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Digital Twinning of Modeling for Offshore Wind Turbine St
Drivetrain Monitoring: A Numerical Study
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Abstract Failures in wind turbine drivetrain system including gearbox, bearings, and generator accounts for more than 60%
of total wind turbine downtime. In this study, a mechanics-based digital twin technology is proposed to update drivetrain
models parameters using measured data and predict the mechanics-based demand in drivetrain components. With the
proposed mechanics-based digital twin, the alternations in the structural model parameters can be monitored and identified
for damage diagnosis purposes. The proposed technology is implemented on a numerical torsional model of a wind turbine
drivetrain system to update the drivetrain model using simulated data and predict the mechanics-based demand in drivetrain
components. Implementation of this approach is used to update the failure models and estimate the remaining useful life of
drivetrain components including gears and shafts.
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15.1 Introduction

More than 60% of total wind turbine downtime is caused by failures in wind turbine drivetrain system including gearbox,
generator, and bearings [1]. The overall costs for failure in wind turbines are much higher in offshore wind turbines which
are farther from the shore making the maintenance more costly and increasing the downtime. Unexpected failures can occur
due to the difference in dynamic demands in wind turbine drivetrain systems and the values used in the design. This shows
the importance of remote monitoring for damage identification and condition monitoring in wind turbine drivetrains.

Different studies have been carried out for model identification and damage detection of wind turbine drivetrain systems.
Perisic et al. [2] used an augmented Kalman filter with fading memory to measure the drivetrain shaft torque indirectly
using the measurements from the rotor angular velocity, generator torque, and generator angular velocity. Also, the authors
compared the robustness of the proposed augmented Kalman filter with fading memory with augmented Kalman filter, by
adding noise to the simulated wind turbine data. It was concluded that, the proposed algorithms provide an acceptable
matching between the predicted and the simulated shaft torque signals. In another study, Moghaddam et al. [3] proposed an
algorithm for near real-time estimation of wind turbine torsional drivetrain parameters. The authors compared their model
responses with a high-fidelity model [4], and it was shown that the proposed digital twin approach is computationally fast
and can be used for online monitoring of wind turbine drivetrain components.

In the present study, a Bayesian model updating approach is used for mechanics-based model updating approach, which
has been previously implemented and validated through numerically simulated data for earthquake engineering applications
[5] and for digital modeling of wind turbine tower [6] is modified for the application of wind turbine drivetrain systems in
the present study. The proposed model updating approach is implemented on a numerical torsional model of a wind turbine
drivetrain system to update the drivetrain model parameters using simulated data and predict the mechanics-based demand
in drivetrain components.
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15.2 Analysis

The Bayesian model updating approach previously used for earthquake engineering applications [5] and for digital modeling
of wind turbine tower [6] is being used for the application of wind turbine drivetrain systems. In a Bayesian model updating
approach, the uncertain model parameters of the system (6) are updated using sensor measurements (y) via the Bayes
theorem:
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where p(6|y) represents the posterior probability density function, p(9) is the prior probability density function which shows
the previous knowledge of the parameter, p(y| 6) is the likelihood function, and p(y) is the evidence.

The proposed technology is implemented on a numerical torsional model of a wind turbine drivetrain system to update
the drivetrain model using simulated data and predict the mechanics-based demand in drivetrain components. In this regard,
the NREL 5SMW reference wind turbine drivetrain is selected as the case study, whereas only the torsional behavior of the
drivetrain is considered. A schematic model of the wind turbine drivetrain with two planetary gearbox stages and one parallel
gearbox stage is illustrated in Fig. 15.1. In this figure, R, C, S, W, and G represents the rotor, carrier, sun gear, wheel gear,
and the generator, respectively. Also, LSS, IS, and HSS denote the low-speed shaft, intermediate shaft, and high-speed shaft,
respectively. The overall gearbox ratio is 1:97 [7], whereas the gearbox ratio for the first stage planetary gearbox is 1:3.947,
the second stage planetary gearbox ratio is 1:6.167, and the third stage parallel gearbox ratio is 1:3.958 [4].

The rotor, generator, and gearbox components including planet carrier, gears, and the shafts are modeled as a one torsional
degree of freedom. The wind turbine drivetrain is modeled numerically, and the equations of motion can be written in a matrix
format as follows:

JO+KO=T (15.2)

where J is the mass inertia matrix, K is the stiffness matrix, and 7 is the external torques applied to the drivetrain system.
and 0 are the nodal acceleration and displacement vectors.

Using the Bayesian model updating approach, the aerodynamic input torque can be estimated jointly with the LSS stiffness
and rotor mass moment of inertia only based on generator torque and speed measurements. As it can be seen from Fig. 15.2
(a)—(b), the LSS stiffness and rotor polar mass moment of inertia converge to the true values and can be estimated after a few
iterations. Also, the time-history of measured generator speed and estimated aerodynamic torque can be seen in Fig. 15.2
(c)—(d). It can be observed that the measured generator speed matches the predicted generator speed.

Fig. 15.1 Schematic model of the wind turbine drivetrain with two planetary gearbox stages and one parallel gearbox stage
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Fig. 15.2 Convergence history of normalized (a) rotor mass moment of inertia and (b) LSS stiffness; (c¢) time-history of measured and estimated
aerodynamic torque; (d) Measured and predicted responses of generator from the updated model

15.3 Conclusion

A mechanics-based digital twin technology is used to update wind turbine drivetrain model using measured data and predict
the mechanics-based demand in drivetrain components. The changes in structural model parameters can be identified and
monitored for damage diagnosis purposes of the wind turbine drivetrain system. In this regard, a numerical torsional model
of the wind turbine drivetrain system, including the rotor, gearboxes, generator, and corresponding shafts, is established
to update the drivetrain model using simulated data and predict the mechanics-based demand in drivetrain components.
Implementation of this approach is used to update the failure models and estimate the remaining useful life of drivetrain
components including gears and shafts. It has been shown that, using the developed Bayesian model updating approach
the aerodynamic input torque can be estimated jointly with LSS stiffness and rotor mass moment of inertia using only
measurements from the generator.
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