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Abstract. 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.

1. Introduction

The push to lower the levelized cost of energy from wind has resulted in a race to increase the
rotor diameter, power rating, and hub height of wind turbines [1]. 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 [2, 3, 4].
For such high torque ratings, a trend has emerged in gearbox architecture to increase the
number of planetary stages and the number of planets per stage [5]. 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 [6]. The gear rating
standard ISO 6336-1 [7] defines the mesh load factor, K., as the quotient 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 614004 [8] sets K, as a function
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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. Because 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 [9], 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 operational 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 stationary 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 paper 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 paper is organized as follows: Section 2 describes the sensors and data
acquisition equipment used for the experiment; Section 3 describes the methodology used to
extract the instantaneous mesh load from fiber-optic strain measurements on the outer surface
of the ring gear; Section 4 discusses the results obtained during the field measurement campaign;
and finally, Section 5 draws the main conclusions of this work and suggests recommendations
for future work.

2. Experimental set-up

The present study was conducted on a Gamesa G97 2-MW wind turbine, shown in Figure 1,
located at the National Renewable Energy Laboratory’s (NREL’s) Flatirons Campus (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 meteorological tower to measure ambient
temperature, wind speed, and wind direction at hub height; and (4) turbine controller for wind
turbine operational parameters.

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 temperature and strain changes



The Science of Making Torque from Wind (TORQUE 2024) IOP Publishing
Journal of Physics: Conference Series 2767 (2024) 042022 doi:10.1088/1742-6596/2767/4/042022

Figure 1. G97 2-MW wind turbine on Figure 2. FBG installation. Photo from
NREL’s Flatirons Campus. Photo from Unai Gutierrez-Santiago, Siemens Gamesa
Dennis Schroeder, NREL 21886. Renewable Energy, NREL 85910.

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 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 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.

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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2.8. 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.

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.

SENSORS FOR
LOAD
DISTRIBUTION
24 FBGS

Ky FIBER #1
Ky FIBER #2

Figure 3. Angular placement of the 24 FBGs on the outer surface of the first-stage ring gear.

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

The standard IEC 61400-4 [8] 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 [10] and [11]. 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
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
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coincide in time. Therefore, the effect 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 [6]; however, this method is very complex
and requires 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 [9]. 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 instrumentation is on the rotating sun.
However, with the sensor configuration used in [9], 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 3 and described in Section 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 [5].
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 4 shows the strain measured
at sensor SO1 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 4. An average K, value can be computed for each sensor using the following equation,
Ae

= & (1)

P Aea” ?

where Ag, is the average peak-to-peak strain value measured from all mesh events assigned to
a single planet, and Ae,y; is the average peak-to-peak value of all planets. That is,

_ 1 & Aeq,+ Aeap + -+ Ae
> Adiy = Bt (2)

Ae, = n 2 -

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 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 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 [5]. A weighting or scaling of the individual peaks
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Figure 4. Peak-to-peak strain from sensor S01 assigned to P1, P2, and P3 for one full rotation.

is proposed to compare the strain of the simultaneous sensors. The peak-to-peak values are,
therefore, weighted with the ratio between the average of all sensors and the mean peak-to-peak
from each sensor. Figure 5 shows the first simultaneous mesh event recorded at sensors SO1,
S09, and S17 after the azimuth angle 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.

4. Field validation campaign

An extensive measurement campaign was conducted on the G97 2-MW wind turbine shown in
Figure 1. The measurement and data acquisition equipment described in Section 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 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 representative 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,
the mesh load factor exhibits small fluctuations around a mean value. The effect of different
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Figure 6. Evolution of torque and the mesh load factor with time (May 30 at 23:40 UTC).

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,
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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 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 flexibility 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 drivetrain,
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 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,
the mesh load factor exhibits a dynamic behavior. To quantify the deviation from the mean,
Figure 9 shows the maximum mesh load factors recorded during full revolutions of the rotor.
The difference between the maximum and average values are low for the planet with the highest
mesh load factor, which validates the design assumptions used for gear rating and fatigue life
calculations.

Power vs wind speed

2500

2000

1500
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5]
o
=]

o
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]

0 2 4 6 8 10 12 14 16 18
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Figure 7. 10-minute average wind speed vs. total power produced by the turbine.

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 instan-
taneously 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 operation, covering the complete power curve of the
turbine. For operating conditions close to rated, the maximum mesh load factor was found to
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be below 1.05. This value is below the requirement of 1.10 from the IEC 614004 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
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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 paper. Additionally, the potential usage of
the presented instantaneous load mesh factor measurements for gearbox condition monitoring
should be investigated.
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