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Preface

The Drivetrain Reliability Collaborative holds annual meetings convened by the National
Renewable Energy Laboratory, Argonne National Laboratory, and the U.S. Department of
Energy to bring together researchers and stakeholders throughout the wind turbine drivetrain
supply, operations, and sustainment chain. A prime focus of these meetings is to explore the state
of the art in mechanical system reliability as well as operations and maintenance challenges that,
if solved, could deliver significant benefits.

The last in-person meeting was held in Golden, Colorado from Feb. 18—19, 2020. More than 150
attendees participated, representing industry, academia, other research laboratories, and
government. The two-day program included podium presentations covering a broad range of
topics including gearbox and main bearing design and modeling, drivetrain condition
monitoring, and wind plant operations and maintenance and data analytics. Panel discussions
were held on topics such as land-based and offshore wind turbine drivetrain reliability, wind
plant operations and maintenance challenges, and artificial intelligence, machine learning, and
“big data” analytics opportunities. More recently, the Collaborative held a webinar on Feb. 16—
17,2021. Of more than 350 registrants, approximately 75% were from industry. This report
summarizes the research and development opportunities identified from these most recent
meetings.

The presentations from all of the past annual Drivetrain Reliability Collaborative meetings are
available at https://app.box.com/s/095z41y60gvwrxv71hbg32skwrjk1q9q.
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1 Introduction

The wind energy industry has seen tremendous growth over the past two decades with a
cumulative installed capacity reaching 651 gigawatts globally and 105 gigawatts in the United
States at the end of 2019 (Lee and Zhao 2020). The cost of energy from wind has declined
during the past two decades (U.S. Department of Energy [DOE] 2015) due to a combination of
lower capital costs, higher production, and more efficient operation. Wind power plant
operational expenditures (OpEx), however, remain an appreciable contributor to the overall cost
of wind energy, with a capacity-weighted average cost of $44 per kilowatt per year ($12 per
megawatt-hour) for land-based wind plants commissioned between 2015 and 2018 in the United
States (Wiser, Bolinger, and Lantz 2019).

OpEx represents a sizable and potentially growing share of the levelized cost of energy (LCOE),
especially as wind’s LCOE declines because of lower upfront costs and better performance.
Recent data suggests wind plant OpEx can account for 25% to more than 35% of the LCOE of
both land-based and offshore wind (Wiser, Bolinger, and Lantz 2019; Lantz 2013; Carroll et al.
2017). Approximately half of land-based plant OpEx costs are associated directly with turbine
operations and maintenance (O&M) (Wiser, Bolinger, and Lantz; Lantz 2013). Turbine O&M
costs therefore represent the single largest component of wind plant OpEx and the primary
source of potential O&M cost reductions, with total OpEx cost reductions possibly contributing
10% or more of the expected reduction in land-based wind LCOE (Wiser, Bolinger, and Lantz;
Stehly, Beiter, and Duffy 2020) and as much as 40% of the expected reduction for fixed-bottom,
offshore wind plants if improved vessel accessibility and remote maintenance strategies are
included (Stehly, Beiter, and Duffy 2020). Although comparable information in the literature for
existing offshore wind plants is sparse, it indicates that pitch system failure rates can be over 2
times higher offshore than onshore. Failures of the main bearings, gearbox and generator, along
with the blades, are the highest contributors to downtime for both offshore and onshore turbines
(Dao, Kazemtabrizi, and Crabtree 2019); unsurprisingly, OpEx costs are approximately one-and-
a-half to three times higher (Dao, Kazemtabrizi, and Crabtree 2019; Stehly, Beiter, and Duffy
2020) for offshore as compared to onshore wind plants.

The Drivetrain Reliability Collaborative (DRC), a consortium led by National Renewable Energy
Laboratory (NREL) and Argonne National Laboratory (ANL) through the support of the DOE
Wind Energy Technologies Office, conducts research and development (R&D) in this area. The
DRC has evolved from its beginnings as the Gearbox Reliability Collaborative (Keller 2014) by
expanding its scope to include other important drivetrain components such as pitch, main shaft,
and generator bearings; tribology and surface engineering (Greco 2014); and technologies related
to O&M such as condition monitoring, prognostics and health management, remaining useful life
(RUL) estimation, and data analytics (Sheng 2014a). The DRC process for R&D is described in
Figure 1. Once a prevalent, costly, and uncharacterized failure is identified, it is first
characterized through benchtop testing in which the most significant contributors to the failure
are quantified. A design life calculation can then be established, and after development of full-
scale models, verified through comparison to failure statistics. Ideally, the design life model can
then be used to improve designs via integration into American Wind Energy Association
recommended practices and International Electrotechnical Commission (IEC) and American
Gear Manufacturers Association (AGMA) design standards, as well as for prognostics and
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optimization of O&M. This work supports both the offshore and land-based tall wind R&D
priorities identified in the recently published DOE Wind Energy Technologies Office Multi-Year
Program Plan (DOE 2020).
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Figure 1. Drivetrain reliability research process

In addition to leading focused R&D projects (Keller 2017; Keller 2019), the DRC hosts focused
seminars (Sheng 2010; Errichello et al. 2012; ANL 2014) and annual meetings (NREL 2021) to
bring researchers and stakeholders throughout the drivetrain supply chain together to exchange
information on the latest R&D, operational challenges, and future opportunities. The DRC
meetings typically feature a two-day program that includes presentations covering a broad range
of topics such as tribology, gearbox and main bearing design, verification and modeling,
drivetrain condition monitoring, wind plant O&M, and data analytics, as well as facilitated panel
discussions. Recent panel discussions included land-based and offshore wind drivetrain
reliability and wind plant O&M challenges, and the state of the art in artificial intelligence (Al),
machine learning (ML), and “big data” (BD) analytics in the wind industry. The R&D
opportunities identified at the most recent DRC meetings are discussed and summarized in this
report, which serves as an update to a similar prior report developed by Keller et al. (2016).
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2 Research and Development Opportunities

Pitch bearings, main bearings, and gearboxes in conventional wind turbine drivetrains often do
not meet their 20-year minimum specified lifetime, primarily due to premature bearing failures
(Kotzalas and Doll 2010; Brake 2013; Hart et al. 2019; Greco et al. 2013; Veers et al. 2018) that
result in turbine downtime as well as expensive, time-consuming repairs or replacements often
necessitating the deployment of large lifting cranes. The dominant failure modes of the drivetrain
components and the conditions that lead to their failure are not fully accounted for during
product design or routinely modeled for life management. Drivetrain reliability improvements
and O&M cost reductions remain top priorities for both land-based and offshore wind turbines,
especially as wind turbines continue to be deployed in increasingly remote and offshore
locations, continue to increase in size, and are becoming expected to be in service beyond their
original design life—all of which correspond to an increase in the impact of any reliability issues
on O&M costs. All aspects of the drivetrain life cycle, from standards to materials and design, to
manufacturing, O&M, and decommissioning or repowering, are impacted.

2.1 Improving Drivetrain Reliability Through Materials and Design

The objective of this area of work is innovation to enable more reliable drivetrain designs by
optimizing the performance and reliability of the mechanical design and the materials used
therein, while decreasing the LCOE. Recently, the interaction of reliability, energy production,
and the LCOE with the wind plant layout has even been investigated (Clark et al. 2021).
Reliability is the probability that a product will not fail during a defined period of time under
given functional and surrounding conditions. The term probability takes into consideration that
various failure events can be caused by coincidental, stochastic distributed causes and that the
probability can only be described quantitatively (Bertsche 2008).

Wind turbine gearboxes used in horizontal axis wind turbine drivetrains continue to grow in size
to up to three meters in diameter, power up to 15 MW, and torque-density of 200 newton-meters
per kilogram (Vaes, Clement, and Lindstedt 2021; Daners and Nickel 2021; ZF 2021; Winergy
2021; Nejad et al. 2021). They are designed for a minimum 20-year design life as specified in the
IEC 61400-4 and AGMA 6006 gearbox design standards. With up to four stages and a speed
increasing ratio of up to 200, the gearbox is a system comprising many elements (primarily the
rotating shafts, gears, bearings), so the reliability of the gearbox is the product of the reliability
of all the failure modes for which there exists a reliability calculation. However, many—if not
most—of the failure modes experienced in operation do not have a standardized reliability
calculation; hence, as described earlier, there exists a difference between the apparent reliability
observed in operation and the calculated design reference reliability. This is not unusual and
occurs in other industries (Cunningham and Morgan 1979; Zaretsky and Branzai 2017), although
the O&M cost impact for wind turbines can be more apparent.

As described in Verband Deutscher Maschinen- und Anlagenbau 23904 and IEC Technical
Specification (TS) 61400-4-1 the gearbox reliability calculation considers gear tooth surface
durability (pitting) according to the International Organization for Standardization (ISO)
standard 6336-2 and bending strength according to ISO standard 6336-3; rolling element bearing
rating life from subsurface-initiated fatigue (i.e., rolling contact fatigue) according to ISO
standard 281 and ISO/TS 16281; and shaft fatigue fracture according to Deutsches Institut fiir
Normung (DIN) 743 and American National Standards Institute (ANSI)/AGMA 6001. In some
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cases, a safety factor for or percent risk of these failure modes can at least be quantified in the
gearbox design process, including for gear tooth scuffing (using ISO/TS 6336-20,
ANSI/AGMA 925, and ISO/TS 6336-21) and for and gear tooth micropitting (using

ISO/TS 6336-22), or otherwise assessed for gear tooth flank fracture according to ISO/TS 6336-
4. Safety factors for the static strength of gears and bearings are calculated according to

ISO 6336 and ISO 76, respectively. Other bearing failure modes, such as surface-initiated fatigue
(e.g., micropitting), adhesive wear, corrosion, electrical damage, and white-etching cracks
(WECs) can only be assessed qualitatively. Requirements for materials, processing, and
manufacture are part of these standards. Design guidance for the use of plain bearings in the
gearbox is under development as they offer advantages in terms of torque-density and are only
life-limited by wear, although they are already becoming common in new gearboxes (Erdman
and Keller 2016; Weber and Hansen 2021; ZeichfiB3l et al. 2021).

Main bearings and generator bearings, including those used in direct-drive turbines, do not have
an application-specific design standard and are typically designed with respect to ISO 76,

ISO 281, and ISO/TS 16281. Because pitch bearings are not under constant rotation,

ISO/TS 16281 is used as a design specification and requires detailed simulations of the bearing
to be sufficiently precise. Other life calculation methods have been proposed for oscillatory
applications (Houpert 1999; Woll, Jacobs, and Kramer 2018), including guidance to prevent
fretting corrosion and false brinelling.

The aforementioned discussion specifies documentation in terms of standards and technical
specifications. An international standard provides rules, guidelines, or characteristics for
activities or for their results, aimed at achieving the optimum degree of order in a given context.
A technical specification addresses work still under technical development, or where it is
believed that there will be a future, but not immediate, possibility of agreement on an
international standard. A technical specification is published for immediate use, but it also
provides a means to obtain feedback. The aim is that it will eventually be transformed and
republished as an international standard. A final category is a technical report, which may
include data obtained from a survey, for example, or from an informative report, or information
about the perceived “state of the art” (ISO 2021).

2.1.1 Failure Mode Characterization and Design Life Calculation

As described in the previous section, there are challenges for existing design methods to produce
components that are reliable for the 20-year or higher lifetime of wind energy plants. It is not a
coincidence that the failure modes that are not currently characterized with a standardized
reliability calculation are also the ones that are most prevalent in wind turbine drivetrains. An
early attempt at developing design life calculations was undertaken for yaw and pitch bearings
by Harris, Rumbarger, and Butterfield (2009). Failure modes related to load-sharing in planetary
shaft bearings (LaCava et al. 2013; Guo, Keller, and Parker 2014; Guo, Keller, and LaCava
2015; Keller and Wallen 2015; Keller et al. 2018; Guo and Keller 2020) and high-speed shaft
bearings (Helsen et al. 2016; Guo and Keller 2018; Helsen, Guo, and Keller 2018) and rating of
splined gear-couplings (Guo et al. 2016) were investigated in early DRC efforts from 2010 to
2017. Significant research has also been devoted to characterizing bearing WEC failures starting
in 2017 (Keller, Gould, and A. Greco. 2017). The following sections summarize the state of the
art and new opportunities in R&D identified at the recent DRC meetings for the most prevalent
failure modes in drivetrain components.
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2.1.1.1 Pitch Bearing Fatigue, Wear, and Frictional Corrosion

Slew ring or “pitch” bearings are used in wind turbines to connect the blade root to the hub and
support the resulting simultaneous radial, axial, and overturning moment loads. Although not
identified as large a source of reliability issues as gearboxes and main bearings in the first DRC
workshop report (Keller et al. 2016), there has been an increasing level of industry interest in
pitch bearing reliability with some populations demonstrating a 12% failure rate in 20 years
(Hornemann 2019). Further, pitch system failure rates in some populations are over 2 times
higher offshore than onshore (Dao, Kazemtabrizi, and Crabtree 2019). These bearings are
usually grease-lubricated, large in diameter, and thin in cross section, making them vulnerable to
deflections and consequent stress concentrations, a trend which will continue as rotor diameters
increase even more for tall land-based and offshore wind turbines. With the introduction of
advanced controllers and an accompanying increase in pitch activity, the total pitch travel of
these bearings has increased tremendously. For these reasons, there is an increased need to study
rolling element and raceway curvatures, deformations, misalignment, sliding, and skewing, load
distributions, contact stresses, edge loading, and lubrication conditions more accurately to
understand pitch bearing failures. This includes fatigue and wear-related failures and frictional
corrosion (i.e., false brinelling and fretting corrosion [Kotzalas and Doll 2010, Errichello 2004,
Grebe et al. 2018]) failures, as described in ISO 15243 but not accounted for in ISO 281 or
ISO/TS 16281. The most pertinent research questions are:

e How should the design life of pitch bearings be calculated, when the typical bearing fatigue
life standards are not applicable?

e How can different pitch bearing concepts be evaluated?

e (Can premature pitch bearing failures be mitigated through design modifications and control
strategies without derating?

e How do large blades, advanced control strategies, wake effects, offshore dynamic loading
and environmental conditions, and plant layout (Clark 2021) influence pitch bearing
reliability?

If successful, this work will enable the design and specification of more reliable pitch bearings, a
key concern in the long-term operation of onshore wind turbines and new development of
offshore wind turbines. The research should include benchtop, scaled, and/or even full-scale
experimental investigations of existing and innovative designs along with collection of failure
data, modeling and analysis conducted in a systematic fashion (Han et al. 2015; Becker et al.
2017; Schwack, Prigge, and Poll 2018; Stammler, Reuter, and Poll 2018; Fischer and Monnig
2019; Brinji, Fallahnezhad, and Meehan 2020; Stammler et al. 2020; Menck, Stammler, and
Schleich 2020; Schwack et al. 2020; Song and Karikari-Boateng 2021) similar to how the DRC
is already approaching main and gearbox bearing reliability R&D.

2.1.1.2 Main Bearing Wear

Main shaft roller bearing failure modes include progressive wear, fretting, smearing, WECs, and
spalling (Keller et al. 2016; Kotzalas and Doll 2010; Brake 2013; Hart et al. 2019; Greco et al.
2013; Hart et al. 2020). Specifically highlighted in many works is the importance of progressive
wear, which is not accounted for in the current design process, of the spherical roller bearing
typically used as the main bearing in three-point mounted drivetrains. Failure rates in some
populations can be as high as 20%-30% in as little as 610 years (Brake 2013; Hart et al. 2019);
however, other populations can be very reliable. Bearing fatigue life standards are reaching their
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limit for calculating main bearing rating life due to low operational speeds, high axial loads, and
lubrication characteristics, especially as tall land-based and offshore turbines continue to increase
in size. These types of failures can be better understood through both accelerated benchtop as
well as full-scale investigations supported by modeling (Sethuraman, Guo, and Sheng 2015;
Stirling, Hart, and Kazemi Amiri 2021; Guo et al 2021). The aim of this work should be to help
identify root causes and make better-informed initial design and maintenance decisions (Keller et
al. 2016). Some pertinent research questions are:

e What are the key differences between more reliable and less reliable main bearing
populations?

e How valid are current design life calculation methodologies?

e What are the benefits and limitations of different mounting configurations and bearing types
and sizes, especially for offshore geared and direct-drive turbines (Lucas 2019)?

e (Can premature main bearing failures be mitigated through design changes and control
strategies without derating?

e How do advanced control strategies, wake effects, offshore dynamic loading and
environmental conditions, and plant layout (Clark 2021) influence main bearing reliability?

e What impacts do roller slip and stray current have on the formation of WECs and main
bearing failures?

2.1.1.3 Gearbox Bearing White-Etching Cracks

The most common gearbox failure mode historically has been attributed to WECs in bearings,
which refer to the appearance of the bearing steel microstructure when a cross section is
polished, etched with chemicals, and examined under reflected light. WECs can often propagate
to spalls or lead to a complete splitting of the inner ring after as little as 5%—-20% of the predicted
design life (Greco et al 2013). Although the O&M cost impact of WECs within the gearbox has
been reduced by the advent of uptower repairs, mitigating or resolving WEC-related bearing
failures is still important (Keller et al. 2016; Guo and Keller 2020). The main drivers for the
creation of WECs in steel specimens have been identified and verified at the material level
(Gould and Greco 2015; Evans 2016; Gould and Greco 2016; Gould, Greco, Stadler, and Xiao
2017; Gould, Greco, Stadler, and Vegter et al. 2017; Manieri et al. 2019; Lopez-Urufiuela et al.
2021). However, in a full-scale wind turbine gearbox, the conditions leading to WECs, the
process by which the failure culminates, and the reasons for their apparent prevalence are still
not fully understood (Vaes et al. 2019). The importance of steel microstructure, heat treatment,
lubricant composition, and electrical current is also becoming more understood (Séepanskis,
Gould, and Greco 2017; Gould, Demas, and Greco 2019; Gould and Paladugu et al. 2019; Gould
and Demas et al. 2019; Roy et al. 2019; Gould et al. 2021). Recent evidence does indicate
bearing failures due to WECs can be reduced through implementation of several
countermeasures (Jensen, Heuser, and Petersen 2021); however, design life calculations are still
under development and require further verification (Guo et al. 2020; Leung, Voothaluru, and
Neu 2021; Natarajan et al. 2021). Pertinent research questions are:

e (Can a sufficiently accurate design life calculation for WECs be developed?

e What is the importance of transient turbine operations that induce short-term, high loads for
WECs?
e How much does the lubricant heater and cooler influence bearing slip and WEC formation?
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e Do low-load curtailment operations contribute to WECs?
e What is the relative importance of tribological and material effects such as heat treatment,
lubricant viscosity, surface engineering, water content in oil, and stray electrical current?

2.1.1.4 Plain Bearing Wear

As described earlier, plain bearings are already becoming common in new gearbox designs
(Erdman and Keller 2016; Weber and Hansen 2021; Zeichfiif3l et al. 2021) as they offer
advantages in terms of cost, torque-density, and calculated design life and they only limited by
wear rather than determined by load-dependent rolling contact fatigue. Plain bearings are reliable
when operating within the hydrodynamic lubrication regime and pressure and temperature limits.
However, they are susceptible to failure during operational conditions when high loads are
combined with low speed and/or inadequate lubrication. Although design guidance for plain
bearings is under development for the IEC 61400-4 gearbox design standard, the wear rate is
difficult to predict accurately in the most challenging operational conditions. Additionally,
innovative plain bearing designs have also been investigated for use in the main bearing position
(Rolink et al. 2021). Pertinent research questions are:

e What are the challenges for plain bearings when used in the gearbox or as a main bearing?
e How can wear rates be more accurately predicted?
e What lubricants and journal bearing materials are best for wind turbines?

2.1.2 Novel Material and Lubricant Development

There is a complementary need to investigate the impacts of the component material, surface
engineering, and lubricant composition on reliability for each of the failure modes discussed in
the previous section (McGuire 2021). For example:

e What lubricant and additive package characteristics are optimal for bearings and gears at
different locations in the drivetrain?

e How do various lubricant compositions, additives, and conditions affect these failure modes
(Schwack et al. 2020)?

e In terms of bearing or gear materials and surface engineering, what material innovations
related to both the bulk material and coatings are necessary to address the dominant failure
modes? How can materials, surface engineering, and additive manufacturing support
continued improvement in torque density and reliability?

e How can the service life of lubricants be extended? How can lubricants be recycled or
reconditioned and reused (SKF 2021)?

2.2 Improving Wind Turbine Availability Through Data Analytics

Much of the early work conducted by the DRC related to condition monitoring and the diagnosis
of drivetrain faults (Hong, Dhupia, and Sheng 2014a; Yan et al. 2014; Dempsey and Sheng
2013) using gearbox fault data gathered during dynamometer testing (Dempsey and Sheng;
Zappala et al. 2014; Yampikulsakul et al. 2014; Sheng 2014b; Sheng 2014c; Hong et al. 2017;
Mauricio, Sheng, and Gryllias 2020). Recently, monitoring of gearbox oil debris through
analysis of the filter elements was also completed (Sheng and Roberts 2017). As the industry has
started recognizing the benefits of condition monitoring and prognostics, related R&D has been
launched in the areas of supervisory control and data acquisition (SCADA)-based modeling for
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gearbox fault detection and prediction (Orozco, Sheng, and Phillips 2018; Williams et al. 2020;
Desai et al. 2020), and physics domain modeling with inputs from the data domain for
component RUL prediction (Guo et al 2020). A prognostics and health management (PHM)
framework for wind turbines was also introduced, which highlighted RUL as the expected output
and described the integration of data and physics domain modeling methods (Sheng and Guo
2019). It provides a systematic view of possible avenues of R&D for the wind industry to benefit
from PHM technologies.

Managing wind plants with multiple turbine types is challenging because failure modes and rates
can vary by turbine type and component manufacturer and model. The methodologies for wind
plant management, therefore, must consider such scenarios and be scalable and transferrable.
Increased data sharing between owners and original equipment manufacturers has led to longer
component service life; however, comprehensive and consistent data that includes predictive
time series and failure records is needed. The data should be made available to enable broad
R&D collaborations across all stakeholders in a manner such that they are securely protected,
quality controlled (e.g., about 20% to 30% of electricity outage information can sometimes be
missing), and transparent.

Digital technologies have improved O&M (Reininga 2020; Doner 2020); however, there are still
a lot of R&D needs to harness their full potential (Guo et al. 2020; Gao and Sheng 2018;
Verstraeten et al. 2019; Pfaffel, Faulstich, and Sheng 2019). With the emphasis of an Al-focused
R&D initiative within DOE (2021), it would be beneficial to examine the following:

e How may digital technologies benefit drivetrain reliability and wind plant O&M?
e What gaps exist?
e What roles can the DOE Wind Energy Technology Office and its laboratories play?

These opportunities are described in the following sections.

2.2.1 Prognostics and Health Management

Opportunities with PHM technologies range from sensing to signal processing, modeling, and
decision making for both electrical and mechanical components. New sensor technologies could
be required to effectively measure the physical characteristics of bearing failures, such as in pitch
systems. A relevant research question is:

e With the boom in new technologies related to the Internet of Things and
digitalization, how can the wind sector benefit and add more “intelligence” to future
wind plants?

An example is the benefits that can be achieved by combining a high-rate gearbox torque sensor
and onboard analytics to determine gearbox RUL and optimize power production (Doner 2020).

Prognostics, or more specifically, the prediction of component RUL (Guo et al. 2020), should be
one of the focused areas of R&D based on BD analytics, ML, data fusion, cloud computing, and
mass storage. One example of the integration of these technologies is the application of deep
learning for automated gear and bearing borescope or failure analysis damage image
classification. One R&D challenge is:
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e How can credible component RUL predictions account for different failure modes
(e.g., surface and subsurface failures)?

Often this is accomplished through a combination of physics and data domain models. These
models are expected to provide a reliable evaluation and prediction of component health at any
given time in the component’s expected life cycle. They are not only valuable to achieve
preventive or smart maintenance, but also for life extension of aging turbine drivetrain
components. PHM is a balancing act between determining an appropriate lead time for
maintenance actions and an acceptable confidence level because the cost of the maintenance
action typically increases as the lead time decreases.

Inspired by the biological immune and nervous systems and a further advance beyond PHM,
engineering immune systems (EISs) attempt to avoid failures and large disturbances instead of
compensating by applying traditional control or recovering the system by physical maintenance
(Lee, Ghaffari, and Elmeligy 2011). With EISs, wind turbines will have the capability to learn
and respond to unseen events, adaptability to retain memory to facilitate responses, and
autonomy for self-controlled ability. EISs have potential to be a significant turning point for
wind plant O&M to achieve resilient and self-maintaining wind turbines of the future.

2.2.2 Operations and Maintenance Optimization

There is an opportunity to develop tools that can help optimize wind plant O&M strategies for
faulted components to minimize downtime and cost. Such optimizations ideally will consider the
component design, site conditions, age, and expected RUL. For offshore wind plants, it is also
critical to consider maintenance logistics, such as vessel availability and site accessibility based
on wind, wave, and icing conditions. Economic analyses for different operational scenarios, such
as derating, could also be included with maximation of profit per energy produced as a new
optimization objective. The tools should recommend when it is most economical to conduct
maintenance and enable evaluation of different economic scenarios. Essential questions
influencing the economic analysis are:

e When can a component be reasonably considered at the end of its life?
e (Can advances in robotics and drone technology be economically leveraged to optimize
maintenance (Rinaldi, Thies, and Johanning 2021)?

The effectiveness of these tools could also benefit from advanced data analytics or computational
techniques. The concept of uncertainty in the realm of reliability is not very well accepted by the
wind industry. There is a need to research uncertainty characterization, aggregation, and
propagation. Questions include:

e How does reliability impact performance?
e How can uncertainty be incorporated in the O&M strategy optimization?

2.2.3 Atrtificial Intelligence, Machine Learning, and Big Data Analytics

As briefly described in the previous sections, digital technologies including AI, ML, and BD
techniques can play a vital role in PHM and O&M optimization for wind. Traditional approaches
suffer from expensive model tuning, inefficiency in handling an overwhelming amount of data,
and limitations in achievable accuracy even with increasing scale (i.e., data size and model size).
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Al, ML, and BD analytics technologies enable effective and efficient handling of the large
volumes and various types of data seen in the wind industry. However, Al models often are not
supported by solid physical understanding of the modeled process. To be successful, data science
needs to be combined with domain knowledge within individual organizations.

When developing these solutions, a few R&D challenges have been observed. For example:

e How can effective features be extracted from wind plant data to account for changing
turbine operational conditions, aging processes, and complexity?

It is important to integrate Al models with physical understanding of the investigated problems.
For certain failure modes, the R&D opportunity lies in understanding the physical damage
propagation process. A pertinent question to explore is:

¢ How may this understanding be integrated with these solutions to develop digital
twins of turbines and plants?

The R&D for Al frameworks should address feature extraction, ML models, actionable
recommendations, and uncertainty. For example, ML models can include the development of
surrogate models to approximate physical processes, definition of an error function, and deep
reinforcement learning for perception.
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3 Summary and Conclusions

The information exchanged and new R&D opportunities identified at the DRC workshops and
meetings are valuable for prioritization of future R&D plans. The DRC workshops and meetings
provide a venue for exchange of information in an open and transparent manner, with the
common goals of improvement in wind turbine drivetrain reliability and reduction in wind plant
O&M costs. The DRC also demonstrates how the industry may collaborate to close the gaps
between design and manufacturing and field operational experience.

A few key takeaways are:

e There is strong support from the industry for continued drivetrain reliability R&D. The
current DOE-funded R&D portfolio is investigating the most important drivetrain reliability
issues as main bearing wear, gearbox bearing axial cracking, and many types of commonly
observed pitch bearing reliability issues are not accounted for in design standards. Rating life
or risk assessment methodologies are needed for these failure modes, along with
development of mitigation strategies.

e Lubricants, materials, and surface engineering techniques—including lubricant type,
viscosity grades, additive packages, coatings, and material cleanliness—have a significant
impact on drivetrain component reliability.

e The research projects originally motivated by these reliability issues in land-based turbines
are equally applicable to offshore turbines because the failure modes are similar. Naturally,
O&M cost impacts are even larger for offshore turbines, so further innovation in prognostics
and health management, remote sensing and repairs, and maintenance strategies can
significantly lower O&M costs in offshore wind.

e Modeling that integrates physics and data domain methods is important to fully harness
benefits of PHM technologies for wind and in support of component life extension.

e O&M optimization can help drive cost further down through better understanding of the
relationships between reliability and performance, handling of uncertainty, and consideration
of logistics, especially for offshore wind. There are many R&D opportunities related to Al
solutions for wind including feature engineering, ML model development, uncertainty
quantification, and decision making in support of both PHM and O&M optimization for
wind.
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