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Abstract 

  The research presented considers the design, development and building of a structure-based 

condition monitoring system. A series of physical experiments were designed and conducted in a 

wind tunnel. This was able to initially prove the feasibility of the proposed system. Using a 

simulation of the continuous turbine rotation the self-initiated Phase-Angle curve was defined. The 

algorithms so produced were validated and tested using both the simulated waveforms and 

experimental data sets. This demonstrated that the proposed monitoring system was able to deal 

with the ever-changing flow conditions and turbine operation status. 

  The work showed that the use of the wind tunnel was feasible for developing the structure-based 

monitoring system. It has been shown that innovative ideas can be tested and validated in the wind 

tunnel. The relatively small size of the test rig and the utility of 3-D printing technology made the 

whole experiment based investigation very cost-effective. The progressive experiments were 

conducted to compare widely used monitoring techniques to the proposed monitoring system.  

  Some other physical phenomenon or extended thoughts such as blade tip deflection caused by 

the tower were considered and may be of interest to other researchers. The final discussion of the 

work presented was to introduce the potential problems and difficulties in applying the proposed 

system in the marine environment. This considered the sensor design, system installation, 

application methods and algorithm optimisation. This could further serve the useful information 

for the relevant researchers and the experiment or deployment of the proposed system on full-size 

turbine.  
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1. Introduction 

This chapter introduces the background to research into renewable power generation 

and, in particular, tidal stream turbine technologies and condition monitoring of tidal 

turbines. The latest energy contribution trends for the UK and associated energy targets 

are presented. The beneficial tidal resources in the UK and tidal turbine technologies 

are discussed. Also of relevance are wind turbine industry applications and related 

technologies that have maturity. A discussion of the transferability of condition 

monitoring systems from wind turbine applications to tidal turbines is included. The 

above aspects set the framework for the motivations and objectives of the current 

research.  

1.1 Background Research 

The latest report from DESA (United Nations, 2017) shows that the world`s 

population was estimated to be 7.6 billion. Further, there are one billion new-borns over 

the past 12 years. Due to the dramatically increased world population, the demand for 

energy poses many challenges. For example, the total energy consumption of the UK 

reached 2249 TWh in 2014 (Dietz, 2015) with approximately 30% increase compared 

to the consumption (1724 TWh) in 2012 (DECC, 2013). Developing countries such as 

China, where industrial electricity accounts for 71% of total power consumption 

(Lockhart, 2017), consume more resource to maintain their rapid economic growth. 

Also noted are lower power efficiencies and power structure is relatively simple (Zhu 

and Zhao, 2016). Climate and environmental change, mainly attributed to greenhouse-
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gas (GHG) emissions, is a factor under consideration by many countries and 

organisations. Spanning the Kyoto Protocol (1997) to The Paris Agreement (2017), 195 

countries have signed many agreements and each of them have respectively developed 

national energy plans during that 20-year period (UNTC, 2016). The UK has a new 

2050 target of achieving at least an 80% reduction of GHG emissions (set by the 

Committee on Climate Change (CCC)). These dramatic changes are evident in Figure 

1.1 (Climate Change Act 2008).  

 

Figure 1.1 The plan of the GHG Emissions Reductions to 2050. Source: NAEI, 2012; 

CCC analysis. 

  The three main sources of the GHG emissions (before 2010) are surface transport, 

buildings and power generation. In order to meet this target renewable sources of energy 

as an alternative to coal-fired power are fundamental. By 2015, renewable energy 

contributed 23.7% of global electricity generation. The renewable technologies extract 

energy from wind, hydro, solar and biofuel sources and have obtained the highest 

investment, especially in the US and China (REN21, 2016). In the UK, relatively 
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mature technology and unique geographical features will offer huge advantages for the 

diversification of mainstream renewable sources. Figure 1.2 shows the growth in 

installed capacity for a range of renewable technologies, for the period 2000 to 2015. 

 

Figure 1.2 Installed capacity (MW) of renewable energy sources in the UK between 

2000 and 2015. Source: DBIS, 2017. 

  There are particular effects, within the overall trends of Figure 1.2 that are worthy of 

note. In 2006, there was only 12 MW of photovoltaic (PV) capacity installed in the UK. 

Following the popularization of an (incentive) feed-in-tariff in 2010, a rapid growth 

equating to 230,000 solar power projects occurred between 2010 to 2011 (DECC, 2015). 

With the reduction of the cost of PV panels, the first large scale solar farm was built in 

Leicestershire in 2013. The largest solar farm in the UK at present is located in 

Bournemouth. Both of the projects made a major contribution to solar energy 

generation in the year of their completion. By end of the 2015, the total installed 

capacity of solar PV was more than 10,000MW. Also of note is that onshore and 

offshore wind farms have maintained steady and rapid growth in the past decade. 
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Offshore wind has much greater potential to generate power with higher prevalent wind 

speeds. However, with much higher capital and maintenance costs for offshore, the 

onshore farms appear to have been given priority for development and investment. As 

for hydropower, although it accounted for 21% of electricity generation from renewable 

sources in 2009 (DECC, 2011), its installed capacities have not changed in the past 

fifteen years as many of the related projects are yet connected to the grid. The 

hydropower sector is the focus for the current research. 

1.2 Tidal Energy 

  In simple terms, tidal energy stems from the periodic changes of seawater levels due 

to the relative motions of the Earth-Moon system. Greater tidal range can provide huge 

increase in the potential of power generation. Unlike other sources of energy which 

originate from the Sun, tidal energy is relatively unaffected by weather (Robert, 2007). 

Energy extraction will depend on installation specific factors such as the local 

topography of the seafloor and coastline. However, these will not change significantly 

over long periods. 

As one of the forms of hydropower, tidal energy has greater potential to serve the 

future electricity generation due to its steady stream of kinetic energy and good 

predictability (Tousif et al 2011).  

  At present, tidal energy is predominantly harvested in four forms (Morris, 2014): 1, 

Tidal barrier. 2, Dynamic tidal power. 3, Tidal lagoon. 4, Tidal stream turbine. The 

details of these are given in Chapter 2. The latter is of primary concern in this work and 

is introduced in the following section 
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1.3 Tidal  Stream Turbine 

  The Tidal Stream Turbine (TST) as a concept was first proposed in 1970 (Caraiman 

et al, 2010), being termed as a stand-alone machine that extracts the energy from water 

currents in ocean or estuary in the same way as the wind turbine uses wind energy. The 

structural designs of TSTs have been a variety of fundamentally different types. 

According to the orientation of the main shaft with the flow, TSTs operate as a 

horizontal axis tidal stream turbine (HATT) or a vertical axis tidal stream turbine 

(VATT). Although the performance of the VATT are numerically (Hyun et al, 2010) or 

physically (Harries et al, 2016) evaluated and proved, the most of the current pre-

commercial or commercial TSTs are HATT (Chen el al, 2012). There is much greater 

structural similarity between conventional wind turbines and HATTs, and thus much of 

the design, operation and applied monitoring techniques of wind turbines is more 

directly applicable (Burton et al, 2000). Typical differences such as Reynolds number 

regimes, stall characteristics and the possible occurrence of cavitation do distinguish 

the two types of turbines (Batten et al, 2005).  

For commercial viability, a minimum average flow speed 2 m/s in turbine operation 

is required and the ideal flow speed should be between 1.5 and 3.5 m/s (Giorgi and 

Ringwood, 2013). After a series of geographic analyses, a report from Black & Veatch 

Ltd (2005) suggests that the water depths at potential TST deployment sites in the UK 

should be between 25 and 40 metres. Accordingly, the rotor diameter of the TST should 

be between 10 and 20 metres. In contrast, the rotor diameter of typical wind turbines 

has increased from 17 to 126 metres over the past 30 years. In addition to the 
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deployment site limitations for tidal turbines, there are huge loads acting on the blades. 

A parameter comparison between wind and tidal turbines, for equal output capacity, 

conducted by Elasha et al (2014) shows that the total thrust load on the latter could be 

5 times larger. With the ever-changing flow velocities and non-symmetric flow profiles, 

higher fatigue loads prevail for TST blades. A detailed evaluation of representative TST 

designs follows in Chapter 2. 

1.4 Condition Monitoring System for HATT 

  As the development of the TST is still in infancy, the monitoring system for each 

installed full device could be different with the monitoring targets, technology, 

operating environment. In addition, lack of standardisation throughout industry made 

that there is no clear unified concept of the CMs for the TST (Elasha et al, 2014). 

Although much of the information about design of TST and the corresponding CMs are 

not available for research organisations or institutions, CM and fault diagnosis are 

considered to be fundamental in increasing the long-term performance of turbine and 

investor confidence. An ideal Condition Monitoring system (CMs) for TST should meet 

the following requirements: 

 ̧ Detects the developing faults and helps to avoid catastrophic failures. 

 ̧ Remote access by web enabled reporting tool. 

 ̧ Capture reliability/fault history for establishing the scheduled maintenance. 

 ̧ Collect field information includes environment and ecology. 

 ̧ Correct and timely decision making based on the real-time monitoring results. 
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 ̧ The reliability and long-term performance of the CMs itself must be secured. 

The benefits of CMs for operating tidal turbine are summarized as below: 

Õ Reduce risk of unscheduled shutdowns and improve the availability of the energy 

extraction (Yang et al, 2010).  

Õ Predict remaining service life of the device or components and take actions in 

advance.  

Õ Reduce maintenance costs which includes the shipping for replacing the faulty 

parts. 

Õ The current field test date could conduce to the current turbine design iterations. 

1.5 Research Objectives 

  The aims of this work were to consider the structural-based condition monitoring of 

the tidal turbine. By developing and using the proposed new method of the flow profile 

measurement, to realise the real-time monitoring of the blade health. The details of the 

work are listed in the following objectives: 

 ̧ Development of the cost-effective research method and test rig for tidal turbine, 

which includes 3-D printing technology, wind tunnel test, sensors selection and 

structure design.  

 ̧ To investigate the feasibility of the vibration-based monitoring for the entire 

structure in different turbine operating conditions.  
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 ̧ Design of scaled and simplified turbine structures for testing in different operating 

conditions. Utilise wind pressure variation on the tower for each set-up to evaluate 

the feasibility of using the blade wake to predict the blade status.  

 ̧ Utilise the results of the physical experiments to simulate the continuous operation 

of a three-bladed turbine. To develop the analytical method for the simulated 

pressure signals and initially create a new system that combines the real-time flow 

profile monitoring and the blade health monitoring of the tidal turbine. 

1.6 Thesis Structure 

The remaining chapters of this thesis are structured as follows: 

  Chapter 2- gives a description of introduction and literature review of tidal stream 

turbine technology. To start with, the current technologies for extracting the tidal energy 

are summarised. Then, a detailed evaluation of the existing TST projects is given. Next, 

a selection of findings from literature relating to TST research is presented. The flow 

profile measurement and blade-tower interaction are highlighted. Last, the experience 

from blade health monitoring technique of wind turbines is discussed.  

  Chapter 3- presents an initial study of the dynamic behaviour of the small-scaled 

wind turbine structure in wind turbine, which aims to help establish an overlap FFT 

analysis node for blade status monitoring. Two test rigs were designed for capturing 

and understanding the characteristics of the turbine vibration caused by the rotor blades. 

  Chapter 4- introduces a cost-effective test rig with independent blade and pillar 

structures for the validation of the innovative methods of the wind profile measurement 
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and the proposed blade health monitoring. The LabVIEW-based monitoring system was 

developed for the experiment. The blade-tower interaction was studied by the static and 

dynamic test by using the data from strain gauge and PAW sensors (A pressure sensor 

designed by RT robot company, Japan). The 3-D pressure variation on the pillar was 

created by using the experimental data.  

  Chapter 5- presents the signal processing methods for the proposed blade health 

monitoring system. A series of the pressure signals were simulated by using the 

experimental data with different settings. The duty cycles analysis was created for 

initial failure detection of the simulated signals. The initial phase angle and the 

amplitude at the blade passing frequency are used for detailed analysis. With the overlap 

of simulated signals from other PAW sensors, a comprehensive blade health monitoring 

system was established  

  Chapter 6- discusses the findings from all the experiments conducted in the wind 

tunnel. The advantages of the utility of the wind tunnel to research the condition 

monitoring system of the tidal stream turbine are given. It also focuses on the discussion 

about the proposed technique and monitoring system applied on full-scaled TST. 

  Chapter 7-summaries the contribution of this research work and some considerations 

for the future experiments in the water flume.  
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2. Literature Review 

This chapter introduces the background of tidal stream turbine (TST) technology and 

itôs the application of condition monitoring system (CMs). The dynamic behaviour of 

the turbine blades and related approaches to blade health monitoring (BHM) are 

presented. To start with, the three forms of extracting tidal energy are described and 

compared with each other in detail. The evaluations of the existing, currently pre-

commercial tidal turbines are given. At present, due to commercial considerations, most 

of the information about the full-scaled TST are not available in the public domain. 

This has prompted the use of scale turbines in water flume and wind tunnel tests. 

Associated research into factors such as blade status (expressed in terms of pitch angle, 

tip deflection and blade geometry), turbine performance and dynamic behaviour is then 

summarised. A specific overview of the Acoustic Doppler Current Profiler (ADCP) is 

given to illustrate the current challenges which are researched in thesis. Consideration 

of the influence of flow profile and blade-tower (BT) interactions on the turbine 

operation are presented. Finally, some mature BHM technologies mainly applied in 

wind turbine CM are evaluated to consider the feasibility of transferring them for TST 

CM.  

2.1 Current Technologies for Tidal Energy 

  There are three main categories of tidal energy: tidal range, tidal stream (current) and 

their hybrids (Sandeep, 2014). As Chapter 1 mentioned, the current methods of 

extracting tidal energy can be classified into four methods based on the method of 
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construction and their location. These are: Tidal barrier, tidal lagoon, dynamic tidal 

power (DTP) and TST. The first two generate power by transferring the potential energy 

provided by the tidal range. This usually means the operation of some form of water 

turbine in which the flow is generally converted to electricity in the same way as with 

a conventional hydro-electric dam project. A TST converts the kinetic energy of tidal 

stream to electricity in a similar fashion as a wind turbine/generator. As an untried but 

promising hybrid application, DTP, is designed for the countries or regions that has a 

longer coastline. Followed by the feasibility study for two locations in China in 2014, 

the design of its first project will be completed by 2020 (Steijn, 2015). Each of these 

technologies is now briefly reviewed. 

2.1.1 Tidal Barrier 

The tidal barrier is a specialised dam constructed across the full width of an estuary 

to create a tidal basin. By controlling the water levels, the generators under the barrier 

can efficiently produce power during the selected periods. As one of the best-

established methods, a tidal barrier currently offers lower operating costs and higher 

energy efficiency than other forms. It deploys mature and traditional hydraulic 

engineering methods. The first tidal barrier was constructed in the estuary of the River 

Rance in France and has been used to generate electricity for 50 years with 500 GWh 

annual output (Yekang and Schubert, 2011). Figure 2.1 shows the installed barrier, 

which has a length of 750m. In addition to generating power this has become an 

important cross-river traffic route for local users. 
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Figure 2.1 Rance tidal power station: Source: Yekang and Schubert, 2011. 

However, there are some disadvantages related to such a tidal barrier which may 

cause long-term concerns to many different organisations. First, its potential impact on 

the local ecosystem is not always positive. An example of this may be the Three Gorges 

Dam in China (Yue, 2016), shown in Figure 2.2.  

 

Figure 2.2 Changes of three gorges dam within 20 years. Source: Yue, 2016. 

Although relating to a hydro power scheme the known problems with this installation 

suggest that the assertion that some of this concern can be related to tidal barrier 
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installations is not unreasonable. 

The first concern is that the original state of the local environment, especially the 

condition of the land, is impossible to recover within the short term. Secondly, the 

selection of a site suitable for a tidal barrier is very difficult. It brings with it potentially 

extremely high construction costs and difficulties. Operational and maintenance costs 

can also be very high, particularly in the context of a wider estuary like the Severn 

estuary (Wentworth, 2013). Thirdly, the barrier restricts vessel access to open water and 

reduces the convenience of established routes (Thresher, 2011).  

2.1.2 Tidal Lagoon 

  The concept of a tidal lagoon is derived from improvements to the functions of the 

tidal barrier. It is a potentially viable approach and a number of construction plans are 

ongoing. Figure 2.3 shows this approach has a similar structure and operating principle 

to a tidal barrier. However, the dam in which the turbines are installed is constructed to 

enclose an area of coastline rather than an outlet to the sea. Proposers of such schemes 

suggest that the isolated coastal environment created will enhance the growth of plants 

and animals along the coast and can expand the available space of the original water 

for leisure activities and sports. Due to the much less specific requirements this type of 

project has more optional sites within the globe than the tidal barrier but retains many 

of the advantages of the latter. A detailed comparison between tidal lagoons and tidal 

barriers has been reported (Crumpton, 2004). This involves consideration of capital 

costs, regional effects, transport considerations and environmental effects  
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Figure 2.3 Schematic diagram of tidal lagoon Source: Tidal Lagoon Cardiff Ltd, 2015 

One of the benefits brought by a tidal lagoon construction project is in creating many 

job opportunities in the local community before the project starts to operate. For 

example, the project proposed for Cardiff is estimated to create at least 1900 full time 

engineering jobs, covering a range of skill levels (Tidal Lagoon Cardiff Ltd, 2015). 

Another predictable benefit is that the water quality of the project location will be 

greatly improved as the sediment brought by the high tide is blocked by the barrier 

(Isshiki et al, 2016).  

However, some of the potential problems associated with intermittent power 

generation have been raised (Todeschini 2017). This work suggested a solution 

implemented at La Rance tidal barrier: Pumping additional water into basin at low tide 

for continuous power generation (MacKay, 2009). A report from De Laleu (2009) 

proved that 10% additional energy is annually generated at La Rance due to this solution. 

2.1.3 Dynamic Tidal Power (DTP) 

  DTP is an innovative concept that was proposed by Hulsbergen K. and Steijn R. in 
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1997 (2005). As shown in Figure 2.4, a dam-like structure with a 'Tô shape is built from 

the shore perpendicular to the sea. The blue and red sea area respectively indicate low 

and high tides. A number of simulation results have estimated that at least a 30-km dam 

length is required to achieve economic viability (Hulsbergen et al, 2008). Although 

there is no operational installation to support this tentative plan, some other benefits 

and functions can be expected due to the characteristics associated with this site, namely: 

tsunami protection, created aquaculture and extended harbour functions.  

 

Figure 2.4 Top-down view of a DTP dam. Source: Hulsbergen, 2008 

2.1.4 Tidal Stream Turbines (TST) 

. The advantages of the TSTs can be summarised as  

 ̧ Individual devices can be sized to meet the requirements of the specific and or local 

environment 

 ̧ The capital cost for project construction is lower 

 ̧ They are less disruptive to wildlife 
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 ̧ They form no barrier for sea transportation 

There are a number of TST configurations, including HATT and VATT. The work in 

this thesis is primarily concerned with HATTs which are by far the most commonly 

deployed TST. An example of the HATT configuration is shown in the Figure 2.5. 

 

Figure 2.5 Basic configuration of a HATT. Source: Aqua-RET, 2008. 

In this configuration, the essential features of a HATT are: 

1) The rotor blade which extracts the flow normal to the swept area.  

2) The tower which supports the nacelle.  

3) The power train.  

4) The cable connected to the onshore control system and gird. 

It is helpful at this stage to outline the basic theory associated with the operation of 

a HATT.  

The available max power within the swept area of the rotor can be calculated as: 

 ὖ πȢυ ʍ ! Ὗ                       (3.1) 

  Where ʍ is the seawater density, A is the swept area of the turbine and U is the 
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velocity of the flow. Note that the density of the seawater varies depending on the 

temperature and salinity. The theoretical maximum power cannot be fully extracted by 

any turbine. The Power coefficient, ὅ, is the ratio of the power extracted by the HATT 

to the theoretical power and was initially introduced by Albert Betz (1919). It is given 

by the equation: 

                        ὅ
Ȣ   

                    (3.2) 

After transformation, 

                        ὖ πȢυ ʍ ! Ὗ ὅz                   (3.3) 

  Where ὖ is the actual power extracted by the turbine. Betz indicated that the power 

coefficient of any turbine cannot be more than the factor 16/27 (59.3%)and performance 

close to this limit has been achieved in wind turbines (Yurdusev et al, 2006). The 

performance characteristic of a HATT can be quantified by this factor (Aleem et al, 

2014). Note that the power coefficient of the currently deployed HATTs is reported to 

be more than that for a conventional wind turbine (Roberts et al, 2016). These instances 

relate to blockage effects in the cases where the turbine is of significant size with respect 

to the surroundings.  

  According to hydrodynamics, the geometry of the turbine blade is another important 

feature on determining the power coefficient. Figure 2.6 shows, that there are three 

forces being applied on the blade.  
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Figure 2.6 Geometry of forces acting on aerofoil; Ragheb 2013 

The lift force, L, acts perpendicular to the tidal stream. According to Bernoulli's 

principle (Sources: Ragheb, 2013), the pressure on the top blade surface are lower than 

that on at bottom and this pressure difference causes the lift force. Consideration of the 

lift force can be used to express a lift coefficient as: 

                       ὅ
Ⱦ

Ȣ
                          (3.4) 

  Where ὃ is cross sectional area of the aerofoil.  

  In a lift-based tidal turbine, a high lift to drag ratio (L/D) is needed to obtain a higher 

efficiency at a given flow speed. In the same format as the ὅ, the drag coefficient ὅ is 

given by: 

                       ὅ
Ⱦ

Ȣ
                        (3.5) 

Where D is the drag force and ὃ  is the effective area of the aerofoil. 

Thrust, T, is the resultant of the lift and drag forces as shown in Figure 2.6. The L/D 
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ratio, which directly determines the thrust, varies from the root to the tip as the turbine 

blade is twisted to different degrees at different positions. Based on Equation 3.4 and 

3.5, the thrust coefficient ὅ ,which is an important dimensionless value, can be 

calculated as: 

                       ὅ
Ȣ

                         (3.6) 

As a means of exploring the behaviour associated with these equations an actuator 

disk model, which is based on a linear momentum theory, was proposed by Betz. (Betz, 

1926). The approach was refined in later by researchers (Manwell et al, 2009) who 

outlined the following process: A control volume in which the boundaries are the 

surface of a stream tube is assumed. The nacelle and the tower are ignored in this model. 

The rotor is simplified to an actuator disk, which means the number of the blades is 

infinite. Therefore, the total wake caused by the rotation and blockage of the structure 

is simplified to the one caused by the disk. Figure 2.7 shows an actuator disk operating 

within a control volume. The following assumptions are then applied: 

 ̧ Laws relating to incompressible, homogeneous, evenly distributed and steady 

state fluid is applied. 

 ̧ There is no frictional drag. 

 ̧ The thrust is calculated as a one-dimensional constant. 

 ̧ The static pressure far upstream and downstream of the disk is equal to the 

undisturbed ambient pressure. 
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Figure 2.7 Schematic of actuator disc and tidal stream tube. Source: Manwell et al, 

2009 

  Based on the above assumptions, the total thrust on the disk can then be calculated 

via the conservation of momentum:  

4 άὟ Ὗ                    (3.7) 

  Where ά is the mass flow rate given by ά ʍ!5 ʍ!5  for steady state 

flow. 

The axial induction factor, ɻ, presents the reduction ratio of flow speed downstream 

of the actuator disk. It is calculated as: 

ɻ Ὗ Ὗ ȾὟ                  (3.8) 

The tip speed ratio (TSR), ʇ, is ratio of the tangential velocity of the blade tip to the 

velocity of the flow speed. As the flow direction is not always perpendicular to the rotor 

plane, it can be used to estimate the working status of the turbine. It is given by: 

ʇ
 

                           (3.9) 

  Where .is angular velocity and R is the radius of the swept area  
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  The TSR is an essential parameter to indicate the performance of the TST. An 

example graph of the relationship between TSR and ὅ is shown in Figure 2.8. The 

maximum power extraction is obtained at the optimal TSR. Note that the TSR is not 

constant and the uncaptured power is caused by airfoil profile losses, rotor end losses 

and whirlpool losses. Some factors such as rotor blade number losses are also a potential 

reason for the dramatic decrease in Cp. 

 

Figure 2.8 Cp - ɚ curves 

2.1.5 Yaw and Pitch Control System 

The measured flow direction is a very crucial feedback for the yaw system which is 

directly responsible for the utilization efficiency of the turbine. And, the real-time wind 

velocity data not only can be synchronized with the rotational speed of the rotor to give 

the most intuitive state monitoring but also can be a very important input data for the 

pitch angle control system to provide blade protection during dangerously high wind. 

Figure 2.9 shows a very typical wind turbine pitch control system (WTPC).  
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Figure 2.9 Block diagram of the WTPC system. Source: Fleming et al, 2013 

  When the   velocity is lower than the rated velocity, the blade pitch angle will stay 

at 0° for maximum power output. As the wind speed exceeds the rated value and 

continues to increase, the controller will accordingly provide the instantaneous 

instruction for 3 separated pitch control mechanisms (for 3-bladed rotor), which is 

commonly comprised of rotary encoders, gate drivers, IGBT modules and servo motors 

(Kabir, 2015). For the wind turbines with different capacities, the specific algorithm 

will be programmed in advance to the system. It is impossible to find a unified 

algorithm or analytical solution for this system, as the parameters interact with each 

other in a complicated manner (Lee, 2013). In most advanced cases, the hybrid solution 

combined with yaw system and WTPC system was proposed to enable the wind turbine 

to face more complex and unpredictable wind conditions. By rotating the nacelle, the 

yaw system not only can steadily capture the highest energy within the rotor swept area 

but reduce the structure loads of both the turbine itself and downstream turbine, which 

is simulated by Fleming et al (2013). Figure 2.10 shows the sectional view of a yaw 

system.  
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Figure 2.10 Example of a yaw system. Source: Lee et al, 2013 

In the existing tidal stream generator, the use of yaw system is relatively conservative. 

This is partly because the tidal flow direction is relatively fixed, but mainly because 

some of the components inside this system such as hydraulic actuators (Not shown in 

the figure) are still in a higher maintenance rate (Hau, 2008), which is unacceptable for 

an offshore device. Unlike the wind turbine, the yaw system installed in the AR1500 

tidal turbine is required to only activate the orientation every six hours for the changing 

tide and lock the angle during the power generation period (Atlantis Resources, 2015).  

2.2 Tidal Steam Turbines Evaluation 

Over the past 20 years, there are a number of full-scale prototype and derived small 

numbers of pre-production TSTs deployed. Some of these projects have been proven to 

offer the potential for excellent power production. An overview of the existing pre-

commercial TST projects can provide much useful information about the structure, 

design, monitoring technology and problems, which is needed for this current research. 

Some full-scale tidal stream turbines are selected for evaluation and their specifications 

and operating environment are listed in the Table 2.1. 
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Table 2-1 The specifications of pre-commercial tidal turbines. Source: Fraenkel-

Wright Ltd, 2012 

Models MCT 

Seaflow 

MCT 

SeaGen S 

AK1000 HS 300 HS 1000 Open 

Hydro 

Rotor Type Two-

bladed 

Rotor 

Twin 

Two-

bladed 

Rotor 

Twin 3-

bladed 

Rotors 

3-bladed 

Rotors 

3-bladed 

Rotors 

Open 

Centre 

Rated Power 300 kW 1.2 MW 1 MW 300 kW 1000 

kW 

1 MW 

Location Lynmouth, 

Devon 

Strangford 

Lough, 

Northern 

Ireland 

Orkney, 

Scotland 

Kvalsund, 

Norway 

Orkney, 

Scotland 

Bay of 

Fundy, 

Canada 

Completion 

Year 

2003 2008 2011 2003 2011 2010 

Rotor 

Diameter(m) 

11 16 18 20 21 16 

Depth (m) 24 ± 5 25 ± 2 50 50 52 30 

Sweep Area 

(ά ) 

95 402 254 314 346 201 

 

2.2.1 Seagen S and SeaFlow 

The world`s first commercial-scale tidal turbine, the Seagen S was developed by 

Marine Current Turbines Ltd (MCT). At the time, it was considered to be the most 

advanced tidal turbine. It had been constructed at Strangford Lough in 2008 and started 

to generate power only after 14 days installation (Power Technology, 2008). In 2012, 

the total power generation of 5 gigawatt-hours meant that this grid-connected turbine 

system can power 1500 homes in the UK (MCT, 2013). The most recent news stated 

that the Seagen S will be decommissioned before 2017 (BBC, 2016) and the MCT will 

do the further research for the life-cycle of commercial tidal turbine. Figure 2.11 shows 

the Seagen S system with its lifted two-bladed tidal turbines.  The deployed turbine 
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configuration intended that the structural design of the two 16 m diameter rotors and 

the narrow support bar not only provided the minimum 300 m2 rotor area needed for 

economic viability but also reduced the interaction between the blade and tower 

(Fraenkel 2007). 

 

Figure 2.11 Seagen S tidal turbine located in Strangford Lough; a) shows that rotor 

blades are lifted for inspection; Right) shows illustration of Seagen S system in 

operation. Source: MCT, 2008 

After one month from its first commissioning, one of the turbines failed to operate 

due to the wrongly pitched blade. This then suffered an overload caused by the strong 

flow from the wrong direction (Fraenkel, 2010). Although the design of the main tower 

with the lift device reduced the labour cost and difficulty of the blade replacement 

operation, the manufacturing of the new blade resulted in four months downtime (MCT, 

2008). Another significant operational maintenance activity was conducted in 2014 and 

it took 28 days to inspect the main tower and crossbeam that directly holds the two 

turbines (SWN, 2014). Some other common failures (sensors, cable connections and 

coolant leakage), which didn't result in too much downtime or extra cost, have been 
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immediately solved by the engineers on board in scheduled maintenance (MacEnri et 

al, 2011). 

As the older generation of Seagen S, the SeaFlow tidal turbine system (shown in 

Figure 2.12) consisted of a single rotor with 2.1 m diameter mounted on steel tower 

structure. In the context of this thesis the SeaFlow tidal turbine system provided much 

useful experience in TST related areas such as structural design and elements of 

manufacturing, construction, installation and field testing (Europe Commission, 2005). 

The adopted structure meant that the system could only operate with the tide in one 

direction. This was primarily due to the significant influence of the down-flow type of 

blade-tower interaction. 

 

Figure 2.12 General arrangement of the SEAFLOW turbine system off the north coast 

of Devon Source: European Commission, 2005. Elghali et al, 2007. 

Without the yaw control system on the tower, which was introduced in the Seagen S 
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turbine system that has similar horizontal axis structure, SeaFlow was only suitable for 

sites located in a channel or river. A study indicated that any variation of the flow 

direction toward the axis beyond 15 degrees will result in this system becoming non-

effective (Robotham 2008).  

The final report of the Environmental Monitoring Programme (EMP) for the SeaGen 

S system was published in 2011 (Keenan et al 2011). This was intended to ensure that 

this turbine system had no negative impact on the marine mammals and the seabed 

species. Although a previous report in 2009 provided evidences to prove that no such 

damage was occurring, the turbine was licenced to only operate in daytime until the 

completion of the final report (MCT, 2014). Since the turbine became fully operated, 

its annual power generation is more than 2 gigawatt-hours and there has been no 

significant failure during this period.  

2.2.2 OpenHydro 

The development and deployment of the OpenHydro tidal turbine system has earned 

a good reputation and has been supported by many successful projects. OpenHydro Ltd 

started to research its Open-Centre technology in 2004 and its first test was conducted 

in Scotland two years after. The recent contract with the Japanese Ministry of the 

Environment indicated that it is the first tidal turbine manufacturer break into the Asian 

tidal energy market. Unlike other tidal turbine energy companies, OpenHydro Ltd did 

not give any model name for each updated design of the system, although their structure, 

size and monitoring system are different. Figure 2.13 shows the evolution of the series 

of the OpenHydro tidal turbines in different projects over time. 
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Figure 2.13 Evolution of the OpenHydro tidal turbine systems Sources: Energy 

Insight, 2009. 

(a) The first OpenHydro tidal turbine tested in Orkney Islands has a rotor with 6 

metres diameter and 16 blades. The platform was designed as two piles to raise 

the turbine to do the regular inspection and maintenance.  

(b) In 2009, this system was deployed in the first commercial scale in the Bay of 

Fundy, Canada. Apart from less blades (12 blades), there was no real observable 

change in the main part of the turbine. This configuration utilises a central 

cylinder in the middle of the rotor to fix the blades. This installation was subject 

to a failure, which occurred after 20 days of operation (Andrew et al, 2012). Due 

to the unexpectedly strong tidal flows, all the blades were destroyed, and the 

downtime was almost more than 1 year (Boslet, 2010). This accident revealed 

two problems: firstly, there is a lack of real-time ocean current velocity 

monitoring for the whole extracting area and secondly the cylinder in the middle, 

which connects every blade, did not provide the blades with a certain range of 

flap-wise deflection and made all the blades share the thrust. In this case the 
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failures were in part made worse because the OpenHydro system was unable to 

automatically take measures to prevent the failures. This was mainly due to the 

rotor blades operating without pitch control.  

(c) Figure 2.13 shows a new model of the OpenHydro which was designed in 2012. 

This has 10 blades with a more robust hub. The 16 m diameter increased the rated 

power up to 2 MW.  

(d) Although there was no record of any severe failure for this structure, in 2015, the 

structure of the turbine was eventually transformed to the one shown in Figure 

2.13(d). The hub in the middle has been removed, which allows the tip of the 

blade to undergo the flap-wise deflection. The turn-in tip of the blade minimised 

the influence of the non-uniformly distributed loads caused by the difference 

between the flow velocities in vertical positions. There are two new 2 MW 

OpenHydro tidal turbine system which will be installed in the Bay of Fundy 

(SWN, 2016). 

2.2.3 AK1000 and AR1000 

The 18-m diameter and 255 m2 extracting area of the AR 1000 and AK1000 tidal 

turbine systems by Atlantis Resources Corporation means that they were the worldôs 

largest tidal turbines in 2010. The company`s philosophy of design meant that the 

device worked in a similar manner to a wind turbine. This allowed the simplifying of 

its structure and associated details such as the direct drive PMG (needing no gearbox), 

the rotor-nacelle-tower structure and the use of fixed pitch blades. The reason for this 

approach was improving the reliability of the system. The first trials for the AK 1000 
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tidal turbine system were conducted in the waters off the Orkney in 2010. The double 

rotor configuration and the design of the relatively long chord length meant it was 

different from other usual tidal turbine systems. Figure 2.14 shows the picture of the 

assembled AK1000 turbine system. 

Although a study by OôDoherty et al (2009) indicated that power generation 

increased with the use of a contra-rotating turbine, the influence of increased axial 

thrust is uncertain. In the second month of its operation, one of the blades was broken 

despite the conditions being within the rated flow velocity. This failure was found to be 

due to a manufacturing fault according to the later investigations (Elasha, 2014).  

 

Figure 2.14 AK1000 Tidal turbine assembled on the land Source: Jupiter Hydro 

Inc.,2012 

The next generation AR1000 turbine system was introduced in 2011. In fact, the early 

AR1000 was adapted from the AK1000 tidal turbine by removing one set of the blades. 

The single rotor and yaw drive means that the AR1000 can providea good performance 

even in the slack period. After one year of the operation, AR1000  became the first 
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one to conduct the full-scaled tidal turbine experiments such drive train testing and 

accelerated lifecycle testing (Taaffe, 2016). The Figure 2.15 shows the installation of 

the AR1000 turbine. 

 

Figure 2.15 Installation of the AR1000 tidal turbine Source: Jupiter Hydro Inc., 2012 

2.2.4 HS300 and HS1000 

ANDRITZ HYDRO Hammerfest developed the HS300 system in 1990s, it was 

installed as the first gird-connected tidal turbine in Norway in 2004. It was originally 

designed for 3 years field testing but was used until 2012 with a maintenance in 2009. 

Although the HS300 is a prototype scale structure the rotor diameter was nearly 20 m, 

providing a swept area of more than 300 m2. This is bigger than many commercial tidal 

turbines (AHH, 2012). The conventional straight support structure has been changed to 

the inclined tower. As the main part of the substructure, this inclined tower has been 

fixed on the seabed by three ballast packages. This design reduces the blade-tower 

interaction in a certain range due to the larger tip clearance and also reduces the 

vibration in the flow direction caused by the hydraulic loads on surface of the 
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substructure. After the successful deployment of the HS300, the HS1000 was first 

installed in Orkney in 2011 to replace its predecessor. As the pre-commercial version 

of the HS series, this version has been subsequently deployed as the first turbine in the 

planned MeyGen Phase 1A tidal array. Figure 2.16 shows the general arrangement 

drawing for HS 1000 tidal turbine system.  

 

Figure 2.16 Structure of the HS1000 tidal turbine system Source: McEwenet.al.2012 

The HS1000 is a typical example of a simplified wind turbine structure both inside 

and out (McEwen et al,2012). All the components have been integrated into the nacelle 

as the wind turbine and the cable for transferring the electricity is placed outside the 

tower. This means that the whole substructure is independent to facilitate the 

convenience of installation, replacement and decommissioning. Moreover, the load 

bank is mounted on the bottom of the incline tower to dissipate the electricity for any 

unexpected failures of cables (SPR Ltd, 2010).  

2.3 Numerical and Experimental Studies of TST 

CFD is based on the application of the Navier-Stokes equations. It is a powerful tool 

that is used for visualising the flow motion and assessing its influence on objects by 
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using applied mathematics, physics within the associated software (Shah et al, 2013). 

This cost-effective and time-saving method has been used to provide reliable numerical 

analysis for TST performance in recent years. It uses information of a full-scaled or 

scaled TST to create a 3D mathematical model on a grid. Various flow conditions are 

then applied on the model to investigate the specific problems. The results of CFD 

modelling conducted by Cardiff Marine Energy Research Group (CMERG) are 

presented and reviewed in the following sections to illustrate the nature and benefits of 

this approach. The main aspects of CFD were presented in work published by Robinson 

and Byrne (2008) which summarised the basic considerations for modelling a TST, as 

shown in Figure 2.17. 

 

Figure 2.17 Aspects to modelling a TST. Source: Robinson and Byrne, 2008 

Apart from the uniform flow condition and profiled flow, the blockage conditions are 

also studied as a very important scenario. The blockage conditions are inevitable in 

practice and classified as two main categories: 

1. the blockage from another TST system upstream.  
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2. the blockage from the tower when the flow direction is reversed.  

It was recognised that a TST will experience more interferences in wall bounded flow 

than in free-stream conditions (Glauert, 1933). However, the OpenHydro TST which 

has a fixed blade and shrouded structure is still competitive in the current tidal energy 

market.  

The comparisons between different pitch angle are often used to study the 

performance of the turbine operated in various flow and blockage conditions. 

A consideration of the structural-based dynamic behaviour of a TST blade is 

presented as the theoretical basis of the experiments in following chapters. Other 

mathematical modelling work related to the blade behaviour and turbine performance 

is also summarised. This is then used to consider the influence of the Blade-Tower (B-

T) interaction on HATT performance. 

2.3.1 Scaled Flume and Wind Tunnel Testing for Scaled TST 

While the field testing of a full-scaled TST at a specific location can provide valuable 

information for its design iteration, the research of improving the turbine performance 

can benefit from being undertaken within a relatively ideal operating environment. This 

is because of the many design parameters are involved. In the open channel, the flow 

conditions are affected by channel shape, volume, gradient and the friction created 

between the moving water and the elements such as rocks on the bottom. The common 

application of testing in a water flume is used to not only validate the CFD results but 

also to transfer the proposed technique into the full-scaled device. Figure 2.18 shows 
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the general setup for the water flume test conducted by CMERG researchers (Allmark 

2017) at Liverpool university. The water flume was configured and controlled to 

provide plug flow conditions (constant flow with water depth) and an average axial 

flow velocity of 0.94 ms-1(Allmark et al, 2013). A scaled HATT was supported from 

above, being suspended from a horizontal tower. In operation, the cables were tied 

together with the support structure and connected to the controller and the PC. The 

support structure was instrumented with a force block measuring the total thrust loading.  

 

Figure 2.18 General water flume test arrangement. Source: Allmark, 2017 

  The 1/20th scaled turbine used in test was designed by CMERG and the group have 

developed three generations of small-scale TST models in recent years for validating 

the information from mathematical modelling activities. The  TST model has three 

0.5m- diameter blades and each blade pitch angle was adjustable. More details can be 

found in a related paper (Mason-Jones, 2010). Figure 2.19 shows the configuration of 

the 1/20th scaled TST.  






































































































































































































































































































