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Abstract

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 reliability 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 alternative for serial implementation
because the need for complex and expensive data transfer via wireless transmission or a slip ring is eliminated. In this
paper, we present the results of an extensive field experiment conducted to evaluate the torque measurement accuracy of
this novel sensing solution 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, with the method based on operational deflection
shapes providing the most accurate results with an average normalized root mean square error below 0.7% for a load
revolution distribution analysis. The effect of operating conditions on the torque estimate was also investigated, and the
third planet-passing operational deflection shape was found to be the least sensitive to nontorque load-related effects. 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.
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Feldvalidierung dynamisch-mechanischer Drehmomentmessungen mittels faseroptischer
Dehnungssensoren fiir Windkraftanlagen mit Getriebe

Zusammenfassung

Genaue Kenntnisse iiber die mechanischen Belastungen von Windkraftanlagengetrieben sind bei modernen, hochbelasteten
Getriebekonstruktionen unverzichtbar geworden, da sich die Aufrechterhaltung oder sogar Verbesserung der Getriebezuver-
lassigkeit bei steigenden Anforderungen an die Drehmomentdichte als Herausforderung erweist. Leider ist die herkdmm-
liche Methode zur Messung des dynamischen mechanischen Drehmoments mithilfe von Dehnungsmessstreifen, die auf
der Auflenflache einer rotierenden Welle angebracht sind und das resultierende Signal iibertragen, aufgrund technischer
und wirtschaftlicher Einschrinkungen fiir den Serieneinsatz ungeeignet. Es wurde eine alternative Methode vorgeschlagen,
die auf faseroptischen Dehnungssensoren basiert, die auf der stationdren AuBlenfliche des Getriebezahnkranzes angebracht
sind. Wie die Wellentorsion ist die radiale Verformung des Zahnkranzes proportional zum Rotordrehmoment. Die Plat-
zierung der Sensoren auf einem stationidren Bauteil ist eine kostengiinstige Alternative fiir die Serienimplementierung, da
die Notwendigkeit einer komplexen und teuren Dateniibertragung iiber eine drahtlose Ubertragung oder einen Schleifring
entfillt. In diesem Artikel préasentieren wir die Ergebnisse eines umfangreichen Feldversuchs, der durchgefiihrt wurde, um
die Drehmomentmessgenauigkeit dieser neuartigen Sensorlosung zu bewerten, die auf dem Getriebe einer 2-MW-Wind-
kraftanlage Gamesa G97 auf dem Flatirons Campus des National Renewable Energy Laboratory installiert ist. Drehmo-
mentmessungen, die von faseroptischen Dehnungssensoren am Hohlrad der Planetenstufe abgeleitet werden, werden mit
herkdmmlichen Drehmomentmessungen von Dehnungsmessstreifen an der Hauptwelle verglichen. Es wurden zwei ver-
schiedene Datenverarbeitungsmethoden zur Drehmomentschiitzung ausgewertet, wobei die Methode auf der Grundlage von
Betriebsschwingformen die genauesten Ergebnisse mit einem durchschnittlichen normalisierten quadratischen Mittelwert-
fehler von unter 0,7 % fiir eine Lastumdrehungsverteilungsanalyse lieferte. Die Auswirkungen der Betriebsbedingungen
auf die Drehmomentschitzung wurden ebenfalls untersucht, und die dritte Betriebsschwingform beim Planetendurchgang
erwies sich als am wenigsten empfindlich gegeniiber nicht drehmomentbezogenen Lasteffekten. Der erfolgreiche Betrieb
der faseroptischen Dehnungssensoren wihrend der gesamten Testkampagne hat eine robuste und genaue Losung fiir eine

verbesserte Schitzung der verbleibenden Nutzungsdauer von Getrieben in der gesamten Flotte gezeigt.

1 Introduction

Wind turbine power ratings, rotor diameters, and hub
heights have grown significantly to reduce the cost of wind
energy [1]. The wind turbine drivetrain converts mechani-
cal power to electrical power and transmits the rotor loads
to the bedplate and tower [2]; it makes an appreciable
contribution to the capital expenditure of the turbine [3].
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 failures cause
long downtime with costly repairs and contribute apprecia-
bly to the turbine operation and maintenance costs [4-6].
Thanks to internationally recognized gearbox wind turbine
design standards like IEC 61400-4 and AGMA 6006 and
collaborative efforts like the Drivetrain Reliability Collab-
orative between turbine manufacturers, gearbox designers,
bearing suppliers, and research institutions like the Na-
tional 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 [7] to 2.5% more recently [8]. Yet, there is
room for improvement because gearboxes still generally do
not reach their desired design life [9]. These standards have
placed greater rigor on the design and gearbox verification
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process, including the effects of rotor nontorque loads [10],
transient events [11, 12], and electrical currents [13]. How-
ever, the rapid pace at which torque density requirements
have risen has led to increasingly complex and lightweight
designs with new reliability challenges and additional re-
quirements, 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 usage monitoring because the con-
sumed fatigue life can be assessed more precisely using the
measured torque values throughout their entire commercial
operation. Dynamic torque measurements can also poten-
tially be used by the wind turbine controller for improved
wind turbine control to achieve a reduction of torque os-
cillations (i.e., torsional damping). Additionally, dynamic
mechanical torque measurements can be used to quantify
drivetrain efficiency. Unfortunately, sensors that provide de-
tailed load measurements of the turbine during commercial
operation are not generally available [14]. It is possible
to estimate the mechanical gearbox torque from the elec-
tric currents in the generator, but this requires assumptions
about the variable gearbox, generator, and power converter
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Fig.1 a G97 2MW wind
turbine on NREL’s Flatirons
Campus; photo from Den-

nis 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/)

efficiencies for fatigue life calculations and is not avail-
able for estimation of the severity of high-load, damaging
events like emergency braking and low-voltage ride through
when the generator disconnects from the grid [12, 15-17].
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 ac-
quisition 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 [12]. These drawbacks have limited the use of
such measurements to laboratory environments [10], vali-
dation and certification of experimental wind turbines [18],
and troubleshooting exercises [19]. Other researchers have
focused on indirect techniques or so-called virtual sensors
where a model of the system is combined with data from

Fig.2 G97 2MW gearbox with a
a representation of fiber-op-

tic strain sensors on the outer
surface of the first stage ring
gear installed for torque mea-
surements (adaptation of fig-
ure from Gamesa Gearbox)
(https://www.gamesagearbox.
com/wind-technology/) and

b angular placement of the

23 FBGs labeled TO1 to T23,
with the 12 sensors in blue be-
longing to fiber number one, and
the 11 sensors in red to fiber
number two

Ring gear

[ —————
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“‘
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sensors in other locations of the turbine to obtain an esti-
mate of dynamic mechanical torque [20-26].

Installation of fiber-optic sensors (FOSs) in other wind
turbine components, such as blades [27], has recently
become more common. FOSs offer several advantages
compared to traditional electrically resistive strain gauges,
including higher signal-to-noise ratio, immunity to elec-
tromagnetic interference, and the ability to accommodate
many strain sensors in a single fiber [28]. Previous work
demonstrated an alternative method to measure 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 [29]. 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 controlled nontorque

b

Torque fiber #2

T3
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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 [30].

In the work described in this paper, we took the next step
in technology development and validation of dynamic me-
chanical torque measurements using fiber-optic strain sen-
sors by:

e 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.

o Assessing the accuracy of dynamic mechanical torque
measurements by comparing 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 produc-
tion conditions.

e Investigating the effects of wind turbine operating condi-
tions on the quality of dynamic mechanical torque mea-
surements, with a special focus on the effects produced
by nontorque loads and ring gear temperature.

The remainder of the paper is structured as follows. In
Sect. 2, we describe the measurement setup and test pro-
gram. In Sect. 3, two alternative data processing proce-
dures are described to derive gearbox torque from fiber-
optic strain signals. In Sect. 4, the key findings from the
validation campaign are described, and finally, Sect. 5 sum-
marizes the main conclusions of this work.

Fig.3 Torque measurements from a ring gear FBGs and b main-shaft
strain gauges. Photos from Unai Gutierrez-Santiago, Siemens Gamesa
Renewable Energy, NREL 85910 and 91649

@ Springer

2 Experimental setup

The present study was conducted on a Gamesa G97 2MW
wind turbine located at the NREL Flatirons Campus (Col-
orado, USA) as shown in Fig. la. The G97 turbine has
a 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 15.96rpm results in a speed
of 2,016rpm of the doubly-fed induction generator. The
gearbox mass is 14,620kg, resulting in a torque density
of 90Nm/kg at a reference (rated) mechanical torque of
1,320kNm. 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
[2, 29]. During the test campaign, data were collected from
three different sources [31]:

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 lo-
cation of the gearbox ring gear FOSs and the main-shaft
strain gauges are also shown in Fig. 1b.

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 2a shows the planetary
stage of a G97 gearbox as seen from the rotor side. The sen-
sors were located at the midpoint of the ring gear width, b,
and evenly distributed around the ring gear circumference
as shown in Fig. 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 mea-
sured by FOSs well within their sensing capabilities [29].
The FOSs used for the present study are based on Fiber
Bragg Gratings (FBGs) and are commonly classified as dis-
crete 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 wavelength
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Fig.4 Example fiber-optic response for sensors TO1, TO3, and T06: a raw spectral shift and b resulting filtered strain

is sensitive to temperature and strain changes at the grating
and offer several advantages compared to electrical strain
gauges [28]. FBGs offer a higher signal-to-noise ratio than
strain gauges and are immune to electromagnetic interfer-
ence. A single optical fiber can also accommodate multi-
ple 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 in-
teger multiple of the three planets for previous planet load-
sharing measurements [31]. The FBGs for torque measure-
ment were accommodated in two optical fibers, with 11 and
12 FBGs. In Fig. 2b, the sensors have been color-coded de-
pending 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 snap-
shot of the uptower installation process is shown in Fig. 3a.
Because the sensors were retrofitted to an operational wind
turbine, the protective paint on the ring gear had to be re-
moved 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 interrogator 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 sampling frequency of 2,000Hz for
each signal. Sensing360 B.V. supplied the FOSs and the
interrogator.

2.2 Meteorological and drivetrain sensors
A second set of sensors were installed on a meteorolog-

ical tower in front of the wind turbine and the drivetrain
to gather related operational data for comparison to and

1500

T T T
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I I
1.8 22 2.8

Main shaft torque strain gauge signal (V)

Fig.5 Linear interpolation between main-shaft strain gauge response
and mechanical torque derived from turbine controller using 10-minute
average values from April 25th to July 20th

analysis of the fiber-optic measurements. The inflow wind
conditions were gathered from the NREL M4/site 4.4 me-
teorological tower located near the wind turbine. Wind
speed, wind direction, and temperature measurements at
hub height were recorded. For the drivetrain, 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 be-
tween the two main bearings, 2.29m from the rotor cen-
ter of gravity and 0.62m from the front main bearing as
shown in Fig. 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-pow-
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ered 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 referenced to the
blade labeled as “A” when pointing down. Additionally, an
SAI1 resistance temperature detector was installed on the

200

300
Time (s)

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 measure-
ments. These data were recorded by an NREL-operated,
GPS-time-synchronized, National Instruments-based Ether-
CAT data acquisition system at a sampling rate of 60 Hz for
10-minute periods.
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Fig.7 Example P2P strain processing for sensors TO1, T0O3, and T06: a P2P identification and b P2P strain magnitude
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2.3 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 recorded with
a sampling frequency of 25Hz. These operational param-
eters included the wind speed measured by the turbine,
nacelle direction, total power produced, generator and ro-
tor speed, gearbox oil sump and high-speed shaft bearing
temperature, nacelle and exterior temperature, pitch angles,
and pitch angle rates.

2.4 Test program

The measurement and data acquisition equipment were ac-
tive from April 25th to July 20th, 2023. During this pe-
riod, the turbine was operated using the standard controller
parameters to reproduce normal working conditions. The
acquired data described in Sect. 2.1 to 2.3 were then post-
processed and binned together into 10-minute files for ease
of handling and analysis. All three data acquisition systems
were synchronized using the Coordinated Universal Time
(UTC) timestamp, verified by comparing the rotor speed
recorded by the controller versus the rotor speed as cal-
culated from the main-shaft azimuth encoder and FOSs. In
total, 837 10-minute files were recorded with all data acqui-
sition systems operational and with a minimum of 150kW,
238 of which were above 50% rated torque. The wide range
of operating conditions experienced during the test cam-
paign covered the complete power curve of the turbine [31].

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

Figure 4a shows the raw spectral shift recorded by the in-
terrogator for sensors TO1, TO3, and TO6 during an exam-
ple 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 ther-
mally induced strain from each FOS. The remaining filtered
signal is assumed to be produced by only the planet pas-
sage effect and can then be converted to strain using a linear
conversion factor of 840.34 ye/nm as shown in Fig. 4b.

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 a linear regression to the es-
timated rotor mechanical torque derived from the turbine
operation parameters for all datasets with a minimum value
of 150kW of total power production. Because the strain
gauges were installed in situ uptower, the measured strain
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o o
o o
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Fig.8 Linear interpolation between nP2P values and main-shaft me-
chanical torque using main-shaft revolution average values from April
25th to July 20th

was correlated to the main-shaft mechanical torque esti-
mated from the power managed by the turbine controller
and rotor speed measurements along with an assumed fac-
tor of 1.1 to account for typical power converter, generator,
and gearbox efficiency losses. For the purposes of this work,
such a reference torque is sufficient to compare the rela-
tive accuracies of the different methods used to determine
torque from the FOSs. Figure 5 shows the resulting corre-
lation. As expected, a linear relationship was found with
an interpolation coefficient of 917kNm/V. The main-shaft
bending measurements were also calibrated by relating the
response from the corresponding Wheatstone bridges in tur-
bine idling conditions to the expected bending moment of
395kNm at the Wheatstone bridge location, which was de-
rived from a force balance of the drivetrain subject to the
approximate rotor mass of 34,000kg and the counterbal-
ancing effect of the gearbox mass. In this calculation, the
drivetrain tilt angle of 6 degrees was also accounted for and
the spherical main bearings were assumed to support only
radial and/or axial loads, but not any moments [32]. These
methods are common in field testing of installed wind tur-
bines [18].

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 25th beginning at 20:40 UTC. The wind
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Table1 ODS frequencies in

rated conditions identified by the Mode Frequency (Hz) 3P Order Damping ratio Acronym

MOESP algorithm using s = 64 1 0.80 1.00 2.15e-5 3P

and n =20 2 1.60 2.00 1.24e-5 2x 3P
3 2.39 3.00 1.16e-5 3x3P
4 3.19 4.00 1.10e-5 4% 3P
5 3.99 5.00 9.29e-5 5x3P
6 4.78 6.00 1.26e-5 6x 3P
7 5.58 6.99 1.34e-5 7x3P
8 6.38 7.99 1.30e-5 8x 3P
9 7.18 8.99 1.86e-5 9% 3P
10 7.97 9.99 391e-5 10x 3P

speed at hub height, the rotor speed, and the total produced
power during this 10-minute period are shown in Fig. 6. For
the first 2 min, the wind speed was just under the rated wind
speed of 11 m/s, so the turbine was operating the rated rotor
speed of 15.96rpm, but slightly less than the rated power
of 2MW. During the next 4 min the wind speed dropped to
as low as Sm/s, so the turbine operated with variable rotor
speed and power as low as 300kW. For the last 4 min, the
wind speed increased quickly to as high as 15m/s, so the
turbine operated largely at rated rotor speed and torque.

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 [29]. Once
signals have been filtered as described in Sect. 2.5, the re-
maining signal is assumed to be entirely caused by strain at
the FBG as shown in Fig. 4b. 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). Fig-
ure 7a shows the identified tensile and compressive peaks
of sensors TO1, T03, and TO6 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 rev-
olution of the rotor. Figure 7b shows the resulting P2P val-

Fig.9 Simulated strains on the Mode 1 (3P)

ues for the same period. The P2P strains measured at each
sensor location are slightly different in magnitude and oc-
cur at slightly different times. Several factors are expected
to play a role in the observed differences in the torque-to-
deformation relationship. Although the ring gear itself is
axisymmetric as shown in Fig. 2b, the front and rear hous-
ings connected to the ring gear and especially the torque
reaction arms are not as shown in Fig. 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.

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 circumference 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 mea-
sure. Like the main-shaft strain gauges, the FOSs could not

Mode 2 (2x3P) Mode 3 (3x3P)

ring gear associated with the
first three planet-passing mode
shapes
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Fig. 10 Evolution of the module
of each state associated with the

identified ODSs for the 10-min
recording from April 25th at
20:40 UTC

Fig. 11 Linear interpolation be-
tween modules of reconstructed
states for each ODS and main-
shaft mechanical torque using
main-shaft revolution average
values from April 25th to July
20th
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Fig. 12 Comparison of torque MS
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ODS3

measurements derived from

fiber-optic and main-shaft strain 1500 T T
signals for the example on April

25th at 20:40 UTC
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be calibrated to torque because of the in sifu installation.
Instead, the average values of normalized P2P (nP2P) strain
and mechanical torque measured by the main-shaft strain
gauges for every revolution of the rotor were compared
as shown in Fig. 8. A linear relationship is observed with
an interpolation coefficient of 9.43 kNm/ue. Using this,
the nP2P strains can be converted to dynamic mechanical
torque for every detected planet passage.

3.2 Operational deflection shape method

This section describes another approach to derive torque
from the FOSs based on operational 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, [33] described the
subspace multivariable 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 mechanical
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 continuously
rated operating conditions. The first such conditions oc-
curred on May 5th at 23:00 UTC, in which the turbine was
operating at rated speed and power for the entire 10-minute
period.

@ Springer
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The sampling frequency plays an important role in the
efficiency of the numerical implementation of the MOESP
algorithm. The original sampling frequency of 2,000 Hz for
the FOSs was downsampled to 60Hz, 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 plan-
etary stage, which at the rated rotor speed of 15.96rpm
(0.266Hz) 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 param-
eters need to be defined to execute the MOESP algorithm
[34-36]. These parameters are the number of samples N,
the number of block rows s, and the system order 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 eigenval-
ues, are listed in Table 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 behav-
ior. All identified frequencies match with the 3P planet-
passing frequency and its harmonics. Figure 9 shows an
animation of the ODSs that correspond to the first three
orders of the planet-passing frequency (3P).
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Fig. 13 Comparison of torque MS
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measurements derived from
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signals on May 31% at 22:40
UTC
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With a suitable transformation matrix, it is possible to di-
agonalize the identified system matrix A into the so-called
modal form denoted as /IM. The same transformation ma-
trix can be used to obtain the output matrix Cy;. The asso-
ciated states x and the output measurements y can be re-
constructed using the “one-step-ahead” predictor. For this
predictor, we use a Kalman gain Ky, estimated from the
measured data as the optimal estimator. The accuracy of
the identified system was evaluated using the variance ac-
counted for (VAF) metric between the measured signals y
and the predicted y, 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 mod-
els. Then, the system state and output signals can be recon-
structed, assuming the system behaves as an autonomous
system oscillating from a nonzero initial condition. An av-
erage VAF value for the 23 FOSs of 98.45% was achieved
with the above-mentioned identification parameters. Such

Time (s)

: : : -100
300 400 500 600 i50 160 170 180 190

Time (s)

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 almost
all the energy in the measured FOS strain signals.
However, the results were not close to the measured sig-
nals 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 rep-
resentation 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 behav-
ior and can be represented by the ODSs. The strain signals
were angularly resampled by using their periodic 3P be-
havior, previously shown in Fig. 7. The angular resolution
was chosen to match the time resolution at rated speed.
Figure 10 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
25th at 20:40 UTC. The trends for the nP2P strain and

Table2 Normalized RMSE of torque measurements on a time-based approach

RMSE (kNm) Normalized RMSE (%)
Method Apr 25th 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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Table 3 Normalized RMSE of

Average RMSE (kNm) Average Normalized RMSE (%)

torque measurements based on
LRD and LDD approaches 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

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 trans-
formation, 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 mechanical 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
Fig. 11. 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.

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.

Fig. 14 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 25th
to July 20th
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4.1 Accuracy assessment

Using the linear interpolation coefficients shown in Fig. 8
and 11, 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 cam-
paign. However, for a serial implementation, it is envisaged
that the FOSs could be installed during the gearbox as-
sembly and fully calibrated to mechanical torque during
the end-of-line gearbox test. For the example 10-minute
data recording analyzed in Sect. 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 Fig. 12. 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
600kNm to the rated 1,320kNm that occurs in only 10s.
The error between the nP2P and ODS torque methods when
compared to the main-shaft torque is typically less than
50kNm, even during this highly dynamic period. Figure 13
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 300kNm to rated for brief periods. In some
cases, the torque rises and falls 300 to 400kNm in as little
as 5s 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 70kNm.
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The root-mean-square error (RMSE) was used to assess
the accuracy of the dynamic mechanical torque measure-
ments [37]. For every 10-minute recording, such as the ex-
amples shown in Figs. 12 and 13, 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 sam-
pling frequency of 60Hz. To perform a sample-by-sample
computation of the error, the torque measurements obtained
using the peak-to-peak method had to be interpolated be-
cause 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 re-
sampled as explained in Sect. 3.2, and therefore, the main
shaft torque was also resampled using the same fixed an-
gular intervals to make the instantaneous error evaluation
possible. It is common practice to normalize the RMSE val-
ues to assess the magnitude of errors from the perspective
of the measured quantity. However, there is no consistent
means of normalization in the literature [38]. In this work,
the RMSE values were normalized using the rated torque.
Table 2 summarizes the normalized RMSE values of the
10-minute recordings from April 25th at 20:40 UTC and
May 31% at 22:40 UTC shown in Figs. 12 and 13. The
torque RMSE evaluation was also performed for all 837
10-minute recordings from the full validation campaign.

Main shaft bending moment (kNm)

These recordings were selected using the minimum pro-
duced power requirement of 150kW. A single normalized
RMSE value was obtained from each 10min, and the aver-
age of all 837 values is also shown in Table 2. Depending
on the method to derive torque, the RMSE torque errors
range from 15 to 30kNm, which when normalized are ap-
proximately 1 to 2.5%. These normalized RMSE values
are considered very low, within the expected accuracy of
the main shaft strain gauges. Examining just the nP2P and
ODS3 methods, the errors are even lower, with normalized
errors less than 1.5%. For brevity, in Table 2, only the ODSs
corresponding to the first three orders of the planet-passing
frequency (ODS1, ODS2, and ODS 3) are shown because
the fourth and higher orders resulted in higher errors than
the first three.

For fatigue life estimations, because the gears and bear-
ings are subjected to stress cycles even under a constant
torque load, the IEC 61400-4 gearbox design standard rec-
ommends binning the loads using a load duration distribu-
tion approach. The load bins can be the time spent at a given
load (i.e., load duration distribution (LDD)) or the num-
ber 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 Sect. 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
mechanical torque derived from the FOSs was assessed for

Fig. 16 Effect of ring gear sur-
face temperature on the average
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both LDD and LRD approaches. For the LDD, each 10-
minute recording was considered as a time bin, and its av-
erage 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 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 applica-
tions 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 meth-
ods 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 23x 3P 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, therefore,
can be as high as the sampling frequency. Because it uses
simple linear algebraic 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.

4.2 Analysis of effect of wind turbine operational
parameters

In this section, the effect of wind turbine operating condi-
tions on the accuracy of the mechanical torque measure-
ments from the FOSs presented in Sect. 4.1 is assessed
using 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
parameters, 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 14 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 turbine 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 10m/s, in
which the speed, torque, and blade pitch angles are all fre-
quently changing.

@ Springer

Figure 15 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 experienced were around
400kNm, which is close to that caused by the rotor over-
hung weight moment at the main-shaft bending gauge
location described in Sect. 2.2. In many operating condi-
tions, 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.

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 Sect. 2.2. As Fig. 16
shows, no appreciable correlation was observed between
the torque errors and the ring gear temperature for either
analysis method over 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 turbu-
lence intensity, yaw misalignment, 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 [31]. This is aligned with the expected
behavior of the four-point-mount drivetrain configuration
under test described in Sect. 2.

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 relia-
bility with increasing torque density demands is proving
to be challenging. In many wind turbines, the mechanical
torque is estimated from the generator electrical operational
parameters; 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 sen-
sors placed on the outer surface of the gearbox ring gear of
a Gamesa G97 2MW wind turbine was validated over a 3-
month field test campaign. The fiber optic sensors measure
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the radial deformation of the ring gear, which is propor-
tionate to the mechanical torque. The dynamic mechani-
cal 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 revo-
lution distribution analysis. The effect of operating condi-
tions 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 de-
flection shape has several advantages over the peak-to-peak
method, such as a higher sampling frequency and poten-
tial for real-time application, and therefore is the preferred
method. The fiber-optic strain sensors’ successful operation
during the complete test campaign demonstrated a robust
and accurate solution for fleet-wide enhanced gearbox re-
maining useful life estimation that has been increased to
a technology readiness level of 7 as defined in ISO 16290.
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