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Abstract. This work presents an open-access hierarchical, physics-based optimization framework for medium-speed wind
turbine drivetrains. The methodology combines mixed-integer architecture exploration with continuous gradient-based refinement,
enabling simultaneous optimization of gearbox topology, stage-ratio distribution, gear geometry, shaft sizing, and bearing
selection under ISO 6336, ISO 281, and DIN 743 constraints.

Compared to previous design frameworks based on empirical scaling laws, such as WISDEM, the integrated stage-ratio
optimization achieved drivetrain mass reductions of approximately 4-5% while satisfying all design constraints.

Convergence studies demonstrated that the proposed hierarchical optimization strategy efficiently handles the complex
mixed-integer design landscape, producing competitive gearbox solutions in <2.5 h on a desktop computer.

Applied to a 15 MW offshore wind turbine, the optimized medium-speed drivetrain achieved a total mass of 274.2 t,
corresponding to a 31.5% reduction relative to the direct-drive reference while maintaining comparable efficiency (97.2%).
The results demonstrate that integrated hierarchical optimization enables competitive drivetrain solutions for next-generation

offshore wind turbines.

1 Introduction

The rapid upscaling of offshore wind turbines toward the 15-20 MW class has significantly increased the demands placed on
drivetrain systems. Larger rotor diameters and higher aerodynamic loads require drivetrains capable of transmitting extremely
high torque while maintaining low nacelle mass, high efficiency, and long-term reliability under harsh offshore operating
conditions. In floating offshore wind applications, drivetrain mass becomes even more critical, as nacelle weight directly
affects tower-top loads, platform dynamics, and mooring system response (Barter et al., 2023).

Traditionally, offshore wind turbine drivetrains have followed two principal design philosophies: direct-drive systems and
geared medium-speed systems. Direct-drive concepts eliminate the gearbox and thereby reduce mechanical complexity, but
require very large low-speed generators that substantially increase nacelle mass and material usage. Medium-speed drivetrains,
in contrast, combine gearboxes with lighter and more compact generators (Nejad and et al., 2022). However, the design of
geared drivetrains introduces a highly coupled optimization problem that involves gearbox topology and component design

decisions.
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Existing drivetrain design tools only partially address this complexity. System-level frameworks such as WISDEM’s DrivetrainSE

(National Renewable Energy Laboratory (NREL), 2024) are based on empirical scaling models that are suitable for conceptual
trade-off studies but insufficient for detailed mechanical synthesis. In contrast, commercial software such as KISSsoft (KISSsoft
AG, 2022a), Romax Spectrum (Romax Technology Ltd., 2024), and FVA-Workbench (Forschungsvereinigung Antriebstechnik
e.V. (FVA), 2024) provide standards-based gear and bearing analysis according to ISO 6336, ISO 281, and DIN 743, but
generally assume predefined drivetrain architectures and therefore offer limited capability for simultaneous architecture and
component optimization. Consequently, a methodological gap remains between system-level drivetrain synthesis and detailed
component-level design.

Previous academic studies have investigated gearbox design optimization. However, most approaches either optimize predefined
gearbox layouts or separate architecture synthesis from detailed component design (see Section 2 for a detailed review).

To address this limitation, this paper presents an open-access hierarchical optimization framework for medium-speed offshore
wind turbine drivetrains. The proposed methodology combines mixed-integer architecture exploration with continuous gradient-
based optimization to simultaneously optimize gearbox topology, transmission ratio allocation, gear geometry, shaft dimensions,
and bearing sizing. The framework employs physics-based analytical models and enforces standards-based constraints according
to ISO 6336, ISO 281, and DIN 743. Furthermore, all objective and constraint functions are formulated in a fully differentiable
manner, enabling the use of automatic differentiation and efficient gradient-based optimization techniques.

The framework is applied to the design of a 15 MW floating offshore wind turbine drivetrain based on the MADE4WIND
reference configuration (Rezaei et al., 2024). The optimized medium-speed drivetrain is benchmarked against the IEA 15
MW direct-drive reference turbine to evaluate trade-offs between mass, efficiency, and reliability (Gaertner et al., 2020).
Results demonstrate that the proposed framework enables substantial drivetrain mass reductions while maintaining comparable
efficiency, highlighting the importance of integrated drivetrain synthesis for next-generation offshore wind turbines.

The remainder of this paper is organized as follows. Section 2 reviews related optimization research. Section 3 presents
the proposed hierarchical optimization framework. Section 4 discusses validation and optimization results. Finally, Section 5

summarizes the key findings and outlines directions for future work.

2 Background

Gearbox optimization research generally falls into three categories: (i) architecture and configuration synthesis, (ii) detailed

component-level optimization for strength, efficiency, and NVH, and (iii) reliability-based or robust optimization under uncertainty.

Early multi-stage gearbox design studies integrated dimensional and configuration design using a metaheuristic search to
minimize gearbox volume under spatial constraints (Chong et al., 2002). More recently, concept-level analytical toolboxes have
been proposed to link configuration synthesis with preliminary mechanical sizing. For example, Zeller et al. (2024) present
a gearbox—generator design framework that determines suitable multi-stage topologies and ratio distributions based on drive-
cycle data and generator efficiency maps. An ideal overall transmission ratio is first identified, after which feasible partial ratios

and gearbox concepts are enumerated and evaluated using analytical strength calculations and weighted scoring.
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Several studies have explicitly addressed the allocation of transmission ratios in multi-stage gearboxes. Huynh and Nguyen
(2025) formulate ratio distribution in a three-stage spur-helical gearbox as a constrained optimization problem, combining
analytical sizing relations with differential evolution to minimize volume while enforcing uniform contact-fatigue strength and
oil-bath lubrication constraints.

For planetary gear trains, Stefanovi¢-Marinovi¢ et al. (2025) propose a discrete multicriteria optimization framework for
a three-stage planetary gearbox, considering volume, mass, efficiency, and production cost. Pareto-optimal solutions are
generated by enumerating admissible gear parameter combinations and selecting preferred configurations using weighted
scalarization.

A substantial body of work focuses instead on macro- and micro-geometry optimization to reduce excitation sources such
as static transmission error (STE) and mesh stiffness fluctuations (Garambois et al., 2017). Robustness to manufacturing errors
has been examined using Monte Carlo simulation and Taguchi-based statistical tolerancing (Driot and Perret-Liaudet, 2006).
These studies provide high-fidelity NVH modeling but operate on predefined gearbox topologies.

Other research formulates multi-objective optimization problems to minimize volume and power loss while incorporating
mechanical and tribological constraints such as pitting, scuffing and wear (Patil et al., 2019). Reliability-based design optimization
(RBDO) frameworks extend this by introducing probabilistic reliability indices into gearbox synthesis (Karmi et al., 2024).
However, these methods typically assume fixed drivetrain architectures and do not explicitly couple transmission ratio allocation
with ISO-based gear strength, shaft sizing, and rolling bearing lifetime within a unified hierarchical optimization structure.

Collectively, prior work either optimizes predefined drivetrain configurations using detailed component models, explores
ratio allocation under simplified strength assumptions, or performs architecture synthesis using partially coupled mechanics.
Few approaches simultaneously address drivetrain topology, continuous stage-ratio allocation, gear macro-geometry, shaft
sizing, and bearing selection within a unified, physics-based optimization framework that enforces ISO 6336 and ISO 281
constraints under realistic load spectra.

The methodology proposed in this work directly addresses this gap by embedding stage ratio allocation within a hierarchical
drivetrain-level optimization procedure, in which architecture decisions, discrete gear geometry, shaft design, and rolling

bearing lifetime are consistently coupled under standards-based mechanical constraints.

3 Methodology
3.1 Problem formulation

The gearbox design is formulated as a constrained, scalarized, multi-objective optimization problem that balances drivetrain

mass and efficiency while satisfying kinematic, structural, and reliability requirements under representative operating loads.
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Table 1. Design variables for each planetary gear stage k = 1... Ng;. Variable limits LB and UB are based on KISSsoft AG (2022b).

Design variables Symbol Format LB UB
System level Normalized gear stage ratio [-] (iSt/iGB)}c/S Continuous  0.75 1.5
Stage level (Discrete) Number of planets [-] Np Discrete 3 5
Normal module [mm] M,k Discrete 8 50
Tooth number of sun gear [-] 21,k Discrete 17 50
Tooth number of planet gear [-] 22,k Discrete 17 100
Tooth number of ring gear [-] 23,k Discrete 17 150
Stage level (Continuous)  Profile shift coefficient of sun gear [-] T1,k Continuous -0.6 1.0
Profile shift coefficient of planet gear [-] x2.% Continuous -0.6 1.0
Overlap ratio [-] €5,k Continuous 1.2 2.0
Normalized face width [-] (b/mm), Continuous 12 20
Normalized sun shaft diameter [-] (dss/diq1), Continuous 0.1 1.0
Normalized planet shaft diameter [-] (dps/dip), Continuous 0.1 1.0

The overall optimization problem is stated as

min J(x)
s.t. g(x) <0, n
h(x) =0,

Xip <X < Xyb,

where g(x) and h(x) represent the sets of inequality and equality constraints, respectively, and x), and x,,1, denote the lower

and upper bounds on the design variables.
3.1.1 Design objectives

The optimization objective is expressed as a weighted sum of normalized drivetrain mass and efficiency,

J(X):w.L/DT(X) +(1_w).MDT(X)

2)

Wref Nref ’

where x denotes the vector of design variables, Wpt is the total drivetrain mass, np is the drivetrain efficiency, and Wi¢
and 7¢ are normalization references obtained from the lightest and most efficient designs in the Pareto set. The weighting

parameter w € [0, 1] controls the trade-off between pure mass minimization (w = 1) and pure efficiency maximization (w = 0).
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Parameter Symbol Value

Rated power P 15 MW

Rated rotor speed no 7.56 rpm

Pressure angle o™ 20 deg

Addendum coefficient ha 1.0

Dedendum coefficient he 1.25

Rim thickness coefficient sun SR,1 1.2

Rim thickness coefficient planet SR,2 1.2

Rim thickness coefficient ring SR,3 35

Root radius factor PPt 0.38

Required root safety ST, min 1.56

Required flank safety SH,min 1.25

Required bearing nominal lifetime Lioh,min 25 years

Permissible gear stage ratio deviation ~ A 2%

Permissible bending stress OFlim 430 N/mm?

Permissible contact stress OHlim 1500 N/mm?

Young modulus E 206 MPa

Poisson’s ratio v 0.3

Density o 7850 kg/m?®

Mean roughness R, 4.8 um

Table 3. Constraints
Constraint Equation Reference
Gears Flank safety 91(X) = St,min — Su <0 ISO (2006)

Root safety 92(X) = SF,min —SF <0 1SO (2006)
Adjacency condition 96(X) = da,2 —2asin(n/Np) <0  Qinetal. (2018)
Assembly condition h1(X)= mod (z3+21,Np) =0 Qinetal. (2018)

Transmission ratio condition  g5(X) = Z“ Bst — Ajgy < 0 Qin et al. (2018)
Planet bearings FLS safety g93(X Lmh min — L1on <0 ISO (2007)
Planet & sun shafts  ULS safety 94(X) = Surs,min — Surs < 0 DIN (2012)

3.1.2 Design variables

The design variables are organized hierarchically into system-level, stage-level discrete and stage-level continuous parameters,

as summarized in Table 1.
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At the system level, the normalized gear stage ratio (is;/ iGB)}C/ Nst defines the distribution of the total gearbox ratio among
the individual stages. Discrete stage-level variables define the planetary gear topology and include the number of planets, the
normal module, and the tooth numbers of the sun, planet, and ring gears.

Continuous stage-level variables refine the geometry for a given topology and comprise the profile shift coefficients, overlap

ratio, normalized face width, and normalized sun and planet shaft diameters.
3.1.3 Design constraints

Design feasibility is enforced through physics-based constraints expressed as inequality or equality conditions on the design
variables, as summarized in Table 3. Gear-related constraints include minimum flank and root safety factors according to
ISO 6336, geometric adjacency and assembly conditions for planetary stages, and a transmission ratio consistency constraint.
Bearing reliability is enforced through a fatigue limit state constraint based on nominal bearing life in accordance with ISO 281,
while shaft integrity is ensured through an ultimate limit state safety constraint applied to the sun and planet shafts according

to DIN 743.
3.2 Physics-based component models

The optimization framework employs physics-based component models to evaluate gearbox geometry, internal loads, mass,
efficiency, and reliability. These models provide the quantitative inputs required for the objective function and constraint
evaluation.

Gear geometry (A3) is defined using standardized normal modules and discrete tooth numbers, while continuous profile
shift coefficients, facewidth parameters, and overlap ratios are used to refine the macro- and micro-geometry. From the resulting
geometry, working pressure angles, center distances, and contact ratios are derived.

Internal loads (A3) are computed from the applied drivetrain torque and operating speeds using analytical load transfer
path models. Load calculations assume equal load sharing among the planet gears and neglect internal dynamic effects. The
tangential, radial and axial forces acting on gears, bearings, and shafts are evaluated. Both fatigue limit state (FLS) and ultimate
limit state (ULS) load cases are considered. Fatigue loading is represented through equivalent stress cycles obtained from
stress cycle counting of time-domain load histories, while extreme loading conditions are used for ULS checks. Representative
drivetrain loads, including torque and speed histories, are provided as inputs from aeroelastic simulations performed with
OpenFAST.

Gear strength and bearing reliability (A5) are evaluated using established design standards. Gear root and flank safety
factors are computed according to ISO 6336. Bearing reliability is assessed using the nominal bearing life formulation based
on ISO 281, with bearing capacities and dimensions taken from manufacturer catalog data. Shaft strength is verified against
ultimate limit state requirements according to DIN 743.

Drivetrain efficiency (A4) is evaluated using an analytical gear mesh loss model based on the Niemann formulation

(Niemann and Winter, 1983). Mesh losses are calculated as a function of contact forces, sliding velocities, and friction
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coefficients under elastohydrodynamic lubrication conditions and are aggregated to obtain stage-level and overall drivetrain
efficiency.

Mass modeling (A4) combines analytical, catalog-based and empirical approaches. Gear and shaft masses are calculated
using analytical volumetric formulations. Bearing masses are obtained from catalog data corresponding to the selected bearing
sizes. The masses of the planet carrier and gearbox housing, which are not designed in detail in this work, are estimated using

empirical relationships based on gearbox size.

3.3 Hierarchical optimization strategy

Gearbox-level Physics-based component models
* \Variables: ig L . . .
*  Algorithm: SciPy differential evolution (gradient-free) | _ _ _ | Objective function  Constraints function
J(x) g(x), h(x)
* Mass * Reliability
, * Efficiency ¢ Kinematic
Stage-level: Discrete topology Lst k «  Geometric

* Variables: my, zg, zp, Zp, Ny

T T
1

* Algorithm: SciPy differential evolution (gradient-free) |¢ - — - - :

1

¢ Mass model

* Efficiency
* Gear geometry
Stage-level: Continuous refinement My, Zs, Zp, Zp, Np * Load transfer
3 * Componentreliability

Continuous layer
* Variables: b, x5, xp,, B
e Algorithm: SciPy L-BFGS-B (gradient-based)

le — — —

Figure 1. Gearbox design procedure.

The optimization framework adopts a three-layer hierarchical decomposition to efficiently address the large, mixed-integer
and non-linear design space of multi-stage gearboxes. The hierarchy separates system-level architectural decisions, stage-level
discrete topology selection, and continuous geometric refinement, enabling robust and computationally efficient optimization.

Layer 1: Gearbox-level optimization (stage ratios)

The outer layer determines the distribution of the total gearbox transmission ratio g, across the Ny individual stages. The
design variables are the stage ratios i 1, which are constrained to satisfy

Nst

Z.gb = H Z‘st,k~
k=1

To enforce this constraint, Ny — 1 stage ratios are treated as independent variables, while the remaining ratio is derived. The

optimization is performed using a global Differential Evolution (DE) algorithm, with the search conducted in logarithmic space
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sk = In(ig,%) to improve numerical conditioning and exploration. For each candidate ratio distribution, the objective function
is evaluated by executing the stage-level optimizations for all stages, which are performed in parallel to reduce computational
150 cost.
Layer 2: Stage-level optimization (discrete topology)
For a fixed stage ratio iy, the intermediate layer searches for the optimal discrete gear topology defined by the integer
design vector x; j, comprising the sun, planet, and ring gear tooth numbers (zs, z,, 2,-), the number of planets N, and the
normal module m,,. Candidate topologies are first pre-screened to satisfy basic geometric and kinematic feasibility and to
155 approximately match the target stage ratio. The discrete search is conducted using a Differential Evolution algorithm over the
index of the pre-screened candidates. To improve efficiency, the normal module is explored in descending order, and the search
is terminated early if no feasible continuous solution can be found for a given module size.
Layer 3: Stage-level optimization (continuous refinement)
The inner-most layer performs continuous optimization of the geometric design variables x¢ j, for a fixed discrete topology.
160 These variables include the profile shift coefficients of the sun and planet gears, the gear face width, and the overlap ratio.
To enhance robustness, multiple feasible initial points are generated using quasi-random Sobol sampling. Starting from these
points, a constrained local optimization is performed using a Sequential Least Squares Programming (SLSQP) solver, which

minimizes the weighted objective function subject to the full set of non-linear constraints.
3.4 Differentiable implementation and gradient robustness

165 The inner continuous optimization layer relies on gradient-based solvers to efficiently handle the large number of non-linear
constraints arising from ISO 6336, ISO 281, and DIN 743 formulations. However, standard analytical implementations of
gear design equations contain numerous non-differentiable elements, including step functions, conditional branching, clipping
operations, and implicit Newton iterations.

To enable robust gradient-based optimization, all objective and constraint functions were reformulated to be fully differentiable.

170  This required several modifications:

— Smoothing of conditional branches: Piecewise ISO expressions and i f-else conditions were replaced by smooth

transition functions using hyperbolic tangent blending.

— Removal of discontinuous operations: Absolute values, clipping, and thresholding were replaced with smooth approximations

(e.g. soft clipping).

175 — Numerical safeguarding: Potential singularities such as division by zero, square roots of small negative values, or

inverse trigonometric domain violations were prevented using smooth safe guards.

— Deterministic unrolling of Newton iterations: Implicit root-finding procedures (e.g., for tooth form factors Yz) were

rewritten as a fixed number of explicitly unrolled Newton steps.
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— Bearing catalog curve fits: Discrete bearing catalog look-ups used to determine specifications such as dynamic load
180 capacity were replaced by second-degree polynomial curve fits as functions of bearing geometry (outer diameter and
width).

After enforcing full differentiability, analytical gradients were obtained using the JAX automatic differentiation framework.
Compared to finite-difference approximations, analytical gradients significantly improve numerical robustness, reduce computational
cost, and eliminate sensitivity to step-size selection. This is particularly important in the present problem, where constraint
185 functions involve deeply nested non-linear expressions and repeated evaluations within the hierarchical optimization loops.
The resulting formulation enables stable and efficient Sequential Least Squares Programming (SLSQP) optimization in the

continuous layer, which proved essential for reliable convergence.
3.5 Case study: 15 MW floating wind turbine drivetrain

The proposed hierarchical optimization framework is evaluated through a case study of a 15 MW medium-speed drivetrain

190 intended for a floating offshore wind turbine. The study is based on the MADE4WIND project reference configuration for a
turbine deployed on a tension-leg platform (TLP) at the Utsira Nord site (Rezaei et al., 2024).

Reference turbine and operating conditions
The reference turbine is derived from the IEA 15 MW offshore wind turbine, adapted for floating operation. Environmental
conditions and design load cases (DLCs) follow IEC 61400-3-2 and include both fatigue and extreme loading scenarios. Global

195 aeroelastic simulations are performed using OpenFAST to generate time-series rotor loads, including torque, thrust, shear
forces, and bending moments. These loads are used as boundary conditions for drivetrain design and optimization, consistent
with established decoupled load analysis practices.

Fatigue limit state (FLS) loads are derived from normal operation (DLC 1.2) using load duration distributions and stress cycle
counting, while ultimate limit state (ULS) loads are obtained from the maximum responses across extreme DLCs (DLC 1.3—
200 6.3), including emergency stop and extreme wind events (Tab. 4).
Drivetrain configuration and design space
As shown in Figure 2, a medium-speed drivetrain concept is investigated, comprising the main bearings, a multi-stage
planetary gearbox, and a permanent-magnet synchronous generator. A medium-size gearbox with an overall transmission ratio
of 1:50 is selected and coupled to a medium-speed generator to balance reliability and nacelle mass.

205 The main shaft is arranged in a four-point suspension, where two main bearings carry non-torque rotor loads and protect
the gearbox from bending and axial forces. The gearbox may include two to four planetary stages, with the total transmission
ratio fixed at the system level. Stage ratios, gear topology, and geometric parameters are optimized within the bounds defined
in Section 3.

The scope of optimization is limited to the gearbox. Related work within the MADE4WIND project on integrated main-

210 bearing and main-shaft assembly optimization will be presented by Gupta and Nejad Gupta and Nejad (2026). The generator

and converter are outside the scope of this study and were designed separately within the project by INDAR and Ingeteam.
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Figure 2. Drivetrain layout.

Evaluation metrics and benchmarking The case study pursues two main objectives: (i) to assess the robustness and
efficiency of the proposed optimization framework and demonstrate its applicability within a system-level drivetrain design
context, and (ii) to benchmark the optimized medium-speed drivetrain against the IEA 15 MW direct-drive reference system.

215 The benchmarking focuses on comparisons of nacelle mass, efficiency, and reliability.

Table 4. Environmental conditions from the Utsira Nord site used for drivetrain design.

Operation Uy m/s] Hs[m] T,I[s] A6 [deg]
Normal 3 0.1 5.701 -5.83
5 0.1 5.701 -7.26
7 0.1 5.701 -8.55
9 0.2 5.934 -9.71
11 0.3 6.124 -10.75
13 0.4 6.290 -11.68
15 0.5 6.443 -12.52
17 0.6 6.585 -13.28
19 0.7 6.719 -13.96
21 0.9 6.970 -14.58
23 1.1 7.203 -15.13
25 1.4 7.530 -15.62
Extreme (50-year) 37.5 14.4 16.157 -17.77
Extreme (1-year) 31.0 9.6 13.412 -16.83

10
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Table 5. Design load cases (DLCs) selected for the drivetrain design.

DLC Wind condition Wind speeds [m/s] Additional settings # of seeds # of simulations

1.2 NTM 3:2:25 - 6 72

1.3 ETM 3:2:25 - 6 72

1.4 ECD 11 =+ Direction change 1 2

1.5 EWS 3:2:25 =+ Vertical/Horizontal shear 1 48

3.2 EOG 3,11,25 Start-up 1 12

3.3 EDC 3,11,25 Start-up, &= Direction change 1 24

4.2 EOG 11,25 Shutdown 1 4

5.1 NTM 11, 25 Emergency stop 6 12

6.1 EWM 37.5 Yaw +8° 6 12

6.3 EWM 31 Yaw +15° 6 12

4 Discussion of results

The proposed framework is evaluated from three perspectives: (i) numerical fidelity relative to established industry tools
(Sec. 4.1), (ii) optimization robustness and computational behavior (Sec. 4.34.4), and (iii) drivetrain-level design trade-offs
and performance benefits. The following sections therefore progress from component-level validation toward system-level

drivetrain analysis.
4.1 Validation against KISSsoft and WISDEM

Before assessing drivetrain-level optimization results, the proposed framework (MADE4WIND) must first be validated against
established tools. Validation is performed at two complementary levels: (i) against KISSsoft for detailed component calculations,

and (i) against WISDEM for drivetrain-level stage-ratio allocation.
4.1.1 Validation against KISSsoft: calculation fidelity and optimization behaviour

KISSsoft provides industry-standard implementations for gear geometry, load distribution, ISO 6336 gear safety, efficiency,
and component weight estimation. MADE4WIND implements equivalent analytical formulations based on ISO 6336, ISO 281,
and DIN 743.

Table 6 presents a comparison of selected quantities for a representative planetary stage. Relative deviations are consistently
small: geometric quantities deviate by less than 0.02%, gear forces by less than 0.001%, and safety factors typically by less
than 1%. Shaft and bearing safety factors show deviations below 0.05%, and efficiency differs by only 0.017% in absolute
terms.

The slightly larger discrepancies observed for root safety factors (up to =~ 1.6%) are primarily attributed to differences in

microgeometry assumptions, such as tip alteration and chamfering, which influence the form factor Yz in ISO 6336-3. These

11
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features are treated differently in KISSsoft and are not fully parameterized in the current MADE4WIND implementation.
Overall, the comparison confirms high-fidelity reproduction of KISSsoft reference calculations.

The optimization capability was evaluated for the first planetary stage of the 15 MW drivetrain with target ratio ¢5; = 3.6741,
root and flank constraints (SF > 1.56, SH > 1.25), and objective of minimum stage weight. Table 7 compares the five best
solutions from both tools.

MADE4WIND converges to designs in the same geometric region as KISSsoft (five planets, module 32 mm, comparable
tooth number combinations), while achieving lower stage weights. The best MADE4WIND solution is 7.2% lighter than the
best KISSsoft result.

This difference arises from the continuous-variable formulation in MADE4WIND, which allows convergence directly to
active constraint limits. In contrast, KISSsoft’s “Fine sizing macrogeometry” tool operates on a discretized search grid,
preventing exact convergence to constraint boundaries. The comparison demonstrates that MADE4WIND reproduces KISSsoft

calculations with high numerical accuracy while enabling more efficient continuous optimization.
4.2 Validation against WISDEM : system-level behaviour

At the system level, the proposed framework was benchmarked against NREL’s WISDEM drivetrain sizing module for
15 MW medium-speed configurations with total gearbox ratios between 1:40 and 1:80. The comparison focuses on stage-
ratio allocation.

Figure 3 compares the normalized stage ratios (i / i;ég) predicted by WISDEM and obtained from the MADE4WIND
optimization. WISDEM exhibits a smooth, monotonic scaling behaviour: the first-stage share decreases with increasing total
ratio, while the third stage carries an increasing fraction of the transmission. This reflects heuristic allocation rules derived
from historical drivetrain data.

In contrast, MADE4WIND yields an adaptive and constraint-driven redistribution of the transmission ratio across the stages.
The first-stage ratio remains consistently below the equal-ratio split, while the second and third stages absorb most of the
variation in total gearbox ratio. This behavior emerges naturally from the coupled interaction of ISO 6336 gear strength
constraints, ISO 281 bearing constraints, and DIN 743 shaft safety requirements, which follow different scaling laws with
respect to transmitted torque. Gear root bending stresses scale approximately linearly with torque, o ~ T, whereas Hertzian
flank contact stresses follow a weaker relationship, o7 ~ T''/2. Bearing fatigue damage is substantially more sensitive, since
the equivalent dynamic load follows relation DEL ~ T"9/3_ Stages governed by bearing constraints therefore tend to receive a
smaller share of the overall transmission ratio, while stages dominated primarily by flank contact constraints can accommodate
larger ratio increases with comparatively smaller mass penalties. The resulting ratio distributions are therefore non-monotonic
and emerge directly from the active constraint state of each stage rather than from proportional scaling assumptions.

The impact of this redistribution is quantified in Figure 4, which shows the relative mass difference. Across all investigated
gearbox ratios, the MADE4WIND-optimized configurations are consistently lighter, achieving mass reductions of approximately
4-5% compared to WISDEM stage splits. The largest improvement occurs near %45, = 60, where stress redistribution between

stages is most effective.
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Figure 3. Normalized stage ratio distribution (is¢,x/ i;és) for the three planetary stages as a function of total gearbox ratio ¢4;. Solid lines

denote the MADE4WIND optimization results, while dashed lines represent WISDEM stage splits.

These results demonstrate that stage-ratio allocation should be treated as an integrated optimization variable rather than a
heuristic scaling parameter. Even at fixed total gearbox ratio, physics-based redistribution of stage ratios yields systematic and

non-negligible mass reductions while fully satisfying standards-based reliability constraints.
4.3 Problem landscape and solver suitability

The optimization problem exhibits fundamentally different structural characteristics at the continuous, discrete, and system

levels. Understanding these landscape properties motivates the proposed hierarchical solver architecture.
4.3.1 Continuous stage-level landscape.

At the innermost layer, the design variables are continuous geometric parameters (e.g., face width, profile shifts, and overlap
ratio) for a fixed discrete gear configuration. Figure 5 shows representative two-dimensional slices of this space. Feasibility is
restricted to narrow regions defined by safety and geometric constraints; however, within these regions the objective function

varies smoothly and exhibits well-defined gradients.
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Figure 4. Relative drivetrain mass difference between the MADE4WIND-optimized stage ratio distribution and the WISDEM stage split as

a function of total gearbox ratio 74p.

This structure is well suited for gradient-based optimization: once a feasible basin is identified, rapid local convergence

toward the active constraint boundaries is observed.

4.3.2 Discrete stage-level landscape.

At the intermediate layer, the design variables comprise discrete tooth numbers, normal modules, and planet counts. Figure 6
illustrates the objective distribution across all 560 feasible discrete candidates within the prescribed bounds. Although the
design space is disconnected, clear global trends are visible. Distinct bands correspond to different normal modules, and
weight generally increases with increasing tooth number combinations.

Despite the absence of continuity, the landscape is strongly structured by physics-based scaling laws. These global trends
guide the search toward the global minimum region, making stochastic population-based methods such as Differential Evolution

both robust and efficient at this layer.
4.3.3 System-level landscape.

At the outermost layer, the design variables are the stage ratios bounded by their prescribed variable limits. Within this
bounded domain, the objective exhibits a clear global trend: balanced ratio distributions near the nominal equal split yield lower
gearbox weight, whereas strongly unbalanced splits increase weight due to disproportionate torque loading and unfavorable

gear scaling. However, the system-level landscape is not fully smooth. Since each stage internally selects discrete tooth numbers

14
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Table 6. Verification of selected drivetrain quantities against KISSsoft reference results. Relative error is given in percent.

Category Parameter KISSsoft MADE4WIND Rel. Error [%]
Geometry T -0.559000 -0.558917 0.0148
a [mm] 1600.0000 1599.9988 0.0001
Eat,sp 1.333000 1.332748 0.0189
Eat,rp 1.394248 1.394000 0.0180
Loads Fraa [N] 4279900 4279882.5 0.0004
Fax [N] 0.0000 0.0625 -
Fy [N] 1993600 1993617.1 0.0009
Root safety SF, 2.4600 2.4819 0.8909
SF, 1.8900 1.8984 0.4427
SFE. 3.1400 3.0899 1.5953
Flank safety SH, 1.5300 1.5310 0.0920
SH, 1.5700 1.5740 0.2760
SH, 2.7200 2.7250 0.1720
Shaft safety SuLs,p 37.1100 37.0975 0.0336
SuLs,s 1.1000 1.1000 0.0001
Bearing safety SB 1.20909 1.209135 0.000037
Efficiency n 0.9953 0.9951 0.0170

WIND

ENERGY
SCIENCE

Table 7. Top-5 drivetrain designs from KISSsoft and MADE4WIND optimization. Minimum safety factors (SF/SH) are reported as the

minimum across sun, planet, and ring gears.

Design w N, mp[mm] 2z, 2 Zr Ts Tp B[°] b[mm] a[mm] SFuin SHuin
KISSsoft #1 54932 5 32 41 33 109 -0.36056 0.18338 150  550.0 1220.0 1.79 1.27
KISSsoft #2 55663 5 32 41 35 109 -0.35307 -0.20449 150  550.0 1240.0 1.95 1.28
KISSsoft #3 55758 5 32 45 38 120 -0.12415 -0.02541 150  450.0 1370.0 1.61 1.30
KISSsoft #4 56878 5 32 41 34 109 -0.01187 0.25662 150  550.0 1250.0  1.67 1.31
KISSsoft #5 57214 5 32 40 31 105 0.29364 0.50433 150  600.0 1200.0  1.68 1.34
MADE4WIND #1 50974 5 32 40 32 105 0.12483 0.10815 12.8 546.2 1188.5 1.56 1.25
MADE4WIND #2 51144 5 32 43 34 112 -0.02947 -0.04182 14.5 482.0 1270.2 1.56 1.25
MADE4WIND #3 50913 5 32 38 31 102 0.24561 0.16889 11.9 583.7 1141.1 1.56 1.25
MADE4WIND #4 51357 5 32 38 32 102 0.16801  0.19768  12.1 575.5 1156.8 1.56 1.25
MADE4WIND #5 51588 5 32 41 34 109 0.00833 0.04401 13.7  508.4 1236.9 1.56 1.25

295 and modules, small variations in stage ratios may activate different discrete optima, resulting in local pockets and piecewise

transitions in the aggregated objective.
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Figure 5. Continuous stage-level design landscape shown as two-dimensional slices of the objective function (stage weight). Feasible regions

are bounded strength and geometric constraints (red contours).

4.3.4 Implications for solver design.

The overall optimization problem is therefore multi-level and mixed-integer with three distinct landscape structures: (i) smooth
and differentiable continuous subproblems, (ii) structured but disconnected discrete search spaces, and (iii) a low-dimensional
but piecewise-defined system-level landscape.

A monolithic optimization strategy would be inefficient or unreliable across all layers. Instead, the hierarchical approach
exploits the structure at each level: stochastic global search efficiently explores the discrete and system-level spaces, guided by

strong physics-driven trends, while gradient-based solvers rapidly converge within the smooth continuous subspaces.
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Figure 6. Discrete stage-level objective landscape for all feasible topology candidates within the prescribed bounds.

Table 8. Hyperparameter sweep settings for the three optimization layers. All studies used Nsamples = 128 Latin Hypercube samples and

Nirials = 50 repeated optimization runs per configuration.

Layer Hyperparameter  Description Range / setting ~ Sampling
Continuous refinement [ Maximum optimizer iterations [10,200] integer

frol Objective convergence tolerance ~ 1075-107* log-uniform

Jtol Constraint convergence tolerance ~ 1075-107* log-uniform
Discrete topology P Population size [10,50] integer

1 Maximum generations [1,20] integer

F Mutation factor [0.5,0.9] uniform

Cr Recombination rate [0.6,1.0] uniform
Stage-ratio allocation P Population size [1,10] integer

I Maximum generations [1,10] integer

F Mutation factor [0.5,0.9] uniform

C» Recombination rate [0.6,1.0] uniform

4.4 Convergence bevavior
305 4.4.1 Hyperparameter sweep

A structured hyperparameter sweep was conducted to evaluate the convergence behavior, solution quality, and computational
cost of all three optimization layers of the proposed hierarchical framework. The investigated hyperparameter ranges are

summarized in Table 8. All studies used 128 Latin Hypercube sampled configurations with 50 repeated optimization runs

per configuration.
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Figure 7. System-level gearbox weight landscape as a function of stage ratio distribution.
310 The inner continuous optimization layer was analyzed first using an LHS-based sweep of the SLSQP solver hyperparameters.

Performance was evaluated in terms of mean objective deviation and average CPU time per solve. The convergence behavior
of the continuous layer is shown in Fig. 8. The results reveal a clear asymptotic convergence trend: low-cost configurations
converge rapidly but exhibit higher objective deviations, whereas moderate increases in CPU time significantly improve
solution quality. Beyond approximately 0.5 s per optimization, further computational effort provides only limited improvement,

315 indicating that the continuous optimization problem is comparatively well-conditioned once a feasible discrete topology
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Figure 8. Inner-layer continuous optimization performance: mean objective value versus average CPU time per solve for 128 hyperparameter

configurations.

has been identified. This behavior confirms that the differentiable reformulation and analytical gradients obtained through
automatic differentiation enable highly efficient local convergence.

For the discrete stage-level optimization layer, Differential Evolution (DE) hyperparameters were investigated independently

for all three gearbox stages. Figure 9 presents the resulting solution-quality versus computational-effort trade-off for the three

320 stages. For all stages, the objective deviation decreases rapidly with increasing computational effort, indicating that the DE

optimizer efficiently identifies the globally optimal region even at moderate function-evaluation (FE) budgets. Stage 1 exhibits

the most challenging landscape, requiring approximately 150-250 FE to consistently achieve near-optimal solutions below
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Figure 9. Discrete-layer solution quality as a function of computational effort.

1% deviation from the global optimum. Stages 2 and 3 converge more rapidly and typically achieve sub-percent deviations
within approximately 100-200 FE. Beyond these ranges, additional function evaluations yield only marginal improvements,
demonstrating diminishing returns in computational effort.

The outer gearbox-level optimization layer was evaluated using the same DE-based hyperparameter sweep strategy. Figure 10
shows the resulting relationship between solution quality and computational effort for the gearbox-level stage-ratio optimization.
Similar to the discrete stage-level optimization, the objective deviation decreases rapidly with increasing FE budget. Near-
optimal gearbox-level solutions are consistently obtained within approximately 20-40 FE, while larger evaluation budgets

primarily improve robustness and reduce the probability of premature convergence to local minima.

4.4.2 Computational costs

The hyperparameter sweep additionally provides insight into the practical computational cost of the complete hierarchical
optimization framework. The inner continuous optimization layer is computationally very efficient, requiring approximately

0.5 s per solve on a standard personal computer. Since the discrete stage-level optimization typically converges within approximately

200 FE, the optimization of a single gearbox stage requires roughly

200 x 0.5 s~ 100 s.

For a three-stage gearbox, the total stage-level optimization cost therefore lies in the range of approximately 100-300 s,
depending on the degree of parallelization across stages. The outer gearbox-level optimization converges within approximately

30 FE, leading to a total optimization time of approximately

30 x (100-300 s) = 3000-9000 s,

corresponding to approximately 0.8-2.5 hours for a complete drivetrain synthesis and optimization on a conventional desktop
computer.
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Figure 10. Outer-layer solution quality as a function of computational effort.

Overall, the convergence studies demonstrate that the proposed hierarchical framework achieves high-quality drivetrain

solutions at practical computational cost.
4.5 System-level optimization analysis

Having validated the numerical fidelity and optimization robustness of the proposed framework, the methodology is then
applied to investigate system-level drivetrain trade-offs. The analysis focuses on three aspects: the mass—efficiency trade-off,

the optimization of gear stage numbers and total transmission ratios, and the resulting performance relative to the IEA 15
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Figure 11. Pareto front of normalized drivetrain mass versus efficiency obtained by varying the weighting parameter w in the scalarized

objective function.

MW direct-drive reference. Together, these studies demonstrate how integrated hierarchical optimization enables informed

350 architecture selection for next-generation offshore wind turbine drivetrains.
4.5.1 Mass—efficiency trade-off

The multi-objective formulation reveals a clear trade-off between drivetrain mass and efficiency. Figure 11 presents the Pareto
front obtained by varying the weighting parameter w in the scalarized objective function. The horizontal axis shows drivetrain

efficiency 7, while the vertical axis represents normalized drivetrain mass relative to the minimum achievable mass solution.
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355 As expected, configurations optimized purely for efficiency (w — 0) achieve the highest efficiencies but at a significant mass

penalty. These solutions typically favor lower gear loading and larger geometric safety margins, resulting in increased module
sizes, face widths, and bearing dimensions. Consequently, drivetrain mass rises sharply as efficiency approaches its upper limit.

Conversely, solutions optimized primarily for mass (w — 1) reduce gearbox dimensions and structural margins, leading to
lighter designs but with slightly reduced efficiency due to higher contact forces and increased mesh losses.

360 The Pareto front exhibits a distinctly non-linear shape. In the intermediate region (w ~ 0.3-0.6), small reductions in efficiency
yield disproportionately large mass savings. However, beyond a certain efficiency threshold (n 2 0.998), further efficiency
improvements result in rapidly increasing mass. This indicates diminishing returns near the high-efficiency limit, where
incremental reductions in mesh loss require substantial increases in gear size and structural stiffness.

The selected reference design lies within the knee region of the Pareto front, balancing mass and efficiency.
365 4.5.2 Architecture-level drivetrain trade-off analysis

To demonstrate the capability of the framework to perform drivetrain-level architecture optimization, a parametric study

was conducted over gearbox ratios and number of stages. For each configuration, the hierarchical gearbox optimization was

executed and coupled to a generator scaling model, allowing evaluation of the total drivetrain mass. The generator mass

estimates were provided by the project partner INDAR, who extrapolated from a proven 8 MW permanent-magnet synchronous
370 generator (PMSG) design using similarity laws.

Figure 12 illustrates the optimized generator and gearbox masses for two-, three-, and four-stage configurations across
gearbox ratios between 1:40 and 1:80.

Increasing the gearbox ratio reduces generator mass by lowering the torque at the generator shaft. However, this effect is
partially offset by increasing gearbox mass, particularly in two-stage configurations where elevated gear loads lead to larger

375 modules and face widths.

The three-stage configuration provides the most favorable trade-off, maintaining an approximately constant gearbox mass
across the investigated ratio range while benefiting from the reduction in generator mass. The four-stage configuration remains
heavier at lower ratios and only approaches the three-stage solution at higher ratios, reflecting diminishing returns from
additional stages.

380 Importantly, this result emerges from the coupled drivetrain optimization rather than isolated component sizing. The optimal

architecture therefore depends on the interaction between gearbox geometry, load distribution, and generator torque scaling.
4.5.3 Drivetrain performance and benchmarking

The optimized 15 MW medium-speed drivetrain was benchmarked against the IEA 15 MW direct-drive reference turbine to
assess the performance gains enabled by the proposed multi-objective optimization framework. Figure 13 compares the mass
385 distribution of the two drivetrains.
A three-stage planetary gearbox solution with a total gearbox ratio of 1:50 and optimized stage-ratio splits of [3.456, 4.252, 3.403]

was obtained. The optimized drivetrain achieves a total mass of 274.2 t, representing a 31.5 % reduction relative to the 400 t
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Figure 12. Architecture-level trade-off study: optimized generator and gearbox masses for two-, three-, and four-stage configurations across
varying gearbox ratios.

direct-drive reference. The primary mass reduction arises from replacing the large-diameter direct-drive generator with a
medium-speed gearbox coupled to a permanent-magnet synchronous generator (PMSG).

390 The optimized gearbox contributes 135.5 t and consists of three compact planetary stages synthesized through the hierarchical
optimization procedure. The main shaft assembly weighs 120.7 t and incorporates cylindrical and tapered roller bearings
designed to accommodate thrust and bending loads while mechanically isolating the gearbox from non-torque loading. Although

the shaft is larger than in the direct-drive reference concept, this increase is offset by the substantial reduction in generator mass.
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Figure 13. Benchmark comparison of drivetrain mass between the IEA 15 MW direct-drive reference and the optimized 15 MW medium-

speed drivetrain.

The gearbox efficiency is 99.2 %, and when combined with a generator efficiency of 98.0 %, the overall drivetrain efficiency
reaches 97.2 %. This is comparable to the 97.0 % efficiency of the direct-drive reference system, demonstrating that the mass
reduction is achieved without compromising energy conversion performance.

From a structural perspective, the reduction in nacelle and overhang mass directly lowers tower-top loading and floating
platform excitation. Preliminary system-level analyses indicate reduced pitch response and lower mooring line tensions for

floating configurations, highlighting the broader system-level benefits of integrated drivetrain optimization.
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400 5 Conclusions

This work presented an open-access hierarchical optimization framework for the integrated design of medium-speed offshore
wind turbine drivetrains. The proposed methodology combines mixed-integer architecture exploration with continuous gradient-
based refinement, enabling simultaneous optimization of gearbox topology, stage-ratio distribution, gear geometry, shaft sizing,
and bearing selection within a unified standards-based framework. By enforcing ISO 6336, ISO 281, and DIN 743 constraints

405 in a fully differentiable formulation, the framework enables robust and computationally efficient gradient-based optimization
using automatic differentiation.

Validation against KISSsoft demonstrated high numerical fidelity for geometry, loading, safety factors, and efficiency
calculations. In addition, the continuous-variable optimization strategy consistently achieved lighter gearbox solutions than
KISSsoft’s discretized macrogeometry optimization workflow. For the investigated planetary stage, the optimized MADE4WIND

410 solutions were approximately 7.2% lighter while satisfying the same standards-based safety constraints.

Benchmarking against WISDEM further highlighted the importance of treating stage-ratio allocation as an integrated optimization
variable rather than relying on heuristic scaling rules. By optimizing the transmission-ratio distribution across the planetary
stages under coupled ISO 6336, ISO 281, and DIN 743 constraints, the framework achieved systematic drivetrain mass
reductions of approximately 4-5% relative to WISDEM stage splits across the investigated gearbox ratios.

415 The convergence studies demonstrated that the proposed hierarchical optimization strategy achieves high-quality drivetrain
solutions at practical computational cost. A complete three-stage gearbox synthesis and optimization required approximately
0.8-2.5 hours on a conventional desktop computer.

The 15 MW case study demonstrated the capability of the framework to perform drivetrain-level synthesis and architecture
trade-off analysis. A three-stage planetary gearbox solution with a total gearbox ratio of 1:50 and optimized stage-ratio splits

420 of [3.456, 4.252, 3.403] was obtained. The optimized medium-speed drivetrain achieved a total nacelle mass of 274.2 t,
corresponding to a 31.5% reduction compared to the direct-drive reference concept, while maintaining a competitive overall
drivetrain efficiency of 97.2%, compared to 97.0% for the direct-drive configuration. Although the majority of the mass
reduction originates from the technology shift from direct-drive to geared medium-speed architecture, the results demonstrate
that the proposed optimization framework is capable of delivering highly competitive drivetrain solutions through integrated

425 architecture and component optimization.

Overall, the results demonstrate that integrated, physics-based drivetrain synthesis is a powerful approach for next-generation
offshore wind turbine design, particularly for floating applications where nacelle mass strongly influences structural loading and
platform dynamics. Beyond the presented wind turbine application, the framework is general and transferable to gearbox design
problems in other industries. The open-access implementation additionally provides a transparent and extensible foundation

430 for future academic and industrial drivetrain optimization research.
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Factor Symbol  Sun Planet Ring
Application factor Ka 1.25 1.25 1.25
Mesh load factor K, 1.1 1.1 1.1
Dynamic factor Kv 1.0 1.0 1.0
Face load factor (flank) Kug 1.18 1.04
Transverse load factor (flank) Ky, 1.0 1.0

Face load factor (root) Krp 1.20 1.04
Transverse load factor (root) Kra 1.0 1.0

Stress correction factor Yst 2.0 2.0 2.0
Life factor Ynr calc.

Notch sensitivity factor YsrelT 1.004 1.004 1.004
Relative surface factor YRrelT 0.957 0.957 0.957
Alternate bending factor Ym 1.0 0.7 1.0
Size factor Yx calc.

Form factor Yr calc.

Stress correction factor Ys calc.

Helix angle factor Y3 calc.

Rim thickness factor Ys 1.0 1.0 1.0
Deep tooth factor Yor 1.0 1.0 1.0
Life factor ZNT calc.

Lubricant factor Z 1.02 1.02 1.02
Velocity factor YA 0.961 0.961 0.961
Roughness factor ZR calc.

Material hardening factor Zw 1.0 1.0 1.0
Size factor zZx 1.0 1.0 1.0
Contact factor ZB/D 1.095 1.095 1.095
Zone factor Zn calc.

Elasticity factor Zg 189.8 189.8 189.8
Contact ratio factor Ze calc.

Helix angle factor Zg 1.008 1.008 1.008
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Table A2. Polynomial coefficients for second-order bearing catalog curve fits. All functions follow the form f (D, B) = poo+pioD~+po1 B+
p20D? + p11 DB + poz B2, with D and B in mm.

Parameter Poo P1o Po1 P20 P11 Poz2

Ch 131.8 -2.066 -0.5334 -0.004363 0.0992 -0.04296

d -7.198 0.772 -0.3018 1.057 x 107 —4.265x 1075 —3.866 x 1074
X, 1.0 —2335x1071  1.787x 107 0 0 0

Y1 1.634 1.997 x 10~* 1.115x 107* 0 0 0

w 42.95 -0.1774 -0.6657 —1.364 x 107° 0.003067 4.722 x 1074

Appendix A: Appendix
Al Gear geometry

The detailed gear geometry is defined by the primary gear design variables, namely the tooth numbers 21, 22, 23, normal module
my,, profile shift coefficients 1, x2, gear facewidth b, overlap ratio €5 and number of planets Np. Auxiliary variables including
pitch, root and tip diameters, center distance, helix angle and working pressure angle are calculated from geometric relations.

First, the pitch diameters of the sun, planet, and ring gears are computed as:

Z1Myp 22Mp Z3Mnp

T @) P ) T o)

where z1, 29, and z3 are the numbers of teeth in the sun, planet, and ring gears, respectively. The helix angle § is defined by

(AL)

the overlap ratio €s:

B = arcsin (e ) (A2)
The transverse pressure angle oy is calculated as:
t n
oy = arctan fan(as) (A3)
cos(3)
where «, is the normal pressure angle. The base diameters of the sun, planet, and ring gears are given by:
dy,1 = dp,1cos(ay), (A4)
dp,2 = dp 2 cos(a), (AS)
dy,3 = dp 3cos(ay). (A6)
The working tangential pressure angle oy 12 is determined by solving the equation:
. T1+T2 .
inv(aug,12) = 2tan(ay) +inv(ay ), (A7)

21T 22

where z; and x5 are the profile shift coefficients of the sun and planet gears, respectively.
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The working pitch diameters of the sun and planet gears are:

dy 1 dp,2

d 1= o=
PV cos(awe1a)” 00T cos(angt12)

The center distance modification coefficient y;15 and the axis distance a are calculated as:

s = z1+ 22 < cos(ay) - 1) ’

2 cos(Quyt,12

21+ 22 n My
a= —_—.
2 12 cos(f)

The working pitch diameter of the ring gear is:

2a 23

dpw,3 = .
z3 — 22

The working tangential pressure angle avy,23 for the ring-planet contact is:

dy 3
Qlyt,23 = ArCCOS .
dpw,3

The profile shift coefficient of the ring gear x5 is given by:

inv(a) — inv(aue 23)
l‘ prg
3 2tan(ay,)

(Z3 - 22) — T2,
The tip diameters of the sun, planet, and ring gears are:
da,l = dp71 + 2(1 + xl)mn,

da,2 = dp)g + 2(1 + CEQ)mn,

dmg = dp73 — 2(1 + .Z‘g)mn.
The root diameters of the sun, planet, and ring gears are:

df,l = da,l - Q(ha + hf)mn7
df,2 = da,Q - 2(ha + hf)mm

df,3 = da,S + 2(ha + hf)mn-
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(A8)

(A9)

(A10)

(Al1)

(A12)

(A13)

(Al4)
(A15)
(A16)

(A17)
(A18)
(A19)

The inner diameter of the sun gear, the inner diameter of the planet gear, and the outer diameter of the ring gear are:

dig = dg1 — 25R,1 M,
di o = df2 — 25R 2Mn,

do,3 = dg 3 + 2SR 31y,

where sgr 1, Sr,2, and sgr,3 are the rim thickness coefficients for the sun, planet, and ring gears, respectively.
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A2 Planet bearing dimensions

The selection of planet bearings is based on catalog data from SKF, RKB, KOYO, and TIMKEN. To maximize the efficient
use of available space, the bearing outer diameter d, pp is set equal to the planet gear inner diameter d; pp, and the bearing

face width bpp is chosen as half of the gear width b:

b
dop =di2, bpp= 5 (A23)

The remaining bearing specifications, including the bearing inner diameter, dynamic load rating, axial and radial load factors,
and weight, are estimated using a second-degree polynomial curve fit based on catalog data (Tab. A2). This analytical approach
is employed instead of a direct catalog lookup because it is computationally less demanding. Additionally, the limited availability
of data for large-scale catalog bearings (D > 1000 mm), which are required for 15 MW drivetrains, would result in suboptimal

designs.

A3 Component load calculation

The local component loads are calculated from rotor load time series simulated for each DLC with the aeroelastic model. In this

step of the design process any drivetrain dynamics are neglected and the component loads are derived from static equilibrium

equations.

(3) Gear loads

Only torque loads are considered for the gearbox design, as the four-point main shaft suspension and elastic gearbox coupling

are designed to divert all non-torque loads into the bedplate.

The tangential gear forces in the sun—planet and ring—planet mesh for each stage k are then calculated using the number of

planets Np i, pitch diameters dp, 1k, dp 3.k, and gear stage ratios és; x:
21pEL

Np g dp 1o TTo st

2TpgL - (st — 1)
Np g dpsp T st
(4) Planet bearing loads

Fiaok = (A24)

Fio3 = (A25)

The radial and axial planet bearing loads are computed under the assumption of equal load sharing among planets and between
front and rear bearings:
Fi 10k + Fy o3,k

Fraak = 5 , (A26)
Faxk = Fraa i tan(B). (A27)
(5) Stress cycle counting

For design against ULS (static safety), the extreme loads across all DLCs is selected

FyrLs = max F; (A28)

1€DLCs
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For design against FLS (dynamic safety) only DLC 1.2, normal turbine operation, is considered, which has the predominant
effect on fatigue damage. The load duration distribution (LDD) method is employed to generate load cycle histograms from the
torque time series, where n; ; are the cycle counts and 7T; ; are the load amplitudes. The histograms are summed over all bins
i and environmental conditions j using the wind speed distribution p; and the S—N curve exponent m to calculate the damage
equivalent load Fyrs:

1/m
NEc Nyins

n; 5 m
Frrs = E Dy E NJ F (A29)
j=1 =1 ~ ¢4

A4 Objective function calculation

The design objective is formulated as a multi-objective optimization problem, balancing drivetrain mass and efficiency. This is
achieved using a weighting parameter w € [0,1], where w = 1 corresponds to pure mass minimization and w = 0 corresponds

to pure efficiency maximization. The objective function is expressed as:

14 ref —
Wor + (1 _ w) Thef —TIDT (A30)
ref Nref

J=w

where Wp is the total drivetrain mass, 7p is the drivetrain efficiency, W,.r and 7,.¢ are normalization references taken from
the lightest and most efficient designs in the Pareto front.
The total drivetrain weight is calculated as the sum of the gear stages Ws; k, with a modification factor of Kgpy = 1.33 to

account for the gearbox housing, based on empirical data indicating that the housing amounts to 25-35% of the gearbox mass:

3

Wpt = KcsH Z Wit x (A31)
k=1

The gear stage weight comprise the sun, planet and ring gears, the sun and planet shafts, the planet carrier and the planet

bearing:

Wsy = Wsa + Wss + Np (Wea + 2Wep + Wps) + Wre + WeLe (A32)

where:
Wse = p% (d?),l — dil) b (Sun gear) (A33)
Wpq = p% (d25—d?;)b  (Planet gear) (A34)
Wig = p7 (25— d25)b  (Ring gear) (A35)
Wes = p%d%s :2b  (Sun shaft) (A36)
Wps = p%d%sb (Planet shaft) (A37)

WpLc = p%azb (Planet carrier) (A38)
Wpp =1(do,pB,bre) (Planet Bearing) (A39)
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The weight of the planet bearings are estimated using a second-degree polynomial curve fit based on catalog data (Fig. ??).
The drivetrain efficiency npt is evaluated using the Niemann—Winter method (Niemann and Winter, 1983), which estimates
gear mesh losses based on empirical correlations for the coefficient of friction under elastohydrodynamic lubrication (EHL)
conditions.

The mesh power loss is computed from the friction coefficient, normal load, and sliding velocity at each mesh. The total
drivetrain efficiency is then given by

'PIOSS
)

P (A40)

npt =1—
where P is the sum of all gear mesh losses and P, is the mechanical input power.
A5 Constraint calculation

The design constraints, summarized in Tab. 3, arise from reliability requirements for gears, bearings and shafts according to
ISO 6336, ISO 281 and DIN 743, and from geometrical constrains to ensure correct tooth meshing. For each design iteration

it is checked if the constraints are fulfilled.

(1) Flank safety
The safety against surface pitting (flank safety) Sy must exceed a minimum value of Sy min = 1.25 for all gear pairs according

to ISO 6336-2. The flank safety is the ratio of the permissible contact stress o and the actual contact stress oy:

St =21 > S min (A41)
oH

The permissible and actual contact stress are calculated as follows:

OHG = OHlimZNT 412V ZRZwW ZX, (A42)

on = onoZp/py/ KaKyKvEKnpgKna, (A43)

Fi u+1
oo :ZHZEZEZB,/ﬁb —, (Ad4)

with the Z- and K-factors according to Tab. A1, the gear force F3, the pitch diameter d;, the gear facewidth b and the tooth

ratio u.

(2) Root safety
The minimum safety against tooth root cracks of St min = 1.56 must be satisfied according to ISO 6336-3. The root safety is

the ratios of the permissible bending stress opg and the actual bending stress op:

Sr=7"C > Sp in. (A45)
OF
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The permissible and actual bending stress are given by:
OFG = OFlim YST YNT Y5relT YRrel T YX YM, (A46)
or = oro KA K, KvKrgKra, (A47)
Fi
oro = YrYsYgYrYDT brrz , (A48)

n

where the Y- and K -factors are listed in Tab. Al.

(6) Transmission ratio condition
The transmission ratio condition ensures that the actual gear stage ratios st given by the sun and ring gear tooth numbers agree
with the target gear ratio iy, within a tolerance of 2%:
st — Is .
st~ lst Aig (A49)
st

3

=142 (AS0)
1
(7) Adjacency condition

The adjacency condition is in place to avoid tooth interference of neighboring planet gears and is given by:

da o < 2asin (;) (A51)

P

(8) Assembly condition
The assembly condition is necessary to ensure that the planets can be physically assembled correctly. It states that the sum of

the ring and sun gear tooth numbers must be a multiple of the number of planets:

mod (23 4+ 21,Np) =0 (A52)

(3) Bearing safety

The planet and main bearings must fulfill a minimum nominal lifetime of 25 years according to ISO 281:
Lion > Lioh,min- (A53)

The bearing nominal lifetime is calculated with the radial and axial loads F}.q, Fax, the bearing specific load factors X1,Y7,

the dynamic load rating C; and the shaft speed n in rpm:

P:Xl'Frad+Y1'Fax (A54)
o B
Lm:<;> (A55)
L10~1O6
Ligy = ——— A
10n =~ (A56)
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(4) ULS shaft safety
The gearbox shafts are designed against ULS and must meet a minimum shaft safety of Syurs min = 1.1 according to DIN 743.

The shaft ULS safety Suyrg is calculated as the ratio of the yield strength oy and the van Mises stress oy

SuLs = > SULS,min (A57)

Ov,max
The gearbox shafts are predominantly loaded by torque and have a cylindrical shape. Therefore the van Mises stress is only a

function of the respective sun and planet shaft torque 7,5 and diameters d

16TuLs
Ov,max = \/573 (A58)
md
The main shaft is loaded by torque, pitch and yaw bending moments and has a tapered geometry with varying outer and inner
diameters D(z),d(z). The thrust is assumed to have a small impact on maximum stresses. In this case, the van Mises stress is

calculated as follows.

I(z) = I,(z) = 2] (z) = 6% (D(x)* —d(z)"), (A59)
oy () = 2052 DID) &%Dm : (A60)
o,(x) = MMSQI(x()x)D(x) (A61)
(z) = MMS;‘((]Z)D @) (A62)
oo(z) = \/‘W (A63)
O max = max(oy (z)), (A64)
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