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[bookmark: _Toc26710355]Executive Summary
The case has been studied in this report is a major crack on a blade of 3 years old wind turbine. A FMEA (Potential Failure Modes and Effects Analysis) has been carried out to determine the potential failures and its effects on the system. In this report all possible potential failure modes and causes of failures  have been investigated, the effects of failures have been evaluated and structured in to the system based on an evaluating severity, occurrence and detection on a scale from 0 to 10 and multiplying these events to get RPN value. Furthermore, actions preventing or mitigating failures have been recommended as well as responsibilities assigned. Hence, RPN value has been evaluated again after implementation of preventive actions, which allow to understand if potential failures could occur again and what is the rate of occurrence and severity if they occur after actions have been taken. Since all data has been analyzed, a corrective action plan has been applied and new results for RPN calculated and evaluated. 
This FMEA was carried out to improve the reliability of wind turbine and its components. Moreover, the potential failure modes has been identified and risks associated with them have been assessed, as well as corrective actions have been prioritized. 
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Failure Mode and Effect Analysis (FMEA) is a step-by-step analytical tool to identify all possible breakdowns and failures, as well as the estimation and evaluation of the related risks. The main purpose of this method is to avoid or, if it is not possible, to limit or mitigate the risks. (Paul G, Beitz W, Feldhusen J, Grote K.H., 2007). Applying FMEA technique allows to analyze risk of each component of the system (such as potential failure , causes of it and effects of failure; planned measures to detect and avoid or mitigate a failure) , it allows to assess the potential risk (such as estimation of the probability of occurrence ) and recommend the actions could be taken to prevent or limit a failure.
FMEA is used as reliable approach for determine potential failures before they occur and thus, minimize the risk associated with them (Geum Y, Cho Y, Park Y, 2011). All of these data is presented in a form of the table, which allows to determine quickly what are the effects of each failure mode.
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Results of FMEA are shown in the Table 1. A carried-out analysis has revealed several potential failure modes which could cause a crack of the blade. As it`s shown in the Table, the most severity has a blade resonance failure mode as its effect could lead to fatigue damage and rapid breakage of the whole wind turbine. Despite it is severe, the occurrence of it is only 1 out of 10, hence the chance it could happen is very small but shouldn’t be neglectable either. 
Conversely, despite the severity of turbine is not able to shut down in extreme weather conditions was evaluated as 6, the occurrence that a wind sensor is failed to measure a wind speed and direction correctly is 4. This finding indicates that this potential risk is should be looked at more thoroughly as well as prioritised in a decision making of how to improve control on it to reduce the occurrence. Moreover, this potential failure is quite easy detectable and thus, the recommended actions could be applied sooner to mitigate the effects of this failure.
Nevertheless, the severity and occurrence of yaw bearing system failure due to contaminated oil in there have respectively 4 and 3, the effect of this failure should not be neglected, and, in particularly, it is easy detectable, thus it is preventable in a great extent. 
I found the defective material and lack of/damaged coating on a blade have the most significance as its severity causing a blade crack has been determined as 6, and the occurrence of these effects are 5 for both.
It has been determined that current controls are in place but could be improved and decrease RPN value for the all analysed failure modes and are explained in the next section.










	POTENTIAL FAILURE MODES & EFFECTS ANALYSIS (PROCESS F.M.E.A)

	TITLE:           A crack on a blade of a wind turbine

	PROCESS:
	Service failure at the blade

	SUBSYSTEM:
	Three bladed rotor

	Function Description
	Potential
	S
E
V
	
	Potential Cause of Failure
	O
C
C
	Current Controls
	D
E
T
	R
P
N

	
	Failure Mode
	Effect of Failure
	
	
	
	
	
	
	

	Blade
	Blade Resonance
	Fatigue damage
	7
	x
	Resonant Oscillations
	1
	Following a procedure during the installation
	8
	56

	
	Extreme Winds (more than 25m/s)
	Turbine is not able to shut down
	6
	
	Anemometer doesn’t read a correct data of wind speed and direction
	4
	Annual inspection of the anemometer 
	4
	96

	
	Yaw Bearing Control Failure
	Blade damage
	4
	
	Contaminated (greased) oil in a yaw control system causes the rotor doesn’t turn to face a wind direction (Burton T, Jenkins N, Sharpe D, Bossanyi E, 2011) 
	3
	Visual inspection every 4 months according to the oil manufacturer handbook
	2
	24

	
	Defective Material
	Blade crack 
	6
	
	Wrong chemistry during the manufacturing process
	5
	Quality Control, during the manufacturing process
	4
	120

	
	
	
	
	
	Not sufficient amount of coating on the blade
	5
	Visual Inspection once a year 
	4
	120

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	





	
	FMEA REF:  001

	Team    Engineers
	PAGE:    2-3

	
	DATE: 09.12.2019

	
	Action Results

	Recommended Action
	Responsibility/ Target Date
	Actions Taken
	S
E
V
	O
C
C
	D
E
T
	R
P
N

	
	
	
	
	
	
	

	Maximising the dumping and ensuring that the blade flapwise and edgewise natural frequencies are well separated from rotational frequency and its harmonics (Burton T, Jenkins N, Sharpe D, Bossanyi E, 2011)
	Installation Engineers/   
      30.01.2020     
	As a wind turbine installed, it has been inspected only
	7
	1
	8
	56

	Inspection of wind speed sensor every 6 months
	Technical Support Team/ 20.12.2019

	A anemometer has been checked. The next inspection as scheduled on 20.06.2020
	6
	1
	2
	12

	1. Visual Inspection every 3 months instead of 4
	Engineers Team 1/ 20.01.2020
	The oil in the system has been checked 
	4
	1
	2
	8

	2. Implementation of oil condition monitoring system
	Engineers Team 2/ 
	In a process
	4
	1
	1
	4

	During the manufacturing process take the material for test for every 50 metres of produced material
	Manufacturing Engineers/ 10.12.20169
	Material has been checked during a manufacturing process following the recommendation
	6
	1
	2
	12

	1. Visual Inspection every 3 months
	Maintenance Team/ 10.12.2019
	Recommended action taken, a blade` coating has been inspected
	6
	2
	2
	24

	2. Implementation of ultrasonic testing
	Design Engineers/ 09.06.2020
	In a process
	6
	1
	1
	6

	3. The fibre optic load monitoring system (L.W.M.M. Rademakers, 2013)
	Technical support/ 20.12.2019
	A gauge has been installed
	6
	1
	1
	6

	
	
	
	
	
	
	


Table 1: FMEA for Wind Turbine`s blade

[bookmark: _Toc26710359]Corrective action plan
After the risks associated with the identified failure modes, failure effects and causes of the crack on the blade have been assessed, the corrective action plan has been suggested. Because the most significant potential failure mode a defective material and lack of coating have been determined, then it is prioritized to take the action to limit or mitigate this failure mode. I would recommend to ensure the manufacturing process is following the blade’s design requirements, such as Carbon fibre/epoxy is with 60% fibre volume fraction and UD lay-up, which gives a ratio of 2.9 of strength to stiffness (Burton T, Jenkins N, Sharpe D, Bossanyi E, 2011). 
Another corrective action regarding material should be placed, it is a change a method composites are manufactured. At the moment, prepreg technique is used but it has some weakness in structural composition. I would suggest a vacuum infusion (VARIM technique) using stitched unidirectional carbon fabrics (Fang L, Shiqiang D, Zhang J, n.d.) . A corrective action plan for improving the quality of the composites is at the long term and it is a costive process. On a short term, the quality control during the manufacturing process should take a place on a more frequent manner, as suggested to take a material for testing after every 50 meters produced. As FMEA revealed, RPN has drastically reduced from 120 to 12, because after the recommended action has been implied, the occurrence the defective material will cause a blade’s crack has been lowered from 5 to 1, meanwhile detection of this failure has been increased.
RPN number for the damaged/lack of coating on a blade have been determined as 120, which is a high value, especially the occurrence is 5, thus, the corrective plan to mitigate this failure mode should be considered and prioritized. I would suggest to implement ultrasonic testing as an efficient method to detect a potential failure, such as a crack on the blade, at the early stages (Wenxian Yang, Peter J Tavner , Christopher J. , Crabtree Y. , Feng Y. Qiu, 2014). It is planned to reduce RPN from 120 to 6 by taking this action. However, this is a costive method and it can’t be implemented immediately, so can’t be considered as an action on a short term and it is planned to apply this method in 1-year time. On a short term, I will require to inspect the blades visually as how it is already in place, but only inspect more often, such as not once a year but every 3 months. This corrective action will reduce RPN from 120 to 24.
Another action to mitigate the effect of a defective material is implementing a fibre optic blade strain monitoring system. The sensor has been installed without any wind turbine operation’s distraction and it was determined that the risk of failure has been drastically reduced, consequently, RPN value has been reduced from 120 to 6.
One of the failure modes a blade resonance has been determined, with RPN of 56. A corrective action plan for this can’t take a place, as this could be controlled only while installation. For this purpose, the recommended action, described in the Table 1 could have only a future reference for further installments of wind turbines.
[bookmark: _Toc26710360]Suggestion of other tools and techniques that could be used to investigate the problem
FMEA is not the only method is used by engineers to analyze and detect failures of the blade of the wind turbine. There are also different methods exist and Fault Tree Analysis (FTA) is one of them. As well as FMEA, FTA is a deductive analysis which is used to determine the influence of faults, human errors and factors which cause a failure (Pahl G, Beitz W, Feldhusen J, Grote K.H, 2007). However, despite this method is very effective in the risk assessment, there are downsides as well. As (Ahmed Ali Baig, Risza Ruzli, and Azizul B. Buang, 2013) stated, this analysis is not advantageous in a assessing the more complex systems. This tool is not designed to detect a partial failure and gives low accuracy of result, as well as it is limited to important areas and critical processes.
Dynamic Faults Tree Analysis (DFTA) is enhanced tool of FTA and uses the same principles such as FTA. In this method is used Markov models to solve additional dynamic gates. This tool is based on three assumptions: a) events are binary events, b) events are statically independent, and c) relationship between events, using logical Boolean gates (AND, OR and Voting) (Durga Rao K, Gopika V, Sanyasi Rao V V S, Kushwaha K S, Verma A K, Srividya A, , 2009) .  This method has been argued (Faulin J, Juan A, Salvador Martorell Alsina S, Ramirez-Marquez J E, 2010) as a tool which has limitations in terms of number of basic events, non-exponential failure and repair distributions.
I would suggest a Fault Hazard Analysis (FHA) as an alternative to FMEA. Similarly, FHA examines the potential failure modes of the system/subsystem, but it also identifies the hazards arising from component failure modes. This method investigates the subsystems in details, determines the element hazard modes , causes of these hazards, and the resultant impacts to the subsystem and its functions (Unknown, 2000). I consider a FHA approach is the most appropriate for wind turbine, because it analyses not only each component but also all component failure modes. Moreover, it used to determine if failure mode directly causes a hazard and what the failure mode effect is (Clifton A, Ericson II, 2005). 





[bookmark: _Toc26710361]Recommendations
FMEA carried out has identified the potential failure modes, how the blade could crack and the effects and consequences of these failures. However, it has been suggested to use FHA as an alternative to FMEA or, even more effective way is to analyze the potential failures using both methods and combine these analyses to detect potential failures and its effects. Thus, recommended actions will reduce the occurrence of failures and after suggested corrective plan the failures became more detectable and the effects of these failures could be mitigated. 
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