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Abstract. 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
current 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 planets.
This paper 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 ”Design requirements
for wind turbine gearboxes” IEC 61400-4. Since the mesh load factor is used for gear rating
and sizing, a lower value allows a more optimized gearbox design, which leads to a significant
improvement in torque density and cost.

1. Introduction
Reducing the cost of energy (CoE) has become one of the main research drivers in Wind Energy
[1]. 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 [2]. In this context, gearbox manufacturers have striven to reduce the cost of gearboxes
by increasing the torque density of modern designs. Multiple technological innovations have
been introduced, e.g., new materials, improved manufacturing tolerances, and additional surface
finishing techniques. However, 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 [3]. 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 extensively
studied in the literature. Kahraman et al. researched its dependency on manufacturing errors
and the associated dynamic effects [4] and presented an experimental study in [5]. Singh, A.
proposed an analytical formulation for the relationship between planet load sharing behavior and
positional errors [6]. These studies were conducted on smaller module gears for automotive or
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
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helicopter applications. Guo, Y. and Keller, J. generalized this analytical formulation for wind
turbine gearboxes with a three-planet, floating epicyclic configuration [7, 8]. 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 [9] defines the mesh load
factor Kγ 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 [10]. This standard specifies default values of the load mesh
factor Kγ as a function of the number of planets. These default values are given in Table 1.
Table 1. Mesh load factor Kγ for planetary stages according to IEC 61400-4.
Number of planets

3

4

5

6

7

Mesh load factor Kγ

1.10

1.25

1.35

1.44

1.47

For a high number of planets, the mesh load factors presented in Table 1 are conservative 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 measurements is complex and expensive.
A recently developed method to measure torque using fiber optic strain sensors on the outer
surface of the ring gear [11] 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 (Kγ ) 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 [10].
The remainder of this paper is organized as follows, Section 2 describes the experimental
procedure used to evaluate the mesh load factor Kγ . Section 2.1 covers the traditional method
based on tooth root strain measurements, and Section 2.2 describes the method based on strain
measurements on the outer surface of the ring gear using fiber optic sensors. Section 3 discusses
the results obtained with both signal processing procedures, and Section 4 draws the main
conclusions of this work and suggests recommendations for future work.
2. Experimental evaluation of the mesh load factor Kγ
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 44000Kg. A full-scale prototype gearbox, instrumented 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 Fig. 1, property of the company DMT GmbH & Co. KG [12] at Krefeld
(Germany) with electric motors of rated power of 7.5 MW.
2
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Figure 1. SGRE gearboxes on a back-to-back test bench (property of DMT GmbH & Co. KG).
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 [10] these
strain gauges are a compulsory part of the verification process of a new gearbox design and also
serve to evaluate the gear mesh contact patterns and the load intensity distribution along the
face width of the gears (Kβ ). The measurement system was comprehensively described in [13].
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 2, where α is the pressure angle. According to the standard ISO
6336 [9] 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 gradients, making them very sensitive
to positioning errors. In practice, the middle 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. 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 gearboxes, 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. Figure 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 alignment electronic
modules developed by JR Transmission Dynamics [14] 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
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Figure 3. Strain gauge placement on a
root of a sun gear.

Figure 2. Strain gauge positioning in the gear tooth root.

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 Fig. 3. This picture was taken before soldering the wires from the strain gauges to the
electronic module.
In the case of the sun gear, the instrumented gear tooth will mesh with all the planets allowing
the mesh load factor (Kγ ) 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 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 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 Fig. 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
Fig. 5, the area below each strain distribution was chosen as the mesh intensity value assigned
to each gear mesh. This mesh intensity, denoted as imesh , can be computed using the following
equation and was :
imesh =

N
X

bn ∆δn,mesh

(1)

n=1

where bn is the length of face width covered by the strain gauge n and ∆δn,mesh is the peakto-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, for a given
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Figure 4. Strain signals of all 8 root gauges and once-per-revolution tachometer.
revolution rev of the sun relative to the carrier the following mesh intensities can be computed:
i1,rev , i2,rev , i3,rev , ..., 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. 2). Since dynamic effects can influence the different mesh

Figure 6. Mesh load factors obtained from
strain measurements in two roots of the sun
gear.

Figure 5. Root strain distribution for the
mesh events of a single revolution of the sun
relative to the carrier.
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intensity values during a complete revolution, this value has been denoted as Kv Kγrev :
Kv Kγrev =

max(i1,rev , i2,rev , i3,rev , ..., iP,rev )
PP

i
p=1 p,rev

(2)

P

The term Kv Kγ is a loose interpretation of the standard ISO 6336 [9]. A method to measure
the dynamic effects covered by Kv 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 Kv Kγ values were computed for all the recorded revolutions. The average Kv Kγ and the
worst case or maximum Kv Kγ 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 Kv assuming that the dynamic effects covered by the factor Kv are uncorrelated with the
mesh load factor Kγ and that the recorded data covers enough revolutions. This average mesh
load factor has been denoted as Kγ,avg :
Kγ,avg =

max(i1,avg , i2,avg , i3,avg , ..., ip,avg )
PP

i
p=1 p,avg

(3)

P

where the ipavg is the average mesh intensity produced by the planet p which be computed
using the following equation:
PR

r=1 ip,r

ip,avg =

(4)
R
Figure 6 shows the average Kγ , average Kv Kγ and maximum Kv Kγ 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.
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 [11].
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 Fig. 1. The
fibers were installed tangentially to the middle section, covering a complete revolution along the
outer perimeter of the ring gear. Figure 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
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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. [15]. A
more comprehensive description of the optical fiber instrumentation used can be found in [11].

Figure 8. Sensor S01 Strain signal (left
axis) during a single revolution of the
input shaft (right axis) with detected peaks
assigned to the corresponding planet.

Figure 7. Location of the fiber optical
strain sensors (S01 to S54).

Fiber Bragg gratings are sensitive to strain and temperature. The signals were detrended 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 values of the strain sensors placed
on the ring gear’s outer surface was found in [11]. 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 Fig. 8. For
every revolution of the carrier, a value of Kv Kγ can be computed using the peak-to-peak values
as im esh in Eq. 2. Similarly, the following expression is proposed to derive the average Kγ,p of
a particular planet:
Kγ,p =

∆δ p
,
∆δall

(5)

where ∆δ p is the average peak-to-peak strain value measured from all mesh events caused
by a particular planet p, and ∆δall 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 9 shows the resulting average Kγ 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 10 shows the average Kγ values of
7

The Science of Making Torque from Wind (TORQUE 2022)
Journal of Physics: Conference Series
2265 (2022) 032003

IOP Publishing
doi:10.1088/1742-6596/2265/3/032003

the five planets against torque. The values shown by the circular markers in Fig. 10 represent
the mean value of all 54 sensors, and the shaded patches represent the bounds limited by the
minimum and maximum Kγ .

Figure 10.
Kγ,avg values from all
fiber strain sensors, the mean value is
represented by the circular marker and the
min-max bounds by the shaded patch.

Figure 9. Average Kγ per planet for each
sensor evaluated at 100% nominal torque.

3. Discussion of results
This section will discuss the main findings gathered through the experimental evaluation of the
mesh load factor Kγ 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 2.1. Then a different approach based
on strain measurements on the outer ring gear using optic fiber sensors has been presented
in Section 2.2. The results from both experimental approaches have been combined in Fig.
11. The comparison has been made for the three mesh load factors defined in Section 2, i.e.,
average Kv Kγ , maximum Kv Kγ and average Kγ . 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 Kγ values obtained.
It is worth noticing that results from the gear tooth root instrumentation were produced
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 five percent 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 manufacturing 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 sensitive 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 instrumentation, and a direct comparison was not possible
for such low torque levels. Low torque levels are not critical for gear rating and life expectations,
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Figure 11. Average Kγ , maximum Kv Kγ and average Kv Kγ values evaluated from tooth
root strain measurements at the sun gear, denoted as Sun1 and Sun13, compared with values
evaluated from strain sensors on the ring, denoted as Ring.
and therefore having high mesh load factors at lower torque values is not a concern for gearbox
manufacturers.
The experimental mesh load factor Kγ results for the nominal working condition of the
gearbox are significantly lower than the default values required by the standard IEC 61400-4
[10] shown in Table 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. 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 these findings in a wind turbine
installation.
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 Kγ results compared to the traditional method based
on strain gauges located in the roots of the sun gear teeth. This is a promising 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 overcomes these drawbacks allowing a
more straightforward installation and easing the data recording requirements for testing.
The experimental mesh load factor Kγ results obtained for a modern 6MW wind turbine
gearbox with five planets in the first stage are significantly lower than the default values required
by the standard IEC 61400-4 [10]. Since Kγ is directly used for gear rating and life calculations,
a low value of Kγ allows for a more optimized gearbox design, and therefore significant
improvements in torque density are expected. The manufacturing class of the gears and the
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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.
We would like to sincerely acknowledge the support of Siemens Gamesa Renewable Energy
and TU Delft, which made this research possible and the collaboration with JR Dynamics
limited, Sensing 360 B.V. and DMT GmbH & Co. KG.
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