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generator quadrature axis current measurements as an analogue for drive train torque 

measurements. It was further found that feature fusion of the rotor imbalance criterion 

calculated with power coefficient monitoring was successful for imbalance fault diagnosis.  

 

The final part of the work presented was to develop drive train simulation processes 

which could be calculated in real-time and could be utilised to generate representative 

datasets under non-steady-state conditions. The parametric rotor model was developed, 

based on the data captured during flume testing, to allow for non-steady state operation. A 

number of simulations were then undertaken with various rotor faults simulated. The 

condition monitoring processes were then applied to the data sets generated. Condition 

monitoring based on operational surfaces was successful and normalised calculation of the 

surfaces was outlined. The rotor imbalance criterion was found to be less sensitive to the 

fault cases under non-steady state condition but could well be suitable for imbalance fault 

detection rather than diagnosis.  
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1.3.2 Horizontal Axis Tidal Stream Turbines 
Horizontal Axis Tidal Turbines (HATT) are characterised by the rotational axis of the 

turbine being parallel to the fluid flow (EMEC, 2012). The majority of tidal stream devices 

currently under development or full-scale deployment are of this type (Chen el al, 2012). 

HATTs required more hydro-dynamically complex blade designs incorporating complex 

blade profile, tapers and twists (Khan et al, 2009). However HATTs generally have higher 

efficiencies than VATTs; reported peak efficiencies range from 39% to 48% of the energy 

in the fluid flow over the swept area of the turbine (Mason-Jones, 2010; Jo et al, 2013; 

Faudot et al, 2013; Walker et al, 2013).  In order for HATTs to operate in both flood and 

ebb tides HATTs must incorporate a global yawing system, blade pitch or bi-directional 

blades which can add to the manufacturing cost and reliability burden of such devices (Liu 

and Veitch, 2012; Nicholls-Lee, 2011). HATTs exhibit faster rotational velocities than 

VATT counterparts which to some degree alleviates the problem of generator matching 

(Khan et al, 2009). Figure 1.3 shows a number of HATTs currently under commercial or 

prototype deployment.  
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MCT Seagen S (Marine Current Turbines, 2013) b)  Alstom DeepGen (Alstom, 2013) 

  

c) TEL Delta Stream (Tidal Energy Ltd, 2014) d) SME Plat-O incorporating Schottel Instream 
Turbines (SIT) (Sustainable Marine Energy Ltd, 

2016) 

  

e) OpenHydro Open Centre Turbine (Brooks-
Roper, 2012) 

f) Atlantis AS 140 (Atlantis Resources, 2008) 

 

g) Altantis AR1000 (Atlantis Resources, 2012) 
Figure 1.3: Examples of HATT under development, prototyping and deployment. 
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 Literature Review 
2.1 Introduction 

This chapter provides a survey of relevant literature relating to the research activities 

covered within this thesis. This review was conducted to give scope and guide research 

activities throughout the period of study. The aim of the presentation of literature is to 

construct a basis upon which a clear methodology for condition monitoring research could 

be built. Furthermore the literature review allows for the identification of required and novel 

areas of condition monitoring research related to the tidal stream turbine (TST) application. 

The chapter is starts by giving an initial overview of reliability issues facing the TST energy 

sector, in Section 2.2. The goal of this section is to identify key TST sub-assemblies which 

can be successfully aided via the adoption of condition monitoring (CM). This notion is 

developed further in Section 2.3 where the failure modes and reliability of TST rotors is 

considered. Condition monitoring research specifically related to TSTs is considered in 

Section 2.4 with the goal of identifying candidate condition monitoring processes for testing 

and development. Identification of successful monitoring approaches is then presented in 

Section 2.5 with the goal of gaining insight from the similar application of CM practices. 

Lastly literature related to scaled TST testing and development is outlined in Section 2.7. 

The goal of this section is to produce a set of possible testing and simulation procedures 

which could be adopted for realistic testing and development of the previously proposed 

condition monitoring processes. 

2.2 Tidal Stream Turbine Reliability 
The improvement and assurance of the reliability of tidal stream turbines and their sub-

assemblies must be considered to be a major factor in the realisation of a well-functioning 
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2010). The selection of a sub-assembly to which CM research could be usefully applied was 

therefore based on this work. Figure 2.1 shows the observed number of failures per annum 

and the downtime, in days, associated with sub-assembly failure for WTs. The data shows a 

number of critical sub-assemblies which either have a high likelihood of occurrence or 

which have long down times associated with the failure of the given sub-assembly. It was 

considered that failure of the rotor sub-assembly would result in prohibitively long 

downtimes and had a reasonably high likelihood of occurrence. As such the author chose to 

direct the CM research activities undertaken within this doctoral project towards detection 

and diagnosis of TST rotor fault conditions.  

 
Figure 2.1: Failure rates and downtimes for differing turbine sub-assemblies (Tavner et al, 2010). 

2.3 TST Rotor Reliability and Failure Modes 
A number of research papers have been published considering the reliability of TST rotor 

blades. Most recently Kumar and Sarkar (2016) provided a review of hydrokinetic turbine 

reliability as part of a broader review of the industry. The review considers that torque 

fluctuations have a major impact on turbine reliability due to fatigue loading and vibration. 

This view is supported by the consideration of the work conducted by Hu et al (2012) which 

explores both time dependent and instantaneous probability of turbine rotor failure. The 
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work reported that the time dependent probability of failure has a greater impact on turbine 

reliability than the instantaneous probability of rotor failure. 

Chen et al 2014 also provides a brief review of many of the works published and outlined 

many of the contributing factors impacting on TST rotor blade reliability. Chen points out 

that extreme loading, cyclic loading, the saline environment and biofouling will have an 

impact on TST blade reliability. Byrne et al (2011) investigate the likelihood and conditions 

required for cavitation to occur during the operation of TSTs. In considering the effects of 

cavitation Byrne et al note that the cavitation can cause or exacerbate blade pitting which 

can result in reduced power output, water ingress and rotor imbalance.  

Sloan et al (Sloan et al, 2009) conducted a reliability assessment of tidal stream turbines 

or ocean turbines and address in detail the effects of biofouling on tidal stream turbine 

operation. Initially the study highlights biofouling, impact of marine life, fluid salinity, 

underwater turbulence and difficulties in accessing machinery as key factors effecting tidal 

stream turbine operation. The authors, as well as highlighting the effect of biofouling on the 

ability of TSTs to efficiently generate electrical energy, also point out the effect of 

biofouling on rotor condition monitoring systems. The authors acknowledge that biofouling 

will reduce the ability of sensors to measure key rotor condition indicators and could well 

lead to sensor data masking rotor fault conditions. The study goes on to consider methods 

for reducing the extent to which biofouling will occur by considering the micro-geometry 

of turbine blade coatings.  

Val et al (2014) considered the reliability of TST rotor blades when subjected to extreme 

loading due to turbulent velocity fluctuations impacting a TST subjected blade pitch control. 

Specifically the work generates a probabilistic model of the likelihood of bending failure 

considering the stochastic nature of the fluid velocity, the resistance of turbine blades and 

the pitch response cut-off frequency. The paper generates results relating to design safety 

factors in terms of load factors and resistance factors.  
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Table 2.1: Results of the literature survey into condition monitoring research aimed specifically at 
tidal stream turbines.  

Database No. of Results Returned 

via Search Term. 

No. of RELEVANT 

Results Returned via 

Search Term. 

ACM 0 - 

Compendex 4 0 

Google Scholar 95 10 

IEEE Explore 50 13 

Scopus  24 14 

 

 

Of the 173 publications returned during the search, 37 publications were considered to 

specific relevance to the application of condition monitoring techniques to tidal stream 

turbines.  Due to results repeated in multiple databases the final figure of unique publications 

deemed to have relevance specifically to the condition monitoring of tidal stream turbines 

was found to be 30. Lastly it was noted that 5 of the 30 unique results were publications 

upon which the researchers was a lead or named author.    

 Caselitz and Giebhardt (2005) presented one of the earliest papers aimed specifically at 

the condition monitoring of TSTs. The paper aimed to apply and adapt knowledge acquired 

in the condition monitoring of both on-shore and off-shore WTs to the task of CM of TSTs. 

Figure 2.2 shows an example of the possible structure and hardware of a condition 

monitoring system of TSTs. The system contains many of the elements included in a WT 

monitoring systems, including accelerometers for gearbox and baring vibration monitoring 

and fibre bragg gratings for blade and structural load monitoring. The system is supported 

by environmental measurements, specifically by measurements of the fluid velocity 

upstream of the turbine rotor. This work goes on to outline the generalities of some condition 

monitoring algorithms to be applied to TSTs based on the hardware setup outlined. The 

algorithms presented include overall performance monitoring to observe deviation of power 
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output for a given fluid velocity from the characteristic output for the turbine. Other 

algorithms mentioned within the publication involve vibration measurement of structural 

components with subsequent observation of Eigen frequencies with the deviation of Eigen 

frequencies from expected values highlighting changes in structural properties of the 

component being monitored. The paper lastly considers internet based communications and 

database management systems.  

 

 

Figure 2.2: Figure showing the possible structure of a condition monitoring system for use in TST 
deployments (Caselitz and Giebhardt, 2005). 

 

Beaujeany et al (2009) presented considerations of many of the reliability issues faced by 

TSTs and the associated monitoring hardware. Mjit et al (2010) conducted work considering 

order analysis of vibrational data as a means of fault detection, the work was first conducted 

on a commercial fan and later extended to monitoring of a small boat propeller. The work 

also discussed elements of the data storage and capture processes. The order analysis 
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methods applied were successful in identification of imbalance and misalignment. The 

research undertaken and presented by Mjit et al was extended in 2011 (Mjit et al, 2011a) to 

incorporate a more fully developed Smart Vibration Monitoring System (SVMS) which 

handled much of the data capture storage and processing autonomously. The system 

included many of the techniques performed off-line by vibration monitoring specialists 

including advanced signal processing of vibration data. Specifically the software processed 

raw vibrational data via Power Spectral Density, Fractional Octave, Cepstrum, Hilbert 

Envelope, Wavelet Transform and overall vibrational statistical characteristics. The process 

was developed using LabVIEW and tested using a drive train test rig setup to harbour fault 

conditions by attaching weights to the drive train. Changes to the performance metrics 

calculated via the advanced signal processing operations listed above were successfully 

tracked for three differing levels of fault severity and for two rotational velocities. 

Further works were published by (Mjit et al, 2011b), the publication presented an 

overview of many of the condition monitoring processes as applied by the researchers to the 

TST drive train simulation apparatus previously developed (Mjit et al, 2011a). The work 

presents details of power spectrum analysis, Cepstrum Analysis, kurtosis measurements, 

STFT and Hilbert transform processes as applied to vibrational data captured using the 

outline test rig, Figure 2.3Figure 2.2 shows a schematic of the test rig used. 

 
Figure 2.3: Schematic and photograph of a dynamometer test rig for undertaking TST simulations for 

CM process development (Mjit et al, 2011a). 
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wavelet transform. As well as further fusion of each of the accelerometer channels, differing 

feature selection processes were applied to reduce the dimensionality of the fused 

application before applying machine learning algorithms. The study was also extended to 

include five-fold cross validation in the training and application of the machine learning and 

feature selection processing. A varying number of the features ranked by the feature 

selection algorithms were chosen and used to train the fault detection machine learning 

algorithms. The results show that fault detection can be improved via feature fusion and can 

perform well under the use of a reduced number of features as highlighted by the feature 

selection processes.  

Dehaney et al (2012a) also extended the application of machine learning processes in 

TST fault detection. The goal of this extended study was to consider the effects of class 

imbalance (having more data related to one state than the other) on the successful 

implementation of machine learning method for TST fault characterisation. The study found 

that the performance applied machine learning algorithms suffered significantly when large 

class imbalances were simulated. The same researchers also published further research based 

on the experimental setup previously outlined in (Dehany et al, 2011a). The methods applied 

were concerned with the application of Wavelet transforms as a feature extraction technique 

and the subsequent comparison of feature fusion and non-feature fusion applications of 

machine learning algorithms (Dehaney et al, 2012 b-e). The research was further extended 

in 2013 to the classification of turbine state rather than fault detection. The work showed 

that the five nearest neighbour algorithm gave 100% correct classifications (Dehaney and 

Khoshgoftaar, 2013).   

Two publications by Waters et al in (2012 and 2013) presented research considering the 

detection, localisation and identification of bearing faults in TST applications. The two 

papers presented similar studies within which models for bearing loading under bearing race 

cracking were developed. The models were then used to guide the development signal 
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processing methods which were then applied to vibration signals acquired from two 

accelerometers mounted on dynamometer test beds. In order to detect bearing damage the 

power spectral density of the measured accelerometer signals was utilised as well as the 

coherency between them. A fault condition was said to exist if the power observed at 

frequencies of interest (found via impact test) exceeded a given threshold. The fault was 

then localised to a given bearing by comparison of the power spectral density measurements 

at the frequencies of interest from the two accelerometer measurements. Envelope tracking 

was then used to identify the fault type (inner vs outer race fracture) by considering the 

timing of the observed impacts yielding the observed increases in spectral power at the 

frequencies identified.  

The need, requirement and impact of the adoption of CM systems within the TST industry 

was considered by Elasha et al (2013). The publication lists a number of observed failures 

during the limited number of TST deployments. These are: 

 

1.  The failure of turbine blades mounted on the open hydro device in 2009 due to 

fatigue in the Bay of Fundy.  

2. A single blade failure of the two-bladed Atlantis AK100 in Orkney during 2010 

due to a manufacturing fault. 

3. Removal of the Race Rock turbine from Middle Island in 2011 due to large 

reductions in power output caused by a build-up of micro algae, Figure 2.4. 
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Figure 2.4: Condition of the Race Rock turbine after deployment (Elasha et al, 2013). 

 

The researchers also present a comparison of the load cases of a wind turbine and TST of 

similar power ratings, the comparison is presented in table 2.2. The authors then develop 

CM approaches to gearbox monitoring, gearbox monitoring was considered due to the high 

torque loads expected in TST drive trains and the long down times observed in the WT 

industry for such failures. They then outlined the structure of a horizontal axis turbine with 

a hydraulic yaw system and use the MADe software to model reliability of the system. The 

model considered a number of operating parameters for each of the components of the 

turbine including the functionality of each assembly, the associated failure modes and 

symptoms and lastly the criticality of each component. The model was then used to generate 

RPNs for each of the components.  

Table 2.2: Comparison of the operating parameters of a TST and WT of similar power ratings (Elasha 
et al, 2013). 

Wind Turbine Parameters Tidal Turbine Parameters 

Density = 1.22 kgm-3 Density = 1000 kgm-3 

Rotor Diameter = 27.1 m Rotor Diameters = 9.31 m 

Velocity = 12 ms-1 Velocity = 2.6 ms-1 

Thrust Load = 146 kN Thrust Load = 675 kN 

Torque = 564 kNm Torque = 837 kNm 
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by an actuator with the blade response to the waves recorded by sensors was developed and 

illustrated over the course of the two projects (Makaya et al, 2011; TidalSense, 2011).  The 

work developed throughout the overall TidalSense project allowed for the imbedding of 

ultrasonic sensors during composite turbine blade manufacture creating a robust solution.  

2.5 Experience in Failure and Monitoring of Wind Turbine Rotors 

and Blades 
Wind turbine blades can account for between 15% and 20 % of the capital cost of a given 

wind turbine (Liu et al, 2015). The large portion of the cost attributed can to some degree be 

attributed to the growth in the diameter of wind turbine rotor in recent years. By necessity 

TST rotor diameters are set to be significantly smaller than those of wind turbines of a 

similar rating. However, due to the higher loading on a TST, it is likely the blade cost will 

still account for a significant portion of the whole capital cost.  

Within the literature a variety of WT blade and hub failure modes have been considered 

including rotor imbalance and asymmetries, blade and hub corrosion, blade cracking and 

deformation, fatigue damage, reduced blade stiffness and increased surface roughness (Liu 

et al, 2015, Qiao and Lu, 2015a and Qiao and Lu, 2015b). Rotor imbalance failures have 

been noted to arise from two main sources aerodynamic imbalance and blade mass 

imbalance, furthermore it has been reported that 20% of wind turbines operated with either 

mass or aerodynamic imbalance (Losi and Becker, 2009). Aerodynamic imbalance occurs 

when the aerodynamic properties of the blades are not balanced leading to differing levels 

of thrust and tangential force developed by each blade. Aerodynamic imbalance can also 

occur due to pitch control actuator failure (Zeng et al, 2013), asymmetric icing, accumulation 

of dirt or blade damage due to impact or fatigue loading (Kusnick et al, 2015; Gardels et al, 

2010; Gong and Qiao, 2012).  

Blade mass imbalance occurs when the distribution of mass about the rotor is not 

balanced correctly. This can occur due to manufacturing error, errors during construction 
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and varying degrees of shift and wear of blades over the operating life of the turbine 

(Kusnick et al, 2015; Gardels et al, 2010; Gong and Qiao, 2012). Blade mass imbalance can 

also occur due to water ingress and distortion of the blade (Hyers and McGowan, 2006;  

Giebhardt, 2007). It must also be noted that the associated rotor imbalance leads to increased 

stress on the turbine system via the introduction of speed and torsional fluctuations. This can 

reduce the operational of many turbine sub-assemblies, including the rotor assembly, drive 

train and gearbox assemblies (Hyers and McGowan, 2006; Hameed et al, 2009).   

Failure of rotor blades due to fatigue damage occurs due to the cyclic loading of the 

blades over the operational life of the turbine. It has been stated that fatigue damage of WT 

blades can lead to delamination of composite blade materials as well as cracking of turbine 

blades (Qiao and Lu, 2015a). The nature of cyclic loading in the marine environment may 

be considered to be greater than that of the operational environment of wind turbines; as 

such fatigue damage to TST rotor assemblies is set to be a major cause for concern for TST 

developers.  

Increases in blade roughness and decrease in blade surface conditions occur in WTs due 

to icing and the build-up of debris. In the context of TSTs this problem is thought to be 

exacerbated due the saline environment of the ocean and the biofouling that is likely to occur 

as a result of operation in the ocean environment.  

2.6 Applicable Condition Monitoring techniques 
Due to the large number of failure modes and the associated expense of such failures 

wind turbine rotor assemblies are the subject of a range of research projects. A number of 

these have been conducted to consider effective ways to monitor wind turbine rotor 

condition.  This section outlines the main research trends in four classes of monitoring 

methods and processes, namely: acoustic emission monitoring, vibration monitoring, 

electrical signal monitoring and strain monitoring. The selected methods were identified 

from within more comprehensive reviews of CM research applied to WTs (Qiao and Lu, 
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used to determine if, what and where damage has occurred in the turbine blade. The 

application of AE to tidal stream turbine monitoring could well be useful and more research 

in this area is required. It considered the harsh marine environment may cause reliability 

issues for the imbedded sensors required for such a monitoring approach.  

2.6.2 Vibration Monitoring 
Vibration monitoring has been used consistently in commercially deployed WTs for CM. 

It has been used for fault detection in sub-assemblies and has to some degree been 

standardised by the introduction of the ISO 10816 standard (2014). The goal of vibration 

monitoring of turbine blades is to view changes in the vibrational response of turbine blades 

under differing blade fault conditions. Often to enable the vibration monitoring of turbine 

blade condition the sensor (which may be an accelerometer, velocity sensor or displacement 

sensor) is mounted directly on the turbine blade (Qiao and Lu, 2015b and Kusnick et al, 

2015). Generally two types of feature extraction process are used in the analysis of vibration 

data, namely; statistical and time-frequency methods. Typical examples include the use of 

vibration monitoring to identify WT rotor asymmetry by changes in the observed 1P 

frequency (Caselitz and Giebhardt, 2005). In other work researchers applied Empirical 

Mode Decomposition (EMD) to vibration data and used the extracted Intrinsic Mode 

Functions (IMFs) as an indicator of blade cracking (Abdelnasser and Alhussien, 2012).  In 

another case accelerometers were applied to blade tips and changes in the RMS and mean 

values of the vibration data used to observe the effect of rotor pitch imbalance; the method 

was able to identify which blade was misaligned (Kusnick et al, 2015).  Whilst vibration 

monitoring could well be suitable for application to TST rotor monitoring further research 

in this area is required. As with AE monitoring it is considered that there may be reliability 

issues relating to the vibration sensors due to the harsh marine environment. 
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2.6.3 Electrical Signal Monitoring 
Measuring changes to the current and voltage at the generator terminals has been utilised 

to undertake monitoring of a number of turbine assemblies. Academic researchers and 

commercial WT operators have deployed this technique to monitor WT rotor imbalance 

(Qiao and Lu, 2015b). The use of such monitoring practices has gained significant attention 

in research due to the ease of implementation and the negation of need for additional sensors 

suits (Qiao et al, 2015). Generally monitoring of generator stator currents in the frequency 

domain is used to observe frequencies relating to rotor fault behaviours, predominantly an 

increase in the 1P frequency which has been reported to be a good indicator of rotor 

imbalance (Caselitz and Giebhardt, 2005; Kusnick et al, 2015; Qiao et al, 2015).  This 

approach is considered to be suitable to the TST application, whilst early detection may be 

infeasible utilising such methods, it was considered that this approach has the advantage of 

not requiring additional sensors which may have reliability issues. The research presented 

within seeks to develop understanding in the application of such processes to TST rotor 

monitoring.  

 

2.6.4 Strain Monitoring 
Strain monitoring of turbine blades requires embedded sensors in the turbine blade and 

has been used for blade monitoring in a variety of ways (Qiao and Lu, 2015b). It has been 

reported that strain measurements can be utilised for detection of structural defects, blade 

icing, mass imbalance and lightning strikes (Crabtree et al, 2014). Strain measurement 

sensors are available in two main categories electrical sensors, for example traditional 

resistance strain gauges, and fibre optic sensors such as, Fibre Bragg Gratings (Schubel, 

2013). Generally Fibre Bragg Gratings are preferred to the traditional electrical resistance 

based methods for WT blade monitoring (Hyers et al, 2006). Fatigue damage monitoring via 

FBGs has undertaken by monitoring load cycles and creating RUL estimates based on S-N 
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in the 2nd generation turbine model. This allowed the same blade sets to be used on each 

turbine, minimising the relatively high cost of blade manufacture; each of the 21 blades 

manufactured cost approximately £1 000. Furthermore this allowed further testing to 

confirm the observed power coefficient of 0.4 in the original set of flume tests which were 

subject to high levels of uncertainty. The high levels of uncertainty observed in these test 

was considered to be an artefact of using the non-direct drive coupling.  

The details of second-generation turbine are outlined in (Mason-Jones et al, 2012) 

(Morris, 2014). It was developed by mounting the braking motor directly behind the turbine 

rotor. The turbine rotor and braking motor were directly coupled via a short drive shaft. This 

required that the motor was mounted inside the turbine housing, i.e. in the manner that is 

similar to many commercial turbine setups with the motor taking the position of a permanent 

magnet synchronous generator (typically used for direct drive applications). The turbine was 

made waterproof via the use of O-rings and threaded end plates. The thrust on the turbine 

structure, including the stanchion, was measured via a 50 Kg force block mounted at the 

connection between the turbine stanchion and the crossbeam holding the stanchion in the 

centre of the flume working section. This turbine was used extensively in studying the power 

converted and wake recovery associated with the rotor under plug flows, profiled flows, and 

under wave current interaction scenarios (Tedds et al, 2011) (Mason-Jones et al, 2012) (de 

Jesus Henrique, 2013).  

Limitations of this turbine setup arose due to the motor used to oppose hydrodynamic 

torque. It was found that the setup was unable to provide enough power to operate the turbine 

over the full range of operating conditions required. Specifically, testing was only able to 

proceed between the freewheeling and peak power portion of the associated turbine power 

curve. Furthermore the data capture from the motor drives was at a sample rate of 1.75 Hz 

and the sample rate for thrust measurements was 47.6 Hz leading to problems when 

performing frequency analysis on the acquired datasets. An identified shortcoming of the 
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connected to three rheostats which, for each flow velocity, were altered to control the speed 

of the turbine rotor.   

Various tests were performed in a cavitation tunnel using five pitch angles ranging from 

15o to 30o with tunnel speed of up to 2.0 ms-1. For each test the turbine RPM was increased 

or decreased until cavitation occurred. As well as cavitation testing, tow testing was also 

conducted for two tip immersion depths of 150mm (0.19D) and 440m (0.55D) at speeds 

between 0.8 and 1.5 ms-1. Yaw angles of 0o to 30o were investigated along with the operation 

of the turbine with the addition of a second dummy rotor. The testing regime shows that the 

rig design was versatile and gave consistent results which were validated against established 

BEMT theory. From this work the importance of well-considered signal conditioning and 

turbine control was evident; as such the turbine designed was specified in order to adhere to 

these good practices. 

Clarke et al (2007) designed a turbine for tank testing to study the positive effects of 

utilising a contra rotating turbine design to minimise reaction torque on the turbine support 

structure and swirl in the turbine wake. The diameter of each rotor was 820 mm and the 

spacing between each rotor was adjustable from 45mm to 100mm. Opposing torques were 

achieved by the mechanical action of applying a hydraulically actuated disk brake. In order 

to maintain zero net torque on the drive shaft the braking load was applied to both rotors. 

Consequently a differential gearbox was designed in order to allow the blades to rotate at 

different speeds. The turbine was instrumented with optical encoders placed on each of the 

drive shafts above the water level. Strain gauges were used to measure the thrust on the 

support, the braking force and therefore the frictional torque as well as the in-plane and 

normal bending moment on a single blade on each rotor. LabView was used for data 

sampling and processing with the final solution implementing multiplexing between the 

various strain gauges on a single LabView input channel. Data was sampled at 1.3 KHz 

equating to a rotor angular resolution of less than 1o. The design of the turbine highlighted 
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the need for measurement synchronisation or global timestamping and required sample rates 

in excess of 1 KHz. This was required to study in detail the transient relationships of blade 

loading over a single turbine rotation. Also of merit was the use of strain gauges to measure 

blade loading. The paper mentions difficulties in synchronising data when initially recording 

at hub level, later recorded via LabVIEW. It was noted that this problem must be considered 

and mechanism for synchronising hub measurements for hub level logging within the new 

hub had to be devised.    

Walker et al (Walker et al, 2014) produced a model turbine to study the effects of blade 

roughness and bio-fouling on the TST energy extraction process. The turbine used was a 

two-bladed 0.8 m diameter model, based on the NREL turbine design. The blade profile 

adopted was the NACA 63-618. The test was conducted in a towing tank with the velocity 

of the tow carriage set to 1.68 ms-1. The dimensions of the tank were 116 m in length, 7.9 m 

in width and 4.9 m in depth. The turbine was connected directly to a dynamometer and then 

through a 90o gearbox to a differential electromagnetic brake system for turbine speed 

control. The dynamometer was used to measure the thrust and torque generated by the 

turbine rotor.  The rotational velocity and displacement of the turbine was measured via an 

encoder. The sample rate for the data acquisition was set at 700 Hz from each of the various 

sources. The measurement uncertainty was estimated via Taylor series techniques and a 

confidence figure of 95% was given. Also a process of removing offset bias was built into 

the system whereby measurements from each of the sources are taken prior to a testing 

period, then averaged and the DC bias is removed.  

For experimental investigations into turbine mean wake characteristics in shallow 

turbulent flows Stallard et al (2014) produced a 0.27 m diameter model turbine. The testing 

was undertaken in a channel of 5 m width and 0.45 m depth.  A 3 bladed rotor was used to 

drive a 90o bevel gearbox which was coupled, via a 4 mm diameter drive shaft, to a motor, 

mounted above the water level, used to control the turbine velocity. The blade profile used 
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was the Göttingen 804. Thrust on the turbine was measured via strain gauges connected in 

a full bridge configuration mounted on the rotor support shaft. 

The effect of turbulence intensity on TST performance was studied by Mycek et al via a 

three bladed HATT of 0.7 m diameter (Mycek et al, 2013; Mycek et al, 2014a and Mycek 

et al, 2014b). The rotor was connected to a speed control motor through a gearbox and used 

NACA 63418 profile blades.  A six component load cell was used to measure the thrust and 

moment on the turbine, the instrumentation was rated for 1500 N and 1500 Nm and was 

sampled at 100 Hz. A torque sensor was mounted behind the motor and was sampled at 100 

Hz. Flow measurements were made with a laser Doppler velocimeter (LDV).  

The work outlined in the papers presented above gave a suitable overview of the current 

research trends regarding the deployment of scale TST for flume and tow-tank testing. Of 

particular interest is the focus on load measurements which have been carried out in all cases 

to some degree of success. The turbine developed and outlined herein was expected to 

achieve high quality load measurements, both on a turbine wide and single blade scales. 

Currently the experimental trend within research is to use experimental data to study mean 

effects at differing operating conditions, with the exception of, whereby higher sample rates 

were attend to afford transient analysis of the turbine performance datasets. The developed 

turbine was conceived to make progress into the capture and analysis of transient datasets 

relating to turbine performance and as such high sample rates were sort after.  
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 Methodology 
3.1 Introduction 

This chapter outlines the approach to HATT rotor imbalance monitoring utilised 

throughout the research presented. To supplement the outlining of the condition monitoring 

and fault detection procedures the process of using a combination of CFD modelling, 

parametric rotor modelling and flume testing to test the applicability of the monitoring 

approaches is also outlined. 

3.2 Overall Testing and Simulation Methodology 
The following section outlines the approach adopted to effectively develop and confirm 

the successful application of the monitoring approaches as applied to rotor fault detection. 

As outlined below there are three interacting methods of verification, the relationship 

between them is outlined in this section. An overview of the testing and simulation 

methodology is presented in Figure 3.1. The three methods of testing are namely, CFD based 

simulations, 1/20th turbine flume testing and lastly, drivetrain simulation and testing. The 

combinations of the three methods have been used to study the condition monitoring 

algorithms under various operating conditions and turbine scales. Figure 3.1 shows the 

relationship between each of the three processes. Utilising the three approaches has been 

advantageous in that the simulations have been developed in stages. At each stage 

complexity has been added and the monitoring processes applied, tested and developed. In 

this way the strengths and weakness of the monitoring approaches have been appraised and 

developed in a logical manner allowing for the creation of implementation recommendations 

for turbine manufacturers. Whilst advantageous the various scales and operating conditions 

inherent to each of the three approaches has required care, both in comparison and in data 

interpretation at each stage.  
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Figure 3.1: Overview of the testing and simulation methodology followed throughout the research. 
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3.3 Blade fault and rotor imbalance simulation 
It was proposed that off-setting the pitch angle of turbine blades in varying combinations 

and to varying degrees offered a convenient method of simulating turbine rotor imbalance 

faults. This convenience was afforded across each of the three simulation and testing phases 

outlined above. As such, blade-offsetting functioned in this research as a convenient and 

economical method for generating simulations and test scenarios relating to HATT operation 

under rotor imbalance. As noted in Chapter 2, Section 2.3 imbalanced rotor conditions can 

arise from a number of turbine rotor fault conditions and can be significant in reducing the 

useful life of the turbine and its sub-assemblies.  Furthermore, offset blade faults can occur 

in turbines adopting blade pitching control strategies. Although offsetting a single turbine 

blade was considered to be a convenient method of simulating rotor imbalance faults it is 

noted here that this method has short-comings. Specifically it was noted that this process 

creates a non-dynamic rotor imbalance fault due to the fixed change in hydrodynamic 

characteristics resultant from the blade offset. A number of other approaches to rotor 

imbalance fault simulation were considered, such as attaching masses to differing blades or 

changing areas of the surface finish of certain blades. Although this notion was explored it 

was considered that many of these fault simulation approaches were impractical for CFD 

and flume simulations as such the blade offset approach was adopted.  

3.4 Application of Generator Signal Monitoring to Rotor Fault 

Detection 
As discussed in Section 2.6.3 the main focus of the research presented is the use of 

generator signals to monitor turbine rotor condition. The use of such processes were 

researched as it was believed such processes could be useful in the HATT context and help 

alleviate reliability issues faced by other monitoring approaches such as strain and vibration 

monitoring.   
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3.4.1 Tidal Stream Turbine Topology 
The drive train setup and generator type used within a given TST topology impacts on 

the processes used for rotor imbalance monitoring based on generator signals. In order to 

consider the process of generator parameter monitoring for rotor fault detection a TST 

topology studied was first defined. The topology to be considered is that of the direct-drive 

permanent magnet synchronous generator type, connected to the grid via back-to-back 

power converters. A schematic of the setup can be seen in Figure 3.2: Schematic of the TST 

topology represented throughout out the work presented. The figure shows a grid connected 

direct drive turbine with a Permanent Magnet Synchronous Generator (PMSG). A full-rated 

convert setup is also shown with the grid side VSC utilised for turbine control and the grid-

side VSC utilised for control of power flow to the grid (Anaya-Lara et al, 2009).as adapted 

from (Anaya-Lara et al, 2009). 

The impact of having a direct drive setup is twofold and both impact on the generator 

sizing. Firstly as the power balance through the gearbox, neglecting losses, is unity; an 

increase in rotational velocity by a factor equal to the gear ratio will result in a reduction in 

the torsion on the high speed shaft connected to the generator rotor. Heuristically, it is 

considered that generator sizing has a near directly proportional relationship to the torque 

magnitude applied to the generator rotor. Therefore the higher torque values related to the 

tidal stream turbine application will result in the requirement of a larger generator to allow 

for the higher expected torque. A larger size generator is required for higher torque 

applications as higher currents will be developed in the generator windings leading to the 

requirement of larger generator winding sections and the implementation of generator 

cooling. Furthermore due to the larger loads associated with the higher torque application a 

larger structure will also be required. In such applications a gearbox is often used to negate 

the need for a high torque generator, however the addition of a gearbox can lead to reliability 

problems.  
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The above considerations are utilised in the development of the vector oriented control 

(VOC) scheme for a PMSG (Anaya-Lara et al, 2009; Liang and Whitby, 2011; Whitby and 

Ugalde-loo, 2014) and if such a control scheme is adopted measurements of the id and iq 

currents developed within the generator can be calculated from measured three phase 

currents flowing to the generator side converter. This is in fact required for the execution of 

VOC, therefore the signals proposed for rotor condition monitoring can be taken directly 

from the turbine control scheme and so will require no additional instrumentation. Thus 

savings on instrumentation cost can be achieve by utilising the proportionality of iq to the 

generator feedback torque and under steady state operation to the rotor torque developed.   

3.5 Outline signal processing techniques utilised 

3.5.1 Time Synchronous Averaging 
Time Synchronous Average has been utilised extensively in the application of vibration 

monitoring to rotating machines (Vachtsevanos et al, 2006; Tavner et al, 2008; Ha et al, 

2015) and has a natural application in this area. The algorithms utilised are often simple and 

seek to characterise the underlying transient artefacts in a signal taken from rotational 

machinery. The general process of TSA can be considered to consist of three phrases: 

1. Data Capture in the time-domain,  

2. Re-sampling to fixed locations in the displacement domain, and  

3. Averaging over multiple machinery rotations at each (re)sample location.   

The effect of averaging at specific sample points for multiple rotations has the effect of 

reducing noise in the signal and highlights any underlying characteristic fluctuations over a 

single turbine rotation. 

Although TSA is a promising technique there are shortcomings and caveats to be noted. 

The re-sampling exercise and the true representation of the signal being measured at the 

defined displacement indexes are highly dependent on the interpolation scheme utilised and 
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this information can then be plotted as a time-frequency amplitude surface or contour 

plot. This method creates a generalised time-frequency representation of a given signal 

without requiring stationarity of the signal being analysed (Huang et al, 1998). Throughout 

the thesis the Hilbert Spectrograms created will be plotted to be consistent with the STFT 

spectrograms, as such the interpretation presented in Section 3.5.3 will apply equally. 

3.6 Formulation of feature extraction techniques 

3.6.1 The initial CFD dataset 
Cardiff marine energy research group (CMERG) has expertise in producing and 

validating CFD models (Mason-Jason 2010; Mason-Jones et al, 2012; Morris, 2013; Frost 

et al, 2014). In order to conduct an initial study into TST rotor monitoring this knowledge 

base was utilised. Research group members with CFD experience were asked to provide 

CFD model results for differing rotor conditions. The rotor utilised has generally been 

consistent throughout the CFD modelling work conducted within the research group. This 

provides a high level of confidence that the data sets produced are closely representative of 

the expected turbine characteristics for the given rotor type as indicated by the various 

validation campaigns undertaken (Mason-Jones, 2010; Mason-Jones et al, 2012). 

Within the CFD models a 5m radius rotor equipped with three adapted Wortman FX-63 

-137 blades was utilised. Figure 3.5 shows the previously derived and validated non-

dimensional performance curves for the rotor (Mason-Jones et al, 2012). The models were 

setup with constant fluid velocity at the model inlet, both in time and spatially (plug-flow). 

Through previous research it was found that the optimum blade pitch angle, balancing power 

extraction and thrust loading, was at 6o to the rotor plane (Mason-Jones, 2010). To 

conveniently model rotor fault conditions of varying levels of severity a single-blade (blade 

1) was offset from the optimum pitch angle by varying degrees. Table 3.1 shows the fault 

cases modelled.  
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contribution by each blade to the turbine drive shaft torque. This was exploited in the initial 

steady state simulations where the overall rotor torque contribution was considered for 

condition monitoring process development, as this will be the quantity measured in reality, 

and the blade contribution datasets where utilised to construct a parametric rotor torque 

model (Section 4.2.4). 

 

Figure 3.6: Example of the CFD data output for plug flow steady state simulations with optimum rotor 
conditions. 

 

  
Figure 3.7: Drive shaft torque spectrum for optimum, offset +0.5o, offset +3o and offset +6o conditions.  
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specific process can be more clearly described after consideration of the simulation method 

presented in Chapter 7. The process for generating a TMS is similar to that outlined in 

Chapter 7, however the surfaces generated for condition monitoring relate to the quadrature 

axis current observed in the generator. The general algorithm utilised for the TMS generation 

was:  

1. Normalise data. 

2. Time Synchronous Average data.  

3. Take the FFT of the TSA data. 

4. Add spectrum to surface indexed by harmonics and TSR 

The general algorithm was dependent on correct normalisation and indexing during TMS 

creation. It was found during the construction of TMS that the normalising and indexing for 

surface creation became less well defined with increasingly transient turbine operation, for 

example under high turbulence loading combined with variable speed control. To this end, 

sections 8.4.3 and 8.4.4 present a more detailed approach to monitoring surface generation 

under turbulence intensity of 10% for both optimal TSR control and fixed rotational velocity 

turbine control, respectively.  

To use TMS as monitoring tool a training and comparison approach was utilised. The 

approach in this research was to generate surfaces under normal turbine operating conditions 

as the baseline TMS. TMS generated under differing conditions were then compared with 

the baseline TMS generated utilising data form normal turbine operation. The difference 

between the TMSs were then capture by the so-called sum of surface error (SOSE). To 

calculate the SOSE the magnitude of the discrepancies between the baseline TMS and 

current operational TMS are summed over each of the data points generated.  
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 Initial Steady State 

Simulation 
4.1 Introduction 

This chapter presents an initial approach to testing the effectiveness of the rotor 

imbalance criteria which were developed by the author based on CFD simulation results 

presented in Section 3.6.1. The imbalance criterion were developed based on the prior use 

of two differing signal processing approaches and associated feature extraction methods. 

Each of the processing approaches and their application to the calculation of the rotor 

imbalance criteria were presented in Section 3.5 and Section 3.6, respectively.  

To test the effectiveness of the outlined approach to rotor imbalance detection a 

parametric rotor model was developed based on the frequency content of the CFD data 

presented in Section 3.6.1. The model was developed to harbour the frequency 

characteristics observed in the CFD data but was structured to allow for the generation 

torsional time series under varying levels of turbulence. The model structure is presented in 

Section 4.2. The use of the model to develop TST drive shaft torque time series under various 

conditions is presented in Section 4.3. The results of the simulations and the application of 

the rotor imbalance criteria are presented in Sections 4.4 and 4.5. Lastly the impact of the 

results on the development of rotor imbalance criteria calculation methods is discussed in 

Section 4.6.   
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4.2 TST Drive Shaft Torque Simulations 

4.2.1 Turbine Rotor Torque Simulation Overview 
A simulation process was constructed to test the applicability of the rotor imbalance 

measure as a condition monitoring metric. Specifically the simulations were created to test 

the application of the proposed algorithms under near steady state conditions. In this context 

near steady state conditions are defined as having a fixed turbine rotational velocity with 

varying fluid conditions characterised by turbulence of intensities ranging from 0.5% to 

2.0%.  

In order to construct a parametric rotor model the effects of rotor transients, as seen in 

the transient CFD data, were combined with the expected mean rotor torque for a given 

operating condition. The specifics of the parametric model are outlined in the following 

sections. A flow chart of the process is shown Figure 4.1 as decomposed of steady state and 

transient torque components. In Figure 4.1 the terms in equation 4.6 are highlighted to 

further indicate the structure of the parametric turbine rotor model. It was considered that 

for a given time step, the current fluid velocity (from simulated data, Section 4.2.2) as well 

as the turbine position are measured. These measurements along with the fixed rotational 

velocity of the turbine, the characteristic curves for the given rotor and the model parameters 

derived from the CFD results are then used to calculate the expected torque developed by 

the turbine rotor for the given flow speed and condition. This process is shown in Figure 4.1 

with the mathematical formulations outlined in the following sections. In section 4.2.5 the 

software implementation of both the model parameterisation process and the simulation 

process are both outlined.  
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Figure 4.1: Overview of the parametric rotor simulation process. 
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Each of these was 200 seconds in length. The time step for the simulations was 0.01 equating 

to 20,000 samples. The simulations were conducted for various levels of turbulence intensity 

to further interrogate the ability of signal processing algorithms to extract fault features 

under stochastic conditions.  Specifically the datasets were produced with turbulence 

intensities of 0 %, 0.5 %, 1 % and 2 %. Although it was noted that TI values of between 10 

% and 15 % are to be expected for fluid velocities of greater than 2 ms-1, the levels of 

turbulence intensity were selected to adhere to the fixed parameter assumption made during 

the development of the parametric rotor model. The signal processing methods and 

subsequent extraction of the rotor imbalance criteria C and Cl were applied to 5 of the 50 

simulation outputs for each of the turbulence intensity values considered; the 5 cases were 

chosen at random. For each of the cases to which the signal processing methods were applied 

the effect of turbulence on the extraction of the required amplitudes, A1 and A2, was 

considered. Finally the 5 cases for each turbulence intensity setting were used as training 

data for a naïve Bayes classifier, as described in Chapter 3, Section 3.6.7. The output of the 

training of the naïve Bayes classifier was studied via consideration of the likelihood function 

(that is, the probability of the data given the fault setting) found for each of the fault cases 

and turbulence intensities. This was done to objectively appraise the use of the monitoring 

criteria for fault detection and diagnosis via a simplistic classification method.    

4.4 Simulation Results 
Figure 4.5 shows the parametric model output for the drive shaft torque contribution by 

each blade for each of the blade cases with TI = 0%. Also displayed are the CFD results 

used to parameterise the model. An average RMSE of approximately 0.0551 Nm was 

obtained.  Figure 4.6 shows an example of the simulation results. The figure shows model 

output for the optimum rotor case with increasing levels of turbulence. The first case has no 

turbulent loading and the time series patterns correspond to the reported frequency content 
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for the torque models. The three other cases have increasing turbulences, set at   0.5 %, 1.0 

% and 2.0% of the mean flow velocity respectively. 

 

 
Figure 4.5: Comparison of the parametric model output with the CFD data used to parameterise the model. 

 
 
 
 
 
 
 

 
Figure 4.6: Torque time series output from the simulation process for optimum conditions and varying levels 

of turbulence intensity. 
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4.5 Monitoring Criteria Performance  

4.5.1 STFT Amplitude Extraction 
Figure 4.7 shows an instance of the application of the STFT amplitude extraction process 

defined in Section 3.6.4. The example shown presents the spectrograms and extracted A1 

and A3 amplitudes for the offset +6o case with increasing levels of turbulence.  

It can be seen from Figure 4.7 that the STFT algorithm worked well in extracting the 

frequencies of interest for each of the turbulence intensity levels considered. However, it 

can also be seen that the presence of the amplitudes at the harmonics of interest relative to 

the spectrum noise floor is decreased with increasing turbulence intensity. It was considered 

that this observed trend would become problematic during turbine operation in higher 

turbulence levels as expected during full-scale deployment. Furthermore, it was also noted 

that extracted amplitudes became increasingly spread with turbulence intensity, i.e. a higher 

standard deviations were be observed.  

It was also noted that the time-frequency resolution was poor. In the steady-state case 

presented in this chapter the poor time-frequency resolution did not impact on the result. 

However, it was considered that under more transient turbine operation the time-frequency 

resolution could become prohibitive. Lastly, to note, the application of the STFT feature 

extraction process was relatively convenient with low computational times and data burdens.  
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a1) Spectrogram Offset +6o TI = 0.5% b1) Extracted Amplitudes Offset +6o TI = 

0.5% 

  
a2) Spectrogram Offset +6o TI = 1.0% b2) Extracted Amplitudes Offset +6o TI 

= 1.0% 

  
a3) Spectrogram Offset +6o TI = 2.0% b3) Extracted Amplitudes Offset +6o TI = 

2.0% 

Figure 4.7: Spectrograms and extracted A1 and A3 amplitudes for the offset +6o fault setting and varying 
levels of turbulence. 
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a1) Extracted IMFs Offset +6o TI = 0.5% b1) Spectrum of IMFs Offset +6o TI = 

0.5% 

  
a2) Extracted IMFs Offset +6o TI = 1.0% b2) Spectrum of IMFs Offset +6o TI = 

1.0% 

  
a3) Extracted IMFs Offset +6o TI = 2.0% b3) Spectrum of IMFs Offset +6o TI = 

2.0% 
Figure 4.8: Extracted IMFs for A1 and A3 amplitudes with the amplitude spectrums plotted to show the 

appropriateness of IMF extraction via the algorithm outlined in section 4.3.3. 
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4.5.3 Fault Detection and Diagnosis Utilising STFT Extracted Amplitudes  
Figure 4.9 shows the results of the application of the naïve Bayes classifier training 

process to the two monitoring criteria for each of the turbulence intensity cases and 

corresponds to C and Cl values extracted via the STFT. The pdf distributions shown relate 

to the normal or Gaussian family of pdfs fitted to the data for each fault case as discussed in 

Section 3.6.7. Figure 4.9 presents the probability of observing values of C and Cl for each of 

the rotor states.  The classification results can be found in Appendix 10.2A in Tables A.1 to 

A.12, with the result classifications highlighted. It was found in the results of the application 

of NBC that the STFT based imbalance measures C and Cl could be used to successfully 

detect an anomalous rotor condition. In general the imbalance criterion was used to 

successfully classify the rotor fault severity. An exception to the successful classification of 

rotor fault severity was the single case of the C measure at turbulence intensity of 2%. Under 

these conditions the 0.5o
 offset case was misclassified as the optimal case and the 6o offset 

case was misclassified as the 3o offset case, this can be seen in Table A.6. The Cl measure 

resulted in correct fault detection and diagnosis results for all conditions simulated. This 

suggests that the Cl imbalance criterion is more robust than the C criterion for the STFT 

feature extraction process. 
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a1) Monitoring Criterion C TI = 0.5% b1) Monitoring Criterion Cl TI = 0.5% 

  

a2) Monitoring Criterion C TI = 1.0% b2) Monitoring Criterion Cl TI = 1.0% 

  

a3) Monitoring Criterion C TI = 2.0% b3) Monitoring Criterion Cl TI = 2.0% 
Figure 4.9: Normal probability distributions constructed via the 5 training datasets giving and estimate of 

P(Data|State) for varying levels of turbulence intensities for the STFT feature extraction process. 
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a1) Monitoring Criterion C TI = 0.5% b1) Monitoring Criterion Cl TI = 0.5% 

  
a2) Monitoring Criterion C TI = 1.0% b2) Monitoring Criterion Cl TI = 1.0% 

   
a3) Monitoring Criterion C TI = 2.0% b3) Monitoring Criterion Cl TI = 2.0% 

Figure 4.10: Normal probability distributions constructed via the 5 training datasets giving and estimate of 
P(Data|State) for varying levels of turbulence intensities for the EMD feature extraction process. 
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reality this process is a development to the point of considering the instantaneous 

frequency of the IMF to give point estimates of the Spectrogram. 

3. Due to the relatively transient nature of the calculated rotor imbalance criteria a 

smoothing operation will be applied to the outputted criterion time-series and 

compared with the unprocessed imbalance criteria time-series. 

4. Lastly the monitoring criteria Cl was utilised for further testing due to the improved 

classification results.  
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 Scale Flume Testing: 

Experimental Design. 
5.1 Introduction 

In order to further study the CM of TST rotors subjected to rotor imbalance faults a 1/20th 

scale flume testing campaign was under taken. The results of the experimental campaign 

were used in two ways: to further test the developed CM approaches outlined in Chapter 3 

and to acquire data for a broader parameterisation of the rotor model outlined in Chapter 4. 

As discussed the CM approaches developed in Chapter 3 were done so based on frequency 

domain considerations of CFD results provided by co-researchers. The successful 

application of the CM approaches goes someway in showing the CFD modelling maybe a 

useful tool for developing CM approaches as well as providing more insight into how useful 

the CM approaches may be in practice.  

The further parameterisation of the parametric rotor model is presented in Chapter 7; this 

process is informed by the results of the experimental campaign detailed within this chapter. 

The extended parameterisation was done to allow for non-steady state drive train simulations 

which were seen as a central requirement for the testing of the CM approaches developed.  

This chapter goes on to describe the considerations made in developing the experimental 

approach.  The chapter opens with a brief overview of the developed turbine used during the 

experimental campaign. The re-circulating flume used of the testing is briefly described 

followed by discussion of aspects of commissioning, calibration and setup. This is followed 

by a section considering the effects of Reynolds number on the experimental campaign. 

Lastly the testing procedure is outlined.  
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Figure 5.1: Overview of the 1/20th scale turbine test apparatus. A) Shows the motor drive cabinet, B) Shows 
the PXI system used for DAQ and test control and C) Shows the turbine without blades during tub testing. 

 

5.2 1/20th Scale Turbine Design 
Figure 5.1 shows an overview of the test rig during initial tub testing of the 1/20th scale 

turbine at Cardiff University. The TST test rig is made up of three main assemblies, namely, 

a drive cabinet (Figure 5.1a), a test control and data acquisition system (Figure 5.1b) and the 

1/20th scale turbine (Figure 5.1c). Each of these assemblies is labelled and an overview of 

each is given in this section. 

A schematic of the cross-section of the developed turbine is shown in Figure 5.2: Cross-

section of the 1/20th scale turbine.. The rotor is directly coupled to a motor enclosed in a 

stainless steel nacelle. A nacelle mounting sleeve was used to attach the turbine to a 

supporting stanchion which is attached to a supporting beam via a load bearing block and 

support screws. The stanchion is instrumented with a force block measuring the thrust 

loading on the turbine.  
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Figure 5.2: Cross-section of the 1/20th scale turbine. 
 

The Bosh Rexroth synchronous torque motor was used to provide the breaking torque 

and turbine velocity control. The motor model was the MST130E-0035; the motor had a 

peak and rated torque values of 65 Nm and 22.5 Nm. The rated velocity was 350 RPM with 

a peak velocity of 700 RPM. 
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 Moflon MUSB2121 USB slip ring with two addition lines was mounted behind the motor, 

in a third chamber, on the drive shaft, as shown in Figure 5.3A.  This enables connectivity 

to the hub via the hollow drive shaft to provide communication between the Arduino and 

the turbine controller and data acquisition set-up. The motor encoder was mounted on the 

end of the turbine drive shaft. The power connections to the motor were also made in the 

chamber with the slip ring and motor encoder; this was done using solder sleeves. The 

turbine was sealed with a threaded end plate; the end plate used two O-rings to stop water 

ingress. The power leads and data leads were output through a hydraulic pipe threaded into 

the turbine end plate (Figure 5.3B).  

 

 
Figure 5.3: a) USB slip ring mounted at in the back turbine chamber for data communication and 

instrumentation power, b) Hydraulic hose attached to the turbine end plate through a threaded connection 
facilitating the motor and instrumentation cabling. 

 

 

The turbine rotor houses an instrumented hub and a hollow nose cone. The instrumented 

hub had two strain gauged beams for measuring axial thrust and blade torque. The 

mechanical design of this element was undertaken by a co-researcher. The hub design allows 

the configuration of different blade arrangements, with 2, 3 or 4 blades being installed as 

required.  

a b 
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The data acquisition and processing functions were designed and implemented by the 

author and are detailed in this section. The supporting instrumentation circuitry was mounted 

within the hollow nose cone, with power, synchronising pulse train and serial 

communications leads fed through a hollowed drive shaft. On the back end of the turbine 

the drive shaft was terminated at an encoder for servo motor control and turbine velocity 

measurements. In this end section a USB slip ring is used for sending communications and 

power to the nose cone circuitry. Furthermore the required motor connections were made at 

this point.  

Communication and power cables are fed into the nose cone via the hollow drive shaft. 

This drive shaft enters into the turbine body via a hole that has been closed with a PTFE 

seal. As a safety feature the initial section of the turbine body forms a sealed chamber. This 

provides the space needed for the possible future integration of a torque transducer. The 

section was equipped with a moisture sensor to monitor any seal failure and subsequently 

shut down the motor before water could cause any more serious damage. The braking motor 

is then located within a separate chamber. The turbine drive shaft was formed from the motor 

rotor. The motor stator was machined to closely fit within the turbine housing. Thus the two 

separate parts of the motor were integrated into the turbine, providing an elegant yet 

effective design. 

The instrumented hub enabled the measurement of blade thrust and twist about the blade 

axis using two separate strain-gauged beams. In order to acquire and record the data from 

the strain gauged beams a circuit was designed by the author and a PCB was commissioned, 

as shown in Figure 5.4.  The circuit, shown in Figure 5.5, was designed to achieve the desired 

sensitivity and accuracy from the beams while allowing data to be logged in real-time. The 

PCB design made use of an Arduino Nano for data logging and control, two bridge circuits 
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Devices, 2013). The gain value was set after a number of calibration tests in order to 

maximise the signal-to-noise ratio for a desired sensitivity.    

 

 
Figure 5.4: Nose cone circuitry used for signal conditioning and data acquisition via an SD for real-time data 

logging. Included in the circuitry is the ADXL 335 Accelerometer. 
 
 
 

 
Figure 5.5: Circuit diagram of the instrumented hub PCB consisting of signal amplification and quarter 

bridge configuration signal conditioning circuitry. 
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process outlined by Doman et al (2014) the overall (combining bias and precision 

uncertainties) uncertainty was found to be 0.07 Nm.  

 

 

 

 

 

 

Table 5.1: Table showing the results of the linear regression to the PMSM calibration data. 
Test 
No. 

TGC 
Offset 
A 

TGC 
Gradient 
Nm/A 

TGC 
R2 

1 0.018 6.418 0.994 
2 0.009 6.596 0.989 
3 0.004 6.101 0.993 
4 0.014 6.519 0.991 
5 0.009 6.317 0.992 

Mean 0.011 6.390 0.992 
Standard 
Deviation 0.004 0.157 0.002 

 

5.4.2 Frictional Losses Quantification 
In order to accurately measure the torque developed at the turbine rotor due to the fluid 

flow the frictional losses in the turbine drive shaft had to be characterised. This is a clear 

requirement as the rotor torque will have to overcome shaft losses during testing and the 

motor will therefore measure the rotor torque minus the shaft losses observed. This was done 

in the lab by running the motor at various rotational velocities with no blades installed in the 

turbine nose cone. For each velocity setting 12000 readings of the power and torque required 

to maintain the rotational velocity of the turbine were measured. Polynomial functions were 

then fitted to the data and used to correct the torque and power values measured during flume 
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Figure 5.10: Torque coefficient values observed for the Reynolds independence testing undertaken. 

 

5.6 Experimental Campaign 

5.6.1 Turbine Control  
For the set of tests undertaken as outlined in Section 5.6 it was considered that speed 

control of the PMSM would be the most suitable control approach. This was considered to 

be the case as the PMSM was used to undertake rotor torque measurements as well as 

provide a resistance to the rotor torque developed via the oncoming fluid flow. As outlined 

in Section 3.4.2 in order to accurately measure the rotor torque via the PMSM minimising 

the acceleration of the turbine rotor was required. As a result of the above reasoning all of 

the rotor imbalance test cases undertaken speed control of the PMSM was utilised in order 

to best measure the rotor transient characteristics.  

5.6.2 Test Cases 
The purposes of the flume testing campaign undertaken as part of the research activities 

were two-fold as noted in Section 5.1. In order to test CM approaches at the 1/20th scale and 

provide data for parametric model development an experimental campaign utilising testing 

at differing fluid velocities, turbine rotational velocities and with differing rotor conditions 
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Figure 6.3: Spectrum plot comparing the observed transient torque characteristics calculated via transient 

CFD simulation campaigns and the transient torque characteristics observed during the current testing phase. 
 

Although relative amplitudes have been considered to minimise the effects of the two 

differing turbine scales it can still be seen that the larger scale represented via the CFD has 

a significantly larger relative fluctuation amplitude up to the 7th harmonic of the turbine 

rotational velocity.  Whilst there are undoubtedly inconsistencies between the two datasets 

the overall spectrum characteristics are similar, as characterised by the two peak amplitudes 

at the 3rd and 6th harmonics of the turbine rotational velocity. The amplitudes at these 

frequencies are associated with the torque rotor torque fluctuations introduced as each 

turbine blade passes the turbine stanchion. It was also noted that the flume testing rotor 

torque spectrum exhibited higher relative amplitude at the 1st harmonic when compared to 

the relative amplitude of the 3rd harmonic in the same data set. 

6.3 Rotor Fault Simulations 
As discussed in Section 3.3 and in-line with both the CFD and parametric simulations 

presented in Chapters 3 and 4, respectively, the turbine was set up to harbour rotor fault 

defects in the form of blade pitch errors. Specifically blade pitch errors of differing levels 

were applied to the instrumented blade, to further the scope of the study tests were also 

undertaken with blade pitch errors of differing degrees applied to two blades.  
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Figure 6.6 and Figure 6.7 show the results of the TSA process for a fluid velocity of 1 

ms-1 and a rotational velocity of approximately 134 RPM for the optimum and the offset +6o 

rotor cases, respectively. The figures show both the results of the data resampling process 

and the characteristics against the turbine rotation. The mean characteristic is represented by 

the thick black traces whereas the resampled data is indicated by the thin traces. The blade 

pass events are highlighted by the vertical lines with the specific blade number labelled 

above. The data was sampled at 1 kHz and resampled to 1 o increments of the turbine rotor 

position, yielding 360 resample points.   

It can be observed that the mean trace does indeed represent the average transient 

characteristics over a single rotation adequately. In both cases a reduction in torque output 

can be observed at each of the blade pass events.  

 

 
Figure 6.6: Time synchronous averaged data for the optimum rotor condition. The resampled data is plotted 

along with the process mean (thick line). Flume conditions 1ms-1 and rotational velocity 134 RPM. 
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Figure 6.7: Time synchronous averaged data for the offset +6o rotor condition. The resampled data is plotted 

along with the process mean (thick line). Flume conditions 1ms-1 and rotational velocity 133 RPM. 
 

 

However for the imbalanced rotor condition shown in Figure 6.7 the reduction in torque 

at the blade pass events has been distorted with both more variable torque reductions 

observed at each blade pass event and a shift in position of the local minima of the blade 

pass torque fluctuation by approximately +10o. Further cyclic variations were observed 

which occurred roughly ten times per rotation and were considered to be the effect of pole 

pass events associated with the PMSM operation.  

In order to confirm that the mean of the process calculated via the TSA procedure was a 

suitable representation of the data the dispersion of data about the mean value at each 

resample point was considered. In order for the data to be adequately represented via the 

mean process a normal distribution of the data should be observed. This was expected as 

measurement data most often exhibits normal distribution characteristics. It was confirmed 

that normal characteristics were observed throughout the data sets recorded. This was 
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achieved using normal parameter estimation via the maximum likelihood method (Bishop, 

2006).  Figure 6.8 shows the results of fitting a normal distribution to the resampled data for 

varying rotor positions (90 o, 120 o and 240o) and for both the optimum (a) and offset +6o (b) 

cases. 

In order to measure the effectiveness of the TSA procedure, and in particular to quantify 

the performance of the procedure under varying quantifies of data, the deviation of the 

dataset from the TSA mean was considered for datasets of differing sizes. The varying data 

set lengths were created by inclusion and exclusion of the measured flume data. The data set 

lengths were measured in number of rotations, i.e. the number of rotations worth of data 

included in the TSA result. The deviation was calculated by taking, at each resample point, 

the mean value of the magnitude of the raw data deviation from the TSA mean value for the 

given resample point. The mean of the deviations was then taken over the set of all 360 

resample points.  
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a) b) 
Figure 6.8: Normal distribution fitting to the observed torque data sets after TSA re-sampling for differing 

rotor positions and for a) optimum rotor condition and b) Offset +6o rotor condition. 
 

 

The results of the calculation are plotted in Figure 6.9. Referring to Figure 6.9 it was 

considered that the TSA process, when applied to more rotations, supplied a better estimate 

of the mean characteristics throughout a single turbine rotation as expected. As noted in the 

literature (Ha et al, 2015) this deviation shows an exponentially decaying tendency with the 

data set length. It was also considered that, due to this tendency and the reasonably fast 
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decay rate, the 20 rotations included in the process average calculation gave a good 

representation of the underlying transient torque characteristics. The asymptotic nature of 

the deviation from the TSA after 20 rotations suggests that improved process representation 

via the inclusion of more data would require much greater data set sizes which were 

impractical in during the course of the research. Figure 6.10 shows the deviation from the 

TSA process mean with turbine position for various data set sizes.  Characteristic spikes in 

deviation due to rotor position were not observed further confirming the normal distribution 

of the data at each resample point and as such the validity of the TSA process applied to the 

data set. 

 

 

 
Figure 6.9: Reduction of the mean standard deviation of each entire data set for increasing inclusion of 

rotations in the TSA calculation for each rotor condition.  
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Figure 6.10: The figure shows the mean deviation from the process mean against the position index for 

increasing numbers of rotations. 
 
 

 

 
Figure 6.11: Polar plot showing the results of the TSA process for both the optimum and offset +60 cases. 

Showing the values observed during blade pass events. 
 

Figure 6.11 shows the results of the TSA process in the form of polar plots for the same 

cases shown in Figure 6.6 and Figure 6.7, with the DC value of the torque preserved. The 

plots highlight the relative size of the fluctuation amplitudes with respect to the DC value. 

It can be seen that the torque fluctuations are minimal, in the order of 2 %, when compared 

with the mean torque value for the flume scale turbine.  

The TSA process was applied to each of the datasets acquired during the flume testing. 

This was done to create a full transient characterisation of the turbine. Figure 6.12 shows the 


















































































































































































































































































