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Reducing the cost of energy (CoE) has become one of the main research drivers 
in Wind Energy (Ref. 1). As a result, wind turbines have experienced a significant 
increase in rotor diameter. This can be understood considering the equation for the 
generated power (P):
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where
t is the air density;
A is the area swept by the rotor;
y is the wind speed;
Cp is the power coefficient;
Power is proportional to the swept area and grows with the square of the rotor 
diameter.

Geared drivetrains dominate land-based or onshore wind energy. It is estimated 
that 75 percent of turbines have a gearbox (Ref. 1). The leading OEMs, such as 
Vestas, Siemens Gamesa Renewable Energy (SGRE), General Electric (GE), and 
Acciona-Nordex all use geared drivetrains in their onshore turbines. The latest 
SGRE onshore platform 5.X has a power rating of 6.x MW and rotor diameters of 
155 m and 170 m. In offshore sites, the share of direct drive turbines is more signif-
icant, but Vestas and Ming Yang also use geared drivetrains and target rotor diam-
eters as large as 236 m with expected rated powers of 15 MW. The design require-
ments for wind turbine gearboxes are given by standards IEC 61400-4 (Ref. 2) and 
AGMA 6006 (Ref. 3). Torque is the main sizing factor in gearboxes. Assuming a 
limitation to maintain the tip speed of the blade’s constant, the rotational speed 
decreases linearly with the rotor diameter. Therefore, input rotor torque (T) grows 
with the cubic exponential of rotor diameter.
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where

R is the rotor radius.

The significant increase in rotor 
diameters has pushed gearbox manu-
facturers to introduce multiple techno-
logical innovations to boost the torque 
density of current designs. Torque den-
sities of 200 Nmkg−1 are now available 
thanks to, for example, new gearbox 
architectures with more planetary stages 
and planets per stage, new materials, 
improved manufacturing tolerances, 
and additional surface finishing tech-
niques. To achieve compact and light-
weight drivetrains, a trend has emerged 
toward increasing the mechanical inte-
gration of the main bearing, gearbox, 
and generator (Ref. 4). Overall, these 
light designs increase stress on gear-
box components, and accurate struc-
tural models are needed to maintain 
or even increase gearbox reliability. 
Structural models based on the finite 
element method (FEM) with a high level 
of complexity to capture all interactions 
between gearbox components are widely 
used for this purpose. These models 
must be validated through experimental 
evaluation to achieve the desired degree 
of confidence. Once validated, FEM 
structural models provide a suitable 
platform to optimize gearbox compo-
nents to increase torque density further.

The main objective of this study is 
to perform an experimental evaluation 
of the structural model of a five-planet 
first planetary stage from a modern 
6MW wind turbine gearbox. The FEM 
structural model comprises the rotor 
side housing, also known as the torque 
arm housing, the first stage ring gear 
and the transition housing between the 
first and second ring gear. Strain mea-
surements on the outer surface of the 
ring gear obtained in a full load back-
to-back test bench have been used to 
validate the structural model. Optical 
fiber strain sensors have been used 
because they offer a higher signal-to-
noise ratio, are immune to electromag-
netic interference, and allow a more 
straightforward installation because 
multiple strain sensors can be accom-
modated in a single fiber.

This study has been conducted 
using a Siemens Gamesa Renewable 
Energy (SGRE) gearbox manufac-
tured by Gamesa Energy Transmission 
(GET) shown in Figure 1. The gearbox 
is a 3-stage gearbox; the first and sec-
ond are epicyclic planetary stages, and 
the third is a parallel stage. A drawing 
of the shafts and gears in this gearbox 
is shown in Figure 2. The structural 

housings of the gearbox have been 
omitted for clarity. The first planetary 
stage has five planets, and the second 
stage has three. The rated power of 
the gearbox is 6.x MW and weighs 
approximately 44,000 kg. The first 
stage of this gearbox has been chosen 
for this study because it is the most 
critical one due to the high torque that 
it supports.

Figure 1—Drivetrain assembly of SGRE 5X 170 prototype turbine in Høvsøre wind farm (Denmark).

Figure 2—Assembly drawing of shafts and gears from the 3-stage Siemens Gamesa Renewable Energy gearbox 
(PPH configuration).
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The remainder of this paper is orga-
nized as follows, The “Model Description” 
section describes the structural model, 
and the “Experimental Setup” section 
describes the experimental procedure 
used to evaluate the model. The “Results” 
section covers the correlation between the 
experimental results and the model simu-
lations. Finally, the “Conclusions” draw 
the main conclusions of this work and 
suggest recommendations for future work.

Model Description
A planetary gear stage transforms 
the input speed according to the gear 

ratio, which is defined by the rela-
tion between the number of teeth 
of the ring gear and the sun gear, 
respectively. The same inverse rela-
tion applies to the load. This transmis-
sion is achieved using a complex rota-
tive gearing system. The ring is held 
stationary in a typical wind turbine 
planetary gearbox, whereas the input 
torque is transmitted to the stage by 
the planet carrier. The planets con-
tained by the planet carrier are the 
components that transfer the torque 
to the sun gear, which is the output of 
the stage.

In an ideal design, the input torque 
is shared evenly between the planets in 
the carrier. The uneven torque distribu-
tion is considered by applying the mesh 
load factor Kc defined in the standard 
AGMA 6123 (Ref. 5). The ring gear is 
stationary. When the flanks of the planet 
mesh with the ring gear, the planet rolls 
along the inside of the ring gear. At the 
same time, the planet’s opposite flanks 
contact the sun gear, transferring the 
torque to this component. All these 
interactions between the parts produce 
the gear forces at the teeth.

It is well known that the complexity 
of a FEM model is directly linked to the 
resources required by the model. These 
resources can be measured in terms of 
computational cost and time needed 
to prepare the model and post-process 
the generated data. Therefore, it is very 
valuable for day-to-day work to find 
a model that accurately represents the 
results in the areas under study without 
being excessively costly in terms of per-
sonal and computational time.

In this study, two different FEM mod-
els have been studied. The first one is 
a detailed model of the first planetary 
stage of a gearbox with a rated power 
of 6.x MW. In contrast, the second one 
is a simplified model shown in Figure 
3. These models will be referred to as 
“high complexity” and “low com-
plexity” models. Both models consist 
of the torque arm, or rotor side hous-
ing, the ring gear, the transition hous-
ing between ring gears, and the corre-
sponding bolts and pins that complete 
the assembly. As shown in Figure 3, the 
torque arm and transition housing are 
symmetrical about the z-axis (vertical 
axis). This applies to models of both 
complexity levels. 

To simulate the initial conditions 
of the assembly, a preload has been 
applied to each bolt. The bolts have 
been represented by beam elements, 
which have been found suitable to 
model the effect of the preload and are 
computationally more efficient than 
modeling the bolts as solid bodies. The 
calculations have been performed in 
Ansys 2021 R2 software. 

The forces of the model react with 
the torque arms, which are fixed in 
the Z direction, to recreate the behav-
ior of the gearbox under working 

Figure 3—Simplified geometry used for the analysis.

Figure 4—Strain gauges position in FEM model.
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conditions. Also, the bearings’ outer 
rings that support the planetary stage 
loads have been restricted to rotating 
in X. Moreover, the ring of the bear-
ing that supports the axial force gen-
erated in the gears has been limited 
in the axial direction. Regarding the 
interaction between the planets and 
the ring rear, a force has been applied 
at each tooth that, in an instant of 
time, is in contact with a planet, as 
shown in Figure 5. To do so, it has 
been assumed that one tooth of the 
ring gear fully contacts with one tooth 
of the planet and that the torque is 
evenly distributed between the plan-
ets, i.e., the mesh load factor Kc equals 
1. In helical gears, the contact between 
the teeth develops progressively along 
the diagonal line of contact, and sev-
eral teeth can be in contact simultane-
ously. Therefore, the whole length of a 
tooth is never wholly engaged with the 
mating gear. Due to the complexity of 
simulating the loads along the line of 
action of the helical gears, the forces 
have been simplified to be tangential 
to the flank of each tooth.

The gear cycle has been defined by 
using several steps so that the com-
pression-tension effects produced by 
the planets passing at the tooth roots 
are simulated. As shown in Figure 6, 
in the first step of the analysis, the pre-
load was applied to the bolts. Then, in 
subsequent steps, the mesh force load 
has been applied at the corresponding 
flank. For example, in Step 2, the forces 
that simulate the loads from the planets 
are applied in the model, as shown in 
Figure 6. Then, in the following steps, 
the forces are moved subsequently to 
the flank of the tooth on the right, hence 
recreating the gear cycle. This process 
has been performed for assessments at 
50 percent and 100 percent torque. Eight 
different angular positions have been 
analyzed in different steps to study the 
effect of the carrier’s angular positions.

It is worth mentioning that to com-
pare the results against the data 
obtained with the fiber-optic strain 
sensors, in the FEM model, a node has 
been positioned in the same location 
as each strain sensor around the ring 
gear (Figure 4). Hence, the deformations 
have been simulated and measured in 
the same locations.

Experimental Setup

Test Bench
A full-scale prototype gearbox, instru-
mented with fiber-optic strain sensors 
on the outer surface of the ring gear, 
was tested in a back-to-back test bench 
for up to 100 percent of its nominal 
torque. All tests presented in this study 

were performed on the back-to-back 
test bench shown in Figure 7, prop-
erty of the company DMT GmbH & 
Co. KG (Ref. 6) at Krefeld (Germany), 
with electric motors of rated power of 
7.5 MW. The position of the fiber-optic 
sensors can be seen on the outer sur-
face of the first stage ring gear of “Test 
Gearbox 1.”

Figure 5—Applied forces in the ring gear.

Figure 6—Applied force steps in the ring gear (local).
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Fiber-Optic Strain Sensing
A new method to measure the input 
torque of wind turbine gearboxes was 
introduced in Ref. 7. 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 grat-
ings (FBGs) were used because they 
offer a higher signal-to-noise ratio and 
are immune to electromagnetic inter-
ference. Since multiple strain sensors 
can be accommodated in a single fiber, 
they allow a more straightforward 
installation. A satisfactory correlation 
was found between the input torque of 
the carrier and the deformations on the 
outer surface in Ref. 7.

Four optic 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 direc-
tion, as shown in Figure 7. The fibers 
were installed tangentially to the middle 

Figure 7—SGRE gearboxes on a back-to-back test bench (property of DMT GmbH & Co. KG).

Figure 8—Location of the fiber-optic strain sensors (S01 to S54).
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section, covering a complete revolu-
tion along the outer perimeter of the 
ring gear. Figure 8 shows the radial and 
angular location of all the strain sensors 
with the corresponding labels in a rotor 
side section view. The four colors of 
the sensor labels indicate how the FBGs 
belong to separate fibers (S01 to S15 
in fiber number 1, S16 to S28 in fiber 
number 2, S29 to S41 in fiber number 3, 
and S42 to S54 in fiber number 4). The 
fiber optical sensors were supplied and 
installed by the company Sensing360 
B.V. (Ref. 8). A more comprehensive 
description of the optical fiber instru-
mentation used can be found in Ref. 7.

Fiber Bragg gratings are sensitive to 
strain and temperature. The signals were 
detrended to remove the effect of tem-
perature on the measured shifts in wave-
lengths of the FBGs. Once the long-
term shift caused by temperature had 
been removed, the remaining signal was 
caused entirely by the strain imposed by 
the planet gear mesh events. An induc-
tive 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 val-
ues can be assigned to individual plan-
ets, as shown in Figure 9. 

Nineteen short tests were performed 
under different stationary speed and 
torque conditions to characterize the 
relationship between strains and torque 
and the mesh load factor. The torque 
level was increased in five percent incre-
ments from 10 to 100 percent 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. A correlation between the 
average torque and the average peak-to-
peak values of the strain sensors placed 
on the outer surface of the ring gear was 
found in Ref. 7 shown in Figure 10. Since 
peak-to-peak values can be assigned to 
individual planets, the procedure also 
can provide information about the load 
sharing between planets. Figure 11 shows 
the average  Kc values of the five planets 
against torque presented in Ref. 9. The 
values shown by the circular markers in 
Figure 11 represent the mean value of all 
54 sensors, and the shaded patches repre-
sent the bounds limited by the minimum 
and maximum Kc from all sensors.

Figure 9—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 10—Peak-to-peak strain values of sensor S52 vs. torque in the low-speed shaft separated for each 
planet, and their corresponding cubic fit.

Figure 11—Kc, avg values from all fiber strain sensors. The mean value is represented by the circular marker 
and the shaded patch.
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Results
As depicted in Figure 8, strain sensors 
have been positioned in the middle sec-
tion of the ring gear along the external 
surface. A total of fifty-four sensors were 
installed using four fibers. The results 
provided by the FEM model have been 
compared to the experimental ones by 
extracting the elastic strain results at the 
nodes located at the same position as the 
strain gauges as shown in Figure 4. 

The correlation of the results of the 
100 percent torque load case is shown in 
Figure 12. Normalized strains are shown 
according to their angular position in 
the ring gear. This angular position, 
shown in Figure 8, is defined clockwise 
in the rotor side view with zero at the top 
vertical location. Simulation results for 
both high- and low-complexity models, 
presented in the “Model Description” 
section, are shown in Figure 12, denoted 
as “FEM High” and “FEM Low”. As can 
be inferred, the FEM strain results agree 
well with the strains measured with 
fiber-optical sensors. As expected, the 
match between simulation and sensors 
is less accurate for the lower complex-
ity model. A single planet, identified 
as number 4 in Figure 8, yields a lower 
agreement between simulation and sen-
sor strain values. Nevertheless, the aver-
age differences between FEM models 
and sensors were considered very sat-
isfactory based on previous experience 
correlating strain measurements.

Two alternative approaches have been 
used to quantify the accuracy of the 
results. First, the strains of all 54 sen-
sors have been compared to the simula-
tion results using the root mean square 
(RMS) value. This provides a picture 
of how well the strains are simulated 
for the complete revolution of the ring 
gear. Additionally, the accuracy of the 
maximum strain levels corresponding 
to each of the five planets has also been 
assessed. At 100 percent torque level, the 
deviation from measurements achieved 
by the high complexity model for step 
number 5 (see Figure 6) is 11.5 percent 
when considering the root mean square 
level of all 54 strains; and 12.4 percent 
when considering the strain maxima 
peaks. In comparison, for the same load 
step number 5 in the low complexity 
model, a deviation of 25.2 percent was 
observed using the root mean square 
approach and 21.4 percent when com-
paring the strain maxima. 

The effect of the angular position of 
the planet carrier on the simulated strains 
has been studied using different steps. For 
each planet carrier position, four different 
teeth were loaded, as described in Section 
2. The planet carrier was then rotated 90 
degrees to study another four teeth, which 
accounted for eight angular positions of 
the planet carrier in total. This study of 
the angular position of the carrier was 
accomplished using the low-complexity 
model. The average accuracy obtained by 

all eight steps has been found to be 23.9 
percent using the RMS approach and 22.9 
percent for the strain maxima. Depending 
on the angular positions the variability 
observed was ±2.13 percent and ±3.85 
percent respectively. 

We found the correlation of the com-
pressive stresses before and after the 
highest tensile strain positions is less 
accurate than the correlation obtained 
in the rest of the positions showing 
compressive stresses. This effect appears 
for both torque levels, 50 percent and 
100 percent, and higher and lower com-
plexity models. The discrepancy in the 
results of the positions corresponding to 
planet four might be because of neglect-
ing the loads of the gearbox that come 
from the rest of the stages. Moreover, 
as has been described in Section 2, the 
input torque is assumed to be evenly 
distributed between the planets. This 
assumption might also be a source of 
discrepancy in the correlation of the 
results since the torque distribution 
between the planets is not even. The 
uneven distribution of torque is consid-
ered in the mesh load factor Kγ. Further 
investigations should be carried out 
considering Kc in the FEM model to 
obtain a more accurate correlation. 

Regarding the transitions from min-
imum to maximum strain values, a 
good correlation is observed in all the 
positions. Hence, similar compressive-
tensile behavior is described by both 
the FEM model and the strain gauges 
around the ring gear. Overall, a satis-
factory agreement has been obtained 
between the FEM model and the results 
obtained by the optical strain sensors. 
Thus, the FEM model has been deemed 
reliable for obtaining accurate results 
and performing further investigations 
regarding technical aspects of the gear-
box. As expected, the higher complex-
ity model yields more accurate results. 
The complexity of the model must be 
considered thoroughly to achieve the 
optimum balance between accuracy and 
cost for the application under study.

Conclusions
We have performed an experimental 
evaluation of the structural finite ele-
ment model of a 6MW wind turbine 
gearbox using fiber-optic strain sen-
sors. Two different FEM models have 

Figure 12—Fiber-optic strain sensor (FOS) measurements vs. simulation results (FEM) at 100 percent torque, 
“High” and “Low” represent the complexity of the model used.
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been studied with different degrees of 
complexity. Fifty-four fiber-optic Bragg 
gratins were used to measure strain on 
the outer surface of the first stage ring 
gear. Tests were performed in a full-scale 
back-to-back gearbox test bench under 
different torque conditions.

A good correlation has been found 
between the experimental strain mea-
surements and the results of the FEM 
models. The difference between sim-
ulation and strain sensors obtained 
using the high complexity model has 
been 11.5 percent when consider-
ing the root mean square level of all 54 
strains and 12.4 percent when consid-
ering the strain maxima correspond-
ing to the mesh action of each planet. 
These results are considered very sat-
isfactory based on previous experience 
with strain measurements. The differ-
ences for the low complexity model rise 
to 23.9 percent and 22.9 percent respec-
tively. As expected, the match between 
simulation and sensors is less accu-
rate for the lower complexity model. 
Therefore, a suitable trade-off between 
complexity and desired accuracy is 
needed considering the application of 
structural models. 

Further investigations related to mesh 
load factor Kγ, the loads of the gear-
box that come from downstream gear 
stages, and different angular positions 
of the planet carrier(s) are suggested for 
future work. This is expected to yield a 
better correlation of the results since the 
uneven distribution of the transmitted 
was not considered in the FEM models 
presented in this study. 

Once correlated, these structural mod-
els can be used for further investigations, 
such as evaluating the effect of modifying 
critical design parameters. For example, 
the effect of ring gear rim thickness of the 
first stage can be studied with this model. 
The first stage ring gear is arguably the 
most expensive component of a wind tur-
bine drivetrain. Gearbox manufacturers 
strive to make the rim of the ring gear as 
thin as possible while complying with the 
minimum thickness requirements set by 
their design rules and gear rating stan-
dards. These structural models can be 
used to research the effect of rim thickness 
on the tooth root stresses, which is con-
templated by the KB factor defined in the 
standard ISO 6336 (Ref. 10).

Increasing the confidence in struc-
tural models through experimental 
data allows a more optimized gearbox 
design, which significantly improves 
torque density and the overall cost of 
the gearbox. 
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