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This analysis compares three signal analysis methods used to detect damage in small-scale wind 
turbines.  Methods were evaluated on reliability, cost, operational requirements, and mobility.  
Included are recommendations on which method small scale wind turbine maintenance 
companies should use for monitoring their structures.
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Executive Summary 
 
This paper focuses on identifying acoustic methods for detecting damage in small-scale wind 

turbines. With recent changes in international and domestic perspective on climate change, low 

carbon electricity generation sources such as wind will likely see a rise in installment. In order to 

make the transition to low carbon electricity generation sources easier, this paper examines three 

methods to reduce operations and maintenance costs of small-scale wind turbines: noise 

reducers, defect locators, and erroneous signal processors.  

 

Wind turbine maintenance costs over the life of a turbine are about 3% of its installation costs, or 

around $4000 for a small-scale wind turbine. It is this cost that implementation of acoustic 

monitors would aim to reduce. In order to select the appropriate acoustic monitoring system 

parameters including reliability, cost, operational requirements, and mobility were researched for 

each method.  

 

After analyzing the different acoustic methods, it was found that all three systems are very 

reliable and as such there could be no comparison between them based on that criteria. The cost 

of the three systems is imbedded in their algorithm development and sensors. When examining 

this criterion, it was seen that the defect locators had a higher cost, as they required more sensors 

to operate effectively. When it came to operational requirements each system utilized a computer 

and an acoustic sensor but noise reducers had an added component in some designs. The added 

component was a filter tube designed to remove unnecessary audio before it even reached the 

sensor. When it came to mobility each system could be operated on a laptop, and as such all were 

highly mobile.  
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After the different parameters were evaluated for each method it was determined that erroneous 

signal processors were the optimal solution. They had less operational requirements than noise 

reducers and their costs were lower than defect locators. As a result it is recommended that 

erroneous signal processors should be used for monitoring of small-scale wind turbines.  
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Introduction  
 
In recent decades, it has become apparent that human actions have altered and accelerated 

climate change.  A reliance on fossil fuels has caused accelerated greenhouse gas emissions, 

leading to a rise in global temperatures and sea levels1. Recently, steps have been taken to reduce 

this problem of climate change both domestically and internationally2,3.  In 2015, President 

Obama released a public statement about the Clean Power Plan.  The plan mandates a reduction 

in greenhouse gas emissions from electricity production to 32% below 2005 values by 20303. 

The Clean Power Plan allows states freedom to choose how to accomplish this task, including 

the ability to install renewable energy sources such as wind farms. 

 

Climate change initiatives will significantly change the landscape of electricity generation in the 

United States, which will be met in part by an increase in the wind energy market.  The Global 

Wind Energy Council, in conjunction with Greenpeace, investigated the future of the wind 

energy market in 2014 and developed three scenarios: a new policy scenario, a moderate 

scenario, and an advanced scenario.  In the advanced scenario, wind power will constitute up to 

31% of the global electricity generation4.  In order to minimize the cost of newly installed wind 

generation sources, technologies will be needed to reduce operations and maintenance costs. 

 

The increasing use of wind turbines for energy has become more feasible to use in small-scale 

settings, such as homes or small businesses.  However, small-scale wind turbines are rarely 

monitored as rigorously as their industrial scale counterparts.  Currently, the owners of small-

scale wind turbines experience negative consequences from this issue, as they must pay for 

turbine replacement and damages that occur when these systems are not monitored.  Wind 
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turbine companies must also pay for repair materials and labor provided to customers.  The 

companies could use an acoustical monitoring system to save time and money on routine turbine 

inspections and to prevent major turbine damage.  In this report, three different monitoring 

methods will be compared to determine the best one for small-scale turbine use: noise reducers, 

defect locators, and erroneous signal identifiers. 

 
Figure 1 shows that a greater percentage of costs are associated with repair for small-scale 
(55kW) wind turbines compared to large-scale (150-600 kW) counterparts.5 
 
Evaluation Criteria 
 
Monitoring methods will be compared according to reliability, cost, operational requirements, 

and mobility.  An ideal method would be able to detect defects in changing wind conditions 

without being a significant cost burden to wind turbine manufacturers.  Shown in Figure 1, 

turbine maintenance costs are about 3% of turbine installation costs, equating to approximately 

$4000 for small-scale turbines6,7, 8.  This figure also shows that repairs account for most of costs 

put in for small-scale wind turbine upkeep, which monitoring systems would help to eliminate.  

Operational requirements will be evaluated to determine what systems and extra equipment 
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would be needed to monitor turbines.  Finally, mobility will be assessed to account for ease of 

monitoring for maintenance companies.  Methods will be compared based on current research 

findings in the fields of acoustics and mechanical signals.  This report is divided into the 

following sections: noise reducers assessment, defect locators assessment, erroneous signal 

identifiers assessment, conclusions, and recommendations. 

 

Assessment: Noise Reducers 
 
Noise reducers are the first method of signal analysis that was assessed. This method uses 

physical designs and computational processes to reduce unnecessary noise that is detected by 

sensors. Different acoustical filters are used to block different frequencies in order to obtain the 

desired frequencies only9,10,11 Figure 2 (below) shows how different acoustic filter structures can 

be placed to change the frequency of emitted waves.. The filters need to be made specifically 

with appropriate sizes, positions and distance so that the unwanted frequencies are eliminated 

before reaching the sensor.11 

 

Figure 2 shows acoustic properties of standard acoustic filters; (a) low-pass filter, (b) high-pass 
filter, (c) band-stop filter, and (d) Quincke tube11. 
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Noise reducers use different algorithms to eliminate the noise. Two main algorithms used are 

Discrete Wavelet Transform and Empirical Mode Decomposition. Both of these have different 

benefits. The Discrete Wavelet Transform algorithm utilize pre-defined signals to cancel noise. 

This can be used for signals that vary with time. The Empirical Mode Decomposition overlays 

signals to cancel the noise. This method is self adaptive to new signals10,11. 

Operational requirements of noise reducers include different acoustic filters that must be built for 

each unique situation. The Discrete Wavelet Method algorithm needs to be determined by trial 

and error for individual circumstances which is both costly and extremely time consuming. To 

monitor signals, an algorithm program must also be used, such as MATLAB or C++11. 

The cost of acoustic wave filters is the major cost for noise reducers. These are made of different 

materials, and can even be made from inexpensive materials, such as plastic. However, these 

filters need to be made differently for each situation and need to be made to eliminate specific 

noise before it reaches the sensors. The algorithm programs are very affordable and do not 

contribute much to the overall maintenance cost. Also, a large amount of the total cost would be 

composed of the research, timing, and the labor required to find the optimal configuration for the 

filters for each situation5,6,9. 

The high mobility of noise reducers is one of the advantages of this method. The filters are made 

as the wind turbine is constructed and do not need any other kits or equipment in order to be 

used. Additionally, the algorithm program is computerized and hence can be used on laptops or 

tablets. Hence, this method provides complete mobility. 

In conclusion, the noise reducers utilize physical designs and computational algorithms to 

mitigate unnecessary noise picked up by the sensors. This method of signal analysis is reliable, 
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but time consuming and needs a unique filter to accommodate for a turbine’s unique location and 

variations that come along with this. This method is not very expensive and does not need any 

equipment which hinders mobility. However, noise reducers are useful only in certain situations 

and cannot be used if there is variability in noise signals at different speeds.  

Assessment: Defect Locators 

Defect locator signal analysis methods fall into one of two categories: Time Difference of 

Arrival (TDA) based and Time Distance Domain Transform (TDDT) based. TDA methods use 

sensors positioned at different locations on an object to triangulate the location of a defect.  This 

is accomplished using an algorithm that analyzes the time it takes an erroneous signal to reach 

each sensor, and is only used on isotropic materials such as metals12.  TDDT methods can be 

used on non-isotropic materials, and convert erroneous signals into distance values using 

common properties such as Young’s modulus, Poisson’s Ratio, density, and thickness in place of 

triangulation13. 

 

There have been few research publications that show definitive accuracy levels for defect 

locators.  However, general observations can be made on method reliability from current 

publications.  TDA methods work faster than other techniques when isotropic materials are 

used12, but this type of signal analysis is fairly limited because of this.  TDA methods rely on the 

estimation of wave velocities, while TDDT methods do not, which allows it to be used on non-

isotropic materials13. 
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Operational requirements for defect locators include sensors and a basic algorithm program to 

compute signals into usable data.  Since TDA and TDDT methods make use of properties that 

are common in industry, many algorithms that have been developed previously can be used in 

defect locator programs.  Multiple sensors can be placed throughout the structure of a wind 

turbine, and will send data to a computer or laptop containing the desired algorithm program.  

Thus, there are no major mobility requirements for defect locators, making this method easy for 

wind turbine maintenance workers to use on-site and in the workplace. 

 

Costs for defect locators include those associated with sensor and algorithm use. Common 

sensors used for defect locators include piezoelectric and piezoceramic sensors.  Costs of these 

systems can vary, but a standard set (25 sensors) of piezoelectric and piezoceramic sensors is 

priced similarly to current average maintenance costs associated with small-scale wind 

turbines14.  The cost of sensors and development costs of an algorithm program are the only costs 

associated with TDDT methods.  Conversely, TDA methods require additional spending because 

of their use of triangulation to detect defects.  In TDA methods, sensors are placed according to 

where defects are most likely to occur in a structure so that when defects do arise, sensors are 

able to pick up their location accurately.  Additional research or algorithm programs are needed 

by manufacturers to determine where defects are most likely to occur, requiring additional 

money to be spent on these processes. 

 

In summary, defect locators utilize materials and techniques already common to industry to 

detect damage in structures such as small-scale wind turbines.  This method of signal analysis 

has simple operation requirements and needs no mobile instrumentation to work properly.  
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However, TDA defect locators have limited use depending on what materials structures are made 

from, making TDDT defect locators better suited for use in the wind turbine industry. 

 

Assessment: Erroneous Signal Identifiers 

This category of acoustical processing technqiues is based upon establishing a healthy signal and 

determining that any deviations from that signal are do to structural defects. There are many 

different methods in which to process erroneous signals. Some involve simple analysis of wave 

peak to peak probability distribution functions while others utilize an artificial neural networks, 

and signal overlay techniques9,10, 15, 16, 17, 18. The peak-to-peak analysis method uses the 

probability distribution function to identify the likelihood for the distance between the signal's 

wave peaks to be a certain distance apart. This method is good for signals that are highly 

consistent over a long period of time15. 

 

Artificial neural networks make use of pattern recognition algorithms to identify when signals 

are erroneous. In this method a large batch of healthy and unhealthy sample signals are fed to the 

computer to create an environment from which the program is supposed to learn the difference 

between healthy and erroneous signals9. 

 

Signal overlay techniques may be used as part of an artificial neural network or independently as 

a tool to identify signal structures. This process works by combining known waves of set 

frequency and amplitude until the sample wave is replicated. Wavelet Transforms work on small 

segments of a signal and can change based upon time domain of the signal. These are good for 

signals that are highly variable with time, such as a wind turbine11. Empirical Mode 
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Decomposition and Ensemble Empirical Mode Decomposition both utilize a signal overlay in the 

form of Intrinsic Mode Functions. The difference between the two is that Ensemble Empirical 

Mode Decomposition includes the noise of the signal in Intrinsic Mode Functions while the 

Empirical Mode Decomposition factors it out16. An example of how six Intrinsic Mode 

Functions are combined to match the original signal can be seen in Figure 3. Empirical Mode 

Functions are excellent for determining erroneous signal but must be applied to a consistent 

signal.  

 
Figure 3 shows a sample EMD signal which decomposes the original signal with six intrinsic 
mode functions.9 
 
The operational requirements for erroneous signal identifiers are relatively minimal. An acoustic 

sensor and a computer algorithm program are needed to process the data. The computer 

algorithm will be different based upon the method used (peak to peak probability, artificial 

neural networks, or signal overlays). Each method will take a different amount of computational 

power, and by extension time. For example, an algorithm that uses signal overlays will take more 

time to run than one that uses a peak to peak probability. Since similar methods are already being 

used for acoustic monitoring of mechanical systems the algorithms should be able to be adapted 



A Comparative Analysis Between Three Methods of Signal Analysis for Small-Scale Wind Farms  
 

9 

to fit the profile of a small-scale wind turbine with relative ease. This also shows the reliability of 

these types of systems because of their presence in the industrial sector. Since these algorithms 

can be run on a laptop with a microphone or accelerometer the system is highly mobile and can 

be taken with maintenance workers to many different sites.  

 

The costs associated with erroneous signal identifiers lie in the development of the 

computational algorithm, and the acoustic sensor. Depending on the level of sensitivity the 

algorithm needs to detect erroneous signals the acoustic sensor may vary from a simple 

microphone to a highly sophisticated accelerometer. The microphone would be the preferred 

solution when possible due to its lower cost, as a highly sophisticated accelerometer can cost 

more than $5,50019. All of these costs are upfront costs so the cost per inspection will go down 

the longer the tools are used and the more inspections that are done.  

 

In summary, erroneous signal identifiers utilize techniques and devices commonly used in 

acoustic monitoring that would need slight changes to be adapted to small-scale wind turbines. 

The operational requirements are a computer algorithm and an acoustic monitor like a 

microphone or accelerometer.  The costs of the system are upfront and variable dependent on the 

algorithm and sensor. Mobility is not an issue for erroneous signal processors since they can be 

run on a laptop and the sensor will be handheld. The different algorithms will have different 

computational power requirements and will therefore have varied completion times for signal 

processing. Peak to peak probability will take less processing power and therefore be quicker 

than an artificial neural network.  
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Conclusion 

This paper is a comparison between three different acoustic methods of signal analysis to detect 

damage in wind turbines and help identify the need for timely maintenance. Currently, small-

scale wind turbine farms do not monitor their turbines and hence cannot identify damages to 

them in the early stages of use. This increases the cost drastically since the turbines need to be 

replaced if they receive significant damage. Hence, this report attempts to identify the optimal 

method for monitoring and maintenance. 

  

The three methods compared were- noise reducers, defect locators and erroneous signal 

identifiers. The noise reducers use physical designs and algorithms to cancel the noise. Defect 

locators use sensors and mathematical models to detect damage in the structure of the turbines. 

Lastly, the erroneous signal identifiers use devices that are commonly used in acoustic 

monitoring with slight adaptations to locate defects. After doing research on the three methods, 

we concluded that the utilization of erroneous signal identifiers is the optimal method based on 

their relative reliability, cost, operational requirements, and mobility compared to the other two 

methods. 

 

All three methods compared are very reliable, but erroneous signal identifiers are the most 

reliable of the three methods since it uses multiple ways to cancel out unnecessary noise. Also, 

the major cost for this method is the cost needed to develop and research the method and 

implementing itself is not very expensive. The costs involved in this method are upfront costs 

and hence the cost per inspection is lowered over time. Its operational requirements are 

comparatively lower since it only requires a sensor and an algorithm. Lastly, since the algorithms 
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are mainly run on a laptop along with a accelerometer, this method does not hinder mobility. 

Hence, we conclude that the method of erroneous signal identifiers is the optimal method of 

signal analysis among the three methods that we have compared. 

 

Recommendations 
 

• Use erroneous signal identifiers as a maintenance system for small-scale wind turbines. 

• Keep algorithm monitoring software up-to-date as time progresses 

• Assess functionality of the microphone/accelerometer during routine turbine inspections 

to ensure the monitoring system is working properly 
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