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Engineering problems are under-defined, there are many solutions, good,
bad and indifferent. The art is to arrive at a good solution. This is a creative
activity, involving imagination, intuition and deliberate choice.”

Ove Nyquist Arup (1895-1988), Engineer and philosopher, author of Phi-
losophy of Design book and founder of Arup firm.

The problem in this business isn’t to keep people from stealing your ideas;
it’s making them steal your ideas!”

Howard Hathaway Aiken (1900-1973), Engineer, physicist and a pioneer
in computing, recipient of IEEE’s Edison Medal in 1970 for his contribution
to the development of digital computers.
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Abstract

According to EU 2050 plan, offshore wind farms based on large floating wind
turbines are considered as a main source of power supply in the coming
future. Among the turbine systems, drivetrain contributes significantly in
levelized cost of energy (LCOE). In other words, the careful selection of the
drivetrain configuration and the employment of properly designed condition
monitoring systems can help to considerably reduce the cost of energy in
floating offshore wind turbines.

As the first study in this thesis, an analytical system-level drivetrain
design approach supported by numerical simulations is employed to identify
the most economical drivetrain configuration of large floating offshore wind
turbines in a life cycle perspective.

The medium-speed PMSG drivetrain technology is selected as a compro-
mise between design, manufacturing and installation, and operation and
maintenance costs, and in the next steps of this research, the drivetrain
vibration-based condition monitoring tools are designed or developed to re-
alize the improved availability of future offshore wind turbines by following
the sequence described underneath:

In the first step, the classical vibration-based condition monitoring based
on the time and frequency domain analytical tools based on the translational
vibration measurements captured by accelerometers which are placed on the
different parts of drivetrain are reviewed as the wind turbine standard con-
dition monitoring solution. As the research contribution in time domain
analysis of translational vibration measurements for condition monitoring
of the drivetrain components, a data-driven statistical learning-based con-
dition monitoring approach grounded on monitoring the unusual variations
of the parameters of the multi-variate distribution which fits the combined
measurements of the drivetrain accelerometers is studied. The potentials of
this approach in early-stage fault detection compared to the classical time-
domain fault detection approach based on monitoring the exceedance of the
root mean square (RMS) of the axial and lateral acceleration and velocity is
demonstrated. To take the vibration-based condition monitoring of the driv-
etrain further, the topic of innovative condition monitoring of the drivetrain
based on the torsional vibration measurements captured by the drivetrain
encoders is introduced and discussed, and the possibility of observing the
different classes of drivetrain faults by using the torsional instead of trans-
lational vibration measurements is studied. The possibility of using the tor-
sional response to provide better insights into the drivetrain internal and
external excitation sources is discussed, which can be used to improve the
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available condition monitoring systems for realizing an earlier stage fault
detection.

As the second step, the drivetrain condition monitoring by using the tor-
sional measurements is investigated in more detail. In this study, the possi-
bility of performing drivetrain modal analysis by using the torsional response
is discussed. Then an analytical approach is proposed to diagnose the driv-
etrain faults at system-level by monitoring the variations of the drivetrain
dynamic properties (i.e. natural frequencies, mode shapes and damping coef-
ficients) which can be estimated from the torsional measurements.

In the third step, the drivetrain online fault prognosis by monitoring the
residual life of the components is emphasized. For this purpose, the multi-
degree of freedom (DOF) linear torsional models of the drivetrain are pro-
posed to be used as the digital twin of drivetrain, and their capabilities in
prediction of the remaining useful lifetime (RUL) of the different drivetrain
components is discussed. Digital twin in this thesis context is defined as
the combination of equivalent model, online measurements and RUL model.
The algorithm for the near real-time estimation of the parameters of drive-
train equivalent reduced order model (ROM) in the cases of different degrees
of model complexity by using the drivetrain torsional measurements is pre-
sented, and the application of proposed digital twin model for estimating the
degradation of the drivetrain gears and shafts is demonstrated. Load ob-
servers are designed for the different components of the drivetrain, which
receive the parameters of the updated drivetrain equivalent model and the
online torsional response to estimate loads in the different components of the
drivetrain. The employed stochastic physics-based degradation model works
based on the real-time cycle counting of the equivalent stress, and is able to
provide confidence interval for the estimated damage.

The integration of the model with the real-time operational data in a dig-
ital twin platform, which provides the drivetrain updated ROM parameters
and dynamic properties, can also support fault diagnosis algorithms which
are discussed in this PhD thesis: In a direct way, by having access to the
real-time values of system parameters, it is possible to define different fault
states of the different classes of progressive faults in the drivetrain compo-
nents in terms of the variation of the ROM parameters. Seeing that the ROM
parameters are directly connected to the physics of the system and the com-
ponents, defining thresholds for the different states of progressive faults is
straightforward. In an indirect approach, the proposed algorithm provides
the real-time values of drivetrain dynamic properties, which can support the
proposed fault diagnosis approach based on monitoring the variations of dy-
namic properties to estimate the state of the faults.
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Chapter 1

Introduction

1.1 Background & motivation

The increase of Europe’s offshore wind capacity from its current level of 12
GW to 60 GW (5 fold) by 2030 and 300 GW (25 fold) by 2050 is presented by
the European Commission as a part of the European Union’s (EU) planned
strategy to meet the EU’s goal of climate neutrality by 2050 [1]. There have
been about 84 MW of floating wind turbines (FWT) installed worldwide at
the end of 2019. Globally there are over 7000 MW of FWT in planning and
permitting phases of development, with the first commercial-scale project
expected to be operational in 2024 [2]. However, there are yet very limited
experiences with floating wind turbines to estimate the actual operational ex-
penditure (OPEX). The overall risk of loss of turbine is expected to be higher
in FWT mainly because of higher power ranges, larger components and being
exposed to wider range of excitation frequencies. Based on a report published
by the National Renewable Energy Laboratory (NREL), the levelized cost of
energy (LCOE) of FWT will reach the same level with land-based turbines,
and technological innovations in maintenance strategies based on condition-
based maintenance is emphasized as a significant contributor [2]. According
to the study performed by Ioannou et al. [3], the proportion of OPEX ex-
penses to the total costs in offshore wind turbines are in average twice more
than the land-based wind turbines. In this between, the reduced availability
of offshore turbines due to longer downtime caused by first more difficulty
in access to offshore assets and second the utilization of larger components
to realize the higher power ranges play a significant role. Dynamic asset
management by using preventive condition-based maintenance techniques
to optimize the scheduled maintenance intervals based on monitoring the op-
erating states of the critical components is considered as an effective solution



to flatten the gap between OPEX in offshore and land-based wind turbines.

The drivetrain system including rotor, shafts, main bearings, gearbox,
generator and power converter accounts for 57% of turbine total failures and
65% of turbine total downtime [4], which shows a high potential in reduc-
tion of OPEX by applying innovative condition monitoring strategies to the
drivetrain system.

The motivation of this research is improving the availability of drivetrain
system of future large FWTs by applying innovative condition-based mainte-
nance approaches which are computationally inexpensive, are able to detect
the drivetrain system faults in early stages, and can estimate the residual
life of the drivetrain components near real-time.

Condition-based and predictive maintenance types are the subcategories
of preventive maintenance strategies, aimed at reducing downtime and op-
timizing resources by performing maintenance when it is needed [5]. In
condition-based approaches, maintenance is initiated when a condition vari-
able approaches or passes a threshold value. Predictive maintenance offers
a higher level functionality by combining the fault detection algorithm with
precise algorithmic formulas to predict the exact moment when a mainte-
nance action should be taken.

Condition monitoring in this thesis context means fault diagnosis and
prognosis activities including the estimation of remaining useful lifetime
(RUL).

1.2 Drivetrain basics and available technologies

In the definition of drivetrain in this thesis, this system consists of all the
components of the wind turbine rotary system and the related controller. On
this basis, the drivetrain system consists of prime mover/rotor, main bear-
ing/bearings, main shaft, gearbox, high-speed shaft, generator and power
converter system.

A review of the different drivetrain technologies for different ranges of
power and application (onshore/offshore) is performed by Moghadam and Ne-
jad [6] in paper 1. A brief overview of the commercialized wind turbines (see
Table 1.1) and the reference turbines developed by research institutions and
universities [7, 8] shows a unanimous interest in PMSG for high-power off-
shore wind turbine drivetrain systems. According to [9], a higher efficiency
due to external excitation circuit removal; higher reliability and availability,
and less maintenance costs due to the compactness and lightweight design
and brushes elimination are the motivations for choosing permanent magnet
synchronous generator (PMSG) drivetrain technology in high-power offshore
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wind turbine applications with the nominal power higher than 8 MW. For
this reason, PMSG drivetrain technology is selected as the main case study
of the drivetrain analyses in this research. However, the methods developed
in this research for the drivetrain condition monitoring are not restricted
by the drivetrain technology and configuration, so that they can be adjusted
according to the drivetrain design for various applications.

PMSG-based drivetrain technology can be realized based on two different
configurations, namely with and without gearbox. The gearbox in the wind
turbine drivetrain can be based on different combinations of planetary and
parallel gear stages aimed to realize different gear ratios. The frequency of
the rotation of prime mover/rotor is far less than the frequency of the gen-
erated electrical power, and the gearbox is responsible to adjust/convert the
lower speed of the prime mover to the proper speed level for the generator
operation. In fact, in order to convert the variable frequency of the rotor to
a regulated frequency of the generator output electrical power which is nec-
essary for the synchronization of the wind farm with the power grid, three
strategies are simultaneously used, which are the use of gearbox, the use of
generator with a proper number of poles and the active control implemented
by the power converter system. A tailored combination of these strategies
can significantly influence the efficiency, weight and dimension of drivetrain,
and subsequently the manufacturing and O&M costs. A comparison between
different PMSG-based drivetrain configurations by taking into account the
costs over the drivetrain life cycle is presented in Chapter 3. The drivetrain
configuration which offers a better compromise between the criteria obliged
by the life cycle assessment approach is selected as the main case study for
the condition monitoring studies in this PhD thesis.

Table 1.1: Drivetrain most conventional technologies

HSSCIG HSDFIG DDWRSG MSWRSG DDPMSG MSPMSG
SWT-4.0-130 GE 5.3-153 EN136-4.2  SCD 8.0/168 SG 14-222 V164-10
Siemens General Electric Envision Aerodyn Siemens Vestas
4 MW 5.3 MW 4.2 MW 8 MW 14 MW 10 MW
Off-/onshore Onshore Off-/onshore Offshore Offshore Offshore
Geared (1:119) Geared (NA) Direct-drive  Geared (1:27) Direct-drive Geared (1:38)
V136-4.2 MW 6.2M126 E-126 7.580 NA GE Haliade-X 12 BW 14.xM225
Vestas Senvion Enercon NA General Electric Bewind
4 MW 6.2 MW 7.6 MW NA 12 MW 14 MW
Onshore Offshore Onshore NA Offshore Offshore

Geared (NA) Geared (1:97) Direct-drive NA Direct-drive Geared (NA)




1.3 Drivetrain failures

Functional failures and failure modes in the horizontal axis wind turbines
including the drivetrain faults are summarized in [10] and [6] (paper 1). A
basic failure modes study about the generator and gearbox in PMSG drive-
train systems is presented in Table 1.2.

Table 1.2: Basic failure modes study of PMSG drivetrain components [6] (pa-
per 1)

PMSG ([11, 12, 13, 14]) Gearbox ([15, 16])

Possible faults Possible faults
Mechanical faults Gear fault
Blocking bearings Shaft fault
Stucking filings in the air-gap Bearing fault
Electrical faults Shaft misalignment
Short circuit faults Shaft bending
Finite resistance circuit faults Shaft loose
Open circuit faults Housing fault
Magnetic faults Fastener fault
Demagnetization of rotor magnets Seal fault
Detachment of rotor magnets Root causes

Root causes Underestimated design loads

Over current Torque overloads
Voltage sags, swells and harmonics Material defects
Cooling and lubrication system dysfunction Manufacturing errors
Sensors and communication network dysfunction Dirt in the lubricant or poor lubrication
Rotor torque oscillation by wave/wind induced moments| [Damage during transportation and assembly
Electromagnetic torque oscillations Misalignment of components in the shaft
Poor or contaminated bearing lubrication Failure modes
Bearing installation problems Gear wear, scuffing and contact fatigue (fatigue)

Failure modes Gear plastic deform, crack, fracture, bending (ultimate/fatigue)
Stator winding insulation fail (fatigue, ultimate) Bearing spalling: excessive load/poor lubrication (fatigue)
Demagnetization: magnet heating (ultimate) Bear. smearing: foreign objects trapped within (fatigue)
Demagnetization: increased flux density (ultimate) Bear. worn surface: skewed roller/lubrication (fatigue)
Phase/path cut-off (fatigue, ultimate) Bear. partial chipping of rings/roller:excessive load (fatigue)
Stator tooth fretting damage/crack (fatigue/ultimate) Bear. ring split/crack:excessive load/loose fit (fatigue)
Detached magnet:raised centrifugal forces (fatigue) Bear. fretting corrosion:fluctuating load/lubrication (fatigue)
Bearing pitting and sanding (fatigue) Bear. electrical pitting:sparks by electric current (fatigue)
Bearing brinelling/false brinelling (fatigue) Bear. damaged retainer:heavy vibration/speed change (fatigue)

Drivetrain faults can be classified into two main categories of the faults
in the electrical and mechanical components. Based on this classification, the
faults in the permanent magnets and winding of the generator, and the faults
in the power converter system (e.g. faulty power electronic switches, the ca-
pacitors of DC-link and grid filter) are considered as electric faults. However,
the faults in the rotor blades and bearings, gearbox gears and bearings, gen-
erator bearings, shafts and couplings are considered as mechanical faults.

In this PhD thesis, the mechanical faults of the drivetrain system are fo-
cused. Drivetrain mechanical faults can also be classified into two categories
of system- and component-level faults:

System-level faults are categorized into the faults which change the tor-
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sional stiffness the most (e.g. crack in the shafts and bearing wear specially
in gearbox), and faults which influence mostly the inertia of the drivetrain
components (changes in mass balance/distribution which can be due to e.g.
loss of mass, wear and unbalance; and also change in the axis of rotation
which can be due to e.g. misalignment and looseness).

Component-level faults consist of faults in the subcomponents of the main
drivetrain components. For example, faults in each bearing or gear of the
gearbox, each bearing of the generator, each blade of the rotor or each of the
main bearings are considered in this category.

The possibility of detecting the different classes of drivetrain mechanical
faults, namely system- and component-level faults, by using different tech-
niques which are based on vibration measurements are investigated in this
thesis.

1.4 Available drivetrain performance and condition
monitoring techniques

The fault diagnosis of the drivetrain components of the available wind tur-
bines is mostly reliant on monitoring the performance of the individual com-
ponents by using the variations in physical parameters e.g. temperature and
pressure. The latter is supported by condition monitoring systems based on
three-axial measurements of translational vibrations in the different places
of the drivetrain to support an earlier stage component-level fault detection
in the drivetrain.

The classical performance and condition monitoring of the drivetrain is
performed by analyzing one or a combination of different types of measure-
ments by using several techniques to create a feature space for fault diagno-
sis and prognosis purposes [17], namely vibration analysis [18, 19], electri-
cal signature (currents, voltages and power signals) [20], acoustic emissions
analysis [21], thermography [22] and temperature analysis [23], oil pressure
and analysis of oil particles [24].

The focus of this PhD research is the drivetrain condition monitoring by
using the vibration measurements including both torsional and translational
vibrations, by leveraging the combination of physical models and data-driven
approaches.



1.5 Aims and scope

This thesis is written as the summary of papers, including two published
journal articles, a published conference article, and three submitted journal
articles, as attached in the Appendix. One paper is under preparation and
thus has not been included in this thesis. The scope of the thesis is shown
in Figure 1.1 where the main topics and the interconnections between the
appended papers and chapters are demonstrated.

Chapter Content Paper(s) Drivetrain Topology Turbine support structure
1 Introduction
2 __| Global Dynamic j
Response Analysis

~Optimal Drivetrain —_—
Conﬁgnran‘nn for Paper1 | { DTU 10MW | { Floating Spar |
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Figure 1.1: Relations between the appended papers and the thesis chapters.

As discussed earlier, available drivetrain health monitoring solutions do
not sufficiently address the needs of future FWT. We need approaches which
can more efficiently capture the internal dynamics of the drivetrain system
and the interactions with the loads and the rest of turbine and power grid,
which calls for the employment of innovations in the drivetrain condition
monitoring solutions. Therefore, the main purpose of this thesis is proposing
innovative and cost effective condition monitoring approaches mainly based
on the drivetrain torsional vibrations for improving the availability of future
FWT. The proposed methods are computationally fast, simple to implement,
and can be integrated into the available control and monitoring system of
both turbine and farm levels. This goal is achieved by the realization of the
following procedure:

The evaluation of different available drivetrain topologies for high power
FWT applications over the drivetrain life cycle by considering simultaneously
the design, manufacturing, installation and operation & maintenance costs is
investigated in paperl. The outcome determines the drivetrain configuration
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and dimensions for further studies which are focused on fault diagnosis and
prognosis of the drivetrain system and components.

A data-driven drivetrain condition monitoring approach based on trans-
lational vibrations by assuming the drivetrain vibration measurement set
as a Gaussian Markov random field (GMRF) is discussed in paper 7. The
drivetrain condition monitoring by time and frequency domain analyses of
angular velocity residual function as the drivetrain torsional response, and
its performance compared to the conventional approaches based on analysis
of lateral and axial vibrations are discussed in paper 2. The possibility of
using torsional response for estimation of the drivetrain torsional modes is
explained in paper 3. The analytical proof of the drivetrain modal estimation
by using the torsional response, and the design of an analytical approach to
detect the drivetrain system-level faults by monitoring the variations in the
dynamic properties of the drivetrain over the time are presented in paper
4. The fault detection approach combines a data-driven approach to esti-
mate the dynamic properties from operational torsional measurements, and
a physics-based approach for extracting fault detection features and defining
thresholds based on analysing the analytical relationship between the vari-
ations of the physical system and the variations of the system dynamics, so
that the result can be quantified into different states of a progressive faults
to determine the state/condition of the system.

The other perspective of condition-based maintenance is predicting the
system faults by estimating the residual life of the system components. In
order to achieve this purpose as the main goal of this PhD project, a digital
twin modelling approach for estimating the near real-time value of load in
the different components of the drivetrain by using the drivetrain torsional
measurements, and the subsequent use of estimated loads for estimating the
equivalent stress and then the fatigue damage in the drivetrain components
are discussed. The application of proposed digital twin model as the combi-
nation of the drivetrain near real-time estimated equivalent model, online
measurements and the degradation model, for monitoring the RUL of the
gears is discussed in paper 5. The application of the digital twin model for
estimating the residual life of the main shaft while addressing the different
sources of uncertainty by using statistical approaches and stochastic mod-
els is studied in paper 6. The proposed digital twin model is presented in
the general form, so that it can be adjusted and used for the residual life
monitoring of different drivetrain components.



1.6 Thesis outline

The chapters are structured in the same sequence as one carries out the wind
turbine drivetrain condition monitoring analysis. A brief description of each
chapter is provided as follows:

Chapter 1:

This chapter includes introduction, background, motivations, aim and scope
and outline of the thesis. The brief review of the common drivetrain tech-
nologies of large FWT, the different categories of drivetrain failures, and
the available solutions of drivetrain performance and condition monitoring
is performed.

Chapter 2:

Wind turbine global analysis and drivetrain decoupled simulation ap-
proach are discussed in this chapter. The drivetrain loads which are esti-
mated from the global simulations play the role as inputs applied to the driv-
etrain model used for the drivetrain studies of papers 1, 3, 4, 5, 6 and 7.

Chapter 3:

In this chapter, different PMSG-based drivetrain configurations are de-
scribed, and the pros and cons of each configuration over the drivetrain life
cycle are discussed. This chapter covers the main results of paper 1 with
the main focus on the optimization of drivetrain in a life cycle perspective
in both system and component levels to obtain the most promising PMSG-
based drivetrain configuration for future high-power FWT by considering
simultaneously the design, manufacturing, installation and operation and
maintenance (O&M). The design specifications of the different PMSG-based
drivetrain configurations are presented. The medium-speed PMSG drive-
train topology selected in this study is considered as the main simulation
case used throughout this thesis, and used as the drivetrain model in papers
3, 4 and 6. The main contribution of this chapter is establishing a drive-
train system optimization approach which ensures an optimized overall cost,
weight, size, and improved efficiency and reliability.

Chapter 4:

The classification of different vibration-based condition monitoring ap-
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proaches is presented in this chapter. The literature of vibration-based condi-
tion monitoring grounded on translational vibrations obtained by accelerom-
eters by using both physics-based and data-driven approaches is reviewed.
The condition monitoring based on translational vibrations is used as a base-
line to validate the condition monitoring methods developed in papers 2, 3,
4, 5, 6 and 7. The performance of a novel data-driven statistical learning-
based condition monitoring approach grounded on translational vibrations
compared to the conventional time-domain approaches is evaluated. Then
as a separate part in this chapter, drivetrain innovative condition monitor-
ing techniques based on monitoring the torsional vibrations are introduced.
The performance of condition monitoring by the time and frequency domains
analysis of torsional vibrations and their residual functions is demonstrated
and compared to the case of using lateral and axial vibrations, so that the
complementary role of torsional vibrations to the available approaches is
demonstrated. It is shown that how torsional measurements can provide
better understanding about the excitation sources, which can be used for
finding the root cause of different drivetrain failures and also to support the
detection of faults in an earlier stage. The test case used for the experimen-
tal studies is Vestas V66-1.750MW high-speed drivetrain technology. This
chapter covers the main results of papers 2 and 7. The torsional vibrations
are then investigated in more detail in papers 3, 4, 5 and 6. The main con-
tributions of this chapter are: first developing a drivetrain fault diagnosis
method at component level based on the translational vibrations by using
the combination of physics-based and data-driven approaches, and monitor-
ing the variations of drivetrain statistical properties; and second classifying
the different sources of excitation in drivetrain condition monitoring analy-
ses and proposing the efficient vibration-based diagnosis solutions based on
the source of excitation

Chapter 5:

This chapter performs a more detailed investigation of the drivetrain tor-
sional vibration response. A drivetrain fault diagnosis algorithm by using the
torsional vibrations based on the estimation of drivetrain dynamical proper-
ties from the preprocessed torsional measurements is discussed. An ana-
Iytical model which defines the logical relationship between the drivetrain
faults at system level and the variations of drivetrain dynamic properties
is presented. The test case used for the simulation studies of this chapter
is DTU 10 MW medium-speed drivetrain. The test case for the experimen-
tal studies is Vestas V66-1.750MW high-speed drivetrain technology. This
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chapter covers the main results of papers 3 and 4. The main contributions
of this chapter are: first designing methods for drivetrain modal analysis by
means of torsional vibrations; and second designing methods for drivetrain
fault diagnosis at both system and component levels based on monitoring the
variations of the drivetrain dynamic properties.

Chapter 6:

This chapter investigates in more detail the innovative drivetrain condi-
tion monitoring based on the torsional measurements but for a higher level
purpose which is the online estimation of the RUL of the drivetrain com-
ponents. The application of digital twin as the combination of equivalent
reduced-order model, online measurements and RUL model to support the
predictive maintenance of the drivetrain system is discussed, and the pro-
posed algorithm for the near real-time estimation of drivetrain equivalent
model parameters by using the torsional measurements is explained. The
test cases for simulation studies of this chapter are DTU 10 MW medium-
speed and NREL 5 MW high-speed PMSG-based drivetrain technologies.
This chapter covers the main results of papers 5 and 6. The main contri-
butions of this chapter are: first establishing the digital twin approach for
fault prognosis of the drivetrain components by using the drivetrain tor-
sional measurements; and second designing a robust and computationally
fast method for estimating the parameters of drivetrain equivalent models
of different degrees of complexity by using the torsional measurements, for
fault diagnosis and prognosis applications.

Chapter 7:
This chapter includes the conclusions made by this PhD project, the original
contributions of the work and the recommendations for future researches.



Chapter 2

Global dynamic response
analysis

2.1 General

Accurate and computationally inexpensive models for modelling faults and
analyzing the system behavior under fault conditions are highly demanded
by offshore wind industry where faults can be extremely costly [25]. The
simulation-based condition monitoring study of the drivetrain system of a
spar floating wind turbine concerns modelling of turbine including drive-
train, tower, support substructure and environmental loads. This model
should be able to capture the global dynamics of spar FWT from the inter-
actions with the environmental loads and determine the influences on the
drivetrain loads and motions. To this target, there are some challenges of
using the coupled models for two main reasons: First, the weakness of sim-
ulation tools in modelling such a complex dynamical system with various
loads, components dynamics and uncertainties; Second, the high computa-
tional complexity of such huge dynamical model in which the simulation time
step should be small enough to capture the very fast dynamics of the drive-
train components (e.g. those related to the gears and bearings of the high-
speed side) with the defect frequencies pretty higher than the frequencies of
the other turbine components. The decoupled simulation-based analysis of
the turbine and drivetrain is an alternative to coupled simulations, which
is proposed in literature to cope with the aforedescribed challenges. Nejad
et al. [26] reports the successful use of a decoupled simulation approach
for estimating load effects and subsequently the fatigue damage of the drive-
train components. The procedure for estimating the drivetrain loads from the
global simulations and then applying them to a decoupled drivetrain model

11
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to estimate the load effects and responses of the gears of the drivetrain gear-
box is summarized in Figure 2.1.

Generator

Step II: Drivetrain loadings arc obtained from
global analysis.

Step I: Global analysis.

-~

| §

Step |II: Establishing a detailed gearbox model. Step IV: Gear load and load response analysis.

Figure 2.1: Decoupled simulation approach for wind turbine drivetrain anal-
ysis [26].

2.2 Decoupled analysis approach

The decoupled analysis approach is used for the drivetrain studies in this
work. The latter means that the rotor aerodynamic loads and the bed-plate
motions obtained from turbine global simulation study are applied to a de-
coupled detailed model of drivetrain in a secondary software. Then the driv-
etrain components load effects and responses are calculated for post process-
ing analysis aimed at condition monitoring of the drivetrain system compo-
nents. The implementation of decoupled simulation approach consists of two
steps:

In the first step, global simulation analysis in different environmental
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conditions is performed. In the global simulation, the blades and hub as-
sembly, the structural module including the flexible multi-body systems for
tower and platform including the floating support substructure and the na-
celle are modelled. This model is coping with combined aerodynamic and
hydrodynamic loads by using probabilistic numerical models of wind, waves
and current in the global simulation software to capture the integrated and
synergistic effects of the environmental loads and the wind turbine control
system on the turbine components. The results of the global simulation are
the load effects in the different parts of turbine, which contain the informa-
tion about the interactions between the turbine subsystems. The latter in-
cludes the loads and motions transferred from the rotor and structure to the
drivetrain described by the time series of the resultant moments and forces
on the rotor, tower top accelerations, bed-plate motions and other responses
of interest.

In the second step of the decoupled analysis, the calculated rotor aerody-
namic torque and the responses of interest estimated from the global simu-
lation are applied as the input to a decoupled offline drivetrain model in an-
other simulation software suitable for multiple physics modelling and analy-
sis of rotating machinery to calculate and analyse the drivetrain components
load effects and responses. Then the results are used for post processing
analyses aimed at health monitoring the drivetrain at component and sys-
tem levels.

Decoupled simulation models are computationally faster than coupled/co-
simulation models, where the sampling frequency for each decoupled simula-
tion model can be decided based on the type of analysis and the physical prop-
erties of system. Decoupled analysis approach is employed for all the drive-
train studies in this thesis. The decoupled approach is used by Moghadam
and Nejad in paper 1 [6] aimed at optimizing the drivetrain system by the
analysis of torsional dynamics in the different drivetrain topologies, in pa-
pers 3 and 4 [27, 28] focused on modal analysis and fault diagnosis in the
drivetrain system, and the researches conducted in papers 5 and 6 [29, 30]
on the estimation of the remaining useful lifetime of the drivetrain system
components.

2.3 Test cases

Two different wind turbine models are applied to the drivetrain simulation-
based studies of this thesis, namely DTU 10 MW and NREL 5 MW turbine
models, which are equipped with spar floating support substructures.

DTU 10 MW reference wind turbine [7] with a spar floating support sub-
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structure is the main test case. The wind turbine specification and the over-
all characteristics of the floating platform is obtained from [7] and [31]. The
drivetrain system is a medium-speed permanent magnet synchronous gen-
erator technology based on the gearbox and generator design specifications
reported by Moghadam and Nejad (paper 1) [6]. DTU 10 MW global simula-
tion model is simulated in SIMA global simulation software, a simulation and
analysis tool developed by SINTEF Ocean [32]. SIMA is the updated version
of SIMO-RIFLEX-AeroDyn global simulation software [33], which includes
SIMO-RIFLEX, and an updated aerodynamics module which is not the same
as AeroDyn. The global simulation results are applied as input to the driv-
etrain model for the condition monitoring studies as reported in papers 3, 4
and 6 [27, 28, 30].

NREL 5 MW reference wind turbine [34] with a spar floating support
substructure is selected as the second case study. The wind turbine specifica-
tion and the overall characteristics of the floating platform is obtained from
[35]. This model is able to capture the global dynamics of spar FWT from the
interactions with the environmental loads and turbine control. NREL 5 MW
global simulation is performed by SIMO-RIFLEX-AeroDyn [33]. The 56 MW
reference drivetrain [36] is employed as the drivetrain configuration in this
test case. The results are applied as input to the drivetrain condition moni-
toring studies performed by Moghadam et al. [29] in paper 5, and Moghadam
and Nejad in paper 7 [37], respectively aimed at the real-time estimation of
the residual life of the gears in 5§ MW drivetrain system gearbox, and the
data-driven diagnosis of faults in the drivetrain components including the
bearings, gears and shafts.

For all these test cases, the wind flow in the global simulations is assumed
turbulent, assuming a Kaimal spectrum for IEC61400-1 class B turbines [38]
and a normal turbulence model. The turbulence intensity at hub height I (-)
depending on the average wind speed at hub height, is obtained according
to IEC 61400-1 class B turbines [38]. The wave is also modelled stochastic
by two parameters, namely significant wave height H; (m) and peak period
Ty (s). For 10 MW simulations, four different environmental conditions are
simulated to realize the drivetrain different operating conditions including
near rated, over rated and under rated operations, as it can be found in pa-
pers 1, 3, 4 and 6 [6, 27, 28, 30]. For 5 MW simulations, one environmental
condition to realize the drivetrain near rated operation is considered [29].

The rotor torques obtained from global simulation models of both 10 MW
and 5 MW, which are related to the operation of turbines near the rated
condition, are shown in Figure 2.2.

In the DTU 10 MW rotor torque shown in Figure 2.2a the average wind
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Figure 2.2: Rotor torque obtained from global simulation models, near the
rated wind speed (a) DTU 10 MW equipped with spar floating substructure,
(b) NREL 5 MW equipped with spar floating substructure.

speed is 11 m/s which is a little lower than the nominal speed (11.6 m/s).
In the below rated wind speed, there is only torque control and not any
blade pitch, but since the mean wind speed is very close to rated, it will also
use pitch control sometimes during the simulation (when the turbulent wind
speed comes over rated). The case is similar for the 5 MW model (as shown
in Figure 2.2b), where the rotor torque is similarly obtained from the turbine
operation near the rated condition. One reason for that the torques obtained
from these two models look qualitatively different for these two spar floaters
could be the chosen control strategy above rated for the torque controller. In
practice, there are two choices, either "constant torque" control strategy (al-
ways keep the torque equal to the rated torque for above the rated wind) or
"constant power" control strategy (it varies the torque such that the power is
always equal to the rated power for above the rated wind, which can cause
higher oscillations of the torque). The 10 MW model uses constant power
control strategy (which leads to higher torque oscillations), while the 5 MW
model uses constant torque strategy. In this case, the dips in the 5 MW model
torque curve would then occur when the wind speed drops below rated, and
it can no longer keep rated torque, but will change it according to the torque
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versus speed control region.

There is another difference between 5 and 10 MW models, which could
contribute to the difference between the calculated torques. The demon-
strated 10 MW torque shows the pure aerodynamic torque. There is the
aerodynamic inertia in the model, but it does not include the rotor inertia.
For the 5 MW model, the rotor inertia is included in the model. Modeling
the rotor inertia in 5 MW model is the other factor which contributes to the
smoother torque observed in this model compared to 10 MW model.



Chapter 3

Optimal drivetrain
configuration for large
turbines

3.1 General

This chapter compares different drivetrain configurations based on perma-
nent magnet synchronous generator technology to realize the drivetrain sys-
tem of 10 MW FWT. The advantages and drawbacks of each configuration
are discussed. The drivetrain optimization is mostly studied in literature
in a component level [39, 40] perspective. The drivetrain optimization in
system level for lower power ranges (upto 5 MW) is studied by considering
the cost of raw material of both the generator and gearbox as the objective
function by [41]. Moghadam and Nejad [6] (paper 1) study the drivetrain op-
timization for DTU 10 MW turbine with a spar floating support substructure
in a life cycle perspective in the system level by simultaneously taking into
consideration multiple costs, namely the design and manufacturing, instal-
lations process and O&M costs, so that the different drivetrain system con-
figurations based on PMSG, namely direct-drive (DDPMSG), medium-speed
(MSPMSG) and high-speed (HSPMSG) drivetrains are studied by taking into
account the aforementioned factors participating in the drivetrain costs.
The objective of this chapter is presenting the summary of the work in [6]
(paper 1). In other words, the pros and cons of the different 10 MW PMSG
drivetrain system configurations over the drivetrain life cycle are studied in
this chapter, which is holistic and valuable. In this perspective, the optimal
drivetrain system topology is the one which offers a better compromise be-

17
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tween the raw material costs, construction efforts, installation costs, overall
rated efficiency, power quality and system availability. The selected configu-
ration should also make sure about the safe operation over the turbine speed
range and leaving a safe margin between the system natural frequencies and
the external/internal excitation frequencies with a significant energy to pre-
vent resonances in the system.

The research contributions of this PhD work which are covered by this
chapter are:

e The drivetrain cost optimization by using a life cycle assessment ap-
proach is introduced. Many researchers have done optimization, but
we do in a life cycle perspective which is more holistic and valuable. A
new analytical design approach is proposed for the optimized design of
PMSG based on the optimization of the active material cost. An analyt-
ical design model of the gearbox is presented, and a new optimization
approach is proposed to optimize the gearbox weight. A comprehen-
sive comparison between the design, raw material cost, weight, size,
efficiency and reliability of DDPMSG, MSPMSG and HSPMSG drive-
train technologies is presented. The first torsional natural frequency
of the three under consideration PMSG-based drivetrain configurations
is calculated, and the feasibility of application in floating offshore wind
turbines is investigated.

3.2 Life cycle optimization

The drivetrain life cycle assessment approach and the part of cycle which is
emphasized for the optimized drivetrain design in this thesis is demonstrated
in Figure 3.1.

Design concerns the complexities of design, maximal design utilization
and higher degree of adaptation to site-specific conditions, reliability and
controllability. It is important to know that the most of failure modes can be
rooted back to design stage. Reliability-based design is concerned with drive-
train design considering failure modes to ensure a safe and reliable operation
over the operating speed and torque range [42], while the failure modes de-
pend on the drivetrain technology [6] (paper 1). As a design study in the
drivetrain life cycle-based analysis, the first torsional natural frequency of
the three different under consideration PMSG-based drivetrain systems is
studied, and the feasibility of using these configurations in floating platforms
is investigated by performing a study about the possibility of resonance due
to the coincidence of the drivetrain natural frequency with the excitation fre-
quencies.



3.2. Life cycle optimization 19

Under consideration

// \\ domain
/ Design \
\
/ @ \
/ \
Decommissioning I/ Aan¥actming
| \I
o
2 &
| |
| /
Life extension \ Tral[lsport&
\ Inétallation

\ /
\ /
N 2
Operation & /
maintenance. ~~

Figure 3.1: Drivetrain life cycle assessment approach [6].

In manufacturing and installation, weight, compactness, and special man-
ufacturing and installation requirements are emphasized. An example of
more manufacturing efforts is the construction process of DDPMSG, where
the high pole count causes small rotor poles with fine stator slotting which
makes manufacturing more expensive. In installation efforts, for instance, a
less weight drivetrain configuration and the resultant reduced weight nacelle
and tower could help to reduce the transportation and craning requirements.
The minimization of weight, raw material cost and size of the under consid-
eration drivetrain configurations are among the main objectives addressed
in the drivetrain system optimization problem in this thesis, which provides
the necessary inputs for further studies about the manufacturing and instal-
lation costs.

Operation and maintenance (O&M) is concerned with performance, effi-
ciency, reliability, availability and maintenance costs. In performance, the
output power quality of the generator is concentrated, where the generator
technology and the power frequency converter play a significant role. In effi-
ciency, improving the efficiency of drivetrain system is emphasized to specify
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which technology and configuration can offer a greater efficiency, which can
contribute in the reduction of the cost of energy. For this purpose, the effi-
ciency of all the individual components of the drivetrain system should be
taken into consideration. Then the overall efficiency of the different drive-
train systems in the rated power is calculated and compared. In reliability,
the failure rates of different drivetrain components and the critical failure
modes of the different configurations should be analyzed. Therefore, the fail-
ure modes of the subcomponents must be listed, so that the components and
subsequently the drivetrain systems could be ranked from the highest to the
lowest probability of failure (POF) regarding the most critical failure modes.
In availability, the downtime of the unit consisting of the downtime of both
scheduled and unscheduled maintenance operations, due to the different fail-
ure modes of the drivetrain components are studied. In order to maintain the
tip speed ratio (TSR) of larger rotors in higher powers to achieve the highest
value of power coefficient, the nominal rotational speed of rotor is reduced.
The latter causes different drivetrain dynamic behaviors in the wind turbines
of the same technology but different rated powers. Moreover, floating support
substructures encounter turbines into different motions induced by the syn-
ergistic impacts of wind, wave, and the gravity of turbine on the floater. The
lower rotor speed, more diverse excitation frequencies and higher amplitude
excitations necessitate a special O&M study for the drivetrain in high-power
floating applications. For the under consideration PMSG-based drivetrain
topologies, the overall efficiency is calculated and compared considering the
efficiency of the individual components, where the efficiency of individual
components are seen in the local component-level optimization problems. As
a reliability analysis, the failure modes, the defect frequencies and the possi-
bility of coincidence of these frequencies with the excitation frequencies and
the system natural frequencies are investigated, while the component level
constraints are also imposed to the local problems to mitigate loads and im-
prove the operation. The failure modes affected by the rotor torque and gen-
erator electromagnetic torque oscillations in the three under consideration
configurations are also discussed and compared. Unequal values of genera-
tor cogging torque and frequencies of occurrence in the under consideration
drivetrain configurations also influences the different torsional vibration be-
haviors.

3.3 Drivetrain optimization approach

The three under consideration configurations are listed in Table 3.1. These
topologies are selected by taking into consideration the available drivetrain
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configurations close to the turbine rated power selected in this research.

Table 3.1: Case study technologies

Topology Rated power (MW) | Application | Generator | Gearbox

Type 1 (DDPMSG) | 10 floating PMSG direct-drive

Type 2 (MSPMSG) | 10 floating PMSG planetary-planetary-parallel (1:50)
Type 3 (MSPMSG) | 10 floating PMSG three-planetaries (1:50)

Type 4 (HSPMSG) | 10 floating PMSG three-planetaries (1:156)

3.3.1 Algorithm

The proposed drivetrain optimized design algorithm is summarized in the
flowchart in Figure 3.2.

The gearbox affects both the input torque and speed of the generator,
which are among the crucial parameters of the design of generator. The
weight and size of generator is directly proportional to these two parameters.
In each iteration of the proposed drivetrain system optimization approach,
the gear-ratio is fixed by the outer loop. Therefore, the optimization prob-
lem of each drivetrain configuration is broken into two decoupled problems
of optimized gearbox and generator designs. As a result, for each drivetrain
topology (or, interchangeably, for each gear ratio), two internal component-
level optimization problems are solved.

3.3.2 Generator optimization

Different objective functions with different sets of optimization variables are
proposed in literature for the design of PMSG. Li et al. [41] tried to minimize
the cost of active material, Dubois et al. [43] recommended the ratio of the
cost of active material to the torque density, and Rgkke et al. [14] proposed
the minimization of the combination of the cost of the active materials (in-
cluding the housing) and the cost of the lost energy in the machine over the
PMSG lifetime. In this thesis, an analytical design based on the minimiza-
tion of the ratio of the cost of active material to the torque density is em-
ployed to find the optimized design of the generator in each of the DDPMSG,
MSPMSG and HSPMSG drivetrain configurations. The latter ensures the
minimized cost while the electromagnetic (developed) torque density and uti-
lization of the generator weight is maximized. The proposed analytical model
represents the cost function and the design constraints as a function of five
geometrical variables.
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Figure 3.2: Proposed drivetrain optimization approach [6].
The generator optimization problem is defined by
* . (CcOStactive(®)
= — 3.1
x arg;mn( Ty ) (3.1a)
coStqctive(X) = oSt £o(x) + cost oy (%) + cost pp (%), (3.1b)
T
Ta(x)= e (3.1¢)

V(x)’
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where x is a vector which represents the optimization variables. x* is called

optimal, or a solution of the problem. cost,ctive is the cost of active materials
in generator construction in Euro. The cost of active materials consists of
the cost of the iron used in rotor and stator yokes and stator teeth, the cop-
per used in stator windings, and the surface mounted permanent magnets.
cost . is the total cost of iron, cost., is the cost of copper, and cost;uagnes Tep-
resents the cost of magnet material. T is the nominal torque in 2N.m and
V is the generator active volume in m®. T is the generator torque density
in £N.m/m?3. The variables in equation 3.1 are defined by

X = [x1,x2,x3,x4,.’XZ5]T = [DS,LS:bs’hS’hm]T; (323)
COStey = CeyMey, (3.2b)
coStpm = CpmMpm, (3.2¢)
COStfe =CfeMfe, (3.2d)
D2
V=n ;"Le, (3.2¢)

The optimization problem variables D, L, bs, hs and h,, are respec-
tively the air-gap diameter, active length of generator, slot width, slot height
and magnet height. cf., mge, ccu, Meu, cpm and mp,, are respectively the
specific costs and total weights of core, copper and magnet. The design of
surface mounted PMSG deals with the determination of a high number of
variables related to the generator geometry and operation. In the proposed
optimized design approach, it was observed that all the generator design
variables can be either defined as a function of the five aforementioned geo-
metrical optimization variables, or considered constant, or changed in opti-
mization problem outer loops. The latter helps to turn the generally nonlin-
ear and strongly nonconvex problem of PMSG optimized design to a convex
problem to be able to find the global optimizer.

Equation 3.2 is used as the base model in the proposed PMSG analytical
design approach by [6] aimed at optimizing PMSG design as discussed in
more detail in paper 1.

3.3.3 Gearbox optimization

The gearbox design optimization objective function concerns the minimiza-
tion of the cost of active material in gearbox by optimizing the stage gear
ratios. The optimization problem to optimize a three-stages configuration of
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the gearbox is defined by

u* = argmin (costgear(u)), (3.3a)
u

€08t goqr(U) = cOStstage1 (W) + COStgrqgea(W) + COSLgrages(u), (3.3b)

where u is the vector of optimization variables. u* is called optimal, or a
solution of the problem. costgeq, is the total raw material cost of the gears of
gearbox stages in Euro. The variables of equation (3.3) are described as

T
w=[ui,ug,usl’, (3.4a)
planetary _ planetary
COStstage = Cgear gear ’ (3‘41))
parallel _ parallel
COStstage = CgearMgear > (3.4c)

In the above equation, cgeqr is the unit cost of the gears material, and

m?iﬁfem” and mé%?”d represent the weights of planetary and parallel stages,

respectively, which are defined as the function of gearbox design optimization
variables by using the model described in [36] as

20/.Qs 1 1 (u—1)?
lanet _ ZPrefys u Y12
mge(tlz’;e G"y(u)_ A E B(%—1)+(§_1)+(§_1) +ky B +
(3.5a)
(u—-1)2 )
r (% _ 1) >
2 1
paraltelu) = —pf,:QP (1+=+u+u?), (3.5b)
u

In the above equation, Qg and @p are the input torques applied to the
sun and pinion of planetary and parallel stages, respectively. u is the gear-
ratio, B is number of planets of the planetary stage, and %, is ring scaling
factor of the planetary stage. % is the intensity of tooth loads factor.

Equation 3.4 is used as the basis for the optimization of gearbox design
studied in paper 1 [6], where a new method is proposed to solve the gear-
box weight optimization problem. Even though the optimization problem
shows a disciplined nonconvex problem, it demonstrates a convex behavior
in the multi-dimensional graphical representation of the objective function
and constraints in the defined range of variation of the optimization vari-
ables. Therefore, it is possible to find the global optimizer.
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3.4 Comparison of different configurations

Drivetrain performance-based and reliability-oriented constraints are im-
posed to the generator and gearbox component-level optimization problems
to ensure the feasibility of the generator and gearbox designs and a fair com-
parison between the under investigation drivetrain configurations. Finally,
the designed drivetrain systems are compared concerning the total weight,
cost, size, efficiency and dynamic behaviors.

The results of overall drivetrain weight, cost, efficiency and the first nat-
ural frequency for DDPMSG, MSPMSG and HSPMSG drivetrain configura-
tions are summarized in Figures 3.3a-3.3c. The MSPMSG results are related
to the MSMPSG configuration of type 2, which is realized based on planetary-
planetary-parallel gear stages. As it can be seen, by moving from the direct-
drive technology to the medium-speed, the drivetrain weight, raw material
cost, efficiency and electromagnetic torque oscillations are significantly im-
proved. A transition from the medium-speed to the high-speed generator still
helps to slightly improve all the aforementioned properties.

A larger distance between the drivetrain natural frequency and the rotor
torque oscillation frequencies which have a significant energy in the frequen-
cies lower than 1 Hz is an advantage of lower speed generator technologies,
where DDPMSG outperforms but HSPMSG falls behind the other configu-
rations. However, the DDPMSG drivetrain with the higher value of first
torsional frequency is more susceptible to the torsional vibration frequencies
induced by the PMSG, especially seeing that there is no coupling between
the generator and rotor to suppress the generator electromagnetic torque vi-
brations.

As it is discussed in more detail in paper 1 [6], the utilization of gearbox
can result in a better dynamic performance and can reduce the possibility of
resonance in the drivetrain due to the coincidence of the excitation frequen-
cies which are induced by aerodynamic torque and electromagnetic torque,
with the first drivetrain torsional frequency and the individual components
defect frequencies, though new failure modes due to the presence of gearbox
also appear in the geared drivetrain systems. It is shown that by consid-
ering the interactions between the drivetrain components, MSPMSG driev-
train topology can mitigate the influence of excitation sources on some failure
modes of the generator and the main bearings while keeping a safe distance
between the excitation frequencies and the drivetrain torsional frequency.

Therefore, the selection of drivetrain technology is a multidisciplinary
task which needs to compromise between the criteria obliged by the life cycle
assessment approach. With respect to weight, material cost, size, efficiency,
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Figure 3.3: Comparison between different drivetrain topologies: DDPMSG,
MSPMSG and HSPMSG [6] (paper 1)

possibility of resonances and failure modes analysis, MSPMSG can demon-
strate a better compromise so that is selected as the main case study of the
drivetrain condition monitoring studies in the rest of this PhD thesis.



Chapter 4

Physics-based and
data-driven vibration-based
condition monitoring

4.1 Literature review on vibration-based condition
monitoring methods

The main condition monitoring technique used for fault diagnosis in gears
and bearings of the wind turbine drivetrain is vibration analysis. The idea
behind the vibration-based condition monitoring of drivetrain as a rotational
system is that, generally speaking, the faults in rotational systems in later
stages show themselves by increased vibration levels in the drivetrain com-
ponents represented by the drivetrain vibrational responses, namely trans-
lational/torsional acceleration, velocity and displacement, though it may also
depend on the location of fault and where the response is measured. There-
fore, the act of exceeding the predefined limits of prespecified vibration sig-
nal features can be used as criterion to detect abnormalities in the system.
Thanks to this general rule, there are guidelines presented in standards,
e.g. 1S010816-21 [44], ISO 13379, ISO 13374 and ISO 13373-1 [45], for
condition monitoring of rotating systems. Classical model-based feature ex-
traction techniques as reviewed by [46] include classical time-domain anal-
ysis of the vibrations signals (e.g. RMS, energy, peak, average, kurtosis,
skewness) [47, 48, 49], frequency-domain analysis (e.g. fast Fourier trans-
form (FFT), auto- and cross power spectral density (PSD)) [50] and time-
frequency-domain analysis (e.g. short-time Fourier transform (STFT), dis-
crete wavelet transform, wavelet packet transform) [51, 52]. Those conven-

27
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tional time and frequency domains methods are followed by more advanced
data-driven time-domain approaches such as statistical learning- and arti-
ficial neural networks-based approaches, which are considered as the sub-
categories of artificial intelligence approaches. Statistical learning condition
monitoring approaches are based on statistical interpretations obtained from
the statistical analysis of the unexpected variations of the distribution fit-
ting the measurements which can be supported by the graphical models of
the sensors network data, so that abnormal variations from the multivari-
ate distribution describing the correlations related to normal operations can
represent defects in system. One common category of statistical learning
approaches track the variations in the correlation of the data (e.g. the devel-
oped methods proposed by Moghadam and Nejad [37] in paper 7, and Zhang
et al. in [53]) (including autocorrelation of each sensor data and cross corre-
lation between the measurements of different sensors). The other category
of artificial intelligence-based condition monitoring approaches are related
to classification tools and feature extraction based on regression analysis,
by using support vector machine and neural network techniques [54]. The
combination of the different artificial intelligence techniques [55], and the
combination of an artificial intelligence technique with classical time and
frequency domain approaches [53, 51] are also reported in literature for con-
dition monitoring of the drivetrain components of wind turbines.

There are controversies in applying the different categories of vibration-
based condition monitoring approaches to wind turbine drivetrain systems.
Standard time-domain approaches are commonly used by the industry for
condition monitoring of the drivetrain components based on online/offline
analysis of vibration data. They are mainly based on the RMS and peak
values of acceleration, velocity and displacement. The applicability of these
approaches is when the fault is in a severe condition so that it can result in
a considerable amount of energy in different frequency components. In com-
plex systems, it is a bit difficult to rely on this method as literature reports
the insufficiency of classical time-domain solutions based on the wind tur-
bine standard ISO10816-21 [44] and other generalized condition monitoring
guidelines such as ISO 13379, ISO 13374, ISO 13373-1 [45], in the detection
of drivetrain faults of the gears and bearings [25]. The other relevant chal-
lenges are in localizing and measuring the state of faults. The frequency-
domain approaches based on monitoring the amplitude of response around
the characteristic frequencies of the system including the resonance frequen-
cies and the defect frequencies of the components associated to the differ-
ent failure modes have been suggested in literature to support/improve the
time-domain fault detection. The latter could support the fault diagnosis,
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but there are still challenges. More specifically, some defects demonstrate
nonlinear and complex frequency patterns which may not be possible to ob-
serve specially in complex systems like wind turbine drivetrain which in-
cludes many components with different dynamic behaviors. In other words,
each component has different failure modes and defect frequencies, and fault
in different stages of progress represent various frequency patterns in fre-
quency spectrum of response with some similarities between the patterns of
the different types of faults. External excitations induced by environmen-
tal loads, structural motions, generator and power grid cause also additional
harmonics in the response which may not necessarily represent faults in the
drivetrain system. The variable wind conditions and turbine operational
speed change the characteristic frequencies of the drivetrain components,
which can also make the frequency-based fault detection more challenging.
Statistical approaches also rely on the assumption that the distribution and
covariance matrix of the sensors network data are stationary which may not
be realistic due to consistent variations in turbine operating conditions and
loads. Then the variations of the parameters of the fitting multivariate dis-
tribution are monitored, and the role of each sensor measurements in the
variations is measured. Some authors have suggested cyclostationary anal-
ysis methods to improve the accuracy of statistical approaches [56], whereas
others have been investigating into different types of probability distribu-
tions to find the one which better describes the trend of data indicating the
normal operations. Multi-sensor data fusion method based on deep convo-
lutional neural networks is also proposed as another category of condition
monitoring approaches based on the classification of data and the extract of
features out of data. The latter is widely used in other areas such as in im-
age processing applications, but is recently proposed for the detection and
prediction of faults in the bearings and gears of the wind turbine drivetrain.
In general, the lack of complete verification under complex operation scenar-
ios and difficulty in generalizing the results for different sites and operating
conditions are barriers for broad application of these techniques in industry.

There are also different attitudes in both preprocessing and post-processing
of the data. Some researchers reported using frequency-domain filtering to
cope with background noises, the revolution frequencies and some external
excitation frequencies to increase the observability of the defect frequencies
of the bearings and gears. Some others have proposed windowing [57] and
time synchronous averaging [58] approaches in the time domain, which can
improve the effectivity of frequency-domain tools to investigate into a specific
failure mode of a subcomponent e.g. wear in a tooth of a gear or a rolling ele-
ment of a roller bearing to support more detailed frequency domain studies.
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Preprocessing of the measurements includes the algorithms to neutralize the
influences of operational conditions due to the time-varying rotational speed
and fluctuating loads. The procedure to compensate the time-varying rota-
tional speed impacts on the measured data can be based on two different
strategies, i.e. eliminating the corresponding side effect by using the order
tracking algorithms and identifying the time-varying spectral components by
time-frequency domain analysis [59], even though some negligence in com-
pensating fast and large speed oscillations has been reported in literature.
For example, in order to compensate load fluctuation effects on the planetary
gear stages of wind turbine drivetrain, there are challenges to realize an ef-
ficient algorithm to eliminate the corresponding side effects. The available
algorithms are usually designed for other applications than wind turbines
(e.g. excavator and helicopter planetary gearbox fault diagnosis) with dif-
ferent system dynamics and loading conditions, which need to be developed
and adjusted for the different wind turbines applications. The envelope tech-
nique of amplitude demodulation is also another preprocessing tool which is
employed in some researches to reveal the defect frequencies in some defects
which can appear in the amplitude of the vibration signal, [60] and [61] (pa-
per 2). There are also different post-processing approaches to render the fea-
tures obtained by analyzing data into meaningful conclusions about defects
in the system. Post-processing involves the determination of fault sensitive
and easy to implement features as the combination of extracted features in
data processing step and setting suitable thresholds for the fused features.
An effective approach is determining thresholds for the selected features by
using the system analytical models supported by extensive simulations and
observations. To this purpose, vibration-based condition monitoring of the
drivetrain components (e.g. gears and bearings of the gearbox) can start
from the specification of permissible stress and load due to the specific failure
mode of the component, and then estimating the response as a result of ap-
plied permissible stress. Some challenges in the realization of this approach
are the influences of different failure modes together on the measurements
of a sensor in reality. The other threshold specification approach relies on
statistical analyses mainly based on extensive observations of various fault
cases, which calls for a large amount of data including different turbines and
the drivetrain systems of the same type but in different operating conditions.

In the following two sections, drivetrain condition monitoring based on vi-
bration measurements is investigated in more detail. First, a novel computationally-
fast data-driven condition monitoring technique based on drivetrain transla-
tional vibrations is discussed, and the performance of this method in com-
parison with standard solutions is demonstrated. Second, innovative con-
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dition monitoring solutions based on analyzing the drivetrain torsional vi-
bration measurements are introduced and then compared with translation
vibrations regarding the possibilities of detecting different types of faults by
using those measurements.

The research contributions of this PhD work which are covered by this
chapter are:

« A statistical learning approach based on the graphical model of driv-
etrain obtained from Lagrangian approach is proposed for fault detec-
tion in the wind turbine drivetrain components. Fulfilling Gaussian
Markov Random Field (GMRF) properties in the drivetrain vibration
measurements motivated using the features any graph in this field
obeys, namely the stationarity of the inverse of covariance matrix in
a GMRF and its conditional dependence properties are used to achieve
a drivetrain computationally fast abnormality detection approach. The
method is able to diagnose the faults that are not detectable by stan-
dard condition monitoring approaches. The latter is shown by both
experimental and simulation studies.

¢ An experimental comparison between different available solutions for
detecting drivetrain bearings and gears defects initiated by different
sources of excitation is performed. Torsional vibrations residual func-
tion which is recently proposed in literature of vibration-based condi-
tion monitoring of wind turbine drivetrain is experimentally validated
by time and frequency domain analysis of torsional versus transla-
tional vibrations. To this purpose, Different frequency-domain tools
for detecting abnormalities in the drivetrain system, namely FFT, PSD
and envelope PSD spectrums and analysis of the energy of the signal
at the defect frequencies are employed experimentally by using opera-
tional measurements.

4.2 Data-driven condition monitoring based on trans-
lational vibrations

As an example of data-driven approaches based on artificial intelligence, the
performance of an statistical learning-based approach developed grounded
on the drivetrain physical model is discussed in the following. This approach
is based on the correlation analysis of time-domain translational vibration
measurements. Our extensive observations of both simulation and experi-
mental data captured by translational accelerometers show that the vibra-
tion measurements of a rotating system follow a Gaussian distribution for
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each turbine operational speed, [62] and [30] (paper 6). Therefore, the set
of vibration measurements placed on the different locations of the drive-
train can model a multivariate Gaussian distribution. The other property
of the set of vibration sensors in this system is that the measured response
at each time step only depends on one previous step (characterized by the
memoryless property of Markov processes), which supports the possibility to
model the drivetrain vibration measurements network data as a Gaussian
Markov random field (GMRF). Therefore, it is possible to take advantage of
the rules that each data set in this field follows. One of these rules is that
the covariance matrix of the measurements set stays uniform. By GMRF
assumption, the centralized/global estimation of information matrix J - de-
fined as the inverse of covariance matrix- of the drivetrain graphycal model
represented by 4(7,&) (where 7 models the node set (¥ =1,2,...,v) and &
models the edge set (§ =1,2,...,e)) turns to the simplified convex form as [63]

~Global subject to: J(i,7) =0, V(i,/) ¢ &,
Jcentralized = argmin ¢r(SJ) - log(det(d)), J>0
J =Y,

(4.1)

which is based on the maximum likelihood (ML) principle. The estimate is
chosen as the parameter that maximizes the log-likelihood function, which
turns to the above minimization problem in terms of J as the optimization
variable. S is the covariance matrix of the nodes data in the system graph.
This optimization problem is solved iteratively subject to the equality con-
straints related to zero elements of the matrix which refer to the unconnected
nodes specified by the drivetrain graphical model, which imposes sparsity on
the inverse covariance. The inequality constraint is to force the positive def-
initeness to the optimization matrix variable to ensure the convexity of the
problem to attain the global optimizer. Since the variations of drivetrain as
a physical system can be monitored by tracking the deviations of autocorre-
lation and cross correlation of the vibration data time series, any variation
in the covariance matrix and the role of each sensor can provide useful in-
formation about the variations of this system’s physical properties which can
represent faults. The inverse covariance, named information matrix can pro-
vide the conditional dependencies between the different nodes of the graph-
ical model of drivetrain system. In other words, the zero non-diagonal ele-
ments of the adjacent information matrix of the drivetrain system graphical
model represent the conditional independence of the data of the associated
sensors. Therefore, since the graph of drivetrain is sparse, this sparsity can
be imposed to the information matrix estimation problem to reduce the com-
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putational complexity. The problem of inverse covariance estimation with a
known graphical model is known a priori [63]. The sample covariance matrix
of the vibration measurements is near singular (non—invertible); therefore,
the ML estimation is used to obtain the information matrix. The graphical
demonstration of the drivetrain is a physics-based model obtained from La-
grangian approach. By applying the Lagrange’s equation to drive the equa-
tions of motion, the lumped model and then the equivalent graphical model
of the drivetrain system is obtained. Figure 4.1 shows the graphical model of
gearbox of NREL 5 MW drivetrain. In this physics-based graph, each node
represents the moment of inertia of a drivetrain subsystem and the asso-
ciated vibration sensor, and the edges model the stiffness between the sub-
systems. S;, i =(1,...,24) in Figure 4.1 represents the sensor which measures
the acceleration on i** inertia. The sparsity of the graph is imposed to the op-
timization problem defined by the equation 4.1 to reduce the computational
complexity and improve accuracy of the ML estimation problem. The physi-
cal properties of the system inherited in the described graphical model help
to derive a physics-based statistical learning approach to obtain a both sim-
ple and accurate drivetrain condition monitoring tool. In order to determine
the role of each node/sensor in the discrepancy between the estimated infor-
mation matrices of the normal and faulty operating cases, an anomaly score
metric based on the relative entropy calculated by expected Kullback-Leibler
(KL) divergence equation is employed [64], which uses a matrix partitioning
to quantify the contribution of each node in discrepancy between the two dif-
ferent sets of information matrices. Anomaly score of the node i by using the
information matrix J and the inverse of information matrix J ! is calculated
as

L, S
1[zN<] 1[ii] l[zNi] O1[i ]
L IoN: i Worn
Ja(i) = 12[NN] j[N"] , I3 = 2[N Nil W2IN;i]
2 [i N;] 2[i i] wz [i N;1 02[ii]
. lTWllz szlzl 1.1 (4.2)
AS' (i) =w{(s—11)+ = { b+ i o - A0,
. 1 lTW2l1 l Wolo 1. A
AS* () =wg (1~ 19+ 5 b4 =022 — oAy - Ag)),
1 /12 2 Al

AS(i) = max{AS'(i),AS%()} ,

In the above equation, J; and Jg are respectively the information matri-
ces of normal and abnormal cases. N; is defined as the set of neighbors of i*
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node, L, I, IT and A are the partitions of information matrix J, and W, w, w”

and o are the partitions of the inverse information matrix J 1.
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The described algorithm can be used for offline processing of the drive-
train logged data. It is also possible to implement the algorithm for real-time
condition monitoring. In other words, it is possible to classify the operational
rotor speeds and the average wind into different intervals, and then obtain-
ing the information matrix of the normal operation for each interval of rotor
speed and average wind variations. If the variations of information matrix
of each interval is more than a prespecified threshold, an alarm is triggered.
The threshold can be set empirically by looking into various sets of data as-
sociated with normal operations. In contrast to the other machine learning
approaches, the proposed algorithm does not need a large volume of data so
that by using few data samples with a moderate sampling frequency, it is
possible to have a good estimation of information matrix to be used for mon-
itoring the variations of system. This algorithm can be integrated with the
turbine main control system where we can access both the rotor speed and
the sufficient processing power to implement the method.

NREL 5 MW drivetrain is simulated in SIMPACK [36] to study the driv-
etrain dynamic response based on the model and the fault case shown in
Figure 4.2. Damage in the radial direction of the high-speed shaft bearing
(HS-A) is applied by changing the bearing stiffness in different directions in
the model, as explained in [25]. The model is free to vibrate in translational
and rotational directions, which can capture the vibrations of the bodies in
XYZ directions. The observability of the under consideration fault by using
the acceleration measurements of the different directions is shown in Fig-
ure 4.3. The fault is observable in all the three directions. By imposing the
sparsity, computational complexity reduces to less than half while accuracy
is maintained.
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Figure 4.3: Observability of the bearing fault by using the acceleration mea-
surements of different XYZ directions and the proposed data-driven approach.

In order to experimentally validate the proposed approach, the acceler-
ation measurements of an operational Vestas V66-1.750MW turbine drive-
train are employed. The results of applying the algorithm to the lateral ac-
celeration measurements of the Vestas turbine drivetrain to detect a fault in
the main bearing (AC2) is shown in Figure 4.4, which shows the success of
proposed approach in the diagnosis of the fault. The anomaly scores calcu-
lated for the other sensor nodes are also nonzero, because the data associated
with those nodes are correlated with the data obtained from the faulty node.

In both the simulation study performed by NREL 5 MW drivetrain model
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Figure 4.4: Experimental validation on Vestas 1.75 MW turbine.

in SIMPACK and the experimental study based on Vestas 1.750 MW oper-
ational turbine, the faults cannot be detected by the analysis of the RMS of
the time series of translational acceleration based on the guideline presented
in the standard ISO 10816-21 according to the operating speed.

4.3 Innovative condition monitoring by means of
torsional vibrations

The rotational motion of the drivetrain system and the torsional nature of
most drivetrain loads motivate the application of torsional vibrations for
the condition monitoring of the drivetrain components. The latter can pro-
vide insight regarding the excitation sources, components defect frequencies
and drivetrain system properties as the information which can support both
design and condition monitoring of the drivetrain system. The frequency
domain torsional vibration response of the equivalent 1-DOF damped rota-
tional model of drivetrain influenced by the excitation source 7(¢) in non-
dimensional form can be described by

L]
6()] = i , 4.3)
VA G2+ @ (&)

where 6(Q) and 7(QQ) are the Fourier transforms of angular position and the
excitation torque, respectively. Q, is the undamped torsional natural fre-
quency of the system, k; is the torsional stiffness of the shaft, and (; is the
torsional damping coefficient of the mode ,, at the operating speed w.
Therefore, by the evaluation of the torsional response, it could be possi-
ble to find the response amplified harmonics excited by torsional excitation
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frequencies, which can include the components defect frequencies and the
system torsional natural frequencies.

4.3.1 Torsional responses error function

In the recent literature of vibration-based condition monitoring, the applica-
tion of angular velocity measurements for condition monitoring of gearbox is
proposed (e.g. by Nejad et al. in [25] and Sankar et al. in [65]). In [65], the
power spectral density (PSD) of angular velocity measurements is used for
the fault detection in a gearbox. In [25], the energy of the residuals of an-
gular velocity measurements obtained from different places of a 5 MW high
fidelity wind turbine drivetrain model is used for the gearbox fault detection.
w

The angular velocity residual function e?, between rotor and generator
from the high-speed side is defined by [61] (paper 2)

e, = WHS —A1a2a30LS, (4.4)

where wygs and wpg are the rotational speed in % obtained from the high-
and low-speed shafts encoders, respectively. a1, ag and a3 are the inverse of
gear ratios of the gearbox stages. Gear ratio as per definition is Z—Z, where
n; and n, are the speeds of input and output shafts, respectively. The error
function main feature is removing the excitation frequencies which are trans-
mitted to the drivetrain through the housing, from the resultant torsional
response. Angular displacement and acceleration are the other torsional re-
sponses of the drivetrain system which could theoretically be used instead of
angular velocity for condition monitoring purposes. To this purpose, similar
to e}, ,, the angular position error function e?ot and the angular acceleration
error function e , are defined by the following equations obtained from paper
3 [28]

0
€0t =0Hs —a1a2a30L8, e(txot =aygs —a1a2a30aLS. (4.5)

Faults in the drivetrain components may cause a torsional oscillation
component which can be observed in the torsional response [17]. In par-
ticular, angular acceleration is the torsional response which has a direct re-
lation with the applied load, and contains useful information about how the
applied torque interacts with the system. If acceleration or displacement
is used for the drivetrain fault studies, the frequency-domain fault crite-
ria obtained by the analysis of angular velocity tend to change, because the
relation between acceleration and displacement with velocity in frequency-
domain is the function of frequency. The Fourier series of e} ,, e?, and
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e?ot are defined by e(;)ot(Q) =2 Cneik"Q> e(tzot(Q) =¥y Cn(ikn)eikng,

n=-—o0o0 n=-o0o0
e (=Y Crlik,) tethn

Differentiation and integration are linear operations that are distributive
over addition. As it can be seen, in e{ , compared to e} ,, the amplitudes of
the frequency components higher than 1 Hz are magnified with the gain %,
and the frequencies lower than 1 Hz are weakened with the same proportion.
In e(t’ot compared to e} ,, the amplitudes of the frequency components lower
than 1 Hz are magnified with the gain %!, and the frequencies higher than
1 Hz are weakened with the same proportion.

In the next section, the FFT, PSD and energy of the angular velocity
residual signal ey, and also the angular velocity measurements of indi-
vidual encoders are studied and compared to the conventional method based
on analysis of translational vibrations for the detection of different types of
drivetrain abnormalities. The results of the following section are extracted
from the experimental studies performed by Moghadam and Nejad [61] in
paper 2.

4.3.2 Comparison of translational and torsional vibrations-
based condition monitoring

The normalized Cooley-Tukey FFT algorithm is used as the basis to inves-
tigate into the capability of torsional vibration response compared to trans-
lational acceleration measurements in distinguishing abnormalities, which
is defined by ©(jQ) = [*20(t)e ¥ d¢t, where ©(jQ) is the spectrum of the
response ().

Afterwards, the PSD and energy of the signal around the suspicious fre-
quency is used as the abnormality detection tool. The PSD of 6 is defined
by ,

Seot@= 2L, (4.6)
where Sgp is the PSD spectrum of 0(¢). The energy of the frequency domain
signal © in the frequency range [Q; Q2] is then calculated by

1 [ 9
E:—f 10jQ)? | dQ. 4.7)
Y 1
The PSD of the envelope of the signal 0 obtained by using Hilbert trans-
form is used as the other abnormality detection tool. The Hilbert envelope of
6 and the PSD of the envelope signal are defined by

~ @ Q 2
B(/2) = OGN~/ sgn(), Sgai) =L, 4.8)
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where © and S g are the envelope and envelope PSD spectrums of 6, and sgn
is the signum function. The energy of © can be used for the fault detection
purpose. Since the measurements are discretized in time, the normalized
energy based on the normalized length-n discrete Fourier transform is used,
where n is the spectrum frequency resolution. The normalization in this
context means a division by v/n for FFT which is equivalent to a division by
n for the PSD of the signal. Two different energy indices EI' and EI? are
then calculated as [61]

*

Q,

EI'=—"— EI?=_—>= 4.9
7 Eq (4.9)

s

where * is used as the indicator of the suspicious data set. E and E* are
the energy over all the frequency horizon of normal and suspicious cases,
respectively. g is the frequency horizon which covers the suspicious fre-
quency Q;* and 10% below and above it. Eq, is the energy of the accelera-
tion signal in the frequency range (), filtered by the band-pass filter H(Q;),
0(Q,) = O(Q)H(Qy), and E;‘)q is the same parameter for the suspicious case.

With respect to the different types of excitation sources, three different
test scenarios are designed to compare the torsional to the translational vi-
brations for drivetrain condition monitoring purposes. In scenario one, the
system responses including axial/radial accelerations, angular velocity mea-
surements and angular velocities residual signal are studied to investigate
the influence of internal and non-torsional drivetrain excitations on response.
In scenario two, the influence of internal and torsional excitations on the dif-
ferent drivetrain responses is studied, while in scenario three, the influence
of external and torsional excitation sources is investigated. For all these
three test scenarios, the accelerometers and the angular velocity measure-
ments of the drivetrain of Vestas V66 1.75 MW wind turbine are used as the
input measurements for the proposed frequency-domain energy-based con-
dition monitoring approach. The drivetrain topology and the placement of
accelerometers and encoders are specified in Figure 4.5.

In the first scenario, the frequency f,, = 529 Hz which is the mesh fre-
quency of the helical gears of the third stage of gearbox, which is a parallel
stage, is studied. The frequency spectrum of drivetrain different responses
in observing this frequency component is shown in Figure 4.6. The amplified
response at this frequency can be due to the defective gear teeth (e.g. due
to pitting or root bending faults), which causes axial/radial vibrations in the
system. The latter can be observed in the frequency spectrum of the radial
and axial acceleration sensors installed in different locations of the gearbox
at the mesh frequency of the gears, f,,, =529 Hz. The mentioned abnormality
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Code Position
AC1  Main bearing front, clock 3
AC2  Main bearing rear, clock 3
AC3  Gearbox input shaft axial direction (Top)
AC4  Gearbox input shaft bearing radial direction, clock 3

Gearbox medium speed bearing radial direction, as
AC5  close as possible (clock 3)

AC6  Gearbex high speed shaft bearing. clock 3
ACT  Generator bearing front, clock 3
AC8  Generator bearing rear, clock 3

(a) Acceleration sensors placement

Code  Position.
Encoder 1 Low speed shaft
Encoder 2 High speed shaft

(b) Angular velocity sensors placement

Figure 4.5: Drivetrain topology, accelerometers and encoders placement [61]
(paper 2).

does not reveal a significant sign in the angular velocity measurements and
the angular velocity residual signal, because it does not produce a significant
vibration frequency component in an early stage in the rotational rotational
degrees of freedom. Data filtering and using higher sampling frequency rates
are suggested for improving the performance of torsional vibrations in ob-
serving those excitation frequencies.

In the second scenario, the frequency 50 Hz and its harmonics are stud-
ied. The frequency spectrum of drivetrain different vibration responses and
the possibility of observing these frequency components is shown in Figure
4.7. These frequency components appear in response due to electromagnetic
torque oscillations which happen significantly with the voltage frequency 50
Hz and the third order harmonics which happen due to the generator electri-
cal current and back emf harmonics influenced by power electronic converter
and the grid low power quality. These abnormalities which can represent
excessive vibrations in drivetrain due to generator electromagnetic torque
oscillations are observable in angular velocity error function but not observ-
able in acceleration measurements.

In the third scenario, the frequencies 0.05 Hz and 0.97 Hz as the re-
sult of structural motions-induced vibrations, respectively due to the excited
first tower side-side natural frequency and the tower shadow effect. The
frequency spectrum of drivetrain different responses in observing frequency
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Figure 4.6: First test scenario [61] (paper 2).
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Figure 4.7: Second test scenario [61] (paper 2).

components is shown in Figure 4.8. These excitation frequencies are observ-
able in angular velocity measurements but not observable in acceleration
data. The external excitation frequencies are not observable in the angular
velocity error function due to the intrinsic filtering properties.

The performance of energy-based abnormality detection which measures
the energy of signal around the suspicious frequency, by using the different
vibration responses as the input of the energy-based fault detection approach
is reported in Tables 4.1, 4.2 and 4.3. Our extensive observations showed that
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Figure 4.8: Third Test scenario [61] (paper 2).

for different sets of operational data, the threshold 3 can provide a criterion
for the energy indices EI' and EI? of all the acceleration and angular velocity
signals to evaluate if the abnormality can be detected by the energy method
applied on the associated sensor. Based on this explanation, the energy index
EI' is not performing well in detection of the abnormalities, and the energy
index EI? is preferred based on the simulation study. The higher values of
this index can represent both the severity of the abnormality and the higher
capability of the sensor in observing it.

The frequency components appeared in the torsional response does not
necessarily represent a defect in the system, but provide valuable insights
about the torsional loads which can influence the drivetrain components,
which may not be considered in the design step. An amplified frequency in
angular velocity spectrum can represent either a high-amplitude internal/ex-
ternal torsional excitation source, an amplified component defect frequency
or an amplified system torsional natural frequency. The latter is discussed
in detail in Chapter 5. In any case, it can considerably affect the fatigue life
of the components.

As reported in paper 2 [61], none of the three under consideration cases
can be observed by using the time-domain approach based on the RMS value
of the translational vibrations obtained from the accelerometers time series
data, where these values should not exceed the predefined limits suggested
by the standards ISO 10816-21 and ISO 13373-1 by taking into account the
rotational frequency and type of application.

The possibility of using the torsional responses residual functions and
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Table 4.1: Calculated energy indices for the suspicious frequency w* = 529 Hz.

o Sensor | 1| Ac2 | AC3 | AC4 | AC5  AC6 | ACT | ACS | EN1 | EN2 | eyl
Criterion

EI 164 | 241 | 219 |2.25 | 1.66 | 1.38 | 0.92 | 0.96 | 1.01 | 1.01 | 1.06
EI? 471 | 17.17 | 25.14 | 3.19 | 25.30 | 7.00 | 111 | 1.00 | 1.0 | 1.00 | 0.87

Table 4.2: Calculated energy indices for the suspicious frequency w* =170 Hz.

Sensor
Criterion ENL | EN2 | etotal
EI! 1.01 | 1.01 | 1.06
EI? 2.21 | 1.97 | 26.47

Table 4.3: Calculated energy indices for the frequency w* = 0.05 Hz.

Sensor
Criterion EN1| EN2 | etotal
EIl 1.01 | 1.01 | 1.06
EI? 7.97 | 7.96 | 0.64

the low-pass filtered torsional response of individual encoders in estimating
drivetrain dynamic properties, and the applications for detecting drivetrain
faults by monitoring the variations of drivetrain dynamic properties is the
other proposed innovative drivetrain condition monitoring approach based
on torsional vibrations in this thesis, which is discussed in the next chapter.
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Chapter 5

Fault diagnosis and modal
analysis by using torsional
vibrations

5.1 General

This chapter discusses about the methodology and a part of results presented
by Moghadam and Nejad [27, 28] in papers 3 and 4, and Moghadam et al.
[29] in paper 5, related to the drivetrain system modal estimation and fault
diagnosis by monitoring the variations of drivetrain dynamic properties.

As the first step, the proposed modal estimation approach by using the
torsional measurements is presented and proved in the general case for a
multi degree-of-freedom (DOF) torsional model of drivetrain. A detailed para-
metric proof based on 3-DOF model is presented in paper 4 [28]. The method
is tested by using DTU 10 MW and NREL 5 MW simulation models, and
Vestas 1.75 MW operational data.

As the second step, the analytical relationship between the 3-DOF equiv-
alent model parameters and drivetrain dynamic properties is established,
which helps to identify the drivetrain system condition/state-of-operation by
monitoring the variations of drivetrain dynamic properties (undamped nat-
ural frequencies and normal mode shapes) which can be estimated from the
operational measurements by using the proposed modal estimation approach
or any other approach in the literature.

The main emphasis of this chapter is on geared drivetrains of wind tur-
bines. Based on the theoretical studies presented in papers 3 and 4 [27, 28],
a 3-DOF equivalent torsional model of the geared drivetrain is sufficient for

45
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detecting drivetrain faults at a system-level, because system-level faults rep-
resent themselves mainly by changing the torsional stiffness and the mo-
ment of inertia parameters of the 3-DOF equivalent model. System-level
faults are categorized into the faults which change the torsional stiffness the
most (e.g. crack in the shafts and bearing wear specially in gearbox), and
faults which influence mostly the inertia of the drivetrain bodies (changes
in mass balance/distribution which can be due to e.g. loss of mass, wear
and unbalance; and also changes in the axis of rotation which can be due to
e.g. misalignment and looseness), which all can be observed by using 3-DOF
reduced order model (ROM). The other reason for sticking to 3-DOF model
for the proposed drivetain system-level fault diagnosis algorithm, is that the
closed form parametric expressions of the drivetrain dynamic properties as
a function of equivalent model parameters can be obtained for this simpli-
fied model. Those expressions are the required inputs for the proposed fault
detection approach based on monitoring the variations of the drivetrain dy-
namic properties.

The method based on 3-DOF model can be implemented by using only the
filtered measurement obtained from one encoder (this method is explained in
the next section), which is sufficient for estimating the first and second driv-
etrain non-rigid natural frequencies. The experimental results presented in
paper 4 [28] demonstrate the possibility of observing the natural frequen-
cies by using the angular velocity residual function (constructed by using
two encoders measurements) and the filtered angular velocity measurement
of one encoder. One of the reasons that the 3-DOF model based fault de-
tection method is selected and developed in this work is that this approach
can be implemented only by using one encoder. However, the implementa-
tion of method with two encoders renders the easier visibility of torsional
modes but may cause additional costs of implementation if the drivetrain is
equipped with only one encoder. In the SCADA data, it is a common practice
to consider two measurements for the drivetrain speed. Therefore, the cost of
implementation of the approach based on two encoders may only be the cost
of an additional encoder by using the available data logging and communica-
tion infrastructure.

The proposed algorithm for modal analysis and fault diagnosis of the
drivetrain system by using the torsional response, developed for 3-DOF model
is summarized in the flowchart in Figure 5.1. The different parts of algorithm
are explained in the next two sections. The details about the 3-DOF model
and the definition of parameters are provided in paper 3 [27].
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The research contributions of this PhD work which are covered by this
chapter are:

e Drivetrain modal analysis by using the different types of torsional mea-
surements is introduced. The proposed modal analysis approach is
analytically proved. The performance of the proposed modal analy-
sis approaches is demonstrated by using both experimental studies
based on the operational data and simulation studies. Two different
simulation studies based on two different drivetrain systems and two
different equivalent models (a simplified 3-DOF and a more complex
14-DOF models) of drivetrain are carried out, and the possibility of ob-
serving the system natural frequencies by using different functions of
torsional measurements is investigated. An analytical approach for es-
timating the damping coefficients associated with the different natural
frequencies and operating speeds by analyzing the variations of ampli-
tude of torsional response residual function at the natural frequencies
and variations of damped natural frequencies in different operating
speeds is proposed.

e A drivetrain condition monitoring approach is proposed which works
based on monitoring the variations of the system dynamic properties
and the amplitude of response at the natural frequencies. The drive-
train system fault detection features are extracted by leveraging sensi-
tivity analysis. The method is tested by using both operational and sim-
ulation data obtained respectively from Vestas 1.75 MW and DTU 10
MW wind turbine drivetrains. The results are showing that the state of
progression of different categories of drivetrain faults at system-level
are observable in an early stage by the fault diagnosis method devel-
oped based on 3-DOF equivalent torsional model of the drivetrain, only
by tracking the faults consequent variations in the drivetrain dynamic
properties. The analytical equations of 3-DOF drivetrain model sup-
ported by sensitivity analysis are used to extract the fault detection fea-
tures which are shown to be sufficient to detect the drivetrain faults at
a system level. Then the possibility of extending this work to the driv-
etrain fault diagnosis at component-level by using higher DOF models
of the drivetrain is demonstrated by the simulation studies.
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Report a normal
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Report driveline
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Figure 5.1: Proposed drivetrain fault diagnosis algorithm by using torsional
measurements and estimated modes [28].

5.2 Drivetrain modal analysis by torsional measure-
ments

5.2.1 Construction of the input function for the modal analy-
sis approach

in order to realize the drivetrain modal analysis by means of torsional mea-
surements, two methods based on the torsional vibration measurements are
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employed:

1- Torsional vibration residual function:

The torsional response residual function between I* and m* inertias
from the point / based on a multi-DOF lumped parameter model of order
n is defined as [30]

e‘l",m(t) £ wi(t) U mom(t), forland m €{l,...,n}, (5.1)

with w as the time series of angular velocity, and u;,, as the relative gear-
ratio between j; and j,, to make them in the same coordinate. Gear—ratio
uy, as per definition is szv , where N; and N,, are the speeds at I and m®"
inertias. Both the angular velocity and angular acceleration can be used as
the inputs of the residual function. The torsional response can be provided
by encoders or strain gauges. It is assumed that the different types of tor-
sional response can be interchangeably used by performing derivation and
integration operations. In case of 3-DOF model, the residual function can
be constructed by the two encoders located on high- and low-speed shafts of
drivetrain. Since most of the wind turbines are equipped with only one an-
gular velocity measurement, the implementation of this method may require
an additional moderate resolution encoder. One of the significant features of
the error/residual function is the cancellation of the influences of structural
motions which are transferred from the bed plate to the drivetrain, from the
torsional response. The latter leads to a clean signal with the capability of
highlighting the system characteristic frequencies. The transmitted motions
to the drivetrain are mainly influenced by wind, wave, structural resonances,
natural periods of structural motions and interactions between rotor, tower
and support structure, which have a low frequency content. Therefore, the
filtered angular velocity of low-speed shaft, which can be implemented with
one encoder, has also a potential in highlighting the drivetrain torsional fre-
quencies, which makes the basis for the second method as discussed in the
continued part.
2- Low-pass filtered angular velocity function:
The filtered signal X(Qgp) is defined by

X)) =w;(Q), i €{l,...,n}, X(Qpp) = X(QH(Qgp), (5.2)

where H(Qpgp) is the transfer function of the high-pass filter applied to the
encoder signal to attenuate the low-frequency noises induced by structural
motions. The performance of filtered angular velocity of low-speed shaft in
highlighting the torsional frequencies compared to the different torsional re-
sponse error/residual functions is tested with both simulation-based and op-
erational measurements as reported in papers 3, 4 and 5 [27, 28, 29].
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The following steps explain the modal estimation approach which are also
summarized in Figure 5.1:

1. The torsional response error function (or interchangeably the low-pass
filtered signal of the main shaft) is generated. The response can be
angular velocity or acceleration.

2. The signal is preprocessed so that the defect frequencies of the com-
ponents structural motions-induced harmonics are filtered. The result
gives the damped torsional natural frequencies of the drivetrain sys-
tem.

3. The natural frequency is validated by the analysis of the variations of
amplitude of response in the suspicious frequencies at different oper-
ating speeds. The variation of the amplitude of response in the system
damped natural frequency due to the variation of damping coefficient
shows a more significant change compared to the variation of the am-
plitude of response in the harmonics. The variation of damping coeffi-
cient is due to the continuous variations in the operating speed.

4. Damping at the natural frequency depends on the operating speed. The
damping coefficient at two ensuing operations in two different speeds
can be estimated by applying the theory developed by Moghadam and
Nejad [27, 28] in papers 3 and 4, based on monitoring the variations
of the natural frequency and amplitude of response between the two
operations.

5. By using the estimated damped natural frequency from torsional re-
sponse and the estimated damping coefficient from the analysis of am-
plitude of response, the undamped natural frequencies are estimated,
which provide inputs for the fault detection approach based on moni-
toring the variations of system dynamic properties.

5.2.2 Analytical proof

The possibility of observing the natural frequencies from the torsional re-
sponse is explained by the following theorem.

Theorem 1. Torsional natural frequencies belong to the set of extreme
points of the torsional response in the frequency domain.

Proof. The general form of the discrete multi-DOF torsional model of
drivetrain with n degrees of freedom in the time domain is defined by

Ji+CO+KO=T(), (5.3)



5.2. Drivetrain modal analysis by torsional measurements 51

where J, C and K are the moment of inertia, damping and stiffness ma-
trices with the size n xn. 6 and T are the response and load vectors with
the size n x 1, where each element of these two vectors represent a time se-
ries data. The representation in frequency domain by using the frequency
variable S and Laplace transform is

[JS2 +CS + Kl n[OS)]x1 = T(S)px1. (5.4)

By replacing the characteristic equation JS2 + CS + K with M, the fre-
quency domain response O(S) is calculated by

ad j(M)

det(M)

where ad j(M) is the adjugate of M, which is a polynomial function with the
matrix variable M. det(M) is the determinant of system characteristic equa-
tion. As it can be seen, the roots of de#(M) are the extreme points of response
O(S). However, the roots of the determinant of characteristic equation of a
system are the system’s eigenfrequencies. Therefore, the torsional natural
frequencies of the system belong to the set of extreme points of the response.
In the undamped system (C = 0), the roots are pure imaginary which repre-
sent the undamped natural frequencies Q). In the general damped system,
the roots are the damped natural frequencies in with the relationship with
the undamped frequencies as

Qf1=(iQfl+J'Qfﬂ/1_(Ci)2 iel,.,n. (5.6)

The torsional natural frequencies in both cases of damped or undamped
system based on the provided proof which refers to the general form of damped
system are the extreme points of the frequency-domain response.

Thus, we complete the proof of Theorem 1.

The signal generally used for frequency-domain fault detection studies
is the single-sided amplitude spectrum of response. The possibility of ex-
tending the results of Theorem 1 to the amplitude of torsional response and
more specifically the amplitude of angular velocity error function based on
an equivalent 3-DOF model is explained by Moghadam and Nejad [28] in
paper 4. The 3-DOF model is applied as the base model for the drivetrain
system-level fault diagnosis in Section 5.3.

0(S) = T(S), (5.5)

5.2.3 Results of modal analysis approach validation

The results of modal analysis in three different cases, namely DTU 10 MW,
NREL 5 MW and vestas 1.75 MW, which are a part of results reported in
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papers 3, 4 and 5 are shown in the following.

1- DTU 10 MW 3-DOF model

The PSD spectrum of angular velocity error function obtained from 10
MW drivetrain model and its capability in extracting the 15 and 2"% tor-
sional natural frequencies of the drivetrain compared to angular displace-
ment and angular acceleration error functions is shown in Figures 5.2b-6.2b.
The angular acceleration error function shows a higher performance in re-
vealing the higher frequency modes (the 2”¢ mode). The higher frequency
modes have usually a lower impact on the response, which complicates the
disclosure of those frequencies. The PSD spectrum of the input torque ap-
plied on the drivetrain MBS model is shown in Fig. 5.2a. This torque con-
tains the majority of frequency components and can excite the drivetrain nat-
ural frequencies. Two methods based on monitoring the variations of natural
frequencies and amplitude of response at natural frequencies between two
different drivetrain operations are proposed in paper 4 [28] for estimating
the damping coefficient from the torsional measurements. The estimated val-
ues of damping coefficients at the 15/ mode in two different operating speeds
with two different loading conditions, by using the two methods proposed in
paper 4 [28], are listed in Table 5.1, which show a good agreement between
the estimated values and the actual value from the reference model.

Table 5.1: Estimation of damping coefficient at the 15¢ mode of DTU 10 MW

model for different operating speeds and loading conditions [28]
Operation | w (rad/s) Q}l)eak (rad/s) Ie?’ot(Q;mk)I { (reference model) | ¢ (method 1) ¢ (method 2)
w1 0.9 8.67 0.159 0.21 0.21 0.18
w2 0.7 8.46 0.171 0.26 0.25 0.23

2- NREL 5 MW 14-DOF simulation model

The undamped natural frequencies of the healthy drivetrain system based
on the 14-DOF torsional model are listed in the Table 5.2. As explained by
equation 5.1, the torsional response error function can be defined between
different bodies in the drivetrain model. For example, the undamped nat-
ural frequencies estimated from the angular acceleration error function for
the 2" gearbox stage are shown in Figure 5.3. It is worth noting that the
damping in this equivalent model is set to be zero, so that the estimated
frequencies are directly giving the undamped natural frequencies.

3- Vestas 1.75 MW operational data

The PSD spectrum of angular velocity error function of the drivetrain op-
erational data of Vestas V66 1.75 MW turbine for a rated operation compared
to angular displacement and acceleration error functions is shown in Figures
5.4a-5.4c, which shows the observability of both the drivetrain and blade
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Figure 5.2: Simulation results of estimating drivetrain torsional natural fre-
quencies based on DTU 10 MW floating wind turbine model [27] (paper 3).
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Figure 5.3: Estimation of torsional modes by using the error function defined
based on the gearbox 2"¢ stage torsional responses of NREL 5 MW wind tur-

bine drivetrain

[29].

natural frequencies, which are 2.6 Hz and 3.6 Hz, respectively. The results
are validated by comparing the natural frequencies with the 1% drivetrain
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Table 5.2: 14-DOF drivetrain model natural frequencies of NREL 5 MW [29]

Mode 112 3 4 5 6 7 8 9 10 11 12 13 14
Actual 0| 2| 120 | 153 | 208 | 567 | 716 | 716 | 971 | 1224 | 1232 | 1232 | 1384 | 1942
Estimated | 0 | 2 | 118 | 153 | 208 | 567 | 706 | 706 | 970 | 1220 | 1220 | 1220 | 1381 | 1933

and 1% blade edgewise natural frequencies of another turbine with the same
drivetrain technology and power range as reported in [66]. As it can be seen,
angular acceleration performs slightly better in the extraction of characteris-
tic frequencies of higher values. A comparison between the angular velocity
error function PSD in two different operating speeds is shown in Figure 5.4d.
As it can be seen, the higher damping coefficient in lower speeds has resulted
in a lower damped natural frequency. Furthermore, at the drivetrain natu-
ral frequency, the response amplitude reacts more to the variation of damp-
ing. In other words, for a lower rotor speed which corresponds to a higher
damping, the amplitude of response at the natural frequency reduces more
compared with the amplitude of response at the other harmonics. The high-
pass filtered low-speed shaft angular velocity measurement is also shown in
Figure 5.4e. The filtered signal shows some degree of competence with the
angular velocity error function in extracting the torsional properties, i.e. the
drivetrain and the blade edgewise natural frequencies.

5.3 Proposed drivetrain system-level fault diagno-
sis approach

Variations in drivetrain dynamic properties and their relationships with pro-
gressive faults in system and component levels are reported in paper 4 [28]
and paper 5 [29], respectively.

In papers 3 and 4, the diagnosis of drivetrain system-level faults is in-
vestigated. To this purpose, an equivalent 3-DOF model is proved to be suffi-
cient for setting up the analytical relations for detecting the drivetrain faults
at a system level based on monitoring the variations of the first and second
nonrigid modes of the drivetrain system. Therefore, the analytical relation-
ship between the drivetrain dynamic properties and the reduced order model
parameters are obtained by deriving the related nonlinear equations and ap-
plying the normalized local sensitivity analysis to extract meaningful fault
detection criteria for different stages of progressive faults. The methodology
which is summarized in the flowchart in Figure 5.1, is briefly discussed in
the following.
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5.3.1 3-DOF equivalent model dynamic properties as a func-
tion of model parameters

The two undamped natural frequencies (nonrigid modes) based on 3-DOF
lumped-mass-spring model of a geared drivetrain, as functions of model pa-
rameters, can be calculated by
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Qtor_ kL kL+kH kH —kL kL—kH kH 2 kLkH
1= + + —/( - + Y+ =,
\ 2J, 2Jg  2Jg 2J,  2Jg  2dg J2,
(5.7a)
Q%‘"’: kr +kL+kH+ kg + (—kL_kL—kH+ ki )2+kLkH’
\ 2J,  2Jg 2 2J,  2Jg  2Jgn JZ,
(5.7b)

where Q4" and QY are the 1°* and 274 natural frequencies, k7, and kg are
the torsional stiffness of low- and high-speed shafts, and J,, Jg and Jg, are
the moment of inertia of rotor, gearbox and generator, respectively.

The two normal mode shapes related to the two non-rigid modes of the un-
der consideration drivetrain model, as functions of model parameters, which
are scaled to unity length are

k2 ki
2 k 2 2
—H . L —H ., L
Q (kpr-JgnA)? + (kp,~JrA)¥ +1) Q (kpr—JgnB)? + (kp,~JrB)? 1
‘Prot = ’ ‘Prot = > (5‘83)
krp—dJA ki —JB
Q 1 Q _ 1
\Pgear - k%{ k% ’ \Pgear - k%{ k% ’
G —dd? t G ar t1 s A e R
(5.8b)
k2 k2
53 H 5] 52 H k2
P T Igna? g ar v A T 5.50
— = .0C
en > en ’
g kg —JgmA g kg —JgnB
where
__ J(ku _ kr | ku—kiy2 , kukr , kg, ki |, kutkr
A= \/ (o7, ~art7ar, )t T2, T8, et eg,

— J(ku_ _ kr | ku—kpyo  kugky , kg | kp | kytki
B=\/Gr-—art 25, )+ 72 T ad, tan Tt e,

¥y ¥gea
due to the 15! mode. ‘I’?jt, \I’gja, and ‘I’gjn are the same parameters for the
274 mode.

The amplitude of the angular velocity residual function at the two natural
frequencies in the general case of a damped system has the relationship with

the system parameters and rotor and generator torques as

Q
» and Wz, are normal modes at rotor, gearbox and generator
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\/|Tg(w1)|2 FA+H+J2J2,A2VA +|Tr(wD)2\/EA+G +J2,J2,A2VA

% (Q4°7)|= ,
‘\‘/A 212 +(IVE -+ grdgn)?A3+ DA+ d g+ gn )2 A+ k2R 2 T ptd grtd gn)2 + I 2ol 2, 2, AL
(5.9a)
\/|Tg(w2)|2, [FB+H+J2J2%B2VB +|Tr(w2)|?\/EB+G+J2,J2,B2VB
lefo Q5= :
'{/3212 +BY I VE+erdgrdgn)? +k2k2(T r+d gr+d gn)2+ DA ptd gt gn) 2B+ J 2T 2, 2, B4
(5.9b)
where

D =cpky+cukr, E =(cLdgn+cudgr +cudgn)?, F=(crdr+crdgr +
cadr)?, G=(Jgky+Jdgnkr +Jdgnkm)?, H=(Jkr +Jky+Jgkr)? and
I=CLCHJr+CLCHJgr+CLCHJgn+J,»JgrkH+JrJgnkL+J,»JgnkH+JnggnkL.

5.3.2 Sensitivity analysis

It was shown that the estimated modes and the amplitude of response at
those frequencies are connected to the system parameters and faults. In
order to establish this relationship to be used in the proposed fault detec-
tion approach, sensitivity analysis is employed. The different categories of
drivetrain system-level faults and their influences on the 3-DOF model pa-
rameters are discussed in paper 4 [28]. This part is aimed to use the closed-
form mathematical relationships between the drivetrain dynamic properties
and amplitude of response with the drivetrain reduced-order model parame-
ters supported by sensitivity analyses for a subsequent use in the proposed
fault diagnosis algorithm, based on the general 3-DOF torsional model of
drivetrain. In order to achieve the above described purposes, two different
sets of sensitivity analyses are performed in this section. First, a sensitiv-
ity analysis is performed on torsional frequencies and normal mode shapes
of the equivalent undamped system to extract drivetrain system-level con-
dition monitoring features. Second, a sensitivity analysis is performed on
the amplitude of response at the natural frequencies primarily to estimate
the damping coefficient and subsequently the undamped natural frequencies
which are required for the first analysis, and secondarily to validate the con-
dition monitoring features obtained in the first sensitivity analysis.

Local sensitivity analysis determines how a small perturbation around
an input parameter value influences the value of the output. In the proposed
fault diagnosis approach, in order to find the parameters with the highest
impact on the drivetrain dynamic characteristics, local sensitivity analysis
is employed for two reasons. First, the motivation of this work is detect-
ing faults in an early stage of progress for preventive maintenance purposes.
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Therefore, variations in the drivetrain system parameters is expected to hap-
pen with a slight change around the nominal values. Second, local sensitiv-
ity analysis derives a closed form expression for the sensitivity value which
is valuable for implementation purposes. Local sensitivity is defined as the
partial derivative of the output function with respect to the input parameters
[67] as

0
Si‘;c = 6_?’;’ Ve €{y1,....yptand x; € {x1,...,x4}, (5.10)

In the above equation, yj is the 2" output and x; is the /** input. In

order to neutralize the impact of large/small inputs and small/large outputs,
the local sensitivity can be normalized by the nominal values of inputs and
outputs as

ref
X,
gNorm _ 710k (5.11)
’ yl’:f ox;

In the above equation, x;ef and y;ef are the nominal values of x; and yj,.

In the 3-DOF torsional model, the input and output vectors for sensitivity
analysis are

X = {kL7 kHa Jr, Jgry Jgna CL,CH, T"a Tg}7 (5123)
y={Qlr, Qe Wi i oy wl W Wi e (QET), el (QT).
(5.12b)

The closed form of equations after applying normalized local sensitivity
analysis to egs. (5.7), (5.8) and (5.9) to find the sensitivity of drivetrain sys-
tem dynamic properties and amplitude of response at the natural frequencies
to the equivalent model parameters based on 3-DOF model are reported in
paper 4 [28].

5.3.3 Results of proposed fault diagnosis approach validation

As discussed in [28], drivetrain system-level faults represent themselves by
the variations of 3-DOF model equivalent stiffness and inertia parameters.
The detection of the faults which influence the stiffness the most is possi-
ble in the proposed approach by monitoring the consequences of these faults
on the drivetrain torsional modes based on the results of sensitivity analy-
sis. In order to simulate the stiffness related faults, the torsional stiffness
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of the main and high-speed shafts in the SIMPACK model is reduced in four
steps from 5 to 50%. The resultant variations in the natural frequencies and
normal modes are listed in the Tables 5.3 and 5.4.

Table 5.3: Main shaft fault cases [28].

tor tor (o] Q o5 9y 93] Qy
LCO 1 1 1 1 1 1 1 1 1
LC1 0.95 | 0.975 | 1.000 | 1.000 | 0.950 | 1.000 | 1.000 | 1.000 | 1.000
LC2 0.85 | 0.923 | 0.999 | 1.000 | 0.851 | 1.001 | 1.000 | 1.000 | 1.001
LC3 0.7 0.838 | 0.999 | 1.000 | 0.000 | 1.003 | 1.000 | 1.000 | 1.003
LC4 0.5 0.709 | 0.998 | 1.000 | 0.000 | 1.005 | 1.000 | 1.000 | 1.005

Table 5.4: High-speed shaft fault cases [28].

tor tor Q1 9 1971 197 9] )
LCO 1 1 1 lm lm 1 1 1 1
LC1 0.95 | 1.000 | 0.975 | 1.000 | 1.052 | 1.000 | 1.000 | 1.000 | 1.000
LC2 0.85 | 0.999 | 0.923 | 1.000 | 1.175 | 0.998 | 1.000 | 1.000 | 0.998
LC3 0.7 | 0.998 | 0.838 | 1.000 | 1.423 | 0.996 | 1.000 | 1.000 | 0.996
LC4 0.5 0.996 | 0.710 | 0.993 | 1.983 | 0.991 | 1.000 | 1.000 | 0.991

As it can be seen from these tables, the simulation results agree with the
results obtained from the analytical sensitivity analysis of natural frequen-
cies and normal modes as reported in paper 4 [28]. The fault detection fea-
tures are obtained from the physical model, and the threshold for these phys-
ical features can accordingly be specified based on the aforedescribed sensi-
tivity analysis applied to a specific drivetrain. As an example of stiffness-
related faults, a shaft crack causes the reduced torsional stiffness of the shaft
and the changed drivetrain torsional natural frequencies. The reduction of
the 1% natural frequency due to a crack in the main shaft is demonstrated
in Figure 5.5a. As it can be seen, for the two operations with the same load-
ing conditions, one for the normal system and the other for the system with
a crack in the main shaft, the amplitude of response at the 1°! natural fre-
quency is higher in the system with the cracked shaft compared to the normal
system, which agrees with the results of the analytical sensitivity analysis
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of the amplitude of response as reported in paper 4 [28]. The influence of a
crack in high-speed shaft and its consequence in the drop of the 2" natural
frequency is shown in Figure 5.5b. A crack in the high-speed shaft causes an
increased amplitude of response at the 2" natural frequency, which agrees
with the analytical sensitivity analysis results related to the amplitude of
response at the 2% mode as reported in paper 4 [28]. Figures 5.5a and 5.5b
are normalized with respect to the normal system results.

Fast Fourier transform %10 Fast Fourier transform
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Figure 5.5: Simulation results of stiffness-related faults based on DTU 10
MW floating wind turbine model [28] (paper 4). (a) Fault in low-speed shaft.
(b) Fault in high-speed shaft.

The detection of inertia-related faults is also possible by monitoring the
consequences on the drivetrain torsional modes based on the sensitivity anal-
ysis results. In here, in order to simulate the severe unbalance faults, the
inertia of the associated component is increased in three steps from 5 to 20%.
The subsequent changes in the drivetrain modes are listed and shown in the
Tables 5.5- 5.7, which show that the simulation results agree with the ana-
lytical sensitivity analysis results as presented in paper 4 [28].

Table 5.5: Inertia-related fault cases (rotor).

tor tor Q Qg 9 Qp @ o)
LCO 1 1 1 1 1 1 1 1 1
LC1 1.05 | 1.000 | 1.000 | 0.952 | 0.952 | 1.000 | 1.000 | 1.000 | 1.000
LC2 1.10 | 0.999 | 1.000 | 0.909 | 0.909 | 1.000 | 1.000 | 1.000 | 1.000
LC3 1.20 | 0.998 | 1.000 | 0.833 | 0.833 | 1.000 | 1.000 | 1.000 | 1.000

As an example of inertia-related faults, unbalance in the rotor, gearbox
or generator results in an increase in the associated equivalent inertia of
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Table 5.6: Inertia-related fault cases (gearbox).

tor tor Qp Qg 9] 9 0 Qy
LCO 1 1 1 1 1 1 1 1 1
LC1 1.05 | 0.998 | 0.978 | 1.004 | 1.046 | 1.000 | 1.000 | 1.000 | 1.050
LC2 1.10 | 0.997 | 0.957 | 1.007 | 1.092 | 1.000 | 1.000 | 1.000 | 1.100
LC3 1.20 | 0.993 | 0.919 | 1.015 | 1.183 | 1.000 | 1.000 | 1.000 | 1.200

Table 5.7: Inertia-related fault cases (generator).

tor tor Q Qg Q1 0 9 9]
LCO 1 1 1 1 1 1 1 1 1
LC1 1.05 | 0.978 | 0.998 | 1.046 | 1.003 | 1.000 | 1.000 | 1.000 | 0.952
LC2 1.10 | 0.958 | 0.997 | 1.093 | 1.007 | 1.000 | 1.000 | 1.000 | 0.909
LC3 1.20 | 0.920 | 0.994 | 1.186 | 1.012 | 1.000 | 1.000 | 1.000 | 0.833

the component in the model. The variation of inertia is different dependent
on the severity of unbalance. A slight unbalance can cause a very slight
change in the inertia and subsequently a slight change in the modes which
makes the detection challenging by the proposed approach. The reduction of
1% and 2"? natural frequency due to the increase of the inertia of generator
and gearbox as a result of unbalance faults in generator and gearbox are
respectively shown in Figures 5.6a and 5.6b. The influence of increase of
rotor inertia, which can model the rotor unbalance fault, on the simultaneous
reduction of 1°¢ and 2"¢ normal mode shapes in rotor position is also shown
in Figure 5.6¢c. All these three figures are normalized with respect to the
normal system results.

In paper 5 [29], by using a higher DOF torsional model of NREL 5 MW
drivetrain system, the influence of pitting faults in sun-planet gears and
ring-planet gears of the 1°¢ and 2"¢ gearbox stage and their influences on the
deviation of the drivetrain natural frequencies is investigated, which shows
that monitoring the variations of the natural frequencies can also be used for
detecting the drivetrain faults in a component level, e.g. the gearbox subcom-
ponents.

The experimental studies are related to the torsional measurements of
the drivetrain system of Vestas 1.75 MW turbine. The deviation of 1% nat-
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Figure 5.6: Simulation results of inertia-related faults based on DTU 10 MW
floating wind turbine model [28] (paper 4). (a) Fault in generator. (b) Fault in
gearbox. (c) Fault in rotor.

ural frequency apparently due to a low-speed shaft fatigue crack is shown
in Figure 5.7a, which shows the capability of method in detecting the shaft
abnormalities in the early stages of progression. As it can be seen, the re-
duction of the natural frequency at the same operational speed is observed,
which can be due to a reduction in the low-speed shaft stiffness as a con-
sequence of an early stage fault in the main shaft. The cracked shaft can
represent a periodic reduction in the shaft stiffness due to nonlinear effects
such as breathing of the crack. Dependent on the type of crack the varia-
tion of the stiffness of the different directions of lateral, axial and torsional
could be different, because the stiffness change is dependent on the direc-
tion of bending moment at the crack cross-section. Due to the coupling phe-
nomena in a cracked shaft (i.e. bending—torsion and longitudinal-torsion),
the variations of longitudinal and bending stiffness parameters - they have
relationship with the type and depth of crack- also influence the torsional
stiffness in later fault stages. Therefore, the assumption made for modelling
of a crack with constant torsional stiffness asymmetry seems to be realis-
tic. The performance of the proposed method in the detection of main shaft
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faults is compared with three conventional methods in literature based on
accelerometers measurements, namely the frequency domain indicator based
on observing twice the running frequency component and the subharmonic
resonance crack4, crack3; the variable phase-difference between the time-
domain measurements of the accelerometers placed on the two sides of shaft
at the shaft rotational frequency component; and the RMS of time domain
acceleration based on standard ISO 10816-21. The frequency spectra of the
two accelerometers which are placed on the two main bearings which sup-
port the main shaft are shown in Figure 5.7b. The under consideration tur-
bine has been working with the nominal rotational speed equal to 0.33Hz
in the low-speed side. As it can be seen, the main revolution frequency, the
double frequency and the subharmonics do not show a significant amplitude
in the response. The insufficiency of frequency domain analysis in differ-
ent operating speeds in detecting shaft faults in the general rotor system is
also reported in [68]. The other drawback with frequency domain analysis
based on our observations is that due to the low-frequency content of the
low-speed shaft faults, they can be mistaken with a wide range of excitation
frequencies due to environmental and structural motions-induced vibrations
which happen in the low-frequency range. Figure 5.7c shows the synchro-
nized time-domain acceleration measurements of AC1 and AC2 which are
band-pass filtered around the low-speed shaft rotational frequency. As it can
be seen, the figure does not represent any variation in the phase difference
between these two signals. Monitoring the variations of the phase difference
of the frequency component 0.33Hz can be challenging due to the influence of
the other frequency components which appear in response in this frequency
range. As reported in paper 4 [28], the described abnormality cannot also be
detected by using the third method which is the standard time-domain ap-
proach grounded on the evaluation of the RMS value of the time series data
of the translational vibrations based on standard ISO 10816-21.

By the increase of the order of equivalent model, more dynamic proper-
ties (higher natural frequencies which are not seen by 3-DOF model) can be
employed in the proposed analytical method, which can support a more de-
tailed fault detection in the drivetrain. However, it can be challenging for
currently available modal estimation approaches to observe higher modes
which appear with a low amplitude in the frequency-domain response. In
other words, the actual condition for the modal estimation problem is re-
strictive, so that some of the eigenfrequencies of the drivetrain system may
not be observable, especially the higher eigenfrequencies which can be ex-
cited by the input torque with a lower energy. The application of higher DOF
torsional models as more detailed equivalent models which can capture real-
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Figure 5.7: Experimental results of stiffness-related faults based on Vestas
1.75 MW drivetrain operational data [28] (paper 4). (a) Fault in main shaft:
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time variations in mesh stiffness and inertia of individual gears and interme-
diate shafts, to detect faults in those subcomponents by taking into account
the components internal dynamics is studied in paper 5 [29]. Deriving the
analytical model for extracting sufficient fault detecting features to diagnose
the drivetrain faults in a component-level is looked as the future work.

In the next chapter, the discussion on torsional vibrations is continued
but for a different purpose which is monitoring the remaining useful lifetime
of the drivetrain components, by using digital twin modeling approaches.



Chapter 6

Digital twin-based fault
prognosis by torsional
measurements

6.1 General

In this chapter, digital twin-based fault prognosis of the drivetrain compo-
nents by using the torsional measurements is discussed. Fault prognosis
in this context means the near real-time estimation of the remaining useful
lifetime (RUL) of the drivetrain components. Digital twin in this context con-
sists of torsional dynamic models, online measurements and fatigue damage
estimation, which are used for RUL estimation.

This chapter summarizes the methodology and reports a part of the re-
sults of the studies performed by Moghadam et al. [29] in paper 5, and
Moghadam and Nejad [30] in paper 6. The method is designed in the general
form for multi-degree-of-freedom (n-DOF) torsional model of the drivetrain.
Then the method is developed for the estimation of RUL in different compo-
nents of the drivetrain system. In paper 6 [30], the method is developed based
on 3-DOF equivalent torsional model of drivetrain as the drivetrain digital
twin (DT) for monitoring the residual life of main and high-speed shafts,
where the fatigue damage due to cyclic torsional-bending load is focused. In
paper 5 [29], the method is developed by using 14-DOF torsional model as
DT of the drivetrain system for estimating the real-time degradation of the
gears in the gearbox due to pitting fatigue damage and the gear pairs contact
loads.

The degradation models are based on proven physics-based approaches

65
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for the estimation of fatigue damage, which are supported by statistical ap-
proaches and stochastic models to address uncertainties to improve the ac-
curacy. These methods which rely on real-time measurements, are compu-
tationally fast, can apply to different drivetrain components and are not re-
stricted by the operational conditions.

In the following sections, the drivetrain DT model and the online estima-
tion of equivalent reduced order model (ROM) parameters by using the tor-
sional response and aerodynamic torque observer is discussed. Then, in the
rest of this chapter, the design of real-time load observers for the drivetrain
components by using DT model and operational measurements, the estima-
tion of equivalent stress and then the degradation model is explained. The
proposed DT model estimation approach and its application for monitoring
drivetrain components residual life is evaluated by the simulation studies
based on the drivetrain systems of DTU 10 MW and NREL 5 MW reference
wind turbines.

The research contributions of this PhD work which are covered by this
chapter are:

» Computationally fast digital twin models of the drivetrain system based
on the torsional measurements and computationally inexpensive equiv-
alent torsional models are proposed, which are aimed at monitoring
the residual life of the components. The digital twin model based on
14-DOF equivalent of the drivetrain system is proposed for remaining
useful lifetime (RUL) monitoring of the gearbox, which is tested for es-
timating the residual life of the gears of NREL 5 MW gearbox model
and validated by comparing the results with high-fidelity simulation
models. The digital twin model based on 3-DOF equivalent model is
also proposed for estimating the residual life of main and high-speed
shafts, which is tested by DTU 10 MW model. The proposed digital
twin models leverage stochastic physics-based degradation models for
estimating RUL in the drivetrain components by using the online esti-
mated reduced order model (ROM), real-time torsional measurements,
designed load observers and equivalent stress estimation approaches.
These models take into consideration the various sources of uncer-
tainty by using statistical approaches and stochastic models, namely
Kalman filtering, Monte Carlo simulations and assuming fatigue dam-
age as a random variable.

The online estimation of the parameters of drivetrain equivalent mod-
els of different degrees of freedom by using the torsional response and
the estimated values of drivetrain input torques is discussed. The pro-
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posed robust least square error (LSE) estimator defined based on min-
imizing the difference between the equivalent model and the real-time
measurements provides the best unbiased estimation of the coefficients
in the linear regression model. Confidence intervals for estimation er-
ror of the ROM parameters are provided by using stochastic models
supported by Monte Carlo simulations.

6.2 Estimation of drivetrain equivalent model by
using the torsional measurements

The proposed algorithm for estimating the drivetrain equivalent ROM pa-
rameters and dynamic properties is described in this section.

6.2.1 Estimation of moment of inertia matrix

The general damped n-DOF torsional dynamical model of drivetrain can be
represented by the following equation. The summation of the moments on
each inertia in the lumped parameter model yields n equations of the form
[69]

Ji0i®+Ci(0:)-0; 1) - Cis1(0;11(1)—0;(1)) + ki (0;(t) - 0;_1(2))-
kiz10;41()—0;() =Ti(t), fori=(1,...,n). 6.1)

In the above equation, 6; is the angular displacement of i** body. j; is the in-
ertia of ' body. %; is the equivalent stiffness between (i — 1)"* and i?* bodies.
ki+1 is the equivalent stiffness between i" and (i + )" bodies. T; is the exter-
nal excitation applied to the i body. By using a matrix form representation,
these set of equations can be rewritten as

JO (1) +CO®@)+KO®#)=T(). (6.2)

In the above equation, J, C and K are the moment of inertia, damping
and stiffness matrices with the size n x n. ® and T are the response and load
vectors with the size n x 1, where each element of these two vectors repre-
sents a time series data. This model alongside the torsional measurements
provide the inputs for the drivetrain model parameter estimation approach.
The optimization variables are J, C and K matrices which are the drivetrain
equivalent lumped model parameters. The sparsity of the matrix variables
J, C and K are specified based on the drivetrain topology and is imposed to
the optimization problem. Assuming that the load and response time series
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are known, the parameter estimation problem turns to the minimization of
the L2-norm of error. The error function is defined by

E®2 JO 1)+CO@w) +KO(#) -T(). (6.3)

Therefore, the least square error (LSE) estimator is defined to estimate
the equivalent model parameters by minimizing the error function E be-
tween the model and measurements as

3 K™ % ¢ arg min{lElly)
JK,C=0
JimeS? . 6.4)
Kl,m € SK
Cime SC

In the above equation, S7, S¥ and SC are the sparsity sets of matrices
J, K and C. The matrix J is diagonal. K and C are non-diagonal symmetric
matrices which are not full rank. The latter may cause computational diffi-
culty for the above quadratic matrix optimization problem, and subsequently
there is a possibility of divergence of the numerical solver. The larger pertur-
bations due to the singular terms into the calculations than the numerically
stable counterpart can cause larger errors in the solution. In order to simul-
taneously remove the coupling between the equations due to the K and C
terms, cope with the error arisen from the ill-condition terms of model, and
reduce the computational complexity by reduction of the number of variables,
a summation operation is applied to the set of dynamic equations (6.1) of each
inertia, which results in the elimination of stiffness and damping from the
resultant scalar optimization problem. The latter leads to the following error
function in terms of the inertia variables j; as the model scalar variables and
the torsional measurements time-series as the inputs, by assuming rotor as
the reference of the rotary coordinate [29, 30].

e®)=j1Q @)+ +urijiQi @O+ + U1 fnQn (O =Tr O ~u1, Ty, (). (6.5)

In the above equation, ; is the time series of angular acceleration and
Ji is the moment of inertia of the it" DOF. T, and Ty, are the time series
of the rotor and generator torques, respectively. The response used in this
equation is the angular acceleration which can be obtained by applying a
derivation operation to the angular velocity measurements, or the second
derivation to the angular displacement measurements. The sign of u;; is de-
termined based on the direction of rotation of j;. Since the real-time values of
response are known, the inertia parameters can be estimated by minimizing
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the square error between the model and measurements. The LSE estima-
tor constructed based on the difference between the estimated values as the
model outputs and the actual value as the sensor measurements provides the
best unbiased estimation of the coefficients in a linear regression model. The
LSE function results in the following quadratic scalar optimization problem
as
~LS .
J- =arg minfllef2} (6.6)
Jj =0

This estimator is robust to the measurement noises, and can provide a
good approximation even with less than n input data samples (underdeter-
mined case). For the case of more than n samples (overdetermined case),
this estimator helps to obtain more accurate estimation than solving the lin-
ear equations, when the input measurements are subject to independent and
identically distributed (IID) Gaussian noise. In other words, the total LSE
technique is able to correct the system with minimum perturbation [70]. The
above convex multi-variate scalar optimization problem can be solved nu-
merically by Matlab CVX, so that the global optimizer j“5 = {j;,. .. ,jn} is esti-
mated. Since this L2-norm regression optimization problem is in a quadratic
convex form, the results which are the estimated values of the drivetrain
ROM inertia parameters are the global optimizers of the problem.

For the special case of Gaussian noise, the LSE problem is mathemat-
ically equivalent to the maximum likelihood (ML) estimator [30]. The ML
estimator is restricted by the assumption that the form of the distribution of
random noise defined by the error function e(¢) is known, so that the likeli-
hood function can be constructed. Based on the extensive simulations, the
error calculated from the torsional measurements in the under consideration
application shows a near Gaussian distribution. Therefore, both LSE and
ML estimators are expected to lead to the similar set of results.

As discussed earlier, the inputs of the optimization problem defined by
equation 6.6 are the torsional response and the rotor and generator torques.
The generator torque is a measurement available in the turbine for the gen-
erator control purposes. The generator torque is estimated from the genera-
tor electrical measurements, which is available in turbine main control unit.
The aerodynamic torque applied to the drivetrain simulation model is ob-
tained from the global simulations. However, in reality, the real value of ap-
plied aerodynamic torque is not available, but a estimation can be available
by using the turbine operational measurements and the general information
of the airfoil. The estimated torque can then be applied as the input to the
drivetrain model identification approach. The algorithms for estimating the
rotor and generator torques from the turbine operational measurements are
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discussed by Moghadam and Nejad [30] in paper 6.

6.2.2 Estimation of stiffness matrix

The proposed method for estimating drivetrain system undamped natural
frequencies from the torsional measurements was discussed in chapter 5.
Therefore, as the next step, the stiffness parameters of the model are esti-
mated by using the estimated inertia parameters from the LSE optimization
problem and the estimated resonance frequencies from the torsional mea-
surements. The undamped natural frequencies are a nonlinear function of
inertia and stiffness as defined by

w; (fori=1,...,n)=1/eig(-J1K). (6.7)

Therefore, the stiffness matrix K is the root of the function g; which is
defined by the following nonlinear equation as [29, 30]

g =w;2—eig(-dJ'K), (fori=1,...,n). (6.8)

By imposing the sparsity and symmetricity to matrix K from the lumped
model, it is possible to find the global optimizer K numerically by using Mat-
lab fsolve. The latter also helps to reduce commutation cost of this matrix
algebraic equation by reducing the number of variables from n? to n. The
matrix J™'K is not symmetric in the general case which may give the sense
that there are multiple answers for K from this equation. However, the fact
that —J 'K is positive definite, shows that this matrix is a small perturbation
of a symmetric matrix with positive eigenvalues, which keeps the eigenval-
ues positive [71].

The usual condition for the estimation problem is more restrictive. In
other words, it is possible that only some of the eigenfrequencies of the driv-
etrain system can be estimated by employing the aforedescribed modal es-
timation approach, especially the higher eigenfrequencies which are excited
with a lower energy of the input torque. In this case, the matrix K can be
estimated by using the following optimization problem in terms of the first i
eigenfrequencies as defined by using the following least square error estima-
tor as [29, 30]

K" = arg minflA; - eig(A, i)I?)
. (6.9)
AeA

In the above equation, ELS is the set of nonzero elements of matrix K
which are estimated by the above nonlinear matrix optimization problem.
The sign of the elements of £ are forced in the optimization problem. A is the
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variable of this optimization problem, which is a function of the unknown
variable K as A = —J K. A; is the set of i (€ {1,...,n}) smallest magnitude
eigenvalues which are known from the modal estimation, A; = {wi2,...,0;%}.
eig(A, i) is the set of i (i€ {1,...,n}) smallest magnitude eigenvalues defined
in terms of matrix J and the unknown matrix K. The feasible set A is defined
by

A={A:AeRV" K=0, A;,,, =0,V Al’mESA}, (6.10)

In the above equation, S? is the sparsity set of matrix A. The positive def-
initeness and sparsity of A are the constraints imposed to this problem. For
the set of positive semidefinite matrices, this problem is convex so that the
solution gives the global optimizer. However, A is not symmetric in general
so that the definition of the problem is nonconvex for the numerical solvers
and convex optimization tools are not able to numerically solve the problem.
In order to solve the aforedescribed optimization problem, Matlab fmincon
solver applicable for nonlinear nonconvex problems is used.

For the system with n-DOF, the system has n — I nonrigid torsional modes.
The latter leads to n — I nonlinear equations which are the undamped natu-
ral frequencies as nonlinear functions of equivalent model inertia and stiff-
ness parameters. These set of nonlinear equations are numerically solved,
and n equivalent stiffness seen by each body are estimated. The estimated
values of stiffness parameters are the main diagonal of the matrix. When
the degree of the model increases, it is not easy to access the closed form of
the n scalar nonlinear equations. However, the equations can still be solved
numerically in the matrix form. By the increase of the degree of model, the
computational complexity of algorithm increases, but it can provide more
detailed DT model for condition monitoring of a wider range of drivetrain

subcomponents.

In [30], 3-DOF model is used for RUL monitoring of the drivetrain main
and high-speed shafts. In this case, the nonlinear matrix equation repre-
sented by eq. (6.9) is reduced to the two nonlinear scalar equations for the
two nonrigid modes as [27]

k, kp+kyg k —k;, ki—kpg  kpg , kik

Filke, ki) =1 — | o+ 8 —H—\/ L_SLMH S p S (6.11a)
\ 2], 2Jg  2Jgn 20, 20y 2 I
k, kp+kyg k —k;, ki-kg kp , kik

Fo(ky kpp) =g — | o ey SH XL SLOXH | SH )y SLSH (6 11h)
\ 2J, 2Jg  2Jgm 20, 20y 2, J%

By solving these two nonlinear equations, the values of k7, and kg which
are respectively the stiffness of main and high-speed shafts are estimated.
For all k7,kg € R*, there is a unique solution for the above set of nonlinear
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equations which ease solving the equations numerically. The proposed algo-
rithm for estimating the equivalent model parameters of the 3-DOF model
based on the detailed explanation given in the above text is summarized in
the flowchart in Figure 6.1.

|
. I I I >
Receive pitch angle and . . . Receive the time-series =]
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Figure 6.1: Proposed algorithm for estimation of drivetrain equivalent model
parameters [30].
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In [29], the algorithm is developed for 14-DOF model to be used for RUL
monitoring of the different gears of the planetary/parallel gear stages of the
drivetrain gearbox. For this case, the nonlinear matrix equation represented
by the equation (6.9) is numerically solved to estimate the stiffness parame-
ters.

6.2.3 Results of ROM model estimation

The results of applying the proposed algorithm for estimation of the equiv-
alent 3-DOF model of DTU 10 MW drivetrain are investigated in here. The
validation criterion for the estimated model parameters is the relative er-
ror percentage of less than 5%. In order to identify the 3-DOF model, five
parameters, namely J;, Jgr, Jgn, kz, and ky which are respectively the equiv-
alent rotor inertia, gearbox inertia, generator inertia, main shaft stiffness
and high-speed shaft stiffness should be specified. The estimated parame-
ters and the errors of estimation versus the number of samples (2, 3, 5, 7,
10, 100, 1000) for the three different drivetrain operational conditions (EC1,
EC2 and EC3, [30]) by using the actual value of input torque are shown in
Figure 6.2.

The procedure explained by paper 6 [30] is followed to provide an ana-
Iytical criterion/margin of the error for the proposed parameter estimation
approach. With respect to the fact that the error time series at each test case
meets the conditions of IID central limit theorem (CLT), in order to attain a
reliable value of error in each test case, the number of data blocks for each
test case is selected to ensure that with the confidence 99%, the error places
in the interval 12.58%. Therefore, the reported estimated parameters
and errors are the most expected values with the specified confidence inter-
val. For the case of fewer number of samples in each data block, the variance
of errors is higher, which calls for a higher number of data blocks to real-
ize the specified confidence level. In order to realize the confidence 99% for
the interval +5% around the average estimated error, the minimum required
number of data blocks at each test can be calculated by [ > 2662.56(%)2 .

As it can be seen in Figure 6.2, the average estimation error is less than
1% when the number of algorithm input samples (the length of each data
block) is more than 5. By increasing the number of samples, the error tends
to zero. In addition, the method is not sensitive to the turbine operational
conditions, and demonstrates a similar performance under different environ-
mental conditions. By reducing the number of input measurement samples
from 1000 to 10, the computational time reduces by about 70%. The saving
in the computation time by reduction of the number of samples is expected to
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be more significant when the number of estimation variables (the degree of
ROM) increases. The use of 10 samples with the sampling frequency 300Hz,
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Figure 6.2: Estimated ROM model parameters of DTU 10 MW drivetrain, by
using the actual aerodynamic torque [30] (paper 6). (a) ki, (b) kj, relative
error, (c) kg, (d) kg relative error, (e) Jy, (f) J, relative error, (g) Jgr, (h) Jgr
relative error, (i) Jgn, (j) Jgn relative error.

means the estimation of parameters in only the fraction of a second, which
shows the possibility of algorithm to be executed in real-time.

The performance of proposed algorithm when the estimate value of aero-
dynamic torque instead of the actual value is applied as input to the algo-
rithm, is shown in Figure 6.3. The latter is to address the uncertainty in the
input torque for the proposed system identification algorithm. The estimated
torque is calculated in real-time by an aerodynamic torque observer based on
the turbine and blades online information by using the theory explained in
paper 6 [30]. As it can be seen, for the case of using the estimated torque, the
method needs more input data to maintain the 5% threshold set for the esti-
mation error. The reason is that in case of few samples, the LSE estimator
is more sensitive to the error of torque estimation of the individual samples.
The error tends mostly to reduce by the increase of the input samples.

The performance of proposed system identification approach in tracking
the variations in the system parameters in five different fault cases, namely
faults in the main shaft, high-speed shaft, rotor, gearbox and generator is
shown in Figure 6.4. More details about the simulated fault scenarios can be
found in paper 6 [30]. These simulation cases are designed to evaluate the
capability of the proposed algorithm in tracking the variations of the system
parameters which are representing different system-level fault cases. Vari-
ations in each equivalent model parameter can represent a specific class of
the drivetrain faults. The results shown in Figure 6.4 prove that the pro-
posed DT model parameter estimation algorithm can track the variations in
system perfectly.

The results related to the estimation of the parameters of the 14-DOF
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equivalent torsional lumped parameter model of NREL 5 MW drivetrain by
using the proposed approach are shown in Table 6.1, which show that the
estimation error of model parameters by using the proposed method is less
than 1 %. The details about the 14-DOF model and the definition of the pa-

rameters are presented in paper 5 [29].

The results related to the estimation

of equivalent model parameters in the case that only some of natural fre-
quencies are known, based on solving the optimization problem in equation
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Figure 6.3: Estimated ROM parameters of DTU 10 MW drivetrain, by using
the estimated aerodynamic torque [30] (paper 6). (a) kr, (b) kr, relative error,
(¢c) ku, (d) kg relative error, (e) J,, (f) J, relative error; (g) Jgr, (h) J g, relative
errot; (i) Jgn, (j) Jgn relative error.

6.9, is reported in paper 5 [29]. In a stability perspective, the LSE estimator
outperforms the first method which is based on solving the nonlinear equa-
tion 6.8, because the eigenfrequencies of A in the LSE estimator are forced to
be positive, which ensures the convergence of the numerical solver. In other
words, the LSE estimator is more robust to the input data, and is recom-
mended also in the case that all the frequency modes are available.

6.3 Estimation of load and stress in the drivetrain
components

6.3.1 Estimation of load and stress in main and high-speed
shafts

The estimation of load and stress in the drivetrain components is possible by
the real-time operational data and the online estimated ROM model, which
both feed the designed load observers aimed at estimating the real-time load
in the drivetrain components. Then the value of load is used to calculate
stress and damage in the components. The algorithm can be adjusted for
lifetime monitoring of different components of the drivetrain dependent on
the degree of the DT model. The algorithm based on 3-DOF DT model is
able to estimate the near real-time load in the main and high-speed shafts
and measures the residual life of shafts by taking into account the varia-
tions of the shafts loading. To achieve this purpose, two torque observers are
designed to estimate the main and high-speed shafts torques by using the
torsional measurements and updated values of torsional stiffness parame-
ters from the DT model. Then by using the estimated loads, the maximum
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equivalent stress throughout the two shafts is calculated, which provides the
inputs for estimating the fatigue damage and residual life of the two shafts.
In order to account for statistical uncertainties in load estimation approach,
the influence of measurement noise and uncertainties in estimated model
parameters are mitigated by employing Kalman filtering. This technique is
used to preprocess the input torsional response applied to the degradation
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Figure 6.4: Estimated ROM model parameters in different fault scenarios [30]
(paper 6). (a) k1, (b) ky, relative error, (c) kg, (d) kg relative error, (e) J, (f)
J, relative error, (g) Jgr, (h) Jgr relative error, (i) Jgn, (j) Jgn relative error.

model, by cancelling background noises and estimated model uncertainties.
The assumed linear state-space model as the input numerical model ap-
plied to the Kalman filter is obtained by applying the generalized coordinate
approach. The details about the Kalman filter design can be found in paper
6 [30].
The torsional moment on the main and high-speed shafts is estimated
based on the following equations

TLss = kLs(0r — Ogr) + cLs(Qr — Qgy), (6.12a)
Thss = kug(Ogr — Ogn) + cas(Qgr — Qgn). (6.12b)

In the above equations, 77,55 and Tygg are respectively the equivalent torque
on the main and high-speed shafts. 6,, Q , 04,, Q s Ogn and Q o are the an-
gular displacement and velocity of rotor, gearbox and generator, respectively.
The shear stress of the shaft can then be calculated by [72]

Tc
=—. 6.13
= (6.13)
In the above equation, T is the online torsional moment which is estimated
by equation 6.12, ¢ is the radial distance from the shaft center line. J is the

polar moment of inertia around the shaft axis defined by
J=2(dt-d? 6.14
= 5( o—di). (6.14)
In the above equation, d; and d,, are respectively the inner and outer radius

of the shaft. Therefore, the maximum shear stress happens on the shaft
surface. Due to the large mass of main shaft, the bending stress can take a



80 80

Table 6.1: Estimation of NREL 5§ MW drivetrain 14-DOF equivalent model
parameters by using the proposed approach [29].

Digital twin model parameters
Inertia Stiffness
Actual | Estimated Error Actual| Estimated Error
(%) (%)
J1 | 5.7e7 5.7e7 0.0 kr_r 9.3e8 | 9.3e8 0.3
Jo | 1.1e4 1.1e4 0.2 koi-c1 6.8e10 | 6.8e10 0.0
Js | 2.2e2 2.2e2 0.2 kpi1-p11| 4.4e8 | 4.4e8 0.2
Ja | 2.2e2 2.2e2 0.2 kpio-_p12| 4.4e8 | 4.4e8 0.2
Js | 2.2e2 2.2e2 0.2 kp13-p13| 4.4e8 | 4.4e8 0.2
Je | 3.5e2 3.5e2 0.2 ks1-s1 8.7¢9 | 8.6e9 0.1
J7 | 2.7e3 2.7e3 0.1 keo—co 9.3e10 | 9.3e10 0.2
Js | 2.1e2 2.1e2 0.1 kpo1-p21| 1.3e10 | 1.3e10 0.3
jg 2.1e2 2.1e2 0.1 kp22_p22 1.3e10 | 1.3e10 0.3
jio| 2.1e2 | 2.1e2 0.1 | kpas_p23| 1.3¢10 | 1.3e10 0.3
Ji1 | 1.5el 1.5el 0.2 Eso_so 2.0e9 | 2.0e9 0.2
Jjiz| 1.6e3 | 1.6e3 0.0 kEw_w | 6.0e9 | 6.0e9 0.2
Jis | 8.0el 8.0el 0.0 kp_p 4.7e8 | 4.7e8 0.3
Jjia | 5.4e3 | 5.4e3 0.0 |kgg 9.6e7 | 9.6e7 0.3

significant value which is calculated by [72]

o= —. (6.15)

In the above equation, M is the bending moment of the shaft due to the shaft
weight. By using a distributed mass model, the maximum bending moment
which happens in the center point of the shaft on the surface area can be
calculated by

WL?

M"Y = ——, 6.16
3 (6.16)

In the above equation, W is the mass per unit length of the shaft, and L is
the length of the shaft. Therefore, the maximum bending and shear stresses
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happen simultaneously on the surface of the middle of the shaft as

2 d5SS (e 5(6r — Ogr) + cL8(Qr = Q)

max _ 2 6.17
TLss = (dLSS)s — (d%ss)zx ’ ( 2)
max _ 2 d?SS(kHS(Qgr —0Ogn) + cus(Qgr — Qgn)) (6.17b
HSS ~ (@l1SS)4 —(diHSS)“ ’ 17b)

2
max __ WL7do (6.17c)

An(di-db’

The equivalent stress is then estimated by applying von Mises theory.
The equivalent stress due to the combined bending and torsion is maximum
in the middle of the shaft on the surface. Von Mises stress under combined
bending and torsion loading is calculated by [73]

0d =\ 0%ax + 3720z (6.18)

In the above equation, o4 is von Mises stress, and 7,,4, and 0,4, are
respectively the maximum torsional and bending stresses.

The estimations of main shaft load and stress in three different cases,
namely normal operations, fault in the main shaft, and overload conditions
are illustrated in Figures 6.6 and 6.6, respectively. The early stage fault in
the main shaft is modeled with the 10% reduction of the shaft stiffness. The
overload is modeled with the 20% increase of the drivetrain torque. As it
can be seen in these figures, in all the simulation scenarios, the error in the
estimation of load and stress of the main shaft by using the proposed digital
twin technique is less than 5%.

6.3.2 Estimation of contact load and stress at each gear stage

The most prevalent failures of the large gears in wind turbine drivetrain
systems are due to gear tooth root bending and pitting fatigue damage [74].
For monitoring the RUL of the gears in this work, the degradation of the
gears due to pitting fatigue damage and the gear pairs contact loads are
taken into consideration. The contact loads on the gear pairs are estimated
by using the load observers designed for the gear pairs based on the real-time
estimated equivalent torsional model and torsional measurements. NREL
5 MW drivetrain and the 14-DOF equivalent model are employed in this
section to investigate into the possibility of using the proposed DT technique
for the real-time estimation of degradation and residual life of the gears of
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Figure 6.5: Real-time torque on the main shaft of DTU 10 MW drivetrain
model [30] (paper 6). (a) Actual torque, (b) Estimated torque in case of using
actual aerodynamic torque, (c) Estimated torque in case of using estimated
aerodynamic torque, (d) Torque estimation relative error in case of using ac-
tual aerodynamic torque, (e) Torque estimation relative error in case of using
estimated aerodynamic torque.

wind turbine drivetrain gearbox due to pitting damage. The details about
14-DOF equivalent model are described in paper 5 [29].

In the gearbox of wind turbines, the input and output torques for plane-
tary (parallel) stages are respectively the carrier (pinion) torque T'¢ (Tp) and
the sun (wheel) torque T's (T'w). The equations describing the internal dy-
namics of different gearbox stages as a function of gears mesh stiffness and
inertia are as follows [29]

Planetary stage:

Jses =T _Nprstp,

IpOp =1pFpr = Fsp) = ~Jp 7205,

. . (6.19)
mpaywle =Fpr +Fsp —Fpe = mpawﬁes,
JOc=Tc—NprsFg, = JC%HS.

Parallel stage:

JpOp =Tp—rpFpw =—Jp :_:;,9'1-% (6.20)

JWg"';V =Tw-rwFpw.

The detailed definition of the parameters in the above dynamic model is
given in the description of 14-DOF model in paper 5 [29]. It is possible to ob-
tain the relationship between the input and output torques at each stage by
eliminating the internal forces between the elements. The resulted equations
for both the planetary and parallel stages are
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Figure 6.6: Real-time equivalent von Mises stress on the main shaft of DTU 10
MW drivetrain model [30] (paper 6). (a) Actual stress, (b) Estimated stress in
case of using actual aerodynamic torque, (c) Estimated stress in case of using
estimated aerodynamic torque, (d) Stress estimation relative error in case of
using actual aerodynamic torque, (e) Stress estimation relative error in case
of using estimated aerodynamic torque.

Planetary stage:

T, =JEQ9;—Tc2rTS, where ( )
v 21
planetary _ N,r? 2 ay r’ 6.
JEQ =ds+ =5 |Jp/rp+mp- |+ degy

Parallel stage:

Tw = JEQéW + Tpr—W, where

rp

llel (6.22)
Tpg  =Jw+Ip¥.

In the above equations, Jggmemry is the equivalent mass moment of in-
ertia in the planetary stage, having contributions from the sun, N, planet
gears and planet carrier. Jg“m”el is the same parameter for the parallel
stage. The torque transfer between stages is through the shafts, so that the
transferred torque can be estimated by

Tout = Tin - JSéS- (6.23)

In the above equation, Jgfg is the inertial torque from the shaft [42]. For
NREL 5 MW drivetrain, the input and output torques of each stage are cal-
culated by [29] (paper 5)
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As it can be seen, the torques estimated at each gear stage are func-
tions of drivetrain input torque, torsional response and the parameters of
the equivalent model which are estimated in real-time by using the pro-
posed system identification approach. The input torques estimated above
are then used for estimating the stress at the different gear stages. Gear
contact stresses are analyzed in this work following ISO 6336-2:2019 [75].
According to this standard, the contact stresses are

2000T; u+1
d?b  u

oni = ZpZuZeZ 2\ KaKyiKoiKppiK i (6.25)

In the above equation, u is the gear-ratio of the pair, d; and b are ref-
erence diameter and face width of the pinion, respectively, T is the input
torque. The other parameters account for different aspects of the problem,
such as contact relations Zgp and ratios Z, material properties Zg, helix
angle Zg, mesh load K, gear speed K, load distributions Kgg; and Kgq;.
These factors are defined in [75]. Equation (6.25) can be rewritten as

og; =CVT;. (6.26)

In the above equation, C represents the design parameters in equation 6.25.
This parameter can be roughly estimated from nominal conditions as C =
ogn/\/Tin, so that equation (6.26) becomes

T;
Tin

OH; =O0HN (6.27)

In the above equation, oy and Ty are the nominal contact stress and
torque. The estimated input and output torques of each stage estimated by
using dynamic model described by equation 6.24 are shown in Figure 6.7.

The estimated contact stress at the sun-plant gear pair of the second gear-
box stage by using equation 6.27 is demonstrated in Figure 6.8. These results
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Figure 6.7: Estimated input and output torques of the 1%, 2" and 3"% gearbox
stages of NREL 5 MW drivetrain.

are obtained based on the simulation studies of [29] (paper 5). The results
show a fair agreement between the estimated stress by using the proposed
DT approach and the estimated values from the drivetrain high-fidelity sim-
ulation models. It is worth noting that the proposed DT algorithm keeps the
same number of stress cycles with the high-fidelity model though the range
of cycles is slightly higher. The latter means that the proposed DT technique
may slightly overestimate the fatigue damage of the gear.

6.4 Degradation model

6.4.1 Degradation model for residual life estimation

Stress-life method is used for estimating the fatigue damage. Stress-life
method has shown proven performance for estimating fatigue in high-cycle
applications with the number of cycles over N > 10° during the component
lifetime. The estimated time series of maximum stress feeds the time-domain
cycle counting approach based on rainflow approach. The rainflow cycle
counting [76] is applied to calculate the number of cycles at different stress
levels. Then damage is estimated in real-time and the residual life of the
component is estimated. Miner’s rule is used to calculate the accumulated
fatigue damage of the drivetrain components.

Cycle counting is especially important for the broad-band stress signals to
distinguish small cycles which are interruptions of larger ones. The outputs
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Figure 6.8: Validation of estimated sun-planet contact stress at the 2"¢ stage
of gearbox in NREL 5 MW drivetrain: comparison between the contact stress
estimated by using the proposed digital twin approach and the contact stress
obtained from high-fidelity SIMPACK simulation model.

are the amplitude stress levels o5, and the number of stress cycles at o
for s=(1,...,S). Goodman rule is employed to calculate the effective stress
(the equivalent zero mean alternating stress) by considering the influence of
nonzero mean stress level by means of the equation [77]

00 =—2_ Vsell,...,S) (6.28)

e
S

1-3

In the above equation, 0, and 0, are the mean stress and material yield
strength, respectively. The accumulated damage for the data block ¢ with S

different stress levels o¢ (s €{1,...,S}) is calculated by using Miner’s rule as

S

dl = (6.29)

s:lNS

In this equation, n, is the number of cycles at the stress level o¢ and N;
is the number of cycles to yield at stress level o¢, where the relationship is
defined by S-N curve characteristic as [78]

0¢ = a(@N,)°. (6.30)

The absolute total online accumulated damage is calculated by

Time

D= ) d- (6.31)
t=1

In this equation, Time stands for the last data block which represents the
current time. d’ represents the "short-term" damage, which is related to only
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a specific environmental condition. Damage D characterizes the long-term
damage which captures the influence of all possible environmental conditions
[42]. The described damage estimation method can also be used to estimate
the relative damage between different operation periods over the time, which
informs both the operator and designer about the variations in degradation
between different operational periods. It can also be used for estimating the
relative damage between the different drivetrain components at the time, to
give the operator information about the most vulnerable parts of the system
at different periods of operation.

The aforedescribed deterministic damage estimation approach does not
necessarily provide precise results. In order to improve the accuracy of es-
timation, stochastic models which can adequately address the uncertainties
in the stress-life degradation estimation approach can be used in conjunction
with the above described deterministic model-based approach.

The other significant source of uncertainty in the proposed residual life
estimation approach arises from stress-life method [78] and the procedure
employed to obtain S-N curve parameters ¢ and b which represent the best-
fitting estimates of experimental fatigue data [79]. In this thesis, in order to
address the uncertainty in fatigue calculation due to material uncertainties,
damage at each stress level is assumed as a random variable. In other words,
in order to estimate damage for the ¢ data block of the stress time series,
d’, the damage is calculated by assuming the S-N curve parameters a and b
as random variables, so that for each stress level g;, the number of cycles to
failure are estimated by randomly selecting @ and b in the intervals +5% of
their nominal values.

A detailed analysis of stress signal which helps to obtain a confidence in-
terval for the estimated expected value of damage is carried out by Moghadam
and Nejad [30] in paper 6. Based on the results of this study, the stress
time series of drivetrain components are assumed to be IID at each oper-
ating speed, which helps to obtain confidence interval for average damage,
by using Monte Carlo simulation and the results of IID CLT [80]. With the
confidence 95%, the average damage places in the interval

[ﬁdt — 1.96Sdt/\/ (k) ﬁd‘ + 1.965dt/\/ (k)], (6.32a)
1k
fig ==Y df, (6.32b)
ki
1 o&
Sqt = ﬁi;(di —dgt)?. (6.32¢)

In the above equations, % is the number of cases that the parameters of S-
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N curve are randomly generated for estimation of d*, so that d} = (d},...,d}).
The value of % is selected to realize an interval +5% around the mean value
of df. gt and sz are the average and variance estimates.

6.4.2 Degradation of main and high-speed shafts

The algorithm for estimating RUL of the main and high-speed shafts by us-
ing the proposed DT-based residual life monitoring approach is summarized
by the flowchart in Figure 6.9. The proposed DT approach for estimating the
two shafts residual life is based on the 3-DOF equivalent ROM of drivetrain.

The expected values of main shaft accumulated damage in different test
scenarios for 3600 seconds of operation during normal, overload and faulty
conditions are listed in Table 6.2. These simulation studies are based on DTU
10 MW drivetrain system. The S-N curve characteristics of the main shaft
material used for the damage calculations are described in [30]. Actual dam-
age in Table 6.2 represents the accumulated damage when the actual value
of drivetrain parameters and input loads are accessed. Estimated damage; is
the damage estimated by using the proposed DT model and the actual value
of drivetrain input loads. Estimated damageg is the damage estimated when
the DT model and estimated values of drivetrain input loads are applied. The
estimated damage in all the different test scenarios agrees with the actual
damage, with an exception for coupled fault and overload test case, where
the proposed approach slightly underestimates the damage.

Table 6.2: Expected value of main shaft accumulated damage in DTU 10 MW
drivetrain for different test scenarios for 3600 seconds of operation at rated
rotor speed [30].

Test scenario Actual damage | Estimated damage; | Estimated damagey
Normal operation 1.8¢77 1.8¢77 1.8¢77
Overload (20%) 1.1e7° 1.1e7® 1.1e™®
Fault (10%) 8.3¢" 8.3e”" 8.3¢7"
Overload and fault | 3.4e7° 3.4e7? 3.3¢7?

6.4.3 Degradation of gears in the gearbox

The results of estimating RUL of the different gears in the gearbox by us-
ing the proposed DT approach are reported in Table 6.3. The proposed DT
approach for estimation of the residual life of the gears is based on 14-DOF
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Figure 6.9: Algorithm for estimation of residual life of drivetrain main and
high-speed shafts by using the estimated 3-DOF equivalent model, torsional
measurements and stress-life method [30] (paper 6).

equivalent ROM of drivetrain. The SN curve characteristics for the gears
pitting fatigue damage calculations are described in paper 5 [29]. The sim-
ulation studies are based on NREL 5 MW drivetrain system. The expected
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values of the accumulated damage in different gears for 3600 seconds of op-
eration during normal conditions at a rated drivetrain speed are reported
in Table 6.3, which show an agreement between the actual and estimated

values of damage.

Table 6.3: Expected value of different gears accumulated damage in NREL
5 MW drivetrain, for 3600 seconds of normal operation at rated rotor speed

[29].
Gear Actual damage Estimated damage
1% stage sun 4.8¢7 4.8¢7
2" stage sun 4.6e7° 4.6e7°
374 stage pinion 7.6e76 7.6e76




Chapter 7

Conclusions

7.1 Conclusions

This PhD thesis was aimed at proposing cost effective and computationally
fast solutions for improving the condition monitoring of the drivetrain sys-
tem of future offshore wind turbines.

In order to achieve this purpose, as the first step, the pros and cons of
different drivetrain configurations were investigated by using a life cycle op-
timization approach. In this approach, the optimization was performed in
both system and component levels by looking into the criteria obliged by the
proposed life cycle assessment approach and taking into account the design,
manufacturing and installation, and O&M costs together. It was shown that
medium-speed permanent magnet synchronous generator (PMSG) drivetrain
technology can offer a better compromise between total weight, raw material
cost, size, efficiency and dynamic behavior analysis, so that it was selected as
the main case study to test the condition monitoring methods designed and
developed for the drivetrain of floating offshore wind turbines in this PhD
project.

The fault diagnosis of the drivetrain by using the time and frequency
domains analyses of the translational vibration measurements was inves-
tigated and the capability of these methods in observing the faults initi-
ated by different sources was explained. A data-driven diagnosis solution
was proposed by using the drivetrain translational vibration data based on
modelling the drivetrain sensor network with the equivalent spatial proba-
bilistic graphical model and assuming the multi-variate distribution which
fits the drivetrain vibration measurements forming a Gaussian Markov ran-
dom field, and leveraging the features that each graph in this field follows.
The experimental and simulation studies proved the successful diagnosis of
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faults in the drivetrain at component-level (fault in the main bearing based
on the analysis of experimental data, and fault in the gearbox high-speed
shaft bearing by using the data generated by simulation model), which were
not observable by the standard time-domain approach based on the analysis
of the RMS of acceleration measurements.

Then the innovative condition monitoring solutions of the drivetrain by
using the torsional vibration measurements were focused. The main reason
was developing methods based on using the sensors, communication infras-
tructure and processing power already available in turbine and farm levels,
to propose cost-effective and easy to implement solutions to improve the driv-
etrain condition monitoring in system and component levels. The torsional
measurements can be obtained by the encoders and possibly strain gauges
which are used in drivetrain respectively for the controlling objective and
the measurement of load. As the starting point to study about the feasibil-
ity of using the torsional vibration measurements for the drivetrain condi-
tion monitoring, the classical time and frequency domains analyses of the
torsional measurements and the possibility of observing faults initiated by
different sources were studied, and the performance was compared to the
classical time and frequency domains analyses of translational vibrations. A
frequency-domain data analysis tool based on monitoring the energy of vibra-
tion signal around the suspicious/defect frequency was also developed. The
results of this study showed that the torsional vibration measurements can
improve the condition monitoring based on translational vibrations by offer-
ing an earlier stage fault detection, supporting the root cause analysis and
also giving feedback to the designer on the torsional excitation frequencies
which can result in the accelerated degradation of the components over the
time.

In the next step, the torsional vibrations were selected as the main fo-
cus of this PhD research. The possibility of using two methods based on
torsional vibration measurements, namely torsional response error function
and low-pass filtered torsional response function, to support the drivetrain
system modal analysis was investigated. The results based on both experi-
mental and simulation-based studies were used to prove the possibility of es-
timating the drivetrain natural frequencies by using the torsional vibration
measurements, where the torsional responses obtained from higher-order
drivetrain simulation models showed the possibility of observing the higher
drivetrain frequency modes. The drivetrain faults were classified into two
main categories of system and component levels. Then fault diagnosis algo-
rithms based on monitoring the variations of the drivetrain dynamic prop-
erties, namely the undamped natural frequencies and normal mode shapes,
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were studied. An algorithm for drivetrain fault diagnosis at system-level
was developed based on the 3-DOF equivalent model of drivetrain supported
by sensitivity analysis to measure the contribution of the different stages
of progress of drivetrain system-level faults in the variation of drivetrain
modes. The proposed method which was also implementable by using only
one encoder data, was validated by both experimental and simulation stud-
ies. The results reported by simulation studies proved the successful detec-
tion of different types of system-level faults including the unbalance faults
in rotor, generator and gearbox, and crack in main and high-speed shafts.
The The results reported by experimental studies showed the possibility of
observing an early stage fault in the main shaft which was not detectable by
using the standard condition monitoring methods. Then higher order equiv-
alent models were tested, and the influence of faults at the component level
(more specifically, pitting faults in the different gears of the gearbox) on the
drivetrain dynamic properties was shown by simulation studies. However,
further studies to establish an analytical approach for the drivetrain fault
diagnosis at component-level by monitoring the dynamic properties was con-
sidered as a future work.

A further step was taken in torsional vibrations-based condition mon-
itoring to study the possibility of using torsional vibration measurements
for prognosis of drivetrain faults, by investigating into approaches for the
near real-time estimation of the remaining useful lifetime of the drivetrain
components by using the torsional measurements. To this purpose, a digital
twin modelling approach was proposed as the combination of the real-time
equivalent torsional model, online torsional measurements and degradation
model to estimate the online fatigue damage of the drivetrain components.
A computationally fast algorithm was designed for estimating the drivetrain
equivalent torsional reduced order model parameters by using the torsional
measurements and employing a robust least square error estimator. The
least-square error estimator was designed based on minimizing the square
error between the equivalent model and measurements. The online esti-
mated model and measurements were applied as input to the load observers
to estimate the near real-time load and subsequently equivalent stress in
the drivetrain components by taking into consideration the internal dynam-
ics of the drivetrain components. Then the real-time degradation estimation
for obtaining the residual life of the components was performed based on a
proven physics-based approach grounded on the analysis of the stress life of
the drivetrain components. The degradation estimation approach was sup-
ported by statistical approaches and stochastic models to address the two
main sources of uncertainty in the proposed DT model arisen from first the
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load estimation approach and second the estimation of fatigue damage by re-
lying on the material properties obtained from the S-N curve, to improve the
estimation accuracy and obtain a confidence interval for the estimated ex-
pected value of damage. The employed statistical approaches and stochastic
models include but are not limited to Kalman filtering, Monte Carlo simu-
lation, stochastic modelling of fatigue damage and model identification by
using algorithms with robustive characteristics. In one of the studies, a dig-
ital twin model was developed based on 3-DOF equivalent lumped model for
estimating the residual life of the main and high-speed shafts. In the other
study, a digital twin model was proposed grounded on 14-DOF equivalent
model for estimating the residual life of the gears of the drivetrain gearbox.
The proposed digital twin models were evaluated by simulation studies and
the results were validated by comparing the results of estimated stress from
digital twin model with the estimated stress from high-fidelity simulation
models. The combination of the proposed torsional digital twin model with
translational models aimed at detecting faults in the drivetrain bearings was
considered as the other future work.

7.2 Original contributions

This thesis deals with design and development of innovative and cost-effective
solutions to improve the condition monitoring of the drivetrain system of fu-
ture offshore wind turbines. The main contributions of the thesis can be
summarized as follow:

o Establishing a drivetrain system optimization approach which ensures an
optimized overall cost, weight, size, and improved efficiency and reliability

Drivetrain cost optimization by using a life cycle assessment approach
was introduced. Many researchers have done optimization, but we did in
a life cycle perspective which is more holistic and valuable. A new analyti-
cal design approach was proposed for the optimized design of PMSG based
on the optimization of the active material cost. An analytical design model of
the gearbox was presented, and a new optimization approach was proposed to
optimize the gearbox weight. A comprehensive comparison between the de-
sign, raw material cost, weight, size, efficiency and reliability of DDPMSG,
MSPMSG and HSPMSG drivetrain technologies was presented. The first
torsional natural frequency of the three under consideration PMSG-based
drivetrain configurations was calculated, and the feasibility of application in
floating offshore wind turbines was investigated.
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e Developing a drivetrain fault diagnosis method at component level based on
the translational vibrations by using the combination of physics-based and
data-driven approaches, and monitoring the variations of drivetrain statisti-
cal properties

A statistical learning approach based on the graphical model of drive-
train obtained from Lagrangian approach was proposed for fault detection in
the wind turbine drivetrain components. Fulfilling Gaussian Markov Ran-
dom Field (GMRF) properties in the drivetrain vibration measurements mo-
tivated using the features any graph in this field obeys, namely the station-
arity of the inverse of covariance matrix in a GMRF and its conditional de-
pendence properties were used to achieve a drivetrain computationally fast
abnormality detection approach. The method was able to diagnose the faults
that were not detectable by standard condition monitoring approaches. The
latter was shown by both experimental and simulation studies.

o Classifying the different sources of excitation in drivetrain condition mon-
itoring analyses and proposing the efficient vibration-based diagnosis solu-
tions based on the source of excitation

An experimental comparison between different available solutions for de-
tecting drivetrain bearings and gears defects initiated by different sources of
excitation was performed. Torsional vibrations residual function which is re-
cently proposed in literature of vibration-based condition monitoring of wind
turbine drivetrain was experimentally validated by time and frequency do-
main analysis of torsional versus translational vibrations. To this purpose,
Different frequency-domain tools for detecting abnormalities in the drive-
train system, namely FFT, PSD and envelope PSD spectrums and analysis of
the energy of the signal at the defect frequencies were employed experimen-
tally by using operational measurements.

e Designing methods for drivetrain modal analysis by means of torsional vi-
brations

Drivetrain modal analysis by using the different types of torsional mea-
surements was introduced. The proposed modal analysis approach was ana-
lytically proved. The performance of the proposed modal analysis approaches
was demonstrated by using both experimental studies based on the opera-
tional data and simulation studies. Two different simulation studies based
on two different drivetrain systems and two different equivalent models (a
simplified 3-DOF and a more complex 14-DOF models) of drivetrain were
carried out, and the possibility of observing the system natural frequencies
by using different functions of torsional measurements was investigated. An
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analytical approach for estimating the damping coefficients associated with
the different natural frequencies and operating speeds by analyzing the vari-
ations of amplitude of torsional response residual function at the natural fre-
quencies and variations of damped natural frequencies in different operating
speeds was proposed.

e Designing methods for drivetrain fault diagnosis at both system and com-
ponent levels based on monitoring the variations of the drivetrain dynamic
properties

A drivetrain condition monitoring approach was proposed which works
based on monitoring the variations of the system dynamic properties and
the amplitude of response at the natural frequencies. The drivetrain sys-
tem fault detection features were extracted by leveraging sensitivity analy-
sis. The method was tested by using both operational and simulation data
obtained respectively from Vestas 1.75 MW and DTU 10 MW wind turbine
drivetrains. The results were showing that the state of progression of dif-
ferent categories of drivetrain faults at system-level are observable in an
early stage by the fault diagnosis method developed based on 3-DOF equiva-
lent torsional model of the drivetrain, only by tracking the faults consequent
variations in the drivetrain dynamic properties. The analytical equations of
3-DOF drivetrain model supported by sensitivity analysis were used to ex-
tract the fault detection features which were shown to be sufficient to detect
the drivetrain faults at a system level. Then the possibility of extending this
work to the drivetrain fault diagnosis at component-level by using higher
DOF models of the drivetrain was demonstrated by the simulation studies.

o Establishing the digital twin approach for fault prognosis of the drivetrain
components by using the drivetrain torsional measurements

Computationally fast digital twin models of the drivetrain system based
on the torsional measurements and computationally inexpensive equivalent
torsional models were proposed, which were aimed at monitoring the resid-
ual life of the components. The digital twin model based on 14-DOF equiv-
alent of the drivetrain system was proposed for remaining useful lifetime
(RUL) monitoring of the gearbox, which was tested for estimating the resid-
ual life of the gears of NREL 5 MW gearbox model and validated by com-
paring the results with high-fidelity simulation models. The digital twin
model based on 3-DOF equivalent model was also proposed for estimating
the residual life of main and high-speed shafts, which was tested by DTU 10
MW model. The proposed digital twin models leveraged stochastic physics-
based degradation models for estimating RUL in the drivetrain components
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by using the online estimated reduced order model (ROM), real-time tor-
sional measurements, designed load observers and equivalent stress estima-
tion approaches. These models take into consideration the various sources
of uncertainty by using statistical approaches and stochastic models, namely
Kalman filtering, Monte Carlo simulations and assuming fatigue damage as
a random variable.

e Designing a robust and computationally fast method for estimating the pa-
rameters of drivetrain equivalent models of different degrees of complexity by
using the torsional measurements, for fault diagnosis and prognosis applica-
tions

The online estimation of the parameters of drivetrain equivalent mod-
els of different degrees of freedom by using the torsional response and the
estimated values of drivetrain input torques was discussed. The proposed
robust least square error (LSE) estimator defined based on minimizing the
difference between the equivalent model and the real-time measurements
provided the best unbiased estimation of the coefficients in the linear regres-
sion model. Confidence intervals for estimation error of the ROM parameters
were provided by using stochastic models supported by Monte Carlo simula-
tions.

7.3 Recommendations for future works

o Further development of proposed drivetrain fault diagnosis approach based
on monitoring the drivetrain dynamic properties for detection of the faults at
component level

The proposed fault diagnosis approach and the associated feature space
were analytically designed for detecting system-level faults based on a 3-
DOF equivalent model of drivetrain. The component-level fault diagnosis
was studied heuristically relying on limited simulation studies, which showed
the potential of this method for detection of the faults in the gears. Analyti-
cal methods based on higher DOF equivalent models of drivetrain to obtain
an analytical feature space for detecting drivetrain faults at component level
is the area that is needed to be investigated more in future.

o Further development of the proposed fault prognosis approach based on tor-
sional digital twin models and torsional measurements for prognosis of the
faults in the drivetrain bearings

Combining the proposed torsional digital twin models with translational
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models for prognosis of the fault in the drivetrain bearings has a high poten-
tial to be investigate further in the future.

o Applying and testing the proposed fault diagnosis and prognosis approaches
to other fields of application

The methods developed in this PhD thesis were originally design for the
drivetrain system of floating offshore wind turbines. However, these methods
have a potential to be adjusted and applied to the other application domains
e.g. for condition monitoring of ship propulsion systems and steam turbines.

o Extending the data-driven statistical learning approach proposed in this
PhD project for condition monitoring of the drivetrain, to the monitoring of
the whole turbine and monitoring of the wind farm

The proposed data-driven drivetrain condition monitoring method which
relies on translational vibrations, has a high potential to capture the inter-
actions between different turbine subsystems. The latter can be used to find
the abnormalities in the turbine subsystems based on monitoring the varia-
tion of the correlations between turbine subsystems due to system faults or
unexpected operations, which has a good potential to improve the operation
and maintenance of future floating offshore wind turbines.
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under consideration drivetrain topologies. Furthermore, the design of the drivetrain is studied

optimization approach supported by numerical simulations shows that application of gearbox
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in 10-MW offshore wind turbines can help to reduce weight, raw material cost, and size and
simultaneously improve the efficiency. The possibility of resonance with the first torsional
natural frequency of drivetrain for the different designed drivetrain systems, the influence of
gear ratio, and the feasibility of the application for a spar floating platform are also discussed.
This study gives evidence on how gearbox can mitigate the torque oscillation consequences on
the other components and how the latter can influence the reliability of drivetrain.

KEYWORDS

drivetrain optimization, floating offshore wind turbine, life cycle assessment, permanent-magnet
synchronous generator

1 | INTRODUCTION

The capacity of offshore wind turbines and the distance from shores is rising rapidly, so that multigigawatt offshore wind farms based on
multimegawatt floating turbines show potentials to be one of the dominant sources of power production in the future. The latter is due to
availability of better wind resources, less turbulence, steadier winds, and less wind shear; easier transportation of larger turbines on the sea;
technological developments in power electronic converters and direct current (DC) power transmission technologies; the establishments of
required market infrastructures; and technological achievements in installation of turbines in deep waters, which lead to a considerable drop in
the levelized cost of energy (LCOE) of offshore wind turbines. In spite of significant improvements, there are still no unanimous decision about the
drivetrain system technology in offshore wind turbines.'? Offshore wind reaches to 10-MW turbines or even higher, but there are still different
interests between manufacturers in the selection of drivetrain technology. One reason is that the drivetrain in wind originally comes from available
experiences in other industries, which has been modified over time. The latter has then been upscaled for higher powers with some modifications
to reduce the production costs and improve the dynamic response. Because the wind turbines are developed for a wide range of power in various
onshore/offshore, fixed/floating, two-/three-bladed rotors, upwind/downwind, high/medium/low wind, fix/variable speed, stall/active yaw, and
stall/active pitch applications, a customized design of the drivetrain for the cost reduction and performance improvement is inevitable. Therefore,

there is a need for a special drivetrain design for each power class for different applications to have the lowest manufacturing, installation, and
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maintenance costs and simultaneously achieve the most reliable and efficient operation. The optimization of the drivetrain system also influences
on the turbine design, because the size and weight of drivetrain is a main constraint in design of nacelle.

Even though the drivetrain system has an important share in manufacturing and maintenance of the turbine, and even if there are some
researches conducted on the optimization of the components of the drivetrain, there is no analytical study about a system-level optimization of
the drivetrain for 10-MW floating wind turbine applications as of the authors' knowledge. The proof for this claim is the different technology
interests in offshore wind turbine industry. Because the drivetrain is a complex electromechanical system, the optimization of this system is a
multidisciplinary task that calls for external system-level and internal component-level optimization problems. The other circumstance is that the
optimizations need to be performed over the life cycle of the system, consisting of design, manufacturing and installation, and operation and
maintenance (O&M). In this paper, different permanent magnet synchronous generator (PMSG)-based drivetrain technologies, that is, direct-drive
permanent-magnet synchronous generator (DDPMSG), medium-speed permanent-magnet synchronous generator (MSPMSG), and high-speed
permanent-magnet synchronous generator (HSPMSG), are designed and compared. This work is a starting point for the optimization of drivetrain
systems for large offshore wind turbines from design, manufacturing, and O&M perspectives. It will be shown that a thoughtful selection of
technology can considerably reduce the drivetrain weight and cost, while improving the overall efficiency and dynamic response. The numerical
results show that the drivetrain system based on MSPMSG could be the most promising choice for 10-MW floating offshore wind turbines.

Four assumptions are made in this research:

1. There are some limitations such as availability of a technology, vendors, and raw materials that influence on companies' drivetrain selection.
The latter will not be discussed in this research.

2. The purpose of analytical design of the drivetrain components is to provide input data for the comparison study between different drivetrain
technologies. Complementary component-level detailed design steps such as finite element analysis for more detailed electromagnetic,
structural, and thermal designs are not in the scope of this research.

3. Reliability calculations for under consideration drivetrain systems are not in the scope of this paper, but how the failure modes are affected
by the drivetrain technology is discussed.

4. For each drivetrain technology, the conventional configuration is considered in this study. Some innovative wind turbine drivetrain systems,
such as gearbox integrated main-bearing (used eg in Areva Multibrid M5000 medium-speed technology) and hub-supported drivetrain
(used eg in GE Haliade 150-6MW direct-drive technology) based on more compact and lightweight designs, are not the focus of this work.

The study is carried out on the basis of the most conventional drivetrain configurations available in the market, and the results provide
a baseline for any further investigations on 10-MW PMSG-based wind turbine drivetrain systems. The life cycle approach for performance
assessment of the different drivetrain topologies based on the PMSG technology over the design lifetime is introduced. Over the life cycle, the
research focus will be on design, manufacturing, and operation supported by an analytical model of the drivetrain components. On this basis, the
contributions of this paper are the following:

1. Drivetrain performance assessment using the life cycle approach is introduced.

2. A new drivetrain optimization approach is proposed, which ensures an optimized overall cost and weight, improves the reliability and
efficiency, and simultaneously assesses the feasibility of the design.

3. A new analytical design approach is proposed for the optimized design of PMSG based on the optimization of the active material cost. The
optimization problem is solved numerically, and the global optimizer is determined. The design is validated by ANSYS-RMxprt software.

4. An analytical design model of the gearbox is presented, and a new optimization approach is proposed to optimize the gearbox weight.
KISSsoft software is used to validate the feasibility of the design.

5. A comprehensive comparison between the design, raw material cost, weight, size, efficiency, and reliability of DDPMSG, MSPMSG, and
HSPMSG drivetrain technologies is presented.

6. The first torsional natural frequency of three under consideration drivetrain technologies is calculated, and the feasibility of application in
floating offshore wind turbines is investigated.

The selection of drivetrain technology is a multidisciplinary task that needs to compromise between the criteria obliged by the life cycle
assessment approach. By using DDPMSG, the generator will be larger, heavier, and more expensive, which can also increase the weight and the
cost of nacelle, tower, and platform consequently. The latter also affects the installation and maintenance costs. The first research problem would
be if the extra weight of a low-speed generator could compensate the weight reduction due to the gearbox removal. The second question is if the
elimination of gearbox can improve the reliability because the nullification of one of the subsystems in a serial system seems to help reach a higher
reliability if the reliability of components is fixed. The third challenge is if the gearbox removal can improve the drivetrain efficiency using the
same justification that was provided for the reliability. The last question is which topology can safely work with floating offshore platform, which
is expected to be widely used in high-power offshore wind turbines. This research uses analytical models of the drivetrain components along
with numerical optimization techniques and deals with the described research problems. It is analytically proven that for the under consideration
range of speed and power, gearbox helps to improve the operation and reduce the raw material cost of drivetrain. The main focus of this work
is studying about the design interactions and dynamic couplings between gearbox and generator in offshore floating wind turbines' drivetrain

systems. Higher level details of the drivetrain design including the design of main bearings, high-speed and low-speed shafts, and bedplate are
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not discussed in this work. The weight of bedplate has an important role on the drivetrain overall weight. The bedplate sizing depends on a wide
range of parameters including drivetrain technology, rotor weight, rotor overhang, main shaft dimension, main bearings weight, gearbox weight,
generator weight, converter weight, and transformer weight. In addition to individual component weights that the bedplate must support, the
bedplate model must take into account rotor loads. For the design of bedplate for the under consideration drivetrain systems, readers are referred
to Guo et al.>*

The paper is organized as follows: The state-of-the-art of wind turbine drivetrain technologies for offshore and onshore applications is
presented in Section 2. In Section 3, the drivetrain life cycle performance assessment approach and the proposed drivetrain optimization
algorithm are described. The analytical design and optimization procedure of the three under consideration PMSGs, that is, DDPMSG, MSPMSG,
and HSPMSG, and the associated gearboxes are elaborated in the same section. Numerical simulations to validate the optimized generators and
gearboxes design and a detailed comparison study between the under consideration drivetrain systems concerning cost, weight, operation, and
performance are presented in Section 4. The paper is concluded in Section 5.

2 | STATE-OF-THE-ART TECHNOLOGIES

A review on commercialized drivetrain system technologies of wind turbines with a power higher than 4 MW is performed in this section. The
dominant drivetrain technologies for the under consideration power are DDPMSG, MSPMSG, direct-drive wound rotor synchronous generator
(DDWRSG), medium-speed wound rotor synchronous generator (MSWRSG), high-speed doubly fed induction generator (HSDFIG), and high-speed
squirrel cage induction generator (HSSCIG) (Table 1). DDPMSG is the dominant technology of Siemens Gamesa (power range 6-8 MW) and GE
(power range 6-12 MW) for fixed/floating platforms. MSPMSG is MHI Vestas' solution for the power higher than 8 MW, Aeorodyn for 6 MW, and
Adwen and Areva for 8 and 5 MW, respectively. MSWRSG is Aerodyn's alternative for 8 MW. HSSCIG is the technology used by both Siemens
and Vestas (power range 3-4 MW). HSDFIG is the technology used by Senvion and REpower for 6.2 MW offshore. DDWRSG is the Enercon
technology interest for the power up to 8 MW but for onshore applications. Some research-scale offshore drivetrain designs prototyping in the
5 to 12 MW range have also been considered in this study. An overview of the most recent application of different drivetrain technologies is
shown in Table 2. Based on this summary, all these technologies show potentials for the drivetrain in offshore wind turbines. Even though the
most recent literature recommends DDPMSG because of efficiency and reliability considerations,’ the diversity in drivetrain technology interests
in both industry and academia shows that other factors influence on the selection of the wind turbine drivetrain. In the meantime, there are
many other technologies that have not been commercialized. For instance, direct-drive and medium-speed DFIG with a high number of poles are
less efficient due to a high excitation loss.® Brushless DFIG is not an efficient machine due to a low-power torque density compared with typical
induction and synchronous generators.” Superconducting direct-drive synchronous generators are still far from being commercialized regarding
standardization and some open paths to explore regarding cost and reliability.8 An overview on the commercialized turbines (see Table 2) and
the reference turbines developed by research institutions and universities?1° shows a unanimous interest in PMSG for high-power offshore wind
turbine drivetrain systems. Higher efficiency due to external excitation circuit removal, higher reliability and availability, and less maintenance
costs due to the compactness and lightweight design and brushes elimination are the motivations.'% Different designs for permanent-magnet
generators are proposed in the literature. The latter includes vernier/conventional generators, axial/radial flux, surface-mounted/interior rotor
magnets, slotted/slotless stator, inner/outer rotor, distributed/concentrated winding, and integer-/fractional-slot winding machines.!* However,
still, the commercialized designs for wind turbine drivetrain systems, that is, radial flux, inner rotor, and surface-mounted PMSGs, are the focus
of this research.

In the continued section, the priorities which may be considered by the different turbine manufacturers in selection of the PMSG drivetrain
technology is analytically studied. It is aimed to find which PMSG-based drivetrain topology will probably be the future trend based on the
analysis of the available choices. The power range and turbine platform are emphasized as the other important criteria which affect the drivetrain

technology chosen by different manufacturers.

3 | METHODOLOGY

For this study, the DTU 10 MW reference wind turbine is used.” The parameters of the DTU turbine used for the drivetrain studies are listed in
Table 3. The other parameters related to the drivetrain components are updated based on the designed generators and gearboxes in this paper.

3.1 | Life cycle approach
In the life cycle performance assessment approach, to have a meaningful comparison between different drivetrain technologies, the overall costs
and benefits are evaluated over the design lifetime, and the outcome is expressed by using levelized values as equivalent costs and benefits at
the regular intervals during all the system life. By using this method, the costs and revenues of various drivetrain technologies are needed to be
studied over design, manufacturing, installation, O&M, life extension, and decommissioning’? (see Figure 1). The optimal configuration is the one
that gives the highest profit over the cycle.

In design, concerns related to design, for example, complexities in design, maximal design utilization, and higher degree of adaptation to
site-specific conditions, reliability, and controllability, are important. A preliminary failure modes study about the generator and gearbox in
PMSG drivetrain is summarized in Table 4. It is interesting to observe that the most of failure modes can be rooted back to design stage. In



MOGHADAM AND NEJAD 1545
WILEY- 15
TABLE1 State-of-the-art of drivetrain technologies in multimegawatt onshore and offshore wind turbines at a glance (up to
10 MW)
Technology Layout

Gearbox HSSIG

1. High-speed squirrel cage induction generator
e Merits: cheap, simple generator design
e Drawbacks: sensitive to transients, low efficiency

2. High-speed doubly fed induction generator
e Merits: cheap, fractional converter
e Drawbacks: sensitive to transients, low efficiency

3. Direct-drive wound rotor synchronous generator
e Merits: cheap
e Drawbacks: brushes, low efficiency, higher weight

4. Medium-speed wound rotor synchronous generator
e Merits: cheap
e Drawbacks: brushes, low efficiency

5. Direct-drive permanent-magnet synchronous generator
e Merits: low maintenance, high efficiency
e Drawbacks: expensive

6. Medium-speed permanent-magnet synchronous generator
o Merits: low maintenance, high efficiency, less weight for higher powers
e Drawbacks: expensive

reliability-based design, one should look at the reliability of a drivetrain design considering failure modes to ensure a safe and reliable operation
over the operating speed and torque range. However, the failure modes depend on the drivetrain technology. Furthermore, regarding specific
operating conditions, some modes are of a higher importance. The failure functions will then be defined for the components and subsequently
the drivetrain system based on a criticality analysis of the failure modes of the components. The impacts of uncertainty sources such as wind,
wave, material strength model, and power grid can be modelled by using safety factors in a deterministic design or applying a multiplicative
model of uncertainties in a stochastic design approach.!® The outcome of reliability-based design will specify the expected lifetime of drivetrain
system. For new systems and applications, for example, PMSG-based drivetrain systems for 10 MW spar floating offshore wind turbine, due to
the lack of standards for the design load cases, design is more challenging, which requires to leverage the similar experiences accompanied by a
wide range of numerical simulations. As a design study in this paper, the first torsional natural frequency of under consideration PMSG-based
drivetrain systems is studied, and design remarks are given about the feasibility of using these technologies in floating platforms.

In manufacturing and installation, weight, compactness, and special manufacturing and installation requirements should be taken into
consideration. An example of more manufacturing efforts is in manufacturing DDPMSG, where the too high pole count causes small rotor poles
with fine stator slotting, which makes manufacturing expensive. About installation efforts, for instance, less weight drivetrain technology and the
consequent reduced weight nacelle and tower help to reach less cost transportation and craning requirements. For more clarification, a promising
solution for a floating wind turbine transport and installation is to preassemble the whole turbine in one piece in the shipyard, towing to the
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TABLE2 Drivetrain most conventional technologies

HSSCIG HSDFIG DDWRSG MSWRSG DDPMSG MSPMSG
SWT-4.0-130 GE 5.3-153 EN136-4.2 SCD 8.0/168 SG8.0-167DD  V164-10.0MW
Siemens General Electric  Envision Aerodyn Siemens Vestas
4 MW 5.3 MW 4.2 MW 8 MW 8 MW 10 MW
Offshore/onshore ~ Onshore Offshore/onshore ~ Offshore Offshore Offshore
Geared (1:119) Geared (NA) Direct-drive Geared (1:27)  Direct-drive Geared (1:38)
V136-4.2 MW 6.2M126 E-126 7.580 NA YZ150/10.0 Adwen AD 8-180
Vestas Senvion Enercon NA Swiss Electric Adwen
4 MW 6.2 MW 7.6 MW NA 10 MW 8 MW
Onshore Offshore Onshore NA Offshore Offshore
Geared (NA) Geared (1:97) Direct-drive NA Direct-drive Geared (1:41)

Abbreviations: DDPMSG, direct-drive permanent-magnet synchronous generator; DDWRSG,direct-drive wound rotor
synchronous generator; HSDFIG, high-speed doubly fed induction generator; HSSCIG, high-speed squirrel cage
induction generator; MSPMSG,medium-speed permanent-magnet synchronous generator; MSWRSG, medium-speed
wound rotor synchronous generator.

TABLE3 Turbine specification?

Parameter Value

Rated power (MW) 10

Rated rotor speed (rpm) 9.6

Rated wind speed (m/s) 114
Equivalent driveshaft linear spring constant (N.m/rad)  2,452,936,425
Rotor moment of inertia J, (kg.m?) 8x 108
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FIGURE1 Drivetrain life cycle assessment approach [Colour figure can be
viewed at wileyonlinelibrary.com]

offshore deployment site, and using a large floating crane to hook up with mooring systems,'” where the most important limitation is the turbine
weight. A significant part of this paper is dedicated to the optimization of weight, raw material cost, and size for under consideration drivetrain
technologies as a necessary input to study manufacturing and installation costs.

In O&M, performance, efficiency, reliability, availability, and maintenance costs are required to be addressed. In offshore wind turbine
applications, especially in high-power floating installations in deep waters, due to farther distance from shores, broader ranges of excitation
sources and motions, and utilization of large, massive, and expensive components, any improvement in efficiency, reliability, and availability can
help to reduce cost of electricity. It is reported that O&M contributes in order of 30% of LCOE in offshore wind turbines.2° In performance, the
quality of generator output power is concentrated, where the generator technology and the power frequency converter play a significant role. In
efficiency, improving the efficiency of the drivetrain is discussed. It is needed to evaluate which technology and configuration will give a greater
efficiency, which helps to reduce the electricity cost. Therefore, there will be a need to look into all the individual components of the drivetrain
system. Then, the overall efficiency in the rated power is calculated/compared for the different technologies. In reliability, the failure rates of
different drivetrain components and fault tolerance properties of each technology is required to be analyzed. Therefore, the failure modes of
the subcomponents must be listed, so that the components and subsequently the drivetrain systems could be studied/sorted according to the
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TABLE4 Basic failure modes study of PMSG drivetrain components

PMSG11,13-15

Possible faults

Mechanical faults

Blocking bearings

Stucking filings in the air gap

Electrical faults

Short circuit faults

Finite resistance circuit faults

Open circuit faults

Magnetic faults

Demagnetization of rotor magnets
Detachment of rotor magnets

Fault reasons

Overcurrent

Voltage sags, swells, and harmonics

Cooling and lubrication system maloperation
Sensors and communication network maloperation
Rotor torque oscillation by wave-/wind-induced moments
Electromagnetic torque oscillations

Poor or contaminated bearing lubrication
Bearing installation problems

Failure modes

Stator winding insulation fail (fatigue, ultimate)

Gearbox!617

Possible faults

Gear fault

Shaft fault

Bearing fault

Shaft misalignment

Shaft bending

Shaft loose

Housing fault

Fastener fault

Seal fault

Fault reasons

Underestimated design loads

Torque overloads

Material defects

Manufacturing errors

Dirt in the lubricant or poor lubrication

Damage during transportation and assembly
Misalignment of components in the shaft
Failure modes

Gear wear; scuffing and contact fatigue (fatigue)
Gear plastic deform; crack; fracture; bending (ultimate = fatigue)
Bearing spalling : excessive load = poor lubrication (fatigue)

Demagnetization: magnet heating (ultimate)
Demagnetization: increased flux density (ultimate)
Phase/path cutoff (fatigue, ultimate)

Stator tooth fretting damage/crack (fatigue/ultimate)
Detached magnet: raised centrifugal forces (fatigue)
Bearing pitting and sanding (fatigue)

Bearing brinelling/false brinelling (fatigue)

Bear: smearing : foreign objects trapped within (fatigue)

Bear: worn surface : skewed roller = lubrication (fatigue)

Bear: partial chipping of rings = roller : excessive load (fatigue)

Bear: ring split = crack : excessive load = loose fit (fatigue)

Bear: fretting corrosion : fluctuating load = lubrication (fatigue)

Bear: electrical pitting : sparks by electric current (fatigue)

Bear: damaged retainer : heavy vibration = speed change (fatigue) different

Abbreviation: PMSG, permanent-magnet synchronous generator.

highest to the lowest probability of failure regarding the most critical failure modes. The latter can be based on the failure reports if enough event
logs and trouble shooting reports of the operation are available. It can also be based on the post processing of real operational data measured
from the system?! to calculate the fatigue damage and remaining useful life of the system. The latter could be supported by sufficient simulated
models under the different load cases dependent on the application. In general, a combination of these two approaches is used. Obtaining the
vulnerability map for each component considering the critical failure modes, which indicates the subcomponents from the highest to lowest
probability of damage is the basis for reliability-based maintenance. The latter supported by lifetime-predicting models will give an insight
about the reliability and remaining lifetime of the system, which is needed to be done for the different drivetrain technologies. In availability,
the downtimes of the wind turbine due to the drivetrain shutdowns, including downtimes for periodic maintenance or unscheduled repairs for
different technologies, are needed to be discussed. Furthermore, the possibility of using modular design for different gearboxes and generators for
reduction of downtime in different drivetrain technologies relates to availability studies. In order to compare reliability and availability of different
technologies, a detailed analysis of each component's failure modes, probability of failure, and the downtimes is required. Maintenance costs
will relate to the failure rate of components, labor, parts, operations, equipment, and facilities.22 The technology of high-power floating offshore
wind turbines is new, and there are only few operational turbines of this type. An accurate O&M comparison between different technologies
relies on an access to operational data of the same system under the same load cases; however, approximated analyses can be attained based
on available experiences in lower power ranges, similar experiences from other industries, some limited data in access from the same operational
turbines and applications, scaled-down laboratory-based systems, supported by high-fidelity simulation models and theoretical analyses. Each
drivetrain technology is finally needed to be scored based on O&M criteria, namely, efficiency, reliability, availability, and maintenance costs. The
other fact that makes O&M analysis more difficult is that each drivetrain technology is a different dynamic system with different responses.
To maintain the tip speed ratio of larger rotors in higher powers to reach the highest power coefficient, the nominal rotational speed of rotor
is reduced, which causes different dynamic responses even for the turbines of the same technology but a different rated power. Moreover,
floating offshore platforms encounter turbines into different motions induced by the synergistic impacts of wind and wave, the gravity of the
turbine, and the floating platform. The lower rotor speed and more diverse and higher amplitude excitations necessitate a special O&M study
for the drivetrain in high-power floating applications. In this research, for the under consideration PMSG-based drivetrain topologies, the overall
efficiency is calculated/compared considering the efficiency of the individual components. As a reliability analysis, the drivetrain failure modes
affected by the rotor torque and generator electromagnetic torque oscillations of different technologies are discussed and compared. Unequal
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Technology Type 1(DDPMSG) Type 2 (MSPMSG)  Type 3 (HSPMSG) TABLES  Case study technologies
Rated power(MW) 10 10 10
Application Floating offshore Floating offshore Floating offshore
Generator PMSG PMSG PMSG
Gearbox Direct-drive Three stages (1:50) Three stages (1:156)

Abbreviations: DDPMSG, direct-drive permanent-magnet synchronous genera-
tor; HSPMSG, high-speed permanent-magnet synchronous generator; MSPMSG,
medium-speed permanent-magnet synchronous generator; PMSG, permanent-magnet
synchronous generator.

cogging torque values in different drivetrain technologies cause different rotational vibration performances. The part of the life cycle that is

emphasized is specified in Figure 1.

3.2 | Proposed drivetrain design optimization

The selection of drivetrain technology is a multidisciplinary task that needs to make compromises between the criteria obliged by the life
cycle approach. As explained earlier, PMSG is the promising technology for high-power offshore wind turbines. Because 10 MW PMSG-based
drivetrain can be realized by different gear ratios, it is needed to assess different gear ratios over the life cycle. Gear ratio as per definition in
IEC 61400-4 is "1 where n and n, are the speeds of input and output shafts, respectively.?® The three under consideration drivetrain topologies
are DDPMSG, MSPMSG, and HSPMSG technologies, which are specified in Table 5). The 2D view of PMSG overall design that is used for the
three under consideration drivetrain technologies is shown in Figure 2A. DDPMSG is a direct-drive technology. MSPMSG is the medium-speed
drivetrain technology, which can be realized by either two or three stages. The operational high-power medium-speed technologies are often
based on hybrid gearboxes containing three stages, including planetary gears in the upwind stages and parallel gear pairs, which can be used
to realize the gear ratio 1 : 36 to 1 : 108. The mentioned gearbox topology is selected for the MSPMSG drivetrain technology in the paper.
HSPMSG is a high-speed drivetrain technology. The gearbox for the high-speed technology can be realized by three planetary stages with a gear
ratio variable from 1 : 108 to 1 : 216. The gearbox topology for the MSPMSG and HSPMSG drivetrain technologies is shown in Figures 2B and
2C. In industry, based on the rule of thumb, the conventional parallel stage is used for realization of the inverse of gear ratio 1 < « < 3, and
a conventional planetary stage is used for 3 < a < 6. For 1 < a < 3, the industry interest is in using a parallel stage. The reason that planetary
gear is not dominant for 1 < a < 3 is due to more complex design and manufacturing, more difficult access for maintenance, and difficulty
in fault detection and condition monitoring. Therefore, for the realization of the gear ratio 1 : 50 suggested in DTU 10-MW turbine design,
the gearbox topology based on two planetary gear stages and one parallel stage is studied in the paper as the most conventional topology to
realize the similar gear ratios in the medium-speed wind turbine drivetrain systems but for lower power ranges. In the power range 10 MW in a
medium-speed application, there is no agreed topology and gear ratio in the gearbox design. Some manufacturers have recently used other design
topologies to meet better the requirements of offshore application by a less weight and more robust design under load variations, for example,
Vestas V164-9.5MW and Adwen AD 8MW-180 have used three-stage compound planetary stages and two-stage compound planetary stages,
respectively, to realized the gear-ratios 1 : 38 and 1 : 41. Because no reference was found, which prohibits the utilization of three planetary
stages to realize an MS gearbox, another MS topology based on three planetaries is also studied. For the HS design with the assumed gear ratio
156, the most practical way to realize the gearbox is using three planetary stages.

Larger generator in DDPMSG technology causes more costly manufacturing, installation, and maintenance. Even though the general idea is that
a direct-drive generator is more reliable, available, and efficient due to a gearbox removal (eg, in Polinder et al2?>2% and Zhang et al?*), the different
generators and gearboxes in DDPMSG, MSPMSG, and HSPMSG drivetrain technologies result in different dynamic responses, efficiencies, and
weights of the components and the drivetrain, which calls for an analytical study before judging about operations and economics. Generator and
gearbox are focused. The other significant components are converter system and main bearings. The main bearings in the under consideration
technologies are the same because they are placed on low-speed side. The power converter system depends on rated power and voltage.
Because the three generators are designed for the same power factor and consequently apparent power, the rated power of the converters is the
same. However, the increased design voltage in MSPMSG and HSPMSG drivetrains compared with DDPMSG helps to reach a higher efficiency
for the power converter with less effort due to reduction of switching losses, but the increased voltage raises the power converter cost due to
the increased cost of the switches, DC link, and some auxiliary circuits. The changes in the overall drivetrain efficiency and cost due to power
converter are neglected.

The algorithm of the proposed PMSG drivetrains evaluation is demonstrated by the flowchart in Figure 3. From the conceptual design
perspective, the gearbox affects both the input torque and speed of the generator. The latter are among the critical parameters in design of
generator so that the size of generator is directly proportional to these parameters. In each iteration of the proposed drivetrain optimization
approach, the gear ratio is fixed by the outer loop. Therefore, the optimization problem of each drivetrain technology is broken into two decoupled
problems of gearbox and generator optimizations. As a result, for each drivetrain topology, two internal component-level optimization problems
are solved. The first problem looks for the optimized design of the generator. The generator optimization problem is designed to ensure the
minimization of cost of active material while maximizing the generator torque density. The second problem is a cost (weight) optimization of the
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multistage gearbox. Drivetrain performance-based and reliability-oriented constraints are imposed to the component-level optimization problems
to ensure the feasibility of the generator and gearbox proposed designs and a fair comparison between the under consideration drivetrain
technologies. Finally, the designed drivetrain systems are compared with respect to total weight, cost, size, efficiency, and dynamic responses.

3.2.1 | Generator optimization
As discussed in Section 2, PMSG is the dominant technology for high-power offshore wind turbines. Some motivations are as follows:

1. Armature reaction is smaller in a permanent-magnet generator with surface-mounted magnets than in electrically excited generators, due

to a larger air gap;
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2. Losses of the field winding in electrically excited generators cause lower efficiency in these generators compared with permanent-magnet
generators;

3. Besides reducing losses, the permanent-magnet generators lead to a lighter design. For the same power and frequency, compared with an
electrically excited generator, a permanent-magnet generator can be realized with a smaller diameter, which is really helpful for design of
high-power direct-drive generators for wind turbines?®; and

4. ltis believed that permanent-magnet generators are more reliable than electrically excited generators. One reason is that excitation circuits,
the associated power electronics semiconductor devices, and the commutation rings and brushes cause a high portion of failures and
downtimes in electrically excited generators, while they are not needed for permanent-magnet generators. The possible faults regarding the

application of magnets, including magnets demagnetization and detachment can, to a great extent, be avoided by a proper design approach.

A three-phase radial flux, inner rotor, surface-mounted, slotted machine with laminated stator/rotor cores and distributed winding is the
reference generator technology studied in this section. Reluctance torque, which is an important source of torque pulsations, is negligible in
surface-mounted PMSGs. Low weight, simple design, and low-armature reaction are some other benefits of surface-mounted technologies.

Different objective functions with different sets of optimization variables are suggested in the literature for optimized design of PMSGs. Li
et al?’ suggests the cost of the active material, Dubois et al?® recommends the ratio of the cost of active material to torque density, and Rokke
et al'! proposes the cost of the active materials including the housing and the cost of the energy lost in the machine over its lifetime to be used
to optimize the PMSG design.

In the continued part, an analytical design based on the minimization of the ratio of cost of active material to torque density is used to find the
optimized design of the generator in DDPMSG, MSPMSG, and HSPMSG technologies. The latter ensures the minimum cost while maximizing the
electromagnetic (developed) torque density and utilization of the generator weight. The proposed analytical model represents the cost function
and the design constraints as a function of five geometrical variables. The design procedure for the three under consideration generators is the
same, but the parameters and constraints are adapted based on the operating voltage and speed.

The cost function C of the generator optimization problem is defined as

(oSt
ot =t pin 2t "
COStgctive(X) = COStre(X) + COSt e, (X) + COStym (X), (1b)
- In
Ta(x) = Voo (10

where x is a vector that represents the optimization variables. cost,. is the cost of active materials in generator construction in Euro. The
cost of active materials consists of the cost of iron used in rotor and stator yokes and stator teeth, copper of the stator windings, and the
surface-mounted permanent magnets. costy, is the total cost of iron, cost,, is the cost of copper, and costyqgn: is the cost of magnet material. Ty is
the nominal torque in kN.m, and V is the generator active volume in m®. T, is the generator torque density in kN.m/mq. The variables in Equation
(1) are defined by

X = [Xq,X2, X3, X4, 51" = [Ds, L, bs, hg, hy 17, (2a)
€OStoy = CouMeus (2b)

COStym = ComMpms (20)

costy, = CreMye, (2d)

v-rZel, (2e)

where the five optimization variables D, L, by, hy, and h,, are the air gap diameter, active length of generator, slot width, slot height, and
magnet height, respectively. ¢, Mg, Ccus Meys Com, and my,, are the specific costs and total weights of core, copper, and magnet, respectively. The
design of surface-mounted PMSG deals with the determination of a high number of variables related to the generator geometry and operation.
In the proposed optimized design approach, it was observed that all the generator design variables can be either defined as a function of the
five geometrical optimization variables, or considered constant, or can change in optimization problem outer loops. The latter helped to turn a
nonlinear and strongly nonconvex problem to a convex problem to be able to find a global optimizer. The other generator design variables, which
are not assumed as a optimization variable, are classified into three different groups: first, those that can be written as a function of the five
optimization variables, such as flux densities in air gap and teeth; second, the design variables that are assumed constant, for example, air gap
thickness, which is fixed at the minimum value regarding the mechanical construction considerations of large permanent-magnet generators, and
maximum flux densities in rotor and stator yokes; third, those variables that are updated/changed in outer loops to find their optimal values, for
example, magnetic pole embrace (%‘) and number of slots per pole and phase (q), but in each internal optimization take constant values. The
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definition of m,, in terms of the five optimization variables (x;, ... ,Xs) is given in Equation (3a). The role of winding overhang, the slot wedge, and
the insulation thickness is considered in the model. The weight of copper is proportional to the length and the cross section of the winding. The
length is dependent on the generator length, the pole pitch, and the overhang, which is proportional to the voltage. The definition of m,, in terms
of the optimization variables is given in Equation (3b). b, 7, in this equation models the ratio of the pole surface that is covered by the magnet
material to the all pole surface, which could take different values by using an optimization outer loop. The definition of the three components
of my,, which respectively model the iron used for stator teeth, stator yoke, and the rotor core in terms of the optimization variables, is given in
Equation (3c). The other variables in this equation are either constant or change by using external optimization loops. V in Equation (3d) is the
overall volume of the generator, which is a function of generator equivalent length L, and the stator outer diameter D;,. The generator equivalent
length is a function of core length and air gap. The stator outer diameter is also a function of D;, h;, and stator yoke height h,,. In Equation (3d), V
is written in terms of the optimization variables.

v, —h.—4h
M) =N <2x2 +25 (’%) +0.05 ( 10‘30) +0.150) ((x3 - 2hi)w> e (3a)
b, 7x
Mym(X) = p (7,, 71) X2X5 Py (3b)
X
Me(X) = Q <% - Xa) XaX2pfe + (3c)
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The definition of the variables used in the the above equations is given in Table 6. For more details on the design variables and their
dependencies with the defined optimization variables, readers are referred to Grauers et al.2¢ The results of the described optimization problem
provide the detailed geometry, material consumption, cost, and the operational criteria such as efficiency, decoupled generator losses, power
factor, flux densities, electrical and thermal loadings, induced and terminal voltages, and torque oscillations. The generator optimization problem
including the objective function and the constraints is highly nonlinear. Because the resultant is a constrained nonlinear multivariable nonconvex
problem in terms of the optimization variables, convex programming tools cannot be useful. Because the constraints are of a high number
and mostly nonlinear, duality theories and associated dual problems add to the complexity of optimization. Problem reduction, using linear
optimization,!* and application of heuristic approaches, for example, genetic algorithm?’ are some alternatives suggested in the literature. Our
observations show that the aforedescribed disciplined nonconvex problem shows a convex shape in a multidimensional graphical illustration of
the objective function and constraints in the predefined range of optimization variables so that the problem is convex on a portion of its domain
that is the feasible region regarding the constraints. Therefore, a global optimizer for this optimization problem could be found. MATLAB fmincon
numerical optimization solver using sequential quadratic programming (SQP) algorithm is used to find the globally optimized design.

The objective function C is optimized subject to a wide range of specific electrical loading, magnetic loading, insulation and mechanical forces
mitigation requirements, current density, armature thermal loading, power factor, and efficiency-based constraints to ensure a feasible design
for the three generators. The carter factor is modelled in terms of the design variables in the optimization problems. The generators are assumed
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Generator Specifications DDPMSG MSPMSG HSPMSG TABLE6  Generator optimization results
Technical specification
Number of poles p 200 12 4
Rated output power P, (Mw) 10.003 10.004 10.000
Rated input torque Ty (MN.m) 10.689 0.202 0.065
Rated rotational speed n, (rpm) 9.6 480 1497.6
Rated RMS line voltage V, (kV) 3.471 10.438 10.452
Rated generator output frequency f (Hz) 16 48 49.92
Efficiency n (%) 93.09 98.41 98.34
Specific electric loading A (A/mm) 109.99 107.72 106.41
Armature current density J; (A/mm?) 4.66 5.02 4.99
Armature thermal load (A2 /mm?®) 512.24 540.98 531.07
Cogging torque (N.m) 958.54 0.23 0.01
Maximum air-gap flux density é,; (T) 0.46 0.52 0.49
Maximum magnet flux density Bm (L) 0.48 0.58 0.64
Maximum statorteeth flux density E( (T) 0.95 1.43 1.36
Maximum statoryoke flux density Bsy () 1.10 1.11 1.07
Maximum rotoryoke flux density E,y (M 1.10 111 1.10
Total loss (kw) 742.52 161.55 168.87
Dimension specification
Air gap diameter D, (m) 10.622 2.547 1.743
Active length L (m) 1.498 0.512 0.391
Slot width b (mm) 275 11.5 11.2
Slot height hy (mm) 86.9 62.8 65.8
Stator yoke height hg, (mm) 27.30 148.65 333.05
Rotor yoke height h,, (mm) 48.25 167.65 361.25
Magnet width by, (mm) 140.72 552.61 1082.83
Magnet height h,,, (mm) 21 19.7 38.9
number of slots Q 600 432 288
Number of slots per pole & phase q 1 12 24
Mechanical air-gap height 6 (mm) 10 2 2
Polepitch z, (mm) 166.85 666.67 1368.70

continues.

to be equipped with integrated water cooling, which helps to increase the limits of the electrical loading constraint. The winding insulation
class N with an average temperature rise of 130° C for the rated operation and the maximum hot-spot temperature 200° C is considered for
the design limits and power loss calculations. No restriction regarding generator frame sizes is imposed to the problem. It is assumed that the
generators outputs are connected to infinite bus. In a real case, the outputs are connected to a converter as an external circuit. The converter's
dedicated controller controls the phase angle and amplitude of armature output current to attain higher power factors, maximizing the generator
output active power. The generators are all designed for an induced voltage less than the rated terminal voltage, which helps to minimize the
permanent-magnet material consumption and weight of generator and to reduce the generator core losses. The optimized design based on
the proposed analytical model is performed by MATLAB and validated using ANSYS-RMxprt software to ensure that the generators can stably
deliver the desired output power and voltage.

The generator structure weight consists of cooling system, beams, cylinder, shaft, and bearings. Different models for the weight is suggested
in the literature.2¢ In Hartviksen,?’ the generator structure weight is estimated with a sum of cylinder and beams weights. Because the beams
weight is proportional to the generator diameter and the cylinder weight has a relation with the multiplication of the diameter and length, the
following experimental equation is used to estimate the weight of structure compared with a known structure weight of a similar generator with

1 D,\? L
msu=5mﬁ,<<DT> +L750>’ (4)
£ s

where m?tr. DY, and L, are the weight, outer diameter, and length of the reference generator. The data of reference generator, which is a 10-MW
DDPMSG, are obtained from Polinder et al.3°

the same range of power:

3.2.2 | Gearbox optimization

In this section, the objective function is minimization of the cost of active material in gearbox by optimizing the stage gear ratios. The gearbox
cost function for a typical three-stage configuration is defined by

Ccarbox(U) = arg min (Costyes (W) , (5a)
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TABLEG6  continued Generator Specifications DDPMSG MSPMSG  HSPMSG
Wedge height h,, (mm) 3 2 2
Stator outer diameter Dy, (m) 10.857 2.973 2.544
Rotor inner diameter D,; (m) 10.464 21677 0.9384
Equivalent core length L, (m) 1.518 0.516 0.395
Slot pitch 7, (mm) 55.62 18.52 19.01
Winding specification
Winding layers 2 2 2
Winding type Full pitch Full pitch Full pitch
Parallel branches 1 1 1
Conductors per slot 2 2 2
Winding connection star star star
Number of winding turns N 600 432 288
Insulation thickness h;, mm/kv 1 1 1
Material properties
Magnet density p,m (kg/m®) 7400 7400 7400
Relative permeability of magnet y,m 1.1 1.1 1.1
Magnet residual flux density B, 1.23 1.23 1.23
Magnet specific cost ¢, (Euro/kg) 80 80 80
Core density pr (kg/m®) 7650 7650 7650
Relative permeability B-Hcurve B-Hcurve B-H curve
Core specific cost ¢, (Euro/kg) 16 16 16
Copper density pq, (kg/m3) 8900 8900 8900
Copper specific cost ¢, (Euro/kg) 27 27 27
Design parameters
Core stacking factor kg, 0.97 0.97 0.97
Magnetic pole embrace (iﬂ) 0.85 0.85 0.85
Weight and cost specifica;ion
Armature copper weight M, (ton) 12.077 2.109 2211
Permanent magnet weight My, (ton) 6.552 0.494 0.487
Armature core weight Mg, (ton) 27.777 5.824 7.206
Rotor core weight Mg, (ton) 9.984 4.085 3.703
Total active material weight M. (ton) 56.390 12.513 13.608
Approximated structure weight Mg ycure (ton)  267.85 52.52 39.79
Total weight My (ton) 324.24 65.03 53.40
Total active material cost cactive (MEUro) 1.45 0.25 0.27
Total raw material cost ¢yt (MEuro) 5.74 1.09 0.91

Abbreviations: DPMSG, direct-drive  permanent-magnet synchronous genera-
tor; HSPMSG, high-speed permanent-magnet synchronous generator; MSPMSG,
medium-speed permanent-magnet synchronous generator.

COStgeqr(U) = COStstager (U) + COStstager (U) + COStstages (W), (5b)

where u is vector of the optimization variables. cost,, is total raw material cost of the gears of gearbox stages in Euro. The variables in Equation

(5) are described as

u = [uy, up, us]’, (62)
lanetary __ planetary
Costlert™ = CooarMigar s (6b)
arallel __ parallel
costfmge = CgearMiear  » (6¢)

where ¢y, is the unit cost of the gears material and mgéf,’,'em’y and mggg:“e’ represent the weights of planetary and parallel stages, respectively,

which is defined as the function of optimization variables using the model described in Nejad et al*! as

mbtaret ™ (u) = 2”:05 % + PR (217 1) + (E - 1) + (E - 1)2 S Gt ;1)2 + kliB(Z;—l)lz) , (7a)
2 2

2prQp

k

el = ZPee (1 + % tust u2> , (7b)
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where Qs and Qp are the input torques to the sun and pinion for planetary and parallel stages, respectively. u is the gear ratio, B is number
of planets of the planetary stage, and k, is a ring scaling factor of the planetary stage. k is the intensity of tooth loads factor. The overall active
material weight for a sample three-stage gearbox with two planetary and one parallel stages is calculated as

Mt = 220 L %@w:_m(g_l)ﬁk,@”,ﬁ
2 2

20:Q 2 -1y (u; — 1)
+ ﬂf‘i Oﬁ %+ﬁ+(%—l)+(%—l) +k,u2T+k,Bzz%7_l)

+ 2Qo _ 1 <1+—1 +u +u2>
3+uz ).
k  ujupus us

Equation (8) is obtained by the sum of the weights of two planetary stages and one parallel stage as described in Equation (7). The input torque
applied on the sun/pinion of each gearbox stage is replaced in the weight function of the stage by applying the gear ratio of the previous stages
on the main shaft torque Qo. To derive Equation (8), it is important to notice the sun/pinion is the output gear of the planetary/parallel gear stage.

The above described optimization problem is solved subject to constraints related to the gear ratio of each stage and the overall gear ratio.
The outputs of the problem are the optimized gear ratios, weight, and cost. The resultant is a constrained nonlinear multivariable nonconvex
optimization problem. Because the aforedescribed disciplined nonconvex problem shows a convex behavior in multidimensional graphical
illustration of the objective function and constraints in the defined range of optimization variables, it is possible to find the global optimizer.
MATLAB fmincon numerical optimization solver is used to find the global optimizer.

The replacement of the third parallel stage in MSPMSG drivetrain with a planetary stage in HSPMSG helps to reach higher gear ratios and
reduce weight and size with compact design features of planetary gears. The disadvantages of planetary gearboxes are their complexity and
sensitivity to manufacturing errors and elastic deformations in the shafts, bearings, and gearbox cage so that a planetary gearbox performs
the best only if equal load sharing between planets is achieved.?? The optimized three-planetary stages gearbox for HSPMSG drivetrain and
two-planetary and one-parallel stage gearbox for MSPMSG drivetrain based on the explained model and the proposed optimization approach
are evaluated as the case studies in Section 4. The gearboxes optimized designs are validated using the KISSsoft gear design software, and the
overall geometry, weight, cost, and efficiency are compared for the different topologies.

3.2.3 | The first torsional natural frequency of drivetrain

To ensure that the different designed drivetrain technologies execute a safe operation without any danger of resonance due to external/internal
excitations, the first torsional natural frequency of three under consideration drivetrain systems is studied. The first torsional frequency is
calculated by using a simplified two-mass model. The gearbox is modelled with the gear ratio and the stiffness of the connecting links to the
rotor and generator are modelled, but the moment of inertia and stiffness of the gearbox are neglected. The moment of inertia of the gearbox is
negligible compared with the moment of inertia of the generator so that it does not have any considerable impact on the first drivetrain torsional
mode. The first torsional frequency by using a two-mass model is calculated by3?

or _ 1 « Jr+ a?dgy, o - a?k;Kgen o
fi" = 20\ g, T ket ok, @

where k., is the equivalent shaft stiffness in the rotor side, J, and J,., are the moment of inertia of rotor and generator, k, and kg, are the shaft

stiffness of rotor and generator, and « is inverse of the gear ratio.
The first torsional natural frequency of drivetrain of the three under consideration topologies obtained by the above model is validated by
using a three-mass model in Simpack software, which models the moment inertia of the gearbox to see how it can influence the first mode.

4 | NUMERICALSIMULATIONS

4.1

Optimized generator specification

The results of the three optimized generator designs based on DDPMSG, MSPMSG, and HSPMSG using the proposed analytical approach are
listed in Table 6. The three optimized designed generators are validated by ANSYS-RMxprt. The terminal voltage and power-angle characteristics
of the designed generators, which show that the three generators can stably deliver the designed power with the target voltage, are shown in
Figure 4. The power angle characteristic shows the relation between the power output of the generator P, and the power angle 6. The power
angle is the angle between the generator induced voltage at the air gap and the terminal voltage. When the input mechanical power increases,
the power angle increases to counterbalance the input power by the increase of the generated electrical power, where there is a 56 = z/2 rad
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limit that any exceedance causes a loss of synchronism and instability. The curve demonstrated in Figure 4A is the power-angle characteristic
obtained from the validated model in ANSYS-RMxprt software and shows that the three designed generators are all able to deliver the designed
10 MW power but at different power angles. The designed points on the power-angle characteristic of the generators are the optimal operation
by the consideration of efficiency and power factor in the optimization problem under a rated operation. The operating point in the three designs
also has a safe distance from the power angle limit 6 = /2 rad. Although the designed generators can give higher power especially in DDPMSG,
it will not result in a desirable operation regarding a much lower efficiency. The frequency converter can also influence on the power factor
and subsequently the power angle. The generator terminal voltage is also an important constraint in the optimized design problem so that the
designed generators must be able to deliver the rated power at the rated voltage level, which the generator is designed for. Figure 4B shows one
cycle of the terminal line voltage (V};,. = \/§Vp,,ase) of the three designed generators validated by ANSYS-RMxprt.

As it can be seen in Table 6, a transition from the low-speed to high-speed generator helps to save weight by reduction of diameter and length
of the generator although the required stator and rotor yokes height increases. For higher speed generators, the reduction of the number of
poles still decreases the diameter and length of machine; however, the rise in the stator and rotor yokes height exceeds the amount of weight
saved by the reduced diameter and length. Consequently, the weight of active material in HSPMSG is increased, but the total weight including
the weight of structure is still less than MSPMSG technology. Considerable reduction of weight and raw material cost in the generators designed
for higher operational speeds and improved efficiency and torque oscillations are observed based on the simulation results.

The efficiency of generator in the optimized analytical design approach is considered as a constraint so that the design solution has to fulfill
the minimum requirements regarding the power loss and efficiency. For this purpose, in the design code, the components of generator power
loss consisting of winding loss, rotor and stator cores losses (hysteresis and eddy current losses), magnet losses, additional losses (stray losses),
and friction and windage losses are modelled at rated load operation. The optimized design is then validated by the ANSYS-RMxprt analytical
design software to ensure that the designed generator can supply the designed power at the specified voltage. This software makes it possible to
check a wide range of parameters related to the generator operation including but not limited to flux densities in different places, electric loading,
thermal loading, induced and terminal voltage, power factor, total harmonic distortion, power losses, and efficiency. The values of efficiency
given in the paper are the verified results obtained by ANSYS. It is worth noting that maintaining the same efficiency for the low-speed generator
needs more increase in volume compared with higher speed generators. The latter makes high-efficiency DDPMSG technology for high-power
applications infeasible or inefficient. The voltage and frequency for the design of DDPMSG are selected less than the two other generators, to
help the minimum weight and cost design. The design voltages are selected so that the output voltage of converter place in a standard voltage
level based on the standards.>#3> Regarding the reduced rotational speed in DDPMSG and the direct relationship between the induced voltage
and speed, it is not efficient to design the direct-drive generator with the same voltage level used for medium-speed and high-speed generators
design. The relative root mean square (RMS) value of the fundamental component of the induced voltage is given by?’

E = \/Ekwwsz,,%LeB§, (10)

where k,, is the winding factor, ws is the rotational speed in rad/s, and B; is the RMS value of the fundamental component of the air gap flux density.
Therefore, the increase of induced voltage means the rise in the number of turns (more winding weight), the length of the machine (more core
weight), and the air gap flux density (more magnet weight). The latter increases the weight and cost of design. A power transformer in the wind
turbine is used to adjust the converter output voltage to the voltage at point of common coupling (PCC) so that the reduced voltage of DDPMSG
and consequently the reduced converter output voltage does not cause any problem if the voltage is selected among the standard voltages.
The design for a reduced output frequency also helps to reduce the number of poles and consequently the diameter and weight of generator.
The latter is possible, because the power converter can adjust the output frequency if the frequency is in the converter operating range.
Therefore, the design of DDPMSG for a lower voltage level and frequency is practical and results in the minimum weight design of the direct-drive
generator. The other two machines, that is, MSPMSG and HSPMSG are designed for the same standard voltage level. Similar loading conditions
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TABLE7 Gearbox optimization results
Gearbox Specifications MSPMSG HSPMSG
Technical specification
Type Two planetaries and one parallel ~ Three planetaries Three planetaries
Overall gear ratio 1:50 1:50 1:156
Rated power (MW) 10 10 10
Rated input shaft speed n (rpm) 9.6 9.6 9.6
Rated input shaft torque Q (MN.m) 9.947 9.947 9.947
Efficiency n (%) 97.3 97.3 98.1
Gear specification of the first stage
Gear type Planetary Planetary Planetary
Gear ratio 1:3.524 1:3.231 1:4.333
Number of planets 5 5 5
Normal module 32 45 28
Normal pressure angle (degree) 233 27.1 24.6
Helix angle (degree) 0 0 0
Center distance a (m) 0.917 1.140 1.027
Sun gear facewidth by (m) 0.533 0.316 0.568
Planets facewidth b, (m) 0.514 0.297 0.552
Ring gear facewidth bs (m) 0.533 0.316 0.568
Number of teeth, sun 33 31 34
Number of teeth, planet 23 17 37
Number of teeth, ring 82 69 111
Profile shift coefficient, sun 0.217 0.664 0.446
Profile shift coefficient, planet 0.493 0.907 0.866
Profile shift coefficient, ring 0.249 0.312 0.555
Weight mS%, (ton) 17.53 15.01 28.11
Efficiency n (%) 99 98.9 99.4
Gear specification of the second stage
Gear type Planetary Planetary Planetary
Gear ratio 1:4.804 1:3.4560 1:6
Number of planets 3 3 3
Normal module 25 28 25
Normal pressure angle (degree) 24.3 23.7 234
Helix angle (degree) 0 0 0
Center distance a (m) 0.696 0.819 0.704
continues.

are considered for design of the three generators to reach a fair comparison between them. Mechanical losses including friction and windage are

neglected.

4.2 | Optimized gearbox specification

The optimized medium-speed and high-speed gearboxes specifications including the geometrical and technical data of the stages, respectively
for 10-MW MSPMSG and HSPMSG wind turbine drivetrain systems using the analytical model described in Section 3 are specified in Table 7.
The results validated using KISSsoft software show that even though the multistage gearbox for the HSPMSG drivetrain is designed for a higher
gear ratio, it can still slightly reduce the total weight and improve the efficiency of the gearbox. The change in the weight scaling factor applied to
model the structure weight of the two different gearboxes can slightly affect the results about the gearbox weight. As it can be seen, a transition
from medium-speed to high-speed gearbox can help to slightly improve the efficiency and weight. To provide a fair comparison, because there
was no reference found, which prohibits the utilization of three planetary stages instead of two planetary and one parallel stages to realize a
medium-speed gearbox, the optimized results of another medium-speed topology based on three planetary stages is added to Table 7.

The values of gearbox efficiency are the validated values calculated by KISSsoft after the implementation of the optimized model in the
software environment. KISSsoft is an analytical tool that calculates the power loss and heat dissipation of each gear stage according to the
ISO/TR 14179 standard. The software analytical efficiency calculations are elaborated by Langhart et al.3¢

4.3 | Comparison between different PMSG-based drivetrain technologies

The overall drivetrain weight, cost, and efficiency for DDPMSG, MSPMSG, and HSPMSG are summarized in Table 8 and graphically compared in
Figures 5A to 5C. As it can be seen, moving from the direct-drive technology towards the medium-speed, the drive train weight, raw material cost,
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TABLE7 continued.

Gearbox Specifications MSPMSG HSPMSG
Sun gear facewidth by (m) 0.466 0.331 0.415
Planets facewidth b, (m) 0.450 0.316 0.401
Ring gear facewidth b; (m) 0.466 0.331 0.415
Number of teeth, sun 23 34 19
Number of teeth, planet 31 23 36
Number of teeth, ring 88 83 95
Profile shift coefficient, sun 0.176 0.283 0.430
Profile shift coefficient, planet 0.754 0.535 0.285
Profile shift coefficient, ring -0.157 -0.137 0.772
Weight mS2, (ton) 9.06 6.74 9.26
Efficiency # (%) 99.2 99.2 99.3
Gear specification of the third stage
Gear type Parallel Planetary Planetary
Gear ratio 1:2.95 1:4.4775 1:6
Number of planets 3 3
Normal module 40 18 14
Normal pressure angle (degree) 20 22.7 233
Helix angle (degree) 0 0 0
Center distance a (m) 1.177 0.495 0.394
Sun/pinion facewidth by (m) 0.622 0.223 0.201
Planets/gear facewidth b, (m) 0.599 0.212 0.195
Ring facewidth bz (m) 0.223 0.201
Number of teeth, sun /pinion 15 25 19
Number of teeth, planet/gear 44 29 36
Number of teeth, ring 86 95
Profile shift coefficient, sun/pinion 0.377 0.092 0.225
Profile shift coefficient, planet /gear -0.451 0.441 0471
Profile shift coefficient, ring 0.405 0.595
Weight mS3,, (ton) 12.28 2.04 1.43
Efficiency n (%) 99.1 99.2 99.4
Design parameters
Intensity of tooth loads factor 4 %108 4x 108 4 %108
Ring scaling factor 0.4 0.4 0.4
Housing, bearings & lubrication scale factor 0.2 0.2 0.2
Material properties
Material Case carburized steel ~ Case carburized steel ~ Case carburized steel
Density (kg/m®) 7850 7850 7850
Specific cost Cgeqr (Euro/kg) 16 16 16
Weight and cost specification
Total gears weight (ton) 38.87 23.79 38.80
Moment of inertia (Mkg.m?) 1.24 0.25 0.36
Total weight (ton) 46.64 28.55 46.56
Total raw material cost (MEuro) 0.75 0.46 0.74

Abbreviations: DPMSG, direct-drive  permanent-magnet synchronous generator; HSPMSG, high-speed
permanent-magnet synchronous generator.

efficiency and electromagnetic torque oscillations are significantly improved. A transition from the medium-speed to the high-speed generator
still helps to improve all the aforementioned properties.

To reduce fatigue damage and noise and comply with standard limits, a suppression to the permissible level 2% for electromagnetic torque
oscillations is required.®” Torque oscillation in surface-mounted PMSGs mainly comes from two sources®83%:

1. Cogging effect due to the variable permeance of the air gap and
2. Distortion of sinusoidal distribution of air gap flux density due to saturation, current ripple resulting from pulse width modulation (PWM),
and low power quality of the grid.

Cogging torque resulting from cogging effect is an important component of torque oscillations in PMSGs, which can be improved by the
proper design. As it can be seen in Table 8, the designed generators fulfill the torque oscillation requirements. However, the ratio of the cogging
to the average torque reduces by the increase of gear ratio. The fundamental cogging frequency for the PMSG with integer-slot windings and
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TABLE8 Drivetrain optimization results

Drivetrain Technology DDPMSG MSPMSG HSPMSG
Gearbox configuration No gearbox  Planetary-planetary-parallel  Three planetaries  Three planetaries
Generator weight (ton) 324.24 65.03 65.03 53.40
Generator cost (MEuro) 5.74 1.09 1.09 0.91
Gearbox weight (ton) 0 46.64 28.55 46.56
Gearbox cost (MEuro) 0 0.75 0.46 0.74
Total weight (ton) 324.24 111.67 93.58 99.96
Total cost (MEuro) 5.74 1.84 1.55 1.66
Electromagnetic torque oscillation (%)  0.00897 0.00011 0.00011 0.00001
Rated efficiency (%) 93.09 95.75 95.75 96.47

Abbreviations: DPMSG, direct-drive permanent-magnet synchronous generator; HSPMSG, high-speed permanent-magnet
synchronous generator; MSPMSG, medium-speed permanent-magnet synchronous generator.
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surface-mounted magnets is calculated by*®
2f;
foog = Qf, (17)

where Q is number of slots, f;, is generator input frequency, and p is number of poles. It can be seen that the cogging torque frequency depends
on the input speed, but in rated operation, the cogging torque frequencies for DDPMSG, MSPMSG, and HSPMSG are 0.96, 57, and 3600 Hz,
respectively. The higher cogging torque frequency of higher speed generators reduces the probability of coincidence on the natural frequencies
of the drivetrain main bearings and the generator bearings' inner ring, outer ring, and rolling elements (see the associated failure modes in Table 4).
Regarding the higher shaft first torsional natural frequency in DDPMSG, it is doubted that the cogging frequency can coincide this frequency.
The type of main bearings in the wind turbines are mostly spherical roller bearings. These bearings have different defect frequencies due to
out-of-round rotating, roller irregularity, and outer and inner race irregularities. For the under consideration 10-MW turbine, the defect frequency
of these modes can start from a fraction of hertz and rise up to few hertz. The cogging torque in DDPMSG can cause fatigue damage to bearing
components due to the possibility of coincidence with main bearing defect frequencies. For higher speed generators in MSPMSG and HSPMSG
technologies, it is also possible that cogging torque coincides the gears mesh frequencies, which can affect the gear teeth fatigue life. However,
in the designed medium-speed and high-speed gearboxes, the mesh frequencies of generator side gear stage are 120 and 474 Hz, respectively,
which keep a safe distance from the rated fundamental cogging torque frequencies. The presence of gearbox results in a longer transmission
path between the external excitation source initiated from the rotor (aerodynamic torque and forces) and the generator side (electromagnetic
torque and forces), which are transmitted to the generator and rotor side components, respectively, which can reduce the amplitude of drivetrain
external excitations. The latter can affect the probability of failure of generator and rotor side components (eg, main bearings) due to those
external excitations. The increased defect frequencies of the generator bearings due to the rise in the rotational speed naturally immunizes these
components against the loads applied on the drivetrain by rotor as a result of synergistic impacts of wind, waves, and structural motions, which all
appear with a low frequency content. The latter shows some potentials to improve the reliability of main bearings and generator in the drivetrain,
although the appearance of gearbox as a new serial component has a negative impact on the reliability of drivetrain. Therefore, it is challenging
to compare the overall reliability of the under consideration drivetrain systems. In the continued part, the possibility of resonance by using the
three designed drivetrain systems is investigated.

There is a coupling between gearbox and generator in the geared wind turbine drivetrain systems used for reducing torsional vibration and
accommodating misalignment. The coupling between generator and gearbox could suppress the high-frequency excitations initiated by the
generator due to distortion of air gap flux in order not to be transmitted to the rest of the drivetrain. Those frequencies happen mostly in
harmonics of generator output frequency. The cogging frequency in MSPMSG and HSPMSG has a high-frequency nature and is isolated by the
coupling from the rest of the drivetrain although there is not any possibility for this frequency to coincide with the first torsional frequency
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TABLE9 The first torsional Drivetrain Technology DDPMSG  MSPMSG HSPMSG
natural frequency of drivetrain, o
and the excitation sources Generator moment of inertia Jgen (kg.m?) 456965.65 6286.71 1888.30
First torsional natural frequency -by two mass model (Hz) 11.66 2.01 1.20
First torsional natural frequency -by three mass model in Simpack (Hz)  11.66 1.93 1.19
1P rotational frequency (Hz) 0-0.16 0-0.16 0-0.16
3P rotational frequency (Hz) 0-0.48 0-0.48 0-0.48
Wind (Hz) 0-0.02 0-0.02 0-0.02
Wave (Hz) 0.05-0.2 0.05-0.2  0.05-0.2
Electromagnetic torque oscillations (Hz) 0-10000 0-10000 0-10000
Gear mesh frequency-first harmonic at rated speed (Hz) 18-120 23-474
Bearing defect frequency-first harmonic at rated speed (Hz) 0.16-8 0.16-170  0.16-500

Abbreviations: DPMSG, direct-drive permanent-magnet synchronous generator; HSPMSG, high-speed
permanent-magnet synchronous generator; MSPMSG, medium-speed permanent-magnet synchronous generator.

due to the high-frequency nature of cogging torque in geared drivetrain technologies. In DDPMSG, there is normally no mechanical torsional
vibration isolator in the drivetrain system. As a result, the generator torsional vibrations including low frequency (due to cogging torque) and
higher frequencies (due to saturation, power converter switching, and power grid) transmit to the rotor side of the drivetrain. The latter can
influence on the drivetrain lifetime specially in higher powers with smaller values of the first drivetrain torsional frequency, generator cogging
torque frequency, and generator output frequency.

Active vibration dampers are another drivetrain torsional vibration damping mechanism, which are used to mitigate the impact of the significant
torsional vibrations on the drivetrain due to aerodynamic torque oscillations (usually, the frequencies that are considered to be damped by active
dampers are the first drivetrain torsional mode and first blade in plane mode) by compensation of them in the generator electromagnetic torque
set point. These dampers are generally band-pass filters, which are tuned around some prespecified frequencies. If these mechanical oscillations
do not get compensated in the generator torque, the consequent electric power oscillations not only reduces the power quality but also can
interact with power system modes and cause resonances with the electric circuits frequencies, which can cause high voltages and currents and
damage the electric components. Instead of these compensations on torque through active dampers, some turbines use passive parallel band-stop
filters in the frequency converter system to filter the frequencies of the aerodynamic torque oscillations from the output electric power. To our
best knowledge, the active dampers do not influence on the torsional vibrations initiated by generator. In direct-drive technologies, due to the
lack of coupling, there is no mechanism to suppress the transmission of generator vibrations to the rotor side. In 10-MW DDPMSG, the cogging
frequency can coincide with the defect frequencies of the main bearings and there is no mechanism reported in the literature of direct-drive
drivetrain systems to isolate this low frequency range excitations that are initiated from the generator side.

4.4 | The first torsional natural frequency of drivetrain and resonance analysis

ANSYS-Maxwell moment of inertia calculation package is used to obtain a good estimation of the generator moment of inertia for the designed
generators. The first torsional frequency of designed DDPMSG, MSPMSG, and HSPMSG drivetrains is presented in Table 9 and graphically
illustrated in Figure 5D. The rotor and tower flexibilities are neglected in the calculation of the first torsional frequencies.

The excitations that influence on the drivetrain operation come from different sources, for example, turbine rotational motion,
motions induced by structural resonances, wind- and wave-induced motions, the electromagnetic torque oscillation resulted by cogging
torque/saturation/converter system/power grid, and the drivetrain internal excitations due to the gears mesh frequencies and the bearings defect
frequencies. For the drivetrain system, the most unfavorable operating condition happens when the rotor rotational frequency (1P) coincides the
drivetrain first torsional frequency. The other source of excitation that can affect the rotor torque comes from the tower shadow effect, which
occurs with blade passing frequency 3P. The tower bending (TB) frequency excited by the 1P or 3P rotational frequencies is another source of
excitation in a spar floating platform.#? An excited TB natural frequency causes motions that induce a moment component on the rotor torque.
Wave is another excitation source in offshore wind turbines so that waves at sea have significant energy at periods of 5 to 20 seconds. An
example of wave impacts is nacelle side-side motion developed by sway and rolling motions, which has a low frequency inherent. The natural
periods of wind excitations also change from a fraction of a minute for turbulent fluctuations to some hours due to diurnal effects. The impacts of
the generator cogging torque on the drivetrain components was discussed earlier. The power grid and converter system are the other excitation
sources that influence on the generator electromagnetic torque and consequently the moment on the shaft. The latter can have different reasons,
for example, grid voltage drops, swells and harmonics, and the harmonics in the current resulted by the PWM frequency converter,*? which
happen with higher frequencies potentially starting from the first or the higher order harmonics of % up to a few thousands of hertz depending
on the grid power quality, converter topology, the modulation technique, and switching frequency.“*n is the generator rotational speed. The
internal excitations due to any excited bearing frequencies (main bearings, gearbox, and generator bearings) or gear mesh frequencies of the
gearbox stages can work as an impact that could excite the system natural frequencies and the defect frequencies of the other components.
The excitation sources with the same frequencies can cause more complicated impacts. Combined impacts of different excitations with the same
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frequencies can result in a coupled effect by producing other frequencies described as beating effect in Thomson.*4 An overview of the excitation
sources for 10-MW spar floating wind turbine is presented in Table 9.

In order to determine which loads can excite the first torsional natural frequency of drivetrain, an effective approach could be to study the
drivetrain response by using a frequency-domain analysis. For this purpose, the rotor torque data of the DTU 10MW reference wind turbine with
a spar floating platform obtained from SIMA global simulation software is used, and the impacts on the drivetrain are studied using a decoupled
analysis. Decoupled analysis approach is explained in detail in Nejad et al.*®> This model is very useful to study the consequences of the drivetrain
torsional excitations induced by aerodynamic loads and structural motions. The specification of the spar floating platform used in the global
simulations is given by Hegseth et al.*! To study the impact of wind and wave, four different environmental conditions are simulated as listed
in Table 10. For different wind speeds U,, within the operational range of the turbine, the most probable values of significant wave height H
and peak period T, are selected for the global simulations. In order to analyze how the different loads influence on the response, the frequency
spectrum of rotor torque for the different operating conditions is shown in Figure 6. The frequency spectrum of the signal in frequencies lower
than 1 Hz is selected and shown because the most significant energy of the rotor torque was observed in this range. The possible resonances
due to external excitations for the three optimally designed drivetrain systems are demonstrated by the Campbell diagram in Figure 6.
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The torque components induced by tower shadow, TB, wind, and wave are depicted in the figure. As it can be seen, the wave- and wind-induced
components are very low frequency so that they cannot excite the torsional modes of any of the three under consideration drivetrain systems.
The other excitations with considerable energy (including 1P, TB, 3P, and 6P) happen at the frequencies less than 1 Hz so that none of the
designed DDPMSG, MSPMSG, and HSPMSG drivetrain technologies are affected by aerodynamic loads and structural excitations. A larger
distance between the drivetrain natural frequency and the aerodynamic loads is an advantage of lower speed generator technologies, where
DDPMSG outperforms the other drivetrain systems. On the other side, for the drivetrain with higher first torsional frequency, it would be more
susceptible to excitations with generator torsional vibration frequencies, especially in the direct drive technology in which there is no coupling
between the generator and rotor to suppress the generator electromagnetic torque vibrations. In lower speed generator technologies, in order to
reduce the generator size, the number of poles is reduced. Consequently, the generator output frequency is reduced. For instance, the generator
output frequency of the DDPMSG design in the paper is 16 Hz. The generator reduced output frequency and simultaneously increased first
torsional frequency (eg, 11.66 Hz for the designed DDPMSG), which is a drawback of drivetrain technologies based on lower speed generators.
During operations at speeds lower than the rated value, it is quite possible that the frequency of the generator-induced voltage coincides with the
first natural frequency, which is not a recommended operation. Operations at this speed or any transition over it can cause large vibrations in the
system. The nontorsional excitation sources , for example, bearings and gears, have also a potential to induce torque vibrations at bearing defect
frequencies and gear mesh frequencies, respectively. The higher the value of the first torsional frequency, the more the possibility of coincidence
with those frequencies. For example, in DDPMSG, it is possible that the second harmonic of main bearings roller irregularity frequency coincides
with the first torsional frequency. From this perspective, higher speed generators could exhibit a higher performance. Therefore, with respect to
dynamic response and resonance possibility, MSPMSG seems to be a better compromise.

5 | DISCUSSIONS AND CONCLUDING REMARKS

The optimized analytical 10-MW drivetrain designs for three different PMSG-based drivetrain topologies, that is, DDPMSG, MSPMSG, and
HSPMSG, were explained and compared, and the feasibility of application in spar floating offshore wind turbines was studied. The results showed
that utilization of gearbox can improve both the economics and operations of the wind turbine in 10-MW floating offshore wind turbines based

on the following proven reasons:

It helps to reduce the weight of the drivetrain system,

2. It reduces the raw material cost of the drivetrain,

3. It can result in a better dynamic performance and reduce the possibility of resonance in the drivetrain due to the coincidence of the
excitation frequencies (initiated by aerodynamic torque and electromagnetic torque) with the first drivetrain torsional frequency and the
individual components defect frequencies,

4. Higher speed generator technologies in MSPMSG and HSPMSG drivetrain systems help to improve the overall drivetrain efficiency.

By considering the interactions between the drivetrain components, it was discussed how a medium-speed gearbox can improve some drivetrain
failure modes concerning with the generator and the main bearings. However, new failure modes due to the presence of gearbox will also appear
in the geared drivetrain systems. Regarding the lack of any operational data at this power range, the weakness of simulation tools in modelling
of such complex dynamical system, and insufficient knowledge on loads in floating applications, it is challenging to compare the reliability of
different drivetrain technologies. Future work will be devoted on investigating the optimal gear ratio for the PMSG drivetrain for 10-MWturbine
and comparing the expected lifetime of different PMSG drivetrain systems by a thorough reliability analysis for floating offshore applications.
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Abstract. A method based on torsional vibration measurements for a system-level condition
monitoring of the drivetrain system is developed in this paper. The latter is tested by using a
10MW wind turbine drivetrain simulation model, and experimentally validated by the drivetrain
operational data obtained from a 1.75MW turbine. The method relies on the estimation of
the drivetrain torsional natural frequencies by using the torsional responses residual function
and subsequent monitoring of the variations in the eigenfrequencies and normal modes. In
other words, an abnormal deviation from the reference values of these dynamic parameters
can be translated into a meaningful interpretation on the propagation of a specific fault in the
driveline. Local sensitivity analysis is employed to establish a relationship between different
types of drivetrain faults and the system dynamic properties.

1 Introduction

Multi-megawatt offshore wind turbines are considered as a solution for the large-scale realization
of renewable power generations. Offshore wind industry still suffers from longer downtime, high
cost for repair and replacement of this system and higher risk of loss of turbine. The latter is due
to the larger components and the difficulty to access the system in offshore environments, and a
wider range of excitations due to the synergistic impacts of waves, currents and wind turbulences
which call for innovative approaches to have a better understanding about the system dynamics
and excitations. The focus of this research is proposing a system-level drivetrain condition
monitoring (CM) solution by estimation and monitoring of the system dynamic properties. The
latter is performed by developing a numerical model of the drivetrain as a dynamic system
based on its measured torsional response and the subsequent estimation of torsional frequencies.
The motivation is to reduce operational expenditure (OPEX) and subsequently levelized cost of
energy (LCOE) to make offshore wind power competitive with land-based wind turbines.

Variations in the drivetrain can be monitored by tracking the changes in the modal parameters
(resonance frequencies, damping ratios, and mode shapes) of the dominant modes of this system
[1]. Operational modal analysis (OMA) approaches are proposed for characterization of the
dynamic behavior (modal parameters) of wind turbine drivetrain in the recent literature by using
the translational vibration measurements [1], which generally suffer from a high possibility that
harmonics be misinterpreted as the eigenfrequencies [1, 2]. Drivetrain is a complex dynamical

system with different sources of external excitations and components defect frequencies,and the
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OMA techniques are still not matured enough for such a system. The latter has made OMA
technique less-efficient for condition-based maintenance.

The possibility of estimating the drivetrain torsional natural frequencies by using the angular
velocity residual function and the subsequent application for health monitoring of the drivetrain,
blades and tower is discussed in this paper. Natural frequencies appear on torsional response (e.g.
angular velocity) due to the impulsive behavior of wind which can act as a physical hammer which
excites the system torsional frequencies. In addition, some wind and wave induced structural
motions such as excited tower bending and blade in plane modes can act as torsional excitation
sources and induce some torsional vibrations on the drivetrain torsional response. The latter
makes the angular velocity measurements also applicable for health monitoring of tower and
blades. The drivetrain system torsional response and the natural frequencies are proposed in
the literature for detecting faults initiated by torsional sources. Patel et al. [3] proposes the
use of angular displacement to support the lateral response to recognise the rubbing faults
in the drivetrain, so that the excited torsional frequency and the amplitude of response in
the natural frequency and the side bands are utilized to characterize the fault. Feng et al. [4]
proposes the use of the measurements of torque instead of transverse vibration signals to diagnose
planetary gearbox local/distributed faults, because they are free from the amplitude modulation
effect caused by time variant vibration transfer paths, thus they have simpler spectral structure
than transverse signals. Lebold et al. [5] suggests monitoring the characteristic changes in
torsional natural frequencies, and claims that those changes are associated with the shaft crack
propagation. Kia et al. [6] proposes the estimated electromagnetic torque of the electrical
machine as a noninvasive torsional measurement in the drivetrain to monitor the torsional stress
on the components including shaft, bearings, and gearbox, and the method is used to detect
a gear failure. The electromagnetic torque estimation is commonly used in electrical drives to
control the electrical machine, and implementation of the method does not need any additional
sensor. Not only the drivetrain faults, but also rotor and tower excited modes can cause a
torsional oscillation observable on the drivetrain torsional response [7, 8]. The amplitude of
blade edgewise and tower bending natural frequencies can provide insights about resonances
in these components. The monitoring of the variations of these components frequencies is
also useful for some other purposes such as ice detection in blades, and health monitoring of
blades (detect root cracks within turbine blades) and tower. The idea of using angular velocity
measurements for the drivetrain fault detection is originally proposed by Nejad et al. [9]. The
input data is provided from the encoders on the drivetrain used for the turbine control, and
is normally in access in both the turbine and the farm levels. Therefore, any algorithm based
on those measurements can simply be integrated in either turbine or farm control to support
the online health monitoring of the drivetrain. Moghadam et al. [8] experimentally tests the
potential of using the encoder measurements to detect different faults initiated by the different
excitation sources, compared to a conventional method based on accelerometers.

In the proposed drivetrain condition monitoring approach of this paper, it is assumed that faults
in the driveline (e.g. shaft cracks, unbalance and looseness) reveal themselves by variations
in the system stiffness and moment of inertia. Therefore by monitoring the consequences of
variations of drivetrain parameters (i.e. stiffness and moment of inertia matrices) in change of
the drivetrain dynamic properties (i.e. natural frequencies, mode shapes and damping matrix),
it is possible to monitor the progress of faults. For this purpose, a sensitivity analysis helps
to realize what are the most influential parameters on the variability of the drivetrain dynamic
properties. The main contributions of this work are:

(i) Estimation of the wind turbine drivetrain torsional natural frequencies by using the system
torsional responses,

(ii) Estimation of the drivetrain damping in the torsional natural frequencies,

(iii) Proposing a method for driveline health monitoring without any additional sensor, based
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on monitoring the variations in the estimated drivetrain dynamic properties.

2 Methodology

2.1 Torsional natural frequency estimation theory

The torsional response of equivalent one-degree-of-freedom rotational system in the non-
dimensional form can be expressed by

70

(9 = 2 9’ (1)
V= ()% + 26(2))?

where 6 is the angular position and 7y is the amplitude of the excitation momentum. For this
case, wy is the natural torsional frequency of the system. k; is the torsional stiffness of the
shaft, and (; is the torsional damping ratio. An amplified frequency in the drivetrain torsional
response can be due to a significant excitation amplitude or coincidence of excitation frequency
with natural frequencies.

Natural frequencies appear on torsional responses e.g. angular velocity measurements due to
impulsive behavior of wind which excites those frequencies. An initial velocity applied on a
system as described by Thomson et al.[10] can play a role as an impact which is able to excite
the system torsional frequencies. In the wind turbine, the ceaseless variations of wind results in
continual variations in angular velocity which is physically similar to an initial velocity applied
to the system. Though these variations in speed and subsequently torque are of a very low
frequency and slow dynamics, but it introduces considerable energy in different frequencies
including the characteristic frequencies of the system. Due to the existence of damping in a
physical system, the measured natural frequencies from the torsional response are the damped
frequencies. Our observations show that the angular velocity measurements can help to measure
the drivetrain and the blade edgewise natural frequencies. By filtering the shafts revolution
frequencies, components defect frequencies and excitations (very low frequency due to wind, low
frequency due to wave tower shadow effect, and high frequency due to generator), the drivetrain
torsional natural frequencies, and some torsional induced motions due to excited edgewise rotor
blade and tower bending modes are acquired. Based on a primary knowledge on the torsional
frequencies for each power range, it is possible to separate the observed natural frequencies for
drivetrain, blades and tower. The variations in the natural frequencies and normal modes can
be used as criteria for the severity of some sorts of faults in the drivetrain. To estimate the
damped natural frequencies, angular velocity residual/error function is proposed. The input of
this method is provided by two encoders located at the high- and low-speed shafts of drivetrain,
and subsequently the residual function is constructed based on the subtraction of these two
signals. Some drivetrains are only equipped with one angular velocity measurement on the
shaft, so that the implementation of the method might require an additional moderate sampling
frequency encoder to provide the sufficient inputs. The angular velocity residual function eg,
from the high-speed side is expressed by

€, = whs — ajazaswrs, where wyg and wrg are the rotational speed in rad/s obtained from
the high- and low-speed encoders, respectively. a1, as and a3 are the inverse of gear ratios of the
gearbox stages. The error function main feature is cancellation of the impacts of the excitations
which are transferred to the drivetrain from the housing, from the resultant torsional response.
Angular displacement and acceleration are the other torsional responses of the drivetrain system
which could theoretically be used similar to angular velocity to obtain the system torsional
parameters. For this purpose, similar to ef.,, the angular displacement error function e, and
the angular acceleration error function efl; are defined by

0 _ —
el = Oms — a1a2a30ps, €j = ags — ai1aza3ars.

In particular, angular acceleration is the torsional response which has a direct relation with
the applied load, and contains useful information on how the applied torque interacts with the
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system. The frequency domain analytics Fourier transform and power spectral density (PSD)
are used for analysis of the defined torsional response error functions. The Fourier series of ef,
e, and e are defined by

e%t(ﬂ) =3 Cneiknﬂz E?t(Q) =y Cn(ikn)eikngv e?ot(Q) =y Cn(ikn)_leian

n=—oo O n=—oo n=—0oo
Differentiation and integration are linear operations that are distributive over addition. As it
can be seen, in eg; compared to ef, the amplitude of the frequency components higher than
1 Hz is magnified with the gain ky,, and the frequencies lower than 1 Hz are weakened with the
same proportion. In efot compared to ef,, the amplitude of the frequency components lower
than 1 Hz is magnified with the gain k', and the frequencies higher than 1 Hz are weakened
with the same proportion.

The 1 natural frequency of the drivetrain systems of the same technology decreases as the rated
power increases. However, even for 10 MW wind turbine which is the highest commercially
available and even for the high-speed technologies which have lower first natural frequencies,
the first torsional frequency is higher than 1 Hz [11]. Therefore, the angular acceleration
error functions theoretically outperforms the other two approaches in highlighting the torsional
frequencies. The other benefit is weakening the frequencies lower than 1 Hz which appear in the
drivetrain torsional response mostly due to wave and wind turbulence and does not contain any
information on the natural frequencies. However, an additional derivation operation is required
to attain acceleration from the velocity measurements which increases the computational cost
of this method.

To evaluate the observability of natural frequencies on the torsional response error functions and
the subsequent application for drivetrain condition monitoring, a simplified model of drivetrain
is useful. The 1** and 2"? undamped natural frequencies (nonrigid modes) based on a simplified
three-mass spring and three degrees of freedom (DOF) torsional model of a geared drivetrain is
calculated by

(2a)

1 _ | krs | krs+kms | kws | —krs kis—kms | kms .\,  krskws
" 2Jrot 2Jgear 2Jgen 2J7“ot 2Jgear 2Jgen J2 '

gear

WZ: LS LS HS HS + LS _ MLS HS HS )2+ 152 H57 (2b)
2J7‘ot 2Jgear 2Jgen 2Jrot 2Jgear 2Jgen Jgear

where wrll and wrzl are the 15 and 2"? natural frequencies, krg and kyg are the torsional stiffness
of low- and high-speed shafts, and Jyot, Jgear and Jeen are the moment of inertia of rotor, gearbox
and generator, respectively.

2.1.1  Simulation based validation For the simulation studies, DTU 10 MW reference wind
turbine is selected. In order to evaluate if the input torque is able to excite the drivetrain
natural frequencies and subsequently to study the possibility of observing those frequencies in the
different drivetrain torsional responses, an effective approach is involving decoupled simulation
technique [12] and engaging frequency-domain data analytics. For this purpose, the rotor torque
data of 10 MW turbine with a spar floating platform obtained from SIMA global simulation
software is used, and the impacts on the drivetrain is studied using a decoupled analysis. The
operating condition for this simulation is close to the rated operation with an average wind speed
Uy, = 11 m/s, significant wave height Hy = 3.5 m and peak period T, = 7.5 s. The natural
frequencies of the under consideration drivetrain is calculated by using a 3-DOF torsional model
and eq. (2), and validated by Simpack multi-body simulation software. In this torsional model,
rotor, gearbox and generator are modelled with equivalent moment of inertia, and the low-
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and high-speed shafts are each modelled with a constant torsional stiffness. The generator and
gearbox specifications are used from the optimized medium-speed 10 MW drivetrain system
proposed in [11]. The parameters of this model are listed in Table 1. The natural frequencies of
this model are 1.9 Hz and 73.9 Hz. The torsional responses of rotor and generator shafts are
obtained from the Simpack simulated model to investigate possibility of observing the natural
frequencies from the angular velocity, acceleration and displacement error functions.

Table 1: Model specification

Parameter Value
Equivalent rotor moment of inertia Jyo¢ (kg.m?) 800, 000, 000
Equivalent gearbox moment of inertia Jyear (kgmnz) 1,239,300
Equivalent generator moment of inertia Jyen (kg.m?) 15,716,775
Equivalent low-speed shaft torsional stiffness K%, (N.m/rad) | 2,452,936,425
Equivalent high-speed shaft torsional stiffness K9y, (N.m/rad) | 245,293,642, 500

2.1.2  Experimental validation The operational data from Vestas V66-1.750MW turbine is
used for the experimental study. To test the method, an additional encoder is installed on
the low-speed shaft. In PSD of the angular velocity error function of the operational data, in
addition to the natural frequencies, some other frequency components are also expected to be
observed. However, by a prior knowledge about the defect frequencies and the other torsional
excitation sources, and by subsequently filtering those frequencies, it is possible to distinguish
the natural frequencies. The benefits with measuring the natural frequencies by this noninvasive
method are the low implementation cost, and the possibility of obtaining the precise values of
natural frequencies by including the system nonlinearities, and translational impacts on the
rotation transferred through the bed-plate and torque arm.

2.2 FEstimation of damping in the drivetrain
As discussed earlier, the natural frequencies measured by the approach proposed in Section 2.1

are the damped natural frequencies wy which have the relation w) = /(1 — (¢%)2)w! with the
undamped frequency wy, with ¢* the damping coefficient (¢! = ¢*/c%) for the i** mode. ¢ and

¢c are actual and critical dampings. More precisely, the estimated natural frequencies are the
extreme values of the response. The response extreme values from the simplified model in eq.

(2.1), will occur at w! ., = /(1 =2(¢)?)w. ¢ takes different values in different operating
speeds. For two different operating speeds, for each frequency mode, damping in the system
natural frequency of the two operations is related to the measured natural frequencies by eq.

(3a)

4,t1,w1 ; i1, i — ((Bt2w2)2
Wpeal L= (Qen)? =gy T G A ) Gy @)
i,t2,w2 — ((t2,w2)2” i,t2,w2 ta (it w1 . ’
Wpeak 1-(¢ ) awpwk To ¢ 1— (Cl,thwl)?
with w;’;i(““ the drivetrain eigenfrequency estimated during operation in the time period t;

and the turbine speed wj. w;zfﬂf? is the same parameter estimated during the time period to

and the speed wy. According to eq. (1), there is a relationship as shown in eq.(3b) between
the amplitude of response and damping ratio at the measured natural frequencies for the two
different operations. 932;";1 is the response amplitude in the i frequency mode in the operating
point [iﬂ, and HZ;EQC:;
(3b), it is assumed that the two operating points are close enough so that the stiffness and
moment of inertia stay constant. As a result, the undamped natural frequency does not change.

By using eqgs (3a) and (3b), the absolute values of the damping coefficient of the system in the

2 is the same parameter for the operating condition [fg} To derive eq.

5
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natural frequency in different operating conditions can be estimated. The latter can be used
to monitor damping in different operating speeds and helps to track the variations of damping
over the system lifetime, which provides the input for retuning active dampers and helps to
improve the system dynamic response. It is worth noting that the estimated damping by this
methods also includes the effects of the rotor aerodynamic damping and active electric damping
introduced by the generator control. Therefore, the resultant of damping of shafts, components,
coupling and active dampers in the system natural frequencies can be observed which gives
a good feedback for drivetrain design and also the operator for calibration of active damper
parameters.

As it is shown in Section 2.3, the 1% and 2"¢ modes are affected to a great extent by the torsional
stiffness of the low- and high-speed shafts, respectively. The damping of the first and second
modes is also mostly dominated by the damping introduced by low- and high-speed shafts,
respectively. Therefore, the estimated damping coefficients can be used to estimate the actual
damping of the related shafts in the reduced order model of drivetrain.

The different damping behaviors in the system natural frequency compared to the harmonics in
the torsional response is the criterion suggested for validating the natural frequencies estimated
by the proposed method in Section 2.1. Based on eq. (1), damping is more significantly reducing
the amplitude of response in the natural frequency compared to the harmonics, which helps
to distinguish the natural frequency from the other harmonics. In other words, the ratio of
amplitude of response at natural frequency in two different operating speeds is higher/lower
(depended on if the speed drops or rises) than this ratio at harmonics.

2.3 Sensitivity analysis

A shaft crack results in reduction of the torsional stiffness of the shaft [13]. A change in the
stiffness of the shafts also influences on the drivetrain system frequency modes. Therefore, by
obtaining the mathematical relation between the stiffness of different shafts and the system
natural frequencies, it is possible to monitor their conditions by monitoring variations in
the natural frequencies. The other parameter which can influence on the drivetrain natural
frequencies is the moment of inertia of the drivetrain components. Variations in the moment of
inertia matrix represents the other category of faults in the driveline with the unbalance and
looseness as the foremost. This category of faults are characterized by the increase of moment of
inertia due to an additional force that is generated in those conditions and based on the parallel
axis theorem. The mathematical relation between the drivetrain torsional natural frequencies
and the moment of inertia of components can help to detect and localize these faults.

The variations in stiffness and moment of inertia can result in similar natural frequency variation
patterns. Therefore, to distinguish between variations in the natural frequencies because of
variations in the shafts’ stiffness with those due to variations in moment of inertia matrix (source
of fault), determining the correlation between the system parameters and the normalized mode
shapes can provide a useful direction to find the source of fault. To check how the variations in
stiffness and moment of inertia influence on the variability of system natural torsional frequencies
and mode shapes, a sensitivity analysis is performed. There are two classes of sensitivity analysis
methods, namely local and global sensitivity analysis. Morio et al.[14] has reported the same kind
of results by using these two method for simple models. Local sensitivity determines how a small
perturbation near an input parameter value influences the value of the output. In this Section, in
order to find the parameters with the greatest impact on the drivetrain dynamic characteristics
local sensitivity analysis is employed due to two main reasons. First, the motivation of this
work is detecting faults in early stages for predictive maintenance purposes so that variations
in the drivetrain system parameters happen with a slight change around the set point values.
Second, local sensitivity analysis derives a closed form expression for the sensitivity value which
makes the result more reliable and easier to implement. Local sensitivity is defined as the partial
derivative of the output function with respect to the input parameters [15] as
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where y; is the i'* output and z; is the

4t input. To neutralize the impact of large/small inputs and small/large outputs, the local
sensitivity can be normalized by the nominal values of inputs and outputs by
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with :v;ef and y; °/ as the nominal values of zj and y;. For the 3-DOF

torsional model described in Section 2.1, the input and output vectors for sensitivity analysis

are x
sensitivity theory on eq. (2) we will have
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A schematic figure representing the proposed driveline condition monitoring method is illustrated
in Fig. 1. EN1 and EN2 in this figure are the angular velocity measurement sensors placed
on the low- and high-speed shafts, respectively. The algorithm which summarizes the proposed
approach is depicted in Fig. 2. ¢»™ and ¢*>™ are the normal modes related to the 15 and
274 patural frequencies, respectively. m varies from 1 up to the degree of the model. 7 and
Tom are the low-limit threshold natural frequency and normal mode for normal operations. It
is worth noting that the natural frequencies estimated and subsequently used in the condition
monitoring algorithm are the damped natural frequencies which are directly estimated from the
operational measurements of system torsional response. In order to eliminate the influence of
different damping values as a result of different turbine operational speeds, the estimated natural
frequencies and the associated thresholds are engaged in the proposed algorithm based on the
operational speed.

3 Results

3.1 Simulation results

The PSD spectrum of angular velocity error function obtained from 10 MW drivetrain model
in Simpack and its capability in highlighting the torsional natural frequencies is shown in Fig.
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Figure 1: Schematic of the proposed condition monitoring method.
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Figure 2: Flowchart of the proposed algorithm for driveline condition monitoring.

3. In this figure, the performance of angular velocity error function in extracting the 1*¢ and
2nd torsional natural frequencies of the drivetrain is compared with angular displacement and
angular acceleration error functions. As it can be seen, acceleration error function outperforms
in revealing the higher frequency modes (the 2"¢ mode). The higher modes have usually a lower
impact on the response, which impedes disclosure of those frequencies. The PSD spectrum of
input torque obtained from the global simulation and applied on the Simpack drivetrain model
is shown in Fig. 3a. This input contains the majority of frequency components and can excite
the drivetrain natural frequencies. In this simulation study, the model is undamped. Therefore,
the estimated frequencies are the undamped frequencies. As discussed in Section 2.2, for a
damped system, the estimated frequencies are the peak frequencies which can be translated to
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Figure 3: Simulation results based on 10 MW floating wind turbine model.

the undamped natural frequencies by using the estimated damping coefficients from the theory
elaborated in the same Section. wy, can also be approximated with wpeak if ¢ << 1 which may
not be an unrealistic assumption for multi-megawatt wind turbine drivetrain systems.

3.2 Experimental results

The PSD spectrum of angular velocity error function of the Vestas drivetrain operational data
for a rated operation is shown in Fig. 4, which shows the observability of both the drivetrain and
blade natural frequencies. The results are validated by comparing with the 1°¢ drivetrain and
1% blade edgewise natural frequencies of another turbine with the same drivetrain technology
and a similar power range reported in [16]. The performance of angular velocity error function is
compared with angular displacement and acceleration error functions. As it can be seen, angular
acceleration shows a slightly higher performance in amplification and extraction of characteristic
frequencies of higher values.

A comparison between the angular velocity error function PSD in two different operating speeds
is shown in Fig. 4d. As it can be seen, the higher damping coefficient in lower speeds results in
a lower damped natural frequency as discussed in Section 2.2. Furthermore, at the drivetrain
natural frequency, the amplitude reacts more significantly to the variation in damping. In other
words, the amplitude of response at the natural frequency reduces more compared with other
harmonics, for a lower rotor speed which corresponds to a higher damping.

3.8 Sensitivity analysis results

The results of the normalized local sensitivity analyses with natural frequencies (ff°", f{°") and
normal modes (¢1, ¢2) as the outputs and shaft stiffnesses (K1, Kus) as the inputs are shown
in Table 2. The reported numbers show the normalized sensitivity values and also the variations
of outputs (in %) for the input parameters changed by +5% of their rated values. As it can be
seen, there is a direct relationship between the 1% frequency and Kig, and the 2"¢ frequency
and Kyg. Therefore, variations in the natural frequencies can be translated into the variations
in the shaft stiffness and subsequently the defects in the drivetrain shafts. The influence of the
shafts defect (stiffness variation) on amplitude of oscillation due to the 1°! mode is negligible.
However, the stiffness variation results in variations in the amplitude of oscillation in rotor due
to the 2" mode.

The results of the sensitivity analyses with natural frequencies and normal modes as the outputs
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Figure 4: Experimental results based on 1.75 MW Vestas turbine operational data.

Table 2: Sensitivity of natural frequencies, amplitude of oscillation due to the 1° mode, and
amplitude of oscillation due to the 2"® mode to torsional stiffness.

Semsitiny Verklte Kp,s(£5%) Kps(£5%) Kps and Kpgs (£5%)
f1 0.50(+2.48%) 0.00(£0.02%) 0.50(+2.50%)
f3 0.00(+0.02%) 0.50(£2.48%) 0.50(+2.50%)
A 0.00(0.02%) 0.00(F0.02%) 0.00(0.00%)
oI 0.00(F0.02%) 0.00(£0.02%) 0.00(0.00%)
oI 0.00(+0.02%) 0.00(F0.02%) 0.00(0.00%)

o5 0.99(£4.96%) | —0.99(F4.97%) 0.00(0.00%)
o9 0.00(0.00%) 0.00(0.00%) 0.00(0.00%)

o9 —0.01(F0.05%) | 0.01(£0.05%) 0.00(0.00%)

and moment of inertia (Jiot, Jgear, Jgen) @s the inputs are shown in Table 3. As it can be seen,
there is an inverse relationship between the 1%¢ frequency and Jgen, and the 274 frequency and
Jgear, 50 that the reduction of natural frequencies can be due to a rise in the moment of inertia.
To distinguish between the drop in natural frequencies due to variation in stiffness and moment
of inertia, the results should be interpreted together with monitoring the variations of normal
modes. The simultaneous drop of the 1%¢ frequency and the amplitude of oscillation at rotor
due to the 2"¢ mode represents a problem in low-speed shaft. The drop of the 2"¢ frequency
and the simultaneous rise in amplitude of oscillation at rotor due to the 2"¢ mode discloses the
problems in high-speed shaft. The drop of the 1% frequency, the simultaneous rise in amplitude
of oscillation at rotor due to the 1% mode and drop in amplitude of oscillation at generator
due to the 2"¢ mode reveal unbalances in generator side. The drop of the 2" frequency and a
simultaneous rise in amplitude of oscillation at both rotor and generator due to the 2"¢ mode
can be used as the criteria to detect an unbalance in gearbox. However, unbalance in rotor
represents it self mainly by variations in normal modes with minor influence on the natural
frequencies,so that a simultaneous drop in amplitude of oscillation at rotor due to 15 and 274
modes are indicators of rotor unbalance.

4 Conclusions

The potentials of using drivetrain torsional responses for estimation of the drivetrain torsional
natural frequencies and heath monitoring of the driveline was discussed, and evaluated by
both experimental and simulation studies. Local sensitivity analysis was engaged to find the

10
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Table 3: Sensitivity of natural frequencies, amplitude of oscillation due to the 1°¢ mode, and
amplitude of oscillation due to the 2"® mode to moment of inertia.

Variable

Sensitivity Jrot(£5%) Jgear(£5%) Jgen(£5%) Jrot (£5%) Jgear (£5%) Jrot (£5%) Jrot(£5%)
Jgear(£5%) Jgen(£5%) Jgen(£5%) Jgear(£5%)
Jgen(£5%)
T —0.01(F0.05%) | —0.03(0.17%) | —0.45(52.25%) | —0.40(50.22%) | —0.49(2.44%) | —0.46(2.32%) | —0.50(+2.50%)
i 0.00(0-00%) | —0.45(+2.25%) | —0.04(70.18%) | —0.45(¥2.25%) | —0.49(52.44%) | —0.04(F0.18%) | —0.49(F2.44%)
5 —1.00(F5.01%) | 0.07(£0.35%) | 0.93(=4.63%) | —0.93(74.66%) | L.00(£4.98%) | —0.07(¥0.37%) | 0.00(0.02%)
ST 0.00(0.00%) 0.00(0.00%) 0.00(0.00%) 0.00(0.00%) 0.00(0.00%) 0.00(0.00%) 0.00(0.00%)
& 0.00(0.00%) 0.00(0.00%) 0.00(0-00%) 0.00(0.00%) 0.00(0.00%) 0.00(0.00%) 0.00(0.00%)
T —1.00(F5.01%) | 0.89(4.47%) | 0.08(=0.39%) | —0.10(70.52%) | 0.97(£4.85%) | —0.92(F4.62%) | —0.03(70.14%)
o 0.00(0.00%) | —0.01(70.08%) | 0.01(£0.03%) | —0.01(¥0.03%) | 0.00(0.00%) | 0.01(=0.03%) | 0.00(0.00%)
o 0.00(0.00%) | 0.96(+4.82%) | —1.00(+4.98%) | 0.96(=4.82%) | —0.03(70.15%) | —L.00(+4.98%) | —0.03(F0.15%)

mathematical relation between the variations in dynamic properties of the system and variations
in drivetrain parameters. In order to detect and localize the driveline faults, one should look
into the variations in the system natural frequencies and the amplitude of oscillation due to
the frequency modes. Future work will be focused on applying the proposed approach on more
detailed models of the drivetrain to cover more diversity of faults in the driveline, and using the
technique for prognosis of the driveline faults in various drivetrain technologies.
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Abstract

This paper provides an analytical proof and the theoretical development of the idea of using
the torsional vibration measurements for a system-level condition monitoring of the drivetrain
system. The developed drivetrain condition monitoring approach based on torsional measure-
ments error function is tested by using a 10MW geared wind turbine drivetrain simulation
model embedded on a floating platform, and experimentally validated by the drivetrain opera-
tional measurements obtained from a 1.75 MW turbine. The method relies on modal estimation
of the drivetrain system by using the torsional measurements and subsequent monitoring of the
variations in the system eigenfrequencies and normal modes. In the proposed condition mon-
itoring approach, it is shown that any abnormal deviation from the reference values of the
drivetrain system dynamic properties can be translated into the progression of a specific fault
in the system. In order to extract the condition monitoring features, local sensitivity analysis
is engaged to establish a relationship between different categories of drivetrain faults with the
system dynamic properties and the amplitude of torsional response, which helps with both to
identify the state of the progressive faults and to localize them. Sensitivity analysis is also
employed along with the estimated torsional modes for estimation of damping coefficients from
the amplitude of response at the natural frequencies and their subsequent use for estimation
of undamped natural frequencies which are later used in the proposed condition monitoring
approach.

Keywords: drivetrain system, torsional measurements, modal estimation, fault detection,
sensitivity analysis, floating wind turbines

1. Introduction

Both predictive and condition-based maintenances are proposed in the literature as potential
game changers and measures which could be taken to flatten the gap between OPEX in offshore
and land-based wind turbines aimed at realizing the EU 2050 plan by reduction of downtime
and subsequently levelized cost of energy (LCOE) of offshore wind [1]. The motivation of this
research is reducing the costly operation and maintenance of offshore turbines - more specifically
the drivetrain system of floating offshore wind turbines - and improving the risk of investment by
using condition-based maintenance and a subsequent reduction in downtime as one of the most
influential consequences of drivetrain failures. The latter is investigated based on developing
the methods which can use only the existing sensors, database, communication network and
can be implemented for both online and offline monitoring purposes. The condition monitoring
system is in addition to the performance monitoring, and the concept behind is monitoring
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of the conditions of the turbine systems with the highest risk of loss of turbine availability
considering both likelihood and consequence of failures, because monitoring the condition of
all systems may be economically and technologically infeasible. According to the study by
Pfaffel et al. [2] which provides a cautious comparison on reliability characteristics of both
onshore and offshore wind turbines, drivetrain system which in general includes all rotating
components in power conversion system ¢.e. hub, rotor, main bearings, gearbox, generator and
power converter accounts for 57% of turbine total failures and 65% of turbine total downtime.
These numbers are expected to be higher in floating offshore turbines. The latter is due to more
costly marine operations specially in deep waters, the larger and more expensive components,
and a wider range of excitation sources due to the synergistic impacts of waves, currents and
wind turbulences which call for innovative approaches to achieve a better understanding about
the system dynamics and excitation sources. The focus of this research is proposing a system-
level drivetrain condition monitoring (CM) solution by the drivetrain modal estimation and
a subsequent monitoring of abnormal variations of system modes. This goal is performed by
developing a numerical model of the drivetrain as a dynamic system based on its measured
torsional response and the subsequent estimation of the drivetrain torsional modes. In contrast
with the other systems (e.g. bridges and buildings), the dynamic properties of the drivetrain
do not experience a significant change over normal operations. The latter can be used to
monitor any abnormality caused by faults. Therefore, variations in the drivetrain can be
monitored by tracking the changes in the modal parameters (resonance frequencies, damping
ratios, and normal modes(both amplitude and phase)) of the dominant modes of this system
[3]. Estimation of mechanical systems dynamical characteristics is mainly based on operational
modal analysis (OMA) which is challenging for drivetrain as a complex dynamical system. The
latter is mainly based on translational vibration measurements [4], and the reported results in
the literature show the high possibility of harmonics to be mistaken with the eigenfrequencies
[3; 5]. Drivetrain is a complex rotational system with different sources of external excitation
and components defect frequencies. The uncertainties in the estimated modes have made OMA
technique less-efficient for condition-based maintenance.

The current condition monitoring approaches of the wind turbine drivetrain are based on one
or a combination of five categories of techniques, namely vibration analysis [6], electrical sig-
nature (current and power signals) [7], acoustic emissions analysis [8], thermography [9] and
temperature analysis [10], and analysis of oil particles [11]. Today, vibration analysis is mainly
based on system translational responses obtained by accelerometers (e.g. see [12]) with a mi-
nor attention to torsional measurements. The only commercially available drivetrain condition
monitoring based on torsional measurements is associated with the measurement of torque as
the system applied load [13]. The latter is not widely used due to the matter of cost, technolog-
ical limitations related to operating speed and torque ranges and shafts dimensions, intrusive
nature of the torque measurement techniques, and also a lack of a standardized approach and
the immature and insufficient knowledge to analyze and extract features from the torsional
measurements.

Frequency response function (FRF) is a common tool which is used for modal estimation by the
estimation of a system transfer function. However, the complexity of the drivetrain system and
inadequacy of models in considering the internal dynamics and interactions between systems,
nonlinear and synergistic impacts of different excitation sources, uncertainties in estimation
of loads are some reasons which cause inexplicable harmonics and limit the application of
FRF for the estimation of drivetrain dynamic properties. In this work, the modal estimation



and fault detection are based on the system torsional responses. An anterior estimation of
the drivetrain loads can provide more options to the proposed algorithm. The possibility of
observing drivetrain torsional natural frequencies in the torsional response is reported in [14]
for different applications such as jet engine high-pressure disk, a hydro station turbine and a
coal-fired power plant. The possibility of observing blade natural frequencies in drivetrain shaft
torsional response and the potentials for condition monitoring of the blades is also reported
in [14; 15]. Suominen et al. [16] has reported the visibility of ship propulsion system natural
frequencies in the torque measurements of the propulsion shaft due to the propeller blade
contact with ice. However, these reports are based on observations on experimental studies
and are not reliant on an analytical torsional model of the drivetrain systems.

The drivetrain system torsional response and the natural frequencies are proposed in the lit-
erature for detecting faults initiated by torsional sources. Patel et al. [17] proposes the use
of angular displacement to support the lateral response to recognise the rubbing faults in the
drivetrain, so that the excited torsional frequency and the amplitude of response in the natural
frequency and the side bands are utilized to characterize the fault. Feng et al. [18] proposes the
use of the measurements of torque instead of transverse vibration signals to diagnose planetary
gearbox local/distributed faults, because they are free from the amplitude modulation effect
caused by time variant vibration transfer paths, thus they have simpler spectral content than
transverse signals. Lebold et al. [19] suggests monitoring the characteristic changes in torsional
natural frequencies, and claims that those changes are associated with the shaft crack propa-
gation. Kia et al. [20] proposes the estimated electromagnetic torque of the electrical machine
as a noninvasive torsional measurement in the drivetrain to monitor the torsional stress on
the components including shaft, bearings, and gearbox, and the method is used to detect a
gear failure. The electromagnetic torque estimation is commonly used in electrical drives to
control the electrical machine, and implementation of the method does not need any additional
sensor. Not only the drivetrain faults, but also rotor and tower excited modes may result in
frequency components in the drivetrain torsional response [21]. The amplitude of response at
blade edgewise and tower bending natural frequencies can provide insights about resonances
in these components. The monitoring of the variations of these components frequencies is also
useful for some other purposes such as ice detection in blades, and health monitoring of blades
(detect root cracks within turbine blades) and tower. The idea of using angular velocity mea-
surements for the wind turbine drivetrain fault detection was originally proposed by Nejad et
al. [22]. The input data is provided by the encoders installed on the drivetrain for the turbine
control purposes. The latter is normally accessible in both turbine and farm levels, which helps
to realize condition monitoring by means of supervisory control and data acquisition (SCADA)
system available measurements. Therefore, any algorithm based on those measurements can
be integrated into either turbine or farm control to support the online condition monitoring of
the drivetrain. Moghadam et al. [15] has experimentally evaluated the possibility of detecting
some categories of faults in early stages by a direct utilization of torsional response, and the
results of the study are compared to a conventional method based on translational vibrations
obtained by accelerometers. The authors demonstrated how torsional measurements can com-
plement the conventional approaches by providing insights on the excitation sources which are
significantly influencing on the drivetrain lifetime which is useful as both a design feedback and
earlier stage fault detection.

Even though the torsional response cannot directly be used for monitoring of some sort of faults,
it contains the drivetrain system-level dynamic properties which can provide a near real-time



modal estimation of system. From this perspective, torsional measurements are indirectly used
for the drivetrain system condition monitoring purposes. For this purpose, these measurements
are first used to estimate the dynamic properties of the drivetrain as a rotational system. These
properties are only related to the system physical parameters and not the loading or specific
operational condition, so that they can be used in the second step to monitor the variations
in the drivetrain, which can be translated into a fault in case of passing a prespecified level.
Moghadam et al. [23] has started an analytical approach to turn torsional measurements into
meaningful features for fault detection purposes by specification of the analytical relationship
between the system natural frequency variations and faults, and a subsequent potential for
detection of system faults. The current work is dedicated to the theoretical development and
simulation/experimental validation of the idea originally proposed by [23] for the modal esti-
mation of the drivetrain by using torsional measurements, and a subsequent use of this idea to
develop a method for the drivetrain system-level condition monitoring. The influence of shaft
crack propagation on the torsional natural frequency was discovered by [14; 24]. However, those
studies lack an analytical model which describes the variations in order to establish a meaning-
ful feature for monitoring the condition of crack. For this feature to be used as a criterion as a
shaft cracking monitoring technique, a sufficient model should be provided to be able to relate
the variations to the state of the fault. In addition, there are other categories of system-level
faults which can also influence drivetrain torsional modes which are not considered in earlier
studies.

The condition monitoring of the drivetrain at system level by using the estimated torsional
natural frequencies, the normal modes, the amplitude of response in the natural frequencies
and the damping of the system at natural frequencies in different operations is discussed in this
paper. For this purpose, online operational measurements of the drivetrain different torsional
responses including the angular velocity residual function and filtered angular velocity are
employed. Drivetrain faults at system level can influence the drivetrain model parameters, so
that they can be categorized into the faults that change the torsional stiffness most (e.g. crack
in the shafts and bearing wear specially in gearbox), and faults that change mostly the inertia of
the drivetrain (changes in mass balance/distrinution which can be due to e.g. loss of mass, wear
and unbalance; and also change in the axis of rotation which can be due to e.g. misalignment
and looseness). Regarding the relation of inertia with the square of the center of mass distance
from the center of rotation, the faults which variate the center of rotation demonstrate more
significant influence on the inertia and thus are more influential on the torsional dynamic
properties. Among the faults that influence the inertia of the bodies in drivetrain equivalent
model, there are some types which have more considerable impact on the boundary conditions
between rotating and stationary elements and thus influence more drivetrain lateral responses
than the torsional response (e.g. looseness (pedestal, shaft and bearings, coupling), [25]).
The latter influences significantly lateral stiffness parameters and the lateral responses of the
drivetrain, so that the detection of those faults by using the lateral response and monitoring
the variations of system lateral properties could be a practical approach. Even though these
faults can cause a small variation of the torsional parameters, the impact may not be significant
enough for fault detection purposes. For example, a pedestal looseness may cause increased
rubbing which leads to a nonlinear small increase of torsional stiffness.

By specification of the parameter in the equivalent reduced order model which will be sig-
nificantly influenced by a fault, it is possible to look for the expected consequences of the
associated variations of the parameter as a result of fault on the system dynamic properties,



as the condition monitoring indicators. The first category of faults, which are detectable by
the proposed CM approach, influence the torsional stiffness. Cracks in the drivetrain shafts
are one of the most influential faults in this category. The initial cracks occur due to material
imperfections and temperature variations in the parts of main shaft with severe stress concen-
tration, which can grow worse under large alternating loads due to wind turbulence. To detect
the shaft cracks of different relative depths, an approach based on nonlinear output FRF is
proposed by [26] and experimentally tested on a simple double-disk rotor system, where the
linear displacements and the bending moments are the under consideration responses but the
torsional vibrations are neglected. In shaft crack faults, variation in stiffness is influenced by
the crack depth and the shape of the crack front. The latter makes the detection of different
types of cracks quite challenging so that a detection method suitable for one type of crack
cannot be generalized to the other types. This fault does not take place as frequently as shaft
unbalance or misalignment but the consequences are very high, so that the detection in very
early stages is of a high importance. If shaft cracks are not detected in early stages, the later
stages of this category of faults may cause severe damage of the shaft and the occurrence of
considerable secondary faults with high risk of injuries for the plant personnel. As discussed
by Chatterton et al. [27], crack detection by using translational/axial vibrations obtained from
accelerometers is challenging due to the influence of the dynamic effects caused by different
components and their consequent induced vibrations. The interpretation of the data in these
methods is also dependent on a deep understanding of the type of crack, its physical properties
and the specific operational conditions so that the realization of an online monitoring may not
be possible. The frequency and time domains analysis of accelerometers is the conventional
approach to detect increased vibrations in the component-level in higher stages of a progressive
fault (e.g. gear tooth and rolling element bearing fatigue issues). The second category of faults
detectable by the proposed approach influence the inertia of the components in the equivalent
model. In this group, misalignment and unbalance are significantly more common than the
other faults. Unbalance in the rotor blades is one of the most influential and prevalent faults
which can be due to different reasons e.g. excessive weight following a blade repair, icing, water
penetration through cracks and loose material moving inside the blades. The latter causes loss
in the power production. The reason for placing an emphasis on the rotor unbalance is that
the highest unbalance in the drivetrain arises from the component with the highest moment of
inertia which is the rotor assembly in the wind turbine drivetrain. The mass unbalance also
causes additional loads on the entire structure and specially the drivetrain components so that
it results in a periodic torsional (in earlier stages) and transversal (in later stages) oscillations in
the wind turbine’s drivetrain. It directly increases the wear of the blade on the drivetrain bear-
ings and gears by generating asymmetrical loads. The rotor mass unbalance can be measured
by monitoring its consequent variations in the drivetrain dynamic properties. As a prognostic
measure, the unbalance mass can be estimated and if the detected unbalance exceeds a limit,
the rotor blades should be balanced with a balancing device.

Condition monitoring is mostly designed in component level, which is helping when the fault is
propagated to the individual components and causes physical changes in the component level.
However, the root cause of a wide range of faults are system-level issues such as unbalance,
misalignment, looseness and shaft cracks. In the proposed drivetrain CM approach of this
paper, it is assumed that system-level drivetrain faults (e.g. shaft cracks and unbalance) can
reveal themselves by variations in the system stiffness and moment of inertia. Therefore, by
monitoring the consequences of variations of drivetrain parameters (i.e. stiffness and moment
of inertia matrices) in change of the drivetrain dynamic properties (i.e. natural frequencies,



mode shapes and damping coefficients), it is possible to monitor the progress of faults. For
this purpose, an analytical model of the drivetrain which represents the relationship between
the system parameters and dynamic properties and a subsequent sensitivity analysis helps to
realize what are the most influential system parameters/faults which can variate the drivetrain
dynamic properties. In the feature selection algorithm, the torsional dynamical model of the
drivetrain and the local sensitivity analysis are engaged. The algorithm is designed to an extent
that could offer robust, fast and accurate online monitoring.

The main focus of this work are on geared drivetrain systems used for wind turbines. Based on
the theoretical studies in this research work, a 3-DOF equivalent torsional model of the geared
drivetrain is sufficient for detection of the drivetrain faults at a system-level, because system-
level faults represent themselves mainly by changing the torsional stiffness and the moment
of inertia parameters of the 3-DOF equivalent model. In the first step of the work, the pro-
posed modal estimation approach by using the torsional measurements is presented, which is
proved in the general case for a n-DOF torsional model of the drivetrain, followed by a detailed
parametric proof based on 3-DOF model. As the second step of this research, the analytical
relationship between the 3-DOF equivalent model parameters and drivetrain dynamic proper-
ties is established, which helps to identify the drivetrain system condition/state-of-operation by
monitoring the variations in the drivetrain dynamic properties (undamped natural frequencies
and normal modes) which can be estimated from the operational measurements by using the
proposed modal estimation approach or the other approaches proposed by the literature. The
other reason for sticking to 3-DOF model, is that the closed form parametric expressions of the
drivetrain dynamic properties as a function of equivalent model parameters can be obtained
for this simplified model. Those expressions are the required inputs for the proposed fault
detection approach based on monitoring the variations of the drivetrain dynamic properties.
Those expressions provide quantifiable fault detection features, which are implementable in
microcontrollers and can be integrated with turbine fully automated control and monitoring
systems. By the increase of the order of equivalent model, more dynamic properties (higher
natural frequencies which are not seen by 3-DOF model) can be employed, which can support
a more detailed fault detection in the drivetrain. However, it is a little challenging for currently
available modal estimation approaches to observe higher modes which appear with a low am-
plitude in the frequency-domain response. In other words, the real conditions for the modal
estimation problem is restrictive, so that the higher eigenfrequencies of the drivetrain system,
which are excited by the input torque with a low energy, may not be observable.

The proposed method in this paper can detect stiffness or inertia related faults by monitoring
the consequences of faults on online estimated modes and amplitude of response. The method
is computationally inexpensive since it relies on only few data samples and a moderate data
resolution and sampling frequency. On this basis, the main contributions of this work are:

1. Analytical proof of a drivetrain modal estimation approach by using torsional measure-
ments,

2. Introducing an analytical approach for estimation of damping coefficients of the system
modes by analyzing the amplitude of torsional response error function at the natural
frequencies,

3. Theoretical development and simulation/experimental validation of a drivetrain system-
level fault diagnosis approach based on estimated modal parameters, and comparison
with other methods in the literature.



The paper is organized as follows: Modal estimation by using torsional measurements is ana-
lytically elaborated in Section 2. An analytical approach for drivetrain condition monitoring
by using torsional response and the estimated modes is proposed and discussed in details in
Section 3. The proposed drivetrain modal estimation and condition monitoring approach are
validated and compared with the approaches in the literature through simulation/experimental
studies in Section 4. The paper is concluded in Section 5.

2. Modal estimation by using torsional measurements

2.1. Torsional natural frequency estimation theory

Drivetrain is often modelled as one-degree-of-freedom (1-DOF) rotational system in global
dynamic response tools. The forced torsional vibration response of the equivalent 1-DOF
damped rotational model of drivetrain influenced by the random excitation 7(¢) in frequency
domain and non-dimensional form can be expressed by

[T ()]
6(2)] = 3 , (1)
VU= (@27 + (&)

where 6(Q2) and 7(2) are the Fourier transforms of angular position and the excitation torque,
respectively. €, is the undamped torsional natural frequency of the system, k; is the torsional
stiffness of the shaft, and ¢; is the torsional damping coefficient of the mode §2,, at the operating
speed w. As it can be seen, an amplified frequency in the drivetrain torsional response can be
due to a significant excitation amplitude or the vicinity of excitation frequency with natural
frequencies.

Natural frequencies appear in torsional responses e.g. angular velocity measurements due to
impulsive behavior of wind which excites those frequencies. An initial velocity applied on a
system as described by Thomson et al.[28] can play a role as an impact which is able to excite
the system torsional frequencies. In the wind turbine, the ceaseless variations of wind results in
continual variations in angular velocity which is physically similar to an initial velocity applied
to the system. Even though these variations in speed and subsequently torque happen in very
low frequency, they can introduce considerable energy in different frequencies including the
characteristic frequencies of the system. Due to the existence of damping in a real system,
the measured natural frequencies from the torsional response are the damped frequencies. By
filtering the shafts revolution frequencies, components defect frequencies and excitations (very
low frequency due to wind, low frequency due to wave tower shadow effect, and high frequency
due to generator), the drivetrain torsional natural frequencies, and some torsional induced
motions due to excited edgewise rotor blade and tower bending modes are acquired. Based
on a primary knowledge on the torsional frequencies for each power range, it is possible to
separate the observed natural frequencies for drivetrain, blades and tower. The variations in
the natural frequencies and normal modes can be used as criteria to identify some sorts of faults
in the drivetrain. To estimate the damped natural frequencies, angular velocity residual/error
function is proposed. The input of this method is provided by two encoders located at the
high- and low-speed shafts of drivetrain, and subsequently the residual function is constructed
based on the subtraction of these two signals. Some drivetrain systems are only equipped with
one angular velocity measurement on the shaft, so that the implementation of the method may
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require an additional moderate resolution encoder to provide the sufficient inputs. The angular
velocity residual function ey, from the high-speed side is expressed by

w
Ctot — WHS — A10203WL5, (2)

where wy g and wyg are the rotational speed in rad/s obtained from the high- and low-speed en-
coders, respectively. a, as and ag are the inverse of gear ratios of the gearbox stages. The error
function main feature is cancellation of the impacts of the excitations which are transferred to
the drivetrain from the housing, from the resultant torsional response. Angular displacement
and acceleration are the other torsional responses of the drivetrain system which could theoret-
ically be used similar to angular velocity to obtain the system torsional parameters. For this
purpose, similar to e2,, the angular position error function e/, and the angular acceleration
error function ef, are defined by

0 «
ot = Oms — 1020305, e, = Qg — a102a30Ls. (3)

In particular, angular acceleration is the torsional response which has a direct relation with
the applied, and contains useful information on how the applied torque interacts with the sys-
tem. If acceleration or displacement is used for evaluation, the assessment criteria tends to
vary with frequency, because the relation between them and velocity is proportional to fre-
quency. The Fourier series of ¢%,, e, and ¢/, are defined by ¢, (Q) = Y20 (C,etn®

n—=—oo

e, (Q) =300 Culiky)e®n el () =507 Ch(iks) te™® . Differentiation and integra-
tion are linear operations that are distributive over addition. As it can be seen, in ey, compared
to ey, the amplitude of the frequency components higher than 1H z is magnified with the gain
k,, and the frequencies lower than 1Hz are weakened with the same proportion. In e, com-
pared to e}, the amplitude of the frequency components lower than 1H z is magnified with the
gain k.1, and the frequencies higher than 1Hz are weakened with the same proportion. The
15¢ natural frequency of the drivetrain systems of the same technology decreases as the rated
power increases. However, even for 10MW wind turbine which is the biggest commercially
available and even for the high-speed technologies which have lower first natural frequencies,
the 1*! torsional frequency is higher than 1Hz [31]. Therefore, the angular acceleration error
function is theoretically slightly better than the other two approaches in highlighting the tor-
sional frequencies. The other benefit is weakening the frequencies lower than 1H z which appear
in the drivetrain torsional response mostly due to wind turbulence and structural motions, but
do not contain any information on the drivetrain natural frequencies. However, an additional
derivation operation is required to attain acceleration from the velocity measurements which
increases the computational cost of this method.

A limitation with aforedescribed approach is the dependency on two encoders, because in several
turbines there is only one encoder available located in the low speed shaft. As discussed earlier,
one of the significant features of the error function is cancellation of the influences of structural
motions from the torsional response. The latter results in a clean signal which is able to
highlight the system characteristic frequencies. Those motions are mainly influenced by wind,
wave and structural resonances, and natural frequencies of structural motions and low frequency
interactions between rotor, tower and support structure and have a low frequency content.



Therefore, the filtered angular velocity of low speed shaft has some potentials in highlighting
the drivetrain torsional frequencies. The filtered signal X (Qyp) is extracted by

X(Q) = (11(12(13WL5(Q), X(QHP) = X(Q)H(QHP)7 (4)

where H(Qyp) is the transfer function of the high-pass filter applied to the low speed shaft
encoder signal to attenuate the low frequency noises resulted wind induced low frequency mo-
tions. The performance of filtered angular velocity of low speed shaft in highlighting the
torsional frequencies compared to the different torsional response error functions is tested with
both simulation and operational measurements as reported in Section .

In order to capture better the drivetrain dynamics at system level for the subsequent use for
drivetrain fault diagnosis at system level while minimizing the computational complexity of
the model, 3-DOF torsional model is offered and the performance of the model is evaluated
throughout the paper. For this purpose, to evaluate the observability of natural frequencies on
the torsional response error functions and the subsequent application for drivetrain condition
monitoring, a 3-DOF torsional model of the damped drivetrain is engaged. The 1¢¢ and 2"¢
undamped natural frequencies (nonrigid modes) based on 3-DOF lumped-mass-spring model
of a geared drivetrain can be calculated by the equations reported in Appendix A. The eigen-
vectors of the damped drivetrain model take complex values. By assuming damping equal to
zero, the normal modes take real values which show the relative angular motion of the different
inertias in the model. The closed form of two normal modes related to the two non-rigid modes
of the under consideration drivetrain model which are scaled to unity length are reported in
Appendix A.

Both undamped frequencies and normal modes are unique for the system so that any deviation
of the parameters can indicate variations in the drivetrain system which can be used for fault
detection. The continued discussion is dedicated on an analytical proof of the idea of observing
natural frequencies from the torsional response. The theory is first presented for the general
form of response obtained from the general n-DOF torsional drivetrain model. Then the possi-
bility of observing torsional modes in amplitude of angular velocity error function based on a
3-DOF model is mathematically proven to be used in the proposed model-based fault detection
approach.

Theorem 1. Torsional natural frequencies belong to the set of extreme points of the torsional
response in the frequency domain.

Proof. The general form of the discrete multi-DOF torsional model of drivetrain with n degrees
of freedom in the time domain is defined by

J0+ COH+KO=T(1), (5)

where J, C and K are the moment of inertia, damping and stiffness matrices with the size
n xn. 0 and T are the response and load vectors with the size n x 1, where each element
of these two vectors represent a time series data. The representation in frequency domain by
using the frequency variable S and Laplace transform will be



[J5% + CS + K]nxn[O(S)]nx1 = T(S) 1 (6)

By replacing the characteristic equation JS? +CS +K with M, the frequency domain response
O(S) will be

0(5) = GHHTS) )

where adj(M) is the adjugate of M which is a polynomial function with the matrix variable M.
det(M) is the determinant of the system characteristic equation. As it can be seen, the roots of
the det(M) are the extreme points of response O(S). However, the roots of the determinant of
characteristic equation of a system are the system’s eigenfrequencies. Therefore, the torsional
natural frequencies of the system belong to the set of extreme points of the response. In the
undamped system (C = 0), the roots will be pure imaginary which represent the undamped
natural frequencies Q). In the general damped system, the roots are the damped natural
frequencies Q) with the following relation with the undamped frequencies

Q= 'O+ 1T - (C)? del,.n. (8)

The torsional natural frequencies in both cases of damped or undamped system based on the
provided proof which refers to the general form of damped system are the extreme points of
the response frequency domain function.

Thus, we complete the proof of Theorem 1.

The other extreme points of ©(S) are due to the load dynamics, the system unmodelled internal
dynamics and the interactions between these two. As discussed earlier, in order to pick out the
natural frequencies, other harmonics which also demonstrate themselves as other extreme points
in response must be filtered. For this purpose, the response error function is engaged which
is able to filter the influences of the loads transferred to the drivetrain through the structure,
which is very useful specially in offshore wind turbines equipped with floating support structures
which can induce a wider range of harmonics in the drivetrain response.

The typical signal for frequency domain fault detection study is the amplitude of response. In
the following part, the possibility of using the Theorem 1 results for the amplitude of torsional
response and more specifically the amplitude of angular velocity error function is investigated.
For this purpose, the general 3-DOF damped torsional model of the geared drivetrain system
is selected, and the possibility of observing natural frequencies in the amplitude of angular
velocity error function in the frequency domain is analytically evaluated.

The amplitude of angular positions at the different places of the drivetrain based on the equiv-
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alent 3-DOF torsional model of drivetrain transferred to the rotor side are as

Vo {4y + Q2cren + VB) — kukn)? + QAQVE — DY Tr(Q)P + { (- Qesen + kukn)? + 2202 }T, (@)
= Q4(Q4JTJ!,,,]_,,,, — O+ hpky (J, + Ty + Jgn))2 + 0L VE + crdyrdn) = DU + T+ Jgn))2 ’

(9a)
. {(=Q2(cren + kudg) + kuku)? + Q@2 dy — DY PTrQ) + {((csen + kirdy) = kike)? + Q(Q2eiJ, = DT, ()]
= Qo (Q"J,‘J_WJ_W — 2T+ kghp (o + Ty + Jq"))2 +05(R(VE + 1y dgn) = DUy + Ty + Jgn))2 ‘

(9b)
- {(=02cien + kukn)2 + QD2 WL (@) + {(~ Q4 Ty + Qcren + V) — kiki)? + Q2(2VF — D YIT, Q)2
1= (T Ty = Q21+ ik (Jy + Ty + ,/W))2 +05(RUVE + crdpdgn) = DUy + e + Jgn))2 ’

(9¢)
where

D =crky +cgky, E = (CLJgn +epdg + CHJgn)z7 F = (cpJr + crdgr + CHJT)Q, G = (JngH +
Jg7lkL+JgnkH)27 H= (Jrk’L+Jrk‘H+JgrkL)2 and [ = CLCHJTJrCLCHJgr+CLCHJgn+JTJngH+
JrJgnkL + JvagnkH + JnggnkL.

0,(2), 0,,-(Q) and 6, () are the angular positions at rotor, gearbox and generator, respectively.
cr, and ¢y are the actual damping of low- and high-speed shafts.

The amplitude of angular velocity error function in the general form by using the Laplace
operator S can be defined as a function of angular positions as follows

€6t (S)] = 15(0:(S) = Ogn(:5))]- (10)

By replacing the angular positions in eq. (10), the result will be

(11)

tot A$|S|8+Ag\5|6+A§|S\4+A%O|SP+A%1 )

where

Av = Jydgn,  As = crdgn + cudgr + cudon;, Az = Joki + gk + Jgnkn,  As = Jp g,
A5 = CLJT + CLJgT + CHJT, A@ = JTkL + JrkH + Jg,«kL, A7 = JrJnggm Ag = CLJrJgn +
cadrdg + cpdgdgn + cadidgn, Ay = cregdy + cready + crenJgn + i dg kg + JpJgnkr 4
JrJgnkH + Jgrt]gnkLa AlO = CLJ'rkH + CHJ'r'IfL + CLJgrkH + CHt]g'rkL + cLJgnk‘H + CHJgnkLa
Ay = Jokpky + Jykiky + Jonkpk.

The denominator of angular velocity error function ef,(.S) based on the described model finds
the form as
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D(ef(5)) = (A7S4 + AgS® + AgS? + AypS + A11)52. (12)

The roots of the above function are the poles of e, (S) which belong to the set of extreme
points of the response. By replacing S = j for the equivalent undamped system, D(ey,(9))
will find the form of a complex equation. To find the roots of the resulted complex equation,
the absolute value of this equation is set to be zero which turns to the following polynomial
equation

(A7Q6 - AQQ4 + AHQQ)Q + (Al()Qg - ASQS)Z = O (13)

The above equation can be reduced to a polynomial of the order of four by the change of
variable v = 92 and eliminating the rigid modes (2 = 0), which makes it possible to find the

closed form solutions of the response poles. The resulted equation is

A%’)/Al + (A§ — 2A7A9)"/3 =+ (Ag + 2A7A11 — 2A8A10)’y2 + (A%O — 21491411)"/ + A%l = 0 (14)

By assuming damping equal to zero, and considering the positiveness of 7, the two acceptable
answers are obtained. The results give four values for 2 which belong to the extreme points of
response. The results are two pairs of imaginary poles which the absolute value of each pair
coincides with one of the system torsional eigenfrequencies described by eq. (A.1).

The results can be extended to the damped system so that also in the damped system the
poles of the response coincide with the eigenfrequencies of the system, where the poles take
the complex form S = o + jwg = (Q, + jQu+/1 — (). However, the absolute value of the
poles will still be |S| = Q,. By replacing Q,, from eq. (A.1) instead of |S| in eq. (11), the
amplitude of response at the two natural frequencies in the general case of a damped system
has the relationship with the system parameters and loads as

\/\T_,,(w1)|21 [FA+ H + J2J2AVA + T (wl)?/EA+ G + J2.J2,A2VA
|5 ()] =

(‘/A?I"’ + (JVE + c1JgrJgn)? A3 + D2(Jr + Jgr + Jgn)? A + K2E4 (Jy + Jyr + Jgn)? + J2J2,J2, A

rYgrgn

(15a)
\/|Tg(w2)|21 [FB+ H + J2J2B2VB + |T,(w2)[2,/EB + G + J2.J2,B*VB

\4/3212 + B3(J,VE + cp g dgn)® + k2 k3, (Jr + Jgr + Jgn)? + D2(Jr + Jgr + Jgn)?B + J2J2.J2, B*

rYgrYgn

(15b)

lefor (%] =

The frequency domain angular velocity error function of a theoretically undamped system under
excitation at natural frequencies is unbounded. Therefore, performing a sensitivity analysis to
find the relation between the variations of the amplitude of response at natural frequencies
and the variations of system parameters which can represent the system faults is not possible.
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However, a physical system in practice has damping. The response of a damped system at
natural frequencies is bounded due to the influence of damping in the system. Therefore,
monitoring the variations of the amplitude of response in the natural frequencies can be related
to variations of the system parameters and faults. In the continued part, the possibility of
using the amplitude of response of a damped system at natural frequencies for monitoring the
variations in the system is discussed. The results of this study can also be used for estimation
of damping in the system.

As it can be seen from eq. (15), in difference with the equations for the system natural frequen-
cies and mode shapes, the amplitude of response at the first and second natural frequencies
is proportional to not only the system parameters but also the loads. The latter limits the
application of amplitude of response as a fault precursor. However, it can be used as a criterion
to evaluate the results obtained by the proposed fault detection algorithm, so that it provides
inputs for drivetrain condition monitoring based on monitoring the variations of amplitude of
response at the natural frequencies in terms of variations in the system parameters by sensitiv-
ity analysis which is elaborated in Section 3. The results of analysis of amplitude of response
also provides necessary inputs for the estimation of damping in the system.

By using the simplified model in eq. (1), the peak frequencies of the amplitude of response have
the relation Qeqr = Q,1/1 — 2¢? with the associated undamped frequency. This result can be
extended to the higher order systems and higher order natural frequencies. Our analytical
study on the extreme points of the amplitude of response in higher order models shows that
these points are highly nonlinear and complicated functions of system parameters which make
the utilization of these equations computationally expensive. However, these points can be
related to the undamped natural frequencies by using the damping coefficients as

Q;)eak = Q}n \/ 1- 2C12 (16)

The two following equations can be used to estimate the damping coefficients of different modes
at different operating speeds, by using the peak frequencies and the amplitude of response at

those frequencies, as follows:
it
Qpetlzk o 1- 2Ci2,t1 (17&)
itz |\ 2
sztzlk 1= QCi,tz

= f(Trng7cL7CH7kkaH7JT7Jgr7Jgn)7 (17b)

e (Vea)|

leior (Ui

peak

where ¢;; is the damping coefficient related to the mode i and operation t. |ei,(Qpear)| is
the amplitude of response at the peak frequency. Both the peak frequency and amplitude of
response at peak frequency are estimated from the frequency domain response based on the
theory elaborated earlier in this Section. The eq. (17b) is long and nonlinear with dependency to
all the system parameters and loads so that relating the variations in the amplitude of response
to variations in damping coefficient seems to be a challenging task. The theory related to the
employment of sensitivity analysis for relating the ratio of amplitude of response to the ratio of
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damping coefficients from eq. (17) and the implementation of this approach will be discussed
in the continued Sections. From the peak frequency and the approximated damping coefficient,
the undamped frequency can be estimated by using eq. (16).

3. Drivetrain condition monitoring by using torsional measurements

The estimation of system modes by using the angular velocity error function was elaborated
in Section 2. As discussed earlier, the estimated modes and the amplitude of response at
those frequencies can be related to the system parameters and faults. In order to establish
this relationship to be used in the proposed fault detection approach, sensitivity analysis is
employed.

8.1. Sensitivity analysis

This part is aimed to obtain the closed form mathematical relationships between the drive-
train dynamic properties and amplitude of response with the drivetrain reduced-order model
parameters through a sensitivity analysis for a subsequent use in the proposed fault diagnosis
algorithm. Similar to in Section 2, the general 3-DOF damped torsional model of drivetrain is
selected for the analytical studies in this Section.

As discussed earlier, faults like crack in shafts and rotor, coupling damage, or damage in gearbox
are examples of potential faults which can change the drivetrain stiffness. For example, a shaft
crack results in reduction of the torsional stiffness of the shaft [29]. A change in the stiffness
influences the drivetrain system frequency modes. Therefore, by obtaining the mathematical
relationship between the stiffness of different shafts and the system modes, it is possible to
monitor their conditions by monitoring the variations in the system natural frequencies and
normal modes. The other parameter which can influence the drivetrain torsional modes is the
moment of inertia of the drivetrain components. Variations in the moment of inertia matrix
represents the other category of faults in the driveline with the unbalance and loss of mass as the
foremost. For example, unbalance faults are characterized by the increase of moment of inertia
due to an additional force that is generated during those conditions based on the parallel axis
theorem. The mathematical relationship between the drivetrain torsional natural frequencies
and the moment of inertia of components can help to identify these faults. The variations in
stiffness and inertia can result in similar natural frequency variation patterns. Therefore, to
distinguish between variations in the natural frequencies because of variations in the shafts’
stiffness with those due to variations in moment of inertia matrix (source of fault), determining
the correlation between the system parameters and the normalized mode shapes can provide a
useful direction to find the source of fault. The correlation between the amplitude of response
at the system natural frequencies can also be useful in two ways: first, to estimate the damping
coefficients and subsequently the undamped natural frequencies from the estimated natural
frequencies; second, to confirm or repeal the results obtained about the system faults taken
based on the analysis of natural frequencies and normal modes.

In order to achieve the above described purposes, two different sets of sensitivity analyses are
performed in this Section. First, a sensitivity analysis on torsional frequencies and normal
modes of the equivalent undamped system to extract drivetrain system-level condition mon-
itoring features. Second, a sensitivity analysis on the amplitude of response at the natural
frequencies primarily to estimate the damping coefficient and subsequently the undamped nat-
ural frequencies which are required for the first analysis, and then to support the condition
monitoring features obtained in the first sensitivity analysis.
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In order to check how the variations in stiffness and moment of inertia influence the system
torsional natural frequencies and mode shapes, a sensitivity analysis is performed. There are
two classes of sensitivity analysis methods, namely local and global sensitivity analysis. Morio
et al.[30] has reported the same kind of results by using these two method for simple models.
Local sensitivity determines how a small perturbation near an input parameter value influences
the value of the output. In this Section, in order to find the parameters with the greatest
impact on the drivetrain dynamic characteristics, local sensitivity analysis is employed due to
two main reasons. First, the motivation of this work is detecting faults in early stages for
predictive maintenance purposes so that variations in the drivetrain system parameters happen
with a slight change around the set point values. Second, local sensitivity analysis derives a
closed form expression for the sensitivity value which makes the result more reliable and easier
to implement. Local sensitivity is defined as the partial derivative of the output function with
respect to the input parameters [32] as

Y

SLoc _ m
kil 61’1 ’

e{yr, ... yp} and x; € {1, ..., 24}, (18)
where 3, is the k™ output and z; is the (" input. To neutralize the impact of large/small
inputs and small/large outputs, the local sensitivity can be normalized by the nominal values
of inputs and outputs by

SNOT'ITL _ z;e 62/76

kL =

9k 19
yi! o "
with zlref and yzef as the nominal values of z; and y,. For the 3-DOF torsional model described
in Section 2.1, the input and output vectors for sensitivity analysis are

Tr = {kL7 kHa JT7 Jg7’7 Jgn: Cr, CH, TT7 Tg}7 (20&)
Yy = {Qiorv QLQOQ \Il?oltv \Ij?azt \P?elm’v qj?jaw \Ilglelnv \Ij?ezm ‘C(g;t(QLIOT)‘7 ‘C;t(ﬂém)l}' (20b)

The closed form of equations after applying normalized local sensitivity theory on eqgs. (A.1)
and (A.2) are shown in Appendix B and Appendix C. A positive value in this analysis
stands for a direct relationship between the input parameter and output, whereas a negative
value represents that the parameter and output are inversely correlated. The normalized local
sensitivity analysis can take different values. If the absolute value is equal to 1, it means
that the relative variation in input parameter is equally transmitted to the output, whereas
the absolute value higher than 1 shows that the relative variation is magnified in the output.
However, the absolute value lower than 1 represents that the relative variations of the input is
shrunk in the output.

In the second study, in order to find the parameters/variables which have the highest con-
tribution in variations of the amplitude of response at the response peak frequencies, a local
sensitivity analysis is performed. For this purpose, two methods are proposed. First, the peak
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frequencies are approximated with the associated natural frequency and subsequently the eq.
(15) is used. The closed form equations which specify the correlation between the angular
velocity error function amplitude at the natural frequencies with the system parameters and
loads are derived by performing local sensitivity analysis as shown in Appendix D. This ap-
proximation can be improved by using the approximated damping coefficients and updating
the eq. (15) by using the eq. 16. Another approach which is based on numerical calculations
and is also used later in the simulation studies for comparison purposes is to numerically find
the peak frequencies of the the response in the eq. (11) and finding the sensitivity of the re-
sponse equations to the parameters after replacing the numerically calculated frequencies in the
response function. The precision in estimation of the damping coefficient by the two proposed
methods compared to the approximation proposed in [23] is presented in simulation studies. In
order to attain the accuracy of these methods, the results are compared to the exact values of
the coefficients based on the model parameters.

The following procedure summarizes the modal estimation approach:

1. The torsional response error function (or interchangeably the low-pass filtered signal of a
single torsional response) is generated. The response can be angular velocity /acceleration.

2. The resultant signal is preprocessed so that the defect frequencies of the components
and structural motions-induced harmonics are filtered. The result will give the damped
torsional natural frequencies of the drivetrain system.

3. The measured natural frequency is validated by the analysis of variations of amplitude of
response in the suspicious frequencies at different operating speeds. In simple words, the
variation of the amplitude of response in the system natural frequency (damped natural
frequencies) due to the variation of damping coefficient is more significant compared to
the variation of the amplitude of response in the harmonics. The variation of damping
coefficient is due to the consistent variations in the operating speed in wind turbine
drivetrains.

4. Damping at the natural frequency depends on the operating speed. The damping coef-
ficient at two ensuing operations in two different speeds can be estimated by applying
the theory developed in this Section and modeled by eq. 17, based on monitoring the
variations of the natural frequency and amplitude of response between the two operations.

5. By using the estimated damped natural frequencies from torsional response and the es-
timated damping coefficient from the analysis of amplitude of response, the undamped
natural frequencies are obtained, which provide inputs for the fault detection approach
based on monitoring the variations of system dynamic properties.

The algorithm which summarizes the proposed drivetrain modal estimation and the ensuing
condition monitoring approach is illustrated by the flowchart in Fig. 1. \Ilffll and ‘Ilfff are the
normal modes related to the 1% and 2"¢ natural frequencies, respectively. m varies from 1 up
to the degree of the model, which accounts for the different bodies in the equivalent reduced
order model. 78" and Ty, are the low-limit threshold natural frequency and normal mode

related to normal operations.
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3.2. Test cases

3.2.1. Simulation based validation

For the simulation studies, DTU 10M W reference wind turbine is selected. In order to evaluate
if the input torque is able to excite the drivetrain natural frequencies and subsequently to study
the possibility of observing those frequencies in the different drivetrain torsional responses, an
effective approach is involving decoupled simulation technique. For this purpose, the rotor
torque data of a detailed model of 10 MW turbine with a spar floating platform obtained from
SIMA global simulation software [33] is used, and the impacts on the drivetrain is studied by
using a decoupled analysis.

The decoupled simulation approach consists of two separated phases. In the first phase, global
simulation analyses are performed under different environmental conditions. In the global
simulation, the blades and hub assembly, the structural module including the flexible multi-
body systems for tower and platform and the nacelle are modelled. This model is coping with
combined aerodynamic and hydrodynamic loading by using numerical and probabilistic models
of wind, waves and current in the global simulation software to capture the integrated effect of
the loads and the wind turbine control system on the turbine model. The results of the global
analysis in this study are the loads transmitted to the drivetrain by the rotor specified by the
time series of the resultant moment on the rotor. The second phase of decoupled analysis is
that the offline global simulation results will then be applied as inputs on the drivetrain model
in Simpack multi-body simulation (MBS) software [34] to calculate and analyse the drivetrain
components local dynamic responses for modal estimation and fault detection purposes. The
drivetrain model in the second phase of decoupled simulation utilizes the components reduced
order models. As a complementary step, the post processing of local responses provides useful
information for the drivetrain secondary studies. Without loss of generality, a geared drivetrain
technology is selected for the simulation studies. However, the 3-DOF reference model can also
be used for direct-drive technology fault detection based on the proposed approach, where
regarding the considerable mass of main shaft, it should be modelled as a separate mass to
improve the model accuracy, and then a similar approach can be engaged.

The operating condition for the global simulation is close to the rated operation with an average
wind speed U,, = 11m/s, significant wave height H, = 3.5m and peak period T, = 7.5s. In
the under consideration 3-DOF torsional model of the geared drivetrain, rotor, gearbox and
generator are modelled with equivalent moment of inertia, and the low- and high-speed shafts
are each modelled with constant torsional stiffnesses. The generator and gearbox specifications
are used from the optimized 10MW medium-speed drivetrain system proposed in [31]. The
parameters of this model are listed in the Table 1. The undamped natural frequencies of this
model calculated by eq. (A.1), and validated by Simpack are 1.9Hz and 73.9Hz. The actual
damping of the low- and high-speed shafts are also assumed to be 5% and 10% of the low-
speed shaft stiffness, respectively. The torsional responses of rotor and generator shafts are
obtained from the MBS model to investigate possibility of observing the natural frequencies
from the angular velocity, acceleration and displacement error functions. The proposed methods
for estimation of damping coefficients in different operating speeds are tested on the damped
model of under consideration 10M W geared drivetrain. The possibility of detecting different
stages of system-level inertia and stiffness related faults from the torsional response obtained
from the 10MW MBS model are investigated by using the proposed algorithm.

In order to capture the system dynamic properties in the proposed approach and to get sta-
tistically comparable results, the time interval of each block of data should be large enough to
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capture the lowest natural frequency. The sampling frequency should be high enough to capture
the higher frequency modes which are of significance, and on the other side is limited to the
SCADA sampling frequency in case of implementation in the farm level. Since the realization
of the method is based on the 1% and 2" nonrigid modes, for observing these two modes,
the required length of data block is only a fraction of one second and the required sampling
frequency is around 400H z for 10 MW medium-speed drivetrain technology.

Table 1: 10MW medium-speed drivetrain 3-DOF model specification

Parameter Value
Equivalent rotor moment of inertia J, (kg.m?) 800, 000, 000
Equivalent gearbox moment of inertia Jy, (kg.m?) 1,239,300
Equivalent generator moment of inertia J,,, (kg.m?) 15,716,775
Equivalent low-speed shaft torsional stiffness kj, (N.m/rad) | 2,452,936,425
Equivalent high-speed shaft torsional stiffness kg (N.m/rad) | 245,293,642,500

3.2.2. Ezperimental validation

The operational data from Vestas V66-1.750MW turbine is used for the experimental study.
To test the method, an additional encoder is installed on the low-speed shaft. The topology
of the drivetrain is shown in Fig. 2. As it can be seen, the two encoders EN1 and EN2 are
the torsional measurement sensors placed on the low- and high-speed shafts, respectively. AC1
and AC?2 are the accelerometers placed on the two main bearings to measure the lateral vibra-
tions for comparison of the proposed method based on torsional vibrations with conventional
approaches in the literature which are mainly based on translational vibrations. The data sets
include the drivetrain operations under different operating speeds in both normal and faulty
cases.

In PSD of the angular velocity error function of the operational data, in addition to the natural
frequencies, some other frequency components are also expected to be observed. However, by
a prior knowledge about the defect frequencies and the other torsional excitation sources, and
by subsequently filtering those frequencies, it is possible to distinguish the natural frequencies.
The benefits with measuring the natural frequencies by this noninvasive method are the low
implementation cost, and the possibility of obtaining the precise values of natural frequencies
by including the system nonlinearities, and translational impacts on the rotation transferred
through the bed-plate and torque arm.

Figure 2: Vestas V66-1.750MW drivetrain topology, and vibration sensors placement.

4. Simulation/experimental studies

4.1. Sensitivity analysis results
The results of the normalized local sensitivity analyses with natural frequencies (Qf", Q") and
normal modes (¢1, ¢2) as the outputs and shaft stiffnesses (kz, ky) as the inputs with variation
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of only one model parameter at a time are shown in the Table 2. The interpretation of the local
sensitivity analysis values is disclosed in Section 3.1. The reported numbers show the normalized
sensitivity values which are calculated based on 10MW drivetrain model parameters. The
values of the table in bold designate the absolute sensitivity values higher than 0.01, which
is used as the criterion that the associated parameter and output are correlated. The values
which are not highlighted designate the absolute sensitivity values lower than 0.01 representing
a negligible sensitivity, so that the associated parameter and output are uncorrelated. As it can
be seen, there is a direct relationship between the 1% frequency and kg, and the 2"¢ frequency
and kpy. Therefore, variations in the natural frequencies can be translated into the variations
in the shaft stiffness and subsequently the defects in the drivetrain shafts. The influence
of the shafts defect (stiffness variation) on the normal mode of the 1% natural frequency is
negligible. However, the stiffness variation results in variations in the normal mode element of
the 2" natural frequency related to rotor. The results of the sensitivity analyses with natural
frequencies and normal modes as the outputs and moment of inertia (J,, Jy, Jyn) as the inputs
(variation of only one model parameter at a time) are shown in the Table 2. As it can be
seen, there is an inverse relationship between the 1* frequency and Jy,, and the 27 frequency
and Jy,, so that the reduction of natural frequencies can be due to a rise in the moment of
inertia. To distinguish between the drop in natural frequencies due to variation in stiffness and
moment of inertia, the results should be interpreted together with monitoring the variations of
normal modes. The simultaneous drop of the 1% frequency and the normal mode element of
the 2" frequency related to rotor represents an abnormality in low-speed shaft. The drop of
the 2" frequency and the simultaneous rise in the normal mode element of the 2"¢ frequency
related to rotor discloses the problems in high-speed shaft. The drop of the 1 frequency, the
simultaneous rise in the normal mode element of the 1%¢ frequency related to rotor and drop
in the normal mode element of the 2"¢ frequency related to generator reveal unbalances in
generator side. The drop of the 2" frequency and a simultaneous rise in the normal mode
elements of the 2" frequency related to both generator and rotor can be used as the criteria
to detect an unbalance in gearbox.

As discussed earlier in Section 3, another criterion which can be used in parallel to ascertain
the validity of the above guideline is monitoring the variations of the amplitude of response at
the natural frequencies based on the sensitivity analysis values reported in the Table 3 which
will be discussed later in this Section. This criterion in difference with the criteria established
in the above guideline needs an anterior estimation of the system loads. However, a good
estimation of both the rotor and generator torques is available in wind turbine application.
The rotor torque is estimated by using the blade aerodynamic equations and the input wind.
The generator torque is estimated from the generator voltage and current measurements.

Sensitivity of the amplitude of frequency spectrum of angular velocity error function at the 1%
mode to system parameters and loads are summarized in the Table 3. The 2"? column is related
to the first method based on the approximation of peak frequencies with the associated natural
frequencies, calculating the response equation at those frequencies, deriving the sensitivity
equations of the resulted functions in terms of parameters, then updating the response based
on the approximated damping coefficients and repeating the sequence to improve the accuracy
of estimation. The results reported of the first method are obtained by only a single iteration.
The use of this method based on the approximation of €., with €,, which is more accurate if
¢ << 1. However, the accuracy can be improved as explained by the correction which can be
applied on the eq. (15) based on the estimated damping coefficients. The 3™ column of this
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Table 2: Sensitivity of natural frequencies and normal modes to variations of model parameter (stiffness and

inertia).
Sensitivity Variable b Fr Ir Tor Ton
Qber 0.50 0.00 —0.01 | -0.03 -0.45
Qé“" 0.00 0.50 0.00 -0.45 | -0.04
ot 0.00 0.00 -1.00 0.07 0.93
o9 0.00 0.00 0.00 0.00 0.00
9" 0.00 0.00 0.00 0.00 0.00
o5t 0.99 -0.99 | -1.00 0.89 0.08
gear 0.00 0.00 0.00 —0.01 0.01
o5 —0.01 0.01 0.00 0.96 -1.00

Table 3: Sensitivity of amplitude of response at 1°¢ and 2"¢ modes to system parameters and loads.

Variable ety Method 1 (1°f mode) Method 2 (1% mode) Method 1 (2"¢ mode)
g 0.02 0.02 0.01

Jgr -0.02 —0.01 0.21

Jygn -0.21 -0.10 -0.47

kr, -0.21 -0.34 0.00

ky 0.00 0.00 -0.25

cr, -0.08 -0.07 0.00

CH 0.00 0.00 —0.01

T, —0.01 —0.01 —0.01

T, 0.51 0.51 0.51

table is related to the second method based on the numerical calculation of peak frequencies,
deriving the response equation in those frequencies and finding the sensitivity of the resulted
equations to the parameters and loads variations. The sensitivity of the amplitude of frequency
spectrum of angular velocity error function at the 2"¢ mode to system parameters and loads
are also listed in the 4" column of the same table.

As it can be seen from the Table 3, variation in amplitude of response at the 1°¢ mode is mainly
dominated by generator torque, generator inertia, low-speed shaft stiffness and damping. The
amplitude ratio at the 15 mode for two different operations is directly influenced by load and
inversely influenced by damping. Knowing that the system parameters are constant, by a prior
knowledge about the load, variations in damping can be estimated. To estimate the damping
coefficients from the amplitude of response based on the sensitivity analysis results, three
different cases can be assumed for the simulations. All these cases are based on monitoring the
variations of the response amplitude at the natural frequencies between two different operating
points t; and ts.

Case 1: The two operating points are close, so that the system parameters and load stay
constant.

In this case, the variation in the amplitude ratio directly reflects the variation in the actual
damping ratio which varies due to the variation of the operating speed. Those variations are
correlated proportional with the numbers calculated by the sensitivity analysis. From this
relationship, the variation in the damping coefficient is estimated. By using this information
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Table 4: Estimation of damping coefficient at the 15% mode for Case 1: loads do not change between the two
operating points.

Operation | w (rad/s) | Q.. (rad/s) |eg,(..,)] | ¢ (reference model) | ¢ (method 1) ¢ (method 2) [ ¢ (method in [23])
w 0.9 8.67 [ 0159 0.21 0.20 \ 0.16 0.48
w2 0.7 846 | 0.5 0.26 025 | 022 0.49

Table 5: Estimation of damping coefficient at the 15 mode for Case 2: loads change between the two operating

points.
Operation | w (rad/s) [ Q) . (rad/s) |2, (,,)] | ¢ (veference model) | ¢ (method 1) ¢ (method 2) [ ¢ (method in [23])
wi 0.9 8.67 [ 0159 0.21 0.21 [ 0.18 0.27
w; 0.7 8.46 | 0171 0.26 0.25 \ 0.23 0.31

along with eq. (17a), the two dampings of the two operations are estimated. It is worth
noting that in Case 1, since the system parameters and subsequently the critical dampings are
constant, the actual damping ratio is equal to the ratio of the damping coefficients between the
two operations. The estimated values of damping coefficients at the 1% mode in two different
operating speeds which meet the conditions of Case 1, by using the two proposed methods
which described in Section 3.1 compared to the approximation proposed in [23] are listed in the
Table 4. The comparison of the three methods of estimating damping coefficients shows that
the method 1 even based on one iteration outperforms the two other damping approximation
approaches by demonstrating a much lower relative error.

Case 2: The load varies between the two operations but the system parameters stay con-
stant.

In this case, the loads and dampings vary while the other system parameters are constrained
to be constant. With an access to the estimated load it is still possible similar to in Case 1
to measure the variation in damping coefficients by using the local sensitivity analysis results
and by relating the variation in response amplitude to the variation in load and damping,
based on the proportions calculated by the sensitivity analysis. From this relationship, the
variation in the damping coefficient and subsequently the two dampings of the two operations
are estimated similar to in Case 1. The estimated values of damping coefficients at the 1%
mode in two different operating speeds which meet the conditions of Case 2, by using the two
methods proposed in Section 3.1 are listed in the Table 5. It is assumed that during the second

operating speed/condition, both the rotor and generator loads have been increased by 20% so
that Twl = ;i = 1.2. Similar to in Case 1, the comparison of the three methods of estimating
dampmg coefficients shows that the method 1 even with one iteration outperforms the two

other damping approximation approaches.

Case 3: Both the load and parameters are changing.

In this case, the estimation of damping variation from the response is challenging because it
needs a good estimation not only from the load but also the other system parameters. In
this case, the amplitude of response may not give enough information to estimate the damp-
ing coeflicients based on that, because the updated values for the system parameters may be
unknown. However, assuming that the load can be estimated, the result of this study can be
used to authenticate the conclusions made about the system faults from the analysis of natural
frequencies and normal modes variations.

A similar set of sensitivity analysis is performed for the second mode which shows the sensitivity
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of amplitude of response at the second natural frequency more significantly to the high-speed
shaft stiffness, generator torque, and the moment of inertia of gearbox and generator with no
considerable sensitivity to the damping at the second mode. Based on this study,the amplitude
of response at the second frequency is not significantly influenced by the value of the dampings
so that the amplitude of response is not recommended as a good criterion for estimation of
damping coefficient of the second mode. Some other functions of the amplitude of response
of different operations may offer less sensitivity to parameters variation which are more useful
when the information on the system is low, which are not discussed in here. Another potential of
monitoring the variations of amplitude of response at the estimated torsional natural frequencies
is for estimation of the loads. In other words, for the same operational speed and system
parameters, the natural frequencies and dampings will stay the same and variations of the
amplitude of response at system torsional natural frequencies is directly connected to variations
in generator torque which can be used for monitoring the variations of the torque. The latter
is also not discussed more in this work.

The extracted features obtained by the sensitivity study for detecting the drivetrain faults are
evaluated by both the MBS simulation model and the real operational data in the continued
parts.

4.2. Simulation-base validation of proposed modal estimation and condition monitoring ap-
proach

The simulation-base validations relies on the data obtained from the multi-body simulation
model of 10MW medium-speed PMSG drivetrain system in Simpack.

4.2.1. Estimation of natural frequencies from torsional measurements

The PSD spectrum of angular velocity error function obtained from 10MW drivetrain model
and its capability in highlighting the torsional natural frequencies is shown in figures 3b-3d. In
these three figures, the performance of angular velocity error function in extracting the 1°¢ and
274 torsional natural frequencies of the drivetrain is compared with angular displacement and
angular acceleration error functions. As it can be seen, acceleration error function outperforms
in revealing the higher frequency modes (the 2"¢ mode). The higher modes have usually a lower
impact on the response, which impedes disclosure of those frequencies. The PSD spectrum of
the input torque applied on the drivetrain MBS model is shown in Fig. 3a. This torque which
is obtained from the global simulation contains the majority of frequency components and can
excite the drivetrain natural frequencies.

4.2.2. Diagnosis of drivetrain faults

The drivetrain faults at system-level vary the equivalent torsional model parameters, so that
by monitoring the consequences of these variations on the drivetrain dynamic properties and
amplitude of response at the natural frequencies these faults can be detected. For simulation
purposes, the faults are simulated independently so that the correlations between the under
consideration faults are neglected.

As discussed earlier, detection of stiffness changing related faults is possible in the proposed
approach by monitoring the consequences of these faults on the drivetrain torsional modes based
on the results of sensitivity analysis. As an example of stiffness-related faults, the growth of
crack in the shaft causes the torsional stiffness of the shaft to decrease and this change will
be reflected in the driveline torsional natural frequencies. The variations of the shafts stiffness
from 5% are considered as the start of fatigue crack in the shaft. The latter is equivalent with
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Figure 3: Simulation results based on 10M W floating wind turbine model. (a) PSD of 77°%". (b) PSD of e}

(c) PSD of efse. (d) PSD of efis. (e) Fault in low-speed shaft. (f) Fault in high-speed shaft. (g) Fault in
generator. (h) Fault in gearbox. (i) Fault in rotor.

variation in the modal parameters as the fault precursors in the proposed condition monitoring
detection algorithm. In order to simulate the shaft crack growth in the low- and high-speed
shafts, the torsional stiffness of these two shafts in the Simpack model is reduced in four steps
from 5 to 50%. The subsequent changes in the undamped natural frequencies and normal
modes are listed and shown in the Tables 6 and 7. As it can be seen from these tables,
the simulation results agree with the results obtained from the analytical sensitivity analysis
of natural frequencies and normal modes reported in the Table 2. Since the fault detection
features are obtained from the variations of the physical model, the threshold for these features
is accordingly specified based on the sensitivity analysis employed on a specific drivetrain.

The reduction of the 15 natural frequency due to a crack in low-speed shaft is illustrated in Fig.
3e. In addition, as it can be seen from this figure, for the two operations with the same loading
conditions, that one of them is the normal system and the other one is the system with a crack
in the low-speed shaft, the amplitude of response at the 1°¢ natural frequency is higher in the
system with the cracked shaft compared to the normal system, which agrees with the results of
the analytical sensitivity analysis of the amplitude of response as reported in the Table 3. The
influence of crack in high-speed shaft and the consequence in drop of the 2" natural frequency
is shown in Fig. 3f. As it can also be seen in this figure, a crack in the high-speed shaft causes
an increase in the amplitude of response at the 2"¢ natural frequency, which agrees with the
sensitivity results related to the amplitude of response at the 2"¢ mode as mentioned in the
Table 3. For scaling and demonstration purposes, figures 3e and 3f are normalized with the
normal system results.

The detection of inertia changing related faults is also possible by monitoring the consequences
of these faults on the drivetrain torsional modes based on the performed sensitivity analysis
results. As an example of inertia-related faults, unbalance in the rotor, gearbox or generator
shafts results in an increase in the equivalent inertia of the component in the model. Dependent
on the severity of unbalance the variation in inertia will be different. A slight unbalance can
cause a very slight change in the inertia and subsequently a slight change in the modes which
makes the detection challenging by the proposed approach. In here, in order to simulate the
severe unbalance faults, the inertia of the associated component is increased in three steps from
5 to 20%. The subsequent changes in the drivetrain modes are listed and shown in the Tables
8- 10. The simulation results agree with the sensitivity analysis results presented in the Table
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2.

The reduction of 1°* and 2" natural frequency due to increase of inertia of generator and gearbox
as a result of unbalance faults in generator and gearbox are respectively shown in figures 3g
and 3h. The influence of increase of rotor inertia, which can model the rotor unbalance fault,
on the simultaneous reduction of 1% and 2"¢ normal modes in rotor position is also shown in
Fig. 3i. All these three figures are normalized with the normal system results.

Table 6: Low-speed shaft fault cases.

95 o7 5 i95] 95

k Qfer Qier Voo L Ygear Wyéar Wgen Wyén

Fault case k% W ﬁ mgfn ‘I’?uzt,tn wilg? \Pszeza,;b ‘I‘§Jn'" \pi%;"
LCO 1 1 1 1 1 1 1 1 1

LC1 0.95 | 0.975 | 1.000 | 1.000 | 0.950 | 1.000 | 1.000 | 1.000 | 1.000
LC2 0.85 ] 0.923 | 0.999 | 1.000 | 0.851 | 1.001 | 1.000 | 1.000 | 1.001
LC3 0.7 | 0.838 | 0.999 | 1.000 | 0.000 | 1.003 | 1.000 | 1.000 | 1.003
LC4 0.5 | 0.709 | 0.998 | 1.000 | 0.000 | 1.005 | 1.000 | 1.000 | 1.005

Table 7: High-speed shaft fault cases.
k Qtor QL v w2 T wgl, | WoR, Wk, We2,

Fault case kg ﬁ 9'2% xp?al;" wf};t" wi’é&? \I/szza’? \11‘;1" \I’(:{Zn
LCO 1 1 1 1 1 1 1 1 1

LC1 0.95 | 1.000 | 0.975 | 1.000 | 1.052 | 1.000 | 1.000 | 1.000 | 1.000
LC2 0.85 ] 0.999 | 0.923 | 1.000 | 1.175 | 0.998 | 1.000 | 1.000 | 0.998
LC3 0.7 ] 0.998 | 0.838 | 1.000 | 1.423 | 0.996 | 1.000 | 1.000 | 0.996
LC4 0.5 10.996 | 0.710 | 0.993 | 1.983 | 0.991 | 1.000 | 1.000 | 0.991

Table 8: Inertia related fault cases (rotor).
ot [ ot | wi | w2 [ Wodi | Wede  Vgdn Vel

S gz | aem | g | goiw | e | gfr | afr ghe gl
LCO 1 1 1 1 1 1 1 1 1

LC1 1.05 | 1.000 | 1.000 | 0.952 | 0.952 | 1.000 | 1.000 | 1.000 | 1.000
LC2 1.10 | 0.999 | 1.000 | 0.909 | 0.909 | 1.000 | 1.000 | 1.000 | 1.000
LC3 1.20 | 0.998 | 1.000 | 0.833 | 0.833 | 1.000 | 1.000 | 1.000 | 1.000

4.8. Experimental validation of proposed modal estimation and condition monitoring approach

The experimental validations are based on the operational data obtained from the drivetrain
system of a 1.75 MW Vestas wind turbine.

4.8.1. Estimation of natural frequencies

The PSD spectrum of angular velocity error function of the Vestas drivetrain operational data
for a rated operation is compared with angular displacement and acceleration error functions
as shown in figures 4a-4c, which shows the observability of both the drivetrain and blade
natural frequencies. The results are validated by comparing with the 1% drivetrain and 1%
blade edgewise natural frequencies of another turbine with the same drivetrain technology and
a similar power range reported in [35]. The performance of angular velocity error function
is compared with angular displacement and acceleration error functions. As it can be seen,
angular acceleration shows a slightly higher performance in amplification and extraction of
characteristic frequencies of higher values. A comparison between the angular velocity error
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Table 9: Inertia related fault cases (gearbox).

I | e [ agr 5 re | Voduw | Yode Uik Yok,
LN D % W ﬁ ;”at" \I:P“%” \If‘i‘d? ¢§34? \If‘iﬁ" \I'xj?ﬁ"
LCO 1 1 1 1 1 1 1 1 1
LC1 1.05 | 0.998 | 0.978 | 1.004 | 1.046 | 1.000 | 1.000 | 1.000 | 1.050
LC2 1.10 | 0.997 | 0.957 | 1.007 | 1.092 | 1.000 | 1.000 | 1.000 | 1.100
LC3 1.20 | 0.993 | 0.919 | 1.015 | 1.183 | 1.000 | 1.000 | 1.000 | 1.200

Table 10: Inertia related fault cases (generator).
tor tor 97 353 Wil 25 Al 5

LCO 1 1 1 1 1 1 1 1 1
LC1 1.05 1 0.978 | 0.998 | 1.046 | 1.003 | 1.000 | 1.000 | 1.000 | 0.952
LC2 1.10 | 0.958 | 0.997 | 1.093 | 1.007 | 1.000 | 1.000 | 1.000 | 0.909
LC3 1.20 | 0.920 | 0.994 | 1.186 | 1.012 | 1.000 | 1.000 | 1.000 | 0.833

function PSD in two different operating speeds is shown in Fig. 4d. As it can be seen, the
higher damping coefficient in lower speeds has resulted in a lower damped natural frequency.
Furthermore, at the drivetrain natural frequency, the amplitude reacts more significantly to
the variation in damping. In other words, the amplitude of response at the natural frequency
reduces more compared with other harmonics, for a lower rotor speed which corresponds to a
higher damping. The filtered low-speed shaft angular velocity measurement is shown in Fig.
4e. The chosen filter is a first order high-pass butterworth filter with the cutoff frequency 1H z.
As it can be seen, the filtered signal shows some degree of competence with the angular velocity
error function in extracting the torsional properties of the system i.e. the drivetrain and the
blade in plane natural frequencies.

4.3.2. Diagnosis of the drivetrain fault

Our observation on extensive operational measurements of the drivetrain system of the under
consideration turbine shows that for the same turbine rotational speed the natural frequencies
do not change under normal operations. The Fig. 4f shows the deviation of 15 natural frequency
which is apparently due to a low-speed shaft fatigue crack. Therefore, the method is able to
detect the shaft cracks in the early stages of progression. As it can be seen, the reduction of the
natural frequency at the same operational speed is observed due to a reduction in the low-speed
shaft stiffness as a consequence of fault in the low-speed shaft. The frequency spectra presented
in literature for detection of shaft crack are usually unreliable as other types of faults can also
generate a similar frequency pattern. More advanced frequency domain approaches call for the
coupled analysis of the crack vibrations consequences in all bending, longitudinal and torsion
which is both expensive to implement and dependent on the load and excitation frequencies.
The cracked shaft can represent a periodic reduction in the shaft stiffness due to nonlinear ef-
fects such as breathing of the crack. Dependent on the type of crack the variation of the stiffness
of the different directions of lateral, axial and torsional could be different, because the stiffness
change is dependent on the direction of bending moment at the crack cross-section. Due to the
coupling phenomena that exists in a cracked rotor, i.e. bending—torsion, longitudinal-torsion,
the variations of longitudinal or bending stiffness parameters, which have relationship with
type and depth of crack, also influence the torsional stiffness in later stages. Therefore, the
assumptions for modelling of a crack with constant torsional stiffness asymmetry does not seem
to be unrealistic. However, the proposed method has a potential to be adjusted based on more
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Figure 4: Experimental results based on 1.75MW Vestas turbine operational data. (a) PSD of ef,. (b) PSD
of e2,. (c) PSD of ef,. (d) PSD of €%, in two different operations. (e) Comparison of X(Qpp) and e, (1)
performances. (f) Fault in low-speed shaft: influence on 1% mode. (g) Fault in low-speed shaft: FFT of
accelerometers. (h) Fault in low-speed shaft: phase difference.
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complex models of stiffness variation in terms of crack properties. The performance of the pro-
posed fault detection feature based on monitoring natural frequency variations from torsional
measurements in detection of low-speed shaft faults is compared with three conventional meth-
ods in literature based on accelerometers measurements. First, the frequency domain indicator
based on observing twice the running frequency component and the subharmonic resonance
[27; 36]; second, the variable phase difference between the time domain measurements of the
accelerometers placed on the two sides of shaft at the shaft rotational frequency component;
third, the r.m.s of time domain acceleration based on standard ISO 10816-21. The frequency
spectra of the two accelerometers placed on the two main bearings which support the main
shaft are shown in Fig. 4g. In this figure, the under consideration turbine has been working
with the nominal rotational speed which is 0.33Hz in the low-speed side. As it can be seen,
the main revolution frequency, the double frequency and the subharmonics do not show a sig-
nificant amplitude in the response. The insufficiency of frequency domain analysis in different
operating speeds in detecting shaft faults in the general rotor system is also reported in [26].
The other drawback with frequency domain analysis based on our observations is that due to
the low frequency content of the low-speed shaft faults, they can be mistaken with a wide range
of excitation frequencies due to environmental and structural motions induced vibrations which
happen in the low frequency range. The latter is the reason that the second method which is
the crack detection criterion based on the analysis of phase difference between the acceleration
measurements of the two sides of low-speed shaft is also not helpful. The Fig. 4h shows the
synchronized time domain acceleration measurements of AC1 and AC2 which are band-pass
filtered around the low-speed shaft rotational frequency. As it can be seen, the figure does not
represent any variation in the phase difference between these two signals. Monitoring of the
variations of the phase difference of the frequency component 0.33Hz is not guaranteed due
to the influence of the other frequency components which appear in response in this frequency
range. As it can be seen in the Table 11, the described abnormality cannot also be detected by
the third method which is the conventional time domain approach based on the evaluation of
the r.m.s value of the time series data of the translational vibrations.

Table 11: Acceleration r.m.s compared with the warning limits brought in standard ISO 10816-21.

. Semsor | 401 Ac2
Comparison
Measured r.m.s (m/s?) 0.01 |0.01
Standard r.m.s threshold (m/s*) | 0.3 | 0.3

5. Conclusions

A condition monitoring approach bottomed on the coordination of a data-driven approach
for estimation of drivetrain dynamic properties based on signal processing of the torsional
measurements, and the analytical /physical model of drivetrain to extract the fault detection
features was presented. It was shown that only a reduced order 3-DOF model is enough to
detect different categories of drivetrain faults at system level.

The drivetrain modal estimation approach by using torsional measurements was analytically
explained and then validated by using both simulation and experimental studies, so that the
observability of natural frequencies and the estimation of damping coefficients for the different
natural frequencies and operating speeds were demonstrated by different investigated case stud-
ies. The estimated modes were later supporting the proposed drivetrain condition monitoring
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approach which works based on monitoring the variations of the system dynamic properties
and amplitude of response at the drivetrain torsional frequencies. The drivetrain system fault
detection features were extracted by sensitivity analysis and were tested by both 10MW driv-
etrain simulated model in Simpack software and 1.75MW Vestas operational turbine. The
results were showing that the progression state of different categories of drivetrain faults at
system level are observable in an early stage by the method developed based on 3-DOF equiv-
alent torsional model of the drivetrain, only by tracking the faults consequent variations in the
drivetrain dynamic properties.

The results demonstrate the potentials of torsional measurements for both drivetrain modal
estimation and system-level fault detection. The future work will be devoted to the application
of higher DOF torsional models as more detailed equivalent models of the drivetrain, which can
capture real-time variations in mesh stiffness and inertia of individual gears and intermediate
shafts, which can help to detect faults in those subcomponents by taking into account the
components internal dynamics.
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Appendix A. 3-DOF equivalent model dynamic properties as a function of model
parameters

The two undamped natural frequencies (nonrigid modes) based on 3-DOF lumped-mass-spring
model of a geared drivetrain, as functions of model parameters, can be calculated by

kr, kr + kg kr —kr,  kp — kg kg krke
Qtor — — e 2 Al
! 2J, 2Jgr 2Jgn \/( 2J, 2Jgr 2Jgn) + Jg?T ’ (Ala)
kr,  kp+ky ky —kr  kp —ky ky krky
Qtor — - 2 Alb
2 27, " 2g, 27, " \/ S " e, T e (A.1b)

where Q1" and Q" are the 1*! and 2" natural frequencies, k;, and ky are the torsional stiffness
of low- and high-speed shafts, and J,, J,, and J,, are the moment of inertia of rotor, gearbox
and generator, respectively.

The two normal modes related to the two non-rigid modes of the under consideration drivetrain
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model, as functions of model parameters, which are scaled to unity length are
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o \IJS;,?M and \Ilsg)lfn are the same parameters for the 2"¢ mode.

Appendix B. Sensitivity of natural frequencies to the system parameters

The equations describing the sensitivity of natural frequencies to the system parameters are

summarized as follows.

For this case, there are two natural frequencies and five parameters
which results in ten different sensitivity functions.
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Appendix C. Sensitivity of normal modes to the system parameters

The sensitivity of normal modes to parameters variations can be defined for each element
of eigenvector associated to each eigenfrequency. Therefore, for the under consideration 3-
DOF model with two nonrigid modes, and five parameters of system, thirty different sensitivity
functions are derived. For instance, the sensitivity of the eigenvector element related to gearbox,
due to the 1°* and 2"¢ modes, to variations in system parameters are brought as follows:
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Appendix D. Sensitivity of amplitude of response at the natural frequencies to
the system parameters and loads

The sensitivity of amplitude of response at the natural frequencies to system parameters and
loads can be defined for the two natural frequencies with respect to the seven system parameters
and the two input/output loads which results in eighteen different cases. In the following, the
closed form equations of the sensitivity analysis associated to 1°* and 2"? torsional frequencies
with respect to both the input and output loads are shown:

References

norm __
S9,8 =

norm __
9,9 -

norm __
10,8 —

norm __
510,9 -

TT\/EA+G+ J2 J2 A2\/A

gregn

ATy\[FA+V + RIZANA+T, [EA+G+ 13,03, APVA)
Ty\JFA+V + J2J2 A2V/A

2Ty JFA+V + J2J2,A2VA + TT\/EA + G+ J2T2AA)

TT\/EB +G+J2J2 B2/B

gregn

2Ty\/FB+V + J2J2B*/B + TT\/EB +G + J2.J2,B2VB)

Ty /FB+V + J2J2,B2VB

2Ty\/FB+V + J2J2 BB + TT\/EB +G + J2.J2,B2VB)

(D.1)

(D2)

(D4)

[1] Ioannou, A., Angus, A. and Brennan, F., 2018. Parametric CAPEX, OPEX, and LCOE ex-
pressions for offshore wind farms based on global deployment parameters. Energy Sources,
Part B: Economics, Planning, and Policy, 13(5), 281-290.

[2] Pfaffel, S., Faulstich, S. and Rohrig, K., 2017. Performance and reliability of wind turbines:
A review. energies, 10(11), 1904.

[3] El-Kafafy, M., Gioia, N., Guillaume, P. and Helsen, J., 2019. Long-term automatic track-
ing of the modal parameters of an offshore wind turbine drivetrain system in standstill
condition. In Rotating Machinery, Vibro-Acoustics & Laser Vibrometry, Vol. 7 (pp. 91-

99).

34



[4]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

Gioia, N., Daems, P.J., Peeters, C., Guillaume, P., Helsen, J., Medico, R., Deschrijver,
D. and Dhaene, T., 2019, June. Gaining insight in wind turbine drivetrain dynamics by
means of automatic operational modal analysis combined with machine learning algo-
rithms. I'n ASME International Conference on Offshore Mechanics and Arctic Engineering
(Vol. 58899, p. VO10T09A017).

El-Kafafy, M., Colanero, L., Gioia, N., Devriendt, C., Guillaume, P. and Helsen, J., 2017.
Modal parameters estimation of an offshore wind turbine using measured acceleration
signals from the drivetrain. In Struc. Health Monitoringés Damage Detection, 7, pp.41-48.

Mérquez, F. P. G., Tobias, A. M., Pérez, J. M. P. and Papaelias, M., 2012. Condition
monitoring of wind turbines: Techniques and methods. Renewable Energy, 46, 169-178.

Artigao, E., Honrubia-Escribano, A. and Gomez-Lazaro, E., 2018. Current signature anal-
ysis to monitor DFIG wind turbine generators: A case study. Renewable Energy, 116,
5-14.

Soua, S., Van Lieshout, P., Perera, A., Gan, T. H. and Bridge, B., 2013. Determination of
the combined vibrational and acoustic emission signature of a wind turbine gearbox and
generator shaft in service as a pre-requisite for effective condition monitoring. Renewable
Energy, 51, 175-181.

Yang, W., Tavner, P. J., Crabtree, C. J., Feng, Y. and Qiu, Y., 2014. Wind turbine
condition monitoring: technical and commercial challenges. Wind Energy, 17(5), 673-693.

Tonks, O. and Wang, Q., 2017. The detection of wind turbine shaft misalignment using
temperature monitoring. CIRP Journal of Manufacturing Science and Technology, 17, 71-
79.

Feng, Y., Qiu, Y., Crabtree, C. J., Long, H. and Tavner, P. J., 2013. Monitoring wind
turbine gearboxes. Wind Energy, 16(5), 728-740.

Chen, S., Du, M., Peng, Z., Feng, Z. and Zhang, W., 2020. Fault diagnosis of planetary
gearbox under variable-speed conditions using an improved adaptive chirp mode decom-
position. Journal of Sound and Vibration, 468, 115065.

Qiao, W. and Lu, D., 2015. A survey on wind turbine condition monitoring and fault
diagnosis—Part II: Signals and signal processing methods. IEEE Transactions on Industrial
Electronics, 62(10), 6546-6557.

Maynard, K. and Trethewey, M., 2001. Blade and shaft crack detection using torsional vi-
bration measurements part 3: field application demonstrations. Noise & Vibration World-
wide, 32(11), 16-23.

Moghadam, F.K., and Nejad, A.R., 2019. Experimental validation of angular velocity
measurements for wind turbines drivetrain condition monitoring. Accepted by Proceedings
of 2™ International Offshore Wind Technical Conference (IOWTC) 2019.

Suominen, M., Karhunen, J., Bekker, A., Kujala, P., Elo, M., Enlund, H. and Saarinen,
S., 2013. Full-scale measurements on board PSRV SA Agulhas II in the Baltic Sea. In
Proceedings of the International Conference on Port and Ocean Engineering Under Arctic
Conditions.

35



[17]

[18]

[19]

[20]

[21]

22]

(23]

[24]

[25]

[26]

[27]

(28]
[29]

[30]

Patel, T.H. and Darpe, A.K., 2009. Coupled bending-torsional vibration analysis of rotor
with rub and crack. Journal of Sound and Vibration, 326(3-5), pp.740-752.

Feng, Z. and Zuo, M.J., 2013. Fault diagnosis of planetary gearboxes via torsional vibration
signal analysis. Mechanical Systems and Signal Processing, 36(2), pp.401-421.

Lebold, M.S., Maynard, K., Reichard, K., Trethewey, M., Bieryla, D., Lissenden, C. and
Dobbins, D., 2004, March. Using torsional vibration analysis as a synergistic method for
crack detection in rotating equipment. IEEE Aerospace Conf. Proc., Vol. 6, pp. 3517-3527.

Kia, S.H., Henao, H. and Capolino, G.A., 2009. Torsional vibration assessment using
induction machine electromagnetic torque estimation. IEEE Transactions on Industrial
FElectronics, 57(1), pp.209-219.

Lu, B., Li, Y., Wu, X. and Yang, Z., 2009, June. A review of recent advances in wind
turbine condition monitoring and fault diagnosis. In 2009 IEEE Power Electronics and
Machines in Wind Applications, pp. 1-7.

Nejad, A.R., Odgaard, P.F. and Moan, T., 2018. Conceptual study of a gearbox fault de-
tection method applied on a 5-MW spar-type floating wind turbine. Wind Energy, 21(11),
pp.1064-1075.

Moghadam, F.K., and Nejad, A.R., 2020. Natural frequency estimation by using torsional
response, and applications for wind turbine drivetrain fault diagnosis, Torque conference,
accepted.

Lebold, M. S., Maynard, K., Reichard, K., Trethewey, M., Bieryla, D., Lissenden, C. and
Dobbins, D., 2004, March. Using torsional vibration analysis as a synergistic method for
crack detection in rotating equipment. IEEE Aerospace Conference Proceedings, 6, pp.
3517-3527.

Jiang, M., Wu, J., Peng, X. and Li, X., 2017. Nonlinearity measure based assessment
method for pedestal looseness of bearing-rotor systems. Journal of Sound and Vibration,
411, 232-246.

Liu, Y., Zhao, Y., Lang, Z. Q., Li, J., Yan, X., Zhao, S. (2019). Weighted contribution
rate of nonlinear output frequency response functions and its application to rotor system
fault diagnosis. Journal of Sound and Vibration, 460, 114882.

Chatterton, S., Pennacchi, P., Vania, A. and Rubio, P.; 2019. Analysis of the periodic
breathing of a transverse annular crack propagated in a real rotating machine. Engineering
Failure Analysis, 99, pp. 126-140.

Thomson, W., 2018. Theory of vibration with applications. CrC Press.

Lissenden, C.J., Tissot, S.P., Trethewey, M.W. and Maynard, K.P., 2007. Torsion response
of a cracked stainless steel shaft. Fatigue and fracture of engineering materials and struc-
tures, 30(8), pp.734-747.

Morio, J., 2011. Global and local sensitivity analysis methods for a physical system. Eu-
ropean Journal of Physics. 32. 1577.

36



[31]

(32]

[33]

[34]

[35]

[36]

Moghadam, F.K., and Nejad, A.R., 2019. Evaluation of PMSG-based drivetrain technolo-
gies for 10 MW floating offshore wind turbines: pros and cons in a life-cycle perspective.
Accepted by Wind Energy.

Saltelli, A., Tarantola, S. and Chan, K.S.; 1999. A quantitative model-independent method
for global sensitivity analysis of model output. Technometrics, 41(1), pp.39-56.

Karimirad, M. MARINTEK Numerical Tools for Coupled Aero-Hydro-Servo-Elastic Sim-
ulations of Offshore Wind Turbines. SINTEF. MARINTEK.[Accessed 2019].

Rulka, W. (1990). SIMPACK—A computer program for simulation of large-motion multi-
body systems. In Multibody systems handbook (pp. 265-284). Springer, Berlin, Heidelberg.

Licari, J., Ugalde-Loo, C.E., Ekanayake, J.B. and Jenkins, N., 2012. Damping of torsional
vibrations in a variable-speed wind turbine. IEEE Transactions on Energy Conversion,
28(1), pp.172-180.

Darpe, A. K., Gupta, K. and Chawla, A., 2004. Coupled bending, longitudinal and tor-
sional vibrations of a cracked rotor. Journal of sound and vibration, 269(1-2), 33-60.

37






A.5. Paper 5 201

A.5 Paper5

Paper 5:
Digital twin modeling for predictive maintenance of floating offshore wind
turbine drivetrains.
Authors: Farid Khazaeli Moghadam, Geraldo Francisco de Souza Rebougcas,
Amir Rasekhi Nejad
Accepted to Springer Journal of Forschung im Ingenieurwesen.






Digital twin modeling for predictive maintenance of
gearboxes in floating offshore wind turbine drivetrains

Farid K. Moghadam '[0000-00020795-687)_Geraldo F. de S. Rebougas![0000-0001-7112:9512]
and Amir R. Nejad![0000-0003-0391-869%]

! Norwegian University of Science and Technology, Trondheim, Norway

Abstract. This paper presents a multi-degree of freedom torsional model of dri-
vetrain system as the digital twin model for monitoring the remaining useful
lifetime of the drivetrain components. An algorithm is proposed for the model
identification, which receives the torsional response and estimated values of rotor
and generator torques, and calculates the drivetrain dynamic properties, e.g. eigen
values, and torsional model parameters. The applications of this model in predic-
tion of gearbox remaining useful lifetime is discussed. The proposed method is
computationally fast, and can be implemented by integrating with the current tur-
bine control and monitoring system without a need for a new system and sensors
installation. A test case, using 5 MW reference drivetrain, has been demonstrated.
Keywords: Drivetrain, digital twin model, modal estimation, remaining useful
lifetime, torsional response.

1 Introduction

Power train system including rotor, main bearings, gearbox, generator and power
converter accounts for 57% of turbine total failures and 65% of turbine total downtime
[1]. The consequent costs are expected to be higher in floating wind turbines (FWT)
due to costly and slow-going marine operations. In FWTs, the power train system is
exposed to a wider range of excitations than bottom-fixed turbines due to synergistic
impacts of wind, wake, currents and structural motions-induced vibrations [2]. Predic-
tive maintenance is proposed in the literature as a support tool for the time base mainte-
nance to reduce the unexpected shutdowns and the consequent downtimes while it can
also help to optimize the inspection intervals. The motivation of this research is increas-
ing the wind turbine (WT) availability by performing predictive maintenance of the
drivetrain system through the digital twin models.

Digital twins are highly accurate but computationally fast models of the system
which can be run in-line with the real machine. The model should be able to update
itself by the online operational measurements, to capture the physical variations in the
system over the time [3]. In this paper, digital twin is proposed as a tool for lifetime
monitoring of the drivetrain system, and more specifically the gearbox, by using the
torsional vibration measurements, which can be included in the farm Supervisory Con-
trol and Data Acquisition (SCADA) existing system by using higher resolution encod-



ers. The input data may also be provided by additional installations e.g. proximity sen-
sors and angular accelerometers. Correa ef al. [4] performs a review on the drivetrain
components condition monitoring techniques and faults prediction in general and also
by using the SCADA data. Digital twin is a proven technology which is used by Sie-
mens Gamesa for prediction of drivetrain loads and subsequently improving the
drivetrain design [5]. The application of digital twin for monitoring of the drivetrain
lifetime may be looked as an expensive solution. However, in this work, it is shown
that by using innovative approaches based on analysis of torsional measurements it is
possible to offer computationally-fast solutions for monitoring the lifetime of the
drivetrain critical components with a potential to be integrated with the currently avail-
able control and monitoring system with minimum additional cost. Digital twin in this
context means the combination of model, online measurements and remaining useful
lifetime (RUL) model as defined and suggested by [6].

Rebougas et al. [7] suggests the 14-DOF torsional model as a fair compromise be-
tween complexity and accuracy when the structural integrity of gearbox is taken into
consideration. The structural integrity is mainly measured in terms of contact fatigue
stresses of the gear pairs, so that this model can be used as the indicator for the gears
contact loads. For this purpose, the applicability of a 14-DOF lumped-parameter tor-
sional model of the drivetrain system as the digital twin model for monitoring the deg-
radation in a high-speed drivetrain technology with a three-stages gearbox which con-
sists of two planetary and one parallel stages is investigated. The algorithm for estima-
tion of digital twin model parameters is based on a data-driven approach which operates
based on the real-time drivetrain torsional measurements, and the estimated dynamic
properties from the torsional response. The algorithm employed for estimation of dy-
namic properties, namely natural frequencies and damping from the torsional response
is according to the modal estimation approach proposed by [8]. In order to estimate the
moment of inertia of the components in the equivalent model, an optimization problem
is defined based on the least square error between the digital twin model and the online
measurements consisting of torsional response and estimated input torque. After all, the
stiffness parameters of the model are estimated by using the equations of natural fre-
quencies as a function of equivalent model parameters (stiffness and inertia). It is worth
noting that the equivalent lumped parameter model of drivetrain in the proposed digital
twin approach is linear. However, the eigenfrequencies of the drivetrain are nonlinear
functions of equivalent model parameters. Since the assumption of accessibility of all
the system dynamic states is optimistic, the problem is extend to a more general class
of problem with a partial knowledge about the system modes. The parameters of the
digital twin model are updated by using the real-time operational data. The most prev-
alent failures of the large gears in WT drivetrain systems are due to gear tooth root
bending and pitting fatigue damage [9]. For monitoring the RUL of the gears in this
work, the degradation of the gears due to pitting fatigue damage and the gear pairs
contact loads are taken into consideration. The contact loads on the gear pairs are esti-
mated by using the load observers designed for the gear pairs based on the real-time
estimated digital twin model and torsional measurements. The employed model-based
degradation model is based on stress-life method. The online estimated contact stress
feeds the time-domain cycle counting approach based on rainflow method for online
estimation of fatigue cycles, and then for estimation of fatigue damage for each gear



pair by using the Miner’s rule. For all the simulation cases, the floating 5 MW NREL
WT with a spar support substructure as a common way of realization of FWT is used.
The reason for the latter is the higher motivation in FWT for predictive maintenance.

This paper is the proof of concept for the idea of near real-time estimation of the
load and subsequently the residual life in the drivetrain components by using computa-
tionally efficient equivalent models estimated from torsional measurements supported
by real-time values of torsional response. The proposed algorithm is able to estimate
the equivalent model parameters by using only few measurement samples which feed
a robust linear regression estimator designed to estimate the equivalent model parame-
ters. On this basis, the main contributions of this work are:

- Proposing the 14-DOF equivalent lumped-parameter model as the digital twin of
the drivetrain system for remaining useful lifetime monitoring of the gearbox,

- Proposing an algorithm for the near real-time estimation of the equivalent model
parameters by using the torsional measurements,

- Designing computationally inexpensive load observers for the near real-time es-
timation of the contact load and stress on the gears in planetary and parallel stages
of the drivetrain gearbox, by using equivalent model parameters and real-time
torsional responses,

- Proposing a physics-based degradation model for near real-time estimation of the
residual life of the gears in the drivetrain gearbox by using the online estimated
equivalent model, real-time measurements, designed load observers and contact
stress estimation approach,

- Simulation studies to evaluate the proposed digital twin approach for estimation
of fatigue damage of the gears, and validation of the results by high-fidelity sim-
ulation models.

2 Methodology

2.1  Test case

NREL 5 MW reference wind turbine [10] with a spar floating support substructure
is selected for this study. The wind turbine specification and the overall characteristics
of the floating platform is obtained from [11]. This model is able to capture the global
dynamics of spar floating wind turbine from the interaction with the environmental
loads. The 5 MW reference drivetrain [12] is employed in this study.

2.2 Global simulation and estimation of drivetrain loads

The decoupled simulation approach is used for the drivetrain studies in this work.
The latter means that the turbine global simulation results, namely the rotor aerody-
namic load and the bedplate motions are applied to the detailed local drivetrain model
in a secondary software. Then the drivetrain local load effects are obtained for further
postprocessing aimed at monitoring the drivetrain remaining lifetime. More details on
the utilized decoupled approach and the global simulation model is available in [11].
The wind is turbulent based on Kaimal distribution. The turbulence intensity at hub



height 7 (=) is assumed to be 0.74, for all the wind speeds, according to IEC 61400-1
class B turbines. The wave is modelled stochastic by two parameters, namely signifi-
cant wave height Hy (m) and peak period T, (s) in global analysis.

2.3 Drivetrain torsional model as the digital twin model for predictive
maintenance

The NREL 5 MW reference drivetrain proposed in [12] is considered in this study,
considering only its torsional behavior. Figure 1 contains a schematic representation of
the model used in this work. The gearbox is assumed to be clamped to the nacelle’s
bedplate by rigid torque arm supports, leading to no rotation of the ring gears. This
model is based on [13], where the resonant behavior of a single-stage planetary gearbox
is discussed. The equations of motion are shown in Eq. (1).

J6 +DO+KO =T, )
0=1[0, 67 07 0] 0, T=[Tx 0 - 0 T, )

In these equations, 6y and Ty (k € {R, 1, 2, 3, G}) represent torsional coordinate and
external torques, respectively. The indexes R and G are associated with rotor and gen-
erator variables, respectively. The sub-vectors 0, (i € {1, 2, 3}) refer to the gear stages,
see Eqs. (3) and (6). The global inertia and stiffness matrices J and K are obtained from
their local counterparts. The damping is defined using Rayleigh parameters, being pro-
portional to the inertia and stiffness matrices JandK , i.e. D=aJ+ K.

3 ¢! carrier
3 p: planet
G: generator Stagé3 rring
P: pinion ‘ ‘ Parallel S sun
W: wheel | LSS: Low-speed shaft
R: totor " ISS: Tntermediate speed shaft

Planetary PlanelarAy HSIS: High-speed intermediate shaft
HSS: High-speed shaft

Fig. 1. Representation of the torsional model [7].

The local matrices for the planetary stages can be seen in Eqgs. (3) to (5) and are
based on the matrices used in [13], while the local matrices for the parallel stage, shown
in Eq. (6), were obtained by isolating the sun-planet gear pair of the planetary stage. In
these equations, 6, m, k, and r, represent the angular displacement, mass, stiffness and



base radius respectively. The indices c,p, s, P, and W represent the carrier, planet and
sun elements of the i*" stage, respectively. The mesh stiffness between sun-planet, ring-
planet and pinion-wheel gears is represented by kg, k., and kpyy, respectively. In this
work, the mesh stiffness between different gear pairs is calculated according to ISO
6336-2 [14], which takes a constant value. The center distance for planetary stages is
represented by a,, [7]. Shafts are used to connect the adjacent inertia elements, such as
the rotor, generator, and gear stages. The shafts were modelled using finite element
theory leading to the shaft’s inertia and stiffness matrices Js and K in Eq. (7). Assem-
bling the global matrices from the local matrices is illustrated in Fig. 2. In Eq. (7), D,
L, and G represent the shaft’s diameter, length, and the shear elasticity modulus of its
material. The indices a and b on the shaft’s displacement vector 05 represent DOFs
adjacent to the shaft. For the high-speed intermediate shaft (HSIS), shown in Fig. 1,
a = s,andb =W.
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The generator torque is realized by a proportional-integral (PI) speed controller, de-
fined as

Tg :er+K,f0ted1:, e =wg— 0, 8)

where the error e is given as the difference between reference and measured generator
speedsw, and O, respectively. Kp = 2200 is the proportional gain and K; = 220 is
the integral gain.

2.4  Estimation of model parameters from torsional response

Drivetrain modal estimation
The torsional response residual function between the inertia j,,and j, from the point
m is defined as

e = Uy — Um0y , form,n € {1,..,14}, 9)
with a is the angular acceleration, and u,, ,, is the relative gear ratio between j,,and j,
. . . e LN,
to make them in the same coordinate. Gear ratio u,, ,, as per definition is N—’", where N,
n

and N,, are the speeds at m**and n*" inertias. The theoretical explanation of estimation
of natural frequencies from the frequency spectrum of ey} ,is provided by [8]. The dif-
ferent residual functions can be defined by using the response obtained from the differ-
ent locations of drivetrain, which present different levels of visibility of the drivetrain
torsional modes.

Estimation of moment of inertia matrix
By summing the moments on each of the inertias of the lumped parameter model
yields 14 equations of the form

Ji6; + Di(éi - 91‘—1) - Di+1(9i+1 - 91‘) + ki(0; — 0;_1) — kiz1(0i11 — 0)) =0,
for i = (1,..,14). (10)

In the matrix form, these set of equations can be written as
J6 (t) +DO) +KO(t) =T. (11)

Assuming that the load and response time series are known, the parameter estimation
turns to the minimization of the L2 norm of error. The error function is defined by

E(t) 2 JO (t) +DO(t) + RO(t) — T(t) . (12)
The least square estimator is defined by
ALS LS LS .
J7,K",D" € arg m1n{||E||2}’ (13)

JLKD>0

where J is a diagonal matrix. K and D are nondiagonal but symmetric matrices. The
matrices D and K are not full rank. The latter causes some computational difficulty for
the above quadratic matrix optimization problem, so that there is no guarantee for the



convergence. In order to remove the coupling between these equations due to the K and
D terms, and to reduce the computational complexity by reduction of the number of
variables, the equivalent scalar optimization problem is constructed by the sum of the
individual equations of each inertia. The latter leads to the following error function in
terms of the variables j; with rotor as the reference of the rotary coordinate.

e(t) = jiag(t) + -+ ag i@ (6) + - + Ay 14j1a012 () — TROU(E) —
5,14 (t), (14)

where @; is the time series of angular acceleration at the i body. TRt and T¢€" are the
time series of the rotor and generator torques respectively. The sign of a; ; is determined
based on the direction of rotation of j;. The latter leads to the following quadratic scalar
optimization problem as

4 LS .
j = = arg min{|le|?}

j =0 15

This estimator is robust to the measurement noises, and can provide a good approx-
imation even with less than 14 input data samples (underdetermined case). For the case
of more than 14 samples (overdetermined case), this estimator helps to obtain more
accurate estimation than solving the linear equations, when the input measurements are
subject to independent identically distributed (i.i.d.) Gaussian noise. In other words, the
total LS technique is able to correct the system with minimum perturbation [15]. The
above convex optimization problem is numerically solved by Matlab CVX and the
global optimizer j5 = {jy, ..., j14} is estimated.

Estimation of stiffness matrix
The undamped torsional frequencies of the system are the nonlinear function of in-
ertia and stiffness as

w; (fori=1,..,14) = Jeig(-]J'K) . (16)

By using the estimated natural frequencies obtained from the modal estimation ap-
proach together with the estimated inertia matrix J from the LS optimization problem,
the stiffness matrix K is the root of g; which is defined by the following nonlinear
equation as

9i = w? —eig(-]7K), (for i = 1,...,14). a7

In general, there is not a unique matrix K from the above equation for the known set
of eigenvalues 4; = {w,?, ..., w142} of the matrix —J~*K. However, by imposing the
sparsity and symmetricity to matrix K from the lumped model, it is possible to calculate
the unique matrix K numerically by using Matlab fsolve solver. The latter also helps to
reduce commutation cost of this matrix algebraic equation by reducing the number of
variables from N2 to N. The matrix J~*K is not symmetric in the general case which
may give the sense that there are multiple answers for K from this equation. However
the fact that —]~*K always has positive eigenvalues (it is positive definite), brings us



to the believe that this matrix is a small perturbation of a symmetric matrix with positive
eigenvalues. Small perturbation keeps the eigenvalues positive [16].

The usual condition for the estimation problem is more restrictive. In other words, it is
possible that only some of the eigenfrequencies of the drivetrain system can be esti-
mated by employing the aforedescribed modal estimation approach, especially the
higher eigenfrequencies which are excited with a lower energy of the input torque. In
this case, the matrix K can still be estimated by using the following optimization prob-
lem in terms of the first n eigenfrequencies as defined by the following least square
error estimator:

~ 1S . .
k" = arg min{a, - eig(a, I}, (18)
AeA

with A is the variable of this problem which is a function of the unknown variable K as
A= —]_1K. Also k ks is the set of nonzero elements of matrix K which are estimated
by the above nonlinear matrix optimization problem. The sign of the elements of k are
forced in the optimization problem. 4,, is the set of n (n € {1, ...,14}) smallest magni-
tude eigenvalues which are known from the modal estimation, 4, = {@?, ..., w,%}.
eig(A,n) is the set of n ((n € {1, ...,14})) smallest magnitude eigenvalues defined in
terms of matrix J and the unknown matrix K. The feasible set A is also defined by

A={AAER™I K>0, A, =0,V A, €S}, (19)

where S is the sparsity of matrix A. The positive definiteness and sparsity of A are the
nonlinear constraints which are imposed to this problem. For the set of positive sem-
idefinite matrices, this problem is convex and the solution is the global optimizer. How-
ever, A is not symmetric in general so that the definition of the problem is nonconvex
for the numerical solvers and convex optimization tools are not able to numerically
solve the problem. For this purpose, Matlab fmincon solver as a powerful tool for the
general class of nonlinear nonconvex problems is used.
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Fig. 3. Free-body diagrams for (a)-(c) planetary and (d)-(e) parallel gear stages.



2.5  Estimation of gearbox loads, and defining degradation model
Estimating contact stresses and loads at each stage

The free-body diagram for the gears in planetary and parallel stages can be seen in
Fig. 3. For wind turbine gearboxes, the input and output torques for planetary (parallel)
stages are the carrier (pinion) torque T (Tp) and the sun (wheel) torque T (Tyy,), re-
spectively. From Fig. 3, one obtains Egs. (20) and (21) as

Planetary stage:

]sés =Ts— NIJTSFsp:
]pép = l"p(Fpr - FSP) = _]p;_;és'

. L s (20)
mpayd = Fpr + Fop = Fye = mpay =20,
]céc =T.— Nprstp = ]cmés’
Parallel stage:
Jpbp =Tp — 1pFpyy = —Jp 2§
pOp =Tp —1pFpy P, 0w e

]WéW =Tw —rwFpw,

One can obtain the relationships between the input and output torques by eliminating
the internal forces between elements. Speed relations are time differentiated which en-
ables writing the contribution of inertial torques by using a single torsional acceleration
and equivalent mass moment of inertia. For the planetary stage, one obtains

T :]Eoés - TC;T‘W, where
a, 2 (22)

Joo =Js + 2 (B2 4y o—D—
EQ s 2 \rf P rgtr, € 2a,,(rg+1,) "

with Jgo as the equivalent mass moment of inertia, having contributions from the sun,
N, planet gears and planet carrier. Similarly, for the parallel stage one has

Tw =]EQéW+TP%J
AP @3)
Jeq =Jw +Jp (rp) ,

with Jgo having contributions from both pinion and wheel gears. The term multiplying
the torque at the pinion is the gear ratio for parallel gears.
Torque transfer between stages is made via shafts, and can be estimated by

Tout = Tin _]sés- (24)

where J56 is the inertial torque from the shaft, [17]. Therefore, for the NREL 5 MW
drivetrain, one should have



. " r
Tint =Tex = Tr — J1ssOr, Tourr =Tsy = ]EQ1951 -T; -

ni ﬁ:
. " Ty
Tinz = Tez = Tourr = JissOs1,  Toutz = Ts2 = Jeg20s2 — Tinz ﬁ, (25)
. " T
Ting = Tp = Tg = Jussbs, Touts = Tw = Je3Ow — Tins f.

The input torques estimated above can be used to estimate the stresses at the different
gear stages as described below.
Gear contact stresses are analyzed in this work following ISO 6336-2:2019 [14]. Ac-
cording to this standard, the contact stresses are defined as

2000T; u+1
Ot = ZapZnZe 2L KaKyiKoiKiagiKnai |z (26)

where u is the gear ratio of the pair, d; and b are reference diameter and face width of
the pinion, respectively, T; is the input torque. The other parameters account for differ-
ent aspects of the problem, such as contact relations Zpp, and ratios Z, material prop-
erties Zg, helix angle Zg, mesh load K, gear speed K, load distributions Kyg; and K.
These factors are discussed in [15] and references therein. Eq. (26) can be rewritten in
a compact form as

oy = C{Ty, 27

where C represents the K and Z design parameters mentioned above. This parameter,
unknown to the maintenance engineer, can be roughly estimated from nominal condi-
tions as C = oyy/+/Tin, so that Eq. (27)Error! Reference source not found. turns to

o = oun [ (28)

where oy; is defined in terms of nominal contact stress oy and torque T;y, which have
a clear physical meaning. Additionally, one can also expand Eq. (28) using Taylor se-
ries around the nominal torque T;y as
oyi —opy = (Ti — TiN)% = (T = T)? ;YT% +0((T; = Tin)*). (29)
This formula gives a polynomial relationship between stress and load deviations.
The accuracy of this expression for higher torque deviations can be increased by con-
sidering other terms of the Taylor series. The nominal stresses are of order /0’ and the
nominal torques vary between /07 and /0%, thus unitary torque deviations lead to 0.05
to 5% stress deviations, if only the first term of the series in Eq. (29) is considered. A
limitation of this derivation is that C depends on parameters that may change with T;,
but these variations should be negligible.

Remaining useful lifetime estimation

The real-time accumulated damage is estimated as follows. First, the time-varying
gear transmitted loads of the gear pairs of three gearbox stages are estimated by using
the torque observers designed as explained in the previous part. The latter is based on
the real-time aerodynamic and generator torques, and the time-varying digital twin
model parameters. Then the gear tooth surface pitting stress is estimated for the differ-
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ent gears as explained on above. The number of gear tooth contact stress cycles at dif-
ferent stress levels is counted by using the time-domain rainflow cycle counting ap-
proach [18]. The outputs are the amplitude stress level g , and the number of stress
cycles at g for s = (1, ...,5). To consider the influence of nonzero mean stress level,
Goodman rule is employed to calculate the effective stress (the equivalent zero mean
alternating stress) by [19],

0 =%V (s€{L,..,5}), (30)
where o, and o,, are the mean stress and material yield strength, respectively. The
accumulated pitting damage for the data block 7 with S different stress levels o¢ (s €
{1, ..., S}) is calculated by using Miner’s rule as

dt=Y%5, ;— 31
where ng is the number of cycles at the stress level a¢ and N; is the number of cycles
to yield at stress level o, where Ny = k(o). The total absolute online accumulated
damage will then be calculated by

D=y, d", (32)

where 7 stands for the last data block which represents the current time. This method
can also be used for estimation of relative damage between different operational periods
over the time, to give an insight on variations in degradation between different opera-
tional periods.

3 Simulation results

3.1 Aerodynamic and generator torques, and drivetrain torsional response

The input aerodynamic torque obtained from SIMO-RIFLEX-AeroDyn and the per-
formance of the designed controller in controlling the generator torque under variable
input torque to set the speed on the shaft is shown in Fig. 3. The drivetrain model re-
sponses are the angular displacement, velocity and acceleration in the different bodies
in the described 14-DOF model. As an example, the angular velocity responses of the
rotor and generator are shown in Fig. 3. For demonstration purposes the torques and
response are scaled with the gear ratio. The turbine operation is assumed to be near the
rated operation.
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Fig. 4: Drivetrain model loads and responses (a) Rotor and generator torques, (b) Torsional response.

3.2 Estimation of dynamic properties and digital twin model parameters

The undamped frequency modes of the 14-DOF model for the healthy system are
listed in the Table 1. The torsional response error function can be defined between dif-
ferent bodies in the drivetrain model. For example, the undamped natural frequencies
estimated from the angular acceleration error function for the 2" gearbox stage is
shown in Fig. 5. The main feature of angular acceleration compared to angular velocity
and displacement is the amplification of the higher natural frequencies in the response.
By defining the angular acceleration error functions in terms of different pairs of bodies
in the model, it is possible to estimate the different drivetrain modes. However, the
significance of modes is different in the error functions defined between different bod-
ies. As it can be seen in Fig. 5, the 6" and 7" modes are not visible in the error function
of the 2™ stage, but they can be observed in the error function defined between rotor
and generator bodies. The estimated natural frequencies by using the employed modal
estimation approach based on angular acceleration error function are listed in the Table
1. The maximum relative error of estimation is less than /.5%. In practice, the torsional
response in commercially available turbines is only accessible by the encoders placed
on rotor and possibly generator shafts, so that some of the modes may not be observable
by only using the error function between rotor and generator.

Table 1. 14-DOF drivetrain model natural frequencies (in Hz).

Mode 1123 |4 |5 (6 (7 |8 |9 |10 |11 |12 |13 |14
Healthy**"2! 10 |2 |120[153]208|567|716|716|971]|1224|1232|1232|1384/1943
Healthy®stimated |0 |2 1118]153]208|567|706|706/970]1220|1220[1220/1381[1933
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Fig. 5. Estimation of torsional modes from gearbox 2" stage error function.

The influence of pitting on parameters of drivetrain equivalent model is usually rep-
resented by a decrease on the mesh stiffness of the faulty gear pair [20-21]. The NREL
5 MW drivetrain presented in Section 2.3 is used to illustrate this behavior, assuming
that the early occurrence of pitting at the sun gear can lead to a 10% decrease in the
sun-planet mesh stiffness. The 10% reduction of the faulty gear mesh stiffness assumed
for modelling a very early stage fault might be high, but this assumption is made to
demonstrate more clearly the influence of the fault on the variations of drivetrain dy-
namic properties. The results of the mentioned fault in the first and second gear stages
can be seen in the second and third rows of Table 2, where one can see that pitting in
the first stage sun gear affected mainly the 7" , 8™ and 9 resonances, whereas pitting
in the second stage sun gear affected mainly the 14" resonances. The results of fault
simulation reported in Table 2 show that a 10% reduction in the sun-planet mesh stiff-
ness of the first gear stage, results in around 2.5%, 2.5% and 4.5% reduction of 7% , 8%
and 9™ drivetrain natural frequencies, respectively, and a 10% reduction in the sun-
planet mesh stiffness of the second gear stage, results in about 5% reduction of the
highest natural frequency of drivetrain. The influence of pitting fault in the ring of first
and second gear stages on the drivetrain natural frequencies are listed respectively in
the fourth and fifth rows of Table 2. A 10% reduction in the ring-planet mesh stiffness
of the first gear stage, results in around 5%, 3% and 3% reduction of 6™ , 7" and 8™
natural frequencies, and a 10% reduction in the ring-planet mesh stiffness of the second
gear stage, results in the 3.5%, 4% and 5% reduction of 10% , 11" and 13™ natural
frequencies, respectively. Since the relative error of estimating the natural frequencies
can be as high as 1.5%, variations of the natural frequencies which are less than 1.5%
cannot be used as the indicator of fault. More detailed models of pitting fault can be
engaged to capture more precisely the dynamics of fault [22] and consequent influence
on the drivetrain dynamic properties, which is not the scope of this work. The influence
of drivetrain faults at system-level on dynamic properties is analytically studied by [23].
Monitoring the variations in the drivetrain system natural frequencies can support the
fault detection of the drivetrain at component-level, e.g. faults in the gears of the gear-
box gear stages, which is also not the main scope of this work.



Table 2. 14-DOF drivetrain model natural frequencies in the different fault cases (in Hz).

Mode 123 |4 |S (6 (7 [8 [9 |10 |11 |12 |13 |14
Healthy4ta |0 |2 |120[153|208|567|716|716|971|1224|1232{1232|1384|1943
Faultigee, |0 |2 [120]153]208]565]700{700/929)1224|1232|1232|1384|1943
Faultdigee, [0 |2 [119]153]208]567|716|716|971|1220]1220]1224|1383|1850
Faultg";gel 0 |2 |120]153|208|541|696|696(968|1224|1232|1232|1384|1943
Fault;fﬁgez 0 |2 [120]153(208|567|716|716971|1181[1181|1224[1314{1941

The actual values of moment of inertia of the different bodies in the 14-DOF model
and the performance of the designed LS estimator in estimation of those parameters
from the torsional measurements based on the theory elaborated in Section 2 can be
seen in the Table 3. The accuracy increases as the number of input samples increases
while the data outliers are filtered to improve the estimation. The number of input sam-
ples can be selected to reach a good tradeoff between the accuracy and computational
speed. The actual values of the diagonal elements of stiffness matrix as the main stiff-
ness parameters are listed in the Table 3. In the case that the exact values of eigenfre-
quencies and inertia parameters are accessed, the solution of Eq. (16) gives the exact
values of stiffness parameters. The estimated values of stiffness parameters of the main
diagonal of the matrix, by considering both the natural frequencies and inertia parame-
ters estimation errors, are listed in the Table 3. Estimated" is the designation used to
indicate that the first proposed stiffness estimation method which denotes the case that
all the eigenfrequencies are accessed. Estimated"” indicates that the second method of
stiffness estimation is used, which is associated to the case that some of the frequency
modes are not observable. In order to calculate Estimated"”, two different cases in
which only the first ten and eleven estimated modes are available are simulated, and
the optimization problem defined by the LS estimator in Eq. (18) is solved. The results
are listed in the Table 4. The estimation error of the associated underdetermined LS
estimator reduces as more frequency modes are known. It is worth noting that our ex-
tensive simulations show that high values of error in the input data of stiffness estima-
tion problem, namely the estimated eigenfrequencies and inertia parameters, may cause
instability of the nonlinear numerical solver in Eq. (16). From the stability perspective,
the LS estimator outperforms the first method which is based on solving the nonlinear
Eq. (16), because the eigenfrequencies of A in the LS estimator are forced to be posi-
tive, which ensures the convergence of the solver. In other words, Estimated"” is more
robust to the input data, and is recommended also when all the frequency modes are
available.



Table 3. Estimation of the digital twin model parameters by using the proposed approach.

Digital twin model parameters
Inertia Stiffness
Actual | Estimated | Error (%) Actual Estimated™! | Error (%)

ji_ | 57231658 | 57233035 0.0  |kr-r 933804433 930722878 0.3

j2 11378 11406 0.2 |ker-er |68281102095| 68267445875 0.0

j3 218 218 0.2 |kpip1z| 4410016425 4402960399 0.2

j4 218 218 0.2 |kpr2pr2| 4410016425 4402960399 0.2

j5 218 218 0.2 |kpsp1z| 4410016425 4402960399 0.2

js 351 352 0.2 |ksis1 | 8654576740 8643325790 0.1

j7 2654 2658 0.1 |kez-ez [93292722671| 93115466498 0.2

js 214 215 0.1 |kp21p21|12852864792| 12820732630 0.3

jo 214 215 0.1 |kp22p22|12852864792| 12820732630 0.3

j10 214 215 0.1  |kp23p23|12852864792| 12820732630 0.3

j11 15 15 0.2 |ks2s2 | 1975494815 1971938924 0.2

j12 1624 1625 0.0 |kww | 6005991606 5992778424 0.2

j13 8 8 0.0 |krr 469799716 468390317 0.3

j14 537 537 0.0 |keec 95646856 95321657 0.3

Table 4. Estimated stiffness by Estimated?.
Error (%) by using Estimated™?

Parameter | kg-r |kci-c1| kp11-p11 | kp12-p12| kp1zp12 | kp13-p13 | Ksi-s1|ke2-c2| kp21-p21 | Kp23-p23 | Ks2-s2| kw-w|kp-p| kG-G
10 modes | 0.9 [27.4| 26.8 | 26.8 | 26.8 | 27.1 | 2.1 |1.7| 1.7 1.7 1181919 9
11 modes | 1.9 [17.3] 16.8 | 16.8 | 16.8 | 17.1 [2.0]19] 19 1.9 12.1]08]19]0.8

3.3  Loads, contact stress and accumulated damage

Contact load and stress validation on the three different gear stages

The input and output torques derived in Section 2.5 and shown in Eq. (25) can be
seen in Fig. 6. There one can see that all torques present similar oscillating pattern
around their nominal values, and that there is little difference between the output and
input torques at adjacent stages, see Fig. 6 (d)-(b) and (e)-(c).

One can estimate the stresses at a sun-planet gear pair by inserting the input torques
shown in Fig. 3 at the first order approximation using Taylor series, based on Eq. (12).
The results for such operation can be seen in Fig. 6, together with results from high-
fidelity Simpack multi-body simulation model of NREL 5 MW drivetrain reported in
[12]. The results show reasonable agreement between the results for the simplified tor-
sional model and the high-fidelity multi-body simulation platform.
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Fig. 6. Comparison between nominal and estimated torques. (a)-(c) input torques and (d)-(f) out-
put torques at the 1%, 2w, and 3« stages respectively.
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Fig. 7. Sun-planet contact stress comparison at second stage: results using estimated input
torque and 1% order Taylor series (see Sec. 2.5) against Simpack simulation.



Calculation of average accumulated damage

The SN curve parameters for pitting fatigue damage calculations depend on material,
load and gear geometry. These two parameters for the pitting fatigue damage estimated
in this paper are obtained based on ISO 6336-2:2019 [14]. Only one region is assumed
for the SN curve. For instance, k is 3.051%10%, and m is 12 for the sun gear of the 2™
stage. The numbers of stress cycles of sun gear is multiplied by 3, because it meshes
with 3 gears simultaneously at each revolution. The accumulated damage of 1% stage
sun, 2" stage sun and 3" stage pinion gears due to contact fatigue for one hour of op-
eration by using the proposed digital twin-based remaining useful lifetime monitoring
approach is listed in the Table 4. The online accumulated damage D of the 2™ stage sun

gear is shown in the Fig. 8.
5 X 10° Real-time accumulated d

0 - -
0 1000 2000 3000

time (sec)
Fig. 8. Accumulated damage of the sun gear of the gearbox 2" stage over one hour of
operation.

Table 4. Accumulated damage for 3600 seconds of operation.

Gear D g
1% stage sun 0.00000482
2" stage sun 0.00000456
314 stage pinion 0.00000759

3.4  Practical implementation challenges and real-time performance

Challenges to overcome for practical implementation

In practical turbines, uncertainties are an important issue. The different sources of
uncertainties and their influences on the digital twin-based degradation estimation ap-
proach grounded on drivetrain torsional equivalent models for estimation of residual
life of the drivetrain shafis are investigated by Moghadam and Nejad in [24]. The latter
is performed by using stochastic models and statistical approaches, where uncertainties
in both the model estimation and real-time measurements are addressed to mitigate their
influence and improve the efficacy of the digital twin approach in presence of uncer-
tainties. The statistical uncertainties in fatigue calculation due to material uncertainties
can be accounted for by stochastic modelling of damage as explained by [24]. It is also
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worth noting that the employed least-square estimator is robust to the measurement
noises, so that it can mitigate the influence of measurement noise in general, and cancel
the influence of Gaussian noise [25]. The other issue in practical turbines is a call for
computationally fast and inexpensive health monitoring techniques. The proposed al-
gorithm is based on inexpensive linear equivalent models of the drivetrain, and the
computational time depends on the sampling frequency and the number of input meas-
urement samples. The algorithm can be managed to be executed only in order of a sec-
ond. The method relies on a linear regression-based estimator and a few measurement
samples, linear torque observers, and the real-time cycle counting of the estimated
stress. The selected linear 14-DOF model of drivetrain is a compromise between sim-
plicity and accuracy, which demonstrates similar results to results of high fidelity mod-
els for estimation of load aimed at estimating the degradation of the gears. The practical
implementation of the algorithm integrated with turbine fully automated control and
monitoring systems means the automated pre-processing of the turbine measurements
to continuously feed updated input data into the proposed system identification ap-
proach to estimate real-time equivalent model of drivetrain in the digital twin frame-
work. This task aims at the optimization of data streaming and continuous processing
architectures to deal with the experimental data aspect of the digital twin framework.
Within the pre-processing stage, a significant step will be on time signal correlation
methods to verify and ensure time synchronicity when the data comes from different
sources by mapping them on common spaces and dealing with the effect of different
samples rates. Another practical issue with the realization of this idea is the possible
need for new sensor installations to access additional torsional measurements, commu-
nication links with the main operation control unit, and the processing power for the
execution of algorithm in near real-time.

Real-time performance metrics

As discussed in detail in Section 2, the digital twin algorithm consists of three main
components, namely drivetrain equivalent model identification, load estimation and
damage calculation. Therefore, for the simulation-based studies of this paper, the run-
time of algorithm can be estimated by the summation of data recording time, time for
estimation of equivalent model parameters, time for estimation of load and time for
calculation of damage.

The model identification computation time, , is mainly influenced by the lin-
ear regression estimator operation, which its computational time depends on the degree
of model complexity and the number of input samples. For the case of 14-DOF model,
the model identification algorithm can estimate the model parameters by less than 5%
error only by using 14 data samples, where the estimation error can be reduced by in-
creasing the number of input samples. By assuming 30 data samples, with the sampling
frequency 300 Hz, the time length of recorded data block will be 0.1 sec. The processing
time depends on the processing power, but can be managed to be only a fraction of a
second. The estimation of load and stress computation time, ¢t'°%?, is determined by the
operation of designed torque observers which are simple arithmetic functions of esti-
mated model parameters and measured real-time response, with the computational time
very close to zero. The damage calculation computation time, t2%m9€_ is reliant on

tmadel
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real-time cycle counting operation on the data blocks of stress time series, which can
be executed quite fast in fraction of a second.

Two real-time metrics are employed to evaluate the algorithm run-time, namely real-
time factor (RTF) and run time (TR), as they can be estimated by [26]

_ gprocess
TF = pinput

TR = tinput + tprncess’ (33)
process — tmadel + tload + tdamuge

These equations can be used to provide a rough estimation of the real-time perfor-
mance of the algorithm, based on testing it with a system with 1.9 GHz Intel Core
i7 CPU and 16 GB memory, which leads to

08s5+01s+02s
0.1s -

Generally speaking, for a system to be considered real-time, RTF should be <1 [27].
The run-time of the algorithm can be compensated in the proposed digital twin ap-
proach by repeating the results of data processing phase for all the data blocks captured
during the processing time. The latter is expected to provide fair enough results for the
drivetrain components’ fatigue damage estimation, since degradation usually happens
during longer periods of time than one second. Hardware-in-the-loop (HIL) simulation
of the algorithm to study the possibility of executing the algorithm in real-time in prac-
tice is considered as the future work.

RTF = 11, TR=015+08s5+01s+02s=12s.

Conclusion

The possibility of using 14-DOF lumped parameter model as the drivetrain digital
twin model for monitoring the remaining useful lifetime of the gears in the different
gearbox gear stages due to contact fatigue stress was investigated. An algorithm for
near real-time estimation of the parameters of drivetrain equivalent model by using the
torsional measurements was proposed and tested by simulation studies. The estimated
contact load and stress obtained by using the designed load observers in the proposed
digital twin approach were validated by the results obtained from a Simpack high-fi-
delity simulation model, which showed a fair agreement between the results, whereas
the proposed digital twin approach based on a linear torsional model is computationally
fast and can be implemented integrated with turbine fully automated control and mon-
itoring systems for online monitoring of gearbox components. The estimated stress was
later used for near real-time estimation of the fatigue damage of the gears by using a
physics-based degradation model. The influence of pitting faults on the system’s reso-
nances was demonstrated by simulation studies, which can support the fault diagnosis
of the gearbox.

Hardware-in-the-loop (HIL) simulation of the algorithm to check the possibility of
executing it in real-time for the fault prognosis purpose, tackling with the described
practicality issues and implementation of the algorithm in an operational wind turbine



20

drivetrain system are considered as the next steps that will be investigated in the future
work.
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ABSTRACT

Keywords: . . . . L X X .
E This paper presents a digital twin (DT) condition monitoring approach for drivetrains on floating

Digital twin model offshore wind turbines. digital twin in this context consists of torsional dynamic model, online mea-
surements and fatigue damage estimation which is used for remaining useful life (RUL) estimation.
At first methods for system parameter estimation are presented. The digital twin model provides suf-
ficient inputs for the load observers designed in specific points of the drivetrain to estimate the online
load and subsequently stress in the different components. The estimated real-time stress values feed
Torsional measurements the degradation model of the components. The stochastic degradation model proposed for estima-
tion of real-time fatigue damage in the components is based on a proven model-base approach which
is tested under different drivetrain operations, namely normal, faulty and overload conditions. The
uncertainties in model, measurements and material properties are addressed, and confidence interval
for the estimations is provided by a detailed analysis on the signal behavior and using Monte Carlo
simulations. A test case, using 10 M W drivetrain, has been demonstrated.

Modal estimation

System identification

Remaining useful life

1. Introduction

In order to realize EU’s goal of climate neutrality by 2050, the EU strategy is that 22% of electricity demand in Europe
(300GW /1361GW = 0.22) should be generated by offshore wind by 2050, [1] and [2]. A recent report confirms the
feasibility of this plan by showing that the levelized cost of energy (LCOE) of both onshore and offshore wind power
has dropped considerably in 2019, so that they along with solar photovoltaic (PV) power have been the cheapest form of
power generation in Europe, where yet there is a big gap between offshore and onshore [3] wind LCOE. The results of an
investigation performed by Beiter ef al. [4] emphasizes on the operating expenditures (OPEX) as the main contributor to
this gap, so that OPEX in bottom-fixed offshore wind turbines is based on another study [5] in average twice higher than
the land-based turbines. There are yet very limited experiences with floating wind turbines (FWT) to estimate the actual
OPEX. The motivation of this research is increasing the wind turbine availability by performing predictive maintenance of
the drivetrain system and the subsequent reduction of unexpected maintenance and expensive offshore transport/operation
cost through digital twin (DT) monitoring and subsequent dynamic optimization of the turbine overhaul plan and scheduled
maintenance intervals. Predictive maintenance accounts for the components of the system with the highest risk of loss of
turbine availability. Power train system including rotor, main bearings, gearbox, generator and power converter accounts
for 57% of turbine total failures and 65% of turbine total downtime [6]. The drivetrain system in this study comprises rotor,
gearbox, generator, main and high-speed shafts, and main bearings, which together cause the majority of the total turbine
downtime. The overall consequences are expected to be higher in offshore and more specifically FWT which apply to higher
power ranges, contain larger components and are encountered with wider range of excitation sources. The real-time lifetime
monitoring of the critical drivetrain component for large FWT is expected to happen in near future [7].

According to the classification provided by Rausand ez al. [8], predictive maintenance is a subcategory of condition-base
maintenance, which is based on assessment of remaining useful lifetime (RUL). The latter can be implemented for the turbine
critical components to set alarms based on the severity and deviation from the nominal lifetime to inform the operator to
take proper actions. The action can be integrated with the scheduled clock-base maintenance for further investigations. The
other possibility is to integrate the predictive maintenance outcomes to the farm-level decision making support to set the
operating point of units based on the turbines condition. Dependent on the risk, the action can also be integrated to the
protection system. DT models are proposed in the recent literature for both predictive and condition-base maintenance in
different application domains, e.g. in aerospace and aviation, oil& gas structures and marine transports industries. The
computationally fast equivalent models of the system components which update themselves based on the operational data
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facilitate the real-time inexpensive and even automated lifetime monitoring of the critical system components. These models
are expected to be able to properly capture the physical variations in system.

As discussed earlier, the nominal capacity of wind turbines and subsequently the rating and size of drivetrain components
is growing rapidly. The largest operational offshore wind turbine is currently 14M W . FWT drivetrains are exposed to
the synergistic impacts of wind, wave, currents, structural motions-induced forces, power grid and their interactions with
the drivetrain internal dynamics. In order to deal with those complexities and for making offshore wind power a more
cost-effective solution by improving the turbine availability, utilization of DT models for monitoring the lifetime of the
drivetrain critical components which cause the highest risk in loss of turbine is emphasized. DT is a proven technology
used by Siemens Gamesa for prediction of drivetrain loads and subsequently improving the drivetrain design in 11M W
offshore wind turbine technology manufactured by this company [9]. DT modelling is proposed in the industrial revolution
Industry 4.0 [10] as the core of development process which can offer unlimited possibilities beyond the design process. The
possibility of online estimation of loads enables another potential application domain for DT models which is for monitoring
of the drivetrain components residual life, where DT is proposed for real-time estimation of the stress in different components
of the drivetrain, which can provide sufficient input for probabilistic physic-based/data-driven approaches for estimation of
RUL or probability of failure (PoF) of the individual components and system.

The focus of this research is proposing a drivetrain RUL prediction solution by the estimation of drivetrain equivalent real-
time DT model parameters and a subsequent monitoring of variations of stress concentration in different components of the
drivetrain, and employing the estimated stress values in probabilistic degradation models which can indicate the fatigue dam-
age in the components. DT in the predictive maintenance context means the combination of model, online measurements and
RUL model as defined and suggested by [11]. A starting point in realization of DT modelling for fault prognosis/diagnosis
purposes is to specify the critical failure modes of the drivetrain system components and then to identify the related fail-
ure criteria/feature by analyzing one or a combination of different categories of measurements, namely vibration analysis,
electrical signature (current and power signals), acoustic emissions analysis, thermography and temperature analysis, and
analysis of oil particles. Those measurements can also be used for indirect estimation of the loads from the load effects (vi-
bration, temperature, pressure, etc.) which can later be used by failure functions and degradation models. Nejad ez al. [12]
discloses a vulnerability map for the drivetrain gearbox which sorts the drivetrain components from the highest to lowest
PoF, and discusses about the critical failure modes of each component. Sethuraman et al. [13] reports the critical failure
modes of the main bearings, whereas Liu ef al. [14] investigates the critical failure modes of the generator.

In general, degradation models comprise two components, namely failure parameter estimation and RUL units. The failure
parameter can be directly measured by physical sensors or estimated by employment of either data-driven or physic-based
observers. Data-driven approaches depend on analysis of historical data and application of artificial intelligence in dif-
ferent operational and environmental condition and estimation of a parameter which is directly related to the components
lifetime heuristically and by analysis of the patterns observed based on the available data. More specifically, the artificial
intelligence techniques preform regression or correlation analysis with respect to the data of a sensor network and look out
for similarities, variations and deviations from a pattern in the dataset over the time. It is usually difficult to rely on the
results obtained from analyzing limited datasets, and not easy to extend the results to different operating conditions and
applications. However, physic-based approaches are based on the system physical rules of flow of energy in the components
and the resulted vibrations and temperature as the responses. Finding an efficient way to address complex dynamics and
transients, and various sources of uncertainties of the real problems by physical models is sometimes challenging. However,
owe to advances in analytical models and stochastic modelling techniques, improved and reliable physical models are the
preferred choice for engineering applications. Adjustability and adaptability of model complexity based on the application,
independency of results of historical data and confortability in defining meaningful thresholds are the other motivations for
sticking to physical models.

There are different approaches to realize DT models:

In the first approach, high fidelity physical models which are able to represent the full dynamics with respect to the under
consideration failure mode are created. Then the order of model is reduced to maintain the same results while the compu-
tational speed is improved. The reduced models are preferred to be implementable in microcontrollers and integrated with
turbine fully automated control and monitoring systems, where the operational measurements are also available. This model
is then supported by the operational measurements aimed to estimate the equivalent real-time load which degrades the com-
ponent with respect to the under consideration failure mode. The latter then plays the role as the input for failure functions
which can be a function of different failure modes of different components, and then model-based reliability analysis which
is able to capture the degradation and predict the RUL of a component or system by comparing the estimated stress and the
resistance of the components material due to the specified failure modes. Pedersen ez al. [15] applies a similar approach
to predict RUL in offshore platform structures, where DT is a finite element model (FEM) which is updated by the online
estimation of modal parameters obtained by operational modal analysis (OMA). FEMs are computationally expensive mod-
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els. The latter makes these models not to be considered as a feasible solution for drivetrain condition monitoring which is
a complex system with a wide range of components. On the other side, drivetrain is a rotational system with a wide range
of components and defects and excitation frequencies, which cause OMA not to be the most efficient tool for estimation of
drivetrain dynamic properties. In this work, DT is considered as an analytical model which its complexity can be adjusted
based on the objectives of the model. The latter can reduce the computational complexity of DT model and facilitate the
implementation in real-time. For the modal estimation, the approach based on analysis of the torsional response proposed
by Moghadam et al. [16] is employed.

In the second approach, signal processing approaches including machine learning techniques (e.g. neural networks and
statistical learning approaches) are leveraged to extract the features which are able to capture the dynamics of various
failures. In this category, which is pointed with signal denoising and feature selection, RUL models are more based on
empirical models and mostly limited to historical data and based on the available observations of the system operation, so
that for a new system with limited observations in different operational conditions these methods might be impractical. As an
instance of this category, Herp et al. [17] uses a date-driven approach based on artificial neural networks (ANN) to estimate
response (in this case, bearing temperature form the turbine operational measurements). The residual life monitoring is
based on estimation and monitoring the variations of the statistical properties of the distribution fitting the PoF based on the
defined empirical hazard function. RUL is then empirically estimated based on the specified feature space and the defined
failure function supported by different categories of machine learning approaches, namely statistical learning and recurrent
neural networks. Statistical models are used for defining the RUL function and optimization problem, and neural networks
are employed for solving the optimization problem.

All these approaches are based on linking computation models with stochastic models. The resultant is able to relate the
variations in the computation model to the expected value of degradation and fatigue damage, and the PoF of the system
components [18]. If the stress time series is available, physic-base reliability approaches can be engaged to estimate RUL,
where stochastic models and signal processing techniques (mainly based on statistical learning and neural networks) can be
engaged to address uncertainties in the degradation model [19]. For the case of RUL estimation based on the feature space
and penalization of the deviation from the distribution of the feature space defined for the normal operation, for instance,
statistical learning approaches based on Bayesian method [20], particle filtering [21] and likelihood function [17] are used in
the literature for estimation of RUL of the wind turbine drivetrain components. Different classes of neural networks are also
proposed in the literature to support both the feature extraction and the probabilistic models proposed for RUL estimation,
[17] and [22].

This paper is based on a proven physic-base approach for degradation estimation, which is supported by statistical approaches
and stochastic models to address uncertainties to improve the accuracy. This method which relies on real-time measure-
ments, is computationally fast and can apply to different dirvetrain components and is not restricted by the operational
conditions.

The main purpose of this work is the proof of concept for the proposed DT model for residual life monitoring of the drivetrain
components. The input measurements come from the high fidelity models. The validation of the estimated model parameters
is performed by comparing the estimated parameters with the actual values. The RUL model is based on the proven physical
rules of stress concentration and degradation of the components material. As discussed earlier, DT models rely on real-time
operational measurements to update themselves. Due to the limited historical data of FWTs and the test facilities for high
power applications, the validation is limited to simulation studies, so that experimental validation of the proposed DT model
is looked as future work. In here, decoupled simulation technique is engaged. Where the turbine data is obtained from
10MW spar global simulation model. The offline measurements then feed the drivetrain multi-body simulation (MBS)
model in simpack software, and the real-time response time series are used for estimation of DT parameters. The input
torque is applied to the model once from the global simulation outcome. Since in a real case, the input torque is not among
the accessible measurements, In another simulation, applied input torque is estimated from the accessible turbine and blade
parameters. The error in estimation of DT parameters by using the exact torque and estimated torque will be calculated.
The proposed method combines high fidelity models to generate the torsional response, reduced order models (ROM) to
represent as the DT of the system, signal processing approaches to estimate ROM parameters, and stochastic frameworks
to address uncertainties in the proposed DT model. High fidelity models are use to estimate the drivetrain loads from the
global simulations, and then to calculate the drivetrain response in the different bodies. The degradation model works based
on the updated DT parameters and online response measurements. The sources of uncertainty in the proposed DT model
mainly arise from the load estimation approach, and the estimation of fatigue damage by relying on the material properties
obtained from the S-N curve, which are sufficiently addressed by using statistical approaches and stochastic models based
on Kalman filtering and Monte Carlo simulations, respectively.

Johansen et al. [11] performs a preliminary study about the capacity of different simulation models with different levels
of complexity to play the role as drivetrain DT model for condition monitoring purposes. The criterion emphasized in
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that study is to achieve the same dynamic response by the equivalent model compared to the response from actual system.
The literature of drivetrain fault diagnosis is based on monitoring the performance of the individual components by using
the variations in physical parameters e.g. temperature and pressure. The latter is supported by the condition monitoring
systems based on three-axial measurements of acceleration in the different positions of the drivetrain to support the earlier
stage component-level fault detection in the drivetrain [23]. However, drivetrain is a rotary system with torsional responses.
In order to monitor the operation of drivetrain in system level, e.g. for detecting the faults in the drive line in early stage, the
possibility of using drivetrain torsional response is discussed in the recent literature, [16] and [24]. A drivetrain torsional
ROM identified based on the operational torsional measurements, can support fault diagnosis in the drivetrain, since the
drivetrain faults in the system-level show themselves by variations in ROM parameters (stiffness and moment of inertia)
and dynamic properties (torsional natural frequencies and normal modes), so that the threshold can be defined based on the
deviation from the reference values of these parameter estimated based on the system normal operations.

This paper is aimed at estimation of the drivetrain ROM parameters by using the torsional measurements. The model will
then be integrated with the real-time drivetrain measurements in a DT platform for updating the ROM parameters and
dynamic properties. The drivetrain real-time ROM estimated/identified from the torsional measurements can be used for
two purposes: First, for fault diagnosis and condition-base maintenance based on torsional response (see e.g. [16] and
[24]). In a direct way, by having access to the real-time values of system parameters, it is possible to define different fault
states of the different classes of progressive faults in terms of variations in the ROM parameters. Since these parameters
are directly representing the physical nature of the system and components, defining the threshold for different fault states
is straightforward. In an indirect way, the proposed algorithm helps to access a full knowledge on the real-time values of
drivetrain dynamic properties. The deviation from the dynamic properties can be used by the method proposed by [37]
to detect the drivetrain faults. The parameters of ROM are gradually updated based on the new data blocks, which help
to attain the updated values of dynamic properties. Second, for monitoring the drivetrain components residual life and
predictive maintenance, which is emphasized in this work. The uncertainties in the torsional response, load and DT model
parameters are taken into account, and the states/unnoisy response are estimated by using Kalman filter, where the output
provides the sufficient inputs for the designed load observers. As the following step, the load in different parts of this system
can be estimated by using the updated DT model parameters and designed load observers. The load observers are designed
by using the analytical model of the system and the ROM parameters fed by the operational measurements. The required
input for the proposed method are the torsional measurements including response and drivetrain applied loads. The torsional
response can be provided by encoders or strain gauges. It is assumed that the different types of torsional response can be
interchangeably used by performing derivation and integration operations. The main loads applied on the drivetrain are
the aerodynamic and generator torques. A good estimation of the generator torque is available due to the generator control
purposes. However, the measurement of aerodynamic torque is conventionally unavailable, but a good estimation can be
attained by using the available measurements. The error in estimation of ROM parameters in both cases of using the actual
value and the estimated value of aerodynamic torques as the input for the system identification approach is reported.

Based on the theoretical study in [16] and [37], a 3-DOF torsional model of the drivetrain is sufficient for detection of the
drivetrain system level faults. System-level faults are categorized into the faults which change the torsional stiffness the
most (e.g. crack in the shafts and bearing wear specially in gearbox), and faults which influence mostly the inertia of the
drivetrain bodies (changes in mass balance/distribution which can be due to e.g. loss of mass, wear and unbalance; and also
change in the axis of rotation which can be due to e.g. misalignment and looseness), which all can be observed by using
3-DOF ROM. This model is also the reference model for the degradation studies in the system-level as will be discussed
further. This model is used in this work for estimation of degradation in the drivetrain components. As the test case for the
proposed algorithm in this work, the estimated system parameters along with the angular velocity measurements are used
to design two observers for estimation of load in main- and high-speed shafts. The estimated torques will be then applied
as inputs to the shaft degradation models which are able to estimate the accumulated damage in the drivetrain shafts. The
shafts are the components that can directly contribute in the turbine downtime. They can also indirectly contribute by
causing the expedited degradation of the other drivetrain components [25]. Motivations for detection of shaft faults for
different applications e.g. ship propulsion and wind turbine drivetrain is discussed in the literature, (see e.g. [26] and [27]),
which is possible to arise from various conditions such as inappropriate use, stress concentration and unanticipated loading
conditions, improper prior fabrication, improper or inadequate design, inadequate maintenance or a combination of them,
all of which reduce the fatigue strength of the shaft [28]. Shaft carries all the load and is a core mechanical component
in the drivetrain, especially for FWTs which are encountered with high turbulent wind and larger variations of drivetrain
loads. In direct-drive technologies the main shaft is considered as a more critical component. A detailed investigation on
the wind turbine main shaft failure modes, failure rate, consequences, and economic justifications for monitoring the main
shaft lifetime are discussed in [26]. The consequences of shaft failures are usually high. Damaged shafts can also cause
excessive vibrations in the other turbine-generator components, so that monitoring of their operation is important. In the
literature, shaft fatigue damage due to different failure modes is discussed. Rauert et al. [30] focuses on fretting-fatigue-
damage which is described by the product of the frictional shear stress and tangential tensile stress. Zhang et al. [29]
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presents the fracture analysis of the wind turbine main shaft. That study considers torsion, transverse moment and axial
force, and estimates equivalent stress. All these studies agree on shear stress as the main role player in the shaft degradation
while the bending stress can exacerbate the damage. Based on those studies, the critical step for the shaft fatigue damage
estimation is monitoring the shear stress concentration. The main shaft is generally supported by two main bearings in high
power drivetrain technologies. The main shaft is designed to meet the requirements of deflections and rigidity [31]. In the
detailed design, the main shaft model includes a rotational shaft transmitting the torsional torque due to the rotor main torque
component and a fixed shaft supporting the bending moment due to the shaft weight [32]. The equivalent stress can then be
estimated by applying the von Mises theory. Safety factors are selected and applied according to the specific material type
in EN10083 standard [33]. The same procedure is followed, so that the fatigue damage due to cyclic torsional-bending load
is focused in estimations of shaft residual life in this study.

An innovative drivetrain health monitoring approach based on estimation of residual life of the components is proposed by
using the torsional measurements and digital twin modeling. Drivetrain model identification by using torsional measure-
ments, and application of the real-time estimated DT model for estimation of load and residual life of the components is the
main goal of this work. The method is designed in the general form for n-DOF torsional model of the drivetrain, and then
developed by using 3-DOF torsional model as the drivetrain DT for monitoring the residual life of main and high-speed
shafts. An algorithm is proposed for the model identification, which receives the torsional response and the estimated rotor
and generator torques, and estimates the drivetrain ROM parameters and dynamic properties. The proposed method is com-
putationally fast, and can be implemented in the farm level. The method can be adjusted based on higher DOF models to
monitor the lifetime of different drivetrain components. For demonstration purposes, the algorithm is designed and tested
for monitoring the lifetime of shafts in the drivetrain system. This approach is in particular useful for operators with limited
knowledge of the drivetrain dynamic parameters, as we propose a method for model estimation first - in other words the
approach is not limited to have all the drivetrain design data. On this basis, the main contributions of this work are:

1. Proposing a computationally fast digital twin model of the drivetrain system based on the torsional measurements,
aimed at monitoring the residual life of the components, and defining the estimation error margin by using stochastic
models,

2. Proposing a robust estimator for online estimation of digital twin model parameters,

3. Proposing a stochastic physic-base degradation model for estimation of RUL in the drivetrain main shaft by using
the online estimated ROM, real-time operational measurements, designed load observer and equivalent stress estima-
tion approach, and taking into consideration the various sources of uncertainty by using statistical approaches and a
stochastic modelling.

The rest of paper is organized as follows: In Section I, the drivetrain DT model and the online estimation of ROM parameters
by using the torsional response and aerodynamic torque observer is discussed. Then, in the rest of this Section, the design
of real-time load observers for the drivetrain components by using DT model and operational measurements, the estimation
of equivalent stress and then the degradation model is explained. The proposed DT model estimation approach and its
application for monitoring of drivetrain components residual life is evaluated by the simulation studies in Section III. The
work is closed with the final remarks in Section IV.

2. Methodology

2.1. Global simulation and drivetrain loads

DTU 10M W reference wind turbine [34] with a spar floating support substructure is selected for this study. The wind
turbine specification and the overall characteristics of the floating platform is obtained from [34] and [35]. This model
is able to capture the global dynamics of spar FWT from the interactions with the environmental loads. The drivetrain
system is a medium-speed permanent magnet synchronous generator technology based on the gearbox and generator design
specifications reported by Moghadam ez al. [36]. The decoupled simulation approach is used for the drivetrain studies in
this work, which consists of two steps. In the first step, global simulation analysis for different environmental conditions is
performed. In the global simulation, the blades and hub assembly, the structural module including the flexible multi-body
systems for tower and platform including the floating support substructure and the nacelle are modelled. This model is coping
with combined aerodynamic and hydrodynamic loading by using numerical and probabilistic models of wind, waves and
current in the global simulation software to capture the integrated effect of the loads and the wind turbine control system
on the turbine components. The results of the global simulation are the load effects on different parts of turbine, which
contain the information about the interactions between the turbine subsystems. The latter includes the loads transmitted
to the drivetrain by the rotor and structure specified by the time series of the resultant moments and forces on the rotor,
tower top accelerations and other responses of interest. The second step of the decoupled analysis is that the calculated rotor
aerodynamic torque and other responses of interest estimated from global simulation are applied as the input to an offline
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drivetrain model in mechanical/electrical machinery simulation software to calculate and analyse the drivetrain components
local dynamic responses. Then the drivetrain local load effects are obtained for further post processing aimed at health
monitoring of the drivetrain system based on monitoring the critical components residual life. The wind model in the global
simulations is turbulent based on Kaimal distribution. The turbulence intensity at hub height I (—) is assumed to be 0.14.
The wave is modelled stochastic by two parameters, namely significant wave height H (m) and peak period T, (s) in global

analysis.

2.2. Estimation of the drivetrain model parameters and dynamic properties
The proposed algorithm for estimation of the drivetrain equivalent ROM and dynamic properties is summarized by the
flowchart illustrated in Fig. 1. In the following, the different components of the algorithm are described.

it

Receive pitch angle and
time-series of wind and
rotational speed

Receive the time-series
data of system torsional
responses

Receive the time-series
data of generator torque

Estimate the time series of
instantenous aerodynamic
torque torque

Construct the torsional
response error function

Construct the drivetrain
dynamical equations

Estimation of model parameters

Construct digital twin model

Model outputs

Eliminate torsional
stiffness from the
dynamical equations

Filter the excitation
frequencies

Construct the LSE
function of the resultant

Input data

Model construction

dynamic equation

Estimate system undamped
natural frequencies

Optimize the resultant
convex optimization

problem ), @; and damping

Repeat the algorithm for
the new block of data to
update the model
parameters

coefficients {;, &5

Estimate the drivetrain
model moment of
inertias J,, J, and J,

Derive the equations for @,
; as a function of moment of
inertias and torsional stiffness

parameters

Solve the nonlinear equations
to calculate k; and ky

Construct O&M oriented 3-
DOF digital twin model of
drivetrain by calculated K and
J matrices

Employ MonteCarlo
simulation to provide
confidence interval for the
estimated parameters

Calculate the normal modes
¥, and ¥,

eport drivetrain digital twin
parameters K and J, and dynamic

properties @, ¥ and ¢ for fault
diagnosis and prognosis

Figure 1: Proposed algorithm for estimation of drivetrain equivalent model parameters.
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2.2.1. Drivetrain modal estimation
The free vibration time-domain torsional response of n-DOF damped rotational system in terms of the system dynamic
properties can be represented by

n
01 = Y d'e " Wsin(@y't + ¢'), )

i=1
where 0 is a vector representing response in different DOFs. The amplitude coefficients a’ and phase shifts ¢’ are determined
by the initial conditions of angular displacements and velocities. The complex mode shape vectors ¥, the undamped natural
frequencies @', and the damping coefficients ¢’ are all representing the dynamic properties of the system which all are
functions of physical parameters of the system and not the loading or initial conditions. The damped natural frequencies

®,4' can also be related to the undamped frequencies by using the damping coefficients as

wd[ — wi‘ /1 _ (ci)z. 2)

As mentioned earlier, the drivetrain dynamic properties can each be represented as a function of system parameters. In
[37], the closed form equations of the reference 3-DOF model dynamic properties as a function of model parameters are
derived. By this method, it is possible to achieve a full dynamic characterization of the drivetrain system by specification of
natural frequencies, mode shapes and damping in the system. By estimation of the model parameters by using the torsional
measurements and the theory developed in the continued parts of this section, it is possible to access a full knowledge on
the system dynamic properties, which can be used as input for the drivetrain system fault detection method proposed by
[16] and [37]. Among the dynamic properties, the natural frequencies can also be directly estimated by using the torsional
response [16], which are later used as inputs for the proposed system identification approach.

The torsional response residual function between the inertias j; and j,, from the point / is defined as [37]

e, () 2 Q1) =1, R, (1), forland m € (1,....n}, 3)
with € as the time series of angular velocity, and 4, ,, as the relative gear ratio between j; and j,, to make them in the same
coordinate. Gear ratio u; , as per definition is % where N, and N,, are the speeds at /" and m" inertias. The analytical

proof of estimation of natural frequencies from the frequency spectrum of efzm is provided by [37].

2.2.2. Estimation of moment of inertia matrix
As the first step, the general damped n-DOF torsional dynamical model of drivetrain is constructed. The summation of the
moments on each inertia in the lumped parameter model yields n equations of the form

Ji0 )+ C (0;() = 0,_1()) = Ciyy (0,11() = 6,()) + ki (0,(1) = 0,_1 (1)) — k; (0,1 (1) — 0,()) =T, (1) for i=(1,....n)
(C))

where 6, is the angular displacement at i body. j; is the inertia of i"* body. k; is the equivalent stiffness between (i — 1)
and i bodies. k;,; is the equivalent stiffness between i’ and (i + 1)" bodies. T} is the external excitation applied to the
i"" body. In the matrix form, these set of equations can be written as

JO )+ CO )+ KO (t)=T(1). 3)

where J, C and K are the moment of inertia, damping and stiffness matrices with the size n X n. @ and T are the response and
load vectors with the size n X 1, where each element of these two vectors represents a time series data. This model alongside
the torsional measurements provide the inputs for the drivetrain model parameter estimation approach. The optimization
variables are J, C and K matrices which are the drivetrain equivalent lumped model parameters. The sparsity of the matrix
variables J, C and K are specified based on the drivetrain topology and is imposed to the optimization problem. Assuming
that the load and response time series are known, the parameter estimation turns to the minimization of the L2-norm of
error. The error function is defined by

E®2 36 )+Cow+Kom-T. ©6)

The least square estimator is defined by

ALS ALS ALS X
K ,C € arg min{||E|,}
JJK,.C>0
JnEs . Q)
K, € 5%
C., €S
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where $7, S and SC are the sparsity sets of matrices J, K and C. The matrix J is diagonal. K and C are non-diagonal
symmetric matrices, but are not full rank. The latter causes computational difficulty for the above quadratic matrix opti-
mization problem, so that it may result in the divergence of the numerical solver. To be more specific, these terms can
introduce larger perturbations into the calculations than its numerically stable counterpart; this can lead to larger errors in
the final computed solution. In order to remove the coupling between the equations due to the K and C terms, to cope
with the round-off error which arises from the ill-condition terms of model, and to reduce the computational complexity by
reduction of the number of variables, the equivalent scalar optimization problem is constructed by the sum of the dynamic
equations (4) of each inertia, which leads to the elimination of stiffness and damping from the resultant scalar equation. The
latter leads to the following error function in terms of the inertia variables j; as the model scalar variables and torsional
measurements time-series as input, with rotor as the reference of the rotary coordinate.

€)= j1 2y () + -+ +uy iR (O + -+ uy )y Ry () =T, (0 =y, T, (1), ®)

where €; is the time series of angular acceleration and j; is the moment of inertia of the i DOF. T, and T,, are the time
series of the rotor and generator torques, respectively. The response used in this equation is the angular acceleration which
can be obtained by applying a derivation operation on the angular velocity measurements, or the second derivation on the
angular displacement measurements. The sign of u; ; is determined based on the direction of rotation of j;. Since the real-
time values of response is known, the inertia parameters can be estimated by minimizing the square error between the model
and measurements. The average of the squares of the errors — that is, the average squared difference between the estimated
values as the model outputs and the actual value as the sensor measurements is defined as least squares produces best linear
unbiased estimators of the coefficients in a linear regression model. Therefore, a least-square-error (LSE) function is defined
to minimize the error between the dual optimization problem and input operational measurements. The latter leads to the
following quadratic scalar optimization problem as

LS )
i = arg min{llell,) ©
j =0

This estimator is robust to the measurement noises, and can provide a good approximation even with less than » input
data samples (underdetermined case). For the case of more than n samples (overdetermined case), this estimator helps to
obtain more accurate estimation than solving the linear equations, when the input measurements are subject to independent
and identically distributed (IID) Gaussian noise. In other words, the total LS technique is able to correct the system with
minimum perturbation [38]. The above convex multi-variate scalar optimization problem is numerically solved by Matlab
CVX and the global optimizer j&5 = {jj,....j,} is estimated. Since this L2-norm regression optimization problem is in a
quadratic convex form, the results which are the estimated values of the drivetrain ROM inertia parameters are the global
optimizers of the problem.

The maximum likelihood estimator (MLE) defined by the following maximization problem can also be used, which is
mathematically equivalent to the LSE problem defined by eq. (9), for the special case of Gaussian noise.

M

L
J = L(e(1),...,e(®): ji, ...,j,,,az) = arg max{

G lel)) = are minf el (10)
where ¢ is the standard deviation of the Gaussian distribution fitting the noise. To use MLE to estimate those parameters,
the method is restricted to the assumption that the form of the distribution of the random noise defined by the error function
e(1) is known, so that the likelihood function can be obtained. Based on the extensive simulations, the error calculated from
the torsional measurements in the under consideration application shows a near Gaussian distribution. Therefore, both LSE
and MLE estimators lead to the similar set of results.

2.2.3. Estimation of stiffness matrix

Afterwards, the stiffness parameters of the model are estimated by using the estimated inertias and the drivetrain resonance
frequencies estimated from the torsional measurements in the previous steps. The undamped torsional frequencies of the
system are the nonlinear function of inertia and stiffness as

o, (fori=1,...,n) =/ eig(=J'K). an

By using the estimated natural frequencies obtained from the modal estimation approach together with the estimated inertia
matrix J from the LSE optimization problem, the stiffness matrix K is the root of g; which is defined by the following
nonlinear equation as

g =0 —eig(=J'K), (fori=1,...,n). (12)
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In general, there is not a unique matrix K from the above equation for the known set of eigenvalues 4; = {®,2, ...,®,%} of
the matrix —J~'K. However, by imposing the sparsity and symmetricity to matrix K from the lumped model, it is possible
to calculate the unique matrix K numerically by using Matlab fsolve solver. The latter also helps to reduce commutation
cost of this matrix algebraic equation by reducing the number of variables from n? to n. The matrix J ~1K is not symmetric
in the general case which may give the sense that there are multiple answers for K from this equation. However the fact that
—J~'K always has positive eigenvalues (it is positive definite), brings us to the believe that this matrix is a small perturbation
of a symmetric matrix with positive eigenvalues. Small perturbation keeps the eigenvalues positive [39].

The usual condition for the estimation problem is more restrictive. In other words, it is possible that only some of the
eigenfrequencies of the drivetrain system can be estimated by employing the aforedescribed modal estimation approach,
especially the higher eigenfrequencies which are excited with a lower energy of the input torque. In this case, the matrix K
can still be estimated by using the following optimization problem in terms of the first i eigenfrequencies as defined by the
following least square error estimator:

~LS . . 2
k= = arg min{||4; - eig(A, )|} ’ (13)
AEA

with A is the variable of this problem which is a function of the unknown variable K as A = —J7'K. Also IIELS is the set
of nonzero elements of matrix K which are estimated by the above nonlinear matrix optimization problem. The sign of the
elements of k are forced in the optimization problem. 4; is the setof i (i € {1,...,n}) smallest magnitude eigenvalues which
are known from the modal estimation, 4; = {wlz, ,wiz}A eig(A, i) is the set of i (i € {1,...,n}) smallest magnitude
eigenvalues defined in terms of matrix J and the unknown matrix K. The feasible set A is also defined by

A={A:AER™ K>0, A, =0, VA, €5, (14)

where S is the sparsity set of matrix A. The positive definiteness and sparsity of A are the nonlinear constraints which are
imposed to this problem. For the set of positive semidefinite matrices, this problem is convex and the solution is the global
optimizer. However, A is not symmetric in general so that the definition of the problem is nonconvex for the numerical
solvers and convex optimization tools are not able to numerically solve the problem. For this purpose, Matlab fmincon
solver as a powerful tool for the general class of nonlinear nonconvex problems is used.

The estimation of undamped natural frequencies and damping coefficients from the torsional measurements is discussed in
the algorithm proposed by [16]. For the system with n-DOF, the system has n — 1 nonrigid torsional modes. The latter
leads to n — 1 nonlinear equations which are the undamped natural frequencies as nonlinear functions of equivalent model
inertia and stiffness links. These set of nonlinear equations are numerically solved, and n equivalent stiffness seen by each
body are estimated. The estimated values of stiffness parameters of the main diagonal of the matrix, by considering both the
natural frequencies and inertia parameters estimation errors. When the degree of the model increases, it is not easy to access
the closed form of these n nonlinear equations, so that one may decide to solve the equations numerically in matrix form.
The increase of the degree of model increases the algorithm computationally more expensive but can provide more detailed
DT model for condition monitoring of the different drivetrain subcomponents. As discussed earlier, 3-DOF model can be
used for the drivetrain system-level faults. This model can also be used for lifetime monitoring of the drivetrain main and
high-speed shafts. The estimation of 3-DOF model parameters and dynamic properties by this approach needs an additional
torsional measurement installed on the gearbox input or output shafts. fault prognosis e.g. for shaft crack may be performed
by using more detailed models (e.g. finite element models) able to better model the stress concentration in the crack side
in the nonuniform shape of shafts. In order to compromise between the complexity and accuracy in this application and
for providing a rough estimation of RUL by using a method implementable by turbine on-board automation system, 3-
DOF model is proposed. The summary of the proposed algorithm adjusted for estimation of 3-DOF model parameters and
dynamic properties from the torsional measurements is presented by Fig. 1. In this case, the nonlinear matrix equation
represented by eq. (13) is reduced to the two nonlinear scalar equations for the two nonrigid modes as [37]

k. k otk ky Tk —kn kn . kikg
Flky k) = @) — | ok 4+ LT SH 1 M QP G P 15
(ki ki) = @1 \ 2. T, ta, VT, tay Tt P, (152)
k. k tky kg Tk —ky kn L kkg
F2(k kyy) = g — 4 | ok 4 LT H _A T, gy AH 15b
(k) = \ 2 T T | TR T TR r, (156)

By solving these two nonlinear equations, the values of k; and kz which are respectively the stiffness of main and high-
speed shafts are estimated. For all k;, k; € R*, there is a unique solution for the above set of nonlinear equations which
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Figure 2: Estimation of aerodynamic torque from the turbine measurements and airfoil characteristics.

make it easy to numerically solve the equations. In case of access to the preliminary values of the parameters, these two
equations can be approximated with the affine functions by using the two first Taylor series terms

F1(ky, ky) ~ F1(k " ky™) + (&, — kL*)FlkL(kL*, ky™) + (ky — kH*)FlkH(kL*, kg™,
F2(k k) = F2(k " k™) + (&, — kL*)F2kL(kL*, kg™ + (kg — kH*)F2kH(kL*, k™).

(16a)
(16b)

Note that Fy and Fy are the partial derivatives of F* with respect to k; and ky, which their values should be updated
based on the new values of natural frequencies and inertia parameters.

2.2.4. Inputs of the proposed parameter estimation approach

The input data can be classified into two categories: first, the torsional response time series of the bodies, which are obtained
from the drivetrain MBS model in Simpack. Second, the drivetrain loads consisting of the generator and rotor torques time
series. The generator torque is a measurement available in the turbine for the generator control purposes. The generator
torque is estimated from the generator electrical measurements, and available in turbine main control unit. The generator
reference torque is calculated from the following equation

A a7

where P* is the reference power and £2,,, is the generator speed. T;n is then used for the design of generator internal current

control loop by using the equation
2T
i = & (18)
30,05

where i,* is the reference g-axis current in rotating dq frame, used for the generator current control loop. p is the number of
poles pairs, and ¢, is the flux linkage. The resulted electromagnetic torque on the shaft is calculated by using the measured

current i 4 s

3 .
Tpn = Epd)ftq. 19)

The aerodynamic torque applied to the drivetrain MBS model in Simpack is obtained from the global simulations. This
torque is considered as the the applied torque on the drivetrain model. However, in the real case the real value of applied
aerodynamic torque is not available, but a estimation can be available by using the turbine operational measurements and
general information of the airfoil. The estimated torque is applied as the input to the drivetrain model identification approach.
The algorithm for aerodynamic torque estimation approach is illustrated by flowchart shown in Fig. 2.

About the practicality issues of implementing this idea in current turbines, Supervisory Control and Data Acquisition
(SCADA) existing system contains the encoder measurements, but implementation of the method needs higher resolu-
tion angular velocity measurements than what is available today from SCADA. SCADA data contains generator torque that
is calculated from voltage and electric current. A good estimation of the rotor torque can also be available by using the
available turbine measurements from SCADA.
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2.2.5. Estimation error and confidence interval

The computational complexity of the proposed approach is proportional to the length 7 of the data block. In order to check
the estimation accuracy versus the number of samples, the relative estimation error of each estimated parameter should
be monitored versus different lengths of input data. To mitigate the influence of uncertainty in the input measurements
in the estimated error, the crude Monte Carlo simulation is employed. The concept behind this is to make the calculated
estimation error independent of the uncertainty in the input data. The model estimated parameter y is a random variable.
Zero overlapping is allowed for the input data blocks which help to be able to assume that the estimated parameters are
statistically independent. For the case that the data is captured during the similar operational conditions with respect to
the operational speed, the response and subsequently the estimated parameters can be assumed to be identically distributed.
Therefore, such rules in setting the test condition, will help to make the realistic assumption that y is IID. These conditions
help to attain the confidence interval for the estimation error by using the results of IID central limit theorem (CLT). If

£1,..,& € R are the errors in estimation of y based on r different blocks of input data each with the length ¢, with f%
confidence, the estimation error locates in the interval [40]
= W _ s N _ s
E), ely—¢ ' A-p/D—= py+¢'U-p/D—=1 (20)
Vi Vi

where {Ei }, is the average error associated with parameter y calculated based on 7 samples of data and r blocks of data.
and s are the average and standard deviation of €;, for i = (1,...,r). Therefore to achieve a specific level of estimation
error Er, with a specific confidence %, the number of data blocks can be analytically acquired. The size of each block can
also influence on the covariance, so that the larger the block of data, the easier to attain a specific accuracy.

Finally by using the estimated parameters, the eigenvectors associated to each natural frequency can be estimated. The
results are the drivetrain ROM parameters and dynamic properties. The DT model parameters and the drivetrain dynamic
properties are updated over the time by using the online measurements, to be used for fault diagnosis and prognosis purposes.
The estimated drivetrain dynamic properties supported with the model parameters can be used for drivetrain fault diagnosis
algorithm as discussed in [37], where the estimated DT model is used first to suuport modal estimation, and then to establish
analytical features and threshold for fault detection by establishing the relationship between the dynamic properties and
physical variations/faults in system. In this paper, the estimated DT model is used to provide inputs for the proposed
drivetrain lifetime monitoring approach. Therefore, the estimated model feeds the load observers designed for estimation
of load in main and high-speed shafts as elaborated in the following.

2.3. Drivetrain remaining useful lifetime monitoring

The possibility of estimation of load in the diftferent drivetrain components depends of the model complexity and its capacity
in representing the internal dynamics. By using the 3-DOF model it is possible to estimate the real-time loading and
equivalent stress on the drivetrain main and high-speed shafts, which helps to estimate the residual life of these shafts
by physic-base estimation of fatigue damage. Stiffness-related faults and more specifically shaft cracks are among the
prevalent and influential system-level faults (see [ 19]) which are selected in this study, and predictive maintenance algorithm
is developed accordingly. The procedure used for online estimation of stress and the shafts degradation by using the model
estimated in Section 2.2 is summarized in Fig. 3, which is described in the following.

2.3.1. Estimation of load and stress

The estimation of load and stress in the drivetrain components is based on real-time operational data and the online estimated
ROM model to design the load observers. Then the load observers are used to calculate stress and subsequently damage.
Dependent on the degree of the DT model, the algorithm can be adjusted for lifetime monitoring of different components
of the drivetrain. The algorithm shown is based on 3-DOF DT model and is able to estimate the online load in the main
and high-speed shafts and measures RUL based on the loading on the shafts. As can be seen, two torque observers are
designed to estimate the main and high-speed shafts torques by using the torsional measurements and updated values of
torsional stiffness parameters from the DT model. By using the estimated loads by the observers, the maximum equivalent
stress throughout the two shafts is calculated. The latter provides sufficient inputs for estimation of the fatigue damage and
residual life of the two shafts.

In order to account for the statistical uncertainties due to both the measurements noise and estimation error of model param-
eters, the torsional measurements as the inputs of the load observers are estimated by using Kalman filtering. This technique
is used to preprocess the input torsional response applied to the degradation model, by cancellation of background noises
and the model uncertainties. The assumed linear state-space model as the input numerical model applied to the Kalman
filter is obtained by applying the generalized coordinate approach as

X = Ax+ Bu+w, (State equation) (21a)
z = Hx + v, (Measurement equation) (21b)
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where x and z represent states and measurements, respectively. A, B and H are describing the expected relation between
the measurements, states, and inputs. H is the identity matrix. w and v are Gaussian, uncorrelated noise sources, which
correspond to the uncertainty on the model and measurements, respectively. The desired result is an improved estimate of
the system state vector x by realization of discrete Kalman filter. At each discretized time step k, the following procedure is
performed to estimate the torsional response by considering the uncertainties in the model and input measurements.

x(k) = Ax(k — 1)+ Bu(k — 1), P(k) = AP(k — DA’ + Q 22)

where x(k) and P(k) are the state vector and its covariance matrix at k, respectively. A’ is the transpose of matrix A. Then the
Kalman gain is calculated, and subsequently, the estimated states are corrected by the following equations and the calculated
Kalman gain factors G as

G =PH'(HPH +R)"!, x=x+G(z - Hx), P=P — GHP. (23)

In the above equations, Q is the covariance of process noise, and R is the covariance of measurements noise. The Kalman
filtering operation is summarized in Fig. 3. The measurement and process noises are both modeled by Gaussian distributions.
The eq. 23 is used to calculate the proper value of Kalman filter gain which is then used to attain the improved estimation
of the angular displacements by considering the system uncertainties.

The next step is the design of load observers for the main and high-speed shafts. The torsional moment on the low- and
high-speed shafts is estimated based on the following equations

Trss = kps(O; — 0,) + cp5(Q — Qgp), (24a)
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Thss = kus(0gr = Ogn) + Cus(Qgr — 24y, (24b)

where T g5 and Ty 5 are the equivalent torque on the low- and high-speed shafts, respectively. 6,, Q , 0,,, Qgr, 0,, and
an are the angular displacement and velocity on rotor, gearbox and generator, respectively. Therefore, the implementation
of the above torque observers need an additional torsional measurement installed on the drivetrain system. However, the
approximated values can be provided by approximating the torsional response of gear in eq. 24a and eq. 24b respectively
with the scaled torsional response of generator and scaled torsional response of rotor. The estimated loads are used as the
input to estimate the stress on the shafts. The employed stochastic model-base approach for online estimation of the expected
value of the residual life is based on estimation of fatigue damage due to shear/torsional stress which plays the main role in
the fatigue failure of the shafts in wind turbines and bending stress due to the shaft weight. In other words, deformation and
fracture from simultaneous influence of shear and bending stress is emphasized, which is based on crack blunting and crack
propagation on a plane of maximum shear stress on the shaft [28]. The shear stress of the shaft can be calculated by

Tc
T=—, 25

7 (25)
where T is the torsional moment which is estimated in real-time by eq. 24, c is the radial distance from the shaft center line,
and J is the polar moment of inertia around the shaft axis defined by

z
J=3dy—d), (26)
where d; and d, are respectively the inner and outer radius of the shaft. Therefore, the maximum shear stress happens on

the outer surface of the shaft. Due to the large mass of main shaft especially in high-power applications, the bending stress
can also take a significant value which can be calculated by

6=—C @
where M is the bending moment of the shaft due to the shaft weight. By using a distributed mass model, the maximum

bending moment happens in the center point of the shaft on the surface area, as can be calculated by

W2

Mmax —
g B

(28)

where W is the mass per unit length of the shaft, and L is the length of the shaft. Therefore, the maximum bending and
shear stresses happen simultaneously on the surface in the middle of the shaft as

2 dESS(ky (6, = Or) + C15(Q; — Q)

max = s 29
78S - (d{;SS)“ _ (d?SS)zt (29a)
max _ 2 ngS(kHS(egr = 04n) + Cps(Qgr — Qyp)) (29b)
Tuss T 7 (dHSSy — (dIHSS)4 ’
WL2d
max = — 0 (29¢)
4r(d} - dh

The equivalent stress is calculated by applying von Mises theory. The equivalent stress due to the combined bending and
torsion is maximum in the middle of the shaft on the surface. Von Mises stress under combined bending and torsion loading
is calculated by [43]

04 =102, +372,. (30)

where ¢, is von Mises stress, and 7,,,, and ¢,,,, are the maximum torsional and bending stresses, respectively.

2.3.2. Classification of stress signal for estimation of average damage

Statistical analysis of damage consists of two main steps: First, classification of the sources of uncertainty and a proper way
of modelling to address them in the degradation model. Second, analyzing the stress signal type and the specific properties
of that type of signal, which helps to determine confidence interval for average and variance of damage. Based on eq. (29),
for determining the stress signal properties, one should look into the torsional response signal. In order to evaluate the type
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of torsional response signal, the spectral moments of the signal and the bandwidth parameters are evaluated. The spectral
moments A,, of the autospectral density function .S both in discrete-frequency horizon are defined as

N/2

A = DLGSG), (31a)
=0

S®=%imglj=mmﬁx (31b)

N )
where S is the power spectral density of stress signal 6,;. The bandwidth parameters a; and a, have a critical role to specify
the type of signal ¢;, which are defined by

4 A
, 0= .
To Jola

o = (32)

:
:

For a strictly narrow-band/harmonic signal, these two metrics tend to 1. However, for a strictly broad-band/independent
signal, they tend to 0. Even though the drivetrain torsional response may seem as a narrow-band signal with the rotor
revolution frequency as the characteristic frequency, our extensive observations on both simulation and operational data
show that the two metrics tend to zero under different turbine operating conditions.

In the literature, the drivetain vibration responses are considered as both stationary and non-stationary signals [44]. The
possibility of fitting different distributions to the drivetrain response is investigated by researchers. Ghane et al.[45] proposes
t-distribution as the best fit for the transnational vibration measurements captured from drivetrain. It is a common practice
to model the drivetrain loads and responses as Rayleigh, Weibull and the generalized gamma distributions with reference
to the distribution of mean wind speed. For data-driven fault detection of wind turbine drivetrain system, it is common to
assume the operational vibration measurements as a stationary Gaussian process at each mean wind speed, which means
each sensor measurement follows a Gaussian distribution [46]. Our observations on the drivetrain system torsional response
show that the data at each operating condition follows a Gaussian distribution or in other words is identically distributed. The
parameters of the distribution tend to vary as the operational speed changes. Therefore, in different operating zones/ranges
of input wind speed, it can be assumed that the response follows a Gaussian distribution which its parameters vary in
transition between different zones. The method can use an additional input from the operational speed to accordingly select
the relevant parameters of the associated distribution. Based on this explanation, the torsional response is assumed to be
IID. The metric @, is more commonly used. From mathematical perspectives, this metric for a stationary signal is equal
to the cross correlation between the signal and its second derivative, which is 1 for a narrow-band and 0 for a broad-band
signal. As discussed earlier, torsional response for each operating speed shows a stationary Gaussian behavior. Stress as a
linear function of response shows the same pattern as expected. For a particular case of stationary-Gaussian process (our
case), the metric a, is equivalent to the irregularity factor, IF, defined as

52
od

IF = (33)

B
S S.
04”04

where sy, sy and sy are the standard deviations of the signal and its first and second derivatives.

The response is IID and so does the stress signal as a linear function of torsional response. For such a signal, it is possible to
apply crude Monte Carlo to obtain CLT-based approximate confidence interval [40] for the fatigue damage as is discussed
in the next part. For some applications which the stress signal demonstrates narrow-band properties, the expected value and
variance of damage can be estimated by using the theory explained by [19].

2.3.3. Degradation model for residual life estimation

The estimation of fatigue damage and residual life of the shaft is performed by using stress-life method. Even though the
stress life method is not the most accurate approach, this method is able to represent high-cycle applications adequately. The
criterion for high-cycle fatigue is N > 10° over the component lifetime, which is the case for a wide range of applications
e.g. wind turbines and ship propulsion systems. The estimated online time series of maximum stress feeds the time-domain
cycle counting approach based on rainflow approach. Therefore, the rainflow cycle counting and Goodman rule are used
to calculate the effective stress and the number of cycles at each stress level. Then damage is estimated in real-time and
the shaft RUL is calculated. For this purpose, Miner’s rule is used to calculate the accumulated damage and subsequently
residual life of the drivetrain components.

The degradation model for the main shaft is elaborated in the following. The number of stress cycles at different stress levels
is counted by using the time-domain rainflow cycle counting approach [48]. Cycle counting is especially important for the
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broad-band stress signal to distinguish small cycles which are interruptions of larger ones. Rainflow method has shown
proven performance in time domain analysis of stress signal to count the stress cycles. The outputs are the amplitude stress
levels o, , and the number of stress cycles at o, for s = (1,...,5). In order to consider the influence of nonzero mean
stress level, Goodman rule is employed to calculate the effective stress (the equivalent zero mean alternating stress) by the
equation [49]

e O-S
oszl Um,Vse{l,m,S}, (34)

Ou

where ¢, and ¢, are the mean stress and material yield strength, respectively. The accumulated damage for the data block
¢ with S different stress levels o§ (s € {1,..., S}) is calculated by using Miner’s rule as

=3y = 35)

where n; is the number of cycles at the stress level 6% and N is the number of cycles to yield at stress level of, where the
relationship is defined by S-N curve characteristic as

o¢ = a2N,)". (36)

The absolute total online accumulated damage can then be calculated by

Time

p=Y . (37)
=1

where Time stands for the last data block which represents the current time. Note that d’ represents the "short-term"
damage, since is related to only a specific environmental condition. However, damage D characterizes the long-term damage
provided having measurements form all possible environmental conditions [41]. The described method can also be used
for estimation of relative damage between different operational periods over the time, to give an insight on variations in
degradation between different operational periods. It can also be used to estimate the relative damage between the different
drivetrain components at the time, to give the operator a sense about the most vulnerable parts of the system at different
operational periods.

The described deterministic approach does not necessarily provide precise results. Stochastic models which can adequately
address the uncertainties in the aforedescribed stress-life degradation estimation approach can be used in conjunction with
the above described deterministic model-base approach to improve the accuracy. According to eq. (35), the two sources of
uncertainty are evolved out of the stress calculation and the material property captured by S-N curve. To address the stress
calculation uncertainty, a significant part of uncertainty arises from the estimation of load. In order to account for uncer-
tainties in load estimation approach, the influence of measurement noise and uncertainties in estimated model parameters
were mitigated by employing Kalman filtering. However, the other significant source of uncertainty arises from stress life
method and the procedure employed to obtain S-N curve parameters a and b which represent the best-fitting estimates of
experimental fatigue data [42]. In this work, the statistical uncertainty in fatigue calculation due to material uncertainties
accounted for by assuming the damage at each stress level as a random variable. In other words, in order to estimate damage
for the ¢/ data block of the stress timeseries, d’, the damage is calculated by assuming the S-N curve parameters a and b as
random variables, so that for each stress level o;, the number of cycles to failure are estimated by randomly selecting a and
b in the intervals +5% of their nominal values.

Benasciutti et al. [50] suggests closed form approximations for the expected value of damage for both Gaussian narrow-
band and broad-band processes. In this research, for the case that stress time series are IID, which is a practical assumption
based on the observations and measurements of the under consideration test case and the analysis of stress signal spectral
moments in Section 2.3.2, in order to obtain confidence interval for average damage, Monte Carlo simulation is employed
and the results of IID CLT are applied, [47] and [40]. The above procedure for stochastic estimation of fatigue damage is
repeated k different times with the same data block to realize k different cases of d; eld,.., d;{} to attain the confidence
interval for the average damage. As a result, with the confidence 95%, the average damage is placed in the following interval

[fig — 19654 /V/(K)  fige + 1.96s4 /v/(K)1, (38a)

k

A~ 1

g =1 2 d (38b)
i=1
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Table 1
Environmental conditions for drivetrain analysis
Environmental condition EC1 EC2 EC3
U, (m/s) 7 9 11
H, (m) 2.5 35 35
T, (s) 6.5 7.5 7.5
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Figure 4: Drivetrain model input loads. (a) Aerodynamic torque. (b) Generator torque.

(38¢c)

where the value of k is selected to realize an interval 5% around the mean value of d!. fi; and s, are the average and
variance estimates.

3. Simulation studies

3.1. Test case

In this Section, the methodology developed for lifetime monitoring of the drivetrain components is simulated and tested for
the main shaft of the drivetrain system of DTU 10MW turbine. The shafts dimensions and weight are taken based on the
work performed by Wang et al. [51]. The shafts material properties are obtained from [32]. Environmental conditions for
the global simulations are summarized in the Table 1. The system identification algorithm is tested for different operational
conditions, namely below rated, rated and over rated conditions.

3.2. DT model estimation

3.2.1. Estimation of the drivetrain model loads

The loads applied to the model are the aerodynamic and generator torques. A comparison between the actual and estimated
aerodynamic torque is shown in Fig. 4a. The actual torque is assumed to be the torque obtained from the global simulations,
and the estimated torque is the value estimated by using the turbine online measurements as explained in Section 2.2.4. The
applied generator torque is also shown in Fig. 4b. For demonstration purposes, the generator torque is up-scaled by applying
the gear ratio.

3.2.2. Parameter estimation by using torsional measurements

Here, the possibility of using the proposed algorithm for identifying the model parameters of 3-DOF torsional DT by using
the real-time torsional measurements is investigated. This model will then be used for monitoring the variations in stiffness
and subsequently feed the load observers designed in the drivetrain shafts. The actual values of the drivetrain 3-DOF model
parameters and the estimated nonrigid natural frequencies by using the angular velocity error function are reported in [16].
The validation criterion for the estimated model parameters is the relative error percentage to be less than 5%.

In order to identify this model, five parameters, namely J,, J,,., Jg,, k; and k; which are respectively the equivalent rotor
inertia, gearbox inertia, generator inertia, main shaft stiffness and high-speed shaft stiffness should be specified. The error
of these parameters estimation versus the number of response samples (2, 3, 5, 7, 10, 100, 1000) for the three different
drivetrain operational conditions (EC1, EC2 and EC3) by using both the actual input torque and the estimated torque is

investigated in here. The procedure explained in Section 2.2.5 is followed to provide an analytical criterion/margin of the
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error for the proposed parameter estimation approach. With respect to the fact that the error time series at each test case
meets the conditions of IID CLT, in order to attain a reliable value of error in each test case, the number of data blocks for
each test case is selected to ensure that with the confidence 99%, the error places in the interval /i, + 2.58%. Therefore, the

reported estimated parameters and the associated errors are the most expected values with the specified confidence interval.
For the case of fewer number of samples, the variance of errors is higher, which need higher number of data blocks to realize
the specified confidence level. In order to realize the confidence 99% at the interval +5% around the average estimate of
error, the minimum required number of data blocks at each test can be calculated by / > 2662.56(%)2.

The Fig. 5 shows the estimated parameters versus the estimation error. As it can be seen, the error is less than 1% when
the number of algorithm input samples are more than 5. By increase of the number of samples, the error tends to zero. In
addition, the method is not sensitive to the turbine operational conditions, and demonstrates a similar performance under
different environmental conditions. By reduction of the number of input measurements samples from 1000 to 10, the
computational time reduces by about 70%. When the number of variables (the order of ROM) increases, the improvements
in the computation time by reduction of the number of samples will be more significant. The use of 10 samples with
the sampling frequency 300H z, leads to the estimation of parameters in only fraction of a second, which shows that the
algorithm can be executed in real-time.

The Fig. 6 illustrates more realistic values for estimation error vs. number of samples, by using the estimated torque instead
of the actual torque as the input of parameters estimation approach. The latter is to address the uncertainty in the input
torque for the proposed system identification algorithm. The estimated torque is calculated in real-time by an aerodynamic
torque observer based on the turbine and blades online information by using the theory explained in Section 2. The values
of error shown in Fig. 6 are again the expected values of error. As it can be seen, for the case of using the estimated torque,
the method needs more input data to maintain the 5% threshold set for the estimation error. The reason is that in case of
few samples, the LS estimator is more sensitive to the error of torque estimation of the individual samples. The error tends
mostly to reduce by increase of the input samples.

The Fig. 7 estimation of drivetrain parameters in monitoring the variations of the model parameters which can model five
different categories of faults, namely main shaft stiffness, high-speed shaft stiffness, rotor inertia, gear inertia and generator
inertia sensitive faults. In Fig. 7a, the main shaft stiffness is reduced by 20%, in Fig. 7c, the generator shaft stiffness is
reduced by 20%, in Fig. 7¢, the rotor inertia is increased by 10%, in Fig. 7g, the gearbox inertia is increased by 10%, and
in Fig. 7i, the generator inertia is increased by 10%. These simulation cases are designed to evaluate the capability of the
proposed algorithm in tracking the variations of the system parameters which are representing different system-level fault
cases. Variations in each equivalent model parameter can represent a specific class of the drivetrain faults. It shows that the
proposed DT model parameter estimation algorithm can track/measure the variations in system perfectly. Our observations
also show that the algorithm is also not sensitive to the sampling frequency. However, the sufficient sampling frequency will
ensure the observability of higher frequency modes as the input of model estimation approach to be able to realize higher
DOF models.

3.3. Estimation of stress and damage

3.3.1. Shaft material S-N curve

According to EN10083 [33], the S-N curve of 42CrMo4 which is commonly used as the main shaft material, with the
specified finite-life region consisting of low-cycle and high-cycle fatigue regions, is shown in Fig. 8. The infinite-life region
of the shaft is characterized by 10'! number of cycles [28].

3.3.2. Estimation of main shaft load and stress in normal operations
The time series of the estimated main shaft load and the equivalent von Mises stress by using the proposed algorithm, for
200 seconds of normal operations, are shown in the figures 9 and 10. Figures 9a and 10a are the actual values of load and
stress on the main shaft. Figures 9b and 10b are the load and stress when the actual value of aerodynamic torque is applied
as input to the DT algorithm. Figures 9d and 10d are the errors calculated for this case. As it can be seen, the estimation
error is negligible when the exact value of aerodynamic torque is available.

Figures 9¢ and 10c are for when the aerodynamic torque applied as input to the DT algorithm is not available, but the
estimated value of real-time aerodynamic torque is calculated and applied to DT model. Figures 9¢ and 10¢ are the errors
calculated for this case. As it can be seen, even though the error increases, it is still less than the 5% threshold considered
for the relative error for the DT model estimations in the work.

3.3.3. Estimation of load and stress in overload condition
The overload is modeled with 20% increase in the drivetrain torque. The time series of the estimated main shaft load and
the equivalent stress by using the proposed algorithm, are shown in the figures 9 and 10.
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Figures 9a and 10a are the actual values of load and stress on the main shaft. Figures 9b and 10b are the load and stress
when the actual value of aerodynamic torque is applied as input to the DT algorithm. Figures 9d and 10d are the errors
calculated for this case. As it can be seen, the estimation error is negligible when the exact value of aerodynamic torque
is available. Figures 9c and 10c are the aerodynamic torque applied as input to the DT algorithm is not available, but the
estimated value of real-time aerodynamic torque is calculated and applied to DT model. Figures 9¢ and 10e are the errors

calculated for this case. As it can be seen, the proposed DT error in estimation of both load and stress in overload conditions
is lower than normal and faulty operations.
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Figure 5: Estimated ROM model parameters, by using the actual aerodynamic torque. (a) k, . (b) k, relative error. (c) k.

(d) ky relative error. (e) J,. (f) J, relative error. (g) J,,. (h) J,, relative error. (i) J,,. (j) J,, relative error.

Table 2

Expected value of main shaft accumulated damage for different test scenarios for 3600sec of operation.

Test scenario Actual damage Estimated damage, Estimated damage,
Normal operation 1.8¢77 1.8¢77 1.8¢77

Overload (20%) L.le7? I.le7? L.le7?

Fault (10%) 8.3¢”’ 8.3¢”/ 8.3¢”’

Overload and fault 3.4e7 3.4e™ 3.3¢7

3.3.4. Estimation of load and stress in main shaft fault condition
The early stage fault in the main shaft is modeled with 10% reduction in the shaft stiffness. The time series of the estimated
main shaft load and the equivalent stress by using the proposed algorithm, are shown in the figures 9 and 10.

Figures 9a and 10a are the actual values of load and stress on the main shaft. Figures 9b and 10b are the load and stress
when the actual value of aerodynamic torque is applied as input to the DT algorithm. Figures 9d and 10d are the errors
calculated for this case. As it can be seen, the estimation error is negligible when the exact value of aerodynamic torque
is available. Figures 9c and 10c are the aerodynamic torque applied as input to the DT algorithm is not available, but the
estimated value of real-time aerodynamic torque is calculated and applied to DT model. Figures 9¢ and 10¢ are the errors
calculated for this case. The estimation error in case of main shaft fault shows a higher value compared to both the normal
operation and overload condition.

3.3.5. Estimation of damage in different operational conditions

In order to address the material uncertainty in damage calculations, for each stress data block, k different pairs of the two
coefficients of S-N curve are randomly generated in an interval +5% around their nominal values. Then the confidence
interval for the damage d’ can be provided by assuming that the k different cases of d” are IID. These k cases are generated
from k independent cases, and our observations show a Gaussian pattern as the number of samples increases, which shows
the consistency of the results of IID central limit theorem for dl.’, forie(l,..,k). The average real-time accumulated
damage by using the proposed DT approach for different operating conditions, namely normal operation, overload, main
shaft fault and the combination of overload and shaft fault is listed in the Table 2. The early stage fault in the main shaft is
modeled by 10% reduction of the main shaft stiffness. The overload is modeled by 20% increase of the drivetrain torque.
Actual damage is the accumulated damage when the actual value of drivetrain parameters and input loads are accessed.
Estimated damage, is the damage estimated by using the proposed DT model and the actual value of drivetrain input loads.
Estimated damage, is the damage estimated when the DT model and estimated values of drivetrain input loads are used.
As it can be seen, the estimated damage by the proposed approach in all the different test scenarios matches with the actual
damage, with an exception for the test case which represents a combination of fault and overload, where the proposed
approach slightly underestimates the damage. The real-time estimation of the accumulated damage D of the main shaft for
one hour operation during the drivetrain overload is shown in the Fig. 11.

It should be noted that this work does not mean that the faults in the main shaft are the most prevalent faults in the wind
turbine drivetrain systems, though it can contribute to a wide range of other secondary faults. The main purpose of focusing
on the main shaft in the simulation studies is the proof of concept for the possibility of using an innovative RUL monitoring
approach based on torsional vibration measurements for monitoring the residual life of the drivetrain components by using
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Figure 6: Estimated ROM parameters, by using the estimated aerodynamic torque. (a) k, . (b) k, relative error. (c) k. (d)
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Figure 8: Main shaft steel S-N curve.

a simple model. For other components, e.g. the gears and bearings of the gearbox, it is still possible to use the proposed
approach but by using more detailed torsional models, and probably a combination of torsional and translational models
which is considered as the future work.

4. Conclusion

This work provided a basis for the development of preventive maintenance in FWT drivetrain systems based on monitoring
the residual life of the components, by means of digital twin and employment of a stochastic physic-base model for determin-
ing the drivetrain components RUL. As a critical part of DT, a toolbox was proposed which receives the drivetrain torsional
response and estimated input loads, and calculates the system dynamic properties (torsional natural frequencies, damping
and mode shapes) and the equivalent torsional dynamic model parameters (torsional stiffnesses and moment of inertias).
The application of this model in estimation of the drivetrain components residual life in real-time, and more specifically the
RUL of the drivetrain main shaft was demonstrated. In order to evaluate the proposed DT approach, it was shown that by
using only more than 10 data samples with the sampling frequency 300H z for the real-time measurements, the estimation
error of DT model parameters and the estimated values of load and stress in the drivetrain components in all simulation
cases, namely normal operations, fault on the main shaft and overload is always less than 5 percent.

The application of higher DOF torsional models as more detailed DT models which can capture real-time variations in
mesh stiffness and inertia of individual gears and intermediate shafts, which can help to estimate the real-time load of the
individual subcomponents by taking into account the components internal dynamics, and subsequently to calculate stress
and fatigue damage due to different failure modes for a wide range of drivetrain subcomponents is looked as the future
work.
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