements, the applicability of available vehicles is evaluated in 

Section 2.3.1 while the prospects of a new ROV design are discussed in Section 

2.3.2.

2.3.1. Applicability of available ROVs

Remotely operated vehicles have been in use since the early 1970s to support a wide 

range of applications. These tethered vehicles have historically been used mainly as 

observational platforms for commercial, scientific and military off-shore 

applications. Subsequent developments increased their capabilities for e.g. the 

deployment of scientific instruments [Dawe 1998] or the installation of pipelines in
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deep waters [Aleksandersen, Langen et al. 2001]. For all these applications the ROV 

is used as a working platform for specially designed manipulators or deployment 

systems to form a remote tool which enables these vehicles to avoid the need for 

human presence. Another field of applications that has recently been entered by 

ROVs is the field of underwater inspections such as visual inspections of dams 

[Moxon 1999] or weld inspections of pipelines and other structures [Raine 1996; 

Raine 1997].

Especially for applications where visual inspections have to be performed, small low 

cost ROVs like the GNOM™ or the MiniRover™ [Graham 1998] to mention some, 

have been developed. These vehicles are equipped with cameras, lighting and some 

basic navigation tools (e.g. magnetic compass) to perform gross inspection tasks. 

Due to their special design and their resulting small additional payload, these 

vehicles are not necessarily suitable to be customised for other applications like tank 

inspection, where additional equipment is necessary. To provide the possibility of 

retrofitting ROVs with manipulators and testing equipment, another type of vehicle 

has been developed. In this case the ROV itself is usually seen as the lowest common 

denominator with specialised tooling adapted to fit on an "as needed basis" [Nomad 

2001; Triton 2001].

These so-called open-frame vehicles like the Tiburon [Newman and Stokes 1994; 

Kirkwood 2000], the MEDIA/JASON system [Ballard 1993] or the NOMAD™ 

ROV, support a higher level of flexibility due to their open frame structure and their 

available payload. Smaller versions like the Phantom™ (150E™, Pipeliner™, 

FireFly™) produced by DeepOcean AS in Norway, the Seamor produced by 

WESTEC Inc. USA or the MiniSub™ produced by R.O.V. Technologies Inc. USA 

would fit through the manhole of the tanks which is essential for the installation of 

the system. As can be seen on the Schilling Website [Schilling 2004], these vehicles

36



2.3 Review of the Applicability of ROVs

are then retrofitted with necessary equipment to meet the requirements of the 

respective tasks.

Although this approach is possible for various applications, the adoption of these 

existing vehicles with regard to the demanding operating conditions of the 

application of this study might be difficult. A major reason is that these vehicles are 

not suitable for use in petrochemical fluids in their standard configuration. To 

accommodate them would therefore require the replacement of non-resistant 

materials and adjustment of the buoyancy and might significantly influence the 

hydrodynamics of the vehicle. Also, performing inspections using UT techniques 

requires a well defined and smooth movement of the probes. A problem that arises 

with the intended inspection task is the poor lateral stability of small vehicles. 

Referring to this, Lester [1998] states that NDT retrofits for existing ROV designs 

leaves the designer with the problem of stabilising the platform which is very 

difficult to realise with such small vehicles. As a consequence such vehicles have 

been used as transportation tools rather than a scanning tool. This can be seen in 

Hatlo [1996], where an ROV based inspection system for weld inspection 

applications is described. In this case the ROV delivers the inspection system 

(manipulator and probes) close to a weld and fixes itself to the structure to be 

inspected. As it can be seen in Goto, Harada et al. [1997], the NDT sensors are then 

driven by the manipulator, which is able to follow even complicated geometries with 

a very high precision. However, this is only a reasonable solution for applications 

where small areas have to be inspected by the system. In the case of the tank 

inspection, where the whole bottom plate needs to be inspected, this solution would 

lead to a very time consuming process which would definitely exceed a reasonable 

inspection time.
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Another solution for the stability problem would be active roll and pitch damping of 

the vehicle, using a control system. As it is proposed in Bee [2003] such an approach 

could enable even small ROVs to perform tasks equal to much larger vehicles. 

However, to realise a control system for open-frame vehicles is often problematic. 

ROVs are generally designed to be able to move in any direction. Following Dand 

[1985], the lack of symmetry of open framed vehicles can therefore cause significant 

nonlinearities and cross-coupling effects that are very prominent during multiaxis 

motion and when working in a current. Furthermore, their dynamics can change 

significantly as new sensors and work packages are attached or even due to different 

attitudes of an attached manipulator. As a consequence, the dynamics of most 

underwater vehicles present a difficult control system design problem which 

traditional linear design methodologies cannot accommodate easily.

To overcome the problem of dynamic nonlinearities and variations in the vehicle 

dynamics, a series of modern controller design strategies supported by at-field 

system identification techniques [Caccia, Bono et al. 1999] have been developed. A 

general overview can be found in Fossen [2000]. One of the described solutions for 

this problem is the strategy of feedback linearization [Fossen 2002], where the 

nonlinearities of the system are cancelled out by adequate controller action. For the 

subsequent control loop adjustment, conventional linear methods can be applied. 

However, the applicability of this method is limited as a precise knowledge of the 

physical parameters is necessary which is often not available. Another design 

methodology which is strongly related to the feedback linearization is the 

backstepping method [Fossen and Strand 2001] using a recursive construction of a 

control Lyapunov function. In contrast to feedback linearization this method allows a 

more flexible controller design as nonlinearities as e.g. nonlinear damping does not 

have to be cancelled out necessarily. Another attractive nonlinear design technique is 

sliding mode control which incorporates techniques to handle model uncertainty,
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measurement noise and unmeasured disturbances for increasing the robustness of the 

control system. Applications to marine vessels can be found in Yoerger and Slotline 

[1985] and Fossen and Foss [1991] for instance. Even though nonlinear methods are 

very elegant and essential solutions for many ROV control problems, their 

application requires considerable understanding of nonlinear control and might result 

in a complicated control structure. Additionally it should be mentioned that an easier 

linear approach, which might be reasonable at low speeds in this application, is 

largely obviated by the open frame structure of available ROVs.

As it has been shown, the adoption of an existing vehicle to the intended inspection 

task would result in an unnecessarily complicated system. It is also questionable if 

such a system could provide a satisfactory performance as an adequate vehicle 

stability might not be achievable. The fact that no similar approaches could be 

identified in the literature by the author and the general doubt regarding the technical 

feasibility of such a novel system has been considered to be evidential of these 

assumptions. However, in the author's opinion this also shows the potential for 

further investigations regarding the feasibility of such a system. To avoid an 

unnecessarily complicated system, a minimalist concept was adopted as the 

underlying philosophy for all following considerations. In the words of Melhuish 

[2005], "simple devices can confer robustness as the more simple a device is then the 

less there is to go wrong". As a consequence, the prospects of a specially designed 

vehicle are considered to be a more promising approach in realising the intended 

system and will therefore be discussed in more detail.
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2.3.2. Applicability of a new ROV Design

As has been shown, the system for this application needs to withstand different 

petrochemical fluids if the sensor is to enter a filled tank. It needs to be small enough 

to fit through the manhole of a tank but at the same time needs to provide a high 

lateral stability with regard to the UT inspection system. Further, the trajectory 

control system should be capable of automatically driving the system along 

predefined courses to cover the major part of the bottom plate automatically. In 

comparison to the application of existing ROVs, the detailed knowledge of the 

requirements can be seen as an opportunity for a bespoke design of vehicle whose 
capabilities are tailored to the requirements of the intended inspection task.

With regard to its maneuverability and lateral stability, a new ROV design should be 

based on a detailed knowledge of the underlying dynamics. In the absence of strong 

currents and due to the low speed during an inspection, it might be reasonable to 

identify the only influences on the lateral stability of the vehicle to be the dynamics 

and propulsion of the vehicle. As it is demonstrated in Novick, Pitzer et al. [1998] or 

Williams, Newman et al. [2001], where vehicles with partially decoupled modes of 

horizontal and vertical motion are described, it might even be possible to expand this 

property to all degrees of freedom. Following Gummert and Reckling [1994] and 

Lamb [1932], the kinematics and dynamics of a rigid body in a fluid are well known 

and mathematically describable. This knowledge might be applicable to influence the 

vehicle design such that the intended decoupling is feasible. A plane movement of 

the vehicle across the bottom plate would therefore not influence the lateral degrees 

of freedom allowing a reliable UT inspection of the bottom plate.

This simplification of the vehicle's dynamics could further be used to positively 

influence the subsequent controller design. The application described in this work is
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a low speed application allowing the ROV dynamics to be described as a linear 
model [Fossen 2002]. Analytical system theory methods described in Unbehauen 
[1983] or Marko [1995] would then allow one to predefine the resulting closed loop 
dynamics in an understandable way. Thus, conventional linear robust controller 
design methods described in Hippe and Wurmthaler [1985], KortUm and Lugner 
[1994] or Ackermann [2002] to mention some, might be applicable to the degrees of 
freedom to be controlled such that the vehicle can follow a predefined course in 
order to cover most of the tank's bottom plate area automatically. However, the 
realisation of such a control system requires certain hardware structures similar to the 
ones described in Matsuo, Tamura et al. [1995], Dubea [1999] or Schiavon, Finotello 
et al. [2000] to be implemented in the vehicle. Additionally the vehicle needs to 
carry the inspection system hardware for the wall thickness measurement. All 
necessary hardware components need to be combined to a vehicle fulfilling both, the 
environmental requirements of a tank inspection and the dynamic requirements for 
achieving decoupled degrees of freedom and a sufficient lateral stability. The first 
specific objective of this study was therefore to:

Investigate the technical feasibility of designing and controlling a free flying 
remotely operated NDT probe for autonomous UT inspections of storage tanks.

For the acceptance of such a system by industry and relevant authorities it was 
further necessary to evaluate the results provided by the system with regard to the 
requirements in tank inspection. Therefore the second specific objective was to:

Assess the integrity and value of data provided by a system fulfilling the general 

aim of this study.
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The resulting performance of the systems in terms of inspection time and resulting 

market place needs to be analysed to decide whether the system can efficiently be 

operated by a supplier of such an inspection service. Therefore a third specific 

objective has been established. The aim of this objective was to:

Investigate the economic viability of such an inspection system within the 

context of an environmental and legislative framework and an appropriate 

market place.
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This chapter presents the theoretical background for the inspection system to be 
investigated in this study. In Section 3.1 an analytical method of ROV design based 
on system matrices of a rigid body is introduced. It is shown how a suitable design 
simplifies the mathematical description of the ROV and how a predefined stable 
dynamical behaviour can be achieved. In Section 3.3 a method for controller design 
based on linear state feedback methods is presented. With regard to the ROV design, 
it will be shown how the design methods introduced in Section 3.1 positively 
influence both the high and low level controller realisation. It is shown how a 
mathematical model of the vehicle can be designed and used as an observer in order 
to generate unmeasured kinematic system states. The feedback for the control loops 
is generated by a specially designed navigation system described in Section 3.2.

3.1. Design of the ROV

This section will introduce a possible design procedure to realise an ROV for a low 
speed application. Several aspects regarding simplifying a general mathematical 
model of the vehicle, manoeuvrability, roll and pitch stability and the use in different 
fluids are taken into account. The importance of a suitable design is shown in order 
to realise a ROV which can be used in different fluids without changing its vital 
dynamic characteristics. It is further demonstrated that a simple mathematical model 
can be achieved which allows the use of well known strategies in controller design.
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3.1.1. General ROV Model 

For the following kinematic and dynamic descriptions, the nomenclature for motion 

variables of underwater vehicles is introduced. As shown in Figure 3.1, the 

translational and rotational velocities along and about the body fixed axes of a 

marine vessel are defined. 

XB 

ZB 

r (yaw) 
w (heave) 

v (sway) 

Iii--...... -r ~ ..... -.y B 

Figure 3.1 : Motion variables for marine vessels 

By defming the internal and external forces with respect to the kinematics and 

physical parameters of a rigid body, it is possible to present an overall ROV model, 

including all forces in detail (see Appendix A for details): 

MRB·v+MA .v+CRB(v).v+CA(v).v+ D(v).v + TR = TT (3.1) 
, " '~ -..... ......... 

inerti; forces Coriolisandc.,';,tripetalforces damping forces ~estoring ~hruster 
torces Jorces 
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where M 6̂ is the inertia matrix, M Ax6 is the added mass matrix, C(v) 6̂ is the 

Coriolis and centripetal matrix, C(v)Ax6 is the added Coriolis and centripetal matrix, 

D(v)6x6 is the damping matrix including linear and nonlinear coefficients, T^xl is the 

restoring forces vector and T* X| includes forces and moments applied by the

thrusters. The kinematics are described by the velocity vector v6xl which includes 

the linear and angular velocities described in Figure 3.1.

3.1.2. Simplification of the ROV mathematical Model

With respect to controller design, it is tremendously advantageous to have a simple 

mathematical system description. It will now be shown, how global aspects in ROV 

design will simplify the mathematical model with respect to its matrices. According 

to Fossen [2000] a first simplification of the mathematical model is given by the low 

speed application of this vehicle which is a global constraint in this work due to the 

application of the vehicle to the inspection task. This implies that the non-linear 

damping, Coriolis and centripetal forces and moments can be reasonably linearized 

about v = 0 such that equation (3.1) approximates to:

(3.2)
=0 =D v

since the Coriolis and centripetal forces and moments are negligible at low speed as 

are the nonlinear damping forces and moments.

For the following simplifications, Figure 3.2 shows a general rigid body with 

characteristic points defining its vital dynamics. These are the centre of gravity (CG), 

the centre of added mass (CA), the centre of buoyancy (CB) and the centre of 

damping (CD) where the resulting inertia, added mass, buoyancy and damping forces 

and moments are acting respectively.
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Figure 3.2 : Location of CG, CA, CD and CB

The coordinates of the points are described by the belonging vectors which are 
decomposed in body fixed coordinates. With these definitions, another simplification 
can be made when the centre of gravity (CG) coincides with the body fixed z-axis 

(ZB ), implying that r^/0 =[0 0 zc/0 ] T . If the body fixed axes coincide with the

principal axes of inertia I c =diag{l x ,I y ,I z j, where I X ,I Y ,I Z are describing the 

momentums of inertia about the body fixed XB ,YB ,ZB axes respectively. In order to

obtain this simplification at least two of the planes spanned by the body fixed axes 
need to be symmetry planes. As it is stated in Beitz and Grote [2001], an axis is a 
principal axis of inertia if it is normal to a plane of symmetry. With two planes of 
symmetry we have two principal axes of inertia, with a third one normal to the two
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others. It is therefore also a principal axis of inertia. The rigid body inertia matrix 
described in equation (A. 101) therefore reduces to:

m
0
0
0

mzc/0
0

0
m
0

-mzc/0
0
0

0
0
m
0
0
0

0
-mzc/0

0
I-
0
0

mzc/0
0
0
0

I w
0

o"
0
0
0
0

J=_

(3.3)

Where m is the mass of the rigid body. The separate inertia forces and moments 
caused by added mass effects are more complicated. It has been found in equation 
(A. 89), that the general added mass matrix is a full matrix which requires a large 
number of hydrodynamic derivatives to be determined. From a practical point of 
view this is an unsatisfactory situation. However, the number of unknown parameters 
can again be drastically reduced by using body symmetry conditions. For that reason 
a point where the total added mass forces act (resultant of the added mass forces 
along the body fixed x-, y-, and z-axis) should be defined as centre of added mass 
(CA). If the CA is used as foundation for the added mass system inertia matrix 
shown in equation (A. 102), the upper left sub-matrix becomes diagonal, that is:

(3.4)

where

An =-diag{Xu ,Yv ,Zw }
A22 = full matrix depending on the added mass principal axes
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In order to relate MAA to the origin of the body fixed coordinate system, the added 

mass inertia matrix needed to be transformed into this arbitrary point of the rigid 

body. Similarly to M£° , this matrix can be written as:

M A =

-X, 0 0
0 -Y, 0
0 0 -Zw
o ZA/ O YV -yA/0zw

X 0 x Z
v _v v ni/O^i A A/0 J v "

7 YA/0 v

ZA/0 *v ~

X A/0 ZA/0^v

-ZA/o Xu
Y

A/0 v

-,(3-5)

Where for example the contribution to the hydrodynamic added mass force YA along 

the Ys-axis of the rigid body due to an acceleration v in this direction is written as

YA =Yv -v.

During the simplification of the rigid body mass matrix it has been stated that there 

should be at least two planes of symmetry and that they are spanned by the axes of 

the body fixed coordinate system. If the symmetry planes are defined as the xz- and 

yz-plane (port/starboard and fore/after symmetries) it is straightforward to show that 

the hydrodynamic forces act at a point which is on the body fixed z-axis, implying

that rA/0 =[0,0,zA/0 ] T . As both, the rigid body inertia matrix and the added mass
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inertia matrix have been related to the origin of the body fixed frame, a total inertia 
matrix M can be defined as:

= M RB +M A (3.6)

which is in component form:

m-Xu 0
0 m-Yv
0 0
0 zA/0Y,-zc/0m

zc/0m-zA/0 Xu 0
0 0

0

ZA/0 v ~ ZC/0^

0
J x" K p

0
0

0
0

m-i

0
0
0

zc/0m

I,

7

-zA/0 X u
0
0
0

-M.
q

0

0
0
0
0
0

^-NI.

(3.7)

The hydrodynamic forces and moments due to damping are generally described in 

the full matrix D(V) including linear and nonlinear derivatives (see equation

(A. 105)). From the simplification regarding the low speed application of the ROV, it 

has already been shown that the nonlinear effects can be neglected compared to the 

linear ones. Similarly to the added mass matrix, a point where the total damping 

force (CD) acts can be defined. And again it is straightforward due to the symmetries 

mentioned, that the damping matrix can be referred to the origin of the body fixed

frame by the vector i£ /0 = [0,0, ZD/O ] .
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Hence, the damping matrix in component form reduces to:

D =

xu
0
0
0

-Z D/0 XU

0

0
Yv
0

Z D/0 *v

0
0

0
0

zw
0
0
0

0
ZD/0 *v

0
K p
0
0

-Zo/oXi

0
0
0

Mq

0

, 0"
0
0
0
0

Nr.

(3.8)

Where for example the contribution to the hydrodynamic damping force YD along 

the Ys-axis of the rigid body due to a velocity v in this direction is written as 

YD = Yv • v. With respect to the vehicle dynamics a significant simplification of the

system has already achieved. However, there is an unsatisfactory aspect regarding 

the off diagonal elements of the system matrices. Looking at equations (3.7) and 

(3.8) implies that there are coupled dynamics in surge and pitch and sway and roll. 

Hence, an acceleration or constant velocity e.g. in x-direction brings inertia or 

damping moments about the y-axis. Assuming that the shape of the vehicle is already 

fixed, the resulting damping moments in the coupled degree of freedom can be 

circumvented by applying the propulsion force at CD, that is CD coincides with the

origin of the body fixed coordinate system r*/0 = [0,0,0]T . Expression (3.8) therefore 

reduces to:

D =

X
0
0
0
0
0

0
Yv
0
0
0
0

0
0

zw
0
0
0

0
0
0

K p
0
0

0
0
0
0

M q
0

o"
0
0
0
0

Nr _

(3.9)
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Due to the fact that added mass effects are dependent on the shape of the vehicle and 

the fluid properties, CA is also fixed. If CA does not coincide with CD there will 

again be a coupled motion in the mentioned degrees of freedom. Fortunately the 

body inertia matrix also influences the inertia forces and moments. Therefore it is 

possible to vary the position of CG along the z-axis by moving mass elements inside 

the ROV. With such an adjustment the resulting inertia matrix M can be 

manipulated in a way that ZA/O Y^ - zc/0m = 0 and zc/0m - zA/0 Xu = 0. Note that X 6

and Y; are assumed to be equal due to planned symmetries of the vehicle. The off

diagonal elements of expression (3.7) can therefore be assumed to be negligible. 

Hence, the total inertia matrix M of the vehicle can be simplified to:

M =

"m-Xu

0
0
0
0
0

0
m-Yv

0
0
0
0

0
0

m-Zw

0
0
0

0
0
0

JXX-KP
0
0

0
0
0
0

I -Myy q
0

0
0
0
0
0

Jzz- Nr.

(3.10)

Another effect of the port/starboard and fore/after symmetries is that the centre of the 

displaced fluid volume is also an element of the body fixed z-axis 

rB/o = [° ° ZB/Q]T - wim tne requirement that the vehicle is neutrally buoyant 

(W = B) a simplified expression for the restoring forces vector described in equation

(A. 106) is:

0 
0 
0

(zc/0W-zB/0 B)-cos0-sin<|>
(zc/0W-zB/0 B)-sin9

0

(3-11)
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With all these simplifications a resulting linear mathematical model which 

reasonably approximates the dynamic behaviour of the vehicle can be derived:

=T ( (3.12)

where M is defined in (3.10), D is defined in (3.9), T R is described in (3.1 1) and T, 

includes the applied thruster forces and moments to be defined later.

3.1.3. Stability and Maneuverability

A further simplification for subsequent controller design comes from a passively 

stable vehicle in terms of roll and pitch. In applications where these degrees of 

freedom have to be very stable in their equilibrium (9 = 0,(|) = 0) , it is advantageous

to have a very stiff vehicle character in these degrees of freedom. This can 

circumvent the need for a special controller for stabilisation in roll and pitch. As it is 

shown in equation (3.1 1), this can easily be achieved by separating the CG and CB 

along the body fixed z-axis with CB located above CG. Disturbances about the 

horizontal axes of the vehicle now result in restoring moments about these axes. 

Hence the vehicle is stable in its equilibrium.

Another aspect of stabilisation is to have high moments of inertia about the 

horizontal axes which results in a slow dynamical behaviour in terms of roll and 

pitch. On the other hand it is desirable to have a small moment of inertia about the 

vertical axis of the vehicle in order to obtain good maneuverability. From previous 

requirements regarding the design, it has already been discussed that the axes of the 

body fixed frame are the principal axes of inertia. It is further known that the 

moments of inertia about the principle axes of inertia include the major and the 

minor moment of inertia. The requirement for the design is therefore to realise the
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major moments of inertia about the horizontal axis resulting in the minor moment of 

inertia about the vertical z-axis.

3.1.4. Material Selection

For most applications the ROV, in terms of its materials, need to withstand water or 

seawater. Materials usually used, like stainless steel, anodized aluminium and many 

plastics are resistant to these fluids. In applications where the vehicle will be 

immersed in other fluids, a more global discussion regarding resistance of materials 

against environmental influences is necessary. In the following, a possible strategy 

for finding suitable materials for a special application is proposed.

Following the arguments stated in Schreier [1972], Domininghaus [1999] and Bargel 

and Schulze [1999] it is possible to define a number of criteria to evaluate the 

suitability of a material (e.g. plastics or metals), for a special application. Therefore 

the application needs to be analysed with respect to these criteria, which are 

mechanical loads, electrical loads, thermal loads and chemical interactions between 

the ambient fluid and the material. Once the most critical criteria have been found, 

the process of determining suitable materials can start. Therefore, a set of suitable 

materials for each criterion is determined through the intersection of the different sets 

representing the materials which are available for the design.

Thermal Loads

As the mechanical properties of plastics especially, are highly dependent on the 

ambient temperature, it is advantageous to first evaluate the application regarding 

maximum and minimum temperatures and include the results in the subsequent 

evaluations. However, this first step might already exclude some materials in the 

case of extreme environmental conditions. Comparing the thermal properties of 

plastics and metals it can reasonably be abstained from evaluating metals with
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respect to maximum or minimum temperature in particular. For plastics, a so called 

temperature of practical use is defined, which can be found e.g. in Domininghaus 

[1999].

Chemical Resistance
Another criterion which excludes a material a priori to any design is its chemical 

resistance. Referring to this, it needs to be validated if a material shows any critical 

change in its physical properties due to the influence of the ambient fluid. The 

criterion can be that there is no influence at all or a time span can be defined where 

the material, shows no critical change in its properties. Regarding plastics, so called 

guide charts are provided in Domininghaus [1999] or Plastics [1994]. Within these 

charts the most common plastics used for design are listed with an evaluation of their 

resistance to nearly all technologically applied fluids. For unknown plastic materials, 

e.g. components bought from other companies, testing technologies are introduced in 

Shah [1998] or DIN 175 [2000].

Mechanical Loads

The issue of mechanical loads provides no a priori exclusion of any material as 

geometric properties of the vehicle parts are needed to define these loads. However, 

the design process is influenced and the significant parameters for choosing a 

suitable material are therefore introduced. The subject of stress analysis allows the 

definition of resulting stresses as a function of loads applied to the system part and its 

geometry. Taking into account aspects like the dynamic characteristics of the load, 

safety margins and durability including fatigue strength, gives the necessary 

information about the mechanical properties of the material. As a more specific 

discussion would exceed the scope of this work the interested reader is referred to 

Assmann [1998]. Once the mechanical properties are defined suitable materials can 

be found by comparing desired values with the properties of the materials. In terms
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of metals these values can be found in Matek, Muhs et al. [1995] and for plastics 

Domininghaus [1999] can be used.

Electrical Loads

Another aspect in finding suitable materials is an evaluation of their electrical 

properties. Electrical insulation of cables can be realised by some plastics as these 

materials generally have good insulating characteristics, whereas the wires are made 

of metals with low electrical resistance. In an explosive environment the surface 

resistivity of plastics may be a problematic property as a sudden static discharge may 

result in sparks which may cause an explosion. Electrical properties of plastics can 

again be found in Domininghaus [1999] and electrical properties of metals can be 

found in Gieck [ 1969].
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3.1.5. Realisation Procedure

In order to achieve all the simplifications and results which have been described in 
the last sections, several assumptions and specification points regarding the design of 
the vehicle were made. For the realisation it was therefore important to treat the 
assumptions as requirements of the design. The significant points are listed below:

a) Thruster configuration allows influence on the required degrees 
of freedom.

b) Vehicle shows port/starboard and fore/after symmetries.
c) CD, CA, CG, CB and the origin of the body fixed frame are 

located along the z-axis.
d) CB is above CG on the z-axis
e) Design allows a neutrally buoyant configuration for different 

fluids.
f) Materials withstand petrochemical fluids.

Due to the fact that the different aspects cannot be treated as decoupled properties, a 
suitable design procedure is introduced in Figure 3.3 where the different stages will 
be explained in the following text:
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Application

low speed 

application?
design strategy 
not applicable

suitable materials environmental 
aspects

thruster 
configuration

DOF to be 
influenced

stage 3
general arrangement
and morphology of

the vehicle

design 
constraints

stage 4 displaced volume payload / fluid

stage 5

stage 6

adjustments model 
simplification

Figure 3.3 : ROV design procedure
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Stage 1 (suitable materials)
After having checked that the application for which the ROV is built, can be treated 

as a low speed application, it is necessary to qualify and quantify some 

environmental aspects. These are the corrosive properties of the fluid or fluids in 

which the ROV will be immersed and the maximum and minimum ambient 

temperatures. With this information a set of suitable materials can be defined, as 

discussed in Section 3.1.4. The result can then be used for the following stages in 

order to fulfil point f) of Section 3.1.5.

Stage 2 (thruster configuration)

With respect to point a) of Section 3.1.5, the application has to be analysed in such a 

way that the necessary ROV movements are known. The DOF to be influenced by 

thruster forces and moments can easily be derived from this information. For simple 

thruster configurations it can often be checked intuitively if the configuration 

complies with all the requirements. For more complex configurations, the 

configuration matrix K introduced in equation (3.49) can be used. The methods for 

analysing important properties to obtain the necessary information about the 

configuration are described in Chapter 3.3.1.

Stage 3 (general arrangement and morphology of the vehicle)

In this stage the shape and therefore the major dynamic characteristics of the ROV 

are fixed. With respect to point b) and c) of Section 3.1.5, a significant shape has to 

be qualitatively defined to obtain the required symmetries. With respect to the 

following stages, it should have already been taken into account whether the vehicle 

will be immersed in different fluids. If there are different fluids, it follows that the 

magnitude of the displaced volume has to be adjustable in order to maintain neutrally 

buoyant characteristics for the vehicle. Therefore the shape of the ROV should allow 

an easy modification in order to decrease or increase its volume.
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Stage 4 (displaced volume)

To fulfil the task of inspecting the remaining wall thickness of tank bottom plates 

given by the application, the ROV will need to carry some equipment. For a neutrally 

buoyant design as required in point e) of Section 3.1.5, it is shown in (A.93) and 

(A.94) that:

m = pf -V (3.13)

where m is the mass of the vehicle including the equipment and the thrusters defined 

in stage 2, pf is the density of the fluid and V is the volume of the displaced fluid.

With the weight of the payload and the thrusters already defined it is possible to 

derive a formulation where the total volume to be displaced is a function of the 

vehicle's dimensions.

Stage 5 (adjustments)

In order to locate the CG along the body fixed z-axis, the components which will be 

housed inside the ROV need to be assembled in such a way that their mass 

distribution is symmetrical about the z-axis. To achieve a passively stable vehicle in 

terms of pitch and roll, the CG needs to be below CB. Furthermore, the required 

diagonal system matrices can be realised by using the adjustment procedure 

described in Section 3.1.2.

Stage 6 (other fluids?)

If there are different fluids in which the ROV will operate, the forward planning 

mentioned in stage 3 will help to adjust the ROV in an uncomplicated way. As the 

density of the fluid changes it is necessary to go back to stage 4 and repeat the 

processes described there and also in stage 5, for every single fluid. With this 

procedure a flexible ROV system suitable for the use in different fluids can be 

realised.

59



3 Theoretical Background

3.2. Position and Attitude Acquisition

To develop suitable strategies to control the necessary degrees of freedom a 

measurement system needs to be developed such that it provides the feedback for the 

control loops. Additionally, this system would be used to correlate thickness 

measurement data with position data in order to generate a suitable inspection result.

3.2.1. Acoustic Distance Measurement

In this section the relevant theoretical basis of acoustic distance measurement is 

introduced providing the underpinning for the subsequent position and attitude 

calculation. Additionally, this method is used for measuring the remaining wall- 

thickness of the tanks bottom plate. The distance measurement is based on the time 

the ultrasound wave takes to move from an emitter to a receiver. This is called time 

of flight t tof and is directly proportional to the distance d via the speed of sound c .

Basically there are two techniques that can perform this measurement depicted in 

Figure 3.4: a) Measurement through reflection b) Direct measurement.

a)

b)

emitte
^

r/receiver reflected signal

emitted signal ^

receiveremitter

Figure 3.4 : Acoustic distance measurement, a) indirect, b) direct

As mentioned, both measurement techniques are based on the propagation time of 

the ultrasound wave straight from the emitter towards a reflector and back to the
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receiver (indirect method) or from the emitter straight to a receiver (direct method). 

For the calculation we therefore need to differentiate between the indirect method:

d, =c '-y (3-14)

and the direct method:

dd =c-t tof (3.15)

Thickness Measurement

In the case of measuring the thickness of a plate, the indirect method was used. As it 

is shown in Figure 3.4, an ultrasonic pulse is generated by a probe and sent towards 

the surface of the plate to be inspected, where it reflects back to the probe. Some 

acoustic energy will penetrate the plate and reflects at its furthermost surface. Both 

reflections or echoes are then received by the probe and the difference in time 

between them can be measured. This difference is the travel time of the acoustic 

signal within the plate and can be used with equation (3.14) to calculate the thickness 

of the plate. The relevant speed of sound in the different materials necessary to 

calculate the thickness of a plate, together with a more detailed discussion regarding 

ultrasonic inspections, can be found in Krautkramer and Krautkramer [1986].

Distance Measurement

For the case of measuring the distance between two points, the direct method was 

used. The problem which arises from the use of time-of-flight measurement over 

long distances, is the variability of the sound propagation speed in a fluid with 

specially variable ambient factors. Additionally, there are measurement system 

specific parameters which also influence the possible accuracy of the distance 

measurement and with that the precision of the position determining system. 

Therefore the system has to be analysed and calibrated before an inspection. As it is
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shown in Millner [1987] the speed of sound in a specific fluid cf is a function of its 

density pf and its compressibility K f :

cf = J— (3-16)
V Pf

The compressibility and the density depend on ambient parameters such as pressure 

and temperature of the fluid. This analytical system calibration would therefore 

require a detailed knowledge of various parameters and would result in an 

approximation of the real speed of sound for the actual fluid, which is often 

anisotropic. Stratification in unmixed fluids for example, is common.

Another possibility in calibrating the system takes advantage of the system 

configuration as it is planned, which consists of at least three transceivers at fixed 

and known positions. With such knowledge, the distance between the receivers can 

easily be defined with good precision as a first step of the calibration process. Even 

low cost tools like a measuring tape allow the measurement of distances between the 

transceivers with a precision of +/- 5mm. In a second step, the inherent capability of 

the system's transceivers to generate and receive ultrasonic signals is applied to 

measure the travel time of acoustic signals between the transceivers for a given time 

period. After a statistical evaluation of the measurement results, the propagation 

speed of acoustic signals can be calculated using equation (3.15). Due to the fact that 

the same measurement equipment is used as during the inspection, a realistic 

estimation of the measurement errors can be derived. Even the variation of the speed 

of sound with respect to time caused by e.g. changing ambient temperature can be 

ascertained. However, these environmental disturbances are slow varying parameters 

due to the large dimensions of the storage tanks. It is therefore possible to assume 

these parameters are constant for a certain time period which is defined by the results 

of the calibration process. Once this defined time period has elapsed, the system can 

easily be recalibrated using the described process. For this recalibration process a
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much shorter time period is necessary because a further definition of the slowly 

varying characteristic of the speed of sound is not necessary. With this strategy it is 

possible to provide very accurate distance information during the whole inspection 

period without the need of a detailed knowledge of ambient parameters.

3.2.2. Position Calculation

The method for calculating the unknown position of a vehicle used in this work is 

called trilateration. Trilateration navigation systems are usually based on three or 

more transceivers mounted at known locations in the environment and one or more 

transceivers on board the vehicle. A popular example for a trilateration system is the 

Global Positioning System (GPS).

Calculation

The basic equation behind the trilateration principle is simply the Pythagoras 

principle, where the distance d between two locations is related to their position in 

Cartesian coordinates by:

' (3.17)

Denoting the unknown position as p = [x y z] and the n known positions as 

P, = [x, Yi z,] for i = l,2,...,n , equation (3.17) can be rewritten:

df = x2 -2xx1 + xf +y2 -2yy, + y,2 +z2 -2zz, +z2 (3.18) 

In GPS, the system is solved using nonlinear methods based on successive 

approximations. Another possibility is to eliminate the nonlinearities in x, y and z by 

subtracting one of the nonlinear equations from the others:

2x(x,+1 -x i ) + 2y(y1+1 -y,) + 2z(zi+1 -z1 ) = ^ ^ 

df-d^+x^-xf + y^-yf+zj^-z? ; i = l,2,...,n-l
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This expression can be further simplified by taking into account the fact that the 

vehicle under consideration should only be required to perform a planar motion 

rather than a 3D motion. As a consequence, all the fixed transducers of the 

navigation system can be positioned at the same z-level that is zj+1 - z, = 0 and

z2+1 -z2 = 0 . Expression (3.19) therefore simplifies to:

d.2 -df+1 +xf+1 -x.2 + y^,- yf (3.20)
Ax, Ay, 1;

with only two remaining unknown parameters to be determined. The minimum 

number of nonlinear equations and therefore the minimum number of known 

positions is three. Taking into account practical aspects like measurement noise and 

redundancy, the number of known positions should be higher than the minimum 

number. With (3.20) a linear system of equations can be formulated as:

(3.21)
Ax2 Ay 2

: :
Ax Avn-i yn-i.

X

_y_' — , — 
\

1;
u

' ———— V ————

1
2

This linear system can be solved using standard methods for over-determined 

systems.

However, the movement of the vehicle is to be performed in a plane, at a certain 

distance from the bottom plate. Hence, it is necessary to determine this distance to 

generate the feedback for the altitude controller. With respect to Section 3.2.1 which 

described the method for measuring the remaining wall thickness of the bottom plate, 

it can be seen that the distance to the bottom plate from the vehicle, which needs to 

be controlled, can be measured as a by-product of the thickness measurement, and 

hence can be used as the necessary variable for the controller feedback.
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Sensor Distribution
Using equation (3.21), the position of the vehicle can be determined, but there is 

another aspect to be taken into account. Solving such a linear system of equations 

seldom results in the exact solution to the problem because of two reasons. The first 

one is that there are certain rounding errors which occur during the calculation 

process and their accumulation will result in a distortion of the numerical result. The 

second is that the algorithm cannot be supplied by exact distance information due to 

measurement errors. The goal is now to minimize the influence of these errors on the 

solution of the linear system which depends on the condition of the system. This 

condition is usually described by so called condition numbers of the system matrix 

A ? described in Engeln-Mullges and Reutter [1996]. One possible approach to 

derive the condition number of the system matrix is:

cond(A) = |A||A"1 | (3.22)

where || A|| is the norm of the system matrix A. An evaluation of the quality of the

condition of a matrix relies on the known fact that an ill-conditioned system matrix 

results in a condition number cond(A) » 1, while an optimally conditioned system 

results in cond(A) = 1. Hence, the sensor distribution needs to be defined such that 

cond(A) results in a small number close to 1. The altitude of the receivers should be

close to the level of which the ROV traverses the tanks bottom plate. This would 

avoid the negative influence on the precision of the distance measurement of fluid 

stratification into different physical properties. Additionally, the acoustic paths 

would be as short as possible which would also result in a minimal influence of 

inhomogeneities in the fluid.
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3.2.3. Attitude Calculation

With a passively stable system in terms of pitch and roll as described in Chapter 3.1 

which is to perform a planar movement, it allows the calculation to be reduced to a 

problem of determining the yaw angle x|/ of the vehicle. To solve this problem, 

various methods are available e.g. by magnetic compass measurements. However 

this magnetic method would fail to work properly as the environment where the 

inspection takes place is a steel tank, which would significantly influence the 

accuracy of a magnetic compass. Another solution is to determine the position of two 

fixed points on the vehicle. With the two points located to the left p, - [x, y,] and

to the right pr = [xr yr ] of the vehicle, defining a line parallel to the body fixed y- 

axis, it is possible to then define the difference in x-direction Ax = xr - x, and y- 

direction Ay = yr - y,. As none of the trigonometric functions provides a unique 

solution for vy e[-7i,+7i] a four quadrant solution of the problem was used. 

Assuming the position of P[ is fixed, then pr is an arbitrary point on a circle about 

p,. The position of pr could be restricted to one of the four quadrants shown in 

Figure 3.6 using Table 3.1. With that a unique solution for \|/e[-7i,+7i] can be

derived. With the so called four quadrant inverse tangent function, which is 

implemented in i.e. MATLAB or Lab View2 and uses the results from Table 3.1, the 

heading angle is defined as:

\|/ = atan2(Ax,Ay) (3.23)

2MATLAB is a registered trademark of The Mathworks Inc. 

Lab VIEW is a registered trademark of National Instruments Corporation
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Ax
>0

<0

<0
>0

Ay

>0

>0

<0

<0

Unit circle quadrants

1

2

3

4

Table 3.1 : Definition of the unit circle quadrants by Ax and Ay

The function atan2 is related to the trigonometric function atan as follows:

= atan2(Ax,Ay) = atan —

,where the following definitions are used:

For Ax > 0, Ay > 0 or Ax > 0, Ay < 0 : atan2(Ax, Ay) = atan —
V Ax

For Ax<0,Ay>0 

For Ax < 0, Ay < 0 

For Ax = 0,Ay>0

For Ax = 0,Ay<0

For Ax>0,Ay = 0 
For Ax<0,Ay = 0

: atan2(Ax, Ay) = n + atan —VAX;
: atan2(Ax, Ay) = n- atan —

)

: atan2(Ax, Ay) = —

:atan2(Ax,Ay) = --

: atan2(Ax, Ay) = 0 
: atan2(Ax,Ay) = n

(3.24)

(3.25)

Using equation (3.24) along with the definitions in (3.25), the heading angle 

\l/ e [-7t,+7i]. Hence, this function provides a unique and continuous solution for vj;

within the interval [-7t,+7i]. According to the application described in this work, Ax 

and Ay describe the relative position of the transmitters attached to the ROV. Both 

values are bound by the fixed distance d, between the transmitters that is
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Ax e [-d,,dt ] and Ay e [-dt ,dt ]. Hence, a function input normalised to this distance 

can be defined such that \\i = atan2(Ax/dt , Ay/dt ). The output is graphically shown 

in Figure 3.5.

Ax/d,

Figure 3.5 : Output of the atan2(Ax, Ay) function for the input (Ay/d,)/(Ax/d,)

For the purpose of visualization, the derived heading information would be 

sufficient, but the discontinuity at the [-7t,+7i] junction will result in unsatisfactory

behaviour from the control loop while the vehicle is operating close to this heading. 

Consider that the vehicle needed to perform a circle manoeuvre towards the desired 

heading n. With respect to the vehicle's inertia or measurement noise the heading 

angle \\i would approach n and suddenly jumps to -ft. As a consequence the 

controller would suddenly force the vehicle to change its turning direction with 

maximum controller output.

Mapping from [-7i,+7t] to [-00,+00]

To prevent this problem, a continuous description of the vehicle's heading has been 

realised on the basis of a technique presented by Breivik [2003]. Consider the unit 

circle, depicted in Figure 3.6, with its four quadrants numbered consecutively 

counter clockwise starting from the upper right.

68



3.2 Position and Attitude Acquisition

Figure 3.6 : Unit circle with quadrants

The idea behind this strategy is to map and evaluate prior yaw measurements and to 
determine the turning direction of the vehicle. For this reason two variables which 

are the actual and the previous measurement of the heading, \|/ k and \j/ k_, 

respectively, are introduced. The continuous output of this algorithm is the variable 

yK and V|/ A denotes the difference between v|/ k and \j/ k_,. Note that V|/ A *\|/ k -x|/ k_, 

in general because of the -n/+n discontinuity. At the start of every run, these 
variables are reset to zero. The actual continuous value of the vehicle heading is then 

calculated by:

In order to avoid the discontinuity described, it is important to formulate a logical 

procedure for calculating V|/ A . In a first step the quadrant, which MVi is an element, 

should be determined and stored as a variable se [1,2,3, 4]. With this result, four 

main cases can be defined when deriving the update rule for y A depending on the
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state variable s. Each of these cases is further divided into four instances for the 

possible states of vy k , making a total of 16 possible updates for V|/ A . Only one of 

these updates is correct at each time step. Assuming that the measurement update 

rate is higher than the turning rate of the vehicle, the guiding rule for computing \|/ A

is that the angular change from v|/ k_, to i|/ k is as small as possible. With that an 

update rule for each possible combination can be formulated:

1 . If s = 1 ( v|/ k_, being an element of the first quadrant)

•

•

v|/ k e 1. quadrant : \j/ A = vj/ k -v|/ k_

\j/ k e 2. quadrant : V|/ A = \)/ k - \)/ k_

• \|/ k e 3. quadrant

If kk | + M> k -! > * -» V A = V k - MV, 

yk e 4. quadrant : vj/ A = \j/ k - \j/ k_j

2. If s = 2 (v|/ k _, being an element of the second quadrant)

• yk e 1.quadrant: VJ/ A = yk -v|/ k_[

• v|/ k e 2.quadrant: v|/ A = Vk "Vk-i

• \|/ k € 3.quadrant: y A = V k - x|/ k_, + 27i

• y k e 4.quadrant: 

If If|\|/ k 

If If|\|/ k
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3.2 Position and Attitude Acquisition

3. If s = 3 (v|/ k _, being an element of the third quadrant)

• vj/ k e 1. quadrant:

If kk-i + V k ^ * -» VA = V k - v|/ k_,

If |v|/ k _,| + V k > n -> V A = -(\|/ k_, -\|/ k +2?i)

• vj/ k e 2.quadrant: V|/ A = \)/ k - \j/ k_, - 27i

• V k e 3.quadrant: yA = \|/ k - v|/ k_,

• vj/ k e 4.quadrant: i|/ A = i|/ k - \|/ k_,

4. If s = 4 (v|/ k _, being an element of the fourth quadrant)

• vk e 1 .quadrant: \|/ A = \|/ k - \|/ k_,

• \j/ k e 2.quadrant:

If |v k _,| + V k ^n -> V A = V k -Vk _,

If |\|/ k_,| + \|/ k > it -> \|/ 4 = \j/ k -H/ k _, -27i

• v k e 3.quadrant: v)/ A = \|/ k - M/ k_!

• x|/ k e 4.quadrant: \|/ A = \|/ k - \j/ k_,

At the end of this checklist, the new continuous angle \\i x k can be calculated 

following (3.26). In addition, the next calculation for \j/ A has to be prepared by 

updating \|/ k -> v|/ k _, and a new measurement of yk .With this strategy it is now 

possible to provide a continuous heading information for the control loop.
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3.3. State Feedback Control

In this section the formulation of a linear state space model for use in controller 

analysis and design will be presented. This compact form allows a clear 

understanding of the system and the use of system theory analysis methods in order 

to evaluate the dynamic characteristics analytically. These methods are then used to 

derive a mathematical model of the physical ROV system for generating estimates of 

system states which are not measured by the navigation system described in Section 

3.2. The realisation of the desired dynamical characteristics of a system is described 

by an analytical method of robust controller design.

3.3.1. Controller output Linearization and Allocation

In a first step of the control system design, the control inputs of the physical system 

which are thruster forces and moments should be related to the physical controller 

outputs which are analogue voltage signals. With regard to the thrusters, the system 

state that is usually controlled is the rotor speed rather than the thrust generated by 

these units. As the generated thrust is known to be nonlinear in the rotor speed, this 

would result in a nonlinear behaviour of the overall control loop. To support the 

intended linear approach, this section derives the necessary manipulation of the 

controller outputs such that the generated thruster forces and moments are linear in 

the control signal.

In Bachmayer, Whitcomb et al. [2000], a complex thruster model which requires an 

accurate measurement of several thruster parameters, as well as the online 

measurement of shaft speed is proposed. In Bachmayer and Whitcomb [2003] the 

authors presented an adaptive parameter identification method for simplifying
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dynamical thruster identification. The dynamic modelling of thrusters is an active 
field of research and significantly important for high frequency applications. 
However, it is possible to derive a steady state model by neglecting the motor 
dynamics [Fossen 2002] for low speed applications, yielding:

K(J 0 )= n<T , - (3.27) pf -D -|n|-n

where K(J 0 ) is the non-dimensional thrust coefficient, D is the propeller diameter, 

pf is the fluid density, fT is the thrust, n is the propeller speed and J 0 is the advance 

ratio defined as:

,,^ (3.28)

where ua is the speed of the thruster relative to the ambient fluid normal to the 
propeller disc. Following (3.27) the force generated by a thruster can be described as:

fT = pf -D4 -K(J 0 )-|n|-n (3.29)

For low-speed applications the thrust coefficient K(J 0 ) can be assumed to be linear 

in J 0 , yielding:

K(j0 ) = a-J0 +b (3.30)

where a and b are dimensionless constants. Note that a is negative because fT will be 

reduced by increasing ua . Hence, the mathematical expression for fT stated in (3.29)

can be written as:
fT = p f -D4 -|n|-n-b-pf -D3 -|n|-u a -a (3.31)

Assuming that pf is constant and that the negative saturation term on the right side 

of the equation is negligible due to the low speed application the thruster constant 

Ti, can be introduced:|n|n

T,,=pf -D4 -b (3.32)
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Substituting (3.32) into (3.31) and neglecting the saturation term which is reasonable 

due to the low speed application leads to the steady state thruster model:

fT=V|n|-n (3 - 33)

Additionally it is assumed that the revolution rate is linear in the applied DC control 

voltage V, thus (3.33) can be written as:

fT =TMv .|V|-V (3.34) 

A possible identification of the constant T vv is usually performed by putting the

single thruster in a cavitation tunnel and measuring the thrust as a function of the 

applied control voltage. The problem with that method is that possible interactions 

between the thruster and the hull of the propelled vehicle are neglected. It is shown 

in Dand [1985] that propeller hull interactions may be significant and must be taken 

into account. Due to this, the identification of the thrusters should be performed 

while the thrusters are mounted onto the ROV. With that configuration it is possible 

to take all effects into account and to derive a good approximation of the thruster 

force fT with respect to the control voltage V.

Identification Procedure

During the identification, the ROV is attached to a load cell and the control voltage is 

increased from -4.5V to 4.5V in steps of 0.1V. After achieving steady state 

conditions at every stage, the voltage and the force can be measured and saved to a 

file. This procedure was repeated several times in order to minimize measurement 

errors using least square techniques. Figure 3.7 shows the result of the heave thrust 

identification campaign performed for the ROV which was developed during this 

work. It can be seen that there is no significant thrust generation between +/-0.8 V 

which is caused by Coulomb friction. That means that there has to be a certain motor 

moment to overcome this friction which is generated at about 0.8 V at forward thrust 

and -0.8 V at reverse thrust.
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Figure 3.7 : Bollard thrust forward and reverse

It can be seen that there is a significant difference between forward and reverse thrust 
generation. This is due to the geometric shape of the propeller which is optimized for 
the forward direction. For further identification it needs to be differentiated between 

a forward thruster constant T^ and a reverse thruster constant Ij^. Both were

defined by analysing the measured curve using least square techniques. As it can be 
seen in equation (3.34) the approximation of the system given in Figure 3.7 is linear 

in its parameter T^v and Tj^. It is shown in Engeln-Mullges and Reurter [1996]

that the best solution for the parameters can be found by defining a general model <(> 

which is linear in an unknown parameter c:

(3.35)
i=0
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where cp(x) describes the function of x. From (3.34) it can be seen that the thrust fT 

is quadratic in the applied control voltage V. Therefore (3.35) can be rewritten as:

:? (3.36)

With (3.36) an estimate for the measured value y( could be derived. The quadratic 

estimation error which has to be minimized can therefore be defined as:

e2 =Z(f(x,)-<|>(x,,c))2 (3.37)

i=0

i=0

The best approximation can apparently be obtained when e2 is minimized depending 

on c. Hence, the parameter for the best approximation can be found by a partial 

differentiation of e2 with respect to c:

i=0 i=0

With equation (3.38), the best approximation for c can be calculated:

(3.39)
x4

i=0

Applied to the problem of thruster identification TV I V could be defined as:

With respect to the forward and reverse thruster constant and the lack of thrust 

between +/- 0.8 V, n and N have to be set in such a way that only relevant 

measurement data is included in the analysing algorithm as it is shown in Figure 3.7. 

For further controller design and manual control it is advantageous to have a thrust
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generation which is linear in a control signal Vc . This can be realised by relating Vc 
to the control voltage V in a way that the friction related lag between +/- 0.8 V is 
eliminated and that Vc shows the inverse nonlinear behaviour in V, of that shown by 
fT in V:

V= bMsigntVJ-O^ + Vj (3 '41)
V M V

By substituting (3.41) into (3.34), the linear relationship in (3.42) is obtained:
fT ~Vc (3.42)

where the thrust is linear in the applied thruster control voltage. With respect to the 6 
DOF equation of motion the generated thruster forces need to be expressed as a 
vector fT . By defining the attack point of the thruster force (CT) and relating it to the 
body fixed coordinate system, a resulting thruster moment mT can be defined as:

mT =7T/0 xfT (3.43)
With respect to equation (3.12), the forces and moments generated by the different 
thrusters need to be decomposed into B-frame coordinates. Assuming that fT is 
described in a thruster fixed Cartesian coordinate system (<T>-frame), the force 
vector can be described in <T>-frame coordinates and becomes f^ . Provided that the 
attitude from the T-frame relative to the B-frame is known a transformation can 
easily be performed by defining a rotation matrix RBT similar to (A. 12). Hence, the

transformation is defined as:
fB = RBT -fTT (3-44)

and
mB =r x(R -fT ) = r xfB (3-45)

where rT/0 is the position of the origin of the T-frame relative to the origin of the 

body fixed coordinate frame.
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The forces and moments generated by a single thruster can now be summarised in 

vector form:

_T/o
(3 - 46)

As it is shown in (3.42) the control voltage V applied to a thruster can be related to a 

controller output signal Vc in a way that Vc = ff . If we now define a maximum

value f ®max of the thrust generated by a single thruster (3.42) can be written as:

f^^-V,, (3.47) 

where Vcj e [0,l]. (3.46) can now be written as:

T. = Tmax V, (3.48)

T T =[T, T 2 ••• T n ]-
K

"V 
vc2

.V

Similar to Maghami, Markley et al. [2003] the resulting forces and moments T T

described in equation (3.12) generated by all thrusters attached to the vehicle can 

therefore be written in vector form:

(3.49)

where K is the thruster configuration matrix and t is a vector containing the control 

signals for the single thrusters. With respect to controller design it is now possible to 

directly define the quantity of the elements of T T by the controller. The control 

signals applied to the single thrusters in order to generate the desired forces and 

moments can easily be derived by rewriting (3.48):

t = K-' T T (3.50)
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Note that (3.50) can be solved if K is of the form (n,n) and not singular that is 

det(K) * 0. As it can be seen from (3.49) the configuration matrix can obviously be

of the form (n,m) depending of the number of thrusters (m) attached to the ROV. 

Even if six thrusters are used which leads to a (n,n) matrix it can still be singular 

depending on the attitude and location of the thrusters relative to the body fixed 

coordinate system. However, a similar equation as in (3.50) can be defined for 

equating the necessary thruster forces by using the so called (Moore-Penrose) 

pseudoinverse of K which will be written as Kf :

-K7 (3.51)

Then a general equation for the problem can be formulated:

t = Kf T T (3.52) 

A useful way to analyse the thruster configuration matrix is to derive the rank of K :

r = rg(K) (3.53)

The rank shows the number of independent linear equations in K and with that the 

number of independent DOF which can be influenced. Following this, the rank of K 

has to be equal to the number of DOF to be influenced.

With the results of this section, the complete control loop could reasonably be 

described as a linear system. For the following sections, this along with the thruster 

allocation is assumed to be included in the abbreviation u which will be used as a 

symbolic description of the thruster output as well as the input of the physical 

system.
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3.3.2. State Feedback Controller with Observer

Following Egeland and Gravdahl [2003] a state space model can be described as 

follows:

(3.54)

which in vector form is written as:

x = f(x,u,t) (3.55)

The formulation given in equation (3.55) is a set of first order differential equations 

describing the dynamics of the state vector x = (x15 ...,xn )T under the action of an

input vector u = ^u,,...,up j . The measurement or output vector y = (y} ,---,yT ) is

often included in the model formulation, and the state space model is written as:

x = f(x,u,t)
(3.56) 

y = h(x,t)

An important class of systems for controller design are linear time invariant systems 

with multiple inputs and multiple outputs (MIMO) which are written in the form:
x= Ax+Bu

(3.57) 
y = Cx + Du

where the system is described by the matrices A e M nxn , B e R nxp , C e Rrxn and 

D e Rrxp . Note that D = Orxp is satisfied for most practical applications [Follinger 

1980] such as the system described in this work. For the inspection vehicle which is 

based on the design procedure introduced in Section 3.1.5, the different DOF can be 

approximated as decoupled modes due to the diagonal structure of the system 

matrices. Therefore each DOF can be treated as an independent mechanical system 

with single input and single output (SISO).
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Equation (3.57) expressed for a SISO system is:

(3.58) 
y = ex + £

where an environmental disturbance £, and a measurement noise C, have been taken 

into account. A block diagram of such a system is shown in Figure 3.8.

b — K;
i
? — •>
i i

A

—— <

•* ———

X
C ——— H

Figure 3.8 : Linear time-invariant state space model

Following the mathematical description of the ROV given in equation (3.12), the 

system can be described by a set of second order differential equations. Using a 

general mass damper system, the relevant degrees of freedom can be described in the 

form:
m-q + d-q = u (3.59)

where m is a generalised mass, d is the generalised linear damping coefficient, q is 

the generalised coordinate and u is a generalised force or moment applied to the 

system. Solving this equation with respect to q gives:

..1 q = — - 
m

d . -q 
m

(3.60)

This second order model can now be transferred into a state space presentation by 

defining q = x,, q = x2 and x, = x2 which gives:

0 1

o -A
m. vmy

•u (3.61)
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For a complete description of the system, the so-called measurement equation 

relating x and y, needs to be defined. Assuming that only the state variable q is 

measurable the measurement equation is:

(3-62)

With (3.61) and (3.62) a mathematical model of a continuous physical system 

describing one decoupled degree of freedom is derived, which can now be used to 

simulate relevant degrees of freedom of the ROV and to design observers for the 

necessary control loops. Theoretically a state feedback controller can be realised by 

comparing the system state x, which is assumed to be measurable, with a desired 

system state xd . The resulting vector e which is defined as:

e = xd -x (3.63) 

is then manipulated by the control vector k to provide the control input u :

u = kT -e (3.64)

However, in many cases it is not possible or reasonable to measure all elements of 

the state vector x. In the case of the navigation system, described in Section 3.2, that 

was to be used for the inspection system, only position and attitude information were 

measured. Additionally there would be some measurement noise C influencing the 

measurement signal y. In the case of the system described in (3.61) and (3.62) the 

state feedback controller would therefore reduce to applying only spring 

characteristics to the system without the possibility of influencing the damping
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characteristics of the system. To maintain the concept of state feedback control, the 

missing state variables would need to be estimated. The missing generalised state 

variable q can theoretically be derived by the differentiation of q with respect to 

time. In practice however this is difficult because of the presence of high frequency 

measurement noise. A satisfactory solution for this problem can be achieved by using 

a so called observer [Luenberger 1964], which can be integrated into the control 

loop. The resulting control loop with observer is shown in Figure 3.9. The observer is 

a mathematical image of the physical system using the mathematical description in 

(3.61) and (3.62). It is therefore possible to derive an estimated state vector x 

provided that all system states can be reconstructed from the output y and the input u 

which is known as the observability condition.

-!H3
5

physical system

Uhy

observer

controller

Figure 3.9 : Control loop with observer
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Following Hippe and Wurmthaler [1985], the observability of a system can be 

analysed by determining the rank of the matrix O :

c'
cT -A

(3.65)

For a fully observable system the matrix O is of full rank, that is rg(0) = n . In the

case of the ROV system with decoupled degrees of freedom, described in equation 

(3.61), the observability can be proven by:

Tc -A
= 2 (3.66)

Additionally, the system (A,b) described in equation (3.61) should provide the 

possibility to drive any arbitrary system state x(t0 ) to another arbitrary system state 

x(t,) with a control input u(t). This requirement is commonly known as the

controllability condition of a linear system and can be analysed by deriving the rank 

of the matrix C [Hippe and Wurmthaler 1985]:

rg(C) = rg[b Ab ••• An-'b] (3.67) 

For a fully controllable system the matrix C is of full rank, that is rg(C) = n . This

condition is again shown for the ROV system using the general mathematical 

description for the decoupled degrees of freedom given in equation (3.61). Hence, 

the rank of the matrix C is:

rg(C) = rg[b Ab] = 2 (3.68)

With the matrices O and C being of full rank it is shown that the proposed control 

strategy is applicable to the control of the system in question. Due to the fact, that the
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real system is influenced differently by disturbances and measurement noise 

compared to the observer and that the initial state x(t0 ) is not measurable when the

observer is started, there will be a difference between x and x. The resulting 

estimation error can therefore be defined as:

x = x-x (3.69)

With the measurable state variable y and its estimated counterpart y an injection 

term y for correcting the observer can be defined as:

y = h e ; s = y-y (3.70)

For the design of an observer it is obviously desirable to influence the estimation 

error in such a way that it becomes 0 in a finite time. Hence, the error dynamics have 

to be defined by differentiating (3.69) with respect to time yielding:

x = i-x (3.71)

From Figure 3.9 the equations for x and x can be derived as:

x = Ax + bu + b£, (3-72)

and

i = Ax + bu + h(cx-cx + i;) (3.73)

By substituting (3.72) and (3.73) into (3.71) we get an expression for the error 

dynamics:

x = (A-hc)x + K + K (3.74)

The description for the system dynamics given in (3.72) can be completed by 

introducing the control law:

u = k(xH -x)
" V (3-75) 

= k(xd -x-x)

yielding:

(k(xd -x-x)) + b^
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With (3.74) and (3.76) it is now possible to describe the control loop including the 

observer as a state space model in a compact form:

(3.77)

f-1-.lj
A-bk -bk "

0 A-hc

y =[c o] X

X

X

X
4*1, +Lor

H
Using the Laplace transformation on (3.77) gives the algebraic equation: 

y(s) = c(s!-A + bk)"1 bk-xd 

"sI-A + bk
-[c 0]

0
bk 

si - A + he
0 (3.78)

where the initial conditions are assumed to be 0. It can easily be seen that the control 

loop behaviour is not influenced by the observer when disturbances can be neglected, 

that is £, = 0 and C, = 0. This so called separation principle [Hippe and Wurmthaler 

1985] allows a separated design of the observer and the controller.

3.3.3. Definition of a Quasi-Continuous System

The theory introduced in the previous section can basically be used to describe 

continuous systems e.g. where analog controllers are used. For applications with 

digital controllers, like the one in this work, the continuous description has actually 

to be transformed into a discrete description where the sampling rate of the real 

system is considered. However, the methods for describing the dynamical 

characteristics of a continuous system are still applicable for discrete systems on the 

condition that a fast sampling rate compared to the system dynamics is used. In the 

following, this relationship will be quantified and the subsequent controller and 

observer design will therefore be developed using continuous theory.
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Sample Rate Definition

Following Unbehauen [1983] or Marko [1995], the continuous state space model 

given in (3.58) can be transformed into a discrete model of the system. A general 

solution of the differential equation for the time interval T is:
kT+T

x = eATx(kT)+ J eA(kT+T-T)dtbu(kT) (3.79)
kT

where k is the step number and u(kT) is the discrete input of the system, which is 

constant in an interval T. For simplicity, in the following text, the argument kT will 

be represented by k only. The discrete state space model is then defined as:

x.., =Fx, +gu,,
(3.80)yk =cxk

where the system matrix F of the discrete system is:

F = eAT (3.81) 

and the discrete input vector g is defined as:
kT+T

g= J eA(kT+T-T)dib (3.82)
kT

The eigenvalues z{ of the discrete system in (3.80) can be derived by either defining

the solution of the characteristic polynoms:
det(zI-F) = 0 (3.83)

or by transferring the eigenvalues of the continuous system into the z-plane:
Zj = es'T (3.84)

With Sj = cr ± jo); equation (3.85) was derived:
z . =e"'T .e±J(oT

(3.85) 
= e°iT (cos coT ± j sin coT)

The aim of this section is to compare the behaviour of such a discrete system with 

that of a continuous system like the one introduced in equation (3.61). This should be 

done with respect to the relationship between the desired system dynamics and the
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sample rate of the measurement system. As a result it is then possible to quantify this 

relationship such that a discrete system can reasonably be described by a continuous 

model.

In the work of Ackermann [1988], a controllability area spanned by the two states 

(q,q) of the continuous system introduced in equation (3.61) with limited system

input u(k) is introduced and is described in the following. For a clear understanding 

of this definition, some general equations have been repeated from Ackermann 

[1988]. For the discrete system in equation (3.80) with the initial state vector x0 , a 

control sequence for N steps is defined as:

x,=Fx0 +gu0

XN = F N x0 +FN-1 gu0 + ••• +FguN _2 +gu N_, 

For simplicity (3.86) can be presented in vector form:

xN =FNx0 +(g,Fg-FN-'g)uN (3.87)

where U N is the control input sequence:

«N=( U N-1 U N-2 ••' Uo)T (3 - 88)

The initial state of a system x0 is then called controllable if a step number N and a 

control input sequence U N exists such that xn = 0 . As a consequence suitable control 

input sequences are solutions of:

F N x0 =-(g Fg F N-'g)u N (3.89)

With F N being invertible (3.89) can be reformulated to:

x0 =-(F-N g F-N g - F-'g)u N (3.90)

88



3.3 State Feedback Control

and a set of controllable initial conditions which are elements of an area spanned by 

the vectors F"N g, F'~N g, ••• F~'g was derived, where it is assumed that u(k)< 1 for 

all k. The quality of the controllability can now be defined by the size of this area FN 

which is defined as:

•(l-e-2oT(N-2) )|sin2coT|

(3.91)
-(N-2)oT+ e

+ e-(N-l)oT

(l-e-2aT(2) )|sin(N-2)o)T| 

(l-e-2oT )|sin(N-l)coT|]

Assuming a total time T for different N for a stable system with limited control 

input, it is shown that FN (i/N) converges to the value of the controllability area of a

continuous system for N —> co . A diagram showing FN versus N allows for the 

definition of a reasonable value for N. As a rule of thumb a value of 4 is a reasonable 

value, where FN approaches the maximum value of the continuous system 

sufficiently. The absolute value of T is calculated to be:

T = -T (3.92)

The starting point T needs to be defined and is the maximum value for a sample 

period where the discrete system remains controllable. In Kalman [1960] a discrete 

system is defined to be controllable if:

a) The continuous part is controllable

b) Different eigenvalues of the s-plane have different counterparts 

in the z-plane.
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The requirement stated in a) has already been proven in equation (3.68) where the 

degrees of freedom to be controlled are shown to be controllable. To verify that 

requirement b) is fulfilled, the relationship between the continuous s-plane and the 

discrete z-plane need to be considered. Equation (3.85) shows that the location of a 

discrete eigenvalue in the z-plane is defined by polar coordinates. The radius is 

defined as e°'T while the angle is defined as e±Jl°T . Hence, the range of ±jcoT should 

be limited to ±n to maintain uniqueness, which can be ensured by the following 

inequality:

co0T<±7t (3.93)

where <o0 is the natural frequency of the system. Substituting (3.92) into (3.93)gives:

(3-94)

and with T = 2n — :

«s =8o\max (3-95) 

As a consequence the sample frequency oos needs to be 8 times higher than the

natural frequency of the fastest pole of the s-plane to achieve a quasi continuous 

system allowing the use of continuous theory for controller and observer design.

3.3.4. Definition of Desired Pole Area

Based on the control loop which has been described in equation (3.77), it will now be 

shown how a desired dynamic behaviour of both the observer and the system can be 

achieved using analytical methods.

As shown in [Hippe and Wurmthaler 1985], the poles or eigenvalues of a general 

state space system can be derived by solving det(sl - A) = 0 with respect to the
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conjugated complex Laplace operator s = CT ± jeo, while the complex s-plane depicted 

in Figure 3.10 allows the visualization of the eigenvalues which have been 
determined.

s-plane

Figure 3.10 : Complex s-plane

If the task is to adjust a system to a desired dynamic behaviour rather than to analyse 
a fixed system, one possibility is to define a desired pole area and to locate the 
system poles within this area. As it was shown by Kortiim and Lugner [1994], some 
general attributes of the s-plane are used. Firstly, the resulting system should be 
stable, which limits possible poles to the negative half of the s-plane. Another 
argument in defining desired dynamic characteristics of a system is the speed of the 
system. The speed is an indicator for the time span within which a system comes 
back to its equilibrium after a disturbance. This speed can be quantified by the real 
part of the system pole and with that, a system is faster the further left the poles are 
located within the s-plane. For the definition of the desired pole area a line parallel to 
the imaginary axis of the s-plane is used to define the minimum speed of the system 

^min • To integrate the requirement of a maximal natural frequency, a circle with 

radius r = co0 max is described. For the definition of the damping of the system the arm
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of the angle a is used to indicate a minimum damping ratio 9min . With these 

definitions a desired pole area F depicted in Figure 3.11 can be defined.

Figure 3.11 : Desired pole area r of the s-plane

With the area F defined, the controller and the observer of a control loop can now be 
configured as follows. For a second order system such as the ROV, two desired poles 
sdl and sd2 which are both elements of F are chosen to define a desired

characteristic polynom:
( S -sdl )(s-sd2 ) = s 2 +s(-sdl -sd2 ) + (sdl sd2 ) (3.96)

For a desired conjugated complex pole pair sdl/2 = ad ± jcod equation (3.96) becomes:

With respect to the controller and observer introduced in (3.77), the separated 
characteristic polynoms can be defined as follows. 
For the controller:

det(sI-A + bk) = 0
2 (d I,} 1, (3.98)=>s2 +s ———k 2 ——k, 

Im m J m
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For the observer:

det(sI-A + hc) =

=>s'+s — 
vm m

(3.99)

By comparing the coefficients of the desired characteristic polynoms in (3.97) with 

the coefficients of the characteristic polynoms in (3.98) and (3.99) the controller k

*"2_

and the observer h

h =
Lh2j

mco0d 
-2adm-d

-2(Jdm - d

(3.100)

mj
(3.101)

can be defined. With that, a desired dynamic behaviour for the controller and the 

observer can be fixed.

3.3.5. Robust Controller Design

The procedure described for the pole placement ended with an area of possible 

system poles and therefore with an infinite number of solutions for the problem. A 

prodigal approach would be to choose an arbitrary element of the desired pole area 

F to adjust the controller or observer because this would dismiss the remaining 

potential of this method to find the best solution for the controller. A further 

argument which can therefore be taken into account is the uncertainty of the system 

parameters which will be determined by the following measurement procedure.

System Parameter Identification

Applying the mathematical model described in equation (3.77) to the degrees of 

freedom to be controlled, requires a knowledge of the parameters' values. For the 

ROV application this simple mathematical model is used as a basis to approximate
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the real system. Then, a significant input is applied to the system and the resulting 

performance is measured. By tuning the parameters of the mathematical model a best 

solution is found by fitting model to the measured data.

For the application described in this work, a step response based model analysis was 

performed on the degrees of freedom that were to be controlled. This choice was 

justified by the mathematical model which was to approximate the system behaviour 

given in (3.12). From this equation it can be seen that all degrees of freedom can be 

considered analogous to decoupled mass-damper or mass-damper-spring systems. 

The mass-damper systems, e.g. the heave degree of freedom can be complemented 

by a proportional gain controller in order to achieve mass-damper-spring 

characteristics. The resulting general second order differential equation is given by:

(3.102)

where q is the generalised coordinate. To solve this equation it can first be 

transferred into the frequency domain using the Laplace transformation:

-+s+2a
<3 - 103)

which can then be solved to yield the time domain evolution:

sin(a)t)l (3.104)

For the special case of the step response, where q(0) = 0 expression (3.104) reduces 

to:

(3.105)

From (3.105) the unknown parameters a and oo can obviously be found by solving a 

nonlinear system of equations. As this problem was circumvented in this work,
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3.3 State Feedback Control

another method to analyse the model parameters is introduced. Figure 3.10 allows a 
simple description of the relationship between a , co and co0 :

co 2 =coj;-a2 (3.106)

Assuming that co2 is known from a Fast Fourier Transformation (FFT) of the 
measured step response, a linear analysis of the system parameters can be performed. 
Therefore, a given number of step responses i with different proportional gain 
controllers were performed, providing the possibility to analyse i frequencies ox and

then calculate ox 2 . Substituting co 2 = — into (3.106) gives:
m

«2 =cn —-a2 , n = l,2,...,i (3.107) m
where c is the stiffness of the system resulting from the proportional gain controller 
and the thruster characteristics. With this result a linear system of equations can be 
formulated as:

"co 2 "

2

X.
—

~ c l -!~
c 2 -1

i -1
c -1n

" 1 "
m
_2CT

X

n>2 (3.108)

For n > 2 the system is called over-determined. In such a case statistical methods are 
used in order to find the best solution for the unknown vector. One possibility in this 
case is to use the Gauss Method which minimizes the residual-vector r = b - Ax by 

solving the equation:

AT Ax = ATa (3.109)

But as shown in Engeln-Mullges and Reutter [1996], this method has a condition 

number cond(AT A) = cond(A) 2 and therefore a less precise solution for x than 

might be expected from the condition number of A. Therefore the so called QR-
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factorization for solving equation (3.108) was used. The matrix A was therefore 

divided into a product of two matrices:

A = Q oQTA= (3.110)

where A is a mxn matrix, Q is orthogonal mxm matrix and R is an upper 

triangular mxn matrix calculated by a Householder-transformation. The solution for 

x is then found by a recursive elimination of:

Rx = b (3.111) 

where b = QTa .

Robust Controller Design (System Parameter Uncertainties)

As has been shown, the parameters and therefore the system are analysed using 

analytical methods to find the best approximation for the different parameters. As a 

consequence the parameter used for the following analytical methods is a mean value 

of all the measured values. To provide a controller which showed the desired 

dynamic behaviour in all cases, these variations needed to be taken into account. 

Such a controller is commonly known as a robust controller. For a plant with two 

uncertain parameters q, and q2 , like the ROV, a parameter area Q can be defined 

containing all possible combinations of the uncertain parameters as shown in Figure 

3.12.

qr

Figure 3.12 : Uncertain parameter area Q
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By definition, a robust controller with eigenvalues of the closed control loop varying 

with q, and q2 , have to be elements of the desired pole area F. For simple systems 

a trial and error method would be applicable. Therefore a grid for the area Q is 

defined to specify a number of discrete points representing the whole area. An 

algorithm can then calculate the eigenvalues of all possible combinations and they 

may be visualized in the s-plane for a continuous system. The operator could then 

manipulate the applied control in order to place all calculated eigenvalues within F. 

However, this method is not suitable for more complicated systems and is 

unsatisfactory even as a solution for a simple system in terms of a clear mathematical 

description of a problem. A proper solution of this problem in general is given by 

Ackermann [2002], where a method is introduced to map the boundaries 5F of the 

desired pole area F into a q-space consisting of all real parameters of a system q,,

independent of their meaning as plant parameters or controller parameters. The 

eigenvalue region F is characterized by the equation of the boundary 3F, which in 

general can be described as:

5F:= s = cr(a) + jco(a),ae[a ;a+ ]| (3.112)

The span of the scalar parameter a which is called generalised frequency is defined 

by its lower and upper bounds oT and a+ . Assuming that the real functions a (a)

and co(a) are simple trigonometric functions or polynomials of degree less than or

equal to two. Root regions, which are bounded by conic sections can be described, 

i.e. straight lines, circles, ellipses, hyperbolas and parabolas. As it is shown in Figure 

3.11, it is sufficient to compose the boundary 5T from segments of conic sections. 

For transferring the boundary 5F into an arbitrary q - space the boundary surface is 

represented by three hypersurfaces characterized by their elements s,. A real root
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boundary (RRB) for each real root intersection of dT. Such intersection at s = a0 is 

mapped into q-space by:

p(cr0 ,q) = 0 (3.113) 

Similarly, an infinite root boundary (IRB):

limp(cr(a) + j«(a),q) = 0 (3.114)

The mapping of the complex root boundary (CRB) into the set of all parameter 

vectors q that yield a root pair at s = a (a) + jco(a), i.e.

QCRB (a)-(qp(a(a) + jco(a),q) = 0, ae|"a-;a+ l) (3.115)
\ / { \ \ / / L JJ

Consider a polynomial family p(s,q) = [ls ••• sn ]a(q) with the real continuous 

coefficient function a(q) . Then it is shown that, q e QCRB (a) if and only if

k(«) d,(a) ... „.(«)- [01 

I 0 d,(a) ... d,_,(a) W L°J

for some a e fa~;a+ 1, where

do («) =1

d,(a) =2a(a) 
1V . V ; (3.117)

di+1 (a)=2a(a)d,(a)-[a2 (a) + co 2 (a)]di_1 (a), i = l,2,...,n-l

For a short notation, equation (3.116) is written as:

D(a)a(q) = 0 (3.118)

This formulation clearly separates the T -boundary description given by D(a) from 

the q -dependent parameter vector a(q). In this parameter space approach, the scalar 

parameter a is gridded and the complexity of (3.118) depends on the coefficient
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function a(q). For controller design of a plant with two uncertain parameters like

those depicted in Figure 3.12, the desired pole area F can be mapped into a 

controller parameter space. For a second order system this will also be a plane area. 

Considering robustness aspects, it has to be ensured that the poles of the control loop 

will be elements of T for a fixed controller, considering the two uncertain 

parameters of the plant. For that reason, some significant representatives of Q are 

chosen. The resulting boundaries dT for each representative will then be mapped 

into the controller parameter plane. The controller can then be placed within the 

intersectional area of the different areas defined by the different boundaries 3F . 

With that, a robust controller and observer design ensuring the desired dynamical 

system characteristics within F with respect to varying system parameters, can be 

realised.

Robust Controller Design (Time Delay)

Another aspect that needs to be considered with regard to the robustness of the 

controller is the presence and magnitude of time delays within the control loop which 

are crucial to the system stability. For stability analysis, such systems are frequently 

modelled as time-delay systems because of the inherent propagation delays. For 

systems with a single delay, Zhong [2003] proposes the use of a dual-locus diagram 

to analyse the system stability. In this paper, the stability of a mass-damper-spring 

system with a proportional gain controller and a single delay is analysed with regard 

to the dead time, the controller gain and the system parameters. As it has been shown 

in Section 3.1.2, the system under consideration could be approximated by a set of 

decoupled linear mass-damper or mass-damper spring systems. In the following, the 

approach mentioned will be slightly modified to fit the control strategy used and the 

relevant degrees of freedom of the ROV system. As only the heave and yaw degree 

of freedom are relevant for the low level controller design a general mass-damper 

system will be considered in the following. Thus, the structure used in Zhong [2003]
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is different from the structure used in this work in that that the spring characteristics 

of the system are removed, an additional controller term is added and that both 

controller terms are added into the differential equation (3.1 19) with a positive sign, 

resulting in a negative sign for LI in equation (3.121).

A general mass-damper system with a single delay and the proposed linear state 

feedback controller, can be described by the following second order delay 

differential equation:

(3.119)

where q(t) is the generalised coordinate, m is the mass including added mass effects, 

d is the linear damping coefficient and T > 0 is the time delay. The system described 

in equation (3.119) can be represented in s-domain as:

(3.120) 

Therefore, the closed-loop characteristic equation of the system is:

k,+s-k2

When co increases from 0 to °o and from -«> to 0, the loci of L { and L2 are shown 

in the dual locus diagram of the system in Figure 3.13. As it can be seen, L 2 

intersects L, which is represented by the unit circle at co = co.. In other words, the 

phase margin between La and L] becomes 0 and thus, the system is unstable. 

Assuming a given system, this stability criterion can be used to determine a 

maximum delay tmax .
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Figure 3.13 : Dual-locus diagram of the system

In a first step, coc can be found by using:

|L 2 =1

and thus, solving the equation:

1 fe-d2 1 
mV 2 + 2

(3.122)

(3.123)

As discussed above, the system is stable if L2 intersects the unit circle before LI 

arrives at this point. Thus, the phase shift of L^coJ should be less than the phase 

angle of L2 (coc ). By introducing a desired phase margin <pd , the maximum time 

delay, up to which the control loop remains stable with acceptable damping 

characteristics, can be calculated:

1
max arctan

k,- —— co2k 2 
m

( k 2 -dA
l Wc l ' m JJ

(3.124)
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3 .4. 2D Motion Control of an Underactuated Vehicle

The general thruster configuration described in Chapter 3.3.1 might be of the form 

that for the planar motion of the vehicle, only yaw and surge can be actively 

influenced. Since this type of motion has three degrees of freedom and there are only 

two possible inputs, the system is designated to be underactuated. The following 

section shows how a planar course, consisting of straight lines, can be tracked by the 

vehicle.

3 .4. 1 . Guidance System

As the task of the inspection system described in this work is to inspect the bottom 

plate of a tank, the measurement system needs to be driven across the area of the 

bottom plate in a way that the whole plate is covered. This can be achieved by 

various strategies in path planning. One which is advantageous for the necessary 

control of the vehicle is to generate a set of parallel lines at a certain distance to each 

other which the vehicle will be caused to follow.

The task of the guidance system is therefore to generate the desired path and store the 

necessary information in a database. The path described above, which consists of 

only straight lines, can be represented by a set of waypoints p, = (x, , yi ) at the ends 

of the lines. The waypoint database (wpt) is therefore defined as:

(3-125)

Once a desired waypoint is reached by the vehicle, a switching mechanism sets the 

new waypoint from the database. In the real application the vehicle will never 

exactly arrive at a desired waypoint. This would result in a malfunction in the system
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as it would never switch the waypoints. However, this problem can be circumvented 

by defining a circle of acceptance (COA) about the waypoint defined by the radius 

r^. Once the vehicle has entered this area of acceptance the algorithm switches the 

waypoint i.e. the following inequality has to be fulfilled:

(xk -x)2 +(yk -y)2 <ri (3.126)

3.4.2. Control Strategy

The task of the tracking controller is to force the vehicle onto the desired path. For a 

vehicle in which only surge and yaw are controllable, an approach is to force the 

vehicle's heading to a desired position while moving with constant speed. However, 

this would result in an unsatisfactory result with the database as described, consisting 

only of the endpoints of the desired path. The vehicle would tend to reach the desired 

position at the end of the path but would fail to follow the desired path. A concept for 

improving this result is known as the line of sight (LOS) guiding principle which is 

depicted in Figure 3.14. The concept is to define a circle with a constant radius rlos

about the current position of the vehicle. The intersection of this circle with the 

desired path will then result in two points, where the one nearest to the end of the 

desired path pk is defined as the LOS position. A vector pointing from the origin of 

the body fixed coordinate to the LOS position is called LOS vector while its attitude 

in the inertial coordinate frame is designated as the LOS angle \|/ los .
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Y, Circle of 
acceptance

Xi

Figure 3.14 : The Line of Sight (LOS) concept

Denote the LOS position as p los =[xlos ,ylos ] T and the current horizontal position of 

the vehicle, which is measured by the position determining system described in 

Chapter 3.2, as p = [x,y] . From Figure 3.14 it can be seen that the desired path is 

still defined by only two way points where pk _, denotes the waypoint already passed 

and pk is the current waypoint.

Calculation of p,os

For calculating plos two independent equations are available:

= Yk Yk''=tan(ak-1 )
Xlos ~ X

(3.127)
k-1 ^k-l

(xlos ~x)2 +(ylos -y)2 = Ax2 + Ay 2 = r,2os (3.128)

where equation (3.127) states that the slope of the path between two waypoints is 
constant, while (3.128) is simply the theorem of Pythagoras. Denote the difference 

between the current and previous way-points' x- and y-position as Ax = xk - xk _, and
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Ay = yk -yk _, respectively. Equations (3.127) and (3.128) are first solved assuming 

that Ax > 0. Solving equation (3.127) with respect to y los yields:

io.-xk-i) + yk -i (3.129)

By substituting (3.129) into (3.128) a standard analytically solvable quadratic 

equation can be obtained:

a-xL+b-xlos +c = 0 (3.130) 

where:

AAxA

The solution of (3.130) becomes:

-b±Vb2 -4ac
os 2a

where the following criteria is used to choose between the two possible solutions:

-b + Vb2 -4ac 
Ax > 0 -> xlos = —

2a (3.132)
-blvb2 -4ac

Ax < 0 -» xlos = ———-———
2a

With xlos known ylos can simply be calculated using (3.129). Note that if Ax = 0, 

y |os = yk_j = yk . If in a second case Ax = 0, only equation (3.128) is valid. Hence:

(y,os -y)2 =r2os (3.133)

which results in:
y,os=y±r,os (3.134)
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where the following criteria are used to choose between the two possible solutions:

Ay > 0 -» y, = v + r,
/ n °S (3.135)Ay<° -> y,os = y-r,os

Calculation of v|/ los

With the knowledge of p and plos the next step is to calculate \|/ los . Similarly to the 

calculation process of the heading angle, the problem here is that none of the 

standard trigonometric functions is unique in the region [-TT,+TI] . Hence, the line of 

sight angle is also calculated using the four quadrant atan2- function:

Vlos =atan2(Ax,Ay) (3.136)

The next task is then to map the LOS angle from [-7t,+7t] to [-00,+00] as with the 

measured heading of the vehicle. With that, a continuous control law can be defined.

Convergence to Straight Lines

With the principle depicted in Figure 3.14 a kinematic formulation leads to an 

asymptotic convergence of the vehicles driven path to the desired path. However, 

this is not a satisfactory proof of convergence for a physical system. It is straight 

forward to show that the physical system will not move along the path of the ideal 

system without inertia. Therefore, the vehicle will have a certain drift which would 

cause the vehicle to leave the ideal asymptotic curve. In the following it will be 

shown how the LOS radius and the propulsion force of the vehicle can be adjusted in 

order to achieve asymptotic convergence of the real systems position to a desired 

path.

In the application of the vehicle as described in this work, the vehicle should be 

driven along a straight line with almost constant speed. Assuming the vehicle were 

already on the desired path, a constant force in surge depending on the vehicles
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damping would be necessary to drive it at a constant speed. As a consequence, a 

constant thruster force in surge Tsurge would be applied. It is further assumed, that the 

vehicle's linear damping and added mass coefficients in surge and sway are almost 

equal, due to the vehicles symmetries shown in Figure 4.4, that is Xu * Xv and 

Xfi « Xv . Denoting the vehicle's distance normal to the desired path as e, Newton's 

second law can be applied. That is:

me + de + Tsurge sin\|/ = 0 (3.137)

Assuming that the vehicle's heading controller were faster than the dynamics of v|/ los , 

vj/ would converge to v|/ los in a finite time. That is y = ylos and hence:

= sinx|/ los =— (3.138)

Substituting (3.138) into (3.137) yields:

= 0 (3.139)
mrios

29(0,,

As a consequence rlos can be formulated as:

r,os=^%^2 (3-140) 
d

For d = 1 the vehicle would asymptotically converge to the desired path. Hence:

(3.141)

With regard to the heading controller, it was assumed that the yaw dynamics were 

faster than the dynamics of the LOS angle. With the known dynamics of the 

vehicle's distance normal to the desired path which are directly correlated to the LOS 

angle, the minimum speed for the yaw control loop is given. This result could now be 

used to generate a lower boundary in the s-plane for the design of the heading 

controller.
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3.5. Conclusion

In this chapter it was shown how ROV design based on analytical aspects can be 

used in order to simplify the mathematical description of the system. It has been 

shown that the number of unknown system parameters can be significantly reduced 

and that the system can reasonably be approximated by a set of decoupled linear 

equation for the different degrees of freedom. A possible procedure has been 

introduced to realise a vehicle which can be adapted to different fluids. A set of 

system customizing contrivances and parameters can be found by using the 

procedure described, to obtain a flexible ROV system.

Further, a design strategy for realising low level controllers based on linear state 

feedback theory is introduced. This strategy is also based on the advantageous design 

of the vehicle as the different degrees of freedom of the vehicle can reasonably be 

approximated by decoupled linear second order systems. The necessary feedback for 

the controllers is generated by an acoustic navigation system, where the theory to 

realise the system and its implementation have been described in Section 3.2. The 

line of sight strategy combined with the advantageous design of the physical 

arrangement of the vehicle is used in providing the necessary theory for designing a 

high level control system. This high level control system has been shown to be able 

to drive the underactuated vehicle along a predefined course consisting of straight 

lines.
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Based on the underlying theory described in Chapter 3 it will be shown how the 

theoretical results were used to realise the core components of the inspection system 

presented. The next three sections will introduce the main system components with 

respect to their realisation, hardware configuration and calibration. The implications 

of these results along with the analysis of inspection results of the overall system are 

discussed in Chapter 5.

4.1. Remotely Operated Vehicle

In this section it will be shown how the design strategy introduced in Figure 3.3 has 

been used in order to realise a ROV for the proposed inspection system. Note that the 

fact that the ROV will be immersed in different fluids is considered in the design 

process and has therefore shown the applicability of the system for its use in other 

fluids, although the experiments regarding this issue have only been performed in 

water.

4.1.1. Selection of suitable Materials

The relevant temperature range can be specified depending on normal operating 

temperatures, where short-time extreme values in winter or summer are not relevant 

due to the large capacity of the tanks. With regard to the ambient temperature, the 

cooperating company, BayernOil provided some results of internal long-term 

measurements [Cebulla 2003] showing that a temperature range of 0°C to 40°C is a
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reasonable assumption, at least for Germany. It is stated in Domininghaus [1999] that 

a temperature range from 0°C to 50°C is defined to be the normal temperature range 

for plastics in design. Therefore an a priori exclusion of standard plastics and metals 

used in design is not necessary. For geographical areas or applications where the 

ambient temperature can exceed 50°C, the temperature needs to be considered 

further.

The relevant fluids (petrol, diesel fuel, etc.) require a detailed discussion regarding 

suitable materials. Based on the literature introduced in Section 3.1.4, a list of 

suitable materials was selected (Table 4.1) which allows an evaluation of the 

chemical resistance of metals and plastics commonly used in design. A matrix was 

generated such that its elements represent a specific combination of the bulk liquid 

and an applicable material. Each element consists of two numbers separated by a 

slash, where the left number indicates the chemical resistant at 20°C and the right 

indicates the chemical resistance at 50°C. Regarding the ambient temperatures 

described in this application, the right number has been used for the evaluation, 

where Table 4.1 shows the result with the suitable materials highlighted. However, 

for some combinations such as Kerosene with Polyamide or Petrol and Viton, only 

estimated values were available. Additionally, some of the 50°C values were 

unavailable. In these cases the chemical resistance has been tested experimentally on 

the basis of Shah [1998] or DIN 175 [2000] mentioned in Section 3.1.4. During the 

experiment the individual materials were immersed in the different fluids for 7 days 

at 50°C. After this period the weight deviation of the immersed plastics was 

determined, and the results are presented in Figure 4.1.
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Diagram of weight gain / reduction after 7 days 
immersion

Nylon - Polyamide 66 Viton® - Fluoroelastomer

Figure 4.1 : Weight deviation of immersed plastics after Wiersch [2004]

Following Dolecel [1978] a material can be evaluated to be highly resistant if the 
deviation in weight is between +4.5% and -0.8%. As a consequence both materials 
presented in Figure 4.1 show very good resistance to the fluids in which they have 
been immersed. With these results all materials that have been used for the 
construction of the ROV are considered justified and suitable for use in the relevant 
fluids listed in Table 4.1.
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Table 4.1 : Suitable materials after Wiersch [2004]

Chemical resistance numbers
Left number = value at +20°C / right number = value at +50°C
0 not specified / no information available
1 very good resistance / applicable
2 good resistance / applicable
3 limited resistance
4 not resistant
() estimated value
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4.1 Remotely Operated Vehicle

4.1.2. Definition of the Thruster Configuration

In this second stage, it was necessary to define the degrees of freedom to be 

influenced. In the case of the inspection system, the altitude with respect to the tanks 

bottom plate needed to be controlled. Therefore, a thruster force along the z-axis was 

required. To generate this vertical force, four thrusters were placed on the 

circumference of the ROV. With a symmetrical configuration of the thrusters, with 

respect to the x-z and y-z plane, the required thrust could be generated without 

influencing other degrees of freedom. Even the moments due to the motor and 

propeller inertia could be eliminated with different rolling directions for each of the 

vertical thrusters. Further, the ROV needed to be driven on a predefined course, 

which could require several thrusters in various configurations to generate the 

appropriate thrust. In order to reduce the required number of thrusters, a ship-like 

steering mode was chosen.

4)

Tr

3) <-ZB

Figure 4.2 : pressure housing and thruster configuration 

(1) top view, (2) front view, (3) side view left, (4) thrust directions
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4 Inspection System and Test Rig

Here, a moment about the z-axis allows the vehicle to turn, while a force along the 

body-fixed x-axis allows forward and backward movement of the ROV. The thruster 

configuration described above is illustrated in Figure 4.2, with the direction of 

forward thrust Tf and backward thrust Tr generated by a thruster shown in 4). The 

configuration described in Figure 4.2 was derived intuitively but it can easily be 

proven that the desired DOF can be actively influenced. However, the configuration 

matrix introduced in equation (3.49) can be used to prove analytically that all 

requirements are fulfilled. With an arbitrary thruster force fj max which is assumed to

be constant for all thrusters and the elements of rf/0 shown in Figure 4.2, the 

configuration matrix is defined as:

K =

" 1
0
0
0
0

_Yh

1
0
0
0
0

-Yh

0
0
1

Yv
-x v

0

0
0
1

-Yv
-xv

0

0
0
1

Yv
x v
0

0 "

0
1

-Yv

X v

0

fT
Tmax (4.1)

where the thrust vectors T J of thrusters 1 to 6 are arranged in an ascending order 

beginning from the left. The rank of this matrix, which describes the number of 

linear independent equations in (3.49), is five. As a consequence 5 degrees of 

freedom can be actively influenced by the thrusters. The missing degree of freedom 

can also be identified using equation (4.1), which shows that all the DOF except the 

sway mode can be actively influenced.
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4.1 Remotely Operated Vehicle

4.1.3. General Arrangement and Morphology of the Vehicle

A ROV using the thruster configuration defined in Section 4.1.2 combined with a 
cylindrical pressure housing similar to the one shown in Figure 4.2 has the required 
port/starboard and fore/aft symmetry. Consequently all significant points (CD, CA, 

CB), which describe the hydrodynamic behaviour of the vehicle, are located along 
the body fixed z-axis. Additionally, this shape of the pressure housing provides the 
possibility of increasing the displaced volume very easily, by changing the length of 
the cylinder, without influencing the required port/starboard and fore/aft symmetry. 
Therefore, the points CA, CB and CD remain on the body-fixed z-axis.

4.1.4. Adjustment of the displaced Volume

For applications where the ROV is used in a specific fluid, the results from Section 
4.1.3 provide the possibility to predefine the dimensions of the ROV in order to 
achieve a neutrally buoyant vehicle. For applications where the ROV has to be used 
in different fluids of varying density, it should be possible to adjust the buoyancy in 
order to maintain a neutrally buoyant characteristic for the different fluids. Section 

4.1.3 has already shown that a cylindrically pressure housing provides the possibility 
to adjust its buoyancy to different fluids. However, in practice this would require the 
manufacture of several pressure housings for the different fluids. From a practical 
point of view it makes sense not to change the length of the pressure housing but 

instead, to shape the top plate that is used for closing the pressure housing at the top 
of the hull. By designing the ROV with a flat top plate for the fluid with the highest 
density, adjustments for other fluids would require an increase in the displaced 

volume. Figure 4.3 shows the top plate mentioned (blue) and the change in design 

(green) for adjusting the buoyancy of the vehicle to different fluids.
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Ph

D

Figure 4.3 : Top plate modification

A further advantage of this adjustment is that the distance between the centre of 
buoyancy and the centre of mass will increase with increasing height of the top plate. 
As a consequence the lateral stability of the vehicle will be higher for the other fluids 
(petrol, diesel fuel and paraffin oil). Therefore this basic configuration of the ROV is 
suitable for application to a vehicle for use in the inspection task.

For a mathematical description of this adjustment, the height h of the hat shaped 
cover, can be formulated as a function of the wall thickness s, the diameter D, the 

density of the used material ph and the fluid density pf :

h = f(s,D,pm ,pf ) (4.2)

To derive this equation the basic configuration is assumed to be as described above. 

The density of other fluids pf-i can therefore be written as:
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where Ap; is the absolute value of the difference in density. The displaced volume 

V; as a function of D and h can be defined as:

V,=V + —— h (4.4)

where V is the displaced volume of the ROV with a flat top plate. The vehicle's new 

mass can be defined as:

(45)i

where m is the mass of the ROV with a flat top plate. In order to remain a neutrally 

buoyant vehicle, equation (3.13) has to remain valid for every fluid:

m^Vj-pj (4.6) 

Substituting (4.3), (4.4) and (4.5) into (4.6) yields:

(D2 -(D-2s)2 )7i f D2n \ 
m + ̂  ———— - ——— L-h-ph ^V + -^hJ.(pf, max -APi ) (4.7)

This expression can now be solved with respect to h:

h = ^ ———— A^ ————— ̂  (4.8)

With equation (4.8) a cylindrically shaped ROV can be adjusted to remain neutrally 

buoyant for different fluids. For other possible shapes (4.4) and (4.5) would need to 

be reformulated with respect to the relevant geometry.
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4.1.5. Dynamical Adjustments

After having found a suitable shape for the ROV and a strategy to adjust the vehicle 

for different fluids, some adjustments regarding the CA, CG and the thruster 

configuration need to be performed. The location of the CG depends on the shape 

and the interior configuration of the pay load consisting of the necessary electronics. 

From an analytical point of view the design has to be based on the definition of the

centre of gravity, that is ( £ p • rp /0dV = 0).

As could be imagined, neither the density of all electronic components nor the 

geometry of the components was well defined. Most components could not be 

predefined, as many off the shelf products were used. It was therefore hardly possible 

to locate the position of the CG based on analytical methods when considering the 

electronic components. For this reason a simple measurement procedure was used 

whereby the CG could be adjusted to the z-axis empirically. Once the pressure 

housing was built, the electronics would be integrated. This was done by hanging the 

vehicle by a cord attached to the middle of the vehicles bottom or top plate. In this 

way it was possible to find a distribution of electronic components where the ROV 

remained close to upright. Thus, the CG could be located along the body fixed z-axis.

The position of the CD could be found by performing towing tank tests. During these 

tests, the attachment point of the pulling forces was varied along the body-fixed z- 

axis by changing the point of application of the pulling force until the ROV remained 

in an upright position at constant speed. The vertical thruster units could then be 

fixed at the same level as the CD with respect to the z-axis. Acceleration campaigns 

could then be performed in order to compensate for the off diagonal elements of 

MA . As has been described, the CG could be varied along the z-axis by changing the 

mass contribution inside the pressure housing, though it was essential that the CG
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remains below the CB. With this procedure the requirements regarding this stage 

were achieved and the ROV realised is shown in Figure 4.4. However, due to the 

modifications described in Section 4.1.4 and the varying density of the ambient fluid, 

the hydrodynamic characteristics would change in terms of the location of the CA, 

CB and CD along the body-fixed z-axis. It was therefore necessary to perform the 

adjustment described in this stage for every single fluid, using the associated system 

configuration.

4.1.6. ROV System Configuration

Following the design strategy described, the ROV shown in Figure 4.4 was realised. 

To be able to evaluate the vehicle with respect to its dynamic behaviour in a fluid, 

the vehicle was designed for use in water. From a practical point of view it was less 

problematic to realise a test rig filled with water, as the safety requirements are 

relatively low compared to those necessary if a petrochemical fluid were used. As 

water has a higher density than petrochemical fluids the vehicle's cylindrical 

pressure housing was adjusted to this density using the top plate for closing the 

pressure housing. The vehicle could easily be adjusted for further tests in 

petrochemical fluids by applying the modifications described in Section 4.1.4. For 

the subsequent implementation of the control and navigation algorithms derived in 

Chapter 3, Figure 4.5 shows the installed electronics followed by a detailed 

description of the implemented components.
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(front view)

(left view)

(top view)

(rear view)

(right view)

Figure 4.4 : Different views of the realised ROV
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Figure 4.5 : ROV electronics
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1. Sonardyne SIPS2™ remote transducer

The remote transducers are part of the SIPS2 system provided by Sonardyne 

International Ltd., Hampshire UK. They consist of a spherical piezoelectric element 

which is moulded in polyurethane. The spherical shape allows producing an omni 

directional pulse as well as receiving signals from any direction. These transceivers 

are driven by transceiver electronics (see component 8).

2. Customized Tecnadyne Model 300™ thruster

The thruster units are trademarks of Tecnadyne, California USA. The standard 

version of the Model 300 thruster is driven by a high RPM, low inertia DC brushless 

motor, coupled to a planetary gearset, yielding maximum reliability, high efficiency 

in an extremely compact and lightweight package. The power and control electronics 

are integral with the motor, while a magnetic propeller coupling totally eliminates 

leaks due to rotating shaft seals and prevents damage caused by objects jammed in 

the propeller.

Bollard output

Input

Weight

Depth

5.4 kg forward; 2. 1 kg reverse

150VDC, 1.9A; +12V elex power 

+/- 5V command

0.9 kg (in air); 0.7 kg (in water)

750m
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4.1 Remotely Operated Vehicle

3. KrautkraemerH5K' M UT probe

The UT probe for thickness measurement is a Krautkraemer H5K shock-wave probe 

which operates at a frequency of 5 MHz. It is a trademark of GE Inspection 

Technologies GmbH, Huerth Germany.

4. DC power supply unit

The DC power supply of the vehicle consists of a surface DC power supply unit (not 

shown) and of 5 onboard DC/DC converters. The surface device provides an output 

voltage range of 0 to 300 V DC at a maximum power of 6000 W. For this application 

it is adjusted to 150 V output to supply the vehicle's onboard power supply unit. This 

unit with its 5 DC/DC converters provides 24V, 12V, 5V and 3.3 V to supply the 

electronics of the vehicle.

5. Onboard control computer with I/Os and real time OS

The onboard controller unit consists of a NI FP-2010 Ethernet controller interface, a 

dual-channel terminal base FP-TB-10 for six custom dual-channel I/O modules and 

runs the LABVIEW Real-Time operating system. All these elements are trademarks 

of the National Instruments Corporation. The customized I/O block provides 

analogue outputs for thruster control and analogue inputs for control feedback.

6. Fibre optic Ethernet link

The communications of the system are provided by a fibre optic Ethernet link to 

avoid limitations with regard to the cable length. This fibre optic link is provided by
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a LCS-C842MC 100Base TX to 100Base FX converter which is a trademark of 
Longshine Technology Europe GmbH, Ahrensburg Germany.

7. Onboard UT device

The onboard UT device consists of a USPC 3100 MB PCI UT board with an 8- 
channel multiplexer, which are trademarks of Socomate International, Crecy-La- 
Chapelle France. The most important parameters are listed below.

Bandwidth

Pulse repetition rate

A/D conversion

Receiver gain

Dynamic range

Filters

0.5 to 20 MHz

20 KHz

10 Bit at 200 MHz sample rate

70 dB adjustable

105 dB

0.5, 1,2.25,5, 10, 15, WB MHz

The PCI board is housed in an 800 MHz industrial PC.

8. Sonardyne SIPS2 HOPS transceiver electronics

See component 1 in Section 4.2.1.
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4.2 Position and Attitude Determining System

4.2. Position and Attitude Determining System

This section contains a description of the realised hardware configuration and how 
the position and attitude determining system was implemented and calibrated. The 
realisation of this subsystem was based on the theoretical results derived in Section
3.2.

4.2.1. System Configuration

As it is shown in Figure 4.6, the navigation system comprises ultrasonic receivers 
(component 1), transmitters (component 2), a controller rack for synchronisation and 
communication and custom software running on a Surface PC (component 4). A 
detailed description of these components can be found subsequently to Figure 4.6. 
The receivers (at least three) are installed at fixed and known positions inside the 
storage tank. All necessary electronics for generating, receiving and evaluating 
ultrasonic pulses are housed within the receivers. Two modified versions of these 
units are used as transmitters of the ROV. As it can be seen, the piezoelectric 
components are attached to the left and to the right of the ROV's pressure housing 
while the electronics are located inside the pressure housing. The controller unit is 
hardwire-linked to all the receiver and transmitter electronics. For measuring the 
distances between transmitters and receivers, the controller sends commands to these 
units to initiate the measurement process and then request time of flight data from the 
receivers. This data is then transferred to the surface PC over an RS 232 link. Custom 
software based on Lab VIEW™ extracts the ranges of the different transmitter 
receiver combinations, decides whether the measurement is good or bad and finally 
calculates the x,y position and heading of the ROV. This data is then transferred to a 

data socket server also running on this PC and is available via Ethernet.
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links to othet- 
transceivers

RS232
Surface PC

extract range data

range data filter

position calculation

Ethernet 100BaseFX
Surface Network

Figure 4.6 : Navigation system configuration
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1. Sonardyne HOPS Transceiver (7888):

HOPS transceivers are powered directly from the controller rack (see component 3) 

and communicate their range data over a hard wire link. Each transceiver is capable 

of receiving and transmitting 1 of 60 unique digital signals. The use of digital 

acoustic signals and digital processing techniques enable these units to distinguish 

between signals from different sources. With this ability it was possible that both 

transmitters attached to the ROV could transmit at the same time such that both 

positions could simultaneously be calculated. The following table presents the most 

important parameters of this component.

No. of Digital Acoustic Signals

No. of Tone Acoustic Signals

No. of Receive Channels

Acoustic Range Resolution

System Sync. Resolution

Frequency of Operation

Source Level (Controllable)

Receiver Sensitivity (Controllable)

60

6

4

5 mm @ 1500 m/s Vp (3.3 (as )

7.5 mm @ 1500 m/s Vp (5ns)

76.8 kHz (digital); 65-1 10 kHz (tone)

Maximum 193dB ref luPascal @ 1m

73dB ref luPascal @ 1m

(See http://www.sonardyne.co.uk for more details)

2. ROV:

See Section 4.1.6 for details.
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3. Sonardyne SIPS 2 controller rack with XSRS Controller:

The Type 7881 Controller is a 3U high, 19" rack-mounting frame, with six slots to 

accommodate up to six SIPS2 Controller boards. All boards are plug-in for easy field 

replacement and any mix of XSRS and HOPS Controller boards can be used. The 

plug-in power supply module runs off any 110-240 VAC, 50-60 Hz supply. The 
module supplies the backplane with +15, -15 and +5 Volts. The RS232 or RS485 

serial ports on the Controllers can be connected to an appropriate serial connector on 

the host computer. The standard software includes features for XSRS transceiver and 
HOPS communication and acoustic signal diagnostics has been replaced by own 

software, developed in the Lab VIEW environment, which is based on a command 

signal documentation provided by Sonardyne. With this custom software, the update 

rate of the system could be increased from 1 Hz to more than 3 Hz.

(See http://www.sonardyne.co.uk for more details)

4. Standard Pentium PC

The PC that is used for running the navigation software is a DELL Dimension 

2400.

TM

Processor

Operating System

Memory

Storage

Networking

Intel' M Celeron' M Processor 

400MHz front side bus

Windows 1M 2000

2.6 GHz

5 12 MB DDR 333MHz

80 GB HDD

10/1 00 Ethernet
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4.2.2. Sensor Distribution and Robustness Aspects

As shown in Section 3.2.2, the sensor distribution for the position determining 

system influences the quality of the calculated results. It was also mentioned that at 

least three sensors are necessary to build a sensor network able to measure the x and 

y-position of the vehicle. For practical reasons, where a malfunction of one sensor 

would prevent the system from determining the vehicle's position, a redundant 

sensor was added. These four sensors were then positioned at the same altitude inside 

the tank. With regard to the lateral arrangement of the sensors, Figure 4.7 shows a 

top view presentation of a tank together with the general arrangement of the installed 

sensors. As it can be seen, the network was arranged to span a square.

Figure 4.7 : Storage tank top view with sensor distribution

With this configuration the condition number of the matrix defined in equation (3.21)

cond
d 0 
d -d 
0 -d

= 1.73 (4.9)
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Hence, the configuration would result in a small magnification factor influencing the 

distance measurement error on the calculated position results.

Another problem with multilateration systems is that they suffer from problems 

caused by reflections. These problems are particularly severe when the system is 

used in enclosed environments such as storage tanks. Distance measurements made 

using a reflected signal can be both longer than those made using a direct path 

measurement if the echo's origin is from the actual measurement event (longs) or 

shorter if it comes from a previous measurement (shorts). If this distance is then used 

by the multilateration algorithm, the reported object position will be erroneous, and 

so efforts have been made to reject distance measurements caused by reflected 

signals.

To reject the longs only the first signal that is detected by the receiver is used to 

measure the transmitter-receiver distance. However, this will only work if the direct 

signal is available. Occasionally, the direct path from a transmitter to a receiver is 

blocked, but a reflected pulse still reaches the receiver. The first pulse detected 

would then have travelled along a path that is longer than the direct distance and the 

calculated distance would be incorrect. To minimize this problem, the actual 

measurement can be compared to the previous measurement. Using the knowledge of 

the systems sample rate and the actual or maximum speed of the vehicle allows 

deciding if the calculated difference can be caused by the movement of the ROV.

To reject the shorts, a so-called correlation or matched filter approach is used for the 

time of flight measurement, in which the receivers identify a known pulse shape 

emitted by the transmitter. Using a sequence of different patterns can solve the 

mentioned problem, as echoes from previous measurements will not match the 

expected pattern. Observations during field experiments have shown that the
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combination of these methods results in the rate for non-rejected false measurement 
being less than 1%.

4.2.3. System Calibration and Distance Measurement Accuracy

After the hardware installation which followed Figure 4.7, some system specific 
adjustments described by Sonardyne [2003] were done in order to guarantee a 
reliable measurement performance by the system.

In a second step the distance between the transceivers which are installed inside the 
tank should be measured. In the case of the test rig configuration which was used for 
the system evaluation that is presented in this work, a measuring tape was used. With 
this device a precision of ±5mm could be expected. In the next step the time of 
flight of all possible distances between the fixed transceivers were measured. For this 
a special transmit and receive sequence was defined where one transceiver after the 
other transmits one ultrasonic pulse, which is received by the other three 
transceivers. This circle was repeated for a time period of 5 hours to obtain enough 
values for a statistical evaluation and to quantify the variation of the speed of sound 
due to varying ambient parameters. Figure 4.8 shows a representative example of the 
measurements of the different acoustic paths. To quantify the trend of the speed of 
sound with respect to time, the results were low pass filtered, and the result is 

depicted in Figure 4.9.
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1,730-

6 100 200 300 400 500 600 700
Sample # 

Figure 4.8 : Time of flight measurement

1.7140-

1.7135-

1.7130-
0 100 200 300 400 500 600 700 800 900 1000 1100

Sample # 

Figure 4.9 : Time of flight measurement (low-pass filtered)

It can be seen that the time of flight varies less than 0.5us within a time period of 5 
hours. For the determination of the absolute speed of sound value it was considered 
insufficiently significant to take this variation into account and all time of flight 
measurements like the one shown in Figure 4.8 were statistically analysed using all 
samples. The mean values of time of flight of the different acoustic paths and the 
measured distances together with equation (3.15) were then used to calculate the
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speed of sound cf for the different measurements. The results of the statistical

analysis of the time of flight measurements and the resulting speed of sound values 

are presented in Table 4.2.

Measurement

#

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

U, W

1.394

1.695

1.696

0.995

0.995

1.714

1.717

1.289

1.289

1.030

1.410

1.267

1.702

1.702

1.149

1.147

1.731

1.500

<V, [MS]

4

4

3

5

3

4

3

4

3

4

5

3

3

5

4

3

4

4

d,[m]

2.040

2.480

2.480

1.455

1.455

2.505

2.510

1.885

1.885

1.475

2.030

1.850

2.485

2.485

1.680

1.675

2.530

2.190

fm] c, — 
LS J

1463.41

1463.13

1462.26

1462.31

1462.31

1461.49

1461.85

1462.37

1462.37

1432.04

1439.72

1460.14

1460.05

1460.05

1462.14

1460.33

1461.58

1460.00

Table 4.2 : Speed of sound calculation (numerical)
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Basically, the results presented can be used to calculate a mean value for the speed of 
sound and to calibrate the navigation system with this information. However, there 
are two values, namely value 10 and 11, which significantly differ from the other 
values. To justify the assumption that these values were wrong and to exclude them 
from the speed of sound determining calculation, the following consideration is 
presented. Due to the fact that the time of flight values \o{ f can reasonably be

assumed to be the more accurate values resulting from the statistical evaluation, the 
only remaining source of error is the distance measurement. With these assumptions 
equation (3.15) can be partially differentiated with respect to the measured distance d 
to calculate an error span Ac that could be caused by incorrect distance* span *

measurements within the range of +5mm. To obtain the maximum value for Acspan , 

the minimum time of flight value t tof mm from Table 4.2 was used for the calculation.

An error span in which all calculated values should be located, can therefore be 
defined as:

1Ac. = -Ad
min

m5.03— (4.10)

The absolute basis for the error span can now be defined such that the highest 
number of measured values is located within the error span. The remaining values 
which are not elements of Acspan can then be dismissed as outliers. Hence this

method is suggested to be a reasonable evaluation of the quality of measured values 
based on known inaccuracies of the measurement processes. Figure 4.10 shows the 
result of applying this method on the speed of sound determination process.
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Figure 4.10 : Speed of sound calculation (graphical)

With the result shown in Figure 4.10, it is clear that the quality of measurement of 
sample 10 and 11 are not the result of an acceptable measurement error as they are 
not elements of the error span Acspan indicated by the blue lines. Hence, value 10 and 

11 have been omitted and were not used for any further speed of sound determination 
process. The remaining 16 values were used to calculate a mean value of the actual 
speed of sound c, where the result together with the statistical standard deviation G-

is presented in Table 4.3.

[mlc H
LS J

1461.62

<*F
m—
s J

1.15

Table 4.3 : Actual speed of sound

Finally the results presented in Table 4.2 and Table 4.3 have been used to define the 
precision of distance measurements performed by the measurement system. A 
maximal absolute error was defined as:

Ad= c-2atof _ = 0.0141m (4.11)
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,where atof is the mean value of the standard deviations and "t^of is the mean value of 

the time of flight measurements presented in Table 4.2. To derive an expressive 
value for the application in real tanks, this result needs to be extrapolated to greater 
distances. Following equation (4.11), the precision of this system seems to decrease 
proportionally to an increase of the length of the acoustic path. However, it needs to 
be taken into account that this calculation was originally based only on the standard 
deviations in time of flight measurements crtof presented in Table 4.2. Referring to 

this, it needs to be investigated whether CTtof could reasonable be assumed to be 

constant or if it is influenced by the length of the acoustic path. Analysing the results 
presented, 2atof could be defined to be 7.4us. Following the specification provided

by the supplier of this system (see component 1 in Section 4.2.1), the precision due 
to the clock rate and communication synchronisation is defined to be 8.3us. 
Comparing these figures led to the conclusion that the significant influence on the 
precision of this system comes from the parameters mentioned. As these parameters 
are not dependent on the range measured it was assumed that the measuring precision 
will not significantly be degraded by greater acoustic paths.

4.2.4. Position and Attitude Acquisition Accuracy

With the results derived in the previous section, the position determining algorithm 
was used to determine the resulting error span in x and y-direction. A simulation 
program was realised in order to visualize and represent this error. The simulation 
software partitions the bottom plate area into a defined raster. For each zone, the 
position is calculated 300 times, based on manipulated range data. For the range 
manipulation a random error, depending on the results presented in (4.11), is added 
to each of the four correct range data. In a subsequent step, the 300 calculated 
position results were analysed with regard to their standard deviation in x and y- 
direction and the results are visualized in two xy-graphs depicted in Figure 4.11.
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4.2 Position and Attitude Determining System

Taking twice the standard deviation as a basis, the precision of the position 

determining system can be numerically specified to be between ±12 mm and 

±20 mm in each direction.
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Figure 4.11 : Position accuracy in x and y-direction
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4.3. Control System

In the following, the adjustment of the different controllers based on the underlying 

theory derived in Section 3.3 is introduced. Experiments showing the performance of 

the different controllers will demonstrate the suitability of the design and adjustment 
strategies.

4.3.1. System C onfiguration

As shown in Figure 4.12, the control system comprises a surface PC (see component 
4 in Section 4.2.1) and an onboard computer (see component 5 in Section 4.1.6).

A high level controller for the path control was developed in the Lab VIEW™ 

environment and was executed on the surface PC. This controller uses the heading 

data provided by the navigation software along with the implemented line of sight 

algorithm derived in Section 3.4 to provide the desired heading for the low level 

control system to keep the vehicle on a desired path. This data along with the actual 

vehicle heading and the desired altitude is sent via a fibre optic link in the supply 
cable to the on board computer inside the ROV. This onboard computer runs a 

software with the low level control algorithms for heading and altitude implemented. 

The desired moment about the z axis and a force along the z axis of the vehicle is 

then generated by allocating the controller output to the respective thruster units. For 

maintaining a linear relationship between controller output and the force generated 

by the thrusters, the thruster output linearization derived in Section 3.3.1 is used.
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Surface PC

Position data 
(see section 4.2.1)

Line of sight algorithm 
(see section 3.4)

(see section 4.2.1)

heading and desired heading 
desired altitude

Surface Network

heading and desired heading 
desired altitude

Onboard control computer

Altitude 
(see section 4.4)

Control algorithms 
(see section 3.3.2)

Control allocation

Thruster output
linearization 

(see section 3.3.1)

(see section 4.1.6)

Thruster i

Figure 4.12 : Control system configuration
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4.3.2. Physical ROV Parameter Identification

In order to design a controller with an observer (Figure 3.9), it is first necessary to 

identify the physical system with respect to its parameters so that a mathematical 

model describing the real system can be determined. This model is then used in the 

observer. Therefore step response tests using a simple proportional gain controller 

with just position feedback were performed for the degrees of freedom to be 

controlled. These tests were then repeated with different controller gains Kp; . For

the translational degrees of freedom ultrasonic distance measurements towards a 

reference plate inside the test tank were used to generate the feedback for the 

respective control loop. For the feedback of the yaw controller an encoder was used. 

Both measurement systems were operated at a sample rate of 50 Hz to provide a 

significantly higher sample rate than the expected vehicle dynamics. Hence, the 

theory of continuous systems could reasonably be applied in order to derive the 

system parameters. For every controller gain Kp,, 20 step responses were performed.

As the general way in performing these tests was the same for the different degrees 

of freedom, the identification procedure of the heave degree of freedom will 

representatively be described in more detail. For this degree of freedom, the sensor 

for the ultrasonic distance measurement was attached to the vehicle pointing towards 

the bottom plate of the test tank (see Figure 4.5). Distance measurements generated 

by this probe along with the UT device inside the vehicle were sent to the onboard 

computer running the proportional gain control algorithm. In the beginning of each 

test, the desired altitude was set to 500mm relative to the bottom plate. Once steady 

state conditions were achieved a step response test was initialised by reducing the 

value of the desired altitude by 200mm. During this test, the distance data were 

locked in a database at sample rate of 50 Hz until steady state conditions were 

achieved. The different controller gains have been chosen such that the bandwidth to
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be expected for the later system operation was covered. The upper frequency was 

achieved by adjusting Kp, to a high value, while Kp4 was adjusted to a low value to 

achieve lower frequency dynamics. Kp2 and Kp3 were defined between these 

boundaries at equal distances. As mentioned, the step response tests for each 
controller adjustment have been repeated 20 times. The locked time domain data sets 
were then transferred into the frequency domain using a discrete Fast Fourier 
Transformation (FFT). The results have been used to identify the damped natural 
frequency of each step response test. The numeric results of the acquired damped 
natural frequencies for the different controller gains along with the corresponding 
standard deviations are listed in Table 4.4.

controller gain

Kpl

Kp2

Kp3

Kp4

co2 [rad/s]2

1.2931

2.4906

3.6415

4.9061

standard deviation

0.0973

0.1186

0.2356

0.2626

Table 4.4 : FFT analysis results (heave)

Additionally, the corresponding altitude values at equal points in time relative to the 
beginning of the test have been combined to a mean value. Figure 4.13 shows the 
mean values for each controller adjustment together with the FFT analysis result for 

the heave degree of freedom.
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Figure 4.13 : Step responses with FFT results for different controller gains Kpi
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The results represented in Table 4.4 were then used as input for the system parameter 

identification procedure introduced in Section 3.3.5. As a result the parameters 

defining the inertia of the vehicle, including added mass effects and the linear 

damping coefficients, have been determined and are listed in Table 4.5, along with 

the resulting values for the other relevant degrees of freedom.

1
£

<U

§m

rw
K̂S 
>.

parameter

mw [kg]

Zw [kg/s]

mu [kg]

Xu [kg/s]

mv [kg]

X [kg/s]

I r [kgm2]

Nr [kgm2/s]

mean value

72.22

42.09

85.90

47.62

83.88

44.32

1.20

0.51

standard deviation

4.85

8.54

5.69

9.01

5.33

8.67

0.19

0.05

Table 4.5 : Physical ROV parameters
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4.3.3. Controller Adjustment

The desired dynamics of both the observer and controller of the heave and yaw 

control loops needed to be defined. For the heave degree of freedom, highly damped 

dynamics were desirable as oscillations in the heave degree of freedom could result 

in slight pitch and roll movements of the vehicle. Therefore the damping ratio was 

set to 3min = 0.999. The speed of this control loop could be defined almost 

arbitrarily, as no system specific constraints needed to be taken into account. A

, , o .. rad , . . rad 
maximum natural frequency coomax =6—— and a minimum speed a =-0.4——

s s 

were therefore chosen to define a reasonable pole area F for this controller.

In contrast to the depth controller, two constraints needed to be considered while 

defining the desired pole area for the yaw controller and observer. The first one was 

that the strategy for guiding the ROV on a desired course derived in Section 3.4.2 

was based on the assumption that the yaw dynamics were faster than the dynamics of 

the ROV's distance normal to the desired path. To determine how much faster the 

yaw dynamics needed to be, the dynamics of the ROV's convergence to the desired 

path needed to be defined. As it has been shown in Section 3.4.2 these dynamics are 

defined by the system parameters mu « m v and Xu ~ Yv , which are the total inertia 

and the linear damping parameters in surge and sway respectively. The line of sight 

radius is rlos and the constant propulsion force in surge is Tsurge . To achieve a desired

surge velocity ud once the vehicle moves along the desired path, the corresponding

force can be calculated as:
Tsurge =Xu .ud (4.12)

where the value of the linear damping coefficient in surge X u is listed in Table 4.5. 

With this information rlos was defined following equation (3.141).
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Hence, the real pole of converging dynamics is located at:

S =
2m, 2m,

(4.13)

To quantify how much faster the yaw dynamics should be, some simulations with 

different yaw controller adjustments were performed. At the start of all simulations 

the ROV was at rest and located at a distance of 0.5m and it's heading parallel to the 

desired path. During the first simulation the yaw control loop was adjusted to the 
same velocity as the converging dynamics described in equation (4.13). The 

following two simulations were performed with the yaw control loop set to two and 

three times faster than the converging dynamics. The resulting trajectories of the 

ROV are shown in Figure 4.14 where it can be seen that this two to three fold 

increase over the converging dynamics will result in an acceptable performance of 
the path controller. Using these results the upper real boundary for the yaw controller

was specified as 3X= —— - = -0.83 . 
2m,,

b) 0.6

0.4

0.2

0

-D.2

-0.4

c)

f

10 02468 10 0246
x[m] 

Figure 4.14 : Path following performance for different yaw controllers

8 10

3X,,
=-- J b) = ~ '* C> 0max = '
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The second constraint was the maximum natural frequency of the yaw control 

system. As the navigation system worked at a sampling rate of 3 Hz, the maximum
1*3/4

natural frequency was limited to co0max =2.36— to maintain quasi-continuous
s

characteristics from the control loop as has been stated in Section 3.3.3. With these 

limitations it was not possible to choose the desired pole areas in the same way as 

was done for the depth control loop. In this case only S^ = 0.707 and cr max = -0.83 

were defined to be the boundaries for the desired pole area of the controller. During 

the design of this controller it was important to locate the poles as near as possible to 

amax = ~0-83, to gain the slowest possible controller performance. The observer

T*flfl

would then be located as close as possible to <o0max = 2.36 ——, to still be faster than
s

the controller. The desired pole areas for the two observers were explicitly specified 

after the controller design when the resulting control loop poles were known. This 

allowed an optimal adjustment of the observer to the particular controller. With that, 

the desired pole areas for the two controllers are defined and the results listed in 

Table 4.6.

DOF

heave

yaw

max

-0.4

-0.83

co0 M •raax L s J

8

2.36

min

0.999

0.707

Table 4.6 : Pole area boundaries of the heave and yaw controller
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Controller and Observer Design

With the desired pole areas defined by their boundaries dr listed in Table 4.6, the 
next step was to design the controllers and observers for the heave and yaw degrees 
of freedom. As described in Section 3.3.5, the boundaries of the desired pole area of 
the controller could be mapped into the controller parameter space considering the 
uncertain plant parameters listed in Table 4.5. For the heave controller the 
boundaries of the desired pole area were transferred into the controller parameter 
space and the controller was then defined at the location of the red star shown in 
Figure 4.15. Both Figures were generated using the MATLAB / Simulink3 toolbox 
PARADISE which has been developed by the German Aerospace Centre (DLR) 
[DLR 2002].
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100 200 300 4003-744-4-3-2-10 "

Re k2 
Figure 4.15 : Desired pole area and controller parameter space for the heave controller

With the controller defined, all possible eigenvalues of the closed loop were 
calculated. Due to the high damping, the controller design resulted in a system with

1 MATLAB and Simulink are registered trademarks of The Math Works Inc.
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two real poles, where only the dominant poles close to the real axis are depicted in 
Figure 4.16. The desired pole area for the observer was then defined by the 

boundaries B^n = 0.707 , amax = -4 and w0 max = 8. With these boundaries, the same

procedure as for the controller design was used for the observer design and the 
resulting poles are also shown in Figure 4.16.

1,0 -0,9 -0,8 -0,7 -0,6 -0,5 -0,4 -0,3 -0,2 -0,1 0,0 0,1 -9,0 -8,0 -7,0 -6,0 -5,0 -4,0 -3,0 -2,0 -1,0 0,1 
i_____________Be__________

Figure 4.16 : Heave controller and observer poles of the uncertain plant

It can be seen that all possible poles of the observer and controller, depending on the 

uncertain parameters m^ and Zw , are located within the desired pole areas. For the

yaw control system the same procedure as for the heave control system was used. 
Figure 4.17 shows the desired pole area for the yaw controller and its boundaries 
transferred into the controller parameter space. With respect to the observer design 
which follows, it was important to choose the controller such that the resulting 
dynamics of the closed loop were as slow as possible, as shown in Figure 4.17. The 
reason was that an observer needed to be designed after the controller design, which 
had to be faster than the plant, with its poles also located within the desired pole area.
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-2 -1.5 -1 -0.5 0 0.5

Figure 4.17 : Desired pole area and controller parameter space for the yaw controller

Possible poles for the controller are shown in Figure 4.18, where the fastest pole is 

located at a * -1.22, while the observer design ended with the slowest pole located 

at a « -2.2. Thus the observer is at least 1.83 times faster than the controller.
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Figure 4.18 : Yaw controller and observer poles of the uncertain plant

149



4 Inspection System and Test Rig

Time Delay Analysis
As it can be seen in Figure 4.12, the yaw degree of freedom is controlled via an 
Ethernet network connection with inherent propagation delays. Due to the fact, that 
this is a direct connection and that the surface PC is only sending while the 
communication of the onboard computer is limited to receiving this data, collisions 
are ruled out. Thus, a constant time delay for the data transfer could be determined. 
This delay along with the cycle time for the control algorithm has been measured to 
be less than 10 ms. The heave control algorithm is running on the on-board PC. 
Thus, no network delays need to be taken into account. However, a cycle time for the 
control algorithm of 5 ms has been considered. Additionally the feedback for both 
control loops is generated by acoustic distance measurements. Assuming a speed of 
sound of 1400 m/s and a maximum distance to be measured of 100 m, an additional 
time delay of 70 ms for the yaw control loop should be taken into account. The time 
delay for the heave control loop would be about 1.4ms at a maximum distance of 2 m 
to the bottom plate. These inherent time delays of 80 ms and 6.4 ms of the yaw and 
heave control loop will now be compared to maximum time delay values until the 
control loops remain stable with acceptable damping characteristics. To define the 
maximum values for the allowed time delays, equation (3.123) and (3.124) were used 
under consideration of a minimum phase margin of 30°. The resulting maximum 
time delay for the heave degree of freedom T maxheave is:

W«.= 0.204s (4-14) 

The resulting maximum time delay for the yaw degree of freedom T maxyaw is:

i = 0.476s (4.15)max,yaw ^ '

By comparing the existing time delays of about 80 ms and 6.4 ms for the yaw and 
heave control loop respectively with the calculated maximum values, it can be seen 
that both, the heave and the yaw control loop are stable with regard to the respective 

time delays.
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4.3.4. Controller Performance

After the design process, all low and high level controllers were tested with regard to 
their performance. For the two low level controllers, step response tests were 
conducted, while the path following controller was tested with respect to its ability to 
drive the ROV along the desired course and to keep the ROV on a straight course. 
For the depth controller test, a control input sequence of + 180mm (green line) was 
applied and the resulting time evolution of the measured position of the ROV is 
shown in Figure 4.19.

measured value A/

180,0-

6 5 10152025303540455055606570758085909599
time[s] 

Figure 4.19 : Step response result of the depth control loop (stability)

It can be seen that the controller showed what is considered to be a very good 
transient response and was able to drive the vehicle to a predefined altitude. Thus, 
the suitability of the controller in terms of stabilising the vehicle at a defined altitude 
is demonstrated. A single step response from the sequence shown in Figure 4.19 was
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considered in detail, to verify that the desired dynamics were achieved. This enlarged 

view is shown in Figure 4.20 along with three MATLAB / Simulink simulation 

results designated as fast dynamics, slow dynamics and adjusted dynamics. The ROV 

model for all three simulations was based on the mean system parameters listed in 

Table 4.5. For the fast dynamics, the two system poles were adjusted by the 

controller parameters to be a real double pole located at a = -l, while the poles of 

the slow dynamic system were adjusted to be located at CT = -0.4. With these two 

simulation results it was possible to map the boundaries of the s-plane onto the time 

domain measurement plot shown in Figure 4.20. An additional simulation using the 

same controller parameters as for the real system then showed the adjusted dynamics 

of the system.
measured value 
control input 
fast dynamics 
slow dynamics 
adjusted dynamics
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Figure 4.20 : Step response result of the depth control loop (desired dynamics)
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As it can be seen from Figure 4.20, the real system dynamics represented by the 
black line are within the boundaries of the slow and fast dynamics. Additionally the 
good correlation between the adjusted dynamics plot and the real measurement data 
shows the applicability of the strategy which was used for the heave control loop 
design. Representative data from all tests that have been performed to check the 
performance of the yaw controller, Figure 4.21 shows the response of the yaw system 
to an applied step sequence of ±100° .

measured value 
observer 
control Input

160,0-

140,0-

* A/1

J

20,0-,
0 5 101520253035404550556065707580859094

bme[s]

Figure 4.21 : Step response result of the yaw control loop (stability)

Just as with the heave controller, this low level controller showed a stable transient 
response. To demonstrate that the desired dynamics were also achieved, the sequence 
shown in Figure 4.21 has been considered for the region of t = 29s to t = 37s, where 
three simulation results have been added. The poles of the slow dynamics control 
loop were adjusted to be located at a = -0.83 while the poles of the fast dynamics 
control loop were adjusted to be a conjugated complex pair located at a = -1.2 and 
jco = ±1.2. To generate the adjusted dynamics plot, the real controller parameters
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together with the mean values for the system parameters listed in Table 4.5 were 
used and the results are shown in Figure 4.22.

control Input 
fast dynamics 
slow dynamics 
adjusted dynamics

36 37

Figure 4.22 : Step response result of the yaw control loop (desired dynamics)

With respect to Figure 4.22 it is demonstrated that the performance of the resulting 
control loop complies with the desired dynamics and should therefore be suitable to 
be used for the path control system described in Section 3.4. The task of the path 
control system is to drive the ROV along a predefined course and to keep it there. To 
show the ability of the system to do this, with respect to both aspects, two different 
tests were conducted. The first, driving the ROV along a predefined course, was 
tested by locating the vehicle at a normal distance e« 0.35m from the desired 
course, with its heading parallel to the desired course and then starting the controller. 
This situation simulates the shift manoeuvre at the end of every pass of the desired 
path as well as at the start of an inspection. The second, to keep the vehicle on a 
straight course, was tested by defining a straight course with two positional limits
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(waypoints). At the start of the test, the ROV was placed at one of the positional 
limits and the task of the control system was to move the vehicle from one limit 
(waypoint) to the other along the straight line. This process was repeated for 30 
minutes to obtain an informative and comprehensive result. The plots of both 
manoeuvres are shown in Figure 4.23. It should be noticed that different scale factors 
are used in the y-direction.

measured ROV positions

80 90 100 110 IX 130 140 150 160 170 180

135 J,

b)
80 90 100 110 120 130 MO 150 160 170 180 190 200 211 

x[cm]

Figure 4.23 : Path controller performance; a) change of lines b) constant course
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4 Inspection System and Test Rig

During the experiment, the position of the vehicle was determined by the navigation 
system and stored in a database. This database was used in the end of each 
experiment to plot the measured position data on an x-y graph to present the path 
where the vehicle has travelled (black line). With the results shown in Figure 4.23 a), 
the control system has been validated as able to move along a predefined course. 
Once the vehicle has reached the desired course Figure 4.23 b) shows that the control 
strategy is able to drive the vehicle along this straight course with a precision of 
±5cm. As a consequence, all assumptions and the methods of applying theoretical 
basics to design a control system for this application have been demonstrated to be 
valid.

4.4. NDT and Data Evaluation System

As it can be seen in Figure 4.24, the hardware configuration of this system comprises 
UT probes and an onboard UT device (Section 4.1.6) and a surface PC (Section 
4.2.1).

The onboard UT device along with the UT probes attached to the ROV is measuring 
the thickness of the bottom plate and the vehicle's distance to the bottom plate at a 
fixed repetition rate. The measured distance is directly transferred to the onboard 
computer to provide the feedback for the altitude control loop. Measured thickness 
data are sent to the data socket server. Every time a position of the ROV is measured, 
an evaluation software running on the surface PC reads all measured thickness data. 
Depending on the number of thickness data, this software interpolates an equivalent 
number of positions between the actual and the previous measured position. The 
thickness data are then combined with the generated position data and the 
combinations are stored in two dimensional array. This array is displayed as a C-scan
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4.4 NDT and Data Evaluation System

which is a top view presentation of the component with colour coded thickness 

information.

UT probe 

(see section 4.1.6)

On-board UT device 

(see section 4.1.6)

thickness and altitude data

Surface Network

Thickness and altitude data 

ROV position

Surface PC
Combination of thickness 

data with position data

C-scan generation

Display of inspection result

(see section 4.2.1)

Figure 4.24 : NDT and data evaluation system configuration
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4.5. Test Rig

The test rig shown in Figure 4.25 was designed for the development and evaluation 
of the inspection system which comprised the following hardware components. A 
cylindrical steel tank (component 1) was filled with water. During the evaluation 
tests of the inspection system, the receivers of the navigation system were installed 
and the ROV and a test plate (component 2) to be inspected were inserted. The ROV 
was connected via its umbilical to the surface electronics (component 3) beside the 
tank. A detailed description of the hardware components can be found subsequently 
to Figure 4.24. This configuration was used to evaluate the low and high level 
controllers and to generate the inspection results which will be presented and 

discussed in Chapter 5.

Figure 4.25 : Test Rig configuration
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4.5 Test Rig

1. Test tank

The carbon steel test tank that has been used during the development process of the 

inspection system has the following dimensions:

Height

Diameter

Thickness

1.7m

2.8m

0.01 m

2. Test plate

The test plate is manufactured out of carbon steel and has been used to evaluate the 

applicability of the ROV as inspection system carrier. It provides areas of different 

thickness which have been milled, to cover the whole range of occurring wall 

thicknesses from 9mm down to 1mm.
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4 Inspection System and Test Rig

3. Surface electronics

The surface electronics (top down) consist of a surface computer with display (see 

components 4 in Section 4.2.1), a communication unit of the navigation system (see 

component 3 in Section 4.2.1) and a DC power supply (see component 4 in Section 

4.1.6).
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5. Inspection Results and Discussion

With regard to the specific objectives of this study, this chapter provides a detailed 

discussion of the inspection performance of the system, the resulting economic 

viability and the applicability of the realised inspection system. Referring to this, 

Section 5.1 describes the experiments that have been performed to generate 

inspection results and assesses the integrity and value of the data provided by the 

system. Results from experiments regarding the inspection performance are then 

used in Section 5.2 to evaluate the economic viability of the realised inspection 

system. Section 5.3 provides the implications of the major outcomes of the system 

realisation described in Chapter 4 and discusses the results in the context of the 

intended investigation to determine the technical feasibility of such an inspection 

system.

5.1. Inspection Performance of the System

This section will show the results of performance tests of the combined components 

working together as an inspection system. A comparison between inspection results 

using a manipulator based inspection system and the new ROV inspection system 

were used to evaluate the influence of the ROV as a system carrier for the inspection 

and showed how accurately the remaining wall thickness could be measured. 

Additionally, the results will be used to demonstrate how precisely the measured 

results can be associated with x and y coordinates. All experiments in this chapter 

were carried out in the test tank that is described in Section 4.5.
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5 Inspection Results and Discussion

5.1.1. Thickness Resolution

To obtain a numerical value for the accuracy of the thickness resolution of the 

inspection system and the influence of the ROV as the inspection system carrier, two 

inspections of a test plate depicted in Figure 5.1, were performed. As UT inspections 

are already used for this kind inspection and as the ROV system is based on the same 

technique, it was only necessary to define the influence of the ROV on the precision 

of this technique. For that reason, a test plate with well defined artificial wall 

thickness reductions rather than a test plate providing real corrosion attacks has been 

used. Inspection results of such a test plate could easily be compared as large areas of 

a constant nominal thickness value are available. For the first inspection the ROV 

based inspection system was used. The inspection course was defined by parallel 

lines separated by a certain distance, to cover an area of 150cm by 90cm where the 

test plate was located. The ROV system was then started and moved along the 

predefined inspection course at a distance of 300mm from the bottom plate. During 

this process all typical movements expected of the system, like turning, accelerating 

and decelerating were executed by the system, thereby providing a realistic 

inspection result, without neglecting any influences which would be present during a 

real tank inspection. On the contrary this test inspection inside the small test tank was 

more demanding due to the small dimensions of the predefined inspection area, 

causing almost continuous changes of line of flight processes. Another deleterious 

effect due to the small dimensions of the test tank was that currents caused by the 

thrusters of the ROV would not dissipate as in bigger tanks. These currents, which 

would be less significant in bigger tanks, are an additional disturbance for the control 

systems. As a consequence the conditions inside the test tank could be assumed to be 

the worst case conditions and suitable to qualify the performance of the ROV system 

as an inspection system. Due to the very high reliability of the whole inspection 

system, it was possible to repeat this inspection process for 10 hours without any
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5.1 Inspection Performance of the System

malfunction of the system. The result of this inspection is presented as a so called C- 

scan in Figure 5.2.

18 123456789
*.|.!.** * j * * *; \ : -pr ] T—j-^—-;-^—->-T ---T.---

950

450

100

Figure 5.1 : Drawing of the test plate with areas of different thickness

110-r
132 140 150 160 170 180 190 200 210 220 230 242

* [cml

Figure 5.2 : Graphical ROV inspection result

It can be seen in Figure 5.2 that a C-scan is a top view presentation of the test plate 

with colour coded thickness information. With the table to the right of the C-scan, an
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5 Inspection Results and Discussion

interpretation of the result in terms of remaining wall thickness is possible. It shows 
that the thickness resolution of the system is better than ±0.5mm as the different 
colours are not mixed within the different areas. For a better illustration of the 
inspection results two 3-D graphics are presented in Figure 5.3.

Figure 5.3 : 3-D Inspection result (left: with border; right: without border)

The left representation shows a cut-out of the C-scan with the border of the test plate, 
the right representation shows a cut-out where only the areas of different thickness 
are presented. The right depiction especially, provides qualitative information about 
the result, and the different areas are clearly separated from each other demonstrating 
a good thickness resolution. For a more precise analysis of the ROV inspection, the 
numerical values of the different areas have been separated and evaluated. The 
numerical results together with the nominal thicknesses of the different areas are 
presented in Table 5.1. In a second inspection of the test plate, a conventional 
manipulator was used to position the sensors. This mechanically guided system 
carrier guaranteed that no effects resulting from slight pitch and roll movements of 
the ROV would influence the measurement. Additionally, identical UT electronics 
and probes as for the ROV inspection were used for this reference measurement,
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5.1 Inspection Performance of the System

such that the results could be used to define the influence of the ROV on the 

inspection precision and therefore evaluate its suitability as an inspection system 

carrier. As the reference measurement worked with a precision of+/- 0.01 mm the 

results can reasonably be used as absolute reference values.

The measured thickness values for the different thickness areas have been 

numerically analysed and are listed in Table 5.2. In addition to the numerical results, 

the results of both measurements are graphically shown in Figure 5.4 to Figure 5.6. 

The histograms in these figures provide a number of measurements at certain 

thickness ranges for both, the ROV measurement (red) and the reference 

measurement (black). Each histogram is related to a certain area of constant 

thickness of the test plate.
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a)

b)

c)

Manipulator resute 
ROVresdts

0.95 1.00 1.05 1.10 1.15 
TNckness [mm]

1.20 1.25 1.30

Manipulator results 
ROV results

0-1---- -+--- 
1.90 1.95 2.00 2.05 2.10 2.15 

TNckness [mm]
2.20 2.25 2.30

Manipulator resute 
ROVresute

220
200

2.95 3.00 3.05 3.10 3.15 
Thickness [mm]

3.20 3.25 3.30

Figure 5.4 : Comparison of inspection results: 1mm (a); 2mm (b); 3mm (c)
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a)

b)
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Figure 5.5 : Comparison of inspection results: 4mm (a); 5mm (b); 6mm (c)
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Manpdator results I 
ROV results

a)
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Thickness [mm]

90-|
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Thickness [mm]

Figure 5.6 : Comparison of inspection results: 7mm (a); 8mm (b); 9mm (c)
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5.1 Inspection Performance of the System

Nominal 
value [mm!

1
2
3
4
5
6
7
8
9

Minimum 
value [mm]

1.06
1.99
2.97
4.04
5.03
6.00
6.95
7.98
8.91

Mean 
value [mm]

1.20
2.08
3.03
4.07
5.18
6.03
6.99
8.03
9.04

Maximum 
value [mm!

1.26
2.23
3.22
4.24
5.39
6.18
7.29
8.33
9.29

Range 
[mm]
0.20
0.24
0.25
0.20
0.36
0.18
0.34
0.35
0.38

Table 5.1 : Thickness measurement using the ROV inspection system

Nominal 
value [mm]

1
2
3
4
5
6
7
8
9

Minimum 
value [mm]

0.94
1.99
2.94
3.97
4.96
5.84
6.90
7.95
8.88

Mean 
value [mm]

1.10
2.01
2.96
4.01
5.12
6.00
6.97
8.00
8.96

Maximum 
value [mm]

1.23
2.04
3.02
4.07
5.24
6.13
7.09
8.14
9.10

Range 
[mm]
0.29
0.05
0.08
0.10
0.28
0.29
0.19
0.19
0.22

Table 5.2 : Reference measurement using a standard manipulator inspection system

The data listed in Table 5.1 and Table 5.2, can be used to define the precision of the 
system with regard to its thickness resolution. For these purposes the numerical 
values from the previous measurements are compared and the results are listed in 

Table 5.3.
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5 Inspection Results and Discussion

Nominal 
value 
[mm]

1
2
3
4
5
6
7
8
9

Deviations of
Minimum 

values 
[mm]
0.12
0.00
0.03
0.07
0.07
0.16
0.05
0.03
0.03

Mean 
values 
[mm]
0.10
0.07
0.07
0.06
0.06
0.03
0.02
0.03
0.08

Maximum 
values 
[mm]
0.03
0.19
0.20
0.17
0.15
0.05
0.20
0.19
0.19

ROV max and 
reference min value 

[mm]
0.32
0.24
0.28
0.27
0.43
0.34
0.39
0.38
0.41

Table 5.3 : Deviations of inspection results

For ease of interpretation, the numerical results are graphically presented in Figure 
5.7. The different data show the deviation of the mean values, the minimum values, 
the maximum values and the range between the maximum ROV measurements and 
the respective minimum values of the reference measurement.
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Figure 5.7 : Deviations of the ROV measurements versus reference measurements
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5.1 Inspection Performance of the System

The results in Table 5.3 show that the difference between the two inspections is at 

most +0.1 mm for the mean values, +0.16 mm for the minimum values, +0.20mm 

for the maximum values and +0.43 mm for the range between ROV maximum 

values and reference minimum values. The fact that deviations have been observed to 

always be positive can be explained by the underlying physics of UT measurement. 

Deviations from the perpendicular alignment of the UT probe towards the structural 

element to be inspected always cause the acoustic path within the element to be 

lengthened. As a result, the measured thickness deviation is, independent of the sign 

of the alignment deviation, always positive. To show the influence of such alignment 

deviations and to demonstrate the high lateral stability of the realised vehicle, a 

further experiment has been performed. During this experiment, the same UT probe 

and electronics that were used for all the previous experiment were utilised. The UT 

probe was fitted to a manipulator and was first aligned perpendicularly to the test 

plate. Next, the probe alignment was manipulated in both, the negative and positive 

direction about the lateral axes and the measured thickness was logged. Figure 5.8 

shows the result of this measurement.

Thickness deviation versus lateral angle

6.7 
¥ 6.6

ffi
| 6.4
2 6.3
i 6.2
I 6.1

5.9
-202 

lateral angle [°]

Figure 5.8 : Thickness deviation due to variations of the lateral angle
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5 Inspection Results and Discussion

As can be seen, the deviation in thickness measurement is always positive due to the 

reasons mentioned.

To evaluate the absolute precision of the ROV system in terms of thickness 

resolution, it needs to be taken into account that a certain location of the tank floor is 

scanned only once. As a result, the precision of the system needs to be defined by its 

extreme values rather than by mean values. As it is not possible to directly relate the 

measurement results of discrete positions, the worst case has been considered for the 

definition of the measurement precision. Due to these reasons, the numerical results, 

along with the interpretation of Figure 5.7 led to the supposition, that the precision 

could be defined to be in the range between 0 and +0.43 mm, when compared to the 

manipulator positioned system. This result could then be used to define the lateral 

stability of the vehicle. Comparing the measured precision of +0.43 mm with the 

results shown in Figure 5.8 implies that deviations of the lateral angles of the ROV 

were less than ±4°. As the thickness resolution due to deviations of the lateral angles 

is dependent on the characteristics of a specific UT probe, this result should be 

considered when changing the probes. With the knowledge of the lateral stability of 

the vehicle, the influence of a new UT probe on the precision of the system could 

then easily be defined by preparing a figure similar to Figure 5.8.

With regard to the tank inspection task, it is stated in Kelb and Bonisch [1999] and 

Raad, Bonisch et al. [2000] that a safe defect detection from -20% to -30% defect 

depth must be guaranteed. With a minimum plate thickness of 6 mm [Kriiger, Dix et 

al. 2003] this results in -1.2 mm to -1.8 mm wall thickness reduction that has to be 

detectable. With respect to the derived precision of the ROV system it can easily be 

seen that the new system is much more precise than prescribed above.
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5.1 Inspection Performance of the System

5.1.2. Position Accuracy

Within this section the accuracy of the inspection system with reference to the x,y 
position data is analysed. Similarly to the previous section, the first part will present 
two qualitative results while numerical results are presented in the second part. The 
drawing of the experimental test plate is shown in Figure 5.1 and details the areas of 
different thickness, which are 100mm wide. A first qualitative observation can be 
made by comparing the plate dimensions with the result of the experimental 
inspection. The xz-plane of Figure 5.3 is reproduced in Figure 5.9.

153 163 173 183 193 203 213 223 
x [cm]

Figure 5.9 : xz-plane presentation of 3D inspection result

It can be seen that the inspection result matches the data from the drawing as the 
different thickness levels of the measured result are separated by the major grid of 
the x-axis. Another observation is that there is no accumulative deviation caused by 
any systematic error as the spacing between the different thicknesses is almost 
constant. The second qualitative observation is evident in Figure 5.10, where the 
original contours of the test plate are superimposed on the C-scan.
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110-'
132 140 150 160 170 180 190 200 210 220 230 242 

__ x [cm]

Figure 5.10 : C-scan with original contours of the test plate

This presentation again shows the very good correlation of the inspection results with 

the actual plate. In order to derive a numerical value for the accuracy of the system, 

the thicknesses segue areas between the different levels have been enlarged and are 

shown in Figure 5.11 and Figure 5.12. The expected straight parting lines are then 

used to evaluate the system. Because of the 10mm by 10mm grid that has been used 

to partition the bottom plate area, it is possible to define the precision within a range 

of ±5mm. Hence, this quantisation must be added to the deviations visible in Figure 

5.11 and Figure 5.12.
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Figure 5.11 : Thickness segue 1 to 4
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Figure 5.12 : Thickness segue 5 to 8
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The graphical results presented in Figure 5.11 and Figure 5.12 have been analysed 
with respect to the range of interest, where thickness measurements have been 
associated with position data. As it can be seen from thickness segue 1 to 7, the 
positioning of measured thickness data varies within a range of 2 cm, while thickness 
segue 8 shows a variation within 3 cm. The real precision of the inspection system is 
then defined by integrating the resolution of the visualisation which is 1 cm 
quantisation (+/- 0.5 cm):

range + visual resolutionprecision = ± (4.16)

Thickness segue

#

1

2

3

4

5

6

7

8

Range 

[mm]

20

20

20

20

20

20

20

30

Precision 

±[mm]

15

15

15

15

15

15

15

20

Table 5.4 : Position precision of inspection system

As a result of the data presented in Table 5.4 the precision of the system can be 
specified to be ±15mm for segue areas 1 to 7 and ±20mm for the segue area 8. The 
decrease in precision of area 8 in comparison with the other areas can be understood 
through the precision simulation presented in Section 4.3 as the accuracy of the 
position data measured, strongly depends on the position of the vehicle within the 
tank. Figure 5.13 shows the location of the test plate inside the test tank and the
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5 Inspection Results and Discussion

simulation results from Section 4.3. Segue area number 1 is to the left of the test 
plate while number 8 is to the right of the test plate. With the results of the 
simulation and the location of the test plate it is clear that the accuracy in positioning 
thickness data within the tank decreases from area 1 to 8. With that the decrease in 
precision shown in Table 5.4 can be justified.

x-direction 
3.0 -10.0

-9.0 m 
$
g.

a. o

-7.0

o.o-f
0.0 0.5 1.0 1.5 2.0 2.5 3.0 

x[m] 1-6.0

Figure 5.13 : Location of the test plate inside the test tank

By considering twice the standard deviation, it can also be seen that the precision in 
the outer areas of the tank will further decrease by ±4 mm . As a consequence, the 

precision of the system could be defined to be in the range of ±25 mm. With respect 

to the tank inspection task, this performance information can be used to define a 
necessary overlap of the desired courses of at least 50mm to guarantee that 100% of 

the bottom plate area is inspected. For the localisation of defects, the precision of the
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5.1 Inspection Performance of the System

system is good enough, as detected defects are usually repaired by cutting out and 

replacing a whole segment (several square metres) of the bottom plate.
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5 Inspection Results and Discussion

5.2. Economic Viability of the Inspection System

As the initial market to establish a number of tanks where a new inspection system 

could drastically decrease the costs for an inspection is likely to be Germany, this 

geographical region is considered in the following discussion. In order not to lose 

generality, the numbers derived are then extrapolated to a greater market by 

comparing the distillation capacities of different countries. To quantify the number of 

tanks in Germany, Table 5.5 presents refineries with their distillation capacity and an 

approximated number of storage tanks [Wiersch 2004].

Refinery

MiRO
RuhrOel

BayernOil
PCK

Wilhelmshavener Raffinerie
Mitteldeutsche Erdoelraffinerie

Deutsche Shell
DBA

Deutsche Shell
Esso

Holborn
DBA

Veba Oel
OMV

Location

Karlsruhe
Gelsenkirchen

Ingolstadt/Vohburg
Schwedt

Wilhelmshaven
Spergau
Godorf

Wesseling
Hamburg
Ingolstadt
Hamburg

Heide
Lingen

Burghausen

Capacity 
[mio. t/a"|

14.9
12.9
12.0
10.5
10.3
10.3
9.0
7.3
5.1
5.0
4.7
4.5
4.0
3.4

113,9

Approximated # 
of tanks

351
342
330
319
316
316
294
256
192
189
179
172
154
131

3541
Table 5.5 : Refineries located in Germany with distillation capacity and number of storage tanks

From previous discussions it is already clear that about 80% of these tanks require 

periodic inspections due to their safety deficits and estimated risk. Additionally, the 

concept of the development of the new inspection system is based on the assumption
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5.2 Economic Viability of the Inspection System

that the preparation process is only necessary to provide a safe environment for the 

inspector. Assuming a tank's bottom plate is thickly covered by sediments, the NDT 

system would fail to work as the measuring system would not be able to determine 

the thickness of the bottom plate. As a consequence, the targeted tanks need to be 

classified with regard to the sediments they contain. From data provided by 

BayernOil [Cebulla 2002], 10% to 20% of their tanks could be classified as clean 

enough to be inspected without cleaning the tank. Considering the prescribed average 

inspection interval of 7.5 years that was suggested in Section 2.1.2, a reasonable 

number of 57 tanks which could be inspected every year without draining them, can 

be extrapolated.

Following Wiersch [2004], the approximated tank capacity in Germany is about 34 

million m3 . Along with the total number of 3541 storage tanks with an average height 

of 15m, an average tank bottom area of 640 m2 can be estimated. Assuming the 

propagation speed of the inspection system is 0.1 m/s as has been used during all 

reported experiments and the system carrying a probe array of 0.4m width, the 

inspection would last for 4.5 hours at 100% efficiency. However, the limited 

precision of the navigation system requires a certain course overlap which would 

also require a significant time. To gain a realistic time span, an efficiency factor of 

0.5 was assumed resulting in a total time span of 9 hours. From the author's 

experience it takes about 1 day to rig-up the system and about the same time to rig- 

down the system. Assuming a maximum length of the trip to and from the refinery of 

1 day and another day for the evaluation process of the inspection results, the total 

time for a single inspection could reasonably be assumed to be 5 days. Considering 

249 available working days within a year, a maximum number of about 50 tanks a 

year could be inspected with one inspection system available. With regard to the 

number of 57 tanks to be inspected every year it could be shown that at least one 

system can perform inspections in the area of Germany at a usage rate of 100%.
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Although this already implies a good economic viability for the system, it is clear 
that only clean storage tanks in the petrochemical industry were taken into account 
and that the potential market place was limited to Germany. As other parts of the 
industry such as the chemical industry or airports also operate storage tanks, the 
number of tanks that could be inspected by this system could be further increased. 
However, as the tanks used by the chemical industry contain other chemical fluids, 
further investigations regarding materials would be necessary to develop this market. 
Additionally, the European patent implies that it is intended to expand the inspection 
service to a European market. By comparing the German storage capacity of about 
34 million m with the European storage capacity of about 168 million m3 , it is clear, 
that about 5 times the calculated number of storage tanks in Germany require 
recurrent inspections in this market place. Even with a shared market, this clearly 
shows the potential for further increasing the economic viability of this system.

Additional potential could be added to the system by further investigations regarding 
possible tanks that could be inspected. Inspecting the afore mentioned tanks with 
significant sediments, the system could be improved to provide the possibility to 
clean the tanks prior to an inspection. Additionally, the guided wave and acoustic 
emission technique might be utilised to further improve the effectiveness of this 
system. Including these techniques in an inspection and maintenance program might 
allow monitoring of the corrosion activity during the prescribed inspection intervals. 
The task of the ROV system would then be to quantify the corrosion that has 
qualitatively been monitored by alternative techniques mentioned earlier. As a result, 
the duration of the ROV inspection could be reduced, allowing an increase in the 

number of possible inspections performed by one system.
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With respect to the general aim of this study, it has been shown that the preparation 

process could be avoided for a significant number of tanks by using this new 

inspection system. This would result in significant economic savings and at the same 

time the environmental costs could be reduced as the emissions resulting from the 

preparation process for these tanks could be avoided. Although these savings might 

not involve a significant global impact, it is certain that any avoidable emission 

should be circumvented. These are definitely worth considering especially as these 

savings do not result in any negative impact to the petrochemical industry. 

Additionally, it has been shown that the number of tanks that could be inspected by 

this system could be increased by including the investigations recommended and by 

improvements of the system. However, it has to be mentioned that if critical 

corrosion is detected the tank still has to be emptied, to allow a repair of the bottom 

plate. Although this case is limited to a small number of tanks, it is clear that this 

provides additional potential for further improvements of the system. Assuming a 

system which could perform repairs while the tank remains filled would obviously 

decrease the number of preparation processes to a minimum.

As a result of this study, it has been demonstrated that both the environmental and 

economic costs of tank inspections can be decreased by using this new inspection 

system. It has been shown that even a small number of tanks in a limited market 

place are sufficient to allow the viable operation of this new inspection system. 

Further potential has been outlined and it has been argued that the number of tanks 

that could be inspected by this new inspection system could significantly be 

increased in the future.
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5.3. Applicability of the Inspection System

This section will assess the inspection system with regard to its applicability for the 
environmental conditions of the intended inspection task. The ROV is small enough 
to fit through standard man holes (600 mm in diameter). The investigation of suitable 
materials along with the possibility of adjusting the vehicle's buoyancy allows the 
use of the system in petrochemical fluids. The supply cable which is 300 m in length 
provides enough clearance for inspecting tank sizes up to 120 m in diameter. With 
the largest tank size of 85 m in diameter used by BayernOil it can be seen that this 
does not impose serious limitations. Additionally, the fibre optic based 
communication link would allow doubling the length of the supply cable if 
necessary. At first sight, the installation of the receivers of the navigation system 
inside the tank might seem to be more complicated than an installation at the outer 
surface of the tank's shell. However, all tanks visited by the author provide, beside 
the manhole, additional openings in the roof of the tanks allowing the insertion of the 
receivers. Figure 5.14 shows the floating roof and parts of the shell of an 85m 
diameter tank.

Figure 5.14 : Floating roof of a storage tank

As can be seen, this roof would provide enough opportunities for inserting the 
receivers. Additionally, the position of the receivers relative to each other could be
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more easily measured compared with the receivers installed at the circumference of 

the tank. Further improvements to the system might even allow the receivers to be 

installed using the ROV. For this solution the receivers would be attached to the 

ROV. Once inserted into the tank, the vehicle could start distributing the sensors to 

locations on the inner surface of the tank's shell where they could be fixed by 

switchable magnets. The removal could be as easy as switching off the magnets and 

pulling the sensors out the tank by their supply cables. This would provide the 

possibility to inspect e.g. underground storage tanks where the outer surface of the 

shell and the roof are not accessible.

The procedure for calibrating the navigation system has been shown to be applicable 

to the small test tank that has been used to evaluate the inspection system. The 

proposed process to determine the speed of sound turned out to be sufficiently 

accurate and allowed the definition of and omission of false time of flight 

measurements. It has also been shown, that the measured precision of the system in 

time of flight measurement lies in the range defined by the supplier. As these 

deviations are only caused by the system's clock rate and its synchronisation 

resolution, the influence of the length of the acoustic path could be neglected. Thus, 

the defined precision in distance measurement could reasonably be assumed to be 

constant. The position calculation algorithm comprises a linear system of equations 

implying the position determining precision is constant provided that the geometric 

receiver distribution stays unchanged. This assumption has been proven during a 

field experiment in an 8m by 12m public swimming pool at the Cegelec NDT 

customer day 2004 which will be described in more detail later in this section. 

During this presentation, the position acquisition precision was observed to be in the 

range of ±20mm. With this result, an appropriate overlap between the parallel 

courses could be defined to guarantee the inspection of 100% of the bottom plate 

area.
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With regard to the control system design, the underlying linear approach has been 
justified by the comparison of simulated and measured step responses of the low 
level controllers. Variations in the parameter identification process have been taken 
into account using a robust controller design. For use in other fluids, the system 
parameters need again to be identified as the vehicle dynamics would be influenced 
by the new density and viscosity of the ambient fluid. Although the presented 
parameter identification procedure is rather complicated and done offline, the overall 
effort in defining the necessary sets of parameters is limited as the range of different 
fluids is limited. However, a more sophisticated parameter identification procedure 
might further improve the system performance and might therefore be worthy of 
investigation.

With regard to the course control, the high level control strategy turned out to be 
reliable and stabilises the vehicle along straight courses during the experiments in the 
test tank. However, the field experiment mentioned showed that the performance of 
this system is vulnerable to lateral cross-track forces. During the experiment, it was 
observed that no significant deviation occurred while the cable was floating almost 
above the vehicle. However, due to the limited length of the supply cable used in the 
experiment, an approximately constant force was induced while the ROV was 
operating at greatest distances to the location where the cable was inserted into the 
pool. As a consequence, the vehicle exhibited steady state errors from the desired 
path which can easily be explained by the proportional gain characteristics of the 
path control system. To avoid this problem, the system has already been equipped 
with a sufficiently long supply cable. However, the positive impact of this 
modification needs to be validated by further field experiments in real tanks. Should 
there be a negative outcome, further improvements of the path control system would 
be possible by fully actuating the lateral degrees of freedom or by improving the high 
level control system in such a way that the integral of the error is used for shifting the
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desired course parallel to the one defined. The controller is then fed by this error 

compensated path rather than by that originally defined.

With regard to environmental conditions, the realised system has been found to be 

applicable for inspecting a wide range of storage tanks used by the petrochemical 

industry. With regard to the inspection process itself, however, it needs to be taken 

into account, that neither the tank's geometry nor the position or even existence of 

obstacles inside is precisely defined in the respective technical drawings. Therefore it 

would not be possible to automatically scan the whole bottom plate area by just using 

a predefined set of waypoints. Although the vehicle could hover above the obstacles, 

this would still involve the danger of collisions with the tank wall or would result in 

not scanning 100% of the bottom plate area. One possible way for avoiding this 

problem would be to realise a more intelligent sensor based system and course 

planning strategy. However, this would result in a more complicated and possibly 

less reliable system. For this reason, the simple approach has been taken. The outer 

area of the bottom plate is slightly lower than the rest of the bottom plate such that 

condensed water can most likely be expected there. As a consequence, inner 

corrosion often occurs in this area and it makes sense to support the UT inspection of 

this area by a very detailed visual inspection. During this demanding part of the 

inspection process it might be reasonable to drive the vehicle manually. With this 

procedure, the outer areas could be thoroughly inspected and the tanks geometry 

would be defined at the same time. After this part of the inspection, a set of 

waypoints could be defined according to the measured tank geometry such that the 

rest of the bottom plate area could be inspected automatically.

Summarising the above, the applicability of the system with regard to its operation in 

storage tanks of the petrochemical industry has been demonstrated. The potential for 

further work aimed at increasing the range of tanks which could be inspected by this
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system has been considered. To strengthen the above, the applicability of this new 

inspection system was also assessed by presentations to potential European 

customers, members of the German official authorities and also to a scientific 

audience. The most important presentations along with their outcomes are briefly 

described below:

Doctoral Seminar at the University of Glamorgan (10 of January 2004)

During the doctoral seminar, the system was presented with particular regard to the 

proposed development strategy which is based on a detailed knowledge of the 

underlying theory of the different subsystems [Krejtschi 2004]. It was shown how 

this knowledge could advantageously be used in order to realise the inspection 

system. The positive feedback on the presented results indicated general acceptance 

from the audience on the scientific approach of this study, in solving an industrial 

problem.

Compra Symposium 2004 (16th and 17th of January 2004)

This yearly seminar is organized by the Compra Inspektionsgesellschaft mbH, 

Frechen Germany. Compra is active in the fields of quality control and NDT, 

covering a wide range of industry such as petrochemical plants, nuclear and 

conventional power plants, pipelines etc. This seminar is intended to provide the 

opportunity for participating companies to present their new ideas and developments 

in NDT techniques. The fact that participating companies are both customers and 

suppliers of NDT techniques, provides an objective and at the same time critical 

atmosphere where new developments and ideas can be discussed and tested with 

regard to their applicability. The positive response of potential customers as well as 

the critical arguments coming from competitive companies providing conventional
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inspection equipment during the presentation of this project can be considered to be a 
positive argument with regard to the novelty and applicability of this system.

DGMK-Fachausschuss Inspektion und Materialfragen (29th of January 2004)

This annual meeting is organized by the "Deutsche Wissenschaftliche Gesellschaft 
fur Erdol, Erdgas und Kohle (DGMK)4". The purpose of DGMK is to promote and 
advance science, research, technology and continuing education relating to fossil 
fuels in the fields of exploration, drilling, production and storage of hydrocarbons, 
petroleum refining and product applications, petrochemistry and coal processing. 
Special interest at this meeting of mainly German refineries was to discuss possible 
improvements in the effectiveness of tank inspections. With regard to the discussion 
in this section, the representatives of participating companies rated the proposed 
inspection system to be a promising approach in improving the effectiveness over 
currently performed tank inspections.

Final system presentation at the Cegelec NDT customer day 2004 (18th and 19th 

of October 2004)

Cegelec NDT, which is the future supplier of the proposed inspection system, 
periodically organises customer days to present existing NDT systems to a broad 
field of potential customers as well as to test new developments with regard to their 
acceptance by industry. For these reasons, the operational system was presented to an 
international audience in an 8m by 12m public swimming pool. Figure 5.15 shows 

the interior of this pool with all necessary components installed. As it can be seen, 
the ROV was positioned by the controller at a certain distance to the bottom plate of 
this pool. Empty plastic bottles were attached to the supply cable providing enough

4 German scientific society for oil, natural gas and coal
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buoyancy such that it was floating above the vehicle. Two receivers of the acoustic 
navigation system were positioned at a time to the left and right wall, at a distance of 
8m. With that, the recommended square distribution of the sensors was realised.

Figure 5.15 : Inspection system configuration installed in a 8m by 12m public pool

During the demonstration, the whole inspection process including the installation and 
the removal of the system under almost real environmental conditions were 
demonstrated (see attached DVD for details). More so than previous oral 
presentations, this presentation provided the opportunity to assess the applicability of 
the overall inspection system to a real industrial problem. The audience was 
consistently impressed by the uncomplicated handling of the system without the need 
of, for example, supporting cranes. This system attribute along with the convincing 
performance during the inspection process led to a positive assessment of the overall 

inspection system.

The discussion presented by the author as well as the consistently positive outcomes 
of the mentioned presentations shows, the positive assessment of the applicability of 
this new inspection system. Additionally, the system was operational for more than 
500 hours during the various experiments. As no major malfunction occurred, the
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reliability of the system, which is also a major issue in assessing the technical 
feasibility of this new inspection system, could be demonstrated. This clearly shows 
that the results of this study positively answer the underlying question of the first 
specific objective of this study.
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The conclusions drawn from the results of this study with respect to the specific 

objectives defined in Section 1.2 are presented in Section 6.1. Recommendations for 

further investigations which have been found to have a significant potential for 

improving the overall performance of the system are summarized in Section 6.2.

6.1. Conclusions

The technical feasibility of designing and controlling a free flying remotely operated 

NDT probe for autonomous UT inspections of storage tanks has been investigated 

with the following outcomes:

• The establishment of a theoretical basis for the development and realisation 

of an ROV as UT probe carrier under specific environmental conditions 

based on a detailed knowledge of the fundamentals of rigid body dynamics 

has been demonstrated to be possible. It is shown that these analytical 

methods can be applied to the design process in order to realise a vehicle 

which can mathematically be described by a set of decoupled second order 

differential equations and which provides passive lateral stability in order to 

avoid the need of a stabilising control system.

• The sub systems of the inspection device, which have been realised on the 

basis of a detailed study of the underlying theory, are presented. It is shown 

that the ROV has been realised to allow its application in different
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petrochemical fluids. The calibration process and the resulting accuracy of 

the position determining system have been analysed. The applicability of the 

low level controller design has been justified for their stand-alone operation 

and in combination with a high-level controller for the path control of the 

inspection system. It is demonstrated that the advantageous vehicle design 

made it possible to apply conventional linear state feedback theory in order to 

realise the necessary low level controllers for heading and depth control.

• The assessment of the system's applicability has been supported by various 

presentations to an international audience. During these presentations no 

serious limitations of the system could be identified although this was 

intended by suppliers of conventional competitive inspection equipment.

The integrity and value of data provided by the system fulfilling the general aim of 

this study have been assessed with the following outcomes:

• The performance of the over-all inspection system was studied with respect to 

its influence on the accuracy in measuring the wall thickness of a bottom 

plate and the accuracy in allocating these measurement data with position 

data coming from the position determining system. It has been found that the 

precision determined for the positioning system of ±25 mm could reasonably 

be extrapolated to bigger tanks although the experiments were performed in a 

small test tank. The analysis of the accuracy of the wall thickness 

measurements have shown a resulting precision of +0.43 mm.

• The discussion of both results with regard to valid inspection standards has 

shown that a required 100% coverage of the bottom plate area would be 

possible by a course overlap according to the precision of the navigation
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system. With regard to the precision determined, the thickness measurement 

system has been demonstrated that the required safe detection limit of 30% 

thickness loss could easily be accomplished.

The economic viability of such an inspection system within the context of an 

environmental and legislative framework and an appropriate market place has been 

investigated with the following outcomes:

• The quantitative analysis of the German market place for inspections of a 

special tank type of the petrochemical industry has shown that one system 

could easily be operated at a usage rate of 100%. Further, the European patent 

would also allow the assumption of a significant part of the European market 

place to be inspected by this novel system which would significantly increase 

the number of systems in operation.

• It has been shown that further investigations regarding the applicability of the 

system in other chemical fluids would further increase the number of tanks 

that could be inspected by the system as the storage tanks of the chemical 

industry could be inspected.
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6.2. Recommendations for Further Work

With regard to the system performance, the following topics are not covered in this 

work and it is believed that further investigations should be performed:

The high level control system requires further validation with regard to the 

impact of a longer supply cable. A more sophisticated high level control 

system for the path following controller which is able to compensate for 

disturbances by adjusting the desired course during the inspection or a fully 
actuated vehicle might be necessary to decrease the deviations of the vehicle 

to the desired course. Investigations should be conducted to verify this.

The system parameters for other fluids need to be defined. For this procedure, 
a more sophisticated parameter identification technique would further 
improve the effectiveness of this process and might therefore be worthy of 

investigated.

The ability of the system to also repair defects would avoid the need to empty 

the tank for repairs. As this would further decrease both the economic and 

environmental costs, it is believed that suitable techniques and their technical 

feasibility need to be investigated.
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To develop an increased market place, the following topics have not been covered in 

this work and it is believed that further investigations should be performed:

• Further investigations with regard to the materials that the ROV is built of 

would allow its use in storage tanks for other parts of industry.

• Methods for cleaning the tanks prior to an ROV inspection should also be 

investigated so that tanks with significant amounts of sediments would 

become a possible target market for the system.

• Further investigations with regard to an automated installation of the 

receivers of the navigation system would also allow the inspection of tanks 

where no additional openings in the roof are available or tanks where only the 

manhole is accessible (e.g. underground storage tanks).
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Appendix A

Rigid Body Dynamics and Kinematics

A. 1 Rigid Body Kinematics

In this section, the kinematics of a rigid body in space will be derived. The 
preliminary material used for this appendix was mainly based on Lamb [1932], 
Gummert and Reckling [1994] and Fossen [2002].

A. 1.1 C oordinate Frames

To describe a rigid body in space a number of independent coordinates f have to be 
defined, which can be derived as follows. A rigid body in an n -dimensional space 
can be totally described by n + 1 fixed points, if the vectors between these points 

span all of a real vector space of order n M". Each of these points again has n 
independent coordinates leading to a total of «•(« + !) for the rigid body. To derive 

the number of independent coordinates and therefore the degrees of freedom of the 
rigid body, the number of constrained degrees of freedom needs to be eliminated. In 
this case each of the n + \ fixed points is located at a constant distance to each other 
leading to a total of «•(« + !)/ 2 constraints. It follows that the number of 

independent coordinates and therefore the degrees of freedom of the rigid body is:
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Hence a rigid body in R3 is described by 6 independent coordinates relative to a 
Cartesian coordinate system, 3 for position and 3 for attitude.

Figure A.I : Coordinate Systems

In Figure A.I two important coordinate frames are depicted. The inertia coordinate 

frame is defined by a set of three Cartesian coordinate axes fixed in space. This 

describes an important coordinate frame for considering dynamic aspects since 

Euler's fundamental equations (principle of angular and linear momentum) are valid 

hi this system. Similarly, a Cartesian set of three axes fixed in the rigid body, the 

body-fixed coordinate frame, is defined. This frame has the advantage that rp/0 , 

denoting the relative position of different mass elements dm, is constant. The two 

coordinate frames are denoted I (inertia) and B (body), respectively. The translational 

coordinates describe the position of the B-frame origin to the I-frame origin, whereas 

the rotational coordinates describe the attitude of the B-frame axes relative to the I- 

frame axes.
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Appendix A.1 Rigid Body Kinematics

For the following kinematic and dynamic descriptions, the nomenclature for motion 
variables is introduced. As shown in Figure A.2, the translational and rotational 
velocities along and about the body fixed axes of a marine vessel are defined.

ZB

r (yaw) ' w (heave)

(pitch)

u (surge)
P (roll)

Figure A.2 : Motion variables for marine vessels

Complementing the applied forces and moments the following definition summarizes 
important notations which will be used in the following.

1 RB

[X Y Zf

[K M N]T

[fo

[u v w]

[p q rf
[v?

; force decomposed in the B - frame

; moment decomposed in the B - frame

; external forces and moments

; linear velocity decomposed in the B - frame
; angular velocity of the B - frame relative to the I - frame

; linear and angular velocities
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A. 1.2 Orthogonal Transformations

Let ^,fp andrp/0 be three vectors which are not related to a coordinate system

(coordinate free vectors). Figure A. 1 then implies that the position of a mass element 
of a rigid body in space can be written as:

rp = ^>H/o (A-2) 

Starting with the assumption, that ij, is decomposed in the I-frame

O0'=r0' (A.3) 

and rp/0 is decomposed in the B-frame

/- \B

( rp/o) = P/0 (A.4)

(A.2) can be written in either coordinate system, providing that the transformation 

between the two frames is known. If (A.2) should be written in I-frame coordinates, 

the transformation is given by a rotation of the B-frame such that it coincides with 

the I-frame. Equation (A.2) can then be written as:

rp =r0I +Rm TpB/0 (A.5)

The matrix RIB, consisting of unit vectors of the B-frame decomposed in the I-frame, 

describes the transformation from <B> into <I>:

; e*,=(l 0 0)T etc. (A.6)

IB IB \ B2)K.)T "Bl "B2 eB3 l = p3,3 (A.7)

Hence, RIB is an orthogonal matrix with the transpose equal to the inverse. The 

transformation from <I> into <B> can therefore be written as:

= Rl (A.8)— BI ~
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For representing the attitude of a system, the so called Euler angles (v|/,6,O) are used. 
Here, the overall transformation can be seen as three successive elementary rotations 

about the axes of the rotating system in a specific sequence. Each rotation is 

performed about one axis of the coordinate system at every stage. The sequence itself 

is arbitrary but has to be constant at any time. The most frequently used sequence is 

the zyx-convention depicted in Figure A.3 and is described as follows. First, the 

initial coordinate system xyz is rotated counter clockwise about the z-axis with an 

angle \|/ (yaw) to obtain a new system x'y'z'. A second counter clockwise rotation of 

x'y'z' about y' with an angle 6 (pitch) gives x"y"z" while a third rotation counter 

clockwise about x" with an angle <D (roll) ends up in the desired coordinate system

z=z' y =y X =Xd

Figure A.3 : Euler angles defined according to the zyx-convention

To derive a mathematical description of the rotation procedure Figure A.4 shows the 

first of the described elementary rotations with a counter clockwise rotation about z 

with an angle y.
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Figure A.4 : Elementary rotation

The transformation matrix for this plane rotation for e], and e} 2 can easily be 
derived:

cosy siny 0
-siny cos\\i 0

0 0 1
(A.9)

Similarly the following two rotations can be written as:

R,,e =

'cosO 0 -sinG 
0 1 0

v sin0 0 cos0

10 0
0 cos<|> sin<))
0 -sine)) cos(|>

(A. 10)

To perform the overall rotation the three elementary rotations have to be combined as 

follows:

=> Rm =Rx ..t -Ry ., e -Rl .v (A - n )
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The rotation matrix can then be written in component form:

cos9cos<|> -cos0sin<|) sin0
cosvj/sin(|> + sinx|/sin9cos(|> cos\|;cos<|>-sin\j/sin9sin<|) -sinvj/cosG
sinysin<|>-cosx|/sin0cos<j> sin y cos (|> + cosy sin 0 sin <|> cosxycos9

(A.12)

With (A.5) and the derived transformation matrix RB it is now possible to describe

the position of a arbitrary element dm of the rigid body relative to the I-frame, while 

using the Euler angle vector 0 = (y 9 O)T allows to describe the attitude of the rigid 

body relative to the I-frame.

A. 1.3 Differentiation of Rotating Vectors

Consider I-frame and B-frame, the two coordinate systems which have been 

introduced, each consisting of a set of three orthogonal unit vectors (en ,e, 2 ,e I3 ) and

(eB1 ,eB2 ,eB3 ) respectively, as shown in Figure A.5.

CB3

CB2

->
ei2

Figure A.5 : B-frame rotating relative to I-frame with angular velocity CQ IB

The angular velocity vector of the B-frame relative to the I-frame is denoted by co m . 

This vector lies along the instantaneous axis of rotation of the body fixed system.
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Denoting this angular velocity vector in the B-frame coordinates equation (A. 13) is 
obtained:

®IB = mieBl + W2eB2 + <°3eB3 (A. 1 3)

As the unit vectors rotate with an angular velocity o>iB with respect to the I-frame, 

the rate of change of eBi is caused only by CO IB and it must be normal to e Bj and co ]B . 

Thus the rate of change measured in the I-frame can be described as the cross 

product of eBi and

dt
; i = 1,2,3 (A. 14)

Figure A.6 : Coordinate free vector rp/0 rotating with respect to <I>

Figure A.6 again shows the body fixed coordinate system rotating with an angular 
velocity of c5 E relative to the earth fixed coordinate system (<I>-frame). The 

position vector of the particle P from the origin of the B-frame can be expressed in 
terms of the three unit vectors of the B-frame:

l + r(P/0)2 C B2 + r( P /0)3e B3 (A. 5)
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By taking the derivative of f in the I-frame with respect to time equation (A. 16) is 
obtained:

rC ~"~ r(P/0)2 CB2 """ rCJ>. 1P/U) (WU)l-Bl (H/0)2-B2 "(P/0)3~B3 , . 1 „

4-r p 4- r A _I_ f p
*(P/0)1 CB1 1(P/0)2 CB2 1(P/0)3 CB3

The first three terms describing the change of fp/0 as seen by an observer in the B- 

frame can be written as: 

fdr,
1 B

Using this and (A. 14) expression (A.16) can be rewritten as:

<tfp/o i _
dt J, I dt Jn • > - (A18)

It can be seen, that the difference of the velocity of particle P with respect to the

I-frame \—E^-> and with respect to the B-frame <——I is described by the
1 dt J, ^ I dt J B

rotation of the B-frame relative to the I-frame. Note that (A.18) can be applied to any 

vector quantity and is therefore of fundamental importance for following dynamic 

problems associated with the ROV in this study.

A. 1.4 Rotational Kinematics

The velocity of an element dm of a rigid body relative to the I-frame can be derived 

by differentiating (A.5) with respect to time. Taking into account that rpB/0 is constant 

as the body is rigid, the differentiation leads to:
K' — r 1 4- R • i- B ( A 1 Q\rp - r0 -t- K.,2 rp/0 t/\. i y)
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Rewriting (A. 19) with all vectors decomposed in the I-frame yields:

rp ~ ro "*" **IB ' **BI ' rp/o » rp/o = **BI ' rp/o (A.20) 

It can easily be seen, that a part of the velocity r,l is caused by the B-frame rotating

relative to the I-frame with an angular velocity com . Comparing (A.20) with (A. 18) 

yields:

that is cross-product and rotation commute. Differentiating equation (A.7) with 

respect to time shows that

T:(RIB'RBI) = RIB'RBI +RIB'^BI = 0 => R,B -R BI = -(RIB -RBI ) (A.22) dt '

Therefore the cross-product used in (A.21) can be written in a matrix consistent form 

using the skew symmetric operator Sfw^ J which is:

co B3 0 -coB1
V -CO B2 G)B1 0

(A.23)

(A.21) can now be written as:

RB-RB^S^O ^> Rffi =S i «)-RIB (A.24)

such that the rotation of the rigid body relative to the I-frame can be expressed.

It should be noted that <ofB which is the angular velocity vector decomposed in the 

body fixed frame (<B>-frame) can not be integrated in order to obtain any attitude 

information. However it is convenient to express angular velocity in body fixed 

coordinates regarding dynamic aspects. Therefore it is important to derive a 

transformation procedure between I-frame and B-frame angular velocity 

representations.
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Following the Euler angle transformation procedure, the rate vectors of the three 
rotations spans a coordinate system which is neither orthogonal nor coincides with 
one of the systems used. In order to describe this rotation in the coordinate systems 
used, the single rotations have to undergo different transformations. Decomposing 
each of these directions into B-frame coordinates, and summing all three components 
yields:

(A.25)

Hence, the transformation between <o^ and 0 can be written 0 = Tffi -o>fB , where:

V
0
0

+ RZ>H/

"o"
0
0

+ RZiVRy . e

"o"
0

>.

T =*

1 sin(|)-tan0 cos<|>-tan0
0 cos<))-cos0 -sinc|)-cos0

-:_j. COS $0
cos 6

(A.26)

With this transformation it is now possible to decompose the angular velocity either 
in body fixed coordinates or space fixed coordinates and it can be shown that 
equation (A.24) is satisfied, that is:

RD =S i (»|B ).RIB (A.27)

Notice that the coordinate transformation matrix Tm does not exist for cos 0 = 0, that 

is 0 = 7t/2±k-7i (keN). However, this transformation can be used for describing

vehicle kinematics at plane movements with only small angles about the horizontal 
axes, that are <)> and 0 .
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A. 1.5 Translational Kinematics

As it can be seen in Figure A.I, the position of the vehicle is represented by the 

vector r0' decomposed in the I-frame. With (A. 19) the relationship between linear

velocities decomposed in B-frame coordinates and I-frame coordinates can then be 
described as:

r0' = vj, = RIB • VQ (A.28)

With the transformation in equation (A.28) the velocity of a vehicle can be described 

in B-frame coordinates I v® J which is useful for following dynamic descriptions. On

the other hand it is possible to transform the velocity into I-frame coordinates (vjj 

which is important for calculating the position of the vehicle by integrating vj, with 

respect to time as jv^ dt has no useful physical meaning. Summarising the results of

the above sections, the relationship for the 6 degree of freedom (DOF) kinematic 
equations decomposed in B-frame coordinates and B-frame coordinates can be 

expressed in vector form as:

T| = j(l])-V

ft (A.29)

Fro'l [RKB o*>-rvr 
[©J [o3 * 3 TE _ |_<_

220



Appendix A.2 Rigid Body Dynamics

A.2 Rigid Body Dynamics

After describing the motion of a rigid body in space in a general way, this chapter 

will describe the relationship between physical parameters of a rigid body, 

kinematics and forces and moments acting on the rigid body.

A.2.1 Newtonian Approach

Let fc describe the force with its magnitude and attitude and vc the acceleration with 

its magnitude and attitude of the centre of gravity of a rigid body. Then Newton's 

Second Law relating mass m, acceleration vc and force fc can be written as:

m-vc =fc (A.30)

where m is assumed to be constant. Following Euler, equation (A.30) can be 

expressed in terms of linear momentum pc and angular momentum mc which is

known as Euler's First and Second Axioms, respectively:

hc = mc hc = ICSIB (A.32)

where fc and mc are the forces and moments acting on a rigid body's centre of 

gravity, ro ffl is the angular velocity of the rigid body relative to the I-frame and I c is 

the inertia about the centre of gravity.
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Yi

Figure A.7 : Rigid-Body B-frame relative to I-frame

Forces
Figure A.7 shows a rigid body with its B-frame fixed at an arbitrary point 0 and C 

being the centre of gravity with the position ij-, defined as:

, /c -pm -dV (A.33)

where pm is the density of the body which is assumed to be constant. Using (A.31) 

the linear momentum of the rigid body depicted in Figure A.7 can now be described:

pc =m-rc =m(r0 + rc/0 ) (A.34)
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Apparently the absolute velocity of the centre of gravity is caused by the rigid body 
translational motion relative to the I-frame, described in (A.28), and it's rotational 

motion relative to the I-frame described in (A. 18). The absolute velocity of the centre 
of gravity can therefore be written as:

/0 (A.35)

Rewriting (A.35) in I-frame coordinates with its components decomposed in B-frame 

coordinates yields:

v^=RIB (vc+<xrB/0 ) (A.36)

The acceleration of the centre of gravity can then be derived by time differentiation 

of (A.36):

Vc = R,B K +< x rcB o + < x rcB/ 0 ) + R,B K +< x rcB/o) (A- 37) 

Taking into account that the dynamics of a rigid body are described, where fB = 0 

and substituting RIB by (A.24) the expression above can be rewritten as:

Vc = Rm[K+< x rcB/o) + <B x (vo + <xrB/0 )] (A.38)

The relationship between force and change of linear momentum stated in Euler's first 

axiom can now be written:

f(l =m . v^=RIB -fcB (A.39)

Substituting (A.38) into (A.39) yields:

f0B =m{(vB + <xrcB ) + co m x(vB +<xrB )] (A.40)

where the translational motion is independent of the attack point of the external force 

(fB =f0B )- If the origin of the B-frame coincides with the body's centre of gravity

r*/o = o and VB = V B . In this case the translational dynamics can be written as:

fB =m-(vB +o) BB xv B )
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Moments

Regarding the rotational dynamics a formulation based on Euler's second axiom will 
be derived. With respect to Figure A. 7 the momentum of inertia about the origin of 
the body-fixed frame can be written as:

ho = £ (?P/O x VP ) • Pm • dV = £ (fp/0 x \/0 ) • pm • dV (A.42) 

Similar to (A.35) the absolute velocity of the volume element dV located in P can be 

written as rp/0 = v0 +c5IB x fp/0 . Substituting this in (A.42) gives:

ho = I ( rP /o x v0 ) ' Pm ' dV + £ fp/0 x ( Sm x ?p/0 ) • pm • dV (A.43) 

Using ip /0 = fp /c + £ /0 for the left integral (A.43) can be rewritten:

/0 x(roIB xfp/0 ).pm .dV (A.44)

Since £rp/c 'Pm 'dV = 6 and i^ /0 = const, over the volume, the angular momentum

about 0 reduces to:

h0 = r^ /0 x m • v0 + £ 7P/0 x ( wffi x rp /0 ) • pra • dV (A.45)

Let Ix, Iy and Iz be the moments of inertia about the XB, YB and ZB axes, and Ixy = lyx, 
Ixz = Izx and Iyz = Izy defined as:

(A.46)= £(x2 +z2 )-pm -dV ;

Next the inertia matrix I0 e R 3x3 about 0 is defined as:

-I* ',
-I- -!„

(A.47)

Using the cross-product operator S(-) introduced in (A.23) the inertia matrix about 0
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can also be defined as:

!o = [-sOp/o)-S(?P/0 )-p-dV (A.48) 

Hence, the following relationship can be derived

ho = I 0 -«m = (-(S(rP/0 )-S(?p/0 )).ci IB -p.dV

(A.49)

Using this result and (A.45) shows that the angular momentum about 0 can be 
written as:

h0 =^/0 xm-v0 +I0 -e6 IB (A.50)

For deriving the attitude dynamics, the angular momentum about 0 needs to be 
decomposed in B-frame coordinates:

h0B = rcB/0 xm-v0B +V< (A.51) 

The angular momentum about the centre of gravity is then defined as:

/c x Vp)-p-dV (A.52)

To obtain a relationship between iic and h0 , (A.52) will be rewritten using

rp/c ~ rp/o ~ rc/o •

p -p-dV (A.53)

Next the absolute velocity of the arbitrary point P in the second term will be 

substituted by vp = vc +CDm x rp/c yielding:

V + w IB x[rp/c - P -dv) (A.54) 

since vc and co [B are constant over the volume. Using m = f p • dV and 

[ fp/c -p-dV = 0 the relationship between hc and h0 simplifies to:

hc =h0 - :fc/0 xm-vc (A.55)
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Similar to (A. 51) the angular momentum about the centre of gravity should also be 
decomposed into B-frame coordinates:

h B =h0B -rcB xm-vB (A.56) 

Substituting (A.51) into (A.56) yields:

hc = rcB/o xm " VB +I0 -WE -rcB/0 xm- V B
= 0 -+m -rc o x -v 

and

h = xm " vB +I ' - xm ' v*
(A. 58)• R R / . R . R\= V<+nvrcB/0 x(vB -vB )

since the inertia in body fixed coordinates and the distance between 0 and the centre 

of gravity is constant, that is f^ = 0 and I0 = 0 . The B-frame expression of the

angular momentum about the centre of gravity will now be transferred into I-frame 

coordinates by using:

h^=RIB -h B (A.59) 

Differentiation with respect to time leads to:

h^R^h^+R^h8, (A.60)

By substituting (A.24), (A. 57) and (A. 58) into (A.60) the expression for derivative of 

the angular momentum about the centre of gravity with respect to time can be written 

as:

+ o> B x(l0 .(o B3 +m.rcB/0 x(vB -vB ))]

The moment of external forces about 0 and the centre of gravity are related as 

follows:

mc =m0 -t/0 xfc (A. 62)
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Decomposed in B-frame coordinates:

m B =mB -rB/0 xfB (A.63) 

and transformed to the I-frame yields:

m^=RIB -(m0B -rB/0 xfcB ) (A.64) 

Substituting (A.41) into (A.64) results in:

m^=RIB -(m B -rcB/0 xm-(V B +<xvB )) (A.65) 

Applying Euler's second axiom with (A.65) and (A.61) yields:

I0 •< +m-rB/0 x V B +< x(l0 .«« +m-rB/0 X( VOB - VB ))

= m 0B -m-rcB/0 x( ft) BB xv B ) (A.66)

= mB - m • rcB/0 x (< x ( V B + < x rB/0 ))

For rearranging (A.66) the Jacobi identity will be used:

ax(bxc) + bx(cxa) + cx(axb) = 0 (A.67) 

which for c = a x b reduces to:

ax(bx(axb)) + bx((axb)xa) = 0 (A.68)

since (axb)x(axb) = 0. 

Setting a = w^ and b = rB/0 gives:

< ><(rcB/0 *« xrB 0 )) = -rB 0 x((CO BB xrB 0 )x<) (A.69) 

Taking into account that (« B xrB/0 ) = (v B - V B ) (rigid body) (A.69) can be written

(A.70) 

Using (A.70) equation (A.66) reduces to:

(A- 71 )
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If the origin of the body fixed coordinate system coincides with the rigid body's 

centre of gravity this expression reduces to:

xIc .«o» =m? (A.72)

Six Degrees of Freedom Equation of Motion

The dynamics of a rigid body with respect to a body-fixed rotating reference frame 

with origin 0 is now given by Newton's laws (A.40) and (A. 71):

( xrc8 )]XV

< =I0 '< +< x!0 '< +m- 

The formulations for the external moments and forces acting on a rigid body can be 

written in a vectorial setting:

MRB -v + CRB (v)-v = T RB (A.73)

where M^, is the rigid-body system inertia matrix, C^, represents the Coriolis 

vector term o^xv8 and the centripetal vector term co^ x(<o^xrpB/c ) and r^ is the

sum of all external forces acting on the rigid body. The system inertia matrix can 

therefore be written as:

m-
(A.74) 

•S(rp8 c ) I0

where I3x3 is the identity matrix and I0 is the inertia matrix about the origin of the

body-fixed coordinate system.

The Coriolis and centripetal matrix C,^ (v) can be presented in a skew-symmetric

form:

03X3 -mS(v B )-ms(s(eo?B )rB/c ) 

-mS(vB )-ms(s«)rpB/c ) mS(s(vB )rB/c )-S(l0<B ) _
(A.75)
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Finally the representative expression for all external forces can be written as:

T RB =TD+ T A +TB+ T T +W (A.76)

with a general representation of forces and moments due to hydrodynamic damping 

TD , added mass T A , weight and buoyancy T B , thrusters TT and environmental 

disturbances w . In the following sections an explicit description of all components 

will show how physical parameters can be related to the kinematics and dynamics of 

a rigid body. This knowledge will then be used to influence the design of the ROV in 

order to gain a vehicle providing several positive characteristics regarding stability 

and the further controller design.

A.2.2 Fluid Forces

Fluid forces and moments acting on a rigid body moving completely submerged in a 

fluid are caused by skin friction and vortex shedding. Another aspect which has to be 

considered is the fact that if an ROV is moving, the surrounding fluid must be 

separated before and close behind the vehicle. This means that the fluid possesses 

kinetic energy that it would lack otherwise. As a consequence, the change of the rigid 

body's velocity with respect to time will influence both, the kinetic energy of the 

rigid body and the surrounding fluid. Forces and moments due to this can be 

described by the concept of added mass which will be described later.

Damping Forces and Moments
Skin friction consists of linear skin friction due to a laminar boundary layer and 

quadratic or nonlinear skin friction due to a turbulent boundary layer. The laminar 

part is important when considering low frequency motion of a vessel, while the 

turbulent boundary is a contribution caused by high frequency movements.
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D'Alambert's paradoxon states that no hydrodynamic forces act on a solid moving 

completely submerged with constant velocity in a non-viscous fluid. In a viscous 

fluid, frictional forces are present such that the system is not conservative with 

respect to energy. This viscous damping force due to vortex shedding can be 

modelled as:

= ---pf -C D (Re).A. (A.77)

where U is the speed of the vessel relative to the fluid, A is the cross-sectional area 

normal to U, C D (Re) is the drag coefficient based on the representative area and pf

is the density of the surrounding fluid. Notice that C D (Re) is a function of the

Reynolds number, which can be derived by a dimensionless presentation of the 

Navier-Stokes equations:

Re,^ (A.78)
V

where D is the characteristic length of the body and v is the kinematic viscosity of 

the fluid. Both, skin friction and vortex shedding contribute to linear and nonlinear 

damping. However, it is in general difficult to separate these effects. In many cases it 

is convenient to describe the total hydrodynamic damping as:

D(v) = D,+Dn (v) (A.79)

where D, is the linear damping matrix and Dn (v) is the nonlinear damping matrix. 

The total hydrodynamic damping matrix D(v) can than be written as:

D(v) =

Xu +XU u||u| Xv +Xv| v||v| 

YU+YU|U||U| Yv +Yv|v||v| 

Z+Zvv v|Zu +Zu|u|

Xw +X 

Yw +Y 

Zw +Z

w Xp+Xp|p||p| Xq +Xq| q||q| X r +Xrr||r|

Yp+Yp|p||p| Yq +Yqq||q| Yr +Yr| r||r|

Zp+Zp|p||p| Zq +Zq| q||q| Zr+Zrr||r|

Ku +Ku| u ||u| Kv +Kvv||v Kw +K ww||w| Kp+Kp| p||p| Kq +Kq| q||q Kr+Kr| r||r|

MU+M U|U||U| M v +Mv|v||v M w +Mw| w||w| Mp+Mp|p||p| Mq +Mq|q||q Mr+Mr| r||r

NU+NU|U||U| Nv +N vv||v| N w +N w| w||w Np +Np|p||p| Nq +Nqq||q| Nr +Nr| r||r|

(A.80)
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Where X +X ,|u -u expresses both, the linear and nonlinear contribution to^ u u u|' J

the force in the x-direction caused by the ROV moving in the x-direction with a 
velocity u.

Added Mass

As previously stated, the added mass effects are caused by changing the kinetic 

energy of the fluid surrounding the rigid body due to its acceleration. Thus, it is 

advantageous to use a body-fixed energy based approach, like Lagrange's equations 
to describe this effect mathematically. Unfortunately, the body-fixed velocity vector

v = [u,v,w,p,q,r] used to describe the vehicle's kinematics cannot be used. Since

fv-dt has no immediate physical interpretation it is not possible to derive a set of

generalised coordinates in terms of location and attitude which is necessary for the 

ordinary Lagrange equation. However, this problem can be circumvented by 
applying Kirchhoff s equations which are derived from the ordinary Lagrange 

equations. Kirchhoff s equations in vector form are written:

B — — +<ax — + vx — = m
dt ^ <3to ) 3oj 3v

where T is the kinetic energy of the ambient fluid surrounding the rigid body. Let M 

be a 6x6 inertia matrix defined as:

",, M,.
M M ? , ML,

(A.82)

Hence, the kinetic energy of the fluid can be written as:

T = i. vT -M-v (A.83)
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Equating this expression yields:

T = vT -M -V + VT -M - T -M21 -v + eo T -M 22 -eo) (A.84)

The partial derivatives of (A.84) with respect to v and o> are:

5T• = Mn -v + M12

5T = M21 -v + M22 -co

The derivative of (A.85) and (A.86) with respect to time yields:

d f

(A.85) 

(A.86)

(A.87)

(A.88)

where it is assumed that M is constant with respect to time. Substituting the above 

two expressions into Kirchhoff s equations in (A.81) shows, that the first parts of the 

equations can be directly related to a constant added mass inertia matrix and the 

acceleration in the different degrees of freedom of the rigid body. According to 

Lamb [1932], the added inertia matrix is defined as:

M A =-

X
Yu

zu
K u
Mu

_Nu

xv
YV

Zv
K v

Mv

Nv

X w

Yw
zw
K w

M w

Nw

x
Y Yp q
Zp Zq

KP K q
Mp Mq M

(A.89)

where for example the contribution to the hydrodynamic added mass force YA along 

the YB-axis of the rigid body due to an acceleration u in the X -direction is written

as:
Y4 =YA -u (A.90)
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The remaining parts of (A.81) can also be described by substituting (A.85) and 
(A.86), yielding:

cox
5T
dv

5T 5T cox — + vx —
3co dv

(A.91)

Hence, an added Coriolis and centripetal matrix can be defined as:

03x3 -S(Mu -v + M12 -to) 
-S(M11 -v + M 12 -co) -S(M21 -v + M22 -to)

(A.92)

where CA (v) = -CA (v)T .
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A.2.3 Weight and Buoyancy

Following Archimedes' principle, there will be an upward force from the ambient 

fluid acting on an immersed rigid body, which can be described as:

B = Pf -V-g (A.93)

where V is the volume of the displaced fluid, pf is its constant density and g is the 

acceleration of gravity. The gravity force acting on the rigid body is defined as:

G = mRB -g (A.94) 

where HIRE is the mass of the rigid body.

ZB

Figure A.8 : Buoyancy and gravitational forces acting through the centre of buoyancy and the

centre of gravity

As it is shown in Figure A.8, the gravitational force in coordinate-free vector 

presentation fg will act through the centre of gravity (CG) defined by the vector r^.

Similarly, the buoyancy in coordinate-free vector presentation fb will act through the 

centre of buoyancy (CB) defined by 7B/0 . With an upright Zi-axis of the inertial
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coordinate frame, both forces can be decomposed in I-frame coordinates, yielding:

"o"
0
B

' 8

"0"

0
W

(A-95)

By applying the rotational matrix derived in (A. 12), the weight and buoyancy force 
can be transferred into the body-fixed coordinate frame:

fbB = R*-fb ; C = Rm- fg' (A- 96)
The resulting moments about the origin of the body fixed coordinate frame can be 
written as:

m B =rB 0 xfB ; mB = rcB/0 x fgB (A.97)

Consequently the restoring force and moment vector is:

T R = (A.98)

Written in component form:

C/0
. W-

(W-B)-sinG
-(W-B)-cose-sin(()
-(W-B)-cos9-sin<|>

+ (zc/0 • W - Z B/O • B) • cos 0 • sin § 
(xc/0 -W-xB/0 -B)-cos6-cos(t)

-(xc/0 -W-xB/0 -B)-cose-sin<Hyc/0 -W-yB/0 -B)-sine

(A.99)
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A.2.4 Overall ROV Model

After defining the internal and external forces with respect to the kinematics and 

physical parameters of a rigid body, it is possible to present an overall ROV model, 

including all forces in detail:

T R = T T (A.100)
inertia forces Coriolis and centripetal forces damping forces restoring thruster

forces forces

with the following matrices:

Rigid Body and Added Mass Matrices

MRB =

0 0
m 0
0 m

— m • 7 m * v ill ^c/Q JC/0

0 -m-xc/0
m-xc/0 0

X ~*r "V 
i Av ^W

Y Y Y
*U V W

777
^li v w

K V 1^" 
u K v K w

Mu M v M w
.N4 Nv N w

0 m-zc/0
-m • zc/0 0
m> yc /o -m ' xc/o

!xx -!xy

-Iyx ! yy

zx zy

xp xq x/
Yp Yq Yr
777
ZP ^q ^r
T/- T/" "I/'

K-p R q K r

M p Mq Mr
Np N q Nr

m-xc/0

(A.101)

(A. 102)
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Rigid Body and Added Coriolis and Centripetal Matrices

*" =

0
0
0

m(xc/0r + v)

0
0
0

0
0
0

-m(zc/0p-v)
0

m(xc/0p + w) m(zc/0p-v)
-m(zc/0r + xc/0p) m(zc/0q + u)

m(yc/0r-u) -m(xc/0p + yc/0q)

or) -m(xc/0r-w) -m(xc/0r + v)
) m(zc/0 r + xc/0p) -m(yc/0r-u)

-m(zc/0q + u) m(xc/0p + yc/0q)

(A. 103)

where

" 0

0
0
0
a3

-a2

0
0
0

-a3

0
a i

0
0
0
a2
-a

0

a =X

0 -£

0 -8

0 -b3 b2
b3 0 -b,

-b, b, 0

a 2 =Yuu+Yvv+Yw w+YpP +Yqq+Yrr

b, =

b 2 =

(A. 104)
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Damping Matrix

D(v) =

Xu+Xu| u||u| Xv +Xv| v||v| X w +Xww||w| Xp+Xp|p||p| Xq +Xq|q||q| Xr +Xr| r||r| 

"•"••" " "••" - - ' Yp+Yp|p||p| Yq + Yq|q||q|YU+YU|U||U| Yv +Yv|v||v| Yw +Yw| w||w

Zv +Zv|v||v| Zw +Zw| w||w Zp+Zp|p||p| Zq +Zq| q ||q|

K iis I iL.I is _i_ v i iU*il f _i_f i ilrt ~v j-\f i ili-ivfjvy v | v | ^w^^-w w | w| P rtp IP Q ^Ri"

i r 
Yr +Yr| r||

'v|v||v|

K V +KV|V ||V| „ V¥|V¥|| , v -- H|F||r
M u+M u|u||u| MV+MV|V||V ! M w +M w|w||w| Mp+Mp|p||p| Mq +Mq|q||q| M r-nvi r|r||r| 

N U +NU|U||U| Nv +N v| v||v| N w +N w| w ||w| Np +Np|p||p| Nq +Nq | q ||q| Nr+Nr| r||r|

Kr+K 

Mq +Mq|q||q| M r+M

N,
'iir|H 

rlrl

(A. 105)

Restoring Forces Vector

(W-B)-sinG
-(W-B)-cos6-sin(|)
-(W-B)-cos6-sin(j)

\V-zB/0 -B)-sine + (xc/0 -W-xB/0 -B)-cos0-cos(|) 
.W-xB/0 -B)-cosO-sin(|)-( yc/0 -W- yB/0 -B)-sine

(A. 106)

Thruster Forces and Moments Vector

T, =

X, 
Y

M,
N.

(A. 107)
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The invention relates to a method of testing a liouid- 
fiiled tank according to the precharacteriziug clause 
of Claim 1. in this case, tank is understood to raean in 
particular a tank which is closed and provided with an 

5 access or viewing opening, and in particular a storage 
tank. The invention relates further to a testing device 
for carrying out the method. A method of this type and 
a device of this type are disclosed, for exan^jle, by SP 
0 461 506 Al.

10
In order to test tanks, in particular storage tanks 
used by the chemical industry for chemical liquids, 
such, as oil or fuel, manual or semi-automatic devices 
are normally used. The testing devices are therefore

15 either moved on the outer surface of the component to 
be tested itself with the aid of magnetic wheels or are 
operated manually by testing personnel. However, 
testing the base of the tank or storage tank is not 
possible with such devices, since the base of the tank

20 is not accessible from oytside.

Since such liquids are as a rule turbid ana thus 
opaque, manual or automatic visual tests at the inner 
wall of the tank cannot be carried out in a liquid- 

25 filled tank. A test of this type therefore requires the 
respective tank to be emptied and cleaned in order to 
ensure haaard-free entry of the testing personnel into 
the storage tank or what is known, as a manhole.

30 Within the corresponding tank or storage tank, manual 
or semi-automatic devices axe likewise used and, for 
example, are displaced along the inner surface of the 
tank in a defined patt&rn. In the process, during the 
wswally non-destructive test, eddy-current or

35 ultrasonic probes register the wall thickness ar.d also 
unsound areas, such as cracks and corrosion, which are 
mapped manually during the testing operation. Testing 
devices of this type- are also designated floor
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scanners, which are moved manually and output 
appropriate signals in the event of deviations from the 
predefined tolerance band, for exanple of the desired 
wall thickness. A coloured marking is usually applied 

5 at such points and these faulty points are subsequently 
analysed, for example by means of ultrasound,

It is a substantial disadvantage of the known devices 
that the tank or storage tank has to be emptied and 

10 cleaned in order to permit access to the tank by the 
testing personnel. Thes«s processes entail high costs 
and the expenditure of a great deal of time.

Additionally, DE 197 18 386 Al discloses a manipulator
15 and a Method of operating on a liquid-filled tank, in 

which the manipulator is first guided to a specific 
position within the tank and is connected rigidly to 
the tank there by means of telescopic arms supported on 
the inner wall of the tank. In order to determine the

20 position of the manipulator, the latter bears a sensor 
unit, which detects radiation reflected from a point 
with a known position and from this determines the 
position, in particular the distance of the manipulator 
from the tank wall.

25
Furthermore, EP 0 461 506 Al discloses first of all 
fixing a manipulator by suction means in a tank filled 
with a clear liquid at a specific location within the 
tank on its tank inner wall, before the actual test

30 measurement is performed. In order to determine the 
distance of the manipulator in its fixed position on 
the tank wall, in each case an individual optical means 
for distance measurement is provided on the said tank 
wall and on the tank above the region of the latter to

35 be tested.

The invention is therefore based on tbe object of 
specifying a method of testing a tank of this type, in 
particular a storage tank for liquids, which permits
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the wall thickness to be registered, in particular 
including that of the base of the tank, without 
previous emptying of the tank. In this case, the method 
is also to be suitable for testing the wall of the 

5 tank, in particular the base of the tank, of a tank 
filled with an opaque liquid. Furthermore, a testing 
device that is particularly suitable for carrying out 
the method is to be specified,

10 With respect to the method, according to the invention 
this object is achieved by the features of Claim 1. For 
this purpose, a manipulator having a number of test 
sensors is introduced into the tank via its tank 
opening and is moved within the liquid along the course

15 of a path which is defined and is at a distance from 
the tank wall. The manipulator registers measured 
signals reflected from the tank wall, which are 
correlated with position signals indicating the 
respective location of the manipulator in the interior

20 of the tank. In this case, tank wall is understood in 
particular to mean the base of the tank as well.

In an advantageous development, the wall thickness of 
the tank wall, in particular of the base of the tank,

25 is registered by measurement during the movement of the 
manipulator. During the measurements, the manipulator 
preferably moves progressively, preferably in a 
floating or weightless manner, ia the liguid, without 
being fixed in position in the tank in the process. The

30 position determination, on the one hand, and the 
control of the movement of the manipulator moved in the 
litjuid under remote control in the manner of what is 
known as a remote operated vehicle (ROV) is preferably 
carried out by means of triangulation. IK this case,

35 position signals are generated and received by a 
transmitting or receiving device, which is likewise 
introduced into t!*e intexior of the tank.

For the triangulation determination, at least two
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receivers or transmitters are provided in the interior 
of the tank and, _ firstly, are arranged at a defined 
distance from a known reference point in the tank and, 
secondly, at a defined distance from each other. The 

5 manipulator then either has a transmitter or a. 
receiver. The reference point used for the transmitting 
or receiving device is expediently the tank opening or 
the tank access via which the transmitting or receiving 
device is introduced into the tank,

10
The movement of the manipulator in the interior of the 
tank and within the liquid is advantageously carried 
out on defined, meandering cracks which, by using the 
known tank geometry and dimensions, are predefined to

15 the Eianipulator as a path course in the form of a 
travel program, The control of the movement of the 
manipulator is advantageously carried out by means of 
the position signals, by using which, in the event of a 
deviation from the defined course of the movement path,

20 the manipulator is automatically guided back onto the 
latter.

In order to take inco account positioning inaccuracies, 
which can lead to misinterpretation of the location of

25 a specific measured value, in an advantageous 
development, markings inside the tank are registered 
and used for location correction. For this purpose, 
welds or similar connecting edges between tank parts, 
which are normally present in a tank of this type, are

30 particularly suitable. An important criterion when 
determining markings of this type is that their 
position within the tank is known.

With respect to the device, the aforementioned object 
35 is achieved by the features of Claim 6. Advantageous 

refinements are the subject of the subclaims which 
refer back to this.

The manipulator of the testing device, which is
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expediently introduced into the interior o£ the tank 

via & viewing or access opening, is moved automatically 

in the liquid, starting from this opening, whose 

location on the tank wall is known and whose position 

5 is thus defined. For this purpose, the manipulator has 

a number of drives, preferably propeller drives, which 

permit the manipulator co be moved both in vertical and 

in horizontal directions. In this case, the manipulator 

is preferably constructed as a floating or submersible 

10 body and can be triaroed in such a way that it floats in 

the liquid.

The testing of the tank wall by measuring the wall 

thickness is carried out by means of a number of test

15 sensors, which are expediently carried along by the 

manipulator in the form of ultrasonic transmitters. The 

test sensors are expediently arranged on a transverse 

beam mounted such that it can pivot on the manipulator. 

Alternatively or additionally, an ultrasonic group

20 radiator {phased array) can be carried along by the 

manipulator, its fan-like measuring beam permitting 

testing underneath obstacles in the interior of the 

tank and measurement of the extent of depressions or 

profiles of damaged points on the tank wall.

25
The triangulatioo is used, firstly, for determining the 

current position of the manipulator during its movement 

through the liquid. Secondly, the registration and 

determination of the position is used to control the

30 aaanipulator along the defined path or the predefined 

tracks in a plane running parallel to the base of the 

tank or to the respective tank wall, of which the 

distance from the base of the tank or from the tank 

wall is defined or predefined. For this purpose, »

35 transmitter carried along by the manipulator preferably 

conrounicates with two receivers positioned at a defined 

distance from each other and at known locations within 

the tank.
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The testing of the tank, for damaged points or unsound 
areas is carried , out by measuring the wall or base 
thickness of the tank, in that propagation times of the 
ultrasonic waves emitted by the respective test sensor 

5 and reflected from the outer wall of the tank, on the 

one hand, and from the inner wall of the tank, on the 
other hand, are registered. In this case, the test or 
ultrasonic sensors carried along by the manipulator can 
be pivoted both vertically and horizontally. By means 

10 of these ultrasonic sensors, the tank wall is tested 
from a defined distance., existing corrosion also being 
detected reliably in addition to the wall thickness.

The position determination carried out during the
15 measurement or during each measurement is expediently

supplemented by registering the penetration depth of
the manipulator which, for this purpose, has a pressure
sensor for registering the static pressure in the
liquid. A sonar system likewise carried along by the

20 manipulator additionally permits the location of
obstacles in the form of internal tank fittings or tank

deposits.

The evaluation device provided to analyse aad evaluate
25 the signals and/or measured data registered is

expediently located outside the tank and in its
vicinity during the test measurement. in this case, the
evaluation device can be arranged to be mobile,
preferably within a vehicle, together with a control

30 device associated therewith for the manipulator. For
the purpose of evaluation, a data-processing and
recording system is expediently provided, which is
connected to the manipulator moving within the tank via
a cable coranectioti comprising measuring and control

35 lines.

The cable connection is expediently guided by a docking 
device or airlock, which is placed on the appropriate 
access opening of the tank. The docking device can be
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pressurized with an inert gas in order to overcome a 

gas cushion forming in the interior of the tank. The 

doctcing device additionally expediently has a cable 

store, which permits a cable length and guidance which 

5 is adequate for free mobility of the manipulator within 

the tank,

While the data-processing system of the external 

evaluation device receives both the measured signals

10 frosn the manipulator and the position signals, the 

latter are supplied to a control device, which is part 

Of the evaluation device. The control device contains 

the travel program which predefines the course of the 

path of the manipulator within the tan*. From

15 deviations of the course of the path of the jnar.ipulator 

from the intended course or from its intended path, 

determined by using the position signals, appropriate 

control signals axe g-enerated and, via the cable 

connection, are supplied to the respective drive of the

20 manipulator in order to carry out a corrective 

manoeuvre.

In the following text, an exemplary embodiment of the 

invention will be explained by using the drawiiig, is 

25 which:

Pig. 1 shows in schematic form a testing 
device comprising a manipulator at two 

different positions above the base of a 

30 liquid-filled storage tank.

Fig. 2 shows an extract from Pig, 1 on an 
enlarged scale with a manipulator 

provided with drives and sensors for 

35 measurement and position registration,

fig, 3 shows a further extract from Fig. 1 on 

an enlarged scale with an airlock 

docked on a tank opening and having a
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manipulator arranged therein.

Pigs 4a and 4b show a manipulator moved along a 
vertical tank wall in side view and the 

5 course of its path in plan view, and

Figs 5a and 5b a spiral or meandering course of the 
path of the manipulator along the base 
o£ the tank in plan view. 

10
Mutually corresponding parts are provided with the same
reference symbols in all the figures.

The liquid-filled tank 1 illustrated in Pig. 1 is, for
15 example, a storage tank normally used in the chemical 

industry for storing a chemical liquid F, such as oil. 
In such a turbid and thus opaque liquid F, visual 
testing in the interior 2 of the tank is not possible. 
On the top side, the tank 1 has a tank access 3 and a

20 viewing opening 4, on which an airlock or docking 
device 5, for example pressurized with inert gas I, is 
placed, via the docking device 5, a manipulator 6 is 
inserted into the interior 2 of the tank and there into 
the liquid F.

25
The manipulator 6 arranged in a plane above the base 7 
of the tank in Fig, 1 and illustrated there in two 
different positions is moved in a defined, preferably 
meandering, test path on the base 7 of the tank in

30 order to test the wall of the interior 2 of the tank 
for faults, for exajnple corrosion or the like. The 
manipulator 5 is constructed as a triramable swiitming or 
floating body in a manner of an ROV and is thus 
weightless in the liquid F. For the purpose of

35 continuous movement of the manipulator 6 in the liquid 
F, the manipulator 6 has a number of propeller drives 
Ba, 3b, which can be seen comparatively clearly from 
Fig. 2. By means of these propeller drives 8a, 8b, the 
manipulator 6 can be moved or caused to travel in the
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horizontal plane or vertically. The setting of the 

floating state is carried out by means of trimming 

elements 6&, 6b, so that the manipulator 6 can move 

progressively in the liquid P in a virtually weightless 

5 manner.

In order to measure the wall thickness d, in particular 

of the base 7 of the tank, the manipulator 6 has a 

number of ultrasonic sensors 9, which are arranged on a

10 transverse spar or transverse beam 10 held on the 

manipulator 6 such that it can be pivoted. Additionally 

or alternatively, an ultrasonic group radiator can also 

be arranged on the transverse spar 10. By means of the 

ultrasonic sensors 9, the wall tMckness d is

15 registered while travelling over the base 1 of the tank 

by usiug the propagation time difference between the 

ultrasonic waves U reflected from the outer surface 12 

of the wall and the inner surface 13 of the wall. In an 

analogous way, the wall thickness d of the vertical

20 tank wall 11 can also be measured, as can be seen from 

Figure 4a. The appropriate measured signals M are 

transmitted over a measured signal line 14 to aa 

evaluation device 15, which is arranged outside the 

tank 1 in a testing vehicle 16,

2B
At the same time, the respective position of the 

manipulator 6 is determined by means of triangulation 

online and, for example, relative to the viewing 

opening 4. For this purpose, the manipulator 6 has a

30 transmitter 17, in particular an ultrasonic 

transmitter, the signals from which are received in two 

receivers 18, 19, In particular ultrasonic receivers. 

The receivers 18, 19 dipping into the liquid F are at a. 

defined distance x, y fro* each other and from the

35 viewing opening 4, respectively, so that the position 

of the manipulator 6 witti respect to the tank opening 4 

can be determined. The appropriate position signals P 

are transmitted to the testing vehicle 16 via a control 

line 20 which, together with the measuring line 14,
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runs in a cable line 21 that connects the manipulator 6 
to the testing vehicle 16.

The position signals P are supplied firstly to the 
5 evaluation device 15 and secondly to a control device 

22 associated with the latter, which is likewise 
carried along by the testing vehicle 16. The control 
device 22 predefines a travel program to the 
manipulator 6, which determines the respective course

10 B, B' of the manipulator 6 within the liquid F (Fig. 4b 
and also Figs 5a and 5b) . The position signals P are 
then used for the remote control and for the location 
correction of the manipulator 6 if the latter deviates 
from the predefined path course B, B'. By means of this

15 position determinations and control, a movement of the 
manipulator 6 on any desired paths B, B' or tracks at a 
defined distance a from the respective tank wall 7, 11 
is made possible. The functions of the receivers 18, 
19, on the one hand, and of the transmitter 17 carried

20 along by the manipulator 6, oa the other hand, can also 
be interchanged, so that the manipulator carries along 
a receiver while the fixed-location devices 18, 19 are 
then the transmitters,

25 Figures 4b and 5 show preferred path courses B, B' for 
a measurement of the wall thickness d of the tank wall 
11 and of the tank base 7. While the course of the path 
B along the tank wall 11 is preferably meandering, the 
nseasurement of the wall thictaess d. of the tank base 7

30 can be carried out both in a meandering path B (Fig. 
5b) or in a path B' running in concentric circles, that 
is to say in the manner of a helix or spiral (Pig. 5a). 
A spiral path course B' can also be predefined when 
iseasuring the tank wall 11,

35
In addition to the triangulation, a pressure sensor 23 
carried along by the manipulator 6 outputs information 
about the penetration depth of the manipulator 6 in the 
liquid F to the evaluation and/or control device 15,
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22. A further sensor system carried along by the 
manipulator 6 in the foxm of a sonar system 24 is used 
to detect internal tank fittings or structural pares, 
such as a heating loop or coil 25 running above the 

5 tank base 7 and also parts located in the interior 2 of 
the tank.

The signals K registered by the various sensors 9, 17, 
23 and 24 are registered by the evaluation device 15,

10 22, together with the position signals P, and analysed 
by a data-processing and recording system and stored 
there. Here, the measured signals M are correlated with 
the position signals ?, so that the appropriate 
position within the tank 1 is assigned to the

15 respective measuring point or measuring location. The 
data recorded are supplied to a statistical analysis on 
line and/or off line, by which the highest and lowest 
wall thickness d and the number, the locations and the 
areas at which the wall thickness falls below are

20 determined. The results of the analysis are preferably 
prepared in a colour graphic representation in such a 
way that an association with the respective fault is 
produced and defects are represented in the correct 
location by means of specific colours, for example by

25 means of red markings, on a projection, for example on 
the tank base 7, This is expedient for any repairs 
which may have to be carried out. In addition, results 
from various test runs can be compared with one 
another.

30
For the case in which location of the respective 
measuring location, carried out by means of the 
triangulation, in the centimetre range represents an 
inadequate resolution, markings which are inherent in

35 the system and are internal zo the tank, such as welds 
or other parts characteristic of the tank, can be used 
for the location correction.

As can be seen from Fig. 3, the manipulator fi is
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introduced into the interior 2 of the tank via the 
airlock 5. A cable reel 26 arranged there is used as a 
cable store for the cable connection or line 21 via 
which the manipulator 6 is connected to the testing 
vehicle 16.
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List of reference symbols

1 Tank/storage tank
2 Interior of tank
3 Tank access
4 Viewing opening
5 Airlock
6 Manipulator
6a, b Triirening element
7 Tank, base
Sa, b Drive
9 Test sensor
10 Transverse spar
11 Tank wall
12, 13 Wall surface
14 Measuring line
15 Evaluation device
16 Testing vehicle
17 Position sensor
IS, 19 Transmitting/receiving device
20 Testing line
21 Cable connection
22 Control device
23 Pressure sensor
24 Sonar system
25 Heating loop
26 Cable reel/store

a, x, y Distance
d Wall thickness

B, 3' path/path course
F Liquid
I inert gas
U ultrasound/ultrasonic wave
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Patent Claims

1. Method for testing a fluid-filled tank (1), in 
which a manipulator (6) having a number of test 

5 sensors (9, 17, 23, 24) is moved in the fluid (F), 
and in which measured signals (M) reflected from 
the tank, wall (7, 11) and received by the 

manipulator (6) axe correlated with position 
signals if}, 

10 characterized
- in that, for position determination, the

manipulator (6) carries with it a sensor (17)
which receives position signals £P) which are
generated by at least two transmitting or

15 receiving devices (18, 29) arranged at a defined
distance (x) from each other and at defined
positions in the interior {2} of the tank, and
in that the nianipulator (6) is moved along the
tank wall (7, H) on a defined path (B, B') and

20 at a distance from the latter.

2. Method according to Claim 1, in which the movement 
of the Manipulator (6) along the defined path 
(B, B') is controlled by using the position 

25 signals (P> ,

3. Method according to Claim 1 or 2, in which the 
manipulator (6) and the or each transmitting and 
receiving device (18, 19} is inserted into the 

30 interior (2) of the tank through a tank opening 
(4) in relation co which the respective 
transmitting and receiving device (18, 19) is 

positioned at a defined distance (y) .

35 4. Method according to one of Claims 1 to 3, in which 
the wall thickness (d) of the tank (1), in

253



Appendix B European Patent

- 15 -

particular of the tank base (7), is tested by 
means of ultrasound..

5. Method according to one of Claims 1 to 4, in which 
markings internal to the tank are registered and 
are used to correct the location of the measured 
signals (M) correlated with the position signals

10 6, Device for the non- destructive testing of a fluid- 
filled tank (1), having a remotely controlled 
manipulator (6) which has a drive (8) and a nunibex 
of test sensors (9) , 
characterized by

15 - at least two transmitting or receiving devices 
{18, 19) arranged at a defined distance (x) from 
each other and at defined positions in the 
interior (2) of the tank,

- a position sensor (II) which is carried along 
20 toy the manipulator (6) and receives position 

signals (?) from the transmitting and receiving 
devices (IB, 19 } r and
an evaluation device (15, 22) which, by using 
measured signals W) acquired by means of. the 

25 test sensors (9) and correlated with the 
position signals tP) , determines the state of 
the or each tank wall O, 11) in a positionally 

accurate manner,

30 7. Device according to Claim 6, in which a first 
drive (8a) is provided for moving the manipulator 
(6i in the horizontal direction, and a second 
drive IBb} is provided for its movement in the 

vertical direction.

35
8. Device according to Claim « or 7, in which the 

test sensors (9) are arranged on the manipulator
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(6) such that they can be pivoted.

9. Device according to one of Claims 6 to 8, in which 
the manipulator (6> has a sonar system (24) for 

5 locating obstacles (25) internal to the tank.

10. Device according to- one of Claims 6 to 9, having
an airlock (5) which can be placed on a tank
opening (4) and via which the manipulator (6) and

10 the transmitting and/or receiving devices (18, 19)
can be introduced into the tank (2).

11. Device according to one of Claims 6 to 10, in 
which an ultrasonic group radiator is provided as 

15 test sensors (9).

12. Device according to one of Claims 6 to 11, in 
which a transmitter is provided as position sensor 
(17} . 

20
13. Device according to one of Claims 6 to 12, in 

which a pressure sensor (23) is arranged on the 
manipulator (5}.

25 14. Device according to one of Claims 6 to 13, in 
which the manipulator (6) has trimming means (6a, 
6b) with which a floating state of the manipulator 
(6) in the fluid {FJ can be established.

30 15- Device according to one of Claims & to 14, in 
which the manipulator (6} is connected to the 
evaluation device <15, 22} provided outside the 
tank !2J via a cable connection (21) comprising 
measuring and/or control lines U4, 20),
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