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Abstract: 

Renewable energy plays a vital role in power industry to fulfil the growing demand of power in 
industrial sector and other utilities. Especially the wind power industry enormously expanded 
during the last few years. The fast expansion of the wind power market has also come with some 
problems that have been reported. The objective is to increase the reliability of wind turbine in 
order to prevent any break down, power outages and to increase the avaibility of the wind turbine 
generator. 

The unforeseen failure of a component in a wind turbine or generator can have significant impact on 
the wind turbine economy; the right approach is to employ condition monitoring technique at every 
critical location of a wind turbine. The condition monitoring is a suitable method to prevent 
unplanned outages as a proactive maintenance strategy. Maintenance becomes vital for the 
preventation of unforeseen stoppages and complete break down of the machine in industrial 
facilities, their timely diagnosis and corrective measures can not be overseated. The prevention of 
catastrophic failures through early detection of incipient faults in the machine, increased the 
operational life with less failures and complete breakdown.  

The study report focuses on the benefits for using a condition monitoring system for early fault 
detection. Various conventional and latest techniques of condition monitoring including signal 
processing methods for vibration analysis have been discussed. A basic frame work for the future 
work of condition monitoring system in wind turbine is also included. As a result of the study, the 
infrared thermography is proposed as an online condition monitoring for wind system, a 
thermographical approach has been proposed as a part of this thesis work. The infrared 
thermography technique is proposed as an integrated condition monitoring system to be used with 
the existing monitoring system as a retrofit design to increase the performance of early fault 
detection system. 

Keywords: condition based maintenance, condition monitoring, maintenance system, vibration 
based maintenance, vibration monitoring, wind turbine condition monitoring. 
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Chapter 1 Introduction 
 
 

 

 
 
 

 

The chapter is divided into four sections. The first section presents an introduction and objective 
to the problem, the second presents the task formulation and goal of this study project, the third 
deals with the limitation of the project work, the fourth gives an overview of the problem 
approach and methodology developed.  

 

 

 

 

 

 

 



 
1. Introduction: 

During the last few decades, wind power industries invested huge amount of money and 
resources to improve their productivity. The major goal was to optimize costs, operation, 
production, quality and time. In order to achieve this different improvement methods, tools and 
monitoring technique have been used to optimize the operation. Due to the high demand of 
uninterrupted operation in processing and other power industry, owners and stake holder focused 
on costs effective solution and total quality maintenance issues, this provoked the idea that led to 
the development of online condition monitoring system [1]. Large percentage of companies 
focuses on appropriate techniques, methods and mechanism that enable them to solve the 
problems in proactive fashion. 

Due to large overheads in operation and maintenance of wind turbine specially in the off shore 
applications the owners and stake holders focus on the reliability and maintenance issues. For the 
wind turbine industry it is critical to cut cost on corrective maintenance and implement the 
proactive maintenance strategy. The state of the art maintenance strategy is defined by the 
implementation of online continuous condition monitoring system [2].  

The application and implementation of condition monitoring system in rotating machines have a 
long history in the assets health management in thermal power plant and processing industries 
[3]. The technology has been further extended in the area of wind power industry, as wind firms 
are geographically spread over and usually located in remote areas, operational and maintenance 
cost should be reconsidered. The application and setup of centralized monitoring system for 
continuous monitoring of large number of identical machines need to be considered in monitoring 
strategy. To remotely monitor the condition of a wind turbine system requires a system for data 
acquisition and further processing of physical parameter. Whenever deterioration on a machine 
component initiates to develop, the physical properties and dynamic behaviour of this component 
are changed. Monitoring particular parameters from machine components allows us to identify 
failure modes related to that particular problem. The main advantage and benefit of implementing 
condition monitoring is to monitor the present condition of the component and the major goal is 
to increase the level of over all performance and efficiency of the machine, reduce frequency of 
break down and increase productivity. The second primary objective is to observe the condition 
of the wear tears in the component before it completely worns out and causes unplanned outage 
for maintenance [4]. By using condition monitoring technique or condition based maintenance; 
the maintenance staff carries out maintenance action accordingly when it is needed or as soon as 
the machine is available for shutdown to carry out maintenance work [5]. 

As it comes from the statistics, the majority of wind turbine failures appear to be initiated in the 
bearings. As a mater of fact; in the past few years the gear box failures are being reported even 
with latest robust design consideration and state of art production facilities for gearbox, generator 
and other wind turbine components, [6]. 
 
 
 
 
 



 
The study work has been sponsored by IUC Kalmar and assisted by Gila Control. IUC Kalmar is 
involved in the development of industries in Kalmar region and Gila Control, is preliminary 
involved in providing solution in the area of automation and control for different industries.  
 

The major wind turbine manufactures are placed in Denmark and Germany; some components 
are manufactured in England, so it is vital to develop some parts, components, electrical and 
control systems, on line monitoring systems and even full wind turbines in Sweden to take active 
part in the development of wind turbine economy and to fulfil the indispensable requirements in 
this ever growing environmental friendly power industry. The Department of Regional Council in 
Kalmar county plays a role in the development of wind firms in Kalmar region, both on shore and 
off shore.  
 

1.1 Problems setting and goal of the study: 

The unforeseen failures of a component in a wind turbine or generator have significant impact on 
the wind turbine economy. The right approach is to employ a condition monitoring technique at 
every critical location of a wind turbine. The condition monitoring is the suitable method to 
prevent unplanned outages through health monitoring as a proactive maintenance strategy. By 
continuous supervision of a dynamic behaviour, incipient faults, anomalies and any wear tear 
within the machine can be easily detected much before the failure. This does not only prevent the 
complete failure, system interruption or bad quality production but also stops the secondary 
defect that can be induced to other parts of the machine and causes damages to other expensive 
parts of turbines [7]. 
 

The research question has been formulated based on the above problem discussion, “which 

condition monitoring techniques and methods used for the early detection of incipient fault in a 

rotating machine are most suitable for wind turbine converter”. 
 

The goals of this study project cover three main areas. 
 

1. To understand benefits of an online condition monitoring for wind turbine system. 
 

2. To find out and discuss suitable techniques and methods available for fault identification of     
     rotating machines. 
 

3. To improve the existing condition monitoring system by integrating with another suitable       
    condition monitoring technique, which is effective in detection and indication of incipient     
    faults in gearbox of wind turbine. 
 

The structure and design of the study and the methods of data collection is showed in the Fig. 1.1. 
The main steps for any researcher are to build and establish a framework through which the entire 
process of research work can be conducted according to guidelines provided by established 
frameworks. The first step towards this work is to define the methodology that is appropriate and 
suitable for the given task, which is given in the problem formulation section. The author first 
selected the company to initiate the work in the designated area; the second step in this study that 
has been carried out is to decide the aim of this case study work in the area of interest. 

 



 
It is useful to determine the boundaries of the project to delineate it from similar projects already 
undertaken, further progress has been made by conducted search scientific papers and journals 
form different data bases to acquire the knowledge in the selected area. We are confident that 
there are some steps involved in the process of data collection in the research process. The data 
collection technique in this work is categorized in two types: primary data which comprises of 
data collection through company visits, telephone calls, questionnaire and company web site; and 
the secondary data which includes scientific papers study, Internet sources and text books. 
Findings and study collected data has been treated and summarized according to given set of rules 
as defined by the researchers. Data analysis is employed to examine the relationship of 
components mutually and with the physical existing system. Finally the case study presenting 
conclusion and recommendations based on the problem setting and goals of the study. 

 

Fig. 1.1. Problem approach and methodology used in this case study project. 

1.2 Problem Analysis and overview of the report: 

To analyse the problems reported in wind turbine system and for an effective use of predictive 
condition based maintenance approach, the study reports the latest developed methods and 
techniques in monitoring the health of components. The benefits for using a condition monitoring 
system for early fault detection has also been analyzed. Different conventional and new 
techniques have been discussed in detail as a condition monitoring indicators and techniques for a 
wind turbine gear box, rotor and bearings. In the last section of the report an infrared 
thermography approach has been proposed as a part of this thesis work. The infrared 
thermography technique has been proposed as a retrofit design to use as an integrated part of 
existing condition monitoring system (CMS) in order to increase the over all performance of 
early fault detection system.  

 

 

Aim of case study Scientific papers 
search 

Conclusions/ 

Recommendation 

Finding/Result 

Analysis 

Choice of company 

     Data Collection  

       Primary data 

• Visit to company 
•  Telephone calls  
•  Questionnaire 
•  Company web site 
       Secondary data 

•  Scientific papers study 
•  Internet sources 
•  Text books   



 
This study is limited to theoretical discussion of the condition monitoring techniques and 
monitoring parameters. Also the major components of wind turbine and model of condition 
monitoring system are analyzed. There is no detailed work carried out in practical level to further 
explore the possibilities of improvement in the interested area. 
 

Chapter 1 - The chapter is divided into three sections. The first section presents an introduction 
and objective to the problem; the second presents the task formulation and goal of this study 
project; the third deals with the limitation of the project work, the fourth gives an overview of the 
problem approach and methodology developed.  

Chapter 2 – The chapter is divided into three sections. The first section presents an introduction 
to wind turbine followed by wind turbine components, the section also describes the overview of 
operation of wind turbine. The second presents the types of wind turbine including the 
description of its major components.  

Chapter 3 – The chapter is divided into four sections. The first section presents the theory of 
condition based maintenance, followed by condition monitoring and condition monitoring 
techniques, the next section presents the measurement requirement for process parameters and 
for condition based maintenance. The third section presents the feature extraction method to be 
used as condition monitoring indicator followed by, signal processing theory. The forth section is 
a subsequent of last chapters, the discussion starts with the object model for condition monitoring 
system. The chapter further progresses with the condition monitoring on wind turbine with 
detailed theory on sensor equipment for condition monitoring System in order to give the basic 
requirements for the monitoring system. 

Chapter 4- This chapter divided into two sections, the first section presents the vibration 
monitoring based maintenance for monitoring and diagnostic of machine. The next section 
present the recent development in vibration measurement for vibration monitoring program. 

Chapter 5- The chapter is divided into three sections. The first section presents the overview of 
infrared thermography as a condition monitoring technique, the section further covers about the 
integration of infrared thermography with online condition monitoring, which is the proposed of 
this thesis work. The second section presents the experiment on “detection of rolling bearing 
degradation using infrared thermography” The experiment result clear shows the correlation 
between the vibration and the temperature of the monitoring system. The experiment is presented 
here, in order to support and validate the idea of using an infrared thermography as a condition 
monitoring technique. 

Chapter 6- This chapter presents the conclusion and recommendations of this thesis report. The 
chapter is divided into two sections to give the conclusion and recommendations of the study. The 
first section presents the conclusion and the second section come up with the suggestions which 
include future work for wind turbine.

 



 
 

 

Chapter 2 Wind Turbine Basic 
 

              

 

“The development of wind turbine power generation has been expanding during the past years. 
The global market for the electrical power produced by the wind turbine generator (WTG) has 
been increasing steadily, which directly pushes the wind technology into a more competitive 
arena. Recently, there have been positive trends shown by the utilities to offer renewable energy 
to customers. Many customers who are environmentally conscious now have the option of 
subscribing to clean energy such as wind energy from the power provider. The European market 
has shown an ever-increasing demand for wind turbines” [8]. 
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2.1 Wind Turbine Basic:  
 

A wind turbine defined as a rotating machine which converts kinetic energy extracted from the 
wind through the rotating blades of wind turbine to mechanical energy. If this mechanical energy 
is converted to electricity through induction generator, the machine is called the wind turbine or 
wind energy converter (WEC). Figure 2.1 shows the basic components of wind turbine system. In 
this chapter we present a brief overview about wind turbine, its basic components and principle of 
operation [9].  

                       

Figure 2.1. Basic components of wind turbine system. 

Latest wind turbines consist of six major components this include the rotor, nacelle, tower, gear 
box, generator and balance of the system. The rotor is connected to the blades through a hub. The 
rotor blade then extracts kinetic energy from the wind and converts into mechanical energy, the 
hub supports the blades. Modern wind turbines also have a pitch mechanism that controls and 
changes the angle of the blade depending on the speed of wind and the rotation speed as desired. 
The enclosure at the top of the tower is nacelle which is the main structure and contains major 
components like the turbine generation, electronic control system and interface to connect with 
the power grid. The modern turbine also has an online condition monitoring system for 
continuous monitoring of dynamic behaviour of WEC. The whole structure of wind turbine is 
supported by a tower, which also raises nacelle to a height where maximum wind speeds can be 
extract that in turn maximizes energy extraction from wind. Recent development in wind turbine 
come up with different type and range of rotor diameter these are typically from 60 to 100 meters 
high, with blades up to 100 meters in diameter. At the ground level the electrical control and 
monitoring system are required to connect the turbine with the power grid for transmission of 
electricity to utilities. Figure 2.2 provides a schematic view of wind turbine and its component 
[10]. 

Wind 

Rotor Blades 

Hub 

Tower 

Nacelle 
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Figure 2.2. Major components of wind turbine [11]. 

2.2 The components of the wind power system: 

In addition to major components of the wind turbine there are several other mechanical, hydraulic 
and electrical systems that make the complete wind turbine generator, Fig 2.3 shows the major 
components of a turbine necessary for any wind turbine generator [22]. 

 

 

 

 

 

 
Figure 2.3 Overview of a major components of a Wind Power Plant sources [23]. 
 

The hub connects the turbine blades so it serves as cantered construction and servers as terminal 
by connecting the blades to the rotor shaft of the wind turbine. There is a number of structural 
design of hub, generally employed cast iron for its construction due to the reason that it is cheap 
and strong in compression. Blades are bolted to the hub flanges and the glued in the blade rotor 
[24]. Figure 2.3 shows the real view of hub. The hub also contains the mechanical and electrical 
system for control the blades position. 
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Rotor Blades 
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Wind 
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The nacelle is an enclosure that is erected at the top of the tower, contains the key components 
like the gear box, generator, drive train, controller, break system, and other mechanical and 
electrical auxiliaries. Today the turbines have the facility for service personnel to come inside for 
maintenance and rehabilitation work. The rotor hub is also a part of nacelle that connects blades 
to the rotor shaft [24].   

The Drive train composed of different mechanical components and system together consists of 
bearings and shaft. The application of drive train in the wind turbine is to interconnect the hub, 
the gearbox and the generator. The shaft is connected with the rotor blades through hub see Fig 2.4 
[6]. The low speed at first stage needs to increase the rotational speed up to 1500 RPM. To speed up 
the low speed shaft, the gearbox is employed in this stage. In the second stage of the gearbox the high 
speed shaft is then connected to electrical generator. For a more detailed view of components see Fig 
2.5 [17]. 

           

Figure 2.4. A drive train of wind turbine; model MOD-0, view inside the nacelle [17]. 

 
Figure 2.5. A rotor shaft and its main components, generator and gearbox [17]. 
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The gear box is employed to increase the rotational speed of the low speed shaft. Therefore the 
purpose of gear box is to transform the low speed revolution to high speed revolution. The 
generator designed consists of three stages in order to increase the low speed 30 rpm to high 1500 
rpm. The most common type of gear box is a planetary type which is compact in design and have 
a good design tolerance, see Fig. 2.6. The gearbox is then connected to electric generator through 
high speed shaft. To have better frequency and good output power, a high speed revolution 
approximately 1500 rpm is required for converting mechanical rotational energy to electrical 
power [6]. A gearbox ratio of 50:1 is usually employed to give accurate frequency when used 
with fixed speed generator. 

 
 
Figure 2.6. A three stage planetary gear box, sources [17]. 
 

The generator section of wind turbine transforms the rotational mechanical energy in to electrical 
energy. The generator output is then connected to the electrical grid station for supply of 
electrical energy. Since the wind is not constant and fluctuate all the time. It is critical to set the 
relation between rated wind speed and rated power [20]. Manufactures designed a new 
mechanism and technique to improve the power efficiency at low wind velocity. The induction 
generator or a double fed induction generator (DFIG), is one of the most commonly used 
generators in most of the wind turbines, the induction generator is also called asynchronous 
generator, as shown in figure 2.7. Another type of wind turbine generator is a synchronous one, 
but it is not so commonly used in wind turbine application as asynchronous generator, see Fig 
2.8. The major advantage of synchronous generator is its design simplicity, low power losses, 
maximum efficiency, design robustness, and an excellent cooling system. The design of 
synchronous generator is rather complicated and have several components more compared with 
the induction generator. The generator is cooled through ambient air internally [17].  
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Figure 2.7. A double feed induction generator of variable speed drive [25]. 

 

 

 
Figure 2.8. An Induction generator, manufacturer by AEG [17]. 
1. End shield input side 2.End shield non -input side 3. Stator winding 4. Stator lamination    
5.  Housing 6. Rotor 7. Internal fan 8. Shield 9. Terminal board. 10 Terminal box 
11. Outer bearing cover. 12. Inner bearing cover 13. Rolling bearing. 
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To extract the maximum energy from the wind flow it is vital to align the rotor axis with the wind 
direction. Horizontal wind turbine commonly has forced yaw mechanism. The motor driven yaw 
mechanism or yaw drive are responsible to automatically set the orientation of the nacelle with 
the wind direction. In this arrangement an electrical or hydraulic system are responsible to align 
the machine with the wind direction. The yaw system works as an independent subsystem in 
wind turbine. Considering the construction of yaw system, some of its parts are assembled inside 
the nacelle and some parts at the top of the tower head [17]. The dammed and flexible joint 
between the nacelle and the tower is one the important issue in yaw mechanism. A flexible 
coupling is installed for shock absorbing and to sustain damping, in between the worm-wheel 
reduction and the pinion in view of its dampening and shock absorbing properties, see Fig 2.9 
[26].  

 

Figure 2.9. A yaw drive system of Enercon E-40; model NM-52 for [17]. 

 

The power system in any wind turbine comprises of all necessary system and equipment that is 
vital for converting mechanical energy in to electrical power. The electrical section also contains 
the electronic control system for smoothing, noise reduction, frequency and voltage regulation 
and over load protection. The section also contains other control auxiliaries with input and output 
circuit protection circuit, including grid interface circuit to connect with the main distribution 
supply. Figure 2.10 presents the one line diagram for electrical system in wind power system 
[17].   
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Figure 2.10. A schematic diagram of electrical system of wind asynchronous generator. [25]. 

2.3 Overview of operations: 
 

The principle of generating electricity is common in all types of wind turbine. The wind turbine 
extracts energy from wind through a rotor, which consists of blades that aerodynamically convert 
the wind energy into mechanical energy by employing a slow speed shaft. Mechanical torque 
generated through aerodynamic lift through a rotor blade is then transformed to rotating shaft. 
The hub of the rotor is attached to the low speed shaft of the wind turbine. The low speed shaft 
further is connected to the mechanical transmission or a gearbox that increases the rotor-shaft 
speed for the generator. Both these components are installed in the nacelle. At the other end of 
the gear box rotating shaft is connected to the electrical generator, which then converts the 
mechanical torque in to electromagnetic torque. At the time when the wind is very slow or in case 
if there is no wind the blades remain at a 45-degree angle in order to extract maximum energy 
from the winds [12]. When the wind strikes to the rotor blade which is connected to rotor hub, it 
creates positive pressure on the front of the blade of and negative pressure behind it. This 
difference in wind pressure turn the rotor of wind turbine [13]. Considering a 600 kW wind 
turbine the speed of rotor blades rotates about 19 to 30 revolutions per minute (RPM). The shaft 
which is connected with the hydraulics brake to allow the aerodynamic brakes for normal break 
operation. The gearbox which then increases the low speed shaft to high speed rotation 
approximately 50 times faster than the speed at low speed shaft. The wind turbine is also 
connected with a mechanical disc break for an emergency stoppage, in the condition if 
aerodynamic break is failed or in the case if the turbine takes out of service for maintenance.  
 

As wind in not constant all the time and fluctuates at every instant, therefore different control 
mechanisms are being employed to control and monitor the transformation process and protect 
and guard the mechanical and electrical subsystem in the wind turbine against extreme uncontrol 
weather condition that could operates wind turbine in continuous extreme operating condition and 
leads to catastrophic failure [14].  
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The wind turbine controller consists of a number of computers which continuously monitor the 
condition of the wind turbine and collect statistics on its operation. The controller also controls 
switches, hydraulic pumps, valves, yawing and motors within the wind turbine [15]. The 
configuration of gearbox depends on the type of wind turbine. As an example V29-225 kW is a 
two stage turbine with parallels shafts arrangement, but in V66-1,65MW the gear box is 
combined with planetary and helical arrangement of gear types. The electrical generator installed 
in wind turbine is commonly an induction generator type or an asynchronous generator. The wind 
turbines which are 660 kW and more are equipped with two generators in order to lower the over 
all noise level and also  increase the output of generator. In the low capacity wind turbine like 
225 kW the generator has changeable option to change the number of poles for generation of 
electricity usually changes between 8 poles as the little generator and 6 poles as the big 
generator, so in this case the rotor has two different speeds depending on the number of poles 
being connected with the generator. There a number of computers and supervisory control 
mechanism installed for continuously monitoring the dynamic behaviour of WEC. Please refer to 
Figure 2.12 for complete rear view and inside of the wind turbine system respectively. The 
control hierarchy and major subsystem are illustrated in Figure 2.11 showing the generalized 
model of wind turbine [14]. 
 
 

 

 

 

 

 

 

 

 

Figure 2.11 Generalized wind turbine model with control elements and hierarchy [16]. 
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Figure 2.12. A rear view of wind power system including grid connection [17]. 

2.4 Power Controlled Mechanism in Wind Turbines: 
The power coefficient of wind turbine is defined as the amount of power transferred to a wind 
turbine is directly proportional to the area swept out by the rotor, to the density of the air, and 
the cube of the wind speed [21]. Hence the power generated P by the wind is given by equation 
2.1: 

P =
32

2
1

vrC p ρπ  …………..  (2.1) 

where P is power in watts, Cp is power coefficient determined by the design of the turbine, ρ is 
mass density of air in kilograms per cubic meter (nominally 1.22 kg/m3), r is radius of area swept 
by the turbine blades, and v is velocity of the air in meters per second [21].  
 

The wind turbine extracts energy from the wind flow this significantly reduces the speed of air 
and causes the air to spread out. This phenomena was investigated by the German physicist, 
Albert Betz, in 1919 according to his law which is mentioned as Betz' law stated that at most 59% 
of wind energy is extracted by the turbine; otherwise it can pass through the cross section of the 

wind turbine. So in this case the Cp can never be higher than 0.59, this law is applicable to all 
turbine regardless the size and power generation capacity [18].  
 

Grid Connection Transformer 
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Mechanically, the turbine must be protected from rotational speeds above some value that could 
lead to catastrophic failure. Mechanical brakes are provided for stopping the turbine in 
emergency conditions, but are not used in normal operations. Controlling the power (and hence, 
torque) extracted from the moving air stream is the primary means for protecting the turbine from 
over-speed and emergency shutdown conditions. In fairly steady conditions, the power extracted 
from the air stream by the turbine blades can be characterized by equation (2.1). Since the wind 
speed and air density cannot be controlled, and the radius of the blades is fixed, the performance 
coefficient is the only means for torque control. In some wind turbines, blades are designed so 

that Cp falls dramatically at high wind speed. This method of aerodynamic torque control is 
known as stall regulation, and is limited to preventing turbine over-speed during extreme gust 
conditions and limiting maximum shaft power to around the rating value in winds at or above the 
rated value. Large wind turbines employ a more sophisticated method of aerodynamic torque 
regulation that has benefits in addition to preventing mechanical over-speed. The performance 
coefficient can also be changed by adjusting the “angle of attack” of the blades, as it is done on 
some modern propeller-driven aircraft. Blade pitch adjustment allows the energy capture to be 
optimized over a wide range of wind speeds (even if the rotational speed of the shaft is relatively 
constant), while still providing for over-speed protection through large adjustments in pitch 
angle. Rotational speeds of large wind turbines are limited by maximum tip-speed ratios, and so 
for megawatt-class turbines with long blades are relatively low, in the 15 to 30 rpm range. With 
conventional electrical generators, a gearbox is necessary to match the generator speed to the 
blade speed [16].  
 

The main purpose of a control system is to control the turbine according to given set points. The 
control system takes feedback from the sensors installed at different locations of the wind turbine 
that gives information about the wind speed, wind direction, yaw angle and power output to 
optimize the yaw and pitch of the turbine. The sequence and control section receives inputs from 
the sensors installed at different location, inside and outside the nacelle then takes appropriate 
measures to set the wind turbine as per operating condition according to predefined values stored 
inside the system by the manufacturer and some operating variables from the operator. Figure 
2.13 shows the one line diagram of the control and sequence system of the wind turbine. The 
purpose of the operation control sequence or control system is to supervise the wind turbine and 
then generate the control sequence signal to take the appropriate measure to control, optimize and 
increase the efficiency of the wind turbine [29]. 

By considering the economical perspective it is not physible to design the turbine at higher wind 
speed rate. It is critical to limit and regulate the speed and power output at high wind speed. The 
high speed wind leads to runway that overloads the rotor that in turn causes the shaft to rotate at a 
very high speed causes overloaded to mechanical drive train transmission components, such 
overloading condition leads to catastrophic failure [19]. To address this issue two types of wind 
turbine are being in production which are based on pitch controlled and stall controlled 
mechanism [20]. 
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Figure 2.13. The one line diagram of the control and sequence system of the wind turbine [29]. 

(i)- Pitch Controlled Wind Turbines: 

Ingenious methods were developed to control the pitch or the angle of attack that a rotor airfoil 
presents to the wind stream. In a spring operated mechanism, the higher rotational speed of the 
rotor generates a centrifugal force on a regulating balancing weight which compresses a spring. 
The compressed spring tends to restore the airfoil to its original angle of attack once the wind 
speed decreases. In pitch power controlled wind turbines an electronic controller senses the 
power output of the turbine several times per second. If the power level exceeds a prescribed safe 
level, an electronic signal is generated which turns or pitches the blades out of the wind. Different 
hi-tech state of the arts method were developed to control the pitch [19].  

(ii)- Active Stall Controlled Wind Turbines: 

Large wind turbines that have generating capacity more then 1 MW are installed with active stall 
power control mechanisms [19]. Otherwise it is not possible to achieve all the operating 
conditions at satisfactory level by employing only one fixed blade pitch angle. The operation that 
involves a number of different blade pitch angles employing an active stall controlled method.  

The control of blade pitch angle depends the number of parameters; these control parameters 
have different set points for desired operation of wind turbine to control rotational speed, power, 
temperature, wind velocity, altitude and temperature changes [17]. To achieve a maximum torque 
at low wind speed condition this control mechanism pitches the blades at low wind velocity. As 
soon as the turbine generates a maximum rated power at this time the stall control mechanism 
works in a different mode then pitch controlled mechanism.  
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During the condition when the electrical generator is overloaded due to large wind, the control 
system pitches the rotor blade in an opposite direction and instead of increasing the angle of 
attack for the air it now decreases the angle of attack which reduces lift and thus decreases the 
rotational speed [19]. From the above discussion the operating mechanism of active stall is now 
understood that when the wind velocity increases it starts to increase the power of turbine, but 
once the power is reached to maximum rated power, the active stall mechanism starts to work in 
different way and thus reduces the angle of attack that in turn reduces the power. During this 
process the output power increases gradually after the cut point reached at maximum wind speed. 

 

2.5 Data Acquisition System in wind turbine: 
 

Mostly in the conventional wind turbine there are 30 to 50 monitoring sensors to measure the 
critical parameter like, temperature, wind direction, pressure, vibration, rotation counter, 
humidity, oil viscosity sensor. The wind turbines having rated output power greater then 1 MW 
are equipped with online condition monitoring system for continuous monitoring of above 
mentioned parameters at designated locations of wind turbine. The condition monitoring system 
for wind turbine gear box is a very basic type that is installed only for monitoring the measure 
parameters for the gear box of wind turbine [6].   
 

 
 

 

 

 

 

 

                                                       

 

 

Figure 2.14.  The general architecture of data acquisition system in wind turbine [22]. 
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In the modern wind turbine, specially in wind farm where there are a number of wind turbines, 
the condition monitoring system is integrated with the data acquisition system to make a 
complete supervisory and control data acquisition system to hook with the other wind turbine, 
Figure 2.14 show the general architecture of data acquisition system.  
 

By installing different transducer like strain gauges, accelerometers, force and displacement 
sensors, anemometers, and different measurement instruments for electric measurements, there 
are approximately 200 test points that store in the data acquisition system, these signals are then 
amplified and sampled at a predetermined time rate through multiplexer the signal is then 
converted to digital data and now this digital information further converted to serial data stream 
by applying pulse code modulation technique (PCM) [17]. In this arrangement the transducer 
collected signals from different points of turbine for continuous monitoring are then collected by 
the dynamic scanning module (DSM), after received by the DSM module, the information then 
sends through supervisory and control data acquisition network (SCADA), where it is finally 
received by the main server computer for data processing, storage and analysis purpose. The 
server computer is also connected with control system to send the information about torque, 
gearbox, vibration, ambient temperature, generator, blade angle, yaw position, wind speed and  
wind direction [28].  
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“The application of condition monitoring techniques has for decades been an integral part of 
asset management in thermal power plants, and the technology has in recent years increasingly 
been adopted by the wind power industry. The general capabilities of the vibration condition 
monitoring technology are therefore well known, but the adaptation to wind turbines has proven 
challenging due to inherent physical conditions such as rapidly varying loads and non-rigid 
machine foundations”[31]. 

The chapter is divided into four sections. The first section presents the theory of condition based 
maintenance, the chapter further progress by condition monitoring techniques, the second  
section gives the theory for performance and  process parameters measurement for wind turbine. 
The third section presents the feature extraction method to be used as condition monitoring 
indicator followed by, signal processing theory. The forth section is a subsequent of last chapters, 
the discussion starts with the object model for condition monitoring system. The chapter further 
progresses with the condition monitoring on wind turbine with detailed theory on sensor 
equipment for condition monitoring System in order to give the basic requirements for the 
monitoring system. 
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3.1 Condition Based Maintenance: 

Maintenance can be defined as actions that are taken to extend the life of a machine. The 
combination of all technical and administrative actions, including supervision actions, intended 
to monitor, control and retain an item, machine or process in, or restore it to, a state in which it 
can perform a required function [1]. Today, most maintenance actions are carried out by either the 
predetermined preventive or the corrective approach. The predetermined preventive approach has 
fixed maintenance intervals in order to prevent components, sub-systems or systems to degrade. 
Corrective maintenance is performed after an obvious fault or breakdown has occurred [32].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Different maintenance strategies [32]. 

The preventive maintenance is performed regularly to postpone failures or to prevent failures 
from occurring, and it includes periodic and condition based maintenance. Figure 3.1 shows the 
overall maintenance strategy being practiced. 
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Condition based maintenance (CBM) is defined as a set of tasks to execute for the detection of 
incipient fault of the machine to prevent any failure or major breakdown that prevent the normal 
operation. The CBM determines when the actions are needed to be performed [30]. Condition 
monitoring of the system may consist of online continuous or offline monitoring. In online 
monitoring it monitors the current status of the health of the component by monitoring the trend 
of the functional condition of the equipment in a predefined interval, so it serves as a watch dog, 
[33]. 

Condition based maintenance is a preventive maintenance type utilized in order to dynamically 
plan maintenance, can also be defined as: preventive maintenance based on performance and/or 
parameter monitoring and the subsequent actions [34], or as a set of maintenance actions based on 
real-time or near-real time assessment of equipment condition which is obtained from embedded 
sensors. Figure 3.2 shows condition based maintenance system using vibration and oil analysis 
method [35].  

Condition based maintenance means that measurable parameters on a machine are monitored. 
The parameters will change as the health or condition of the machine get deteriorate. When a 
variation in the values of the parameter is discovered, it is analyzed and a diagnosis is given to 
solve the problem [36]. By using this type of maintenance one does not wait until the failure 
occurs, but considers the condition of the machine to maximize the utilization of the equipment. 
Condition based maintenance is performed to serve the following two purposes [38]: 

• To determine if a fault exists in the monitored object, the nature of fault, and for how long 
period the component or machine can be severed uninterrupted before complete breakdown 
occurs and halt all operation. 

• To detect and localized particular components in the machine that are under degrading 
condition and diagnose the fault. 

There are several condition monitoring techniques, e.g. vibration monitoring, oil analysis, manual 
inspection, current, thermal, corrosion and performance monitoring [37]. 
 
The core objectives of condition based maintenance are:  

1. To take appropriate measures before break down occurs.  

2. To perform maintenance only when required.  

3. To reduce the failure frequency and also number of breakdowns.  

4. To minimize maintenance overheads and cost due to production lost.  

5. To increase life of component and equipment.  

6. To reduce inventory cost due to less spare parts requirement / effective inventory control. 
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Figure 3.2. Block Diagram for condition based maintenance using vibration and oil analysis [39].  
 

An employing predictive condition based maintenance strategy gives the advantage to prevent 
major damages to components or equipment. Reducing the fault frequency and severity gives the 
possibility to effectively increase the operational life of the machine. Acknowledge the fault or 
problems in advance significantly reduces the potential failure [40]. The continuous monitoring 
of condition of mechanical components, equipment train, performance and efficiency of complex 
process with regular interval of time ensures the maximum time between each repair, decreases 
the breakdown frequency, increases performance efficiency, reduces number of unplanned 
outages, and improves the overall availability of operating machine. 
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Condition based maintenance is a total plant management system that provides the ability to 
optimize the process and greatly reduces the overheads and cost of maintenance including spare 
parts consumption [41]. From many years of experience it is realized that condition based 
maintenance is a condition-driven proactive maintenance program. Industries that have 
implemented successful condition based maintenance show abundant improvements in machine 
reliability, availability, operating and maintenance costs. Great improvements can be achieved in: 
maintenance costs reduction, unscheduled machine breakdown, maintenance downtime, spare 
parts consumption and inventory [32]. 

 

 

 

 

 

 

 

 

 

        

 

Figure 3.3. An Integration of condition based maintenance with plant maintenance program [32].  
 
 

Maintenance now become vital for the preventation of unforeseen stoppages and complete break 
down of the machine in industrial facilities, their timely diagnosis and corrective measures can 
not be overseated. In today complex industrial environment different aspect of maintenance have 
been employed for better understanding of maintenance activities and their implication on 
maintenance work [41]. In a broader sense establishing a good and right maintenance program is 
crucial, that requires expertise and quantitative analysis; which utilize integrated type of 
maintenance model. Figure 3.3 showing the condition monitoring system as an integral part of 
maintenance model from generation of fault condition to analysis and execution of maintenance 
work [32]. 
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3.2 Condition monitoring: 
Condition monitoring which is generally referred as a predictive or proactive maintenance is one 
of the reliable and cost effective approach in maintaining and running costly equipment and 
machines in the industrial floor. It is a fact that by using developed technology we can measure 
and evaluate the over all health and condition of the asset in the plant floor, this allows to take 
intelligent decision for taking appropriate measure for maintenance [35]. Condition monitoring 
has been accepted as one of the effective method for detecting the present condition of the 
rotating machine to prevent from the catastrophic failures by predicting the incipient fault much 
before the time before it become severe. 
It has been acknowledge for a long time that the integrity of the machine can be evaluated by 
detailed analysis of the vibration spectrum [42]. As stated: The most effective and cost-efficient 
group of condition monitoring techniques is vibration analysis [37]. The vibration signals carry 
information about the structural resonance and other components in the machine through 
vibration transducer. The machine produces vibration which is specific to its vibration behaviour 
and character, when the machine operates in a good condition during the normal operation 
condition but as the degradation starts as a result of change in the characteristics of the vibration 
signals [43]. 

Condition monitoring system deals with the various types of the input data as a case vibration, 
acoustic emission, temperature, oil debris analysis etc. Condition monitorings based on oil debris, 
acoustic emission and vibration analysis are the most effective, reliable and well established in 
machine prognostic. Condition monitoring based on acoustic emission has more established 
method in the area of bearing monitoring than as for gears monitoring [36]. 

It is important to identify which machine condition monitoring technologies will be the most 
useful and cost effective in achieving your goals and objectives. Each technique is limited to 
specific types of machinery and is useful in identifying specific types of problems. Each 
technique also provides different short and long term economic benefits. A variety of 
technologies can be used as part of a comprehensive condition based maintenance programme 
[44]. As mechanical systems or machines account for the majority of plant equipment, therefore 
vibration monitoring is generally the key component of most condition based maintenance 
programmes. However, vibration monitoring cannot provide all of the information that is required 
for a successful condition based maintenance programme. Vibration monitoring technique is 
limited to monitoring the mechanical condition, but not other parameters necessary for 
maintaining the reliability and performance of the equipment. Therefore, a comprehensive 
condition based maintenance programme must include other monitoring and diagnostic 
techniques. These techniques include [32]: 

1. Vibration analysis;  

2. Temperature measurements;  

3. Acoustic measurements; 

4. Thermography; 

5. Oil analysis; 

8. Performance and process parameters monitoring; 

9. Visual inspection.  
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1-Vibration analysis: 
 

Vibration analysis is one of the proven and effective technology being used in condition 
monitoring. For the measurement of vibration different vibration transducers are applied, 
according to the frequency range. Vibration measurement is commonly done in gearbox, turbines, 
bearings and shaft. For wind turbine application the measurement is usually done at critical 
location where the load condition is maximum. i.e. wheels and bearings of the gearbox, bearings 
of the generator and the main bearing. Different types of sensors are being employed for the 
measurement of vibration these are: acceleration sensor, velocity sensor, displacement sensor.  

Different vibration frequencies in a rotation machine are directly connected with the structure, 
geometry and speed of the machine, by determining the relation between the frequencies and the 
type of the defects, the causality of problems can be determined and the remaining useful life of 
components can be to estimated. The history of the equipment, it failure statistic, vibration trend, 
and degradation pattern are of vital importance by determining the health of the system and its 
future operating condition [32].  

Using vibration analysis, the presence of a failure, or even an upcoming failure, can be detected 
because of the increase or modification in vibrations of industrial equipment. Since an analysis of 
vibrations is a powerful tool to set diagnosis of equipment, there has come up a number of 
different techniques to use. There are methods that only distinguish failures at a final state of 
evolution and there are others, more complex, that identify defects at an early phase of 
development. It is important to use the method that is best suited for each particular piece of 
equipment, and the most common technique is to get the overall vibration amplitude followed by 
a trend analysis.  

The trend analysis is widely used because of its simplicity to put into practice. Alert (developing 
failure) and alarm (imminent failure) values are set for each machinery, and when they are 
reached, the machine needs to be monitored more frequently and a deeper analysis of the data 
needs to be conducted to identify flaws. It is important not to confuse the variations in vibrations 
due to failure with variations caused by alterations in the state of operation, e.g. load or speed of 
production. When a failure has been recognized it is possible to get an idea of the time left until a 
catastrophic failure occurs by looking at the intersection of the trend curve and the value of 
alarm. It is essential to find the “right” values of alarm since a low value may result in false 
alarms and a high value might fail to warn about catastrophic failures, which in turn may create 
scepticism towards the condition monitoring programme [36]. 

2-Temperature measurement: 

Temperature is one of the important parameters for analysis and diagnostic purpose to predict the 
health of the machinery. Temperature measurement helps to detect the presence of any potential 
failure of the equipment related to temperature change in equipment; it gives the information 
about the ongoing deterioration process in the component by excessive mechanical friction due to 
faulty bearings, gears and in sufficient lubricant properties, loose and bad electrical connections 
[56]. All such phenomena causes temperature to increase to maximum level that is beyond the 
normal limit, this excessive rise in temperature further degrades the component properties that 
leads to catastrophic failure and cause complete breakdown of the system. 
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3-Acoustic emission:  

Acoustic emission (AE) is a Non-Destructive Technique (NDT) for health diagnosis of a static 
system, but now this technique is gaining importance in fault diagnosis on rotating machinery. 
Acoustic emission is fall in the ultrasonic region and in the range between 20 kHz and 1 MHz 
(this range is not absolute and can vary). Acoustic emissions (AE) are defined as transient elastic 
waves generated from a rapid release of strain energy caused by a deformation or damage within 
or on the surface of a material [62]. AE has good application in detecting and diagnostic bearing 
health condition. 

4-Thermographic analysis: 

Thermography is a condition monitoring method that inspects mechanical equipment by 
obtaining heat distribution from the image. This method is based on the fact that all working 
components exude heat. By observing the heat pattern of the components a conclusion can be 
made on which components are damaged [46]. In real application this technique is use for 
inspecting mechanical and electrical system by taking the picture of heat patterns. This method is 
based on the fact that when the components in the system start to malfunction its temperature 
increases from normal operation condition, this increase in temperature might be caused due to 
lose connection in electrical circuits or distribution panels or a wear out bearing in any 
mechanical system, so by taking such heat patterns through infrared thermography, the fault and 
saviour condition in the system can be easily detected. It is a good evaluation method that can 
easily and rapidly scan large surface area for internal defects and malfunction [47]. 

5-Oil analysis: 

Oil analysis is a predictive maintenance technique. By analysing the oil, we can see how the oil is 
contaminated from debris of surrounding elements.  To check the level of contamination in the oil 
and to analyse the lubricant properties, a sample from the machine is sent to the laboratory to find 
out the debris contents in the sample. This procedure is made in order to get the exact information 
about the present state of the health of the oil as well as the machine [45]. Oil analysis may serve 
two main purposes: 

- Safeguarding the oil quality and film thickness (contamination, moisture and debris); 

- Safeguarding the components involved.  

The oil analysis is of great importance when the defects in the machinery are identified, such 
approach simplifies repair action. The other importance of oil analysis is to check the quality of 
oil as it can be a source of increasing wear which reduces operational efficiency [48].  

Oil debris analysis is a proven method for detecting debris contaminants in the oil; it is an 
effective way for detecting gear damage at an early stage so that the level of deterioration can be 
estimated. During the degradation process the debris of gears or bearing mix with oil; thus reduce 
its lubrication properties. By detecting the number of particles and their size one can determine 
gear- pitting damage at an early stage, which is not possible through vibration analysis [32]. 
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6-Performance and process parameters monitoring. 

For performance and process parameters monitoring, different parameters such as temperature, 
pressure, flow rate, electrical power and other electrical quantity like dielectric strength, 
resistance, and impedance are most commonly applied [49]. To ensure the reliability and 
operational issue, the relationship between power, wind velocity, rotor speed and blade angle to 
be determined which serves as a good performance indicator. Under the condition when large 
deviation is detected between allowable operating condition and current operating condition, 
directly result in an alarm when the signals become beyond predefined limit, to safeguard against 
any malfunction and to keep the operation under safe level. To keep the false triggering of alarm 
the level of detection should be at the appropriate level [32]. 

 7-Visual observation and inspection. 

Visual inspection or observation is one of the most common and oldest condition based 
maintenance technique, it includes hearing of sound of the machine, touching and visual 
inspection. In several cases the condition visual inspection is of great importance to identify a 
problem that was unidentified by other predictive maintenance or other technology. Such case 
may include loose parts, connection, terminals and components, visibly worn or broken parts, 
excessive temperature that reflects through structure or housing, oil leakages, corrosion, 
chattering gears or hot bearing housings [32]. 
 

3.3 Performance and process parameters: 

To optimize the performance of wind turbines and for protection, safeguarding based on process 
parameters is of common practice. The control systems use the state of the art technology with 
enhanced diagnostic capabilities to ensure high performance. However safeguard against 
malfunction is still largely based on level detection or comparison of signals, which initiate an 
alarm condition when the monitored signal exceed the predefined limits as set by the 
manufacturer. The performance of the wind turbine is often used implicitly in a primitive form. 
For protection purposes, the relationship between shaft speed and blade angle and other process 
parameters such as acceleration, velocity, and displacement can be measured and in case of large 
deviations, an alarm is initiated [48]. 

(i) Measuring acceleration: 

To measure the low frequency oscillation which is induced by wind turbine tower and structure 
including nacelle, the acceleration parameter of vibration is used. The information that collected 
form acceleration measurement can be used to calculate the Eigen frequencies of components of 
wind turbine and their related shift due to severity of fault. Refer table no 3.1 for the requirements 
necessary for acceleration measurement for condition monitoring and fault identification [77]. 

 
 
 
 
 
 
 
 
 
 
 



Chapter. 3. Condition Monitoring Based Maintenance 

 

 

Table 3.1: Measurement requirements for acceleration value [77]. 
 

 

 

Note 1: Gravitational constant g=9.81 m/s² 
 

(ii) Measuring velocity and displacement: 
The acceleration sensor or accelerometers are widely used for the measurement of oscillation, 
velocity and displacement. Through integration of acceleration signal and then by band pass 
filtering the velocity signal is generated. For the calculation of displacement signal this procedure 
repeated twice. This technique of acceleration measurement is a good approach to deduce all 
information that is vital for condition monitoring and fault findings in wind turbine [77]. 

(iii) Measuring vibration: 

To evaluate and predict the condition of bearings and gears in rotating machines, which rotates at 
higher frequencies, vibration measurement is the most effective method as described above. To 
measure these higher frequencies the piezo electric transducers are most suitable for this purpose. 
To cover all mechanical vibration range the sensors available in a frequency range from 3 Hz up 
to 20 kHz [7]. 

Table 3.2: Measurement requirements for vibration parameter [77]. 
 

 

 

 

 

The parameters of vibration that will be measured (please refer to Table 3.3) should provide 
information that allows the inspection of specific machine elements, or the kind of fault. 

Different transducer such as displacement, velocity and acceleration can be used for measurement 
of vibration, these transducer convert machine signal in electrical signal this gives the possibility 
to analyze the vibration signature to detect the presence of fault. The signals that are generated by 
machine are composed of different frequencies that can be analyzed. These are basically plots of 
amplitude versus corresponding frequencies. A time function of such signal is also used to 
represent the resultant of vibration magnitudes of different frequencies and plot it as a function of 
time to represent the mechanical motion [55]. 

 
 
 
 
 

Quantity Base 
Unit 

Accuracy Band width Sensitivity  Range Signal Type 

Acceleration     m/s2      5 %   0- 20 Hz     2 V/g2 +/- 2g Analogue, 
Pulse, Data 

Quantity Base Unit Accuracy Band width Sensitivity  Range Signal Type 

Vibration     m/s      5 %   3- 20 kHz   100mv/g +/- 20g Analogue 
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Table 3.3 - Parameters to be measured on predictive maintenance [65]. 
 

 

 
 
 
 
 
 
 
 
 
 
 
Each exciting force existing at different locations of the machine will generate one harmonic of 
the vibration determining a certain displacement, velocity, and acceleration; the accumulation of 
all harmonics to each variable will result in one multi-harmonic, exist on bearings. The 
components of vibration can be classified in two groups, distinguishable by the value of the 
frequency rotation of the axle. Thus, two groups of frequency have been established [65]: 

1) Components of low frequency (frequency values up to 5 times the axle rpm). 

2) Components of high frequency (frequency values higher than 5 times the axle rpm). 

From the collected data, it is possible to make technical analysis for diagnosis purpose, and after 
the diagnose phase the nature of fault can be established and can also be determined which 
elements or component of the machine are more critical. The data log history of the machine may 
also help to establish the most frequently fault components of the machine for failure modes and 
effect analysis [65].  
 

The principal cause of generator vibration is due to interrelation ship of (i) the dynamic behaviour 
of the rotor, (ii) stator core response to the magnetic forces in the air gap, (iii) EMF in the air gap 
between the fixed stator and the rotating rotor, and (iv) shaft bearings response to the forces that 
is transmitted to it by the rotor. The machine’s inertia, drive train, natural frequency and 
rotational speed are some of the parameter that influenced generator vibration.  
Every machine has its own vibration response that can term machine signature unique to its 
mechanical characteristics, this vibration machine signature is very helpful in finding and 
diagnosed the deviation from its normal behaviour because it serves as a finger print [58]. If there 
is any deviation in the normal operation limit the change in the vibration signature clearly alarm 
the abnormal condition that some this is happening within the machine and can cause sever 
distortion in the process and can lead to functional failure.  

 
 
 
 
 

Parameter to be 

measured 

Nature of fault or defect to be detected 

Amplitude of 
vibration 

displacement 

Unbalancing ,misalignment, excessive gap, bad 
coupling 

Amplitude of 
vibration velocity 

Bearing or damaged gear 

Amplitude of 
vibration  

acceleration 

Excessive friction between components, lack of 
lubrication 
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During the machine start up and shut down condition the vibration signature are non stationary by 
nature means it changes the frequency along time. Conventional techniques are still very useful 
for feature extraction for a verity of range of faults in mechanical system. Despite the fact its 
effectiveness in detecting feature extraction in vibration signature there are still some problems in 
detection due to non-stationary and transient nature of such signal. To address the transient non 
stationery signals case there are different time-frequency and time-scale technique analysis were 
developed. Wavelet Transforms (WT), Short-Time Fourier Transform (STFT) and Wigner-Ville 
Distribution (WVD) are some good example in this area [57]. 
 

The STFT is efficient in this case but it also has some limitation because of its problem in 
choosing a window length, because due to this it simultaneously affects both frequency and time 
resolution. To get a good frequency resolution for analyzing the vibration signature there should 
be high window length to be selected, but this selection have a great impact on time resolution. 
The wavelet analysis (WT) has been successfully applied in the industry and has been greatly 
acknowledge in feature extraction of vibration signal analysis and also in signal processing area 
but this technique is also have some limitations that although it gives the information about 
spectral component in the frequency but it not gives any information that at which instant of time 
these spectral component appears [57].  

 

(iv) Measurement of shaft RPM: 

Measuring the shaft revolution per minute (RPM) serves two purposes in condition monitoring to 
provides the shaft speed but also give information about  some of the characteristic values related 
to condition monitoring of bearing and gears are correlated with this value i.e. rotation per 
minute. An inductive sensor is a reliable and effective way to for the measurement of RPM 
signal. The mounting position for the sensor is either on a shaft coupling or on the structure of the 
rotor hub. Each time when the shaft comes to a home position during each rotation generates a 
pulse signal, where as pulse frequency determine the RPM. In order to get the good resolution 
signal the minimum pulse frequency should be 5 Hz [77].  

Table 3.4: Requirements for the measurement of shaft RPM [77]. 

 

 
 

 

Note 3: Refreshing rate (RR), i.e. the number of measured values per second. The allowable 
refreshing rate minimum 3 values of the RPM per second.  

 

 

 

 

Quantity Base Unit Accuracy Band width Sensitivity  Range Signal 
Type 

   RPM RPM/ Hz      1%    3Hz  RR2      _ 0 - 3000  RPM           Pulse 
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(v) Measurement of shaft Position: 

The measurement of absolute position of the shaft is necessary in order to perform specialized 
algorithms of spectral analysis. In most of the situation a single pulse per shaft revolution is 
enough. This pulse signal can be obtained from the measurement as described above through the 
means of induction sensor. It is to be ensured that only pulse per shaft revolution is generated 
when passing one bolt in the shaft (indicating the home position of shaft for reference and 
calculation of each cycle) as a reference point. In case if the requirement for the higher resolution 
with interim values then, a position encoder is a good choice to serve this purpose [77]. 

Table 3.5: Requirements for the measurement of shaft position [77]. 

 

 

 

 

Note 3: The signal should have a refreshing rate of 3 values per second. 

3.4 Sensor placement for Condition Monitoring System: 

The condition monitoring system receives information from the inputs connected to the critical 
location of wind turbine through a robust sensor. This sensor collects information of different 
parameters of interest for continuous measurement of turbine and to perform real time evaluation 
of characteristic fault by using latest technology in digital signal processing methods [71]. Table 
3.6 showing the basic sensor system for the monitoring of gear box vibration at different stages 
and also inboard and outboard bearings at generator site. 

The possible configuration of sensor installed on the drive train is showing in figure 3.6. The type 
and configuration of the sensor depends on its placement at turbine and the frequency range 
relevant for the monitoring of parameter of interest at desired location. The configuration and 
types for such sensors are described below [48]. 

§ Position transducers suitable for the low frequency range; 

§ Velocity sensors in the middle frequency area; 

§ Accelerometers in the high frequency range; 

§ SEE sensors (Spectral Emitted Energy) for high frequencies range are placed for 
monitoring of acoustic vibrations”. 

The vibration induced by bearing and gear wheels can be monitor through the sensor operate 
frequency range cover from 1 Hz to 20,000 Hz. Three acceleration sensors are placed at the axial 
direction and other in the transverse direction, for the detection of nacelle oscillation. These 
sensors must be at frequency range from 0.1 Hz to 10 Hz. 

 

 

Quantity Base Unit Accuracy Bandwidth Sensitivity  Range Signal Type 

 Shaft 
position 

degree   5 %   3Hz RR3       -  0-360 

degree 

Analogue, 

Pulse, Data 
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The planetary input stage of the gear box is monitored through acceleration sensor for low 
frequency vibration measurement. There is also an additional sensor which is placed on the gear 
box for vibration signal measurement at a frequency range from 1 Hz to 10 kHz, which is closed 
to the intermediate stage and high speed bearing at generator side. The rotor condition is being 
measure through one sensor which is mounted at front main rotor bearing and the second sensor 
at gear box input stage [51]. 

Table 3.6. Shows the basic sensor equipment for the monitoring of gear box and generator [74]. 

 

S.no Sensor  Components(monitored) Required 
Measurement 

1 Main Bearing 
accelerometer 

Turbine main bearing yes 

2 Low speed Stage 
accelerometer 

Planetary gears/ bearings yes 

3 Intermediate speed Stage 
accelerometer 

Planetary gears/ bearings yes 

4 High speed Stage 
accelerometer 

High speed gear bearing yes 

5 Generator inboard 
accelerometer 

Generator inboard bearing Yes 

6 Generator outboard 
accelerometer 

Generator outboard bearing Yes 

7 Nacelle transverse 
accelerometer 

Tower sway perpendicular to 
Turbine shaft axis 

                     -- 

8 Nacelle axial 
accelerometer 

Tower sway parallel to  
Turbine shaft axis 

-- 

9 Power meter Power Yes- obtained from scada 

10 Torque sensor Torque Yes- obtained from scada 

11 Anemometer Wind velocity Yes- obtained from scada 

 

In order to get the reliable and accurate measurement, the frequency of repeatable measurement is 
of primary importance when doing measurement on low speed drive train to monitor vibration. 
For accuracy in measurement and to measure the stable frequency value, at least 20 vibrations 
should be recorded. 
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Figure 3.4. Showing possible sensor configuration installed on drive train of wind turbine [75]. 

 

In the case of rotor imbalances on a 1.5 MW wind turbine system (18 rpm corresponds to a 
rotating frequency of 0.3 Hz), the measurement time should be approx. 60 seconds of 
measurement time for stable frequencies and for stable amplitudes the measurement time should 
be around 300 seconds. This long time duration recommended for these measurements improves 
the quality of the signal that is being under monitoring [76] 

The three sensors that are mounted on the gear box of wind turbine, in which one is installed 
directly on the gear box side. The other is placed above the first bearing on the input shaft which 
is closed to the third stage of gear box. The third sensor is installed close to the bearing of the 
intermediate shaft, two more sensors used as a speed reference sensor, one is mounted on the 
generator shaft and other is mounted on rotor shaft for RPM (revolution per minute) measurement 
[75]. In the latest technology of wind energy converter which is commonly based on rotational 
mechanical components and elements the measurement of vibration is usually done on 
component housing and structural oscillation, this gives the information for the calculation of 
characteristic values by employing the advanced condition monitoring technique using fault 
prediction algorithms and diagnostic routines.  
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Figure 3.5 shows the basic orientation of sensors that are installed to measure the nacelle 
oscillation measurement in axial and transverse direction, related to the rotor axis. 

 

 

Figure 3.5. Showing sensor configuration for nacelle oscillation measurement [75]. 
1. Low speed shaft RPM tachometer 2. Low speed shaft accelerometer 3. Nacelle Vibration 
accelerometer. 4. Low speed shaft accelerometer 5. High speed shaft RPM sensor 6. Temperature 
sensor. 
 

The torsional oscillation of the nacelle can be measured by using two transverse directed sensors 
that are mounted in front and behind of the vertical tower axis. By using static accelerometers the 
monitoring of nacelle oscillations can be achieved, in order to get the characteristic values for the 
detection of rotor faults, caused by rotational speed of the rotor. Therefore for the signal accuracy 
and validity the above mentioned parameter should be measured at very low frequency. The 
sensor works by measuring the applied force through sensor probe by acceleration. The applied 
input force is then converted to electric signal through strain gauges mounted to a small spring, 
the sensor is commercially available and have integrated electronic for necessary signal 
conversion and amplifier for signal amplification. Such sensor needs only external supply to 
produced output voltage or current signal as an input signal for processing. Refer to Figure 3.5 
showing the mounting positions of the sensors at labels 2, 3 and 4. These sensors as labeled 2, 3 
and 4 allow the measurement of the above mentioned nacelle oscillation to monitor the vibration 
at these locations. By refer to labels 5 and 6 in Figure 3.5 showing the vibration sensors positions 
at the gearbox and generator side. An advanced specialized algorithm for signal processing 
requires the absolute rotor position (e.g. narrow band analysis using Fast Fourier Transform 
algorithm). A good approach and effective way to get this position is through the application of 
an inductive distance sensor (label 1in Figure 3.5). This sensor generates one pulse after every 
complete revolution of rotor. The integration of the condition monitoring system with prognostic 
deterioration maintenance model gives valuable information about the present condition trend of 
the machine being monitor [51].  

 

 

6 
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3.5 Model for condition monitoring system:  

Condition monitoring system (CMS) generally compose of electronic data acquisition module 
and further for vibration based condition monitoring, there is a number of accelerometers, and 
other transducer installed on the turbine drive train, main shaft, generator and main bearing [72]. 
The standard condition monitoring system can be divided in to three main components this 
includes data gathering or data collection followed by the data acquisition and finally fault 
diagnostic algorithm or fault diagnosis. In the first phase data is collected and then converted in 
to digital format for further processing.  

In the next stage the data acquisition receives data from the data collection module for calculation 
the statistical function and values in frequency and time domain. This block further applies 
different techniques for analysing of data pattern for further processing [73]. 

 

 

Fig 3.6. The function model for the monitoring of wind turbine converter [72]. 
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The third block which is more critical and complex, because of working with diagnosing fault, 
due to its functionality and importance in machine fault diagnosis different methods and 
technique are developed and still major work is underdevelopment [73]. Newly developed 
analysis techniques like wavelet analysis, fuzzy logics, case based reasoning and neural networks 
for vibration or fault pattern recognition are being successfully applied and examined [56].  

Condition monitoring system connect with the various types of the input data as a case vibration, 
acoustic emission, temperature, oil debris analysis etc. condition monitoring based on oil debris, 
acoustic emission and vibration analysis are the most effective, reliable and well established in 
machine prognostic. Condition monitoring based on acoustic emission has proved established 
method in the area of bearing monitoring than as for gears monitoring [60]. 

In order to achieve the over all performance and system optimization the condition monitoring 
system should be an integrated part of the wind turbine system [59]. In the above system the 
vibration monitoring is not the only measurable parameter but also other signals from wind 
turbine are necessary for measurement and analysis, which contain information on turbine 
components health that are critical in the monitoring and diagnostic process. 
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Chapter 4    Vibration Monitoring Based Maintenance 

 

 
      

 

This chapter divided into two sections, the first section presents the vibration monitoring based 
maintenance for monitoring and diagnostic of machine. The next section present the recent 
development in vibration measurement for vibration monitoring program. 
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Chapter 4    Vibration Monitoring Based Maintenance 

Vibration analysis detects repetitive motion of a surface on rotating or oscillating machines. The 
repetitive motion may be caused by unbalance, misalignment, resonance, electrical effects, 
rolling element bearing faults, or many other problems. The history of the machine and the 
previous degradation pattern are important in determining the current and future operating 
condition of the machine [50]. Vibration monitoring based maintenance to monitor the present 
condition and dynamic behavior of the machine and on the basis of vibration analysis diagnosis 
of faults in the machine has become a key activity in condition based maintenance programs for 
many industries. 

In the area of vibration monitoring based maintenance there are various relevant national and 
international standards are developed and published for the monitoring and analysis of rotating 
machines. These standards present the general guide lines and procedures for the selection criteria 
of parameters to be monitored, measurement technique, selection of testing instrument, 
measurement criteria, calibration of testing instruments, transducer selection and installation 
methods, diagnostic and progosnotic procedures, data communication equipment and protocols 
and finally result presentation for analysis of machine health.  

Condition monitoring parameter like vibration measurements, should be carefully analyzed and 
interpret for better understanding of fault and normal conditions, this can not be achieved without 
knowing and in depth understanding of the deterioration process under subject matter. This 
clearly claim that a good understanding of fault ignition process, its developing mechanism and 
characteristics, and the relation between the physical changes in the component condition and the 
dynamic changes in the vibration spectrum is of prime importance, the following are the guide 
lines that should be considered during data analysis and prognostic phase. 

Using vibration analysis as a condition monitoring based maintenance, gives an early warning of 
deterioration or detection of fault before any break down happen. The monitoring and evaluation 
of vibration trend analysis, performance of machine at different load and speed conditions are the 
common and vital goal for any proactive maintenance program. For the detection of vibration of 
rotation machinery different methods, techniques, and tolls are being used. These methods 
include vibration analysis, model-based techniques, and statistical analysis and artificial 
intelligence techniques [57].  

To achieve cost effective vibration based maintenance, the management and effective use of 
vibration monitoring data is very important, the replacement criteria that has been decided for 
each component condition should automatically initiate the work order process for the execution 
of maintenance work. 

For measuring vibration parameter the measurement locations is of high importance, because any 
deviation in the machine condition directly measure through such terminals or measurement 
points, for this reason the selection of measuring location gives the best possibility in order to 
precisely captured the signal form the machine. The major factors that take in to consideration are 
safety, the location where high sensitivity to change in machine condition can be easily recorded 
etc. 
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There are four different characteristics of vibration that need to be considered before the 
measurement take in to account of any rotating machine or equipment. These four characteristics 
are: frequency, displacement, velocity and acceleration. 

Frequency is of one the vibration characteristic and represents the repetitive periodic motion of 
an oscillation body. Its unit is cycles per second and usually express in hertz. The other way of 
expressing frequency is rotational speed and express in revolution per minute (rpm) [2]. The 
measurement of vibration frequency is a good diagnostic tool, it serves to identify or pinpoint 
specific mechanical or operational faults [52]. 

Vibration displacement is the measure of up and down movement of the oscillating or rotating 
body surface to calculate the peak to peak amplitude level [32]. The vibration displacement is 
also defined as the total distance travelled by the vibration body from one limit to another limit. 
The distance travelled is called peak-to-peak displacement. For the analysis purpose the 
frequency of the displacement should be known. The unit of displacement is meter [52]. 

The vibration velocity is defined as the change of the displacement per unit time of a surface as 
the machine vibrates. Thus, a vibration velocity is a direct measure of fatigue of a material of an 
oscillating body. In brief we can define vibration velocity is a measurement of the speed of 
movement of a machine component or machine itself during the operation as it undergoes 
oscillating motion. During the vibration the velocity is continuously changing throughout the 
cycle so only peak to peak value of velocity is consider for measurement. During the running 
condition of machine, the machine structure also vibrates along with, this up and down 
movement effects the velocity and cause to increase with this movement. The unit of 
measurement for vibration is mm/sec. [32]. 

The vibration acceleration is defined as the rate of change of velocity of the vibrating surface of 
the machine. It indicates and points out the presence of dynamic forces that generate vibration 
[32]. Vibration acceleration is another important characteristic of vibration signal that contains 
useful information about the machine condition and it can be used for the measurement of 
magnitude of vibration. As the vibration acceleration is not constant and continuously changes 
therefore only peak acceleration value is taken in to account for measuring acceleration in the 
vibration signal. The unit for the measurement of acceleration is mm/sec2 [52]. Figure 3.4 shows 
the accelerometer vibration sensor installed in the plant machine for vibration measurement. 

4.1 Vibration transducer: 
 

Different types of sensors are being employed for the measurement of vibration these are 
acceleration sensor (accelerometer), velocity sensor (velocity pickup), and displacement sensor 
(proximity probe). The vibration sensor when is fixed or installed in the machine, converts the 
physical movement in to electrical quantity. This signal which is converted by the vibration 
transducer represents the signature of a machine or component where is installed [32].  
 

The accelerometer measures acceleration in the vibration signal. The accelerometer is widely 
applied in the industry the main reason for its broad acceptance in the maintenance industry is 
because of its wide frequency response, from 2 Hz to 10 kHz [32]. 
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As it is known from the study that vibration velocity gives the direct indication of vibration 
severity and clearly indicates the fatigue condition in material so it has advantage over vibration 
displacement. The benefits of measuring vibration velocity are: 
 
 

                    
Figure 4.1. Example of the accelerometers installed in the plant machine for vibration   
                   measurement [53]. 
 

(i) Vibration velocity is a direct and clear indicator of fatigue in the material as it considers both 
displacement and frequency at the same time. 

(ii) As frequency is a component of the velocity so it is not essential to measure the frequency of 
the vibration signal in order to evaluate the severity of the vibration velocity.  

(iii) To know the over all health condition of the machine the vibration velocity serves as a good 
indictor for this purpose to evaluate machine health. 
 

Due to these reasons, the vibration velocity becomes the industry standard for evaluating general 
machine health condition based on vibration or vibration based maintenance [52].  
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4.2 Feature monitoring indicator: 

There are several defects that can cause to increase the over all vibration level of the machine, 
thus it is a good condition monitoring indicator.  The signature is the most important clue about 
the health of the machine as it contains the information about the health. Once the machine is 
commissioned and newly comes in operation. It vibration signature is stored and after the time 
progress the current vibration signature could compare with old vibration signature to find out 
any deviation between two values and if there is any out of limit conditions found it gives alarm 
conditions. But in reality it is difficult to find out the difference due to large variations and direct 
comparison of two signatures is difficult. The most effective and useful method is to employ the 
features extraction from the vibration signature data. It gives the advantage over other 
conventional technique as it provides the reduced data for the application of pattern recognition 
and tracking techniques. This study will come up with the necessary frame work that is essential 
for feature analysis of vibration data.  

There is some useful statistical model or condition indicators as discussed; use for feature 
analysis, these features are grouped in five different groups, and these are [66],  

1. Raw signal (RAW) 

2. Residual signal (RES) 

3. Difference signal (DIF) 

4. Band-pass mesh signal (BPM)  

5. Time synchronous averaged signal (TSA) 

(1) The Raw Signal Preprocessing (RAW): denotes features that are calculated from the raw or 
conditioned data. The signal conditioning is achieved by multiplying the raw data points with by 
a calibration constant [66].  

 

(2) Residual Signal (RES): this preprocessing technique calculates the residual signal consisting 
of the time synchronous averaged signal including the mesh and shaft components along with 
their harmonics removed [66]. In real application it can be done by using a high pass filter with 
the cut-off frequency located somewhere between DC and the basic mesh frequency. The feature 
include in this group is NA4.  

(3) Difference Signal (DIF): by filtering the meshing components from the time synchronous 
averaged signal the difference signal can be determined. The meshing elements composed of the 
meshing frequency and its harmonics, the shaft frequency and its harmonics. This signal 
processing part comes after the residual signal section, where the mesh and shaft components 
along with their components have been filtered; the filtered signal then further removed from 
meshing frequency and its harmonics in the DIF section [66]. 

(4) Band-Pass Mesh Signal (BPM): In this section the time synchronous averaged signal is band 
pass filtered around the primary gear mesh frequency [67]. After obtained from the band pass 
filtered section the signal then applied for Hilbert transform to get the real and imaginary part of 
the signal. The envelop detected in this signal will then determine the modulation contain in the 
signal due to the sidebands.      
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(5) Time synchronous averaged signal (TSA): It is a statistical technique to extract the repetitive 
signals from the excessive noise in the vibration data. This technique is a good approach for 
balancing and vibration analysis. The good application of this technique is the waveform analysis 
of vibration signal from machine. It is an effective technique for gearbox vibration signal to 
distinguishing between spectral peaks that are very near and looks harmonic signal, but not exact 
harmonics of the machine. After performing a sufficient number of averages from the sample 
vibration data, spectrum peaks that are harmonics of the gear will still be visible and remain, 
while non-synchronous peaks will be cancelled out from the spectrum. The other statistical 
techniques and features that are mainly used for alarm purposes in industrial plants are: Kurtosis, 
Crest Factor, Enveloping, Demodulation, NA4 and FM0. These statistical parameter serve as a 
condition indicator for gear box monitoring and diagnostic technique, few of them are described 
here [68]. 
 

(i)- Kurtosis: 

Kurtosis is defined as the statistic indicator used in the time history, it defines the impulsive 
character of the signal and serves an indicator of major peaks in the signal data. kurtosis is 
defined as the fourth statistic moment of the distribution; this method is an effective way in gears 
fault prognostic by indicating an error condition due to wear tear in gear as it causes increased in 
the vibration level.   

The kurtosis is given by the equation as follow. 
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where y (n) is the raw time series at point n, is the mean of the fourth statistic moment, 
2

σ  

 is the variance of the data, and N is the total number of data points [66]. 

(ii)- Crest Factor: 

The simple method to measure the defects in time analysis is by employing the RMS method. 
The main disadvantage in this method is that it may not show the measure changes in the signal 
at an early stage of bearing and gear defects. A better and effective approach is to use the “crest 
factor” which is defined as the ratio of the peak level of the input signal to the RMS level. The 
increase in peak in the times series signal will also result in an increment of crest factor value. In 
normal case, crest factor may reach between 2 and 6. Usually the value above 6 indicates the 
severity of problem in the machine. This feature is applicable in detecting the variation or 
changes in the signal pattern mainly cause due to impulsive vibration sources coming due to gear 
tooth defects or due to defects in the outer race of the bearing. The crest factor is given by the 
equation as follow. 
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 Crest Factor = 
RMS

PeakLevel
                                                                                      (4.2) 

In the equation (2) the Peak Level is the peak level of the raw time series, and RMS is the root 

mean square of the raw data [66]. 
 

(iii)- Enveloping: 
 

Enveloping is the technique that is commonly applied for monitoring the high frequency response 
of the mechanical system to periodic impacts such as gear or bearing faults. A short duration 
impulse is produced each time when ever a bearing in the loaded condition during machine 
operation comes in to direct contact with the surface having fault or pitting in its race, this 
irregular surface causes bearing to act abnormally when this part of defect comes under the 
contact with other surface of the bearing or a faulty gear tooth comes under contact with another 
tooth of the adjacent gear. This periodic impulse has an extremely short duration as compared 
with the interval between the pulses after each revolution. The energy generated from the defect 
pulse will be distributed at a very low level intensity over a wide frequencies range.  
Due to distribution of energy at a wider frequencies range it is very critical to detect any defects 
in the bearing using the conventional spectrum analysis. During the surface contact of faulty 
bearing, the impact generates a resonance at a very higher frequency in the system compare to the 
vibration produced by the other elements of the machine.  
 

This structural energy which is in the form of narrow band can be easily detected compare with 
the gears or bearing defect frequencies which are highly distributed. As the wear in the gear starts 
to deteriorate causing its tooth wears, this process of deformation of gear teeth’s may increases 
the output shaft frequency, which is near the critical frequencies.  This high frequency technique 
concentrate on the structure resonance to determine the failure type in a bearing or the health 
condition of a gear.  
 

 

Figure 4.2 a) Showing attached vibration transducer (accelerometer) to collect vibration 
information from the bearing enclosure under monitoring [63].  
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 Figure 4.2b) Showing simple Envelope Detector Scheme [66]. 

This method of detecting fault frequency is based on the analysis and processing of structure 
resonance frequency with the use of an envelope detector. The band pass filtering is use in this 
stage for structure resonance to get the filter data that are around the structure resonance 
frequency. The band-pass filtered output signal is then sent to an envelope detector for signal 
processing, this section contains a full-wave rectifier and a peak-hold and smoothing section. A 
general envelope detector is shown in Figure 4.2.b. In the band pass filter the centre frequency 
should be tuned in a way so that it can response the resonance frequency of the vibration, also for  
the detecting the defect frequencies the bandwidth should be at least double the highest defect 
frequency. This selection of side band range will ensure that filter will smoothly pass the carrier 
frequency along with one set of modulation sideband. Once the signal received by the rectifier 
section, the signal is then converted from bipolar to unipolar waveform.  

When the signal entered in the peak-hold smoothing section, the signal then filtered from the 
carrier frequency, the resultant signal is contains only defect frequencies of gear faults. The 
envelope has been widely applied in different application of gear and bearing fault detection at a 
very early stage so that any incipient faults can be isolated from the system to be induced in other 
section of the machine that can cause major breakdown. Apart from this feature this technique 
also gives the advantage to figure out the real cause of bearing failure by inspecting the bearing 
defect frequencies [66]. 

(iv)- Demodulation: 

During the operation the gears works in contact with other gears in the gear box and to slide and 
pushing one other as per mechanical arrangement. This sliding arrangement between gears put 
load stress and contact friction, thus it will result in a change of amplitude modulation of the 
vibrations at the gear mesh frequency (GMF) and its harmonics. Two carriers namely GMF and 
2*GMF are suitable to be used in the demodulation process. The demodulation technique is used 
to identify the amplitude modulation components induced by wear tear and deformation in the 
gears in one single frequency area. The power spectral density of the filtered signal derived from 
this demodulation process is searched to obtain the actual carrier frequency (GYM). This carrier 
is used to demodulate the filtered carrier signal. The power spectral density of the resulting signal 
can be located within +/- 5% of the output shaft frequency [66]. 
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(vi)- FM4 parameter: 

The FM4 is a good technique to detect the gear teeth defects. This parameter is a simple 
measurement that detects if the amplitude distribution of the difference signal is peaked or flat. A 
difference signal is determined by filtering the shaft and meshing frequencies, their harmonics, 
including the first order sidebands in the frequency domain. This indicator considers as the gears 
are in good working condition and have a difference signal with a Gaussian amplitude 
distribution, as on the other side if the gear box with  defective gears will generates a difference 
signal with a maximum peak or a series of  peaks that will cause a minimum peak amplitude 
distribution. In the case if more then one teeth is faulty then this will result in a flat distribution 
causes to decrease in kurtosis value. 
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Where N denotes the total number of points in the time scale and d i  represent the i-th point of the 
differential signal in the time record and d is the mean value of difference signal [68]. 
 

(v)- NA4 parameter: 
This parameter is a newly developed from of FM4 parameter. As in the FM4 case only the 
problem with a single gear defect can be located, NA4 come up with solution to address this issue 
so that any fault can be locate in case if more then one tooth is damaged. During the period when 
gear damage is under progress, the averaged values of variance increases, this results in a 
decrease of the NA4 parameter.  

To deal with this issue the NA4* parameter was developed. As a comparison between two 
parameter NA4 and FM4 is that NA4 uses a residual signal to estimate kurtosis value. Another 
difference here the average value of variance is use.  

So in the case if the gear damage increase and spreads from one tooth to another tooth at the same 
time the value of the average variance increases gradually and allows the NA4 parameter to grow 
with the increase of damage [68]. “NA4 is computed by dividing the fourth statistical moment of 
the residual signal by the current run time averaged variance of the residual signal, raised to the 
second power”. The NA4 parameter is defined by Equation no 3. 
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Where ir  is the residual signal, 
−

r  the mean value of the residual signal, N is the total number of 
data points in time record, and m is the current time record number in the run ensemble or current 
reading number [66]. 
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4.3 Signal Processing Techniques for vibration analysis: 
 

The most commonly applied signal processing techniques for machine vibration signal analysis 
are: joint time frequency analysis techniques, short time Fourier transform (STFT), Wigner Ville 
distribution (WVD), wavelet transform, fisher criterion and acceleration enveloping [64]. The 

acceleration enveloping is the most widely applied technique; therefore our discussion is only limited to 

acceleration enveloping signal processing method. 

 

4.3.1 Acceleration Enveloping: 

The acceleration enveloping method was originally developed as a high frequency resonance 
technique. The acceleration enveloping technique is based on the principle that when ever the 
fault occurs in the bearing, repetitive cyclic impacts generates during each rotation, such resonant 
impact is a broad band excitation type that also causes bearing supporting system to response 
resonant signal. The resonance generated from the defected bearing is of low level as compared 
with the excitation frequency of the unbalance shaft which is of higher values.  
 
The objective to detect the bearing fault is to capture the low amplitude signal which is cause by 
bearing defect excitation but without the addition of high amplitude rotational vibration signals 
and resonant frequency responses from the system.  
In order to put in effect a band pass filter is used to isolate the signal from resonant frequency 
responses and high amplitude rotational vibration signals. As soon as the damaged fault 
frequency response is captured, once the signal entered in the next stage for rectification, the 
envelope of the signal is detected in this stage. In the last stage the fast Fourier transform 
technique is applied to this envelope which then gives the frequency and the amplitude which is 
connected and associated with damaged bearing.  
 

Any vibration transducer can detect bearing fault through using enveloping process, however in 
real practice the accelerometer has a distinctive advantage in detecting and capturing the damage 
response over sensor velocity and displacement sensors as the excited resonant frequency is of 
higher frequency range. In the recent past the envelop detection method uses a conventional 
technique by employing analog devices for the detection of bearing damages fault frequency, 
please refer Figure 4.3.  
Further this condition signal is then process by passing through an analog filter which is used to 
filter the noise from the signal i.e. to isolate the impulse response excited by the faulty bearing 
damage. After filtration the signal then further passed through a full wave rectifier module which 
is then change the negative half to the positive cycle.  
After the flip of the signal the signal then sent to the envelope detection module to identify it’s 
envelop. In the last phase of the process the signal then send to the signal analyzer for the 
identification of bearing damage signature.  

In Figure 4.4 the analog to digital converter (A/D) has been employed for high speed and most 
accurate conversion gives the possibility to for more accurate vibration analysis. 
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Figure 4.3. The acceleration enveloping method for bearing damage detection using analog 
devices base approach [69]. 

The acceleration enveloping method works well in bearing damage detection, by undertaking the 
appropriate approach in designing the analog device for particular application. It depends on the 
desired application; the parameter setting of the analog devices used in this application can be 
configured accordingly, to match with the given condition of bearing selected for monitoring.  

As an example the bearing support structure where it has been installed, may have different 
resonant structure in that case we need to design the filter with different cut off frequency to filter 
the bearing damage impulse response. In the same way for the different structural damping, there 
is a need to design and set the analog device with different time constant in order to match the 
impulse response [69]. 

                                                        

 

 

 

                                                                                                            

                                                                                                                                                                                                          

 

                                                                            

Figure 4.4. The acceleration enveloping method for bearing damage detection using digital 
processing based approach [69]. 
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4.4 Signal Processing and Data Acquisition system for Vibration Analysis: 

The objective of signal processing in prognostic, diagnostic and condition based maintenance are 
as follow: (i) to remove the noise and distortion, mixed with the original signal and recover the 
signal in its original form, (ii) clip and remove the unnecessary information from the signal which 
is not suitable for prognostic and diagnostic purpose, (iii) for effective use of such information 
the signal further transforms into more meaningful information so that required features of 
interest become more explicit for analyzing purpose. The transformation method may be Fourier 
analysis, wavelet transform or any other technique [51]. 

The time domain averaging analysis is used for extract the speed relation information from the 
signal which is superimposed with noise and resonance. To determine the machine specific 
signatures the spectrum analysis method is employed by magnitude and phase relationship.  

The standard condition monitoring system can be divided into three main components this 
include data gathering or data collection followed by the data acquisition and finally fault 
diagnostic algorithm or fault diagnosis. In the first phase data is collected and then converted in 
to digital format for further processing. The next stage which is data acquisition receives data 
from the data collection module for calculation the statistical function and values in frequency 
and time domain. This block further applies different techniques for analysing of data pattern for 
further processing. The third stage which is more complex compare with first two stages as its 
function involve to diagnose fault, due to its functionality and importance in machine fault 
diagnosis different methods and technique are developed and still major work is 
underdevelopment. Newly developed analysis techniques like wavelet analysis, fuzzy logics, case 
based reasoning and neural networks for vibration or fault pattern recognition are being 
successfully applied [54]. 
 

4.5 Vibration measurement system: 

In the recent development in integrated technology the development of high speed analog to 
digital converter (A/D), the acceleration enveloping dramatically change the vibration 
measurement technique. By employing this technique using A/D converter it is much easier, 
faster and accurate to take measurement using the acceleration enveloping based bearing damage 
detection method. One of the approach in digital signal processing is the realization of 
acceleration techniques see Figure 4.2 a. The conditioned signal from the accelerometer 
transducer is then converted to digital format through A/D converter one main feature of using 
digital converter is that it ensure low amplitude high frequency resonant signal excited from the 
bearing damage impulse. In the next step this digitized signal is then passed through the digital 
band pass filter for the filter of resonant noise signal excited by the bearing damage and mixed 
with the accelerometer signal. In the next step the enveloping detection algorithm is used for the 
detection of envelope in the filtered data. This result can be achieved by employing the Hilbert 
transform. The digital Hilbert transform is connected to the Fast Fourier transform FFT and can 
be easily accomplish. 
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The condition monitoring systems based on vibration analysis technique monitors all the 
components of gear box such as gears, bearing and shafts. The typical components for any 
condition monitoring system is shown in Figure no 4.5. In order to have good signal to noise 
ration a vibration signal should be filtered and preamplifier. In the next stage the signal is further 
undergoes by two different processing. The overall vibration level is then monitored in an analog 
RMS detector section. If the level of the vibrations exceed the pre defined level the alarm is 
annunciate to indicate the severity of the monitor gearbox and to stop any deterioration process. 
To make the monitoring system more effective and sensitive to any kind of incipient fault the 
received analog signal is send to analog to digital converter (A/D) to digitize the received 
information. The time domain signal is synchronously averaged and again filtered to get the most 
appropriate component of the vibration signal. In the next stage of the process some selected 
condition indicators (CIs) are computed. In the final stage of this signal processing the computed 
condition indicators are compared in the decision module to take the appropriate step as per 
condition and severity of the components. In this decision making module if any of the computed 
condition indicators exceed the defined limit then it initiate the alarm condition [69]. 

                

                                       

                                 

                                                      

                                                       

                                      

                                                                                                                                      

                                                                                                  

                                                                                                                        

 

                               

 

      

                                                                                                                                                            
Figure 4.5. Condition monitoring system based on vibration analysis [68]. 
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Chapter No. 5 
 
    Integration of Infrared Thermography with the Condition Monitoring 

 

 
 
 

 
The chapter is divided into three sections. The first section presents the overview of infrared 
thermography as a condition monitoring technique; the discussion further covers the integration 
of Infrared thermography with online condition monitoring. The second section presents the 
experiment on “detection of rolling bearing degradation using infrared thermography” [79], the 
experiment result clear showed the correlation between the vibration and the temperature of the 
monitoring system. The experiment is presented here, in order to support and validate the idea of 
using an infrared thermography as a condition monitoring technique. 
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Integration of Infrared Thermography with Condition Monitoring 

Infrared thermography is an excellent condition monitoring technique for diagnostic of 
equipment and machine. This technique allows to monitor thermal pattern of the equipment in the 
operating condition, running in full load condition. As a general rule all the equipment has an 
operating temperature limit which is suitable to use as a base line for detecting thermal changes 
and variations. This method of detecting thermal anomalies has a wide range in diagnostic and 
has application in different equipments and machines like, bearings, gear box, conveyor system, 
drivers, motors, electric generators etc. Such applications of infrared thermograph is recognized 
as one of the most versatile and effective condition monitoring tools.  This method of thermal 
imaging improves the ability to predict machine failure and accordingly to plan maintenance 
action before it becomes sever and cause unplanned break down [78].  

 

5.1 Infrared Scan Process for Machine Health Monitoring. 

For continue monitoring of health of machine an IR monitoring scanning algorithm is given 
below showing full equipment scan process for fault detection using infrared thermal imaging 
camera, the IR scan is a part of  integrated condition monitoring system applying with other 
technology for complete health monitoring. 

An algorithm is showing in Fig 5.1, the scan process for the machine or equipment can be set by 
predefined time interval as appropriate. Once the scan process starts it takes the thermal images 
of a defined target to find out the thermal anomalies in the system by compare with the base line 
image of the equipment and if there is no deviation found then rescan process will be start after a 
time interval set by the user. In case if there is any abnormality found during the scan process 
then it will go to another further step to investigate the problem using IR thermal imaging 
software. The diagnosis process starts to identify the nature of problem; once the problem is 
identified it will then check with the priority of the problem as defined in the priority and alarm 
list by the maintenance planner. During this diagnostic phase if the problem is in sever and 
inadequate condition then it generates an IR report for the effective area of the target object with 
all necessary temperature gradient details and thermal patterns for detail investigation and repair 
to maintenance planner for necessary corrective action. 
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Figure 5.1. IR monitoring scan process for the equipment. 

In case if the nature of problem is not at high priority (depends on the nature of problem) then it 

is added to waiting stack for rescanning process. If the abnormality is found but the problem is 

not identified then it will further investigate through other means by employing vibration and 

ultrasonic testing of the equipment. 
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5.2 Integration of Infrared Thermography with On-line Condition Monitoring: 

The infrared red thermography approach is adopted in this project to be integrated with an 
existing condition monitoring system of wind turbine for continuous monitoring of wind turbine 
gear box for early detection of gear box anomalies. In the proposed model an FLIR camera A-320 
has been used with IR control software. The vibration signal from gear box and main bearing is 
collected from accelerometer which is placed in the housing of gear box and near main bearing. 
The noise filter is also used with both accelerometers to filter the signal from the noise. 

The temperature rise of the bearing and gears in the gear box depends on different factors. The 
increase in vibration is mainly due to the speed of the shaft so it also taken into consideration as it 
varies due to different rotor speed; therefore it is also one of the parameter that will cause the 
increase in temperature in the gear box. For the reason mentioned and in order to address this 
issue a tachometer is used in this arrangement to detect the speed of the main shaft, please refer to 
Figure 5.2. The output from tachometer at high speed shaft is attached to data acquisition board. 
Vibration signals from gear box and main bearing coming through accelerometers are also used 
as an input to data acquisition, signal processor board for signal processing. The output from data 
acquisition board is an input to the host controller where IR automation software is installed as a 
diagnostic program, the another input of controller comes from A-320 camera here it correlates 
with the input from data acquisition board the resulting trend will then be presented to the user 
display. The user then prompt to two different displays, the Display-1 presents the trend of 
temperature verses vibration and Display-2 presents the trend analysis of temperature with detail 
IR report of the target object for detail analysis.  

Figure 5.2. Showing experimental setup for condition monitoring using IR approach. 

 

Noise Filter  

 

 

 

    DAQ Board 

And 

Signal 

 Processor 

 

Noise Filter  

 

  

 

Host controller  

IR 
Camera 
Interface 

Tachometer from High 
speed shaft 

Accelerometer 
from Gear Box 

Infrared Camera A-320 

 

Display-1 

Trend Analysis of 
vibration and 

Temp 

Display-2 

Trend analysis of 
Temp and detail IR 

Report of the target 
object. 

Accelerometer from 
Main Bearing 



Chapter 5: Integration of Infrared Thermography in Condition Monitoring 

5.3 The case study- Detection of rolling bearing degradation: 
 
To support and validate the method of infrared thermography to use as a prognostic online 
condition monitoring tool for gear box, an experiment has been presented here, that showed that 
infrared thermography is a good approach for detection of rolling bearing degradation. The 
experiment was conducted by A. Mazioud and J.F. Durastanti from Candau Laboratories Certes 
France [79] and an experimental test bench had been setup for verification and simulation 
purpose. The study deals with the detection and the diagnosis of spalling in rolling bearings. In 
this experimental setup the test rig had the possibility to create the defect in a progressive way, of 
spalling defect on the external ring of the rolling bearing.  

Two measurements were taken simultaneously, the vibration measured in radial direction by 
using an accelerometer and the measurement of temperature on external race of bearing surface 
by using infrared camera. The results showed a significant correlation between both 
measurements. As the heat generated due to spalling defect and transfers between the rolling 
elements and the spalling at the outer race of the bearing, this state gives the possibility to 
evaluate the temperature rise due to the heat generated from the spalling defect at the bearing 
race, please refer to Figure 5.4.  
 
 

               

 
Figure 5.4. Rise of temperature of the rolling bearing due to the presence of a spalling zone on the 
outside ring [79]. 
 

Periodic impacts are generated by a spalling zone located between one of both rings of the rolling 
bearing (an impact in every passage of a rolling on the spalling zone). These periodic impacts 
excites the mechanical system structure. The whole bearing cap is thus going to vibrate at its echo 
frequency. Due to the spalling zones situated between one of the rings of the rolling bearing; the 
periodic impacts are generated. These periodic impacts now become the source of excitation to 
excite the mechanical structure of the machine. These results the bearing cap to vibrate at its echo 
frequency.  
The damping of the vibration causes to convert a part of the damping vibratory energy into heat. 
This heat generation results in the increase of ring temperature, more specifically on the external 
surface of the bearing.  
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To summarize, the experimenter think that the measurement of this temperature rise might allow 
us to estimate the vibratory energy quantity generated by the periodic impacts, and therefore to 
estimate the level of the rolling degradation [79].  
 

The value of the bearing frequency can be known from the bearing specifications given by 
manufacturer. As an example of such frequencies please refer Table 5.1. 
 
Table 5.1: Showing frequency of spalling defect [79]. 

 

The definition of the parameters given in Table 5.1 are as follow 

Ni: Rotational speed of the internal ring; 

Ne: Rotational speed of the outside ring; 

fbe: Impact frequency if fault (spalling) is on the outside ring; 

fbi: Impact frequency if fault (spalling) is on the internal ring; 

fer: Impact frequency if fault (spalling) is on rolling element, 

 
 

The methodology which has been adopted in the test rig is showing in Figure 5.3. The spalling in 
the bearing is located between the outer and inner race of the bearing, as the bearing rotates the 
periodic impacts are generated due to this spalling (as the bearing race comes in contact or comes 
in passage of a rolling on the effected zone of the bearing). Such periodic impacts generate 
vibration and excite the mechanical frame and structure of the test bench.  The damping effect of 
the vibration thus converts a part of damping vibration into heat. This heat energy then induces to 
increase the temperature of the race of bearing specially the outer surface. To summarize this 
phenomena the experimenters conclude that measurement of this temperature increment enable 
us to estimate the vibratory level generated by the periodic impacts, and therefore to estimate the 
intensity of the rolling degradation [79].  
An accelerometer is placed to measures the vibration level in the radial direction and for the 
measurement of bearing external surface temperature an infrared camera is employed, please 
refer Figure 5.3. 
 
 
 
 
 

Ni rpm Ne rpm Ne rpm fbe (Hz) fbi (Hz) fer (Hz) 

1 490,4      0   76.84  76.84 121.88   109.96 
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Figure 5.3: Showing experimental setup of defect [79]. 

                                     

Figure 5.4: The inner and outer ring of the bearing [80]. 

   

Figure 5.5: The bearing cover as seen by infrared camera [79]. 

During experiment the rotation speed of the axis is maintained and kept constant at1500 rpm. The 
measurement taken for various forces applied by the tightening screw as shown in Figure 5.3.  

At this stage vibration level measurement (value in mm/s) has been taken along with the bearing 
temperature on the external surface of the bearing cover has been recorded. 
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The result achieved from this experiment is presented in Figure 5.6. 

 
                                                                   Temperature °C 

Figure 5.6. Evolution of the temperature of the bearing cap according to the vibratory level [79].  

The result presented in Figure 5.6 shows a clear correlation between mechanical vibration and 
temperature effects. The thermal conductivity of the rolling bearing and the axis which is made of 
steel is 16.27 W/m. K (watts per kelvin-metre). 

Figure 5.7 shows the temperature gradient on one section of this experimental bench for various 
values of the power generated inside the rolling bearing. 

        

                                          P= 14.8 W                                                              P= 44.4 W 
 
Figure 5.7. Showing temperatures gradient computed within the bearing cap during rotation [79]. 
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Figure 5.8, shows the evolution of the difference of temperature (∆T) between bearing cap and 

ambient temperatures as per the power generated inside the rolling bearing. 

 

Fig 5.8. Computed evolution of ∆T as a function of the power dissipated by the bearing [79]. 

The result obtained from this experiment is quiet useful and supporting, showing the vibratory 

defect engendered within the rolling bearing leads to a quantifiable heating of the surface [79]. 

This result achieved form this experiment shows a clear correlation between vibratory defect and 

thermal heat pattern [79]. 

A thermal imaging infrared camera is an effective technique to scan, monitor and detect the 
infrared emissions from the surface and generate thermal patterns or uneven heat distribution of 
the scanned area. This scanned images are very useful in detecting incipient fault and 
deterioration in the equipment cause by overheating due to spalling, pitting in the bearing, gear 
tooth breakages,  wear tears in the machine, distortion in current and voltage, uneven friction 
between gears and pulleys and various others deviation from the normal operation of the 
mechanical system.  
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This is the last chapter of this study, here author present the conclusion and recommendations of 
this study. The chapter is divided into two sections. The first section presents the conclusion and 
the second section come up with the suggestions which include future work for online condition 
monitoring of wind turbine system.  
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As it realized from the study that vibration monitoring is the most appropriate technique to 
monitor the health state of the machine and its components, for this reason it is acknowledged as 
a proven technology for condition based maintenance program to access the health of the system. 
From the study work it is concluded that employing condition monitoring has a primary objective 
to acquire components conditions to support condition based maintenance with the main goal to 
reduce the level of scheduled maintenance and also to detect the incipient fault that is developed 
in the system before it becomes worst and leads to catastrophic failure and cause unplanned 
outages of the system. To get all possible benefits from the condition monitoring system the 
system should be an integral part of the wind turbine. 

As different methods and technologies that have been discussed in this study could be used as an 
integrated part of comprehensive condition based maintenance. Although vibration measurement 
is of great importance but this technique of monitoring components health state is limited to 
mechanical components, and does not cover all critical parameters of the system that could be  
essential for maintaining the health of the machinery. Therefore, a comprehensive condition 
based maintenance programme should implement other monitoring and diagnostic techniques. As 
a part of this thesis work the infrared thermography has been proposed to integrate with the 
existing condition monitoring system. 

As infrared thermography (IRT) is a proven technology to investigate thermal anomalies as it 
provides complete thermal images of a machine or a machine component in processing industries 
power plants and in other areas. It is therefore proposed as a prognostic diagnostic technique for 
detecting anomalies in the gear box of wind turbine for early warning so that maintenance action 
can be planned much before any further wear tear could happened in the gear box which may 
cause serious damages to the costly components. It is therefore IRT technique can be used as a 
part of condition monitoring system to predict component failure and decrease down time. 
 

As a conclusion of this study work the following points are summarized. 

(i) To prevent unplanned breakdown, reduce frequency of maintenance and for proactive 
condition based maintenance it  is effective to reduce the stoppages and increase the efficiency of 
the equipment by prolong the life of the machine by taking active measures during operation and 
maintenance. Employing condition monitoring for rotating machine is the only way to avoid 
catastrophic failure and reduce maintenance cost. 

(ii) In the wind turbine, a rolling contact bearing is one of the components that require more work 
in signature analysis. There is a wide scope in fault signature analysis of rolling bearing by using 
vibration data. 

 (iii) Using vibration signal is an effective technique for fault localization. Different condition 
monitor indicators using signal processing techniques can be used for detection of anomalies in 
bearing and gear box. The fast Fourier transforms (FFT) and wavelets transform have a high 
scope in vibration analysis. 
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(iv) Acoustic emission technique shows a great potential in detecting fault in gearbox and 
bearing, a wide categories of faults in rolling element bearing and gear box can be addressed 
through using this method. 

During this case study project interviews and open discussions have been conducted to know and 
acknowledge the problems being faced by the wind farm owners. After detailed study and 
discussion it is realized that complete operation, monitoring and maintenance of wind turbines are 
being performed by supplier. Wind turbine manufacturer usually does not supply O&M manuals 
(operation and maintenance) and other operational data base to the wind farm owners, this 
approach adopted by wind turbine manufactures makes the reason for the wind farm owner to be 
entirely depended on the supplier. 
 

To meet the challenges of this industry and to develop the different system and components for 
wind turbine there is a crucial need of development centre who would complete source of 
information in this area and that works closely with wind firm operator, research centre, 
universities, companies engaged in producing components and system for wind turbine to be able 
to start and boost up wind turbine business in Sweden as a first phase. 
 

These conclusions motivate further work to incorporate other condition monitoring parameters 
and technique with vibration monitoring to develop more robust intelligent systems for on line 
machine health and faults signature analysis. 

Implementing condition monitoring system for a wind turbine system is new and challenging, 
therefore requires more attention and focus in different areas of the wind turbine. Implementing 
successful condition based maintenance needs a comprehensive coverage of the faults being 
reported in last several years. To handle and address vital issues of the turbines requires an 
effective condition monitoring system equipped with all necessary features and options needed to 
cover potential faults in the turbine system.  

The condition monitoring system using IR thermography approach that has been presented in this 
report can be implemented for online condition monitoring a gear box in wind turbine. The next 
step towards development of intelligent CMS system is to build a proto type model that has been 
equipped and facilitated with all necessary tools and techniques needed to facilitate the 
development work. 
To validate such a model a test bench needs to be built that can provide facility to practically 
employ different vibration techniques for gearbox and bearing to study and analyze the result. In 
the third phase of project the development of intelligent CMS system is planed by employing 
artificial intelligence like fuzzy logic and neural network. Additional effort is then required to 
identify opportunities for improving reliability and performance of the CMS. 
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Appendix: 

Appendix A: Installation of Vibration sensors at different location of wind turbine converter. 
 

 
 
Figure A1: Showing vibration sensor installed at different location of turbine, sources [27]. 
 

 

Figure A2: showing installed at generator front bearing and at rear bearing locations [27]. 



 

Figure A3: Vibration sensors of Prűftechnik system mounted on main bearing and 2nd gearbox stage [81] 

 

 

  Figure A4: Vibration sensors on Gearbox and Generator [82] 

 

 

  Figure A5: showing Sensors at Turbine side [82]. 

 



 

 
 
Appendix B:   
 

1. Information for Thermo Vision™ A320 please refers attachment. 
 

2. The IR control software for Diagnosis and prognosis to be used with Thermo Vision A320.   
    Please refer attachment. 
 
 

Appendix C:   
 

1. Using Infrared surveys in Dunaferr Steel works, “Complex Diagnostic System”, 2004. 
     Refer attachment. 

2. Using Infrared Thermography on offshore Platform Equipment, By, Albert Amedee Ohliger  
    ChevronTexaco Inc – Energy Research and Technology Company, 2002, Refer attachment. 
 

3. Detection of rolling bearing degradation using infrared thermography by A. Mazioud,  
    J.F.Durastanti, L. Ibos, E. Surugue, Y. Candau, Laboratoire CERTES (EA 3481) IUT of    
    Sénart, Lieusaint, 77127, France, 2006. Please refer attachment. 
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