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Reliability Safequarding for an 8 MW Wind
Energy Gearbox in Serial Production: Prototype
and Process Development Ensuring Stable
Quality at the Highest Level

Dr.-Ing. Dirk Strasser, Dipl.-Ing. Stefan Troll, Dipl.-Ing. Ralf Sperlich,
Dipl.-Ing. Jorg Minch, ZF Industrieantriebe GmbH, Witten

Market Challenges and Motivation

The offshore market segment is forecasted to grow with a
16% cumulative annual growth in 2015 to 2020. The recent
tender process leads to low power prices for offshore wind,
e.g.— Dutch Borssele IIT and IV with 54.5 EUR/MWh. There-
fore, offshore has the potential of reducing the levelized cost
of energy, particularly when leveraging economies of scale
and industrial maturity.

Atthe same time, a gearbox exchange on an offshore turbine
causes repair costs of at least a million Eur.; thus, the highest
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product reliability is required to safeguard business certainty. - Medium speed concept
Project and Design Characteristics . 'm SADEN
In 2010, ZF (formerly Bosch Rexroth) started the develop- Ranech Sorpw i
ment of the 8 MW gearbox. In 2013 ZF delivered the first pro- * Weight: 71.5¢
totype. The gearbox design was validated within a huge vali- * Ratio: 38
dation program on the customer’s system test rig, as well as « DxL: 3x3m
on the prototype turbine.
After passing more than 10 gate reviews Figure 1 Design and main data of the 8 MW differential gearbox.

and design reviews according to the cus-
tomer’s development process, and having
implemented some design improvements,
the 0-series production began in 2015. The
qualification of the manufacturing process
was ensured by applying four audits per
year, together with the turbine manufacturer
and end-customers. Also a certification body

Power split to 2 planet stages

= Reliable load distribution

= nammow planets (b/d1=0.8), small
bearings, spured gears)

= High ratio possible (i = 55)

Small components

Conventional Differential

proved and released the processes.

The manufacturing processes’ quality has
continuously improved. Meanwhile, the
100™ gearbox has been supplied successfully
in May 2017.

ZF uses the differential gearbox for this ap-
plication — a proven design applied in more
than 2,500 gearboxes in the power range

= Advantages for:
- Production
- Availability
- Handling/Logistics
- Heat treatment

from 2.5 to 3 MW since 2003. High Torque density " \':: G o 7
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The 8MW design consists of three plan- | *UP t050% Increased torque density ©_/ %\ [ =y ) l-\” {7 ’)
etary stages with a total ratio of about 38 in identical installation space with V@ { =@

(Fig.1). The gearbox weight is about 71.5
metric tons, with a diameter and length of
about 3,000 mm.

numerous planets

Figure2 Characteristics of the differential gearbox concept.
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The gearbox is originally rated for 8,400 kNm, with an up-
rate margin up to significantly more than 9,000 kNm without
design changes.

The concept is characterized by a power split on two plan-
etary stages on the high torque input side. A further planetary
stage combines the power flow again (Fig.2). The concept al-
lows using comparably small gear wheels and small bearings.
At the same time, high total ratios up to i=50 can be achieved,
since the stationary gear ratio is only in the range of 3.2-3.5
in each stage. The small stationary gear ratio provides the
space for implementing further alignment functionality like,
e.g., the double-cardanic sun system. The gear’s aspect ratio
is approximately 50% smaller than in conventional planetary
gearbox architectures. The torque split allows using compa-
rable small modules, which in turn lead to small gear diam-
eters and small teeth. The component sizes and weight lead
to advantages for logistics, material handling and heat treat-
ment processes.

The differential gearbox concept provides possibilities for
a 50% power density increase in the same volume by using
numerous planets.

Prototype Development
Reliability engineering. A strong focus was put on reliabil-
ity during the entire prototype development (Fig 3). Starting
with comprehensive field experience with the differential
gearbox concept, engineering experience of about 25 years
in wind business and knowledge in applying sophisticated

simulation tools, three elements of reliability engineering be-
came important:

o The reliability prognosis focuses on the prediction of the
component’s reliability and the overall gearbox system. By
an additional sub-project, applicable calculation methods
have been developed (see also ZF’s report on International
Conference on Gears 2015 (Ref. 3)). The fundamentals of
that approach are based on Bertsche (Ref. 1).

e Proper risk management by using structured methods like
the failure mode effect analyses (FMEA) for designs — but
also for processes. The FMEA has been carried out and
updated throughout the entire development process. The
method delivers input for the simulation tasks, as well as
for the validation program.

o The validation program is adjusted to the verification
topics. The results are processed in the FMEA and the
risks are mitigated accordingly. The main pillars of the
validation program are component, rig and field testing.

o Many of the described actions exceed the requirements of
the IEC 61400-4 standard (Ref. 2).

Simulations. The theoretical reliability has to be safe-
guarded by comprehensive simulations considering all
drivetrain loads. The simulation is necessary to predict early
failure risks and thus reduce the validation time and costs as
good as possible.

Therefore, a complete model of the drivetrain has been set
up in a finite element model, as well as in a multi-body model,
to adequately examine the static and dynamic influence from
the overall system on the individual components (Fig. 4).

Due to the huge size of the model it was important to find
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Figure3 Basic focus points for reliability engineering.

Figure4 Simulation on system and component level.
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the right modelling strategy, safeguarding the needed accu-
racy on one hand but keeping the computing time under con-
trol on the other hand. This means e.g. applying small mesh
elements only locally or using so called “super elements”
providing required physical characteristics. Particularly a
suitable modelling of contact areas plays an important role
to simulate accurate deformations. Using sub-models turned
out to be suitable for the model exchange with the customer
and the component suppliers.

For the loads and dimensions of an 8 MW turbine, the
drivetrain deflections are in the order of magnitude of
1-3mm. These influences have to be taken into account in a
variety of ways in the design — especially on the component
level; for example, for the bearing load distribution and the
tooth modifications, which are in the order of magnitude of
10 to 30 pm.

As an example, Figure 5 shows the load distribution of a
pre-loaded taper roller bearing set supporting the planet car-
rier; each circle represents the force on an individual roller
element. Two bearing rows are shown (red: generator side
bearing, blue: rotor side bearing). The state-of-the-art rigid
calculation shows a proper load distribution over the rolling
elements, whereas the advanced calculation reveals an un-
equal distribution caused by the varying stiffness of the bear-
ing seat. Applying such an advanced

entire drivetrain was investigated by means of multi-body
simulations (MBS); thus, the interaction of drivetrain struc-
ture and gearbox was optimized. On one hand, the Eigen
frequencies of the components were adjusted in order to
avoid harming resonance conditions; on the other hand,
the gear mesh excitation was reduced by investigating the
total pitch error of each planetary stage as well as the stiff-
ness variation in the gear meshes (Fig. 7).

Applying a proper teeth number so that a synchronous or
asynchronous mesh of sun/planet and planet/ring gear oc-
curs, has been well proven; the right choice depends on the
interaction with the gearbox structure. Also, the stiffness
variation over the path of contact for both —sun/plant and
planet/ring gear mesh — plays an important role for the total
pitch error. Finally, a proper microgeometry is useful to influ-
ence the mesh frequency. In this case it turned out to be im-
portant to focus on the right excitation mode, i.e. — the basic
mesh frequency or one of their harmonics.

The structure-borne noise could thus be reduced by ap-
proximately 95% — comparing the origin to the optimized
design. This means excitation amplitudes in the range of
10mm/s were simulated with a non-optimized design re-
spective in the order of magnitude of 1.5 mm/s for the opti-
mized design.

method for all bearings provides an
accurate assessment of the struc-

ture’s influence on bearing con- o 18060
tact pressure at static and dynamic 3000
conditions. o oy

The structure deflection has also ¥, 6000

been taken into account to opti-
mize tooth modifications. For ex-
ample, the fixation of the ring gear
by 52 pieces of M52 stud bolts leads
to an axial curvature. This deflection
is superposed to the usually applied
crowning to determine a most ac-
curate face load distribution in the
planet/ring gear contact (Fig.6).

The dynamic behavior of the s o

with structure stiffness

without structure stiffness
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Validation. According to the risks detected during FMEA
and simulation a validation procedure was set up. Different
tests were conducted like component tests, robustness and
endurance tests as well as a field test (Fig. 8).

With various component tests, several sub-assemblies and
process steps were validated; special attention was paid to
the roller bearings. Several ZF-owned bearing test rigs were
used for that purpose. Also the heat treatment process for

the present gears, comprising a module of 29.5 mm, was in-
vestigated safely. Destructive component tests supported by
heat treatment simulations were conducted. The target was
to find a proper combination of surface and core hardness for
case hardening depths of around 3-6 mm. Choosing the right
quenching technology is a success factor.

The overall system behavior was investigated on the system
test rigs, applying dynamic overloads up to 190% of the rated
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Figure7 Prediction of structure-borne noise by optimization of structure shape, gear macro- and micro-geometry.

CEmMmpENEN. |6

20 MW System Test Rig

li¥e) e

[Hlel 1esis

Near Shore Protolype Turbine

Figure8 Validation procedure with component, system and field tests.
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torque with a duration of more than 1,500 hours. The focus
here was on the load distribution in contact elements and on
the deformation of the structure. After the system tests the
gearboxes were disassembled. All contact surfaces — mean-
ing rolling contact elements as well as flange connec-
tions — have been inspected and

The lower left part shows the flange connection of the ring
gear to the housing. The dark grey zones reveal micro-move-
ment in the flange connection. The lower right picture shows
the corresponding simulation. One can see that the micro-
movement area (red color) correspond to the inspected

compared to the simulation.

The inspection revealed that
the contact pattern of functional
surfaces, as well as the observed
micro-movement in flange sur-
faces, appeared as simulated.

In the upper part (of Fig.9 as
an example), a connection el-
ement of the first and second
planetary stage is shown. The in-

spection (left-hand side) demon-
strates that the contact location
to the mating part is of the same
size and at the same location as
previously simulated (right-hand
side). A reverse calculation of the
occurred deformation and pres-

sure was possible.

Figure9 Comparison of system deformation and micro-movement to predicted values.
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Figure 10 Contact pattern of gears and bearings and comparison to measurement values.
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micro-movement. By means of an accurate simulation the
flange and pin/screw design can be optimized such that the
amount of micromovent is kept in a controlled and accept-
able value. The acceptable values could be derived from field
experience.

As usual for wind gearboxes, all meshes have been instru-
mented by strain gauges to measure the face load distribu-
tion, as well as the load sharing between the planets. Also
the contact pattern development over several load stages has
been visually inspected.

A measured face load distribution of K 1.15...1.17 and a
load sharing of K,<1.05 has confirmed the gear mesh simu-
lations (Fig. 10). Also, the pre-loaded taper roller bearings re-
vealed an expected contact pattern.

Also the structure-borne noise measurement confirmed
the simulated values, i.e.—a deviation of below 5% occurred

between simulation and measurement (Fig.11). The excita-
tion levels are in the range of approximately 1.6mm/s (e.g.
first order of gear mesh frequency), and the Eigen frequen-
cies modes are as predicted. The finally applied airborne noise
measurement demonstrated that no tonal audibility occurred
and that the turbine fulfills onshore noise requirements.

Optimization of Serial Production
Already during the prototype development phase, manufac-
turing design was a significant factor. Further process opti-
mization had been reached in a subsequent project, which
started with entering the zero-series phase.

Complex correlations between machine and process influ-
ences on one hand, and measurement results, on the other
hand, have been identified by production-oriented tolerance
evaluation with statistical methods (Fig. 12).
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Structure-borne noise prediction (left) and measurement (right).
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Figure 12  Process and tolerance optimization with focus on cost and quality.
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Amongst others, the temperature behavior of big-size struc-
ture components (e.g. the temperature development from sur-
facesto core at different wall thicknesses and shapes), hasbeen
investigated and implemented in the measurement strategy.

For a better understanding of the component’s deforma-
tion in clamping devices, their behavior has been investigated
by using FEM analysis; the findings could be used for an en-
hanced manufacturing strategy with optimized fixations.
Additionally, a regular monitoring of the machine conditions
has been introduced. Besides the geometrical measurement,
frequency analysis of selected units leads to

To minimize the risk of damage, as well as assembly time and
efforts for mounting devices, it is necessary to optimize the
shape of the facing edge. The shape has to fulfill the require-
ments of the two different mounting phases, i.e.— “find-
ing” and “sliding.” The angle of the front edge needs to be big
enough for parts finding and the angle for transition into the
flank needs to be small enough to ensure a smooth sliding.
For a permanent, stable operation of the gearbox, the qual-
ity and the process capability of screw connections are of vital
importance. All internal screws and all torque-transmitting

a permanent view on the process conditions
and allows measures at an early stage.

A calculation tool has been developed and
implemented with the start of series produc-
tion. Based on the analysis and display of the
grinding stock data of gears before grinding,
this tool permits quality and cost improve-
ments (Fig. 13).

This tool enables a systematic regulation of
the grinding allowance for each type of work .
piece, and a systematic reduction of the al-
lowance variation spread by identifying and
eliminating its root causes.

By using all these strategies on fields of en-
vironment, machine, process management
and measurement, it is possible to obtain
process capability and to face the triangle of
tension: time, cost and reliability.

Not only for manufacturing but also for as-
sembly of the 8MW gearbox, special adap-
tions to the processes had to be done (Fig. 14).
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one critical process is the mounting of gears.

Figure 13  Process optimization with focus on reliability.
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Figure 14 Stabilization of serial production with focus on quality, health and safety.
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Figure 15 Power increase with differential gearbox concept.

screws are tightened with electronic torque control.

The interface dimensions of the assembled product are
measured by means of advanced measurement meth-
ods—here, with a photo-based system. For this rea-
son the gearbox is equipped with reference points and
then photographed. With a special software tool, the in-
terfaces dimensions are evaluated with accuracy in the
range of about 0.05 to 0.15mm, depending on the kind
of tolerance. This method allows a quick measurement
without any need for accessing a measurement machine.

Summary and Outlook
The offshore application requires the highest reliability to
safeguard business certainty. At the same time, increas-
ing component sizes challenge the entire supply chain.
Thus, ZF focused consequently on reliability engineering
for the 8 MW differential gearbox, as well as on reliable
serial processes.

In future the focus will be on operational and field data
exchange in order to close the information loop and ver-
ify further the reliability models. The proven differential
gearbox concept yields a power increase up to at least
12MW by use of same gearbox size and utilization of the
existing supply chain and facilities (Fig. 15). PTE
For more information.

Questions or comments regarding this paper? Contact Dirk Strasser
at dirk.strasser@zf.com.
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