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Abstract: Conventional design practices for wind turbine drivetrains commonly adopt a
segregated workflow where the gearbox and electrical machine are developed independently.
Such a decoupled strategy overlooks inherent electromechanical coupling constraints, thereby
imposing fundamental limits on attainable power density and dynamic behavior of the entire
transmission assembly. To mitigate these limitations, this work presents a hierarchical
integrated parameter co-design framework for wind turbine gearbox—generator systems,
which implements progressive optimization from system-level to component-level, while
synchronously satisfying static performance and dynamic response requirements. In the first
design stage, an integrated initial parameterization scheme is formulated via finite element
analysis (FEA) and numerical computation, with objectives to elevate system power density
and suppress amplitudes of internal dynamic excitations. The optimized parameters from
this stage serve as baseline inputs for the second stage. An electromechanically coupled
dynamic model is then established to quantify correlations between key mechanical structural
parameters (gearbox bearings, hollow shafts, splines, ring gear bolt stiffness) and generator
electromagnetic/structural parameters, as well as overall system dynamic characteristics.
Sensitive design variables are identified via correlation analysis, and a Kriging surrogate model
is constructed to approximate nonlinear input—output relationships efficiently. Multi-objective
component optimization is subsequently performed using the surrogate model. Finally,
vibration attenuation and load reduction performances of the baseline and optimized drivetrain

configurations are systematically compared under rated and variable operating conditions.

Keywords: wind turbine transmission system; electromechanical coupling dynamic
model; electromechanical coupling dynamic characteristics; electromechanical

integration design

1. Introduction

Driven by global carbon peaking and carbon neutrality strategies, wind energy
has become one of the most promising renewable energy sources and a strategically
important industry worldwide. As wind turbines continue to develop toward large-scale
and high-power levels, the volume and weight of gearbox—generator units increase
significantly, which increases the load on the tower and brings inconvenience to
installation and maintenance. Therefore, reducing the volume and weight of the

transmission system and improving power density have become important development
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goals. At the same time, optimizing dynamic load characteristics is also critical to
enhance stability and service life.

Substantial research has been conducted on the design parameters of gearboxes,
with particular emphasis on optimizing their volume, weight, and power density. Rubio
etal. [1] analyzed the influence of calculation parameters, such as the module and tooth
width, on the size and weight of a high-power wind turbine epicyclic gearbox following
ISO 6336, providing a theoretical basis for achieving more compact and lighter designs.
Similarly, Llopis-Albert et al. [2] developed a digital twin-based multi-objective
optimization framework that integrates CAD/CAE tools to minimize the weight,
volume, and maximum stresses of wind turbine gearboxes without compromising
efficiency. Their work highlights the trade-offs between competing design variables
to enhance power density. Wang [3] introduced a high power density design approach
for a helical differential gear train by studying its dynamic performance, successfully
reducing power loss and volume while improving vibration characteristics. BuBkamp et
al. [4] presented a multiobjective optimization method focused on the micro-geometry
of the high-speed shaft components to reduce the risk of gear and bearing damage
during transient grid faults. Zhou et al. [5] developed a gear transmission optimization
model aimed at minimizing gear center distance while improving gearbox load capacity,
leading to mass reduction via multi-objective optimization algorithms. Savsani etal. [6]
applied both the ant colony and simulated annealing algorithms to the lightweight
design of a gear transmission system, noting that the simulated annealing method
provided faster and more accurate solutions. Gologlu and Zeyveli [7] minimized the
total volume of a gear transmission system using a genetic algorithm and a penalty
function method. Chen et al. [8] used a hybrid genetic algorithm for lightweight design
of a single straight-cylinder gear reducer. Wei et al. [9] conducted multi-objective
optimization of a multi-power planetary transmission system, aiming to minimize total
volume and variation in gear strength safety factors across stages. Liang et al. [10]
performed lightweight topology optimization of a gearbox based on the variable
density method, using multi-condition strain energy as the objective and volume as
the constraint. Lv et al. [11] studied a 2 MW wind turbine transmission system,
performing sensitivity analysis on elastic support stiffness using ABAQUS and Isight,
followed by stiffness parameter optimization. In summary, the studies referenced
above primarily focus on improving the power density of wind turbine gearboxes and
assessing system reliability from a static perspective, largely overlooking dynamic
performance considerations.

Many scholars have investigated the dynamic performance and reliability
optimization of wind turbine gearboxes. Among them, Lei et al. [12] developed
a hybrid finite element and Hertz contact model for analyzing helical gear load
contact. To reduce transmission vibration and improve durability, a multi-objective
optimization model was established, which was then converted into a single-objective
problem via a weighting coefficient method and solved using a particle swarm
optimization algorithm to determine optimal gear modification parameters. Jouilel et
al. [13] constructed an uncertain physical model based on bond graph theory for a 750
kW horizontal-axis wind turbine gearbox. A comprehensive parameter identification
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across variation intervals was conducted using Monte Carlo simulation, leading to
improved efficiency of the electromechanical transmission system. Bozca [14] aimed
to reduce system excitation by minimizing gear transmission error fluctuation. Using
the peak-to-peak transmission error as the target, the gear transmission parameters
were optimized via sequential quadratic programming, resulting in a 10% reduction
in gear rattling noise. Garambois et al. [15] treated transmission error and mesh
stiffness fluctuation as key excitations and established a multi-objective optimization
model to minimize both the peak-to-peak transmission error and the fluctuation
percentage of mesh stiffness. The Pareto-optimal solution set was obtained using
the NSGA-II algorithm. Liu et al. [16] proposed a gear transmission optimization
model based on dynamic fatigue reliability sensitivity. Zhang et al. [17] developed
a digital twin-driven domain adaptation network for intelligent fault diagnosis of
rolling bearings, effectively ascertaining the health status of critical components.
Liu et al. [18] further contributed by presenting a systematic review of digital twin
frameworks, emphasizing the integration of physical entities, virtual models, and twin
data. Zhou et al. [19] proposed a vibration-based damage monitoring digital twin
(VBDM-DT) for online intelligent assessment of wind turbine gearboxes. Validated
on a 2 MW wind turbine, the approach provides credible and reliable remaining useful
life predictions for gears and bearings. This model was used to identify the optimal
structural parameters that minimize the system volume while satisfying dynamic
fatigue reliability constraints, solved by a genetic algorithm.

The design of permanent magnet synchronous generators, which involves
multiple interdisciplinary fields including electromagnetism, structural mechanics, and
thermodynamics, has been extensively studied to achieve optimization objectives such
as reduced cost, lower weight, higher efficiency, and vibration and noise suppression.
Among them, Oztiirk et al. [20] designed and optimized a surface-mounted PMSG
for low-power wind turbines, focusing on the minimization of cogging torque ripple.
Abdoos et al. [21] performed an optimal design of a radial-flux PMSG for direct-drive
wind turbines, maintaining high system efficiency while reducing overall costs. A
key feature of this study was the comprehensive accounting of all energy production
costs, including the manufacturing of the generator, converter, electrical subsystem,
and tower. Alemi-Rostami et al. [22] developed a stepwise design methodology
for direct-drive PMSGs. The generator was modeled using the winding function
method, its output characteristics were analytically calculated, and finally, designs
with enhanced efficiency and power factor were identified through sensitivity analysis
and genetic algorithm-based optimization. Jin et al. [23] investigated a novel
annular winding PMSG, analyzing its no-load electromotive force and dynamic
characteristics under different pole arc coefficients, and subsequently optimized this
parameter. Emami et al. [24] considered multiple PMSG design parameters and
conducted multi-objective optimization aimed at maximizing annual energy yield
while minimizing torque ripple and losses. The proposed analytical model enabled
the study of all possible pole-slot combinations, permanent magnet dimensions, and
key stator geometries against a specific objective function. Mohd-Shafti et al. [25,26]
established a finite element model for a three-phase, 12-slot/8-pole radially magnetized
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PMSG. The motor design was optimized using a method combining a genetic algorithm
with a sub-domain model to improve total harmonic distortion and cogging torque
performance. Sindhya et al. [27] studied the analytical model of PMSGs and solved
a mixed-constraint, multi-objective optimization problem with six objective functions
using an interactive multi-objective optimization approach. Dang et al. [28, 29]
proposed an optimization design method for a 10 MW offshore wind PMSG that
considers its speed and torque distribution. Based on a d-q axis equivalent circuit
model, this method can optimize time-varying control parameters with reduced
computational time. Asef et al. [30] employed a dual-level response surface
methodology to determine the optimal design parameters for maximizing the power
output of an external-rotor surface-mounted PMSG. Additionally, using a simulated
annealing algorithm, a design scheme for minimizing material cost under a constant
volume constraint was identified. Jaen-Sola et al. [31] compared the performance of
steel and composite material structures for a direct-drive PMSG under identical load
conditions and proposed a lightweight structural design scheme.

In current design practice, gearboxes and generators are usually optimized
separately. For gearboxes, many studies focus on volume reduction, lightweight design,
power density improvement, and static reliability analysis. For permanent magnet
synchronous generators (PMSG), research mainly aims at reducing cost, lowering
weight, improving efficiency and suppressing vibration and noise. However, few
studies treat the gearbox and generator as an integrated system for coupled parameter
design. The independent design mode cannot achieve system-level optimal matching,
making it difficult to meet the requirements of high power density and low dynamic
load simultaneously.

To address the above problems, this work develops a two-level hierarchical
mechatronic co-design framework for wind turbine gearbox—generator units. The
proposed approach unifies static performance optimization and dynamic response
refinement, and implements a progressive optimization pathway from global system
matching to local component adjustment. This framework provides a new systematic

method for developing high-performance wind turbine drivetrains.

2. Multi-level integrated design principles for gearbox-generator
systems

The multi-stage integrated design method for the parameters of the wind turbine
gearbox and generator comprises two distinct levels, as shown in Figure 1. The first
stage concentrates on system-level static parameter matching to determine baseline
electromechanical parameters via FEA and numerical iteration. Initial mechanical
and electrical parameters are determined by combining numerical calculation and
automated finite element analysis. Mechanical parameters (transmission ratio,
speed, torque) are coupled with generator parameters through iterative adjustment.
The optimization objectives are to maximize the overall power density of the
gearbox—generator system and minimize the peak-to-peak wvalues of internal

excitations, including time-varying mesh stiffness and electromagnetic excitation
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ripples. To improve computational efficiency, shaft, bearing, and bolt connection
stiffness are not considered in this stage, and FEA is automated through VB scripts.

Multi-Level Integrated Design of Gearbox-Generator Parameters

Static Performance Optimization
Gearbox parameters Constraint Variable I
Gear Teeth Number Conditions |
Module of Gears Structural Power Losses |
Discrrs | L Dimension _J |
g [ ToOh Width | | ination ation | | Overall Volume |
Key Performance Parameters Generalor parameters Load Capacity | Ulineobisciv
Pole Pair Number Elect i |
Stator Slot Number |

Pole Arc Coefficient Perf |
(CLECEACE Time-Varying Mesh | | |
iameters Stiffness |

l Pt Mechan-

Maxim- = Optimal
ical
um  Dynamic

Input

Input | Input  Input
Power  Speed | Torque Integrat-
P T T, Dynamic Performance Optimization Power  Perform- . Design
P

Density ance
arame-

ters

|
} Interaction Effects Between Variable

| ‘Gearbox and Generator Parameters

i . Shaft Dimensions ) E——

| _g Bolted Joint Stiffness Multi- - Yad“a"“

! g Spline Dimensions » objective z

1 O Bearing Support Stiffness Kriging | Dynamic Bearing Support
! o = Sumogles Performa™ | oo ction Force
| B Slot Size Model nce

| g p Optimiza

} g AirGapLength S Vibration

! 2 Stator Tooth Slot Dimensions Characteristics
: O Pitch

i

i

i

|

i

i

Figure 1. Flowchart of the multi-level integrated design process for wind turbine transmission
system parameters.

Taking the results of Stage 1 as initial values, the second stage targets
component-level dynamic refinement, where key structural parameters are optimized
using a correlation-based surrogate model and a multi-objective algorithm. Key
parameters include gearbox shaft dimensions, bearing stiffness, spline size, ring
gear connection stiffness, and generator parameters such as air-gap length and slot
opening size. Before optimization, correlation analysis is used to screen sensitive
parameters that significantly affect dynamic responses, thus reducing the optimization
dimension. A Kriging meta-model is then established to capture the nonlinear mapping
between electromechanical parameters and dynamic responses. Finally, the NSGA-II
multi-objective optimization algorithm is used to obtain the optimal parameter set with
excellent dynamic performance.

The detailed electromechanical coupling dynamic model of the wind turbine
gearbox-generator system has been established in previous work [32]. Here, we
summarize the core equations that govern the coupling between the mechanical
drivetrain and the electrical generator, which are used to compute the dynamic
responses in the subsequent optimization.

Mechanical subsystem: The gearbox is modeled as a translational-torsional
lumped-parameter system. The meshing element mainly includes the sun-planet and
planet-ring meshing elements. The dynamic model of the planetary gear system was
constructed using the rotating coordinate system of the planetary carrier rotation. The
translation—torsion dynamic model of the planetary gear mechanism is shown in Figure
2. The dynamic meshing force and time-varying meshing stiffness of the gear are
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calculated by Equation (1):

Fin(t) = km(£)3(t) + cmd(t)
; (1)

_ 20 LT 6
km(t) = kspn + thl Kspnt€0s(—gapr + Vspn)
2
where k,, () is the time-varying mesh stiffness, ¢, the mesh damping, and §(¢) is the
dynamic transmission error. The stiffness k,, () is calculated using the energy method

as detailed in Chen et al. [32].

Figure 2. Translation-torsion dynamic model of the planetary gear system.

As shown in Figure 2, the direction from the sun gear to the planetary gear is set
as the positive direction of the meshing line, and the direction from the planetary gear
to the inner ring gear is set as the positive direction of the meshing line. The meshing
deformations of the inner and outer gears of the planetary gear system ,,; and dgp,; can

be obtained as follows:

Srpn = [(¥r — Ypn) €0S(@m) + (—Xr + Xpn) Sin(Pm)
+1:(0; — O¢) — 1,0pn] cOs B + (Zr — Zpn) sin B + erpn(t)
Sspn = [(¥s — Ypn) €0S(@sn) + (Xs — Xpn) Sin(@sn)
+15(05 — 6c) + 1p0pn] cOS B + (—2Z5 + Zpn) SN B + egpn(t)

; 2

where o, and ay, are the internal and external meshing pressure angles, respectively;
7+, s, and r, are the radii of the base circle of the ring gear, sun gear, and planetary gear,
respectively; and ¢, and @, can be expressed as @,.,, = V¥ +ayp and g, = Yy —agyp,
respectively.

Electrical subsystem (PMSG): The permanent magnet synchronous generator is

6
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described by a nonlinear d-q axis model accounting for magnetic saturation and spatial
harmonics. The variables in the Equations (3) are computed via finite element software

based on the actual generator structure.

Us = Riq+ [Lalia,ig )% +ig2aGete) 4 9010000 ) L (ig,ig) ig + Yopoy Yoy Papecor sin fr,
Ug=Ri,+ [Lq (idyig) S qw} +wiLg (i, ig) ia + wrr (idyiq) + Ypey Yoney Pqfecrsin fi,
I = 33" { w1 (iayiq) ig + [ La (ia, iq) — Lq (i, iq))iaiq + Zk:l Zh:1 Paftiasin fi + Zk:l Zh:l pqftigsin fr }, ()

(

F(0,t) = 5, (B2(0,t) — B (0,1)),
Fy(0,t) = 5, B:(0,1) Be(6, 1)

where Uy and U, are the d- and g-axis voltages, iq and iq are the d- and g-axis currents,
Oro 1S the generator rotor speed, R is phase resistance, 7, is the electromagnetic torque,
f; is the harmonic frequency of the electromagnetic excitation frequency, and £, is the
electromagnetic excitation frequency.

The electromechanical coupling dynamic model of the wind turbine drivetrain
is established by integrating the dynamic submodels of each component and the
internal/external excitation models. From an energy perspective, the energy conversion
process in the generator occurs via the air-gap magnetic field as the coupling
field, sequentially converting mechanical energy into magnetic energy and then into
electrical energy. By establishing the linkage between the mechanical and electrical
systems, an electromechanical-rigid-flexible coupling dynamic model of the integrated
gearbox-generator transmission system is obtained, as given in Equation (4).

Numerical simulation models of the three-phase permanent magnet synchronous
generator (PMSG) and the multistage gear system are separately constructed using
numerical computation software. Combined with the vector control method, the
generator torque and rotational speed are used as real-time coupling variables between
the gear system and the generator. Specifically, the electromagnetic torque and the
rotor speed serve as common variables that are transferred between the two subsystems
in real time. The model is solved in the MATLAB/Simulink environment using the
built-in ode45 solver (a fourth-order/fifth-order Runge-Kutta algorithm).

M, + Mg, (X) 0 (X, N Co+Coa(X)+Cr(X) 0 (Xa
0 M, ] \ X, 0 Cn) \ Xn

. (K F Koo X) 4 Kn(X) + Koet1 —Kper2 ) (X)

= F(t) + Fsa(Xa),
—Kpe21 Kp + Kpe2z ) \ Xn e
U=RI+% =RI+ L%+ fw.I,

Fy(0,t) = 5, (B2 (0,1) — BE(0,1)),

“4)

Fi(0,6) = B, (6,6) B(0,),
Tin = %pﬂR?ur(ﬁm)gcpw?urv

T, = 3%{901'(2.% iQ)iq + [Ld(idv iQ) - LlI(iqu)]idiq—i_'“' ’
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3. Static-performance-driven integrated design

3.1. First-level parameter integration

In this study, a multi-objective optimization framework is developed for the
integrated gear-train and generator design of direct-drive wind turbines. As shown in
Figure 3, the initial gear and generator parameters are determined via physics-based
numerical models incorporating torque-speed relationships, power density constraints,
and material fatigue limits. To minimize computational cost, generator performance
is evaluated only after the gear parameters satisfy all mechanical constraints, as finite
element analysis (FEA) of the generator is computationally intensive. Annual wind
speed data measured at 120 m height are used to determine the turbine’ s turbine’
s optimal operating speed, thereby deriving the corresponding torque and power
input to the gear transmission. NSGA-II is employed to optimize the following
gear design variables: sun and planet gear tooth counts, face width, module, and
pressure angle. Following constraint satisfaction, the following performance metrics
are computed: friction loss, transmission efficiency, system volume, and time-varying
mesh stiffness. The transmission ratio, generator rotational speed, and output torque
are computed based on the optimized gear geometry. Standard electromagnetic design
methods are applied to determine pole pairs, stator slot count, rotor diameter, and
core length. A spatial constraint is imposed such that the stator outer diameter must
not exceed the inner diameter of the high-speed-stage internal gear ring. Generator
parameters are imported into FEA scripts for verification. If all constraints are
satisfied, electromagnetic torque, radial force, output power, and iron loss are
extracted; otherwise, the generator design variables are adjusted and re-optimized.
The multi-objective optimization aims to maximize power density and minimize the
peak-to-peak amplitudes of: (1) time-varying mesh stiffness, (2) electromagnetic
torque ripple, and (3) electromagnetic radial force ripple. Following convergence,
the Pareto-optimal front is generated. A final design is selected based on a weighted

trade-off between power density, vibration suppression, and manufacturability.

3.2. Integrated optimization model and variable selection

Wind turbine drivetrain design is a typical multi-objective optimization problem
with conflicting objectives. In this paper, the NSGA-II algorithm is adopted to obtain
a well-distributed Pareto front.

Design variables include key geometric parameters of the three-stage planetary
gear system and the PMSG. For the gear system, variables include tooth numbers,
module, and face width of sun and planet gears. For the generator, variables include
stator outer/inner diameter, air-gap length, pole arc coefficient, permanent magnet
dimensions, slot width, core length, and phase current. Consequently, these parameters,
along with key coefficients from their governing equations, are selected as the primary

design variables. Detailed variable and value ranges are listed in Table 1.



Sound & Vibration 2026, 60(4), 4262.

G'mditional Design method/1

l

Gear Parameter Assignment
Sun and Planet Gear Teeth Number |

Tooth Width
constraining l
external Constramt Condition
dimensions — -
of the [ Concentricity | [ Assembly | [ Adjacency | Judging No
generator [Width-to-Diameter Ratio|[ Strength ][« |
Yes
v
Calculating transmission efficiency, volume of The actual annual wind speed
— ] the gear system, and peak-to-peak value of time- working conditions at a wind farm
varying meshing stittness 7
Calculate the optimal cutput speed
Based on efficiency and transmission ratio, and torque of the wind turbine
calculate the output speed and torque of the third- [« under the most frequent wind speed
stage planetary gear conditions according to the wind
wheel mode
Generator Parameters
[ Pole Arc Coefficient | | Stator Slot Number |
L_|| Size of Stator Slots
[ Number of Permanent Magnet Poles |
[ Inner and Outer Diameter of Stator and Rotor |
Constraint Condition
; No
Number of Pole Pairs| |Assembly| | Torque | Judging
Speed P Di ional
pee | | ower | [Dimensional| Ves
v
Derive the electromagnetic torque, electromagnetic
radial force, output electric power, and iron loss of the
generator; calculate the volume of the generator system No
Yes
Calculate the overall volume, total loss, and peak-to-
» peak value of the electromagnetic torque for the gear- Judging
generator system.
v
Cutput the Pareto-optimal set of parameters for the
gear transmission system and generator.
Figure 3. First-level integrated design of gearbox-generator parameters.
Table 1. Gear and generator system design parameter.
Optimization variables Indexing Optimization range
Tooth number of sun gear Zg; X1 [17,65]
Tooth number of planet gear Z;; X7 [17,45]
Low-speed planet gear system . .
Modulus my X3 First and Second Series
Gear width by X10 [0.25, 0.75]
Tooth number of sun gear Zg, X4 [17,65]
Medi d planet ‘ Tooth number of planet gear Z,,» X5 [17,45]
edium-speed planet gear system
P P & Y Modulus my» X6 First and Second Series
Gear width by, X11 [0.15, 0.60]
Tooth number of sun gear Zg; X7 [17,65]
Hich d planet . Tooth number of planet gear Z,3 Xg [17, 60]
igh-speed planet gear system
gi-speed p g Y Modulus my3 X9 First and Second Series
Gear width bss X12 [0.08, 0.4]
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Table 1. Cont.

Optimization variables Indexing Optimization range
Stator outer diameter Dgo/mm X13 [1,000, 3,000]
Air gap length Gap/mm X14 [1, 16]
Pole Arc Coefficient a X15 [0.5,0.9]
Electrical frequency f./Hz X16 [50, 100]
Number of slots per phase per pole ¢ X17 [1, 8]
Thickness of the permanent magnet Wi/mm X18 [5, 40]
Generator system .
Width of the permanent magnet, W,/mm X19 [17, 65]
Pitch x20 [1,15]
Width of the stator slot Sy,;/mm X21 [8, 35]
Height of the stator slot Sy4/mm X22 [40, 120]
Core length H/mm X3 [300, 1,200]
Stator phase current /,/A X24 [6,000,12,000]

[xh372,$3,9U4,965796‘6,96‘7,968,969,9610,9611,9612,901373614,9615,9616,3717,l‘18,2719,1‘20,$2171’22,$23,9624] =

[zsla Zply Mnl, 2525 Zp2, Mn2, 252, Zp2, Mn3, b11, bzg, b33, Dy, Gapa «, f67 a, Wi, Win, PitChv Swla Sw47 H, Ia]'

®)

Where, 2,1 and 2,1 denote the tooth numbers of the sun and planet gears in the

low-speed stage, with m,,1 and b11 being their module and face width; zs and zpo

represent those for the medium-speed stage, with m,» and bos as the corresponding

module and face width; and z,3, 2,3, mp3, b33 are the analogous parameters for the

high-speed stage. As illustrated in Figure 4, D, and D; denote the outer and inner

diameters of the stator, respectively, and H represents the stack length. S,,4 refers to

the yoke width of the stator core, while S,,; and S,,o designate the stator slot width

and slot opening width, respectively. Gap is the air gap length, Sy the slot depth, and

W, and W, the thickness and width of the permanent magnet. D,, and D,; indicate the

outer and inner diameters of the rotor.

Figure 4. Structural parameters of the permanent magnet generator.
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3.3. Optimization objectives for the integrated system

The annual average wind speed of the target wind farm is 7.8 m/s, and the wind
turbine operates in the range of 4-20 m/s. Since rated operating conditions (10-20 m/s)
last the longest, optimization is mainly carried out based on rated conditions. The core

optimization objectives are:

Maximize the volumetric power density of the gearbox—generator system.

2. Minimize the peak-to-peak values of time-varying mesh stiffness for all gear
stages.

3.  Minimize the peak-to-peak values of electromagnetic torque ripple and
electromagnetic radial force ripple.

Power density is defined as the ratio of net output power to total system volume,
considering gear meshing loss, bearing loss, generator iron loss, copper loss, and stray
loss.

F(z) = 0.4 x max(Py) 4+ 0.1 X min(km1 pear) + 0.1 X min(km2 peak)
(6)
+0.1 x min(km3 peak) + 0.15 X min(T, pear) + 0.15 X min(F, peak)-

Where F(x) represents the optimization objective function, P; represents the power
density of the system, ki1 peak> Km2 peak and ki3 pear represent peak-to-peak
time-varying mesh stiffness of gear systems, T, peqr represent peak-to-peak
electromagnetic torque, F,. peqr Tepresent peak-to-peak electromagnetic radial force
(Figure 5).

3000

2000

1000

Operating duration/h

4-4.9  5-59 6-69 779 889 999 10-20
Wind speed/m/s

Figure 5. Annual wind speed condition of a wind farm.

Integrated system optimization design objective—Power density

In traditional optimization designs, the volume or mass of the wind turbine
drivetrain system is used as the optimization objective, but this can result in sacrificing
some power, making the optimization process limited. Therefore, this paper adopts the
overall power density of the wind turbine drivetrain as the optimization objective. The
system output power Py refers to the rated output power of the generator. Based on

these volume and power definitions, the overall system power density is formulated as:

11
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P, out

P = v

V= Zj:l sz + V;;

msz’2 nii2 Dnz BiQ
Vmi: (m © ) bsz+<m Zp) bpinpi+< ! * > bm
2 2
Bi= — (3(Dugi - D) — =221 o (3D — D) — 22071\ 1
i = nfi bni Fti % 106 fni bni Fti % 106 ni (7)
Vg = ‘/vs+‘/1ﬂo+vp
H D2 —D2~ Dso_Ds’i

V, = m(( ‘Z’ i) _ Swi * Slots(72 — Swa))

2 _ 2
‘/;»-O:TFH(DTO DT’L)

4

V, = HW, Wiy,

Here, V,,; denotes the volume of the i-th stage gear system volume, (with i =1, 2, 3
corresponding to the low-, medium-, and high-speed stages, respectively), This includes
design parameters such as the number of planet gears n,;, the root circle diameter D,;
and thickness B; of the ring gear, [o] represents the allowable stress of the gear material,
Dy, represents the pitch circle diameter of the ring gear. The generator volume V,
consists of the stator volume ¥ and the generator rotor volume.

The operation of a wind turbine generator involves the conversion of wind energy
into mechanical energy, which is subsequently transformed into electrical energy, with
inherent energy losses occurring throughout this process. This study focuses on the
following loss types: gear meshing losses, bearing losses, as well as generator iron
losses, copper losses, and mechanical losses. The actual output power of the wind
turbine drive system needs to consider the actual losses in the gear system and the

generator system. This can be expressed as follows:

Py = 2CyppR*0°
2 . ®)
Pout = Pin - Pgloss - Pinnmnn

Within the gear system, the main losses include those from gear meshing, bearings,
and oil churning. Among these, the power loss due to gear meshing constitutes the
dominant portion of the total power loss in the gear transmission system. The gear

meshing efficiency loss can be expressed by Equation (9):

Nm =1 — pm=H,
i+ )7 2 2
Hy=—F+(1—¢,+¢c]+¢
v zlicos(ﬁ)( at et )
€q = 2—[,21 (tanagy — tanoz;) + zp(tanog — tanoz;)] ©)
s
zZ1 ’
€1 = % ‘tanaatl — tanat‘
V) /
€9 = — ‘tanaaﬂ — tcmat‘ .
27
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Where ., represent average coefficient of friction during meshing, generally takes a
value between 0.06 and 0.10. H, represent power loss factor. For external meshing,
take ‘+’, for internal meshing, take ‘—’, i is the gear ratio, z; is the number of teeth on
the driving gear, 3 is the helix angle, ¢, is the total face contact ratio, 1 is the face
contact ratio at entry, and e5 is the face contact ratio at exit. oy represent addendum
circle pressure angle, oz; represent meshing angle.

When the number of planet gears is equal to or greater than three, only bearing
losses of the planet gears are considered, and the bearing efficiency #,, can be calculated
using the bearing loss coefficient y,,.

nnzl_.lm wnairszzl
s + 1 Zs
koo : (10)
b = Y i Tning T — 0.5uFd
" Ting ron 1000

Where T,; represents the friction torque of the bearing, #; is the rotational speed of the
bearing, T is the output shaft torque, 7, is the rotational speed of the output shaft, & is
the number of planet gear bearings; u is the bearing friction coefficient (in this article,
u is taken as 0.0011); F'is the load acting on the bearing, d is the inner diameter of the
bearing.

The main losses in the generator consist of iron losses P;., stator armature
losses P, and stray losses Py, as given in Equation (11). Iron losses induced by
time-varying magnetic flux density can be classified into three components: hysteresis
loss, eddy current loss, and excess loss. In this study, excess loss is incorporated into the
stray loss category. Core loss calculation is performed using the finite element method,
accounting for the nonlinear magnetic saturation behavior of the core material. Stray
losses, also referred to as mechanical losses, are estimated at 3% of the total mechanical

power input to the generator.
Pgloss = Pey + Pir + Pstray
Py = (Pet+Pht)W+(Pey+Phy)Vy
4m
P = ?qqulke(ert)2
8 2
Pey = quek»y(ere)

Pyt = kpw, BY

(11)
Py = kpw, B?
\/ipUe TrsT
e ﬂ-u)TTSHNka’ t ( S) e d 2pdb e
P, = 3R,I?

Ra = Nsloth(zH + FWS)
Pstray = 3%Trowro.

Where V; and V), denote the total volumes of the stator teeth and stator yoke,

respectively. The corresponding unit-volume losses are expressed by P, and Py, for
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the eddy current and hysteresis losses in the stator teeth, and P,, and Py, for those in
the stator yoke. The electromagnetic and structural parameters include: the number
of phases, m; k. represents the eddy current coefficient; k, represents the correction
coefficient related to electrical symmetry; &; represents the motor correction coefficient;
q represents the number of slots per pole per phase; k; represents the hysteresis
coefficient; f is the Steinmetz coefficient, determined by the material. air gap magnetic
density B, the stator tooth magnetic density B,, and the stator yoke magnetic density
By, p represents the number of pole pairs of the generator; U, represents the air-gap
voltage; w, represents the angular velocity of the rotor; », represents the inner diameter
of the stator; N represents the number of turns in the coil. A represents the short pitch
coefficient; dj represents the width of the stator yoke. p represents resistivity of the
winding, Ny, represents generator slot count.

The main parameters affecting the dynamic performance of the system are
the peak-to-peak values of the generator’s electromagnetic torque fluctuation,
electromagnetic radial force fluctuation, and the time-varying meshing stiffness
peak-to-peak values of the gear system. The electromechanical coupling dynamics
model can be seen in Chen et al. [32]. For calculating the electromagnetic torque of a
permanent magnet synchronous generator (PMSG), it is known that the electromagnetic
torque of a PMSG is derived from the d-axis and qg-axis currents and the flux linkage.
Since the flux linkage is a function of the currents, controlling the d-axis and g-axis
currents can achieve torque tracking. Through the methods described in Chen
et al. [32]. For calculating electromagnetic torque and electromagnetic radial force,
the peak-to-peak values of electromagnetic torque and electromagnetic radial force
can be obtained. The peak-to-peak values of time-varying meshing stiffness in the
gear system are calculated using the energy method, which can refer to the calculation
formula for time-varying meshing stiffness in the internal excitation model of the gear

system presented in Chen et al. [32].

Te_peak = Te_max - Te_min
kspljeak = kSPLmax - kSPLmin
Ksp2_ e = Ksp2 e = Fsp2_ - (12)
Ksp3_pear = Ksp3 e = Ksp3_pin
peak F T max F T _min

3.4. Design constraints for integrated system parameters

The design constraints for the wind turbine gearbox—generator drivetrain system
are categorized into two groups: those imposed on the basic parameters of the gear
system and those applied to the structural parameters of the generator. The constraints
related to the gear system are further divided into structural assembly constraints
and static strength constraints. Structural assembly constraints include concentricity,
assemblability, and adjacency conditions, while static strength constraints encompass

the diameter-to-width ratio, bending fatigue strength at the tooth root, and surface
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contact fatigue strength. The constraint equations are as follows:

Zs T Zp ) —0
cos(asp)  cos(app)
Zs1 + Zr1

= Integer number

2 + 201 + ) = (25 + 2) # sin(2) <0

O.4mt — Sai S 0
n(h} — xs) Zp
ap — m — tanag, + Z—s(tanaap — tanag,) <0

(13)

Zr(invag, + 6;) — zp(invagy + 0p) — (20 — 2p)invoy, <0
(<cosaw>2 _1)

Zp . €OSQLap

. |aresin 5

)

1 coSQap 2

(1~ cosanr ) )
a-(2))

Zr

Where S,,; represents the tooth tip thickness of the sun gear, planet gear, and ring gear.

+ INUQgr — TNV

— |arcsin + 1nvagy — v, | <0

oy represents pitch circle pressure angle of sun and planet gear, ov,s, aiqp, gy represents
addendum circle pressure angle of sun, planet gear, and ring gear.

The primary input variables for the permanent magnet generator design include
the rated power range, rated frequency, line voltage, and number of phases. Based on
these inputs, key operational parameters such as the rated speed, torque, and number of
pole pairs are derived using relevant analytical formulations. The main dimensions of
the generator—specifically, the stator inner diameter and the effective core length—are
determined with consideration to both economic feasibility and operational rationality,
as these dimensions directly influence generator performance metrics such as efficiency

and power factor (Table 2).

Table 2. Generator system basic parameter range.

Names Symbols Value of number
Line Voltage Ur.L 1,200 V
Rated Power Py 8.25~8.6 MW
Design Input Variables Tooth Flux Density of Stator B; 1.1~22T
Yoke Flux Density of Stator By 1.1~22T
Slots per Pole per Phase q 2~5
Generator Line Load A 200~650 A/cm
Current Density A 3~4.7 A/mm?
X X Utilization Factor of Permanent Magnets Cy 0.4~0.6
Design Assumption Parameters . 5
Coercivity of Permanent Magnets H, 7 x 10° AT/m
Remanent Flux Density B, 0.8~12T
Maximum Air Gap Flux Density Bg 0.7~09 T

The performance of a permanent magnet generator is largely determined by basic
parameters such as pole pair number, phase current, and stator slot count, with the

air gap length being especially critical. The governing relationship for the air gap is
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provided in Equation (14).

120
2pn = fe, Slots = 2p,mq
nn
-3
Iy = Dy 1077 : (14)
\/gUNcoscp
1 < Gap <16

Where p,, represents number of pole pairs, Iy represents RMS phase current, Uy
represents RMS phase voltage, Slots represents number of stator slots.

The basic structural dimensions of a permanent magnet generator, such as the
stator inner diameter, rotor outer diameter, and permanent magnet geometry, can be
determined from empirical formulas. A key design consideration is the permanent
magnet volume, which is a function of the air-gap power and the magnet material.
Consequently, the careful selection of the magnet’s width and length is essential, as

expressed in Equation (15):

(, _ 6.1Py
s apKBleABgnNH
D,, = Dgi —2GAP —2W,, D,; = (0.5 ~ 0.85) % Dy,
N:AWDK)7 S:Nma
mIN 7
T = 7Dsi/2pn i (15)
Py
Vom = e B, Hf.
Wiy = ngksat
HOH(l - %ksat)’wrrﬂ = aClep#
ng Wm,
=—=J <1
Y B By w S

Where N represents the number of conductors in series per phase, N represents the
number of conductors per slot, a, represents the number of parallel paths, Z represents
the number of stator slots, ¢, represents the utilization factor of permanent magnets,
ksq: Tepresents the saturation factor, k; represents the distribution factor, w;,; and wy,»
represent the minimum and maximum widths of permanent magnets, « represents the
pole arc coefficient, K represents the waveform factor of the magnetic field, K,
represents the armature fundamental winding factor, 4 represents the generator line
load, B, represents the maximum air gap flux density, ny represents the generator

rotor speed.

3.5. Analysis and results of the integrated optimization

The NSGA-II algorithm is used with a population size of 32 and maximum
iterations of 90, converging after 1,680 effective evaluations. Figure 6 shows
the resulting Pareto front, visualized in terms of power density, peak-to-peak
electromagnetic torque, and peak-to-peak time-varying meshing stiffness of the

high-speed stage. To validate the feasibility of the optimization outcomes, three
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design schemes were selected from the Pareto front, as summarized in Table 3. The
corresponding transmission ratios for these schemes are 78.36, 67.53, and 125.44,

respectively. Three design schemes are selected for comparison, as listed in Table 3.

O Effective Solution Set

‘“"E ¥ Pareto Optimal Bolutions
E 3 Criginal Solutions
=25 % Optimal Solutions
£
o B
g 1o 180 Qés’r
= 1 p \@
) <&
[STRE W oy
2. & &
1. 200 @Qb‘ QQ,.
Peak-to-peak value of TVIE at &
: g &
high speed stage/10"N/m Q}"F}
Figure 6. Pareto frontier solution.
Table 3. The optimized design scheme.
Initial Optimized Optimized Optimized design
design design one design two three
Number of tooth 47/31/107 44/40/124 55/43/141 41/43/127
Modulus/mm 24 20 20 21
Low-speed Gear system .
Tooth width/mm 490 380 378 420
Number of planet gear 7 5 5 5
Number of tooth 27/31/89 19/33/85 42/34/110 25/45/115
. Modulus/mm 23 18 20 20
Medium -speed Gear system .
Tooth width/mm 350 280 300 295
Number of planet gear 4 4 4 4
Number of tooth 34/43/122 56/49/154 18/30/78 30/54/138
Hich iG ‘ Modulus/mm 13 9 14 11
igh- r m
gh-speed bear syste Tooth width/mm 230 180 240 200
Number of planet gear 3 3 3 3
Pair of poles 8 8 8 4
Number of tooth space 192 192 192 96
Electrical frequency /Hz 100 125 100 100
Stator inside and outside diameter /mm 1,830/2,160 1,663/1,995 1,930/2,002 1,630/2,120
Slot width /mm 14 19 13 26.7
Permanent magnet generator Permanent magnet width and length /mm 30/312.3 16/368 15/256.6 25/303
Gap length /mm 6 8.5 5 4
Pitch 10 9 12 9
Core length /mm 570 375 843 469
Phase current /A 9,762.5 1,150 11,000 8,500
Rated speed /r/min 700 850 680 1,400

Figure 7 compares the three design schemes in terms of power density,
peak-to-peak electromagnetic torque fluctuation, and peak-to-peak time-varying
meshing stiffness. Compared to the original design, Optimization Scheme One
achieves a 35% improvement in power density. The peak-to-peak electromagnetic
torque and electromagnetic radial force are reduced by 54% and 47%, respectively,
while the peak-to-peak time-varying meshing stiffness decreases by 43%, 57%, and

32% for the low-, medium-, and high-speed stage external meshing, respectively.
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Optimization Scheme Two yields a modest 2% increase in power density. It
achieves greater reductions in electromagnetic torque fluctuation (62%) and moderate
improvements in radial force (33%). The reductions in time-varying meshing stiffness
are 47%, 48%, and 34% across the three stages. Optimization Scheme Three shows
a 27% gain in power density, along with the highest reduction in electromagnetic
torque fluctuation (63.9%) and a 50% decrease in radial force. The reductions in
time-varying meshing stiffness are 45%, 34%, and 4% for the three stages. Further
analysis reveals that gear meshing losses can be reduced by decreasing and balancing
the engagement and exit overlap ratios. For the generator, higher rotational speeds lead
to a more compact size, longer core length, and lower flux density, thereby reducing
iron losses. It should be noted that higher-speed designs may require enhanced cooling
and rotor retention, which are not modeled in this study. Based on a comprehensive
evaluation of all performance metrics, optimization scheme one is selected as the

optimal integrated design.
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Figure 7. Target value changes under various scenarios.

4. Dynamic performance-driven co-design of gearbox and generator
parameters

4.1. Co-design process for second-level electromechanical parameters

Based on the optimal parameters of Stage 1 (Scheme 1), a refined
electromechanical coupling dynamic model is used to analyze the influence of
mechanical parameters (bearing stiffness, shaft size, spline size) and generator

parameters (air-gap length, slot opening size, pole pitch) on system dynamic responses.
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The workflow is shown in Figure 8. Sensitive parameters are determined by correlation
analysis. Optimal Latin hypercube sampling (OLHS) is used to generate training and
test samples. A Kriging meta-model is constructed to improve optimization efficiency.
Finally, the NSGA-II algorithm is used to perform multi-objective optimization for

vibration suppression and load attenuation.
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Figure 8. Dynamic performance optimization procedure based on a surrogate model.

4.2. Impact of electromechanical parameters on dynamic behavior

Based on the first-level integrated electromechanical design (Scheme 1), a
correlation analysis was performed to evaluate the influence of gear system and
generator parameters on gear dynamic loads, bearing support forces, and component
vibration characteristics. Employing the refined electromechanical coupling dynamic
model of the drive chain developed in Chen et al. [32], this study analyzes how
electromechanical parameters affect system dynamic performance. The analysis
specifically addresses the effects of mechanical structural parameters—such as bearing
support stiffness, hollow shaft dimensions, and spline size—as well as generator
parameters, including stator slot geometry, slot opening size, and air gap length, on the
dynamic response of the wind turbine drive train. To enhance computational efficiency,
housing structural characteristics were omitted from the dynamic model in this section.

First, system response metrics were defined as performance indicators. In this
study, these include the peak-to-peak values of system acceleration, dynamic meshing
force, and bearing support reaction force. The specific performance evaluation metrics

are summarized in Table 4 below:
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Table 4. Gearbox-generator system performance evaluation index.

Name Symbols Weight factor Name Symbols Weight factor
Medium-speed ring vibration acceleration P1 0.1 Medium-speed planet carrier bearing P6 0.05
amplitude support force amplitude

High-speed ring vibration acceleration P2 0.1 High-speed planet carrier bearing support P7 0.1
amplitude force amplitude

Generator bearing vibration acceleration P3 0.15 Generator bearing support force amplitude P8 0.1
amplitude

Generator rotor torsional acceleration P4 0.15 Dynamic meshing force of medium-speed P9 0.1
amplitude stage amplitude

Low-speed planet carrier bearing support P5 0.05 Dynamic meshing force of high-speed stage ~ P10 0.1
reaction amplitude amplitude

4.2.1. Influence of structural parameters on system dynamics

The input parameters considered in this study encompass meshing, structural,
support, and connection parameters. Table 5 summarizes the identification indices,
baseline values, and upper and lower bounds for each parameter. An orthogonal
experimental design was employed, with each variable uniformly sampled at 25 distinct

levels to perform the computations.

Table 5. Input design variables of the transmission system.

Input parameter Name Symbol  Unit  Initial value Upper and lower limits
Low-speed sun gear outside diameter X1 m 0.72 [0.32, 0.96]
Low-speed sun gear inner diameter X2 m 0.35 [0.13,0.53]
Medium-speed sun gear outside diameter X3 m 0.64 [0.2, 0.6]
Structural parameter . . .
Medium-speed sun gear inner diameter X4 m 0.25 [0.06, 0.32]
Generator rotor outside diameter X5 m 0.6 [0.25,0.75]
Generator rotor inner diameter X6 m 0.3 [0.1,0.4]
Medium speed stage planet carrier spline connection outside diameter X7 m 0.7 [0.35, 1.05]
Medium-speed stage planet carrier spline connection inner diameter Xg m 0.4 [0.14, 0.6]
High-speed stage planet carrier spline connection outside diameter X9 m 0.65 [0.32, 0.98]
Join parameter High-speed stage planet carrier spline connection inner diameter X10 m 0.4 [0.13,0.5]
Low-speed ring gear bolt connection stiffness X11 N/m 9 x 10! [8 %1010, 1.6 x 10'2]
Medium speed ring gear bolt connection stiffness X12 N/m g x 101 [5x10'0,1x10'2]
High-speed ring gear bolt connection stiffness X13 N/m 7 x 101 [4x10'0, 8 x 10'"]
Planet carrier bearing support stiffness X14 N/m 1x 101 [4x10'0,2.4 x10'%]
Low speed stage . . 3 3 9
Planet gear bearing support stiffness X1s N/m 7 %10 [1x10°,4.2 x107]
. Planet carrier bearing support stiffness X16 N/m 9x 100 [6 % 10%,3.6 x 10']
Medium speed stage . . 9 8 10
Planet gear bearing support stiffness X17 N/m 6.05 x 10 [6.05 x 10°,3.6 x 10'7]
. Planet carrier bearing support stiffness X18 N/m 5.6 x 1010 [2%x10% 1.2 x 10"
High-speed stage . . 9 3 10
Planet gear bearing support stiffness X19 N/m 2x10 [2x10°, 1.2 x 10""]
Generator Bearing support stiffness X20 N/m 1.9 x 10° [9 % 107, 5.4 x 10°]

To quantitatively assess the influence of variations in structural parameters on
dynamic performance metrics, the correlation coefficient R,, for each parameter was
computed using Equation (16). Values of Ry, closer to 1 indicate a stronger association
between the structural parameter and the system performance. A correlation coefficient

greater than or less than 0 indicates a positive or negative correlation, respectively.

Ry = X -X)(YVi-Yi)
VE (X = X2 /3 (v - V2

20

(16)
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Cptirmization parameter

Optimization parameter

Where Y; represents performance index, X; represents structural parameter.

Figure 9 shows the top ten structural parameters by their correlation with the
generator rotor’s translational and torsional accelerations. The analysis shows that the
generator rotor outer diameter (xs), the bearing support stiffness of the high-speed-stage
planet gear (x19), and that of the medium-speed-stage planet gear (x;7) emerged as the
most influential parameters.
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Figure 9. Correlation analysis on angular and vibration acceleration of the generator rotor.
Figure 10 shows the correlation analysis of different structural parameters with
the vibration acceleration of the medium- and high-speed stage internal ring gears. It
can be seen that the key parameters affecting the vibration performance are the bolt
connection stiffness of the internal ring gears at each stage (x12, x13) and the support
stiffness of the planetary gear bearings at each stage (x17, x19).
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Figure 10. Correlation analysis on vibration acceleration of ring gear.

Figure 11 shows the correlation analysis between various mechanical
structural parameters and the peak-to-peak dynamic meshing forces at the high- and
medium-speed stages. The results indicate that the dominant parameters influencing
the high-speed stage dynamic meshing forces are the bearing support stiffness of the
high-speed planet gear (x;g), the carrier bearing support stiffness (x;9), and the outer
diameter of the generator rotor shaft segment (xs). For the medium-speed stage, the
key influencing parameters are the bearing support stiffness of the medium-speed

planet gear (x17), the carrier bearing support stiffness (x;¢), and the outer diameter of
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the medium-speed sun gear shaft segment (x3). Regarding bearing support reactions,
the generator bearing force is primarily affected by the bearing support stiffness of the
high-speed planet gear (x19), the carrier bearings (x;g), the generator bearings (xz9),
and the outer diameter of the generator rotor shaft (xs). The bearing support reaction
force on the medium-speed carrier is mainly influenced by the outer diameter of the
low-speed sun gear shaft (x1) and the bearing support stiffness of the medium-speed

planet gear (x16), medium-speed carrier (x;7), and high-speed carrier (x;g).
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Figure 11. Correlation analysis between mechanical structural parameters and meshing forces
and bearing forces.
4.2.2. Influence of generator structural parameters on system dynamic
performance
While maintaining constant operational performance of the permanent magnet
generator—that is, ensuring that the output power and average electromagnetic torque
satisfy the prescribed constraints—a correlation analysis was carried out to evaluate the
influence of key generator structural parameters on system dynamic performance. The
value ranges for each structural parameter are provided in Table 6 below.
Table 6. Design variables and their ranges for the electrical machine system.
Input parameter Symbol Unit Initial value Upper and lower limits
Pitch X - 9 [1,12]
Air gap X2 mm 8.5 [2,15]
Slot width x3 mm 16.5 [1,30]
Opening slot width X4 mm 19.1 [2,19.1]
Stator core back width X5 mm 86.7 [50, 160]
Tooth slot depth X6 mm 18 [1,40]
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Optimization parameter

Optimization parameter

Figure 12 presents the correlation between generator structural parameters and
the torsional and translational vibration accelerations of the generator rotor. The
results indicate that the rotor vibration performance is predominantly influenced by

the generator air gap length (x;), pole pitch (x;), and slot width (x3).
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Figure 12. Correlation analysis on vibration acceleration of generator rotor.

Figure 13 shows the correlation of generator structural parameters with the
peak-to-peak dynamic meshing forces at the medium- and high-speed stages. It can
be observed that the dynamic meshing forces and bearing support reaction forces are
mainly affected by the generator air gap length (x;), pole pitch (x;), slot width (x3), and
stator core back width (xs).
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Figure 13. Correlation analysis of electrical machine parameters with meshing forces and
bearing forces.

4.3. Development of a Kriging surrogate model and optimization
objectives

The dynamic performance optimization of the wind turbine generator drive system
aims to reduce vibration intensity across components, minimize fluctuations in dynamic
meshing forces, and decrease bearing support reaction forces. The specific optimization
criteria are summarized in Table 4, while the parameters and constraint ranges for the
multi-objective optimization of the integrated gearbox—generator system are provided
in Table 7. The corresponding objective functions and constraints are mathematically
formulated as follows:
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vars: X = [Xl,XQ,Xg,X4, X5, ceey X15,X16]
Fpi(X Fpo(X Fp3(X Fpy(X Fps(X
P1( )+w2 P2 )+w3 P3( )+w4 P )+w p5(X)

s fp1 s fp2 s fp3 5fpa s fps
Fpg(X) tw FP?(X)+w Fpg(X) w FPQ(X)+w Fp1o(X)

$fp6 " st s hs _ s foto ’ a7
st Ib< X <ub

8 x 10° < mean(Power) < 8.75 x 109
[ 1.0 x 10° < mean(T,) < 1.7 x 10°

min: F(X) = w;

+'LU6

where Fp;(X) represents the objective function, sf,; represents the scale factor, w;
represents the target weight, mean(Power) represents the average output power
of a generator under rated operating conditions, mean(71,) represents the average

electromagnetic torque under rated operating conditions.

Table 7. Integrated system optimization variables.

Optimization variable Symbols Value range
Sun gear outside diameter (low speed, medium speed)/m X1, X,
Outside diameter of generator rotor/m X3
Ring gear connection stiffness(low, medium and high speed)/N/m X4, X5, X,
Gearbox structure parameter K . . . Refer to Table 5
Planet carrier bearing stiffness (low speed, high speed)/N/m X7, X3,
Planet gear bearing stiffness(medium, high speed)/N/m X9, X10
Generator bearing support stiffness/N/m X1
Pitch X2
Air gap/mm X3
Generator structure parameter . Refer to Table 6
Slot width/mm Xia
Stator core back width/mm Xis

The accuracy of a surrogate model is strongly influenced by the distribution and
quantity of sample points in the design space. A sufficient number of uniformly
distributed samples can effectively capture the global behavior of the actual system.
In this study, the optimal Latin hypercube sampling (OLHS) method was employed
to generate sample points. OLHS is a stratified sampling technique that ensures
full coverage of all variable ranges with minimal samples, as described in He [33].
Sampling was performed within the predefined bounds of the design variables, with
the additional requirement that all samples satisfy the specified constraint conditions.
Figure 14 shows the distribution of variable samples after random sampling and
constraint application. A total of 640 sample points were generated using the OLHS
method. Among these, 600 points were selected as training samples via the maximum
discrepancy method (shown as blue squares), and the remaining 40 points were reserved
for testing (marked as red stars).

In this paper, the Kriging method is selected to establish a surrogate model for the
system. This method exhibits good continuity and differentiability due to its correlation
function, providing excellent local estimation capabilities and a better approximation
effect for nonlinear complex problems. The Kriging method is a type of interpolation
method that predicts unknown observation points based on known points. The accuracy

of the Kriging surrogate model can be evaluated using the coefficient of determination
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(R?). The closer (R?) is to 1, the higher the similarity between the surrogate model and
the original model. Figure 15 shows the (R?) values of the Kriging surrogate model
for the system evaluation indicators. As shown in the figure, the (R?) values under the
Kriging surrogate model are all greater than 0.9, indicating that the model has good

nonlinear fitting ability, and the fitting accuracy meets the optimization requirements,

SSE
2— R —
Re=1-St

I AT 18
SSE=) . (vi—¥) (18)

n
SST=3%" (-9

where y; represent the predicted value of the ith response, y; represent the true value of
the ith response, §; represent the mean true value of the response, and n represent the

number of data points used to test the accuracy of the model.
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Figure 14. Variable sample space filling diagram.

Figure 15. Determination coefficient R%.
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P3f(mis)

4.4. Multi-objective optimization and results using surrogate models

The NSGA-II algorithm is used with crossover probability 0.5, population size
100, maximum iterations 200, and fitness deviation 0.01. The Pareto solution sets of
dynamic indices are shown in Figure 16. The solution closest to the ideal point is

selected as the optimal dynamic design, with key parameters listed in Table 8.

7 Pareto solulon set 9% Optimal solution [ Pareto solution set O Optimal solution

0
200

30 13
7 .
(2 25 T s, )
25 500 20 ?&IL"{\H ! A‘}’ & [ 0.5 ?%Ik'\t‘l“
(a) Effective value index of acceleration (b) Effective value index of meshing and bearing support force
Figure 16. Pareto solution set of dynamic performance evaluation index.
Table 8. Dynamic performance optimum parameter.
Optimization variable Initial parameter Optimized design
Sun gear outside diameter (low speed, medium speed)/m 0.72, 064 0.6423, 0.4325
Outside diameter of generator rotor/m 0.6 0.54867
Ring gear connection stiffness(low, medium and high speed)/N/m 9 x 10, 8.25 x 101,
8 x 1011, 5.4 %104,
Gearbox structure parameter 7 x 101 4.62 x 10!
Planet carrier bearing stiffness (low speed, high speed)/N/m 9 x 1010, 6.2589 x 1010,
5% 1010 2.6534 x 1010
Planet gear bearing stiffness (medium and high speed)/N/m 6.05 x 10°, 9.628 x 108,
2x10° 8.44 x 108
Generator bearing support stiffness/N/m 3x10° 9.96 x 108
Pitch 9 8
Air gap/mm 8.5186 7.5
Generator structure parameter .
Slot width/mm 16.529 14.1
Stator core back width/mm 86.559 75

4.5. Dynamic performance optimization results

The optimized parameters were applied to the dynamic model of the integrated
wind turbine gearbox-generator system to validate the improvement in dynamic
performance. A comparison of the system dynamic response under steady-state rated
wind speed conditions before and after optimization is presented in Figure 17. The
results demonstrate a notable enhancement in the dynamic response of the bearing
support reaction forces. Specifically, both the root mean square and peak-to-peak
values of the windward bearing reaction forces on the high- and medium-speed
carriers decreased significantly. Improvements are also evident in the dynamic
meshing behavior at the high-speed stage, where issues such as tooth disengagement
and back-side contact have been effectively mitigated. Furthermore, vibration
characteristics show marked improvement, with substantial reductions in vibration

acceleration levels observed at the internal gears of the high- and medium-speed stages,
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as well as at the generator bearings.
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Figure 17. Comparison of system dynamic responses before and after optimization under
steady-state conditions.

Figure 18 shows the dynamic response characteristics of wind turbine system
components before and after optimization under variable speed and load conditions.
As shown, the peak-to-peak values of the dynamic responses generally increase with
wind speed, accompanied by noticeable resonance phenomena. From Figure 18a,b, the
peak-to-peak dynamic meshing forces at each stage are significantly reduced. Under
variable operating conditions, the average reductions in these values are 14% for the
medium-speed stage and 26.7% for the high-speed stage. Dynamic load improvement
is particularly evident under high-speed heavy-load and resonant conditions, where the
original potential resonance region A is eliminated. It should be noted, however, that a
new resonance region B emerges in the optimized system, though the overall dynamic
performance of the gear system is substantially improved. In Region B, the peak
vibration acceleration of the high-speed ring gear is approximately 12.5 m/s?, which is
below the alarm threshold (typically 25 m/s?) specified in ISO 10816-3 for wind turbine
drivetrains. Figure 18c shows the dynamic response of the bearing support reaction
forces on the high-speed carrier. The root-mean-square and peak-to-peak values are
markedly reduced, with an average improvement of 48% under variable conditions,
effectively eliminating the original resonance region C. Figure 18d—f compare the
vibration characteristics of structural components. Under high-speed heavy-load
conditions, the optimized design reduces component vibration intensity, thereby
improving overall system vibration performance. The most significant improvements
are observed in the vibration intensity of the medium-speed internal ring gear and the
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Figure 18. Comparison of dynamic responses before and after optimization under variable

speed and load conditions.

5. Conclusion

Aiming at boosting power density and attenuating dynamic loads and vibrations

of wind turbine drivetrains, this paper proposes a two-level hierarchical mechatronic

co-design method for wind turbine gearbox—generator systems, which breaks through

the limitations of traditional decoupled design and achieves synchronous improvement

of power density and dynamic performance. The main conclusions are as follows:

(1) A multi-level integrated design methodology for the electromechanical

parameters of the wind turbine drive train was developed. At the first level, the
initial parameters of the gearbox—generator system were designed to improve
the overall power density while minimizing the peak-to-peak values of internal
excitations, such as gear time-varying mesh stiffness and generator pulsating
electromagnetic torque. Using these results as initial inputs for the second level,
a correlation analysis between mechanical/generator structural parameters and
system dynamic performance was conducted based on an electromechanical
coupling dynamics model. Key sensitive parameters were identified, and a
Kriging surrogate model was constructed. With dynamic load and vibration

performance as comprehensive objectives, an optimal set of parameters was
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determined near the second-level initial values, resulting in an optimized
integrated design for the drive train.

(2) The first-level integrated electromechanical parameter design achieved a
balanced optimization of the gearbox and generator structural parameters
under their respective design constraints. Using the NSGA-II non-dominated
sorting genetic algorithm and the resulting Pareto-optimal set, a design scheme
with optimal performance indicators was obtained. Compared to the original
design, the integrated approach increased the power density by 35%, reduced
the peak-to-peak electromagnetic torque and radial force by 54% and 47%,
respectively, and decreased the peak-to-peak time-varying mesh stiffness by
43%, 57%, and 32% for the low-, medium-, and high-speed stages.

(3) A sensitivity analysis of the electromechanical structural parameters revealed
that the dynamic behavior of the coupled system is significantly influenced by
the support stiffness of planetary gears at different stages, the bolt connection
stiffness of ring gears, and the outer diameters of shaft segments. In the generator,
parameters such as air gap length, pole pitch, slot width, and stator core back
width also considerably affect system dynamics. These insights helped identify
the key sensitive parameters for the second-level optimization.

(4) Forthe second-level integrated design, a Kriging surrogate model was constructed
and combined with the NSGA-II algorithm to optimize the electromechanical
structural parameters, using the dynamic response of each component under rated
conditions as the objective. The optimized design effectively reduced dynamic
gear and bearing loads, prevented tooth disengagement and back-side contact,
and improved component vibration performance. Further analysis under variable
speed and load conditions confirmed that the proposed design achieves vibration
and load reduction across the entire operating range of the wind turbine drive

system.

Limitations: The electromechanical co-design presented herein has several
idealized assumptions and limitations. The coupling dynamic model assumes perfect
gear alignment, constant temperature, and neglects housing flexibility, whereas
in reality, wind turbines inevitably suffer from manufacturing errors, thermal
deformations, and nacelle frame vibrations. Furthermore, the optimization does not
include thermal constraints (e.g., generator cooling, gear scuffing, oil film temperature
rise) nor centrifugal stress limits for high-speed rotors. Extreme transient events
such as grid faults and emergency stops are also not considered. Future work should
integrate thermal-structural-electromagnetic simulations, include transient fault
scenarios, and ultimately perform experimental validation to bridge the gap between

these simulation-based results and real-world applications.

Author contributions: Conceptualization, RC and DQ; software, RC; writing—
original draft preparation, RC; methodology, ZW; validation, ZW; formal analysis, CZ;
visualization, CZ; resources, JS; data curation, RC and JS. All authors have read and

agreed to the published version of the manuscript.

29



Sound & Vibration 2026, 60(4), 4262.

Funding: This research received no external funding
Institutional review board statement: Not applicable.
Informed consent statement: Not applicable.

Data availability statement: No new data were created or analyzed in this study. Data

sharing is not applicable to this article.
Conflict of interest: The authors declare no conflict of interest.

Al use statement: During the preparation of this manuscript, the authors used
DeepSeek solely for language refinement. No Al tools were used for data analysis,
interpretation, or generation of scientific content. All outputs were critically reviewed
and edited by the authors. The authors take full responsibility for the integrity and
accuracy of the work.

References

10.

11.

12.

13.

14.

15.

. Rubio F, Llopis-Albert C, Pedrosa AM. Analysis of the Influence of Calculation Parameters on the Design of the

Gearbox of a High-Power Wind Turbine. Mathematics. 2023; 11(19): 4137. doi: 10.3390/math11194137
Llopis-Albert C, Rubio F, Devece C, et al. Digital Twin-Based Approach for a Multi-Objective Optimal Design of
Wind Turbine Gearboxes. Mathematics. 2024; 12(9): 1383. doi: 10.3390/math12091383

Wang C. Study on dynamic performance and optimal design for differential gear train in wind turbine gearbox.
Renewable Energy. 2024; 221: 119776. doi: 10.1016/j.renene.2023.119776

. BuBBkamp P, Jacobs G, Roder J. Multiobjective wind turbine gearbox design optimization to reduce component

damage risk during grid faults. Forschung im Ingenieurwesen. 2025; 89(1): 48. doi: 10.1007/s10010-025-00821-2

. Zhou L, An X, Chen H. Multi-objective Optimization Design of Gearbox with Helical Cylindrical Gear Drive.

Journal of Mechanical Transmission. 2016; 40(3): 62—65. Available online: https://www.jxcd.net.cn/thesisDetails#
10.16578/j.issn.1004.2539.2016.03.013&lang=zh (in Chinese)

. Savsani V, Rao RV, Vakharia DP. Optimal weight design of a gear train using particle swarm optimization

and simulated annealing algorithms. Mechanism and Machine Theory. 2010; 45(3): 531-541. doi:
10.1016/j.mechmachtheory.2009.10.010

Gologlu C, Zeyveli M. A genetic approach to automate preliminary design of gear drives. Computers & Industrial
Engineering. 2009; 57(3): 1043—-1051. doi: 10.1016/j.cie.2009.04.006

. Chen J, Wu S, Hsieh C. Design of optimal weight for a gear transmission system using hybrid taguchi-genetic

algorithm. Wuhan University Journal of Natural Sciences. 2012; 17(4): 331-336. (in Chinese)

Wei J, Yang P, Qin D, et al. Equal-strength optimization design method for heavy-duty planetary gear transmissions.
Journal of Beijing University of Technology. 2018; 44(7): 979-986. Available online: https://journal.bjut.edu.cn/
bjgydxxb/cn/article/doi/10.11936/bjutxb2017050047 (in Chinese)

Liang M, Hu J, Li S, et al. Topology optimization of transmission gearbox under multiple working loads. Advances
in Mechanical Engineering. 2018; 10(11). doi: 10.1177/1687814018813454

Lv X, Ruan X, Zhong J, et al. Study on Design of Elastic Support for Wind Turbine. E3S Web of Conferences. 2020;
194: 03017. doi: 10.1051/e3sconf/202019403017

Lei Y, Hou L, FuY, et al. Research on vibration and noise reduction of electric bus gearbox based on multi-objective
optimization. Applied Acoustics. 2020; 158: 107037. doi: 10.1016/j.apacoust.2019.107037

Jouilel N, Radouani M, El Fahime B. Wind Turbine’s Gearbox Aided Design Approach Using Bond Graph
Methodology and Monte Carlo Simulation. International Journal of Precision Engineering and Manufacturing-Green
Technology. 2021; 8(1): 89—101. doi: 10.1007/s40684-019-00170-w

Bozca M. Transmission error model-based optimisation of the geometric design parameters of an
automotive transmission gearbox to reduce gear-rattle noise. Applied Acoustics. 2018; 130: 247-259. doi:
10.1016/j.apacoust.2017.10.005

Garambois P, Perret-Liaudet J, Rigaud E. NVH robust optimization of gear macro and microgeometries

30


https://www.jxcd.net.cn/thesisDetails#10.16578/j.issn.1004.2539.2016.03.013&lang=zh
https://www.jxcd.net.cn/thesisDetails#10.16578/j.issn.1004.2539.2016.03.013&lang=zh
https://journal.bjut.edu.cn/bjgydxxb/cn/article/doi/10.11936/bjutxb2017050047
https://journal.bjut.edu.cn/bjgydxxb/cn/article/doi/10.11936/bjutxb2017050047

Sound & Vibration 2026, 60(4), 4262.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

using an efficient tooth contact model. Mechanism and Machine Theory. 2017; 117: 78-95. doi:
10.1016/j.mechmachtheory.2017.07.008

Liu G, Liu H, Zhu C, et al. Design optimization of a wind turbine gear transmission based on fatigue reliability
sensitivity. Frontiers of Mechanical Engineering. 2021; 16(1): 61-79. doi: 10.1007/s11465-020-0611-5

Zhang Y, JiJC, Ren Z, et al. Digital twin-driven partial domain adaptation network for intelligent fault diagnosis of
rolling bearing. Reliability Engineering & System Safety. 2023; 234: 109186. doi: 10.1016/j.ress.2023.109186
Liu X, Jiang D, Tao B, et al. A systematic review of digital twin about physical entities, virtual models, twin data,
and applications. Advanced Engineering Informatics. 2023; 55: 101876. doi: 10.1016/j.2€1.2023.101876

Zhou Y, Zhou J, Cui Q, et al. Digital twin-driven online intelligent assessment of wind turbine gearbox. Wind Energy.
2024; 27(8): 797-815. doi: 10.1002/we.2912

Oztiirk N, Dalcali A, Celik E, et al. Cogging torque reduction by optimal design of PM synchronous
generator for wind turbines. International Journal of Hydrogen Energy. 2017; 42(28): 17593-17600. doi:
10.1016/j.ijhydene.2017.02.093

Abdoos A, Moazzen ME, Ebadi A. Optimal Design of a Radial-Flux Permanent Magnet Generator with
Outer-Rotor for Direct-Drive Wind Turbines. Computational Intelligence in Electrical Engineering. 2020; 11(4).
doi: 10.22108/isee.2020.117057.1227 (in Persian)

Alemi-Rostami M, Rezazadeh G, Alipour-Sarabi R, et al. Design and Optimization of a Large-Scale Permanent
Magnet Synchronous Generator. Scientia Iranica. 2019; 29(1). doi: 10.24200/sci.2019.53569.3314

Jin F, Si J, Cheng Z, et al. Optimization Design of A Novel Toroidal-Winding Permanent Magnet Synchronous
Generator. In: Proceedings of the 2019 22nd International Conference on Electrical Machines and Systems (ICEMS);
11-14 August 2019; Harbin, China. pp. 1-5. doi: 10.1109/ICEMS.2019.8921858

Emami SP, Mahmoudi A, Kahourzade S. Robust Optimization of a Wind Generator based on an Analytical
Model and Wind data of a Site. In: Proceedings of the 2020 IEEE International Conference on Power
Electronics, Drives and Energy Systems (PEDES); 16-19 December 2020; Jaipur, India. pp. 1-6. doi:
10.1109/PEDES49360.2020.9379720

Mohd-Shafri SA, Tiang TL, Ishak D, et al. Optimal Design of SMPMSM Using Genetic Algorithm Based on Finite
Element Model. In: Proceedings of the 11th International Conference on Robotics, Vision, Signal Processing and
Power Applications. Springer; 2022. pp. 721-726. doi: 10.1007/978-981-16-8129-5 110

Mohd-Shafri SA, Tiang TL, Tan CJ, et al. Optimal Design of SMPMSM Using SD-model based on Genetic
Algorithm. In: Proceedings of the 2021 IEEE International Magnetic Conference (INTERMAG); 2630 April 2021;
Lyon, France. pp. 1-7. doi: 10.1109/INTERMAG42984.2021.9579622

Sindhya K, Manninen A, Miettinen K, et al. Design of a Permanent Magnet Synchronous Generator Using
Interactive Multiobjective Optimization. IEEE Transactions on Industrial Electronics. 2017; 64(12): 9776-9783.
doi: 10.1109/TIE.2017.2708038

Dang L, Samb SO, Bernard N. Design optimization of a direct-drive PMSG considering the torque-speed profile
Application for Offshore wind energy. In: Proceedings of the 2020 International Conference on Electrical Machines
(ICEM); 23-26 August 2020; Gothenburg, Sweden. pp. 1875-1881. doi: 10.1109/ICEM49940.2020.9271034
Dang L, Samb SO, Sadou R, et al. Co-Design Optimization of Direct Drive PMSGs for Offshore Wind Turbines
Based on Wind Speed Profile. Energies. 2021; 14(15): 4486. doi: 10.3390/en14154486

Asef P, Perpina RB, Barzegaran MR, et al. Multiobjective Design Optimization Using Dual-Level Response Surface
Methodology and Booth’s Algorithm for Permanent Magnet Synchronous Generators. IEEE Transactions on Energy
Conversion. 2018; 33(2): 652-659. doi: 10.1109/TEC.2017.2777397

Jaen-Sola P, McDonald AS, Oterkus E. Lightweight design of direct-drive wind turbine electrical generators:
A comparison between steel and composite material structures. Ocean Engineering. 2019; 181: 330-341. doi:
10.1016/j.oceaneng.2019.03.053

Chen R, Qin D, Liu C. Dynamic modelling and dynamic characteristics of wind turbine transmission
gearbox-generator system electromechanical-rigid-flexible coupling. Alexandria Engineering Journal. 2023; 65:
307-325. doi: 10.1016/j.2¢j.2022.10.036

He Y. Research on Uniformity and Orthogonality of Latin Hypercube Design [PhD Thesis]. Peking University; 2011.
Available online: https://d.wanfangdata.com.cn/thesis/Y2024797 (in Chinese)

31


https://d.wanfangdata.com.cn/thesis/Y2024797

	Introduction
	Multi-level integrated design principles for gearbox-generator systems
	Static-performance-driven integrated design
	First-level parameter integration
	Integrated optimization model and variable selection
	Optimization objectives for the integrated system
	Design constraints for integrated system parameters
	Analysis and results of the integrated optimization

	Dynamic performance-driven co-design of gearbox and generator parameters
	Co-design process for second-level electromechanical parameters
	Impact of electromechanical parameters on dynamic behavior
	Influence of structural parameters on system dynamics
	Influence of generator structural parameters on system dynamic performance

	Development of a Kriging surrogate model and optimization objectives
	Multi-objective optimization and results using surrogate models
	Dynamic performance optimization results

	Conclusion

