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Wind Turbine Field and Test Rig Testing as
Part of the Design Process for Gearboxes: Test
and Validation Requirements, Needs and Best
Practices for Wind Turbine Gearboxes

Frank D. Krull

The growth of worldwide energy consumption and emerging industrial markets demands an

increase of renewable energy shares. The price pressure coming from coal, oil, nuclear and natural

gas energy — combined with enormous worldwide production capacities for components of wind
turbines — make wind energy a highly competitive market. The testing and validation of gearboxes
within the test rig and the turbine environment attract a strong focus to the needs of the industry. The
following contribution sums up the typical process requirements and provides examples for successful
system and component verifications based on field measurements.

Introduction

Wind turbines and their components
are part of a dynamic environment;
very often, hot and cold climates have
profitable wind conditions that make
those sites attractive for wind park proj-
ects. Components of turbines located
in these extreme weather patterns are
impacted by strong, gusty winds, deep
temperatures, ice, snow and hot and
humid climates. The load on compo-
nents, combined with the tough envi-
ronmental conditions, require robust
requirements for the engineering of
main and sub-systems, as well as their
lubrication —most particularly the
gearbox. A full understanding of the
interaction between gearbox and wind
turbine —with the different combina-
tions of towers, rotor blades, genera-
tors, and resulting loads that are related
to different site conditions —must be
demonstrated by sound system engi-
neering methods and their validation.
Multi-body simulations, FE approaches
of complete systems, and the validation
on test rigs and on-site installations are
all part of the gearbox development
process. International Organization for
Standardization Abstract IEC61400-4
states the recommendations for test
criteria, sensors and sensor positions.

Test and sensor plans should be dis-
cussed between wind turbine manufac-

turer, gearbox manufacturer and com-
ponent supplier, regarding lubrication
and bearing supports.

Gearbox Simulation Models
and Test Rig Environment
The gearbox is the most complex, dy-
namic sub-system within the mechani-
cal drivetrain, which is why it is so
important to create an accurate simula-
tion model that is valid and suitable to

mirror the major inner dynamics.

The test rig environment helps to
validate the gearbox simulation models
and to better understand the gearbox’s
specific dynamics. What’s more, the
complexity level of the test rig environ-
ment is simpler and better controlled
than the on-site turbine environment;
this allows planning test-run param-
eters based on first simulation results.
Test rig simulation and measurement
provide an opportunity to plot sensors
for the validation measurement of the
model under controlled and repeatable
conditions, thereby closing the first
development loops within the design
phase and helping to save cost and re-
duce risk.

Within the first step it is necessary
to keep the test rig model as simple
as possible. The test rig is driven by a
5 MW motor and a slave gearbox; the
slave gearbox with a shift stage adapts

the torque and speed to the input level
of the master gearbox. The generator
is connected to the output shaft of the
master gearbox via an original wind
turbine coupling, including the brake
disc. Original rubber bushings from
the wind turbine isolate the gearbox
torque arm from the foundational sup-
port structure. The mounting angle of
the drivetrain corresponds to the origi-
nal mounting angle of the wind turbine
drivetrain.

The ground supports, gearbox hous-
ing, and planet carrier of the planetary
stages are considered as elastic ele-
ments (FEA super elements/blue-col-
ored). The technology for those consid-
erations is based on a mode reduction
of the finite element models. Periodic
tooth stiffness achieves authentic mod-
el stimulations occurring with tooth
mesh frequency; the sub-models ac-
count for the overlapping effects of
real toothings. Accurate n-dimensional
(Ed.s Note: having an arbitrary number
of dimensions) stiffness characteristics
of the bearings include the informa-
tion of the bearings’ microgeometry.
The displacement between outer ring
and inner ring causes reaction forces
on the shafts and housing. Forces and
displacements of the shafts depend on
the kind of bearing models used.
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Different accuracy levels of models
for bearing stiffness can be used for pa-
rameter and sensitivity studies; bearing
stiffness can be modeled with linear
and/or non-linear properties.

The degrees of freedom (DOF) of real
bearings are constrained by coupling
stiffness. Thus the simulation results for
bearing models with constrained DOF
and non-constrained DOF will be dif-
ferent. The choice of a suitable bearing
model depends on the simulation tar-
gets (e.g., calculation efficiency and/or
result accuracy).

The support structure and complex
structural parts of the drivetrain — such
as parts of the crankshaft — are consid-
ered as super elements.

Excessive analyses and verifications
of the gearbox within a test rig environ-
ment due to measurement and simula-
tion are necessary for highly accurate
validation of the gearbox model. And,
the quality of the gearbox model has a
huge impact on the quality of the simu-
lation within the wind turbine model.
Investigating model details on a high
technological level is recommended
in order to gain an accurate validation
model for the gearbox. Closing engi-
neering loops supported by multi-body
simulation results will help to enhance
the suitability of the gearbox design and
its reliability for the application within a
wind turbine.

Operating Conditions of Wind
Turbines

Availability and production gains of
wind turbines depend on various op-
erating conditions; but loads and tem-
peratures vary —depending on a tur-
bine’s condition speeds. A high amount
of control activities under turbulent
and strong wind conditions lead to
non-stationary loads and speeds. The
design and suitability of support sys-
tems, bearings and toothings — as well
as lubrication — are relevant for reliable
component lubrication.

Agreement between environmental
conditions and functionality:

 Cold climate - maintaining the
lubrication and filtration system;
supply of the tribo-contacts;
materials; fracture mechanical
fatigue

o Frozen gearbox > capability to
start the pressure-fed lubrication;

Costs due to design changes
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Figure 1

Early-stage validation of gearbox; note relationship between development phase and cost

increasing due to necessary design changes of gearbox.

Figure2 Photograph and simulation basis for 5 MW Wind turbine test rig; MBS (multi-body
system) of the gearbox within the test rig environment.

avoiding of coal oil at heating
elements; short starting periods;
material; brittle crack propagation

o High speeds, lowloads > avoiding
smearing

e Low speed, high loads > avoiding
micropitting and wear

o High speed, high loads > avoiding
scuffing

o Stand still > Avoiding still-standing
marks and “false brinelling”

o Idling > supply of toothings and
bearings above the oil sump

e No grid > minimum supply of
components during parking periods

There are a couple of other operating
conditions that should be addressed by
testing, calculation and simulation.

Tests and Test Criteria for Wind
Turbine Gearboxes

Tests for wind turbine gearboxes as part

of the design process are to be differen-

tiated by eight different categories:

1. Prototype tests on a gearbox test rig

2. Robustness tests on a gearbox test rig

3. Cold climate tests in climate
chamber

4. Component and sub-system tests
(lubrication systems, etc.)
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Figure 4 Verification of the specific required oil quantities for toothings and bearings.
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5. Material test (strength tests, quality
tests, etc.)

6. Field tests of the gearbox
7. Field tests of the gearbox oil

8. Acceptance tests for series
production on the test rig of the
gearbox manufacturer

The prototype tests cover the con-
firmation of the main design assump-
tions; the functionality of parts; the ful-
fillment of noise and vibration criteria;
and temperature limits and lubrication
criteria.

The robustness test of a gearbox is
related to its fatigue and should expose
its weakest link. This test can be con-
ducted as an accelerated fatigue and/or
overload test.

Cold climate tests within a cold
chamber confirm the functionality of
the lubrication system under extreme
low temperatures, and verify start-up
and warm-up strategies of the gearbox
up to the minimum operation tempera-
ture.

Component and sub-system tests
confirm design assumptions and verify
calculation results. Material tests qual-
ify properties of brittle cast iron and
temperature, depending on the prop-
erties of steels used for the toothings.
Quality tests are necessary to assure
the specified material properties with
respect to chemical consistency, grain
sizes and metal structure.

After the prototype test of the gearbox
at the test rig, a prototype qualification
and validation on-site is required. De-
sign assumptions, load assumptions,
deflections and deformations are mea-
sured and considered as the basis for
lessons-learned loops during the de-
sign assessment. Field tests for lubri-
cants qualify the lubricant with respect
to compatibility with all components
within the gearbox under field environ-
ment conditions. Those tests are, in ad-
dition to prequalification tests, applica-
tion-oriented lubrication tests.

Series and acceptance tests are re-
quired as end-of-line tests for each
gearbox that will be delivered to the
customer. Those tests have to be op-
erated with specified load steps up to
nominal load under consideration of
requirements to test criteria such as
maximum temperatures, pressure lim-
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its, noise and vibration limits and con-
tact pattern at the toothings.

Test and Qualification of the
Gearbox Lubrication System
The approval of the lubrication system
is important for prototype and end-of-
line testing. During prototype tests, the
expected amount of oil, temperature,
pressure and oil cleanliness must be
confirmed. In addition, the suitability
of emergency lubrication for idling and

grid-less parking conditions of the wind
turbine must also be proven.

During the acceptance tests of the
gearboxes, the confirmation of expect-
ed temperatures and pressures assures
the completeness and functionality
of the oil pipes as well as the anti-leak
tightness of the lubrication system.

This concept excludes damages
due to lubrication faults and leakages.
Prototype testing under CCV condi-
tions —including the verification of

lubrication design assumptions—is
paramount; tests within a cold climate
chamber ensure the suitability of de-
sign assumptions and operating strate-
gies of the wind turbine.

Freezing the gearbox down to an ex-
treme temperature of —40°C provides
the opportunity to simulate warm-up
and starting procedures of the gearbox.

Sensors for temperatures at different
oil sump and bearing positions, as well
as pressure sensors, measure useful
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Figure 6

Comparison of the structural accelerations at the torque arm between measurement and

simulation during a run-up of the test rig (solid-borne vibration).

SEPTEMBER 2014 Power Transmission Engineering 47



— |

data that can be used to optimize the
warm-up procedure and components
of the lubrication system.

The optimization of the warm-up pe-
riod between low reference tempera-
ture (—40°C) and the start temperature
of the gearbox (0°C) increases the avail-
ability of the turbine and, as a conse-
quence, the gain out of production.

The testrighas the capability to freeze
the gearbox down to a temperature of -
40°C and to start the gearbox under full
load, offering the opportunity to obtain
the initial breakaway torque of the fro-
zen gearbox at the low-speed side of
the gearbox. Those values are realistic
compared to the situation on the wind
turbine.

The simulation of different warm-
up procedures with and without idling
gearboxes is important to prove the
suitability and performance of the op-
eration strategy; emergency lubrica-
tion can be checked with different tem-
peratures.

A procedure known as the “Melk
test” verifies the required, specific oil
quantities for toothings and bearings;
volumetric measurements confirm the
oil quantities at each nozzle point of
the lubrication system.
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Figure 8 Comparison of frequencies included in stress signal of tower torsion based on measured and In most cases the input torque of an ap-
simulated data frequencies are derived from time signal of tower stress in upper-third of the plication is the design driver for gear-
tower by a fast Fourier transformation approach.

boxes and other drivetrain components.
The most common and typical values
for the analysis and verification of simu-
lation results are different shaft torques
and frequencies that can lead to high
accelerations within resonances.
Key issues within the design loops
_ are stimulus and natural frequencies
1red torque-HSS lation-HSS (Campbell diagram), transient time se-
ries for torque, bending and displace-
ments at significant locations. Waterfall
diagrams of signals measured during
test rig start-ups are a common basis
for resonance analyses, compared with
the Campbell diagram.
Campbell diagrams are well-used
1. wind 1 D‘m A Lool.s for an.:alyzing the resonance l?e-
| — avior of drivetrains. They contain in-
Figure9 Comparison between a measured and simulated torque moment on the high-speed shaft of formation about natural frequencies,
the gearbox; they are based on the same measured wind speed. stimulus frequencies (even for differ-
ent tooth numbers of different gearbox

ind speed — nacelle anemometer
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versions), areas of operational speed,
and torque. Critical operational speed
areas —such as important points for
noise and vibration—can be located.
Today wind turbine manufacturers re-
quire low noise and vibration levels
for the gearbox. Hence it is important
to identify a close harmony between
structural resonance, load-dependent
tooth stimulus levels, and the inner
dynamic behavior of the gearbox. The
implementation of FEA super elements
into the simulation model of a gearbox
allows validation of the simulation re-
sults at positions for solid-borne sound
measurement Sensors.

The resonance points in Figure 6 are
comparable between measurement
and simulation. This analysis allows
making conclusions and decisions for
design loops based on simulation re-
sults for parameter variations. This will
be beneficial with respect to safe hard-
ware time on the test rig. After full vali-
dation of the gearbox the implemen-
tation of the gearbox model into a full
wind turbine model will lead to reliable
simulation results. These results pro-
vide a good basis for the optimization
of the full wind turbine drivetrain.

Field Validation and Field

Measurement
Validation of the gearbox within the ac-
tual turbine environment in the field is
vital in confirming design assumption.
That kind of validation measurement is
the basis for a series of design evalua-
tions, such as:

o Confirmation of design assumptions
(deflections, movements, loads,
bending, etc.)

¢ Acoustics and vibrational behavior
(test rig and turbine environment)

e Validation of simulation models
and results (test rig and turbine
environment)

To receive answers for all of those
questions, a large sensor set-up on the
tower is necessary (Fig.7).

All of the time series that are mea-
sured during the measurement cam-
paign can be used to validate design
assumptions and to verify simulation
models and their simulation results.
The validation of simulation models is
one of the most important tasks within

the whole simulation and modeling
process.

A comparison between FLEX5 re-
sults, measuring results (test rig and
field), and the results from advanced
multi-body models is necessary in as-
suring the validity of the simulation
results. The mode shapes of the tur-
bine—as well as the calculated and
measured time series — are used as pri-
mary validation data.

Figure 8 shows a comparison of fre-
quencies that are included in the stress
signal of the tower torsion based on
measured and simulated data. The fre-
quencies are derived from the time sig-
nal of the tower stress in the upper-third
of the tower by a fast Fourier transfor-
mation approach. There are several fre-
quencies, such as LSS rotation, 3xLSS
rotation, 1st drivetrain frequency, etc.,
that occur in the tower stress and fit
between the measured and simulated
data. In addition to that, there are ki-
nematic frequencies that occur in both
signals. The occurrence of the most fre-
quencies in the forces of the tooth con-
tacts in each gearbox stage are a sign
for the strong interaction and coupling
between parts of wind turbines.

The control of the turbine and the
model for the transformer both have a
significant impact on the dynamic be-
havior of the wind turbine. To assure
the correct functionality of the control
model within the simulation model,
suitable measured validation data must
be collected. In most cases (rough wind
and high grades of turbulence) the wind
speed at the anemometer of the nacelle
is not feasible as input data for a simu-
lation that should be used as validation
basis. As aresult of the rotor impact, the
wind speed in front of the rotor and be-
hind the rotor is different.

With intermediate wind speeds and
less turbulence, it is possible to find
wind speeds sampled by the nacelle an-
emometer that are suitable to be used
as input parameters for the simulation.

Figure 9 shows a comparison be-
tween a measured and simulated
torque moment on the high-speed shaft
of the gearbox; they are based on the
same measured wind speed.

The measured time series of the wind
speed behind the rotor is used as input
for the simulation as one dimensional

transient wind field that attacks the ro-
tor in its center point.

The time-based signal of the mea-
sured HSS torque fits to the signal of the
measured torque; it can be concluded
that the embedded model for the con-
troller works comparably to the real
system.

In addition to loads, displacements
of drivetrain parts are important vali-
dation criteria. In some cases displace-
ments are more sensible against inac-
curate coupling properties for stiffnesss
within the model than loads. Hence it
is also important to compare measured
and simulated displacements of drive-
train parts. PTE
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