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HHT Hilbert-Huang Transform

EMD Empirical Mode Decomposition
IMF Intrinsic Mode Function

FMB Fundamental Model Based
MRAS Model Reference Adaptive Systems
ADC Analogue To Digital

DAC Digital To Analogue

PLL Phase Locked Loop

PD Phase Detector

LF Loop Filter

VCO Voltage Controlled Oscillator
WRIM Wound Rotor Induction Machine
EMF Electromotive Force

MPPT Maximum Power Point Tracking
SSsU Stator Supply Unbalance

DET Discrete Fourier Transform
RPM Revolutions Per Minute

VI Virtual Instrument

DMA Direct Memory Access

FPGA Field-Programmable Gate Array
FIFO First In First Out

FBG-A Fibre Bragg Grating-Axial
FBG-R Fibre Bragg Grating-Radial
FBG-C Fibre Bragg Grating- Circumferential
ACC-R Accelerometer-Radial

ACC-A Accelerometer-Axial

FEA Finite Element Analysis

RTI Real-Time Interface

SG Synchronous Generator

Al Artificial Intelligence
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Abstract

This thesis investigated the development of condition monitoring techniques for generator
mechanical fault diagnosis and scnsorless speed estimation in a doubly fed induction
generator (DFIG) utilizing the DFIG closed loop controller signals. The DFIG harmonic
model was first implemented in the MATLAB/Simulink platform to investigate shaft
misalignment fault signatures for fault diagnosis as well as harmonic content selection for
sensorless speed estimation. Conductor distribution function approach was employed to
predict the frequency content of the electrical signals including terminal signals and
control loop signals of a DFIG. By analysing the characteristics of DFIG signals, the
fault-specific spectral signatures and speed related harmonic contents could be effectively

recognized thus further employed for DFIG condition monitoring.

To validate the findings in the DFIG harmonic model and evaluate the experimental
performance in research, a DFIG test-rig facility using industrial converters along with
associated sensors and real-time platform was developed. The frequency contents of the
DFIG terminal signals and control loop signals in different operating load and speed
conditions acquired from experimental tests were examined and cross-correlated with the
DFIG harmonic model.

After identifying the spectral nature of the DFIG control loop signals, their potential to
be used as a signature for shaft misalignment recognition and sensorless speed estimation
in DFIG system were investigated. Fault identification capability of the control loop
signals were cxamined in a range of different load and speed operating points and
indicated better performance compared to typically used machine terminal signal. The
spectral based searching algorithm based on control loop signal MMFE harmonic
identification was validated with real-time DFIG constant and variable speed scenarios,
which manifested a considerable potential for actual speed estimation for wind turbine
applications. Morcover, a novel DFIG shaft misalignment diagnostic technique utilizing
Fibre Bragg Grating (FBG) to monitor machine frame strain was developed. Practical
strain sensing tests in different load, speed and severities were undertaken and cross-
correlated with vibration sensing. It was shown to have the capability to provide a

sufficient means of monitoring misalignment induced effects.
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Chapter 1 Introduction

1.1 Background

The modern human society is highly dependent on clectrical energy generation and
transmission; the energy consumption and demand have been increasing continuously in
the past decades and are set to continue a steady increase trend in the foresccable future.
The conventional energy sources based on fossil fuels generally dominate the total global
gross clectricity production, catering for 44.3% percent of UK demand in year 2019 and
in the process leading to a considerable production of greenhouse gas emissions [1]. The
consequent growing environmental concerns on climate change and pollution have thus
inspired a large-scale development of renewable energy generation, such as wind, solar

and tidal power, which contributed 72% of all new capacity globally in 2019 [2].

Wind generation in particular, as a mature, commercially competitive and virtually
pollution-free energy source is increasingly seen as a dominant factor in decarbonizing

our power supply [3]. The global onshore wind cumulative installed capacity reached
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602GW in 2019, and is estimated to grow more than three-fold by 2030 and nearly ten-
fold by 2050, relative to 2018 levels [4, 5]. In addition, the offshore wind power
deployment capacity was 29GW in 2019 and is expected to grow gradually to nearly a
1000GW of total installed capacity by 2050 [5]. Offshore wind generation is increasingly
seen as a key factor in decarbonizing our power supply and is set to become the largest
source of clectricity in the European Union by 2040, with the UK amongst the leaders in

this attractive field [6].

Wind power has become the one of the fastest growing renewable energy sources and it
is predicted to remain so for some time [7]. The comparatively high operation and
maintcnance (O&M) cost is the major issuc in making these systems more commercially
competitive — largely caused by the fact that wind turbines (WT) are remotely located
and hard-to-access, which imposes considerable further expenses in maintenance and
operation related duties [8]. O&M costs can account for approximately 10 — 20% of the
total COE (Cost of Energy) for a wind project [9]. Larger size offshore WTs though may
reduce the cost per unit power of electricity produced, however more lost energy, longer
downtime and more costly facilities required for their repair increase the O&M cost for
these, which has been reported to be as high as 20-25% of total income over asset lifetime
[8, 10]. A considerable contributor to this is the wind turbine drivetrain faults, while the
drive train is regarded as onc of the most critical components of modern WTs. The
control strategy and uncertain operating environment makes WTs operating under
unsteady and complicated load. In consequence, WT drivetrains have a relatively high
failure rate. Corresponding, maintenance costs and drivetrain downtime are also

considerable thus reducing the net economic gain of using wind power [11, 12].

To reduce the O&M cost, condition monitoring (CM) and fault diagnosis techniques are
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developed for WT drivetrains and other subassemblies in an attempt to provide an
cffective means of carly mechanical or electrical fault warning, as well as awareness of
the turbine operating conditions. The relevant maintenance could hence be pre-scheduled
and deployed before a further more serious or potentially catastrophic failure occurs,
with the aim to achieve a reduction in the associated economic loss and downtime. Online
CM techniques are of particular interest here as these enable unattended fault detection
while WTs are in service. To reduce the O&M cost and increase the monitoring reliability,
many different techniques and tools are researched for WT CM and particularly so for
its drivetrain components [11, 12, 13]. To cnable these, a variety of sensors are utilized
to measure the diagnostically relevant signals like speed, torque, vibrations, temperature,
flux density, etc. The sensors are coupled with suitable algorithms (e.g. spectral analysis)
to monitor any identifiable fault relevant signatures in the monitored signals and thus
derive effective diagnosis and trending of fault [7]. Present CM techniques, especially for
mechanical fault recognition, are highly dependant on relatively costly vibration sensors
and associated data conditioning platforms. This PhD research will focus on investigation

of novel techniques for WT generator and drivetrain CM.

WT concepts could be generally classified depending on the drive train components:
gearbox (geared or gearless), electric generator (synchronous or asynchronous) and power
converter (partial scale, full scale or nonc). The WT gencerators can gencerally be classified

in following types: [14]
e Type A: Geared and high-speed SCIG (Squirrel Cage Induction Generator)
e Type B: Geared and high-speed WRIG (Wound-Rotor Induction Generator)
e Type C: Geared and high-speed DFIG (Doubly-Fed Induction Generator)

e Type D: Direct drive configuration and low speed PMSG (Permanent Magnet
30



Synchronous Generator) or EESG (Electrically Excited Synchronous Generator)

with full power converter.

e Type E: Geared and medium/high-speed PMSG or EESG with full power

converter.
e Type F: Geared and high-speed SCIG with full power converter.

To further illustrate the variety of commercially available WT design the Table 1.1
summarises the WT generator type and their market penetration on-shore and off-shore
in 2016 [14]. The data show that, while newer alternatives are emerging, and particularly
offshore, the DFIG WTs remain the most dominant installed generator type until now;
with the WT estimated lifetime of 20-25 years these components require much improved
methods for health monitoring and diagnosis to realise their service life at minimal cost.

This PhD project thus focuses on analysis of improved CM techniques for DFIG systems.

Table 1-1 Classification of WT generator types [14, 13].

Type Operating | Gearbox | Generator | Grid connection Usage Usage
speed onshore offshore
(%) (%)

Type A | Fixed Yes SCIG Direct % 0

Type B | Variable Yes WRIG Direct 6% 0

Type C | Variable | Yes DFIG Via partially rated | 58% 54%
converter

Type D | Variable No SG Via fully rated | 17% 5%
converter

Type E | Variable Yes SG Via fully rated | 4% 14%
converter

Type F | Variable Yes SCIG Via fully rated | 5% 27%
converter
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1.2 Overview of the PhD project

This PhD project aims to rescarch improved CM techniques for WT DFIG systems. The
project aim is twofold: to explore the possibility of intelligent utilization of the
information embedded in the DFIG control loop signals for generator mechanical fault
diagnosis and its operating parameter (shaft speed) spectral search based (SSB)
sensorless estimation, and to investigate the application and usage of advanced fibre optic

sensing for monitoring and diagnosis of the generator shaft misalignment fault condition.

Considerable rescarch has been done and is ongoing that explores the exploitation of the
generator terminal current signals for CM and diagnostics [16, 17, 18].However, modern
electric machine drive system consists of complex closed-loop control which can generally
compromise the relevant signatures in terminal signals and suppress their manifestation,
[19]. Controller signals themselves are readily available and require no addition sensing
to be monitored — they could thus provide a readily available diagnostic medium if
suitable signatures and methods for their extraction could be identified; however, while
the analysis of controller signal application for clectrical fault monitoring in DFIGs has
received attention in the literature [20, 21, 19] their usage for the drivetrain mechanical
fault monitoring remains largely unrescarched to the best of the author’s knowledge.
Furthermore, while current practice favors the application of conventional and reasonably
costly piezoelectric vibration sensing for monitoring the mechanical integrity of wind
turbine drivetrains there is a need for improved sensing solutions in this area that could
offer more flexibility and immunity to harsh operating conditions. The emergence of
promising, but not yet proven or used in this arca, fibre optic strain sensors could offer
considerable advantages from practical usage perspective but requires research for its

potential for application to be assessed. This project hence aims to assess the applicability
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of control signal exploitation for mechanical fault diagnosis and DFIG operating
parameter estimation purposes and to evaluate the requirements and the potential of

novel fibre optic sensing to be applied for drivetrain mechanical integrity monitoring.

To this end, an in-depth study of DFIG controller signals inherent spectral nature and
that with presence of mechanical fault is undertaken in a purpose developed harmonic
model. This enabled the conception of suitable techniques whose validity is then
ecxamined in experimental tests on a dedicated purpose built vector controlled DFIG
laboratory test rig. The test rig was also used for the development, deployment and
performance analysis of novel fibre optic strain monitoring based drivetrain diagnostic

schemes.
The following objectives were identified to achicve the project aims:

1. Develop a dynamic wound rotor induction machine (WRIM) harmonic model in
Simulink interface to enable investigations of higher order harmonic spectral analysis of
machinc signals. Idcal switching controlled the stator flux oriented controlled (SFOC)

controller with the developed WRIM harmonic model.
2. Develop a fully vector controlled laboratory DFIG test facility utilising commercial
converters and a real time control platform to be used for experimental research.

3. Utilise the developed DFIG harmonic model to explore DFIG controller signal spectral
contents for further fault diagnosis as well as SSB SSE algorithm development and

correlate the findings with experimental measurements.

4. Introduce the mechanical shaft misalignment effects in the DFIG model to allow for
modelling and analysis of the fault spectral signature in the controller loop signals and

cross correlate the findings with experimental measurements.
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5. Conceive a novel spectral search algorithm capable of effectively tracking the target
controller signal spectral frequency to extract its frequency and this the rotor speed
information. Based on that, implement the developed SSB SSE algorithm
softwarc/hardware and test its rcal time estimation performance in representative recal

time dynamic tests on the laboratory test rig.

6. Test the diagnostic performance potential of the developed fibre optic strain sensing
system for monitoring and diagnosis of DFIG shaft misalignment fault conditions in real
time test on the laboratory test rig and cross correlate the results with those obtained
from a conventional vibration monitoring platform. Explore the means and methods for
on-frame application of fibre optic strain sensors in DFIG systems, including installation,

layout and cross-sensitivity effects.

1.3 Contributions of the research

A number of research aspects and knowledge related to modeling and condition

monitoring of DFIG systems have been advanced in this research.

The established DFIG harmonic model formed through effective integration of a wound
rotor induction machine harmonic model and that of its stator flux oriented controller
provides a novel and effective means for analysis of controller signals spectral patterns
and behavior [22]. This allowed for studies to be performed that have improved the
understanding of the manifestation patterns of the spectral contents containing
information on rotor speed in DFIG controller signals, with a view to their exploitation
for spectral search based velocity estimation techniques development. Furthermore,
combined with a shaft misalignment model utilizing a universal joint representation the

resulting DFIG model enables the analysis of mechanical fault spectral signature origins,
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propagation and trending in the DFIG controller signals.

This research has also established a unique DFIG laboratory test facility that enables
the application of, closed controller access, commercial inverters in DFIG test systems
while retaining the capability of stator flux oriented control application in a grid
connected DFIG system [23]. This enables the user to utilize all of the inherent and
considerable advantages of commercial off the shelf converter systems in built protection,

while having the capability of DFIG active and reactive control flow.

This project also develops a novel controller signal embedded sensorless speed estimation
scheme for DFIG drives that is underpinned by an intelligent high estimation rate
spectral search algorithm utilizing parabolic interpolation and suited to the dynamics of
a typical wind generator drive. The proposed scheme has been implemented on the test
rig and tested real time showing good performance capability in dynamic operating

conditions representative of ficld applications.

Finally, this rescarch also explores the application, installation and layout features of a
novel fibre optic strain sensing systems for DFIG misalignment fault monitoring through
frame strain sensing [24]. The proposed method is experimentally examined and shown
in tests to provide a comparable level of diagnostic performance to conventional vibration
monitoring based systems, while offering the advantages of reduced sensor cost, improved

ease of installation and flexibility, as well as the possibility for multiphysical sensing.

1.4 List of Publications

Journal Papers

e N. Sarma, P. Tuohy, J. Apsley, Y. Wang and S. Djurovic, "DFIG stator flux-
oriented control scheme execution for test facilities utilising commercial
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converters," IET Rencwable Power Generation, vol. 12, no. 12, pp. 1366-1374,

2018.

e Y. Wang, A. Mohammed, N. Sarma and S. Djurovié, "Double Fed Induction
Generator Shaft Misalignment Monitoring by FBG Frame Strain Scnsing,” in
IEEE Sensors Journal, vol. 20, no. 15, pp. 8541-8551, 1 Aug.1, 2020, doi:

10.1109/JSEN.2020.2984309.

e A Alajmi, Y.Wang and S. Djurovic, “Doubly Fed Induction Generator
Misalignment Fault Detection by Supervised Machine Learning of Controller

Signals: a case study” in energies, vol. 14, 2021.
Conference Paper

e Y.Wang, N. Sarma, A.Mohammed, S. Djurovic "DFIG terminal and controller
signal embedded shaft misalignment fault signature — an experimental study’,

ICEM 2020

1.5 Thesis structure

An overview of this PhD thesis structure and a brief summary of each chapter is presented
in this section. The entire thesis is arranged into eight chapters apart from the

introduction chapter, which is illustrated as follows:

Chapter 2: Literature Review: This chapter consists of a literature review focuses
on the operating principles of WT applications. More focus is delivered to the most
widely used DFIG based WTs with its structure and control scheme demonstrated.
Common WT mechanical and electrical faults are explained along with the fault
diagnostic techniques. Finally, the majority of existing sensorless speed estimation

techniques are reviewed.
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Chapter 3: Description of the experimental DFIG test rig: This chapter begins
with a demonstration of the developed DFIG test-rig structure in the laboratory at the
University of Manchester Power Conversion Group, which enables SFOC scheme
cmployed for different load and speed conditions. A detailed step-to-step procedure
illustration of how to approve testing DFIG SFOC control and grid synchronization
utilizing existing commercial converters and sensors is provided. This chapter finishes

with an experimental test to validate the implemented control scheme in DFIG system.

Chapter 4: Harmonic modelling of stator flux oriented controlled DFIG: This
chapter introduces the theory and implementation process of a DFIG harmonic model to
cnable further theoretical analysis for DFIG investigation. It begins with demonstrating
the theory of WRIM harmonic model utilizing coupled circuit theory. A detailed
cxplanation of the deployed vector control scheme (a SFOC scheme) for DFIG drive and
the controller Simulink model implementation are exhibited. By introducing the
controller model to the WRIM harmonic model, the decoupled active power and reactive
power DFIG control is cnabled while the DFIG signals (controller loops signals and
terminal signals) contains higher order harmonic contents. A number of derived equations
arc provided to predict possible theoretical spectral contents of DFIG signals. Mcanwhile,
the signals obtained from DFIG model are analyzed to identify the characteristic
harmonic contents as a validation study. Lastly, a case study is illustrated to unfold how
DFIG characteristic harmonic contents could be used for spectral searching based

sensorless speed estimation.

Chapter 5: DFIG sensorless speed estimation utilizing controller embedded
signal: This chapter demonstrates a novel technique for DFIG SSB SSE consisting of

theoretical explanation, experimental signal validation and real-time algorithm
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implementation. It begins with a spectral study to identify the harmonic contents of
DFIG controller signals obtained from experimental tests. The signals are evaluated in
varies of load scenarios to sort out the most proper one for SSE. Then spectral search
technique consisting of parabolic interpolation is introduced. After explaining the
mathematical theory of the algorithm, the algorithm is programmed in MATLAB and
cxamined with recorded experimental signals. To cnable real-time cstimation, the
algorithm needs to be implemented in LabVIEW interface to functionalize the routine
with National Instrument hardware. The programming process is demonstrated in detail.
Eventually, the experimental validation consisting of constant and variable speed in

different load and estimation rate scenarios are demonstrated.

Chapter 6: Investigation of controller signals in DFIG system with shaft
misalignment: This chapter consists of DFIG shaft misalignment model based
investigation and an experimental test study. It begins with an introduction of a
mechanical model (universal joint) to illustrate shaft misalignment effect. By introducing
universal joint model into DFIG harmonic modecl, the shaft misalignment signaturce is
capable to be observed in DFIG signal controller loop signals. The analysis based on
cxperimental tests in DFIG healthy and faulty conditions is undertaken to cross-corrclate
with model findings. The limitations of the testing facilities and potential improve

methods are presented in the end.

Chapter 7: DFIG shaft misalignment monitoring by FBG frame strain
sensing: This chapter illustrates an experimental investigation to recognize shaft
misalignment by frame strain signal obtained from FBG sensing. The FBG is an optical
sensor recorded within the core of a standard, single-mode optical fibre using spatially-

varying patterns of intense UV laser light [25]. This chapter begins with a brief
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introduction of shaft misalignment mechanical effect and generally employed diagnostic
tool (vibration sensing). Then followed with FBG sensing principle explanation and
experimental test rig set up description. Three orientations of DFIG frame strain are
tested and evaluated in different fault severitics in a wide operating range (speeds and
loads). Vibration signal recorded by commercial accelerometers are correlated with strain
measurcments. Lastly, a cross-sensitivity evaluation study is provided to demonstrate the

FBG strain test is independent of thermal effect.

Chapter 8: Conclusions and recommendations for future work: This chapter
provides a summary of the PhD project achievements. The suggestions for future research

is also included.
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Chapter 2 Literature Review

2.1 Introduction

The main topic of this PhD project is to investigate the novel monitoring and parameter
estimation techniques for double fed induction generator (DFIG) condition monitoring
(CM). A general review of the literature related to these topics is presented in this chapter.
This chapter begins with the description of fundamental operating principles of wind
turbincs (WTs) and then proceeds to introduce the features of DFIG systems and their
control. Common faults in the generator and state-of-the-art condition monitoring fault
diagnosis (CMFD) techniques are then reviewed. Finally, the chapter ends with a review

of modern machine sensorless speed estimation approaches.

2.2 Wind turbine operation

Wind turbine is a machine which converts the wind power into electricity. Typically, a

wind turbine consists [26] :
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The rotor contains the blades and the supporting hub.

The nacelle contains the drive train and the WT control system. The drive train
consists of the rotating parts (excluding the turbine rotor): shaft, gearbox (but
direct drive systems are also used), coupling, mechanical brake and the generator.
The WT control system comprises sensors, controllers, power amplifiers, actuators
and intelligences. The components inside the nacelle cover are protected from the

weather.

The main frame consists of turbine housing and bedplate. The mounting and
proper alignment of the drive train components are secured by the main frame.
The yaw system, whose primary component is the large bearing connecting the
main frame to the tower, keeps the rotor shaft properly aligned with the wind
direction.

The tower and supporting foundation.

The balance of electrical system consisting of cables, switchgear, transformers and

the required power electronics.

The general WT layout is illustrated in Figure 2-1.

The kinetic energy contained in the wind stream is converted to mechanical power by

the WT rotor; this mechanical power then drives the electrical generator enabling

electrical power generation. The high torque low speed mechanical power is typically

transferred to low torque high speed power via the gear box to actuate the electrical

generator [27]. The kinetic energy P, contained in the wind cross the WT rotor is

expressed below: [28] [29] [26]

P, = 3 pTR?V;} @.1)
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where:

p = the air density [kg/m?]

R = the radius of WT rotor [m]

V', = velocity of the air [m/sec]

Only part of the kinetic energy P, can be recovered by WT: [28] [26] [29]

Py = %prrRzV,pr

2.2)
where C, is the power coefficient, which is often expressed as a function of tip speed ratio

A [28] [26] [29]

RO
Vy

A= 2.3)

where (2, is the angular speed of the rotor [rad/s]. The theoretical maximum values of G,

is specified by Betz limit [28] as 59.3%.

For a variable speed wind turbine (VSWT), typically the WT starts generating power
when wind speed reaches cut-in speed (usually around 5 m/s), which is the minimum
wind speed required to drive the WT to deliver useful power. The output power keeps
increasing with wind speed increase until the rated wind speed is reached, which
corresponds to the WT rated power. WT delivered power is maintained at rated level
until the wind speed exceeds cut-out wind speed, which is the high speed limit at which
the WT stops working to prevent mechanical damage. Typically, the cut-out speed is

approximately 25 m/s [26] [28] [27].
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Figure 2-1 Major components of a wind turbine

In the wind speed range between rated wind speed and cut-out speed, the WT generated
power is regulated at rated level utilizing pitch control or stall control or a combination
of both to reduce the exceed power. The pitch control is basically the process of moving
the rotor blades out of the wind (pitch angle) to regulate the mechanical power intake
from the wind stream, i.e. to limit the power level. The stall control is a passive control
method in which the rotor blades are designed to induce drag against lift while wind
speed goes high [27] [28]. The ideal wind turbine power characteristic is illustrated in
Figure 2-2. The cut-in speed and cut-out speed can vary in between specific WT designs

however the general operating principles are identical.
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Figure 2-2 Ideal wind turbine power characteristic
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The operating range of the DFIG WT corresponding to wind speed is shown in Figure

2-3 for illustrative purposes [28]. Here the nominal power of the turbine is reached at

about 11m/s and 1800 rpm.
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Figure 2-3 Wind turbine generator speed control [28]
The following parameters are assumed: [28]
1. The optimum tip speed ratio of 7.2.

2. The rotor radius is 42m.
44
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3. The speed range of the generator from 900 rpm to 1800 rpm (this is a 4 pole 50 Hz

DFIG system).

Four different control regions could be observed: [28]

1. Constant low speed region (900 rpm) for wind speed in the range of 3.5-5.5 m/s.

2. Maximum power tracking region (900-1800 rpm), corresponding to the wind speed
range of 5.5-11m/s.

3. Constant nominal speed region for wind speed in the range of 11-12m/s. The stall
mode is activated in this speed region.

4. For further increase in speed, the pitch control is employed to reduce the aerodynamic

performance of WT and the power extraction.

A typical WT power curve is given in Figure 2-4.
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Figure 2-4 Wind turbine power versus wind speed

2.3 DFIG structure and control

The doubly fed induction generator (DFIG) consists of a wound rotor induction machine
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(WRIM) and a back-to-back (AC-DC-AC) converter connected to the rotor windings.
The stator windings of the generator are directly connected to the grid side thus relatively
constant frequency and amplitude voltage is fed into stator side. The typical layout of

DFIG based wind turbine is illustrated in Figurc 2-5.
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—_ Induction Machine
CERRO Network
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— / \
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k¥le | K¥r=—
T
rotor grid
filter filter

Figure 2-3 DFIG based wind turbine [28]

The low speed high torque mechanical power on the turbine rotor shaft is transferred to
high speed low torque mechanical power driving the generator by a suitable gear box.
The DFIG is a widely used WT generator accounting for 58% of onshore capacity and
54% of offshore installations [30] due to the following characteristics: [28] [15]
e The capability of variable-speed constant-frequency (VSCF) operation, where
direct grid connection at supply frequency is facilitated.

e A reduced requirement for the power electronic converter rating, due to it being
in the rotor circuit. Combined with a limited opcerating speed range (generally

around +30% slip) this yields reduced power loss and price.
e Complete control of active power and reactive power based on the grid demands.

The back to back converter in the DFIG rotor circuit is controlled in a specific routine

to allow the generated power on the stator to be maintained at rated grid frequency and
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voltage [28]; this converter consists of two three-phase bidirectional voltage source
converters (VSC): the rotor side converter (RSC) and the grid side converter (GSC). Two
converters are connected via a DC link. The RSC is responsible for the control of the
rotor currents to allow stator flux oriented control for the DFIG while the GSC regulates

the DC voltage of DC bus capacitor [31].

The DFIG limitation can be considerable since the stator is directly connected to the
grid; a large rotor current can be transmitted from the stator side if there is a grid fault,
which might lead to damage to the rotor side converter and hence adequate protection
is needed for the device but also the grid in case of disturbances [15]. As the DFIG speed
range is much narrower than that of the WT blade (usually 10-25 rpm), a multi-stage
gear box is required to modulate the mechanical power flow into the electric generator,
which can be problematic in these systems due to maintenance requirements/frequent

failures but also heat dissipation from friction and noise [15].

2.3.1 DFIG wind turbine control strategy

Generally, the control strategy of a variable wind turbine is classified into three different

levels illustrated in Figure 2-6.

Control level 3 is devoted to wind turbine—grid integration, which performs the same
facilities as the wind farm control: [2§]
e It caters for additional services: voltage (Vgia) and frequency (fgia) control (droop
characteristics), or inertial response.
e It reacts to active and reactive power references i.e. power factor (PF) from the
grid operator or wind farm centralized control.

Control level 2 is used to manipulate wind energy conversion into mechanical energy,
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which is the energy extracted from wind by the turbine rotor blades. The power references
i.e. stator active power (B') or electromagnetic torque (Top), stator reactive power (Qs),
DC bus voltage (Vpys) and grid reactive power (Qg) for control level 1 are calculated at
this level [28]. The wind turbines are designed to operate in a certain speed region, which
is usually 5m/s-25m/s. The wind turbines can only cxtract part of wind energy, according
to Betz’s law, less than 59% of kinetic energy in wind can be converted into mechanical
energy used in wind turbine. In practice, the wind turbines work at non-ideal condition,
the ratio is reported in the range of up to 40% [27] [32]. The mechanical power extracted

from wind was defined in equation (2.2).
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Figure 2-6 wind turbine control strategy based on DFIM [28]
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There are two main operation modes usually used in control level 2: [33]

e The normal operating mode is to extract maximum power from wind, adjusting
torque (stator power) and pitch angle (B) references. The speed is kept within

speed limits.

e Future operation mode is to respond to active and reactive power references from
higher level control (level III). This mode is employed in grid scenarios with a

large dependence on wind power.

Control level 1 is to regulate the real power and reactive power flow between the grid
and induction machine by employing a specific control scheme i.e. switching patterns for
rotor side converter Sqpc » and grid side converter Sqpc g to the back-to-back converters
[28]. The decoupled control of active power and reactive power flowing between the
converter and the grid is enabled by GSC. The active power is exchanged between the
DFIG rotor and the DC bus. Grid voltage oriented vector control (CVOVC) is the
commonly used scheme to calculate the active power exchanged with the grid and keep
the DC bus voltage constant [28]. A dg- reference frame controller is built for the GSC
control, since this rescarch project is more focused on DFIG machine side dynamics and

performance. Detailed description of GSC control is not included in the thesis.

The induction machine excitation is provided by the rotor side converter. The PWM
converter is able to provide rotor voltage signals with required frequency, magnitude and
phase based on desired control scheme to control the power output at stator terminals
output [6]. This is done by employing a vector control strategy and executed by
implementing a d¢ model for the vector control scheme, where 3-phase variables are
transformed to dgreference frame variables in synchronous reference frame, so that the

reference current values of PI controllers are steady DC components [28]. To meet the
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generated real power and reactive power output demand, stator flux oriented control
(SFOC) is employed to enable DFIG decoupled power control, which is fixing the rotor
current vector with the reference frame aligned with the stator flux in d¢ model by

aligning the d-axis with stator flux linkage space vector [34].

The stator flux position is obtained from stator voltage vector in this project, which is
regarded as the most commonly used approach, duc to its simple design and no
requirement for dedicated sensing to achieve [34]. In stator flux oriented reference frame,
stator active power and reactive power can be controlled by decoupled rotor side current
I, and I; independently in dg- two axis controller model [31]. Apart from SFOC, another
vector control scheme called stator voltage oriented control (SVOC) is also commonly
employed for DFIG, similar to SFOC, by aligning the stator voltage space vector with ¢
axis of synchronous reference frame. In fact, since the stator resistance is neglected for
stator voltage/ flux space vector estimation, the stator flux space vector is 90 degrees
lagging of stator voltage vector. As a result, the reference frame d-axis is aligned with
stator flux in both vector control schemes. SFOC is chosen among two options as it is
the most widely used control scheme for WT generation system [35] [34]. More detailed

descriptions of SFOC will be introduced in Chapter 4.

Other control schemes are available for DFIG RSC as well as generally available for other
AC drives, which is different from the vector control schemes listed in last paragraph:
Direct torque control (DTC) and direct power control (DPC). Both control schemes have
the similar control structure but are designed to directly control different machine related
components. DTC is aimed to manipulate the torque and rotor flux of the machine, while
DPC controls the stator active and reactive powers [28]. The classic DTC and DPC have

the following characteristics: fast dynamic response; on-line implementation simplicity;



reduced tuning and adjustment efforts on the part of controllers; robustness against
model uncertainties; reliability; good perturbation rejection, however suffer from
nonconstant switching frequency behaviour, which is the main drawback of classic DTC
and DTC. [28]. To overcome this issuc, the predictive direct torque control (P-DTC) and
predictive direct power control (P-DPC) based on the same principles as direct control
techniques but operating at constant switching frequency by slightly increasing the
complexity of control. Compared with classic direct control schemes, predictive direct
control requires three-level neutral point clamped converter while the clagsic direct

control uses two-level voltage source converter [28].

In this rescarch the widely used SFOC scheme is sclected for DFIG control approach,
due to its high performance control capability and the ability of decoupled active and
reactive control [34], SFOC is implemented in model and experiment to enable the

analysis of the relevant phenomena.

2.4 Wind turbine Condition monitoring

With wind turbines (WTs) growing in size and power capacity to exploit the higher and
more consistent wind resource offshore, their exposure to harsh ambient conditions in
remote offshore locations creates challenges for operation and maintenance (O&M):
access is often limited and maintenance costly due to complicated repair infrastructure
requirements imposed by the device location and scale. A good illustrative example of
this is provided by General Electric Energy, where a $5000 bearing replacement could be
casily turn into a $250000 project involving crancs, service crew, gear box replacements
and generator rewinds without considering the downtime loss [8]. It has been reported in
[36], that 1-3 failures per turbine per year are common for onshore turbines, and 0.5

failures per turbine per year for the offshore turbines. The development of WT in-service
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monitoring techniques that can assist maintenance decisions is thus of considerable
importance as it can improve availability and reduce the high O&M cost [11] — this is
currently estimated to account for anywhere up to 35% of the total cost of the generated

clectricity [37).

The offshore wind O&M industry in the UK alone is anticipated to form an industry
worth £2 billion/year nationally by 2025 [38] [39]: much of the needed cost savings in
this arca arc beclieved to be possible through implementation of better proactive
maintenance techniques underpinned by improved condition monitoring solutions [40]. In
this regard, the relevant standards for wind turbine certification [41] require turbine
drivetrains to be equipped with suitable monitoring systems to cnable the understanding
of its key components’ integrity (e.g. bearings, generator, gearbox) with most
manufacturers expanding these with proprietary systems aimed at enabling the

monitoring of a wider array of drivetrain and associated device failure modes [40].

There are 3 maintenance approaches available for WT maintenance: Reactive

maintenance, Preventive maintenance and Predictive maintenance [42].

e Reactive maintenance only fixes the problems after they occur. Although the
upfront costs are not required, the cost of secondary damage, increased labor and

unplanned downtime can be considerable with this approach.

e Preventive maintenance includes regular overhaul, regardless the condition of the
parts. While this can often eliminate failures before they occur, the maintenance

cost increases since the parts are more frequently changed and labor needed.

e Predictive maintenance involves the monitoring of the machine operating
condition in an attempt to identify development of fault at the earlies stage
possible. By predicting the likely to fail parts with symptoms, the maintenance
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can be scheduled for only the parts exhibiting signs of damage. Therefore, it allows
for an increased efficiency maintenance and the reduction of costly unplanned

downtime.

To enable the third monitoring approach, condition monitoring techniques are essential
for WT fault diagnosis, especially for offshore wind turbines. With the pre-programmed
detection algorithms, the early warnings of mechanical and electrical faults can be
obscrved while the defective component is operational, thus the repair actions can be
planned with the consideration of weather conditions of offshore turbine and tower height.

Correspondingly, the overall maintenance cost and downtime are optimised [7].

The monitoring systems in WTs are classified into different levels, which are illustrated

in Figure 2-7.

Condition Monitoring
< 50 Hz, Continuous

Diagnosis
> 10 kHz,
On Demand

Structural Health
Monitoring
< 5 Hz, On Demand

Figure 2-7 Structural health and condition monitoring of a wind turbine [43]

The supervisory control and data acquisition system (SCADA) offers the measurements

of the wind turbine system. Every 5-10 minutes, the measured averaged values are



transmitted to a central database. The information like power output, wind speed and
temperature is collected in this system [43]. The structure health monitoring (SHM) is
designed to monitor the integrity of the wind turbine tower and foundations. Low sample

frequency less than 5Hz is employed in SHM [43].

The condition monitoring (CM) system cnables supervision of whether the wind turbine
operates in a healthy condition. Reliable alarm and its severity are arranged by this
system while a fault occurs, to enable the wind turbine operator to schedule maintenance.
CM alarm arc widely used in WT as an associated tool. CM signals are not sampled in
high frequency considering the space of data storage [43]. Once there is a fault detected
in CM system, the diagnosis system will be triggered cither automatically or manually
to sort out the fault part. In this case, intermittent high sample frequency signal is

obtained by diagnosis system for fault analysis [43].

The components reliability in variable speed wind turbine arc summarized in Figure 2-8
below: The presented data exhibited the annual downtime of variable speed WTs. The
generator has the highest downtime among all components as it contains both complex
electrical and high speed rotating mechanical components, moreover, other components
related to generator such as bearing also contribute to down time of WT. As a result,
the identification of generator faults are essential topics of CM to reduce the down time.
Moreover, gearbox is reported as another major component causes failure in WT. In this
PhD project, the diagnostic investigation for shaft misalignment fault in DFIG system
and the DFIG condition monitoring technique implementation are some of key objectives

of this rescarch.
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Figure 2-8 Components of variable speed wind turbines and their reliabilities [44]

2.4.1 Machine failure modes

The WT generator faults are generally classified in two categories: mechanical and
clectrical faults [45] [37]. Mechanical faults include: bearing fault, shaft misalignment, air
gap eccentricity, bent shaft, broken rotor bar and rotor mass imbalance, etc. Electrical

fault can be categorised as: stator or rotor insulation damage, open circuit fault and

electrical imbalance.

The root causes of generator failures are summarized by [46] as:

e Decfective design or manufacture; material or component; installation maintenance
or operation

e Ambient conditions

e Over speed and overload

e Low cycle fatigue or shock load

(31
ct



e High cycle fatigue or excessive vibration

o Defective component

e Excessive temperature: in windings and in bearings
o Excessive diclectric stress: steady or transient

e Decbris, dirt or corrosion

The following symptoms arc reported to be possible in a WT induction generator when

a mechanical or electrical fault occurs: [47] [48]
e Unbalanced air-gap voltages and line currents
e Increased torque pulsations and decreased average torque

o Increased losses and reduced efficiency

e Excessive heating

e Disturbances in the current/voltage/flux etc. waveform
e Specified harmonics in line current increased

e Leakage flux in axial direction

At present, a variety of sensors are employed to obtain signals from different sources for
condition monitoring, which includes: stator voltages and currents, air-gap and external
magnetic flux densities, rotor position and speed, output torque, internal and external

temperature, and case vibrations, cte. [49].

A brief description of some general machine fault types is provided in the following

subsection.



2.4.1.1 Shaft misalignment

Shaft misalignment is estimated to contribute to up to 50% of all rotating machinery
breakdowns [50] and can result in considerable downtime and economic losses if it is not
detected timely. Misalignment is defined as a condition in which the shaft of the driving
machine and that of the driven machine do not align with the same centerline. While
ensuring accurate alignment can in principle prevent a considerable number of
breakdowns, including the associated unplanned downtime and production loss, in
practice the alignment is challenging to sustain over extended service periods and ideally
needs continuous monitoring, as it is unavoidably compromised by a number of drivetrain
inherent factors. In WT systems in particular, shaft misalighment can give rise to
undesirable forces leading to damage or destruction of bearings, seals, couplings, and
eventually the gearbox and the generator [51]. Misalignment monitoring and diagnosis is
thus especially important in contemporary WT drivetrains where due to additional issues
associated with the remote and harsh operating environment misalignment issues have
particularly significant downtime and repair cost implications [11] [52]. Shaft
misalignment is also responsible for 30% of downtime [52]. Investigation of different
approaches to recognize shaft misalignment fault in DFIG system for CM is one of the
topics in this PhD project. The positional problems associated with shaft misalignment

in a WT system are classified as following: [53]
e Extreme redial and axial vibrations
e Oil leakage at shaft scals and bearing scals
e Hot coupling or high casing temperatures at or near bearings
e  Loosencd coupling bolts or foundation bolts

e Premature bearing or shaft wear and failure
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In general, the shaft misalignment fault can be classified into three different types:
parallel, angular and combined. The different types of shaft misalignment are illustrated
in Figure 2-9.

coupling
-
shaft1l ] Shaft 2

parallel

Angular l—[ S
1

.
combined :l[ \\J_ _____

Figure 2-9 Types of shaft misalignment

In modern WT ficld applications drivetrain online monitoring systems are legally
required [54]; these typically use piezoelectric accelerometers for distributed monitoring
of the drivetrain vibration and can achicve misalignment detection through observation
of vibration components at shaft rotational speed multiples [50] [55]. In addition,
generator alignment is typically inspected once every twelve months using costly laser
alignment tools as part of a maintenance program periodic checks to ascertain existing
misalignment levels and identify any required corrective action; these laser sensors are
however not fully suitable for continuous monitoring [56]. While effective, the expensive
vibration based monitoring techniques can suffer in diagnostic reliability due to generator
transient operation and limitations in dynamic range [52], hence alternative methods for
shaft misalignment online monitoring are continuously researched: infra-red
thermometers were applied in [52] to observe coupling temperature, but found to be

sensitive to other heat sources in the drivetrain. Using generator current sensor
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measurements for misalignment detection was also explored [57], but was shown to be
challenging as other fault modes can be confused with misalignment. Strain gauge
application to measure displacement in vicinity of couplings was researched in [58], but
found to be constrained by the sensor location requirements. Fibre Bragg grating (FBG)
was investigated as a diagnostic tool to monitor DFIG frame surface strain to explore
the potential of shaft misalignment recognition and has been validated in [24]. Laser
based shaft distance measurement was explored in [59], but requires further research to
fully evaluate. Motor current signature analysis (MCSA) has been explored as a
diagnostic tool for monitoring shaft misalignment in conventional clectric machines [60,
61, 62] it is suggested that presence of misalignment can be demonstrated by additional

content in the stator line current spectrum.
2.4.1.2 Bearing fault

Bearing fault is regarded as one of the most frequently occurred faults in electric motors
(41%) [63]. Every bearing consists of two rings: inner one and outer one. A sets of balls
or rolling elements are located in raceways rotates insides these rings [64].
Correspondingly, the bearing faults can be classified into three different types: outer
raceway defect, inner raceway defect and other defects. Fatigue failures may occur even
the machine operates in normal balanced condition with good alignment. These faults
may be responsible for increased vibration and noise levels thus gradually lead to flaking
or spalling of bearings [64]. The clectro-mechanical symmetry in generator can be
disturbed by bearing fault, which leads to dynamic or static changes in the generator air-
gap and this field compared with those under healthy operation conditions [65]. A bearing

failure example in practical machine is exhibited below:



Figure 2-10 Illustration of bearing failure [66]

Vibration analysis is the most widely used and investigated tool to diagnosis bearing
fault. Typically fault diagnosis is conducted by recognizing spectral characteristic
frequency components generated with bearing fault, which are listed in [63] [67] [64].
Apart from frequency domain analysis, vibration signal time domain analysis utilizing
calculated Kurtosis value based on measured statistical parameters: crest factor, skewness,
kurtosis, probability density curve, etc. As reported in [67], kurtosis value larger than 3
indicates the bearing fault occur. Alternative techniques have also been investigated to
undertake bearing fault detection without expensive vibration sensors. MCSA as a
diagnostic tool has been investigated in [63] [68], both rescarches built dynamic model of
defect bearing and exhibited a compare spectrum study of healthy and faulty scenarios.
MCSA indicated the potential of bearing fault diagnosis however the findings were
reported less sensitive compared with vibration analysis in [69]. Acoustic analysis is able
to show bearing fault frequencies clearly in acoustic spectra with fewer interferences and

harmonics than vibration analysis but susceptible to external noise sources [69].
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2.4.1.3 Eccentricity fault

Machine eccentricity is the unequal condition of air gap length between stator and rotor
[70]. There are three types of eccentricity faults: static, dynamic and mixed. In static
fault, the rotating part has the same rotation axis of the rotor, but displaced from the
axis of the stator. In dynamic fault condition, the rotating part has the same axis of
stator but it is not aligned with the rotor. In mixed fault, the rotation axis is different
from cither stator axis or rotor axis [71]. For a more visual view, the different types of

eccentricity fault are illustrated in Figure 2-11

Figure 2-11 Different types of eccentricity fault [72]

Mechanical faults are common in clectric machines which lead to 50%-60% of the faults,
while 80% of the mechanical faults cause eccentricity [73]. Undesired impacts can be led
by cceentricity like: accelerating the wear of hearings, undesirable vibrations, increased
losses and heating. With the unsolved eccentricity fault, the stator core and winding can
be damaged due to rotor-stator rub [71]. The dynamic simulation model was implemented
in [74] Several approaches are reported to detect eccentricity fault: vibration signal,
machine current [75] and reactive power [76] spectrum analysis were successfully

investigated.
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2.4.1.4 Stator winding fault

The stator or armature faults usually refer to insulation failure, which are known as
phasc-to-ground fault or phase-to-phase faults [70]. However, the root of phase-to-ground
or phase-to-phase fault is the undetected turn-to-turn fault which propagated until
machine failure occurs. Stator faults arc responsible for 30%-40% of induction machine

failures [77]. As a result, it is essential to detect the turn-to-turn fault at an early stage.

Various techniques have been investigated to detect stator winding faults. For large
generators and motors with stator windings rated at 4kV and above, online partial-
discharge test indicated good results [78]. For low-voltage motors, with the asymmetry
in machine impedance caused by stator faults, the unbalanced phase current could be
obscrved by monitoring the negative-sequence current flow. i.c. for example onc turn
fault out of 648 turns was reported possible to detect [77]. Additionally, the power
decomposition technique and the statistical process control technique were also employed
to detect stator fault, as reported in [70]. Some researches based on MCSA method were
developed to detect stator fault as well, similar to previous sections, the characteristic
frequency components can be observed when a fault occurs, however, further theoretical

investigations are needed to demonstrate the root of spectral performance [70].
2.4.1.5 Rotor winding fault

Similar to stator fault, rotor fault in DFIG is mainly referring to turn-to-turn faults in
rotor side. The rotor winding is originally symmetrical in the healthy condition, but the
symmetry could be broken by inner turn short circuit [18]. Both power analysis and
current signal analysis were investigated to detect rotor fault. The stator active power
signal investigation was undertaken in [79] whilst similar research was conducted with
stator current in [18]. A comparison test was carried out in [16], both power and current
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sensing techniques were employed to detect rotor asymmetry. It was reported that the
current spectrum signal has benefits of lower noise and clearer view while power spectrum
signal benefits from the point of view of globality. Additionally, in [80], the controller
crror signals of a DFIG were validated as having potential for diagnostic application:
Both the rotor side d-, ¢- current error signals contain the characteristic frequencies
enabling fault diagnosis, with the e ¢- component signal signature exhibiting higher

sensitivity to fault.

2.4.2 Condition monitoring techniques

Condition monitoring is a technical approach to forecast the potential faults in WT
system thus reducing the maintenance cost and improve the reliability of WT. Some
physical symptoms can occur exclusively with the electrical or mechanical fault present
in the machine which are generally used as indicator for fault diagnosis: high temperature,
noise, impulse harmonic components in electrical signals, vibration, torque etc. One or
morce unique attributes correspond to a specific type of fault which arc commonly
explored by comparing measured signals in fault condition with those in healthy
condition. Until now, a number of techniques have been investigated to identify electrical

or mechanical fault: [64] [46]
e Electromagnetic field monitoring
e Electrical discharge monitoring
e Temperature monitoring
¢ Radio-frequency (RF) emission monitoring
e Noise and vibration monitoring

e Chemical analysis
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e Acoustic noise measurements

e Motor-current signature analysis (MCSA)

e FDBG sensing

e Strain scnsing

e Al techniques
In this section, the techniques involved in this PhD project are briefly introduced.
2.4.2.1 Temperature monitoring

The electrical machine maximum allowable operating temperature is limited by the
capacity of the used insulation material to sustain high temperature [81]. Furthermore,
some fault conditions like misalignment will generate heat at specific points, as will
winding or bearing faults. Therefore, temperature scnsing is cssential in machine
condition monitoring and has been applied as a tool to detect faults [29]. Three
approaches are mainly employed to measure machine temperature: [81]

. Embedded temperature detectors (ETD) are used to measure local point
temperatures, which are usually active parts like stator winding, stator core or bearings.
The key point is to identify the hottest point that needs measuring.

. The thermal image is used to monitor the temperature and obtain the hottest
spot. This technique is employed for thick extra high voltage insulation but have not

widely used in rotation machine.

. Mecasure machine distributed temperatures or bulk temperatures of the coolant

fluid.
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2.4.2.2 Mechanical vibration monitoring

Vibration monitoring is the most commonly used condition monitoring technique
especially for mechanical fault diagnosis due to its accuracy. The machine vibration stems
from a variety of sources: bearings, gears and electrical/mechanical unbalance etc. [42].
Due to the nature of mechanical faults, vibration is the most directly affected component
[82]. Thus vibration sensing as a diagnostic tool has been widely used to detect rotational
machine mechanical related faults, such as: shaft misalignment, imbalance, looscness,
bent shaft and bearing fault [50]. The common approach to measure the vibration signal
is to mount accelerometers or velocimeters on the bearings, or proximeters mounted
adjacent to bearings. Accelerometers are more suitable for higher frequencies while
velocimeters and proximeters are more suited to lower frequencies [81]. Once collected,
spectral analysis of the vibration signals needs to be performed to observe fault

characteristic frequency components and thus diagnose the fault.
2.4.2.3 Electrical current monitoring

Considering the cost of sensors and the risk of sensor failure, the MCSA and generator
output power analysis have received significant research attention, as these techniques
are cost effective and non invasive. Compared with sensor monitoring, current signal is a
multifunctional tool that has been reported to allow diagnosis of various faults, such as
bearing fault, shaft misalignment, load unbalance, gearbox fault, winding fault ct.al [63]
[82] [83]. Furthermore, the fast development of signal processing techniques and hardware
platforms reduces the cost and complexity of current monitoring. However, the current
signal is affected by some other factors that can complicate its diagnostic employment

and lead to error, such as electric power supply [84].



2.4.2.4 FBG sensing

The fibre optics were first employed for the purpose of high-quality, high capacity and
long distance telecommunication [85]. The effect of the photo sensitivity for Germanium
doped fibres was found by Ken O. Hill in 1978. The permanent change of the refractive
index could be induced by exposure to ultraviolet light. With Bragg gratings written into
fibers, which enables the reflections of very small wavelength peaks, the wavelengths of
these peaks could change with temperature or when such fibres arce strained [86]. Such
features of fibre Gragg grating (FBG) spawned the applications of fibre optic sensing for
electric machine condition monitoring is increasingly developing as a promising
alternative to conventional techniques. This technology in particular presents a number
of features which are attractive in this respect [85, 86]: Electromagnetic interference (EMI)
immunity, small size (i.e standard optical fiber size is = 125 pm in diameter, while FBG
head length typically ranges from 2 to 20 mm) and light weight, multiplexing capability
and that of multi-physical sensing: such as temperature, stress, electric field and magnetic
field, long term stability (>25 years) and relatively ecasy installation. However, The
disadvantages that can be attributed to the FBGs are: FBGs are highly dependent to
temperature. The cross-sensitivity (temperature and strain) problem needs mitigating by
special arrangements for temperature compensated strain sensing. The cost of
interrogator is relatively high and the FBGs are also extremely fragile so it is casy

damaged [86, 25, 87, 88].

A number of FBG applications for electrical machine condition monitoring have recently
been researched demonstrating promising potential. For example, FBG strain sensing use
was explored for dynamic eccentricity, winding and broken bar detection in induction

machines in [89] [90] [91], while FBG thermal sensing application for winding temperature
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monitoring and fault detection in permanent magnet and induction machines was studied
in [92] [93] [94]. The development and application of FBG magnetic sensors for electric
machine monitoring and diagnostic purposes was explored in [95] [96] [97], while [98]
studies simultancous use of single FBG head multiphysical sensing propertics for machine
bearing monitoring and [99] investigates the design of an FBG sensing suite for machine
multi-parameter monitoring. The potential of FBG sensing application cvaluation for

misalignment monitoring in electric machine drivetrains however remains to be explored.

2.5 Signal processing techniques

Generally, signature analysis is the majority approach to distinguish which type of fault
exist in DFIG [100, 64]. More specifically, since characteristic signal frequency
corresponding to different faulty conditions could be observed in spectrum, the type of
fault is identified via capturing these component. To this end, an appropriate signal
processing technique is required to capture frequency components of interest from the
acquired signal. A brief introduction to signal processing techniques employed in CM is

given in this section.

2.5.1 The classical Fast Fourier Transform (FFT)

The acquired signals from machine side are generally time domain signal, to analysis the
frequency component, the signal conversion from time domain to frequency domain is
necessarily required. FET is one of the most commonly used signal processing techniques.
It is a faster implementation of DFT (discrete Fourier Transform), by reducing the n-
point Fourier Transform to (g)lo g>(n) points, the less complex algorithm is reached [101].

An example of FET application in MCSA is illustrated in Figure 2-12 below:
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Figure 2-12 Single phase stator current monitoring scheme [28]

The whole process can be classified into four parts: sampler, pre-processor, algorithm
and postprocessor. The stator current signal is obtained from induction machine stator
side via current transducer, the fundamental frequency and higher frequency components
are removed by notch filter and low pass filter correspondingly. The filtered signal is
sampled by analogue to digital converter. Then the pre-processor converts the sampled
signal from time domain to frequency domain, signal noise is reduced by averaging
predetermined number of gencrated spectra. After that, the characteristic frequency
components related to specific fault type are distinguished and extracted. Finally, the
frequency components of interests arc identified in postprocessor to determine if the fault

exist or not [49].

Although FFT is commonly used for WT CM, the limitation is still crucial: it is not
suitable for dealing with continuous non-stationary signals (i.c. the frequency content of
those signals vary with time) [102]. However, in some situations, e.g. rolling bearing.

The vibration signals are often non-stationary and the frequency components change
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with respect of time [103]. Therefore Short-time Fourier Transform (STFT) is employed
in non-stationary signal analysis, which is preferred for vibration signals to identify
harmonic components [102]. In STFT, non-stationary signal (long time) is divided into
scveral small sections (short time), the smaller scctions can be regarded as stationary
signal and then proceed with FFT. This technique enables a time and frequency based
view of a signal. However, since the precision is determined by the size of window (i.c.
the frequency resolution of spectrum) and the main drawback of STFT is the fixed size

of the window [49].

2.5.2 Wavelet analysis

Time-frequency dimension analysis is widely used to detect fault since they can not only
show the effected frequency range, but also the time of impacting occurs. The wavelet
transform is regarded as onc of the best time-frequency analysis methods [103]. The
analysis is based on a special analyzing function, which is called the basic wavelet. The
specific time range of the wavelet is sclected while analyzing undertaken, then expanded
or compressed by a scale parameter and shifted by time parameter. The expanded
condition usually focuses on low frequency components while compressing condition is to
observe high frequency components [102]. Compared to STFT, wavelet enables variable-
size of windowing. As a result, the major advance of wavelet analysis is that the ability
of providing multi-resolution diagrams in time and frequency domain. However, the

limitations of wavelet transform are unneglectable as well:

e The data got from wavelet transform cannot be applied for feature extraction

without further FFT analysis, which increases the complexity [86].

o Wavclet is affected by undesired spikes all over the frequency scales because of
interference terms, border distortion and energy leakage [85].
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e In some cases like bearing fault detection, the analyzed frequency range is large
and requires high sample speed, would expect the method provides good
computing efficiency. However, the wavelet transform, as a time consuming

method, is not suitable for large size data analysis [85].

2.5.3 Hilbert-Huang transform

Hilbert-Huang transform (HHT) is another time-frequency analysis method which is
suitable for non-stationary signal analysis. The analysed signal is proceeded by a time
adaptive decomposition operation named empirical mode decomposition (EMD). One of
the examples utilizing HHT for DFIG bearing fault detection was introduced in [104].
Then the signal is decomposed into a series of complete and orthogonal components
called intrinsic mode function (IMF), which is nearly monocomponent. The full energy-
frequency-time distribution of the signal can he obtained by applying Hilbert transform
on the IMFs [103]
Compared with wavelet transform, HHT has the advantage of dealing with signal of large
size, because the most complex computation step, EMD operation is not time consuming.
Besides, the frequency resolution and time resolution concepts are not involved [103]. As
a result, HHT is attacking morc attention in condition monitoring, especially in the
mechanical vibration aspect [105]. However, some drawbacks of HHT still exist: [103]

e Some undesired low amplitude IMFs at low-frequency region and unexpected

frequency components are generated by EMD.
o [f the first IMF covers a wide range of high-frequency region, the monocomponent

definition cannot be satisfied perfectly.
e Some low-energy components from the analysis signal sometimes cannot be
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separated by EMD operation, thus these components may lose in the frequency-

time planc.

In this PhD project, the fault diagnosis is based on fixed speed condition (i.e. fixed
frequency component of interest while operating) to help investigate and identify the
characteristic frequency for fault analysis. Therefore, FET is employed to identify the
characteristic frequency from electrical, vibration and FBG measured signals in this

project.

2.6 Sensorless speed estimation of rotational machine

Typically, the monitoring of rotating machinery speed and angle requires the use of
incremental encoder. Such direct speed and position sensors require additional clectronics,
extra wiring, extra space, careful mounting, frequent maintenance is also required as the
connection, clectromagnetic interference, clectronic circuit and optical disk damage may
possibly affect the speed measurement result. In addition, it has been found that the cost
of a speed sensor is close to an induction motor in the 2-5 kW range [106].
Correspondingly, the motor drives without direct speed sensors can provide reduced cost
but also higher reliability, better noise immunity as getting rid of complicated wiring for
encoder and less maintenance [107]. In WT applications, sensorless speed estimation
(SSE) could be an alternative solution to keep the generator working normally if the
cncoder failure occurs. Therefore, SSE as an improved reliability and low cost drive
solution has been investigated in many researches and aimed as a target in this PhD
project. The SSE methods could be generally classified into two catalogues: the
fundamental model based (FMB) estimation and the spectral search based (SSB)
methods [107, 106, 108]. FMB techniques requires basic knowledge of machine parameters

(such as stator resistance, inductance, rotor time constant, number of slots...etc.) and its
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relevant control, moreover, these parameters are sensitive to inherent. variations thus the
estimation performance is affected [109]. The SSB is based on frequency components in
the electrical or mechanical signal spectrum (e.g. stator current, power, vibration signals
cte.), however cxtensive saliency is needed to visualize the characteristic harmonic
component and utilize it for estimation purposes, which cannot always be guaranteed
[110]. In this scction, a brief explanation of SSE schemes for induction motor drives arce

illustrated.

2.6.1 Non-spectral sensorless speed techniques

FMB technique is the approach to obtain machine rotational speed or position utilizing
electrical signal space vectors. In FMB methods, d-q reference frame equations are
employed to express the electrical machine while other reference systems are also possible.
The air-gap flux distribution is assumed sinusoidal, i.c. higher order harmonic
components are neglected apart from the fundamental. As for DFIG system, the classic
cxample of FMB scnsorless control was introduced in [34]. To enable DFIG SFOC, one
of the critical steps is to determine the transformation angle for the reference frame
transformation. The corresponding phasor diagram is cxhibited in Figure 2-13 as

following;:
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Figure 2-13 illustration of reference frames and angles for the DFIG

The angular difference between stator reference frame and stator flux (excitation frame

W

¢”) could he captured from stator voltage as g, meanwhile, the angular difference among
rotor reference frame “h” and rotor current vector i, is B2 Voltage vector vy is aligned
with ¢ axis of excitation frame, which has the position difference a; from d axis
stationary reference frame. Meanwhile, with the calculated rotor current vector
component in excitation frame “¢” via equations listed in [34], the angular difference
among rotor current vector and stator flux could be worked out as x. The rotor electrical
angle 8,thus arc deduced by u — (B, — x). The differential 8,gives the rotor clectrical
rotational speed hence finally the mechanical speed could be determined with a pre-
known machine pole-pairs. Unfortunately, the listed approach is highly sensitive to the
machine parameter variation such as resistance. Non-constant parameters in machine
would affect the precision of speed estimation. To mitigate this issue, a closed loop scheme

was implemented to offer robustness and deal with dynamic characteristics [110].

Model reference adaptive systems (MRAS) is one of the most widely used approaches for
sensorless induction motor drives due to its easy-to-implement system with high speed

of adaptation for a wide range of applications [107]. MRAS generally contains a reference
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model, an adjustable model and an adaptive mechanism. The reference model is to
calculate a state variable z in a rotor speed independent approach such as terminal
voltage and current. The adjustable model estimates the state variable X depend on rotor
speed. The error € is the difference between calculated state variable and the estimated
one [107]. The rotational speed is generated from adaptation mechanism, which is a PI
controller, utilizing error €. As the error € decreases, the estimated speed is closer to the
actual rotational speed [110]. The structure diagram of MRAS is illustrated in Figure

2-14.

Reference Model

Actual Motor
V 1 -
dqs ldgs L Adjustable Model

[ &

Adaptive Mechanism

b

Figure 2-14 Structure block diagram of MRAS scheme
Different types of MRAS are classified with verities of state variable z employed into the
scheme, the most commonly used are the rotor flux based MRAS, back emf-based MRAS,
and stator current-based MRAS. The main advantages of MRAS algorithms are they are
robust and fast convergence. Morecover, the implementation of adaptation mechanism
block has to compromise between fast response and high robustness against noise and

disturbances in the system [107].

2.6.2 Spectral based sensorless estimation

Unlike the FMB SSE scheme, SSB estimation offers an alternative approach without
prior knowledge related to machine and is less sensitive to parameters. SSB SSE is usually
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achieved by tracking the characteristic spectral component dependent on rotational speed
in real-time. Stator current signal has been investigated for SSB SSE for induction motors.
As the air-gap flux in induction motor is not perfectly sinusoidal- due to slotting - the
slot effect harmonics can he induced in the stator current that can be employed for speed
estimation purposes. Regarding DFIG systems, the spectral content induced in WRIM

stator current could be observed in spectrum and demonstrated as following form: [111]

fhrens = |kp e % i (2.4)

where: £=0,1,2,3..and represents the air-gap fields’ pole-pair numbers, f is the supply
frequency, p is the pole-pair number of the machine and n. is the machine rotational

speed in revolutions per minute (rpm).
Correspondingly, the machine rotational speed can be calculated from (2.4) as:

10
ny = m (fCIilTTETI.t - f5) (2.5)

By capturing the real-time slot harmonic components’ frequency from stator current
signal, the machine rotational speed could be worked out with listed pre-known
parameters (e.g. p, k). Signals other than the current have been explored for SSB SSE.
Mechanical vibration was post-proceed utilizing zero-crossing detection technique to
detect mechanical frequency in [112]. Active power has been evaluated to achieve SSE

with its rotor speed dependant frequency component in [113].

The typical process of SSB SSE could be briefly summarized as follows [109]: The source
signal (i.c. stator current) is acquired with a predefined sample rate. Generally, a band
pass filter is employed to mitigate the coffect of spectral interference. Besides, the
algorithm usually congsists a window function such as e.g. Hanning window to reduce the

spectral leakage effect. Due to the limitation of spectral resolution, it is not possible to



obtain perfectly continuous spectrum but only discrete spectrum. The spectral leakage
is the part between integer multiple of the spectral resolution. The spectral estimation
technique is then employed to capture the frequency component of interest in the
spectrum. Finally, the machine rotational speed could be calculated with the predicted
speed dependent relationship. The flow chart of SSB SSE is exhibited in Figure 2-15.

Stator current slot harmonic SSB SSE in WRIM is used as an ecxample.

To extract the expected harmonic component from spectrum, the common approach is
to capture the maximum amplitude harmonic in a specific frequency range. This
frequency range required careful determination which can be challenging — its purpose is
to isolate the other prominent spectral component like the fundamental frequency
harmonic minimising interference with the target spectral frequency that is being

monitored for SSE.

Sense: Stator Current

Apply Filter

Spectrum Estimation

Expected
slot
harmonic
detected?

Predefined Parameters Speeli calculation
. fs = ey P = £

Figure 2-15 Simplified flowchart of SSB SSE

Several techniques were implemented to realize harmonic extraction. FFT is the common
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approach to convert the signal from time domain to frequency domain. However, the
resolution of FFT effects the estimation results. The error occurs while the estimated
frequency lies between the integer multiple of resolution frequency, thus the accurate SSE
requires high resolution FFT routine and hardware/softwarc complexity, as introduced
in [114] to achieve SSB SSE utilizing stator current signal. Another critical drawback is
that the speed estimation rate is reduced by high resolution frequency. To balance the
estimation rate and accuracy, various techniques were employed and are briefly reviewed

next.

A combination of low resolution FFT and dichotomous technique was implemented in
[111]. The slot harmonic of interest was first located within the low resolution frequency
range by FFT coarse search, then fine search was deployed to capture the accurate
position of slot harmonic by dichotomous scheme. Dichotomous searches the target
frequency position in spectrum by reiteratively compare the larger components within
halved coarse searched range, after numbers of iterations, a precision frequency
estimation could be achieved with limited numbers of sample data and estimation speed
is secured as around 10 estimations/second. In [106], the authors implemented a SSB
SSE scheme with Hilbert transform and interpolated FFT. The acquired motor current
signal is demodulated by Hilbert transform to obtain instantaneous amplitude and phase
fluctuations, then the proceed instantancous amplitude and phase fluctuations arc
calculated via FET. To specify the speed related component within the resolution
frequency range, the interpolation calculation is given to mitigate the estimation crror to
locate the frequency component in spectrum. Some other techniques like zero-crossing
detection [115], maximum entropy spectral estimation [116] and Chirp-Z transform [108]

were also reported in publications.
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In this project, a novel SSB SSE scheme utilizing DFIG controller embedded signal with
parabolic interpolation is implemented in LabVIEW FPGA interface to enable fast real-
time estimation in laboratory testing. More detailed explanation will be demonstrated in

Chapter 5.

2.7 Summary

This chapter first presented the general wind turbine structure and its operating region.
Among all WT generator types, DFIG is the most widely installed due to its capability
of variable-speed fixed-frequency operation and partial scaled back-to-back converter
needed — this is challenged for large offshore systems which currently favors alternative
technology, however DFIGs constitute the vast majority of currently of operating field
devices. The DFIG structure and three-level WT control were explained to illustrate how

DFIG associated WT operates in practice.

The chapter then discussed the importance of CM application in WT, CM is aimed to
offer a forecast of faults at early stage to reduce the O&M costs as the WT especially
offshore ones are remotely located in harsh environment. The common machine fault
types and their relevant diagnostic methods were illustrated. Additionally, general CM
fault diagnostic approaches and signal processing techniques were also reviewed as a part
of CM system introduction. Investigate novel approaches for CM fault diagnosis is one
of the targets in this PhD project.

SSE is another PhD resecarch topic for improving machine reliability and cost reduction.
Typical machine speed information was acquired via speed sensor, which requires power
clectronics, extra wiring, space and maintenance. In this chapter, a general review of

FMB and SSB SSE were illustrated. Both main SSE classes were demonstrated in the
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aspect of definition, control structure and examples.

The material presented in this chapter is aimed to provide a background introduction to
the detailed condition monitoring and estimation studies for DFIG systems reported in

the following chapter.



Chapter 3 Description of the experimental

DFIG test rig

3.1 Introduction

This project explores new controller embedded and advanced sensing schemes for
monitoring of operational and health parameters in DFIGs. For experimental research
purposes a dedicated laboratory test system is used [117] [16]. The test system is
controlled in a stator flux oriented control (SFOC) scheme and is capable of operating

synchronised to the grid [118].

This Chapter presents the design and operational features of the purpose built laboratory
test rig used in this work. First, the overall layout of the test rig is detailed, followed by
a general description of its components (e.g. machines used, power converters, control
platform, sensing etc.) and their interconnection and operation. The proprietary
implementation of the rotor side converter SFOC scheme is then presented, including the
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system run up and synchronisation procedure.

3.2 Test Rig Layout

The overall test rig layout is illustrated in Figure 3-1. A 30 kW wound rotor induction
machine (four-pole, three-phase, 50Hz, 225 frame size by Marelli Motori) with a back-to-
back converter system interfacing its rotor winding to the grid and its stator winding
directly grid connccted is employed to cmulate a wind power DFIG system on an
academic scale. The prime mover is a 40 KW DC motor, controlled by a commercial DC
drive to provide a desired load characteristic, including pre-programmed torque-speed
profiles representative of wind turbine generator dynamics. A commercial converter
interfaced with a dedicated resolver feedback module is used in the test DFIG rotor
circuit to allow practical SFOC scheme implementation while retaining the advantages
of commercial protection. To execute the control routine and generate the reference
signals to control the converter while also monitoring the relevant DFIG signals, a

dSPACE real-time platform is used.

Torque Reference Speed and torque demands

A
Speed & Position
Feedback

' SM resolver
! ‘ (5

o)
——— [ Stator & )
.- Rotor Speed
N +~ Measurements L feedback
Encoder Y
PC with @g‘ N
penos < Y Encoder
AT P
and thermal

sensing

Figure 3-1 Layout of laboratory DFIG test-rig
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Two incremental encoders are employed in the system: one is mounted on the rotor shaft
of the induction machine to measure its rotor speed and position for real-time SFOC
feedback purposes. The other is fixed on the DC machine shaft to provide rotational
speed feedback to the DC drive and enable cffective control of the DC load motor. A
suite of LEM LA 55P/SP1 current and LV 25-600 voltage Hall sensors are fitted to the
DFIG test system to sense the relevant clectrical signals. To allow analysis of frame
vibration signals for research purposes the test DFIG is also instrumented with a
commercial Bruel and Kjaer (B&K) PULSE® vibration monitoring platform, including
two (B&K) 4394 accelerometers mounted on the gencrator frame in a 90-degree spatial

offset configuration connected to a vibration controller 3560-B-130.

3.3 dSPACIE real time platform

The dSPACE 1103 real time platform is employed in test rig to enable implementation
and execution of the SFOC. It is a software/hardware platform capable of compiling pre-
programmed control routines in Simulink software into hardware control devices to enable
development of real-time applications [119]. The user accessible system monitoring and
control is provided by Control Desk software integrated with dSPACE. The used dSPACE
system has 16 multiplexed analogue to digital (ADC) channels, 4 parallel ADC channels
and 8 digital to analogue (DAC) channcls arc contained in dASPACE controller board.
The operating signal range of the channels is -10V~10V DC. In addition, there are 6
digital incremental encoder interface connectors and 1 analogue incremental encoder

interface channel capable to be connected with external encoders [120].
The dSPACE platform is employed in the experiments for the following objectives:

e To provide reference signals for the rotor side converter (RSC) to accomplish
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SFOC.

e To control the mechanical output of the DC machine (speed and torque) by setting

a desired static or dynamic operating profile reference for the DC drive.

e To monitor the system variables during experiments and collect signal information

for further investigation.

The laboratory used dSPACE controller board is shown below:

Figure 3-2 dSPACE controller board

3.4 DFIG speed control and acquisition

3.4.1 DC motor control

DC motor is used as the prime mover to simulate the mechanical input of the DFIG test
system and its speed and torque controlled for this purpose. The control is performed
using a commercial DC drive (CONTROL TECHNIQUES MENTOR II), The
characteristics and functions of DC drive control are regulated through a user interface
menu allowing the relevant parameters to be set to achieve the desired functionality [121].

The DC drive is illustrated in Figure 3-3.
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Figure 3-3 DC drive (MENTOR II)

The DC drive can operate in four distinct operating modes: speed control, torque control,
torque control mode with speed override and coiler/uncoiler control mode [121]. The
speed control mode is used in this project: a suitable speed reference is this provided to
the drive using a dSPACE platform, determined based on the desired test conditions.
The maximum torque limit is regulated by appropriately setting the controller current

limit, defined by the particular test regime’s requirements.

The DC drive operating point references are set remotely through the external reference
input channcls in this project: analoguc references of voltage and current are gencrated
from the dSPACE platform. To this end, the Simulink model in Figure 3-4 is built and
compiled. The model is aimed to generate voltage signals (from DAC) as speed and
torque limit references for the DC drive. The speed and torque (e.g. current) references
are set in two constant blocks, with the actual reference values scaled by max limits with
gain blocks to be mapped to the required 0-10Vs input voltage range of the drive, i.c.
10/max limits. The dSPACE scaling blocks (0.1) are necessary since the DAC channel
tends to increase the original signal value by ten times [120]. Lastly, the scaled reference

signals are sent to DAC blocks so that references can be generated for the DC drive via

84



the dSPACE DAC channels.
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Figure 3-4 Simulink model layout for DC drive control

Since the DC drive requires speed feedback for closed loop speed control operation, an
encoder (Hohner, E series, 15V, 1024 pulses per revolution encoder) is fitted to the DC

machine to provide the necessary feedback signal.

3.4.2 DFIG rotor position and velocity measurement

To obtain the DFIG rotor speed and position information required for control and
monitoring purposes, an encoder (Hengstler, R32, 5V, 1000 pulses per revolution) is
installed on the rotor shaft of the wound rotor machine. The signal generated from the
encoder is collected by the dSPACE platform by connecting encoder terminals to
dSPACE digital incremental encoder interface connector. The following Simulink diagram
is employed to obtain rotor speed and position information (provided via dSPACE

defined block DS1103ENC_POS_C1 ).

.
ENCODER Enc posifon | Jl> K +
MASTER SETUR £ ’
nc delta positon polepair Motpos| A00
DSM0ZENC_SETUP DSTOIENC_POS C1
2
Terminator! encoder_dift

Figure 3-5 Simulink model layout for speed estimation



For the speed and position measurement, the ENCODER MASTER SETUP block must
be built to establish the global specifications for channels of encoder interface. The input
of dSPACE system is the pulse signal generated from encoder and the Simulink model
above and counted in the system, which is the value of Enc Position output. Since the
encoder is made by a disk with 1000 lines per revolution, each pulse count represents a
360/1000 degrees angular displacement. The “encoder_diff” block (-12) is the physical
difference between the encoder index and the rotor reference frame d-axis position in
degrees, which will be further discussed in section 3.6.1. The output of the “add” hlock
provides the rotor reference frame d-axis position in degrees. Further scaling is provided

by the “ang-rad” block to transfer the angular position to radian scale.

A phase locked loop (PLL) is employed to keep the coherence between the input
(reference) signal frequency and the output signals via phase comparison. A PLL system
generally consists of a phase detector (PD), a loop filter (LF) and a voltage controlled
oscillator (VCO) [122]. In this project, the Simulink model for test rig control is exccuted
at a high sampling frequency condition (50000Hz) to meet the requirements of the
resolver feedback system, this will be further explained in SM resolver introduction part
in section 3.5. Consequently, the available dSPACE platform capacity is not sufficient to
process in real-time the relevant data to extract the encoder feedback in such high sample
rate condition. To obtain the rcal time cncoder feedback suitable for control purposcs,
the PLL model in Figure 3-6 is developed. The system input is the rotor position 6;
measured by encoder while its output is the rotational speed of WRIM w, and PLL

proceed rotor position 6,. The error signal is worked out as [123]:
error = sinf;cosf, — cosb;sinf, = sin(6; — 6,) 3.1)

While 8; — 8, = 0, the error signal sin(6; — 8,) = 0 as well. It can hence be assumed that
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sin(6; — 6,) = 6; — 6, [123).
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Figure 3-6 Structure of PLL

In this PLL system, the PI controller is behaving as the LF while the integrator is the
VCO. The LF determines the dynamic performance of the PLL system; its key
parameters are natural frequency (w,) and damping ratio ({). The calculation of

controller parameters (K, and Ki) is based on the transfer function below [122]

Ks\_ 1
fo(s) _ (Kp+-%() - K;
0i(s) 1+(Kp+%)><(§) s2+sKp+K;

(3.2)

In this work the PI controller parameters are set to K; =685, K,=60 [9].

3.5 Rotor side current control scheme

The DFIG current and voltage signals are measured via Hall sensors fitted to the test
rig. Using these signals, the real-time control program in dSPACE works out the desired

references for the rotor side converter so the SFOC scheme can he accomplished.

The DFIG back-to-back converter consists of two industrial CT UNIDRIVE SP-4401
units coupled by a DC link: the rotor side converter (RSC) and the grid side converter

(GSC) [45]. The GSC is sct to operate in Regen (regenerative) Mode as a sine rectifier
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and maintains the dc link voltage. The DC bus set point is 700V in this project,
corresponding to 400V rating drive [124]. The SFOC is accomplished on the test DFIG
system by manipulating the RSC; while the used industrial converter has a high level of
clectrical protection and docs not allow access to switching: its control capability for
drives applications is limited to only standard control schemes and does not offer a readily
available capability for exccution of DFIG vector control (i.c. SFOC scheme). This posed
a challenge to implement the SFOC scheme using the existing pre-set vector control
schemes offered by the commercial converter. To overcome this limitation, a dSPACE
platform with a commercial SM resolver model is employed to enable proprictary SFOC
scheme implementation as described in [118]. In this project, the servo control mode is
selected for the RSC converter, which is generally intended for PM motor control [125].
The commercial converter provides 6 kHz switching frequency for the testing DFIG. The
control reference frame orientation in the servo mode is that the g axis is aligned with
stator current vector [124]. In the ensuing text, this control reference frame is defined as
the servo reference frame, which was illustrated in Figure 3-7.

Servo mode

qlll

d

Legend: = Three phase components
-~ Stationary reference frame

Servo mode reference frame

Figure 3-7 Servo mode current vector
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However, in DFIG SFOC scheme, the servo reference frame, rotor current vector, has to
be aligned with SFOC defined current vector, I, while the vector is defined by SFOC
frame d-q axis currents. Since the commercial RSC servo mode was pre-programmed for
PM motors, the inherent servo reference frame was aligned with rotor reference frame.
As a result, the proper orientation is required for RSC servo controller to implement
SFOC with existing facilitics, as illustrated on the corresponding phasor diagram in

Figure 3-8.

B Qenc qr q *

Current vector

Qservo

d* «— Stator flux

dservo

Figure 3-8 Phasor diagram

In Figure 3-8: the estimated rotor current vector, I_r, is represented in green, as are the
desired d-q axis rotor currents aligned with stator flux reference frame; the orange d* —
q * axes and the red d, ¢ axes denote the stator flux reference frame and the rotor
reference frame, respectively. The desired servo reference frame, the qseryo axis is aimed
to align with SFOC defined current vector L. position, shown in purple. To implement
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the DFIG SFOC scheme, the desired angular difference 8, between rotor reference
frame d. and servo reference frame dieno needs to be provided to the RSC set servo control
routine to ensure the SFOC appropriate current and flux orientation [118]. In fact, the
sensed SFOC control reference frame angular position is defined by the stator flux
position angle (derived from grid supply voltage vector angle -as detailed in section 3.6.2)
and the rotor d axis position (derived from encoder position by adding the constant angle
difference B4y between the encoder index axis and the rotor d axis). The 0; is the angle
difference of vector I (gsmo) and stator flux d*, which can be obtained from T4 and E
input. i.c. reference controller current value in SFOC reference frame. The slip angle is
obtained from the stator flux position d* minus that of the rotor position d. Therefore
the angular reference Osp, = 6; + G5 —g is needed for the RSC to align the servo
reference frame ¢ axis with the SFOC defined reference rotor current vector I.. More
details about the reference frames relationship is provided in the following scctions for

clarity.

7

Figure 3-9 back-to-back converter

The challenging part is to obtain the instantaneous angle 8, and provides the angular

position information to the RSC. This is accomplished using an SM Resolver module [45].
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A resolver can be regarded as a rotating transformer providing output voltages on a pair
of SIN and COS secondary windings. The excitation voltage Voye, provided by the SM-
Resolver model, is the carrier signal sent to the primary winding to enable the generation
of amplitude-modulated voltage waveforms on the sccondary winding that carry
positional information [45]. The control scheme to obtain sy, (O.ony in graph) is

presented below:

. . er (f) - Vsin >
Ird* Cartesian | 5 ™ Resolver SM- (O s
g to —»{+ ) Equations Ve o| Resolver |
Polar Hmp i 90°

Figure 3-10 Real-time speed and position control scheme [126]

An emulated resolver output of the required angular reference for RSC to enable
alignment with the SFOC reference frame is used and fed to the SM resolver module; the
output sine V.. and cosine V., signals are created in dSPACE. Vi, and V., are obtained
from Vi and Ogy (ic. Ogn = 6; + Ogip —g) as shown in (3.8) and generated from
dSPACE: [126] [127]

Vsin = gVexcsin (Bcony (D)sin (wct) (33)

Veos = GVexe €05(Bonn(8)) Sin(wet) (3.4)
where: ¢ is the resolver turns ratio, V.. and w, are the magnitude and angular frequency
of the excitation signal, respectively. In this case, the resolver turns ratio is fixed as 2:1
and the excitation signal magnitude is set as 4 Vi to ensure appropriate speed and
position feedback from the SM Resolver model [126]. The excitation signal generated
from the SM Resolver is configured at 6 kHz [45]. The Vi and Ve, signals are sent from
dSPACE DAC channel to the SM Resolver and V... signal is acquired from the SM
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Resolver by the dSPACE ADC channel. The sampling frequency for the overall control
model must be chosen appropriately, as a low sample frequency choice will lead to signal
distortion while the dSPACE platform cannot execute real-time calculations for an
excessively high choice of frequency. In this study, 50000Hz issucd for the sampling

frequency.

Using the position feedback provided through the emulated SM Resolver module, the

DFIG rotor current control is established by the RSC, as illustrated in Figure 3-11:

_ No access to this point
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I
Current i g
> (- - H
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=

Figure 3-11 Rotor current magnitude control [126]

The magnitude of the rotor current vector is obtained from reference rotor current set
Ly and I, which is defined as ‘Torque reference’ variable in the servo control mode
setup on the commercial drive. The scaling factor here is to work out the reference for

rotor current magnitude from dSPACE hence provides reference to RSC.

. . Iy I}
magnitude scaling = — W (3.5)
rated rotor current 56A

While this approach enables the establishment of a functional SFOC scheme some
operative limitations remain: the cross coupling and effects are not catered for. Due to
the limitation of commercial RSC units’ accessibility, there is no access allowed to PI
controller output in RSC [126]. As a consequence, higher gains in PI controller are
required to compensate the disturbance, i.e. the feed forward term [34]. K, and K; were
set as 34 VA'S'and 1VA™, respectively, in previous published work [118] and this PhD
project.
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3.6 Synchronisation with the GRID

One of the key objectives to facilitate further rescarch in this project is to enable the test
DFIG to operate in SFOC control and in grid connected conditions. Recalling Figure 3.1,
the DFIG stator and the grid must not be connected until the electrical potential between
them is zero, i.e. their voltage magnitude, frequency and phase have to be as close to
identical as possible before synchronisation is attempted. To enable this, a set of three
synchronising lamps and a digital oscilloscope in Figure 3-12 are deployed to indicate

and monitor the potential difference level between the DFIG stator winding and the grid.

Figure 3-12 Stator and grid synchronisation tools

In the following section, the practical procedures of DFIG synchronisation and enabling

SFOC on the test system are described.

3.6.1 Encoder initial position estimation

To accomplish the stator flux oriented control, it is essential to align the rotor current
components Iyand [, with the stator flux reference frame. The ideal stator flux position

could be obtained from grid voltage, however the reference rotor winding position (d-axis
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of the rotor reference frame) cannot be estimated directly. Therefore, an encoder is
deployed as a reference to track the rotor position. The incremental encoder inherently
measures only the relative movement of the rotor shaft but can also observe the rotor
ahsolute position if a reference signal is provided, as illustrated in Figure 3-13. To obtain
the rotor winding position from the encoder signal, the angle 8 should be identified,
which represents the rotor d axis position with reference to encoder index pulse. The
actual position of the encoder readings is defined by the location of its index pulse, and
thus by recoding the encoder outputs from Control Desk, the encoder’s absolute angular
position can be obtained. Since the rotor coil is rotating at the same speed as the encoder,
its physical position can be estimated by referring to encoder index position and offsetting

it by 6.
To estimate angle 8 the following procedure was followed:

Encoder index

Rotor d axis position
Figure 3-13 Encoder position and rotor position

a. Disconnect the machine rotor winding from the rotor side converter and the stator
winding from the grid. Connect DC power supply to the rotor side windings as shown in

Figure 3-14; keep the stator windings open circuited.
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Vee T2

Figure 3-14 Rotor side connections for testing

b. Rotate the WRIM rotor using the in-line coupled DC motor at constant speed. To
identify rotor d-axis position, the back e.m.f. induced in a stator phase winding by
rotational DC current ficld on the rotor was captured. The identification of rotor flux

and reference position is explained in step c.

c. Since the back e.m.f is lagging the magnetic flux by 90 degrees, the rotor flux position
(reference rotor position) could be captured from induced voltage vector’s angle on stator
side. With the help of voltage sensor and dSPACE platform, the stator voltage vector

angle are acquired by following procedure:

The three-phase stator voltage was converted by Clark’s transform then the voltage
vector was identified in terms of polar coordinate. After subtracting the voltage vector
angle with 90 degrees, the rotational flux angle position can be obtained, assuming the
stator resistive voltage drop is neglected. For a more convenient presentation for
application in future steps, the estimated angle is converted to a periodic waveform of

21,

d. The encoder position can be gathered from dSPACE Control Desk as described in
previous section, and is for convenience of manipulation also converted to a periodic

function of 2m.



e. Subtract the waveforms obtained in step ¢ and step d: a resultant square wave is
generated since the encoder and rotor arc rotating at the same speed. The angular
difference between the encoder index position and the d-axis of the rotor reference frame

can now he obtained by comparing the two signals to extract their angular offsct.

The described procedure is illustrated in a flowchart in Figure 3-15 for further clarity.

Disconnect the stator winding from the grid and
the rotor windings from the converter

l

I Connect DC supply to the rotor windings I

| Observe the stator three-phase voltage in rotating machine |

|

| Extract rotor flux position from estimated stator voltage |

I

| Obtain the encoder measured position signal at the same time |

l

Find the difference between position signals thus
identify encoder index position

Figure 3-15 Initial encoder position identification process flowchart

3.6.2 Stator flux oriented control implementation and verification

After identifying the angular difference between d-axis of the rotor reference frame and
the encoder index position, the rotor position can readily be observed from the encoder
signal. The steps to implement DFIG SFOC are detailed in the following text, along with
the validation tests of the RSC generated current.

The main requirement initially is to obtain the stator flux reference frame position for
control purposes. This could be extracted from the grid voltage signal since stator voltage
will be synchronised with that of the grid. The block diagram of overall controlling

scheme is shown in Figure 3-16. A set of voltage sensors are employed to measure the
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grid side three phase voltages Vy., Vi and Vie. Proceeded by Clark’s transformation and
Cartesian to polar transformation, the grid (and stator) voltage vector angle is obtained.
As the flux vector is 90 degrees lagging to this, the reference stator flux position for the
system can be captured, which is the angle 6, in the phasor diagram shown in Figure 3-8.
This holds valid with the assumption that the stator resistance is sufficiently small for
its effects to be neglected [34]. By subtracting the rotor reference frame d-axis angular
position, the angular difference between rotor and reference stator flux can be concluded
as B As explained before, the angular input for the SM resolver is set as O, = 6; +
Osiip — g to align the rotor reference frame q axis with the SFOC defined rotor current
vector I, The rotor current magnitude and 6; are obtained from the adjustable if,and

igr reference values by following equations:

L] = ji;f + g (3.6)
phase angle = tan_lg—r (3.7

To verify the stator flux oriented control implementation and allow synchronisation,
another set of voltage sensors are fitted on the stator side to monitor the stator three
phase voltage. Following the procedure describer earlier in this chapter the actual stator
flux position can be obtained as 6,". After the rotor current is processed by Clark’s and
Park’s transformation, the rotor current in stator flux reference frame I and I, can be
measured. If the measured values (Ls and I,,) are identical to the reference values (ig,and
igr), it can be concluded that the DFIG stator flux oriented control is accomplished and

appropriate control of rotor current established.
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Figure 3-16 Overall control scheme

An illustrative test was undertaken to verify the built control scheme. In this case, the
reference currents were set as Iy, = 15.47A and I3, = 3.42A. The generator speed is 1400
rpm. Figure 3-17 provides the corresponding rotor current measurcments (lu, I and
three phase rotor current, the numerical values in the figures are the instantaneous value
of the signal while taking snapshots) from dSPACE. The three phase currents are
recorded from dSPACE ADC input channels directly, which are connected with current
sensors in machine rotor side. I and Ig, were worked out based on the pre-programmed
algorithm as Figure 3-16 presented before. As the original signals in the dASPACE plotter
were very noisy, to get a better view of signals, the measurecments shown bhelow were
averaged for clarity (mean of every 1377 points). As the figures show, the mean values of
generated rotor currents are in very good agreement with the reference rotor current
settings, indicating that the SFOC of rotor current was successfully implemented based
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on the presented methodology.
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Figure 3-17 Rotor current measured from dSPACE

3.6.3 Synchronisation of a DFIG with the grid supply

After implementing the SFOC scheme, the next step is to synchronise the DFIG stator

with the grid. With the help of two differential probes and an oscilloscope, the grid side
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voltage and stator side voltage can be observed while testing. The following steps were

performed to run up the test DFIG and accomplish its synchronisation.

First, start up the DC motor until reaching constant operating speed for DFIG. The
rotor side current (ig,. and ig,) is kept zero during shaft fun up. Then adjust the values
of igrand ig, from dSPACE platform to manipulate the stator voltage magnitude and
phase as mentioned in last section. The voltage frequency is inherently synchronised
through application of the SFOC scheme. The remaining part is to regulate the
magnitude and phase of the stator voltage to match that of the grid. To this end, the
value of |I| is manipulated until the stator side line voltage reaches a value of 415Vrms.
The stator voltage phasc angle (8;) was adjusted by keeping the |1 value constant and
modifying the value of ig.and iz, (via equations 3.6-7). The synchronisation lamps in
Figure 3-12 and an oscilloscope to synchronously monitor the stator open circuit voltage
and that of the grid were used to assist in process of synchronisation. The typical
measured stator and grid voltage signals during synchronisation are illustrated in Figure
3-18.

Tek A3k @ Stop M Pos: 0.000s MEASURE
+

M 10.0ms AC Line ./ 0.00v
28-Mar-18 1513 43.3822Hz

Figure 3-18 Stator voltage and grid voltage before closing the synchronisation contactor
In Figure 3-18, the channel one signal is the open circuited stator line voltage while the
channel two signal is the grid line voltage; these are seen to be of very close magnitudes

and of matching frequency and phase. The measured stator voltage can be seen to exhibit
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considerable ripple arising from spectral noise due to various harmonic and interharmonic
components inherent to the DFIG system. By closing the circuit breaker between the
grid and stator terminals the DFIG is synchronised with the grid: the measured stator
voltage after synchronisation is shown in Figure 3-19. At this point, the DFIG system

reference frame is oriented with stator flux and has been synchronised with the grid.

Tek JL M Pos: 0.000s MEASURE
+

M 10.0ms AC Line / 0,00
23-Mar-1815:20  50.0018Hz

Figure 3-19 Stator voltage and grid voltage after switching on circuit breaker

3.7 SFOC close loop control implementation

After accomplishing the DFIG synchronisation with the grid with the reference frame
aligned with stator flux, the power loop control is introduced to enable the close loop
decoupled control of rcal power and reactive power. Based on the previous cxisting
current loop control scheme in Figure 3-16, an outer loop is added to the system to
provide the reference rotor current Iy, and I into the current control system. The

relationship between rotor current and stator power in SFOC are:

b= _@L_r:iqr (3.8)
17;2 = Ly .
05 = -2y (39)

Referring to the equations above, if a SFOC scheme is employed on DFIG, the active
power and reactive power of stator side can be decoupled and linearly controlled by
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regulating I3, and Iy, respectively. To make the stator voltage synchronized with the
grid supply, the initial Pand Q5 values corresponding initial value ig, and ig, (identificd

in last section) needs setting for the outer loop at the beginning of the test.

In theory, the reference Ig-and Ig,.can be directly calculated using equations above based
on the active and reactive power demand settings. However, the reality of a practical
system is not as straight forward as the equation describes. The grid voltage is not as
stiff as it is assumed to be in the real system [128]. Besides, the existing resistance inside
the machine is ignored, and as a result, the reference Iy, and Ig, calculated with equation
(3.8) and (3.9) are slightly different from the real references needed in the system [34].
Furthermore, the parameter values used in the equations alter due to temperature and
saturation level variation hence affecting the reference current calculation as well [129].
To minimise these effects, the linear power calculations to extract inner controller
reference current values are replaced by a simplified outer control loop design containing
PI controller in this project, as illustrated in Figure 3-20. The active power and reactive
power references are controlled via two constant blocks at left side. Since the reference
controller loop signals are the output of outer control loops, these signals are highly
effected by environmental noise from outer loop measurements and might cause
instability due to strong correlation of the signals in both loops. As a consequence,
feedback smoothing low pass filters with a 5Hz cut-off frequency are employed to avoid
such cffects [130]. The flited reference signals are sent to the inner current loops for

further processing.
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Figure 3-20 Simulink model for outer loop control

The implemented SFOC performance was evaluated by two different tests illustrated in

Figure 3-21 and Figure 3-22 below.
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Figure 3-21 Stator active power step change implementation
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Figure 3-22 Stator reactive power step change implementation
The machine rotational speeds in both cases were 1560 rpm. In Figure 3-21, a step change
of active power demand P was introduced at 3 seconds, varying from -3kW to -GkW,
while the reactive power demand Qg was kept unchanged. The corresponding active
power P is seen to have followed the set reference, doubling with P*change with a
response delay. As generally expected, it could be clearly observed that the controller
signal I, as well as its reference signal I3, doubled at 3 second whilst ;- and I3, remained

the same.

Similarly, in Figurce 3-22, rcactive power demand was sct to change at bs from 0 Var to
2kVar, whilst the active power demand was kept at a constant -bkW. d axis controller
related signals responded to the reactive power demand change, while those of the ¢ axis
controller remained the same. The illustrative results shown in Figure 3-21 and Figure

3-22 show that the test DFIG active and reactive power has bheen achieved through
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decoupled control of I, and I respectively, thus validating that the SFOC is successfully

employed.

3.8 Conclusion

The DFIG test system structure, the implementation of its SFOC scheme utilizing
commercial converters and it experimental validation were reported in this chapter.
Firstly, an overview of the overall DFIG system and its sensing scheme was given. Then,
a brief introduction of the dSPACE real time platform was provided. The real time
control schemes utilized for the laboratory DC load motor and the DFIG rotor side
converter were then detailed and the DFIG synchronization procedure explained Finally,
the SFOC outer loop implementation method was presented along with its experimental
validation. The control scheme employed in this chapter has been applied in DFIG
harmonic investigation and validation in this Ph.D project. The resulting test system
enabled a range of experimental activities to be undertaken that were key to this research

project.



Chapter 4 DFIG harmonic model and its

implementation

4.1 Introduction

The key purpose of this project is to establish a suitable dynamic model that can cnable
the study on double fed induction generator (DFIG) condition monitoring. To enable
higher order MMF harmonic cffect analysis in DFIG signals, a wound rotor induction
machine (WRIM) harmonic model is integrated with a standard stator flux oriented
control (SFOC) scheme two-axis (dg) controller model. The resulting DFIG dynamic

model is implemented in MATLAB Simulink environment.

In this Chapter, firstly, the mathematical harmonic WRIM model is introduced and a
detailed procedure of its implementation demonstrated. The SFOC controller model,
consisting of cascade control loops, is then developed and integrated with the machine

modcl to provide a harmonic DFIG model. A model study is undertaken to demonstrate
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how outer loop active power and reactive power decoupled controlled by inner loop
controller current signals. Power demand step changes are introduced in the outer loop
for model testing to observe the controller signal variation. The analytical expression
that define the possible spectral content of DFIG clectrical signals are then summarised
and cross correlated with the established model’s predicted signals spectra in sub-
synchronous speed and super-synchronous operating conditions. Finally, a case study is
provided to explore the feasibility of sensorless speed estimation based on utilizing DFIG

signals’ spectral contents.

4.2 Induction machine harmonic model and its

implementation

4.2.1 Mathematic modelling of harmonic induction motor

Higher order MMF harmonic effects in WRIM model are catered for through evaluating
harmonic coupling between any two stator and /or rotor windings. Considering the MMF
harmonic effects while calculating the windings self and mutual inductances, the higher
order MMF harmonic effects in electrical signals can be represented in the standard
electrical and mechanical machine equations [27]. A more detailed explanation of the

process of harmonic sclf and mutual inductance calculation is provided in Appendix B.

The induction machine mathematical model is constructed with following equations in

matrix form: [27, 131]

V] = [Rii] + 24 @.1)
[¥] = [L101] (42)
To = Tioaa = J 225t 43)

107



dae
Zl:Ch = Wmech 4.4)

d[L]
T =272 (4.5)

where:

[V] =Voltage vector [V]

[I] =Current vector [A]

[¥] =Flux linkage vector [ Wb

[R] =Resistance matrix [{7]

[L] =Inductance matrix [H]

T, =Electromagnetic torque [N.m]
Ti0aa =Load torque [N.m]

J = Rotor inertia [kg.m?

Wmech =Rotor mechanical speed [rad/s]
Omecn =Rotor mechanical position [rad]
The complete time domain cquations are demonstrated in Appendix B.1

The machine parameters (J, R and leakage inductance Li) can be identified from a given
machine data sheet (see Appendix A). The expanded form of equation (4.1) and (4.2)

could be written as:

[sz[[%] [1%]] [5“*%[%] (4.6)
[EZHZHH [iiﬂ [Hﬂ] @)

where:
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[Ls] = stator self-inductance matrix [H]

[L»] = rotor self-inductance matrix [H]

[Lo]& [Lr]= Mutual inductance between stator and rotor [H]

Besides, the subscripts ‘s’ and ‘7’ represent stator and rotor correspondingly.

To solve the system of equations in (4.1)-(4.7), it is necessary to obtain the values of the
inductance matrix parameters. There are two types of inductances that need calculating
for this: onc is the sclf-inductance between any two stator windings or any two rotor
windings (i.c. the windings that are stationary with respect to cach other), and the other
is the mutual inductance between a stator and a rotor winding (i.e. the windings whose
position with respect to cach other is time varying). A brief calculating procedure for
these is illustrated below, with detailed information on coupling impedance evaluation
approach provided in Appendix B. Following assumptions are pre-defined here: [132] [27]
e The stator and rotor arc modelled as smooth concentric cylinders and made of
infinitely permeable iron.
e The stator and rotor windings are regarded as point conductors distributed on
stator and rotor surface.
e The air-gap length is considered to be small ecnough to neglect curvature effects
thus the flux across the gap is in straight radial lines.
For any two windings A and B, both either on the stator or on the rotor, the complex

harmonic inductance can be calculated as: [27]

_ Wrdpo =+ Cﬁcg
LAB - g v==00"}2 (4~8)

where:
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d = Mean air-gap diameter [m]

g= mechanical airgap length [m]

Uo= permeability of vacuum [H.m|

w = machine length [m]

v= space harmonic integer number v=1,2,3.....
k= wave number of v" order space harmonic

th

CF = winding A " harmonic complex Fourier coefficient of conductor distribution

function [turns/m|

CF = winding B ¢ harmonic complex conjugate of Fourier cocfficient of conductor

distribution function [turns/m|

Tt is important to note that (4.8) can also be applied to calculate the harmonic self-
inductance of a given winding, located cither on the stator or the rotor. An arbitrary
winding A v* harmonic Fourier coefficient of conductor distribution function _Cf can be

obtained from: [27] ’The detailed derivation of this expression is given in Appendix BQ‘
K = = 2 kpykpye? 49)

where:

N,= Conductor number in each slot

kp, = " harmonic slot mouth width factor

k= v harmonic coil pitch factor

vy, = Position centre of an n coil in a winding

For clarity, a morc detailed procedure of calculating conductor distribution function
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utilizing complex conductor distribution function approach is demonstrated in Appendix

B.

The mutual inductance between a stator winding C and a rotor winding D can be

calculated by the following equation:

d —rw ChCE
Lep = = o yptg At e kPO (4.10)
where:
B(t)= Rotor displacement from an arbitrary reference position [m]

With the harmonic inductance matrix obtained from equations (4.8) and (4.10), the
higher order harmonic induction machine mathematic model can now be implemented
and resolved for a given set of operating conditions and machine design paramecters. ’Thc
inductance calculation example is given in Appendix B4. Please note that some
assumptions of machine characteristics such as skew and airgap coefficients are listed in

Appendix B3.

4.2.2 Harmonic model implementation in Simulink

In this PhD project, the harmonic WRIM model introduced in the last section was
implemented in the Simulink environment. The SFOC controller model will linked to the
WRIM model to complete the DFIG harmonic model implementation. Simulink is chosen
as it provide a versatile and robust software platform to implement the established
dynamic model and resolve it to study the relevant clectromagnetic and mechanical
cffects as well as those of machine faults of interests. Further investigations of DFIG shaft
misalignment signature and controller embedded sensorless speed estimation are based

on the signals’ spectra analysis using the higher order DFIG harmonic model
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implemented here.

The overall harmonic machine model in Simulink is illustrated in Figure 4-1 below. The
induction model assumes that the stator is connected to a balanced 240V, 50Hz power
supply in a pre-defined voltage input block. The harmonic inductance values are
calculated via a MATLAB user defined function exccuting equations (4.8)-(4.10) for a
given rotor position: the input of the block (theta) is provided by the subsystem “rotor
speed and position calculation” to provide the rotor position for mutual inductance
calculation. The motor parameters like wind pitch and slot positions are pre-defined in
the function block. To meet the requirement of usage, the outputs of the harmonic
inductance calculation block arc inverse inductance matrix and differential inductance
matrix calculated based on the inductance matrix, which will be employed further for

current and electromagnetic torque calculation, respectively.

VOLTAGE | vltage flux
[theta]
flux
voltage input Goto
harmonic inductance calculatiory *| Y- B B current —
Te TE rotor position H
il »dL
[theta] theta A CURRENT AND FLUX CALCULATION | o »|T.  RoTORSsPEED
fen Ot torque cakulation | ES—
From L rotor speed and speed
position calculation
speed
To Workspace

Figure 4-1 Harmonic induction machine model in Simulink

The inner diagram of the current and the flux calculation block is shown in Figure 4-2,
corresponding to equations (4.1-4.2), to solve the motor current. from voltage input. The

block diagram below is constructed in forms of following equations:
t
[¥] = f,IV] - [RIde @.11)

=1 (4.12)



From the calculated currents the machine electromagnetic torque can be obtained based
on cquation (4.5). This is demonstrated in Figure 4-3, where the differential inductance
matrix (dL) is necessary for (4.5) calculation. It is connected to the output of MATLAB
user defined function in Figure 4-1. As explained before, the differential inductance

matrix is worked out based on the calculated inductance matrix.
(@D

] i) ] o

flux
P Matrix
mn pHultipl

currents

invL Matrix|
:&ump.} ‘ > 2 )

[FLUX] | current

Figure 4-2 Flux and current calculation block components

D 8
current Math ot
Funcion s b1 NGD)
Te
dL Gain
>
torque
Product To Workspace

TORQUE

Figure 4-3 Electromagnetic torque calculation

Finally, using the obtained clectromagnetic torque value, the rotor speed and position
can be worked out from equations (4.3-4.4). The relevant Simulink block diagram is listed

in Figure 4-4
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Figure 4-4 Rotor speed and position calculation

The calculated rotor speed from equation (4.3) and (4.4) is in the unit of rad/sec, and
for a more convenient observation and future implementation, the following translation

is utilized to change speed units from rad/scc to revolutions/minute (rpm).
w(revolutions /minute) = w(rads/second ) X 60/2m (4.13)

The WRIM harmonic model has been successfully implemented in Simulink environment.

4.3 DFIG SFOC scheme

In wind power generation systems, the commonly employed DFIG vector control scheme
is the stator flux oriented control (SFOC) [28] [133], due to its high performance control
capability and the ability of decoupled active and reactive control [34]. Consequently,
this control scheme was used to develop a harmonic DFIG model by merging the
harmonic WRIM model and that of SFOC. The SFOC is a cascaded closed loop control
scheme consisting of the power regulation in outer loops and current regulation in the
inner loops, as well as orientation angle feedback, based on these, the rotor side converter
(RSC)can provide modulated voltage to the WRIM. The illustration is demonstrated in

Figure 4-5.
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Figure 4-3 Block diagram of SFOC scheme

A ftypical two-axis (dg) synchronous rotating reference frame has been employed for
SFOC, where the control frame d- axis is aligned with the stator flux. By defining
decoupled rotor d- and ¢ axis components, the stator active power and reactive power
can be independently controlled using d and ¢ axis current controllers. Thus, the output
power factor of wind turbine can be controlled to meet the farm operator/grid demand.

The flow chart of SFOC scheme employed in the harmonic model is illustrated in Figure

4-6
Qerr Outer 12 T larerr Inner V;T
"
Qs 4N+ % PI +( ):_)—. PI —L
Qs t dg Viave Vyabe Lrape
I dr 5
abe
Ps* Perr Outer ¥ Inner r
+ PI N + PI +
B I qr - qrerr Vqr
Ps I Isabe
qr

Figure 4-6 DFIG rotor side control flow chart

The active power s and reactive power (); are regulated in the outer loop, providing the
reference controller currents I,,” and I for the inner loops to maintain the actual power
identical to reference power demand. Similarly, inner loop controllers are responsible for
regulating the dg-axis rotor voltage. Processing the resulting voltage output reference
with an inverse Clark’s transform and Park’s transform, the obtained three phase rotor

voltage Vi can be fed into the harmonic WRIM model as rotor windings supply to
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enable the emulation of a harmonic DFIG model; this in essence represents the DFIG
rotor side converter (RSC) as an averaged model, neglecting any converter switching

effects for the purpose of this study.

The bandwidths of outer loops and inner loops have to be appropriately chosen. Typically,
the inner loops have to be 4-10 times faster than the outer loops to get accurate
implementation in the outer loop [45]. In this PhD project, the inner loops are set as
approximately 10 times faster than inner loops. The paramecters of PI controllers utilized
in this project are listed in Table 4-1; these provide the time constant of 0.54s in outer

loops and 0.005s in the inner loop [118] [45].

Table 4-1 Tuning parameters for cascade loop

K; K,
Inner loop 0.09 0
Outer loop 34 1

In the stator flux oriented reference frame, the whole stator flux is aligned with d- axis
while no flux component exists in ¢- axis. The relation between current and flux in
corresponding axes are illustrated below: [28]

IgsLs + Igy Ly = s (4.14)

lgsLs + IgrLly, = 0 (4.15)
where I45 and Iy are the stator current (in rms) component in d- and ¢- axis respectively,
Igr and Iy, are rotor d- axis and ¢- axis current component correspondingly, Ls is the
stator self-inductance and Ly, is the mutual inductance. Here, the inductance used here
arc in dq reference frame, which typically is a constant but not a harmonic value, to
simplify the tuning process.

According to the equations above, the dg axis stator currents can be expressed as:
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W L

las =7 =" lar (4.16)
L

las = =gy “.17)

Since the stator flux is proportional to the grid voltage 17; (in RMS), and ncglecting
stator resistance [28] we can write that.
Vas =0 (4.18)
Vos = Vg = wo ¥ (4.19)
where w,is the supply angular frequency (w, = 2mf,)[rads] and f, is the supply
frequency [H2]. Vg5 and Vg are RMS value of dq reference frame stator voltage.
With the control reference frame direct axis aligned with the stator flux, the stator active
power and reactive power (in RMS) can be written as shown in equations (4.20-4.21) [28].
Here, a power invariant Clark’s transform is employed.
Py = (Vaslas + Vgslgs) = Vslgs (4.20)
Qs = (Vaslas — Vaslas) = Vaslas (@.21)
Substituting equations (4.16-4.19) into equations (4.20-4.21), the following equations are
derived: [28]

= L
p= -, (4.22)

@2 7 Lm
/A= (4.23)

wels 9 L

Qs =

The equations ahove indicate that the stator active power and reactive power control can
be decoupled via rotor current Ip. and Iy, respectively in the stator flux orientated

reference frame — this is the essence of DFIG SFOC schemes.
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4.3.1 Stator flux angle estimation

To implement SFOC in a DFIG system, the d- axis of the reference frame is set to align
with the stator flux to enable decoupled control of stator active power and reactive power.
As a result, the stator flux position capture is essential. There are several approaches
listed in the literature to obtain the stator flux position, discussed in [34]. The approach
applied in this work was selected due to its relatively straightforward implementation
and requiring only the knowledge of the three phase stator voltage signal. The process is
to capture the stator voltage vector position 8,; the stator flux position is then secured
since the flux vector is lagging 90 degrees behind that of voltage, assuming stator
resistance can be neglected as is standard [28] [34]. The phasor diagram is illustrated in
Figure 4-7.

Ve

Stator flux
Legend: =—— Three phase components

== Stationary reference frame

Stator voltage vector
— Stator flux vector

Figure 4-7 Stator voltage vector and flux position illustration.
The a axis of stationary reference frame (in blue) is aligned with a phase winding (in
black). The stator flux (in red) is 90 degrees lagging the stator voltage vector (in green).
The stationary reference frame Vgg is obtained by performing Clark’s transform on the
three phase stator voltage signal. The stator flux position measurement is then carried
out with following Simulink block diagram.
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Figure 4-8 Stator flux angle estimation in Simulink model

As illustrated in Figure 4-8, the system inputs arc the stator voltage a-f components in
the stationary reference frame. Here, V, and Vg are regarded as real and imaginary part
of a complex number, respectively. By converting the complex number from Cartesian
coordinates to Polar coordinates, the corresponding stator voltage vector position 8, can
be obtained. Subtracting g from this gives the stator flux position. However, this
approach can only provide the position value within a periodic function of 2m; to obtain
a continuous linear output angular signal, the unwrap block is employed to unfold the
periodic position signal to a linear signal. Additionally, a zero-order-hold is needed since

the unwrap function can only be deployed to process continuous signals, with a sample

1
20000

rate of s, which is identical to the fundamental sample rate of the Simulink model.

4.3.2 SFOC Outer loop implementation in Simulink

As illustrated in Figure 4-6, the outer loop of SFOC regulates the power demands P’
and Q.. The reference rotor controller currents for inner loop I,* and I" are worked out
in the outer loop. The corresponding relationship is demonstrated by equations (4.22-23)

in the SFOC condition. Here, the equations are written in terms reference signals with
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superscript *:

* 7 Lm 7«
P =~y 2l (4.24)
* ‘7;2 7 Lm s
Qs = wols |/ Eldr (4.25)

The relationships above indicate that decoupled control of DFIG reactive and active
output power is realised by two axis rotor current control, i.c. I,” and I, in a reference
frames are chosen to align with the stator flux. Some assumptions are made here: the
grid supply is relatively stiff and there is no variation of other parameters [45]. The SFOC
implementation utilizing the listed relationship (4.24-4.25) directly solves the reference
dg-axis rotor current for the inner loops and can be used to implement SFOC, as
illustrated in [28]. However, the following limitation has to be acknowledged: with the
stator resistance neglected, the calculated power would not be absolutely identical to the
reference power setting. Morcover, other inaccuracies in values of machine paramecters
(such as L, Ln, etc.) also effects the loop system [28]. As a result, two outer power loops

arc usually employed with PI controllers to ensure accurate power flow in the stator.

The implementation of SFOC outer control loop in Simulink is shown in Figure 4-9. Time
based switches for reference powers input are used for model validation to create a step
change demand at a specific time. The reference powers Po* and @Q,*. arc subtracted by
actual powers P; and @) correspondingly. The error signals are fed into PI controllers and
eventually the reference dg axis rotor current are generated as inputs for the inner loops.
Additionally, two first order low pass filters arc employed before the inner loop reference
signals ;" and I," send to the inner loop, because the noise level in reference signal can
be relatively high in real-time applications [45]. To minimise the electrical noise level and

thus reduce any noise associated issues in practical tests, low pass filters with a cut-off
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frequency of 5Hz are introduced utilizing transfer functions in laboratory tests (described

in section 3.7). The applied transfer function for low pass filters is: f [130].
27TX5
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Figure 4-9 Outer loop implementation in Simulink

4.3.3 SFOC inner loop implementation in Simulink

The inner loops of SFOC regulate the d¢axis rotor controller via providing appropriate
dg-axis rotor voltage values; these arc then transferred to three phase axis voltage input
and fed into rotor side windings of the WRIM. The equations of d¢ axis rotor voltages

are expressed as following: [28]
Vir = Rylar + 0Ly 2 lar — 0, 0Ly Iy (4.26)
Vv = Relgr + 0Ly <oy + 0, 0Ly gy + LL—':‘I’S 4.27)
Where w,is the slip frequency, the angular speed difference between stator flux vector in
synchronise reference frame and rotor quantity angular speed. oL, is the leakage
inductance (Lr —%) In equations (4.26-4.27), the corresponding dq axis voltage and

current variables relation on their own axis arc illustrated in first and sccond terms of
the equations. The third terms in the equations are dependent on the orthogonal/other

axis currents and arc thus usually referred to as the cross coupling terms. The cross
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coupling terms are an order of magnitude smaller than the back e.m.f term so the minor
influence upon control could be mitigated by PI controller. The final term in equation
(4.27) is performed as a disturbance to the output of the PI controller in the ¢-axis,
which referred as feed forward term. By compensating the cross coupling terms and feed

forward terms, the controller loo is notably simplified [34, 28].
The SFOC inner loop implementation in Simulink is shown in Fig. 4.10.

After obtaining the reference values I," and I, from outer loop, the difference between
these currents and measured currents will be fed into the PI controller, and the controller
voltage V" and V" are then generated. As mentioned, the cross coupling terms and
feedforward term are eliminated in the loops as well, the square areas represent the cross
coupling terms demonstrated in equations (4.26-27). Once the dg axis reference rotor
controller voltage signals are obtained, inverse Park’s transformation and inverse Clark’s
transformation are employed to convert dgaxis voltage vector to three phase voltage
then fed into harmonic induction machine model introduced in section 4.2. Since the dg
axis rotor voltage are stator referred, they should be transferred to the rotor side using
the turns ratio. The number of effective turns in the rotor and the stator windings are
42 per phase and 56 per phase, respectively [45]. With the implemented control scheme
applied to rotor circuit, the harmonic WRIM model is now capable to operate with SFOC.

The validation of DFIG harmonic model study will be given in the following sections.
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Figure 4-10 implementation of inner loop in Simulink

4.4 Time domain controller signal analysis

To validate the implemented DFIG SFOC scheme model, the stator active power and
reactive power step changes are employed to check the corresponding rotor controller
signal I, and I behaviour. In Figure 4-11 below, the following power step changes are
introduced: the initial reference powers (red) setting are P =5000W and Q" =0. Q" step
change from 0 to -5000 Var at 3.5s while " changed from 5000W to -10000W at 5s. In
reaction, the actual power signals (blue) P and Q vary as well to reach the power demand
settings, the P and @ changes with respect of P and Q" variation with little delay. In
Figure 4-12, the reference rotor controller signals (red) I,” and I," are dependently
controlled by I and (), respectively. As a result, a step change at 5s could be observed
in I, as well as I," varies at 3.5s. The actual controller signals (blue) followed reference
variation in plot. Little cross-coupling disturbances could be observed in the controller
current signals (I, at 3.5s and 1" at 5s), which was led by the reference frame orientation
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error. As introduced in Section 4.3.1, the reference stator flux position was obtained from

stator voltage vector angle subtra‘ctingg [34]. However, it needs to be noted that the

resistance in the machine is neglected and that thus the obtained reference stator flux
position is not absolutely identical to that in reality, hence slight cross coupling
disturbances appear in the plot. In general, the decoupled lincar relationship between
powers and dq axis currents indicated the SFOC scheme has been successfully employed

in the presented harmonic DFIG model.
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Figure 4-11 Step changes in stator active power and reactive power in DFIG armonic model
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Figure 4-12 Rotor dg-axis current respond with power step changes
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4.5 Spectrum analysis of DFIG signals

Spectrum content, analysis as a diagnostic tool in condition monitoring has been widely
investigated. Machine current signature analysis (MCSA) has been employed for several
different fault diagnostic scenarios and still attract considerable research interest [17] [82].
In this PhD project, DFIG shaft misalignment diagnosis and sensorless speed estimation
feasibility studies are first performed based on spectral analysis of the DFIG model
predicted electrical signals, thus a harmonic model study is first carried out here to
demonstrate model validity in the spectral domain before further experimental analysis

undertaken.

4.5.1 Electrical signals frequency component mathematical
derivation

In this subsection, a sets of equations are summarised that predict the possible frequency

components in stator current, rotor current, stator active and rcactive powers, and

controller related signals spectrum in DFIG operating in healthy conditions. Here, only

the fundamental supply harmonic is taken into account and speed ripple effects are

neglected in model study [83] [45].

The instantaneous time domain three-phase stator currents could be expressed in

following cquation: [83] [20]:
Isabe(t) = Tk Ihucos ([1 £ 6k(1 — 5)]wet +¥s) (4.28)
where:
iy = Pealk Value of the k*harmonic stator current [A]
k = The number of air-gap magnetic field pole (k= 0,1,2,...)
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s = Slip of induction machine
ys = Phase shift between three-phase stator currents [rad]
The frequency component f¢g in stator current signal is :
fes =11 £ 6k(1 = 9)|fe (4.29)
The rotor three phase instantaneous current can be expressed as following: [20]
irapc(t) = Yr IKycos ([s + 6k(1 — s)]wet + ¥;) (4.30)
where i%y is the peak value of k™™ harmonic rotor current [A]. ¥ is the phasc shift
between three-phase rotor current.
The corresponding possible frequency component fe, in rotor current is :
fer =1s £ 6k(1 = 3s)|fe (4.31)
The stator total instantancous active and reactive powers are listed helow: [20]
P() =3 Sic Vol cos ([26k(1 — 5)]wet +s) (432)
q(t) = 2 S VeulEysin ([26k(1 = 5)]wct +75) (4.33)
where Vg, is the peak value of stator voltage.

According to the equations above, the frequency component is stator active power and

reactive power could be summarized as:

prowers = |6k(1 - S)lfe (4.34)

The dq axis rotor currents are calculated from three phase rotor current transformed by
Clark’s transformation and Park’s transformation, the resultant equations for

instantancous dg¢-axis rotor currents are illustrated: [20]

ira(t) = Ti Ifycos ([26k(1 — $)]wet + 1) (4.35)
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irq(t) = 2 i ysin ([26k(1 — $)]wet + %) (4.36)

Referring to the equations (4.35-36), the predicted frequency component in dg- axis rotor

currents could be expected at:

feaqr = 16k(1 = 5)|fe (4.37)
It could be observed that the frequency component locations in spectrum in stator powers
(4.34) arc identical to those in dg-axis rotor currents (4.37). Additionally, the crror signal
of these signals (as showed in Fig. 4.6) have the same frequency contents in spectrum
apart from DC component (0Hz) because they are the result of DC value subtract higher
order harmonic signals. Two cascaded control relevant signals: active and reactive powers,
dg-axis rotor currents and all error signals’ frequency component can be classified as

following;:

fsroc = 16k(1 = 9)|fe (4.38)

4.5.2 DFIG Harmonic model spectrum validation

With the help of harmonic modelling theory introduced in section 4.2, the higher order
harmonic effect in DFIG model is capable to be observed. Considerable research of the
stator current spectrum have been reported for fault analysis however little attention has
been given to employing the signature analysis in controller signals to this end. One of
the key aims of this project is to explore this are further to ascertain the feasibility of

employing controller signals for diagnostic and parameter estimation purposes.

The DFIG harmonic model was implemented based on the known parameters of the
laboratory Marelli Motori wound rotor induction machine, which is used for experimental
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research in this study. The relevant parameters of the WRIM are listed in Appendix A.
Here, healthy DFIG steady state operation performance is analysed. Two arbitrary
operating speeds are observed for this purpose: 1340rpm and 1590 rpm, the load level of
-6kW OVar arc sct for hoth speed conditions. Fast Fourier transform (FFT) routince is
carried out to post-process the time domain signal to frequency domain. The DFIG
harmonic model step size is set to 1/20000Hz. With a rectangular window size of 2'7 data
points, approximately 0.15Hz resolution spectrum is provided. To illustrate the
significant frequency components of interest, signal bandwidth of 0-700Hz is presented.
The air-gap magnetic ficld pole number values for A4=0,1 and 2 rclated frequency

components demonstrated in equations (4.29), (4.31) and (4.37) arc exhibited.
e Sub-synchronous speed operation (1340 rpm)

The predicted frequency components in stator current (equation 4.29 for f¢s), rotor
current (equation 4.31 forfg,)and SFOC controller related components (equation 4.36 for

fsroc) at 1340 rpm rotational speed arc summarized in Table 4-2 helow:

Table 4-2 Calculated frequency components of DFIG signals at 1340 rpm condition

Signal type fes (4.29) fer (4.31) fsroc (4.36)
k=0 50 5.3 0

k=1 218,318 262.7,273.3 268

k=2 486,586 530.7,541.3 336

The results of the DFIG signals spectrum are illustrated in the Figure 4-13.
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Figure 4-13 DFIG signals spectrum for 1340 rpm condition

As the Figure 4-13 illustrated, the calculated frequency components in Table 4-2 could
be observed in the DFIG signal spectrum. For stator current in plot (a), the fundamental
component 50Hz (k=0) with the largest magnitude in spectrum (normalized 1), the
higher order MMF harmonic components 218Hz, 318Hz (k=1) and 486Hz, 586Hz (k=2)
are clearly showed in plot. In rotor current plot (b), the fundemental component at 5.3Hz
(k=0), higher order MMF harmonic component 262.7Hz, 273.3Hz (k=1) and 530.7Hz,
541.3Hz (k=2) arc exhibited. The SFOC controller related components, plot (¢) to (h),
the frequency components are located in the same position in spectrum. 0Hz (k=0) is
the fundamental component for all signals, while the higher order component 268Hz (k=1)
and 536Hz (k=2) arc marked in the spectrm. There arc some conditions in the plot where
the fundamental frequency component is not the stronest in the spectrum. For example,
in plot (e), the stator reactive power was set as 0 in the model thus the DC component
is reasonably smaller than the relevant higher order spectral content. Besides, for the
crror signals: stator active power crror in plot (d), stator reactive power crror in plot (f),
I error in plot (h) and Iy error in plot (j), their DC component may be smaller than the
higher order spectral content since the DC components of these signals are inherently
close to 0. In fact the magnitude of higher order components is dependent to the load

level, as will be shwon in Chapter 5 with experimental signal spectra analysis. In this
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sub-synchronous speed condition study, the frequency components in DFIG harmonic

model are seen to match the therorethically predicted frequency components,

demonstrating the validity of the model in spectral domain.

e Super-synchronous speed operation (1590 rpm)

A super-synchronous speed at 1590 rpm condition has been examined, the predicted

frequency components of signals are summarized in Table 4-3 below.

Table 4-3 Calculated frequency components of DFIG signals at 1590 rpm condition

Signal type fes (4.29) fer(4.31) fsroc(4-36)
k=0 50 3 0

=1 268,368 315,321 318

k=2 586,686 633,639 636

The relevant DFIG signal spectrum is exhibited in Figure 4-14.
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Figure 4-14 DFIG signals spectrum for 1590 rpm condition

The second part of study investigates super-synchronous speed at 1590 rpm condition.

The predicted frequency components listed in Table 4-3 could be witnessed in signal

spectrum plot in Figure 4-14 clearly as showed in sub-synchronous speed scenario. As a

result, the predicted frequency content of DFIG signals indicated a good agreement with

FFT processed harmonic model results, this further demonstrating the validity of the

established model.

132



4.5.3 Sensorless speed estimation utilizing frequency contents

One of the applications of DFIG harmonic model study is to explore the possibility of
devising spectral scarch based controller signal embedded sensorless speed estimation
methods. As per the equations listed in section 4.5.1, the frequency contents of DFIG
signals are rotational speed related. If possible to capture a speed dependent frequency
component in a specific bandwidth in spectrum, and extract its frequency in a timely
fashion it would be possible to use this information for estimating rotor speed. Previous
WRIM sensorless speed estimation researches utilizing stator current frequency contents

[134] and active power frequency contents [135] have been successfully implemented.

Typically, the operating speed range of DFIG is approximately +30% of synchronous
speed [28]. However, due to the limitation of the test system used in this work, the
maximum operation speed of the prime mover DC motor is 1700 rpm, therefore the DFIG
maximum opcrating speed is set as 1700rpm. Recalling equation (4.38), the frequency

contents for rotor controller signals are calculated as following:

fsroc = [6k(1 = 3)|fe (4.39)

For a WRIM with two pole pairs, the synchronise speed is:

60Xf, _ 60X50Hz
pole pairs - 2

synchronous speed = = 1500rpm (4.40)

Here, the frequency of interest is marked as F, the relationship between F' and machine
rotational speed wy, (in rpm) is demonstrated below based on equation (4.38):

1500XF 5F
= == 4.41
e 6kx50 k ( )

In this study, the frequency components up to k=3 are investigated. To get rid of
bandwidth overlapping while identifying maximum peak in a specific bandwidth, e.g. the
upper edge of k=2 bandwidth is smaller than lower edge of k=3 bandwidth, the speed
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range 1150rpm to 1700rpm is selected as the speed varying range. The corresponding
searched bandwidth spectral co-ordinates for different & values are: 230Hz to 340Hz (k=1),
460Hz to 680Hz (k=2), 690Hz to 1020Hz (k=3). I, signal spectrum (Figure 4-15) is
illustrated below for demonstration purpose; it is important to note that this does not
give a full picture of spectral content at this stage, as it ignores a number of relevant
spectral effects that would be found on a practical system, as will be shown later in this
thesis. However, the presented illustrative data allow for demonstration of the
fundamental principle of the envisaged controller signal embedded speed estimation: by
identifying the relevant frequency bandwidth (k=1,2,3) and identifying the strongest
frequency component within the band, the frequency content marked in Figure 4-15 could
be captured — assuming, of course, it can be shown that in practical application no
stronger spectral components exist in the target bandwidth(s) that would interfere with
this search. Then the corresponding machine rotational speed could be calculated with
equation (4.41). The feasibility of band chosen and signal selection will be discussed in

Chapter 5 based on experimental signal spectrum.
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Figure 4-13 I, spectrum and spectral bandwidth that contain components carrying speed

information
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4.6 Conclusion

In this chapter, the WRIM model representing higher order ficld effects was integrated
with a model of SFOC to form a harmonic DFIG model that is then implemented in
Simulink environment. The mathematical theory of WRIM harmonic effect modelling
and its Simulink implementation procedure were shown. A conventional SFOC scheme

model was then established

To validate the DFIG model performance, both time domain and frequency domain
analysis study were conducted: A time domain study was first undertaken via observing
the performance of inner loop signals (controller currents) while outer loop demands
(power demands) changing. The result manifested decoupled power control was
successfully enabled in the implemented DFIG model. As for frequency domain: a
spectrum study of DFIG signals had been presented to validate higher order MMF
spectral effects representation in DFIG terminal and controller signals. The model
predictions are cross correlated with theoretical closed form expressions defining possible
spectral content of DFIG signals for a typical sub- and super-synchronous operating point.
This showed close agreement, indicating the validity of the presented DFIG harmonic

model in representing the relevant spectral effects in DFIG signals.



Chapter 5 Controller DFIG sensorless speed
estimation utilizing controller embedded

signal

5.1 Introduction

The wind turbine (WT) generator rotor velocity is a crucial parameter for power
generation control and maximum power point tracking (MPPT). 14% of generator
failures are directly related to motion sensors failure while 40% of generator failures are
indirectly related [21, 136]. Typical rotational machine speed estimation is realized via
rotor shaft connected physical measurement devices, often of incremental encoder type,
which invariably require additional electronics, extra wiring and space, careful mounting
and maintenance. Crucially, these devices become single failure points for the larger

vector controlled rive system, as their failure inevitably renders the controller inoperative,
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as the access to required positional and/or velocity information for its functioning is lost.
Sensorless speed  estimation (SSE) has therefore been widely been investigated in
literature as a means of utilizing alternatives to dedicated measurement devices for
inferring information on position and/or velocity — these can in theory provide features
of lower cost, higher reliability, better noise immunity and lower maintenance compared
with conventional, cncoder or similar measurement device based, speed estimation
approach [107]. In wind turbine applications, the SSE as an alternative approach for
speed estimation could enable undisturbed generator operation when the encoder failure
occurs, and thus undisturbed power production allowing expensive production loss and
unplanned maintenance to be avoided. The implementation of a novel SSE technique

embedded in the DFIG control system signals will be introduced in this chapter.

Recalling the SSE introduced in Chapter 2, the SSE techniques could be classified as
fundamental model based (FMB) estimation and spectral search based (SSB) methods.
SSB was chosen in this project rather than FMB because the latter is highly dependent
on machine parameters, and hence its speed estimation accuracy could be affected by
inherent machine parameters variations. The SSB estimation is fundamentally based on
capturing the specific, speed dependent, harmonic content in the signal spectrum and
thus deducing the machine rotational speed via a known frequency-speed relationship
[135, 114]. There arc two essential factors of SSB: the signal sclection and the frequency
content capturing algorithm. In this chapter, a SSB SSE approach utilizing DFIG
controller signals and a parabolic interpolation spectral scarch algorithm will be devised

and demonstrated.

This chapter commences with spectral analysis of experimental DFIG signals, reporting

a comparative study of different DFIG signal types in various load conditions within the
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nominal operating range, with the underlying aim being to determine those most suited
to SSE application. The principle of real-time spectral scarch approach utilizing parabolic
interpolation is then presented and the proposed DFIG SSE algorithm utilizing controller
signals is detailed. The algorithm theorctical validation is first given in a MATLAB
interface utilizing an experimentally recorded DFIG controller signal. Afterwards, the
overview of parabolic interpolation SSB SSE scheme in LabVIEW platform as well as
the detailed implementation procedure of LabVIEW code programming is illustrated.
Finally, the performance of DFIG real-time SSE utilizing introduced algorithm is

cvaluated in a range of steady-state and transient practical tests.

5.2 Evaluation of practical DFIG controller signals
harmonic contents

One of the critical factors for SSB SSE implementation is the ability to identify and
sclect  suitable speed dependent spectral content of a specific signal that can be
unambiguously identified and used to extract speed information. To this end, a
comparative study of experimentally recorded terminal and controller signals from the
DFIG test rig is undertaken in this section: the first section illustrates the spectra of the
acquired experimental signals to demonstrate the harmonic content of interest. The
second part explores the spectral nature of the DFIG controller signals in different load

conditions, hence specifying the optimal signal for SSB SSE application in this project.

5.2.1 Steady-state characterization of DFIG signals

Identifying optimal possible speed dependent spectral content to capture for SSB SSE

is the first target of this research This builds on the DFIG signals spectral contents
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theoretical study introduced in section 4.5. In the DFIG harmonic model chapter, an
example controller signal spectrum predicted by the DFIG harmonic model was analyzed
to demonstrate its possible potential for SSB sensorless speed estimation; this signal was
however calculated in the harmonic model where a number of practical important spectral
features such as higher order supply harmonics and other relevant spectral phenomena
neglected [137, 138]. In this scction, a case study cxamines the experimental DFIG
controller signals spectra to ascertain their practical applicability potential in realistic,
on-line operating conditions. For the sake of completeness, the conventionally analyzed

terminal current signals for SSB SSE arc also included in the analysis.

A typical DFIG operating point of 1340 rpm at 50% load is used for illustration purposcs
in the initial study condition. The investigation of experimental signal spectrum is
undertaken to evaluate the spectral content characteristic of practical DFIG signals. The
following measured signals are included in the study: the stator current and DFIG
controller signals, including the stator active and reactive powers, the d¢-axis rotor
currents, the error signals of the outer and the inner controller loops and the reference
dg-axis rotor currents. These signals were sensed via current and voltage sensors and
acquired from within the dASPACE platform real-time control routine at a sample rate of
5000Hz. The recorded signals were then processed with a 2'° points FFT routine in
MATLAB, giving a resolution of ~0.076Hz. The illustration bandwidth 0-1100Hz is
chosen to present the spectral content found to be of interest on the practical system

studied in this work.

The FFT spectrum of the stator active power signal is illustrated in Figure 5-1. Compared
with model study spectrum in Chapter 4, the measured signal contains an evident

increased spectral noise and additional contents, as is generally expected [22]. The
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spectrum is analyzed to identify its potential for enabling SSB SSE. The fundamental
frequency components in the spectra corresponds to O0Hz, which is the strongest
component in the spectrum. The higher order magneto motive force (MMF) harmonics
introduced in Chapter 4 (4.38) arc labeled as k=1,2,3 in the spectra. The predicted
harmonic contents from model study (Table 4-2) are stated in brackets in the following
text. Spectral components corresponding to k=1,2,3, 267.9Hz (268Hz), 535.7Hz (536Hz)
and 803.6Hz (804Hz) could be observed in the plot, which indicated a good match with
the model study. These speed depend components are of potential interest for SSB SSE.
Apart from the predicted contents, additional contents could be observed in the spectrum.
Since the SSB SSE frequency component capture is generally established via detecting
the strongest speed dependent component within a specific bandwidth, the undesired
secondary spectral contents in the measured signal may affect this process. Some of the
pronounces relevant spectral components are labelled in the spectrum, known to originate
from the stator supply unbalance (SSU) (marked as A;, where ¢ = 1, 2, 3...) [45] and the
rotor side converter (RSC) switching harmonics (marked as B, where i=1,2,3...) [20]. The
SSU can gives rise to controller signal spectral contents defined as: [109] [45]

A=|2g +6k(1—59)|f; (5.1)

Where: ¢ is the side-band series order (¢=0,1,2...). The equation indicates that the SSU
introduces side bands of higher order MMF harmonics. The relevant contents are can be
identified in the measured spectrum at following frequencies: A1:99.72Hz (¢g=1, k=0); Ax:
199.4Hz (g=2, k=0); As: 299.1Hz (¢=3, k=0); A+:367.6Hz (¢=1, k=1). In addition, the
RSC switching harmonics appear at 6nsfs (n=1,2,3..) sidebands of the MMF harmonics
and SSU harmonics [20], and are observable in the measured spectrum at: Bi: 31.2Hz
(k=0, ¢=0, n=1); Ba: 68.44Hz (k=0, g=1, n=1); Ba: 130.9Hz (k=0, =2, n=1); Bs: 168.2Hz

(k=0, g=2, n=1); B5:236.7Hz (k=1, g=0, n=1). The listed SSU and switching harmonics
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are those observed at pronounced magnitude levels in the examine spectrum: for example,

the rotor supply unbalance related spectral components manifests 2nsf; side band in the

spectra contents (10.38Hz) arc not significant in the spectral ranges.
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Figure 5-1 FFT spectra of the measured stator active power for 1340 rpm 50% load

The measured stator active power error signal spectrum is shown in Figure 5-2. The

spectrum of the error signal coincides with the active power signal apart from the DC

component (0Hz).
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Figure 5-2 FFT spectra of the measured stator active power error P.. for 1340 rpm 50% load

141



Figure 5-3 and Figure 5-4 exhibit the spectrum of measured stator reactive power and

its error signal. The error signal has the identical higher order harmonic contents as the

reactive power spectra. Since the reactive power demand setting was 0 Var, the reactive

power spectra DC component, is not the dominant content in this case. The listed spectral

content in the active power signal could be observed in the reactive power spectra: MMF

harmonics, SSU cffect harmonics, RSC switching harmonics.
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Figure 5-3 FFT spectra of the measured stator reactive power for 1340 rpm 50% load
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Figure 5-4 FFT spectra of the measured stator reactive power error ()., for 1340 rpm 50% load

However, the speed depended spectral content is not as strong as observed in the stator
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active power spectrum since the reactive demand setting was 0. The MMF contents are
smaller than SSU and RSC harmonics so that the SSB approach would be interfered by

the undesired contents.

Figures 5.5-10 illustrate the inner loop signals: dg-axis reference signals, controller signals
and error signals. The ¢-axis related signals spectra are demonstrated in Figure 5-5 and
Figure 5-6, and show the characteristic spectral the contents in the I, and I signals.
Nevertheless, the inner loop signals spectrum are less effected by noise thus the harmonic
contents arc more evident compared to those in outer loop. i.c., less undesired spectra
peaks around MMF harmonic content k=3 appear in inner loop spectrum. Moreover, the
crror signal contains nearly the same spectral contents as the corresponding  axis
controller current signal apart from the DC component. The error signal is the difference
between the inner loop reference signal refl,, and I, as illustrated in Figure 5-7, the DC
component is the only significant spectral content in the refl,. spectra. Therefore the
higher order harmonic characteristics in the inner loop controller signal and its error

signal are almost the same in magnitude.
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Figure 5-5 FFT spectra of the measured I, signal for 1340 rpm 50% load
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Figure 5-7 FF'T spectra of the measured refl,, signal for 1340 rpm 50% load

The draxis related signal spectrum are shown in Figures
speed dependent (MMF) content harmonic is less significant compared with I, spectra:
the magnitude of k=1 content is not pronounced, and is seen to be smaller than the A3
SSU harmonic. The k=2 content is nearly invisible in spectrum. However, k=3 harmonic
is significant and there are no other strong harmonic components near it. From SSB point
of view, =3 MMF harmonic in I current would be an interesting prospect to explore.

Concerning the reference signal refle, strong SSU harmonic contents like Ar could be
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observed which result in the corresponding error signal SSU contents exhibiting a notable
magnitude difference with those in the Ii spectra. The magnitude difference between
spectral effects in the d-axis and the ¢axis signal spectra is due to the DC component
difference in Iy and I, current, which corresponds to the stator active power and reactive

power in the outer loop.
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Figure 5-8 FFT spectra of the measured I, signal for 1340 rpm 50% load

2
10 OHz !
B1
1L Al k=1 i
10 ¢ 267.9Hz
/AS =3
2 100 L s a2 803.6Hz ]
~ B2 B5 A4 k=2
‘a&; ¢ »L B4 ‘L ¢ l{ 535.7Hz
3 107" v E
i i
102 E
10.38Hz
10-3 L L 1 1 L 1 L 1 1 L J
0 100 200 300 400 500 600 700 800 900 1000 1100

Frequency(Hz)

Figure 5-9 FFT spectra of the measured I, signal for 1340 rpm 50% load
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Figure 5-10 FFT spectra of the measured refl,, signal for 1340 rpm 50% load
The presented spectral measurements are intended to provide a general illustration of
spectral contents manifestation patterns in signals measured on the practical system used
in this research. The following section will report a load dependency study of these to
cnable further exploration of spectral component that could underpin the establishment

of SSB SSE schemes.

Finally, for the sake of completeness, the stator current spectrum is investigated here for
SSB SSE potential comparison purposes. As illustrated in Figure 5-11, the fundamental
component is located at 49.82Hz (50Hz). Referring to Table 4-2, the actual higher order
MMEF contents and predicted contents arc: 218Hz (218Hz) and 318 Hz (318Hz) (k=1),
485.8H7 (486Hz) and 585.6Hz (586Hz) (k=2); 753.7Hz (754Hz) and 853.4Hz (854Hz)
(k=3). The SSU harmonic contents in stator current could be predicted via: [109] [45]
A=|(1£2g9) £6k(1-79)|fs (5.2)
The relevant SSU contents appeared in the spectrum: A1:149.5Hz (g=1, k=0); Az 249.3Hz
(9=2, k=0); Similarly, the RSC switching harmonics appear at 6nsf. (n=1,2,3..) sideband
of MMF harmonics and SSU harmonics: Bi: 18.62Hz (g=0, k=0, n=1); Ba: 81.1Hz (¢=0,

k=0, n=1); Bs: 118.3Hz (¢=1, k=0, n=1); By 186.8Hz (g=1, k=0, n=1); Bs: 286.5Hz
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(=1, k=1, n=1); Bs: 348.9Hz (¢=1, k=1, n=1). Compared with controller signal spectra,
cach air-gap magnetic field pole number £ corresponds to two significant speed dependent,
MMF harmonic contents. Compare with the MMF contents in [, signal spectra, the
speed dependent spectral content in stator current is less significant, i.e. strong harmonic
components like As close to 218Hz in may cffect SSB exccution. As a conscquence, the

controller loop signals are deemed more capable for SSB SSE in SFOC DFIG system.
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Figure 3-11 FFT spectra of the measured I, signal for 1340 rpm 50% load

5.2.2 Compare study for harmonic content of interest

determination

In the previous section, an investigation was undertaken to evaluate the spectral
characteristics of the DFIG controller loop and stator current signals, concluding that
the controller signals seem more capable for DFIG SSB SSE compared with stator current.
This section explores the spectral characteristics of controller loop signals in a range of
different load levels in the nominal operating range with a view to identifying whether
the manifestation and detectability of the spectral content of interest is consistent. The
following load points are assessed in the study: 25%, 50% ,75% and 100% load. No load
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condition is not examined as WTs typically operate at higher loads [28]. In fact, the
DFIG would never operate at absolute no load condition but at very low level load even
though setting the active power demand as zero. This section investigates the spectrum
of the following controller loop signals: Ps, (s, L, I, and their corresponding crror signals
P Qe Lirerry, Lyerr. The specific suitable speed dependent harmonic content of a signal

would be finally identified for SSB SSE in DFIG.

The measured stator active power spectrum in four assessed load points is illustrated in
Figure 5-12 and Figure 5-13. For the sake of clarity, only the MMF harmonic contents
with configured bandwidth for cach air-gap magnetic field pole number £ (introduced in
Chapter 4) arc labeled. The corresponding scarching bandwidths for cach k scenarios are
as defined as following: 230Hz to 340Hz (k=1), 460Hz to 680Hz (k=2), 690Hz to 1020H~
(k=3). The key point of SSB SSE is to identify the labelled speed harmonic content
within the pre-defined bandwidth. The observed magnitudes of MMF contents in assessed
load conditions are summarized in Table 5-1: the magnitude of MMF contents in the
active power signal have the same magnitude compared with the corresponding error
signal. The harmonic content increasing tendency with load rise could be observed in
k=1 and k=2 harmonic content, with a clear significant boost from 50% load to 75% for
the former and a relative linear increase in the latter. No significant variations exist for
k=3 contents. The identification of k=1 content bandwidth may be effected by undesired
strong harmonic components. i.e. 300Hz (As). Compared with k=1, no consistent
pronounced contents exist in k=2 corresponding bandwidth apart from MMF content,
however the MMF content itself in 25% load is not sufficiently distinct in the spectrum
so its identification lower loads may posc a challenge. As for k=3 scenario, the MMF
content is not significant in its secarching bandwidth, which is not capable for frequency

identification.
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Figure 3-13 FEF'T spectra of the measured stator active power error signal for 1340 rpm
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Table 5-1 Magnitude of MMF contents for P, and P.. spectra with 1340 rpm DFIG in variety

loads
Load level P, Pow
k=1 =2 =3 k=1 k=2 k=3
25% 207.4 32.26 38.11 207.4 32.26 38.11
30% 267.9 84.25 38.82 267.9 84.25 38.82
5% 768.4 113.4 31.44 768.4 113.4 31.44
100% 779 193.9 21.61 779 193.9 21.61

The measured stator reactive power spectrum are shown in Figure 5-14 and Figure 5-15;
the reactive power demand settings were 0 for all load conditions. Different reactive power
level tests were not presented here as load level variation attracts are more deserved to
be investigated for machine sensorless speed estimation researches [114, 134, 135]. The
MMEF contents in both reactive power and error signal spectrum are not evident enough
for recognition. i.e. k=1 MMF content is not stronger than A; SSU harmonic in all load
conditions; k=2 and k=3 MMF contents arc not noticeable in their scarching bandwidth.
In conscquence, the speed dependent contents in reactive power not capable for SSB

identification in null reactive power condition.
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Figure 5-14 FF'T spectra of the measured stator reactive power signal for 1340 rpm
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Figure 5-15 FFT spectra of the measured stator reactive power error signal for 1340 rpm

Figure 5-16 and Figure 5-17 show the ¢axis controller current signal and its
corresponding error signal spectrum measured for the assessed load conditions. Compared
with the outer loop signal spectrum, the speed dependent harmonics recognition would
here be less effected by undesired harmonics, i.e. only the A; SSU content exists in k=1
searching bandwidth and k=3 MMF content is the observed as the sole strongly

pronounced content in its search band.
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Figure 3-16 FFT spectra of the measured [, signal for 1340 rpm
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Figure 5-17 FE'T spectra of the measured I, signal for 1340 rpm

The magnitude of MMF contents in the I, signal have nearly the same magnitude



compared with the corresponding error signal. The magnitude of MMF harmonic

contents are summarized in Table 5-2.

Table 5-2 Magnitude of MMF contents for I, spectra with 1340 rpm DFIG in variety loads

Load level 1, Lyerr

k=1 k=2 k=3 k=1 k=2 k=3
25% 1.088 0.2492 0.1737 1.088 0.2492 0.1737
50% 2.435 0.4439 0.1613 2.455 0.4439 0.1613
75% 3.371 0.52 0.118 3.371 0.52 0.118
100% 3.932 0.8176 0.1495 3.932 0.8176 0.1495

The magnitude of k=1 and k=2 speed dependent contents are increasing with the load
level raising. As introduced in Chapter 4, in SFOC DFIG system, the [, current
magnitude (fundamental) is proportional to the outer loop active power level. The
magnitude of lower order relevant MMF harmonics vary with the fundamental content.
Referring to the plots, k=1 scarching band has undesired SSU harmonic, which may
affect SSB SSE process especially in low load scenario. Compared with k=3 MMF content,
k=2 content is more cvident in its scarching bandwidth with significant magnitude and
less interference harmonics. In consequence, k=2 MMF content is suitable for speed

dependent frequency identification for SSB SSE.

Finally the d-axis current spectrum in different load conditions are presented in Figure
5-17 and Figure 5-18. The magnitude of MMF contents in the Is signal have ncarly the
same magnitude compared with the corresponding crror signal. As described in Chapter
4, the I magnitude (DC component) is proportional to the outer loop reactive power
level. Since the reactive power settings were defined as 0 for this set of tests, ideally there

should be no magnitude change exist for I, current with active power load variation.



Current (A)

o4l . . . . . .
0 100 200 300 400 500 600 700 800
Frequency (Hz)
=0
(a) 25% load
10? T T T T
k=1
_10° 2 k=3
£ ) |
g
3
102
i
104 . . . .
0 100 200 300 400 500 600 700 800

Frequency (Hz)

(¢) 75% load

T |

900

1000

900 1000

10°

Current (A)

s . . . . . . . .
0 100 200 300 400 500 600 700 800 900 1000 1100
Frequency (Hz)
=09
(b) 50% load
102¢
_ 100
<
g
3
10?2

500 600 700 800 900 1000
Frequency (Hz)

(d) 100% load

" L
0 100 200 300 400 1100

Figure 5-18 FF'T spectra of the measured I signal for 1340 rpm
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Figure 5-19 FFT spectra of the measured Iy, signal for 1340 rpm

In practice, the decoupled linear relationship between outer loop contents (P and Q)
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and inner loop contents (/- and I) are not perfectly achieved due to the error inherent
to the flux angle estimation. As the load level (i.c. active power demand) change is more
focused investigated for DFIG sensorless control [134, 139, 140], reactive power level
change is not presented here. The measured I, slightly dropped with load rising, i.e.
15.1A (25% load) decreased to 11.36A (100% load). The magnitude of speed dependent
content in different load conditions are demonstrated in Table 5-3. It could be observed
that the k=1 and 2 MMF contents magnitude are decreased with active power load
incensement whilst k=3 contents have no significant tendency. As illustrated in Figure
5-17 and Figure 5-18, the k=1 MMF content is smaller than the SSU harmonic As in
magnitude for all load cases. Meanwhile, k=2 MMF content is not an cvident harmonic
in its searching bandwidth. However, an obvious k=3 MMF content is available for SSB
identification. Compared with I, spectra, the MMF contents has stronger magnitude
with no other disturbance harmonics exist in k=3 scarching range, that makes its k=3

speed dependent harmonic a suitable choice for SSB frequency identification.

Table 5-3 Magnitude of MMF contents for I, spectra with 1340 rpm DFIG in variety loads

Load level Lo Lavens

=1 k=2 =3 k=1 k=2 k=3
25% 0.6485 0.1461 0.2864 1.088 0.2492 0.1737
50% 0.5589 0.1106 0.2207 0.5584 0.1106 0.2207
75% 0.3041 0.09338 0.1748 0.3034 0.09338 0.1748
100% 0.1768 0.1006 0.2961 0.1768 0.1006 0.2961

In summary, this scction evaluated the controller loop signals” MMF harmonic contents
in a variety of load conditions in the nominal range, compared with outer loop signal,
the inner loop oncs arce less cffected by noise and other non-relevant harmonics for speed
dependent harmonic identification within searching bandwidth. After evaluating different

load conditions, /=2 MMF harmonic in ¢ axis controller signals (I, and Iy..) and k=3

155



in d axis controller signals (Is and Iu.) spectra are assessed as the desired identification
contents due to their obvious magnitude in spectra and less effected harmonics exist in
the corresponding scarching range. The former one with stronger magnitude is more
evident in spectrum especially in the active power load varying conditions. As a result,
the £#=2 MMF harmonic in ¢ axis controller signals is selected as the identification
harmonic for SSB SSE in this research. To illustrate the consistency selected signal
performance in other speed conditions, Figures 5-20 to 5-22 demonstrates the [, spectrum
in 1440 rpm, 1550 rpm and 1590 rpm scenarios correspondingly. The error signal spectra
are not demonstrated here as they have almost the same higher order spectra contents.
The k=2 MMF content manifest an obvious magnitude in different load and speed signal

spectra, which validated the purposed spectrum content is suitable for DFIG SSB SSE.
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Figure 5-20 FEF'T spectra of the measured I, signal for 1440 rpm
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Figure 5-21 FFT spectra of the measured I,, signal for 1550 rpm
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5.3 Real-time frequency estimation scheme

The previous scction cvaluated the experimental DFIG signal spectrum in order to
identify the suitable speed dependent harmonic contents for SSB frequency identification.
To detect the target MMF harmonic content in real-time with sufficient fidelity and
accuracy an adequate signal processing technique is required. In this section, the
parabolic interpolation method is demonstrated as a tool suitable to identify MMF
harmonic contents for DFIG SSB SSE in this research. The first introduces the theory
and mathematical structure of the parabolic interpolation algorithm. Then the algorithm
is validated in MATLAB platform utilizing an experimentally recorded signal in both
constant speed and varying speed conditions. Finally a detailed introduction of the
algorithm implementation in LabVIEW interface for real-time hardware execution is

presented.

5.3.1 Overview of parabolic interpolation algorithm

The SSB speed estimation performance is highly dependent on the frequency tracking
algorithm performance. To extract the harmonic content in the spectra, Fast Fourier
Transfer (FFT) is the most commonly employed technique. However, the estimation
results of these are highly affected by FFT resolution: a high resolution FFT routine
requires hardware/software complexity and results in low estimation rate imposed by
window time duration requirements, whilst a low resolution FF'T results in low estimation
accuracy. To sccure both estimation rate and accuracy, different alternative frequency
tracking techniques were examined in literature, as reviewed in Chapter 2.5.2. In this
study, the parabolic interpolation algorithm is employed for SSB frequency identification

due to its feature of low computational intensity and high resolution.



A periodogram of a signal is typically calculated by discrete Fourier transform (DFT).
However, the DET processed periodogram peak is generally displaced from the actual
periodogram peak value since the continuous signal has to be discontinuous sampled
while acquisition. As illustrated in Figure 5-23, an arbitrary periodogram is
demonstrated: the DFT calculated peak is located at ks whilst the true maximum
frequency is f = (k, + §)/N, where § is the frequency displacement meets the condition
—% X resolution frequency < & < % x resolution frequency and N is the sample length [141]. For
illustration purposecs, a typical DFT frequency maximum and two adjacent samples arc
named as X(ko), X(kos-1) and X(ko+1). The DFT located maximum is commonly called a
coarse estimation and the estimation of actual displacement § is referred as the fine

frequency estimation [141]).

Periodogram
[e] DFT samples
Ix(ko) : — — — - True frequency
I
I
I
51 [X(ky+1)]

IX(k 1)l ,
1
I
1

Figure 5-23 Illustration of displacement & of true maximum position of periodogram from DFT
[141]
Parabolic interpolation is an approach to refine the frequency estimation based on three
DFT samples around the actual DFT maximum [141], and thus identify 6. It basically
introduces a three points parabola fitting based on original DFT samples and then
calculates the peak of periodogram from the interpolated points. Three samples with
abscissa defined as 64, 6,,0; arc displaced with fixed distance (fs) in periodogram,
following definitions are made: f; = &4 X frequency resolution, 8, = fry, — f3,6, =

fc2,03 = feo + fyg while the center one 8, located at the DFT estimated periodogram
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peak frequency fc,. These samples are fitted by a parabola and the fine search is
approved by obtaining parabola’s vertex corresponding abscissa [141].

The calculation of the parabola vertex abscissa can be processed as follows: the three
interpolation points are defined as (64, Py), (62, P;) and (63,P3)in periodogram, the

parabola, that fits these points is A8% + BA + C. The vector of the parabola cocfficients

A 6f 6, 1 Py
c 02 03 1 P3

3

could be expressed as: [141]

The parabola coefficients could be calculated: [141]

03(P2—P1)+0,(P1—P3)+61(P3—P2)
A== 53
(01-62)(81—63)(62—63) -3)

_ 03(P1—P,)+63(P3—P1)+6(P,—P3)

B = 5.4
(61—62)(61—63)(62-63) G4
0203(62—603)P1+60361(63—-601)P2+60162(61—62)P3
C= 5.5
(61-62)(61—63)(62—03) -3
The abscissa of the vertex is then:
B
Hve'r - _Z (5~6)

_ 103(P1=P,)+03 (Ps—P1)+0f(P,~P2)
2 03(P1—P2)+62(P3—P1)+61(P2—P3)

The parabolic interpolation underpinned algorithm for DFIG SSB SSE could be

illustrated by flowchart in Figure 5-24.

Step 0: A suitable DFIG signal narrowband maximised by a known speed dependent
spectral component is identified for analysis and its pre-defined length time windows

monitored for analysis

Step 1: First time fine scarch: The algorithm begins with excessively oversampled window
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size FF'T to obtain initial frequency peak location from high resolution periodogram.

Step 2: Parabolic points identification: Normal window size data set is employed for
further calculation. Three parabola points, namely (xi,y1), (x2,y2) and (xsys), are
interpolated in a regulated resolution periodogram (i.e. using the regulated window size
but not oversampled one for parabolic interpolation), where x. is the maximum frequency
position from high resolution periodogram and x and x; are f; away from x». Calculate

the parabola values of three points. i.c. yi,y2 and ys.

Step 3: Calculate the parabola coefficients A, B and C and hence identify the parabola
vertex abscissa utilizing (5.6). The outcome is the maximum frequency fes.

Step 4: Work out the machine rotational speed with w, = 52627 which was introduced in

chapter 4 equation (4.39).

Step 5: Provide the next set of data for following execution with overlapping window, i.e.
push out part of data from previous window and integrate new data while keeping the
window length constant. The implementation of overlapping window is aimed to increase
the estimation rate, and involving the addition of only a part of the window size data set

for cvery successive cstimation.

Step 6: Define new parabola points for the new periodogram, where x2 is the maximum
frequency calculated from Step 3. Then calculate the parabola values, coefficients, new

maximum frequency and eventually rotational speed.

Step 7: Repeat Stepb and Step 6 to keep tracking the machine rotational speed.
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Figure 5-24 Parabolic interpolation involved SSB SSE algorithm

In this algorithm, the frequency displacement f; has to be carefully selected as it affects
the frequency tracking rate. The algorithm could tack the frequency change per second
up to fg X estimation speed. i.c. Each iteration could identify the new periodogram
peak within + f; range. However, large frequency displacement would result in a larger
estimation crror. To guarantce both estimation accuracy and feasible estimated speed

variation rate, the displacement f; is selected as 0.15 X frequency resolution in this

study, with an cstimation ratc of 40 times/s in a practically used 2.5Hz resolution
frequency scenario, the frequency tracking algorithm could catch up with 15Hz per sccond

variation. i.e. 37.5 rpm/s variation in speed.
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5.3.2 Evaluation of parabolic interpolation algorithm in

MATLAB interface

This subscction evaluates the illustrated algorithm’s performance in a MATLAD interface.
The ¢ axis controller signal I,’s k=2 MMF harmonic component from experimental test
is chosen for frequency extraction and speed tracking. Both constant speed test and
variable speed test are performed following the same conditions: the selected normal
window size is 2 sample points with 2° window size shift. The over sampling window
utilized for the initial maximum frequency identification is 128 times of normal window
length, which takes both accuracy and process time consumption into account. The
sampling frequency for experimental selected electrical signal is 50000Hz. The DFIG load

condition for examined are selected as 100% full load.
A. Steady state speed estimation

A constant speed DFIG operation at 1550 rpm was firstly undertaken to examine the
parabolic interpolation algorithm. The recorded experimental ¢-axis controller signal I,
was sampled with 50000Hz (i.e. system required step size introduced in Chapter 3) from
dSPACE platform. The recorded time duration is approximately 14.5s. In Figure 5-25,
the estimation results are shown; each estimation is labeled with a circle in the plot with
respect of reference operation DFIG rotational speed. Here the reference is the actual
measured DFIG rotational speed. The SSB estimated speed is plotted in blue curve whilst
the encoder measured speed is shown in orange curve. As illustrated in the plot, the 2812
estimated speed points from parabolic interpolation indicated a good match with

reference rotational speed. i.e. 0.66% maximum error and 0.3% mean error.
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Figure 5-25 Parabolic interpolation SSB SSE at 1550 rpm DFIG

B. Variable speed estimation

A variable speed operation DFIG test was undertaken to evaluate the algorithm
performance. A practical wind speed profile was cmployed to simulate the actual
mechanical speed variation from generator side. Super-synchronous speed range 1520rpm-
1650rpm was sclected to emulate the DFIG high rated power gencration scenario (sce
Figure 2-3 and Figure 2-4). Again, in Figure 5-26 and Figure 5-27. the g-axis controller
signal [, was recorded for a minute and the algorithm executed speed estimations and
it’s instantaneous error. 11897 estimations are logged with blue in the plot whilst the
actual DFIG mecasured rotational speed is exhibited with red line as a reference. The
presented data are seen to be in good agreement, with the estimation maximum error
rate being 1.05% and its average error rate 0.27 %. According to both constant and
variable speed testing results, the feasibility of parabolic interpolation SSB SSE in DFIG
system has been validated from theoretical point of view. The parabolic interpolation
based real-time speed estimation system implementation procedure will be introduced in

the following section.
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Figure 5-27 Parabolic interpolation SSB SSE real-time error recording in variable speed DFIG

5.3.3 Sensorless speed tracking algorithm implementation in

LabVIEW interface

To enable practical real-time SSB SSE, LabVIEW codes are implemented on a national
instrument NI-9024 compactRIO real-time platform to functionalize sensorless speed
cstimation algorithm introduced in previous section. This sub-section begins with real-

time platform introduction, then the overall LabVIEW coding structure and FPGA based
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signal acquisition are presented. The parabolic interpolation realization in LabVIEW

interface is finally demonstrated.
A. Real-time platform overview

The compactRIO (cRIO) consists of the real-time controller, signal input and output
modules and mounted on the chassis. The NI-9024 ¢RIO platform utilized in this study
has a high performance processor and enables real-time operating system (RTOS)
programming in LabVIEW interface [142]. The I/O modules could be directly connected
to build in FPGA, which is an advanced and programmable hardware could be
implemented in LabVIEW FPGA interface. The FPGA is connected to the processor by
a high performance duplex peripheral component interconnect bus. The built in data
transfer mechanisms in LabVIEW is responsible to obtain data from 1/0 modules to
FPGA for data acquisition, processing as well as to link the FPGA to host computer for

further real-time executions [109]. The NI-9024 platform is illustrated in Figure 5-28.

Figure 5-28 NI cRIO-9024 platform
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The I/O NI-9125 analogue input module is employed for data acquisition in this research.
NI-9125 is a 16-Bit resolution, 100kS/s/ch, 4 differential channels with + 10V analogue
input module [143]. Tt acquires DFIG ¢-axis controller signal I, from dSPACE DAC
channel and send it to FPGA and eventually HOST program for spectrum extraction. A
simplified shielding is employed to the terminal of cable connection part to mitigate the
noise disturbance.

To assess the real-time speed estimation performance, the actual encoder measured speed
is synchronously acquired with estimated speed. The measured speed is processed by
phase locked loop (PLL) (introduced in Chapter 3) employed for DFIG system to secure

precision instantaneous speed reference collection from dSPACE platform.

In this research, the LabVIEW FPGA is responsible for data acquisition and the post
processing and real-time execution are offered by the Host program. The programming
of both are based on LabVIEW virtual instrument (VI) code architecture, which is
ostablished by functional graphical block diagram coding. The system relevant

configurations like sample rate are determined in corresponding blocks’ settings.
B. Structural outline of LabVIEW code

The implementation of real-time SSB SSE system is based on LabVIEW interface. The

structural flowchart is demonstrated in Figure 5-29.

The examined signal data is first acquired by NI-9215 and temporally stored in FPGA
memory. The memory size is pre-defined as desired overlapping window shift size n.. The
stored data is then transferred to the HOST VT utilizing Direct Memory Access (DMA )-
First In First Out (FIFO). By employing DMA, the calculation in HOST computer side
could proceed while FPGA target sending data to the HOST. As illustrated in scction

5.3.1, oversampled FFT is first executed to provide reference initial parabola point
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position. Then further parabolic interpolation algorithm is deployed based on signal from
overlapping HOST window to obtain the frequency component of interest and thus

machine rotational speed.

| dSPACE measured signal |

I

| D/A signal conversion using NI-9215 Analogue module |

|
!

| Signal acquisition in FPGA |

FPGA —

| Acquired signal transmit to the HOST |

-

Oversampling FFT Overlapping window
manipulation

Host /

cRI0O — Parabolic interpolation
Process algorithm

| Frequency to rpm conversion |

Figure 5-29 Structural flow chart of SSB SSE real-time system implementation

One of the challenges is to make the sampled normal size window overlapping in
LabVIEW interface. To this end, the HOST window size (n.) is defined integer a times
of shift size (n, ) while a is determined by required overlap ratio. The following diagram
Figure 5-30 is demonstrated to virtualize overlapping window development process for

clarify.
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Figure 5-30 Overlapping window implementation principle

The acquired data is transmitted from FPGA to HOST VI in terms of n. shift size
window. The normal size HOST window utilized for parabolic interpolation is initially
sct as ans zeros. The fundamental idea here is to fill in 7, new data in normal size window
and push the earliest n, data set out of the sample window. However, as illustrated in
Fig.5.30, the demonstrated transmission process would make the order of data different
from its original, i.e. in the HOST window, the data point 7, is supposed to be placed
after n.-1 . Besides, the earliest data should be located at beginning part of the window.
To get rid of these undesired cffects, two reverse functions arc employed to shift window

and HOST window as shown in Figure 5-31.

Reversing every shift size window from FPGA makes the elements in HOST window
placed in reversed order compared to the original data set. The other reverse action is
deployed for HOST window to rebuild the order of elements so their layout is identical
to the original signal data sequence. After all elements in HOST window are filled with
FPGA transmitted elements, the elements would be employed for parabolic interpolation

algorithm calculation to obtain frequency content of interest then provide machine
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rotational speed. Afterwards, n, new elements are fed into HOST window to replace the

carliest n, clements for next calculation. The overlapping ratio is determined by a.
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Figure 5-31 Overlapping window implementation principle with reverse fix

Regarding to the proposed overlapping window manipulation scheme, the LabVIEW

shown in Figurc 5-32 demonstrates how overlapping window arc implemented in the

HOST VI
E e B
overlap size transfer FIFO .Read
256 MNumber of Elements
3 Timeout (ms)
Data
0 o [E L Elements Remaining .
[the output here is the HOST window elements|

n

Figure 5-32 LabVIEW code of overlapping window implementation

The HOST window is regulated using fixed size array in LabVIEW code to enable
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clement manipulation needed in this algorithm and the elements are initialized as zeros
at beginning. The acquired signal clements from FPGA side are transferred to HOST by
DMA-FIFO, which sends 256 (n.) elements for every loop calculation. The inversed
FPGA transferred window shift size elements are added to the end of HOST array by
the “build array” block thus offers an 8192 (an.)+256 elements array. The resultant array
is then processed by “delete from array” block to remove the earliest 256 elements from
the array and a new array stored in the shift register for the next execution. Finally, the

HOST window elements are reversed before sending elements for further calculation.
C. LabVIEW FPGA program implementation

In this study, FPGA VI is developed to acquire signal from NI 9215 for DFIG signal.
The DFIG signal is stored in memory and transmitted to the HOST in 2° element frames
by DMA-FIFO. The elements are written in FIFO after checking the status of DMA-
FIFO to get rid of FPGA DMA buffer overflow. With elements written in FPGA VI
utilizing the write method of the FIFO method node, the HOST VI instantly reads the
clements from the read method of the FIFO node at the same time using “invoke method”
[109]. The LabVIEW code illustrated in Figure 5-33 shows how signals acquired in FPGA

and transmitted to the HOST.

In the while loop shown in the figure below, the acquired data is written in a fixed size
memory and the sample rate can be defined by the loop timer. The lower while loop
reads the elements from memory and writes them into the DMA FIFO. The size of the
DMA-FIFO should be at least twice of memory size to sccure no data loss during
transmission. The execution time of the loop can be checked by identifying the tick counts

difference inside and outside the loop with the shift register storing previous value.
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Figure 5-33 Coding for signal acquisition in FPGA
D. Parabolic interpolation in LabVIEW

After receiving the acquired signal from the FPGA and modifying data into overlapping
windows, the main SSB SSE algorithm utilizing parabolic interpolation is employed for
frequency extraction, which is the majority part of HOST VI. At the beginning of
programming, the algorithm implementation is approved by MathScript RT module
inFigure 5-34. The module enables text-based code in LabVIEW graphical coding

interface to functionalize the algorithm introduced in section 5.3.1.
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1 %% Parabolic interpolation to increase the accurancy of spectrum measurement
2 N 92
3 Ts=1/5ampleRate; %:5ample Period
4 %freqEST=k"df: SGinitial vertex abscissa from oversampled FFT
5 O/N; %resolution
& dfi  %Frequency displacement between the three periodogram points
7 perl
B fe=freqEST feed:
a CurrentT = transpose(Current);
10 %Then work out three periodogram values
1 perl=abs(sum(CurrentT.exp (- 1" 2%pi*(fc-fd)*Ts™(0:M-1)));
12 per2=abs(surn(CurrentT. exp(- 1i*2*pi*fc Te*(:N-1)1));
13 per3=abs(sum(CurrentT. "exp(-1i*2*pi* (fe+fd) T (0:M-1)7);
14
15 %Perform parabolic interpolation
16 Ydefine x and y elements
17 x1=Ffc-fd;
18 x2=fc;
19 x3=fo+fd;
20 yl=perl;
21 y2=perl;
22 yl=per3;
24 %function file performs three points parabola fitting
25 denom=(el-x2)*(x1-x3)* (x2-:3);
26 A=(3*(y2-y1)+x2%(y1-y3)+x1*(y3-y2))/denom;
27 B=(3M T (y1-y2)+x2 A 2 (y3-y 1)1 A 2 y2-y3)) denom;
28 C= (2% (23 y 1+ 2351 (x3-x 1)y 2+ *2* (1 -x2) "y 3) denom;
29 freqEST=-B/(2"A);
30
31
-
2 [ 5 |
332
7§

Figure 5-34 Real-time parabolic interpolation search algorithm

The following initial inputs are required for the listed code: window overlapping data,
signal sample rate and initial estimated frequency from window oversampling FFT as a
reference for first estimation. The window size and parabola points displacement are
defined at the beginning of code. Then three parabola points identification and parabola
vertex abscissa calculation are execcuted to work out the new maximum frequency as
described in section 5.3.1. A feedback node is deployed to send the calculated frequency
as a reference for the following iteration exccution. The rotational speed is calculated
from the estimated frequency via equation (4.39) in HOST VI. However, in real-time
frequency observation tests, the illustrated LabVIEW code could not capture up-to-date
frequency from signal due to the following limitation: the MathScript significantly slows
the execution down, especially when large scale analysis needs processing. In consequence,
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the algorithm processing speed could not keep up with the data acquisition rate while
the system is running, and thus the accuracy of frequency estimation could not be

guaranteed.

To speed up the execution, the parabolic interpolation algorithm is developed in
LabVIEW code (i.e. graphical code) to avoid the neced for utilizing MathScript node.
Though a sizeable graphical code is required to achieve this when compared with
MathScript code, the graphical code is executed significantly faster than MathScript due
to the fact that the LabVIEW graphical code is strictly typed while MathScript is
implemented on top of the native implementation. Referring to Figure 5-34, most of
MathScript commands arc casy to implement. The challenging part here is to develop
the parabola values calculation in line 11-13. Literally the original command was to
execute Discrete Fourier Transform, which requires a “For loop” to sum up all the
involved iterations. Therefore, it would calculate elements from 0 to N-1 one by one then
add them up. As a result, the execute of routine has to wait until all these iterations are
finalized to then proceed with rest of the algorithm, which is time consuming. An
alternative approach was implemented to replace the iteration process with one
calculation: by modifying the signal data set and its corresponding element order number
n in terms of matrix, the DFT parabola value could be regarded as the result of two
matrix multiplication. Typed code line 12 is programmed with following LabVIEW code

in Figure 5-35.

The original signal data is converted to matrix form by “build matrix” in column. The
exponent of Kuler’s number is regarded as a constant with complex number multiplies
number series from 0 to N-1 and converted to transposed matrix. The multiplication of

two matrices makes the execution of the calculation procedure possible within a single
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iterations, thus significantly reducing the computational requirement on the processor.

The absolute parabola values are then processed for further calculations.
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Figure 5-35 Typed code implementation in terms of LabVIEW coding

5.4 Real-time performance for DFIG sensorless speed
estimation

In section 5.3, a detailed parabolic interpolation based SSB SSE algorithm was detailed,
including background theory, algorithm off line evaluation and its real-time execution
routine development in LabVIEW. A range of real-time experiments are undertaken in
this section to evaluate the proposed algorithm’s efficacy in SSE. The estimation is hased
on tracking of the k=2 harmonic component of the controller current I,, deemed to be
an optimal component for tracking in the practical system analysed in this work referring
to the spectral analysis in the previous section. Both constant and variable speed
operation in different load conditions were examined. The measured speed from an
cncoder mounted on the machine shaft was synchronously cross-correlated with the

estimated speed to ascertain the error rate margins and thus the feasibility and
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performance potential of the proposed SSE scheme. The findings are presented in the

following subsections.

5.4.1 Constant speed estimation

Speed estimation in steady-state conditions is firstly evaluated to explore the
performance of the applied algorithm in a less dynamic set of operating conditions as a
precursor to its evaluation in a fully transient generator operating regime. This subsection
consists of two topics: the evaluation of the algorithm performance at different estimation
rates, and the validation of its performance in a variety of operating load and speed

conditions for a fixed estimation rate.

The speed estimation rate is regulated as following without overlapping window

employed:

estimation rate = fs‘;ﬂ 5.7
w

where fumpeis the sample frequency, n., is the window size (i.e. the number of data points

for cach exccution).

With the overlapping window employed, as needed to increase the estimation rate, the
estimation rate can be calculated as:

estimation rate = [emple y Tw (5.8)

nw ns
where n, is the shift size of overlapping window in each algorithm iteration, giving:

fsampte
ns

estimation rate = (5.9

It could be concluded that the estimation rate is theoretically determined by fiampe and

ns. However, in a practical real-time LabVIEW routine, the algorithm execution rate is
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also limited by the execution window size n. (i.e. larger n., consumes more time to execute
due to an inherent increase in computational demand on the real-time platform). To
guarantee both estimation accuracy and rate: larger window size result in higher
frequency resolution thus reaches more accurate estimation however more time
consuming in the algorithm execution. A window size 2048 was selected in real-time
application. Moreover, it has also been tested shift window size 128 has the best
performance: smaller shift window size like 64 would increase the computational
complexity while the SSE accuracy can not be greatened in larger shift window size like
256. An investigation of different estimation rate performance evaluation was undertaken
A typical

by testing the algorithm operation at a range of different values of fumpr..

operating point (1550 rpm 100% load) was sclected to illustrate the findings of this case

study.
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Figure 5-36 Real-time speed estimation vs measurement in different estimation rates
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The obtained real-time results for different estimation rates are shown in Figure 5-36 and

the corresponding error statistics are summarized in Table 5-4.

Table 5-4 Summary of estimation error in different estimation rates

Estimation rate Sample frequency (Hz) | Max error (%) Mean error (%)
(times/s)

10 1280 0.21 0.10

20 2560 0.19 0.08

30 3840 0.38 0.12

40 5120 0.29 0.12

The real-time estimation rate is constrained by the LabVIEW algorithm inherent
computing time, which is related to the hardware processor performance and the
algorithm programming approach. With the window size of 2048, it takes 24ms to execute
cach iteration in the proposed real-time routine, which means the maximum attainable
estimation rate with the real time hardware available for this work is approximately 42
cstimations per sccond. In consequence, the estimation rates evaluated in this study range
from 10 to 40 estimations per second. As illustrated in Figure 5-36, the estimated speed
(blue) is instantancously cross-correlated to the measured speed (orange) for a typical 10
second period. Although the estimated speed is slightly higher than measured speed due
to inherent PLL speed measurement limitation described in Chapter 3. It could be
generally observed a good match between measurement and prediction. Referring to
Table 5-4, the obtained max error rate is in the range of 0.19% to 0.38% whilst the mean
crror rate is in the range of 0.08% to 0.12%. With the increase of sample frequency (i.c.
estimation rate), the error is slightly increased but a good level of accuracy is still
maintained, which manifests with better performance of real time estimators reported in
literature [135, 144, 145]. This indicated that the proposed algorithm is competent in

real time estimation at up to 40 estimates per second rate on the available test system,
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but has strong potential for an even higher real time execution rate assuming availability
of a more powerful real time execution platform. Also, the proposed algorithm shows
higher real-time speed estimation rates compared with the published studies [135, 144,

145].

A range of experiments were undertaken to evaluate the algorithm performance in
different DFIG operating conditions. The following four operating speeds consisting two
sub- and two super- synchronous points were tested: 1340 rpm, 1440 rpm, 1550 rpm and
1590 rpm. For cach considered speed point, four different load levels were examined by
performing tests at 25%, 50%, 75% and 100% nominal current load. The estimation rate
of 40 per sccond was sclected for these tests. Figures 5-37 to 5-40 shown helow
demonstrate the speed estimation performance evaluated by synchronously estimating

and measuring the rotor speed for 10 seconds in different load and speed operation points.

: 1348
leasured Spee 1346 Measured Speed
g1 =
= 1346 1 %
(%1344 %1342 /rﬂﬂ‘ )m ,-‘J”w i ﬂ WV ‘N‘“% M w f\\ AN
1342 0 e e | m‘“\\fﬂ\ i ol m ’\ it 1340 “W"N”\m *\ﬂk'r'm‘\yh‘\w%ﬂw\ﬁww.‘ “MWMM&W\
R NG
BN A
0 2 4 6 8 10 0 2 4 6 8 10
Time(s) Time(s)
e (a) 25% load estimation » (b) 50% load estimation
—— Estimated Speed
1344 ——Measured Speed 1343 | \ h
T 1343 E 1342 n /JH"“ WNM 1¢) l N‘ Mhﬂ H‘m IM \ M
§1342 N Y : N\ EREY '}“PW“”‘ MM{”" V‘M‘/‘ ‘W“f J “\.M‘W
o (e e -/"‘“"WW ) nMv"‘M ‘WV MH\'M *” I M“vm““ﬂ"
M R
1340 |1 \» | ! 'U( | I \‘H 1339 —— Estimated Speed
0 2 4 6 8 10 0 2 4 6 8 10
Time(s) Time(s)
(¢) 75% load estimation (d) 100% load estimation

Figure 5-37 Different load conditions speed estimation vs measurement at 1340 rpm
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Figure 5-40 Different load conditions speed estimation vs measurement at 1390 rpm
The corresponding crror statistics are summarized in Table 5.5.

Table 5-5 Summary of estimation error in different load and speed conditions

1340 rpm 1440 rpm 1550 rpm 1590 rpm

Load | Max | Mean | Load | Max | Mean | Load | Max | Mean | Load | Max | Mean
level | error | error |level |error |error |level |error |error |level | error | error
) | (R) | (B) | (B) [(B) [ (B) |(B) [ (B) |(B) [(B) |(F) | (%)
25 0.824 | 0.082 | 25 0.433 | 0.078 | 25 0.368 | 0.151 | 25 0.373 | 0.144
50 0.490 | 0.077 | 30 0.277 1 0.078 | 30 0.310 | 0.146 | 30 0.269 | 0.139
75 0.300 | 0.075 | 75 0.226 | 0.082 | 75 0.300 | 0.143 | 75 0.249 | 0.135
100 0.262 | 0.079 | 100 0.239 | 0.080 | 100 0.283 | 0.139 | 100 0.271 | 0.131

The measurements indicated that the real-time speed estimation can be achieved in both
super- and sub- synchronous speed points in all load level conditions: the maximum
estimated error rate lower than 0.824% as well as the mean error rate less than 0.151%
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for low load condition (25%), while the maximum estimated error is lower than 0.49%
and the mean error rate less than 0.146% in the load levels > 50%. In general, the
accuracy of the estimation increases with the load level rising. Referring to Table 5-2,
the magnitude of harmonic content of interest utilized for SSB SSE arc positively related
to load level. Therefore, the characteristic content is more obvious in higher load
conditions and better accuracy is achicved in the SSB algorithm. Still, the obtained

estimation result at low load 25% condition shows a tolerable error rate, with an average

error smaller than 0.15% and a maximum error smaller than 0.824%.

5.4.2 Variable speed estimation

To evaluate the real-time performance for emulated wind-driven operation, an actual
wind speed profile was employed at the prime mover side (i.e. DC machine) of the DFIG
system. A transient speed profile in the generating region representative of generator
operating dynamics employed in MW size variable speed, which was utilized in the
literatures [146, 147, 148]. The transient profile was obtained from a detailed WT model
developed in Supergen Wind Consortium, which was employed to emulate wind resource
variation information [148, 147]. As mentioned in last scction, the sampling frequency
was selected as 5120Hz to enable 40 estimations per second, the maximum rate allowed
by the available FPGA platform computational capacity. The real-time speed estimation
and instantancous crror for 150 scconds of the DFIG arc demonstrated in Figures 5-41
to 5-48. Table 5-6 shows the measured performance parameters for all the investigated

load conditions.
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Figure 5-48 Error signal 1340rpm-1650rpm speed profile estimation at 100% load

Table 5-6 Summary of estimation error in different load conditions

Load level (%) Max error (%) Mean error (%)
25 1.63 0.19
50 0.48 0.12
75 0.51 0.10
100 0.36 0.10

The results demonstrate that real-time speed estimation is feasible for the operating
ranges from sub-synchronous speed to super-synchronous speed of the DFIG in all load
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conditions. The average estimation error is lower than 0.19% and maximum error is lower
than 1.63% for all load conditions. Similar to constant speed estimation, more accurate
estimation could be achieved in high load conditions, as the tracked spectral content will
be more pronounced in these thus yielding higher estimation consistency. Recalling the
previous spectrum analysis part, the magnitude of characteristic frequency component is
ncarly proportional to the load level, the identification of SSB SSE frequency component
is more likely to be affected by the noise frequency (see the spike of estimated speed in
low load condition). It is also important to point out that transient operation in higher
load conditions is more typical of practical wind turbine gencrators operation, as these
are designed to operate in as high average winds/loads as possible at the given location,
hence the good estimation at higher loads could be deemed more pertinent to practical,

field applications of generators.

5.5 Conclusions

Machine sensorless speed estimation (SSE) has been widely investigated by researchers
due to its low cost, high reliability, better noise immunity and less maintenance required
features. In WT system, SSE is an alternative approach to monitor generator rotational
speed when encoder failure occurs. A novel DFIG SSE algorithm based on non invasive
approach utilizing readily available signals embedded in the controller loops of the DFIG
drive is therefore investigated in this chapter, which is spectral search based (SSB) SSE
scheme utilizing parabolic interpolation. The proposed algorithm manifested good
capability of high rate real-time estimation in both constant and variable speed scenarios.
Compared with published researches, it has been shown this algorithm performs with a

good degree of accuracy and higher estimation rate. Two main factors are essential to
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approve the new technique: signal selection for spectrum search and SSB algorithm.

This chapter began with spectral analysis of experimental tested DFIG signals including
terminal and controller signals. A typical load and speed condition was selected to
evaluate DFIG signals’ harmonic contents. The speed related harmonic contents in DFIG
controller signals are clearer to obtain compared with terminal signals. To sort out the
most appropriate controller signal’s harmonic to track for SSB SSE, variable load
conditions of controller signals were then assessed and eventually the g-axis controller

signal I,, is selected for DFIG SSE.

The second part of this chapter is the spectral harmonic content tracking scheme
demonstration. A novel parabolic interpolation based SSB SSE algorithm was employed.
The mathematical theory and structural overview of the algorithm was firstly exhibited.
Then a validation study of the algorithm was proceed in MATLAB interface. Precision
speed tracking could be observed in both constant and variable speed scenarios utilizing
testing DFIG signal with parabolic interpolation. To approve the real-time speed
estimation, the real-time platform NI-9024 ¢RIO platform with theoretical algorithm
developed in LabVIEW interface are employed. The implementation process of FPGA

and HOST LabVIEW code were demonstrated in detail.

Finally, the proposed LabVIEW algorithms were assessed and validated in real-time
laboratory cxperiments on DFIG system. Both steady state and transient speed
conditions tests were undertaken. The presented result indicate that the developed SSB
SSE algorithm can provide a low error margin speed estimation in practical conditions,
and particularly so at higher loads. To enable sensorless control of the DFIG, further

development in shaft angular position estimation is required for the future research.
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Chapter 6 Investigation of controller signals

in DFIG system with shaft misalignment

Acknowledgement: The experimental study of this chapter was published in
International Conference on Electrical Machines (ICEM2020). Some passages have been

quoted verbatim from the following source [149).

6.1 Introduction

Shaft misalignment is characterized as a condition in which the shaft of the driving
machine and that of the driven machine arc not in the same center line. It is responsible
for more than 50% of all rotating machinery problems [50] and can thus result in
considerable downtime and economic losses, if a machine keeps running in misaligned
condition. The operating life span of rotating machinery could be increased with accurate
alignment [150]. As a result, the proper minoring of rotational machinery shaft alignment

status is key to reduce the number of breakdowns, as well as the associated unplanned
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downtime and economic losses. However, the alignment inspection is scheduled by
extended service periods and ideally requires online monitoring due to a number of
unavoidable drivetrain inherent factors. In a WT system, misalignment is a common
problem reported to cause 30% of downtime [151], with the resulting undesired forces
leading to damage or destruction of bearings, seals and couplings, and eventually having
the potential to lead to gearbox and generator damage [152]. Correspondingly,
misalignment monitoring and diagnosis are essential for contemporary W'T' drivetrains,
and especially so where they are located in a remote and harsh operating environment,

with more critical downtime and repair cost implications [153] [151].

Vibration monitoring is regarded as the typical approach that is widely used to forccast
WT shaft misalignment. However, quality vibration sensors are generally costly and the
required signal condition equipment to interpret their reading can also impose
considerable expense. Furthermore, the different components of vibration signals and
their relation highly depends on the flexible coupling type employed [154] hence diagnosis
can sometimes be challenging. Alternative approaches for misalignment diagnosis were
detailed in Chapter 2. In particular, the motor current signature analysis (MCSA)
attracted much attention by researchers due to its inherent cost efficacy [60, 61, 62]. The
presence of misalighment was shown to have the potential to manifest as additional
content in the line current spectrum. For DFIG, the utilisation of controller signal to
achieve condition monitoring has received little research attention. One of the few
applications was reported in [80], where the DFIG controller signals were employed to
monitor the rotor electrical asymmetry fault. Additionally, DFIG stator and rotor
electrical asymmetry recognition utilizing controller signals was investigated in [45]. In
this chapter, an investigation is undertaken to explore the feasibility of shaft

misalignment diagnosis using DFIG controller signals.
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The theoretical explanation of the relevant shaft misalignment effects will be presented
to unfold how shaft misalignment influences machine mechanical performance. Then a
DFIG model study undertaking a comparison of controller signal spectral signatures
between a healthy DFIG and that operating with misalignment is illustrated to explore
and identify potential fault signature characteristics in the controller signal spectrum.
Finally, the experimentally measured DFIG signals arc analysed to validate and analyse

the observed phenomena.

6.2 Mechanical modelling of shaft misalignment

In general, the shaft misalignment condition can be classified in different types: parallel
(or offset) misalignment, angular misalignment or the combination of the two. This
section revises the mechanical features of coupled rotating shaft behavior in presence of
angular misalignment (illustrated in Figure 6-1), with a view to identifying mechanical
disturbances that can originate from this condition.

coupling

Figure 6-1 Angular shaft misalignment — illustration

Angular shaft misalignment can be represented by a simplified system that includes the
universal joint model [62]. A general illustration of a universal joint is given in Figure 6-2

a, and the rotational angular position of both shaft ends is shown in Figure 6-2b [155].
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) Universal joint model ) Universal joint motional variables
Figure 6-2 Universal joint model illustration
As illustrated in Figure 6-2(b), the drive shaft is perpendicular to the red plane (shaft
initially mounted at &) while the driven shaft is perpendicular to the blue planc  (shaft

fixed at ¥; the angular difference of the planes is labelled as B, which is regarded as the
angular misalignment angle for mechanical effect modelling. The angular displacement
of the drive shaft is marked as y;with respect to vector X ([0,0,1]), thus the corresponding
rotational position is defined as X7 ([cosyy,sinyy,0]). Similarly, the driven shaft is
mounted at § of blue planc, X7 is the driven shaft rotational position and y, is the
angular difference between X; and § on blue plane. If we set X as the reference position,
X, with respect of X is [—cosBsiny,, cosy,, sinfsiny,]. The shaft fixing points on plane
are fixed at pre-defined position, X7 and X; must be located at right angle to each other,
i.e. the dot product of x7 and X3 is zero. In consequence, the relationship between the
drive shaft movement angle y; and the driven shaft angle y, connected by universal joint

can be expressed as follows: [155]
1,1
y, = tan 1(m tany,) (6.1)

With the universal joint model, the simplified shaft misalignment model is exhibited in

Figure 6-3.
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Ty, ay

Figure 6-3 Shaft misalignment universal joint based model

Here, the misalignment angle, 8, and the motor position angle, 6,,, are used to define
angular misalignment. In Figure 6-3: 6; is the load side shaft angular position, 8y, is the
auxiliary angle defined to represent the joint transmitted rotational angular position on
the motor side, w; and wy, are the joint load side and motor side shaft angular speed, T;
and Ty are the joint load side and motor side shaft torque, J,, and J; are the motor and
load incrtia, and K, is the flexible coupling elasticity constant. Recalling equation (6.1),
the fundamental kinematic relations for the universal joint are well established and give
the relationship between load and motor shafts angular displacements, 8; and 8y, for a

B degrees misaligned joint: [154]
4,1
0, = tan 1(w tan6,) (6.2)

By differentiating to equation (6.2), the angular speed is given:

1 1 1

= T 6.3
e 1+(calsﬁtanel)2 cosp  coste; V! (63)
Which can be simplified to:
_ cosp
Wk = 1—(sinB)%(cosH;)? Wi (6.4)

For clarify, cquation (6.4) can be expressed as: [156]

w; _ 1-(sinP)?(cosf)? _ 1+cos?B | 1-cos?f
Wy - cosf - 2cosp 2cosp

cos(20,) = K1 + K,cos (26;,) (6.5)

To clarify the content introduced by shaft misalignment, equation (6.5) was finally
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written in terms of a combination of parameters K; and K. The load angular
displacement is 8; =2rft, where f. is the load shaft fundamental rotational frequency
(= w,/2m). It becomes apparent that the presence of angular misalighment will
fundamentally give rise to speed signal pulsations at twice the rotational speed frequency
(c.g. 2f), and thus additional spcetral contents would be expected to be observed to
distinguish shaft misalignment fault. Stator current has been validated in some studies
to diagnose shaft misalignment by manifesting a marked change in the 2f sideband in
the spectrum [154] [156]. In this chapter, the DFIG controller signals are evaluated to
explore the feasibility of shaft misalignment recognition. The spectral analysis based on

DFIG harmonic model is demonstrated in next section.

6.3 Model study of shaft misalignment DFIG harmonic
emission

In this section, a comparison model study is undertaken to evaluate how the presence of
the shaft misalignment condition can affect the DFIG electrical signals, and particularly
those in its controller loops. To introduce shaft misalignment effect in the DFIG harmonic
model (based on chapter 4), the universal joint model illustrated in last section is
implemented by modulating the DFIG operating speed signal with equation (6.4).
Instead of using a constant speed in Simulink model for DFIG healthy opcration, the
mechanical speed input of DFIG is expressed via equation (6.4) to indicate shaft

misalignment effect.

6.3.1 Prediction of DFIG signal spectral a contents

Stator flux oriented control (SFOC) is a commonly used control scheme in DFIG WT
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applications [157]. Two cascaded control loops enable independent control of stator active
(P) and reactive power (@) in the outer loop by inner controller loop regulation of the
two axis (d and ¢) rotor current in the stator flux oriented reference frame (Is-and 1)
[22]. This section explores the spectral contents of the following DFIG clectrical signals:
stator A phase current L., rotor A phase current [, and relevant controller signals (stator
active power P, stator reactive power (s, controller active power error Pe., controller
reactive power error Qe., rotor controller current I and I, , rotor controller current error
Lirerr and Ipen). The signals are calculated in time domain in the established DFIG
harmonic model and then post processed with FFT analysis to obtain their respective
spectra. Recalling chapter 4, the controller signals have identical spectral content
originating from the MMF harmonics, classified as fsroc. Furthermore, the frequency
contents of stator current and rotor currents were labelled as fs and f¢,, respectively.
As mentioned in previous paragraphs, the shaft misalignment would give rise of 2f side
band components in spectrum. The predicted frequency components for DFIG signals in

healthy and fault conditions arc summarized in Table 6-1.

Table 6-1 Analytical expressions defining the possible mmf harmonic related spectral content of

the DFIG control signals

Signal type SFOC related Stator current Rotor current
Healthy [6k(1 = 9)Ife [1£6k(1=39)|fe |s £ 6k(1—=39)|fe
Shaft [6k(1 = 9)|fe [1£6k(1—39)|fe |s £ 6k(1—=39)|fe
misalignment + 2f, + 2f. +2f.

In this model study, 2" data points were processed by FFT for each signal to enable
frequency domain analysis. The illustrated bandwidth was regulated up to 700Hz to

present the frequency components up to and including k=2. To clearly indicate the faulty
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DFIG characteristics in electrical signal, the healthy DFIG signal and faulty DFIG signal
spectrum were shown in the same plot. For illustration purposed the DFIG rotational
speed from load side was set as 1380 rpm while the load active power and reactive power
were -10kW and OVar respectively. A 2.5 degrees angular misalignment severity fault was
introduced in the model study to enable fault signature analysis and comparison with

signals spectral content in the healthy condition.

6.3.2 DFIG Model study of misalignment fault spectral signature

The stator current is first analysed as it is the most investigated signal for fault diagnosis.
The predicted spectra are shown in Figure 6-4; the spectrum plot in healthy condition is
labelled in blue while the faulty condition spectrum is shown in orange. As demonstrated,
the stator current in healthy condition and 2.5 degrees angular misalignment contain
identical slot harmonic contents, i.e. |6k(1 — s)|f, components. For the DFIG with 1380
rpm speed, the corresponding harmonic components are exhibited at 50Hz (k=0), 226Hz

and 326Hz (k=1), 502Hz and 602Hz (k=2). Nevertheless, additional 2f sidebands

1380 rpm

(2x 0

= 46Hz) induced by presence of misalignment fault can be observed in the
faulty spectrum: the 4Hz and 96H7 frequency components are the most significant fault
related components manifested as  sidebands of the fundamental harmonic, which
matches with general trends of misalignment fault signature in induction motors reported
in previous rescarch previous literature [154] [156]. The higher order spectral cffects of
misalignment fault, i.e. the possible sidebands on higher order components in the
spectrum, such as e.g. 180Hz, 280Hz, 372H7 and others, were seen to be at a very low

magnitude and barely identifiable in the predicted fault spectrum.
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Figure 6-4 Stator Current spectrum

The rotor phase current spectral content has also been investigated. As demonstrated in
Figure 6-5, the frequency contents for healthy condition operation are clearly shown, i.e.
the |s £ 6k(1—s)|f. components arc clearly manifested in the spectrum. The
corresponding spectral components are located at 4Hz (k=0), 272Hz and 280Hz (k=1),
548Hz and 556Hz (k=2). The fault related components, 42Hz and 50Hz, are visible as
side bands of the fundamental component but are not as significant as those in the stator
current. Other faulty components like 318Hz and 326Hz are nearly invisible in the faulty
spectrum. From the fault diagnosis point of view, the predicted rotor current signal
indicates very low diagnostic potential for misalignment fault detection.
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Figure 6-3 Rotor Current spectrum
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Shaft misalignment diagnosis in induction motors utilizing electrical signals has been
investigated by several rescarches, with the focus largely place on exploring the diagnostic
potential of signals such as stator current and stator active power [154] [61] [156] .
However, only a few studies like [158, 159] were reported were vector control enabled
induction machines were analysed and no studies could be identified in the literature
that cxplored controller signals potential for providing shaft misalignment condition
diagnosis. The following section of this chapter reports a model study of DFIG controller
signals spectral content with and without presence of misalignment fault, in an attempt
to provide a basic characterisation of possible fault signature nature in these signals. The

model results for DFIG controller signals individual spectrums are listed in Figures. 6-6

to 13.
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Figure 6-6 Stator active power spectrum
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For all the controller signals listed above, the MMF harmonic contents for healthy
condition are located in the same position in the spectrum, i.e. |6k(1 — s)|f, components
arc indicated in the figures at: OHz (k=0), 276Hz (k=1) and 552Hz (k=2). Morc
interestingly, the additional frequency components induced by presence of the shaft
misalignment condition at 46Hz, 230Hz and 322Hz, 506Hz and 598Hz are clearly visible
in the results for all controller signals spectra; these components are essentially the 2
sidebands on the MMF related spectral content (c.g. the OHz, 276Hz and 552Hz
components for the examined operating conditions). In general, the 46Hz component (the
side band of fundamental) is seen to be the most significant among the observable fault
related components; the side bands on k=1 and k=2 spectral peaks are of lower
magnitude in comparison and thus less compelling as indicators of shaft misalignment

presence.

Compared with the stator current signal, which is the conventionally prioritised machine
signal for signature analysis based diagnostic purposes, the DFIG controller signals are
seen to exhibit an increased sensitivity to shaft misalignment effect for fault recognition
purpose. The presented model study results suggest that the 2f. Hz content (A=0) of the

DFIG controller signals is the most sensitive to shaft misalignment presence and thus
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most suitable for diagnostic application. The relevant experimental study of the observed
offects is reported in next section to evaluate their practical manifestation further, as

well as their diagnostic potential in realistic operating conditions.

6.4 Shaft misalignment experimental result analysis

Apart from the universal joint model effect introduced before, another theoretical
cxplanation of shaft misalignment was pointed out in [57, 160, 158]: the speed and air-
gap eccentricity perturbation caused by the shaft misalignment was shown to have the
potential to result in existence of sideband components, which are at integer multiples of
the shaft fundamental rotational frequency, i.c. nf. To cevaluate both cffects from
experimental result point of view, both f. and 2f. side bands arc investigated in the

following experimental study.

A range of experiments were undertaken to examine the manifestation of misalignment
fault signature in the DFIG terminal currents and hence the control loop signals in this
section. To this end, tests were performed on the aligned and one degree misaligned DFIG
at the following typical operating points in both the sub- and the super-synchronous
operating regimes: 1340 rpm, 1550 rpm and 1590 rpm. At cach considered operating

speed tests were performed at 25%, 50% and 100% nominal current.

6.4.1 Study of shaft misalignment signatures

This study focuses on analysis of solely the inner loop two axis rotor controller signals
(Lary Liversy Ipr, Ipverw), since no consistency in fault signature manifestation could be observed
in the outer loop controller signals due to spectral noise. For completeness the outer
controller signals measured spectra are presented in appendix C1. The typical spectral

content observed in the measured DFIG inner loop controller signals and the stator (1)
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and rotor (I..) phase currents signals spectra for an arbitrary DFIG steady-state
operating point (1590 rpm, 50% load) arc analysed and presented here for illustrative
purposes. Consistent spectral signature effects were also observed at other tested speeds
in the operating range of the utilised DFIG test system. A comparative study is
undertaken to observe the manifestation of misalignment fault signature in one degree
misaligned conditions compared to aligned DFIG operation. All the measured signals
were acquired at 5 kHz sampling frequency and processed by Fast Fourier transform
(FFT) with a 2 point rectangular window length. The relevant nf, sideband
components are labelled in the spectra to illustrate the typical magnitude levels observed

in the measurcments.

The wideband spectra of I and I, measured in fault conditions are shown in Figurc 6-14
for illustrative purposes, demonstrating the general nature of the observed spectral
signature: it can be seen that the measured f. harmonic content is generally exhibited at
a modest magnitude level. Please note that there are two f. side band harmonic (side

bands of 50Hz) could be observed at hoth left side and right side of stator current I.
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Figure 6-14 Spectrum of I (a) and I, (b) at 1590 rpm 50% load condition with one degree

To cnable a more detailed understanding of the manifestation of possible fault signature
detailed view of the spectral narrow bands containing the first and second order
rotational speed sidebands in the examined signals, with and without fault presence, are

presented in Figures 6-15 and 6-16, and Figures 6-17 and 6-18, respectively.
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Figure 6-15 Healthy operating condition zoomed in spectrum at 1590 rpm - 50% load

controller Iy (a), Iper (b), Ly (¢), Irew (d) and terminal I, (e)-(f), L. (g) signals
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The detailed views of the narrow bands containing the fault induced first order f.
harmonic effects in Figures 6-15 and 6-16 exhibit a considerable difference between fault
signaturc manifestation in controller and terminal signals. The magnitude change of
fundamental order f raises with fault in controller signals but only within a low absolute
level. In terminal currents however the f. harmonic components arc significantly less

responsive to fault presence.

To enable a clearer understanding of the observed fault harmonics relative magnitude
change relevance, the measured fault harmonic magnitude values are shown in Table 6-2.
The data indicate that a larger relative magnitude increase with fault could be observed
in I, and I controller signals while little consistency in terminal signals’ first order f.
component change could be identified. Referring to the analysis of the first order f fault

effects at other load and speed conditions considered in next section, not presented for
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the sake of brevity in the main body but shown for illustration purposes in appendix C2,
it can be noted that no consistent increase could be observed in DFIG signals at these

frequencies with shaft misalignment.

Table 6-2 Magnitude of f. components

Signal Type Healthy [A] 1 degree [A]
L, 0.06478 0.09207

Lo 0.06467 0.09188

L, 0.0444 0.1123

Lyer 0.04443 0.112

L. 0.05207 | 0.04213 | 0.04408 | 0.03195
L. 0.00383 0.08672

The detailed view of the narrow bands containing the fault induced 2f, harmonic effects
in Figure 6-17 and Figure 6-18 indicate that the fault signature manifestation across the
examined controller signals is closely similar: the magnitude change at fault frequencies

is scen to be manifested at a considerably low level and is not significantly pronounced.
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Figure 6-17 Healthy operating condition zoomed in spectrum at 1590 rpm - 50% load:

controller I, (a), Ly (b), Iy (¢), Ly (d) and terminal I, (e), I, (f) signals.
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Figure 6-18 One degree operating condition zoomed in spectrum at 1590 rpm - 50% load:

controller I, (&), Lier (b), I (¢), Iy (d) and terminal I, (e), I, (f) signals.

The slight exception can be observed in I and s signals in terms of relative magnitude

change, however the overall effect is still exhibited at close to noise level magnitude.

Compared to the fundamental fr order fault effects explored earlier in this section, the

sccond order f. harmonics can however be seen to he more responsive to fault presence,

alheit still at a rcasonably low magnitude level. In fact, the signal spectral harmonic

magnitudes are affected by the set SFOC controller loops bandwidth (i.e. 1.8Hz for outer

loops and 18Hz for inner loops), which will imposc inherent spectrum filtering ceffects

that could obscure some of the relevant components.

For clarity, the measured numerical values of second order f, fault harmonics’ magnitude

change are listed in Table 6.3. These further illustrate that the largest relative magnitude

increase with fault was obscrved in the Iy and Iwe. signals’ 2f sideband components,

which exhibit a more than three-fold relative increase in fault presence.
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Table 6-3 Magnitude of 2f, components

Signal Type Healthy [A] 1 degree [A]
I, 0.02256 0.07037
Lirerr 0.02269 0.07022
I, 0.03292 0.03523
Lyens 0.03290 0.03523
L 0.01772 0.02843
I 0.04076 0.05511

6.4.2 Study of operating condition effects on shaft misalignment

signature

This section examines the consistency of 2f harmonic fault indicator manifestation in
the identified higher sensitivity to fault I« signal’s spectrum and for a wider range of
generator operating points and loads. For comparison purposcs the consistency of 2f,
harmonics’ manifestation in the terminal current (I.), which is generally employed for

MCSA diagnostic purposes, is also investigated.

The measured fault harmonics’ magnitude change is presented in Figure 6-19 and Figure
6-20. These indicate that, in general, the 2f. harmonics in both analysed signals exhibit
the tendency of relative magnitude change with fault presence. This however is seen to
be manifested at a considerably higher level and consistency in the Iu signal. For the
stator current, the 2f, harmonic of stator current is not constantly increasing with fault.
i.e. in 1340 rpm 100% load level scenario, the magnitude of healthy condition is larger
than that of faulty condition. Morcover, the fault scverity change in stator current
components is sometimes not evident like the scenarios at 1590 rpm 25% and 50% load
conditions. Compared with stator current signal, the controller signal Is is more capable

to indicate the presence of shaft misalignment. Nevertheless, the observed spectral
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content is seen to be manifested at considerably less pronounced magnitude than
indicated by the presented results in the model study section. A case study is reported
in the next subsection to explore and elucidate further the causes of the observed

difference in misalignment spectral signature between the model predicted and the

measured data sets.
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Figure 6-19 Measured 2f, components magnitude in I, (2)1340 rpm (b) 1550 rpm (¢) 1590 rpm
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Figure 6-20 Measured 2f, components magnitude in I, (2)1340 rpm (b) 1350 rpm (¢) 1590 rpm

6.4.3 Investigation of experimental misalignment speed harmonic

effect

In the previous sections, the shaft misalignment recognition utilizing DFIG controller
signals has been evaluated using a DFIG harmonic model and an experimental DFIG
test rig. The findings of the harmonic model study indicated a clear and relatively
considerable spectral signature of misalignment fault at 2f side band away from
fundamental spectral content. As for experimental signal analysis, the same tendency

could be observed, with the 2f. side band in DFIG [ current and its error signal
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increasing with fault presence, however this was not as significant as presented in the
model study and has been observed in the previous section to be of modest diagnostic
potential practically. This section will investigate the root cause of the fault spectral
signature mitigation in experimental signals and hence explore the possible solution to

make fault recognition more evident.

As mentioned in section 6.2, the angular shaft misalignment gives rise to a 2f, side band
in electrical signals due to rotational speed pulsation. A case study was undertaken to
evaluate the spectral content of an experimentally recorded speed signal. Typically speed
signal acquisition is achieved with an incremental encoder: the encoder disk contains a
predefined number of pulses, where by counting the number of pulse incensements in a
fixed period of time the rotational speed can be obtained. However, recalling Chapter 3,
a phase locked loop (PLL) is used in the experimental system to keep the coherence
between the input (reference) signal frequency and the output signals via phase
comparison. Since the modelling interface of dSPACE is not capable to execute encoder
speed estimation directly from a predefined block function (Figure 3-5 Enc delta position)
with a high system sample rate, the instantaneous rotational speed is obtained from the
PLL. The PLL system contains a PI controller and generally can act as a signal filter,
which can potentially reduce the magnitude of higher order harmonic contents. To
evaluate this effect, the illustrative experimentally measured speed spectra with and

without fault at 1340 rpm and 25% load condition are shown in Figure 6-21.
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Figure 6-21 PLL estimated speed at 1340 rpm 25% load in healthy and one degree
misalignment condition
A detailed view of the measured rotational speed related components (c.g. f and 2f) arc
given in Figure 6-22 to provide a clearer view of harmonic components magnitude
difference. For the explored operating speed the harmonic contents of diagnostic interest

are located at 22.3Hz (f,) and 44.6Hz (2f,) in the spectrum.
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Figure 6-22 Zoomed in PLL estimated speed spectrum at 1340 rpm condition (a) f. content (b)

2f,content

The presented data illustrate that the magnitude of f. components in both healthy and
faulty condition are nearly in the same magnitude. In contrast, for the situation of 2f.
components, the magnitude of harmonic content in faulty condition is only slightly higher
than that of healthy condition. In consequence, with the PLL proceed speed signals,

nearly no difference could he observed at rotational frequency related contents in healthy
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condition spectra with respect of misalignment condition.

To evaluate how speed harmonic contents are effected by PLL system, a control test was
undertaken. The rotational speed estimation was deployed via incremental encoder
directly without PLL. It is important to note here that to achieve laboratory DFIG
SFOC, a high sample rate was unavoidable and thus disabled the direct speed estimation
function in dSPACE real time platform. In this case study, the investigation only focuses
on the shaft misalignment cffect in the speed spectrum thus no control scheme needed to
be applied to evaluate this for the test WRIM. Recalling Figure 3-1 the DC motor was
set to rotate in a fixed speed as a prime mover of the WRIM, which only requires a low
sample rate for this control. The dSPACE proprictary speed estimation function was
utilized in this case study. Tests were undertaken in healthy and 1 degree misalignment
conditions, and the corresponding speed spectra are shown in Figure 6-23 with a detailed
view of the spectral bandwidths of interest containing the f and 2f, harmonic content

shown in Figure 6-24.
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Figure 6-23 Direct estimated speed at 1340 rpm 23% load in healthy and one degree

misalignment condition
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For a direct estimated speed scenario, no significant magnitude change could be observed
in f.contents. A clear increase is visible with fault in 2f, contents however: the magnitude
of the harmonic content in 1 degree misalignment condition is larger than that observed
in the healthy condition. To quantify the observed spectral signature magnitude
difference between the two speed estimation approaches in more detail, the magnitudes

of fault harmonics measured in Figure 6-22 and Figure 6-24 are summarized in Table 6.4.

Table 6-4 Magnitude of speed spectral harmonic contents

Estimation approach f 2

healthy 1 degree healthy 1 degree
PLL 0.6 0.5572 0.04738 0.05877
Direct estimation 1.862 2.09 0.1099 0.1707

As demonstrated above, it could be observed that the magnitude of PLL speed estimation
harmonic contents are smaller than those from direct speed estimation, largely believed
to be caused by the PLL action to attenuate the higher order component contents in the
spectrum. Compared to the PLL estimated speed, a considerably more evident increase
in the 2f, fault component could be observed in the direct estimated speed spectrum. As

a result, the shaft misalignment signature in the DFIG speed and this electrical signals
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is believed to be attenuated by PLL speed estimation.

To simulate the influence of the actual misalignment fault effects in the speed signal on
DFIG operation a model study was undertaken: the experimental direct estimated speeds
in healthy and 1 degree misalignment condition were employed in the DFIG harmonic
model and clectrical signals then explored for manifestation of fault signature. The outer
loop references were set as -3kw for active power and 2kVar for reactive power demand
respectively. For illustration purposed the obtained results for the controller signal
spectrum are shown in Figure 6-25 left column, with a detailed view of corresponding 2f;,

harmonic components given in Figure 6-25 right column.
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Figure 6-25 DFIG controller signals spectrum and their 2, component zoomed in view: Active
power (a)(h), reactive power (¢)(d), I (e)(f), I{g)(h)

It can be seen from the obtained data that, with the direct estimated speed employed,
the DFIG harmonic model indicates that clear recognition of shaft misalignment using
the fault signature in the controller signals spectrum is possible. This demonstrates that
the shaft misalignment effect in the speed signal is eventually reflected in the DFIG
controller signal, contributing to more pronounced fault signature manifestation.
However this cffect was mitigated in the laboratory SFOC DFIG system due to the
limitation of the hardware used: the inability to provide direct speed measurement from
cncoder outputs wat high sample rate imposes the requirement for application of a PLL
as an alternative approach, resulting in inherent mitigation of the relevant fault related
spectral contents in the speed signal, and this their counterpart signatures in the
electrical signals. To overcome this issue, more advanced hardware is required to enable

direct speed estimation in high sample rate conditions.
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6.5 Conclusion

This chapter undertakes the analysis of misalignment fault manifestation in a typical
WT doubly-fed induction generator (DFIG) topology with a view to exploring the
possibility for development of non-invasive and low cost monitoring techniques based on
misalignment fault spectral signature trending in the readily available DFIG controller

signal loops.

To begin with, the angular shaft misalignment mechanical effect was reviewed using a
universal joint model, demonstrating the resultant 2f. frequency component speed signal
perturbation with fault presence and mapping this to counterparts 2f; side band spectral

signatures in the current but also the DIFG SFOC signals.

In this chapter, the main objective is to explore the feasibility of shaft misalignment
recognition utilizing DFIG SFOC controller signals. A model study was thus undertaken
to explore the possible spectral signature in the DFIG terminal currents and controller
signals It was illustrated that the 2f. side band component spectral signatures are evident
in these, and a stronger manifestation of fault induced spectral signature change observed
in controller signals when compared to terminal currents. Furthermore, the study verified
the proposed understanding of how the misalignment fault signature is mapped in the

spectra of DFIG controller signals.

An experimental study of fault effects was then performed on a laboratory DFIG test rig
capable of angular shaft misalignment emulation. Tests were undertaken to examine the
manifestation of misalignment fault related current spectral signatures and those in the
DFIG stator flux oriented controller loops. The DFIG controller signal I and its crror
signal were validated as the most suitable signals among all DFIG electrical signals to

indicate shaft misalignment fault. The consistency of the observed phenomena is then
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evaluated for a wider range of DFIG operating points. However, while in relative terms
the ohserved fault induced spectral magnitude changes can be significant, they were
found to be of low value in absolute terms. Therefore, their application for diagnostic
purposcs would he challenging and likely of limited cffect on the examined test system.
Two factors may affect these results: the PLL employment for rotational speed and
position acquisition in the available test system and the SFOC controller loop bandwidth.
Another case study was performed indicating the magnitude of harmonic contents in the
speed spectrum were reduced by the PLL, which can make made the resultant DFIG
clectrical signal signature less evident compared with direct estimated speed scenario. To
improve the practice fault diagnosis efficiently, a more advanced hardware is required to
enable direct speed estimation in high sample rate DFIG control system. Further
investigation of controller bandwidth effects on fault signature manifestation is needed
to ascertain the possibility of enhancing the detectability of controlled signal embedded

indices.
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Chapter 7 DFIG Shaft misalignment

monitoring by FBG Frame strain sensing

Acknowledgement: The research presented in this chapter was published in [EEE
Sensors Journal. Some passages have been quoted verbatim from the following source

[24].

7.1 Introduction

In this chapter, FBG sensors are utilized to measure distributed relative strain on the
generator frame surface to explore the potential of its monitoring to be used as a
diagnostic tool for shaft misalignment detection. This chapter first reviews the
mechanical model of angular shaft misalignment and its relevant mechanical effects, and
then proceeds to illustrate the utilized sensor design and installation procedure, and
discuss the considered monitoring points of interest for this application. An experimental

study is then undertaken on a purpose built double-fed induction generator (DFIG) test
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facility, which allows for controlled introduction of different levels of misalignment in

tests.

The distributed FBG sensor suite was installed on the test generator frame and its
performance evaluated in a range of tests involving various operating points in healthy
and multiple different degrees of angular shaft misalignment operating conditions. The
attained results were then analysed, with particular attention to the location and
orientation of individual FBG heads’ influence on cfficacy of capturing the diagnostic
content in the measured strain signal. The findings were corroborated with conventional
vibration sensing, a widely used standard reference for shaft misalignment monitoring,
using a commercial acceleration monitoring platform installed on the test gencrator.
Further tests were also undertaken to ascertain the influence of thermal-cross sensitivity
effects caused by the generator frame inherent change of thermal conditions on the

analysed strain measurements.

The presented findings demonstrate a strong potential of frame embedded FBG strain
sensing application for enabling the recognition of shaft misalignment conditions in the
wide operating range of the examined DFIG, and characterise the sensor orientation and

placement sensitivity to fault induced excitation.
7.2 Shaft misalignment monitoring

7.2.1 Mechanical effects

As demonstrated in Chapter 6, the angular shaft misalignment mechanical effects can be
modelled via a universal joint model representation, which was used to demonstrate that
the presence of angular shaft misalignment will fundamentally give rise to speed signal

pulsations at twice the rotational speed frequency (e.g. 2f,). The relationship between
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the misaligned, motor side, shaft speed wy and the load side speed, w;. was shown in

Chapter 6 to be possible to be could be expressed as: [154]

_ cosf
W = 1-(sinfB)2(cos0;)? i .1

Assuming invariance of power between the load and the motor side allows the expression
relating the load side torque, 77, and the motor side torque, T , and respective shaft
speeds to be related as:

Tywy = Tyw; (7.2)
The torque transmitted from the load to the motor side via the misaligned universal joint
model is then obtained by substitution of equation (7.1) into equation (7.2) to give:

_ 1—(sinB)?(cosh;)?
- cosf

Ty T, (7.3)

Equation (7.4) can now conveniently be rearranged to the following term:

( 1 sin?B sin?p
k =

- - 26, |T, 7.4
cosf  2cosf ZCOSﬁCOS l>l 74

Defining, for clarity, the load angular displacement 6; = 2nf,t, where f, is the load shaft
fundamental rotational frequency (f, = w,/2m, it becomes apparent that the presence
of angular misalignment will fundamentally give rise to torque signal pulsations at twice
the rotational speed frequency (e.g. 2f,). Torque pulsations are usually expected to be
transferred into counterpart machine frame vibration at identical frequencies [161] and
can thus gencrally be expected to be possible to manifest as identical frequency frame
deformation (i.e. strain) [162] [163]. Furthermore, the general practice and research on
angular misalighment monitoring indicates that increased frame vibration at

fundamental rotational frequency is also possible with angular misalignment [50] [164].
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7.2.2 Monitoring practice

The common industrial practice in monitoring electrical machinery shaft misalignment
generally employs two accelerometer sensors, acting at 90° degree spatial displacement
[164]. This reflects the fact that the angular misalignment causes axial vibration at
fundamental rotational frequency (f;), while the parallel misalignment produces radial
vibration at twice the fundamental rotational speed frequency (2f,): employing two
accelerometers, one axially and the other radially mounted on the machine frame, to
separately yet synchronously monitor axial and radial vibration signals, allows for

identification of effects rooted by both types of misalignment and therefore its diagnosis.

The commercial misalignment detection systems undertake analysis of the captured
vibration spectra to extract distinet identifiers of misalignment: it is widely acknowledged
that most occurrences of the misalignment condition involve a combination of offset and
angular misalignment, hence both the f, and the 2f, frequency components in both the
radial vibration signal and the axial vibration signal are thus observed for misalignment
diagnosis purposes [50]. A common approach used in practice is to observe the ratio
between the 2f, and f, components’ magnitudes, denoted in further text as Maof,. and Mf;
respectively, in the frame acceleration signals, and observe its amplitude change. If
misalignment is present in the system, a higher than normal (c.g. at healthy system
conditions) value of the misalignment diagnostic index, where m=|M,f, /Mf;|, is

expected [165].

7.3 Principles of FBG strain sensing

An FBG sensor is a small structure imprinted in a single mode optical fiber core. It is

fabricated by creating a permanent periodic change (i.e. gratings) in the fiber core’s
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refractive index by exposure of the fiber core to an interference pattern of UV light [162].
The FBG sensor size is typically really small (i.c standard optical fiber size is = 125 pm
in diameter, while FBG head length typically ranges anywhere from 2 to 20 mm

depending on the application although other sizes arc possible).

In principle, an FBG sensor operates as a light filter that reflects a narrowband light
wavelength when a fiber containing an FBG head is illuminated by a broad band light
source [166] [167]. The FBG head reflected wavelength is known as the Bragg wavelength,

Ap, and can be defined as: [168]

where A is the grating period and nggr is the FBG's cffective refractive index. These
paramcters arc sengitive to the variation in the temperature and strain the FBG structure
is exposed to, thus altering the reflected narrowband wavelength. Assuming constant
temperature, the variation in Ag due to strain variation 4e can be expressed as [168]:

5 = 2 (AL 4 gy 52) e (7.6)

de

The response of the FBG sensor to strain arises due to the change in the grating period
(c.g. the physical clongation of the sensor), and the change in the reflective index due to
photo-elastic effects [169]. A typical theoretical value of the strain sensitivity of a
standard FBG imprinted with the Bragg wavelength of Az at 1500 nm is = 1.2 pm/p
strain [162]. This value, however, can vary depending on the FBG sensor embedment and

packaging methods.

The performance of surface strain sensing utilizing FBG technology can be affected by
the used bonding material and the mounting procedure [170] [171]. Different bonding
methods have been explored in the literature, ranging from application of cyanoacrylate
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adhesive and epoxy-resin glue [170] [172] to the use of polyamide tape [162] [171]. While
the former methods can provide increased rigidity and thus load to sensor transfer, they
also impose a generally more complicated installation procedure and are fixed with no
flexibility in terms of sensor repositioning and re-application. Polyamide tape bonding
application on the other hand has been reported to provide good levels of measured load
transfer from the structure to the sensor with advantage of high application flexibility;
this method is employed in the feasibility study reported in this work, ag detailed further

in section 7.5

7.3.1 FBG sensor design

A schematic diagram of the FBG sensor design employed in this study is shown in Figure
7-1. Each used sensor contains a 5 mm FBG head imprinted in a bend-insensitive fiber
polyimide single mode optical fiber. The employed FBG sensors’ respective central Bragg
wavelengths are at 1532 nm, 1539 nm and 1548nm ; their average reflectivity is 80 % and

their bandwidth is 0.3 nm.

While the sensor is applied for strain measurement in this work, it is also inherently
sensitive to thermal excitation. However, the thermal conditions rate of change in this
application (c.g. clectric machine frame temperature change rate) is significantly lower
than that can be observed in and is typical for the machine frame strain, and should
therefore allow clear differentiation of thermal and mechanical effects in the

measurcments: this will be further studied in experimental work in section 7.5.
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FC/APC 5
Connector Fiber Coating (5 mm)
00
|3 FBG Bend-insensitive
Terfenol tube Polyimide SMF

Figure 7-1 FBG sensor schematic diagram

7.4 Experimental set up and FBG strain sensing

network scheme design

7.4.1 Description of sensor placement

This study was undertaken on the vector controlled doubly fed induction generator test
rig described in Chapter 3. To enable vibration sensing according to accepted practice
for misalignment monitoring [165] and its correlation to the explored frame strain
analysis, two Bruel &Kjacr (B&K) DT4394 piczoclectric accelerometers were installed
on the generator’s drive end plate: one in the axial (ACC-A) and the other in the radial
(ACC-R) oricntation, as illustrated in Figure 7-2. The accelerometer outputs were

conditioned and analyzed using the B&K Pulse vibration monitoring platform.

Three different orientations of the frame FBG strain sensing were examined to enable
the understanding of optimal sensor positioning for misalignment recognition, as
demonstrated in Figure 7-2. The FBG strain gauges were installed on the test machine
frame in axial, radial and circumferential orientation, denoted in further text as FBG-A,
FBG-R and FBG-C, respectively. All the employed FBG sensors were non-invasively
installed on the frame by bonding the respective sensing head to the surface of the frame

drive-end cap: FBG-A is placed on the top of end cap oriented parallel to the motor
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shaft, FBG-R is mounted on the end cap side in orientation perpendicular to the motor
shaft, and FBG-C is fitted along the end cap round external surface. To ensure optimum
strain gauge bonding the frame surface in target sensing areas was first stripped of paint,
then smoothed by fine sand paper and finally cleaned with Isopropyl alcohol before
attaching the FBG sensors, following the procedure applied in [162] [171].The FBG

sensing heads were bonded to the treated frame surface by means of Kapton tape [162].

For the purpose of investigating the thermal excitation effects in the explored FBG strain
measurements, arising due to the inherent FBG thermo-mechanical cross sensitivity and
thermal excitation characteristics inherent to any operating machine frame surface, the
frame temperature was estimated by installing a thermo-couple type K on the drive end-
cap side of the test machine. The thermocouple output was condition using a Fluke

T3000 digital type K thermometer to obtain temperature readings.

ACC-R FBG-A

FBG-R

Figure 7-2 Positions of FBG sensors and accelerometers

7.4.2 Examined angular shaft misalignment conditions

For the purpose of this study two different severities of angular shaft misalignment were
practically emulated on the experimental test rig: this included operation in aligned
conditions, and with onc degree and three degrees angular shaft misalignment. The
desired misalignment levels were achieved by introducing appropriately dimensioned
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shims under the feet of the test motor. A simplified diagram in Figure 7-3 below

illustrates the misalignment condition practical recreation process.

Induction

. DC motor
machine

B
h2 hi

| 315 | 475 |

Back feet Front feet Coupling centre

Figure 7-3 Experimental angular shaft misalignment creation layout

In Figure 7-3 B is the shaft misalignment angle, and hy and h, are the shim thickness
dimension for the WRIM front feet and its back feet, respectively; the distance between
WRIM’s front and back feet is 315mm while the distance between the WRIM front feet
and the coupling center is 475mm. The appropriate shim thickness to provide the desired
level of misalignment was established by following trigonometric functions arising from
the geometry detailed in Figure 7-3:
hy =475mm -sin
h, = (315 + 475)mm - sinf

Once the shims have been sized and installed on the test system a commercial TKSA 51
laser alignment tool was used to verify the correct amount of misalignment has been
achieved. The alignment tool was also used to ascertain there is no offset alignment

present in the system during tests.

7.5 Experimental result and discussion

A range of experiments were undertaken to evaluate the proposed FBG frame strain

sensing network efficacy in enabling recognition of angular shaft misalignment. To this
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end the findings obtained from the FBG sensor measurements were cross compared with

those from a commercial vibration monitoring platform.

The laboratory DFIG was tested at the following four typical operating speeds covering
both its sub- and super-synchronous operating conditions: 1340 rpm, 1440 rpm 1550 rpm
and 1590 rpm. For each considered speed point, three different load levels were examined
by performing tests at 25%, 50% and 100% nominal load (current). For each examined
speed and load condition three separate test were undertaken, with the DFIG operating
with an aligned shaft and 1 and 3 degrees of angular shaft misalignment. A set of thermal
tests were also carried out to investigate the FBG thermo-mechanical cross sensitivity
effects and ascertain sensors capability for long term online application and how their

measurements are affected by the inherent machine surface temperature change.

The findings are presented in the following subsections. Sections 7.5.1 and 7.5.2 focus on
cxploring the nature of fault related content manifestation in the observed signals spectra
for a single operating point, to illustrate the frequency domain content acquired by the
strain sensors. Section 7.5.3 then undertakes a consistency study of the identified
behavior on a wider range of load and speed operating points. Finally, section 7.5.4

presents the results of the thermo-mechanical cross sensitivity study.

7.5.1 Strain and vibration signals spectral content analysis

The typical spectral content observed in the evaluated frame strain and vibration
measurements is shown in detail for an illustrative DFIG operating point (1340 rpm, 25%
load) and the examined misalignment conditions in this scction to cnable understanding

of FBG strain monitoring potential.

The measured strain and vibration time domain signals were processed in 2'7 data point
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FFT routines to extract the corresponding spectral content. The resulting data are shown
in Figure 7-4 for the 0 to 110 Hz bandwidth to enable a relatively wide band comparison
of the spectral content observed by strain and acceleration sensors. While, generally, the
fundamental and sccond order harmonics arc typically monitored for misalignment
analysis purposes [165], rotational speed harmonics of up to and including the 4" order
arc cxamined in this section for the sake of validating the FBG strain sensor capability
to register the misalignment induced frame deformation components corresponding to

those seen in vibration measurements.

The numeric values of the first four f, harmonic frequencies at the examined speed (given
by: fre = k X n, /60 [Hz], where k=1,2,3... and n, is the rotor speed in rpm) are: 22.33
Hz, 44.67 Hz, 66.99 Hz and 89.33 Hz. The mecasured strain and vibration data in Figurce
7-4 clearly report the presence of these components, with similar general spectral contents
trends observed in healthy and fault conditions. The comparison of the three different
orientation frame strain FBG measurements reveals that strong f, peaks are present in
both axial and circumferential strain signals, while the radial strain measurements are
considerably less significant in comparison; this suggests lower sensitivity of strain
measurements in radial orientation. Compared to the vibration measurements, the FBG
strain signals are seen to report more clearly pronounced f,, components in spectra

containg a generally lower noise level.
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Figure 7-4 FBG strain and vibration signals spectrum in different severities of shaft

misalignment at DFIG 1340 rpm 25% load condition
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7.5.2 Fault related component analysis

This section undertakes a detailed cross correlation study of the strain and vibration
signals’ key misalignment fault related components, i.c. the fundamental and the sccond
order rotational speed harmonics. To this end, the magnitudes of the strain and vibration
signals’ f, and 2f, frequency components measured in Figure 7-4 are summarized in
Table 7-1.

Table 7-1 Measured f, and 2f, frequency components’ magnitudes in frame strain and

acceleration spectra at 1340 rpm and 25% load

Signal Source f- magnitude 2f, magnitude
H 1¢ 3¢ H 1¢ 39

FBG-A (nm) 28 11 13 7.3 7.1 27

x1075 | x1075 | x107% | x1075 | x1075 | x107°
FBG-C (nm) 10 2.3 3.4 4.2 3.4 9.7

x1075 | x1075 | x107% | x1075 | x1075 | x 1075
FBG-R (nm) 9.6 8.9 8.0 1.5 3.0 2.1

x1075 | x1075 | x1075 | x1075 | x1075 | x1075
Axial vibration (m/s”) 0.13 0.021 0.023 0.031 0.021 0.073
Radial vibration (m/s%) 0.055 0.034 0.053 0.0079 0.018 0.19

The measurements in Table 7-1 demonstrate that no consistent magnitude change with
fault severity level increase can be observed in the FBG measured f, and 2f, components.
As a result, observing the individual magnitude only of these components is not suitable
for provision of diagnostic knowledge on angular shaft misalighment. Similarly, the
vibration signals exhibit a general inconsistency in the behavior of the observed f, and
2f, components magnitude at different fault levels making it challenging to utilize these
for deriving reliable diagnostic information: while some consistence with fault level
propagation can be observed in isolated cases (e.g. the 2f, component in the radial

vibration spectrum) this does not hold for other load and speed conditions.
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Therefore, the commonly utilized misalignment diagnostic index, based on the magnitude
ratio of the 2" and 1** harmonic (m, as defined in section 7.2.2) has been applied on the
measured data and the obtained index values summarized in Table 7-2. The introduction
of the ratio index m significantly alters the diagnostic potential of the analysed frame
strain and vibration measurements. Regarding the FBG strain signals, it can be observed
that the index m continuously increases with fault level rise in both the axial and
circumferential dircction measurements (FBG-A and FBG-C); nevertheless, this trend
could not be monitored in the FBG-R signal, reflecting the observations on the lower
sensitivity of the measurement taken in this orientation to fault, as reported in section
7.5.1. Similarly, a continuous growth in the index m value is seen in both the axial and
the radial vibration signals ‘mcasurcments, as is generally expected [165] [173].

The reported measurements indicate that in-situ frame strain sensing has comparable
diagnostic potential to conventional frame vibration monitoring, depending on the
sensing  orientation: both FBG-A and FBG-C arce demonstrated to cnable clear

recognition of the presence and magnitude of angular shaft misalignment.

Table 7-2 Measured value of diagnostic index m at 1340 rpm and 23% load

Signal source m §

H 1 3
FBG-A 0.26 0.65 2.03
FBG-C 0.41 1.45 2.83
FBG-R 0.16 0.34 0.26
Axial vibration 0.24 1.02 3.18
Radial vibration 0.14 0.52 3.55

7.5.3 Diagnostic consistency study in the wider operating range

This section examines the consistency of the diagnostic index m manifestation in the
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frame strain measurements observed in section 7.5.2 over a wider range of generator
operating points and loads, more widely representative of its field application conditions.
The misalignment diagnostic index values, obtained from the axial, radial and
circumferential direction frame strain measurements for the four investigated speeds at
considered load and fault levels detailed in the introduction of section 7.5, are shown in
Figures 7-5 to 7-7 The corresponding axial and radial vibration mecasurcments arc

presented in Figure 7-8 and 7-9.

The index measurements in Figures 7-5 to 7-7 show that, as observed in sections 7.5.1
and 7.5.2, the radial direction strain (Figure 7-6) exhibits an inconsistent m behavior
with fault level variation; radial strain would generally be expected to be more sensitive
to offsct shaft misalignment (which could not be emulated on the test rig duc to project
limitations), and while, as such, this signal is not of direct use for diagnosis of angular
misalignment scverity, it could potentially be used to differentiate the type of
misalignment observed in the system using frame strain measurements. The axial and
circumferential strain measurements on the other hand are seen to report clear increase

trends in the value of m for all the examined conditions:
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Figure 7-5 Measured value of diagnostic index m in axial strain
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Figure 7-6 Measured value of diagnostic index m in radial strain
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Figure 7-7 Measured value of diagnostic index m in circumferential strain
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Figure 7-8 Measured value of diagnostic index m in axial vibration
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Figure 7-9 Measured value of diagnostic index m in radial vibration

both these signals could enable unambiguous detection of angular misalignment presence

and monitoring its level propagation. While both signals exhibit strong sensitivity to
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fault presence and level, it can be observed that circumferential strain provides increased
sensitivity to lower fault levels, while axial strain is more responsive to high level fault.
The misalignment diagnosis performance could therefore be strengthened by the joint
utilize of these two, allowing for an increased sensitivity across the fault level spectrum.
Finally, comparison with the corresponding vibration measurements in Figures 7-8 and
Figures 7-9 demonstrates that the diagnostic performance provided by FBG frame strain

sensing is comparable to that attainable using conventional frame vibration monitoring.

7.5.4 Thermal cross-sensitivity effects evaluation

The FBG sensors are intrinsically sensitive to both strain and thermal excitation
variation. It is thus essential to investigate how the proposed frame FBG strain sensing
is affected by machine surface temperature change in long terms tests emulating thermal
conditions encountered in practical use. To this end, the test DFIG was operated at 100%
nominal current at 1340 rpm in healthy conditions for an extended time period to allow
for the machine frame temperature to attain its steady-state nominal load level. The test
was run for approximately 150 minutes to ensure the steady-state thermal equilibrium is
rcached. The frame surface temperature in the vicinity of FBG sensors locations, and the
axial and circumferential direction strain demonstrated to enable recognition of angular

misalignment in previous sections, were measured at every 30 minutes during the test.

To illustrate the observed strain changes owing to frame temperature change the
measured f, and 2f, components’ magnitudes in the axial strain signal spectrum are
shown in Figure 7-10 (a) and (b), respectively. The corresponding frame temperature
measurements are shown in Figure 7-11: at test start the frame was at ambient
temperature (=26.3°C), reaching a steady-state temperature of #41.4°C at test end. The
presented experimental data in Figure 7-10 demonstrate that the f. and the 2f;
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componentsexhibit a relatively minor change in magnitude (measured at a maximum of
0.0000573nm for f, magnitude variation and 0.0000573nm for 2f, variation).
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Figure 7-10 (a) Measured thermal variation caused change in f, component of FBG-A spectrum

(b) Measured thermal variation caused change in 2f, component of FBG-A spectrum
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Figure 7-11 Measured generator frame temperature rise from thermal ambient to thermal
steady-state value at 1340rpm, 100% load
The estimated maximum variation in the axial and circumferential strain measurements
caused by the frame temperature change was used to map the deviation of the
corresponding values of diagnostic index m, and the results shown in Figure 7-12. The
blue and red bars in Figure 7-12 represent the minimum and maximum observed m values
during the 150 minutes test duration. To enable evaluation of the significance of the
thermal induced change in the diagnostic index, the value of m measured for 1 degree

fault condition in Figure 7-5 is also shown in the figures, and is characterized by a black
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line. The measured data report the m variation range for FBG-A of 0.29 to 0.52, which
is much lower than the index value for 1 degree fault condition. Similarly, the range of
FBG-C variation in m is from 0.38 to 0.5, while the 1 degree fault condition index value
is 1.15. In summary, the thermo-mechanical cross-sensitivity test results indicate that no
observable detrimental effect can be identified on the diagnostic performance of FBG
frame strain measurements for recognition of angular shaft misalignment; while thermal
induced changes in the relevant diagnostic index values are present with change in
thermal conditions on the frame, these are seen to be of relatively insignificant magnitude
and do not compromise the ability of strain measurement to enable recognition of

misalignment conditions.
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Figure 7-12 Frame temperature variation induced change in m index value measured in ambient

to thermal steady-state rise tests at 1340rpm, 100% load.

7.6 Conclusions

This Chapter presents an FBG strain sensor application study for monitoring and
diagnosis of misalignment conditions in electric machine drivetrains, based on observation
of machine frame relative strain. The proposed method enables straightforward retrofit
to existing machinery, and is shown to have the capability to provide an effective means

of distributed measurement, and monitoring of misalignment induced effects.
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The reported technique’s performance was evaluated in laboratory tests on a purpose
built doubly-fed induction generator test facility, allowing controlled introduction of
desired level of angular shaft misalignment. The findings demonstrate that the proposed
FBG strain mecasurcments on the gencrator frame surface can cnable recognition and
trending of misalignment fault presence and level, and offer diagnostic capability that is
commonly obtained through application of more complicated conventional acceleration
monitoring systems. It was also found that the FBG sensor innate thermo-mechanical
cross sensitivity combined with frame surface temperature variation that is inherent to
clectric machine operation, has no detrimental effect on the observation of frame signal
embedded misalignment signature. The diagnostic potential of differing in-situ FBG
strain observation for diagnosis of angular misalignment was assessed, showing that both
angular and circumferential direction measurements are strongly responsive to fault
presence. Further investigation of optimizing the sensor surface bonding to yield

enhanced load to sensor transfer could provide improvements on the reported findings.

Compared to application of accelerometer sensors that exclusively monitor mechanical
effects the reported scheme can provide additional thermal monitoring capability using
the same hardware platform due to FBG inherent multi-physical sensing capability.
Further advantages can also be derived from its ease of installation and positioning, the
fact it is power passive, as well as its capability to be integrated into wider FBG multi-
sensor systems allowing all-inclusive electrical machine condition monitoring and
replacing the current practice where a suite of disparate single-physics sensors is applied
for this purpose (e.g., current, temperature, vibration etc.). Finally, the scheme offers full
EMI immunity as is inherent to FBG sensing which is important in EMI rich electric
machine applications and requires additional measures to achieve in conventional sensor

alternatives. While further exploration is needed, the presented principles could enable
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the development of electric machinery shaft misalignment detection schemes based on
distributed in-situ FBG strain sensing of machine frame, as standalone systems or as

part of wider drivetrain FBG monitoring schemes.

The cost of FBG sensor is currently comparable to cost of conventional lower grade
piczoclectric accelerometers, and considerably lower than the cost of high end commercial
vibration sensors. The required FBG interrogator systems however remain costly, and
although morc expensive compared to low end charge amplifier/signal conditioning
systems for accelerometer platforms they compare favorably in cost to high end
accelerometer conditioning systems. The interrogator cost in practical applications could
nevertheless potentially be offset by intelligent exploitation of the FBG multi-physical
sensing capability and multiplexing to yield an integrated monitoring system with much
greater condition monitoring functionality compared to vibration only monitoring

platforms.
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Chapter 8 Conclusions and

recommendations for future work

8.1 Summary

The demand of renewable energy has been steadily increasing in recent years with the
rising social awareness of global environmental and climate issues. Wind energy as one
of the fastest growing sustainable cnergy sources is being widely exploited for cost
effective power generation. However, the operational and maintenance (O&M) costs of
wind turbines (WT) remain significant, and in the recent offshore WT applications in
particular, as the turbines are generally remotely situated in harsh ambient locations.
Condition monitoring (CM) techniques are essential for detecting early faults and
reducing unscheduled downtime thus reducing the associated O&M cost. The doubly fed
induction generator (DFIG) is the most widely employed WT generator type due to its

partial scale converter design and controllability of generated active and reactive powers,
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with vast numbers of units in field application at various stages of lifetime [28, 14],these
will need to be maintained and monitored effectively throughout their lifecycle to deliver
the ambitious reliability and cost targets expected from large scale wind generation [7].
As conscquence, the DFIG drive CM technique investigation is the focus of this PhD
research topic. Two major topics were investigated in this project: the improved DFIG

shaft misalignment recognition techniques and the DFIG sensorless speed estimation.

Shaft misalignment, fault is a common issuc in practical WT drive trains contributing to
30% of downtime [52]. Unwanted forces arising due to shaft misalignment condition can
lead to damage and destruction of key WT drivetrain components such as bearings, seals,
couplings and cventually its gearbox or generator; more generally, the shaft misalignment
condition is reported responsible for 50% of all rotating machinery breakdowns [51]. To
climinate the considerable downtime and economic loss, different techniques are

investigated to recognize DFIG shaft misalignment for CM.

Traditional machine rotational speed estimation depends on a velocity measurement
device such as for example an incremental encoder, which requires additional electronics,
extra wiring, extra space, frequent maintenance and careful mounting. Sensorless speed
estimation (SSE) offers a low cost, high reliability, better noise immunity and less
maintenance approach for machine rotational speed estimation. Additionally, SSE is an
alternative solution to keep the generator in operation in case an encoder failure occurs.

SSE in DFIG drive thus was sclected as one of two main topics of this project.

The implementation of DFIG harmonic model in Simulink platform was firstly focused
on in this research project to enable theoretical investigation of machine performance in
varictics of operating scenarios. The development of model began with wound rotor

induction machine (WRIM) harmonic modelling. The machine higher order harmonic
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effects were approved by calculating self and mutual inductances of stator and rotor
windings based on conductor distribution function. The DFIG model was implemented
based on developed WRIM harmonic model by introducing additional controller model.
A standard two-axis (dg) controller model was added to rotor side converter (RSC) to
enable stator flux oriented control (SFOC) scheme. DFIG decoupled active power and
reactive power control thus could be achieved. While considerable literature explores
terminal signal (stator current) based CM and SSE techniques limited research exists on
the development of these in DFIG controller signals embedded schemes. With the help
of the developed DFIG harmonic model, the spectral contents in controller loops signals
could be analyzed and thus provide instrumental underpinning for the analysis and

development of CM and SSE techniques in this work.

After developing the DFIG harmonic model, the experimental tests are required to cross-
correlate the findings from theoretical study. To this end, a laboratory DFIG test rig was
extensively modified to simulate WT generator operation. The test rig consists of a
WRIM, a DC machine as a prime mover, a commercial DC drive, a commercial back to
back converter, dSPACE real-time platform and sets of sensors. The implementation of
DFIG control scheme is challenging since the commercial RSC has inherent limitation to
develop a SFOC scheme for DFIG application. With the help of a dedicated resolver
signal conditioning module and a real-time platform, following modifications are deployed
to the DFIG test rig to accomplish DFIG SFOC with stator directly connected to the

grid supply:
e  DC motor control implementation
e Rotor side current control scheme investigation

e SFOC scheme inner loops implementation for experimental test rig
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e Synchronization of a vector control DFIG with the grid supply
e  SFOC scheme outer loops implementation

The validation of DFIG SFOC control was examined by power loop step change test.
Moreover, the validation and recognition of experimental DFIG signal significant

harmonic contents was also undertaken for SSE investigation.

The investigation of DFIG sensorless speed estimation scheme utilizing controller loop
signal began with the theoretical study based on DFIG harmonic model. Since the
spectral search based (SSB) approach was selected, the speed dependent harmonic
content (MMF) harmonics of DFIG signals needs to be identified. The DFIG signal
spectral analysis was firstly undertaken to recognize MMF contents from DFIG harmonic
model. The experimental recorded DFIG signals were also investigated to validate the
model findings and identify other existing spectral contents beyond that represented by
proposed DFIG modelling. The characteristic MMFE contents in DFIG controller signals
especially inner loop controller signals are stronger manifested in the spectrum and thus
less effected by the surrounding spectral contents compared with the traditionally
exploited for SSE terminal current spectrum. Additionally, the DFIG signals in different
load levels were evaluated to identify the signal most suitable for SSB SSE tracking. To
offer a high speed and accuracy harmonic content identification approach, a dedicated
parabolic interpolation SSB algorithm was developed. After a theoretical study, the
algorithm was validated in MATLAB interface utilizing DFIG test recordings. The
estimated speeds from DFIG signals indicated a good match with encoder measured
speed in both constant and variable speed conditions. To enable real-time speed
cstimation, a commercial FPGA platform is employed. The parabolic interpolation

algorithm has to be implemented in LabVIEW interface to functionalize the routine in

241



real-time in a dedicated software routine. The real-time validation of the developed SSE
algorithm was conducted in bhoth constant speed and variable speed conditions in
different load scenarios. The estimated speed indicated a good match with measured

speed in all conditions.

The other major topic is DFIG shaft misalignment fault detection technique development.
Typical misalignment online monitoring technique depends on costly vibration sensors
and associated signal conditions platforms. To reduce the cost of CM, motor current
signaturc analysis (MCSA) technique was frequently investigated. Stator current was
typically selected as the diagnostic signal for MCSA. In DFIG system with SFOC
cmployed, the fault induced harmonics are also expected to he observed in controller loop
signals. These signals thus are investigated to explore a new approach for MCSA shaft
misalignment diagnostics. The research began with a theoretic model study: shaft
misalignment mechanical effect is simulated with a universal joint model and was
introduced to the developed DFIG harmonic model. The spectral harmonic contents from
DFIG model controller signals were analyzed in both healthy and faulty conditions
mapping the possible fault characteristic frequency contents in the controller signals,
reported by the model study as a potential misalignment indicator. To validate this
finding in a practical setting, experimental tests utilizing laboratory DFIG were
undertaken. Varictics of load and speed operating points were tested in both healthy and
faulty scenarios. The harmonic component of interest manifested a tendency of increase
in magnitude with shaft misalignment however is not as significant as model study
indicated. The limitation of the testing facilities were evaluated in the end of the chapter

and potential improvement model study was investigated.

The application of fibre optic sensing for CM has been increasingly investigated due to
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its features: electromagnetic interference (EMI) immunity, small size and flexibility,
multiplexing capability and that of multi-physical sensing. In this study, Fibre Bragg
grating (FBG) technique was employed to sense the DFIG frame strain, the nature and
practical manifestation of the shaft misalignment fault spectral signatures from frame
strain is investigated to develop novel fault diagnostic tool. In this study, three different
orientations of frame strain: radial, axial and circumferential were evaluated in a wide
range of speed and load operation points. To cross-correlate the performance with
typically employed vibration sensor for online monitoring, two orientations of machine
vibration were also analyzed. After testing with different severity of faults, a novel
approach of shaft misalignment diagnostic enables fault recognition and severity
definition utilizing two orientations of strain signal is implemented. Moreover, a thermal
cross-sensitivity study was undertaken to prove the developed strain sensing approach is

independent to the ambient temperature of sensing locations.

8.2 Summary of major contributions of the work

This thesis reported for the first time that it is possible to utilize controller signal to
develop an effective SSE in DFIGs. This was coupled by a dedicated rapid estimation
spectral analysis technique based on parabolic estimation, which allowed accurate real
time cstimation performance in practical tests at improved rates. Furthermore, the
algorithm capability could not be fully exploited due to the limitations in hardware
available in this rescarch, and is believed to be considerably higher than that could be
tested in experiments in this work. Nonetheless, the reported real time estimation results
compare favorable to alternative spectral search based techniques for electric machinery
reported in the literature.

This thesis work also reported novel techniques for DFIG shaft misalignment recognition:
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which based on identification of spectral content of acquired signal sources. Controller
embedded signals spectrum were investigated in both model study and acquired DFIG
signals. The harmonic component of interest manifested a tendency of increase in
magnitude with shaft misalignment however the characteristics in practical signal is not
as significant as model study indicated. DFIG frame strain sensing utilizing FBG
technique was also employed to monitor shaft misalignment in different orientations. A
novel approach for shaft misalignment fault recognition and severity identification was

successfully implemented.

e The development of the DFIG harmonic model in Simulink which is capable for
both higher order harmonic spectral analysis of machine signals and decoupled
active/reactive power control (SFOC scheme). The model signal signature was

cross-correlated evaluated with experimental recorded DFIG signals.

e The development of shaft misalignment model and model and analytical
characterization DFIG misalignment fault signature in controller signals.
Experimental validation was also conducted and investigated utilizing laboratory

emulated shaft misalignment DFIG test rig.

e The development of DFIG shaft misalignment monitoring technique utilizing FBG
frame strain sensing and experimental evaluation and validation of its performance
in practical conditions with an assessment of the sensing thermal cross-sensitivity
and orientation

e Investigation of DFIG controller signals based sensorless speed estimation
algorithm with improved estimation rate capability, and its experimental
validation. The dedicated real time routine was implemented in LabVIEW
interface and experimental validation was conducted.
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8.3 Recommendations for future work

A numbcer of arcas were identified during this PhD rescarch project where further
researches could be conducted to develop DFIG condition monitoring techniques. Due to
the time constrain, the targets listed in this section were beyond the scope of this PhD

project. The identified future works are presented as followings:

e Sensorless estimation for angular rotor position acquirement: to cnable
DFIG sensorless control, the angular rotor position is the essential parameter to
obtain. Based on the existing SSE routine, the real-time rotor position thus could
be obtained via integration of instantaneous speed. Further development of the
algorithm will focus on the real-time integral. Besides, the evaluation of sensorless

control performance will be conducted.

e Investigation of other generator faults: the developed DFIG harmonic model
is adapted to investigate varictics of clectrical and mechanical faults by
manipulate the machine parameters or characteristics. This could be beneficial to
explore the achievability of DFIG control loop signals to identify different
generator faults. In this project, rescarches were undertaken focused on angular
shaft misalignment diagnosis. As an extension of the study, the offset and
combined shaft misalignment investigation should be achieved from modelling to
practical testing. In addition, the study of other mechanical fault such as bearing
fault and eccentricity are also important since these have large failure rate faults
and responsible for high downtime rates. Therefore, more investigations of control

loop signals spectra in different fault conditions could be potentially undertaken.

e Development of FBG sensing technique for other generator faults: DFIG

frame strain sensing utilizing FBG was cmployed for shaft misalignment
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recognition and has proven an evident mechanical effect signature cross-correlated
with vibration spectrum. Therefore, FBG strain sensing could be potentially a
diagnostic tool for other mechanical fault such as bearing fault and eccentricity

recognition. Further experimental studies could be performed on these topics.

Development of Finite element analysis (FEA) model for fault signature
analysis: In this PhD project, DFIG harmonic model was implemented in
Simulink interface to investigate electrical signal characteristics in healthy and
fault condition. However, the developed model is not capable for some multi-
physics signal study such as vibration, surface strain, electromagnetic field and
thermos effects. Therefore the FEA model is required to enable model/ theoretical
study of multi-physic study. The effect of monitoring operation along with faults
could give additional indication of certain fault patterns in these signals and thus

could be used for fault diagnosis purpose.

Use of more advanced techniques for condition monitoring: the machine
learning based techniques could have the potential to extract the inherent
characteristics of DFIG faults. Differ from traditional signal spectral investigation,
this technique enables multi-sources condition monitoring and clagsify the fault
patterns beyond traditional characteristic frequency components. The potential of
machine learning technique could be employed for available test facilities measured

signals. i.e. current, vibration, strain..etc.

Investigation of fault mitigation techniques: Investigations of WT
generator electrical and mechanical fault mitigation is important to help to secure
the DFIG operation until scheduled maintenance can be deployed. Therefore this

rescarch could be extended to implement fault mitigation technique, which is
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could be firstly evaluated in developed DFIG harmonic model and then examined

in laboratory test rig.
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Appendix A DFIG Test-rig Specification
A1l. Wound rotor induction machine parameters

The specification of the wound rotor induction machine (WRIM) in laboratory DFIG

test-rig is provided in Table Al.

Table Al Specification of the WRIM in the DFIG test-rig

Parameter Nomenclature
Name Marelli Motori EAF 225M4

Rated Power 30kW

Rated Speed 1470 rpm

Number of phases 3 q
Number of pole-pairs 2

Stator supply voltage (phase) 120V

Stator frequency 50Hz fe
Stator rated current 59 Arms

Rotor rated current 564,ms

Number of turns per phase (stator) 56 N
Number of turns per phase (rotor) 42 N,
Effective turns ratio 1.33

Stator winding configuration Star

Rotor winding configuration Star

Stator resistance 0.09Q/phase R,
Rotor resistance 0.066Q/phase R,
Stator leakage inductance 0.911 x 10~3H /phase Lgs
Rotor leakage inductance 0.459 x 10™3H/phase Lgy
Magnetizing inductance 44.6 x 107%H /phase Ly
Rotor inertia 0.4 J/kgm?

Number of stator slots 48

Number of rotor slots 36

Stack (axial) length 220 mm w
Stator slot mouth width 3.6 mm bg
Rotor slot mouth width 3 mm b,
Mechanical air-gap length 0.63 mm Ja
Stator inner diameter 214 mm dg;
Stator outer diameter 325 mm dro
Rotor inner diameter 80 mm dyi




Mean air-gap diameter 213.37 mm d
Number of stator turns per coil 7 N;
Number of rotor turns per coil 14 N,
Coil pitch of the stator windings Fully-pitched in slots: 1-13
Coil pitch of the rotor windings Fully-pitched in slots: 1-12, 2-11, 3-9
Type of stator windings Double layer, lap
Type of rotor windings Single layer, concentric
Stator winding connection Series/parallel
Rotor winding connection Parallel
Rotor skew Rotor slots are skewed by one stator
slot pitch

The parameters listed in Table A.1 are obtained from [174, 175].

A2. WRIM winding layout

The laboratory WRIM coil winding connection details are illustrated in this section,
which were referred for conductor distribution function based harmonic model
implementation. As mentioned in Appendix Al, the WRIM stator windings could be
either connected in series or in parallel. The stator and rotor phase winding terminals
are summarized in Tables A2-A3. In this section, the stator series connection is chosen
to illustrate in figure, the winding connections are demonstrated in Tables A4-A5 and
Figure A1, successive individual coils are presented by number 1 to 48 in the Figure Al.
Rotor winding are connected in parallel, its connection is presented in Table A6 and

Figure A2.

Table A2 Stator phase windings terminals

Phase A winding A1,A2,A3,A4,D1.D2,G1,G2,J2,J1
Phase B winding C1,C2,F1,F2,11,12,1.2,L.1
Phase C winding E1,E2 H1,H2 K1,K2,B2,B33,B1
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Table A3 Rotor phase windings terminals

Phase U winding Url Xrl,Ur2 Xr2
Phase V winding Vrl,Yrl, Vr2,Yr2
Phase W winding Wrl,Zrl,Wr2 Zr2

Table A4 Stator windings series connection

Phase Terminals connection
Phase A winding (As1)A1-A5-D2-D1-G1-G2-J2-J1(As2)
Phase B winding (Bsi)C1-C2-F2-F1-11-12-L2-L1(Bs,)
Phasge C winding (Cs))E1-E2-H2-H1-K1-K2-B3-B1(Cs,)

Table A5 Stator windings parallel connection

Phase Terminal connection
Phase A winding (As1)-A1-A5-D2-D1-(Asy)
(As))-G1-G2-J2-J1-(As,)
Phase B winding (Bs))-C1-C2-F2-F1-(Bsz)
(Bsy)-T1-12-L2-L1-(Bs,)
Phase C winding (Cs1)-E1-E2-H2-H1-(Cs;)
(Cs1)-K1-K2-B3-B1-(Cs,)

Table A6 Rotor winding parallel connection

Phase Terminal connection

Phase U winding Ur)-Url-Xr1-(Xr)

(
(Ur)-Ur2-Xr2-(Xr
Phase V winding (
(

)
Vr)-Vrl-Yrl-(Yr)
Vr)-Vr2-Yr2-(Yr)

Phase W winding (Wr)-Wrl-Zrl-(Zr)
(Wr)-Wr2-Zr2-(Zr)
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A3. Winding parameters for inductance calculation

To obtain the conductor distribution information on stator and rotor thus develop the
harmonic model, the winding coil centre, the number of coil series connected conductors
and coil pitch are identified, which are demonstrated in Table A7. In this project, the
term slot pitch Pgg and Psp are designed to express winding coil centres and winding coil

pitch [175].

P _nd
ST
P _nd
SR = 3¢
d=dsi_g

WherePgs and Pgp are stator and rotor slot pitch, respectively, d is the mean air gap

diameter, dg;is the stator inner diameter and ¢ is mechanical air gap length.

Table A7 stator and rotor winding parameters

Winding | Number of Winding coils Winding coils Number of
Coils in a centre pitches turns
winding per coil

Al-A2 1 12 x PSS 12 % PSS 7

A2-A3 1 Pec + 12 X Pgs 12xPss |7

ssTT 5

A3-A4 1 2 % Pec 4 12 X Pgs 12 X Pgg 7

st

A4-A5 1 3 x Pyg + 12 X Pss 12xPss |7

2
D1-D2 4 12 X Pgs 12X Pgs | 7
12 X Pgs + — 12 X Peg ;
12 X P,
13 X Pg + SS 12 X Pgg 7
12 X Psg
12 X Pgg 7
14 X Pgg + ————
12 x P.
15 x Pgg + TSS
G1-G2 |4 12 X P 12%xPss |7
24 X P + — 12 x Pgg
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12 X Pgg 12 X Pgg 7
25><PSS+—2 12 X Py .
12 X Pgg
26 X Pgg + ———
12 X P,
27 X Pgg + ——
J1-J2 36 X Pss 36 XPgs | 7
) 36 XPgs |7
36 X Pss 36 X Pgg
Pss + —— 7
38xp xbs |y
2% Pgg 4 ———2
36 X P,
3 X Pgg +TSS
B1-B2 12 X P 12XxPss | 7
4“’55+E 12xPgs |7
5 X Pyg + . Ss 12 X Psg 7
12 X P,
6 X Pgg +T“
B2-B3 7 x Pgs + 12 X Ps 12xPss | 7
2
E1-E2 12 X Pgg 12 X Pgg 7
16 X Pgg + ———— 12xPy |-
12 X Pgs 12 X P
17><P55+—12>%P 12 % oy ;
18xPSS+TSS
12 X P
19 ><P55+TSS
H1-H2 12 X Psg 12x P |7
28xPSS+—122P 12xPy |
X
29 X Pos + ss 12 X Psg 7
12 X P, 12xbs 1y
30 X Pgg + ———>
12 X P,
31 ><P55+TSS
K1-K2 36 X Pss 36 xPss | 7
4><PSS+—36XP 36 X Pog -
SS 36 X Pgg
5XPS$+36><P 36 Fss ;
6 X Pss +TSS
36 X P,
7 X Pgg +T”
€1-C2 12 X P 12XxPss | 7
8XPSS+—12>%P 12 X Pgg ;
Ss 12 X Psg
I xPss+— 12 X Pyg ;
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12 X Psg

10 % Pyg +——
12X P
11><PSS+TSS
F1-F2 12 X P
20 X Pgg + ———3% 12xPss |7
12%P oXBs |7
21 X Pgs + ss 12 X Pgg 7
12 X P, 12 Fes
22 X Pgg + ——5 !
12X P
23xPSS+TSS
11-12 12 x
32 x Pog + 2o 12xPss |7
2 2p 12xPss |7
33 X Pyg + ——nS. 12xFss |7
R 12 X Pqg
SS 7
34 X Pgs +———
12 X P
35 X Pgg + ———°
L1-L2 8><Pss+36xpss 36 xPss | 7
36>%P 36 X Psg 7
9 x Pyg + ss 36 X Pgg .
10 X Pgg + ———2 !
36 X P
11 X Pgg + —=—2
Url-Xrl 11 X Psg 11X Psr |14
2 9 X Pgp
14
P +9><PSR 7 X Pggp
SR 2 14
7% P
2 X Pgg + ——%
T+9_X
Ur2-Xr2 18><P5R+11XPSR 11xPsp |14
o2 IXPs |1y
19 X Py + ———R TxPsr oy
7 X P,
20 X Pop + ZSR
Jrl-
Vrl-Yrl 6><P5R+11XPSR 11XPsp |14
9P DX e 1
7 X Pgg + ZSR 7 X Pgg 1
7 X P
8 X Psg + ——%
v
Vr2-Yr2 24xPSR+11XPSR 11X P |14
9%P, DX e 1
25 X Pop + SR 7 X Pgp 14
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7 X P
26 X Pgp + ——%
Wrl-Zrl |3 12 X Pen + 11 X Psg 11xPyg |14
SR 9 X Psp 14
9 X P
13 X Py + SR 7 X Psg 14
7 X P,
14 X Pgp + —3%
Wr2-Zr2 |3 25 X Psg 25X Pz |14
5 X Peg + ———%
" 27>%P 27 Bse 14
4% Pgp + SR 29 X Psp "
29 X P,
3 X Pgp +TSR

A4. DC machine and DC drive

In this PhD project, the DC machine acts as a prime mover in the DFIG test-rig which
provides driven rotational speed and torque. The DC machine specification is illustrated

in Table AS.

Table A8 Specification of the DC machine

Type K225M
Rated Power 41 kW
Armature voltage 480V
Armature current 95A

Field voltage 342V
Field current 1.75A

The DC motor control is conducted by a commercial DC drive. The specification of DC

machine drive is provided in Table A9.
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Table A9 Specification of the DC drive

Parameters Value

Type M75R
Drive type 4 Quad
Rated power 40 HP
Max armature current 75A
Max armature voltage 480V
Max field current 8A
Max speed 1750 rpm
Max input/output reference 10V, £5% 10mA

The DC machine operation performance could be adjusted by manipulating settings or
parameters in DC drive’s menus. These settings could be changed cither by DC drive
keypad or an external real-time platform. i.e. dSPACE. The settings are generally
classified into two groups: “Read and write” scttings arc accessible to be read and
changed to modify the machine performance while the “Read only” settings are only
accessible for reading purpose. The external ASPACE real-time platform DAC (Digital
to analogue converter) channel connected with analogue input of DC drive enables
manipulation of some paramcters (i.c. speed and torque) conducted from PC side. More

details of DC drive could be found in [176].

A5. Current and voltage sensors

The specification of current Hall sensors utilized in DFIG testing system is illustrated in

Table A10.
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Table A10 Specification of the current sensors in DFIG test-rig

Parameters Value

Type LA 55
—P/SP1
Primary nominal current 50 Arms
Primary current measuring range 0.+ 100A s
Measuring resistance 0..335Q
Secondary nominal current 25 mA s
Conversion ratio 1:2000
Supply voltage (£5%) +12... 15V,

Two types of voltage sensors were used in DFIG test-rig for stator voltage and grid

voltage monitoring purpose, which are demonstrated in Tables A11-12.

Table A11 Specification of the stator voltage sensors in DFIG test-rig

Parameters
Type LV 25

- 200
Primary nominal voltage 200 Vs
Primary voltage measuring range 0..2 300V
Primary nominal current 10 mA s
Measuring resistance 0..246Q
Secondary nominal current 25 mAps
Conversion ratio 200V:25mA
Supply voltage (£5%) +12... 15V,

Table A12 Specification of the GRID voltage sensors in DFIG test-rig

Type LV 25

- 600
Primary nominal voltage 600 Vi
Primary voltage measuring range 0...1£ 900V,
Primary nominal current 10 mA; s
Measuring resistance 30...320Q
Secondary nominal current 25 mAppys
Conversion ratio 600V: 25mA
Supply voltage (£5%) +12...15Vy,

More detailed specifications of sensors could be found in [177, 178, 179].
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A6. Back-to-back converter

Back-to-back converter was connected to the rotor windings of the WRIM in the DFIG
test rig, which allows bidirectional power flow. The specification of the back-to-back

converter utilized is demonstrated in Table A13.

Table A13 Specification of the commercial back-to-back converter in the DFIG test-rig

Parameters Value

GSC RSC
Type UNIDRIVE SP 4401 UNIDRIVE SP 4401
Rated power 45kW 45kwW
Mode of operation Regen Servo
Switching frequency set to 3kHz set to 6kHz
Max output current 96 Apms 96 Arms
Max input current 76 Arms 76 Arms
DC link voltage 700 Vg 700 Vg

More detailed descriptions of back-to-back converter could be found in [180].

A7. dSPACE real-time platform

dSPACE real-time platform was employed in this project to conduct real-time DFIG
control and signal acquisition. The specification of ASPACE platform is demonstrated in

Table A.14 [181, 45].



Table Al4 Specification of the dSPACE platform in the DFIG test-rig

Parameters Value

Type of controller board DS 1103PPC

Processor type PPC750GX

Analogue to digital converter 16 ADC, 16-bit resolution, 4 ps sampling time

(ADC) 4 parallel ADC, 12-bit resolution, 800 ns sampling
time

+10V input voltage range

Digital to analog converter 8 DAC, 16-bit resolution
(DAC) 3 ps settling time
+10 V output voltage range

Digital incremental Encoder 6 digital inputs

interface Single-ended (TTL) or differential (RS422) input
24-bit position counter
Max 1.65 MHz input frequency
Encoder supply voltage 5V/1.5 A

In this project, the stator flux oriented control scheme routine and DC motor drive
control are conducted via dASPACE real-time platform. The corresponding programming
is proceeded by compiling Simulink model, which would be converted to an .sdf file. i.e.
with the help of Real-time Interface (RTT) Simulink toolbox associated to dSPACE, the
ADC channels (signal acquisition for sensor signal) and DAC channels (reference control
signals output for UNIDRIVE\MENTOR drive) from 1103 controller board could be
virtualized in Simulink interface. The whole control scheme is implemented via a Simulink
model consisting signal inputs and outputs. After the compiling process finished and
the .sdf file loaded in ASPACE CONTROL DESK, the real-time execution of the Simulink
algorithm could be approved. The execution time of real-time application is identical to
the sample rate setting in Simulink file. Generally, to enable on-line control of the
program in CONTROL DESK, some essential parameters, pre-defined switches and

plotters linked to Simulink blocks are modified accessible in control panel.
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AS8. Incremental Encoder

Incremental encoder is employed in DFIG test rig to acquire rotor rotational speed and
angular position for DFIG control, which is connected to the dASPACE controller board
digital incremental encoder port. The specification of the encoder is provided in Table

A15 [182).

Table A15 Specification of the encoder in DFIG test-rig

Parameters

Type RI 32

Supply voltage 5 Vye

Pin assignment Red-5V, White-A, Green-B, Yellow-Z, Black-GND
Number of pulses 1000
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Appendix B Harmonic modelling of WRIM

B1. Mathematical equations of DFIG signals.

The DFIG SFOC signals can be written in the following equations defining the

time/frequency domain nature of the DFIG currents and voltage signals [22, 137].

Vsabe(t) = Vsmcos (wst + ¢ys) (B.1)

Isac(t) = TicIsicos ([1F 6k (1 — $)]wst + i) (B.2)
Vrape(t) = S Viicos ([s F 6k(1 = s)]wst + ¢yy) (B.3)
Lrabe(t) = Tic Hycos ([s F 6k(1 = )]st + ¢y (B.4)

Where Vg is the peak value of stator voltage Vigpe, Isy is the peak value of stator
current Iggpe, Vsy is the peak value of rotor voltage Viygpe, Iy is the peak value of rotor
current lrgpc, ws is the supply frequency, ¢ is the phase shift between the three phase
quantitics of stator voltage (¢ys), stator current (¢s), rotor voltage (¢y,) and rotor

current (¢y,.). k is the k*® harmonic of the signal. s is the slip.
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Based on the equations B.1-4, the nature of DFIG stator active power signal and reactive
power signal can be derived as follows:

B (V) = Vsalsa + Vsplsp + Vsclsc (B5)

Qs(t) = % [(Vsb = Vsc)lsa + (Vse = Vsa)Isp + (Vsa — Vsb)Isc] (B~6>

Hence the resultant instantaneous active and reactive power equation can be written

P(t) = 2 S Vol cos([6k (1 - 5)]wst) (B.7)
Q) = 2 Sk Vol ysin([6k (1 — 5)]ast) (B.8)

The equations describing the time/frequency nature of the DFIG rotor current controller

loop signals in stator flux oriented reference frame is defined as:
3
ha(®) = [ tfucos (61 =)o) (B.9)

a(®) = S tiusin (61 = )00 (B.10)

B2. Coupling impedance approach

One of the key purposes of this project is to investigate chrematistics of mechanical faults
for DFIG condition monitoring. Typically, the most effective approach to achieve this is
by analysing the spectrum of relevant machine signals (current, vibration, torque, etc.)
Specific characteristic frequency components can be observed while along with fault. To

279



investigate the machine signals’ higher order harmonic contents, the WRIM harmonic
model is developed in this project. In WRIM, the stator and rotor windings are
magnetically coupled via air-gap magnetic flux. The calculation of self inductance and
mutual inductance consists higher order harmonics for modelling is undertaken by
coupling impedance approach. In practice, the machine winding coil conductors are
located in slots which generate flux distribution differ from the ideal sinusoidal
distribution (dashed line) like illustrated in Figure B1, thus higher order flux density
harmonics in airgap are introduced and significantly effects the machine performance [27].

B

Figure Bl Produced flux density distribution

B3. Conduction distribution theory

The main purpose of conduction distribution theory is to demonstrate the spatial
distribution of the rotor and stator conductor on their surface [27]. The electric machine
windings consist of sets of connected coils. The coil in a stator or a rotor can be regarded
as a group of conductors located at the stator inner surface slot or rotor outer surface
slot, respectively. Each coil contains the number of N, conductors. The spatial
distribution of an arbitrary n-th coil can be mathematically expressed as a conductor

density function ¢, (¥) in a lincar way like Figure B2 shown [27].
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Figure B2 n-th coil conductor distribution function

The conductors in slots are demonstrated as pulses, where the conductors are assumed
to be homogenously spread in the length of slot mouth of width b. The current flow
directions in conductors arc indicated by positive and negative sign. Based on the
previous definitions, the n-th conductor distribution density ¢, (y) is defined in turns per
meter over the mean airgap perimeter. In addition, following definitions are clarified

below: [27]:
e , is the coil pitch of the n-th coil in the winding
ey, is n-th coil centre position in the winding

To analyse the conductor distribution space harmonic, the function ¢, (y) is resolved by
complex Fourier analysis. Therefore the conductor density over mean airgap perimeter is
expressed by a series of space harmonics as follows: [27]

v=+00
Q@)= ) ke (B.11)

v=—00
where v is the space harmonic integer number, £ is defined as wave number of »th order

space harmonic, the expression is: [27]
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21
k—Tv—

=z (B.12)

<3y
a

where A, is the wavelength of the n-th order harmonic and d is the machine mean air gap

diameter. The Fourier Coefficient of conductor distribution function C_,’f is given as: [27]
k=L (™ (y)ed (B.13)
n=—J &l y :

where the n-th coil conductor distribution function ¢, (y) plotted in Figure B2 is: [27]

N, b b
ol T omTETESYS oSy
() =4_ )
T S mrPoisys R

The Fourier Coefficient C_ff can be derived based on equation (B.13) and (B.14): [27]

— 2N
Ck=—j—2
n = —

kpykpyel*om (B.15)
where ky, is the conventional pitch factor of the n-th coil and kp, is the v-th harmonic
slot mouth width factor. By assuming the air gap m.m.f distribution excited by the slot
conductor current flow is equivalent to that produced by the surface current flow in the

conductors which the distributed width on surface is equal to slot width. The slot mouth

factor is defined as: [27]

sin (2
kpy = — (B.16)

2

while the expression of »-th harmonic coil pitch factor is as following:
. kan
ky, = sin (T) (B.17)

To enable negative harmonics recognition, the Fourier Coefficient of negative harmonics

are derived by [27]:

St

k= (B.18)
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where C_,’f is the complex conjugate of C_,’f

To clearly demonstrate the theoretical study, an arbitrary coil in stator winding A is
analysed. As illustrated in Figures B3-5: the original conductor distribution is shown in
blue while the model reconstructed distribution is in orange. Different harmonic numbers

(50, 120,150) taken into account were tested.

2000 T T T T T

Reconstructed v=50
1500 - Original d

1000 |- 1

500 1

v VU

-1000 - 1

Condutor Distribution Function [turns/m]
o

-1500 - 1

2000 I L I L I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

machine perimeter [m]

Figure B3 v=>50 harmonics reconstruction
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Figure B4 v=120 harmonics reconstruction
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machine perimeter [m]
Figure B5 v=150 harmonics reconstruction
As the figures shown, the original conductor distribution function, as equation (B.14)
described, should be a square wave signal which only has magnitude at conductor

distributed slot width position (blue curve). With the number of harmonics considering
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increases, the ripples of reconstructed function are reduced in size and its magnitude gets
closer to the assumed distribution. In fact, the stator and rotor slot mouth width are
much smaller than machine mean air gap perimeter. To obtain an accurate reconstruction

result, a large number of harmonics have to be taken into account in the model [27)].

In the machine, cach winding consists of a set of coils, the conductor distribution function
of a winding is defined as the sum of every individual coil conductor distribution
function [27]. One of the stator winding A in the test rig is demonstrated as an example

to explain the theory. There are four set of coils existed inside.

Ca¥) = c1(¥) + 2(¥) + -+ ca(y) = TYZEE Clpe Y (B.19)
where E is the conductor distribution function Fourier Coefficient of the whole winding

and ¢q_4(y) are the conduction distribution function of cach coil.

Recalling equations (B.1) and (B.6):

V=400 v=+00 v=+00
Csa(¥) = Z Cke iky + Z Cke kY 4 ... + Z CkeJky
v=—00 v=—00 v=—00
= SUTrR(CE + CF + CE+CRy ek (B.20)
So we can define:
ch=cE+cf+ck+ck (B.21)

And the complex conductor distribution of wind A is derived in [27]:

Ca(Y) = TVZEE Clg e (B.22)
which is the sum of all four consisted coil conductor distribution function. By adding the
all four reconstructed conductor distribution function together, the plot of winding A

conductor distribution function is exhibited below: (200 harmonics are considered)
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Figure B6 Winding A conductor distribution function

As for DFIG stator phase, each phase winding is constructed by four windings. Using

the similar way sum up all windings per phase, the single phase conductor distribution

function can be obtained.

stator phase A conductor distribution function
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Figure B7 Stator phase A conductor distribution function

As demonstrated in Figure B7, the phase A could be clearly recognized as the

construction of four windings illustrated in Figure B6: Two sets of peaks with doubled

magnitude of conductor distribution function in phase A. Referring to the winding
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connections in Appendix A, the conductor distributed locations have two sets of windings
with same current flow direction. In consequence, two sets of doubled peaks are generated

by four sets of windings.

The sum of stator three phase conductor distribution function is demonstrated as the

Figure BS:
stator three phase conductor distribution function phase A
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Figure B8 Stator three phase conductor distribution function
B4. Skewing and airgap coefficients

B4.1 Rotor skew

In harmonic model, the skew cffect is taken into account while implementing model by

introducing skew factor K. as follows: [183]

sin (VP%)
sv =

(B.23)

Y
VP
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where v is the harmonic number, P is the machine pole pair number, y is radians skew
angle.in model development, the skew factor is multiplied into stator/rotor mutual

inductance equation: [183]

Ckok .
Myp = wn;iuu yU=to K szB e—JkB(®) (B.24)
B4.2 Airgap coefficients.

B4.2.1 Carter’s Coefficient

To identify the effective flux path length increase, the Carter’s coefficient is introduced

for both rotor and stator side, which are defined as follows: [183]

— TR

Kep = 7o (B.25)
— Ts

Kes = r—oer (B.26)

where TR, Ts are the rotor and stator slot pitch, respectively, wr, ws are correspondingly
rotor and stator slot mouth widths and ox, 0s are the per unit equivalent change in slot

width: [183]

og = %(arctan (;—2) - WiRln 1+ (‘:—;)2) (B.27)
o5 = %(arctan (ZT—;) — Wisln a+ (:}—;)2) (B.28)

where ¢ is the airgap length.
The machine airgap Carter’s coefficient K¢ for testing DFIG is: [27]

K = KepKes ~ 1.27 (B.29)
Eventually, the effective airgap length could be worked out: [27]

Jerr = gKc (B.30)
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B4.2.2 Saturation coefficient

The full magnetic path is divided into three sections to analysis: the air gap, the stator
and rotor teeth and stator and rotor core yoke sections. The m.m.f drop of cach section
is calculated separately, the ratio of total ampere-turns/pole to airgap ampere-turns/pole
is defined as saturation coefficient Ks [183):

_ WDeotar _ (NDgap + (NDes + (NDer + (NDes + (NDr (B.31)

K. =
s (Nl)gap (Nl)gap

where the sub index %, ¢ correspondingly represent stator and rotor teeth sections while

¢, ¢ stand for stator and rotor corc yoke sections.
The m.m.f drop in airgap section can be calculated by following steps.

The average mutual airgap flux value per pole can be calculated via: [27]

— Vi
T 4.443KpKgNgf

Ym (B.32)

where V; is rated stator voltage, K, is the stator winding pitch factor, K, is the stator
winging distribution function, the stator effective turns number is defined as N and fis

the supply frequency. K, and K are defined as: [27]

=sin2Z
Kp = sin 72 (B.33)
sin=%
K; = —%& (B.34)
mSan

where y is the winding coil pitch, T is the machine pole pitch, z is the slot number per

pole and m is the slot number per phase.
The pole area linked by mutual flux can be obtained by: [27]

Aggy = 2511 (B.35)

gap 2P

where d is the stator core inner diameter, I’ is the machine pole pair number and [ is
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the machine length.
Since the maximum flux density is considered for saturation factor calculation, the
maximum value of airgap flux density B,. can be obtained from average airgap flux

density multiply by g [27].

By = - (B.36)
gap

The airgap ampere-turns per pole can be deduced by: [27]

B mde
(Nl)gap =1 #z I (B.37)

where g.z is the effective airgap length derived by Carter’s coefficient in the last section,
Uo is the magnetic permeability of air.
Next is to calculate the m.m.f drop components is stator and rotor teeth in the similar

way, the area of stator teeth area A and rotor teeth area A; can be calculated as follows:

(27]
Ay = 2T 5 0,95 (B.38)
Ay = Crot PR | 5 0.95 (B.39)

where Ds is the stator slot depth, D, is the rotor slot depth, N, and Np arc the number
of stator and rotor slots, respectively. w, and w.are the stator and rotor slot width
separately. d., is the rotor core outer diameter. 0.95 is the typical value of the machine
stacking factor [27].

Recalling equation (1B.20), the magnetic ficld strength Hiw and Hiw can be calculated.

Finally, the ampere-turns per pole can be obtained: [27]

(ND¢s = HesmDs (B.40)
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(ND ¢ = Hepn Dy (B.41)
The same approach can be applied to calculate m.m.f drop in stator and rotor core yokes.
The stator core depth Dse and rotor core depth Dre are worked out by: [27]

dso—(dsi+2Ds)

Dgc = : (B.42)

Dge = w (B.43)
The stator core yoke area Acs and rotor core yoke arca Acg are: [27]

Acs = Dgcl X 0.95 (B.44)

Acr = Dpcl X 0.95 (B.45)

Similarly, the ampere-turns per pole components needed for NI, and NI, are obtained:
27]
(ND) s = Hesmls (B.46)
(ND ¢y = Heply (B.47)
where Heon and H.. are stator and rotor core yoke magnetic field strength, respectively.

The stator yoke flux path length I/ and rotor yoke flux path length /. can be deduced by

[27]:
_ (dso—Dsc)m |, mDsc
Iy = > + - (B.48)
__ (dri—Dgpe)m | mDRc
L = IR 4 R (B.49)

After calculating all m.m.f drop components in machine, the saturation factor is obtained:

— (NDgap+(ND s+ (NDgr+(ND s+ (ND ey
(NDgap

K, ~ 1.1 (B.50)
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B5. Machine parameter calculation

To solve the machine model equations in Chapter 4 (cquations 4.1-5), it is necessary to
obtain the parameters in the equation: the machine resistance and machine inertia can
be looked up from machine parameter datasheet. However, obtaining the machine
inductance matrix in equation (4.5) is not straight forward as the inductance consists
harmonic information for modelling. Therefore, the inductance matrix obtain is the

critical part of implementing harmonic induction machine model.

The inductance values arc determined with conductor distribution theory taken into
account presented in section 4.2. Self-inductance including stator self-inductance (Ls
matrix) and rotor self-inductance (L, matrix), and the mutual inductance between stator

and rotor (L and L. matrix) are worked out.

For any two windings A and B on the stator or the rotor, the self-inductance (i.e.the

elements in L or L, matrixes) can be calculated by following formula: [27]

v=+
Mup = (B.51)
AB g

where w is the machine length, d is the airgap mean diameter, uy is permeability of
vacuum, ¢ is the mechanical airgap length, C_f is the Fourier Cocfficient of winding A
conductor distribution function which was derived in equation 4.9. CT’?‘ is the complex
conjugate of Fourier cocfficient of winding B. Three clements from stator sclf-inductance
matrix and rotor self-inductance (i.e. stator winding A: L4, rotor winding Url: L., and
stator winding A and B: Lig) and are listed in Table B.1 below to illustrated the

inductance values with different number of harmonics v taken into account.
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Table B1 Self-inductance values with different numbers of harmonics taken into account

Number of
harmonics taken
into account, v

L
(H]

L
H]

Lis
H]

2

0.117312686174287

0.051321327855764

-0.058656343087143

10

0.123573724417187

0.056179635627318

-0.052715959279744

50

0.124270333966420

0.056174596730978

-0.052682036293602

100

0.124397205986599

0.056173989081828

-0.052630078153066

150

0.124411431834800

0.056173902646617

-0.052622776181291

200

0.124411571686868

0.056173904133509

-0.052622762595701

It can be observed that the self-inductance value are effected by the number of harmonics
considered. Take La as an cxample: by increasing harmonic number considered from 2 to
100, the inductance value has an order of 0.1mH variation in table. In consequence, the

more orders of harmonics taken into account, the more accurate result could be obtained.

As for calculating mutual inductances between stator and rotor, the physical distance
between stator and rotor windings is a time varying value along with machine rotation,
therefore the function of rotation is taken into account. The mutual inductance between
two windings A and B, which arc placed in stator and rotor respectively, can be expressed

as follows: [27]

wrdu _ oo(I"C"‘ i
Myp = P . Z:tw%e JRB(®) (B.52)
where B(t) is the function of displacement in rotor reference frame [27]:
B(t) = 1460(t) = ragwet (B.53)

where ri¢ is the mean airgap radius, 0 is the rotor mechanical angle and w: is the

mechanical speed. The following plot demonstrates how mutual inductance changes with
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respect of rotor position. 200 harmonics are taken into account for calculating mutual
inductance between stator phase A and rotor winding Url. The mutual inductance value

periodically changes with the respect rotor position as illustrated in Figure B9.

mutual inductance vs rotor position
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Figure B9 Mutual inductance vs rotor position
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Appendix C Additional Spectrum of
DFIG embedded controller signals for

shaft misalignment analysis

C1. DFIG Outer loop controller signal spectrum

In Chapter 6, the investigation of exploring the feasibility of shaft misalignment diagnosis
using DFIG controller signal was demonstrated. The acquired DFIG outer loop signals:
Stator active power P, active power error signal P.., stator reactive power (), reactive
power error signal Qe in steady state operating point (1590 rpm, 50% load) are analysed
here. The zoomed in FFT results of f. and 2f, harmonics in healthy and 1 degree
misalignment conditions are demonstrated in Figures C1-C4. As demonstrated in the
figures, the f. related harmonic contents in outer loop controller signals are not clearly

indicated.
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Figure C1 Healthy operating condition active power and error signal zoomed in spectrum
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Figure C2 Healthy operating condition reactive power and error signal zoomed in spectrum
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Figure C3 1 degree misalignment operating condition active power and error signal zoomed in spectrum
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C2. Additional study of operating condition effects on

shaft misalignment signature

In the main chapter, the statistics of 2f. harmonic content of stator current I, and
controller signal I in a wide range of generator operating load and speed conditions were
demonstrated to unfold the consistency of misalighment fault indication. Similar f.

harmonic component summary of I, and Is signals are exhibited in Figures C5-C6.
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Figure C3 Measured f, components magnitude in I, (a) at 1340 rpm (b) at 1550 rpm (¢) at

1590 rpm
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Figure C6 Measured f, components magnitude in I, (a) at 1340 rpm (b) at 1550 rpm (¢) at
1590 rpm

As illustrated in the figures, no clear consistency could be observed in the f. component

in I, and Iy signals with misalignment.

298



