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Abstract 

 
Wind energy accounts for 9.1% of the total energy capacity in Europe. Recent studies have raised 

critical questions regarding the dependability of current wind turbines. The statistical data reveals that 

gear box is the most critical component reducing dependability caused by increased failure rate, 

downtime, and high repair cost (J. Ribrant and L. Bertling, 2007). 

  

Gear box failures in wind farms reveal a staggering 19.4 % of downtime of operation (J. Ribrant and 

L. Bertling, 2007). A significant reduction in the failure rate has been observed in the recent years, 

but downtime of operation and high repair investment still remains a bottleneck.  

 

Wear is the most critical failure mode and a number of theories have been proposed in order to 

understand the system behavior of wear mechanism. The empirical and historical incident data shows 

that the lubrication system has the largest share of contribution of gearbox failures and wear rate. On 

other hand, a number of commercial lubrication system have developed to cope with wear 

mechanism, however, these systems have different capabilities and characteristics and needed to be 

assessed in a new life cycle perspective. 

 

The purpose of the thesis is to analyze the influence of lubrication system on the current problem of 

wear in Wind Turbine Gearbox and improve the existing lubrication system architecture. The 

research methodology adopted is System Engineering approach with architecture assessment tools. 

The expected result of the thesis is effective and efficient wind turbine gearbox lubrication system 

architecture and an efficient contractual process between lubrication system provider and purchaser. 
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Chapter 1: Introduction 

1.1 Problem Background and Context of Study 
 
During the past two decades, the energy domain has undergone significant changes with the gaining 
prominence of sustainability and reliability. The key aspect was the paradigm shift in outlook towards 
renewable energy. The commercialization followed considerably in the field of wind energy and solar 
energy. Wind energy technologies for electricity generation were tremendously developed and 
reached a remarkable state of technical maturity. Wind power is used in large scale wind farms for 
national electrical grids as well as in small individual units for providing electricity to rural residences 
or grid-isolated locations. Worldwide capacity of wind-powered generators was 194.13 GW in 2010 
(Global Wind Power Report, 2010  2010). 
 
With leading research centers and industries in Denmark, the Netherlands, the United States of 
America, Germany and other countries, there has been exceptional development in the field of wind 
energy. With the advent of 1980, wind farm concept was commercialized with standard turbine size 
ranging from 300 kilowatt and 500 kilowatt. By 1990s, turbine unit size continued to increase 
steadily. By 2000, most new wind farms were employed turbines with capacities of between 600 
kilowatt and 750 kilowatt. The wind farm concept was quite matured resulting in the promotion of 
the use of wind electricity generation to large-scale grid-connected applications.  
 
The current research is focused on improving the controllability and grid compatibility of wind 
turbines. The industry is striving for wind turbine with fewer components, far lower costs and greater 
reliability and maintainability (Strategic Research Agenda, Market Deployment Strategy, From 2008 
to 2030  2008). 
 

1.1.1 Wind Energy in Europe 

 
Today Europe leads the world in terms of manufacturing and development of wind farms. By the 
end of 2006, wind energy was providing nearly 3% of the European electricity (Wind Energy: A 
Vision for Europe in 2030  2006). Recently there has been shift in interest from onshore to offshore 
wind farms owing to higher efficiency and less restrictions and objections as compared to 
implementation procedures in onshore wind farms. 
 
Reliable, clean power for European domestic consumers and reduced power costs for increasingly 
high energy use industries can be obtained, and more cheaply than today. The vision set for 2030 for 
wind energy in Europe is to supply 965 Terawatt hours, accounts for 23% of European electricity. 
This projection takes into account that consumption is expected to increase by half over the same 
period (Wind Energy: A Vision for Europe in 2030  2006). 
 
According to the Swedish Wind Energy Association, the technical wind energy potential in Sweden is 
estimated to be around 540 Terawatt hours/year which makes the country an attractive market for 
new development in wind energy (Sweden: Current market situation  2009). 
 
European Technology platform for Wind Energy has established R&D priorities in order to 
implement its 2030 vision for the wind energy sector. Offshore deployment and operation has been 
identified as one of the thematic areas of research. One of the five research topics that has been 
prioritized by the European wind energy sector is in the field of Sub-structures (Strategic Research 
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Agenda, Market Deployment Strategy, From 2008 to 2030  2008). These represent a significant 
proportion of offshore development costs. It is necessary to extend the lifetime of structures, reduce 
costs, and develop risk-based life cycle approaches for future designs. Novel sub-structure designs, 
improved manufacturing processes and materials are critical. Further data are needed on the behavior 
of existing structures, supporting research into improved design tools and techniques, and better 
design standards. 
 

1.2 Problem Domain and Research Problem of Interest 

1.2.1 Gearbox System Failure 

 
Although the lifetime of wind turbine is considered between 20-30 years, in reality major 

maintenance problem are expected in first 3-5 years of operation. (Needelman, Barris and LaVallee 

2009) The statistical data reveals that gear box is the most critical component reducing dependability 

caused by increased failure rate, downtime, and high repair cost (J. Ribrant and L. Bertling, 2007). 

Operation and maintenance (O&M) costs of Wind Turbines start escalating in the fourth year of 

operation, with gearboxes being the single largest issue.(Needelman et al. 2009) Figure 2.3 shows the 

contribution of different sub-systems in WT downtime. Gear box failures in wind farms reveal a 

staggering 19.4 % of downtime of operation (J. Ribrant and L. Bertling, 2007). All these data support 

the fact that for Wind turbines, gearbox is the weakest-link-in-the-chain component.  

 

 
Figure 1.1: Percentage of downtime per component in Sweden between 2000-2004. (J. Ribrant and L. Bertling, 

2007) 
 
A significant reduction in the failure rate has been observed in the recent years, but downtime of 
operation and high repair investment still remains a bottleneck (Ribrant 2006). A survey on wind 
power plants in Sweden clarifies that, the amount of gearbox failures for the most recent years tends 
to decrease, while the average downtime per failure increases. Table 2.1 (Sterzinger and Svrcek 2004) 
compares the wind turbines component cost in percentage. It shows that among all components of a 
typical wind turbine, gearbox is the most costly one. 

 



Chapter 1 

 

 
 

Table 1.1: Wind turbine component cost(Sterzinger and Svrcek 2004) 
 
Besides its high design and manufacturing cost, as the heaviest component inside the nacelle 
Gearbox is also subject to specific maintenance issues. Generally maintenance in wind turbines is 
difficult and risky (Muller and Jane 2002). But gearbox is subject to even more issues due to its huge 
size and heavy weight. As the wind turbines get bigger, larger blades result in massive torque through 
the three-stage gearbox typically used in such large turbine. In an attempt to meet the increased 
torque requirement, manufacturers have developed huge, costly ring gears and bearings. Upon failure 
of these components (often due to torque-related stress) replacement components are expensive, as 
well as difficult and time consuming to replace. Because these components are heavy, replacement 
almost always requires a crane, which, as mentioned earlier, results in lead time delay and lost 
production revenue (Laughlin 2007). 

1.2.2 Wind Turbine Concepts 

 
A gearbox replacement can cost up to 10 percents of original construction cost and influence on the 
profitability of the project. (Ragheb and Ragheb 2010) Improvements have been done in different 
areas to increase the reliability in WTGBs (Musial, Butterfield, and McNif 2007). Gear-less wind 
turbine with permanent magnet generators is one of the possible solutions. In this type of design, 
eliminating the entire gearbox, rotor shaft directly connects to the generator’s which is specifically 
designed for this application. In this type of design, number of rotating component significantly 
decreases. The effect of these advancements on the reliability of wind turbine has been investigated 
and considering its influence on the reliability of generator, their successfulness is still doubted. This 
system also needs full-power electronic frequency and voltage converters to condition their power 
for supply to the electrical network which makes them even more costly (Whitby 2010). 
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The need for special design for a rather complex type of generators and also its noticeably higher 
weight are the most important disadvantages of this concept. Practical data also show that direct 
drive wind turbine sub-systems have more failure rate than the other concept. A comparison between 
different wind turbine concepts (Faulstich et al. 2011) is illustrated in figure 2.2. 

 
 

Figure 1.2: Failure rates for the different concepts(aulstich, Hahn, and Tavner 2011) 
 
It can be seen that with direct-drive concept, the failure rate of most of the sub-systems has been 
increased (Faulstich et al. 2011). Another alternative to solve Gearbox problem is replacing the 
gearbox with hydraulic power transmission (Whitby 2010). The principle of this system is using a ring 
of 68 cylinders arranged radically around the turbine shaft.  As the shaft rotates, it drives the pistons 
into the cylinders, pressurizing fluid that is used to power a pair of hydraulic motors. These in turn 
drive generators.  Although it seems an ingenious idea, it’s not implemented in any wind turbine yet. 
By 2011, there are initiatives to install the hydraulic system in a test rig Wind Turbine. However, it 
cannot be considered as a practical solution, at least for near future (Whitby 2010). 
 
Other perspective to solve the problem is improving the existing Gearbox. An ongoing project 
defined in NREL (National Renewable Energy Laboratory) addressing the problem of low reliability 
of WTGB directly within design phase. Their long-term research is intended to improve the accuracy 
of WTGB dynamic testing, by simulating different loading conditions. (Musial, Butterfield and 
McNif 2007). Till date a gearbox reliability problem are being addressed with advanced designs and 
better materials but has shown less improvement in reliability. 

1.2.3 Problem of Wear 

 
A Survey of Failures in Wind Power Systems, with Focus on Swedish Wind Power Plants During 
1997–2005 reveals that the majority of the failures to the gearbox are caused by wear (Ribrant and 
Bertling 2007). As a conclusion of this survey, table 1.2 illustrates the failure data of Swedish wind 
farms. Among all valuable findings of that research work, two of them, pointing out to the major 
cause of failure in WTs have been outlined. 
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Table 1.2: Result of statistical findings for Sweden (Ribrant and Bertling 2007) 
 

Since wear has been acknowledged as the most critical failure mode, number of theories have been 
proposed in order to understand the system behavior of wear mechanism. Generally Lubrication 
system in various machines is designed to reduce the wear. While we can control the amount of 
contamination that enters a system by using seals, filters, and other quality controls, it’s impossible to 
completely eliminate machinery wear, even with the best lubricant films. Thereby one can conclude 
that a lubricant is a substance that reduces friction, heat, and wears when introduced as a film 
between solid surfaces.  
 
The empirical and historical incident data shows that the wear has the largest share of contribution in 
gearbox failures (Ribrant 2006). But there is lack of research on the causes of wear due to lubrication 
system. In most cases, the lubrication system design is produced by the Gearbox manufacturers. But 
the components/assemblies are purchased and assembled by the Wind Turbine supplier. The current 
contractual mechanism lacks the traceability of the cause of wear to a component, design, scenario, 
verification or validation procedures. 
 
Acknowledging wind power system as a functionally, physically and operationally complicated and 
dynamic system (El-Thaliji 2010), this thesis work is trying to understand the nature of the causes of 
the problem of wear. The holistic approach of system thinking is adopted to embrace the problem in 
all its sense. System engineering models and tools have been facilitated to develop a model to 
enhance the conventional process of problem solving. As part of the thesis, the findings of analysis 
on the problem of wear will be further implemented in the system architecture. 
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The lubrication system is a sub-system of gearbox system. Analyzing this fact in the light of system 
thinking, gearbox system in itself cannot pursue its objective in the absence of either of the 
components of the lubrication sub-system. Lubrication system exhibit certain emergent properties 
like Oil cleanliness level, that none of its component exhibit. It concretely proves that lubrication 
sub-system can be viewed as a system by itself. The emergent properties are the result of interaction 
among internal components and the interface between the lubrication sub-system and the gearbox 
system. 

1.3 Research Problem of Interest 

 
It has been established that the problem of wear is occurring in the gearbox system. The problem 
could be in either of the sub-systems of the gearbox or in the interfaces among the sub-systems or 
with the external systems. This thesis work analyses the influence of the lubrication sub-system and 
its interfaces in the current problem of wear in WTGB. 

1.3.1 Objectives of the research 

 
The main objective of the research is to develop efficient and effective wind turbine gearbox 
lubrication architecture. Effectiveness of the architecture is improved by implementing the analysis 
result from the research problem of interest. Efficiency of the architecture is improved by 
implementing the system engineering methodology to create the architecture. 

1.3.2 Research limitations and delimitations 

 
The research is mainly limited to onshore and offshore wind turbines in Scandinavia. Some data are 
restrictively limited to operational wind turbines in Sweden which is clearly mentioned within the 
text. The focus of the research is limited to problem of wear due to lubrication sub-system in 
gearbox system. The influence due to other sub-systems of gearbox is not considered as part of this 
research. 

1.3.3 The structure of the thesis 

 
Chapter one describes the context of the problem of wear in WTGB and draws the focus of the 

problem caused due to lubrication system of gearbox. Followed by Chapter 2, explaining the research 
approach to analyze the problem of wear, improve new architecture, compare architectures and 
improve contractual process Chapter three is dedicated to theory of research field and approach. 
Required theoretical description regarding the wind turbine and their gearboxes as well as a brief 
introduction to the applied method of problem solving, system thinking, and the implemented 
research approach, system engineering, are explained in this chapter.  
 
Chapter four expresses the empirical findings about the on-going situation of wind turbine gearbox. 
The intention of this chapter is to make a clear picture of existing system from technical and 
contractual points of view.  Based on the findings of chapter four, a model for the rest of research 
work is developed which is presented and described in chapter five. Chapter six contains the analysis 
of empirical findings and providing solution for the research question. Utilizing system engineering 
methodology, authors attempt to modify the functional architecture of the system.  Results of the 
analysis will be summarized and discussed in chapter seven followed by conclusion in Chapter 8. To 
improve the clarity and traceability of research process, chapters six, seven and eight follows the 
same structure. 
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Chapter 2: Research Approach 
General method of research is articulated in this chapter. 

2.1 Research approach context 

 
System thinking and system engineering are the two major streams of research approach utilized by 
the authors to comprehend and analyze the problem. Facing with complicated system, as wind 
turbine is acknowledged to be (El-Thaliji 2010), system thinking approach is recognized to be helpful 
to make a holistic view of the entire context of interest and let the observer investigate different 
elements of the system as well as their relation and interaction.   
 
Applying this system approach to the problem of interest, not only helps the authors to understand 
the wind turbine gearbox system, but it also provide a system perspective to the problem itself.  
Seeing the problem of interest as a system of problems directed researchers to the point that what is 
now being seen as a product of sub-systems, could be observed as a product of their interaction. The 
above statement infers that the interaction of problems can lead to a completely different problem 
which has a minor chance to be identified by any other approach than the system paradigm. 
 
System engineering approach is expected to extract the various shortcoming and issues throughout 
the design and development process of lubrication system. The same approach is further extended to 
improve the existing system architecture and contractual process. 

 

2.2 Research Method 

 
The method by which this research has designed and executed is literature review and case study 
method. Various practically implemented lubrication systems have been investigated and different 
opinions about them were collected through semi structured interviews. The system architecture 
most favorable for different stakeholders in the Wind energy sector has been selected. It has to be 
mentioned that because of the lack of system view in this field, there were lack of options of 
lubrication systems. In fact the other options can hardly be called “systems” duo to the type the 
contractual process which is fully described in Empirical finding chapter.  
 
System requirement management method is utilized to improve the architecture. Comparative 
analysis among architectures is done using qualitative method. 
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Chapter 3: Theoretical Background 
3.1 Wind power system 

 
The functionality of the wind power system is to convert kinetic energy in the wind to electrical 
energy. The sub-systems and components of the wind power system are detailed in the figure below. 
(ANSI/AGMA/AWEA) A large monitoring survey for onshore wind turbines  in Europe which is 
done in the period of 1989-2006 shows that modern onshore WTs in Europe achieve a high 
availability of 95–99%. However, despite WT technology progress, in terms of economy and 
performance, WT reliability has declined with growing turbine size.(Faulstich, Hahn and Tavne 2011) 

 

Figure 3.1: Horizontal axis wind turbine (ANSI/AGMA/AWEA) 

3.1.1 Wind Turbine Power Curve 

3.1.2 Gearbox system 

 
The function of the gearbox system is to converse the greatly differing rotational speeds of the rotor 

to the relatively high rotational speed which is suitable for the generator (Hau, 2006). In addition to 

their regular objectives which are same as the ones in other industries, Wind turbine gearboxes are 

subjects to some special demands which are mostly rooted in the nature of the wind, as the source of 

power. To design a Gearbox system, properly assessing the incoming loads is the first critical step. In 

wind turbines, the rotor torque is, of course, not a constant value but is subject to large variations. 

Due to the unpredictable variable loads, WTGBs have to be designed and produced in a specific 

manner. Load spectrum which prepared by wind turbine engineers, serves as main input data for 

Gearbox designers. The load spectrum contains torque variations, expressed as magnitude and 

frequency occurring over the entire operating life of a turbine. Based on this load spectrum, the 

transmission gearing is dimensioned by the gearbox manufacturer (Hau, 2006). An standard gearbox 

for large wind turbines with one planetary stage and two parallel shafts (artist’s concept by NEG 

Micon) has been shown in figure 3.2 (Hau 2006). 
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Figure 3.2: Standard gearbox for large wind turbine with one planetary stage and two parallel shafts (artist’s concept 

by NEG Micon) (Hau 2006) 
 

Generally, to fulfill the desired task properly, a wind turbine gearbox must follow these three main 

objectives; 

 

1. Increase the low speed of the slow rotating turbine to the high speed of the generator; 

2. Compensate for the torque differences across the gearbox resulting from variations in speed; 

3. Remain functional for the whole life time of wind turbine under dedicated and acceptable 

maintenance. 

 

Common practice among Gearbox manufacturer represents the modular structure of a Gearbox as 

follows: 

 

 
Figure 3.3: Modular structure of Gearbox system (Smolders et al. 2010) 
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3.1.3 Lubrication system 

 
As shown in figure 3.3, lubrication system is a sub-system for gearbox system. Fundamentally 
gearbox lubrication system is considered to reduce the friction between moving gears and bearings 
and is usually carried out via a central oil supply in the nacelle. As a rule, it also contains oil cooler 
and a filter. (Hau 2006) 
 

3.1.4 Filtration System 

 
Filtration system is an unavoidable sub-assembly of lubrication sub-system. It’s generally designed in 
such a way to keep the lubricant in a predefined condition which is more appropriate for the 
gearbox. The more advanced practice which is now used for wind turbine gearboxes is a combination 
of in-line and off line filters. Filtration system should keep the lubricant as cool and dry and clean as 
specified in gearbox operational document.  

3.1.5 In-line and offline filters 

 
Two main types of filters are being utilized in WTGB lubrication systems, surface and depth filters. 
While the depth filter captures particles after allowing them to penetrate the filter matrix, surface 
filter prevent entering particles and keeps them out of the filter. These two main categories of filters 
differ in rating, supply cost, O&M cost and type and size of the contaminations which they can 
capture. But the principal characteristic that imposes using both of them in a lubrication system is 
their different flow rate capacity. Surface filters which are mostly available at filtration rate of larger 
than 5 microns can handle the relatively higher flow rate than the depth filters. That is why surface 
filters are used as in-line filters which are designed to be operated at the flow rate of gearbox. On the 
other hand, for the off-line loop which is supposed to filter the lubricant in an independent circuit, 
depth filter with higher accuracy of filtering, down to 0.1 microns can be utilized.  

3.2 Failure modes and reliability data 

 
By definition, Failure is a deviation between the system’s behavior and the system’s 
requirements.(Buede 2009). For the wind turbines, each failure may be rooted in one of turbines 
systems e.g. rotor blades, air brakes, Mechanical brake, main shaft, Generator, Electrical control 
system ,Gearbox and etc. (Tavner, Xiang, and Spinato 2007). As described in chapter one, Gearbox 
has one of the major contributions in wind turbine failure modes and wear problem is acknowledged 
as the major cause of failure in wind turbine gearboxes.  

3.2.1 Wear failure mode 

 
Wear occurs whenever two or more surfaces interact, and particles are generated mainly due to 
friction. (Peng and Kessissoglou). Particles the size of or slightly larger than the oil film thickness 
enter the contact zone and damage surfaces. In sliding contacts like gear teeth, hard particles plow 
through and abrasively wear away surfaces while increasing frictional energy losses and heating. Hard 
ductile steel particles, typical of gear wear debris, are the most damaging. (Needelman, Barris, and 
LaVallee 2009). Another problem which may also caused by particles is the reduction in the service 
life of lubricant.  
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3.2.2 Types of lubricant contaminations 
 
Solid particle contaminants which vary in hardness, friability and ductility, depending on the 
composition of the particle are the most known contaminations. (ANSI/AGMA/AWEA) Beside 
that, water content has to be removed from the lubricant. Standard also mentions that the amount 
water content should be monitored. (ANSI/AGMA/AWEA) Air bubbles may also cause troubles in 
gearboxes like any other hydraulic systems. Diesel effect, which occurs when air mixes with the 
hydraulic fluid and explodes because of pressurizing, can be one consequence of air content in 
lubricant. 
 

3.2.3 Failure rate and downtime  
 
The frequency of failure rate and duration of downtime are two main aspects contribute in reliability 
of the Gearbox. MTTF, Mean Time Between Failure and MTTR, Mean Time To Repair, mostly 
represent the reliability of a system. Due to the fact that the severity information, like repair cost per 
incident is not always available and reliable enough, researchers mostly use the MTTR as the time 
that takes for a system to recover from failure for this purpose. (aulstich, Hahn, and Tavner 2011) 

3.3 Systems engineering process 

INCOSE is the International Council on Systems Engineering, a professional society of systems has 
defined system engineering as n interdisciplinary approach and means to enable the realization of 
successful systems. By this definition, system can be seen as an interacting combination of elements, 
viewed in relation to function.(Buede 2009) As a process, system engineering deals with two major 
interrelated aspects; life cycle and stakeholder perspective. 

3.3.1 System engineering methodology 

 
The purpose of system engineering, as an interdisciplinary approach, is to provide the cost-effective 
life cycle balanced product based on the stakeholders’ requirements. (Buede 2009) In this thesis, 
system engineering methodology has been utilized both to analyze the problem and to generate the 
solution. 

3.3.2 System  

A system may be defined as a set of elements that satisfies the following conditions.1)The behavior 
of each element has an effect on the behavior of the whole, 2)The behavior of the element and their 
effects on the whole are interdependent, meaning that the way one element behave and effect the 
whole depends on how at least one other element behave, 3)However subgroups of the elements are 
formed, each has an effect on the behavior of the whole and none has an independent effect on it, 
meaning that its impossible to form an independent subgroup of elements of a system.(Ackoff 1999) 

3.3.3 System Thinking 

As a way of thinking, system thinking is a set of habits, which applies a holistic view to the subject of 
interest. It helps observer to investigate the subject in its context i.e. in correlation with other 
systems, sub-systems and system of systems. 
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3.3.4 System thinking and problem solving 

 
Russell Ackoff, proposed four various ways to treat a problem; 1) to absolve it i.e. ignore it and hope 
it will go away, 2)to resolve it i.e. use trial an error to identify the cause of problem and remove it. 
The best result of this clinical approach will be the previous state. 3) solve it by a research and 
quantitative approach and 4) dissolve it, eliminate the problem by redesigning the system that has it. 
(Ackoff 1999) The last approach, which is the one used in this research work uses the problem as an 
opportunity not a threat and regenerate the entire system, this time without old deficiencies and 
issues.  
 

3.3.5 Vee diagram 
 

System engineering adopts a holistic view of the system throughout its life cycle and ensures the 
pursuit of its purpose with least deviation. Different stages of design and integration of a system can 
be traced in a Vee model. Starting with identification of the stakeholders’ needs and requirements at 
the left wing and considering that time proceeds left to right, specification of system, sub-systems 
and consequently components and configuration items will be determined and documented. At the 
end point of decomposition phase, operational needs and most important stakeholders’ requirements 
should be addressed by component specifications. Physical entities have to be produced or 
purchased by relevant disciplines at this point. Integration follows where all components and 
subsystems have to be assembled for the final desired system to take shape. Validation and 
verification of system against the requirement are also supposed to be done in parallel with 
integration. Stakeholders can decide about the acceptability of the system after validation.(Buede 
2009) 

 
 

 
Figure 3.4: Vee model used in System Engineering 

 
 

Architecting methodology 
 
As part of engineering design of a system, the architecture of a system should be generated by system 
engineering team. System specification and conceptual design are the input of this stage and output 
will be component specifications which have to be used by detail design team. 
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Chapter 4: Empirical Findings 
This chapter contains empirical findings of this research work. Followings information 

have been collected via literature review as per referenced and semi-structured  

interviews with representatives who are thoroughly introduced in reference part. 

 
Flow of information and responsibilities among the key stakeholders of the WTGB lubrication sub-
system can be understood by observing the current situation with three main perspectives, defined 
below: 
 
1. Who provides the lubrication sub-system for WTGB?  
2. How does the provider design and develop the lubrication sub-system?   
3. What is the existing system architecture? 
 
For observing the above mentioned three perspectives, authors facilitate system engineering tools. 

4.1 Contractual Process of existing WTGB lubrication sub-system 

 
1. Who provides the lubrication sub-system for WTGB?  
 
The answer to this question can be arrived by investigating the conventional contractual process of 
WTGB lubrication sub-system and scope of work and area of responsibility of each stakeholder. 
Currently the gearbox manufacturer specifies the assemblies and components of the lubrication sub-
system e.g. filtration packages, lubricants, pumps etc. The scope of supply of gearbox manufacturer 
includes in-line filter as part of the lubrication sub-system. The rest of the assemblies/components 
are procured and assembled by the Wind Turbine supplier, based on the specification provided by 
the gearbox manufacturer. Fundamentally, there is no specific contract for WTGB lubrication sub-
system. This statement implies that there is no formal contractual agreement among any of the key 
stakeholders about system specification of WTGB lubrication sub-system, verification and validation 
procedures. Existing system specifications of WTGB lubrication sub-system, verification and 
validation procedures will be further investigated to comprehend how does the provider design and 
develop the lubrication sub-system. The responsibility of design and procurement of its components 
are distributed among different players i.e. Wind Turbine supplier, Gearbox manufacturer and 
component vendors. Figure 4.1 illustrates the process of work between various key stakeholders. 

 
Figure 4.1: Contractual process of current lubrication sub-system 

 
In figure 4.1, green arrow objects represent the flow of contractual responsibility while the players, 
contractors, have been represented by blue boxes. Assemblies and components that eventually make 
shape the lubrication system has been shown by orange circles.  
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Equipment supply contract are signed between wind tubrine supplier and assembly/component 
vendors and supplied based on specifications from Gearbox manufacturer. Certain assemblies or 
components have impact on the system characteristics and such characteristics are barely traceable in 
the product specification from Gearbox manufacturer.  

4.2 Design and Development of existing WTGB lubrication sub-system 

 
2. How does the provider design and develop the WTGB lubrication sub-system?   
 
There are many stakeholders involved in the contractual mechanism of current WTGB lubrication 
sub-system. To understand the design and development methodology, the authors are trying to trace 
the existing on-going process in Vee model. As described in theoretical background, 3.3.6, Vee 
model is a powerful process model for engineering a system. In previous section it can be observed 
that there is no system provider acknowledged for WTGB lubrication sub-system. Each phase of 
design and development of lubrication system is described using collected information through semi 
structured interveiws with key stakeholders and literature review. Shortcomings and/or issues within 
each phase is either declared by any of sources or extracted from them by authors’ interpretation. 

 

 
Figure 4.2: Vee model 

 
 

 

4.2.1 Phase 1. Stakeholder Requirement Identification 

 
Stakeholder Requirement identification phase of the current lubrication sub-system is more or less 
standardized and Gearbox manufacturer holds the responsibility of coordinating the stakeholder 
requirement identification phase. The design is virtually standardized based on the configuration of 
the gearbox. Few customizations are made to the lubrication system based on the operational and 
environmental conditions of the wind turbines supplied by the WT supplier. There are several 
regulatory specifications to be enforced during this phase. 
 
Stakeholders involved in this phase are Gearbox manufacturer, WT supplier, Bearing manufacturer, 
Lubricant provider and Regulatory organizations. In the current business scenario, the needs of all 
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stakeholders are captured as mentioned in the regulatory specifications in Standards 
(ANSI/AGMA/AWEA). 
 

Shortcomings and Issues  
 

The lubrication sub-system is a part of the super system Wind Turbine; designed for a 
lifetime of 20 years under dedicated and accepted maintenance. There are several 
stakeholders involved during the life-cycle of the wind turbine. These stakeholders are 
tangibly or intangibly dependent on the lubrication system to achieve its purpose. The 
requirements of certain stakeholders are not taken into consideration in the current phase. 

 
Naturally operators demand for flexibility of customizing lubrication sub-system to reduce 
the maintenance cost and improve the performance. The average implementation time of 
wind power project from site approval to commissioning is 5 to 6 years for small/mid sized 
farms. During these years lubricant technology goes through further technical improvement 
which could be capitalized by the operator. The basic flexibility of changing the lubricant is a 
current demand from operators that is not taken into consideration. This is a shortcoming in 
the current phase. 

 

4.2.2 Phase 2. System Specification, Requirements & Architecture 

 
In the present business scenario, system requirements are not documented by any of the 
stakeholders. Regulatory bodies have defined minimum system requirements for the lubrication 
system (Refer ANSI/AGMA/AWEA for details) 
The maintained architecture by gearbox manufacturer is nothing more than a hierarchy model of 
physical architecture. An example of these typical architectures is shown in figure 4.3 
 
 

 
 

Figure 4.3: Physical architecture of lubrication sub-system 
 
 



Chapter 5: Developed Model 

 

 

Shortcomings and Issues 
 
The purpose of the lubrication sub-system is to sustain the optimal operational efficiency of 
the gearbox system. The gearbox system has several operational modes 
(ANSI/AGMA/AWEA). Each operational mode of the gearbox system reduces or increases 
the operational efficiency. The nature of the interaction between gearbox sub-system and 
lubrication sub-system being dominantly mechanical, lubrication sub-system has to respond 
to most of the operational modes of the gearbox to obtain the most optimal performance of 
the gearbox system.  
 
For example: The viscosity of the lubricant is selected based on the viscosity required at 
normal operating conditions. During start up mode of the gearbox system, the lubrication 
sub-system must provide lubricant with the right start up viscosity, different from normal 
operating viscosity. The viscosity needed at start-up can be attained by using a low density 
heater or by activating a heater in the nacelle. (ANSI/AGMA/AWEA)To achieve this sort 
of behavior, heat exchange rate, flow rate of lubrication in inline and offline filtration units 
and control strategy should be different to the respective characteristics during the normal 
operational condition. This particular behavior of the lubrication sub-system can be termed 
as start up mode of lubrication sub-system.  
 
Current lubrication sub-system has three modes; operation, maintenance and Stand-by. 
Operation and Stand-by responds to normal operational mode of the gearbox and 
maintenance mode of the gearbox respectively. Gearbox system has various other behavioral 
modes and the current lubrication architecture does not respond to such modes. 
 
Consequently, response time and characteristics required in the components/assemblies to 
serve for such scenarios are not taken into consideration. The system specification clearly 
expresses the various behavioral modes required in the system. During the process of 
implementing the specifications in the architecture, certain specifications are only partially 
implemented. This is an issue due to the lack of maturity in lubrication sub-system design. 

 

4.2.3 Phase 3. Component Design 

 
All the components or assemblies used in the lubrication system are COTS (Commercial off-the-
shelf) as per the specifications provided by the gearbox manufacturer. So practically no component 
design is specifically conducted for the wind turbine lubrication system. 
 

Shortcomings and Issues 
 

The traditional approach of purchasing COTS is using product specifications provided by 
Gearbox manufacturer. These specifications do not reflect system-wide specifications of 
lubrication sub-system. The example below provides a better understanding of the above 
statement. 
 
A Turbine shutdown scenario: The turbine should be set to shutdown when the bearing 

outer ring temperature exceeds 105⁰C for ten minutes within any continuous sixty minutes 
of operation.(ANSI/AGMA/AWEA) To prevent such scenario in the gearbox system, one 
of the response modes of the lubrication sub-system could be to activate the heat exchanger 
with a higher response time as the temperature reading of bearing approaches critical limit 
and increase the flow rate in the in-line filtration system to keep the temperature and 
viscosity within the predefined limits. As the oil circulation in the in-line filtration unit is 
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higher in this scenario, the circulation rate in the offline filtration unit should be higher to 
keep the oil cleanliness within limits. 
 
For the above scenario, the product specification for Offline filtration unit only specifies the 
facility to finely filter the lubricant and a specific flow rate. It doesn't encompass various 
system scenarios that the product has to respond for the system to meet its overall objective. 
Considering the above scenario, facility in the interface to allocate a specific control strategy 
for flow rate of the offline filtration unit is one of the missing specifications. This is the 
primary reason for the gap between system specifications and current system architecture. 
 
Lack of system design capabilities: Some of the COTS suppliers has in-depth technical 
know-how within their domain, but has limited system design capabilities within the design 
wing or lack of system approach in their product supply and implementation plan. As an 
unfavorable consequence of this shortcoming, their effort to produce the high quality 
component doesn't lead the entire lubrication system to a higher performance.  
 
COTS suppliers do not recognize wind energy as a separate business segment; thereby lacks 
competence in wind energy lubrication system. Such issues are more exposed when the 
product shows signs of failure as it is not originally intended for the operational environment 
in wind energy sector. It is more crucial considering the harsh environment inside wind 
turbine nacelle. 

 

4.2.4 Phase 4. System Integration 

 
System Integration is the process of assembling hardware, software, people and organizations to 
make the system.(Buede 2009) For the system of interest, lubrication sub-system, the ownership of 
this phase rests with the WT supplier of the project.  
 
The lubrication sub-system is brought to reality in this phase by procuring and assembling the 
different assemblies and components. The compatibility of various components and interfaces 
between them are the major aspects in this phase.  
 
Procurement:  
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Assembly of the lubrication sub system is not covered in the scope of supply of the gearbox system 
from gearbox manufacturers. COTS are purchased and assembled at site by the WT supplier. The 
vendor purchaser contract covers the scope of supply based on detailed product specification 
provided by gearbox manufacturers.  
 

Shortcomings and Issues 
 

The contract between gearbox manufacturers and wind turbines supplier cover the scope of 
supply of component specifications and the design of lubrication sub-system. The design of 
the lubrication sub-system is expressed in physical architecture. But the various behavioral 
modes of the lubrication sub-system are not expressed in this architecture which is part of 
the system design responsibility. Current standards have enforced that lubrication sub-
system design should be provided by the gearbox manufacturer. But the concurrence of 
design definition for the two involved parties could be different based on their knowledge in 
the system and technical sphere. 

 
Behavioral mode is a void in the system design which is further not reflected in the contract 
due to lack of system and technical expertise in the procurement process of lubrication sub-
system by the purchaser and lack of maturity in lubrication sub-system design. 

4.2.5 Phase 5. Component Verification 

 
The ownership of this phase rests with principal contractor of the project. The configuration items 
are verified against the specifications supplied by the gearbox manufacturer and the regulatory 
specifications applicable. Procurement and test of Lubrication system should be witnessed by WT 
supplier, as the client of Gearbox system. (ANSI/AGMA/AWEA) 
 

Shortcomings and Issues 
 

Current verification process of WT supplier includes the verification of the supplied product 
against the specifications provided by Gearbox manufacturer. The shortcoming is the nature 
of contract between the principal contractor and COTS supplier. 

 

4.2.6 Phase 6. System Verification 

 
Lubrication system is verified based on the result of an integrated test after the installation of the 
complete gearbox system. The test verifies oil cleanliness and temperature for normal operational 
mode of the gearbox (ANSI/AGMA/AWEA).The ownership of this phase rests with principal 
contractor of the project. The configuration items are verified against the specifications supplied by 
the gearbox manufacturer and the regulatory specifications applicable. 
 

Shortcomings and Issues 
 
The problem of wear has its roots in both technical and project implementation process. But 
the problem has been sustained for the past years due to the lack of systems approach in the 
project verification plan of principal contractor for lubrication sub-system. The current 
verification plan includes loop test for testing the normal operational mode of the 
lubrication sub-system. It does not incorporate all the behavioral modes of the lubrication 
sub-system. 
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4.2.7 Phase 7. System Validation 

 
The ownership of this phase rests with the operator of the wind turbine. Wind farms are handed 
over to the operator, normally after 2 or 3 years of operation under the principal contractor. In most 
cases, hand over documentation includes operation and maintenance procedures. 
   

Shortcomings and Issues  
 
The operator has no freedom of flexibility in the system provided under the contract 
specifications. The components of lubricant sub-system are maturing in technical aspects in 
the current market. But operators can not capitalize on this opportunity to improve the 
performance and reduce the maintenance of the lubrication system within the contract 
specifications. In fact lack of comprehensive system specification makes the system 
verification immature and incomplete. 

4.3 WTGB Lubrication Sub-system Architecture 

 
3. What is the existing system architecture generated by the provider? 
 
Although as explained in last part, working within the scope of conventional component based 
contracts, system architecture for the lubrication system cannot be systematically generated, in order 
to verify the new modified architecture and contractual process which will be introduced in next 
chapters, authors needed to make a practical existing architecture as well. To do so, they had to 
execute a reveres system engineering process. Having system schematic diagrams and configuration, 
they had to generate their system functional and physical architecture. Following parts of this 
chapter, these architectures will be presented. 
 
Different architectures for lubrication system have been assembled and implemented for different 
wind turbine gearboxes. Incorporating some decontamination strategies, hydraulic system designers 
and some filtration package suppliers have made some models which is claimed to be able to increase 
the level of cleanliness in lubricants. From all various commercially available and theoretically 
presented systems, the following system is more mature and principally in accordance with the 
specification defined by AGMA standard. The system or termed as “Existing architecture” in this 
thesis work is the most comercially accepted WTGB lubrication sub-system. Process diagram, 
functional and physical architecture of Existing architecture is presented in this section.  

4.3.1 Existing architecture: System Description 

 
In Existing architecture, the WTGB lubrication sub-system is able to decontaminate the lubricant 
from particles and water content. In-line filter can cope with the rated inlet flow rate of lubricant to 
gearbox system and filter the particles to the level of 5 microns. Water is decomantimated and 
controlled to the rated level by water absorber mechanism installed within the air vent of gearbox. 
Offline filter is equipped by a water absorber mechanism which decreases the water level in lubricant 
and filters to the level of 2 microns and continoustly filters the lubricant in the storage tank. 
 
Two separated filtration mechanism perform independently to obtain the predefined level of 
cleanliness. Storage tank is considered mainly to reduce the weight of gearbox by reducing the sump. 
With this configuration, offline filtration can be operated even during the shutdown of gearbox. 
Pressure and temperature of lubricant is measured at predefined points and related data is transferred 
to SCADA. 
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Figure 4.5: Schematic process diagram of lubrication sub-system (Existing architecture) 

4.3.2 Existing architecture: Functional Architecture 

 
From the schematic diagram and collected information about the system, its main function, perform 
lubrication can be decomposed to three sub-functions;  
 

i. primary decontamination 
ii. secondry decontamination 
iii. control the interfaces.  

 
Two layers of decomposed functions and sub-functions are illustrated in figure 4.6. 
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The idea behind having two independent filtration system in parallel which is dictated by the nature 
of considered filters. Surface filter which is used as inline filter can exclusively be utilized with 
relatively higher inlet flow rates of lubricant to gearbox system. Depth filter used as offline filters can 
provide more accurate filtration by means of finer filters. In the current design, depth filters are not 
considered as an alternative to surface filter due to recommended flow rate being less than inlet 
lubricant flow rate to gearbox system. Another distinguishable characteristic of offline filtration 
package is the enhanced water absorption capacity which is vital to improve the service life of 
lubricant  

4.3.3 Existing architecture: Physical Architecture 

 
Physical architecture for Existing architecture is illustrated in Figure 4.7. Due to recent advancements 
on preventing dust entering to storage tank, typical air vents are replaced by air breathers in new 
WTGB lubrication sub-systems. 
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Research question for this thesis work has been defined; research approach and required theoretical 
background have been described. In chapter 4, existing situation of wind turbine gearbox lubrication 
system has been also investigated from both contractual and technical points of view. In the 
following chapters, authors follow the below mentioned structure.  
 

I. For the issues and shortcoming which have identified in 4.2, selection matrix with defined 
criteria to select the most critical issue based on authors discretion. 

II. System requirement management methodology will be utilized to analyze the selected issue. 
III. System engineering approach will be used to improve the existing lurbication system 

architecture. 
IV. Comparative analysis of improved architecture with existing architecture described in chapter 

four. 
V. Possibility of efficiently implementing the improved architecture will be investigated. 
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Chapter 6: Analysis 
6.1 Selecting the most critical issue  

 
From what have been said in empirical findings 4.2.1, the problem of wear has its roots throughout 
different phases of design and development procedure of lubrication system. The problems in each 
section are interlinked to one another through technicality and procedures. Table 6.1 illustrates 
identified issues, their stage of existence according to Vee and author’s assumptions on their 
contribution share in gearbox wear problem as well as the possibility of finding a reasonable solution 
for them within data and time constrains of this research. Based on this matrix, the decision of 
selecting the critical issue is done. 
 
 Happening in phase Impact on wear Possibility of finding 

reasonable solution 
due to constrains 

Not responding to 
Stakeholders requirement 1 – 7 Low Medium 

Gap between system spec 
and system design 

2-6 High High 

Low quality component 
3-5 High Low 

Low quality integration 
4 High Medium 

 
Table 6.1: Selection Matrix of issues in Vee model 

 
In first column of the table, major identified issues are listed. Second column which is filled with 
information from the previous part of this chapter indicates that in which phases of Vee model each 
problem can be seen. Because of interlinks between phases in two wings of Vee, issues are mostly 
identified in pair of phases. This way, phases 1 & 7, stakeholder requirements and system validation 
are considered as the main area for the first issue, phases number 2 & 6, system requirement and 
architecture and system verification are main area for second issue.  Two remained identified issues 
are considered to be happening in phases 3&5, component design & component verification and 
system integration accordingly. 
 
Two other columns evaluate and compare different problems against two defined criteria, their 
impact on problem of wear, which is defined and motivated as research problem in chapter one and 
the probability of finding a reasonable solution within time schedule of this research work and by 
means of available technical data. As result of described evaluation procedure, gap between system 
spec and system design has been selected as the main area of focus for the rest of this thesis. To fill 
this gap, in the next phase of our research, we attempt to modify the existing architecture for the 
lubrication sub-system by eliminating the current deficiencies and issues. 
 
In following parts of this chapter, System requirement management method, which is described in 
3.3.4, will be utilized to modify the system architecture. For this research work, since the objective of 
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this modification is considered as filling the gap between system specification and system 
architecture, requirement management starts with defining use-case scenarios. In other words, the 
stakeholder requirement and concept design are taken from existing system specification and the 
work will proceed by defining use case scenarios.  

6.2 Defining Use Case Scenarios 

 
A use case describes how the user interacts with the system and how system responds to user needs. 
In the current thesis perspective, the user is the gearbox sub-system. Gearbox sub-system is a sub-
system of the super system Wind turbine. Thereby to understand the needs of the gearbox sub-
system, one has to understand the needs of the wind turbine super system. The figure 6.1 describes 
the power characteristics of the wind turbine with respect to the wind speed. 

 

 
 

Figure 6.1: Power curve of a wind turbine (oz-energy-analysis  2010) 
 

The various scenarios of the wind turbine can be observed in the power curve of the wind turbine. 
During each scenario, the gearbox sub-system responds in a specific way to improve the efficiency of 
the Wind turbine system. Lubrication sub-system is expected to fulfill its objective during these 
scenarios. The various scenarios of the wind turbine system are shown in figure 6.2. 

 

 
 

Figure 6.2: Wind turbine scenarios in Power curve 
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Objective of the WTGB Lubrication system 
 

1. To reduce heat & contamination generation inside gearbox sub-system 
2. To reduce contamination entering gearbox sub-system 
3. To remove generated heat from the gearbox sub-system 
4. To remove contaminants from the gearbox sub-system 
5. To be maintained cost effectively 

 
Mission Requirement of WTGB Lubrication system 
 
To assist in achieving the design lifetime of Gearbox system of 20 years under dedicated 
maintenance. 
 

Use Case Scenario 

Use Case No Title Description 

Operational Phase 

1 Start up 

Startup scenario is initiated by an incoming signal  
 
During Startup scenario, the lubrication sub-system will achieve a 
predefined inlet lubricant temperature Ti-UC1 and outlet lubricant 
temperature To-UC1 within a predefined time period t-uc1. The 
lubricant sub-system shall maintain the lubricant cleanliness level 
within the predefined range and transmit lubrication sub-system 
performance data to SCADA. 

2 

Normal Power 
production/Transient 
Operation/Normal 

and Emergency Stop 

Normal power production scenario is initiated by an incoming 
signal  
 
During normal power production, the lubrication sub-system shall 
maintain inlet lubricant temperature irrespective of the varying 
outlet lubricant temperature. The lubricant sub-system shall 
maintain the bearing temperature, gear mesh temperature within 
the predefined range by varying the inlet flow rate. The lubricant 
sub-system shall maintain the lubricant cleanliness level within the 
predefined range and transmit lubrication sub-system performance 
data to SCADA. 

3 Parked 

Parked scenario is initiated by an incoming signal 
 
During parked scenario, the lubrication sub-system shall maintain 
the lubricant cleanliness level of the full volume of lubricant in the 
lubrication sub-system. 

Maintenance Phase 

4 
Preventive 

Maintenance 
 Preventive Maintenance is initaited based on time frequency of 
lubricant change recommended by lubricant supplier. 

5 
Active corrective 

Maintenance 

Active corrective maintenance is activated during the event of 
component failure but lubrication sub-system is not shut down and 
achieved its objective within defined tolerance with other fully 
operational components. 

 
Table 6.2: Use case scenarios of lubrication sub-system  
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6.3 System requirement 

 
System Requirements encompasses the requirements of the system from the life cycle perspective. 
Below listed are the Input, Output and functional requirements of the system. The non functional 
and trade off requirements are not considered within the scope of thesis. 

6.3.1 Input Requirements 

1. The system shall receive signal to initiate scenario 

6.3.2 Output Requirements 

1. The system shall provide predefined inlet lubricant temperature 
2. The system shall provide predefined inlet lubricant flow rate 
3. The system shall provide predefined inlet lubricant oil cleanliness level 

6.3.3 Functional requirements 

 
In order to enable the lubrication system to respond to all mentioned use case scenarios, certain 
system requirements should be addressed. In this part, system requirements will be extracted from 
use case layer by layer in a bottom-up procedure. Last layer will dictate the first layer of system 
functions. 
 
Functional Requirement 1 
 

In several operation and maintenance scenarios, particular characteristics of system should 
be monitored and system should take specific action regarding to its own situation. To do 
so, system requires a monitoring system to measure these characteristic at predefined points 
with acceptable pre-decided accuracy. This group of functional requirements is shown in 
table 6.3 

 
Req. 
No. 

Requirement System should … 

1.1 Air content Measure the amount of Air content at specific 
points 

1.2 Flow rate Measure the amount of lubricant flow rate at 
specific point 

1.3 Particle counting Count the number of particles of each 
predefined size 

1.4 Pressure Measure the lubricant pressure at specific point  

1.6 Temperature Measure lubricant temperature at specific point 

1.7 Water content Measure water content at specific point 

 
Table 6.3: Sub functional requirements of Functional Requirement 1 

 
The main functional requirement for the entire group is defined as functional requirement 1: 
 
FR1. System should monitor lubricant condition 

 
Functional Requirement 2 
 

One usually underestimated source of contaminations can be seen at system interfaces. Air 
born particles, moisture and dust can enter the gearbox or storage tank and cause serious 
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wear problems. In order to keep them away from gearbox system, lubrication system should 
control all interfaces by means of specific mechanisms. Related requirements are listed in 
table 6.4 

 
 

Req. No Requirement System should … 
2.1 Control the gearbox Control gearbox interfaces with environment 

2.2 Control the storage tank Control storage tank interfaces with 
environment 
 

Table 6.4: Sub functional requirements of Functional Requirement 2  
   
 

The main functional requirement for the entire group is defined as functional requirement 2: 
 
FR2. System should control all its own interfaces with environment 

 
Functional Requirement 3 
 

In several use case scenarios, importance of flexible fast responding heating system can be 
observed. To be able to perform this scenarios following requirements have been extracted. 

 
Req. No Requirement System should … 

3.1 Process Heating Data Calculate desired heat rate according to current 
and desired temperature of lubricant 

3.2 Perform heating Be able to heat the lubricant according to the 
requested heat rate by processor 
 

Table 6.5: Sub functional requirements of Functional Requirement 3 
 

The main functional requirement for the entire group is defined as functional requirement 3: 
 
FR3. System should increase lubricant temperature 

 
Functional Requirement 4 
 

According to operational use cases, one major obvious duty of lubrication system is 
decontaminating the lubricant. To do so, using the common practice of current systems and 
applicable standards, following requirements have been defined. 

 
Req. No. Requirement System should … 

4.1 Receive dirty lubricant Contaminate lubricant from gearbox 

4.2 Pressurize lubricant Pressurize contaminated lubricant to a certain 
predefined pressure to pass the filter 

4.3 Filter Lubricant Absorb the contaminations from the lubricant 

4.4 Store clean lubricant Store clean lubricant  

 
Table 6.6: Sub functional requirements of Functional Requirement 4 

 
The main functional requirement for the entire group is defined as functional requirement 4: 
 
FR4. System should decontaminate the lubricant  
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Functional Requirement 5 
 

In most use case scenarios, the lubricant temperature should be decreased after it leaves 
gearbox. In fact this is the way generated heat inside the gearbox is dissipated. Function 5 is 
simply defined to fulfill this requirement. 
 
FR5. System should decrease the lubricant temperature 
 

Table 6.7 shows the five main functions together along with the use cases in which any of these 
functions are being used. 
 
 
 
 

Req. No. Requirement Related Use-Case 

FR1 Monitor lubricant 
condition 

1–2-4 

FR2 control interfaces with 
environment 

1-2-3-4 

FR3 Increase lubricant 
temperature 

1 

FR4 decontaminate the lubricant 1-2 

FR5 decrease the lubricant 
temperature 

1-2 

 
Table 6.7: Sub functional requirements of Functional Requirement 5 

6.4 Modifying the existing System Architecture 

 
In previous part, system functional requirements have been made and linked to use-cases. Now for 
each of above mentioned functional requirement, a function/sub-function will be defined and related 
functional architecture will be created. 
 

 
 

Figure 6.3: Hierarchy of Function 1 
 

Circulating through the gearbox system, lubrication system has a unique advantage. Lubricant can 
access to different parts of gearbox system. So a well-designed condition monitoring system for 
lubrication can provide all required data to monitor the operating condition of gearbox system and 
lubrication system itself. Based on the mentioned functional requirements in 6.3 the sub-functions of 
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function 1 have been defined in order to provide all required and technically-accessible data. As 
described in 4.3, current system has the facilities to monitor temperature and pressure of lubricant at 
some specific points. In a modified architecture, these sub-system capabilities should be extended to 
embrace other parameters such as flow rate, cleanliness (amount of particles, water content and air 
bubbles) as well. Figure 6.3 shows the hierarchy view of function 1 and its modified sub-functions. 
 
Prevent inflowing air born particles and moisture to the gearbox system during operation is an aspect 
which recently has been developed in existing lubrication system. Two main physical interfaces 
between gearbox system and the operational environment which are gearbox itself and the storage 
rank should be controlled in this respect. 

 
 

Figure 6.4: Hierarchy of Function 2  
 

Figure 6.4 indicates these two sub-functions of function 2. 
 
Its also described in 6.3 that in order to make the lubrication system more responsive to start up 
scenario of gearbox especially in cold climate conditions, function 3, which is increase the lubricant 
temperature should be improved. In modified system architecture, simple heater of existing system 
has been upgraded to a more flexible system. A new component, a processor which selects the 
required flow rate based on a pre-provided data base should be added to existing system in this 
respect. When a signal for start-up scenario comes to the system, according the current temperature 
of lubricant which is predictably low, a desired temperature for the lubricant will be selected from the 
database. In the data base of the processor, for each differential temperature of lubricant, specific 
heat rate has been set. Required heat rate will choose from the database and announced to the heater. 
Then the heater will provide the required heat rate and deliver the lubricant at the desired 
temperature within a favorable period of time to the gearbox.  
Idef0 diagram and hierarchy of function 3 is shown in figures 6.5 and 6.6. 
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Figure 6.5: IDEF-0 of Function 3 
 
 

 
 

Figure 6.6: Hierarchy of Function 3 
 
 
 
Function 4 is defined to remove different kinds of contaminations from the gearbox system. Six sub-
functions have been defined to fulfill the functional requirements which are described in 6.3. 
Hierarchy model of these functions is illustrated in figure 6.7. 
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Figure 6.7: Hierarchy of Function 4  
 
Since the latest mentioned function, number 4, has the major impact on the overall performance of 
the system, it worth to be more specific about. In first sight, its sub-functions are same as what we 
have seen as existing architecture in empirical findings. But investigating the functional flow block 
diagram of this function in modified architecture will shed light on the distinguishable differences. 
 

 
 

Figure 6.8: Functional Flow Block Diagram of Function 4 
 
As shown in figure 6.8, after the function 4.1, receive the contaminated lubricant, lubricant can either 
go to the offline or inline way. Selection is done by means of the controls system and based on the 
level of lubricant in storage tank and its flow rate. Meaning that if the lubricant level and flow rate is 
in such a domain that the inline filters can possibly pass it, it goes through functions 4.2 and then 4.3. 
But if the flow rate passes the limit of inline filters operations margin, off line passage will be opened 
and functions 4.4 and 4.5 will work instead. 
 
In theoretical background, 3.2.3, it’s been mentioned that one source of contaminations which is not 
being taken into consideration much, is air content inside the lubricant. Diesel effect, as one major 
consequences of this kind of contaminations has also been described. In order to enhance the 
lubrication system in this respect, function number 4.6 is decomposed and regarding functional and 
system-wide requirement is tried to be addressed there. Figure 6.9 shows the hierarchy of this sub-
function. 
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Figure 6.9: Hierarchy of Sub-function 4.6 
 
As shown in figure 6.9, besides facilitating charge, discharge, and sampling in storage tank, proposed 
functional architecture also takes deaerating the lubricant into the consideration. In the other word, 
in case this architecture is going to be implemented, one major modification should happen in 
component level for the function 4.6,  where the storage tank should be designed and fabricated in 
such a way to facilitate the dearation of lubricant to a predefined level within predefined period of 
time. 
 
From all have been said in this part of analysis, the first level of hierarchy diagram for functional 
architecture of entire lubrication system can be concluded as shown in figure 6.10. 
  

 
 

Figure 6.10: First level System Hierarchy 
 

 
System Description 
 
Based on the first level architecture that has been made in 6.4, a schematic process diagram (figure 
6.11) has been modeled to help represent the new generated architecture, modified architecture. 
In order to enable responding to different scenarios, a more intelligent heating system is considered 
in this system which in turn brought up the need of an improved monitoring system. Beside the 
procedure of architecturing the system, one major distinguishable characteristic of this option can be 
observed in its filtration mechanism. In fact some disadvantages of existing architecture such as 
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combining clean and dirty oil either in gearbox sump or in storage tank is permanently solved here. 
Other aspects of this developed system will be comprehensively described in following chapters. 

 

 
 

Figure 6.11: Schematc process diagram of new lubrication sub-system architecture 

6.5 Evaluating modified Architecture and existing 

 
Evaluating the modified system architecture against the existing can be done by means of a set of 
parameters. As described in theoretical background, 3.3.4, there are some predefined metrics to 
assess system architecture. For this particular system, since the main purpose is improving an existing 
system and not generating an entirely new one, some specific comparable metrics have been 
considered. 
 
Supply cost and O&M cost for the lubrication system itself and the whole gearbox system are 
separately mentioned. Having more components, obviously modified architecture is more costly than 
the other in both supply and O&M. But when it comes to O&M cost of gearbox, a deeper 
observation may direct us to a completely different conclusion.  
 
By adding some new components to the existing architecture, combination of clean and dirty oil in 
storage tank is being prevented. In other words, there is no chance for the lubricant to enter the 
storage tank without passing either one of the filtration systems in modified architecture. On the 
contrary, while using existing architecture filtered lubricant which passed the offline filter has to 
blend with non filtered lubricant which is directly coming from gearbox sump. So the expected level 
of cleanliness in modified architecture would be higher than the one in the existing. Therefore a 
higher up time and higher MTBF of the whole gearbox would be expectable. That’s why the O&M 
cost of gearbox system is considered to decrease by using the modified architecture. Same way, the 
higher performance of modified architecture can be justified as well. So in terms of functionality, 
modified architecture has a more favorable situation than the existing one. 
 
In previous parts of this chapter, use case scenarios of gearbox and lubrication system have been 
discussed. Since modified architecture is founded on the system requirement which are in turn 
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extracted from use cases, in terms of responsiveness to its operational environment i.e. gearbox, it 
has higher grade than its competitor. 
 
Another aspect which appears in the evaluation of this architecture is represented by simplicity. 
Because of its more intelligent heating system, modified architecture is assessed less simple –operated 
than the existing architecture. Adding one new depth filter to the system, redundancy will be brought 
to system which in turn makes the system more reliable. 
 
Table 6.7 illustrates the comparative analysis of existing and modified architecture. In order to 

simplify evaluation, existing architecture is considered as datum. Increasing or decreasing of 

parameters has been shown for modified architecture in comparison with existing. For costs, rows 

number 5, 6 and 7, downward arrow means the less favorable result which apparently means the 

higher cost. 

 

  Parameter  Existing architecture Modified architecture 

1 Functionality  - ↑ 
2 Gearbox O&M cost - ↓ 
3 Lubrication System O&M cost - ↑ 
4 Modularity - ↕ 
5 Reliability - ↑ 
6 Responsiveness - ↑ 
7 Simplicity - ↓ 
8 Supply Cost - ↓ 

 
Table 6.8: Comparative analysis between Existing architecture and Modified architecture 

 
Qualitative assessment of two architectures has been modeled in spider diagram in figure 6.12. 
Estimations regarding improvement and decrement of various parameters are relatively illustrated 
and can be primarily compared.  

 

 
 

Figure 6.12: Spider Diagram of Comparative Analysis 
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6.6 Problems of implementing the architecture in the contract 

 
Currently designed gearbox systems look simple in a component way. As shown in figure 6.11, 
assembling COTS’s with predetermined specification, one can make a lubrication system for any 
WTGB. Considering this group of components working as a system to interact with other systems, 
e.g. gearbox, to some extend add to its level of complexity though.  
 
Beside its issues with implementation of any new 
architecture, current contract has other issues as well. 
One deficiency of these contracts can be recognized as 
low interaction capability. Within the context of current 
contract, components are specified to fulfill limited 
scenarios. On the other hand, as a principle in system 
engineering, performance of a system, (here lubrication 
sub-system) is the result of its sub-systems action and 
interactions. Although this fact is valid for any system of 
choice, lubrication system has to cope with it more 
creatively due to its interaction with extremely 
fluctuating load cases of Gearbox. Specific system 
requirements of WTGB lubrication system have been 
discussed previously in this chapter. (Lubrication system, 
use case scenarios) 
 
 
 
 
 
 
For instance, Oil cleanliness is a system property of WTGB lubrication sub-system. Due to demands 
from operator, in some situations Wind turbine supplier is forced to improve the oil cleanliness level 
of currently implemented WTGB lubrication sub-system. Inlet lubricant flow rate is another system 
property that accounts for removing generated heat from WTGB. Both the properties are inter- 
related. Thereby changing a component/assembly to improve the oil cleanliness has impact on inlet 
lubricant flow rate mechanism. Hence a minor change in one of the product specifications has 
domino effect on the other product specifications of the WTGB lubrication sub-system. The current 
contractual mechanism doesn’t provide sufficient flexibility to improve the WTGB lubrication sub-
system.  

6.7 Proposing new type of contract 

 
For efficient implementation of modified architecture without the above mentioned deficiencies, 
current product-based contractual process should be replaced by a new system oriented one (Bard 
2006). In new contract, an independent player who has both the expertise of lubrication technology 
and wind turbine industry should be involved.  
 
Considering the fact that the main function of system will still be done by means of the filtration 
system which is conventionally consists of off-line filter and pump as the main components, the 
most rational choice for taking this new role would be filtration system provider. Having the strong 
filtration technology base in the company would be their most advantage in this respect.  
 
Expanding the scope of work for filtration system provider, from a component supplier to a system 
provider who should within a network of internal and external resources, with defined technical and 

Figure 6.11: New Modular structure of 

Gearbox system 
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financial responsibilities take care of system-wide functions, can benefit the gearbox system and wind 
turbine system in noticeable ways. 
 
This way the gearbox can benefit from a more adoptable creative functional system. The scope of 
new contract should include design and supply of entire lubrication system. Conceptual design can 
proceed concurrently with the design of gearbox. While gearbox manufacturer uses the load 
spectrum which is provided by wind turbine suppliers as the design input data for the mechanical 
sub-systems, lubrication system provider should define system use case scenarios and functional and 
non-functional requirements on the same basis as well. It should be emphasized that in spite of the 
new defined contract, technical excellence at product level will still remain the base for the business.  
 
 

New Contract Structure between system provider and system purchaser 

 
Stakeholder Requirements (Stakeholder requirements are mutually agreed between system provider and stakeholders 
involved) 

Stakeholders Involved 

1. Gearbox Manufacturer 

2. Wind Turbine Supplier 

3. Operator 

 

 

Trade Off Requirements (Trade off requirements are mutually agreed between system provider and stakeholders involved) 

Cost Trade off 

Technical Trade off 

 

System Specifications ( List of all specifications discussed in Analysis chapter) 

 

Verification Procedure 

Verification done for defined Use cases approved by Wind Turbine supplier and Gearbox manufacturer 

Checked against approved system objectives by wind turbine supplier and Gearbox Manufacturer 

Failure during verification should be traced back to system specifications/component/s 

 

Validation Procedure 

Trade off approved by Wind turbine supplier, GB Manufacturer and Operator 

Failure during validation should be traced back to system specifications/component/s 

 
 

Table 6.9: New Contract Structure between system provider and system purchaser 
 
Comparison between product-based and system-oriented contract 

 
1. More intelligent lubrication system 
 

Having access to all different stages of Gearbox system, lubrication system can potentially be 
the operator’s inspector eye inside the gearbox and its own sub-systems and components. 
Using this capability of lubrication system can enhance and facilitate the operation of 
gearbox. Current product-based contract, the components are specified to meet their own 
design requirements - and not the system’s-. Therefore current systems are not capable of 
fulfilling this service neither for gearbox system nor for themselves as lubrication systems.  

 
2. Taking the advantage of innovative component 
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In spite of significant advancement in filters, Gearboxes still suffer from the contamination. 
One reason could be the absence of system view. Since no attention is being paid to the 
system behavior, having more accurate and fine filter doesn't necessarily mean that we have a 
cleaner gearbox. It’s due to the fact that the cleanliness of the oil is a system-wide 
requirement and therefore should be spread out among different components and functions. 
Recalling the definition of system performance, improving the performance of one sub-
system dos not necessarily lead to improvement in the performance of entire system. 
 

3. Mature supply chain 
 

 
4. Using the Expertise 

 
In current contract, wind turbine supplier assembles the components from different 
manufacturers to build the lubrication system. For WT supplier, lubrication is a minor 
auxiliary system about which they have neither the sufficient expertise nor the enough 
interest to get deeply and completely involved. Once a new player having the expertise of 
lubrication come to field and take the responsibility to design the system, a better final result 
can be expected. This way the lubrication system can be independently tested and qualified 
and contractually there is a responsible designer and supplier for its performance. 
 

5. Integration 
 
Once all sub-systems and components are supplied, they should be integrated to make shape 
to the entire system. Coming from different supply sources, there are some inevitable 
interface conflicts for instance in piping and equipment arrangement. Since in a system-
oriented contract, the system provider would benefit from a more compatible interface 
design, a simpler system with a more efficient overall arrangement would be expected. For 
instance as long as the system is made by assembling component from different sources, 
piping between components seems unavoidable. A probable lubrication system provider may 
reduce or even totally eliminate the piping by a more compact design which may in turn 
reduce the chance of leakage dramatically. In general, the functionality and reliability of the 
system depends on the number of its interfaces which can hardly be decreased unless a 
certain system designer is acknowledged for the entire system. 
 

6. Unification the lubrication package 
 
Once a contractor is acknowledged to be responsible for the gearbox lubrication system, the 
entire lubrication system ant not a single component can be modeled based on classified 
design inputs which could be influenced by environmental condition and/or turbine model 
or etc. This way total supply time and cost can be reduced and wind turbine supplier as the 
designer of equipment arrangement inside the nacelle can be aware of the size and physical 
properties and installation condition and consideration of the entire package in primary 
phase of the project. Then the whole package can be located in a more appropriate way. 
 

7. More effective System 
 

In 6.1, the process of designing a lubrication system has been analyzed. During the process, 
some specific functional requirement which are not being addressed by current conventional 
designs, have been identified by authors. It can be expected that expanding the domain of 
research can discover more new functional and more expected non-functional, unsatisfied 
requirement. Furthermore some overall properties of the system such as oil cleanliness level 
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in different modes of operation can only be achieved by improvement in both components 
and system properties. It can’t be obtained unless a system design approach is utilized. 
 
 

8. Overlapping responsibilities 
 
Looking at the physical architecture of lubrication system from the perspective of current 
contract, the area of responsibility for the system performance is hard to  understand. On 
one hand, gearbox manufacturer is the one who supplied some of  them such as in-line 
filters, on the other hand, wind turbine supplier should be responsible for the other 
components like off-line filtration package which itself was specified by the gearbox 
manufacturer. In case of operational deficiency in  overall performance of the system, like 
the level of cleanliness in lubricant, conflict between these overlapping areas is inevitable. 
New form of contract can solve this problem by clarifying the area of responsibilities. 

 
9. Further improvement in components design 
 

Getting involved in the process of designing the entire lubrication system, filtration system 
supplier can obtain a better understanding of the operational context of their product. 
During the process of designing the system, sufficient volume will also be made to develop 
the expertise.  

 
Beside its mentioned benefits, integrating component design and system supply will have some risks 
as well. For instance it will cause some overlapping with traditional scope of gearbox manufacturer. 
To avoid that, some parts of the conventional contracts between Gearbox manufacturer and Wind 
turbine supplier should be revised and/or excluded. 
Another issue would be the infrastructure of filtration companies for this new role. Procurement or 
outsourcing strategies and new issues in risk management will be some of the challenges they should 
face with. 

6.8 Evaluating new contract and existing 

 
The currently defined type and scope of contract is a hurdle for the efficient implementation of the 
new architecture. Then a new contract was suggested to fill the gap between system specification and 
system architecture. In this part these developed models, contract and architecture, will be compared 
with their existing architecture and respective advantages and disadvantages will be identified and 
described. System oriented contract enables the system to be improved with respect to its system 
wide characteristics. For the designer of system, the role which currently has not been defined well, it 
provide the opportunity of considering more use cases of gearbox. Consequently the output of the 
system design, which is called system architecture and will literally lead to component specification, 
have more chance to be compatible with each other and intractable with gearbox. 
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  Current Contracts New Contract 
Type of Contract Component Based System Oriented 
Interfaces between external 
systems 

  Can be efficiently defined  

Gear box Use cases Partly Considered Can be fully considered 

Modularity 

Configuration of components  
are dictated by their 
specification, Components are 
specifically (and often 
exclusively) selected for a 
particular configuration or 
scenario 

Various configuration of 
components are achievable due 
to application of holistic system 
view in design phase 

Lubrication Expertise 
Is limitedly used in filtration 
system design and development 

Can be used in design and 
development of entire system 

Flexibility with new 
requirements 

Restricted to component 
characteristics 

Widened to System wide 
properties 

Advancement in components 
design 

Has minor influence on the 
system performance  

Can effective influence the 
system performance 

 
 

Table 6.10: Comparative analysis of current and new contract 
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Chapter 7: Results and Discussion 
7.1 The critical issue 

 
Considering the criticality and research constraints which is analyzed in 6.1, the gap between system 
specification and system architecture have been selected as the issue to be focused among other 
challenges of Vee diagram. As described in 6.1, in each phase of Vee diagram there are clear set of 
challenges and specific systems engineering analysis methods and tools are required to deal with 
them. In empirical findings, 4.2.2.1, issues and shortcomings of stakeholder requirements have been 
described. Although in 4.2.1.1, some new stakeholder requirements have been find not to be 
sufficiently addressed by current architecture, for this research work, system specification which is 
mostly extracted from (ANSI/AGMA/AWEA) has been assumed in accordance with stakeholder 
needs. In the other word as long as the work is being done in accordance with this standard, most 
prioritized stakeholders requirements are assumed to be considered. 
 
The main challenge, however, remained valid as filling the gap between this system specification and 
system architecture. In fact, since the lubrication system is not acknowledged as a system, as 
described in 4.2, system properties cannot be taken to consideration. That is why no matter how 
advanced and accurate they design one sub-system of the lubrication system, e.g. filtration system, 
the final output of the system i.e. the lubricant which is delivered to gearbox by lubrication system, 
still isn’t in a favorable condition. As long as the system architecture is not made in accordance with 
the system specification, these issues cannot be completely solved. 

7.2 Defining Use Case Scenarios 

 
Five major use-case scenarios have been defined for the system in 6.2 as following;  
 

1) Start up 
2) Power production 
3) Parked 
4) Preventive maintenance 
5) Active maintenance.  

 
Current architecture which is described in 4.3 does not respond to some scenarios efficiently. For 
instance, during start up, lubrication system cannot heat up the lubricant as fast as desired or during 
power production, when a load change happens, it cannot change the temperature and viscosity of 
lubricant in appropriate time. Furthermore, to perform a preventive maintenance, system should be 
able to monitor the condition of gearbox to identify deficiencies before any fault happens. Since the 
lubricant is the unique component of the system which has the opportunity of passing through all 
components and sub-systems e.g. cooler, heater, filtration, tank, pumps and etc, observing the 
condition of lubricant facilitate observing the condition of gearbox. While some prominent 
parameters of lubricant are not being monitored accurately, consequently there are issues in 
preventive maintenance scenario. 

7.3 System Functional Requirements  

One possible cause of deficiency to respond to scenarios mentioned in previous part could be the 
lack of a specific function in any level of the system. To improve the system from this perspective, 
system requirements have been defined by using the existing functional architecture. Another 
possible cause of this problem could be rooted in inappropriate response of the system to a scenario. 
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In these cases, system does have a proper function but the response is not within the most favorable 
margin of time or performance. From all system requirements which have been analyzed in 6.3, 
following functional and input/output requirements have been found not being responded by the 
existing system; 
FR1.1 Measure the amount of Air content at specific points  
FR1.2 Measure the amount of lubricant flow rate at specific point  
FR1.3 Count the number of particles of each predefined size  
FR3.1 Calculate desired heat rate according to current and desired temperature of lubricant  
Also functional requirement 4.3, filter lubricant, is not being fulfilled by the system properly. 
Although existing architecture has specific sub-systems to filter the lubricant, its configuration, the 
arrangement of the sub-systems, is in such a way that the contaminated lubricant mixes with the 
filtered one in storage tank. The process is analyzed and schematically illustrated in 4.3. So, even 
though the lubricant is being filtered by the lubrication system, gearbox is not receiving 
decontaminated lubricant at desired level of cleanliness. 

7.4 Modified architecture  

 
Existing architecture has been modified and the hierarchy of modified architecture is presented in 
6.4. In this new architecture, besides having some new functions in monitoring the system, sub-
functions of function 4.6 has also changed. Function 4.6.2, deaerate the lubricant is added there to 
improve the contamination procedure. In theoretical background, 3.1.4, diesel effect, as a 
consequence of air bubbles in lubricant has been described. With this function, this type of 
contaminations can be removed from the system. Also the new configuration of function 4, filter the 
lubricant, prevent the combination of contaminated and decontaminated lubricant which was 
inevitable in existing architecture. Since a by-pass passage is considered for the storage tank, in case 
of its maintenance in active maintenance scenario, lubricant can by-pass the storage tank and directly 
flows to the heater. 
Also as described in 6.4, function 3, increase the lubricant temperature, has been modified to be able 
to respond to more scenarios appropriately. In modified system, the heat rate which is given to the 
lubricant in heater is decided based upon the operational condition, desired temperature, and the 
duration of time in which the lubricant needs it. Then, according to decided heat rate, one of 
predefined mode in heater will be activated and lubricant will be heated to the favorable temperature 
within favorable time. Another aspect which is modified in system architecture can be seen in the 
sub-functions of function 4.6. To be able to respond to different load cases in start up and especially 
normal power production scenarios, system should have the possibility of changing the lubricant 
flow rate. This function has also been defined as 4.6.6. 
 

7.5 Evaluating Existing architecture and Modified architecture 

 
Modified architecture, has shown enhancement and improvement with respect to system 
characteristics as illustrated in analysis chapter. In general, its improvement regarding the existing 
architecture can be summarized as following. 
 

I. Improved functionality (performance) gained by considering some functional requirements 
number which have been neglected in existing architecture (new component) 

II. Improved functionality by preventing combination of filtered and contaminated lubricant 
(new configuration) 

III. Improved Responsiveness by a more intelligent heating system, (new components) 
IV. Higher reliability, justified by increased redundancy of filters (new component and 

configuration) 
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7.6 Problems of Implementing the Architecture in the contract 

 
In 6.6 it’s described and analyzed that within the scope of current contract, the modified architecture 
cannot be implemented efficiently. Component based contracts as are being used for lubrication 
systems cannot fulfill neither the system specifications dictated by the AGMA standard 
(ANSI/AGMA/AWEA) which have been introduced in theoretical background nor the stakeholders 
requirements which are stated by operators.  

7.7 Proposing new type of contract 

 
A framework of a system oriented contract between system supplier and system provider is created 
in 6.7.  The framework consist of following sections 
 

 Stakeholder Requirements 

 Use Case Scenarios 

 Trade Off requirements 

 Verification Procedure 

 Validation Procedure 
 
This framework can implement the new architecture more efficiently with many other tangible and 
intangible advantages detailed in 6.7.  

7.8 Evaluating new contract and existing 

 
New contract introduces a new stakeholder into the existing picture; system supplier. Improved 
traceability, system verification and validation procedure involving key stakeholders are the key 
benefits of the new system oriented contract. Furthermore, since the system provider has the 
expertise of lubrication and filtration, new contract allows using the advantages of any advancement 
in sub-systems and components. 
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Chapter 8: Conclusion 
 
The wind turbines with gearboxes have been under the scanner for high failure rates and high 
downtime. One of the primary failure modes is wear in the gearbox system. This thesis work 
establishes the influence of wear failure due to lubrication sub-system using system engineering 
approach and tools.  

8.1 The critical issue 

 
The primary causes are the gap between the needs of lubrication sub-system to serve gearbox system 
and architecture of the lubrication system and inefficiency in the current contractual mechanism of 
lubrication system to identify and improve any deficiency.  

8.2 Use cases 

 
Existing architecture of lubrication system has deficiencies in responding the operational scenarios of 
wind turbine gearbox. Furtherer research work can be defined to identify all possible use cases 
including load variation within the power production mode and different types of start-up scenarios. 
Favorable Responsiveness of lubrication system to its interacting systems e.g. gearbox system is yet 
to achieve.   

8.3 System specifications 

 
Lack of system holistic view, i.e. life cycle and considerations cause shortcomings in defining the 
system specifications of the WTGB lubrication system.  Further research can concentrate on defining 
system-wide requirements of lubrication system and mapping them to engineering characteristics.  

8.4 Modified System architecture 

 
Modified system architecture has improved certain characteristics of the system by considering new 
use cases, new functional requirements and new configuration. As a further research work, modified 
architecture can be developed one level deeper and respective functional architecture can be 
modeled. The tractability of use cases in the architecture can be further verified. 

8.5 Evaluating existing architecture and modified architecture 

 
A comparative analysis is carried out between the existing and improved architecture. The primary 
result shows an effective improvement in the improved architecture. Performance and cost trade offs 
can be done as parts of furtherer research to enhance the evaluation process. 

8.7 Problems of implementing architecture in the contract 

 
The latter primary cause was analyzed to understand the reasons behind its current inefficiency. The 
rationale is further investigated to create a new system oriented contract to effectively implement the 
new improved system architecture.  
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8.8 System oriented contract 

 
This thesis work provides an architecture model for lubrication system providers to create a detail 
design and perspectives of trade offs so as to be customized for the wind turbine industry; and a 
system oriented framework for the contractual process between system provider and system 
purchaser. 
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