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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-
1



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).

900

International aviation
and shipping
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Indicative 2050 (CO,)
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700
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1990 2010 2050
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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



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.

35,000
mSolar PV

30,000 mOffshore wind

mOnshore wind
25,000 4

@Other bioenergy

20000
WLandhll gas

Installed capacity - MW

15,000 ®Hydro

10,000 4

5,000

04

2000 2009 2010 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.



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 Enerqy

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



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:
< Reduce risk of unscheduled shutdowns and improve the availability of the energy

extraction (Yang et al, 2010).

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

advance.

<~ Reduce maintenance costs which includes the shipping for replacing the faulty

parts.

<> 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.



® 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



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 technigue 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.



2. Literature Review

This chapter introduces the background of tidal stream turbine (TST) technology and
it’s 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 Enerqy

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 'T” 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.

Turbine Rotor Gearbox @ Generator
~ ——

L " ...‘.ﬁ'»—m'v

3
'®

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
aHATT.
The available max power within the swept area of the rotor can be calculated as:
P =05pAU3 (3.1)

Where p 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, C,, 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:

CP - Pmax ~ s pAU3 (32)
After transformation,
Pr =05pAU3+C, (3.3)

Where P; 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 HATTSs 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:

— (/AL

= 3.4
0.5pU?2 (34)

L

Where A, 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 C;, the drag coefficient Cpis

given by:

_ (P/4p)

= 3.5
0.5pU?2 (3:5)

D
Where D is the drag force and Ap 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 C;,which is an important dimensionless value, can be

calculated as:

T

= — 3.6
0.5pAU? (36)

Cr

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:
T=m(U; —U,) (3.7)
Where m is the mass flow rate given by m = (pAU); = (pAU), for steady state
flow.
The axial induction factor, «, presents the reduction ratio of flow speed downstream
of the actuator disk. It is calculated as:
a= (U —U)/U; (3.8)
The tip speed ratio (TSR), A, 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:
A =28 (3.9)

U

Where w 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 C,, 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.
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Figure 2.8 Cp - A 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 MCT AK1000 | HS 300 HS 1000 | Open
Seaflow SeaGen S Hydro
Rotor Type Two- | Twin Twin 3- | 3-bladed | 3-bladed | Open
bladed Two- bladed Rotors Rotors | Centre
Rotor bladed Rotors
Rotor
Rated Power | 300 kW 1.2 MW 1 MW 300 kW 1000 1 MW
kW
Location Lynmouth, | Strangford | Orkney, | Kvalsund, | Orkney, | Bay of
Devon Lough, Scotland | Norway | Scotland | Fundy,
Northern Canada
Ireland
Completion | 2003 2008 2011 2003 2011 2010
Year
Rotor 11 16 18 20 21 16
Diameter(m)
Depth (m) 245 252 50 50 52 30
Sweep Area | 95 402 254 314 346 201
(m?)

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 m? 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.

Crane | S St /
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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, 20009.

(@) 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 m? extracting area of the AR 1000 and AK1000 tidal
turbine systems by Atlantis Resources Corporation means that they were the world’s
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
29



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 O’Doherty 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.
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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™(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.

Drive shaft Strain gauges

Main
supporting ——»
Frame

Axial load
logger

Turbine
support
tube

Water depth (a) = 0.85 m
Depth to turbine rotation axis (b) = 0.425 m Flow direction
Flume width (¢) = 1.4 m

Figure 2.18 General water flume test arrangement. Source: Allmark, 2017
The 1/20™ 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 1/20" scaled TST.
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Figure 2.19 Configurations of the scaled TST model. Source: Allmark, 2017

In this configuration, a) shows the scaled TST in the water flume after installation;
b) shows the adjustable circular hole on the blade housing to install the blade; c) shows
the USB slip ring mounted at back of turbine for data communication and
instrumentation power; d) is the nose cone circuitry installed inside the hub for signal
conditioning and data acquisition.

According to the CFD modelling, the optimum blade pitch angle had been
determined to be 6°. In this test, one of the blades was deliberately adjusted to a pitch
angle of 15° to simulate a general blade fault. The comparisons of both the levels of
generated power and axial thrust between the optimal and offset group can introduce
unbalanced blade contributions. However, based on the actual observation, two
potential influencing factors must be considered:

1. As the vibration of the entire structure can be visibly observed during the test,

the accuracy of the data from force block was inevitably affected by the vibration
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although the obtained axial thrust signal showed that the faulty blade can be

detected by the spectrograms analysis.

2. Based on above, it is uncertain whether the influence of the blade pitch angle is
structural-based or hydrodynamic-based for this case due to its scaled size. The
total thrust signal in the real TSTs may not have enough sensitivity for the
detection of small pitch angle offset or the early effect arising due to damaged
blades. Actual information about the vibration and/or thrust analysis of the full-
scaled TST is very limited in the public domain, which means this uncertainty
cannot currently be considered by the comparison between the scaled and full-

size TST.

3. The configuration of the setup led to a certain lack of synchronisation of the data
captured from differing sources. This limited the comprehensive understanding

of the influence of the wrongly pitched blade on the turbine characteristics.

It should be noted that flume-based testing is time consuming and expensive. There
would be considerable benefit to be gained by transferring the aims of these tests to
a wind tunnel environment which would allow for lower cost, quicker and easier
experimentation.
2.3.2 Structural-based Analysis of TST
A small model of a 3-bladed turbine is shown in Figure 2.20. This was used for
demonstrating the deformation of the TST's blade. The components u, v, w and @
respectively represent the longitudinal, edge-wise, flap-wise deflections of the blade
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and torsional direction. For the faulty blade, these components will be different from

those associated with the optimal or healthy blade due to the changing properties.

-
§
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Figure 2.20 Schematic view of blade deformation. Source: Rezaei et al, 2015
In the same way as has been considered for a wind turbine blade, a blade of a TST
can be simplified to a cantilevered beam AB for static analysis as shown in Figure 2.21
(Tartibu and Kilfoil, 2012 and Hansen et al, 2006). The end A of the beam is fixed to
the wall as the blade is ideally connected to the hub. The flow pressure is considered as
being a uniformly distributed hydrodynamic load (UDHL) q; The symbols d and 6

respectively means the tip deflection and the angle of rotation at end B.
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Figure 2.21 Tip deflection and cantilever beam with UDHL. Source: Tartibu and Kilfoil, 2012

The relationship between tip deflection d and cantilever beam can be given by:

= qL* 3.10
"~ 8EI (3.10)
And, the angle of rotation at B can be calculated by:
qL?
= — A1
6EI (3 )

Where El is bending stiffness and L is the length of cantilever. With the reduction of
the blade stiffness, the tip deflection d increases. After derivation, the relationship
between tip deflection d and the angle of rotation 6 in this case can be expressed as:

3
d= ’ 6L (3.12)

For analysing the entire TST system, the tower and the main shaft can be simplified

as a cantilevered beam with different properties of the material. With the UDHL, two

scenarios are demonstrated in Figure 2.22. qo is the uniformly distributed flow pressure.
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Figure 2.22 Flap-wise tip deflection of the turbine blade in different azimuth positions

Without the blade in front, the load applied on the tower or on the blade should be
constant. Assuming that: L1 is the blade length, L is the length of the shaft between the
blade and tower, Ls is the height of the tower. The di can be expressed as:

d= EHL (3.13)

With the assumption that g1 on the tower remains to be the steady uniform loads, the
resultant tip deflection d2 is mainly dependant on the difference between g: and qo.
Therefore, for a large wind turbine or TST, the tower pressure distribution within the
swept area is very important for analysing the blade deflection and the vibration of the
entire structure (Zhou, 2012). In real life however, the tower of the TST will have much
higher stiffness than the blade due to larger size and material properties of the former.
Therefore, the shaft and blade are more sensitive to deformation or vibration.

This simplification of the TST blade is useful for understanding the small-scale
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experiment which is not related with the blade profile. However, the actual TST's blade
has multiple aerofoil sections, chord lengths and angles of twist, which means the loads
on the blade are complicated. As an illustration of this the blade of TST can be
considered as three regions according to the associated hydrodynamic and structural
function as shown in Figure 2.23. The resistance of the all sections of the blade under

the extreme loading during operation must be considered in blade design (Ahlstrom,

2006).
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Figure 2.23 A typical blade region classification.

Section 1: the blade root is the transition part between the root end and the first
aerofoil profile. Although this part has the lowest relative flow velocity due to the small
rotor radius compared to the other two, it carries the highest hydrodynamic loads. This
is also the main reason why the aerofoil profiles close to the root are excessively thick.
In addition, the hydrodynamic efficiency in in this region is relative low;

Section 2: the mid span is the main part that is used for extracting the energy from
the tidal stream. As such the lift to drag ratio (L/D) for layer in this area is maximised;

Section 33; the blade tip is designed to reduce noise and cavitation that can occur due

to it having the highest TSR along the blade.
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2.3.3 Flow Profile and ADCP Measurement Techniques

A report (Fraenkel 2011) showed that 75% tidal power is in the top 50% of the sea
and a higher velocity shear is present for the bottom 25% of the sea. As shown in Figure
2.24, the flow profile close to the seabed has a much higher vertical shear than those
located in the upper 50% of the water column. For the practical operation of the TST,
the rotor blades operate with the depth-wise velocity profiles instead of UDHL. This
means that the load on each blade varies with its position within each rotation. If the
flow profile changes significantly within the swept area, the turbine performance would
be affected (Fung, 2014). Two of the main reasons for a flow profile change within the
swept area of the TST are;

1) the operating depth of the TST will vary with the time due to changing sea levels

during tidal movement.

2) the transient turbulence plays a crucial role on changing the flow direction and

speed in both horizontal and vertical directions.

However, once again it must be stated that much of the data acquired from full-scaled

TST project sites is typically limited to leading companies (Mason-Jones et al, 2011).
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Figure 2.24 Velocity profile and power distribution through water column. Source:
Fraenkel, 2011

In the early stage of the development of the TST, depth-averaged or simplified
velocity profiles were used when modelling the flow condition (Lewis et al, 2016). A
1/7" power law is typically accepted by the wind industry and emerging tidal industry
and expressed as:

U% = zir a (3.14)

Where U is the flow speed at the height Z, U, is the known speed at the height
Z,, and exponent « is empirically derived as 1/7, or 0.143.

In the practical tidal turbine applications, the Acoustic Doppler Current Profiler
(ADCP) is the most commonly used device to measure the current velocities over a
depth range. Although its primary usage is for oceanography (Emery et al, 2001),
ADCP is also used to continuously measure the flow profile after improving its

processing methods. Similar to SONAR, the ADCP approach uses a Doppler shift to

remotely but accurately measure the flow profile. Figure 2.25 shows the locations
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typical for the ADCP in operation.

 Surface Buoy system

Ship-based
Measurement

Figure 2.25 Schematic diagram of the ADCPs in operation
A typical case examining the flow profile using an ADCP survey was conducted
(Epler et al (2010) and the specifications of the shipboard ADCP deployed are shown
in Table 2.2. The ADCP is powered by the ship and the error caused by the movement

of the ship was eliminated by a GPS navigation system.

Table 2-2 Shipboard ADCP configuration. Source: Epler et al, 2010

Teledyne RDI Workhorse Monitor
Acoustic Frequency 307.2 kHz
Time per Ping 0.5 sec
Time between Pings 3 -4 sec
Vertical Bin Size 1.0 m
Pings / Ensemble 1
Transducer Depth 1.18 m
Blanking Distance 2.0m

The estimated average flow profile is shown as blue curve in Figure 2.26. Each grey
point represents the speed data at a corresponding depth. The red box shows a 5m

vertical average region. The averaged velocity close to the seabed is seen to fluctuate
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and will thus not be a good source of reference data.
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Figure 2.26 Estimated velocity profile in vertical direction. Source: Epler et al (2010)

Although ADCP is reliable for ensuring that the current at the selected site is strong
enough for power generation before project installation, the performance of this
instrument for the long-term real-time monitoring work still has much room for
improvement. This can be observed in relation to the blade failure of the Open Hydro
tidal turbine which occurred in the US in 2009 (Andrew et al, 2012). This and other
similar reported failures (Liu et al 2012) reflected that there was a certain technical
defect in the system. This could be associated with both the rotor brake alarm and water
flow monitoring. This research suggested that the presence of random strong ocean
turbulence approaching the rotor blade cannot be precisely located or found using
ADCP. The unexpected early blade fatigue which repeatedly occurred in regard to the
AK1000 HATT, which was widely reported (BBC 2015), was attributed to the lack of
the experimental data for long-term field monitoring of blade loads (Milne et al, 2015).

It was also considered that there was a large discrepancy between the actual blade load
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distribution and the measured flow profile.

A further limitation on ADCP deployment is related to the energy supply problem
for the floating ADCP. This and the influence of the harsh marine environment on any
seabed-based ADCP restricts the capability of a deployed device to obtain reliable data
of flow profile in the long term. Figure 2.27 shows the marine growth on the seabed-

based ADCP after two years of operation.

Figure 2.27 Changes of seabed-based ADCP after two years of operation. Source:
Houde, 2012
Based upon the consideration of the above issues and the advantages and
disadvantages of ADCP given by the Woods Hole Oceanographic Institute (WHOI,
2009), the limitations of seabed-mounted ADCP for condition monitoring functions
applied to TST can be summarised as:
1. Due to its working principle, the performance of ADCP can be affected by the

reduction in particle densities.

2. High frequency single repeats can consume huge amounts of power, which

increases both the transmission load and cost.
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3. The regular and frequent maintenance is not cost-effective and achievable due to

the deep-water location associated with TST deployment.

4. The long-term performance or measurement accuracy cannot be guaranteed.

Taking this assessment forward it is clear that an alternative to ADCP would be very
beneficial to the monitoring and management of deployed TST devices.
2.3.4 Blade-Tower Interaction

Blade-Tower (B-T) interactions have been previously considered in respect to the
operation of wind turbines. There are two types of B-T interactions, depending on the
flow direction (Hansen et al, 2006). For application to a tidal turbine, these could be
called downstream and upstream. The B-T interactions are caused by the complex flows
between the blade and tower which can result in the unstable and unexpected
aerodynamic performance of the turbine. Therefore, extensive work has been conducted
to predict aerodynamic performance: Duque et al. were the first to perform the CFD
modelling based calculation of a downwind wind turbine (Duque et al. 1999). Further
work (Back et al 2001) indicated that B-T interactions would affect fatigue loads,
particularly at relatively low wind speeds. To date most reported studies focus on the
downwind interactions on the wind turbine as the influence of the blocked tower on the
rotational speed and thrust is significant compared to the upwind turbine (Chattot, 2006).
As shown in Figure 2.28 the downwind B-T interactions are often defined in terms of

a tower shadowing effect (Gan et al, 2017).
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Figure 2.28 Schematic diagram of downwind B-T interactions. Source: Gan et al,
2017

Figure 2.28(a) shows that there are no tower shadowing effects when the main part
of the blade does not overlap the tower, from the axial angle of observation. Figure
2.28(b) shows the suddenly changed pressure distribution associated with the blade
being at the 180° azimuth angle. Without the consideration of the tower deflection or
vibration, the pressure on the tower surface is assumed to be constant during the
operation. Modelling conducted by CMERG researchers (Doherty et al 2009) indicated
that the downstream flow condition results in the simulated TST experiencing peaks of
the axial bending moment 10 times greater than the average moment for the upstream
arrangement. Tip clearance is the distance between the blade tip and the tower surface
and it can show the degree of the blade deflection under different conditions. In addition,
it can be used as an indicator to show if the blade is deflected under a certain wind

condition.

The influence of the downwind or downstream B-T interactions are not only on the
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turbine performance but the structural stability. Proof of this has been provided with the
comparisons of the performance and unsteady loads between upwind and downwind
WTs (Frau et al 2015).

Figure 2.29 shows the fluctuation of the power coefficient caused by upwind and

downwind B-T interactions.
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Figure 2.29 Normalized power coefficient over one revolution. Source: Frau et al,
2015
The power coefficient drops arising in each rotation for each blade of the downwind
turbine can be observed in Figure 2.29. This behaviour can be related to turbine
operation as depicted by the illustrations of Figure 2.28. Although this drop can be
observed to a lesser degree in the upwind turbine it cannot be ignored. With the
assumption that there is no deflection of the tower, the flow pressure applied on the
surface of the blade should not be affected by the tower behind the blade. The

comparison of flap-wise blade moment, shown in Figure 2.30, can be used to explain

its direct consequences. Specifically, the variation of the flap-wise blade deflection
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results in an unsteady angle of attack, which is closely related with power extraction.
In addition, the thrust drop of the upwind turbine means that the blade continues to
vibrate in the flap-wise direction. However, in the case of the upwind turbine, the blade
bending moment remains low within a short period after the tower passage and then
rise slowly until the next passage. This phenomenon and the associated turbine
behaviour has been explored (Graham et al 2001) to show that, with the increase in
deployed wind turbine diameters over time, the loss performance due to upwind

interactions have become increasing worthy of consideration.
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Figure 2.30 Evolution of one blade flap-wise moment over one rotor revolution.
Source: Frau et al, 2015
Anonlinear vortex correction method (NVCM) has been developed (Kim et al 2010)
and used to perform a numerical study of a two-bladed wind turbine with various tower
radius operated in different flow conditions. Figure 2.31 shows the wake collisions of

the simulated wind turbine. Each rotation is divided in to 60 steps and each step is 6°.
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Figure 2.31 Simulated vortex lattices and wake panels. Source: Kim et al, 2011

Figure 2.31(a) and (b) respectively show the front view and top view of wake
collision with tower. Figure 2.31(c) shows the whole set of wakes generated by the
blade rotation. The results indicate that the difference of shaft torque between the
configuration with and without the tower is not significant under steady uniform wind
condition. This is because the relatively small chord width of the blade (compared to
the tower radius) makes the B-T interactions occur in an instant and represent a very
small portion of the averaging value. Figure 2.32 shows the normal force variation in
two positions of the blade with different operating conditions. R is the blade radius and

r is the distance from the blade root.
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Figure 2.32 Normal force versus azimuth angle in various yaw errors at 5 m/s. Source:
Kim et al, 2011

The blade used in this modelling is from an NREL Phase VI turbine (Zahle et al,
2009), in which the chord length and r/R are inversely proportional as is normal for a
wind turbine blade. Without the tower, the fluctuation caused by the yaw error at r/R is
larger than that at r/R due to the larger chord length. With the tower, it is found that
there is a lower than normal force caused by B-T interaction for each group. However,
this change is difficult to quantify with the increasing yaw error. In addition, the
pressure on the surface of the tower is hard to predict even for constant wind speeds
due to yaw error.

Another research group (Wang et al 2012) performed a simulation to investigate the
pressure variation on the tower during the blade passage. Without the yaw error, the
obvious cyclic pressure drop exists within the blade swept area. For example, when the
turbine operates in a 5ms™ average wind speed, the pressure at the parts close to the

middle of the blade can drop below zero. The comparisons are presented in Figure 2.33.
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Figure 2.33 Tower pressure distribution for 5 and 10 m/s wind speed. Source: Wang et
al, 2012.

Based on the results in Figure 2.33, it can be observed that the geometry (or condition)
of the turbine blade plays a crucial role in affecting the pressure distribution on the
tower. It is interesting at this point to speculate whether the inverse relationship exists;
can the pressure distribution be a source of information in regard to blade condition?

This was not considered in the reported research but it may be seen that the failures of
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TST blade which are related to changes of geometry can be detected by comparing the

historical pressure distribution from reference blade with current blade condition.
Other research investigated how the surface roughness can be seen to be another

factor for the wake after the blade. Figure 2.34 shows the photos of Race Rock tidal

turbine and the prototype TST of the Verdant Power Company after deployment.
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Figure 2.34 Examples of the faulty tidal turbine system. Sources: Elasha et al, 2014
and Zhou et al, 2016.

The build-up of micro-algae on the turbine blades, shown in Figure 2.34 (a), changes
the surface roughness. This lead to the loss performance of the turbine which could be
related to this degrading in surface conditions. This problem was not found until a few
months of reduction in the power generation. It is of great interest to note that, although
the system was only a prototype and thus its performance could not be anticipated, the
broken blade tip in Figure 2.34 (b) was not detected at first as there was no significant
power reduction for this case.

The question that arises here is could there have been a more effective monitoring

approach. Since this would depend upon real-time monitoring of the blade status it is
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interesting to speculate whether the B-T interactions could be used a breakthrough for
this. Due to the harsh and complicated marine environment, there are no reported
physical experiments that investigate such phenomena on TST in detail.

2.4 Experience in Blade Health Monitoring (BHM) for Wind Turbine

As the technology applied to TST can be said to be in its infancy, the development
and research of the corresponding CM systems can potentially provide much guidance
and information on the operation of a TST which in turn can be used for the design
iteration of the turbine (Allmark, 2016). Much of the technology developed and applied
to support the evolution of a wind turbine and its associated CMs can be directly
transferred to tidal turbines. However, as mentioned in Chapter 1, the characteristics of
the tidal turbine blade are very different to that of wind turbine in terms of material,
size, geometry and accessibility due to the harsh operating environments. Given that
the operation and maintenance (O&M) cost of the TST blade is higher than that of WT
blade, any unscheduled or reactive maintenance should be avoided as much as possible.
It is however helpful at this point to consider a summary of the state-of-art monitoring
techniques for WT's blades. This is necessary to establish an ideal structural health
monitoring (SHM) system for a TST blade.

One survey (Ribrant and Bertling, 2007) suggests that rotor blades contribute 13.7%
of reported wind turbine failures from 1997 to 2005, ahead of gearbox failures (9.8%).
According to the information from a second report (Campbell, 2015), there are some
3,800 out of 700,000 WTs in operation that reportedly failed due to the rotor blades in

2015 and the blade failures are primary cause (40%) of insurance claims in the
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American onshore wind market. Although wind power has been commercialized for a

long time they still fail and the economic losses and downtime caused by the blade

failures in particular cannot be ignored. The most effective approach is to deploy a

BHM system to secure the successful wind power generation (Yang et al, 2017). There

are three issues needs to be considered for establishing the ideal BHM system:

1.

3.

The ability to identify the changes or detecting incipient faults on the blade is
critical for a specific BHM system. If the incipient faults could be detected earlier
and dealt with before they become catastrophic failures, many unnecessary

scheduled or unscheduled maintenance can be reduced (Kabir et al, 2015).

. The trend in wind turbines is for their blades to become larger, longer and heavier

over the recent decades. The feasibility of applying the previous generation of
BHM systems to the up-to-date WT system is uncertain. In addition, the lighter
and stronger requirements for fiberglass composite material also poses a greater

challenge for the compatibility of the existing BHM system (Feng et al, 2010).

As the BHM system provides permanent protection for the turbine blade, a cost-
effective monitoring system is needed with the considerations of the capital cost,

operational cost and reliability (Carroll et al, 2016).

Within the literature, three major failures modes of WT blade have been summarised

by Yang (2013) as:

1) the failure of adhesive joints
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2) the cleavage (pulling apart of the composite fibers) of the load carrying

laminates and

3) the damage in laminate involving fiber breakage.

For detecting these failures, many non-destructive testing (NDT) techniques with
different sensors, operational principles and installation locations have been developed
and deployed.
In order to place into context, the approaches develop later in this thesis the capabilities,
benefits and drawbacks of each BHM system are reviewed and the possibility and
limitations of transferring these techniques to TSTs is also discussed in the following.
2.4.1 Acoustic Emission (AE) Monitoring

AE technology refers methods deployed to detect the blade changes such as cracking,
irreversible deformation, delamination and collision. This is achieved by analyzing the
transient elastic waves produced by a sudden redistribution of stress at specific location
(Balageas, 2006). Unlike most other NDT techniques, AE only receives the acoustic
signal released by the object if the changes are adequate larger enough to trigger
acoustic emissions. Based on its working principle, the reliability of AE monitoring is
prone to be affected by background noise.

Another important attribute of AE technology is to distinguish between the
developing and resident defects to ensure that only the former will be highlighted
(Joosse et al, 2002). Other researchers (Bouzid et al 2014) conducted a field test by

using the wireless AE units on a 300W wind turbine installed at Newcastle University
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and localized the fault by extracting the features from aliased AE signals. Figure 2.35

shows the configuration of the models.
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Figure 2.35 Proposed configuration of acoustic wireless units. Source: Bouzid et al,
2002

In this configuration, the AE signals generated propagated in constrained paths along
each of the blades and the signal captured from the rotating blades was sent to the
remote-control unit through a wireless medium. With the increase in size of the wind
turbine blades, a considerable number of AE sensors deployed along the blade is
required to achieve full blade coverage (Ruan et al, 2014).

2.4.2 Infrared Thermography (IRT)

IRT, also called thermal imaging, involves visualizing the surface temperature of the
object by representing it as an image. Since all objects emit the electromagnetic
radiation that is related to its temperature, any faults on the blade caused by the
degeneration and cracks can potentially be associated with a temperature change (Yang

et al, 2013). The IR-camera is the only device needed for this method and is often
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located on the bottom of the turbine for inspecting all the three rotating blades.
Therefore, the blade defects near the camera are particularly easy to detect (Hameeda

etal, 2007). Figure 2.36 shows an example of the thermal photographs of the WT blades.

Figure 2.36 Thermal image of the rotating blades. Source: Meinlschmidt, 2006.

The bright areas in left photograph, which are warmer than the dark areas, indicate
the higher temperature caused by the extra mechanical loading (blue arrows). The bright
areas in right photograph shows the hot spots due to the friction of micro cracks
(Meinlschmidt, 2006). However, a feasibility study (Bodil et al, 2001) suggested that
IRT is not capable of detecting the early fault as this associated temperature change
develops slowly. In addition, the cooling capacity of the seawater will also affect the
imaging process.
2.4.3 Optical-Based Strain Measurements

It has been shown that optical fiber sensors are capable of measuring temperatures
and/or strains at thousands of points along a single fiber (Bao and Chen, 2012). As such
a turbine blade can be embedded or mounted with a network of sensors to enable the
health monitoring with high resolution. As the optical fiber transmits signals using

pulses of light, it is lightweight, slim and immune to electromagnetic interference (EMI)
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which can reduce the speed of transmission (Rogers, 1999). A fatigue test conducted
by researchers (Pedrazzani et al 2012) suggested that fiber optic sensors technique can
be used to accurately locate the defect before half the cycles to failure have been
completed. Another dynamic strain tests by using small-scaled model has been
conducted (Coscetta et al, 2017), and further proved its feasibility in full scale WTs.

Figure 2.37 shows the optical fiber configured with temperature sensor and strain sensor.

Temperature

sensor

Figure 2.37 Schematic of fiber optic sensors

The fiber has a very high strain limit which means it can survive within the life time
of the turbine system. However, OFM is complicated and its cost is expensive in
practical applications compared with other BHM techniques (Guemes et al, 2010).
2.4.4 Laser-based Tip Deflection Measurement

The use of a distance laser device, installed on the WT, has been suggested to detect
the changes in stiffness of the blade (Timmerman, 2009). This was achieved by
measuring the amplitude of the deflection at the tip of each blade when the blade crosses
the laser beam. It must be noted that the comparison between the newly measured

deflection and the recorded “normal” deflection should be done when the system is
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operating under the same operating conditions (i.e. wind speed, rotational speed and
pitch angle) (Rolfes et al, 2014). Figure 2.38 shows the added devices and their mounted

position on the WT.

\4
Distance Laser ]

Controller

Figure 2.38 Schematic diagram of the laser-based tip deflection measurement

A lab experiment (Mankowski and Wang, 2016) proved that the edge-wise deflection
of the blade can be also obtained by the use of a similar laser measurement, which
means the pitch angle offset can also be detected. However, this has not yet been
implemented on a full-scale WT.
2.4.5 Feasibility Assessment

Based on the consideration of the state of the art in WT blade monitoring presented
above, the following considerations and conclusions associated with the application of
these to TST can be made:

A reliable BHM technique has not yet been achieved. This assertion is based on the
failure rate reported in regard to current WT operations. There is no standard technique

which may be applied for WTs with different rotor diameters and configurations.
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Therefore, it can be asserted that the sector is some way away from establishing the
commercially viable BHM system for TST.

As mentioned above, AE techniques and systems are prone to be affected by the
presence of external noise. During the operation of TST, the pressure variations and
bubbles caused by cavitation, noise from the activities of marine organisms and the
possible collision between the sea-bourn particles (sand and small stones) and the blade
are inevitable, which means reliability of AE cannot be guaranteed under the sea.

Infrared thermography technique is the most intuitive method for monitoring the
blade status as it doesn’t need any signal processing. However, consideration of the
physical properties of sea water suggest that an infrared camera cannot be used under
the sea and this technique is not applicable for TST. As the same reason, the
implementation of the laser-based tip deflection measurement is also not feasible.

The major obstacle for the implementation of optical-fiber sensors is their high costs.
In addition, the performance of the strain gauge under impact and fatigue loads is
another problem (Yang et al, 2014). However, a report shows that the strain gauge is
capable of detecting mammal collisions with TST blade (Jha, 2016).

Taken overall it can be asserted that existing WT blade condition monitoring is
evolving and yet to be fully commissioned. The added complications of fully immersed
and remotely located TST devices must be addressed if viable CM systems are to be

developed.
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3. An Experiment-based Investigation on Dynamic Behaviour

of the Small-scaled Turbine Structure

This Chapter introduces the preliminary understanding of the dynamic behaviours of
TST. Two test rigs were designed to study the influences of structure-based and
aerodynamic factors on the models, Specifically the vibration of the model and
rotational speed of the rotor are analysed.

3.1 Introduction

For a TST structure, the hydrodynamic subsystem and mechanical subsystem
contribute the most vibration. Therefore, the vibration source of the TST device can be
classified and described as:

e The discussion about the hydrodynamic are presented in Section 2.3.2 (Chapter
2). The pressure distribution on the tower is affected by the blade passage and
the loads on the blade vary with the azimuth angle if a flow profile is not steady
and uniform.

e The rotor blades can be seen as a rotary disc. With the assumption that the
rotational speed is constant, if the geometric centreline of the rotary disc didn't
coincide with the mass centreline during the operation, there is vibration signal
at rotational frequency will be produced. Note that the static unbalance of the
rotor blade could results from mismatched weight distribution of the individual
blades in manufacturing procedure.

e Assume that the flow profile is ideal steady uniform and rotor blades are
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perfectly balanced, the extra bending moment caused by the B-T interactions
can also result in an instant unbalance, which was discussed in Chapter 2.

As Figure 3.1 shows, two operating conditions are considered for vibration analysis

of the TST structure.
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Figure 3.1 Schematic diagrams of two test rigs

1. With the steady and uniform flow profile and unchanging blade, the loads on the
blade rotor can be seen as the steady input and the horizontal vibration solely
resulting from the fluctuating total thrust can be minimised. In addition, the cyclic
pressure variation on the surface of the tower, caused by the blade passage, can be
highlighted and its impact on the vibration would be clearer.

2. The settings of the unknown wind velocity profile and deformable blade are closer
to the real conditions of the WT or TST. With the ever-changing tip deflection, the

thrust on each blade is fluctuated, which could lead to the vibration of the entire

structure.
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Both setups aim to provide valuable information and good references for developing
the blade health monitoring (BHM) technique by analysing dynamic behaviour of the
TST structure for each condition.

3.2 Experiment 1

As mentioned in Section 3.1, the blade must be set to be a rigid body to prevent the
deflection by the wind, which can be simplified by the use of the metallic material of
the small-scale model. A smaller wind tunnel is also needed to realise the relatively
steady and uniform wind profile. Therefore, any vibration caused by the structural
imbalance would be highlighted and the frequency domain analysis can be applicable
to it.

3.2.1 Experimental Setup
Wind Tunnel

The experiment was conducted in a lab-scaled Armfield C2 subsonic wind tunnel which
is equipped with a four-bladed fan driven by an electric motor with 2800 RPM
maximum rated rotational speed. The tunnel comprises a fibreglass contraction and
diffuser sections with a transparent parallel 30cm by 30cm test section. The honeycomb
flow straightener is mounted within the contraction cone in the tunnel inlet. The wind
speed is controlled by a voltage regulating device and increases as the input voltage

increases. Figure 3.2 shows the photo of the wind tunnel described.
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30x30 cm?

Figure 3.2 Armfield C2 subsonic wind tunnel

The results of the wind speed showed that the wind speed at the different points along
the vertical or horizontal line on the cross-section is different with others. In that test, a
pitot static tube supported by an adjustable metal bar was used to capture the airflow at
a specific position and the other end of it was connected to an inclined manometer for
pressure measurement. The manometer operates based on the \Venturi principle and the

point wind speed can be calculated as:

2%AP
Pa

c
Il

(3.2)
Where:

pa is the density of air (kg/m3).

U is the wind speed (m/s).

AP is the measured pressure difference (N/M?). By using the inclined manometer, it

can be calculated as
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AP =pr*xg*L*sind =hxpxg

Where,
pr is the density of the manometer fluid (kg/m?).
g is acceleration due to gravity (9.81 m/s?).
L is length of the inclined tube.

6 is the horizontal contained angle.

(3.2)

The tube was successively placed at five positions along the vertical direction from

5to 25 cm in height and the data was recorded with different voltage settings of the fan.

Figure 3.3 shows the results for these tests with the centre line of the test section shown.

Each point was the averaged value of the five repeated measured static results.

The voltage set of the wind tunnel
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Figure 3.3 Measured point wind speed along the vertical direction in the wind tunnel

As Figure 3.3 shows, the highest wind speed in the cross-section was measured at

the centre point and the difference between the middle and top (or bottom) increases

with the input voltage of the wind tunnel.
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Small Wind Tunnel Structure

A small wind tunnel structure, installed inside the big wind tunnel, was designed to
enable vibration testing of the small motor structure. Its test section has 8x8 cm cross-
sectional area and length of 30 cm. It is in the middle of the cross-section of the big
wind tunnel and the wind generated by the fan is compressed into the small tunnel.
There is another flow straightener mounted in the inlet of the small tunnel to reduce the

turbulence. Figure 3.4 demonstrates the design of the small wind tunnel test rig.

Figure 3.4 Overview of the small wind tunnel test rig. A) shows pro/e 3-D design, B)
shows upper platform with small motor structure, C) shows location of the
accelerometer. D) shows the rear view of the tunnel without motor structure.

The transparent cover can be easily removed to replace the blade rotor. Before
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installing the motor structure, another wind speed test was conducted inside this small
tunnel as the wind is compressed into the small tunnel and gained higher velocity with
the same input voltage. By using the same inclined manometer, the tube was placed in
different random positions within the cross-section of the small wind tunnel to measure
the pressure. The readings of the device showed that the aerodynamic forces are nearly
evenly distributed within the test area. Therefore, the average wind speeds with

different voltage settings from 5% to 80% are accumulated and plotted in Figure 3.5.

o =20 40 S0 e 70 8 9

O-
5]

Input voltage settings of the Armfield C2 wind tunnel

Figure 3.5 Wind speeds in the small wind tunnel with different input voltage settings
Small Rotor Structure
A 3-bladed rotor structure was used in experiment to convert the wind energy into
the blade rotation. The diameter of the rotor is 50mm and there is a bearing installed
inside the nacelle. The rotor structure was in good condition that the three blades were
finely manufactured with same geometric features. The back end of the shaft has the
screw thread to connect the encoder for rotational speed monitoring. After a series of

tests, one of the rotor blades was intentionally made to be slightly bent for modelling
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the faulty blade. Figure 3.6 shows the change of rotor structure before and after the test.

Reference

Figure 3.6 Reference and deliberately made faulty blade.

The structure was installed on an aluminium support structure which has two panels.
The upper panel was used to block the gap on the upper panel of the small wind tunnel
structure and the lower one was bolted with the bottom.

Data Acquisition Device

The NI myRIO-1900 was selected to be the data acquisition device. An H-Bridge
Driver (PmodHB5) from the NI myRIO Mechatronics Kit was used to brake the rotor
by generating the opposite torque with required duty cycle of the PWM signal. The NI
LabVIEW, as the operating platform to control the myRIO, was programmed in the PC.

Figure 3.7 shows the physical connections of these hardware.
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Figure 3.7 Schematic diagram of the hardware connections

The PmodHBS5 was connected to the MXP Connector of the myRIO and offers the

H-bridge circuit to drive the motor in either direction. Meanwhile, it receives the pulse

waves from the rotary encoder and transfers them to myRIO. Figure 3.8 shows the block

diagram of the PmodHB5. The quadrature signal was generated by the encoder and

interpreted to the rotational speed by the program.
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Figure 3.8 PmodHBS5 block diagram
LabVIEW Programming
The programs for this test rig was made in the PC but operated in the myRIO. Unlike
the myDAQ, the myRIO cannot directly set the file path to record the data and needs

the ‘Variable’ block to associate two programs which respectively run in the PC and
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myRIO. The Main program is shown in Figure 3.9 with annotations 1-8.
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Figure 3.9 Block diagram of the Main program. A) Timed Loop for reading and

recording the 3-axis vibration signal, B) While Loop for generating the PWM signal by

setting the duty cycle, C) While Loop for calculating the instant rotational speed.

1. Setting mode of the 12C bus speed: Standard (100 kHz) or Fast (400 kHz). It was
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Standard in experiment and the Bandwidth was set to 800 Hz in register table by
hexadecimal rate code.

. The Timed Loop setting box is used to set the display frequency of the data shown
in the Waveform Chart on the front panel.

The ‘Variable’ block was created inside the Timed Loop and therefore the sampling
rate of the data recorded is also set by this box. The six bytes were formatted into
three 16-bit integers and then bundled into ‘Variable” block.

. The duty cycle was manually set to produce the corresponding input voltage for the
motor. Note that the duty cycle can be set to negative number for the functions to
generate the logical signal.

PWM generation block. The output pin was set in the block in advance. The ‘Digital
Output’ acquired the logical signal calculated and transferred it to the H-bridge to
control the direction of motor rotation.

The ‘Encoder 2’ block transfers the received quadrature signals and outputs the
incremental value of the count up pulse.

. The Shift Register passes values between loop iterations. The white loop calculates
the difference between two adjacent numbers and get the instant rotational speed
based on the circulation time set in advance.

The ‘Variable2’ block transfers the instant rotational speed to another VI program
in the PC. The user can choose that when to start to record the program or how long
the recording procedure lasts.

A LabVIEW-based FFT program was developed to help the user initially observe the
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time domain and frequency domain of the 3-axis vibration signal. Figure 3.10 shows

the front panel of the FFT LabVIEW program with annotations 1-4.
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Figure 3.10 FFT LabVIEW program for the 3-Axis vibration data.
1. Set the format and path of the data file and sampling rate of the signal.
2. The waveform graph with scalable axis.
3. Frequency spectrum map of the corresponding signal.
4. Cursor indicator that find the peak amplitude at specific frequency component.
The co-ordinate system to classify the direction of the vibration is shown in Figure 3.11.
X axis is the flow direction, Y axis is the side direction and Z axis is the vertical

direction.

Figure 3.11 Coordinate system of the vibration signal
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The Logging program, as Figure 3.12 shown, is used to synchronously record the

rotational speed and vibration signal.
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Figure 3.12 Data logging program in the PC

1. File naming and saving paths setting.
2. The While Loops for receiving the data from the Main program.
3.2.2 Experimental Procedure

The input voltage was set from 20% to 60% as the level of vibration caused by the
higher wind speeds might damage the structure and the lower wind speeds were not
enough to drive the motor. Using the established Nyquist criterion the sampling rate of
both the vibration signal and rotational speed are set to be 200 Hz as the rotational
speeds were not more than 1000 RPM. Each test was 90 seconds. The tests were divided
into four groups:

1. Reference blade only driven by the wind with speed control (Marked as RBW).

2. Reference blade only driven by the motor (RBM).
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3. Bent blade only driven by the wind with speed control (BBW).
4. Bent blade only driven by the motor (BBM).

For group 1 and 3, the motor was controlled to generate reverse torque against the
torque driven by the wind. And, as the group 2 and 4 were operated without wind, the
motor was driven to rotate the same direction as the group 1 and 3. Note that there is
no feedback for the speed control. Table 3.1 shows the specific wind speed setting and

the duty cycle sets for speed control.

Table 3-1 Wind speed and duty cycle settings for Experiment 1.

Groups Wind Speed | Increments | Duty Cycle | Increments
No.1 & No.3 (RBW and | 20% to 60% 1% -0.1to-1 0.05
BBW)

No.2 & No.4(RBM and None None 0.1to1l 0.05
BBM)

*Note that the negative values of duty cycle represent the opposite direction of rotation
3.2.3 Results & Analysis

Figure 3.13 shows the average rotational speed comparisons between the optimal and
the offset blade from 20% to 60% wind speed settings (Without speed control, duty
cycle is 0). With the increase in wind speed, this difference increases as expected due

to unequal thrust on the bent blade.
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Figure 3.13 Rotational speed of the two rotors in different wind speed (without speed
control).
For analysing the entire reference groups, there are two things which need to be
considered:

1. Itisinevitable that there is slight unbalance in the reference rotor blades. As this
influence can be reduced by lower the rotational speed, the groups of data which
has the lower rotational speed should be selected for analysis.

2. The direction which is more sensitive for the abnormal vibration caused by the
offset blade is unknown before the test. Therefore, the vibration in 3 directions
were plotted together for better analysis.

The Z direction (Vertical) is least sensitive direction for vibration due to the
installation method for the rotor blade structure. In addition, the vibration in Y axis
solely resultants from the wind pressure is not the object of this study. Therefore, the

vibration signal in X axis is only one to be analysed.
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Figure 3.14 shows three examples of the frequency spectrums of RBM operated with
0.3, 0.5 and 0.7 duty cycle. The fundamental frequency can be observed that coincides
with the rotational frequency (w) which was calculated from the recorded data for
corresponding settings. The rotational speed for 0.3, 0.5 and 0.7 duty cycle settings are

respectively 240(w,), 402 (w,)and 551(w3) RPM.

20'0_){ Optimal Blade at 240 RPM
+ 15.0-
2
‘g 100- wq
< 50+ l
D'G ] 1 1 .I I 1 1 I I 1 1
0 2 4 6 8 10 12 14 16 18 20
Frequency(Hz)
s X Optimal Blade at 402 RPM
o 1o 7
- 15.04
£
& 10.0-
E 5.0-
0.0-] ] 1 1 I ] ] 1 1 I I
0 2 4 6 8 10 12 14 16 18 20
Frequency(Hz)
X Optimal Blade at 551 RPM
20.0-
£ 150- w3
2
< 10.0-
E
< s50-
0'o-l 1 1 | 1

024681611'21:11'5{82'0
Frequency(Hz)
Figure 3.14 Amplitude spectrums of the OBM with 0.3, 0.5 and 0.7 duty cycle.
The range of amplitude and frequency of each spectrum was respectively zoomed to
0 to 20 for better viewing. Without wind, the vibration of the structure is only caused
by the blade rotation. This indicates that influence of the imbalance of the reference
rotor blade is proportional to the square of the rotational speed, which can be expressed

as the following equation:

— 2
Funbalance =m*r*xw (33)
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Where F,,paancelS the unbalance force generated by the blade rotation, m is the
mass of the rotor, r is the distance between the geometric centreline of the rotation axis
and w is the angular velocity.

The data from OBW and BBW with the rotational speed lower than 240 RPM were
selected to do further analysis as the impact of the inherent rotor imbalance are
relatively minimum.

Figure 3.15 shows the amplitude spectrums of the vibration in X axis of reference
structure. With speed control, the rotor operated at 240 RPM in three wind speed
settings: 0, 40% and 60%. The fundamental frequency in each spectrum is equal to the
rotational frequency as expected. When the model operated at the wind with speed
control, the amplitude arises at the second and third harmonics and increases with the
wind speed. This is because the wake behind the rotating blade will generate the

pressure variation on the tower surface.
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Figure 3.15 Amplitude spectrums of the reference blade operated at 240 RPM with
different wind speeds

Figure 3.16 shows the amplitude spectrums of the vibration under faulty condition
with same rotational speed in different wind speed (Speed Control). Without wind, the
peak amplitude in the spectrum for the case of offset blade is at w; as expected. Also,
when the wind force is applied to the structure, the amplitude at w; increases with the
flow velocity, as the thrust fluctuation increased at the offset blade. However, the
presence of the even harmonics could be explained as the influence of the blade passage
The pressure variation on the surface of the blade is more like a square wave rather than

the sine wave, which means the result will not be like the pure imbalance vibration

signal.

80



X Offset Blade operates without wind

B80.0-
[
60.0-
2 )
5 400- 3 * Wy
< 20.0-
0'0 I 1 I I i l-I

I 1 I I 1 1
0 2 4 B a 10 12 14 16 18 20
Frequency(Hz)

X Offset Blade operates at 40% wind speed

Amplitude
&
i

0.0-} | ] ) | 1 I 1 I [ 1
0 2 4 6 8 10 12 14 16 18 20
Frequency(Hz)
X  Offset Blade operates at 60% wind speed

1 I | 1 1 1
0 2 4 6 8 10 12 14 16 18 20
Frequency(Hz)

Figure 3.16 Amplitude spectrums of the offset blade operated at 240 RPM with
different wind speeds

3.2.4 Summary for Experiment 1

By maintaining the rotational speed at a relatively low level, the vibration caused by
the inherent rotor imbalance for reference structure can be minimised. This could help
to clearly understand the influence of the aerodynamics on the structure via the
comparisons between the test groups with and without wind. The thrust fluctuation on
the offset blade was also observed.

In this case, the blade was assumed as a rigid body and not deformed by the wind
force. With the fixed rotational speed and rigid blade, the presence of the second

harmonics then can be attribute to the blade passage: As the blade moves in front of the
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tower, the wind pressure on the tower will decrease instantly after blade passage.
Therefore, the vibration caused by the pressure variation on the tower should also
contribute to the amplitude at frequency w,. However, due to the dominant influence
of the total wind load variation on the rotor, the frequency domain analysis of the
vibration signal can only prove the existence and influence of the blade passage but
cannot further explore its characteristics.

3.3 Experiment 2

The experiment was conducted with a HAWT model which has the structural features

that are more similar to the practical WT compared to the model in Experiment 1:

1. The blade could perform flap-wise deflection according to the wind speed (or force)
and the potential edge-wise deflection could also exist with an unknown extent
during the experiment.

2. The rotatable support base enables the swept area of the model faces to wind
direction with different angles for modelling the yaw error scenarios.

3. The wind loads in the swept area are not evenly distributed, which causes the
unpredictable vibration for the whole structure.

The experiment was designed to further study the blade-tower interaction in more
realistic conditions.

3.3.1 Experimental Setup

3-D printed stanchion

The rotor blade used in this test (with 26 cm diameter) was taken from the small-

scale model of direct-driven wind turbine made by National Grid, China. For preventing
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interferences from many of other factors caused by, for example, parts used for
connection., this structure was designed as symmetrical parts which are printed by 3-D
printer. The accelerometer is adhered on the back of the nacelle. Figure 3.17 shows the

photos of the cross-section view of the stanchion (without the cables) and the blade.

Figure 3.17 Cross-section of the stanchionand the blade part.

The low cost of the 3D printer's material makes all parts are convenient to be changed
and thereby the details of this structure can be optimised frequently in the design phase.
Configuration of the Testing Rig

Figure 3.18 shows the photo of the entire test rig mounted inside the Armfield C2
subsonic wind tunnel. The stanchion passes through the bottom end of the tunnel and
the base section was fixed on the horizontal platform. Unlike the previous test rig, the
base of the structure is bolted on the platform of the wind tunnel bench. Thus, the
vibration from the rotating fan is significantly reduced due to no physical contact

between the test rig and the inner wall of the tunnel.
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Figure 3.18 Final assembly of the testing rig

Other setups such as the programs and hardware are same as Experiment 1.
3.3.2 Experimental Procedure

After a series of tests, the experiments were conducted in the range of wind speed
from 10% to 40% to avoid damage to the plastic blades. Powering the motor to rotate
in the direction against wind flow for speed control. Table 3.2 shows the increments of
the variables for each test. The sampling rate of the vibration signal is 500 Hz.

Table 3-2 Wind speed and duty cycle settings for Experiment 2.

Wind Speed | Increments | Duty Cycle | Increments

10% to 40% 5% Otol 0.05

The average rotational speed of the model WT with the speed is shown in Figure

3.19. With the increase of duty cycle, the rotational speed gradually decreased.
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Figure 3.19 Results of the rotational speed in normal operation

The tests are classified into 4 groups: 1, Reference blade. 2, Offset blade. 3, Offset
blade with yaw error 3°. 4, Offset blade with yaw error 5°. 5, Offset blade with yaw
error 10°. In the groups of 2, 3, 4 and 5, the blade was attached by a tape on the surface
to make the reference rotor become imbalanced. The reason for using tape is that the
offset blade can be restored to normal for the later experiment.

3.3.3 Results & Analysis

The 405 experimental datasets were finally obtained. After initial observation via the
LabVIEW program, some representative datasets were plotted by MATLAB for better
viewing and analysis.

The vibration data from testing of the reference blade and offset blade conducted at
40% wind speed and 1 duty cycle (Maximum brake setting) are shown in Figure 3.20
and Figure 3.21 respectively. The length of data segments was chosen to 2 seconds. The
signal segments between the two red grid lines represent the contribution of the

vibration from one revolution.
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Figure 3.20 Vibration data for reference blade at 40% wind speed and 1 duty cycle
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Figure 3.21 Vibration data for offset blade at 40% wind speed and 1 duty cycle
As the rotor imbalance reduced the rational speed of the model, the reference model
rotated faster and the vibration data shown in Figure 3.21 for the offset blade fluctuates
far more frequently. The differences between two sets in time series can be readily
observed. However, as the vibration data was not synchronised with blade position, it
is difficult to explain how each blade passage affects the vibration during one rotation.
Figure 3.22 shows a composite waterfall spectrum plot, for the 21 optimum blade
tests with different duty cycle settings. With the increase of duty cycle, the rotational

speed decreases at the same wind speed.
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Figure 3.22 Waterfall amplitudes frequency spectrum for 21 optimum blades tests

The rotational frequency (w) was readily detectable, from the total horizontal
vibration signals, and strongly correlated with the angular velocity of each setting.
However, the rotor imbalance for reference blade dominates the axial vibration when
the duty cycle is lower than 0.6. To prevent the inference from the inherent imbalance
of the reference blades, the datasets used for analysis were selected from the groups
that the rotational speed is lower than 600 RPM.

Figure 3.23 shows the comparative results obtained for 10 of the datasets at 40%

wind speed.
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Figure 3.23 Comparison of amplitude frequency spectrum results.
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As expected, the peak amplitude of the vibration of the offset blade is at the rotational
frequency which also decreases with the increase of the yaw error degree. With speed
control, the peak amplitude at the rotational frequency for each setting decreases as the
increases of duty cycle except the datasets from 3° yaw error (The cross section of the
tower is square and this structure with yaw error could generate much more vibration
than the optimal one. In this test, it is 3°). As discussed in Section 3.1, the discrepancy
of the thrust on the offset blade can contribute the amplitude at the rotational frequency.
However, with the yaw error, this discrepancy should be reduced as the change of the
angle of attack. Known that the biggest total thrust can be obtained when there is no
yaw error and any difference of the thrust caused by the offset blade should be
maximum as well. Therefore, the marked peak amplitude in Figure 3.23 can only be
explained as the vibration caused by the distinct pressure variation of the offset blade
passage. The results of the 3° yaw error can not be prevented as the tower cannot be
printed to a perfect cylinder.

3.3.3 Summary for Experiment 2

A waterfall amplitudes frequency spectrum for reference blade can be used to detect
the influence of the inherent rotor imbalance which increases with the rotational speed.
Then, the vibration-based analysis can be used to identify the deliberately made faulty
blade at the 40% wind speed. At the 3° yaw error, the pressure variation on the tower
caused by the faulty blade passage coincidentally contribute the most amplitude among
the different parameters, which draws a special attention on the corresponding influence

of the hydrodynamic subsystem. However, the information of the vibration-based
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monitoring system cannot be used to find the influence trends of the blade passage.
Therefore, measuring the dynamic pressure variation on the tower during the blade

rotation could be the most intuitive way to start this study.
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4. An Innovative Method of Flow Pressure Profile

Measurement and Blade Status Monitoring

This Chapter introduces the blade monitoring method that utilises blade-structure
interactions. In particular, the dynamic variations of pressure measured on the front face
of the support pillar are tested and analysed. Water flow around between working blades
and the pillar will be influenced by some factors including rotational speed, flow
velocity, blade conditions and tip clearances. The expectation of deteriorated blade
condition changing the measured forces was investigated via experimental testing in a
wind tunnel. The chapter includes some preliminary test rig designs and evaluations.
The details of the developed test rig are then introduced and the results and analysis are
presented.

4.1 Introduction

Based on the consideration of the Blade-Tower interactions reported in Chapter 2 this
work was set up to meet two purposes and the wind tunnel test rig design accomodated
an array of structure mounted sensors which were to be used to (1) estimate local flow
conditions and (2) to utilise the blade-structure interactions to support the wider
monitoring regime for developing progressive blade faults. The former is an important
consideration as commercially deployed TSTs will operate in ever-changing flow
directions, velocities and with varying velocity vs depth flow profiles. It was hoped that
condition specific adaptations could be applied to any condition monitoring algorithms.

Ideally, the developed methods would be designed to be relatively sensitive to the
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prevalent flow conditions.

This experiment aims to use the flow pressure measurement to take the place of the
conventional methods of blade health monitoring such as the measurement of the thrust,
vibration and laser-based tip deflection. These approaches may be said to be mature in
the field of the wind turbine industry but cannot directly applied on the tidal turbine due
to the harsh underwater environment. To support this investigation the wind tunnel was
adopted for conducting the experiment. A variety of low pressure sensors were
considered and evaluated. As a result the PAW sensors were selected based upon their
overall performance and on parameters including good durability and sensitivity for
operation in a wind tunnel.

4.2 Preliminary Test

The feasibility and performance of the PAW sensors were tested. The PAW sensors
details appear in the following section. A stanchion with four holes was designed and
manufactured to support four PAW sensors in different heights in the central section of
the Armfield C2 subsonic wind tunnel. For convenience, 3-D printing technologies
were used in manufacture of prototype stanchions. Design development work was
undertaken within the SolidWorks design software. Finished parts were then processed
using file conversions to produce stanchions to appropriate dimension tolerance. The
pictures of the test rig installed within the wind tunnel are shown in Figure 4.1. Figure
4.1(a) shows a side view of the general arrangement. Figure 4.2(b) shows a plan view
and Figure 4.1(c) shows a front view from within the wind tunnel. The 3D-printed

stanchion was vertically mounted on the base and thus the embedded PAW sensors can
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face airflow properly.

—

Wind

Direction

3D Printed
stanchion
(Not in use)

Figure 4.1 Test rig of the preliminary test.

4.2.1 PAW sensors

Traditional methods used to measure pressure distributions in wind tunnels are with
multi-tube manometers or pressure-sensitive paint (PSP) installed in the test section
(Arifuzzaman and Mashud, 2012). For data logging, however, in this application the
dynamic effects on the large stanchion, with minimal flow disturbance, was required.

The PAW sensors, shown in Figure 4.2, consist of a cylindrical urethane sponge and
two LED light sensors. Its working principle is a combination of piezoelectric and
optical methods. The light sensors are used to detect how much the sponge is
compressed by the external force and then this volume variation is converted to an
analog output. Rapid deformation of the sponge is attainable and thus the dynamic

response of the PAW sensor is sufficient for the application.
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Figure 4.2 Schematic diagram and picture of the PAW sensor. Source: RT Corporation,
2013.

To provide initial estimation of the pressure levels to be sensed, the following simple
approaches were used: The wind pressure P can be calculated by equation 4.1.

P =0.5%pg, *U?*Cy, (4.1)

Where,

Pair, the air density is 1.225 kg/m3 according to the environmental parameters in
the laboratory

U is the air speed in the wind tunnel

C,, the drag coefficient which is equal to 2

From prior wind tunnel tests, the wind speed in the test section is known to be
controllable between Oand 23 m/s, which is equivalent to wind pressures in the range 0
to 372.2 N/m? on the given testing area value has. These estimations were used in a
calibration process. The PAW sensors were respectively calibrated by using lab weights
from 0 to 7.5 g, with 0.1 g increment. In the calibration, a 0.15 g round gasket with
same face area was used to ensure that the sponge was evenly compressed. When PAW

sensors were later used in a wind tunnel, a thin round foil disc was attached on the
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sensor surface to prevent any potential error caused by the small pores of the sponge.
4.2.2 Method for Preliminary Test

By using the same stanchion, the probe of the inclined tube manometer was fixed to
measure the wind pressure at the same locations. The difference of the results between
PAW sensor and inclined tube manometer would be considered as the criteria for
judging the performance of the sensor and the design of the test rig. Based on the
working principle of this sensor, the pressed part of the sponge would extend radially
and the hole needs the appropriate space to match with it. For a certain wind speed, the
too small space would limit the sponge to be pressed and the overmuch one could make
the unnecessary turbulence in it. Therefore, several stanchions with different size of the

holes are made by the 3-D printer as Table 4.1 shown.

Table 4-1 Dimensions of the round holes

No. of the stanchion | Diameter of the hole (mm)
1 16.2
2 16.3
3 16.4
4 16.5
5 16.6

Each hole in every stanchion was initially designed as 16.5 mm in SolidWorks and
then manually modified. Due to the working principle of inclined manometer and PAW
sensors, the external factors such as temperature and lighting conditions could affect
the accuracy of the experimental results. Therefore, each set of the pre-tests and the

following experiments were conducted under the normal laboratory lighting with the
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temperature between 10 and 12 °C.
4.2.3 Results

The results of this measurement are logged into the PC by myRIO. Figure 4.3 shows
that comparisons of the measured wind speed in 40%, 50% and 60% input voltage of
the wind tunnel. Each curve consists of four values from the sensors at different
positions with same wind speed and the sensors are marked as PAW1-4 from the top to
the bottom (25, 20, 15 and 10 cm). It is necessary to simultaneously test all the sensors
due to the possible difference of the compressibility for each cylindrical sponge. The
reason that the towers used in preliminary test and later experiments were different was
related to the capabilities of the 3-D printer which could not print a tower longer than

20 cm.

5 Test with 60% input voltage of the wind tunnel 25 Test with 50% input voltage of the wind tunnel

\ —&— Manometer|

—#— 16.2mm
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—— 16.4mm
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Figure 4.3 Results of the wind speed measurement in initial test
In 60% wind speed, the values measured in the 16.5 mm round hole (green line) have

the smallest errors with those from the tube manometer compared to other sizes.
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Therefore, in this wind speed, 16.5 mm is the optimal diameter for the round hole for
installing the PAW sensors in any height. However, in 40% and 50% wind speed, the
measured values from PAW 1 and PAW4 installed in the 16.5 mm round hole are far
different from the manometer test. This is mainly because excessive space could make
much turbulence due to the closed rear end of the PAW sensor. In addition, the 16.6 mm
round hole provides more excessive space for pressed sponge and its results have more
error. According to the above analysis, the optimal diameter of the round hole is 16.6
mm for PAW 1 and PAW4, and is 16.5 mm for PAW2 and PAW3 operated within 40%
to 60% input voltage of the wind tunnel.
4.2.4 Summary

In preliminary test, the difference between the readings of the inclined tube
manometer and PAW sensors is within an acceptable range, which proved the feasibility
of the PAW sensors for this experiment and the comparisons above indicate the
appropriate size for each of the holes on the tower to optimise the performance of the
PAW sensors. In addition, the calibrated PAW sensors are only tested in the wind speed
of 40% to 60% to minimise the turbulence between the sponge and the inner wall of the
hole and thus to guarantee their performance. However, it cannot be ignored that there
is a certain error in the readings from the inclined tube manometer. Therefore, the
results from the PAW sensors installed in the ‘optimal holes’ are not completely reliable
but closest to readings from manometer.

On the other hand, the sensors with this type of working principle still have many

technical problems which need to be solved prior to it is formally used under the sea.
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For example, the sponge must be replaced by other materials due to floating matters
and microbial growth. The sensitive element with this deformation characteristics need
to withstand additional underwater pressure which would affect the performance in
long-term operation. And, it will be difficult to monitor the running state of the sensor
itself because of its underwater operation. In summary, the flow pressure sensor with
this type of deformation element needs more testing and improvement to realise this
idea for TST application.

4.3 Experimental Arrangements

The main experiments were conducted in the same wind tunnel. The schematic
diagram of the test rig is shown in Figure 4.4. The part which is used to fix the servo
motor will not be moved during the test to prevent the error caused by the difference of
wind speeds in horizontal direction in tunnel. The part used to fasten the support pillar

was designed with movable base for adjusting it to a required distance with blade.

Wind Direction
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Figure 4.4 Schematic diagram of the test rig

98



4.3.1 3-D Printed Blades

The two blades used in the experiment are printed by the high quality 3-D printer due
to the low cost and good performance of the material. The geometric features of the
tidal turbine blade are not being studied; therefore, the blades are designed as a
homogeneous and symmetrical 240x30x7 mm flat plate. The two blades are shown in
Figure 4.5. The Blade 1 is instrumented with strain gauge, which the relationship was
calibrated between the output voltage and the deflection of the blade tip rather than its
strain. In the test, the root of the blade is fixed on a servo motor that can precisely rotate
to any azimuth angle with specific speed. The Blade 2 is designed with the same
properties but 5° pitch angle offset. Note that Blade was in good conditions before the

experiments and the failures were gradually added as required during the experiment.

| Failure2 |

Figure 4.5 Instrumented 3D printed blade

4.3.2 Stanchion and Base Frame

As the Blade-structure interactions are associated with the vibration of the entire
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structure and deflection of the stanchion, a structure with independent blade and support
pillar was designed for simplifying the issues to the interactions only brought by
aerodynamics. The stanchion (which is longer than the printed one in pre-test) in the
experiment was made by a 250x27x12 mm aluminium cuboid with four holes on the
surface. The servo motor and the tower structure was independently mounted on an
aluminium alloy base which is tightly fixed to the bottom plane of the wind tunnel. The
diameter for each hole is determined by the results of the pre-test with many 3-D printed
models of the stanchion. Figure 4.6 shows the pictures of the test rig in the wind tunnel.

All the cables come out from the sealed hole on the bottom.

Working Section of Armfield C2
subsonic wind tunnel

3-Axis
Accelerometer

i -
Support Plllar

|

\

Servo Motor

Data
Acquisition
Interface
(MyRIO)

Figure 4.6 Configurations of the test rig
Figure 4.6(a) shows a side view of the general arrangement. Figure 4.6 (b) and Figure

4.6(c) respectively shows a face view and a back view from within the wind tunnel.
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4.3.3 Monitoring System for Test

Two LabVIEW programs are designed and run independently in the PC and myRIO,

as the latter device cannot be programmed to record by directly selecting the file path

on the PC. In Figure 4.7, the Main VI conducted in the myRIO acquires all data and

transfers them to the PC. The Logging VI performs the recording task once the user

needs.
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atiah N USE Cable

J

Sampling
Rate

Numbers
of Loops
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[~
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—
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Figure 4.7 Schematic diagram of the monitoring system
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Figure 4.8 shows the front panel of the LabVIEW program. The top window with

white background shows the real-time vibration signal at 3-axis. The bottom four

windows indicate the pressure variation from the top to the bottom of the stanchion and

the gap in each window represents the shadowing area caused by the blade passing. The

window in the upper right corner shows the real-time tip deflection of the blade and the

area below is programmed to control the rotational speed and direction of the servo

motor.

101



"

: e . e Blade Strain
3-Axis =l pa G Shaamiay | Gauge

- g - )
§ Accelerometer | § st m sy e |

£

0

am

5,
[

!:s'gags:rusg
- 4

==
apaw o . E_ ‘ e
== | Sensor g

-Signals l.

Figure 4.8 Front panel of monitoring system
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However, the offset for the servo motor needs to be reset tore-start the Main VI,
which would reduce the accuracy and efficiency of the experiment. Therefore, the area
in the bottom right corner is programmed for the Arduino board that can automatically
and precisely reset the motor to the default position.

Figure 4.9 shows the typical recording of wind pressure measurements from the 4
deployed PAW sensors and the unit of the Y axis shown in the data acquisition screen
is millivolt. The estimate flow pressure had been remaining stable and decreased as the

blade-tower interaction.
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Figure 4.9 Screen shot of flow pressure measurement

4.4 Experiment Procedure

There are five groups of the test as Table 4.2 shown. The first group of the tests was
conducted by using the flat blade (marked as Blade 1) and the blade with 5° pitch angle
offset (marked as Blade 2) only used in second group. From the third to the last group,
Blade 1 was physically modified with the different failures step by step, which means
the blade in fifth group had already been modified to the one with Failure 1, 2 and 3

after finishing the experiments above.
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Table 4-2 Arrangement of the blade in static and dynamic tests

The The Blade
Testing
Testing Type (Pitch Description
Method
Group Angle)
0 °(flat) with Static A rectangular plate
No. 1
strain gauge | &Dynamic without any defects
A rectangular plate with
5° without
No. 2 Dynamic | 5 degrees offset from its
strain gauge
root.
An obvious abrasion was
made behind the plate.
0 °(flat) with The shape of the blade is
No. 3 Dynamic
strain gauge same as before but the
stiffness was changed.
(Failure 1)
Based on above, an
obvious breach was
Same as
No. 4 Dynamic made on the leading
above
edge of the plate top.
(Failure 2)
Based on above, an
obvious breach was
Same as
No. 5 Dynamic | made on the trailing edge
above
of the middle of the
plate. (Failure 3)

4.4.1 Static Test

The static test is conducted in 3 tip clearances as 3cm, 4cm and 5 cm. Set the vertical
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position as 0 degree, the blade started from -30 to 0 degree with 5-degree increments.
And, the input voltages for adjusting the wind speed were 40%, 50% and 60%. Before
each test, the blade was set by the main LabVIEW program to the desired angle in the
certain wind speed. After that, the program for logging data are executed for 90 seconds
with 200 Hz sample rate which is sufficiently high for analysis. Each group would be
tested in 40%, 50% and 60% wind speed. Finally, there are 63 data sets of the
deflections of the blade and the pressure on the tower are recorded. Table 4.3 shows the

details of the static test and only Blade 1 is used in this test.

Table 4-3 Static tests settings

Tip
Wind Tower Azimuth
Blade clearance
speed width(mm) angle
(mm)
30, 40
40%
and 50
-30° to 30°
Blade 1 30, 40
50% 27 with 5°
and 50
increments
30, 40
60%
and 50

4.4.2 Dynamic Test

With the same tip clearances and the wind speeds in the static set, the dynamic tests
conducted as the blade starts rotation from -30 to 30 degrees and then turn back to -30
degrees after 60 degrees of rotation with same angular velocity. The servo motor drives

the blade to move and is controlled by the triangle signal generated from LabVIEW. By
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changing frequency of the triangle signal, the rotational speed was set to 8, 10 and 12
RPM for each group and marked in turn as S1, S2 and S3 for convenience. Table 4.4
shows the sequence of the experiments.

Table 4-4 Dynamic tests settings

Wind Tip Tower
Blade Rotational
Blade speed clearance [ width
conditions speed
settings (mm) (mm)
40%
50% 27

Reference 60%

blade 40%

50% 33

60%

40%

Blade 1 Failure 1 50%

60% S1, S2 30, 40

40% and S3 and 50

Failure 2 50%

60% 27

40%

Failure 3 50%

60%

40%

Blade 2 5° Offset 50%

60%

There are 144 datasets in total were recorded and each set of data includes vibration,
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flow pressure, blade strain and the additional generated logic signals for
synchronization of the above data. Figure 4.10 shows the method of the data processing

before the signal analysis.

marked by logical

signal) Blade Deflection
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Figure 4.10 Diagram of the signal processing
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As the discrete nature make the value of the triangle signal obtained in the program
cannot perfectly indicate the real initial point of each of the one-time periodic swinging,
therefore, by setting a small threshold value near the start point, the program will
simultaneously generate logic value 1 within the threshold and 0 otherwise with 200
Hz sample rate. Although the position of the blade can be at any degree at the beginning
of running the data logging program, the first logical value 1 which is followed by a
short list of value 1 still can indicate first start point of the blade swinging. And then
replacing the extra logical value 1 to be 0. However, it is inevitable that a certain degree
of error happens during each one-time periodic swinging due to the immediate stop
when the blade reaches 30 degrees. For example, the first loop of the blade swinging at
10 RPM could have 400 data points but the second might be 406. By using the ‘Find’

function in MATLAB to record the number of the data points of each loop as a vector.
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And, overlapping and resampling air pressure data to calculate the average trend of the
pressure variation for each loop for the further processing or comparisons. Figure 4.11

shows an example of processing the data with S2, 60% and 3 cm tip clearance.

No. of Leop | Data No. of Loop | Data
Points Points

1 203 1 201
Calculating

2 201 the average 2 201

3 199 value and 3 201

4 gp2 | Fesample 4 201
each loop

5 200 3 201

KNS

89 200 29 201

90 201 90 201

Figure 4.11 Procedure of the resampling each loop
Although the data points obtained in S2 (10 RPM) for each loop should be 200, the
left table shows the actual number of data points from raw signal. After calculating the
average number, each loop can be then resampled to 201. (Note that the average value
could be different for each set with same rotational speed) However, if the comparison
was made between the cases with the same rotational speed. Each loop in every set
should be resampled to the same frequency. For example. The sets with S2 and S3 were

respectively resampled to 200 and 167.

4.5 Experimental Results and Analysis

4.5.1 Static Test
From top to bottom, the PAW sensors are marked as PAW1, PAW2, PAW3 and PAW4.

Before the test, a tube manometer had been used to measure the wind speed and
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determined the highest wind speed is in the middle of the wind tunnel which is the

location of the No.3 PAW sensor (marked as PAW3). Figure 4.12 shows the wind

pressure at the four PAW sensors in different height and there is no blade in front of the

tower, which means the curves roughly indicate the flow profile in middle vertical

position direction.

The pressure at the four PAW sensors on the tower.
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Figure 4.12 Wind pressure distribution on the stanchion at different wind speeds.

Figure 4.13 shows an example of the average pressure values from four PAW sensors

when the blade was stopped in different positions with 3 cm tip clearance in 40% wind

speed. Note that the sensor positions are changed as the tower in the preliminary test is

shorter than the one in this experiment.
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Figure 4.13 Pressure variation on the stanchion with 3 cm tip clearance.

The pressures on the tower from PAW1 to PAW4 are affected between 15 and 20
degrees due to the blade coverage and dropped to the lowest point when the blade is
vertical as the tower. Due to the more blade coverage, the pressure on PAW4 starts to
decrease from 20 degrees and keep dropping with smaller gradient compared to others.

Figure 4.14 shows the pressure change of PAW sensors with 5 cm tip clearance in
40% wind speed. The larger tip clearance made the PAW sensors receive the different
stage of the wake flow of the blade and thus changed the gradient of the pressure
decrease.

Wind speed setting: 40%
i i Tip clearance: 5 cm
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Figure 4.14 Pressure variation on the tower with 5 cm tip clearance.
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There is another example about pressure on the tower in 60% wind speed shown on
Figure 4.15. With the same tip clearance, the pressure on PAW4 declined faster than it

in 40% due to the coverage of the blade with higher deflection in 60% wind speed.

Wind speed setting: 60%
Tip clearance: 5 cm
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Figure 4.15 Pressure variation on the stanchion with 60% wind speed

Due to the flow profile inside the wind tunnel, the highest blade deflection occurred
in the vertical position. There is an example of the average deflection results is shown
in Figure 4.16. The blade deflection increases as the reduced shadowing area. This
phenomenon can be explained as : the presence of the tower changed the flow direction
or status between each other and the fluctuated wake made the blade has a transient
vibration which will affect the measured results. Considering that the extra deflection
reduces the thrust and the reduced thrust causes the reduced deflection, the values
shown in this figure are the results of the balanced blade. The results of the flap-wise

blade deflection could be very difficult to estimate in dynamic test as the major loading

conditions applied to the blade are not static.
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Figure 4.16 Static deflections at 60% wind speed.

As Figure 4.17 shown, the deflection of the blade increased with the decreasing tip

clearance at the same wind speed when the tower was fully covered by the blade. And,

the tip deflection would be lower than any tip clearance sets if there was no tower

structure after the blade.
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Figure 4.17 Deflections of the blade in vertical position in static test

4.5.2 Summary

The performance of the sensors was validated by the comparisons with the tube

manometer. However, for measuring a greater range of the wind speed, the diameter of
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the holes on the tower should be redesigned to improve the accuracy.

The results of this static test could help to understand the causes of the fluctuation of
the total thrust on the entire system in practice. First, due to the different linear velocity
for each point along the blade, the shadowing area in different positions of the tower
starts and ends at different time for each rotation. Especially for the tidal turbine blade
which has wider blade compared to the wind turbine, the corresponding blade-tower
interactions have a greater impact on the overall structure. In addition, as the magnitude
of pressure change on the tower is proportional to the flow speed, this variation will
contribute to much more thrust fluctuation in higher load. Although the pressure
variation on the tower might not be large enough to affect the vibration of the entire
system in practice, but its influence on the rotor balance or the fatigue life of each blade
is still unknown.

Secondly, the extra deflection of the blade due to smaller tip clearance at the same
flow speed can also cause the greater degree of the pressure drops on the tower and thus
increases the pressure difference. In dynamic condition, however, it can present a more
complicated interaction, which means the static value of the blade deflection cannot be
used to create a threshold to indicate the working status of the dynamic turbine blade.
Based on this, there are two problems with the application of the strain gauge on the
blade:1, the performance of the sensors in long-term operation is uncertain. 2, the
threshold of the blade deflection is rigorous enough to be established only by using the
data of the static test of strain gauge. More importantly, the design of the blade is still

early stage and any attached sensors will limit its design possibilities.
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4.5.3 Dynamic Test

Although the tip deflection is the most intuitive way to indicate the status of the blade,
the feasibility of the strain measurement on rotating blade is still in doubt. Besides the
constantly changed wind profile, the edge-wise deflection caused by the rotation and
gravity can also affect the results from the strain gauge. Figure 4.18 shows an example

of the zoomed strain data which was calibrated to the tip deflection.
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Figure 4.18 Tip deflection time series
The signal is synchronized with the starting position. As the rotational speed for the
strain signal in Figure 4.19 is 12 RPM, the number of the crests is consistent with the
fact that there should be 6 loops of the blade swing occurs within 5 seconds. By using
the method of signal processing mentioned above, the overall trend of the averaged
variation of the tip deflection is plotted in Figure 4.19 and the static one is plotted as

well for comparison.
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Figure 4.19 Comparison between the averaged static and dynamic tip deflection

In Figure 4.19, the dynamic tip deflection starts at the same level with the static one
and then it becomes larger as the blade approaches the middle vertical position and the
tower. After the complete passage through the tower, the blade still maintains a high
deflection and even reaches to about 2.5 cm. As the deformation of the resistance coil
of the strain gauge can be also affected by the edge-wise deflection, the torque from the
servo motor leads to larger output voltage in the first 30 degrees. For next thirty degrees
of rotation, however, there are two possible factors: 1, the always existed load variation
on the blade makes the vibration of the blade in flap wise direction and this type of
vibration becomes larger when the blade rotates away from the tower due to the blade-
tower interaction. 2, the rotation and the gravity of the blade makes extra bending
during the period. On the other hand, the deflection of each actual tidal turbine blade
for one rotation can be affected by many factors include above. The variation of the
edge-wise bending is inevitably mixed with the strain gauge output. Therefore, the

dynamic measurement of strain gauge is not reliable for representing the operating

status of the blade.
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As described in the section of the experimental procedure, the pressure signals from
PAW sensors during the clock-wise rotation in each cycle were selected to analyse.
Every selected part is resampled with same data points and an average data is recreated
to indicate the overall trend of the pressure variation on the tower at specific location.
After this, 10 more pressure data sets with same sample rate are made to fill up each
blank area between each two PAW sensors and the values of the data are linearly made
between the two values from the adjacent PAW sensors. Therefore, there are 30 sets of
extra data are made for each group. By using mesh function in MATLAB, an example

of the pressure variation is visualized and represented as Figure 4.20 shown.

The pressure variation on the tower in 60% wind speed with 3cm tip clearance and S1
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Figure 4.20 Example of the estimated flow profile
For further comparison and better viewing, the plot is rotated as Figure 4.21 shown.

The top view of the 3D plot omitted the Z-axis but became more intuitive with the

colour bar.
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The pressure variation on the tower in 60% wind speed with 3cm tip clearance and S1
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Figure 4.21 Top view of the mesh plot of the pressure variation in 60% wind speed

with 1 and 3 cm tip clearance.

In Figure 4.21, the pressure at PAW1 started to change after the 0 degree (The vertical
position of the blade) and pressure on the other positions all have different levels of
delay due to the time of the wake travel to the tower. It is obvious that the relatively
more blade coverage during the rotation at the height of the PAW4 caused more
shadowing area than that at PAW1. The width of the shadowing area is reduced with
different level from top to bottom is consistent with the fact that each part of the blade
has the different linear velocity.

Figure 4.22 shows the pressure variation with different tip clearances in 40% wind
speed and S1 rotational speed. The results have the similar shadowing area but occurred
in different point. This is because of both the longer travel distance of the wake and

varying degrees of pressure decay after the blade.
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The pressure variation on the tower in 40% wind speed with 3cm tip clearance and S1
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Figure 4.22 Comparison of the pressure variation between 3 cm, 4 cm and 5 cm tip
clearances

By using the same colour bar, it is clearly observed that the lowest pressure is in the
3-cm tip clearance, which also means that the maximum blade deflection occurred in
the set of the 3-cm tip clearance according to the conclusion of static test. Another
comparison with the same rotational speed S1 and tip clearance 3 cm between different

wind speeds is shown on Figure 4.23.
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The pressure variation on the tower in 40% wind speed with 3cm tip clearance and S1
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Figure 4.23 Comparison of the pressure variation in different wind speed

As the higher wind speed can reduce the time of the wake travel to the tower, the
delay of the shadowing area in 60% wind speed is apparently smaller than it in 40%
wind speed. And due to the same reason, the shape of the shadowing areas is also very
different compared to each other. The result of this comparison also practically
corroborated the one of the conclusions of static test that the starting and end point of
the pressure change are based on the flow speed.

The next comparison, shown on Figure 4.24, is about how the different rotational

speed affects the pressure variation at the same wind speed.
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The pressure variation on the tower in 60% wind speed with 3cm tip clearance and S1
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The pressure variation on the tower in 60% wind speed with 3cm tip clearance and S3
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Figure 4.24 Pressure variation on the tower in 60% wind speed with different rotational
speed.

The changes brought by the rotational speed of the blade are readily observed and
mainly reflected in two aspects: 1, without any change of the blade, this can be
understood as the time of the wake travel from the back of the blade to the tower is
dramatically changed by the rotational speed. 2, the trend of the pressure change from
each PAW sensor has no certain rules to be tracked. That means the shadowing area on
the tidal turbine in practice could be specific based on the different flow profile.

The following comparison is between the default and wider tower under the same
settings and one of the examples is shown on Figure 4.25. As expected the wider tower

caused the bigger shadowing area with advanced start point and delayed end point.
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The pressure variation on the tower in 60% wind speed with 3cm tip clearance and S3
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Figure 4.25 Pressure variation on the tower with different widths.
By using the same plotting method, the pressure variation caused by the Blade 1 with
optimal condition and Failure 1 are respectively plotted in Figure 4.26.

Thgopressure variation on the tower in 60% wind speed with 3cm tip clearance and S3
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Figure 4.26 Comparison between the Optimal condition and Failure 1
The Failure 1 of the blade will cause the extra deflection of the blade due to the
thinner blade. According to the results of the static test, the flap-wise deflection of the

blade is inversely proportional to pressure on the tower. In Figure 4.26, the shape of
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these two shadowing areas is similar but the pressure change is significantly different.

This difference is obvious in the 3D drawing, but does not represent the real situation

due to the data fill. Therefore, the pressure variation from the four PAW sensors is

respectively shown in Figure 4.27.
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Figure 4.27 Pressure comparisons between Optimal and F1

The four graphs in Figure 4.27 indicate that the pressure drop of the Failure 1 group

is greater than the optimal condition. That means the extra blade deflection caused by

the thinned thickness is detected by the PAW sensors. Another example of comparison,

shown in Figure 4.28, is between Failure 1 and Failure 1+2, because Failure 2 is directly

made to the Blade 1 with Failure 1. Compared to Failure 2, the blade with Failure 1

even can be considered as a reference set.
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Figure 4.28 Pressure comparisons between F1 and F1+F2
Unlike the Failure 1, the lost part on the leading edge on the blade tip not only
changed its geometry but reduced the total load on the blade. Due to the decreased total
load, the deflection on the different position of the blade has decreased with different
levels and the pressure on the tower should be increased during the blade passage.
Meanwhile, the broken leading edge on the blade tip delayed the occurrence of the
shadowing area, which is confirmed in the first graph. On the other hand, the broken

tip didn't affect the total deflection due to the location of the breach.

Figure 4.29 shows the pressure comparison between the Failure 1+2 and Failure

1+2+3.
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Figure 4.29 Pressure comparisons between F1+F2 and F1+F2+F3

The broken part was made on the trailing edge of the blade and very close to the

PAWS3. In addition to the load drop caused by the shape change, the bending

performance of the blade were significantly reduced for the same reason, as the first

two graphs in Figure 4.29 shown. The lost part on trailing edge on PAW3 position also

led to a less shadowing area which represents less blade coverage on later half.

The last comparison is between the healthy Blade 1 and Blade 5, which is shown in

Figure 4.30.
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Figure 4.30 Pressure comparisons between Blade 1 and Blade 2
As expected, Blade 2 has narrow shadowing area due to both the less coverage area
and the less total thrust. The relation between these two pressure variations is similar

with that of the projections of these two blades, which means the larger projection has

wider shadowing area.

4.5.4 Summary

Many comparisons between ‘reference’ blade and offset’ blade above confirmed that
any change of the blade or flow condition can be reflected in the pressure variation on
the tower, especially in the PAW 1. In addition, the failures related to breach can be
positioned by the rest of the PAW sensors. As each of the 3-D figures above are
extracted and from the 4 sets of the wind pressure data, the reconstructed flow profile
must have a certain degree of error compared to the practice (Wind profile power law
cannot be used here as the test was conducted in the tunnel). The meaning of the 3-D

plot is visualizing the difference of the pressure variation due to the change of the wind
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speed, rotational speed, and tip clearance. The accuracy of the reconstructed flow
pressure on the tower is determined by the number of the PAW sensors used.

However, for a rotating 3-bladed rotor with variable speed, it is impossible to directly
do the comparisons as above. Differences in the comparisons above have two
dimensions, which raises higher requirements for establishing the threshold. Each blade
of the rotor could be slightly different due to change of its stiffness and strength caused
by water absorption, which will bring the difficulty to build a unified and unchanging
threshold to determine the change of the blade condition. Therefore, the main
comparison should be done with the same blade rather than between the adjacent blades.
For creating the method of processing the continuous pressure signal, a further

simulation work is needed.
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5. Pressure Signal Simulation and Blade Health Monitoring

System

This chapter introduces modelling work and analysis method of pressure signals
from the pressure sensors installed on the tower. A series datasets of continuous
pressure signals were made by combining the experimental data with and without blade
passing. Some trapezoidal waveforms were chosen as training datasets to conduct the
duty cycle analysis and frequency domain analysis for a better understanding of the
pressure signals. The amplitude and initial phase angle at blade passage frequency was
analysed and the overlap processing of signals from PAW2, PAW3 and PAW4 was
introduced for identifying the specific blade failure. Finally, by combining the
analysis methods above, a comprehensive and reliable diagnostic tool is designed for
specific failures. A validation of the proposed blade health monitoring system was
presented at the end.

5.1 Pressure Signal Simulation

As stated in Chapter 4 that the continuous rotation of the blade mounted inside the
wind tunnel cross-section was not possible due to the maximised length of the scale
blade, the pressure signals are obtained from the blade passing cycle of 60° rather than
a rotation of 3-bladed rotor with tower. For simulating the operation of a rotating 3-
bladed TST, each 360° rotation includes the 3 segments of pressure signal when
shadowing is in effect and the other 3 segments of signal which is measured without

blade in front. A detailed procedure of the signal simulation is given in following
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section.
5.1.1 Method of Simulation

In physical experiments (Chapter 4), a flow pressure test lasts 90 seconds was made
before the servo motor starts to operate and a series of pressure signals without blade
passing for each wind speed setting was recorded. Due to the effects of the turbulence
inside the wind tunnel, the flow pressure shows the random fluctuations within a certain
range. The raw pressure signals (without blade passing) are divided into several signal
segments with required number of points. The pressure signal obtained from the test
with blade passing, after the resampling in Section 4.4.2, are also divided into the
several segments with same number of points according to the rotational speed. The

procedure of stitching the two signals as Figure 5.1 shown.

NH
E 180

Time(s)

2 o0 : 2 3 4 5 8
Time(s)
Figure 5.1 Procedure of the pressure signal simulation for one rotation. a) shows the
experimental data from Chapter 4; b) shows the simulated pressure signal.

The signal above in Figure 5.1 is from results of No.1 PAW sensor in the test

conducted with reference blade in 60% wind speed and 10 RPM rotational speed (600
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data points in total for this three shadowing parts within 3 seconds). The blue parts
present the flow pressure without blade in front. According to the rotational speed of
the test, the numbers of data points for the four segments are respectively 100, 200, 200
and 100 from left to right. The simulated signal in Figure 5.1(b) presents the pressure
variation on the tower for a single rotation of the rotor. Note that the one or more
pressure signal segments can be shifted by any previous physical experiment data of
different sets but the number of data points should be strictly set by the rotational speed
of the test.
5.1.2 Simulation with Different Scenarios

Based on the experiments in Chapter 4, there are 4 types of blade failures are listed
and prepared for the signal simulation. To start with, the data from PAW1 are used to
simulate the continuous pressure signal and detect the existence of the failures since all
types of failures contribute more tip deflection on the blade tip. Next, the data from
PAW?2, PAW3 and PAW4 are used to distinguish and diagnose these four typical failures

and the simulations are made as Table 5.1 shown.
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Table 5-1 Simulation of the estimated pressure signals from PAW1

No. Blade 1 Blade 2 Blade 3 Signal Name

1 Reference Reference Reference SN

2 Reference Reference Failure 1 SF1,

3 Reference Reference Failure 2 SF2

4 Reference Reference Failure 3 SF3

5 Reference Reference Failure 4 SF4

6 Reference Failure 1 Failure 1 SF1F2

7 Reference Failure 1 Failure 4 SF1F4

8 Failure 1 Failure 2 Failure 4 SF1F2F4
Notes: Failure 1 is Stiffness and Strength Deterioration. Failure 2 is Broken Blade Tip
Failure 3 is Broken Middle Section Failure 4 is Pitch Angle offset with 5°

Note: The number of the simulated signal on the right shows the possible situations of the failure(s) in
different blade.

The signal of No.1 group in Table 5.1 is composed of three pressure variation
segments from the healthy blade and is used as the reference. The groups from No.2 to
No.5 are the cases of the specific failure in single blade and the failures could be in any
blade. The No.5 and No.6 groups respectively represents the same failures and different
failures occurred in two blades.

Although the movement trajectory can be estimated by the obtained logical signal
from LabVIEW, the synchronization of blade position and pressure variation on the

tower may not to be achieved on current full scale tidal turbine. As Section 5.1.1
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described, the initial point and the number of date points for each signal segment are
ideally set by the information of the blade position. To simplify the description, the
system to achieve this synchronization is temporarily called Blade Positioning system
(BPs). The following two sections will respectively discuss the analytical methods for
the pressure signals with and without BPs.

5.2 Analysis with Blade Position

By assuming that BPs can provide the information of the blade position, the pressure
signal could be obtained accurately starts from the point ahead of the Blade 1 with 30°
azimuth angle as the proposed simulation procedure. The error caused by the procedure
of signal resampling will be therefore reduced.

The shape of the simulated pressure signal is very similar to the upside-down cosine
squared (raised cosine) pulse with relatively high duty cycle, the analysis of some cases
about the trapezoidal wave and square wave is necessary to be made for better
understanding. First, the duty cycle of a pulsing signal is defined as the ratio between
the pulse duration. For the simulated pressure signal, the ‘pulse’ and ‘duration’ can be
respectively seemed as pressure without blade passing and the blade shadowing time.
Second, the frequency domain analysis of the exampled pulsing wave is needed due to
its periodicity.

5.2.1 Duty Cycle Analysis

To start with, four trapezoidal waveforms are created as Figure 5.2 shown. The parts

with 1 and -1 amplitudes are normally defined as ‘Positive’ and ‘Negative’. The 1% and

2" trapezoidal waveforms have same fall and rise times and different duty cycle. And,
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the 2" and 3 trapezoidal waveforms have same ‘Negative’ time and different ‘Positive’
time. The 3 and 4™ have the same fall and rise times but the former has the ‘raised
SIN’ rising and falling edge. In addition, the 1% and 4" have same ‘Positive’ time and
different ‘Negative’ time. All waveforms are created with same frequency and

amplitude. The trapezoidal waveforms 1-4 are simplified as TW1-4.
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Figure 5.2 Simulated trapezoidal waveforms
Unlike the square waveform, there are various ways to define the pulse width of
trapezoidal waveform such as width at half-max, or the time for which the signal is flat.
In the MATLAB function of Duty Cycle, the default calculation of pulse width is based
on the State-Level Tolerances which is used to define the state boundaries for both
‘Positive’ and ‘Negative’. The lower- and upper-state boundaries for each state are
calculated by setting the scalar multiple of the difference between the high state and the

low state. Figure 5.3 shows the example of the State-Level definition with 0.2 tolerance.
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Figure 5.3 State levels estimation of the trapezoidal wave
The tolerance region is expressed as,
S; + a(S, —S;) (For Low State) (5.1)
S, + a(S, — S;) (For High State) (5.2)
Where,
S,is the low-state level,
S,is the high-state level,
a is the scalar multiple of the difference between the high state and the low state.
Figure 5.4 shows the simulated the trapezoidal wave 1 and 2 with 10 cycles. The
values, which are shown in the right table, are the duty cycles calculated by MATLAB.
The obtained duty cycles series are same for a simulated wave as each pulse is identical.

The duty cycle of TW2 is higher than that of TW1 as expected.

133



'1 L i ~’Trﬁ1'?fr'] e W1 W2
05 . | 067 0.77
RN LA AL 067 077
067 | 077
et ‘ 067 0.77
5700 200 300 400 500 600 700 800 900 1000 | |“l """ 067 077
. Tine () | 067 077
— 067 0.77
1| signal
% mid cross 067 077
. 08 upper boundary 067 077
2 ol W W L L L) [upper state : '
g lower boundary 067 0.77
05| =~ mid reference
upper boundary
k| lower state
v g lower boundary

Figure 5.4 Duty cycles of the trapezoidal wave TW1&TW?2
Figure 5.5 shows the simulated the trapezoidal wave 3 and 4. Since both waves

have the same duty cycles, the different rising and falling edges do not have an effect

in the procedure of calculation.
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Figure 5.5 Duty cycles of the trapezoidal wave TW3&TW4
In addition, the duty cycles of TW3 are different with TW1 and TW2 although they

respectively have same ‘Positive’ and "Negative’ time with the former. On the other
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hand, as the constant values of the pulse are same, other State-Level Tolerances will not
affect the results.

As for the simulated pressure signal, the SN and SF1 are made according to Section
5.1.1 and the pressure variation on the tower for one turbine revolution with 10 RPM
in 60% wind speed are shown in Figure 5.6. In this case, due to the reduced thickness
of the blade, the blade is more vulnerable to bending deformation. With extra bending,
the reduced distance between the tower and blade can lead to the pressure drop as

observed.
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Figure 5.6 Comparison between SN and SF1
The time-vary duty cycles of SN and SF1 were shown in Figure 5.7 with 89 data
points calculated from 30 turbine revolutions (One has been ignored by the function).
Due to the turbulence in wind tunnel used, the duty cycles of SN are fluctuating in a
certain range. With the same Y axis range, it is clear to see that the SF1 has much more
fluctuation for its duty cycles than SN1 due to the Failure 1 on the Blade 3. Note that

the data points of the calculated duty cycles within a certain period are directly
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determined by the rotational speed.
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Figure 5.7 Duty cycles of the SN and SF1

Since both the rotational frequency and sample rate are known, the frequency of the
calculated duty cycles is 0.5 Hz for this case. It seems that this is possible to create the
threshold of amplitude in specific frequency for initially detecting the failure (not
diagnose). In practice, however, the faulty blade could affect the rotational speed of the
TST, which means the number of duty cycles for optimal and faulty rotors could be
different. For example, the number of duty cycles for SF1 can be 83 instead of 89 but
its fluctuation will still exist. As the duty cycles are expected to be a similar value,
therefore, calculating the variance is more intuitive way to distinguish the difference
between the healthy and faulty rotor blades for a given wind speed. The practical turbine
blades may also have subtle differences, which means the corresponding pressure
variation caused by blade passing will be different within a certain range. The threshold

of the variance should be determined according to the data of the full-scale test in long

term. In this case, the variances of SN and SF1 are respectively 3.5011*107 and
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22.771*107. By using the same method, the variance of the duty cycles of SF1F4
(No.7) which has two of the rotor blades are subject to different failures is calculated
as 469.28*10.
5.2.2 Initial Phase Angle Analysis

By using Fast Fourier Transform (FFT) function with the MATLAB environment,
the spectrums for each set in Table 5.1 are plotted to find the differences among the
groups. As the one-dimensional data, the amplitudes in the fundamental wave and the
harmonics cannot be used to reflect the multiple changes (pulse width, time and edge
of raise & fall, ‘Negative’ value and starting point of the pressure drop). Therefore, it is
necessary to extract more information from the spectrums to help analyses the
simulated pressure signal.

Before analyzing the pressure signal, the four trapezoidal waveforms 1-4 are used
again for understanding. Figure 5.8 shows the zoomed FFT results of the four
trapezoidal waveforms. As the signal are simulated with 10000 samples within 100

seconds, the peak amplitudes can be observed at 1 Hz as expected.
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Figure 5.8 Frequency spectrums of the simulated trapezoidal waveforms

With the same ‘Negative’ and ‘Positive’ values, the differences of peak amplitudes
in this comparison are influenced by both the pulse width and rise &fall times and edge
shape. The comparison between TW1 and TW2 shows that peak amplitude increases as
the duty cycle decreases. And, the comparison between TW3 and TW4 represents that
the rise &fall edges would slightly affect the amplitude at 1 Hz compare to its difference
between TW1 and TW2.

Before processing the simulated pressure signal, another example is necessary to be
made for finding the trends in change of the blade 3 with different failures in frequency
spectrum. A normal trapezoidal wave is made for presenting the reference blade. Some
other trapezoidal waves are made with the characteristics of the different failures. By
using the method in Section 5.1.1, the segment for blade 3 can be switched by any other
offset trapezoidal waves. Figure 5.9 shows the FFT plots of the exampled signals which

has 9000 samples and 100 Hz sample rate. Note that the value of pulse is 1.
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Figure 5.9 Simulated trapezoidal waves and corresponding frequency spectrums

Figure 5.9(a) shows the zoomed pressure variation for the operation of 3 assumed
reference blade in one turbine revolution. The frequency of the blade passage can be
observed at 1 Hz (marked as w) as expected. Figure 5.9 (b) and Figure 5.9(c) show the
optimal waves with an advanced gap and a delayed gap. The frequency of the blade 3
passing in front of the tower can be observed at 0.3333(marked as § * ) which is one-
third of the blade passing frequency and equal to rotational frequency. It is also found
that the amplitudes of both Figure 5.9(b) and Figure 5.9(c) are same at corresponding
frequency. Therefore, the advanced or delayed gap with same ‘Negative’ time doesn’t
affect the result of the FFT if their gap width is same. In Figure 5.9(d), Figure 5.9(e)

and Figure 5.9(f), the amplitude at i* w still can be observed as expected. In (d), the
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peak amplitude increases due to the deeper gap. In Figure 5.19 (e), although the
‘Negative’ value is same as the optimal wave, the peak amplitude decreases as the gap
becomes narrower. In Figure 5.19 (f), the amplitude at é*w does not increases
because of the deepening and narrowing of the gap. Moreover, the amplitude at w
doesn’t change too much compared to above. Therefore, these comparisons once again
demonstrate that multiple changes cannot be reflected in the amplitude values.

Based on the comparisons above, one scenario that the reference blade 3 starts to
have Failure 1 at 90 seconds of 180 operation time is simulated by the pressure data as

the Figure 5.10 shown.
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Figure 5.10 Simulation of the occurrence of Failure 1 on Blade 3; a) is the simulated
signal in 180 seconds; b) is the zoomed signal of one rotation of 3 reference blades in
first 6 seconds; c) is the zoomed signal of one rotation of 2 reference blades and 1 faulty

blade in from 90 to 96 second; d) is the zoomed waterfall plot of the frequency
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spectrums.

There are many harmonics can be observed as the duty cycles of the signal is
relatively high. The mark 1 in Figure 5.10 shows that occurrence of the frequencies at
g* w and g* w. That means the faulty Blade 3 is detected. The mark 2 shows the
amplitude at w decreases because of the failure occurs at 90 second, which cannot be
clearly seen from this angle of viewing.

As for the simulated pressure signals from Table 5.1, they will be more complicated
due to the fluctuated flow pressure. For a given rotational frequency w, the peak
amplitude of pressure spectrums for the simulated 3 healthy blades should be always at

w as expected. Figure 5.11 shows fundamental wave and the first 11 harmonics

extracted from SN.
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Figure 5.11 Fourier decomposition of the simulated pressure signal SN.
Since all simulated signals accurately start from a specific point after resampling, the

initial phase angle of the wave with blade passing frequency w varies as the amplitude.
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Therefore, the first attempt is made for the SN and SF1. As their only difference is the

condition of Blade 3, 9 more pressure values between SN and SF1 have been evenly

obtained as Figure 5.12 shown. The purpose is to simulate the deterioration procedure of

the Failure 1 on Blade 3.
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Figure 5.12 Extra simulated pressure signals between SN and SF1

The extra simulated signals replace the segment of the Blade 3 and the corresponding

continuous pressure signal are marked from S1 to S9. After FFT, their amplitudes and

initial phases angle of the wave at w are obtained as Figure 5.13 shown. The figure is

called the Pase-Angle (P-A) curve.
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Figure 5.13 P-A curve from SN to SF1
As the deterioration of the Blade 3, the initial phase angle of the fundamental wave
increases and the corresponding amplitude decrease. However, this linear relationship
can only be described the change from SN to SF1. By using the same method, the 8

groups of the simulated signal are processed and the completed P-A curves for these

four failures are plotted in Figure 5.14.
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Figure 5.14 Complete P-A curves
According to the results of the complete P-A curves, the threshold can be set to an
area around the SN point shown above. Since the blade tip can reflect the most
deflection caused by the failures or Blade-Tower interaction, all the data used for
simulating the groups of the pressure signals in Table 5.1 are from PAW1. As mentioned
in Section 5.1.1, the Failure 2 is the breach on the blade tip and the following
accumulated Failure 3 and 4 also contains the impact of the former. Therefore, the first

comparison should be done with single faulty blade. From SF1 to SF2, these two P-A
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curves tend to the two completely different directions. Moreover, the added Failure 3
(breach on the middle of the blade) on Blade 3 doesn’t change too much in the P-A
curve compared to the difference between SF1 and SF2. This is because the Failure 3
indirectly change the wake behind the blade tip by the blade deflection and the changed
shape of the blade tip (Failure 2) can bring more direct changes for the pressure
variation on the closest point of the tower. Although the blade used in the physical
experiments (Chapter 4) is flat, the shape and roughness of the surface will also affect
the pressure changes to a large extent. The SF4, which the Blade 3 has 5° pitch angle
offset, tends to another direction.

On the other hand, not every fault can be directly identified by only use the P-A
curves. For example, if the broken middle section (Failure 3) occurred as an
independent issue, the initial phase angle and amplitude at w Hz might be within the
assumed threshold area above. Therefore, there are two things need to be emphasized:
1, the P-Acurves in Figure 5.14 is only used as rough reference, as each previous failure
is retained by the faulty blade with next failure except Failure 1 and Failure 4
(Individually applied on another blade). 2, the data from PAW2 to PAW4 are as
important as PAW1 for further failure diagnosis. For simplifying the establishment of a
failure threshold for data from these three PAW sensors, another method is proposed in
following section.

5.2.3 Overlap
Once the failures have been detected by an optimized P-A figure of PAWL1 in practice,

the signal of PAW2, PAW3 and PAW3 would be used to identify the problems. Owing
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to the Blade Positioning system (BPSs), the pressure signals can be evenly divided into
the fragments which can individually presents the pressure variation with 120 degrees
of the rotation. The difference between the former and latter segments can be recorded

as a new signal segment and plotted as Figure 5.15 shown. (60%Wind speed, 10 PRM

and 200 Hz sample rate)
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Figure 5.15 Overlap of the pressure difference between Reference and Failure 1

In Figure 5.15, the raised part of the overlapped segments shows the degree of change
between the normal operation and Failure 1. From top to the bottom of the blade, the
degree is gradually reduced as the biggest deflection occurred on the blade tip. As any
types of the blade change in shape or property will eventually reflect in the pressure on
the tower, the overlap results can both visually and quantifiably represent this unevenly
distributed deflection along the blade.

There is another overlap result from the simulated signal that Failure 1 on the first

two blades and Failure 2 on the third blade is shown in Figure 5.16. In this comparison,

145



the first two blades are deemed as reference condition as the Failure 2 is directly applied
on the faulty blade with Failure 1. Compared to Figure 5.15, the extremely high value

of some signal segments in leftmost graph of Figure 5.16 caused the abnormal gradient

of the peaks from PAW4 to PAW1.
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Figure 5.16 Overlap of the pressure differences between Failure 1 and Failure 2
This confirmed the breach on the blade tip changes the shape and level of the
shadowing area behind but doesn't have much impact on the deflection of the below
part of the blade. Another example, which is from the simulated signal that Failure 2

on the first two blades and Failure 3 on the third blade, is shown in Figure 5.17.
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Figure 5.17 Overlap of the pressure differences between Failure 2 and Failure 3

In this case, again, the first two blades are deemed as reference condition as the

Failure 3 is directly applied on the faulty blade with Failure 2. The double peaks in the

overlapped PAW3 signal indicates changes of the shadowing area brought by the breach

on the middle of the blade. In addition, the second peak proved that the location of the

breach is on the trailing edge.

By combining the analytical methods above, a logical order of proposed blade health

monitoring system is summarised as Figure 5.18 shown.
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Figure 5.18 Logical diagram of the proposed BHM system

The detailed working principle is listed below:

1, the data from PAWL1 is preferentially selected to calculate its duty cycle and the
blade status can be initially estimated. If the variance of the duty cycles is within
threshold, that means the 3 blades are operating well. Otherwise, the one or more blades
must exist some error or failures.

2, the P-A curves is then used to initially identify failures like Failure 2 or 4 due to
their influence. The Alarm can automatically report the error level according to the
previously set P-A threshold area.

3, the data of PAW2-4 are used for locating and finally diagnosing some specific
blade failures especially occurred between the tip and root.

4, During the procedure of the monitoring, the flow profile is very important to
determine whether a piece of signal is available for data analysis. The higher turbulence
will affect the credibility of the results from the proposed monitoring system.

5.3 The Analysis without Blade Position
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The prerequisite for implementing the analytical methods above is that the starting
point of the Blade 1 can be accurately located. Without the blade positioning system,
however, the initial phase angle of the fundamental wave is no longer a meaningful
value for establishing the threshold area as above. Therefore, an algorithm of
repositioning the starting point of the simulated signal is established to solve this
problem.

In this case, the synchronous logical signal will not be used as the BPS to find the
starting point of the Blade 1, which means that the obtained pressure signal could be
simulated as Figure 5.19(b) shown. They are all simulated as 30 turbine rotations and
the time range is set to 0-6 seconds for better viewing. The simulated pressure signal,

shown in Figure 5.19(b), starts from a random point located in the shadowing area of

an unknown blade.
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Figure 5.19 Comparison between the simulated pressure signal with and without blade

position
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Inspired by State-Level Tolerances in MATLAB, the proposed algorithm needs a
lower boundary which is as close as possible up to lowest point of the slightly fluctuated
flow pressure. In this case, this boundary is set as a vector contains of 36,000 identical
constants 164.5. By comparing the corresponding elements of each of the two signals,

a new logical signal was obtained as Figure 5.20 shown.
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Figure 5.20 Generation of the logical signal

First, the generated logical signal above is used to re-select the starting point of the
signal. Note that the new simulated pressure signal in this case should contain 29 turbine
rotations instead of 30. Discarding the signal segments of 1 turbine rotation is to ensure
the integrity of the simulated pressure signal. Next, resampling each signal segment by
using the processed logical signal. Further, collecting the initial phase angle and

amplitude of the fundamental wave in each data set to create new P-A curves. Figure

5.21 shows the flow chart of the pressure signal processing.
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Figure 5.21 Procedure of the pressure signal processing without blade position signal
After the procedure above, the previous diagnosis methods can be used for
analysing the processed pressure signal.

5.4 Summary

All the analytical methods above are feasible with a premise that the rotational speed
is relatively stable in any certain wind speed. Once all blades were pitched to different
angle for better energy extraction at a given flow speed, the P-A curves should be reset
due to the changed TSR. Therefore, this problem can be solved by either creating more
P-A curves for wider flow speed range or by insuring that the signal is only sampled at
some specific flow rates. In addition, the wrongly yawing tidal turbine will not only
reduce the accuracy of the measurement results of the PAW sensor but cause the
fluctuation of the rotational speed. The proposed BHMs cannot therefore function
this scenario.

effectively within

The larger fluctuation of the duty cycle values, caused by the blade failure, is only
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visually identified. The failure occurred on the single blade can affect two values of
duty cycle to the extent of uncertainty and the interaction of two failures is more
difficult to be diagnosed. More importantly, the method of calculating duty cycle in
MATLAB ignores the rise &fall edge of the simulated pressure signal, which makes the
calculation error becomes larger. This is the biggest reason that the duty cycle analysis
is only used to detect the failures instead of diagnosing the specific failures. In practice,
the fracture is common in the blade tip instead of middle body. The Failure 3 simulated
above is only used to reflect the necessity of the overlap method. In extreme cases, the
blade tip is completely broken and there is little or no pressure variation on PAW1 of
the tower. The number of the obtained duty cycles of the pressure signal can directly
diagnose this problem.

Last but not the least, the pressure compensation should be applied on each sensor to
improve the accuracy of the measurements due to the vertical arrangement of the sensor

under the sea.
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6. Discussion

The research discussed in this chapter has the main aim of establishing the potential
for a structure-based condition monitoring system for TST. The first objective of the
research presented in Chapter 3 was to increase the understanding of the dynamic
behaviour of the TST structure under different structural attribute assumptions and flow
conditions. The second objective presented in Chapter 4 was the establishment of a
viable method for flow measurement. In this application, this required that the flow
profile measurement for the wind tunnel was achieved by using the PAW sensors. In-
depth considerations about the application of the pressure sensors are discussed in this
chapter. Following the proof of concept relating to the capability of the PAW sensors
more suggestions for the design and application of CM algorithms are given. The
objective was to demonstrate the potential of this approach to enable TST blade faults
detection and classification under different operating scenarios. This was achieved by
combining the results from Chapter 4 and Chapter 5.

The above aim and objectives can be best set against the consideration of the main
features of the three sets of physical experiments in the wind tunnel and the simulation
work for modelling the operation of the 3-bladed TST. This is presented in the following
sections.

6.1 Wind Tunnel

The three sets of experiments which form the basis of this research were all
conducted in the wind tunnel. The feasibility of using a wind tunnel to study the

problems of TST was based on the known similarity between the hydrodynamics of
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water and air. The major benefit in adopting this approach is related to the relative ease
with which experimentation may be undertaken within the wind tunnel environment.
Previous flume or tow tank based experimental investigations may be considered to
present real challenges in terms of the operating environment (being under water) in
which they are undertaken. This will result in experiments being performed within flow
regimes that can be much more complicated and under much more challenging
environmental conditions. Based on the experience of the experiments for this thesis,
the advantages of the wind tunnel testing for researching the development of CM
approaches for TST can be identified as:

e The cost and difficulty in operation of the wind tunnel is much less than water
flume or tow tank testing.

e The required controllable, repeatable and steady flow conditions can be
achieved with the use of flow conditioning (using honeycombs for example) or
with the deployment of a specially designed smaller pressurised tunnel structure.

e The flow measurement and characterisation for the wind tunnel is much more
straightforward and convenient. The options for the appropriate measurement
method are both lower cost and more available.

e More extensive and flexible elements or complete models of the TST can be
tested at a smaller scale. This not only reduces the cost but also improves the

ease and efficiency of the part modification.
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e Hydrodynamic influences associated with some design parameters of the TST
structure can be predicted by analysing the aerodynamic behaviour of the
models in the wind tunnel.

e The insulation environment available within the wind tunnel allows electronic
equipment and sensors to be better protected during the test.

e With appropriate and safe operation and good installation the TST and/or

element under test will not be damaged by wind force.

In order to assure that these advantages could be fully exploited there were wind
tunnel related factors that needed to be considered during the setting up of the test
program. The fist consideration was that the input voltage of the fan motor did not
follow a linear relationship with the generated wind speed. This required careful
calibration and consideration when planning the different experiments. In order to make
these plans it was important that the most suitable wind speed range for testing the
different parts or models should be selected according to the specific test requirements.
For instance, to undertake the vibration-based tests such as those reported in Chapter 2,
the input voltage of the wind tunnel was controlled within 60% to prevent the vibration
interference arising from the wind tunnel fan motor.

According to the previous experience from the water flume test, the structure-based
test is not convenient to be conducted in the water tank. Although the underwater
sensors are currently available and have good performance, the safe installation, good

long-term performance and easy dismount still cannot be guaranteed. The wind tunnel
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experiments conducted in this thesis are based on some similar properties and equations
of water and air in fluid mechanics. First important similarity is that the principle of the
pressure measurement for airflow and waterflow is same. Secondly, the Reynolds
number equation can be applied to both medium, which means the acquired pressure or
vibration results are reliable. Therefore, the body of work presented in this research
does justify the initial assertion that, in terms of engineering condition monitoring
techniques for application to a TST the application of the wind tunnel can provide a
cost-effective, safe and reliable platform. This can be utilised for further developments,
especially for the testing of various sensing principles and/or structural performance. In
this research the wind tunnel set up has been used to successfully prove the feasibility
of PAW sensors. The investigation of the occurrence of the known interactions between
the rotating blades and the TST tower have been confirmed and achieved by use of the
wind tunnel. In this way it was possible to link this research with previous research that
utilised scale model turbines in a flume or tow tank and to CFD based simulations. By
establishing this link, it was then possible to develop blade condition monitoring
techniques that utilised this ability to replicate known phenomena in the wind tunnel
experimental set up. This in turn enabled the design and manufacture of small scale but
accurate 3-D printed parts and structures at low cost. The manufactured blades were
then used for all the experiments in this thesis. This reduced the time and cost for
manufacture and enabled very effective modification, including the manufacture of
faulty blades. This has great potential as the relationship between turbine performance

and blade condition is of critical importance and the ability to replicate such faults
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would be a significant contribution for future wind tunnel experiments with the more
advanced 3-D technology.

6.2 Vibration-based Investigation on Blade Failures Of TST

The research investigating the vibration-based behaviour of the TST models
associated with faulty blade and yaw error was presented in Chapter 3. The two
experiments in this chapter are mainly used to provide a good reference for the proposed
flow profile and blade health monitoring method developed and applied in Chapter 4.
The understanding of these experiments was based on the simplification of the WT or
HATT structure which was presented in Section 2.3.2.

6.2.1 Experiment 1

The initial experimental investigation highlighted the influence of the flow pressure
on the TST structure. The chord length of the blade and the tower or tower diameter of
a TST are typically designed to be relatively greater that those of a WT with same rated
power. This is to make sure that both elements are strong enough to manage the loading
mechanisms arising due to them operating in water. However, due to the nature of the
loads arising the flow pressure variation applied on the tower could be an important
vibration source that may affect the dynamic behaviour of the entire structure. To
initially investigate this type of effect and provide the basis for further work, the smaller
tunnel and TST structure were designed and manufactured. Two important design
criteria were identified in this initial set of experiments in order that the output could
be considered to provide good reference for future physical experiments in the wind

tunnel. These were that the object under test could be assumed to operate without
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deformation within a steady and uniform flow profile.

The first important design feature for the scale model TST used in these initial
experiments was the adoption of metallic blades. It was assumed that the deflection
caused by the flow pressure was small enough to be ignored. This rigid body setting
was important since it meant that the investigation to characterise the wake or flow
profile occurring after the blade in the different air speeds could be based upon the
adoption of a blade geometry that doesn't change with the air pressure. This assumption
was important since it was then possible to subsequently deploy blades that had been
deliberately manufactured to replicate the deflection of a faulty blade and to then
associate any changes to the flow profile with the introduced fault.

The second important property engineered into this test rig was the flow profile
within the swept area of the rotor. The air flow in the full wind tunnel was profiled as
the test results indicated. It is possible to predict that, when the blade rotor was being
driven by the resulting profiled flow, the vibration in the axial direction would be
affected by ever-changing thrust on each blade arising due to this turbulence. Therefore,
in order to capture the vibration characteristics of the flow-related pressure variation on
the tower, the smaller wind tunnel was equipped with an additional flow straightener
honeycomb and provided with smooth inner walls. These additional elements were
deployed to generate the relatively steady and uniform flow conditions required. These
flow conditions are difficult achieve in the larger wind tunnel.

The comparisons between the healthy and faulty blade with and without air flow

were shown in Figure 3.1. They indicated that the assumed flow-related influences can
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be observed from this small model. From this it was possible to postulate what influence
these faults would have on the full-scale TST.

The first thing that needed to be considered is the role of the geometric design of the
TST tower based on vibration considerations. Work by CMERG researchers (Mason-
Jones et al 2013) investigated the effect of the tower shape on TST performance by
simulating the axial wake velocity around the surface of the tower. However, the
corresponding vibrations both in the lateral and horizontal axis of different towers as
they operate underwater is still un-researched.

Although the amplitude at the fixed rotational frequency increases as the wind
speed increases from 20% and 60%, its cause can be interpreted as being related to both
the asymmetrical thrust on the rotor due to the faulty blade and the unique pressure
variation on the tower due to the wake of the faulty blade. However, in this case, it is
difficult to distinguish between the two causes which contribute more for the horizontal
axis even though the vibration of the structure itself can be excluded by comparing the
group tested without wind. In one aspect this does not represent a serious problem since
both causes are related to the presence of a blade fault. It is the diagnosis of this fault
that lies at the heart of this CM application, and that will not depend upon the attribution
of the change in vibration, but will be related to the detection of this change.

It may be inferred that, for full-size or even larger TST structures, both of these
two causes could play a more significant role in the horizontal axis vibration. This will
vary, depending on the structural design of the tower and the specific failure mode of

the blade(s).
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6.2.2 Experiment 2
The second set of experiments used a scale model HATT structure. This comprised of
a 3-bladed rotor, motor, 3-D printed tower and base for investigating the vibration of
the system with faulty blade and yaw errors. The tower was set to have the square
aligned cross section and wider surface compared to the blade used. Whilst this ratio of
dimension between the blade and tower may not be practical, in a structural sense, the
duration of the pressure variation on the tower due to blade passage was extended for
each blade and the influence of the B-T interactions in each rotation was strengthened.
According to the analysis of the experimental results, the vibration signal from the
nacelle or hub can be the initial monitoring node for the blade health monitoring system.
The overlap STFT identified changes made to the condition of the blade. Although the
most sensitive part for the blade failure should be on the mid span or blade tip, due to
the potentially harsh environment to which they will be exposed, the attachment of the
sensors on the blade was not the best choice. The vibration-based monitoring technique
is the most cost-effect method to serve other techniques for detecting and identifying
the blade failures both in short term and long term.

6.3 Flow Profile Measurement and Pressure Variation on the Tower

Chapter 4 presented the experimental work undertaken to validate the feasibility of
an innovative flow profile measurement approach. This was intended to support a new
monitoring principle for blade status. A test rig featuring the structural independence of
the blade and the tower was designed. The aim of this design was eliminating the

vibration of the tower from rotation effects associated with the healthy or faulty blade.
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The software for the test rig was developed and integrated using two differing platforms.
The central monitoring software was developed using NI LabVIEW 2013myRIO and
implemented using a myRIO running the NI Linux Real-Time operating system. An
open-source Arduino Software (IDE) was programed for blade control and blade
position tracking. By installing the corresponding add-on, the programed Arduino
board could be directly controlled by the LabVIEW allowing the setting of the
rotational speed and cyclic rotation angle. Another program was developed by
LabVIEW for data storage in the PC. Once in place the testing was undertaken, and the
following points were identified.

6.3.1 The Flow Profile Measurement

The most commonly used method of flow speed or pressure measurement in a wind
tunnel is a manometer with a pitot static tube and probe. With the correct installation
and fixation of the probe, the flow speed can be precisely read on the manometer.
However, to store the results in digital form for further processing and analysis, this
setup of measurement equipment is clearly not ideal. Therefore, in this research, the
pressure-based sensors were considered as being the best option. They could be
operated with a simple and accurate calibration.

In most wind tunnel experiments measuring the pressure on an object utilises a
pressure taps, which is usually considered as a reasonable and accurate method.
However, the pressure transducer typically deployed in this method may only be able
to measure static pressure due to its working principle. These are not suited for the

determination of the dynamic air pressure variations arising at the levels of wind speed

161



associated with the experiments performed in the wind tunnel. Based upon this
consideration, an alternative pressure sensor called PAW, designed by RT Corporation
in Japan was identified. The choice and applicability of this sensor was discussed in
Section 4.3.2. The most important characteristic supporting the choice of these sensors
was the concept of the combination of deformable materials and light sensor. It was
decided that this combination could make the sensor suitable for dry fluid pressure
measurement within the required operating environment, pressure medium and range.
The subsequent experimental investigation can be seen to justify this selection and the
novel method produced has great potential.

The sensitivity of the deformation part is the most important criteria for the
measurement accuracy. However, for underwater application, the deformation part
(currently a urethane sponge) of the PAW sensors mounted on the tower may need to
be made nonporous. It must remain semi-translucent, but needs to be adapted for water
immersion. In addition, the design of the hole on tower for mounting the PAW sensors
to ensure their performance, which was considered in Section 4.2, is also important.
These two factors can be seen to be resolvable but are not be discussed in this thesis.

The number of the PAW sensors on the tower is another key factor in improving the
accuracy of the estimated flow profile. In this test rig, the results from a manometer
based assessment showed that the highest wind speed was close to the middle of the
cross section of the test section. In this set-up PAW3 was the closest to this position,
but not actually on the mid-point. At the scale of the tests being undertaken here it was

not possible to deploy sensors closer together and the corresponding missing data could
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result in a limited and possible inaccurate flow profile. However, the results indicate
the method was successful and as tower geometry becomes larger, it becomes viable to
add further sensors. As such the method should be enhanced. As a consequence, it is
possible to see that the method could be adapted to provide better pressure estimation
and thus support TST blade monitoring.
6.3.2 The 3-D Printed Blade

The 3-D printed blade used in the experiment in Chapter 4 was designed as a cuboid
as blade geometry is not an object of study here. Although the quality of the blade
appeared be reliable and repeatable, it was found that the bending stiffness of the blade
could be different even for the blade with same size and shape. This was most likely
due to variations in the finished part which the naked eye cannot observe. To mitigate
against these effects having an influence on this study two points should be considered.

Firstly, the calibration of the strain gauge on the blade was made between the tip
deflection and output voltage instead of the relation between applied force and the
output voltage. This is because the wind force applied on the blade is unevenly
distributed and unknown. The loads on the blade are thus not a reliable value in this
case. The method also removes any influence associated with the variation in blade
properties. An example of laser-based tip deflection measurement in wind turbine
shows that the tip deflection is the most intuitive indicator for blade health. It must be
stated that similar data is still difficult to obtain in TST application.

The No.2 3-D printed blade, which represents the wrongly pitched blade, is not

instrumented with strain gauge for dynamic measurement as the loads on the blade can
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be predicted to be certainly different with the first blade under the same wind setting.
Therefore, the static test for No.2 blade is also unnecessary.

In practice, the state, bending stiffness or even the shape of the blade could be
different for each installed blade. In addition, over time the properties of each blade
may change from what they were on installation due to long-term operations with
effects such as water absorption within the composite material. To assure the viability
and accuracy of any monitoring method it is therefore important that the comparisons
between the healthy and faulty conditions should be conducted on the same blade and
not on adjacent blades. This in effect relates to the need to monitoring changes in
condition and not actual condition, which is a commonly applied CM approach.

6.3.3 Static Test

Based upon the static comparisons of the pressure on the tower with different blade
positions it is possible to identify that, for each incident of blade passage, the duration
of the coverage for each of the PAW sensors is different. This is due to the
corresponding angular velocity. However, the information provided by each PAW
sensor is consistent between blade passages suggesting that the method can reliably
monitor each rotation. For real-life TST blade monitoring it may be asserted that more
factors such as surface roughness, local geometry, rotational speed and flow velocity
profile need to be considered. As such the static tests presented in this research were
used to provide a reference to how the approach may be applied for a full-size case but
cannot be considered as enabling the setting up of actual thresholds for appropriate

blade fault or failure monitoring; the method will need to be applied in specific

164



installations.

One parameter identified as critical to blade health is fatigue and it can be
considered that identifying and quantifying any occurrences of extra deflection arising
could be a very important factor for full-size turbine blade health prognosis. In addition,
the work done by each blade whilst continuously withstanding the cyclic short-time
fluctuations of flow loads could also be potentially acquired from the deployed sensor
set-up. These points may be further reinforced with the consideration of the dynamic
testing results.

6.3.4 Dynamic Test

The information made available from the dynamic assessment of blade
deflection/position via the strain gauge measurement during the blade rotation was
shown in Figure 4.18. The extra deflection due to the blade passage can be observed as
expected. After averaging the data for each blade deflection, the comparison between
the dynamic and static deflection was shown in Figure 4.19. It may be asserted that
the more complicated turbulent flow arising under the sea may result in more
unpredictable blade deflection during each rotation. This makes the acquisition and
analysis of real-time strain data very challenging. In addition, installing the required
strain gauges either inside or outside of the blade is difficult; strain gauges will
potentially experience high failure rates not least due to their location in the water.

This highlights the importance of the monitoring technique without installing
anything on the TST blade. The obtained pressure signals in each test indicated the

pressure variation at four different points. The flow profile was estimated as Figure 4.20
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with data being interpolated between two sensor positions. This was required because,
considering the size of the sensor and the tower, four sensors where appropriate. For a
full-scale TST such a restriction may not apply and the surface of the tower could be
covered with sensors. In addition to providing more detailed data this would also
prevent problems brought on by individual sensors failure.

The significance of the resulting multi-sensor flow profile based blade monitoring
technique thus enabled will include:
e The estimated flow profile in real TST could be more precise than the simulated

flow profile which is based on the surface velocity and flow profile power law.

e The sensors on the tower may be considered as providing a sensitive tool for blade
monitoring. This will also allow them to be used for warning of the extreme flow

conditions which currently is the biggest threat for blade failures.

e Assuming that the blade position can be measured, as it in this case, by extracting
signal segments which present the pressure without blade passage, a long-term
flow profile time series can be accumulated. This can support further blade load

simulation and turbine design iteration.

The next phase of this research considered how the above approach may be applied,
with the introduction of geometry changes intended to be representative of potential
blade faults. The efficacy of this work is discussed as below:

The removal of material from behind the blade (No.3 in Table 4.2) was undertaken
with the objective of simulating the reduced bending stiffness without changing the
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shape and surface conditions of the blade. It is likely that a number of potential blade

failure modes in real life will lead to abnormal flap-wise deflection. The research

question posed was therefore to investigate if such a change could cause the change of

the pressure variation.

e The capability for the deployed method to detect this change has been proved by
comparison, as shown in Figure 4.27. The possible influence of the extra deflection
for reference blade in the static test due to the closer tower cannot be validated by

the dynamic test.

The next section of work considered the removal of sections of the blade, which is again

a potential consequence of blade failure. Considering the results obtained from these

experiments suggested that:

e  The application to the analysis of the missing blade tip (No.4 in Table 4.2) was
more successful than for the missing part in the middle span (No.5 in Table 4.2).
This implies that the data from the sensor which is close to the blade tip is the
most sensitive one for detecting the failure. This principle potentially applies to

the TST with any scale levels.

In the final section of this initial testing blades were set up for tests at wrongly pitched

angles. The effectiveness of the approach is again being successful demonstrated:

o The tests (No.2 in Table 4.2) resulted in the discrepancy of the pressure variation
at all four positions compared to the optimal group as shown in Figure 4.30. In

this case, the chord length in blade tip is same as that of the blade root, which is

167



used to highlight the potential discrepancy by the blade failures but not practical
for full-size TST. Therefore, the sensor which is close to the first aerofoil profile

(blade root) could be the most sensitive one to detect this failure.

The results from Chapter 3, confirmed the potential of the approach with the
identification of the yaw error and faulty blade. These can respectively result in the
fluctuation of the rotor speed in one rotation and reduced rotational speed, which pose
a challenge for conventional CM analysis methods. By synchronisation with the
azimuth of the blade, the pressure variation can be processed and plotted as shown in
the figures in Chapter 4. This method enhances monitoring techniques that may be in
place.

The feasibility and performance of the approach based upon the monitoring of the
pressure on the tower have been verified in Chapter 4. The design suggestions of the
selection, location and operation of the pressure sensors adopted based on the testing in
wind tunnel was also considered. The discussion about the specific analytical methods
for these pressure signals will be given in the next section.

6.4 Pressure Signal Simulation and Analysis

Chapter 5 presented the analytical method developed using the simulated signal of
the pressure on the tower during the operation of the 3-bladed TST. The simulation
method was presented in Section 5.1.1 and the simulated scenarios based on the failures
from Chapter 4 were presented in Table 5.1.

By using the similarity in shape between the simulated pressure signal and the
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trapezoidal wave, some examples of the latter were used to test the feasibility of the
MATLAB-based Duty Cycle functions for further analysis. This function simplified the
traditional method for analysing square or trapezoidal waves. According to the
characteristics of the pressure signal obtained from wind tunnel experiment, the
duration and shape of the rise and fall time are not considered in the duty cycle analysis
for highlighting the more important information.

6.4.1 Duty Cycle and P-A Curves

The duty cycles of the pressure signal from PAW1 are the most sensitive and intuitive
values for detecting the discrepancy brought by the faulty blade. In other words, this
method focuses on the changed duration of blade passage. As mentioned in Section
6.3.1, the number of the sensors on the tower can improve the accuracy of the estimated
flow profile. This approach would not be adopted in real-life as the integrity of the CM
functions associated with the sensors may be threatened.

The proposed P-A curves are established by extracting the initial phase angle and
amplitude at the frequency of 3w(w is rotational frequency) from all of the possible
combinations of the blade faults. In practice, these failures can be tested in the field by
using the different prototypes of the turbine blade for more reliable results. The point
at this stage in the development is to consider whether the results from the feasibility
study of this method are successful. The method is based on the processed signal which
starts precisely from the required position so that the signal for each rotation of the rotor
can be segmented. The difference between each of the trough segments caused by any

deviations to the blade passage can be finally classified as the change of the amplitude

169



and initial phase angle of the fundamental wave. This method is simple and yet rigorous.
To prevent the possibility of inference from anticipated events such as wave-current
effects or the pressure changes due to water depth, it was decided that more reliable

algorithms are needed.

6.4.2 Overlap

Overlapping the signal segments was identified as being another way to conduct
intuitive comparisons. It is only applied for the signals from the sensors on the tower
within the locations corresponding to the middle span strut. For flow profile
measurement, these signals are used to improve the accuracy of the results. For failure
diagnosis, they are only used to detect the wrongly pitched blade and the blades with
missing parts. By testing the blade with different pitch angles, it was possible to create
a model of the corresponding pressure variation. The missing part can also be
highlighted by the sensors installed within the corresponding partial areas.
6.4.3 Blade Health Monitoring (BHM) system

The logical order of the proposed BHM system and the overall data processing flow
were respectively shown in Figure 5.18 and Figure 5.21. The benefit of this approach
is its ability to function with the loss of one or more sensors. The system can be
programmed in advance to function without the missing data and is capable of
recreating a new algorithm by estimating the flow profile between two healthy pressure
sensors. This feature allows the system to continue to work until the broken sensors can

be replaced by the scheduled maintenance.
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In this proposed system, the duty cycle analysis is the first level to detect the changes
brought by the failure blade. Based on the analytical method introduced in this thesis,
the duty cycle analysis of the pressure signal is conducted by using the data from the
relatively stable flow condition. For practical TST blade, the tip might produce smaller
pressure variation or even turbulence on the tower. And, except for detecting pitch angle
error, the blade root is the least sensitive part for the abnormal deflection caused by the
failures. Therefore, the selection of the data from the sensors at different position is
significant, which is highly related to the design of the TST structure.

The analysis of the initial phase angle and amplitude of the pressure signal is a
reliable way to identify the level of the abnormal deflection. This provides the operator
or upper level system to make the next decision of the turbine control. This is also
highly related with the real-time flow condition which can also be obtained by the
pressure sensors with specific algorithm.

The signal overlap is the most intuitive method that can be displayed on the user
interface of the monitoring system. It could provide both type and the specific location
of the potential failure.

Based on above, the advantages of the proposed BHM monitoring system if the
feasibility are validated by flume tank or field test:

1. The cost of both the hardware and installation is low.

2. Itis applicable for most of the existing TST projects.

3. Non-destructive monitoring.
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The information of the local flow conditions can be accumulated by the system

and can be used for further study.

No attachment on the rotating blade.

Reliable and intuitive.
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7. Conclusions

This chapter concludes the entire work of this thesis. It summaries both the new
methods for real-time flow profile measurement and blade health monitoring system
for tidal stream turbine. Based on the discussions in Chapter 6 it also indicates
directions and considerations for future work.

The following conclusions are made:

o The potential for the development of new techniques for the condition
monitoring of tidal stream turbines using the wind tunnel was successful
demonstrated. This can give other researchers the confidence to conduct TST
related research within this low-cost environment at low risk but high

efficiency.

o A series of techniques for condition monitoring, signal processing and data
storage were developed in the LabVIEW-based CMs platform and the
compatible Arduino IDE. These can be of direct relevance to any further
related experiments in the wind tunnel. The approaches can be adapted and

deployed using the “myRIO” platform for time saving and fine control.

o The flow profile was estimated by using the array of the PAW sensors on the
tower to measure the dynamic pressure while the blade is passing. Using this
approach, the Blade-Tower interactions were experimentally investigated in

the wind tunnel. This is the first such investigation of this relationship.
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The first experiment in chapter 3 provided a better understanding of the
vibration which is solely resultant from the incoming flow. This was added to
the model TST structure via the experiment in wind tunnel. For the
consideration of the much higher flow pressure on the tower and loads on the
blade, it is instructive to analyse the vibration by classifying the vibration

sources into two categories: Mechanical and Hydrodynamic.

In the flow profile measurement experiment, the design of the structure to be
comprised of the independent blade and tower was of great significance in
eliminating the interference from the physical connection between the blade
rotor and the tower. The same test rig could be adapted in the future for
investigating the more realistic and detailed characteristics of the B-T

interactions in water.

7.1 Contributions

The following contributions were generated by the research presented:
A novel method for measuring air-flow and pressure in a lab-scaled wind tunnel
was engineered. In doing so the concepts and the operating principles of the PAW
were explored to provide a sensing method that is equally applicable in different
fluid environments.
The blade status was successfully estimated by the pressure variation on the tower
during the blade passage without installing any sensors on the blade. This could be

a most cost-effective method to both detect and classify the blade failures. Potential
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identifiable faults include rotor imbalance, missing or damaged blade sections,
wrongly pitched angles and the onset of variations in stiffness and/or bending.

e The deployment of the underwater PAW sensors will provide the capability to raise
an alarm in the case of extreme flow conditions. This may be either to alert
operators directly or, more beneficially, using the monitoring system. An
emergency stop or pitch control can be carried out to prevent potentially
devastating blade faults. This is a function that all the current TST projects most
urgently need.

e The azimuth angle of the blade has been used in a novel way as a reference for the
BHM system. This concept has not been previously studied by any researchers. It
can provide useful information for the development of potential new techniques.
These can be tested in the TST models. Accordingly, the concept of the Blade
Positioning system (BPs) was proposed.

e A new and intuitive analytical method for acquiring and processing data on the
pressure on the surface of the tower was established. This will increase the
reliability of the CMs as they are applied to TST. These are operated in hostile and
complicated flow conditions. Once a failure has been detected, its criticality
determined and assessed then, depending upon the seriousness level corresponding

measures can be taken in a timely fashion.

7.2 Recommendations and Future Work

Some consideration of the further research regarding the wind tunnel system
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development can be identified:

The influence of the air directionality is unknown for the proposed monitoring
method. For example, if there is yaw error occurring on the structure, the deviations of
measured data from the PAW sensors for both blade passage and/or wind velocity
profile may be uncertain. This is related to the working principle of the sensors which
respond to changes in pressure.

Although the dynamic performance of the PAW sensors is better than any other

sensors tested, the data obtained provided an indication of the real dynamic wind
pressure. This requires further consideration and potential design enhancements to
provide better resolution and accuracy. The design of the PAW sensor and the material
of the force collecting element may be further improved.
The geometry of the blade, which is not studied in the thesis, may be a further influence
on the wake behind the blade and hence the pressure variation on the tower. In addition,
the geometry of the pillar used in the tests is cuboid, which is not practical for real TST.
For more detailed understanding, water flume testing of a scale TST is necessary to
investigate these two factors.

The flume or water tank test of this system installed onto a scale model TST is the
next step to further implement and verify the proposed methods. A prototype TST
model, designed by CMERG, and water flume are available for these future tests. Some
considerations for establishing the corresponding underwater test rig are listed below:
7.2.1 Sensor Design

For underwater deployment, the pressure sensors must have water proof sealing. This
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needs to provide good performance, durability, and sensitivity. The force collector
element of the candidate pressure sensors plays a crucial role on the accuracy of the
sensor. It acts to enable the conversion from pressure to digital data. The resultant
pressure signal is then synchronized with a global timestamp, blade position, thrust etc.

The influence of the surface measurement area of each pressure sensor on the
reliability of the data is still unknown. Theoretically, reducing the area of each sensor
and increasing the number of the sensors on the tower can improve the resolution and
accuracy of the estimated flow profile. However, the area of each sensor can also affect
the sensitivity. These relationships can be validated by the flume test with sensor
prototypes of different sizes.
7.2.2. Blade Positioning System

The midpoint between the two adjacent blades is a very important reference for signal
processing in the proposed monitoring system. In practice it can be realized by the
addition or modification of an existing rotary encoder which can be set up to generate
a pulse corresponding to each midpoint. It may be anticipated that most TST designs
will include such an encoder within the hub; it is a simple task to include one if
necessary. More importantly, the blade position information can be used to analyse
other datasets such as the thrust, vibration, torque and power output. This added
monitoring item is not difficult to implement on the prototype TST in the water flume.
7.2.3. Monitoring System

The algorithms of the proposed monitoring system may need to be modified and/or

improved for adapting the system to the characteristics of water. The pressure at depth
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is the first factor that may affect the measured results and its dynamic impact needs to
be investigated. In particular, the discrepancy of the pressures at depth is magnified by
the height and operating depth of the existing TST project. Therefore, the compensation
data for measured pressure may be necessary for the specific environment. However, it
should be noted that the monitoring approach is based upon pressure change, and as
such the adaption of the technique should be straightforward.

The monitoring system needs an enhanced algorithm to ensure the performance of
the sensors and the reliability of the data. Any data related to broken or faulty sensors
should be eliminated from the process of the estimation of the flow profile. This can be
developed based on the following principle: The data from adjacent sensors can provide
the upper and lower limits for the measured values of the target sensor. Once the
measured value extends beyond the limits, the corresponding sensor will be determined
as the faulty one by the system.

7.2.4. Structural Design

As the sensors of the proposed method were mounted on the tower the measured flow
profile can only cover half of the swept area of the rotor blade. If necessary it would be
possible to mount a structure above the nacelle to support additional sensors to measure
the complete flow profile. With smaller diameter of this extended upper tower, the
impacts from the upper blade passage can be minimised. This approach may be seen as
only necessary if the existing set up cannot provide the sensitivity needed. It is not
currently needed.

The vibration of the TST may have an impact on the performance of the pressure
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sensors in the flume. The installation or design of the tower of the model TST must
therefore be adapted to withstand the drag force from the water.
7.2.5. Flow Conditions

The existing geometry of the sensor array collecting the force the pressure profile
assumed that the flow is ideally at right angles. Since the air in the wind tunnel is
relatively stable, the obtained pressure signal is assumed to represent the velocity
profile. In a marine environment, the effects of waves and turbulence are known to be
continuously changing the local flow conditions. Therefore, the tests in a flume of flow
tank must be used to study how to minimise or eliminate the interference on the
obtained signal arising from local flow conditions. This represents a challenge which is
the most significant factor for the full realisation of the proposed monitoring technique.
It should be noted that such flow conditions will vary continuously but that the effect
of a blade fault will not. Thus, the analysis approach embodied in this research will be
effective, with modification.
7.2.6 Implementation on Full-scale TST

Although there is still a long way to go before the proposed technique may be
implemented on a full-scale TST, there is a factor that needs to be considered in advance.
As the tip clearance and the blade geometry of the existing TST are different. The flow
impacting on the tower will therefore need to be characterised. If necessary an extra
support structure may need to be installed behind the blade for mounting the sensors.
Other factors such as the collision of mammal or cavitation are not discussed here but

still important for its implementation. It is intended however that the system deployed
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will utilise a sensor array derived from sensors modified to suit. They will be located
as required on the tower and will provide a robust and reliable blade health monitoring

function.
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