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Izan zirelako gara, garelako izango dira.
They were, and so, we are. We are, and so, they will be.
Basque proverb

For my family, thank you, this one is for you!!
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Summary

The devastating effects of climate change are becoming more evident each day. The time
is now and we must spare no effort to revert the situation to ensure a sustainable and
healthy future. Renewable energies play a vital role in the quest to reduce greenhouse
gas emissions and limit the rise in global average temperature. Wind energy has become
one of the leading renewable sources thanks to its remarkable progress in the last decades.
Nevertheless, extraordinary efforts on all fronts are needed to meet the requirements for
a net-zero scenario.

Many technological advancements have accelerated the staggering upscaling of wind
turbine rotors and power ratings, significantly reducing the levelized energy cost from
the wind (LCoE), and have allowed wind energy to become competitive against fossil fu-
els. Within the turbine, the drivetrain converts the mechanical energy in the rotor hub into
electricity and makes an appreciable contribution to LCoE. Many wind turbine drivetrains
use a gearbox to lower the overall capital cost of the drivetrain. The gearbox transfers the
mechanical power from the rotor hub or the main shaft to the generator and increases
rotational speed, lowering the torque. Ensuring gearboxes operate reliably remains a top
priority because gearbox failures cause extended downtime with costly repairs and con-
tribute appreciably to the turbine operation and maintenance costs.

The massive increase in torque associated with the up-scaling in rotor diameters, cou-
pled with the pressure to lower costs and the size constraints, have translated into higher
torque density demands for wind turbine gearboxes. A trend has emerged in new gear-
box architectures towards more planetary stages and more planets per stage. One of the
main challenges of next-generation gearbox designs is sharing the load evenly between the
high number of planets. Maintaining or improving gearbox reliability with the increasing
torque density demands is proving challenging. Accurate knowledge of the mechanical
loads of wind turbine gearboxes has become essential for modern highly loaded gearbox
designs with significant dynamic interactions.

The main contribution of this thesis is to develop a method to measure dynamic me-
chanical torque in geared wind turbines. A novel method based on strain measurements
on the outer surface of the static first-stage ring gear is proposed. This approach elimi-
nates the main limitation of conventional methods, which involve measuring the strain
of rotating components and consequently require complex and costly data transfer mech-
anisms, such as wireless transmission or slip rings. Optical fiber strain sensors based on
fiber Bragg gratings (FBGs) are used due to their advantages compared to electric resis-
tance strain gauges, including a higher signal-to-noise ratio, immunity to electromagnetic
interference, and a more straightforward installation process, as multiple strain sensors
can be accommodated within a single fiber.

Three experimental campaigns were conducted to achieve the primary goal of this the-
sis. Initially, a 6 MW gearbox equipped with 54 fiber-optic strain sensors was tested in a
back-to-back gearbox test bench to evaluate the capabilities of fiber-optic strain sensors
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in measuring the deformations caused on the outer surface of the ring gear by the planet
passages. Two signal processing strategies were investigated to correlate the strain sig-
nals measured on the static ring gear with dynamic mechanical torque. The first strategy
is based on the peak-to-peak strain values associated with the planet gear passage events.
The second strategy combines the strain signals from different sensors using a Coleman
coordinate transformation and tracks the magnitude of the harmonic component corre-
sponding to the number of planets. In a second test campaign, the measurement setup
was extended to 129 fiber-optic strain sensors distributed around the ring gears of the
three planetary stages of a state-of-the-art gearbox. Operational deflection shapes were
identified by applying data-driven methods to the strain signals. The contribution of the
deflection shapes produced by the passing of planets and their harmonics was found to
be controlled by the amount of input torque applied to the gearbox. Finally, an extensive
field experiment was conducted on a 2 MW wind turbine at the National Renewable En-
ergy Laboratory’s Flatirons Campus to evaluate the accuracy of the torque measurements
and research how the turbine operating conditions affect the quality of the torque mea-
surements. These experiments have advanced the technology readiness level and demon-
strated the accuracy and robustness of the proposed method, which is now deemed ready
for commercial implementation.

The proposed measurement system can also be used to measure additional gearbox
performance features. By comparing the deformations caused by the different planets, it
is possible to evaluate the planet-load sharing behavior. The fiber optical strain measure-
ments from the initial test bench experiments provided equivalent planet load-sharing
results compared to the traditional method based on strain gauges located in the roots of
the sun gear teeth. Additional fiber-optic strain sensors with an enhanced spacing defini-
tion were deployed during the field validation campaign on the 2-MW wind turbine. An
instantaneous evaluation of the mesh load factor was achieved by defining the number of
sensors as an integer multiple of the number of planets. As aresult, the planet load-sharing
behavior was investigated across a wide range of turbine operating conditions.

An accurate measurement of the input torque throughout the service history of every
gearbox in a fleet would enable an improved assessment of the consumed fatigue life. This
is important because the loading conditions are site-specific, and allowing an individual
evaluation of each gearbox can lead to a better understanding of current gearbox failure
modes. Future research is needed to understand the effect of torque fluctuations and in-
vestigate the possibility of improving gearbox loading through advanced wind turbine
controllers. This would facilitate future gearbox design improvements, which would, in
turn, lead to higher reliability and lower LCoE.



Samenvatting

De verwoestende effecten van klimaatverandering worden met de dag duidelijker. Het is
de hoogste tijd om alles in het werk stellen om de situatie te veranderen en een duurzame
en gezonde toekomst te garanderen. Hernieuwbare energie speelt een cruciale rol bij
het verminderen van de uitstoot van broeikasgassen om zo de gemiddelde stijging van de
temperatuur op aarde te beperken. Windenergie is een van de belangrijkste hernieuwbare
bronnen geworden dankzij de opmerkelijke vooruitgang in de afgelopen decennia. Toch
zijn er op alle fronten buitengewone inspanningen nodig om te voldoen aan de vereisten
voor een klimaatneutraal scenario.

Technologische ontwikkelingen hebben de schaalvergroting van windturbines aan-
zienlijk versneld, en hebben de kosten van wind aanzienlijk doen dalen zodat windenergie
beter concurreren met fossiele brandstoffen. In de turbine wordt mechanische energie via
de aandrijflijn omgezet in elektrische energie en levert zo een aanzienlijke bijdrage aan
de gemiddelde kosten van windenergie. Veel aandrijflijnen van windturbines maken ge-
bruik van een tandwielkast om de totale kapitaalkosten van de aandrijflijn te verlagen. De
tandwielkast brengt het mechanische vermogen van de rotornaaf over naar de generator
en verhoogt de rotatiesnelheid, waardoor het aandrijfkoppel daalt. Het blijft een topprio-
riteit om er voor te zorgen dat tandwielkasten betrouwbaar werken omdat defecten aan
de tandwielkasten leiden tot lange stilstandtijden met dure reparaties en aanzienlijke bij-
dragen aan de bedrijfs- en onderhoudskosten van de turbine.

De enorme toename in aandrijfkoppel die gepaard gaat met het vergroten van de rotor-
diameter, in combinatie met de druk om de kosten te verlagen en de beperkte afmetingen,
hebben geleid tot hogere eisen aan de koppeldichtheid van tandwielkasten voor windtur-
bines. Er is een trend ontstaan in nieuwe tandwielkast ontwerpen naar meer planetaire
trappen en meer planeetwielen per trap. Een van de belangrijkste uitdagingen van de vol-
gende generatie tandwielkastontwerpen is het gelijkmatig verdelen van de belasting over
het grote aantal planeetwielen. Het blijkt een uitdaging om de betrouwbaarheid van de
tandwielkast te handhaven of te verbeteren met het oog op de toenemende koppeldicht-
heid. Nauwkeurige kennis van de mechanische belasting van tandwielkasten voor wind-
turbines is essentieel geworden voor moderne, zwaar belaste tandwielkastontwerpen met
aanzienlijke dynamische interacties.

De belangrijkste bijdrage van dit proefschrift is het ontwikkelen van een methode
voor het meten van dynamisch mechanisch koppel in windturbines met tandwielover-
brenging. Er wordt een nieuwe methode voorgesteld die gebaseerd is op rekmetingen aan
het buitenoppervlak van het statische ringtandwiel van de eerste trap. Deze benadering
elimineert de belangrijkste beperking van conventionele methoden, waarbij de spanning
van roterende componenten wordt gemeten en dus complexe en kostbare mechanismen
voor gegevensoverdracht nodig zijn, zoals draadloze transmissie of sleepringen. Opti-
sche vezelsensoren op basis van fiber Bragg roosters (FBG’s) worden gebruikt vanwege
hun voordelen ten opzichte van elektrische weerstandsrekmeters, waaronder een hogere
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signaal-ruisverhouding, immuniteit voor elektromagnetische interferentie en een eenvou-
diger installatieproces doordat er meerdere reksensoren in één vezel passen.

Er werden drie experimentele campagnes uitgevoerd om het primaire doel van dit
proefschrift te bereiken. Allereerst, werd een 6 MW tandwielkast uitgerust met 54 optische
vezelsensoren en getest in een back-to-back tandwielkast testbank om de mogelijkheden
van optische vezelsensoren voor het meten van de vervormingen aan het buitenopper-
vlak van de ringtandwielkast te evalueren. Twee signaalverwerkingsstrategieén werden
onderzocht om de reksignalen gemeten op de statische tandring te correleren met het
dynamische mechanische koppel. De eerste strategie is gebaseerd op de piek-tot-piek ver-
vormingswaarden die geassocieerd zijn met de passage van de planeetwielen. De tweede
strategie combineert de reksignalen van verschillende sensoren met behulp van een Co-
leman codrdinatentransformatie en volgt de grootte van de harmonische component die
overeenkomt met het aantal planeten. In een tweede testcampagne werd de meetopstel-
ling uitgebreid met 129 optische vezelsensoren verdeeld over de ringtandwielen van de
drie planetaire trappen. Operationele doorbuigingsvormen werden geidentificeerd door
datagedreven methoden toe te passen op de reksignalen. De bijdrage van de doorbuigings-
vormen geproduceerd door het passeren van planeten en hun harmonischen bleek gecon-
troleerd te worden door de hoeveelheid ingaand koppel dat op de tandwielkast wordt
aangebracht. Tot slot werd er een uitgebreid veldexperiment uitgevoerd op een 2 MW
windturbine op de Flatirons Campus van het National Renewable Energy Laboratory om
de nauwkeurigheid van de koppelmetingen te evalueren en om te onderzoeken hoe de
bedrijfsomstandigheden van de turbine de kwaliteit van de koppelmetingen beinvloeden.
Deze experimenten hebben het technologieniveau verhoogd en de nauwkeurigheid en ro-
buustheid van de voorgestelde methode aangetoond, zodat deze nu klaar wordt geacht
voor commerciéle inzet.

Het voorgestelde meetsysteem kan ook worden gebruikt om aanvullende prestatie-
kenmerken van de tandwielkast te meten. Door de vervormingen veroorzaakt door de
verschillende planeten te vergelijken, is het mogelijk om de verdeling van belastingen
over de planeetwielen te evalueren. De vezeloptische vervormingsmetingen van de eer-
ste experimenten leverden gelijkwaardige resultaten op in vergelijking met de traditionele
methode gebaseerd op rekmetingen van de zonnetandwielen. Tijdens de veldvalidatiecam-
pagne op de 2-MW windturbine werden extra optische vezelsensoren met een verbeterde
afstandsdefinitie ingezet. Door het aantal sensoren te definiéren als een geheel veelvoud
van het aantal planeetwielen werd een onmiddellijke evaluatie van de belastingsfactor
bereikt. Hierdoor werd het belastingsgedrag van de planeetwielen onderzocht over een
breed bereik van bedrijfsomstandigheden van de turbine.

Een nauwkeurige meting van het ingangskoppel gedurende de hele gebruiksgeschiede-
nis van een tandwielkast zou een betere beoordeling van de verbruikte vermoeiingslevens-
duur mogelijk maken. Dit is belangrijk omdat de belastingsomstandigheden locatiespeci-
fiek zijn en een individuele evaluatie van elke tandwielkast kan leiden tot een beter begrip
van de huidige faalwijzen van tandwielkasten. Verder onderzoek is nodig om het effect
van koppelfluctuaties te begrijpen en de mogelijkheid te onderzoeken om de belasting van
de tandwielkast te verbeteren door middel van geavanceerde windturbineregelaars. Dit
zou toekomstige verbeteringen aan het ontwerp van de tandwielkast mogelijk maken, wat
weer zou leiden tot een hogere betrouwbaarheid en lagere kosten van windenergie.
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Introduction

The devastating effects of climate change are becoming more evident each day. We are run-
ning out of time, and our best collective effort is needed to revert the situation and ensure a
sustainable and healthy future. Renewable energies are a key enabler for such a future. This
chapter presents the remarkable progress attained by wind energy in the last decades and the
extraordinary growth required to meet future net-zero scenarios. Wind turbine technology
is rapidly evolving towards larger rotors and power ratings, which have resulted in much
higher torque density demands for the drivetrain in general and the gearbox in particular.
Maintaining or even improving gearbox reliability with increasing torque density demands
is proving to be challenging. Accurate knowledge of the mechanical loads of wind turbine
gearboxes has become essential for modern highly loaded gearbox designs with significant
dynamic interactions. The contribution of this dissertation can be summarized by its goal: to
develop a method to measure dynamic mechanical torque in geared wind turbines.



Isaac Newton (1643-1727), was the first person to decompose white light and name the
spectral colors. In 1671, he introduced the term “spectrum” while describing his optical
experiments. Newton noticed that when a narrow beam of sunlight hits a glass prism
at an angle, it splits into different-colored bands. He suggested that light is made up of
particles of different colors, each moving at different speeds in transparent matter. Red
light, which moves faster than violet in glass, bends less sharply, creating a spectrum of
colors. Newton initially identified six colors: red, orange, yellow, green, blue, and violet.
He later added indigo to make seven, a number he considered perfect, connecting the
colors to musical notes, known objects in the Solar System, and the days of the week.
Newton was not able to measure the wavelength of the light, but his experiments were
repeated contemporarily to estimate wavelengths where the boundaries of his color terms
lay. In this dissertation, fiber-optic strain sensors have been used, which reflect narrow
bands of wavelength from a full spectrum of light. The working principle of these sensors
has inspired the association of each of the seven chapters of the thesis with a color from
the so-called Newton’s rainbow. The first color, arranged by ascending wavelength, is
violet, with wavelengths from 380 nm to 420 nm.
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1.1 Background

he scientific community has long warned us regarding the catastrophic impact of hu-
T man activities on Earth. The frightening effects of climate change are becoming ever
more evident. Antbnio Guterres, the Secretary-General of the United Nations, summa-
rized these effects accurately in a letter addressed to his great-great-granddaughter, dated
April 20, 2023: “relentless temperature rise, deadly droughts and famines, melting glaciers
and rising seas. Communities ravaged and erased by floods and wildfires. Extinction and
biodiversity loss on an epic scale”. Now is the moment, and it is our responsibility to col-
lectively ensure breathable air, better health, sustainable food systems, clean water, and
robust, circular economies for future generations. Anténio Guterres envisioned an alter-
native path for such a desirable outcome as “a future powered by renewable energy and
high-quality green jobs”.

1.1.1 The evolution and future of wind energy

Renewable energy is derived from natural unlimited sources, such as the sun, tides, and
wind, in contrast to finite sources, like coal, natural gas, and oil. It can be used to generate
electricity, for heating and cooling, and for transportation. The growth of wind energy
in the last decades has been truly remarkable. The Global Wind Energy Council (GWEC)
reported a “record-breaking” 116.6 GW of new wind energy capacity installed in 2023,
bringing the worldwide cumulative wind power capacity to 1021 GW [1]. This implies
that the installed capacity has more than tripled in the last 10 years from a global capacity
0f 318.1 GW in 2013 [2], and a staggering 25-fold increase in 20 years from the 39.4 GW in
2001 [3]. The share of electricity produced by wind energy worldwide varies significantly
depending on the country. Denmark leads with 57.7 %, while countries like the United
States of America and China have shares of 10 % and 9.4 %, respectively [1]. In the Euro-
pean Union (EU) wind farms generated 466 TWh of electricity in 2023, which accounted
for 19 % of the EU’s electricity demand [4]. Overall, in the year 2023, wind energy supplied
7.8 % of the electricity generated worldwide [5]. The progress attained by wind energy to
date is truly remarkable, and the projected growth for the coming years and decades is
even larger. In 2022, the International Renewable Energy Agency (IRENA) and Interna-
tional Energy Agency (IEA) published a road map for the energy sector to become net-zero
by 2050, to limit the rise in global temperatures to 1.5°C [6]. According to these master
plans, solar photovoltaic (PV) and wind shall become the leading sources of electricity
globally before 2030. In 2050, combining wind and solar with bioenergy, hydroelectricity,
and geothermal, renewables will provide two-thirds of energy use for a net-zero scenario.
The worldwide annual capacity additions of wind energy should reach 390 GW by 2030,
310 GW onshore and 80 GW offshore. That means increasing the yearly installations more
than three times compared to the ones accomplished in 2023 [6].

1.1.2 Turbine technology trends

To facilitate such rapid growth, the main focus of industry and academia has been lowering
the levelized cost of energy from wind (LCoE) [7]. This push to lower the LCoE has resulted
in a race from wind turbine manufacturers to increase the rotor diameter, power rating,
and hub height of wind turbines. Wind turbines are generally classified into land-based
and offshore because this has significant implications in the design requirements. The
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size evolution in offshore turbines has been even more dramatic because they have less
stringent logistic constraints [8]. Figure 1.1 illustrates the extraordinary pace of upscaling
of wind turbines. The trend to increase power ratings, rotor diameter, and hub heights can
be understood from a wind turbine’s fundamental power generation equation [9]:

_1 4.3
P= E'DAV Cp, (1.1)

where p is the air density, A is the area swept by the rotor, v is the wind speed and C,
is the power coefficient. Power is proportional to the swept area and, therefore, grows
with the square of the rotor diameter. Increasing the hub height reduces the influence
of surface friction on the wind conditions witnessed by the rotor, allowing wind turbines
to operate in higher-quality resource regimes where wind velocities are higher. There
are several reasons for the increase in the rotor diameter of wind turbines. Larger rotors
capture more energy. The increase in energy captured by the rotor is bigger than the
increase in overall turbine costs because blade lengths can be increased while many other
costs remain fixed, generally leading to lower LCoE in larger turbines. More powerful
turbines allow fewer turbine installations for a given power plant capacity, lower balance-
of-system costs, and fewer moving parts, therefore enhancing the reliability of the wind
plant. In addition, increasing the size of the rotor relative to the generator rating allows
for lowering the rated wind speed and operating more frequently at full power, resulting
in a higher capacity factor.
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Figure 1.1: Turbine size trend from 1980 to 2030, source GWEC [1].

This rate of development is unprecedented in any other industry or engineering ap-
plication. Ensuring turbines operate in a reliable manner over their entire service life
remains a top priority [10]. The technology race to upscale new turbines requires expen-
sive investments in R&D, and entails high risks jeopardizing a sustainable supply chain. In
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this context, several OEMs have faced quality issues with alarming financial consequences
due to warranty provisions over the last five years [11].

1.2 Geared drivetrains

The wind turbine drivetrain converts mechanical power to electrical power and transmits
the rotor loads to the bedplate and tower [12]. Therefore, it includes all the components
downstream of the rotor hub associated with power conversion, i.e., main bearing, shafts,
generator, and power converter, and makes an appreciable contribution to the capital ex-
penditure of the turbine [13]. Many wind turbine drivetrains use a gearbox to lower the
overall capital cost of the drivetrain. This has led to two main drivetrain configurations,
geared drivetrains and drivetrains without a gearbox, which are widely referred to as
direct drive. The benefits and drawbacks of both configurations have been frequently ad-
dressed in literature [12, 14-18]. Up to this point, there has been no convergence towards
a single best wind turbine drivetrain, and both configurations co-exist in commercial tur-
bines. Geared turbines with a doubly-feed induction generator (DFIG) have dominated the
global onshore market below 3 MW rated power output [19]. In the offshore wind energy
market, leading manufacturers have favored either a direct-drive permanent-magnet syn-
chronous generator (DD-PMSG) or a medium-speed gearbox coupled to a compact PMSG
(MS-PMSG) [20]. According to the 2023 Global Wind Turbines Technology Trends report
from Wood Mackenzie, the direct-drive market share of drivetrains connected to the grid
in 2023 was 8 %, geared drivetrains with a high-speed generator accounted for 72 % and
the remaining 20 % were medium-speed geared drivetrains with PMSG [21]. In the com-
ing decade, direct-drive drivetrains are forecasted to maintain their market share between
8-10 %, while medium-speed geared drives will gradually increase their share up to 36 %
at 2032 [21].

Reliability, in the context of this dissertation and specifically regarding wind turbines
and gearboxes, is defined as the probability of performing the intended function without
failure under specified operational conditions [22]. For wind turbines, the primary func-
tion is producing electricity, while for gearboxes, it is to transfer the power generated by
the wind from the rotor hub or main shaft to the generator, providing the necessary in-
crease in rotational speed. Several metrics quantify reliability, including failure rates, stop
rates, downtime, and lost production. Ensuring wind turbine gearbox reliability remains
a top priority because gearbox failures cause long downtime with costly repairs and con-
tribute appreciably to the turbine operation and maintenance costs [10, 23, 24]. Thanks
to internationally recognized gearbox wind turbine design standards like IEC 61400-4 and
AGMA 6006 and collaborative efforts like the Drivetrain Reliability Collaborative between
turbine manufacturers, gearbox designers, bearing suppliers and research institutions like
the National Renewable Energy Laboratory (NREL) and Argonne National Laboratory, av-
erage annual gearbox failure rates for the U.S. land-based fleet have dropped from 5 % to
10 % 20 years ago [25] to 2.5 % more recently [26]. Yet, there is room for improvement be-
cause gearboxes still generally do not reach their desired design life [27]. These standards
have placed greater rigor on the design and gearbox verification process, including the
effects of rotor nontorque loads [28], transient events [29, 30], and electrical currents [31].

Torque is the critical sizing factor for wind turbine gearboxes and drives their dimen-
sions and weight [32]. If we assume a limitation to maintain the tip speed of the blades
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constant, the rotational speed decreases linearly with the rotor diameter, and therefore
from Equation (1.1), rotor torque grows with the cubic exponential of the rotor diameter:

T « pR3v3C,, (1.2)

where R is the rotor radius.

NREL publishes the yearly average power rating and rotor diameter values of turbines
installed in the United States [33-35]. For each year the associated average rotor torque
values can be derived from Equation (1.2), showing that the rotor torque of the installed
turbines has increased more than 3 times in a decade[36]. The vast increase in torque asso-
ciated with the upscaling in rotor diameters, coupled with the pressure to lower costs and
the size constraints due to handling and logistic limitations, have translated into higher
torque density demands for wind turbine gearboxes. Thanks to multiple technological
innovations, torque densities have experienced a remarkable 2.5-fold increase over the
past decade [21], with values of 200 Nm/kg now regarded as state-of-the-art in the indus-
try [37-39]. For such high torque ratings and torque density values, a trend has emerged
in new gearbox architectures towards more planetary stages and more planets per stage.
In wind turbines with a power rating of up to 2.5 MW, the most widely used gearbox ar-
chitecture is shown in Figure 1.2 and comprises a single planetary stage and two parallel
gear stages [40]. An example of this gearbox architecture is the G97 2MW gearbox shown
in Figure 1.3, which was used for the experiments presented in Chapter 4 and Chapter 6
of this dissertation. In the power range from approximately 2 MW to 6 MW, gearboxes
with two planetary stages and a single parallel stage have become mainstream. Figure 1.5
shows the gearbox architecture of a Siemens Gamesa Renewable Energy (SGRE) 5X gear-
box employed in turbines with rotor diameters up to 170 meters and rated powers up to 6.6
MW. This gearbox was used in the experiments presented in Chapter 2. The field assembly
process where the gearbox, the main shaft and the rotor hub are lifted into the nacelle is
shown in Figure 1.4. For even higher power ratings, gearboxes with three planetary stages
like the one depicted in Figure 1.6 are expected to become dominant. This gearbox archi-
tecture was tested in Chapter 3. Due to the high torque increase in these power ratings,
the trend is to employ more planets in the input stages. Because of limitations in outer
diameter, the space available for planet bearings has decreased to a point where journal
bearings must be adopted, as there is not enough space for roller element bearings [12].
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Figure 1.2: Exploded view drawing of a 3-stage gearbox with one planetary stage
(PHH architecture). Adapted from Gamesa Gearbox (https://www.gamesagearbox.com/
wind-technology/.

Figure 1.3: G97 gearbox in its final as- Figure 1.4: SGRE 5X - 170 drivetrain in-
sembly stage. stallation in prototype turbine.
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Figure 1.5: Assembly drawing of shafts and gears from the 3-stage Siemens Gamesa Re-
newable Energy gearbox (PPH configuration).
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(PPPH). Adapted from Gamesa Gearbox (https://www.gamesagearbox . com/wind-technology/
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1.3 Measuring torque in wind turbines

Accurate knowledge of the dynamic mechanical torque in wind turbine gearboxes is cru-
cial to meet the increased torque density demands and additional requirements, such as
more significant dynamic interactions and stricter noise regulations, while maintaining
or even enhancing their reliability. Dynamic mechanical torque measurements of ev-
ery gearbox in a fleet can enhance drivetrain usage monitoring because the consumed
fatigue life can be assessed more precisely using the measured torque values through-
out their entire commercial operation. The wind turbine controller can also potentially
use dynamic torque measurements to improve wind turbine control and reduce torque
oscillations (i.e., torsional damping). Additionally, dynamic mechanical torque measure-
ments can be used to quantify drivetrain efficiency. Unfortunately, sensors that provide
detailed direct load measurements of the turbine during commercial operation are gener-
ally not available [41]. It is feasible to estimate the mechanical gearbox torque from the
electric currents in the generator and the power converter. However, this process necessi-
tates assumptions about the variable efficiencies of the gearbox and generator, which are
generally unknown and dependent on the applied torque. Additionally, other operating
conditions, such as temperature, can further increase the uncertainty of these measure-
ments. Typically, this information is only available in commercial wind turbines through
the supervisory control and data acquisition (SCADA) system. Due to the limited fre-
quency capability of SCADA, it cannot capture the torque fluctuations induced by dynamic
wind turbine operations [30, 42—-44]. This limitation is especially critical during high-load,
highly dynamic events, such as emergency stops and low-voltage ride-throughs, when
the generator must handle brief periods of reduced electric network voltage. The conven-
tional method to make a direct measurement of dynamic mechanical torque is based on
bonding strain gauges to a rotating drive shaft. The strain gauges convert the torsional
deformation caused by the torque into a change in electrical resistance. Transferring the
resulting signal from the rotating shaft to a stationary data logging system and powering
the data acquisition devices is difficult and costly. In wind turbines, the main-shaft’s tor-
sional deformation is also small because of its high stiffness, which typically results in a
low signal-to-noise ratio. The torsional deformation of the gearbox output shaft is higher,
but this shaft can require special provisions to access the shaft [30]. These drawbacks
have limited the use of such measurements to laboratory environments [28], validation
and certification of experimental wind turbines [45], and troubleshooting exercises [46].
Other researchers have focused on indirect techniques or so-called virtual sensors where
a model of the system is combined with data from sensors in other locations of the turbine
to obtain an estimate of dynamic mechanical torque [47-53].

1.4 The mesh load factor Ky

As presented in Section 1.2, the increase in torque density of wind turbine drivetrains has
resulted in a trend to increase the number of planetary stages and the number of planet
gears per stage. One of the main challenges of next-generation gearbox designs is sharing
the load evenly between the high number of planets, especially when subjected to rotor
nontorque loads and in the presence of any manufacturing errors [54]. The load-sharing
behavior of planetary gears has been extensively studied the literature. Kahraman et al. re-
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searched its dependency on manufacturing errors and the associated dynamic effects [55]
and presented an experimental study in [56]. Singh proposed an analytical formulation for
the relationship between planet load sharing behavior and positional errors [57]. These
studies are based on smaller module gears for automotive or helicopter applications. Guo
and Keller generalized this analytical formulation for wind turbine gearboxes with a three-
planet, floating epicyclic configuration [28, 54]. Little evidence can be found in the litera-
ture for a higher number of planets. New analytical tools are needed to predict the load-
sharing behavior in modern wind turbine gearboxes. These tools need to be demonstrated
and validated through experimental evaluation.

The gear rating standard ISO 6336-1 [58] defines the mesh load factor, K, as the quo-
tient between the highest load carried by a single planet divided by the average load of
all planets. Within the design requirements for wind turbine gearboxes, the standard
IEC 61400-4 [59] sets K, as a function of the number of planets, see Table 1.1.

Table 1.1: Mesh load factor K, values for planetary stages given by the standard
IEC 61400-4 according to their number of planets.

Number of planets 3 4 5 6 7
Mesh load factor K, 1.10 125 135 144 147

For a high number of planets, the mesh load factors presented in Table 1.1 are conser-
vative and would lead to gearbox designs with poor torque density values. The standard
allows using lower mesh load factors if they are experimentally demonstrated by gear
tooth root strain gauge measurements. Examples of practical implementations of such
measurement systems can be found in [60-62]. Strain gauges must be placed in a root of
the rotating sun gear to extract planet load-sharing behavior, which requires either a slip
ring or telemetry system and significant planning and installation. Each time the instru-
mented sun tooth engages with a planet, the mesh intensity can be evaluated as a weighted
sum of all the strains measured along the root. The instrumented tooth will mesh with all
the planets because the sun rotates faster than the carrier. However, the mesh events do
not coincide in time. Therefore, the effect of the torque fluctuations must be addressed,
and only an average value of the mesh load factor can be obtained. A more elaborate way
of evaluating the mesh load factor has been used to overcome this limitation, based on
planet bearing loads [28]; however, this method is complex and requires modifications to
the gearbox and planet bearings.

The mesh load factor, Ky, directly impacts gear rating and life calculations. A lower
value of K, implies sharing the load more evenly between the planet gears. This allows a
more optimized gearbox design, and therefore significant improvements in torque density
are expected. Furthermore, currently, the results obtained from a single prototype are
extrapolated to the entire fleet, assuming that the manufacturing class of the gears and
the accuracy of the serial production gearbox components are controlled so that their
effect on planet load sharing is negligible compared to the instrumented prototype.
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1.5 Fiber-optic strain sensors

Fiber-optic sensors (FOS) can measure several physical quantities using optical fibers as
the sensing element by exploiting changes in the reflected light. There are several fiber
optic sensing technologies available, which are generally divided into two categories: dis-
crete and distributed sensors. Distributed sensors measure over the entire length of the
optical fiber whereas discrete sensors provide isolated measurement points. An example
of discrete sensors is fiber Bragg gratings (FBGs). FBGs have become very popular for
sensing applications because they offer several advantages compared to electrical strain
gauges [63]. FBGs are modifications to the fiber’s core in discrete, short segments that
reflect particular wavelengths of the full light spectrum and transmit all others, as shown
in Figure 1.7. When FBGs are strained, the wavelength of the reflection peaks shifts as
illustrated in Figure 1.8. The reflected wavelength Ap,g, is the wavelength that satisfies
the Bragg condition according to the following relationship:

ABragg = ZI’IA, (13)

with n the index of refraction and A the period of the index of refraction variation of the
FBG.

Stretching a FBG causes a change in the grating period, resulting in a change in the
reflected wavelength to Al,%ragg' The spectral shift is the difference between the unstrained
and strained wavelengths Aﬁragg — ABragg- The spectral shift depends on the axial strain at
the grating but also exhibits a high dependence on temperature. Temperature compensa-
tion is required for accurate strain measurements with FBG. Throughout the dissertation,
we exploit that strain variations due to the planet passing occur much faster than tem-
perature gradients in the gearbox. We detrended the spectral shift signals to remove the
low-frequency content, and the remaining filtered signal is assumed to be produced only
by the planet passage effect. Consequently, we assume that temperature variations during
each planet’s passage are negligible and that the filtered signal can be converted to strain
using a linear conversion factor.
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Figure 1.7: Working principle of Figure 1.8: Spectral shift response in a
a fiber Bragg grating (FBG), source FBG as a consequence of strain, source
https://fbgs.com/. https://fbgs.com/.

FBGs offer a higher signal-to-noise ratio than strain gauges and are immune to elec-
tromagnetic interference. The FBG is transparent for the light at wavelengths other than
the grating wavelength, making it possible to integrate a large number of sensors in one
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fiber. They remain stable over long-term periods and possess good corrosion resistance. A
single optical fiber can accommodate multiple sensors (FBGs), simplifying the installation
process. In practice, the total number of sensors per fiber has to be chosen, considering the
deformations to be measured to prevent wavelengths from different gratings from overlap-
ping. The gratings are sensitive to the strain in the axial direction of the fiber. Because of
these properties, they have become popular in other wind turbine components, especially
in blades [64].

The fiber-optic sensors must be fixed to the specimen to measure strain, typically by
gluing. An optical interrogator sends a full spectrum of light into each fiber and analyzes
the reflected light to quantify the wavelength shift from each grating. Interrogator instru-
ments for FBG sensors are still expensive. However, with many sensors per interrogator,
the channel cost, including installations, can be lower than traditional strain gages. Using
a single interrogator to monitor several wind turbine components, e.g., main frame, main
bearings, gearbox and tower, could be an avenue to leverage this advantage. Promising
developments in interrogator technology, like single-chip FBG read-out systems based
on silicon photonics technology, would enable making FBG sensing more accessible and
suitable for high-volume applications like wind turbine gearboxes.

1.6 Goals of this dissertation

The previous sections highlighted the current challenges in wind turbine drivetrains and
gearboxes. Maintaining or even improving gearbox reliability with increasing torque den-
sity demands has proven to be challenging. This dissertation contributes to providing
accurate knowledge of dynamic mechanical torque. Accurate knowledge of the mechani-
cal loads of wind turbine gearboxes has become essential for modern highly loaded gear-
box designs with significant dynamic interactions. The traditional method of measuring
torque using strain gauges placed on the outer surface of a rotating shaft and transmit-
ting the resulting signal is unsuitable for serial deployment due to technical and economic
reasons. To be more precise, the following goal is defined:

Dissertation goal: Develop a method to measure dynamic mechanical torque in
geared wind turbines.

A key requirement of the new method to measure torque is that it should enable fleet-
wide implementation, and it should be able to operate during the complete service life of
the wind turbines. The method presented in this dissertation should apply to geared driv-
etrains with gearbox configurations where the first stage is an epicyclic planetary stage
with a stationary ring gear, regardless of the number and topology of downstream stages.
This gearbox configuration represents the vast majority of current and future commercial
wind turbines. In these gearboxes, the main shaft of the wind turbine is connected to the
input or low-speed shaft (LSS), which is the first-stage planet carrier. Figure 1.9 shows a
section view of a gearbox where the first stage is an epicyclic planetary stage. This gearbox
was used for the experiments presented in Chapter 4 and Chapter 6. When the planet car-
rier rotates, it transfers the input torque to the planet shafts. The planet wheels can rotate
around the planet shafts and mesh simultaneously with the ring gear and the sun gear to



1.6 Goals of this dissertation 13

achieve an increase in speed between the input (planet carrier) and the output (sun gear).
The mesh force acting on the ring gear has been denoted as F,, shown in Figure 1.9. The
axial component of the gear mesh forces, resulting from the helix angle, has been omitted
in this representation. These gear mesh forces deform the teeth of the ring gear and are
then transmitted through the body of the ring to the reacting interfaces.

Figure 1.9: G97 2-MW gearbox with the representation of fiber-optic strain sensors on
the outer surface of the first stage ring gear installed for torque measurements with the
angular location of discrete fiber-optic strain sensors T01 to T11 (adaptation of figure from
Gamesa Gearbox (https://www.gamesagearbox.com/wind-technology/).

The first stage ring gear is the most expensive component of the gearbox. Gearbox
manufacturers strive to make the rim of the ring gear as thin as possible while comply-
ing with the minimum thickness requirements set by their design rules and gear rating
standards like ISO 6336-1 and AGMA 6006. The rim thickness for the first stage ring gear
is defined as S, (see Figure 1.9). The deformations on the outer surface of the ring gear,
caused by the planets-ring mesh forces, are directly related to the mechanical torque. This
leads to the first research question in this dissertation, formalized as:

Research question 1: Is the magnitude of the deformations on the outer surface of
the ring gear within the sensing capabilities of commercial fiber-optic strain sensors?

By measuring strain on the static or fixed frame, the difficulties related to data transfer
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from a rotating shaft and the power supply of the electronic components on the shaft are
avoided. However, a second research question arises and that is formalized as:

Research question 2: How can the dynamic mechanical torque be quantified from
the strain readings in discrete fiber-optic strain sensors distributed on the outer sur-
face of the ring gear?

One of the key advantages of fiber-optic strain sensors exploited in this dissertation is
the fact that they can accommodate a large number of discrete sensors in a single fiber. This
simplifies physical installation and allows deploying multiple sensors to achieve a large
spatial resolution. Fiber-optic sensors also provide high-frequency content. With such a
rich mapping of strains throughout the gearbox, a third research question is formulated:

Research question 3: Using the fiber-optic strain signals, can the periodic modes
that describe the dynamic behavior of the gearbox be identified using data-driven
methods?

A key consideration when measuring physical quantities is the errors and uncertain-
ties associated with the sensors used. All sensors have errors that affect the accuracy and
uncertainty of the measurements. This leads to the following research question:

Research question 4: How accurate are torque measurements taken by fiber-optic
strain sensors in the ring gear?

During the development of new technologies, it is standard practice to utilize test
benches that replicate the operating conditions of the final application as closely as pos-
sible. A large proportion of the validation and certification process of wind turbine gear-
boxes is conducted using back-to-back gearbox test benches. In these test benches, the
low-speed shafts of two gearboxes are connected, which enables the reproduction of the
torques generated by wind turbine rotors in a cost-effective manner. These test benches
have been used extensively throughout this dissertation and are considered appropriate
for the previous research questions. However, such test benches typically have limited ca-
pabilities for producing dynamic torque and generally cannot create controlled nontorque
loads, such as axial loads and bending moments induced by the wind turbine rotors. Field
testing provides the most realistic platform for performance evaluation of this torque mea-
surement method, as certain problems related to the interaction of multiple drivetrain
components can only be discovered after deployment in the field. More explicitly, the
following research question is formulated:

Research question 5: How do the turbine operating conditions affect the quality
of the torque measurements? Especially what is the effect of speed fluctuations and
non-torque loads, i.e. bending moments and thrust axial loads?
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Since the method to measure torque using fiber optic strain sensors on the outer sur-
face of the ring gear is based on the deformations caused by the planet passages, it is
possible to compare the deformations caused by the different planets and evaluate the
planet-load sharing behavior. The way the load is shared between the planets is quanti-
fied by the mesh load factor and has become one of the key challenges of next-generation
gearbox designs with higher number of planets per stage.

Research question 6: How accurate are mesh load factor results based on fiber-
optic strain measurements on the outer surface of the ring gear compared to values
obtained from strain gauge measurements in the gear teeth roots?

Gear tooth root strain gauge measurements can only provide an average value of load
sharing. The distance between FBGs can be selected as a sensor design variable in discrete
fiber-optic sensors.

Research question 7: If the number of strain sensors (FBGs) on the ring gear is
selected as an integer multiple of the number of planets, can the mesh load factor be
evaluated instantaneously?

This dissertation covers the development process from proof of concept tests all the
way up to a technology readiness level (TRL) of 7 (field demonstration on a full-scale pro-
totype). Using fiber-optic sensors for wind turbine gearbox dynamic mechanical torque
measurements was demonstrated by conducting extensive test bench experiments and
a field validation campaign. Field testing provided the most realistic platform for per-
formance evaluation and enabled investigation of the effects of wind turbine operating
conditions on the quality of dynamic mechanical torque measurements, focusing on the
effects produced by non-torque loads and temperature.

1.7 Dissertation outline

This section presents the outline of this dissertation, illustrated in Figure 1.10. This dis-
sertation comprises five core chapters, based on previously published articles, allowing
an independent reading of each chapter. Each of the chapters contains an introduction
reviewing the literature at the time of writing the article. Therefore, some of the concepts
and literature presented in Chapter 1 are repeated in the core chapters. A brief summary
of the content of each chapter is given below.

Chapter 2 presents test bench experiments conducted to answer research questions
one and two. The first stage ring gear of a 6 MW gearbox with a PPH configuration,
shown in Figures 1.4 and 1.5, was instrumented with fifty-four fiber-optic strain sensors
and tested on a back-to-back test bench to investigate the relationship between measured
strain signals and mechanical input torque.
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Chapter 3 addresses research question three with an extended measurement setup
covering all three planetary stages of a gearbox with a PPPH configuration. The mul-
tivariable output-error state space method (MOESP) was successfully applied to identify
the periodic modes, referred to as operational deflection shapes, which enable quantifying
the unknown periodic excitations and has been found to provide another estimator of the
input torque of the gearbox

Chapter 4 presents the results of an extensive field validation of dynamic mechani-
cal torque measurements in a Gamesa G97 2-MW wind turbine at the National Renewable
Energy Laboratory’s Flatirons Campus which investigate research questions four and five.

In Chapter 5, research question six is addressed through an experimental evaluation
of the mesh load factor of a modern 6MW wind turbine gearbox with five planets in the
first planetary stage. Average results from the traditional method, based on tooth root
strain gauges are compared to values derived from strain measurements in the outer sur-
face of the ring gear.

Finally, Chapter 6 investigates research question number seven by selecting the num-
ber of strain sensors on the ring gear as an integer multiple of the number of planets to
achieve an instantaneous evaluation of the mesh load factor. The effect of operating con-
ditions on the planet load-sharing behavior of the gearbox was also investigated.

Each chapter contains a conclusions section of its own. In Chapter 7, the overall
conclusions of this dissertation are presented, and recommendations for future research
in wind turbine geared drivetrains are provided.

Disclaimer: The contents of Chapter 2 to Chapter 6 are identical to the scientific ar-
ticles upon which they are based. While this makes reading the chapters as indepen-
dent documents possible, it also means that information and figures may be repeated
between chapters.
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Input torque measurements for
wind turbine gearboxes using
fiber-optic strain sensors

Accurate knowledge of the input torque in wind turbine gearboxes is key to improving their
reliability. Traditionally, rotor torque is measured using strain gauges bonded to the main
shaft. Transferring the resulting signal from the rotating shaft to a stationary data acquisition
system while powering the sensing devices is complex and costly. The magnitude of the torques
involved in wind turbine gearboxes and the high stiffness of the input shaft pose additional
difficulties. This chapter presents a new alternative method to measure the input torque in
wind turbine gearboxes based on deformation measurements of the static first-stage ring gear.
The present study was conducted on a Siemens Gamesa Renewable Energy gearbox with a
rated power of 6 MW, in which a total of 54 fiber-optic strain sensors were installed on the
outer surface of the first-stage ring gear. The gear mesh forces between the planets and the
ring gear cause measurable deformations on the outer surface of the stationary ring gear. The
measured strains exhibit a dynamic behavior. The strain values change depending on the
angular position of the planet carrier, the instantaneous input torque, and the way load is
shared between planets. A satisfactory correlation has been found between the strain signals
measured on the static ring gear and torque. Two signal processing strategies are presented
in this chapter. The first procedure is based on the peak-to-peak strain values computed for
the gear passage events, and therefore torque can only be estimated when a gear mesh is
detected. The second signal processing procedure combines the strain signals from different
sensors using a Coleman coordinate transformation and tracks the magnitude of the fifth
harmonic component. With this second procedure, it is possible to estimate torque whenever
strain data of all sensors are available, leading to an improved frequency resolution up to the
sampling frequency used to acquire strain data.



This chapter is based on the following publication: [S) U. Gutierrez Santiago. Input Torque
Measurements for Wind Turbine Gearboxes Using fiber-optic Strain Sensors [65]. Indigo is
the second color of the rainbow when arranged by increasing wavelength. Indigo has
a wavelength between 420 nm and 450 nm. The human eye is relatively insensitive to
indigo’s frequencies, which has led to a debate on whether indigo should be regarded as
a distinct colour or a shade of blue and violet. Historical evidence suggests that Newton’s
definitions of indigo and blue differ from modern interpretations. Newton’s indigo aligns
with today’s blue, while his blue corresponds to cyan. The ancient Greek philosopher
Aristotle (384-322 BC) formulated the earliest known theory of color. He proposed that
all colors originated from white and black (lightness and darkness) and linked them to the
four elements: water, air, earth, and fire. Aristotle’s views on color were widely accepted
for over 2000 years until they were eventually replaced by Newton’s theories. The Dutch
scientist Christiaan Huygens (1629-1695) challenged Newton’s corpuscular theory of light
by proposing a wave theory of light in his Traité de la Lumiére (1690). Huygens’ theory
was initially rejected in favor of Newton’s corpuscular theory. However, in 1821, Augustin-
Jean Fresnel (1788-1827) adapted Huygens’ principle to explain the rectilinear propagation
and diffraction effects of light. Today, this principle is known as the Huygens—Fresnel
principle.
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2.1 Introduction

cientists have long been warning us that we face a significant challenge regarding
S our climate. Renewable energies can play a pivotal role in reducing carbon emissions
to enable a sustainable future. In the last decades, wind energy has seen a remarkable
growth. Wind energy is already the second source of power generation in the EU when
ranked according to installed capacity [66]. In Europe (EU27 + UK), the total installed
capacity of wind power reached 220 GW in 2020, of which 194 GW is onshore wind. With
458 TWh generated, wind power covered 16 % of Europe’s electricity demand in 2020 [67].
It is essential to reduce the levelized cost of energy (LCoE) from wind to guarantee further
deployment of wind turbines towards the needed energy transition. Therefore, the LCoE
has become one of the critical drivers for wind energy research in industry and academia.

In onshore wind energy, 75 % of turbines have a geared drivetrain [68]. The gearbox
transfers the torque generated by the blades from the slow-speed rotor to the higher-speed
generator. In the overall breakdown of costs, the gearbox is one of the main contributors
because of the associated capital expenditure and the considerable contribution to opera-
tion and maintenance costs [69]. Gearbox reliability is improving, but gearboxes continue
to be the largest wind turbine downtime source [70] and generally do not reach the desired
design life of 20 years [71, 72]. Therefore, improving gearbox reliability would lead to a
significant reduction in the LCoE from the wind.

Drive train subsystem interactions and the effect of control strategy on gearbox load-
ing are not fully known [68]. The flexibility of the gearbox components influences the
drivetrain’s dynamic behavior and, therefore, the loading [73]. Traditional engineering
models used for the simulation of gearbox input loads do not include this influence. Com-
plex physically derived models have been built to study gearbox dynamics but have not
been used together with whole turbine models [74-76]. Current wind turbine design codes
lack insight into the dynamic behavior of the internal drive train components. It is, there-
fore, highly desirable to be able to measure the dynamic torque from the rotor acting on
the gearbox accurately and reliably. This torque will be referred to as the gearbox input
torque.

A case study presented by Winergy and Siemens PLM Software [43] showed that data
from the supervisory control and data acquisition (SCADA) were not able to precisely cap-
ture the torque fluctuations caused by the dynamic wind turbine operation, for example
during a brake event, and concluded that it is necessary to perform a direct measurement
of the actual torque. The traditional method to measure torque is based on bonding strain
gauges to the rotating shaft. The strain gauges convert the deformation caused by the
torque into a change in electrical resistance. Transferring the resulting signal from the ro-
tating shaft to a stationary data logging system and powering the data acquisition devices
is difficult and costly. In wind turbine gearboxes, the main shaft’s deformation is small
because of its high stiffness, which typically results in a low signal-to-noise ratio. These
drawbacks have limited the use of such measurements to laboratory environments [77],
validation and certification of experimental wind turbines, and troubleshooting exercises
[46]. More recently, Zhang et al. explored different alternatives to measure torque in wind
turbine drivetrains and added that a long-term measurement of torque is considered to be
nonpractical or economically not feasible [78].

Fiber-optic sensors have several advantages compared to electrical strain gauges [63],
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the main ones for wind turbine applications are the following: (1) the signal-to-noise ra-
tio of optical sensors is higher compared to conventional sensors, (2) they are immune to
electromagnetic interference because they use light, and (3) many strain sensors can be ac-
commodated in a single fiber. Because of these qualities, fiber-optic sensors have become
popular in other wind turbine components. For example, fiber-optic sensors are used in
wind turbine blades for condition monitoring and design optimization purposes [64].

The present chapter develops a new method to measure the input torque of wind tur-
bine gearboxes. The proposed method measures strain directly in the fixed frame. In this
study, a total of 54 strain sensors were installed on the outer surface of the first-stage ring
gear. We have used fiber-optic strain sensors to overcome the main limitations of electri-
cal strain gauges. The study was conducted using a Siemens Gamesa Renewable Energy
(SGRE) gearbox manufactured by Gamesa Energy Transmission (GET). The gearbox is a
3-stage gearbox, where the first and second are planetary stages, and the third is a parallel
stage, with a rated power of 6 MW and a weight of approximately 44000 kg.

The main contribution of this chapter is to develop a new method to measure input
torque in wind turbine gearboxes based on deformations in the fixed frame. The difficulties
related to measuring on a rotating shaft are overcome by measuring on the outer surface
of the ring gear using fiber-optic strain sensors to explore their advantages compared to
conventional electric strain gauges. An experimental demonstration was performed on
a full-scale wind turbine gearbox in a back-to-back test bench. The applicability of this
method to determine the load sharing between planet gears is also explored.

The remainder of this chapter is organized as follows: Section 2.2 gives a background
on the fundamental principles used to measure torque from a static part in the gearbox,
optical fiber sensing, and the test setup used for the experiments. Section 2.3 describes
a signal processing procedure to estimate torque based on peak strain values of each in-
dividual sensor and Section 2.4 describes an alternative procedure based on a Coleman
coordinate transformation to combine the instantaneous strain values of all sensors. Sec-
tion 2.5 discusses the results obtained with both signal processing procedures. Finally,
Section 2.6 draws the main conclusions of this work and suggests recommendations for
future work.

2.2 Background

2.2.1 Gearbox fundamentals

The primary function of the gearbox is to transfer the power generated by the wind from
the main shaft supporting the rotor hub to the generator. In this transfer, the gearbox
has to provide the needed increase in rotational speed. This speed increase is achieved
in several stages. A variety of gearbox architectures have been used in commercial wind
turbines, most of which combine planetary and parallel gear stages. Up to a rated power
of around 2 MW, the most widely used configuration consist of an epicyclic planetary
stage followed by two helical parallel stages, also known in the industry as PHH or 1P2H.
For more powerful turbines with larger rotor diameters (from around 3 MW to 8 MW), a
gearbox configuration with two planetary stages and a single parallel stage has become
dominant and is referred to as PPH or 2P1H.

The present study was conducted on a SGRE gearbox manufactured by GET with a
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Figure 2.1: Assembly drawing of shafts and gears from the 3-stage Siemens Gamesa Re-
newable Energy gearbox (PPH configuration).

rated power of 6 MW. This gearbox has a PPH configuration. A drawing of the shafts and
gears in this gearbox is shown in Figure 2.1. The structural housings of the gearbox have
been omitted for clarity. For even more powerful turbines, due to several factors like size
constraints and the need to increase torque density, the industry is evolving to gearbox
architectures with three planetary stages.

Regardless of the number of downstream planetary stages, the method presented in
this chapter can be applied to all gearbox configurations where the first stage is an epicyclic
planetary stage with a stationary ring gear. In these gearboxes, the main shaft of the wind
turbine is connected to the input or low-speed shaft (LSS) of the gearbox, which is the first-
stage planet carrier. Figure 2.2 shows a section view of the first stage of the gearbox used
in this study. When the planet carrier rotates, it transfers the input torque to the planet
shafts. The planet wheels can rotate around the planet shafts and mesh simultaneously
with the ring gear and the sun gear to achieve an increase in speed between the input
(planet carrier) and the output (sun gear). The radial and tangential components of the
mesh forces acting on the ring gear, resulting from the pressure angle of the gears, are
shown in Figure 2.2, where they are denoted as F; for the tangential component and F,;
for the radial component of the ith planet. The axial component of the gear mesh forces,
resulting from the helix angle, has been omitted in this representation. These gear mesh
forces deform the teeth of the ring gear and are then transmitted through the body of the
ring to the reacting interfaces.

The first-stage ring gear is the most expensive component of the gearbox in modern
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Figure 2.2: Rotor side view of the middle section of the first planetary stage with the
angular location of the strain sensors (501 to S54). Sy is the ring gear rim thickness, and
F,; and F,; are the tangential and radial gear mesh loads from the ith planet (P).

wind turbine gearboxes. Gearbox manufacturers strive to make the rim of the ring gear as
thin as possible while complying with the minimum thickness requirements set by their
design rules and gear rating standards like ISO 6336-1. The rim thickness for the first-
stage ring gear is defined as Sy (see Figure 2.2). Significant deformations are expected on
the outer surface of the ring gear when the planets mesh with the ring gear because the
rim is relatively thin. The research presented in this chapter explores if and how strain
measurements in the outer surface of the first ring gear can be used to derive the gearbox
input torque.

2.2.2 Test bench setup

Wind turbine gearboxes are typically tested in a back-to-back arrangement. Two gear-
boxes are connected through the low-speed shaft (LSS) to reproduce the torques generated
by wind turbine rotors in a cost-effective manner. Figure 2.3 shows the layout of the back-
to-back test bench used for the present study, where electric motors produce the driving
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Figure 2.3: SGRE gearboxes on a back-to-back test bench (property of DMT GmbH &
Co. KG). The first-stage ring gear of gearbox 1 was instrumented with fiber-optic strain
Sensors.

and braking torques. In the back-to-back configuration, a second gearbox is needed to
reduce the rotating speed of the electric motor that acts as a driver and to increase the
torque (referred to as “Gearbox 2” in Figure 2.3). The input or driving motor is typically
controlled to reach the desired running speed, and the driven motor is controlled to pro-
vide the specified braking torque, thus achieving the desired test conditions on “Gearbox
17,

Nevertheless, the gearbox operates at different boundary conditions compared to the
wind turbine drivetrain configuration. The three main differences between a wind turbine
and a back-to-back test bench are the following: (1) in a back-to-back test bench torque is
the only controlled input load excitation; (2) the stiffness of the mechanical interfaces are
different from the ones used in the nacelle of a wind turbine (mainframe, input or main
shaft, and high-speed shaft coupling); (3) there is a lack of a tilt angle in the test bench,
and the gearboxes are positioned with the main axis in a horizontal plane. Despite these
differences, we consider the back-to-back test bench results representative of the wind
turbine behavior when it comes to input torque.

A full-scale gearbox with a rated nominal power of 6 MW was instrumented using
optical fiber sensors. The position of the fiber-optic sensors can be seen in Figure 2.3 on
the outer surface of the first-stage ring gear of “Gearbox 1”. All tests presented in this
study were performed on the back-to-back test bench shown in Figure 2.3, property of the
company DMT GmbH & Co. KG [79] at Krefeld (Germany) with electric motors of a rated
power of 7.5 MW.
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2.2.3 Fiber-optic sensors

The fiber-optic strain sensors used in the present study are based on fiber Bragg gratings
(FBGs). These FBGs are a periodic variation of the refractive index of the fiber’s core.
At each refraction change, a small amount of light is reflected, and all the reflected light
combines into one large reflection at the wavelength where the grating period satisfies
the Bragg condition. The FBG is transparent for the light at wavelengths other than the
grating wavelength, making it possible to integrate a large number of sensors in one fiber.
The Bragg relation is

ARefl = 2nA, (2.1)

with n the index of refraction and A the period of the index of refraction of the FBG. The
parameters n and A depend on the temperature and axial strain at the grating. When
a full spectrum is inserted into the fiber, a specific wavelength is reflected at each FBG
sensor. Strain and temperature changes at each FBG shift the reflected wavelength. The
FBGs used in this study have a theoretical sensitivity to strain of 1.19 pm wavelength shift
per pm/m strain and the sensitivity to temperature is 27.9 pm/°C. Several FBGs can be
integrated into a single optical fiber. In practice, the total amount of sensors per fiber has
to be chosen taking into account the deformations and temperatures to be measured to
prevent wavelengths from different gratings from overlapping. The gratings are sensitive
to the strain in the axial direction of the fiber.

For the present study, four optical fibers were installed with 14 FBGs accommodated on
each fiber. Out of the resulting 56 gratings, 54 gratings were used to measure strain in the
positions shown in Figure 2.2. The remaining two gratings were dedicated to temperature
measurements. These two gratings were placed in the vicinity of strain sensors S02 and S29
with a small tube around the FBGs to prevent straining the fiber. However, the installation
was not successful, and it was not possible to gather reliable temperature data from these
two FBGs. The four optical fibers were installed on the outer surface of the first-stage
ring gear, at the middle section along the width of the ring gear in the axial direction,
as shown in Figure 2.3. The middle section was chosen to minimize the local effects of
the bolted joints at the rotor and generator side. The fibers were installed tangentially
to the middle section, covering a complete revolution along the outer perimeter of the
ring gear. Figure 2.2 shows the radial and angular location of all the strain sensors with
the corresponding labels in a rotor side section view. Due to the placement of the fibers,
the FBGs measure the deformation of the outer surface of the ring gear in the tangential
direction of Figure 2.2. The four different colors for the sensor labels indicate how the
FBGs were grouped into separate fibers (501 to S15 in fiber number 1, S16 to S28 in fiber
number 2, S29 to S41 in fiber number 3, and S42 to S54 in fiber number 4). The four optical
fibers were connected to an optical interrogator. The interrogator sends a full spectrum
of light into each fiber and acquires the reflected light to quantify the shift of wavelength
from each grating. Three analog signals were added to associate the fiber-optic strain
measurements with the gearbox operating conditions: two torque transducers installed at
the high-speed shaft (HSS) couplings (see Figure 2.3) and an inductive sensor providing a
once-per-revolution pulse of the input shaft (see Figure 2.4). The purpose of this inductive
sensor is to provide information on the angular position of the input shaft and, therefore,
the relative position of the planet carrier and the planets.
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Figure 2.4: Position of planets and input Figure 2.5: Detail view of an optical fiber
shaft marker, stationary inductive sen- where a Bragg grating is illuminated in
sor, and rotating target. Tacho is short red (S41).

for tachometer.

The fiber-optic sensors were supplied and installed by the company Sensing360 B.V.
[80]. Before installing the fibers, the outer surface of the ring gear was sanded to improve
the bonding between the fiber and the ring gear. The fibers were glued to the ring gear’s
outer surface using a cyanoacrylate adhesive. Figure 2.5 shows a naked optical fiber with
an illuminated fiber Bragg grating (S41) due to the exposure to a colored laser beam. The
polished surface needed for the installation can be observed in Figure 2.5.

2.2.4 Experiments
The results presented in this study were obtained during tests performed for the validation
campaign of the SGRE gearboxes. In order to characterize the relationship between torque
and strain, the instrumented gearbox was run under different stationary speed and torque
conditions. During this torque vs. strain calibration process, 20 short tests were performed
where the torque level was increased in 5 % increments from 5 % to 100 % of the nominal,
while the gearbox rotational speed was kept constant and equal to the nominal value.
After the stationary calibration tests, the gearbox was run under dynamic torque con-
ditions to collect strain data and evaluate the torque estimation procedures. In particular,
two different tests with variable torque will be presented. First, a test with a linearly in-
creasing torque reference command was performed. Then, a second test was conducted
where the torque level was changed in steps as the test bench controller allowed. During
both variable torque tests, the reference speed command was kept constant.

2.2.5 Data acquisition and signal pre-processing
Data from the fiber-optic sensors were logged directly by an optical interrogator, and data
from the analog signals were logged by a separate data acquisition system. Both systems
are independent, but the data were time-stamped using the POSIX [81] time which allowed
for time synchronization of sufficient accuracy. A sampling frequency of 2500 Hz was used
to collect data from all 54 strain sensors.

Two preprocessing steps were applied to the signals from fiber-optic sensors. First,
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the data were cleaned from glitches caused by the interrogator. A sudden drop in the
value was observed in some of the logged signals. These drops were due to hardware
communication errors and could be easily detected and removed. After the glitches in the
data were removed, a moving average filter was applied. The combined resolution of each
strain sensor and the data acquisition system was found to be approximately 0.6 pe. The
strain data signal can jump from one sample to the next in a set of fixed values separated
by the sensor resolution. A moving average filter was applied to the 54 strain signals to
filter this effect. The moving average was realized using a window size of seven samples.

After the above-mentioned preprocessing steps, strain signals were detrended to re-
move the effect of temperature on the measured shifts in wavelengths of the FBSs; see
Section 2.2.3. Once the long-term shift caused by temperature had been removed, the re-
maining signal was considered to be caused entirely by the strain imposed from the planet
gear mesh events.

2.3 Torque estimation using peak-to-peak strain values

For each of the tests performed in the back-to-back test bench, described in Sections 2.2.2
and 2.2.4, data were acquired and logged from the 54 fiber-optic strain sensors and the
three analog signals described in Section 2.2.3.

2.3.1 Identification of strain peaks caused by gear mesh events

When the gearbox was tested under stationary torque and speed conditions, the individual
signals from each fiber-optic strain sensor exhibited a positive or tensile strain peak every
time a planet meshed with the ring gear in the vicinity of the sensor. Figure 2.6 shows the
acquired strain signal of the individual sensor “S01” during one revolution of the low-speed
shaft. Each full revolution of the input shaft is marked by a pulse from the inductive sensor
in orange, five positive or tensile strain peaks are observed corresponding to the passing
of the five planets in blue. A large tensile deformation occurs when a planet passes below
the measurement location. As the low-speed shaft keeps turning, the strain diminishes,
reaching compression. First, a local minimum is observed; then, the strain briefly recovers
but drops again until a global minimum is reached. The strain keeps increasing from this
global minimum until the next tensile peak.

In order to study the relationship between torque and strain, 20 tests were performed
running the gearbox under stationary speed and torque conditions. While the gearbox ro-
tational speed was kept constant and equal to the nominal speed, the torque was increased
in 5 % increments from 5 % to 100 %. In each test step, the strain signals of all 54 sensors
were measured and logged for 4 minutes. The magnitude of the strain difference or peak-
to-peak value between the detected maxima and local minima peaks was computed for
each of the 54 strain sensors for all 20 test steps. This magnitude will be referred to as the
peak-to-peak value. The local minima were chosen because the time difference from the
maxima to the corresponding local minima is in the range of the gear mesh cycle, and it
is believed to be more representative of the gear mesh forces. Figure 2.7 shows the aver-
age peak-to-peak values computed for five tests at different torque levels using the local
minima. The peak-to-peak value of each sensor is plotted according to the corresponding
sensor angular location (rotor side view) shown in Figure 2.2.
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Figure 2.6: Sensor SO01 strain signal (left axis) during a single revolution of the input shaft
(right axis) with detected peaks.

The input torque was not measured directly and was calculated using the torque data
from the torque transducers installed in the high-speed shafts (see Figure 2.3). The effi-
ciency of both gearboxes was assumed to be the same, and the LSS or input torque was
computed as the average of both HSS torques multiplied by the gear ratio. The torque
signals were averaged for the time segments between the tensile and compression peaks.

2.3.2 Relationship between peak-to-peak strain values and torque
Having measured strain on 54 locations on the outer surface of the static first-stage ring
gear, and with the simultaneous data available from the torque transducers installed at
both high-speed shafts, the following section shows how the measured strain signals can
be correlated with the input torque.

Each measurement location has its own individual behavior with respect to torque,
as can be seen in Figure 2.7. A regression polynomial can be computed using the least-
squares criterion for each individual strain sensor to fit the peak-to-peak values with the
torque. A linear, a quadratic, and a cubic fit of torque vs. peak-to-peak were investigated
for comparison purposes. Figure 2.8 shows the average peak-to-peak values vs. torque
for three different measurement positions together with the cubic polynomial approxima-
tions. Only cubic regressions are shown for clarity purposes, and similar regressions can
be produced for every individual sensor as described in Section 2.3.1. When analyzing
the different order regressions, the linearity of the peak-to-peak vs. torque behavior was
observed to be different in each measurement location. The sensors S04, S17, and S53
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Figure 2.7: Average peak-to-peak strain values of all 54 sensors for five different torque
levels (20 %, 40 %, 60 %, 80 %, and 100 % torque).

were chosen for Figure 2.8 because the difference in their behavior is representative of the
largest differences observed. Several factors were expected to play a role in the torque
to deformation relationship, e.g., the lack of symmetry of the housings connected to the
ring gear, the different relative position between the strain sensors and the gear teeth, and
the possibility to have different load distributions across the face width for different angu-
lar positions. However, the differences in linearity observed for different sensors are not
fully understood by the authors yet. Sensors S04, S17, and S53 were chosen for Figure 2.8
because the difference in the peak-to-peak vs. torque behavior was more pronounced.
Sensor S04 exhibited a lower more linear response, while sensors S17 and S53 had a larger
response but lower linearity. However, it is possible to achieve a satisfactory fit for all
points by increasing the order of the regression polynomial.

2.3.3 Load sharing between planets
A polynomial fit of the average torque can be derived using the peak-to-peak values from
each strain sensor. To extend this result for a dynamic situation, the load sharing between
planets has to be known. The strain signals exhibit a highly dynamic nature, and peak-to-
peak values change with time. These changes can be due to changes in torque and possibly
also due to changes in load sharing between planets.

The gear rating standard ISO 6336-1 (2019) [58] defines the planet load share factor
K, as the load carried by the planet gear carrying the higher load divided by the average
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Figure 2.8: Peak-to-peak strain values of all detected gear mesh events of strain sensors
S04, S17, and S53 vs. torque in the low-speed shatft.

load of all planets. Since a satisfactory fit has been found between the average torque and
the average peak-to-peak values, the following expression is proposed to derive K, of a
particular planet from the measured peak-to-peak strain values

K= =, (2.2

Aqit
where A, is the average peak-to-peak value from a particular planet i, and A is the average
peak-to-peak value of all planets. It is possible to assign peak-to-peak values to individual
planets because the position of the planets relative to the once-per-revolution pulse is
known (see Figure 2.4). The meshing sequence of the planets is fixed if the sense of rotation
is known. The spacing between strain sensors is not an integer multiple of the number of
planets, so with the instrumentation setup used in this study, it is not possible to compare
strain peaks in different positions simultaneously. Figure 2.9 shows the resulting average
K, for each strain sensor position obtained computing Eq. (2.2) with the average peak-to-
peak values.

Using the correlation of peak-to-peak values vs. torque and the average planet load
share K, an approximation of the instantaneous torque can be made. Figure 2.10 shows
the average K, values of the five planets for their corresponding average torque values.
As can be seen in Figure 2.10, the load sharing coefficient between planets depends on
the gearbox input torque value. An improvement of K, was observed when increasing
torque in the gearbox, with K|, values approaching the optimal value of one. In order to
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Figure 2.10: Average K, vs. torque for the strain sensor S52.

avoid a second linear regression, both data fitting steps can be merged into one. First, each
detected mesh event is assigned to its corresponding planet. Then a regression polynomial
is computed from the peak-to-peak strain values to torque for each individual planet.

2.3.4 Torque estimation procedure using peak-to-peak strain values
With the approximation to K, presented in Section 2.3.3, torque can be estimated when a
mesh event is detected. The procedure is represented in Figure 2.13 and can be summarised
as follows.
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Figure 2.11: Peak-to-peak strain values of sensor S52 vs. torque in the low-speed shaft
separated for each planet and their corresponding cubic fit.
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Figure 2.12: Peak-to-peak strain values of sensor S52 vs. torque in low-speed shaft sepa-
rated for each planet (zoom for higher torque range).
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Figure 2.13: Torque estimation procedure based on peak-to-peak strain values.

Step 0 Calibration phase. Learn the peak-to-peak vs. torque correlation for each
planet and each measurement location to produce n- p regression polynomials, n is
the number of strain sensors and p is the number of planets.

Step 1 Detect peaks. For a new data set of strain signals, for every individual strain
signal, detect gear mesh events and identify their associated maximum and mini-
mum peak strain values to compute the peak-to-peak value.

Step 2 Assign planet. With the information from the once-per-revolution input shaft
pulse, assign the detected gear mesh event to the corresponding planet that caused
the strain.

Step 3 Torque estimation. Evaluate the corresponding regression polynomial to com-
pute a torque value from the peak-to-peak value (taking into account the strain sen-
sor and the individual planet involved in the gear mesh).

Step 4 Sort according to time. Repeat steps 1 to 3 for all mesh events detected in
all strain sensors and sort the estimated torque values from individual mesh events
according to the time when the gear mesh event was detected.
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2.4 Torque estimation using a coordinate transformation

With the data processing strategy for torque estimation based on peak-to-peak values
presented in Section 2.3, torque can only be evaluated when a gear mesh event between a
planet and the ring gear is detected. To overcome this limitation, an alternative procedure
has been developed based on a coordinate transformation of the strain signals, followed
by an analysis and tracking of the harmonic components. This procedure combines the
information from different strain sensors to exploit the signal information between mesh
events.

The Coleman transformation or Fourier coordinate transformation can transform the
equations of motion from a rotating coordinate system to a non-rotating coordinate sys-
tem. In wind turbines, the Coleman transformation is also referred to as the multi-blade
coordinate transformation (MBC). The term MBC was adopted from helicopter theory [82]
and is widely used to analyze the dynamics of the wind turbine rotors [83, 84].

For the instrumentation setup used in the present study with 54 strain sensors, the
Coleman transformation can be particularized to the following equations:

54

Pre®) = 25 D 8,(0)cos (1), (23)
s=1
2 54

Pns(t) = 51 Z () sin (nys(1)), (2.4)
s=1

where &,(1) is the strain of the s FBG sensor for a given time ¢ and i(¢) is the assigned
angular position of the sensor at that time ¢ (see Section 2.2.3). The angle 1/(¢) is defined as
the relative angle between the angular location of each sensor according to Figure 2.2 and
the angular location of the input shaft. The angular location of the input shaft determines
the angular position of the planet carrier and, therefore, the five planets. The angular
location of the input shaft is also known as the azimuth angle of the rotor. The coefficients
P,.(¢) and P, (¢) can be computed for any integer multiple of n and for any time ¢ when
strain data of all sensors are available.

For low values of n, where the Nyquist criterion is satisfied, the expressions in Egs. (2.3)
and (2.4) are equivalent to the sine and cosine coefficients of a Fourier series decomposition
of the resulting periodic function §(i/). The function §(i) is a discrete representation of the
strain of the 54 measurement points § as a function of their assigned angle i. Figure 2.14
shows the signal values & for all 54 strain sensors against their assigned angle ¢ for a
given time sample #,. In this case, #, corresponds to a time sample when the start of the
once-per-revolution pulse was detected. The strain values of tests with different torque
levels are shown in Figure 2.14 using strain data samples that correspond to the same
angular position.

The 54 strain sensors are equally spaced around the full revolution of the ring gear, and
therefore the function §(i) is a periodic function with a period of 27. Its Fourier series
decomposition is defined as a sum of the basis functions ¢, (i) times complex coefficients
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Figure 2.14: Instantaneous signal values of all 54 strain sensors for four different torque
levels (25 %, 50 %, 75 %, and 100 % Torque).
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In the field of rotating machinery, the frequency defined by the time needed to complete
a full revolution of the shaft (27 rad) is called the fundamental frequency, and the integer
multiples of this frequency are called harmonic frequencies. The magnitude and phase of
the complex coefficients p, can be computed as follows:

|pn| = \’p%c +pr%s (2~6)

4 p, = arctan (ﬁ) (2-7)
pnc

It is shown in Section 2.3.2 that each strain sensor has an individual relationship to torque.
The Coleman transformation, Egs. (2.3) and (2.4), combines the information from different
strain sensors. A scaling or weighting factor was introduced to guarantee that all sensors
have an equal contribution. To achieve these scaling factors the signals of each sensors
were evaluated for complete revolutions of the input shaft. The strain signal from an indi-
vidual strain sensor during a complete revolution of the input shaft is shown in Figure 2.6.
The power spectrum of an individual strain signal is dominated by the fifth harmonic
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component. This harmonic component can also be obtained from a Fourier series decom-
position if we consider J(t) is a periodic function of time with fundamental frequency of
wy = ZT”, where T is the time needed to complete a full rotation of the input shaft. The
Fourier series decomposition for the strain of each individual sensor as a function of time
can be expressed as

[se]

[se] [se]
&) = Z A Pen(t) = Z ag, /"t = gy + Z(aan cosnwyt + dgyg Sin nwyt) (2.8)

n=—oo n=—oo n=1

The complex coefficients ag,, are the n'h harmonic component of the st strain sensor.
Figure 2.15 shows a comparison between the raw strain signal of a single FBG, sensor
number 01 (S01), and the fifth harmonic component during a complete revolution of the
low-speed input shaft. Two different torque levels (25 % and 100 %) are plotted in Fig-
ure 2.15 to illustrate the effect of torque. Higher integer multiples of the fifth harmonic
have a lower but significant contribution. For the calibration phase, tests were performed
at 20 different torque levels, and the magnitude (|a,,|) was computed for every full revolu-
tion measured using the following equation:

lag,| = \lasznc +aszns (2.9)

The relationship between torque and the magnitude of the fifth harmonic of each sen-
sor was investigated for all the 20 torque levels. Again, the low-speed shaft torque value
was derived from the measurements of the test bench torque transducers located at the
high-speed shafts. A regression polynomial was computed for each individual strain sen-
sor fitting the |as| values to the torque using the leas-squares criterion. Figure 2.16 shows
the |as| magnitude values of four different FBGs, for all revolutions of the input shaft mea-
sured during the 20 different load steps, against the average torque in the low-speed shaft
during those revolutions. A linear, a quadratic, and a cubic fit of torque vs. |ags| for each
sensor s were realized to evaluate the linearity of each sensor; however, for clarity only
the cubic fit is shown in Figure 2.16.

A good correlation was found for all 54 strain sensors between torque and the mag-
nitude value of the fifth harmonic component, and therefore these |as| values were used
to scale or weight the strain signals. For a full revolution of the input shaft, all sensors
witnessed the same torque, and the signals of each strain sensors were scaled to have the
same magnitude of the fifth harmonic component. The weighting factors were computed
using the following expression:

54
_ iZi:1\ai5|

= (2.10)
54 ‘a35|

Ws

Once every sensor is multiplied by its corresponding scaling factor, the weighted Cole-
man transformation can be written as follows:

54
Punc0) = 35 3 w0 cos (s ©) (211
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Figure 2.15: Original strain signal of sensor S01 for one shaft revolution vs. reconstructed
signal using the fifth harmonic component a5 (two load cases are compared with 25 %
torque in red and 100 % torque in blue).
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The magnitude and phase of the weighted complex coefficients p,,, can then be com-
puted with equivalent expressions to Egs. (2.6) and (2.7) as follows:

|Pwn| = \’pgvnc + ngns (2~13)

Z pyn = arctan (M> (2.14)
anC

The once-per-revolution pulse signal is obtained from the inductive sensor shown in
Figure 2.4. The azimuth of the shaft is known when a pulse is detected, but it can only
be interpolated between pulses. The assigned angle i/, was linearly interpolated between
full revolutions of the input shaft. Attempts made to correlate the phase <p,,, Eq. (2.14)
with torque were not successful. A phase delay caused by the torsional deformation of the
planet carrier was expected because the once-per-revolution pulse is measured at the rotor
side flange of the planet carrier, and the strain sensors are placed in the middle section of
the ring gear. However, the accuracy of the angular position was not good enough to
characterize the effect of torque on £ p,,,.
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Figure 2.16: Magnitude of fifth harmonic |as| of four strain sensors S04, S17, S29, and S53
vs. torque in low-speed shaft.

The azimuth angle of the shaft is not strictly needed to compute the magnitudes of the
harmonic components. Since the 54 strains sensors are equally spaced around the outer
circumference of the ring gear, the relative angle between the angular location of the sen-
sors and the azimuth of the shaft ((¢)) can be substituted in Egs. (2.11) and (2.12) by the
fixed angular location of each sensor, denoted as 1/y. Figure 2.17 shows the magnitudes of
the 57, 10", 15", and 20" harmonic components (|pysl, [Pwiol |Pwis| and |py0l) plotted
against the torque levels measured by the test bench torque transducers for all the revolu-
tions measured during the calibration tests. A satisfactory correlation was found between
the magnitude values of these harmonic components and torque.

2.4.1 Torque estimation procedure with a coordinate transformation
A graphical representation of the procedure to estimate torque using the Coleman coordi-
nate transformation and the |p,,5| magnitude value of all 54 weighted sensors is shown in
Figure 2.18. The full procedure to estimate torque for every time sample can be summa-
rized as follows.

« Step 0 Calibration phase. Perform tests with known torque to learn the strain vs.
torque behavior. For each test, compute the magnitude of the 5th harmonic compo-
nent |ags| of all the individual strain signals. Compute the scaling factors w;. Weight
scale the strain sensors so that all sensors have an equal magnitude of the fifth har-
monic component for a given torque. Combine the weighted strain values of all
54 sensors and compute the magnitude of the fifth harmonic component for each
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Figure 2.17: Magnitudes of the Sth, 10th, 15th, and 20" harmonic components of all 54
weighted sensors vs. torque in low-speed shaft.

available time sample |p,,s|. Find a regression polynomial between LSS torque and
the magnitude of the fifth harmonic component of the combined strains.

« Step 1 Weight signals. For a new test where strain data have been logged, apply the
weighting factor to all the strain sensors.

« Step 2 Coordinate transformation. For each time sample, apply the Coleman transfor-
mations to the weighted strain values to obtain p,,,.(¢) and p,,(t) using Eqgs. (2.11)
and (2.12) and compute the magnitude of the fifth harmonic component |p,,5(¢)| us-
ing Eq. (2.13).

« Step 3 Torque estimation. Evaluate the regression polynomial to estimate torque
from the combined magnitude of the fifth harmonic component of all 54 weighted
instantaneous strain values.
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Figure 2.18: Torque estimation procedure based on a coordinate transformation.

2.5 Discussion

This section will discuss the main findings gathered during the development of the pro-
posed method to measure input torque in wind turbine gearboxes. Torque estimation
results obtained using data from two dynamic load tests will be analyzed to illustrate the
key differences between the two alternative procedures presented in Sections 2.3 and 2.4.

Both procedures rely on a calibration phase, where the instrumented gearbox was op-
erated under torque conditions known from other measurements. In the present study,
20 short tests with different stationary reference torque levels were performed to fit the
strain to torque relationship (see Sections 2.3 and 2.4). Once the calibration phase had
been accomplished, strain data were collected for tests with dynamic torque conditions.
Figure 2.19 shows the estimated torque measurements during a test with a linearly increas-
ing torque command. The torque estimate using peak-to-peak strain values is shown in
blue, and the torque estimate using the coordinate transformation is shown in red. Fig-
ure 2.20 shows the torque estimates achieved for a test where the torque level was changed
in steps. Starting from a middle value, the torque reference was changed to a lower and up-
per value. During both dynamic tests, the reference speed was kept constant. For clarity,
a detailed window of 1 s is shown to compare the estimates of both tests.
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Figure 2.19: Torque estimates for a test with variable torque (ramp); results for entire test
on in panel (a) and 1 s detail in panel (b).
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Figure 2.20: Torque estimates for a test with variable torque (steps); results for entire test
on in panel (a) and 1 s detail in panel (b).

« Temporal resolution.

In the signal processing alternative based on peak values of strain, torque can only
be evaluated when there is a gear mesh event between a planet and the ring. There-
fore, the frequency resolution of the estimated torque depends on the planet-passage
frequency of the first stage and the number of strain sensors used. The second sig-
nal processing strategy combines the simultaneous information of different strain
sensors using a coordinate transformation. This allows tracking the magnitude of
the harmonic components of the combined weighted strain values. With a total of
54 strain sensors equally spaced around the first-stage ring gear (see Figure 2.2),
the gearbox input torque can be estimated for each available time sample, which
results in a frequency resolution equal to the sampling frequency used to acquire
the strain data. The difference in frequency resolution of the estimated torque from
both procedures can be seen in the 1 s windows of Figure 2.19 and 2.20.
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For future implementations of the method presented in this chapter, it is possible to
achieve a trade-off between spatial resolution and frequency resolution, selecting
the sampling frequency and the number of sensors. If a lower number of strain
sensors was to be used, for example, if we halve the number of sensors to 26, then
by taking two consecutive strain samples of each sensor, we can still compute the
magnitude of the fifth harmonic component, and the resulting frequency resolution
of the torque estimate would be half the sampling frequency used to acquire strain
data. If the number of sensors is low, the accuracy of the magnitude of the fifth
harmonic component has to be considered. In the extreme, with a single strain
sensor, it would only be possible to evaluate the input torque once every revolution,
which would result in a significantly lower temporal resolution.

« Load sharing between planets (average and instantaneous K, ).

The procedure based on peak-to-peak strain values allows for exploration of how
the load is shared between planets. An inductive sensor was added to the instru-
mentation to provide a once-per-revolution pulse, making the mesh sequence of
planets known. Therefore, it is possible to assign peak-to-peak values to individual
planets. The load share between planets can be computed using Eq. (2.2). However,
in the setup presented in this chapter, the number of strain sensors is not an integer
multiple of the number of planets. When a strain peak caused by the gear mesh of
a planet is detected in a given strain sensor, the rest of the strain sensors do not ob-
serve the peaks caused by the mesh of the other planets simultaneously. Therefore,
only an average K, (planet load share factor) can be extracted for each measure-
ment position, and the true instantaneous load sharing between planets could not
be evaluated. In the procedure based on peak-to-peak strain values, knowledge of
the instantaneous load sharing between planets is needed to estimate the dynamic
torque value. The instantaneous torque value was approximated, assuming that the
instantaneous value of K, is equal to the average. A larger variation of torque was
observed in the torque estimates produced by the peak-to-peak procedure shown in
Figs. 2.19 and 2.20. The authors believe that the approximation made for K, is the
main reason to justify the larger torque variations. Since the average K, is used, if
the instantaneous load sharing between planets is worse than the average (higher
instantaneous K, values), the torque variations would be overestimated.

« Sensing of shaft’s azimuth angle and real-time capability.

The fact that a complete revolution of the input shaft has to be measured in the sig-
nal processing alternative based on peak-to-peak strain values to assign the suitable
planet to the detected strain peaks is also responsible for the delay in the peak-to-
peak torque estimates shown in Figs. 2.19 and 2.20. Torque can only be evaluated
after the first pulse of the input shaft inductive sensor is detected when the peak-to-
peak procedure is used. On the other hand, the procedure based on the coordinate
transformation can be accomplished without the inductive sensor because the az-
imuth angle of the shaft is not needed to compute the magnitude of the harmonic
components. This can simplify the instrumentation setup and enable estimating
torque in real-time.
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« Weighting of individual strain sensors.

An important finding during the calibration phase of both processing strategies was
that each measurement location showed a slightly different sensitivity to torque (see
Figs. 2.8, 2.10, 2.14, and 2.17). Several factors can play a role in explaining this. On
one hand, installing the strain sensors is a manual process, and differences in how
the fibers are glued to the surface of the ring gear and small positioning errors are
expected. On the other hand, the ring gear is connected to structural gearbox compo-
nents with highly asymmetric stiffness. This lack of symmetry is most pronounced
for the FBG sensors close to the torque reaction arms in the housing on the rotor side
of the ring gear, shown in Figs. 2.3 and 2.4. Because of the reasons mentioned above,
differences in stiffness are expected. However, the difference in the linearity of the
torque-strain relationship is not fully understood by the authors yet. In any case,
it is possible to achieve a satisfactory fit for all measurement points by increasing
the order of the regression polynomial, and therefore an accurate torque estimate
can be achieved. To compensate for the different sensitivity of each measurement
location, we have used the average magnitude of the fifth harmonic component of
the individual strain signals as a basis for weighting the strain values. All 54 sensors
are weighted to exhibit the same relationship to torque. This makes it possible to
combine the sensors.

« Accuracy.

In the experimental setup used for this study, a direct torque measurement in the
input shaft was not available, the torque transducers were installed in the high-speed
shafts, and therefore a quantitative evaluation of the torque estimates could not be
performed. For future work, a direct comparison between the method presented in
this study and a calibrated direct measurement is suggested.

In the signal processing alternative based on the Coleman transformation, the weighted
strain values of all the sensors are combined to compute the magnitude of the fifth
harmonic component for each available time sample | p,,5(¢)|. The torque is estimated
using the regression polynomial between LSS torque and |p,,5|. Figure 2.17 shows
that higher-order harmonics (10, 15, and 20) can also be correlated with torque. The
procedure presented in this chapter could be extended to consider these magnitudes
and combine them to achieve higher accuracy torque estimates. Again, a quanti-
tative analysis of the accuracy of the estimates could not be performed with the
instrumentation setup available and is recommended for future work.

Finally, it is worth noting that the potential effect that non-torque loads could have on
the method presented in this study could not be evaluated. The test bench used to run the
experiments (see Section 2.2.2) is a back-to-back gearbox test bench where only torque
and speed can be controlled. The effect of these non-torque loads in four-point-mount
gearboxes is expected to be small. However, to fully demonstrate the applicability of the
presented methodology in a wind turbine installation, it is suggested to investigate the
behavior of the presented method in a test bench with non-torque loading capabilities,
i.e., axial forces and bending moments. Other research topics like the real-time process-
ing capability and the long-term behavior of the calibration also need to be addressed to
develop this method for use in serial production wind turbines.
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2.6 Conclusions

This chapter develops a new method to measure the input rotor torque of wind turbine
gearboxes. The proposed method is based on strain measurements of the static first-stage
ring gear. Measuring in the static frame overcomes the main drawback of traditional
methods, which measure the strain of rotating components. Fiber-optic strain sensors
were used because they offer a higher signal-to-noise ratio, are immune to electromag-
netic interference, and allow a more straightforward installation because multiple strain
sensors can be accommodated in a single fiber.

A satisfactory correlation was found between the strain signals measured on the static
first-stage ring gear and torque. Two signal processing strategies have been presented in
this chapter for determining input rotor torque. The first is based on the peak-to-peak
strain values assigned to the gear mesh events. The second is based on a coordinate trans-
formation of all the strain signals, followed by tracking the magnitude of the fifth harmonic
component. Torque estimation results obtained using both signal processing alternatives
were presented and analyzed in Section 2.5 for two tests with dynamic torque conditions.
The procedure based on the peak-to-peak strain values of the gear mesh events can only
estimate torque when a gear mesh event is detected. The strain peak-to-peak values can
be assigned to individual planets using an additional inductive displacement sensor that
provides a once-per-revolution pulse, and therefore the load sharing between planets can
be explored. With the second procedure, based on a Coleman coordinate transformation,
it is possible to estimate torque whenever strain data of all sensors are available, leading
to an improved frequency resolution up to the sampling frequency used to acquire strain
data.

For future work, a direct comparison between the method presented in this study and
a calibrated direct torque measurement, on the input shaft, is suggested to assess the accu-
racy of the new method quantitatively. The present study is based on measurements taken
on a gearbox back-to-back test bench where only torque and speed can be controlled. The
effects of non-torque loads, i.e., axial forces and bending moments, need to be researched
to fully demonstrate the applicability of the presented methodology in a wind turbine
installation.

The method presented in this chapter could make measuring gearbox torque more
cost-effective, facilitating its adoption in serial wind turbines. This is important since ac-
curate knowledge of the input torque is key to improving gearbox reliability. Furthermore,
implementing a torque measurement on each serial wind turbine would permit novel data-
driven control strategies, which can improve drivetrain loading. Having an accurate mea-
surement of the input torque throughout the service history of the gearbox would also
enable an improved assessment of the consumed fatigue life of the gearbox components.
This knowledge could lead to future design improvements, which would, in turn, lead to
higher reliability and lower cost of energy.






Identification of operational
deflection shapes of a wind turbine
gearbox using fiber-optic strain
sensors on a serial production
end-of-line test bench

Wind energy has witnessed a staggering development race, resulting in higher torque density
demands for the drivetrain in general and the gearbox in particular. Accurate knowledge of
the input torque and suitable gearbox models are essential to ensure reliability, but neither
of them is currently available in commercial wind turbines. The present study explores how
a subspace identification algorithm can be applied to fiber-optic strain sensors on a four-
stage gearbox to obtain operational deflection shapes. An innovative measurement setup
with 129 fiber-optic strain sensors has been installed on the outer surface of the ring gears to
research the deformations caused by planet gear passage events. Operational deflection shapes
have been identified by applying the multivariable output-error state space (MOESP) subspace
identification method to strain signals measured on a serial production end-of-line test bench.
These operational deflection shapes, driven by periodic excitations, account for almost all the
energy in the measured strain signals. Their contribution is controlled by the torque applied to
the gearbox. From this contribution, a torque estimate for dynamic operating conditions has
been derived. Accurate knowledge of the input torque throughout the entire service life allows
for future improvements in assessing the remaining useful life of wind turbine gearboxes.



This chapter is based on the following publication: [S) U. Gutierrez Santiago. Identification
of operational deflection shapes of a wind turbine gearbox using fiber-optic strain sensors
on a serial production end-of-line test bench [36]. Blue is the third color of the rainbow
when arranged by increasing wavelength. Blue has a wavelength between 450 nm and
495 nm. Humans have used minerals as colorants for aesthetic purposes since prehistoric
times. The bonding properties of materials determine the wavelength and efficiency of
light absorption, while light of other wavelengths is reflected, defining the color we ob-
serve. The appearance of pigments is sensitive to the source of light, with sunlight being
the standard for white light due to its high color temperature and uniform spectrum. One
of the most special pigments ever used is ultramarine blue, which is derived from lapis
lazuli gemstones. These stones, primarily found in the mines of Afghanistan, undergo
an intricate process of grinding and separation to extract the coveted blue pigment. This
labor-intensive method, combined with the limited availability of the gemstone, made
ultramarine blue an exclusive and exorbitantly priced commodity. It was reserved for
elite European painters, including Reinsassance artists Raphael (1483 — 1520), Leonardo
da Vinci (1452 - 1519), and Michelangelo (1475 - 1564). The celebrated artist from Delft,
Johannes Vermeer (1632 — 1675), made extensive use of ultramarine in his paintings. The
turban of the Girl with a Pearl Earring is painted with a mixture of ultramarine and lead
white, with a thin glaze of pure ultramarine over it.
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3.1 Introduction

T he growth of wind energy in the last few decades has been remarkable. The Global
Wind Energy Council (GWEC) reported 93.6 GW of new wind energy capacity in-
stalled in 2021, 72.5 GW onshore and 21.1 GW offshore, bringing the worldwide cumula-
tive wind power capacity to 837 GW [85]. That is a 3.5 times increase in the last 10 years
from a global capacity of 237.7 GW in 2011 and a staggering 35 times increase in 20 years
from a total capacity of 23.9 GW in 2001 [3]. The projected market growth for the coming
years and decades is even larger. In 2022, the International Renewable Energy Agency
(IRENA) and International Energy Agency (IEA) published a road map for the energy sec-
tor to become net zero by 2050, with the aim of limiting the rise in global temperatures to
1.5°C [6]. According to this proposal, the annual capacity additions of wind energy should
reach 390 GW by 2030, 310 GW onshore and 80 GW offshore. This means increasing the
yearly installations more than 4 times compared to the ones recorded in 2021 and more
than 5 times compared to the average over the last 3 years [6].

To facilitate such rapid growth, the main focus of industry and academia has been
lowering the levelized cost of energy (LCoE) from wind [7]. This push to lower the LCoE
has resulted in a race from wind turbine manufacturers to increase the rotor diameter,
power rating, and hub height of wind turbines. The evolution of size in offshore turbines
has been even more dramatic because they have less stringent logistic constraints [8]. To
illustrate the pace of growth, the average values of wind turbines installed during the years
2011, 2016, and 2021 are summarized in Table 3.1. Power rating, rotor diameter and hub
heights were provided in the yearly cost of energy reviews [33-35]. The trend to increase
power ratings, rotor diameter, and hub heights can be understood from a wind turbine’s
fundamental power generation equation [9]. The power produced by a wind turbine is
proportional to the air density, the power coefficient, the cubic exponent of the wind speed
and the area swept by the rotor. Increasing the hub height reduces the influence of surface
friction on the wind conditions witnessed by the rotor, allowing wind turbines to operate
in higher-quality resource regimes where wind velocities are higher. There are several
reasons for the increase in the rotor diameter of wind turbines. Larger rotors capture
more energy. The increase in energy captured by the rotor is bigger than the increase in
overall turbine costs because blade lengths can be increased while many other costs remain
fixed, generally leading to lower LCoE in larger turbines. More powerful turbines allow
for fewer turbine installations for a given power plant capacity, lower balance-of-system
costs, and fewer moving parts, therefore enhancing the reliability of the wind plant. In
addition, increasing the size of the rotor relative to the generator rating allows for lowering
the rated wind speed and operating more frequently at full power, resulting in a higher
capacity factor.

If we assume a constant blade tip speed, torque will increase with the cube of the rotor
diameter. From the yearly average power rating and rotor diameter values provided by
[33], [34], and [35] we estimated the associated rotor torque using the maximum tip speed
figures provided in the yearly reviews, which are 80 m/s for onshore turbines and 90 m/s
for offshore turbines. These torque values have been added to Table 3.1 and show that
the rotor torque of the installed turbines has increased more than 3 times onshore and
more than 3.3 times offshore in a time period of just 10 years. This rate of development
is unprecedented in any other industry or engineering application and ensuring turbine
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reliability remains a top priority [10].

Table 3.1: Average onshore and offshore wind turbine power rating, rotor diameter, hub
height, input torque, and torque density.

Onshore Offshore
Year 2011 2016 2021 2011 2016 2021
Power rating (MW)* 1.5 2.2 3.0 36 471 8.0
Rotor diameter (m)* 825 108 127 107 128 159
Hub height (m)* 80 84 95 90 93.7 102
Rotor torque (MNm)** 0.77 146 238 214 335 7.07

Torque density (kg/Nm)*™* 70 100 130 140 150 200

* Power rating, rotor diameter and hub height data from [33], [34], [35].

** Input torque and torque density estimated by the authors.

Torque is the main sizing factor for the drivetrain and the gearbox. The drivetrain
makes a large contribution to the capital expenditure of the turbine and also affects other
turbine costs because increasing the tower-top mass has an impact on the main frame,
tower, and foundation. The pressure to lower costs and the size constraints due to han-
dling and logistic limitations have translated into higher torque density demands for wind
turbine gearboxes. The torque density values in Table 3.1 have been estimated using
equivalent-gearbox models for such power ratings and hub diameters [39]. The increase
in torque density witnessed in just a decade is enormous. Thanks to multiple technolog-
ical innovations, torque densities of 200 Nm/kg are now considered state-of-the-art by
different gearbox manufacturers [37-39]. For such high torque ratings and torque density
values, a trend has emerged in new gearbox architectures towards more planetary stages
and more planets per stage. In wind turbines with a power rating of up to 2 MW, the most
widely used gearbox architecture comprises a single planetary stage and two parallel gear
stages [40]. In the range from around 2 MW to 6 MW, gearboxes with two planetary stages
and a single parallel stage have become mainstream. For higher power ratings, gearboxes
with three planetary stages are expected to become dominant. Due to the large number
of planets in the input stages and the limitations in outer diameter, the space available
for planet bearings has decreased to a point where journal bearings have to be adopted
because there is not enough space for roller element bearings [12].

Overall, gearbox complexity is increasing in the pursuit of lighter designs, while main-
taining gearbox reliability is mandatory to ensure low operational expenses. Two key
factors are essential to achieve successful designs. On the one hand, accurate knowledge
of the loading conditions throughout the complete service life of the gearbox is crucial.
On the other, accurate models are required to predict its performance and maintenance
requirements. Unfortunately, sensors that provide detailed load measurements of the tur-
bine during commercial operation are not generally available [41]. It is possible to estimate
the input gearbox torque from the electric currents in the generator, but normally, this in-
formation is only available through the supervisory control and data acquisition (SCADA)
system, and it cannot capture the torque fluctuations caused by the dynamic wind turbine
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operation, especially in damaging events like emergency brake events [43]. Even in nor-
mal operation, relatively large errors are expected when using generator currents because
the power losses in the generator and the gearbox vary with torque and other operating
conditions and are generally unknown.

As a consequence, a direct measurement of the actual torque is needed. The traditional
method to measure torque, based on strain gauges on the rotating shaft, is considered
impractical for commercial wind turbines due to the expensive nature of the equipment
required and is not suitable for long-term applications [47]. The need for novel sensing
technologies and measurement techniques that facilitate a fleet-wide implementation of
torque measurements has resulted in great research interest. Zhang et.al. explored alter-
native direct measuring techniques and discussed the associated technical and economic
difficulties [78]. An alternative direct measurement method, based on deformation mea-
surements on the outer surface of the first-stage ring gear of the gearbox, was proposed
by the authors of this work [86]. Other researchers have focused on indirect techniques
or so-called virtual sensors where a model of the system is combined with data from sen-
sors in other locations of the turbine to obtain estimated data of the input torque [47-51].
These virtual sensing approaches require accurate wind turbine and drivetrain models but
the complexity of current designs exceeds modeling capabilities [10]. Costly experimen-
tal evaluation is needed to achieve the desired degree of confidence [87]. Data-driven
modeling techniques, also referred to as system identification in the systems and con-
trols community, provide a framework to estimate models of dynamical systems when
the accuracy of physical models derived from first principles is unsatisfactory. System
identification is well-established in mechanical structures [88], where it is more widely
referred to as experimental modal analysis (EMA). EMA relies on measuring a controlled
applied force, either with an instrumented impact tool or with a shaker, to identify fre-
quency response functions and modal parameters from the system response. However,
in the case of large structures, it is difficult to excite the system with enough energy to
produce measurable outputs. Operational modal analysis (OMA) is an alternative output-
only approach that overcomes the difficulty of exciting the system by relying on ambient
broadband excitation. There is a trend to replace EMA with OMA because in OMA the ex-
citation and boundary conditions of the system are those seen in operation and are deemed
more representative of the structure’s real use in service [89]. In the specific case of rotat-
ing machinery like wind turbine gearboxes, several factors impede using OMA [90]. Most
notably, the input excitation is unknown and may not adequately excite all modes of in-
terest [91], and the premise of having a white noise excitation in the frequency range of
interest is violated because periodical loads due to rotating elements act on the system and
typically dominate the system response [92]. Research interest in overcoming these dif-
ficulties has increased recently, and many different algorithms have been proposed. The
main algorithms used for wind turbines were reviewed by Van Vondelen et al. [93] and
classified using nine suitability criteria. These criteria included the accuracy of the algo-
rithms, the ability to distinguish closely spaced modes, computational complexity, and the
ability to handle periodic stationary and non-stationary excitation or harmonics. When
structural modes and harmonics are widely separated and when the rotor speed is con-
stant over time, harmonics are identified by the OMA algorithms as artificial modes with
zero damping.
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The main contributions of this chapter are as follows:

« We develop and describe a novel measurement setup for a wind turbine gearbox
comprising 129 fiber-optic strain sensors installed and distributed around the ring
gears of the three planetary stages, and we present the results of measurements
performed in a serial end-of-line test bench.

« We apply the multivariable output-error state space (MOESP) method to identify
the periodic modes, referred to as operational deflection shapes, which has enabled
quantifying the unknown periodic excitations and has been found to provide an
estimation of the input torque of the gearbox.

Accurate knowledge of the input torque throughout the entire service life is paramount
to assessing the consumed fatigue life of the gearbox, and tracking operational deflection
shapes recursively over time can potentially be used as an indicator of fault detection. The
remainder of the chapter is structured as follows. In Section 3.2, the chosen identification
framework is motivated, and the key definitions and formulation are provided. In Sec-
tion 3.3, we describe the measurement setup and the test wind turbine gearbox together
with the experimental conditions. In Section 3.4, the key findings of using subspace iden-
tification on strain signals are described, and finally, Section 3.5 presents the main conclu-
sions of this work, and recommendations are given for future work.

3.2 Formulation of the subspace system identification
method

This section describes the theoretical formulation used to identify operational deflection
shapes from strain data collected by fiber-optic sensors. Starting from the state space
representation used, we justify how the periodic inputs can be modeled within the system
matrix, leading to a stochastic identification problem. Once the system matrices describing
the dynamic behavior have been estimated, up to a similarity transformation, we show
how the state and output measurements can be reconstructed using a Kalman filter.

We assume that the system to be identified is a finite-dimensional, linear, time-invariant
system, subject to measurement and process noise, which has been sampled at t = 7k,
where 7 is the time step and k is an integer, with a general discrete-time state space repre-
sentation given by

Xep1 = Axg+ Bug+wy, (3.1)
Vi Cxy. + Duy + v, (3.2)

where x; € R", u, € R™,w € R", 3 € R, and v, € R" are the state, input signal, process
noise, output signal, and measurement noise, respectively [94]. The assumption of a linear
time-invariant system is considered valid when the gearbox operates close to rated torque
conditions. Under these operating conditions, contact patterns in the gear flanks are fully
developed, and non-linear effects like backlash or material properties related to the torque
reaction arm elastomers are not expected to play a role. The matrices A € R™", B € R™"™,
C € R and D € R™*™ are the system, control, sensor, and output matrices, respectively.
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The system dimension or order of the system is n, and the dimension of the output vector
Yk is the number of measured response signals n,,.

Operational modal analysis relies on ambient broadband excitation and assumes this
excitation is random white noise in the frequency range of interest. In this case, no deter-
ministic input is considered (i.e., ux = 0), which leads to the so-called stochastic realization
problem. In wind turbine gearboxes, and rotating machinery in general, this premise is
severely violated because the periodic action of shafts and gears dominates the system re-
sponse. Gres et al. showed that it is possible to extend the stochastic realization to OMA
under (unknown) periodic excitations [95] by modeling the effect of a deterministic peri-
odic force as a sum of a finite number of & sinusoidal frequency components such that u(t)
has the following shape:

h
u(t) = Z a; sin(w;t + ¢;), (3.3)
i=1

where a;,w;,and¢; € R are the unknown amplitude, frequency, and phase of the ith peri-
odic input component. These components can become part of a combined state vector to
eliminate the periodic input component from Egs. (3.1)-(3.2). The following periodic state
vector can be defined:

ap sin(wt+¢;) 7
a; cos(wit+¢y)
ay sin(wy 1t + @)
XPEE(t) = az COS(Q:)Zt +¢s) c ]RZh, (3.4)

ay, sinwpt + ¢p,)
ay, cos(wpt + ¢p)

which enables the state space model in Egs. (3.1)-(3.2) to be rewritten as a combined state
space model without the periodic input u(t) as

X+1 _ A AP X W
- [ A LY )
Ve = [ C (P ] [ x)]ggr + V. (36)

The matrices A and C are the original system or structural matrices, and the matrices AP®*
and CP" correspond to the periodic unknown inputs. The matrix A® is a mapping from
the periodic states at time index k into the system or structural states at time index k + 1.
Due to the upper-right block structure of the state matrix, the eigenvalues of the combined
system are the combined set of eigenvalues of AV and AP?". While the eigenvectors of

T
the combined state matrix regarding the structural part become [ dDiT 0 ] , the resulting
mode shapes are ¥;. For a full derivation, interested readers are referred to [95]. This
approach has been successfully applied to an operational offshore wind turbine and has
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been shown to provide accurate estimates of the first three tower bending modes [96].
The unknown periodic excitations in Egs. (3.1)-(3.2) can become part of a combined state
vector yielding an equivalent state space realization shown in Egs. (3.5)-(3.6) without the
periodic input u(t). The extended system matrix A can be defined as

B
A:[ ? gper ] (3.7)

Assuming the system admits an innovation state space representation [94], we can rewrite
Egs. (3.5)-(3.6) as

Xpr1 = Az + Key, (3.8)
Y = Cxi+e, (3.9)

where the innovation signal ey is assumed to be an ergodic white noise sequence and the
matrix K is the Kalman gain.

This extended system matrix A is composed of A the original or structural system ma-
trix. It combines the periodic and structural modes, which, due to the upper-right block
structure, can be distinguished because the eigenvalues of the periodic part correspond to
undamped modes on the unit circle. The objective of system identification is to estimate
the matrices A and C, up to a similarity transformation, using only the output measure-
ment yj. For the present study, the multivariable output-error state space (MOESP) sub-
space method was chosen because it has been shown to provide asymptotically unbiased
estimates of model parameters as long as the system input has adequate persistency of ex-
citation [97] and the RQ factorization enables a computationally efficient implementation.
Furthermore, using instrumental variables, it is possible to deal with process and mea-
surement noise. A full description and proofs of the algorithm are given in [94], and the
implementation shown in this chapter was accomplished using the LTI System Identifica-
tion Toolbox for Matlab® [98]. The user must define three key parameters when realizing
the MOESP algorithm:

1. N - the number of samples for each of the signals;
2. s - the number of block rows, used to construct the Hankel matrices;
3. n - the model order.

The matrices A7 and Cr are the estimates, up to a similarity transformation of A and
C. That is, A7 has the same eigenvalues as the matrix A and the system (A7,Cr) has the
same input—output behavior as the original system (A,C). These linear transformations
are given by: T"1AT, CT and T~'K with T € R™". The transformed state is such that
x = Tx. With a suitable transformation matrix, it is possible to transform the system
(A7,Cr) into the so-called modal form with a diagonal state-transition form or combine
complex-conjugate pole pairs to form a real, “block-diagonal” system in which A, has
two-by-two real matrices along its diagonal. The dynamics of the system are completely
characterized by the eigenvalues (poles) and the observed parts of the eigenvectors (mode
shapes) of the A); matrix. The eigenvalue decomposition of A, is given by:
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Ay =[®][A][@] " (3.10)

For oscillatory systems, the A; values are complex. The pole locations govern the sys-
tem response. Poles inside the unit circle, |4;] < 1, give stable and convergent responses
and are also called damped modes. Poles outside the unit circle, |4;] > 1 have unstable
responses. When a pole is on the unit circle, |4;| = 1, the system exhibits a sustained os-
cillation (lossless), referred to as undamped. In this case, the state variable x; oscillates
sinusoidally at some frequency c;, where); = /T

The observed part of the i system eigenvector {¢;} is the mode shape {¥;} at the sensor
locations given by:

{¥;} = [Cy ] {®:}. (3.11)

Both the state and the output measurements can be reconstructed using the so-called
one-step-ahead predictor using the identified system and output matrices in modal form
(A, Cpy) and the transformed Kalman filter (Kj;):

K1 = (Apr — KnCan) X + Ky, (3.12)
5)k = C_VMje-k’ (313)

where X, ; is the predicted state at time index k+ 1 and jj denotes the predicted measure-
ment vector for time index k.

As a means of cross-validation, different datasets were used for identification and val-
idation. As a quality measure, we used the variance accounted for (VAF), which gives a
measure of how well the linear model predicts the variability of the output signal. The
mathrmV AF is defined for each individual sensor signal and is expressed as

_ Var(YS - }A/s)

VAF, =11
) ( Var(y,)

)x 100 %, (3.14)

where J; is the output predicted by the identified model for the st sensor, s is the actual
measurement for the st sensor, and Var denotes the variance.

3.3 Experimental setup

This section describes the experimental setup used for the present study. First, the main
characteristics of the gearbox used for identification are described. Then, details of the
fiber-optic strain sensors used and their location on the outer surface of the ring gears
are shown. Lastly, the test bench used and the specifications of the tests performed for
identification and validation are presented.

3.3.1 Gearbox description

The wind turbine gearbox used for the present study is a four-stage gearbox manufactured
by Gamesa Gearbox with a reference torque of 8 MNm. It is considered a suitable example
of the gearbox architecture expected to dominate high-end power ratings; see Section 3.1.
The gearbox has a configuration comprised of three planetary stages followed by a parallel
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Figure 3.1: A 3D Representation of the tested gearbox with fiber-optic strain sensors on
the outer surface of the first-stage ring gear. Adapted from Gamesa Gearbox (https://www.
gamesagearbox.com/wind—technology/).

helical gear stage. The four stages together provide a total gear ratio of 179.576. Figure 3.1
shows the arrangement of all the stages in the gearbox with the rotor on the left side
of the picture. For clarity, only the first-stage ring gear has been fully drawn. The first
input stage is a planetary stage with seven planets and has a ring gear with an outer
diameter of 2107 mm. The first-stage sun is connected with a spline to the second-stage
planet carrier that contains six planets. The outer diameter of the second-stage ring gear
is 1790 mm. The third stage has five planets and a ring gear with an outer diameter of
1428 mm. The total weight of the gearbox is approximately 38950 kg, which yields a
torque density of 205 Nm/kg. The planets from the first and second stage are supported
by journal bearings instead of roller element bearings due to the space constraints created
by the very large number of planets. The known excitation frequencies can be computed
using the rotational speed and the number of teeth of the gears. The rotational frequencies
of the planet carriers, the planet-passing frequencies of each stage, and the gear mesh
frequencies are summarized in Table 3.2. These frequencies correspond to the nominal
speed of 8.35 rpm in the first-stage planet carrier, which is the low-speed or input shaft.

3.3.2 Fiber-optic strain sensors

Three arrays of fiber-optic strain sensors based on fiber Bragg gratings (FBGs) were wrapped
around the planetary stage ring gears. The sensor placement was designed taking into ac-
count the insights gained in [86], which demonstrated that because the rims are relatively
thin significant strains can be measured on the outer surface of the ring gears. In total,
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Table 3.2: Rotational and gear mesh frequencies of the gearbox at nominal speed.

Abbreviation Description Frequency Order of
(Hz) low-speed shaft (LSS)

PC1 Rotational frequency of first planet carrier 0.1392 1.0000
7xPC1 Planet-passing frequency of first stage 0.9748 7.0000
PC2 Rotational frequency of second planet carrier 0.4603 3.3056
6xPC2 Planet-passing frequency of second stage 2.7619 19.8334
PC3 Rotational frequency of third planet carrier 1.7169 12.3288
5xPC3 Planet-passing frequency of third stage 8.5843 61.6441
HSIS Rotational frequency of high-speed gear wheel 7.5542 54.2468
HSS Rotational frequency of high-speed gear pinion 25.0070 179.5758
GMF1 first-stage gear mesh frequency 11.5583 83.0000
GMF2 Second-stage gear mesh frequency 46.4922 333.8614
GMF3 Third-stage gear mesh frequency 145.9335 1047.9504
GMF4 Fourth-stage gear mesh frequency 725.2035 5207.6966

12 optical fibers were installed on the test gearbox, four on each ring gear. A number of
grooves were machined on the external diameter of the ring gears, in the middle section
across the width of the gear between the rotor and generator side faces, to facilitate the
installation process and protect the sensors during assembly and testing. Machining the
grooves by turning provided a smooth finish that guaranteed an adequate bonding be-
tween the fiber and the ring gear. Figure 3.2 shows the detailed location of the 42 strain
sensors distributed on the outer perimeter of the first-stage ring gear. The number of
sensors was defined as a multiple of the planets, equally spaced around the perimeter, to
ensure that the mesh events caused by the seven planets could be detected synchronously
by the strain sensors. The labels of the strain sensors have been colour-coded to represent
the fiber in which the FBG was accommodated. The spacing between FGBs within each
fiber was designed so that all fibers cover the complete perimeter of the ring. This was
done to prevent losing a portion of the ring gear in case of damage to a fiber. However, all
the fibers survived the complete measurement campaign satisfactorily, including assembly
and disassembly operations. Sensor placement on the second- and third-stage ring gears
is shown in Figures 3.3 and 3.4, respectively. The fiber optical sensors were supplied and
installed by the company Sensing360 B.V. [80]. Figure 3.5 shows the three ring gears used
for the present work before installing the sensors, and Figure 3.6 gives a detailed view of
the sensor placement on the third ring gear together with the fiber routing and connec-
tors. For a detailed description of the measurement principle and properties of fiber-optic
strain sensors based on FBGs, the interested reader is referred to previous work by [86].

In each of the planetary stages, in addition to the fiber-optic strain sensors, inductive
displacement sensors were installed to provide a pulse once per revolution of the planet
carrier. The purpose of these sensors was to know the planet carrier’s relative position to
the strain sensors to identify which planet is responsible for the strain peaks observed in
the strain signals. The relative positions of the target and the inductive sensor or pick-up
are shown in Figures 3.2 to 3.4. During the experiments, torque measurements from torque
transducers installed in the high-speed shaft coupling of the test bench were logged syn-
chronously with the fiber-optic strain data and the tachometer signals of all three stages.
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Figure 3.2: Sensor placement on the first-stage ring gear.

3.3.3 Test specification

The tests presented in this study were performed on an end-of-line test bench at the as-
sembly factory of Gamesa Gearbox (Siemens Gamesa Renewable Energy) in Lerma, Spain.
The standard IEC 61400-4 [59] sets the design requirements for wind turbine gearboxes
and establishes a mandatory requirement to perform a loaded end-of-line test for all gear-
box units before their installation in a wind turbine. This test is also referred to as the
run-in or gearbox conditioning test. The purpose is twofold: on the one hand, it serves as
a conditioning test for bearings and gears because the gearbox is loaded progressively up
to nominal torque; on the other, it provides a means for quality control. Typically, gear-
box manufacturers employ a back-to-back arrangement for end-of-line testing where two
gearboxes are connected through the low-speed shaft (LSS). Figure 3.7 shows the layout of
the back-to-back arrangement used for the experiments with the test gearbox, presented
in Section 3.3.1, on the left side. An electric motor provides the driving motion to the
high-speed shaft (HSS) of one gearbox, and the other motor acts as a generator, providing
the braking torque at the HSS of the second gearbox. The rated power of the test bench
electric motors is 11.5 MW, which enabled testing the gearbox above its nominal torque.
Although the test bench is designed to recreate the working conditions of the gearbox as
close as possible to the wind turbine, in back-to-back test benches, torque is the only con-
trolled input load excitation, and they generally do not have the capacity to apply bending
moments to the gearbox. The mechanical interfaces at the LSS and HSS of the gearbox are
different from the wind turbine, and it is not possible to reproduce the rotor inertia in
the test bench. Despite these differences, we consider the back-to-back test bench results
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representative of the behavior of the gearbox in a wind turbine, in particular taking into
account that these gearboxes are designed for operation in wind turbine drivetrains with
a four-point mount suspension.

The instrumented gearbox completed a standard end-of-line test, composed of six
stationary load stages under nominal speed. Once stable thermal conditions had been
reached, signals from the fiber-optic strain sensors were logged at each of the run-in load
stages to perform system identification. After the run-in, several design validation tests
were performed, and these tests were used to collect more strain data to evaluate the state
and output estimation procedures. In particular, a test to validate the structural models of
the gearbox, comprised of 22 stationary torque conditions from 5 % to 110 % of its nomi-
nal value, was used to evaluate the effect of torque on the identified operational deflection
shapes. Finally, different tests with dynamically changing torques were performed to
quantify the contribution of the identified deflection shapes in a dynamic manner.
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Figure 3.5: All three ring gears with ma- Figure 3.6: Details of fiber-optic sensors
chined grooves ready for sensor installa- installed on the third-stage ring gear.
tion.

| reaction

Figure 3.7: Test gearbox on the left side of the back-to-back test bench used for end-of-line
testing of wind turbine gearboxes with a maximum power capacity of 11.5 MW.
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3.4 Identification of operational deflection shapes

This section describes the key findings obtained when performing system identification on
the strain signals logged during experiments performed on a serial production end-of-line
test bench.

3.4.1 Identification using signals from all stages

The system identification framework presented in Section 3.2 was initially applied to all
available signals from the three ring gears together. Figure 3.8 shows a time trace of two
strain sensors from each stage during a test performed with rated stationary speed and
torque conditions. As can be seen, each stage has a different rotational speed, and the time
interval between strain peaks corresponds to the planet-passing frequencies defined in
Table 3.2. Within each stage, the strain signals of two sensors are shown in Figure 3.8. The
deformation peaks caused by the mesh forces as the planets pass close to the measurement
points on the ring gears occur at different times because the sensors are at different angular
positions. For clarity, only two sensors from each ring gear have been plotted in Figure 3.8
but there are 42 strain signals available in the first stage, 42 in the second stage and 45 in
the third stage. The location of all sensors are shown in Figures 3.2, 3.3 and 3.4.
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Figure 3.8: Raw strain signals logged from the first and third sensors of each planetary
stage. The angular location of the R1S01, R1S03, R2S01, R2S03, R3501, and R3S03 sensors
is shown in Figures 3.2, 3.3 and 3.4.

Several data preprocessing steps were performed on the raw signals logged by the op-
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tical interrogators. First, the sampling frequency was downsampled for a more efficient
numerical implementation. Generally, the sampling rate should be up to about ten times
the bandwidth of interest to avoid the effects of aliasing and, simultaneously, limit the
amount of high-frequency noise that contaminates the measurements [94]. The optical
interrogators used to acquire the signals during testing provided a sampling frequency
of 2000 Hz in the first stage and 2500 Hz in the second and third stages. Considering
the known excitation frequencies present during gearbox operation, see Table 3.2, differ-
ent downsampled frequencies from 45 Hz to 250 Hz were tested. The difference between
resampling, interpolation, and decimation on the identified parameters was found to be
negligible. Therefore, resampling with an embedded anti-aliasing filter was chosen as the
downsampling method. Measurements used for identification were logged once the gear-
box had reached thermal stability. Thus, the influence of temperature variations on the
FOS signals was minimized. Nevertheless, a detrending step was added to ensure that
the signals fed to the identification algorithm only resulted from the strain caused by the
planet gear passage events. All signals were normalized using their standard deviation
to have unit variance. As a last preprocessing step, a hamming window was applied to
the training data sequences because it was found to reduce the variance of the identified
models.

As described in Section 3.2, from sequences of discrete-time data samples of the mea-
sured signals, three parameters need to be defined to execute the MOESP algorithm. These
parameters are the number of samples, N; the number of block rows, s; and the system
order, n. Using fiber-optic strain signals from the total of 129 sensors (42 from the first
stage, 42 from the second, and 45 from the third), different options for N, s, and n were
explored. The integer s should be chosen to be about 2-3 times the maximum expected
model order [94]. The experiment duration, number of samples N, should usually be at
least about 10 times the length of the slowest time constant of the system to ensure that
the low-frequency behavior of the process is captured. Therefore, a trade-off between
sample frequency and measurement duration must be made that is dictated by storage
and/or processing limitations regarding the number of data points. After exploring differ-
ent downsampled frequencies between 45 and 250 Hz, a frequency of 62.5 Hz was selected.
This selection was based on identified frequencies and the signal reconstructions obtained
using the one-step-ahead predictor, Eq. (3.13). Figure 3.9 shows the discrete-time rep-
resentation of the pole locations of the identified models using N = 17500 samples per
signal, s = 64 block rows and n = 20 a model order equivalent to 10 oscillatory modes.
All identified poles are on the unit circle, which is expected from the periodic behavior.
The corresponding frequencies associated with the identified poles are shown in Table 3.3.
All identified frequencies match with known excitation frequencies. A description of the
abbreviations used to name the frequencies can be found in Table 3.2. The term oper-
ational deflection shapes (ODSs) has been chosen for the observed part of the identified
eigenvectors because they are caused by periodic excitations and not a structural property
of the gearbox. These deflection shapes identified when using all strain signals together
only influence one ring gear at a time. To illustrate this, the three mode shapes related
to the planet-passing frequencies of each stage are shown in Figure 3.10. For example, in
the case of the mode associated with the planet passing of the first stage, with an identi-
fied frequency of 0.9750 Hz, the deformations of this mode shape in the second and third
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Table 3.3: Identified frequencies using
signals from all three stages; a descrip-
tion of the abbreviations can be found in
Table 3.2.

Mode Frequency Order Abbreviation

1 e .
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Figure 3.9: Pole locations (eigenvalues)
of the identified model using measure-
ment signals from all three stages in a
discrete-time representation (N = 17500,
s =64, n=20).

stages are negligible. This means there is very little cross-stage excitation, which is pos-
itive and one of the design objectives. Considering these results, it was decided to apply
the identification algorithm on strain data from each stage individually.

3.4.2 Identification using signals from the first planetary stage

Using data from the same test, with rated torque and speed conditions shown in Figure 3.8,
the system identification procedure was repeated with the strain signals from the first-
stage ring gear only. The same preprocessing steps detailed in Section 3.4.1 were applied,
and 10 different downsampled frequencies (45.45, 50.00, 55.55, 62.50, 71.43, 83.33, 100.00,
125.00, 166.67, and 250.00 Hz) were tested to explore the effect of resampling on the iden-
tified models using a baseline setting of s = 32 block rows and n = 20 model orders. The
number of samples was chosen to cover the same training time, defined as 256 s, in all sam-
pling frequencies. The different identified models were evaluated based on their identified
frequencies (eigenvalues) and how well newly measured data from validation tests could
be reconstructed using the identified operational deflection shapes. As in the case of all
stages, the difference between identified frequencies using different sampling frequencies
was found to be small. Again, all identified poles were on top of the unit circle, correspond-
ing to undamped modes. To evaluate the accuracy of the reconstructed outputs, data for
validation were acquired using the same experimental conditions as for training the mod-
els: applying stationary rated torque and speed and waiting for temperatures across the
gearbox to stabilize. With the identified system matrices, the system’s state and output
signals can be reconstructed using Eq. (3.12). The Kalman filter was not considered for
model validation because the intention is to evaluate how the identified system matrices
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Figure 3.10: Identified operation deflection shapes using measurement signals from all
three stages. Each shape is defined by two conjugate vectors with a size equal to the
number of sensors; the real part is shown in green, and the imaginary part is shown in
orange.

represent the measured signals. In this case, the system’s behavior is modeled as an au-
tonomous system oscillating from a non-zero initial condition which can be derived from
Eq. (3.13). As the identified damping coefficients are close to zero, the modules of the
state show little variation throughout the duration of the validation datasets. Figure 3.12
shows a comparison of the measured signal from sensor R1S01 (first sensor of first-stage
ring gear) against the reconstructed output using identified models with three different
sampling frequencies. Very high variance accounted for (VAF) values were obtained with
the reconstructed outputs. The highest average VAF was 99.68 % obtained for a sampling
frequency of 62.5 Hz, and the lowest value was 98.40 % for the case of 250 Hz. For this
reason, 62.5 Hz was used as a sampling frequency to search for suitable s and n parameters.
Table 3.4 shows the average VAFs obtained for different combinations of s block rows and
n model orders. The VAF value presented is the average of the 42 sensors. Increasing the
model order and the number of block rows improved the fit between the reconstructed
and measured signals; an average VAF value of 99.00 % was already achieved with s = 32
and n = 10. This VAF could be increased up to 99.90 % when further increasing s and n to
s =128 and n = 32. As with other practical applications of system identification [89], we
did not observe a big gap in VAFs from one model order to the next. Table 3.5 shows the
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frequencies of the 10 deflection shapes identified using s = 128 and n = 20. Up to n = 18,
all the deflection shapes correspond to multiples of the planet-passing frequency (7 times
the carrier rotational frequency), and for larger model orders, the planet carrier rotational
frequency is also identified. Figure 3.11 shows the deflection shapes associated with the
planet-passing frequency and the first two integer multiples or harmonics. Due to the
given spatial resolution (42 sensors around the ring gear), it is not possible to represent
higher-frequency mode shapes accurately as they provoke a spatial aliasing effect. This,
however, does not affect the output reconstruction of individual sensors as long as the
sampling frequency is high enough for the identified modes.

Table 3.4: VAF of first-stage strain measurements and reconstructions with a sampling
frequency of 62.5 Hz and 16000 samples.

VAF(%) | n=2 | n=6 | n=10 | n=14 | n=18 | n=20 | n=24 | n=32

s=38 3.04 | 26.67 - - - - - -
s=16 60.02 | 69.66 | 98.83 98.99 - - - -
s=32 72.42 | 97.49 | 99.00 99.39 99.34 99.69 99.71 -
s=48 72.40 | 89.02 | 99.08 99.32 99.44 99.64 99.65 99.73
s=64 72.55 | 97.50 | 99.33 99.44 99.62 99.69 99.73 99.75
s=96 72.55 | 97.50 | 99.33 99.45 99.53 99.71 99.76 99.77
s=128 72.55 | 97.50 | 99.34 99.43 99.59 99.78 99.83 99.90

Table 3.5: Identified frequencies from the first-stage measurement signals using s = 128
and n = 20 (10 modes).

Frequency (Hz) Order of LSS Description State module

1 0.1407 1.0108 PC1 81.52
2 0.9748 7.0000 7xPC1 2181.44
3 1.9496 14.0000 2x7xPC1 1117.53
4 2.9244 20.9999 3x7xPC1 624.14
5 3.8992 27.9999 4x7xPC1 313.85
6 4.8739 34.9993 5x7xPC1 149.58
7 5.8487 41.9997 6x7xPCl1 89.13
8 6.8233 48.9984 7x7xPC1 73.23
9 7.7983 55.9998 8x7xPC1 75.66
10 8.7731 62.9998 9x7xPC1 74.51

The reconstructed output signals shown in Figure 3.12 were computed using the sys-
tem matrices only, finding the initial state conditions and assuming the system behaves
like an autonomous system. We can improve the state estimation using Eq. (3.13) with the
Kalman filter. This allows for the analysis of strain measurements from tests with vari-
able torque. The states associated with each mode shape convey the contribution of each
mode to the measured strain signals. For the validation test performed using stationary
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Figure 3.11: Deflection shapes from the first three harmonics of the planet-passing fre-
quency using measurement signals from the first stage. Each shape is defined by two
conjugate vectors; the real part is shown in green, and the imaginary part is shown in
orange.

rated torque and speed, the average modulus values of the states associated with the op-
erational deflection shapes are shown in Table 3.5. The system matrix was transformed
into diagonal form, with the eigenvalues in the diagonal. As described in Section 3.2, these
eigenvalues are complex numbers and for oscillatory systems they come in conjugate pairs.
Therefore, two states, which are also conjugate imaginary numbers, are associated with
a pair of eigenvalues. From these values, we can infer that the contribution of the first
deflection shape, which is related to the rotation of the planet carrier, is relatively small.
The second deflection shape, created by the passing of the planets at 7 times planet carrier
frequency, is the most dominant mode shape, and its higher harmonics have a descending
contribution.

3.4.3 Effect of torque on identified models and state variables

Once a model has been identified using suitable training data, that is, the operational
deflection shapes and their frequencies have been found, the associated states can be com-
puted using the one-step-ahead predictor, Eq. (3.12). When the state variables are com-
puted for tests with stationary torque conditions, the modulus of the state remains almost
constant and only exhibits small changes. These small changes are also evident in the test
bench torque signals and in the peak values of the fiber-optic strain signals; see Figure 3.8.
In Figure 3.13, a depiction of the strains reconstructed using only the first three opera-
tional deflection shapes associated with the passing of the planets is shown. To evaluate
the effect of torque on the identified deflection shapes, a test comprised of 22 stationary
torque conditions from 5 % to 110 % of its nominal value was performed. This test was orig-
inally intended to validate the structural models of the gearbox. Once stability in torque
and speed was reached, data were recorded for 240 s for each torque condition. Torque
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Figure 3.12: Output reconstruction of strain signal R1S01 using models identified with
different sampling frequencies.

data from two test bench torque sensors installed in the high-speed shafts (HSSs) were
logged synchronously with the fiber-optic strain data. From these two sensors, the torque
at the low-speed shaft (LSS) was estimated as the average value of both high-speed shafts
multiplied by the gear ratio. This assumes that the gear losses are equal in both gearboxes,
which is not exactly true because the two gearboxes tested were not identical, and the
torque level in the gearbox acting as a reducer is slightly higher, but it is considered a
good approximation to evaluate the effect of torque.

The 22 data recordings at different torques were used to identify operational deflec-
tion shapes. Figure 3.14 shows the deflection shapes of the mode corresponding to the
planet-passing frequency of the first stage (7 times the rotational frequency of the carrier)
from 55 % to 100 % of the nominal torque. When the system matrix is transformed into
a diagonal form, as described in Section 3.2, each mode {¢;} comes in conjugate pairs of
imaginary numbers. For clarity, only the real component of the mode shape is shown in a
linear format, and the magnitudes have been normalized using the norm of the deflection
shape at nominal torque. The shapes are very similar, with only very slight differences
observed when the torque drops below 65 % of nominal torque. The gearbox is designed
to operate in near-rated torque conditions where the gear microgeometry has been opti-
mized.

This observation led to evaluating the relationship between the contribution of mode
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0.9748 Hz 1.9496 Hz 2.9244 Hz

Figure 3.13: Simulated strains on the first-stage ring gear associated with the first three
planet-passing modes. The axis labels and units have been omitted as the deformations
were scaled for better representation. An animation of a planet carrier revolution is avail-
able in a supplementary video file [99].

shapes identified at nominal torque conditions for the 22 load stages. Using the identified
ODSs at nominal torque, the corresponding states were computed for the data recordings
at different torques. When using the diagonal form, the state variables are also conjugate
imaginary numbers. The moduli or absolute values of the state variables for each test
against torque are shown Figure 3.15. The modulus or absolute value of the states associ-
ated with the first deflection shape doesn’t exhibit any relationship with torque. However,
all the states associated with the planet-passing frequency and its harmonics show a very
strong relationship with torque. A polynomial fit was computed between the module of
the state and torque, which can be used to estimate torque from a known state value. To
demonstrate this we performed a test with six torque levels. In Figure 3.16, the torque
estimation from the test bench torque sensors is compared to the torque estimation using
the state variable associated with the planet passing of the first stage. As can be seen, the
torque estimate using the planet-passing mode closely follows the behavior of the torque
estimate from the test bench torque sensors with a similar pattern. As mentioned before,
the torque sensors are placed in the HSS of both gearboxes in the back-to-back arrange-
ment, and a comparison with a direct measurement in the input LSS is suggested to further
evaluate the accuracy of the new estimation method.
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3.5 Conclusions

This article presents a novel measurement setup of 129 fiber-optic strain sensors distributed
around the three ring gears of a modern wind turbine gearbox. The subspace identification
multivariable output-error state space (MOESP) method has been applied to experiments
performed on a serial production end-of-line test bench and has been found to provide con-
sistent estimates. Using signals from tests with stationary torque and speed conditions, all
identified eigenvalues and eigenvectors correspond to periodic excitations related to shaft
rotations, planet passing, and gear mesh frequencies. When performing system identifi-
cation on data from all three stages, the identified deflection shapes have been found to
cover only one stage at a time. Therefore, no cross-excitation between stages was observed,
which is in line with one of the design intents to minimize cross-stage interactions. There-
fore, it can be concluded that the identification algorithm can be applied to strain data
from each stage individually.

For each planetary stage, the effect of the different identification parameters that can
be chosen in the MOESP algorithm has been explored. Measurements from model valida-
tion tests, with the same torque and speed conditions as the ones used for identification
or training, have been used to evaluate the identified frequencies and mode shapes. The
variance accounted for (VAF) between the validation measurements and the reconstructed
outputs, simulating the system’s behavior as an autonomous system oscillating from a non-
zero initial condition, has been used as a metric. For the signals of the first-stage ring gear,
average VAF values above 99 % were achieved between the signals measured in the vali-
dation tests and the reconstructed signals for suitable combinations of s block rows and n
model orders. Therefore, the identified deflection shapes can reproduce the behavior of the
gearbox accurately, and the contribution of the periodic excitations accounts for almost
all the energy in the measured strain signals. The effect of torque on the identified deflec-
tion shapes has been studied, and no noticeable differences in the planet-passing mode
shapes were observed for torques above 65 % of the nominal value. For strain recordings
from tests with dynamically changing torque conditions, the contribution of the periodic
modes has been quantified through the states associated with the operational deflection
shapes identified at nominal torque. The contribution of the deflection shapes produced
by the passing of planets is controlled by the amount of input torque applied to the gear-
box. Using this contribution an estimate of the input torque has been demonstrated for
dynamic operating conditions.

Accurate knowledge of the input torque is critical for ensuring the reliability of wind
turbine gearboxes. Measuring the input torque throughout the service history of every
gearbox in a fleet would enable an improved assessment of the consumed fatigue life.
This is important because the loading conditions are site-specific, and allowing for an
individual evaluation of each gearbox can lead to a better understanding of current gear-
box failure modes. The system identification framework presented in this article can be
applied recursively to track the operational deflection shapes over time. This is proposed
for fault detection in the planetary stage components. Three avenues are suggested for fu-
ture work. First, it is recommended that the accuracy of the torque estimate produced by
the strain measurements on the outer surface of the ring gear be quantified against a con-
ventional direct measurement in the input shaft. When assessing the accuracy, the effects
of non-torque loads, i.e., axial forces and bending moments, should be explored. Second,
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we suggest researching different sensor configurations and loading conditions that can
excite the structural modes. Finally, it is suggested that the fault detection capabilities
of trending the operational deflection shapes be investigated, ideally by seeding known
faults in components of the planetary stages and evaluating their impact on the identified
mode shapes.

3.6 Annex: Identification using signals from the second
and third planetary stages

The same identification exercise presented in Section 3.4.2 was performed for the strain
signals acquired for the second and third stages. Using the same approach as for the first
stage, a suitable sampling frequency was selected first, and then the effects of the identi-
fication parameters s,n and N, were explored. For the second stage, a sampling frequency
of 208.33 Hz was found to give satisfactory identification results. Table 3.6 shows the fre-
quencies associated with the deflection shapes using s = 128 and n = 20. In this case, all
identified frequencies correspond to the planet-passing frequency, 6 times the carrier rota-
tional frequency, and its harmonics. The first three identified mode shapes of the second
stage are shown in Figure 3.17, and a depiction of the reconstructed strain signals using
these deflection shapes is shown in Figure 3.18. In this case, due to the higher frequency
and frames per second, of the animation had to be reduced and could not match the identi-
fied frequencies. For the third stage, a sampling frequency of 625 Hz was chosen, and the
identified frequencies are shown in Table 3.7. In this case, using s = 128 and n = 20, the first
nine identified frequencies correspond to the planet-passing harmonics (third stage has
five planets). The last identified frequency corresponds to twice the gear mesh frequency
of the second stage. The second-stage ring gear drives thethird-stage planet carrier. How-
ever, the contribution of this mode is very small. The first three identified mode shapes
of the third stage are shown in Figure 3.19, and an animation of the strains reconstructed
using these deflection shapes is shown in Figure 3.20. Again, the allowable frames per
second could not match the identified frequencies, and the speed of the animation had to
be reduced.
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Table 3.6: Identified frequencies using Table 3.7: Identified frequencies using
measurement signals from the second measurement signals from the third
stage with s = 128 and n = 20 (10 modes). stage with s = 128 and n = 20 (10 modes).
Frequency Order Description Frequency Order Description
(Hz) of LSS (Hz) of LSS
1 2.7619 19.8330 6xPC2 1 8.5844 61.6445 5xPC3
2 5.5238 39.6661 2x6xPC2 2 17.1688 123.2892 2x5xPC3
3 8.2856 59.4992 3x6xPC2 3 25.7531 184.9337 3x5xPC3
4 11.0475 79.3322  4x6xPC2 4 34.3375 246.5780 4x5xPC3
5 13.8094 99.1653  5x6xPC2 5 42.9218 308.2222 5x5xPC3
6 16.5712 118.9983 6x6xPC2 6 51.5062 369.8665 6x5xPC3
7 19.3331 138.8314 7x6xPC2 7 60.0901 431.5077 7x5xPC3
8 22.0950 158.6643 8x6xPC2 8 68.6750  493.1560 8x5xPC3
9 24.8581 178.5060 9x6xPC2 9 77.2774 554.9303 9x5xPC3
10 27.6304 198.4140 10x6xPC2 10 91.8262  659.4054 2xGMF2
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Figure 3.17: Deflection shapes from the first three harmonics of the planet-passing fre-
quency using measurement signals from the second stage. Each shape is defined by two
conjugate vectors; the real part is shown in green, and the imaginary part is shown in
orange.
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2.7619 Hz 5.5237 Hz 8.2856 Hz

Figure 3.18: Simulated strains on the second-stage ring gear associated with the first three
planet-passing modes. The axis labels and units have been omitted as the deformations
were scaled for better representation. An animation of a planet carrier revolution is avail-
able in a supplementary video file [99].
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Figure 3.19: Deflection shapes from the first three harmonics of the planet-passing fre-
quency using measurement signals from the third stage. Each shape is defined by two
conjugate vectors; the real part is shown in green, and the imaginary part is shown in
orange.
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8.5844 Hz 17.1688 Hz 25.7531 Hz

Figure 3.20: Simulated strains on the third-stage ring gear associated with the first three
planet-passing modes. The axis labels and units have been omitted as the deformations
were scaled for better representation. An animation of a planet carrier revolution is avail-
able in a supplementary video file [99].



Field validation of dynamic
mechanical torque measurements
using fiber-optic strain sensors for
geared wind turbines

Accurate knowledge of the mechanical loads of wind turbine gearboxes has become essential
in modern, highly loaded gearbox designs, as maintaining or even improving gearbox relia-
bility with increasing torque density demands is proving to be challenging. Unfortunately,
the traditional method of measuring dynamic mechanical torque using strain gauges placed
on the outer surface of a rotating shaft and transmitting the resulting signal is unsuitable for
serial deployment due to technical and economic constraints. An alternative method based
on fiber-optic strain sensors placed on the stationary outer surface of the gearbox ring gear
has been proposed. Like shaft torsion, the radial deformation of the ring gear is proportionate
to the rotor torque. Placing the sensors on a stationary component is a cost-effective alterna-
tive for serial implementation because the need for complex and expensive data transfer via
wireless transmission or a slip ring is eliminated. We present the results of an extensive field
experiment conducted to evaluate the torque measurement accuracy of this novel sensing solu-
tion installed on the gearbox of a Gamesa G97 2-MW wind turbine at the National Renewable
Energy Laboratory’s Flatirons Campus. Torque measurements derived from fiber-optic strain
sensors placed on the ring gear of the planetary stage are compared to conventional torque
measurements from strain gauges placed on the main shaft. Two different torque estimation
data processing methods were evaluated, each of which provide an average normalized root-
mean-square error below 0.7 % for a load revolution distribution analysis and are insensitive
to nontorque load and temperature effects. The method based on the third planet-passing
operational deflection shape has several advantages over the peak-to-peak method, such as
a higher sampling frequency and potential for real-time application. The fiber-optic strain
sensors’ successful operation during the complete test campaign has demonstrated a robust
and accurate solution for fleet-wide enhanced gearbox remaining useful life estimation.



This chapter is based on the following publication: [3) U. Gutierrez Santiago. Field valida-
tion of dynamic mechanical torque measurements using fiber-optic strain sensors for geared
wind turbines [100]. Green is the fourth color of the rainbow when arranged by increas-
ing wavelength. Green has a wavelength between 495 nm and 570 nm. The CMYK color
model, also known as process color or four color, is a subtractive color model used in color
printing. It is based on the CMY color model and uses four ink plates: cyan, magenta, yel-
low, and key (black). The CMYK model works by masking colors on a lighter background,
usually white, and is called subtractive because the inks subtract some colors from white
light. In contrast, the RGB color model is an additive color model where red, green, and
blue lights are combined to create colors. The CMYK model is used for printing, while
the RGB model is used for electronic displays. The RGB color model is used for sensing,
representing, and displaying images in electronic systems like televisions and computers.
The choice of primary colors in the RGB model is related to the human eye’s physiology,
maximizing the difference between the responses of cone cells to different wavelengths of
light. The green color used for this chapter has a CMYK value of (0.53, 0, 0.51, 42) which
is equivalent to (70, 147, 72) in RGB.
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ind turbine power ratings, rotor diameters, and hub heights have grown signifi-
W cantly to reduce the cost of wind energy [9]. The wind turbine drivetrain converts
mechanical power to electrical power and transmits the rotor loads to the bedplate and
tower [12]; it makes an appreciable contribution to the capital expenditure of the tur-
bine [13]. Many wind turbine drivetrains use gearboxes to lower the capital cost of the
drivetrain, but its reliability is essential and remains a top priority because gearbox fail-
ures cause long downtime with costly repairs and contribute appreciably to the turbine
operation and maintenance costs [10, 23, 24]. Thanks to internationally recognized gear-
box wind turbine design standards like IEC 61400-4 and AGMA 6006 and collaborative
efforts like the Drivetrain Reliability Collaborative between turbine manufacturers, gear-
box designers, bearing suppliers, and research institutions like the National Renewable
Energy Laboratory (NREL) and Argonne National Laboratory, average annual gearbox
failure rates for the U.S. land-based fleet have dropped from 5 % to 10 % 20 years ago [25]
to 2.5 % more recently [26]. Yet, there is room for improvement because gearboxes still
generally do not reach their desired design life [27]. These standards have placed greater
rigor on the design and gearbox verification process, including the effects of rotor non-
torque loads [28], transient events [29, 30], and electrical currents [31]. However, the
rapid pace at which torque density requirements have risen has led to increasingly com-
plex and lightweight designs with new reliability challenges and additional requirements,
such as complying with stricter noise demands and more prominent dynamic interactions.

Accurate knowledge of the dynamic mechanical torque in wind turbine gearboxes is
essential to complying with these requirements and improving their reliability. Dynamic
mechanical torque measurements of every gearbox in a fleet can enhance drivetrain us-
age monitoring because the consumed fatigue life can be assessed more precisely using the
measured torque values throughout their entire commercial operation. Dynamic torque
measurements can also potentially be used by the wind turbine controller for improved
wind turbine control to achieve a reduction of torque oscillations (i.e., torsional damping).
Additionally, dynamic mechanical torque measurements can be used to quantify drivetrain
efficiency. Unfortunately, sensors that provide detailed load measurements of the turbine
during commercial operation are not generally available [41]. It is possible to estimate the
mechanical gearbox torque from the electric currents in the generator, but this requires
assumptions about the variable gearbox, generator, and power converter efficiencies for
fatigue life calculations and is not available for estimation of the severity of high-load,
damaging events like emergency braking and low-voltage ride through when the genera-
tor disconnects from the grid [30, 42-44]. The conventional method to measure dynamic
mechanical torque is based on bonding strain gauges to a rotating drive shaft. The strain
gauges convert the torsional deformation caused by the torque into a change in electrical
resistance. Transferring the resulting signal from the rotating shaft to a stationary data
logging system and powering the data acquisition devices is difficult and costly. In wind
turbines, the main shaft’s torsional deformation is also small because of its high stiffness,
which typically results in a low signal-to-noise ratio. The torsional deformation of the
gearbox output shaft is higher, but accessing this shaft can require special provisions [30].
These drawbacks have limited the use of such measurements to laboratory environments
[28], validation and certification of experimental wind turbines [45], and troubleshooting
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exercises [46]. Other researchers have focused on indirect techniques or so-called virtual
sensors where a model of the system is combined with data from sensors in other locations
of the turbine to obtain an estimate of dynamic mechanical torque [47-53].

Installation of fiber-optic sensors (FOSs) in other wind turbine components, such as
blades [64], has recently become more common. FOSs offer several advantages compared
to traditional electrically resistive strain gauges, including higher signal-to-noise ratio,
immunity to electromagnetic interference, and the ability to accommodate many strain
sensors in a single fiber [63]. Previous work demonstrated an alternative method to mea-
sure the dynamic mechanical torque based on deformation measurements of the static
first-stage ring gear using fiber-optic strain sensors during a bench test of a 6 MW wind
turbine gearbox with 5 planets [86]. By measuring strain on the static or fixed frame,
the difficulties related to data transfer from a rotating shaft and the power supply of the
electronic components on the shaft are avoided. However, this work was conducted on a
back-to-back gearbox test bench intended for validation and certification of new gearbox
designs and for end-of-line testing of serial production units. Such test benches typically
have limited capabilities for producing dynamic torque and generally cannot create con-
trolled nontorque loads, such as axial loads and bending moments created by the rotor.
Field testing provides the most realistic platform for performance evaluation of this fiber-
optic-based torque measurement method, as certain problems related to the interaction
of multiple drivetrain components can only be discovered after deployment in the field
[101].

In the work described in this chapter, we took the next step in technology develop-
ment and validation of dynamic mechanical torque measurements using fiber-optic strain
sensors by:

« Conducting an extensive field validation campaign to demonstrate the use of FOSs
for wind turbine gearbox dynamic mechanical torque measurements, contributing
to an increase in the technology readiness level from 6 to 7 as defined in ISO 16290.

+ Assessing the accuracy of dynamic mechanical torque measurements by compar-
ing the results gathered from fiber-optic strain sensors to reference torque measure-
ments from conventional strain gauges installed on the main shaft over a wide range
of normal power production conditions.

« Investigating the effects of wind turbine operating conditions on the quality of dy-
namic mechanical torque measurements, with a special focus on the effects pro-
duced by nontorque loads and ring gear temperature.

The remainder of the chapter is structured as follows. In Section 4.2, we describe the
measurement setup and test program. In Section 4.3, two alternative data processing proce-
dures are described to derive gearbox torque from fiber-optic strain signals. In Section 4.4,
the key findings from the validation campaign are described, and finally, Section 4.5 sum-
marizes the main conclusions of this work.

4.2 Experimental setup
The present study was conducted on a Gamesa G97 2 MW wind turbine located at the
NREL Flatirons Campus (Colorado, USA) as shown in Figure 4.1a. The G97 turbine has a
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four-point mount drivetrain, in which two spherical roller bearings 1.3 m apart support
the main shaft and transfer all rotor nontorque loads to the main frame. The main shaft
then transmits nearly only torque to the gearbox planet carrier. The gearbox planetary
stage includes three equally spaced planets meshing with the ring gear and a floating sun
pinion, while two additional parallel stages use helical gearing. The gearbox provides a
total gear ratio of 126.328, which at a rated rotor speed of 15.96 rpm results in a speed of
2,016 rpm of the doubly-fed induction generator. The gearbox mass is 14,620 kg, resulting
in a torque density of 90 Nm/kg at a reference (rated) mechanical torque of 1,320 kNm.
This torque density was quite common at the time of development of the G97, but modern
gearboxes are now being produced with torque densities over 200 Nm/kg [12, 86]. During
the test campaign, data were collected from three different sources [102]:

1. FOSs installed on the outer surface of the gearbox ring gear to measure ring gear
deformation

2. Meteorological and drivetrain sensors to measure rotor inflow conditions and main-
shaft loads

3. Wind turbine operational parameters collected from the turbine controller.

An overview of the drivetrain arrangement with the location of the gearbox ring gear
FOSs and the main-shaft strain gauges are also shown in Figure 4.1b.
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Figure 4.1: (a) G97 2 MW wind turbine on NREL’s Flatirons Campus;
photo from Dennis Schroeder, NREL 21886. (b) Nacelle schematic (source
Nextwave Multimedia (https://www.nextwavemultimedia.com/blog/3d-animation/
this-time—a-stereoscopic-3d—av-for—gamesa-by-nextwave/).
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4.2.1 Ring gear fiber-optic sensors

Two fibers with a total of 23 FOSs were installed around the outer surface of the ring gear
of the gearbox at the midpoint of the ring gear face width. Figure 4.2a shows the plane-
tary stage of a G97 gearbox as seen from the rotor side. The sensors were located at the
midpoint of the ring gear width, b, and evenly distributed around the ring gear circum-
ference as shown in Figure 4.2b. In operation, the mesh force between the planets and
ring gear, F, causes deformation of the ring gear proportionate to the rotor torque as the
planets orbit around the ring gear. Because the ring gear rim thickness, S,, is relatively
thin, significant deformations can be measured by FOSs well within their sensing capabil-
ities [86]. The FOSs used for the present study are based on fiber Bragg gratings (FBGs)
and are commonly classified as discrete sensors. FBGs are modifications to the fiber’s
core in discrete, short segments that reflect particular wavelengths of light and transmit
all others. FBGs are used extensively for sensing applications because the reflected wave-
length is sensitive to temperature and strain changes at the grating. They offer several
advantages compared to electrical strain gauges [63]. FBGs offer a higher signal-to-noise
ratio than strain gauges and are immune to electromagnetic interference. A single opti-
cal fiber can also accommodate multiple sensors, simplifying the installation process. For
torque measurement, a total of 23 FBGs was chosen because it is a noninteger multiple
of the three planets, in contrast with the 24 FBGs that were intentionally chosen as an
integer multiple of the three planets for previous planet load-sharing measurements [102].
The FBGs for torque measurement were accommodated in two optical fibers, with 11 and
12 FBGs. In Figure 4.2b, the sensors have been color-coded depending on the optical fiber
to which they belong. The fibers were bonded with cyanoacrylate glue to the outer surface
of the ring gear in an existing machined groove. A snapshot of the uptower installation
process is shown in Figure 4.3a. Because the sensors were retrofitted to an operational
wind turbine, the protective paint on the ring gear had to be removed by sanding to allow
for better bonding between the fibers and the ring. In operation, an interrogator sends
light into the fibers and analyzes the wavelengths reflected by the gratings. The interroga-
tor extracts a signal proportional to the spectral shift in each FBG caused by mechanical
and thermal strain. The interrogator used for the measurement campaign provided a sam-
pling frequency of 2,000 Hz for each signal. Sensing360 B.V. supplied the FOSs and the
interrogator.

4.2.2 Meteorological and drivetrain sensors

A second set of sensors were installed on a meteorological tower in front of the wind
turbine and the drivetrain to gather related operational data for comparison to and anal-
ysis of the fiber-optic measurements. The inflow wind conditions were gathered from
the NREL M4/site 4.4 meteorological tower located near the wind turbine. Wind speed,
wind direction, and temperature measurements at hub height were recorded. For the driv-
etrain, three full Wheatstone bridges consisting of weldable strain gauges were placed on
the outer surface of the tapered main shaft at a diameter of 553 mm and approximately
halfway between the two main bearings, 2.29 m from the rotor center of gravity and 0.62 m
from the front main bearing as shown in Figure 4.3b. LEA-06-W125F-350/3R strain gauges
were used to measure the main-shaft torque and LEA-06-W250B-350 strain gauges were
used to measure the two orthogonal main-shaft bending moments. A battery-powered
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V-Link transmitter system was used to transmit the bridge outputs to a base station where
they were recorded in units of volts. A CEV58M-1600 absolute rotary shaft encoder was
installed to measure absolute azimuth angle to relate both the fiber-optic strains measured
on the static ring gear described in the previous section and the main-shaft strains to the
angular position of the main shaft and rotor. A zero-degree azimuth angle was set refer-
enced to the blade labeled as “A” when pointing down. Additionally, an SA1 resistance
temperature detector was installed on the outer surface of the bottom of the ring gear to
measure its temperature and assess the effect of thermally induced strains in the FBGs on
the accuracy of the torque measurements. These data were recorded by an NREL-operated,
GPS-time-synchronized, National Instruments-based EtherCAT data acquisition system at
a sampling rate of 60 Hz for 10-minute periods.

4.2.3 Turbine operation parameters

The last data source was the turbine controller. Using a proprietary data acquisition sys-
tem supplied by Siemens Gamesa, several operational parameters were recorded with a
sampling frequency of 25 Hz. These operational parameters included the wind speed mea-
sured by the turbine, nacelle direction, total power produced, generator and rotor speed,
gearbox oil sump and high-speed shaft bearing temperature, nacelle and exterior temper-
ature, pitch angles, and pitch angle rates.

4.2.4 Test program

The measurement and data acquisition equipment were active from April 25t to July 20th,
2023. During this period, the turbine was operated using the standard controller parame-
ters to reproduce normal working conditions. The acquired data described in Sections 4.2.1
to 4.2.3 were then postprocessed and binned together into 10-minute files for ease of han-
dling and analysis. All three data acquisition systems were synchronized using the Coor-
dinated Universal Time (UTC) timestamp, verified by comparing the rotor speed recorded
by the controller versus the rotor speed as calculated from the main-shaft azimuth encoder
and FOSs. In total, 837 10-minute files were recorded with all data acquisition systems op-
erational and with a minimum of 150 kW, 238 of which were above 50 % rated torque.
The wide range of operating conditions experienced during the test campaign covered the
complete power curve of the turbine [102].

4.2.5 Filtering of fiber-optic sensor signals and conversion to strain

Figure 4.4 shows the raw spectral shift recorded by the interrogator for sensors T01, T03,
and T06 during an example 10-second portion on April 25th beginning at 20:45:55 UTC.
The moving average was subtracted from the raw spectral shift to remove the specific
spectral offset and thermally induced strain from each FOS. The remaining filtered signal
is assumed to be produced by only the planet passage effect and can then be converted to
strain using a linear conversion factor of 840.34 pe/nm as shown in Figure 4.5.
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4.2.6 Calibration of torque measurement with main-shaft
strain gauges

The 10-minute average of the main-shaft Wheatstone torque bridge was calibrated through
alinear regression to the estimated rotor mechanical torque derived from the turbine oper-
ation parameters for all datasets with a minimum value of 150 kW of total power produc-
tion. Because the strain gauges were installed in situ uptower, the measured strain was
correlated to the main-shaft mechanical torque estimated from the power managed by the
turbine controller and rotor speed measurements along with an assumed factor of 1.1 to
account for typical power converter, generator, and gearbox efficiency losses. For the pur-
poses of this work, such a reference torque is sufficient to compare the relative accuracies
of the different methods used to determine torque from the FOSs. Figure 4.6 shows the
resulting correlation. As expected, a linear relationship was found with an interpolation
coefficient of 917 kNm/V. The main-shaft bending measurements were also calibrated by
relating the response from the corresponding Wheatstone bridges in turbine idling con-
ditions to the expected bending moment of 395 kNm at the Wheatstone bridge location,
which was derived from a force balance of the drivetrain subject to the approximate rotor
mass of 34,000 kg and the counterbalancing effect of the gearbox mass. In this calculation,
the drivetrain tilt angle of 6 degrees was also accounted for and the spherical main bear-
ings were assumed to support only radial and/or axial loads, but not any moments [103].
These methods are common in field testing of installed wind turbines [45].
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Torque fiber #2 T23
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Figure 4.2: G97 2 MW gearbox with (a) representation of fiber-optic strain sensors on the
outer surface of the first stage ring gear installed for torque measurements (adaptation
of figure from Gamesa Gearbox (https://www.gamesagearbox.com/wind-technology/) and (b)
angular placement of the 23 FBGs labeled T01 to T23, with the 12 sensors in blue belonging
to fiber number one, and the 11 sensors in red to fiber number two.
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Figure 4.3: Sensor installation process of (a) ring gear FBGs and (b) main-shaft strain
gauges. Photos from Unai Gutierrez-Santiago, Siemens Gamesa Renewable Energy, NREL
85910 and 91649.
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Figure 4.4: Example raw spectral shift from fiber-optic for sensors T01, T03, and T06.
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Figure 4.5: Example of filtered strain from raw spectral shifts of sensors T01, T03, and T06.
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torque derived from turbine controller using 10-minute average values from April 25 to
July 20th,
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4.3 Measuring dynamic mechanical torque with ring gear

fiber-optic sensors

This section describes how the strain signals from the fiber-optic sensors placed on the
outer surface of the ring gear are processed to derive the dynamic mechanical torque
applied to the gearbox. Two alternatives to derive torque from strain are examined using
an example 10-minute period of turbine operation on April 25%" beginning at 20:40 UTC.
The wind speed at hub height, the rotor speed, and the total produced power during this
10-minute period are shown in Figure 4.7. For the first 2 minutes, the wind speed was just
under the rated wind speed of 11 m/s, so the turbine was operating the rated rotor speed
of 15.96 rpm, but slightly less than the rated power of 2 MW. During the next 4 minutes the
wind speed dropped to as low as 5 m/s, so the turbine operated with variable rotor speed
and power as low as 300 kW. For the last 4 minutes, the wind speed increased quickly to
as high as 15 m/s, so the turbine operated largely at rated rotor speed and torque.
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Figure 4.7: Wind speed at hub height, rotor speed, and total produced power recorded for
the example 10-minute period of turbine operation on April 25th beginning at 20:40 UTC.

4.3.1 Peak-to-peak method

This section describes how the fiber-optic strain data were processed to obtain a torque
estimate based on the change of the peak-to-peak (P2P) strain values over time [86]. Once
signals have been filtered as described in Section 4.2.5, the remaining signal is assumed
to be entirely caused by strain at the FBG as shown in Figure 4.5. The signals of all 23
sensors exhibit large tensile strain peaks followed by a compressive peak as each of the
three planet gears passes the sensor, which occurs three times per-rotor revolution (3P).
Figure 4.8 shows the identified tensile and compressive peaks of sensors T01, T03, and



4.3 Measuring dynamic mechanical torque with ring gear fiber-optic sensors 89

TO06 over a 5-second portion of the example, during which each sensor witnessed 8 planet
passes. The red squares depict the moment when the main-shaft azimuth angle equaled
zero, signaling a complete revolution of the rotor. Figure 4.9 shows the resulting P2P
values for the same period. The P2P strains measured at each sensor location are slightly
different in magnitude and occur at slightly different times. Several factors are expected to
play arole in the observed differences in the torque-to-deformation relationship. Although
the ring gear itself is axisymmetric as shown in Figure 4.2b, the front and rear housings
connected to the ring gear and especially the torque reaction arms are not as shown in
Figure 4.1b and thus result in a nonuniform stiffness for the complete system. Because
there are 23 sensors and 87 ring gear teeth, the sensors each have different circumferential
positions relative to the ring gear teeth. If the distribution of load over the teeth is not
exactly the same, it can result in slightly different strain at each sensor location. Finally,
the bonding between the fiber and the ring gear is a manual process that could lead to
differences in sensitivity to strain of each sensor, especially for this in situ installation.
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Figure 4.8: Example P2P strain processing for sensors T01, T03, and T06: peak detection.

Although torque can be estimated from the P2P strain of just a single FOS, doing so
would only result in a torque measurement at the time of each planet passage at a fre-
quency of 3P. Combining the P2P strain for all the sensors around the ring gear circum-
ference into a single measure would result in a torque measurement at a much higher
frequency of 23 times 3P; however, the identified minor differences in strain for each
sensor must be accounted for. In this work, the average P2P value of each sensor was
used to normalize and combine the P2P strains into a single measure. Like the main-shaft
strain gauges, the FOSs could not be calibrated to torque because of the in situ installation.
Instead, the average values of normalized P2P (nP2P) strain and mechanical torque mea-
sured by the main-shaft strain gauges for every revolution of the rotor were compared as
shown in Figure 4.10. A linear relationship is observed with an interpolation coefficient of
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Figure 4.9: Example P2P strain processing for sensors T01, T03, and T06: P2P strain mag-
nitude.

9.43 kNm/pe. Using this, the nP2P strains can be converted to dynamic mechanical torque
for every detected planet passage.

4.3.2 Operational deflection shape method

This section describes another approach to derive torque from the FOSs based on oper-
ational deflection shapes (ODSs). ODSs are similar to natural mode shapes, but because
they are caused by periodic external excitations rather than being a structural property of
the gearbox, the term ODS is used. In a previous work, [36] described the subspace mul-
tivariable output-error state-space (MOESP) algorithm used to identify models from the
FOSs and the state reconstruction procedure to quantify the contribution of the ODSs. The
contribution of the planet-passing ODSs showed a strong correlation with the dynamic me-
chanical torque in the gearbox and, therefore, provides a means to estimate torque. The
first step of this method is to identify the ODSs from a suitable training dataset at con-
tinuously rated operating conditions. The first such conditions occurred on May 5% at
23:00 UTC, in which the turbine was operating at rated speed and power for the entire
10-minute period.

The sampling frequency plays an important role in the efficiency of the numerical im-
plementation of the MOESP algorithm. The original sampling frequency of 2,000 Hz for the
FOSs was downsampled to 60 Hz, which matched the sampling frequency of the main-shaft
strain gauges. This frequency is still suitable, as it easily captures the 3P planet-passing and
gear mesh excitation frequencies for the planetary stage, which at the rated rotor speed
of 15.96 rpm (0.266 Hz) are 0.798 Hz and 23.140 Hz, respectively, for the ring gear with
87 teeth and the sun pinion with 18 teeth. Once the sampling frequency has been chosen,
three parameters need to be defined to execute the MOESP algorithm [94, 98, 104]. These
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Figure 4.10: Linear interpolation between nP2P values and main-shaft mechanical torque
using main-shaft revolution average values from April 25 to July 20t

parameters are the number of samples N, the number of block rows s, and the system or-
der n. For the present study, N = 12,800 samples per sensor accounting for approximately
one-third of the 10-minute data sample, s = 64 block rows, and n = 20, which is a model
order equivalent to 10 oscillatory modes. The observed part of the eigenvectors identified
by the MOESP algorithm are the system’s mode shapes. The frequency and damping ra-
tios of each ODS, computed from the identified eigenvalues, are listed in Table 4.1. The
damping ratios are all very small, as expected for a stiff, metal structure such as the ring
gear, resulting in periodic, undamped dynamic behavior. All identified frequencies match
with the 3P planet-passing frequency and its harmonics. Figure 4.11 shows an animation
of the ODSs that correspond to the first three orders of the planet-passing frequency (3P).

With a suitable transformation matrix, it is possible to diagonalize the identified sys-
tem matrix A into the so-called modal form denoted as A,;. The same transformation
matrix can be used to obtain the output matrix Cy;. The associated states X and the out-
put measurements j can be reconstructed using the “one-step-ahead” predictor. For this
predictor, we use a Kalman gain K estimated from the measured data as the optimal esti-
mator. The accuracy of the identified system was evaluated using the variance accounted
for (VAF) metric between the measured signals y and the predicted j, representing the
strain from the FOSs. The VAF was computed using a different section of the 10-minute
training recording used for training, which is the validation dataset. The system’s initial
state is estimated for the validation part of the dataset using the identified models. Then,
the system state and output signals can be reconstructed, assuming the system behaves as
an autonomous system oscillating from a nonzero initial condition. An average VAF value
for the 23 FOSs of 98.45 % was achieved with the above-mentioned identification parame-
ters. Such a high VAF value indicates that the identified ODSs can reproduce the behavior
of the gearbox accurately, and the contribution of the periodic excitations accounts for
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Table 4.1: ODS frequencies in rated conditions identified by the MOESP algorithm using
s =64 and n = 20.

Mode Frequency (Hz) 3P Order Dampingratio Acronym

1 0.80 1.00 2.15e-5 3P

2 1.60 2.00 1.24e-5 2x3P
3 2.39 3.00 1.16e-5 3x3P
4 3.19 4.00 1.10e-5 4x3P
5 3.99 5.00 9.29e-5 5x3P
6 4.78 6.00 1.26e-5 6x3P
7 5.58 6.99 1.34e-5 7x3P
8 6.38 7.99 1.30e-5 8x3P
9 7.18 8.99 1.86e-5 9x3P
10 7.97 9.99 3.91e-5 10x3P

almost all the energy in the measured FOS strain signals.

However, the results were not close to the measured signals when recordings with
variable speed were analyzed. For normal operating conditions, where the speed of the
turbine is constantly changing, the behavior is no longer periodic in the time domain,
so the identified system representation does not hold. To overcome this, the measured
strain signals were resampled at fixed angular intervals. In the angular domain, the system
exhibits a periodic behavior and can be represented by the ODSs. The strain signals were
angularly resampled by using their periodic 3P behavior, previously shown in Figure 4.9.
The angular resolution was chosen to match the time resolution at rated speed. Figure 4.12
compares the main-shaft torque, the nP2P strain, and the modules of the dimensionless
states associated with each ODS for the example 10-minute recording from April 25% at
20:40 UTC. The trends for the nP2P strain and the modules for the dimensionless states
are the same as the main-shaft torque, giving confidence that both the FOS strain analysis
methods and any of the ODSs can be used to measure dynamic mechanical torque. When
the system is represented in diagonal form, via a suitable similarity transformation, two
conjugate states are associated with each ODS with equal modules.

In order to find the relationship between the module of the states (X) and the mechani-
cal torque, again, the average values of the state modules and mechanical torque measured
by the main-shaft strain gauges for every full revolution of the rotor were determined and
are compared as shown in Figure 4.13. A linear relationship is observed for every ODS,
each with its own interpolation coefficient as listed in the legend. Using these coefficients,
the modules of the states can be converted to dynamic mechanical torque for every sample.
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Mode 1 (3P) Mode 2 (2x3P) Mode 3 (3x3P)

Figure 4.11: Simulated strains on the ring gear associated with the first three planet-
passing mode shapes. The axis labels and units have been omitted as the deformations
were scaled for better representation. An animation of a planet carrier revolution is avail-
able in a supplementary video file [105].
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the 10-min recording from April 25t at 20:40 UTC.
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and main-shaft mechanical torque using main-shaft revolution average values from April
25 to July 20h,
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4.4 Results

This section presents the key findings obtained from the field validation campaign. First,
we examine the dynamic mechanical torque measurements derived from the FOSs placed
on the ring gear and their differences compared to those from the main-shaft strain gauges.
Then, we quantify the accuracy of the fiber-optic measurements and analyze the effect
of the operating conditions experienced by the turbine throughout the field validation
campaign.

4.4.1 Accuracy assessment

Using the linear interpolation coefficients shown in Figures 4.10 and 4.13, it is possible to
convert the nP2P values and ODS state modules into dynamic mechanical torque. In this
work, these relationships were defined using average values over a full rotor revolution
for the complete measurement campaign. However, for a serial implementation, it is en-
visaged that the FOSs could be installed during the gearbox assembly and fully calibrated
to mechanical torque during the end-of-line gearbox test. For the example 10-minute
data recording analyzed in Section 4.3, a comparison between the dynamic mechanical
torque measured by the main-shaft strain gauges and the torque measurements derived
from the FOS strain signals is shown in Figure 4.14. Both the nP2P and third-order (ODS3)
torque measurements closely match the dynamic mechanical torque measurements from
the main-shaft strain gauges, even in the quick rise in torque from 600 kNm to the rated
1,320 kNm that occurs in only 10 seconds. The error between the nP2P and ODS torque
methods when compared to the main-shaft torque is typically less than 50 kNm, even
during this highly dynamic period. Figure 4.15 shows the dynamic mechanical torque
measurements for another 10-minute recording from May 31°¢ at 22:40 UTC. This period
features more operation in the variable torque and rotor speed region, with even more
changes in torque from as low as 300 kNm to rated for brief periods. In some cases, the
torque rises and falls 300 to 400 kNm in as little as 5 seconds at a time. In this variable-
speed region, it does appear, though, that the torque errors increase slightly more but are
still typically less than 70 kNm.

The root-mean-square error (RMSE) was used to assess the accuracy of the dynamic
mechanical torque measurements [106]. For every 10-minute recording, such as the exam-
ples shown in Figures 4.14 and 4.15, the error was computed as the difference between the
dynamic mechanical torque measurements from the main-shaft strain gauges and those
derived from FOS magnitudes for each time sample. The main-shaft strain gauge signals
were logged with a sampling frequency of 60 Hz. To perform a sample-by-sample com-
putation of the error, the torque measurements obtained using the peak-to-peak method
had to be interpolated because a torque value can only be obtained when any of the FBGs
detects a planet passage, which generally leads to a nonuniform spacing of the torque
samples. In the case of the ODS method, the FOS signals were angularly resampled as
explained in Section 4.3.2, and therefore, the main shaft torque was also resampled using
the same fixed angular intervals to make the instantaneous error evaluation possible. It is
common practice to normalize the RMSE values to assess the magnitude of errors from the
perspective of the measured quantity. However, there is no consistent means of normal-
ization in the literature [107]. In this work, the RMSE values were normalized using the
rated torque. Table 4.2 summarizes the normalized RMSE values of the 10-minute record-
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Figure 4.14: Comparison of torque measurements derived from fiber-optic and main-shaft
strain signals for the example on April 25™" at 20:40 UTC.

ings from April 25t at 20:40 UTC and May 31°t at 22:40 UTC shown in Figures 4.14 and
4.15. The torque RMSE evaluation was also performed for all 837 10-minute recordings
from the full validation campaign. These recordings were selected using the minimum
produced power requirement of 150 kW. A single normalized RMSE value was obtained
from each 10 minute, and the average of all 837 values is also shown in Table 4.2. Depend-
ing on the method to derive torque, the RMSE torque errors range from 15 to 30 kNm,
which when normalized are approximately 1 to 2.5 %. These normalized RMSE values are
considered very low, within the expected accuracy of the main shaft strain gauges. Exam-
ining just the nP2P and ODS3 methods, the errors are even lower, with normalized errors
less than 1.5 %. For brevity, in Table 4.2, only the ODSs corresponding to the first three
orders of the planet-passing frequency (ODS1, ODS2, and ODS3) are shown because the
fourth and higher orders resulted in higher errors than the first three.

Table 4.2: Normalized RMSE of torque measurements on a time-based approach.

RMSE (kNm) Normalized RMSE ( %)
Method | Apr25th May 31% Mean Apr 25th May 31% Mean
20:40 UTC 22:40 UTC 837 files | 20:40 UTC 22:40 UTC 837 files

nP2P 15.356 16.708 15.768 1.163 1.266 1.195
ODS1 28.434 28.514 20.923 2.154 2.160 1.585
ODS2 20.054 19.057 15.611 1.519 1.444 1.183

ODS3 22.806 18.476 18.015 1.728 1.400 1.365
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Figure 4.15: Comparison of torque measurements derived from fiber-optic and main-shaft
strain signals on May 31°¢ at 22:40 UTC.

For fatigue life estimations, because the gears and bearings are subjected to stress
cycles even under a constant torque load, the IEC 61400-4 gearbox design standard recom-
mends binning the loads using a load duration distribution approach. The load bins can
be the time spent at a given load (i.e., load duration distribution (LDD)) or the number
of revolutions (i.e., load revolution distribution (LRD)). The number of gear stress cycles
depends on the rotational speed, and therefore, the shaft speed is taken into account in the
LDD or LRD. As shown in Section 4.3.1 the rotor or main shaft speed can also be derived
from the FOSs. For the 837 analyzed 10-minute recordings, the accuracy of the mechan-
ical torque derived from the FOSs was assessed for both LDD and LRD approaches. For
the LDD, each 10-minute recording was considered as a time bin, and its average torque
value was computed. Similarly, for the LRD, the mechanical torque was averaged for the
113,499 full main-shaft revolutions contained in the 837 files. Table 4.3 summarizes the
overall RMSE in kNm and the normalized RMSE in % for the full measurement campaign
using the errors of each 10-minute file and each revolution. As can be seen, the normalized
RMSE values drop below 0.7 % for both the nP2P and ODS3 methods.

Therefore, these highly accurate results allow the use of dynamic mechanical torque
from the FOSs for applications like remaining useful life estimation and potentially even
wind turbine control. Although the nP2P method has a similar error as the first 3 ODS
methods, the ODS methods have the advantage of a greater sampling frequency. The nP2P
method can only provide a torque estimate when a planet passage is detected, in this case
at 23x3P per revolution. The ODS method, however, can give a higher sampling frequency
because the state associated with the ODSs can be evaluated at every time step and, there-
fore, can be as high as the sampling frequency. Because it uses simple linear algebraic
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Table 4.3: Normalized RMSE of torque measurements based on LRD and LDD approaches.

Average RMSE (kNm) Average Normalized RMSE ( %)

Method | LRD LDD | LRD LDD
nP2P 8.567 8.292 0.649 0.628
ODS1 15.152 13.585 1.148 1.029
ODS2 | 9.539 8.964 0.723 0.679
ODS3 | 9.013 8.542 0.683 0.647

operations, it can also potentially be implemented in real time. Another advantage of
ODS method is that we can recursively implement the system identification algorithm to
identify ODS at different times and track the deflection shapes, which could potentially
be used for gearbox fault detection. Additionally, the nP2P method encounters difficulty
identifying the planet passage peaks at lower torque levels.

4.4.2 Analysis of effect of wind turbine operational parameters

In this section, the effect of wind turbine operating conditions on the accuracy of the
mechanical torque measurements from the FOSs presented in Section 4.4.1 is assessed us-
ing the LRD approach. By averaging the torque errors over full revolutions of the rotor
and pairing them with the synchronously logged additional wind turbine operating pa-
rameters, like wind speed, main-shaft bending moments, and ring gear temperature, it is
possible to assess the effect of those operating conditions on the accuracy of the FOSs.
Figure 4.16 shows the error between the mechanical torque measurements from the nP2P
and ODS methods and the main-shaft strain gauges across the average wind speed of each
LRD bin. The errors are lowest above the rated wind speed of 11 m/s in which the tur-
bine is typically operating at constant rotor speed and mechanical torque, even in wind
speeds as high as 21 m/s. The errors are slightly higher in the variable rotor speed region
between 6 and 10 m/s, in which the speed, torque, and blade pitch angles are all frequently
changing.
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Figure 4.16: Effect of wind speed at hub height on the average RMSE for (a) nP2P and (b)
ODS3 torque measurement methods for each rotor revolution from April 25 to July 20th,
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Figure 4.17 shows the error between the mechanical torque measurements from the
nP2P and ODS methods and the main-shaft strain gauges across the average main-shaft
bending moment of each LRD bin. The majority of the main-shaft bending moments expe-
rienced were around 400 kNm, which is close to that caused by the rotor overhung weight
moment at the main-shaft bending gauge location described in Section 4.2.2. In many
operating conditions, slightly positive and negative wind shear can relieve or add to the
main shaft bending moment, respectively, but these moments do not appear to have much
effect on the torque error estimate.
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Figure 4.17: Effect of main shaft bending moment on the average RMSE for (a) nP2P and
(b) ODS3 torque measurement methods for each rotor revolution from April 25t to July
20'h,
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Figure 4.18: Effect of ring gear surface temperature on the average RMSE for (a) nP2P and
(b) ODS3 torque measurement methods for each rotor revolution from April 25t to July
20th,

One of the concerns when evaluating the accuracy of the FOS measurements was to
understand the effect of ring gear temperature on the FBGs. For that purpose, the FOS
strains were correlated to the measurements from the ring gear surface temperature sensor
described in Section 4.2.2. As Figure 4.18 shows, no appreciable correlation was observed
between the torque errors and the ring gear temperature for either analysis method over
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a wide range of ring gear temperatures from 43 to 66 °C. Typical operating temperatures
ranged from 50 to 65 °C. From this we can conclude that both the nP2P and the ODS
methods are robust to temperature variations.

The effects of other operating variables like wind turbulence intensity, yaw misalign-
ment, and blade pitch angles on the torque error were also found to be negligible, similar
to previous analysis of the effect of these parameters on the mesh load factor [102]. This
is aligned with the expected behavior of the four-point-mount drivetrain configuration
under test described in Section 4.2.

4.5 Conclusions

Accurate knowledge of the mechanical torque duty cycle of wind turbine gearboxes has
become essential in modern designs, as maintaining or even improving gearbox reliabil-
ity with increasing torque density demands is proving to be challenging. In many wind
turbines, the mechanical torque is estimated from the generator electrical operational pa-
rameters; however, there are inherent uncertainties in the gearbox and electrical system
efficiencies that vary with load, temperature, and time. Further, the electrical torque is
zero in transient conditions, but highly dynamic mechanical torque is still present. Direct
measurement of mechanical torque in the rotating system can be accomplished but can be
costly.

In this work, a cost-effective method of measuring the dynamic mechanical torque
based on fiber-optic strain sensors placed on the outer surface of the gearbox ring gear of
a Gamesa G97 2 MW wind turbine was validated over a 3-month field test campaign. The
fiber optic sensors measure the radial deformation of the ring gear, which is proportion-
ate to the mechanical torque. The dynamic mechanical torque derived from the fiber optic
strain sensors were compared to torque derived from traditional strain gauges installed on
the main shaft with an average normalized root-mean-square error of less than 0.7 % using
the load revolution distribution analysis. The effect of operating conditions on the torque
estimate was also investigated, without an appreciable or consistent influence from wind
speed, main-shaft bending moment, or ring gear temperature. The method based on the
third planet-passing operational deflection shape has several advantages over the peak-to-
peak method, such as a higher sampling frequency and potential for real-time application,
and therefore is the preferred method. The fiber-optic strain sensors’ successful opera-
tion during the complete test campaign demonstrated a robust and accurate solution for
fleet-wide enhanced gearbox remaining useful life estimation that has been increased to
a technology readiness level of 7 as defined in ISO 16290.



Experimental evaluation of the
mesh load factor (K,) of a 6MW
wind turbine gearbox

The significant increase in rotor diameters seen in modern wind turbines has pushed gearbox
manufacturers to introduce technological innovations to increase the torque density of cur-
rent designs. Driven by the need to lower the cost of energy from wind and size limitations
imposed by logistic constraints in onshore wind, a trend has emerged to increase the number
of planetary stages and the number of planet gears per stage. One of the main challenges of
next-generation gearbox designs is sharing the load evenly between a high number of plan-
ets. This chapter presents an experimental evaluation of the mesh load factor of a modern
6MW wind turbine gearbox with five planets in the first planetary stage. Results from the
traditional method, based on tooth root strain gauges, and from strain measurements in the
outer surface of the ring gear are described and assessed. Both experimental approaches have
yielded lower mesh load factor values than the default values required in the standard “De-
sign requirements for wind turbine gearboxes” IEC 61400-4. Since the mesh load factor is used
for gear rating and sizing, a lower value allows for a more optimized gearbox design, which
leads to a significant improvement in torque density and cost.



This chapter is based on the following publication: [£) U. Gutierrez Santiago. Experimental
evaluation of the mesh load factor (K,) of a 6MW wind turbine gearbox [108]. Yellow is
the fifth color of the rainbow when arranged by increasing wavelength. Yellow has a
wavelength between 570 nm and 580 nm. All the FBGs used throughout this dissertation
reflect light within the 1525 nm - 1575 nm bandwidth. That is well above the upper limits of
the humanly visible part of the spectrum. They do, however, “light up” when connecting a
visual fault detector, which emits light around 650nm. The visible spectrum is the narrow
portion within the electromagnetic spectrum that can be seen by the human eye, also
referred to as the optical spectrum. Other forms of electromagnetic radiation that we
cannot see include radio, gamma, and microwaves. The cells in our eyes, called cones,
are sensitive to the wavelengths found in the visible spectrum. They allow us to see all
the colors of the rainbow. Various sources define visible light as narrowly as 420 nm -
680 nm to as broadly as 380 nm — 800 nm. Under ideal laboratory conditions, people can
see infrared up to at least 1050 nm; children and young adults may perceive ultraviolet
wavelengths down to about 310 nm. In order of increasing wavelength and decreasing
frequency, the electromagnetic spectrum includes gamma rays, X-rays, ultraviolet, visible
light, infrared, microwaves, and radio waves.



5.1 Introduction

educing the cost of energy (CoE) has become one of the main research drivers in Wind

Energy [68]. As a result, wind turbines have experienced an astonishing increase in
rotor diameter. In the overall breakdown of costs of onshore wind, the gearbox is one
of the main contributors due to the associated capital expenditure and the considerable
impact on operation and maintenance costs [69]. In this context, gearbox manufacturers
have striven to reduce the cost of gearboxes by increasing the torque density of modern de-
signs. Multiple technological innovations have been introduced, e.g., like new materials,
improved manufacturing tolerances, and additional surface finishing techniques. How-
ever, increasing the number of planetary stages and the number of planet gears in each
stage are the two most promising avenues to increase the torque density and keep the
gearbox diameter within the limitations imposed by logistic constraints [12]. One of the
main challenges of next-generation gearbox designs is sharing the load evenly between
the high number of planets. The load-sharing behavior of planetary gears has been ex-
tensively studied in the literature. Kahraman et al. researched its dependency on manu-
facturing errors and the associated dynamic effects [55], and presented an experimental
study in [56]. Singh, A. proposed an analytical formulation for the relationship between
planet load sharing behavior and positional errors [57]. These studies were conducted
on smaller module gears for automotive or helicopter applications. Guo, Y. and Keller,
J. generalized this analytical formulation for wind turbine gearboxes with a three-planet,
floating epicyclic configuration [28, 54]. Little evidence can be found in the literature for
a higher number of planets. New analytical tools are needed to predict the load-sharing
behavior in modern wind turbine gearboxes with more planets. These tools need to be
demonstrated and validated through experimental evaluation.

For split path gear meshes, the gear rating standard ISO 6336-1 [58] defines the mesh
load factor K| as the quotient between the highest load carried by a single path divided
by the average load. In planetary gear stages, this corresponds to the highest load carried
by a single planet divided by the average load of all planets. Design requirements for
wind turbine gearboxes are set by the standard IEC 61400 — 4 [59]. This standard specifies
default values of the load mesh factor K, as a function of the number of planets. These
default values are given in Table 5.1.

Table 5.1: Mesh load factor K, values for planetary stages given by the standard
IEC 61400-4 according to their number of planets.

Number of planets 3 4 5 6 7
Mesh load factor K, 110 125 135 144 147

For a high number of planets, the mesh load factors presented in Table 5.1 are conser-
vative and would lead to gearbox designs with poor torque density values. The standard
allows lower mesh load factor values if they are demonstrated by gear teeth root strain
gauge measurements during prototype testing. Performing such tooth root strain mea-
surements is complex and expensive. A recently developed method to measure torque
using fiber optic strain sensors on the outer surface of the ring gear [65] has proven to



provide additional information about the way torque is shared by the different planets.

The main contribution of this study is to perform an experimental evaluation of the
mesh load factor (K, ) of a five-planet first planetary stage from a modern 6MW wind
turbine gearbox. The traditional method to evaluate the mesh load factor based on strain
gauge measurements in the gear teeth roots, has been compared against values obtained
from the strain measurements on the outer surface of the ring gear to assess the new
method. The results from both approaches have been compared to the requirements set
by the standard IEC 61400 — 4 [59].

The remainder of this chapter is organized as follows, Section 5.2 describes the ex-
perimental procedure used to evaluate the mesh load factor K. Section 5.2.1 covers the
traditional method based on tooth root strain measurements, and Section 5.2.2 describes
the method based on strain measurements on the outer surface of the ring gear using
fiber-optic sensor. Section 5.3 discusses the results obtained with both signal processing
procedures, and Section 5.4 draws the main conclusions of this work and suggests recom-
mendations for future work.

5.2 Experimental evaluation of the mesh load factor K,

This study was conducted using a Siemens Gamesa Renewable Energy (SGRE) gearbox
manufactured by Gamesa Energy Transmission (GET). The gearbox is a 3 stage gearbox,
where the first and second are epicyclic planetary stages, and the third is a parallel stage.
The first planetary has five planets and the second stage has three. The rated power of the
gearbox is 6MW and weights approximately 44000 Kg. A full-scale prototype gearbox, in-
strumented with strain gauges in two roots of the sun gear and fiber optical strain sensors
on the outer surface of the ring gear, was tested in a back-to-back test bench up to 100 %
of its nominal torque. The first stage of this gearbox was chosen for this study because
it is representative of current gearbox designs. With five planets, it provides a suitable
case to evaluate the requirements of standard IEC 61400 - 4. All tests presented in this
study were performed on the back-to-back test bench shown in Figure 1, property of the
company DMT GmbH & Co. KG [79] at Krefeld (Germany) with electric motors of rated
power of 7.5 MW.

5.2.1 Load mesh factor from sun gear root instrumentation

The traditional method to evaluate the mesh load factor is based on measurements from
strain gauges installed in the gear tooth root. According to the standard IEC 61400 — 4
[59] these strain gauges are a compulsory part of the verification process of a new gear-
box design and also serve to evaluate the gear mesh contact patterns and the load intensity
distribution along the face width of the gears (Kp ). The measurement system was com-
prehensively described in [60]. However, it is worth emphasizing two critical items of the
instrumentation:

« Location of strain gauges in the gear root: When a gear tooth is subjected to the
mesh force as depicted in Figure 5.2, where « is the pressure angle. According to the
standard ISO 6336 [58] the highest stresses can be found in the sections defined by
the 30 degree tangents. In theory, these spots of maximum stress would lead to the
highest possible signal-to-noise ratio. However, these spots also exhibit large stress
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Figure 5.1: SGRE gearboxes on a back-to-back test bench (property of DMT GmbH & Co.
KQG).

gradients, making them very sensitive to positioning errors. In practice, the mid-
dle section between teeth offers a more suitable location to place the strain gauges.
The strains are large enough to give good readings, and the smaller stress gradient
reduces the sensitivity to positioning errors [60]. Additionally, the middle section
offers more clearance with the mating tooth, which eases the physical installation
process of the gauges and associated wiring.

« Number of strain gauges along the gear face width: The number of gauges to be
installed along the face width in each root is a compromise between the required
spatial resolution and the time and cost of the installation. In wind turbine gear-
boxes, considering the typical gear dimensions and the ratio of face width to the
normal module, a number of 8 strain gauges has been found to produce satisfactory
results [60]. Figure 5.3 shows how these eight gauges were distributed along a tooth
root of the sun. This root was arbitrarily labeled as root number 1. The tooth root
number 13, in the rotor’s clockwise direction, was also instrumented in the same
way for redundancy purposes.

The sun gear is a rotating part, and therefore, a special data acquisition system is
needed. For the present study, bespoke uniaxial strain gauges together with gear align-
ment electronic modules developed by JR Transmission Dynamics [46] were used. These
modules provide strain gauge conditioning using a Wheatstone bridge with a quarter
bridge configuration; they are equipped with 8-channel synchronous acquisition and low-
noise 12 bit analog to digital converters. Once the data is logged, a Bluetooth system
transmits the data wirelessly. In this study, two roots (arbitrarily numbered 1 and 13) were
instrumented with eight strain gauges on each root connected to independent 8-channel
modules. Part of the electronic module can be seen in Figure 5.3. This picture was taken
before soldering the wires from the strain gauges to the electronic module.
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Figure 5.2: Strain gauge posi-  Figure 5.3: Strain gauge placement on a root of the
tioning in the gear tooth root. first-stage sun gear.

In the case of the sun gear, the instrumented gear tooth will mesh with all the planets
allowing the mesh load factor (K}) to be evaluated by comparing the mesh intensity of
the gear meshes with the different planets. For each revolution of the sun relative to the
carrier, a number of meshing cycles equal to the number of planets are observed in the
time waveform of the strain gauges located in a tooth root of the sun gear. Figure 5.4
shows the raw data recorded from the eight strain gauges of the root number 1 of the sun.
A once-per-revolution tachometer signal was also logged synchronously to identify the
angular position of the sun relative to the carrier. The sun gear acts as a driven gear in
the mesh with the planets. Therefore, during the start of the mesh cycle, when the tooth
before the instrumented root is loaded, the strain gauge first observes a positive strain or
traction. As the meshing cycle continues, the strain gauges will undergo compression or
negative strain once the following tooth after the instrumented root becomes loaded.

The peak-to-peak strain value of the traction-compression cycle observed during the
mesh cycle was chosen to measure the relative root stress of each strain gauge. Figure 5.5
shows the normalized peak-to-peak values of each strain gauge for the five mesh events
of a single revolution of the sun gear relative to the carrier. The relative strain values are
plotted against the axial position along the width of the sun gear shown in Figure 5.3. The
rotor side corresponds to the left part of the graph and the generator side to the right.
From the strain distributions shown in Figure 5.5, the area below each strain distribution
was chosen as the mesh intensity value assigned to each gear mesh. This mesh intensity,
denoted as iy, can be computed using the following equation and was :

N
Imesh = Z bn A mesh» (5.1)

n=1

where b, is the length of face width covered by the strain gauge n and A6, pqp, is the
peak-to-peak strain measured by the strain gauge n during the mesh event. N is the total
number of strain gauges placed along the face width. If we have P number of planets, then,



Planet Planet  Planet Planet Planet
#1 #5 #4 #3 #2

g %00 T T T T T T T
@ =
bl S 0 f\ L+ LA /h LA /—’\\//f\/ \L//—r\//’h
: 5 500 FV/ V] il T Y VA Y] | | \\/r/ﬁ [ |
s 0 0.5 1 1.5 2 25 3 35 4 45 5
o 500 \ = S i s B \/_/\ bE T A T r‘/"\ A
c e i
S o [ = L SRR = s foid \ R %
& -500 FV/ ‘/\H v | Vi T \'(H \/J\ % | \/f, \/ v | v | Vo
0 0.5 1 1.5 2 25 3 35 4 45 5
g% ! g 1 ] " A N ~ LA 2 ~
S o AV A U Y | B A Bt SR o !
%rsoo F\/J \V\F VI VLY Y] jatll v Y i VT LV
0 0.5 1 15 2 25 3 35 4 45
g 500 T T T T T T T T T
H 0%
s
B 500 I | I i 1 I { I I
0 0.5 1 15 2 25 3 35 4 45
o 500 T T T T T T T T T
£ 0%
s
B 500 I I 1 I 1 I I
0 0.5 1.5

1 1 1 1 1
0.5 1 1.5 2 25 3 3.5 4 4.5

500 T T T T T T T T T
0
500 | I I { I I { I I
o

0.5 1 1.5 2 25 3 35 4 4.5

Strain#7
& o
8 o 8
° 7

Generator side

Strain#8

T T T T T T T T T
2 #TF{UE#'» I N N

S

= #FALSE#] ] ] ] ] I ] ] ] ]
0 05| 1 15 2 25 3 35 4 45
Time (s)

<\
g
<
5
S
AAA\AAA
5
<
\
E ]
<
1
D
4,\,4\\ oo fs
{

Figure 5.4: Strain signals of all 8 root gauges and once-per-revolution tachometer.

for a given revolution rev of the sun relative to the carrier the following mesh intensities
can be computed: i rey, iz revs i3 revs - iP rev-

A mesh load factor for a single revolution can be evaluated by comparing all the mesh
intensity values of a single revolution and dividing the maximum mesh intensity from a
single planet by the average of all planets, see Eq. (5.2). Since dynamic effects can influ-
ence the different mesh intensity values during a complete revolution, this value has been
denoted as K, Ky yey:

max(ll,rev’ 12 revs13 revs - lP,rev)

P .
2p=1 lp,rev
P

Kvarev = (5.2)

The term K, K, is a loose interpretation of the standard ISO 6336 [58]. A method to
measure the dynamic effects covered by K,, is unavailable in the industry. The authors
understand that the dynamic effects influence the mesh intensity measurements within a
revolution because the mesh events were measured at different time instants. However,
it cannot be guaranteed that all the dynamic effects will show in the few mesh events
recorded by the instrumented tooth.

In the present study, the tooth root strains were recorded for tests performed with



33 %, 50 %, 67 %, 83 %, and 100 % of the nominal torque. During each test, the reference
torque command was kept stationary. Around 20 revolutions of the sun relative to the
carrier were recorded for each test. Throughout these revolutions, the strain distribution
was observed to change dynamically. The K, K, values were computed for all the recorded
revolutions. The average K, K, and the worst case or maximum K, K, were selected. A
third value relative to the mesh load factor was explored. The peak-to-peak strain data
of each strain gauge was averaged, taking into account the planet that produced the gear
mesh. This average distribution filters out the contributions of K,, assuming that the dy-
namic effects covered by the factor K, are uncorrelated with the mesh load factor K, and
that the recorded data covers enough revolutions. This average mesh load factor has been
denoted as K,

y.avg:
max(il,avg»iZ,avg’i3,avg’-~~sip,avg)
Ky,avg = T , (5.3)
2;7:1 lp,avg
P

where the i)y, is the average mesh intensity produced by the planet p which be computed
using the following equation:

R .
. Zr:1 lp,r
ipavg = = (5.4)

Figure 5.6 shows the average K, average K, K, and maximum K, K, results of both
instrumented roots (roots number 1 and 13) obtained during the tests performed with
stationary torque values of 33 %, 50 %, 67 %, 83 %, and 100 % of the nominal torque.

5.2.2 Load mesh factor from ring gear outer surface instrumentation
A new method to measure the input torque of wind turbine gearboxes was introduced in
[65]. This method is based on strain measurements on the outer surface of the ring gear.
The instrumentation requirements and the data logging process are simplified because
the ring gear is static. Optical strain sensors based on fiber Bragg gratings (FBGs) were
used because they offer a higher signal-to-noise ratio and are immune to electromagnetic
interference. Since multiple strain sensors can be accommodated in a single fiber, they also
allow a more straightforward installation. A satisfactory correlation was found between
the input torque of the carrier and the deformations on the outer surface. Furthermore,
the procedure based on peak-to-peak strain values provided information about the load
sharing between planets.

Four optical fibers were installed on the outer surface of the first stage ring gear, at the
middle section along the width of the ring gear in the axial direction, as shown in Figure 5.1.
The fibers were installed tangentially to the middle section, covering a complete revolution
along the outer perimeter of the ring gear. Figure 5.7 shows the radial and angular location
of all the strain sensors with the corresponding labels in a rotor side section view. The four
different colors of the sensor labels indicate how the FBGs belong to separate fibers (S01
to S15 in fiber number 1, S16 to S28 in fiber number 2, S29 to S41 in fiber number 3, and
S42 to S54 in fiber number 4). The fiber optical sensors were supplied and installed by
the company Sensing360 B.V. [80]. A more comprehensive description of the optical fiber
instrumentation used can be found in [65].



Fiber Bragg gratings are sensitive to strain and temperature. The signals were de-
trended to remove the effect of temperature on the measured shifts in wavelengths of the
FBGs. Once the long-term shift caused by temperature had been removed, the remaining
signal was considered to be caused entirely by the strain imposed from the planet gear
mesh events. A correlation between the average torque and the average peak-to-peak val-
ues of the strain sensors placed on the ring gear’s outer surface was found in [65]. An
inductive sensor was used to provide a pulse for every full rotation of the input shaft so
that the relative position of the planet carrier is known and peak-to-peak values can be
assigned to individual planets as shown in Figure 5.8. For every revolution of the carrier,
a value of K, K, can be computed using the peak-to-peak values as iy, from Eq. (5.1).
Silmilarly, the following expression is proposed to derive the average K, , of a particular
planet:

AS,
K,,=—=, (5.5)
by

where A_ép is the average peak-to-peak strain value measured from all mesh events caused

by a particular planet p, and Adyy is the average peak-to-peak value of all planets. In the
instrumentation set-up used for this study, the number of strain sensors on the ring gear
is not an integer multiple of the number of planets, therefore, it is not possible to compare
strain peaks in different positions simultaneously. Figure 5.9 shows the resulting average
K, for each strain sensor position for a test conducted at 100 % of torque.

Short tests under 19 different stationary speed and torque conditions were performed
to characterize the relationship between torque and the mesh load factor. The torque level
was increased in five percent increments from 10 % to 100 % of the nominal torque. For
each test, strain data was recorded for around 35 revolutions of the carrier. The gearbox
rotational speed was kept constant and equal to the nominal value. Figure 5.10 shows the
average K, values of the five planets against torque. The values shown by the circular
markers in Figure 5.10 represent the mean value of all 54 sensors, and the shaded patches
represent the bounds limited by the minimum and maximum K.
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Figure 5.7: Location of the fiber optical strain sensors (S01 to S54).
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5.3 Discussion of results

This section will discuss the main findings gathered through the experimental evaluation
of the mesh load factor K, of the first planetary stage from a modern 6MW wind turbine
gearbox. Two alternative approaches have been studied. First, the traditional method
based on gear tooth root strain measurements has been described in Section 5.2.1. Then
a different approach based on strain measurements on the outer ring gear using fiber-
optic sensors has been presented in Section 5.2.2. The results from both experimental
approaches have been combined in Figure 5.11. The comparison has been made for the
three mesh load factors defined in Section 5.2, i.e., average KVK),, maximum Kva and
average K. In the case of the fiber-optic strain sensors the triangular marker represents
the mean value of all sensors and the shaded patch the minimum to maximum bounds. As
it can be seen, both approaches yield similar results and a good fit has been found between
the different K, values obtained.
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Figure 5.11: Average K, maximum K, K, and average K, K, values evaluated from tooth

root strain measurements at the sun gear, denoted as Sunl and Sun13, compared with
values evaluated from strain sensors on the ring, denoted as Ring.

It is worth noticing that results from the gear tooth root instrumentation were pro-
duced for test conditions with 33 %, 50 %, 67 %, 83 %, and 100 % of the nominal torque. On
the other hand, using the strain sensors on the outer surface of the ring gear, the mesh load
factor could be evaluated for 19 short tests from 10 % to 100 % of the nominal torque in 5 %
increments. This is because measuring in the static frame overcomes the main drawbacks
of data transfer from rotating components and makes data gathering less time-consuming,.
Therefore more test conditions could be performed in a shorter time.

Both measurement approaches show an improvement of the mesh load factor with
torque. This is expected because of the flexibility of the gearbox components. As torque



increases, the deformation of these components increases, reducing the influence of man-
ufacturing errors and better load sharing is achieved. The fit between the two approaches
is best from 66 % to 100 % of the nominal torque. The sun gear results seem to be more sen-
sitive to torque for lower torque values and show a larger increase when torque is reduced.
However, the torque region below 33 % was not recorded with the sun gear instrumen-
tation, and a direct comparison was not possible for such low torque levels. Low torque
levels are not critical for gear rating and life expectations, and therefore having high mesh
load factors at lower torque values is not a concern for gearbox manufacturers.

The experimental mesh load factor K|, results for the nominal working condition of the
gearbox are significantly lower than the default values required by the standard IEC 61400-
4 [59] shown in Table 5.1. Care must be taken when interpreting these results because
the results presented in this study come from a single instrumented gearbox. Therefore,
the manufacturing class and accuracy of the serial production gearbox components shall
be controlled so that the behavior of the prototype is representative of the complete fleet.
Moreover, with the instrumentation set-up presented in this study, an instantaneous mesh
load factor could not be evaluated. The average mesh load factor seems appropriate for
gear rating and life calculations, but the instantaneous behavior of load-sharing between
planets remains to be researched.

5.4 Conclusions

The present study has shown that the fiber optical strain measurements in the outer surface
of the ring gear yield equivalent mesh load factor K, results compared to the traditional
method based on strain gauges located in the roots of the sun gear teeth. This is a promis-
ing result because transferring the resulting signal from the rotating sun and powering
the data acquisition devices is difficult and costly. Measuring in the static ring gear over-
comes these drawbacks allowing a more straightforward installation and easing the data
recording requirements for testing.

The experimental mesh load factor K, results obtained for a modern 6 MW wind turbine
gearbox with five planets in the first stage are significantly lower than the default values
required by the standard IEC 61400-4 [59]. Since K, is directly used for gear rating and life
calculations, a low value of K, allows for a more optimized gearbox design, and therefore
significant improvements in torque density are expected. The manufacturing class of the
gears and the accuracy of the serial production gearbox components have to be controlled
to extrapolate the results obtained from a single prototype to the entire fleet.

For future work, researching the instantaneous load-sharing behavior between planets
is suggested. The placement of the strain sensors used in the instrumentation set-up of
this study does not allow evaluating simultaneous mesh events. However, the authors
believe this could be overcome with improved sensor placement.



Instantaneous mesh load factor (K,)
measurements in a wind turbine
gearbox using fiber-optic strain
Sensors

The mesh load factor, K, describes how loads are shared between planet gears and has become
one of the key design challenges in modern wind turbine gearboxes. Planet load sharing
directly impacts tooth root stresses, a critical driver of torque density and gearbox reliability.
Experimental evaluation of K, is typically performed from sun gear tooth root strain gauge
measurements, which are complex. Furthermore, such measurements can only provide an
average value of load sharing. The present study describes an alternative method to evaluate
the mesh load factor in wind turbine gearboxes based on fiber-optic strain sensors installed on
the outer surface of the fixed ring gear. We present the results of an extensive measurement
campaign to evaluate this novel sensing solution installed on the input planetary stage of a 2-
MW wind turbine gearbox at the National Renewable Energy Laboratory’s Flatirons Campus
(Colorado, USA). The number of strain sensors on the ring gear was selected as an integer
multiple of the number of planets, which has enabled an instantaneous evaluation of the
mesh load factor. The effect of operating conditions on the planet load-sharing behavior of
the gearbox has been investigated. The mesh load factor measured for operating conditions
close to rated was below 1.05, well below IEC 61400-4 standard requirements.
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6.1 Introduction

he push to lower the levelized cost of energy from wind has resulted in a race to in-
Tcrease the rotor diameter, power rating, and hub height of wind turbines [9]. The
increased rated power and rotor diameters have significantly increased the rotor torque.
This has translated into higher torque density demands for all drivetrain components and
notably for the gearbox. Thanks to multiple technological innovations, torque densities
of 200 Nmkg™! are now available [37-39]. For such high torque ratings, a trend has
emerged in gearbox architecture to increase the number of planetary stages and the num-
ber of planets per stage [65]. The main challenge of such gearbox designs is sharing the
load evenly between the planets, especially when subjected to rotor nontorque loads and
in the presence of any manufacturing errors [54]. The gear rating standard ISO 6336-1 [58]
defines the mesh load factor, K, as the quotient between the highest load carried by a sin-
gle planet divided by the average load of all planets. Within the design requirements for
wind turbine gearboxes, the standard IEC 61400-4 [59] sets K|, as a function of the number
of planets. For a large number of planets, the specified mesh load factors are conservative
and would lead to gearbox designs with poor torque density. The standard allows using
lower mesh load factors if they are experimentally demonstrated by gear tooth root strain
gauge measurements. However, such measurements are very complex and costly and only
provide an average measurement of the mesh load factor because the mesh intensity can
only be assessed when an instrumented sun tooth meshes with the different planets. Be-
cause those gear meshes occur at different times, the mesh load factor has to be averaged
over multiple revolutions of the sun gear relative to the carrier, assuming that the loading
conditions remain constant during the averaging period. In [108], the authors presented
an alternative approach based on strain measurements on the outer surface of the static
ring gear. Because the ring gear is static, the system’s complexity is greatly reduced and
has the potential to be implemented on serial production gearboxes throughout their op-
erational life instead of being limited to prototype verification purposes. Both methods
yielded equivalent average mesh load factor results under stationary conditions. However,
that study was performed on a back-to-back test bench under torque-only loading and sta-
tionary conditions. The number and placement of the strain sensors used did not allow
the evaluation of simultaneous mesh events because they were not an integer multiple of
the number of planets.

Planet load sharing directly impacts tooth root stresses, which are a critical driver of
torque density and gearbox reliability. The ability to instantaneously measure the mesh
load factor is important to verify design assumptions. Gear fatigue life calculations in
gear rating standards assume a constant mesh load factor; measuring the mesh load factor
instantaneously will verify the design assumptions for different operating conditions. The
contribution of this chapter is twofold: (1) We demonstrate that fiber-optic strain sensors
with improved sensor placement can provide instantaneous measurements of the mesh
load factor, and (2) we present the results of an extensive measurement campaign on a
2-MW wind turbine with nonstationary operating conditions and complex rotor loading.

The remainder of this chapter is organized as follows: Section 6.2 describes the sensors
and data acquisition equipment used for the experiment; Section 6.3 describes the method-
ology used to extract the instantaneous mesh load from fiber-optic strain measurements
on the outer surface of the ring gear; Section 6.4 discusses the results obtained during the



field measurement campaign; and finally, Section 6.5 draws the main conclusions of this
work and suggests recommendations for future work.

6.2 Experimental setup

The present study was conducted on a Gamesa G97 2-MW wind turbine, shown in Fig-
ure 6.1, located at the National Renewable Energy Laboratory’s (NREL’s) Flatirons Cam-
pus (Colorado, USA). This turbine has a four-point mount drivetrain, and the gearbox
planetary stage comprises three planets. During the test campaign, data were collected
from four different sources: (1) the fiber-optic strain sensors installed on the outer surface
of the ring gear; (2) main shaft instrumentation comprising strain gauges and an angular
encoder installed to measure torque, bending, and rotor azimuth angle; (3) NREL’s mete-
orological tower to measure ambient temperature, wind speed, and wind direction at hub
height; and (4) turbine controller for wind turbine operational parameters.

6.2.1 Fiber-optic sensors

An array of 24 fiber-optic strain sensors were installed around the outer surface of the
ring gear of the gearbox, which has a single planetary stage. The sensing principle was
based on fiber Bragg gratings (FBGs). FBGs are modifications to the fiber’s core in discrete,
short segments that reflect particular wavelengths of light and transmit all others. FBGs
are suitable for sensing applications because the reflected wavelength is sensitive to tem-
perature and strain changes at the grating. FBGs offer a higher signal-to-noise ratio than
traditional strain gauges based on their electrical resistance change. They are immune to
electromagnetic interference, and a single optical fiber can accommodate multiple sensors,
simplifying the installation process. In the present study, two optical fibers, each with 12
FBGs, were bonded with cyanoacrylate glue on the outer surface of the ring gear at the
midpoint of the tooth width, as shown in Figure 6.2.

The 24 fiber-optic sensors were chosen as a multiple of the three planets. The sensors
were equally spaced around the perimeter to ensure that the mesh events caused by the
three planets could be detected simultaneously. Figure 6.3 shows a rotor side view of the
middle section of the ring gear with the angular location of the strain sensors. In operation,
the mesh forces between the planets and ring gear teeth cause deformations of the ring
gear proportionate to the rotor torque. The main element of the data acquisition system is
a fiber interrogator that sends light into the fiber and analyzes the wavelengths reflected
by the gratings. The interrogator extracts a signal from each grating to measure strain and
temperature. The interrogator used for the measurement campaign provided a sampling
frequency of 2000 Hz for each signal. Sensing360 B.V. supplied the fiber optic sensors.

6.2.2 Main shaft sensors

The second set of sensors was installed in the main shaft. An angular displacement encoder
measured absolute azimuth angle to relate the strains measured in the static ring gear to
an angular position of the main shaft and rotor. A zero-degree azimuth angle was set with
a blade labeled as “A” down. In the main shaft, three full Wheatstone bridges measured
torque and the two orthogonal bending moments. All sensors installed in the main shaft
were logged at a sampling rate of 60 Hz.
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Figure 6.1: G97 2-MW wind turbine on Figure 6.2: FBG installation. =~ Photo
NREL’s Flatirons Campus. Photo from from Unai Gutierrez-Santiago, Siemens
Dennis Schroeder, NREL 21886. Gamesa Renewable Energy, NREL 85910.

6.2.3 Meteorological data

The inflow wind conditions were gathered from the NREL Flatirons Campus M4/site 4.4
meteorological tower. Wind speed, wind direction, and temperature measurements at hub
height were logged at a sampling rate of 60 Hz.

6.2.4 Turbine operation parameters

The last data source was the turbine controller. Using a proprietary data acquisition system
supplied by Siemens Gamesa, several operational parameters were logged with a sampling
frequency of 25 Hz. These operational parameters included the wind speed measured by
the turbine, nacelle direction, total power produced, generator and rotor speed, gearbox oil
sump and high-speed shaft bearing temperature, nacelle and exterior temperature, pitch
angles, and pitch angle rates.
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Figure 6.3: Angular placement of the 24 FBGs on the outer surface of the first-stage ring
gear.

6.3 Evaluation of the load mesh factor from ring gear
outer surface strain

The standard IEC 614004 [59] sets the design requirements for wind turbine gearboxes
and specifies the mesh load factor K| as a function of the number of planets. The standard
allows using lower mesh load factors if they are experimentally demonstrated by gear
tooth root strain gauge measurements. Examples of practical implementations of such
measurement systems can be found in [60] and [61]. Strain gauges must be placed in a
root of the rotating sun gear to extract planet load-sharing behavior, which requires ei-
ther a slip ring or telemetry system with appreciable planning and installation costs. Each
time the instrumented sun tooth engages with a planet, the mesh forces can be evaluated,
assuming they are proportional to a weighted sum of all the strains measured along the
root. The instrumented tooth will mesh with all the planets because the sun rotates faster
than the carrier. However, the mesh events do not coincide in time. Therefore, the ef-
fect of the dynamic factor, K, and torque fluctuations must be addressed, and only an
average value of the mesh load factor over multiple revolutions of the sun gear relative to
the carrier can be obtained. A more elaborate way of evaluating the mesh load factor has



been used to overcome this limitation [54]; however, this method is very complex and re-
quires modifications to the gearbox and planet bearings. Using fiber-optic strain sensors,
strain measurements on the ring gear’s outer surface were proven to provide equivalent
load-sharing results [108]. These results were obtained in a back-to-back test bench under
stationary torque loads. Because the ring gear is stationary, there is no need for wireless
data transfer, and the power supply is also simplified compared to when the instrumenta-
tion is on the rotating sun. However, with the sensor configuration used in [108], it was
only possible to assess the average mesh load factor due to the chosen sensor spacing. For
this study, a new sensor configuration, shown in Figure 6.3 and described in Section 6.2,
was designed to evaluate the instantaneous planet load sharing.

For the G97 drivetrain, the rotor torque is transmitted directly by the main shaft to
the planet carrier of the gearbox, which is then distributed by the carrier to the three
planets. When the planets mesh with the ring gear, the mesh force causes the ring gear
to deform, and this deformation is measured by the fiber-optic strain sensors placed on
the ring gear’s outer surface as a tensile-compressive cycle. FBGs are sensitive to changes
in strain and temperature. However, temperature changes occur at a much lower pace
than strain changes caused by gear mesh events. A moving average filter was used to
detrend the raw FBG signals, and we assumed that once the long-term shift caused by
temperature had been removed, the remaining signal was entirely caused by the strain
imposed by the planet gear mesh events. The relationship between torque and the peak-
to-peak values of the tensile-compressive strain cycle were described in [65]. Using the
absolute rotor azimuth signal, the relative position of the planet carrier is known, and
peak-to-peak values can be assigned to individual planets. Figure 6.4 shows the strain
measured at sensor S01 and the azimuth angle. Arbitrarily, for each full rotation of the
rotor, the first planet to cause a deformation in sensor S01 was identified as planet one
(P1). During normal operation, the carrier rotates clockwise, downwind, and subsequent
planets were labeled two (P2) and three (P3). For each sensor, the maxima and minima
peaks of every revolution are detected and assigned to each planet, denoting the peak-
to-peak strain as Ae, ,, where n is the revolution number, and p is the planet number.
For clarity, only the first revolution is shown in Figure 6.4. An average K, value can be
computed for each sensor using the following equation, Ae

EP
K p=—. (6.1)
Aegn

where Ep is the average peak-to-peak strain value measured from all mesh events as-

signed to a single planet, and Aeyy; is the average peak-to-peak value of all planets. That
is,

Aeyp+ A6+ + A6,

n
— 1
Aep =~ > A6, = (6.2)

i=1 n

In the instrumentation setup used for this study, the number of strain sensors on the
ring gear was selected as an integer multiple of the number of planets. Therefore, when a
planet is meshing near a strain sensor, the other two planets are also close to other strain
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Figure 6.4: Peak-to-peak strain from sensor S01 assigned to P1, P2, and P3 for one full
rotation.

sensors, and it is possible to compare their strain peaks simultaneously. Since we have 24
sensors and three planets, there are eight possible sensor combinations with synchronous
mesh events. Figure 6.5 shows one of the combinations with strain sensors S01, S09 and
S17. The strains measured at each sensor location are different in magnitude. This was
also observed when estimating the torque from the peak-to-peak values in [65]. A nor-
malization of the individual peaks is proposed to compare the strain of the simultaneous
sensors. The peak-to-peak values are, therefore, normalized with the ratio between the
average of all sensors and the mean peak-to-peak from each sensor. Figure 6.5 shows the
first simultaneous mesh event recorded at sensors S01, S09, and S17 after the azimuth an-
gle passed zero degrees. In this case, P1 meshes close to sensor S01, P2 is close to S17,
and P3 is close to S09. Once the weighted peak-to-peak values have been assigned to the
planet that caused the deformation, it is possible to compute an instantaneous K, for the
time when the mesh was recorded. Figure 6 shows the torque and instantaneous K|, value,
constructed by repeating the same procedure for all eight sensor combinations with 24
values per rotor revolution, over an example 1 minute of turbine operation at 23:40 UTC
on May 30. The torque ranges from 50 % to near rated. The instantaneous load-sharing
ranges from 0.97 to 1.03, but the average load-sharing for each planet is much closer to
1.0.
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Figure 6.6: Evolution of torque and the mesh load factor with time (May 30 at 23:40 UTC).



6.4 Field validation campaign

An extensive measurement campaign was conducted on the G97 2-MW wind turbine
shown in Figure 6.1. The measurement and data acquisition equipment described in Sec-
tion 6.2 were active from April 25 to July 31, 2023. During this period, the turbine was
run under normal working conditions using the standard controller parameters. Data
were continuously logged during operation using the specified sampling frequencies of
each data source. The acquired data were binned into 10-minute files for ease of handling
and analysis. Figure 6.7 shows a scatterplot constructed using the average wind speed
against the total produced power for all the 10-minute recordings gathered during the test
campaign. A wide range of operating conditions were covered and were considered rep-
resentative of the complete power curve of the turbine. Only data containing produced
power measurements above 150 kW were analyzed to evaluate the instantaneous mesh
load factor. In total, 1644 10-minute files were recorded with a minimum of 150 kW, and
238 of these files had torque values above 50 % of rated. As shown in Figure 6.6, the mesh
load factor exhibits small fluctuations around a mean value. The effect of different normal
power production operating conditions on the planet load-sharing behavior was analyzed
by averaging the instantaneous K, values within the 10-minute recordings. From all the
turbine operation parameters, torque was found to have the largest effect on the mesh
load factor. Other turbine variables investigated included wind speed, wind turbulence
intensity, wind direction, yaw misalignment, blade pitch angles, and temperatures such
as ambient, nacelle, ring gear, and gearbox oil sump. The relationship between torque
and mesh load factor is shown in Figure 6.8, where each dot represents the average value
for a full revolution. As can be observed, all recorded values are very low, lower than
1.05 around the rated operation, and increase slightly for lower torques. This is expected
because the effect of small manufacturing errors tends to be absorbed by the carrier’s flex-
ibility for higher torques. Furthermore, having a higher mesh load factor for such low
torques is not critical for gear stresses. The effect of other operating variables like wind
turbulence intensity and yaw misalignment was also investigated and found to be very
low. These findings align with the gearbox’s expected performance due to the drivetrain
configuration and number of planets. The G97 wind turbine uses a four-point mount driv-
etrain, in which the overwhelming majority of nontorque loads are supported by the two
main bearings, and the gearbox planetary stage comprises three planets and a floating sun,
which minimizes the effect of any manufacturing errors. In Figure 6.8 the mean mesh load
factor behavior is shown and found to align with each planet’s intrinsic manufacturing
properties. As shown in Figure 6.6, the mesh load factor exhibits a dynamic behavior. To
quantify the deviation from the mean, Figure 6.9 shows the maximum mesh load factors
recorded during full revolutions of the rotor. The difference between the maximum and
average values is low for the planet with the highest mesh load factor, which validates the
design assumptions used for gear rating and fatigue life calculations.
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Figure 6.7: 10-minute average wind speed vs. total power produced by the turbine.
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6.5 Conclusions

We have presented the results of an extensive field measurement campaign conducted on
a 2-MW wind turbine gearbox. The results show that with an improved spacing definition,
fiber-optic strain sensors placed on the outer surface of the static ring gear can provide a
means to instantaneously evaluate the planetary mesh load factor. Accurate knowledge
of planet load sharing is paramount to increasing torque density in new gearbox designs
while ensuring high reliability. The instantaneous mesh load factor has been evaluated
for a wide range of operating conditions over more than three months of normal opera-
tion, covering the complete power curve of the turbine. For operating conditions close to
rated, the maximum mesh load factor was found to be below 1.05. This value is below the
requirement of 1.10 from the IEC 61400-4 for three planets when no experimental data
are available, which enables increasing the torque density of the gearbox. An increase in
the mesh load factor was observed for lower torques, which is also to be expected but is
not critical because tooth root and contact stresses are lower when torque decreases. The
effects of other operating variables like wind turbulence intensity and yaw misalignment
on the mesh load factor were found to be negligible, which is aligned with the expected
behavior of the four-point mount drivetrain configuration under test. For future work,
it is suggested that an analytical model of planet load sharing could be developed and
correlated with the measurements presented in this chapter. Additionally, the potential
usage of the presented instantaneous load mesh factor measurements for gearbox condi-
tion monitoring should be investigated.






Conclusion and recommendations

The primary objective of this dissertation was formulated in Chapter 1 as to “Develop a method
to measure dynamic mechanical torque in geared wind turbines”. A key requirement was set
to enable fleet-wide implementation to monitor torque throughout the complete service life of
the wind turbines. This dissertation has proposed a method based on strain measurements on
the outer surface of the static first-stage ring gear that overcomes the main drawback of tradi-
tional methods. A series of experiments have been presented, ranging from proof-of-concept
tests conducted using gearbox test benches to an extensive field validation campaign. These ex-
periments have advanced the technology readiness level and demonstrated the accuracy and
robustness of the proposed method, which is now deemed ready for commercial implementa-
tion. Future work should explore the potential to improve drivetrain loading using dynamic
mechanical torque measurements with novel data-driven control strategies. Additionally, re-
cursively tracking operational deflection shapes over time is proposed for fault detection, and
its effectiveness in identifying faults in planetary components should be explored.



Each of Chapters 2 to 6 are concluded with a section summarizing the findings and recom-
mendations for the research questions addressed in that chapter. This chapter reiterates
these findings and formulates the overarching conclusions of the dissertation, together
with recommendations for future research. Red is the seventh color of the rainbow when
arranged by increasing wavelength. Red has a wavelength between 620 nm and 750 nm.
Johann Wolfgang von Goethe (1749 — 1832) challenged Newton’s views on color, arguing
that color is a subjective experience perceived differently by each viewer. His work Theory
of Colours was the first systematic study on the physiological effects of color. Color can
dramatically affect moods, feelings, and emotions. Warm colors with high wavelengths,
such as red, orange, and yellow, evoke emotions ranging from warmth and comfort to
anger and hostility. In contrast, cool colors with lower wavelengths, like green, blue, and
purple, are often associated with calmness but can also evoke feelings of sadness or in-
difference. Lighting conditions, including the intensity and color of light, significantly
influence human biological cycles by affecting hormonal secretions like melatonin. Low
light levels at night stimulate melatonin production, promoting sleep. Conversely, ex-
cessive lighting or sudden light flashes can cause discomfort, stress, and disorientation,
potentially leading to neuropsychiatric disorders. Humans are inherently photosensitive
beings, deeply affected by the colors and light around us.
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7.1 Conclusions and recommendations

his dissertation has successfully developed a novel method to measure dynamic me-
T chanical torque in geared wind turbines from proof-of-concept tests using gearbox test
benches to an extensive field validation campaign. These experiments have advanced the
technology readiness level, demonstrating the accuracy and robustness of the proposed
method, which is now deemed ready for commercial implementation.

A key requirement was to enable fleet-wide implementation and, therefore, ensure
reliable operation throughout the entire service life of the wind turbines. The proposed
method to measure dynamic mechanical torque is based on strain measurements of the
static first-stage ring gear. Thus, this method applies to geared drivetrains with gearbox
configurations with an epicyclic planetary input stage regardless of the number and topol-
ogy of downstream stages. This gearbox configuration represents the majority of current
and future commercial wind turbines.

The proposed method overcomes the limitation of traditional methods, which measure
the strain of rotating components by measuring the stationary ring gear. Placing the sen-
sors on a stationary component is a cost-effective alternative for serial implementation
because the need for complex and expensive data transfer via wireless transmission or a
slip ring is eliminated. Optical fiber strain sensors based on fiber Bragg gratings (FBGs)
are proposed because of their advantages compared to electric resistance strain gauges,
i.e., higher signal-to-noise ratio, immunity to electromagnetic interference, and allow a
more straightforward installation because multiple strain sensors can be accommodated
in a single fiber.

In Section 1.6, several research questions were formulated, and throughout this disser-
tation, subsequent scientific contributions have been presented to address these questions.

Research question 1: “Is the magnitude of the deformations on the outer sur-
face of the ring gear within the sensing capabilities of commercial fiber-optic
strain sensors?”

Chapter 2 presented the results from experiments conducted on a 6 MW wind turbine
gearbox in which a total of 54 fiber-optic strain sensors were installed on the outer surface
of the first stage ring gear. During the tests performed on a back-to-back gearbox test
bench, the gear mesh forces between the planets and the ring gear were found to cause
measurable deformations on the outer surface of the stationary ring gear well within the
sensing capabilities of the FBGs. The findings in Chapter 3 and 4 have further validated
this conclusion across three different gearboxes.

Research question 2: “How can the dynamic mechanical torque be quantified
from the strain readings in discrete fiber-optic strain sensors distributed on the
outer surface of the ring gear?”

The strain signals recorded in the experiments presented in Chapter 2 exhibited a dy-
namic behavior changing their values depending on the angular position of the planet car-
rier, the instantaneous variations of the input torque, and the load distribution between
planets. Two signal processing strategies were presented to correlate the strain signals
measured on the static ring gear with torque. The first strategy is based on the peak-
to-peak strain values associated with the planet gear passage events. The second strategy
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combines the strain signals from different sensors using a Coleman coordinate transforma-
tion and tracks the magnitude of the harmonic component corresponding to the number
of planets. With the first strategy, torque can only be estimated when a planet passage is
detected. In contrast, with the second strategy, it is possible to estimate torque whenever
strain data of all sensors is available, leading to an improved frequency resolution up to
the sampling frequency used to acquire strain data.

Research question 3: “Using the fiber-optic strain signals, can the periodic
modes that describe the dynamic behavior of the gearbox be identified using data-
driven methods?”

Chapter 3 presented an extended measurement setup comprising 129 fiber-optic strain
sensors distributed around the ring gears of the three planetary stages of a state-of-the-
art gearbox with a PPPH configuration. Operational deflection shapes were identified
by applying the Multivariable Output-Error State-sPace (MOESP) subspace identification
method to strain signals measured on a serial production end-of-line test bench. Under
stationary torque and speed conditions, all identified eigenvalues and eigenvectors corre-
spond to periodic excitations related to shaft rotations, planet passing, and gear mesh fre-
quencies, and these excitations accounted for almost all the energy in the measured strain
signals. The contribution of the deflection shapes produced by the passing of planets and
their harmonics was found to be controlled by the amount of input torque applied to the
gearbox. Using these contributions, an estimate of the input torque was demonstrated for
dynamic operating conditions.

Research question 4: “How accurate are torque measurements taken by fiber-
optic strain sensors in the ring gear?”

The findings of an extensive field experiment conducted on a 2 MW wind turbine at
the National Renewable Energy Laboratory’s Flatirons Campus to evaluate the accuracy
of the torque measurement were presented in Chapter 4. The dynamic mechanical torque
measurements from the fiber-optic strain sensors on the ring gear were compared to those
derived from traditional strain gauges installed on the main shaft. For aload revolution dis-
tribution analysis, the average normalized root-mean-square error was below 0.7 %, which
is very promising as it falls within the expected uncertainty of the traditional method to
measure torque. Two different signal processing alternatives were compared, using peak-
to-peak values associated with the planet passing events (Chapter 2) and a data-driven
method that identifies operational deflection shapes (Chapter 3). Both methods resulted
in very similar errors. However, the ODS method is preferred because it can provide a
higher sampling frequency as the state associated with the ODSs can be evaluated at a
rate as high as the sampling frequency. Additionally, the weighted P2P method encoun-
ters difficulty identifying the planet passage peaks at lower torque levels, which would be
problematic for a potential real-time application.

Research question 5: “How do the turbine operating conditions affect the qual-
ity of the torque measurements? Especially what is the effect of speed fluctua-
tions and non-torque loads, i.e. bending moments and thrust axial loads?”

The effect of operating conditions on the torque estimate was also investigated Chap-
ter 4 for a wide range representative of the complete power curve of the turbine. The
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highly variable speed operation of the turbine posed a key challenge when implementing
the signal processing strategy based on identified operational deflection shapes because
the periodicity requirement was violated without a constant rotor speed. This was restored
by resampling the strain signals at fixed angular intervals of the rotor. In the angular do-
main, the system exhibits a periodic behavior and can be represented by the operational
deflection shapes. The deflection shape associated with the third harmonic of the planet-
passing frequency was found to be the least sensitive to nontorque load-related effects.
In summary, no significant or consistent influence from wind speed, main-shaft bending
moment, or temperature was observed.

Research question 6: “How accurate are mesh load factor results based on
fiber-optic strain measurements on the outer surface of the ring gear compared
to values obtained from strain gauge measurements in the gear teeth roots?”

The method to measure torque using fiber optic strain sensors on the outer surface
of the ring gear relies on the deformations caused by the planet passages. By comparing
the deformations caused by the different planets, it is feasible to evaluate the planet-load
sharing behavior, which is quantified by the mesh load factor. Chapter 5 presented an ex-
perimental evaluation of the mesh load factor of a 6MW wind turbine gearbox with five
planets in the first planetary stage. The fiber optical strain measurements in the outer
surface of the ring gear yield equivalent mesh load factor K, results compared to the tradi-
tional method based on strain gauges located in the roots of the sun gear teeth. The results
from both methods were significantly lower than the default values required in the stan-
dard “Design requirements for wind turbine gearboxes” IEC 61400-4. Since the mesh load
factor is directly used for gear rating and sizing, a lower value allows a more optimized
gearbox design, which significantly improves torque density and cost.

Research question 7: “If the number of strain sensors (FBGs) on the ring gear
is selected as an integer multiple of the number of planets, can the mesh load
factor be evaluated instantaneously?”

During the field validation campaign presented in Chapter 4 additional fiber-optic
strain sensors were deployed on the 2-MW wind turbine gearbox with an enhanced spac-
ing definition. By defining the number of sensors as an integer multiple of the number
of planets, the findings presented in Chapter 6 demonstrate that it is feasible to evaluate
the mesh load factor instantaneously from fiber-optic strain sensors placed on the outer
surface of the static ring. The instantaneous mesh load factor was assessed across a wide
range of operating conditions. The mesh load factor was found to be very low, consis-
tent with the 4-point mount drivetrain configuration and three-planet input stage with a
floating sun pinion. As expected, an increase in mesh load factor was observed for lower
torques. The effect of other operating variables like wind turbulence intensity and yaw
misalignment was found to be negligible.
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7.2 Recommendations

The successful operation of the fiber-optic strain sensors during the test bench experi-
ments and the field campaign presented in this dissertation has demonstrated a robust and
accurate solution to measure dynamic mechanical torque ready for commercial fleet-wide
implementation. This creates new avenues for future research, for which the following
recommendations are given.

« The proposed commercial implementation of the method presented in this disserta-
tion involves machining grooves on the outer surface of the ring gears, as detailed
in Chapter 3. These grooves can be easily incorporated during the manufacturing
process of the ring gears. This is the preferred solution because the grooves facilitate
easier fiber installation and provide additional protection for the fiber-optic sensors.
Additionally, the fiber-optic sensors and the optical interrogator should be installed
during the gearbox assembly. This approach allows the system to be tested during
the mandatory end-of-line test, where it can be calibrated against the test bench
torque sensors. Consequently, each gearbox shipped for installation in a wind tur-
bine would be equipped with a calibrated torque sensor, ready for operation as soon
as the interrogator is powered.

« Having an accurate measurement of the input torque throughout the service history
of every gearbox in a fleet would enable an improved assessment of the consumed
fatigue life. This is important because the loading conditions are site-specific, and
enabling an individual assessment of each gearbox can lead to better predictions of
their remaining useful life and expected energy production. Having fleet-wide accu-
rate mechanical torque measurements would significantly improve understanding
of current gearbox failure modes. Some of these failure modes are not modeled in
the industry and lack established design codes. Extensive research is needed to un-
derstand the effect of the torque fluctuations induced by dynamic wind turbine oper-
ations, particularly during high-load, damaging events such as emergency stops and
low-voltage ride-throughs, to facilitate future design improvements, which would,
in turn, lead to higher reliability and lower CoE.

« Abetter understanding of the effect of the torque fluctuations on the failure modes of
wind turbine gearboxes coupled with the ability to measure torque reliably through-
out the entire service life of the wind turbine enables a further research question:
can drivetrain loading be improved using dynamic mechanical torque measurements
from the fiber-optic sensors and novel data-driven control strategies? Such an out-
come would significantly reduce the contribution of the wind turbine gearboxes to
LCoE. This would require further development of the signal processing strategies
that have been proposed in this dissertation to quantify dynamic mechanical torque
to enable their real-time implementation.

« Assessing the consumed fatigue life of wind turbine gearboxes has attracted signifi-
cant research interest recently to promote a change towards more efficient condition-
based maintenance strategies. Current condition monitoring techniques are effec-
tive in detecting faults in the high-speed stages. However, detecting faults in the
planetary stages is more challenging because of the complex transfer paths involved
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in measuring signals associated with the faults and the low rotational speeds of
these components. This dissertation proposes researching the high potential of us-
ing fiber-optic sensors for fault detection in planetary stages. Chapter 3 demon-
strated how operational deflection shapes can be identified by applying data-driven
methods to strain signals measured on the outer surface of the ring gear. We pro-
pose recursively identifying operational deflection shapes to track and trend their
evolution over time to research if they can be used as an indicator for fault detec-
tion. Ideally, this topic should be investigated by seeding known faults in the plan-
etary components, e.g., the journal bearings and planet gears, and evaluating their
impact on the identified mode shapes. Additionally, two other avenues are sug-
gested for future research to explore the condition monitoring potential of strain
signals from fiber-optic sensors. Firstly, these sensors have been shown to cap-
ture high-frequency content, which may yield valuable indicators for fault detec-
tion. Secondly, the feasibility of evaluating the mesh load factor instantaneously
was demonstrated in Chapter 6. Further research is recommended to investigate if
faults in the planetary components, like wear in the planet gears or journal bearings,
would manifest as changes in the mesh load factor.

« With the comprehensive instrumentation setup detailed in Chapter 3 and using sig-
nals from tests conducted under stationary torque and speed conditions, all identi-
fied eigenvalues and eigenvectors correspond to periodic excitations related to shaft
rotations, planet passing, and gear mesh frequencies. The term “operational deflec-
tion shapes” (ODS) was selected for the observed part of the identified eigenvectors,
as they are caused by periodic excitations and not a structural property of the gear-
box. The research question remains whether structural modes can be identified by
placing strain sensors in different locations and/or applying different loading con-
ditions that could excite these structural modes.
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AGMA American Gear Manufacturers Association.

DFIG Doubly-Fed Induction Generator.
EMA Experimental Modal Analysis.

FGB Fiber Bragg Grating.

FOS Fiber-Optic Sensor.

GET Gamesa Energy Transmission.
GMF Gear Mesh Frequency.

GPS Global Positioning System.

GRC Gearbox Reliability Collaborative.

GWEC Global Wind Energy Council.
HSS High-Speed Shatft.

IEA International Energy Agency.
IEC International Electrotechnical Commission.

IRENA International Renewable Energy Agency.

ISO International Organization for Standardization.

LCoE Levelized Cost of Energy.
LDD Load Duration Distribution.
LRD Load Revolution Distribution.

LSS Low-Speed Shaft.

MBC Multi-Blade Coordinate Transformation.

Glossary

MOESP Multivariable Output-Error State-Space subspace identification method.
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NREL National Renewable Energy Laboratory.

O&M Operations and Maintenance.
ODS Operational Deflection Shape.

OMA Operational Modal Analysis.

P2P Peak-to-Peak.

PC Planet Carrier.

PMSG Permanent-Magnet Synchronous Generator.
POSIX Portable Operating System Interface.

PV Photovoltaic.
RMSE Root-Mean-Square Error.

SCADA Supervisory Control and Data Acquisition.

SGRE Siemens Gamesa Renewable Energy.
TRL Technology Readiness Level.
UTC Coordinated Universal Time.

VAF Variance Accounted For.
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Propositions
accompanying the dissertation

Measuring dynamic mechanical torque with fiber-optic
sensors for geared wind turbines

by
Unai Gutierrez Santiago

. In wind turbine gearboxes, the first stage ring gear has a relatively thin rim.
Measuring torque from strain measurements of the static ring gear is more
attractive than from strain in the main shaft (this thesis).

. When wind turbine gearboxes are designed properly, harmonic excitations
dominate the power spectrum of the strain signals from fiber-optic sensors
placed on the ring gear. Under these conditions, quantifying dynamic me-
chanical torque based on data-driven methods is more advantageous than
doing so based on physical principles (this thesis).

. Wind turbines have a highly variable speed operation, which makes their be-
havior fail to comply with the periodicity requirement imposed by the method
based on operational deflection shapes. Because gearboxes fulfill the linear
time-invariant assumptions under normal operating conditions, the period-
icity can be easily recovered by resampling the signals using fixed angular
intervals defined from the rotor azimuth angle (this thesis).

. As turbines grow larger, the cost and value of the gearboxes will increase.
Meanwhile, technological developments are driving the cost of fiber-optic
sensing down. Soon, it will be reckless not to monitor the mechanical torque
of geared drivetrain using fiber-optic sensors.

. Gearboxes in wind turbines are prone to failure due to the combination of the
limitless power of the wind and the unfavorable inertial difference between
the driving rotor and the driven generator. Successful operation is only pos-
sible through appropriate control actions.

. Excessive focus on reducing the levelized cost of energy (LCoE) has led many
wind turbine manufacturers into unsustainable financial situations. A paradigm
change is needed that emphasizes increasing the value added to society rather
than reducing the costs.



10.

Imposing the same design life requirements on the drivetrain as on structural
elements, such as the foundation and tower, is unrealistic and counterpro-
ductive.

Reducing carbon emissions is a necessary step but not sufficient. We should
put at least the same amount of effort into restoring natural habitats. An
added tariff for nonrenewable energy sources should be introduced to finance
rewilding the planet.

Some European countries, like Spain, France and Germany, have started clas-
sifying vehicles based on their environmental impact and are issuing so-called
emission badges. Because of their disproportionate manufacturing footprint,
sport utility vehicles (SUVs) should never be awarded an eco-badge.

Usain Bolt is considered to be the greatest sprinter of all time and the fastest
man on earth. In the Netherlands, “Sprinter” trains are slower than “Inter-
city” trains. This is a gross act of misleading advertisement from Nederlandse
Spoorwegen (NS), who needs to change the name of their trains immediately.

These propositions are regarded as opposable and defendable, and have been

approved as such by the promotors prof. dr. ir. JW. van Wingerden
and Dr. ir. H. Polinder.



