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Abstract

This thesis focuses on the development of condition monitoring techniques for
application in wind turbines, particularly for offshore wind turbine driven doubly fed
induction generators. The work describes the significant development of a physical
condition monitoring Test Rig and its MATLAB Simulink model to represent modern
variable speed wind turbine and the innovation and application of the rotor side control

signals for the generator fault detection.

Work has been carried out to develop a physical condition monitoring Test Rig from
open loop control, with a wound rotor induction generator, into closed loop control with a
doubly fed induction generator. This included designing and building the rotor side
converter, installing the back-to-back converter and other new instrumentation.
Moreover, the MATLAB Simulink model of the Test Rig has been developed to represent
the closed loop control, with more detailed information on the Rig components and
instrumentation and has been validated against the physical system in the time and

frequency domains.

A fault detection technique has been proposed by the author based on frequency
analysis of the rotor-side control signals, namely; d-rotor current error, g-rotor current
error and g-rotor current, for wind turbine generator fault detection. This technique has
been investigated for rotor electrical asymmetry on the physical Test Rig and its MATLAB
Simulink model at different fixed and variable speed conditions. The sensitivity of the
each proposed signal has been studied under different operating conditions. Measured
and simulated results are presented, a comparison with the results from using stator
current and total power has been addressed and the improvement in condition
monitoring detection performance has been demonstrated in comparison with previous

methods, looking at current, power and vibration analysis.
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1 Overview of Wind Power

1.1 Introduction

The use of traditional fossil fuels for energy conversion has had a detrimental
consequence on the environment as a result of mining effects, air and water pollution,
acid rain and the consequent production of greenhouse gases and their effect on climate
change. Driven by growing populations and expanding economies, global energy demand
is currently increasing each year and is expected to rise by an average of 1.2% per year
between 2005 and 2030 [1]. To balance these issues a reduction of carbon dioxide, CO,,
and other greenhouse gases emissions is needed to limit their contribution to global
warming and potential climate change. Fig. 1.1 shows historical levels of CO, in the
atmosphere over the last 1000 years, the early records before 1850 being taken from
records of CO, dissolved in glacial ice and the recent records from air measurements. It is
clear that the CO, concentration has increased considerably since 1769, the beginning of

the Industrial Revolution and is probably caused by human activity.
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Fig. 1.1: Carbon dioxide concentration for the last 1000 year [2]



This has led to the encouragement of non-CO, producing energy sources, which are
cleaner and hopefully safer, known as renewable sources. Therefore, renewable sources
are becoming an important component of electricity generation in the world. Wind energy
conversion systems (WECS) are the second most developed renewable technology, after
hydroelectric production, and are set to play a significant role in the future energy supply
around the world. Wind power has a number of advantages over conventional electricity
generation methods:

o The fuel is free and not subject to fuel price variation, it does not have to be
transported and it will not run out;

o [t does not emit greenhouse gases into the atmosphere during generation,
although greenhouse gases are produced during manufacture of WECS;

e Wind farms are quick to construct and easy to decommission, earning a positive

income and encouraging development in rural areas.

Wind energy currently makes a significant contribution to the EU’s energy and
climate objectives, competitiveness and energy security. According to European Wind
Energy Association (EWEA), a total of 93,957MW of wind power was installed in the EU
by the end of 2011 with annual installations having increased steadily over the last 17
years from 814MW in 1995 to 9,616MW in 2011, an annual average market growth of
15.6% [3]. This was able to produce in 2011 204TWh of electrical energy, meeting 6.3%
of the EU’s total electricity demand [4]. Over the next 20 years, wind energy growth will
continue and the EWEA expects 230GW of installed capacity in 2020 and 400GW by 2030.
Wind power is gearing up to become the main renewable power technology in the EU.
The National Renewable Energy Action Plan (NREAP) includes a target of 34% for
renewable energy production of EU electricity consumption by 2020, with wind power
producing 495TWh, meeting 14% of electrical energy consumption [5]. The remaining
20% of electrical energy consumption will be covered by other renewable energy sources,
including hydro 10.5%, biomass 6.7%, solar photovoltaic (PV) 2.4%, concentrated solar
power (CSP) 0.5%, geothermal 0.3%, tidal, wave and ocean 0.2%. Furthermore, the
European Commission Energy Roadmap expects wind energy to be the key generation
technology by 2050, supplying more electricity than any other technology and meeting
31.6-48.7% of Europe’s electricity production [5].

Wind power will therefore consequently decrease the EU’s total power production
CO, emissions as a whole. For example in the EU, compared to thermal power stations
wind power will avoid 0.696Mt of CO, emissions per TWh of production in 2010 [6].
Following the same approach and the European Commission’s data for 2015, 2020, 2025

2



and 2030, the CO, emissions avoided can be calculated. As a result, it is calculated that
wind energy will avoid 0.588Mt CO,/TWh in 2020 and 0.560Mt CO,/TWh in 2030. Wind
energy will therefore have avoided 126Mt of CO, in 2010, equivalent to 28 % of the EU’s
Kyoto commitment. Following EWEA’s base scenario, the installed wind power capacity in
the EU will have avoided 35% of the Kyoto target. By 2020, wind should represent 31% of
the EU’s current target of 20% reduction [5], [7].

1.2 Offshore Wind Power

Offshore wind turbines (WTs) refer to those turbines which are built in water.
Although the vast majority of current WTs have been sited onshore there is growing
interest in installing them offshore because of higher wind speeds and less turbulent
winds. Offshore WTs are currently built on fixed structures restricting them to shallow
waters of maximum depth 30m less than 50km from shore. As the technology develops,
valuable experience is being gained and a substantial proportion of future EU wind
production will moving offshore and eventually into deeper waters, as suggested by Fig.
1.2, to benefit from greater wind resource further offshore and use larger WTs, possibly

on floating platforms, which will harvest greater energy.
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Fig. 1.2: Distance & depth of current & future offshore wind farms [7]

Offshore wind farms have higher construction costs compared to onshore wind

farms because these projects need to withstand more extreme weather conditions.



However, the trend to place WTs offshore offers several advantages over onshore which
are:
o Improved wind conditions, offshore wind speeds are potentially stronger, steadier
and less turbulent than onshore. Some recent studies have showed that offshore
winds blow 40% more often offshore than on land [8].
e Ability to build the larger WT due to transport issue and reduce concerns over
visual impact or noise.
e Not subject to objections due to land-use disputes, limited land availability and

restrictions associated with obstructions due to buildings, terrain and vegetation.

The first offshore wind farm was inaugurated in 1991, 2.5km off the Danish coast at
Vindeby. It featured eleven 450kW turbines with a total capacity of 4.95MW. Until 2001,
the growth of the offshore wind power sector was irregular and mainly depended on a
handful of small near-shore projects in Danish and Swedish waters featuring WTs with a

capacity of less than 1MW.

Since 2001, new offshore wind capacity has been installed every year and spread
across twelve countries, ten in Europe and some lesser installations in China and Japan.
Moreover, the share of new offshore wind capacity in total wind capacity additions has
been increasing. Fig. 1.3 shows the increase in offshore WT capacity over the last 12 years
in Europe as given by EWEA [9]. In 2001, only 50.5MW of installed offshore capacity
represented 1% of total new European annual wind capacity. Meanwhile, 532MW was

installed during the first six months of 2012.
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Fig. 1.3: Annual installed offshore wind capacity in Europe



Offshore WTs have historically been adapted from onshore designs, although some
manufacturers are now developing new models designed specifically for the offshore
environment. Offshore wind is typically less turbulent than onshore wind, due to the
absence of hills, trees and buildings, but at the same time average and extreme wind
speeds are higher than those onshore and the turbine is subject to the impact of waves
and tides, leading to greater mechanical loading on structural and machine components.
Combined with more challenging access conditions during installation and maintenance,
this means that the design and manufacture of offshore WTs and foundations have unique
requirements. These include corrosion protection, accessibility and safety procedures for
service technicians and more sophisticated monitoring and control systems. To date,
Vestas and Siemens have been the most prominent offshore WT suppliers. Consequently,
Vestas’'s 3MW and Siemens’s 2.3MW and 3.6MW models have been installed
predominantly throughout Europe [10]. These turbines have rotor diameters of between
82 and 120m, which are significantly larger than the turbines deployed in the earliest

projects.

In recent years, larger offshore turbines have been developed by Enercon and
Vestas, the E-126 and V-164 respectively. The E-126 turbine, with a direct-drive, wound
synchronous generator, stands at 135m hub height, with rotor diameter 127m and rated
power 7.58MW. This turbine has not been deployed offshore because it has proved too
heavy. The V-164, with a geared-drive 7MW permanent magnet synchronous generator, is
designed with rotor diameter 164m. Building further on this, Vestas is developing a
prototype of 8MW turbine for the offshore environment. In terms of rated power and
rotor diameter, Fig. 1.4 illustrates the growth in offshore WT sizes [7]. It is clear that this

trend of increasing capacity, up to 10MW, is set to continue into the future.
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However, offshore technology is expensive due to installation, construction and grid
connection costs. Coupled with this, is the extra cost of operation and maintenance (0&M)
of offshore wind due to access issues. These factors contribute to raising the cost of
offshore wind energy and slowing the payback time on that capital investment. Although
offshore wind power is cheaper than other renewable technologies, such as hydropower,
it is still more costly than onshore wind [11]. As offshore wind energy grows towards a
major utility source, reducing the cost of energy (CoE) will become a critical issue in order
to make this power competitive to conventional sources. However, as happened with
onshore wind, these costs are expected to drop as technology improves and more

experience is gained.

To improve the economics of offshore wind power, more emphasis is being placed
on reducing the total life cycle costs as well as reducing the initial investment costs. So it
is a prerequisite to control and reduce O&M costs so that the total offshore wind life-time
energy costs can be reduced. In comparison with onshore, offshore WT O&M is more
difficult and the cost was estimated by industrial collaborators at between 3 and 5 times
the onshore cost [12]. This is because the access to turbines for maintenance and repair
may be restricted during periods of high wind speed and significant wave height,
particularly during the winter. Also, repair and maintenance require usage of cranes and
lifting equipment creating a capital-intensive operation as well as delayed services due to
lack of crane availability and need for optimal weather conditions. Combined with
unpredictable component failures, these issues can result in poor reliability reducing the
availability of the turbine due to the longer downtimes. For example, in Northern Europe
[8] 10-50% of all offshore work-hours are lost due to bad weather. Moreover, small
component failures offshore could incur higher personnel costs which can amount to
€1000 per man-day [13]. All these factors increase O&M costs offshore by up to 30% of
total income from a offshore wind farms with operating life over 20 years [14]. Larger
turbines may reduce the O&M cost per unit power, but the cost per failure is likely
increased. Therefore, there is a need for early warning when WT problems are about to
occur. For such situations, condition monitoring systems (CMSs) have greater benefit for

the offshore WT.

1.3 Growth of Offshore Wind Power in UK

The UK is a windy country, one of the windiest in Western Europe, which gives it

one of the largest wind energy development potentials in the world, influencing the



growth of the wind power industry over recent years in the UK. This increase can be seen
from the annual increases of offshore installation shown in Fig. 1.5, which was adopted

from [15], and is expected to continue for 2013 and 2014.
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Fig. 1.5: UK offshore wind power annual & cumulative installations

Historically, the front-runner in offshore wind was Denmark. But by the end of
2010, with a total offshore installed capacity of more than 1GW, UK became the world
leader of offshore wind power generation [5]. During the first six months of 2012, the UK
installed and fully connected 114 offshore WTs, with a combined capacity of 422MW.
Overall, 8 wind farms were under construction. This work carried out on these wind

farms is summarized and illustrated in Fig. 1.6.
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Fig. 1.6: Installation & grid connection of UK offshore WTs 1st Jan-30th Jun 2012 [9]



According to RenewableUK, UK currently has installed 568 offshore WTs exceeding
1,800MW, and a further 665 turbines are under construction totalling 2,359MW [16]. The
UK also now has the largest offshore wind farm in the world, Walney rated at 367MW,
located off the Cumbria coast which was opening in February 2012. Given the current
construction and development, the UK has been estimated to have as much offshore
capacity already installed as the rest of the world put together. Moreover, the latest study
on wind power deployment trends carried out by RenewableUK, established that by the
end of 2016 there will be 8GW of offshore wind capacity installed in the UK and by 2020 it
will exceed 18GW.

1.4 Renewable Power in Libya

Although Libya is one of the world’s largest oil and gas exporting countries it has
identified the existence of potential renewable energy resources. Due to its good
geographical location in the north of Africa, Libya is in the heart of the Sun Belt. With
3000-3500h/y sunshine and an average solar radiation of 2,470kWh/mz2/day, some
studies have shown that Libya has one of the highest solar radiations in the world [17].
Moreover, due to this high solar intensity, Libya is expected to have a potential wind
resource. That because the air becomes hot and rises, creating a low-pressure area in
Libya. This low pressure will pull the air towards Libya from cold regions surrounding
that have high pressure. The movement of air constitutes the wind flow in Libya. This was
proven in 2004 when the measurement of wind speed statistics at different locations in
Libya showed that the average wind speed at a 40m height is between 6-7.5m/sec [18],
which makes Libya an attractive global location for wind farms. Fig. 1.7 illustrates the

distribution of the average solar radiation and wind speed in Libya.

(a) (b)

Fig. 1.7: Average measurements in Libya of:
(a) solar radiation in kWh/mz2/day
(b) wind speed in m/sec [17]
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According to General Electric Company of Libya (GECOL), the electrical energy
produced has increased with annual growth rate 8-10% during the past few years as
shown in Fig. 1.8 [17] to meet an increased electricity demand in Libya. However, the
forecast assumes this growth will continue for the electricity demand over the next few
years. In order to meet this future electricity demand in a sustainable manner and reduce
the costs of the national electricity production, the government needs to put together a
strategic long-term energy sector road map. Therefore, Libya’s goal is to increase the

share of renewable energy sources of the entire energy production within the near future.
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Fig. 1.8: Energy generation in Libya from 2000 to 2010

In 2000, GECOL began seeking professional engineering expertise to qualify the
country’s wind energy potential. Libya joined the wind energy field by awarding a
contract for the installation of a 25MW pilot project wind farm in February 2001. This
project aimed to build a commercial wind farm to generate electricity from a renewable
energy source on economic terms and educate local engineers in the requirements and
factors of wind farm development. The project included an evaluation of potential wind
farm sites regarding profitability and feasibility, wind measurement equipment, turbine
construction, and an accompanying scientific program with on-the-job software- and
course-training for the Libyan partners. In addition to promoting the development of
renewable energy in Libya, the Renewable Energy Authority of Libya (REAOL) was
established in 2007 [17]. REAOL has set a target to cover 10% of Libya’s energy supply
from renewable energy resources by the year of 2020 and 25% by 2025 [17], [19]. In
order to meet these objectives, REAOL has developed a roadmap for the expansion of

renewable energy production capacity. Furthermore REAOL has prepared a mid-term
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plan (2008-2012) and as well as a long-term plan to promote renewable energy and to
meet these targets [20]. These plans address projects in solar and wind and the
possibilities of stimulating local manufacture of equipment for renewable energy. REAOL
handed the roadmap over to the Ministry of Electricity and Energy, which approved the

roadmap. However, that Ministry has now been disbanded.
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Fig. 1.9: REAOL roadmap for renewable energy expansion in Libya

However, according to a Libyan report released in December 2009, these goals
might take longer to reach than REAOL’s goal [19]. That report said, “Unfortunately, these
targets and strategy for renewable energy in Libya do not seem to be fully shared among
all participants, despite the approval of the target by the Cabinet. One reason seems to be
that the targets and strategy have not been developed from any comprehensive analytical
work. This lack of consensus means that the programs and targets of REAOL may not in
fact be realized on the time-scale envisaged.” [19]. This has resulted in delaying the start
of building the first wind energy project until the beginning of 2011. This farm is sited in
Al-Fetaih, near Darnah on the north east coast consisting of 37 WTs with a capacity of
61.75MW. The project would include the turbines, control equipments, electric
transformers, operation and maintenance building, electric lines, service roads, control
rooms and workshops. The cost of the project is about 180million LD (£ 90million) and
planned to take a period of 20 months [21]. The Libyan scenario of wind energy
development is continued with such projects include wind farms in Darnah (2nd stage
with 60MW); Al Maqrun (240MW in two stages); western region farms at Meslata,

Tarhuna, and Asaba (250MW); southeastern region wind farms at Gallo, Almasarra,
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Alkofra, Tazrbo (120MW); and southwestern region wind farms at Aliofra, Sabha, Gatt,
and Ashwairef (120MW) [17], [19], [20].

For the solar energy, by the end of 2010, Libya has installed a total 4MW PV with
expanding 2MW from this technology to remote areas. The medium-term solar plan
comprises the building of large scale 5-10MW PV plants and connecting to the Aljofra,
Green Mountain and Sabha grid. Furthermore, it is proposed to develop a joint venture
between local and foreign investors for the manufacture of solar water heaters (SWHs)
and PV Modules to satisfy local needs and for export to international markets. Libya is
also looking into adding 1,000 PV rooftop systems for residential areas (3MW) with a
feasibility study for a CSP plant reportedly underway (100MW) [17], [19], [20].

In the wake of the Libyan revolution between15t February and 20t October 2011,
after the war against the Al Gaddafi regime, the Libyan energy sector has been generally
affected due to difficult situation and lack of security in some regions in the country. This
has affected the renewable energy programme, where progress in the medium-term plan
has been affected by delaying and stoppages in construction at some locations. The new
Libyan Ministry of Electricity and Renewable Energy, founded in 2011 after the war, has
upgraded the medium-term plan with consideration to the costs, locations and the work,
which has restarted. Furthermore, due to high potential for renewable energy in Libya
and its geographical location near to the European energy market, the Ministry is
planning to generate electricity from renewable sources in the southern Libyan regions
and to deliver it to Europe. This is known as the DESERTEC project [18]. However, even
though Libya has an potential solar and wind energy sources and steps having been taken
to develop that sector, the contribution of these resources in the electricity generation to

date, has had a negligible effect in Libya, as shown in Fig. 1.10 [17].

H Naturalgas ™ Heavy fuel oil Light fuel oil

Fig. 1.10: Electricity generation in Libya by fuel type in 2010
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1.5 Variable Speed WTs with Doubly-Fed Induction

Generators

Various WT concepts have been developed over the last 30 years. Referring to the
turbine rotational speed, these concepts can be classified as fixed speed, limited variable
speed, and variable speed. For variable speed WTs, based on the generator type and the
rating of power converter, they can be further classified into wind generator systems with
partially-rated or fully-rated power electronic converters. When the turbine drive train is
considered, these concepts can be classified into geared- or direct-drive systems. This
research considers only the variable speed WT with doubly fed induction generator

(DFIG). In Fig. 1.11(a), a basic layout of a DFIG WT system is shown.
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Fig. 1.11: (a) variable speed WT with DFIG (b) generator speed versus wind speed

It consists of wound rotor induction generator (WRIG) and a partially-rated power
converter connected to the rotor circuit to recover or inject slip power. The term doubly-
fed refers to the fact that the stator and rotor windings are separately connected to the

grid and the back-to-back converter respectively. The gearbox has the role of matching
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the speed between the blades and the rotor. The transformer couples the generator to the
grid adjusts the voltage of the machine to that of the grid. The back-to-back converter
consists of two voltage source inverters (ac-dc-ac) having a dc link capacitor connecting
them. The rotor side inverter (RSI) takes the variable frequency voltage and converts it
into dc voltage and vice versa. The grid side inverter (GSI) has the dc voltage from the dc
link as input and ac voltage at grid parameters as output and vice versa. The application of
power electronics provides control of rotor frequency and thus rotor speed. As shown in
Fig. 1.11(b), this turbine operates under variable speed range (above and below 30% the
synchronous speed) below rated wind speed (BRWS), while it operates at fixed speed
(30% above the synchronous speed) above rated wind speed (ARWS). The rating of the
power electronic converter is only 30% of the generator capacity, which makes this
concept attractive and popular from an economic point of view. Moreover, the system has
high energy efficiency, improved power quality and easy control of active and reactive
power. Therefore, the DFIG concept is used in more and more in wind applications and it
was reported by EWEA that it represented >55% of European market in 2010 [22].
Conversely, its drawbacks are the need for slip rings, a gearbox and a complex controller

[23].

1.6 Thesis Outline & Original Contribution

1.6.1 Thesis Outline

After this background information on the wind power in Chapter 1, introducing
the size of the offshore wind market in the UK its growth and the importance of condition
monitoring (CM) to reduce O&M costs, introducing an overview of the current and future
plans for renewable power in Libya, and finally introducing the DFIG concept used in the

WTs, based on that this section sets out the work in this thesis commencing in Chapter 2.

Chapter 2 provides a discussion of WT reliability. Various reliability studies are
presented and their results show the failure rate of the turbine components for different
WT concepts and determine the sub-assemblies that are of most concern for O&M.
Furthermore, WT CM is presented in this chapter with details of the monitoring structure

for modern WTs. Some existing CM techniques and research are reviewed.

Chapter 3 describes WT drive train Test Rig for the development of CM. This
includes a history of the development of the physical Test Rig and its MATLAB Simulink

model with detailed information on the Test Rig components and instrumentation.

13



Moreover, this section validates the MATLAB Simulink model with the physical system in
the time and frequency domains. The parameter values for the electrical, control and

mechanical Rig components are provided.

Chapter 4 presents the design of a RSI controller for the Test Rig DFIG; namely
active- and reactive-power control, based on the stator flux-oriented vector control
(SFOVC) scheme. This includes developing the generator mathematical model and pre-
defining the optimal power extraction-speed characteristics curve. In addition, the
evaluation of the controller performance with MATLAB model and the physical Test Rig is

also given in this chapter.

Chapter 5 contains the theory of electrical faults in the DFIG rotor, and the
derivation of fundamental fault equations for various fault-like conditions inside the
proposed CM signals. Also, the signal processing and fault detection algorithm, which has

been applied to analyse the results, is proposed and introduced mathematically.

Chapter 6 presents the Test Rig simulated and measured results for different
operating conditions. These results include the Fast Fourier transform (FFT) analysis of
the proposed signals and their sensitivity to the fault severity. Then, the proposed fault
detection algorithm is compared with other detection algorithms previously published to
discuss advantages and drawbacks and shows the improvement in detection sensitivity

achieved by monitoring within the control loop.

Chapter 7 presents the conclusions of this research. It also contains a discussion of
future work, including investigation of potential new areas for WT-driven induction

generator.

Finally, a list of references has been used in this research as well as a number of
appendices comprise information and results for the Rig and the research are presented

at the end of this thesis.

1.6.2 Thesis Original Contributions

The results of this work are expected to provide valuable development in WT CM for
the lowering of offshore O&M costs and the key contributions can be briefly summarised
as:

e Generator control signals of WTs are proposed for WT generator CM.

Comprehensive simulation and experimental work for these signals, considering
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operating condition of the turbine, with different fault severity has been achieved.
Furthermore, the proposed signals are expected to be a significant step towards
developing a reliable CMS for offshore WT generators.

Comparisons between and evaluations of various generator control loop signals,
stator current and stator total power for detecting electrical WT faults are made.
The advantages and drawbacks of each signal alternative are addressed. The
results of this investigation are expected to provide valuable knowledge for
selecting the best signal for detecting WT faults.

Developing the physical Test Rig at Durham University from open loop system
into closed loop system to represent the variable speed WT-driven DFIG. This
includes installation of back-to-back converter on the rotor side with designing
RSI controller and building using MATLAB Simulink and then loading it into the
physical system using xPC TargetBox.

In addition to these main contributions several minor contributions are as follows:
Building a complete MATLAB models for the physical Test Rig with both WRIG
and DIFG configurations including all mechanical, electrical and control
subsystems. These models have been confirmed against the physical system in
both the time and frequency domains.

The effects of DFIG WT rotor electrical asymmetries on the control loop signals
have been derived. Subsequently, the fault-related harmonic frequencies to be
monitored have been identified.

A simple FFT has been proposed in this research to analyze these signals and

evaluate which gives the best fault indication and early detection.
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2 WT Reliability & Condition Monitoring

2.1 Reliability

The previous chapter, made clear that the down-side of wind power is not only
capital-intensive manufacturing and installation of the turbines, but also the relatively
high cost of 0&M, particularly offshore. Due to turbulent operating conditions from the
wind and weather, WTs are subjected to various failures. Moreover, the logistical and
practical difficulty of replacing major WT components due to unanticipated failure,
especially serial failures, has a large impact on lowering turbine reliability. Poor reliability
directly reduces power generation availability, due to turbine downtime, and increases
O&M costs. These factors all raise the CoE. Therefore, the WT system reliability is a

critical factor in the economic success of a wind energy project.

211 Reliability Definition

The reliability of a turbine can be defined as the probability that turbine will
function at full capacity during appropriate wind conditions at a site with specified wind
resources for the turbine life-time or a defined sub-set of that life-time. The reliability can
be expressed as a percentage probability or as failures/yr. A widely accepted life-time for
a turbine is 20 years [24], however, longer life-times may be practicable. One of the most
graphical characteristics, usually used by reliability specialists is the Bathtub curve,
shown in Fig. 2.1, which describes the failure intensity (A(t)) of the turbine during the life
cycle. At the bottom of the bath-tub the A(t) becomes a constant A and can be called a
failure rate in failures/yr. Reliability can also be expressed as the reciprocal of failures/yr,
that is mean time between failures (MTBF), hrs. The MTBF for a WT or component can be
calculated as the total operational hours divided by the number of failures for that

component [24].

Operational time (hr)

MTBF = 2.1

Numberof failures

1

A=
MTBF

2.2
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Fig. 2.1: Typical Bathtub curve or life cycle for a WT

Another principal system performance measure is the mean time to repair (MTTR),
reciprocal of the repair rate (u), repairs/yr, which is the average time for a repair or

replacement to be made divided by the number of failures for a given component [24].

Total repair time (hr)

MTTR =

2.3

Numberof failures

1
K= NrTR

2.4

However, the most significant reliability metric in the operation of wind plants is
availability (A4). This is expressed as a percentage and it is the amount of time that a
system or component is available for use divided by that total amount of time in the
period of operation. Another way to state this is the fraction of the “up-time” divided by
total time. Up time can be expressed as the mean time to failure (MTTF), the period when

a component is operational, and the total time is the MTBF.

_ MTTF

" MTBF 2.5

Furthermore, reliability assessment not only focus on measuring the probability of
failure, but also the costs of failure caused by system downtime, cost of spares, repair
equipment, personnel and cost of warranty claims which directly affect on the O&M cost
and thus the CoE. The turbine’s reliability depends on:

e The particular machine model;

e That machine model’s design;

e The quality of manufacture;

o The quality of maintenance;

o The operating environment, that is the wind resource and weather conditions at

the site;
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e The machine’s reaction to that environment, which determines the loading

imposed on its components.

2.1.2 Reliability & the Cost of Energy

The CoE is commonly used to evaluate the economic performance of the power
plants. An approximate calculation equation has been adopted by the Department of
Energy in the Low Speed Wind Turbine (LSWT) program, and accepted by the wind
energy research community, to estimate the WT system CoE(£/kWh) [25]:

CoE = ICCXFCR+LRC + 0&M 26
AEPNET
AEPNET = AEPGROSS X A X (1 - LOSS) 2.7

where ICC is initial capital cost (£), FCR is fixed charge rate (%yr1), LRC is levelized
replacement cost (£/yr), O&M is operations and maintenance costs (E/kWh) and AEP is
annual energy production (kWh/yr). This calculation includes component reliability in
determining the AEP, O&M, and LRC terms. AEP is affected by component reliability
through turbine downtime associated with both scheduled or preventive and
unscheduled or repair maintenance. The O&M comprises of both scheduled and
unscheduled maintenance costs, including expenditures for replacement parts,
consumables, manpower and equipment. LRC is related to main overhauls and component
replacements over the life of a turbine. Usually this category includes only major
components and is based on components whose expected life is less than the WT’s design
life. Although the major component lives are commonly designed to be equal to the
turbine’s design life, there are numerous examples where the design life for major
components is not realized in practice. This discrepancy has happened due to
inappropriate design assumptions, inadequate knowledge about the true operating

environment and manufacturing quality control issues.

According to the data from the Committee on Climate Change (CCC) [26], the
levelized CoE for UK onshore wind was estimated between 6.6 and 9.3p/kWh while
offshore ranged from 11 to 19.7p/kWh in 2011. These estimations take into account
investment, fuel, and operation and maintenance costs, and relate them to total energy
supply over the assumed economic life of a WT. Based on these data, an interesting
comparison was made with the levelized CoE for the other technologies of relevance for

the UK energy in 2011 and 2030 and illustrated in Fig. 2.2. Overall, it has been expected
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that all renewable resources will be cheaper in 2030 and onshore wind appears likely to

be one of the cheapest energy technology in future.

P/KWh)
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Fig. 2.2: Levelized CoE for different UK energy sources projected from 2011 to 2030 [27]

It is important to recognize that these estimates for 2030 were made on the basis of
the evolving renewable technologies, with a potential impact on the reduction of the
capital costs and extended the lifetime. For wind energy, cost reduction efforts in general
will focus on improving component reliability and on reducing the cost to perform
maintenance. To achieve that, it is necessary to have a clear understanding of the factors
which drive reliability in the turbine, practically for offshore where the wind energy
harvest is greater but the conditions are more inclement and the access to those turbine is
more limited. Therefore, there are many efforts which have already been made by
researchers and manufacturers in the sector. These researches included understanding
failure rates, forestalling failures, managing efficient repairs and replacements, and
having optimum spares inventory. The next section presents a brief synopsis of previous

work done to enhance WT reliability.

213 WT Reliability Studies & Failure Statistics

Several surveys of WT reliability have been published over recent years based on
analysis of real WT operational data. These data are regularly collected from wind power
plants by the control unit inside the turbine. One source of these data source is WMEP
which is available in the public domain. WMEP was established by the German Federal

Government as the scientific measurement and evaluation programme
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(Wissenschaftliches Mess- und Evaluierungs Programm), included in the German subsidy
measure “250MW Wind”, for monitoring 1500 WTs over the period from 1989 to 2006.
The resulting data base contains a quantity of detailed information about reliability and
availability of WTs. It provides the most comprehensive study of the long-term behaviour
of WTs worldwide and the most reliable characteristic values concerning reliability.
Nevertheless, besides this data base other publicly available sources of experiences do

exist. Table 2.1 gives an overview of some existing failure statistics.

Table 2.1: WT failure statistics data adopted from [28] & [29]

. Number of .
Data source Country Time turbines Turbine type
WMEP Germany 1989-2006 15400 Fixed and variable speed with
geared or direct drives
Fi iabl ith
LWK Germany 1993-2006 5800 ixed and variable speed wit
geared or direct drives
. Germany 1995-2004 4285 Fixed and variable speed with
Windstats . )
Denmark 1994-2003 904 geared or direct drives
ReliaWind Europe ) 350 variable sPeed w1.th geared
or direct drives
VTT Finnland 2000-2004 92
Elforsk Sweden 1997-2004 723
Felanalys Sweden 1989-2004 786
EPRI USA 1986-1987 290
NEDO Japan 2004-2005 924

The study of WT operational statistics gives knowledge of reliability performance,
failures, and downtimes and verifies correctness of the predicted system lifetime. Tavner
at al. [30] carried out a study on WT failure based on data recorded in the surveys a
WindStats and LWK in Germany and Denmark. It is mainly focused on comparing the
failure rates of fixed and variable speed, direct and indirect drive WTs. This study
demonstrated that the direct drive turbines do not appear to have a lower failure rate
than geared turbines. The failure rates of gearboxes in indirect drive WTs were also
greater than indirect drive WT converter failure rates. However, the aggregate failure
rates of converters and electronics in direct drive WTs were greater than the failure rate
of gearboxes in indirect drive ones. For a larger direct drive WTs the failure rate for

generators is at least double that of the indirect drive WTs.

Further analysis on the above data was conducted in [31]. It has been shown that an
onshore average failure rate of 1-3 failures per turbine per year is common, it is unlikely

to be acceptable offshore where access may be limited to one visit a year. Later, the
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maximum failure rates of 0.5 failures per turbine per year would be necessary offshore, as
suggested by Spinato at el. in [32], in order to planned maintenance visits need to be kept
at or below once each year. The study also carried out analysis for the reliability of WT

sub-assemblies and the results is demonstrated in Fig. 2.3.
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Fig. 2.3: Distribution of Failures within WT sub-assemblies from WSD, WSDK & LWK data [32]

Although the failure rates of mechanical sub-assemblies, such as the yaw system,
blades and gearbox, are not the highest in the WT; their downtimes, particularly the
blades and gearbox, are the highest among all the onshore WT sub-assemblies [33], as
illustrated in Fig. 2.4. This is not due to their intrinsic design weakness but rather the
complexity of changing them in the field, entailing the use of cranes and the need for prior
planning [29]. Furthermore, Faulstich et al. [34] has shown that 75% onshore WT failures
cause only 5% of the downtime while 25% of failures cause 95% of the downtime.
According to Tavner [29], the 75% of failures, where downtime is normally short, are
mostly associated with the electrical plant, the converter, electric pitch system, control
equipment switch, whose defects are relatively easy to fix in onshore environment. These
figures are likely to be dramatically changed as WTs go offshore, when the 75% short
duration failures, which cannot be repaired quickly due to lack of access, will start to have

a knock on effect in the downtime.

21



Failure Rate and Downtime from 3 Large Surveys of European Onshore Wind Turbines over 13 years
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Fig. 2.4: WT failure rate & downtime per failure from results for onshore WTs from 3 surveys

075 05 025 0

Annualfailure frequency

T—r—
[ 3 10 12 14
Downtime per failure (days)

(WMEP, LWK & Scandinavian) including >24,000 turbine-years of operation [33]

A simple comparison of WT generator reliability against other electrical rotating
machines has been done by Tavner, based on data reported in [35] and [36]. Fig. 2.5
shows the results, which have also been published in [37], including failure data from
more than 3400 induction motors (IMs) and 990 WT induction generators (IGs). It can be
seen that the main source of failures has root causes in; the bearings, the rotor and the
stator. Among all the failures the bearings are dominant. Also, the rotor failures

contribute significantly to total generator failures in WTs, particularly in small and

medium WT generators.
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Fig. 2.5: Distribution of failed sub-assemblies in induction machines



The reliability of WTs is of course strongly dependent on the size of WT in use, as
reported in [32]. The work utilised failure rates data over 11 years from 12 onshore WT
models from the LWK survey. Fig. 2.6 summarises the results which shows the general
trend of failure rate rising with WT rating. Based on this result, it seems that it may be
difficult to decrease initial failure rate as turbines continue to grow in capacity, although
reliability improvements are always being introduced. For offshore location, this causes
concern where the turbine rating is being increased to raise energy production and
reduce CoE. Besides the size of WT there are more parameters, which need to be
considered in an appropriate reliability analysis. The influence of weather conditions has
an important effect on the availability characteristics of WTs. An example of these
parameters can be found in the wind speed, which was already analysed in [38] where the
dependency of failure rate on wind speed was shown, but was significantly stronger for
electrical than other sub-assemblies. Furthermore, a study by Tavner et al. [39] carried
out a physical check on the variation of failure rate with wind energy index (WEI) based
on analysis of Danish WT field data from Windstats. The results are given in Fig. 2.7,
where the failures in a given month throughout the period have been summed up and
compared with the summed WEI in that month. It is obvious that failure rates peak in the
winter, at the same time of year as the WEI peaks, but a secondary peak in the WEI also
occurs in the autumn. This confirms a relationship between WT failure rate and the WEI,

which coincides with weather seasonality.
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Fig. 2.6: Distribution of failure rates between different WT models [32]
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Fig. 2.7: Correlation between failure rate & WEI [39]

For offshore, with increasing turbine capacity and site access difficulties, WT and
sub-assembly reliability needs to improve. Improvements have to be achieved in the
design and the maintenance plan, otherwise availability will reduce and repair &
maintenance costs increase. However, improvements will not be possible if failure rates
remain high. In order to prevent failures, mitigate the consequential damage and reduce
repair & maintenance costs there must be suitable techniques for detecting incipient WT
failures in the early stage. This would allow the operator to incorporate maintenance
actions into planned site visits negating the need for unplanned maintenance. For such
situations, the CMS and faults diagnosis methods have potential benefits for the wind

industry.

2.2 WT Monitoring

The CM is the process of monitoring and providing information on the condition of
system components and prediction of incipient failures within those components at an
early stage of failure. The use of CM allows maintenance to be scheduled, or other actions
to be taken to avoid the consequences of failure, before the failure occurs. Furthermore,
success in detecting and repairing such potential failures not only prevents failure, but
also has other system benefits, such as maintenance cost reduction, personnel safety
development, more efficient plant operation with consistent quality, plant availability and
reliability improvement. The CM involves sensor measurements to determine the
condition of the process, analysing measured signals, detecting a process anomaly and

detecting faults are necessary factors of the monitoring process. Today, CM is becoming a
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long-term service package for many rotating machine component applications, but in the

wind power industry it is a relatively new approach.

In the early years of WT operation maintenance and repair practices were
predominantly reactive, i.e. to operate the WTs until failure [40]. As WTs have grown in
rating and size, preventive maintenance (PM) has become more accepted. Many WT
owner operators utilize periodic inspections for condition assessment, based on empirical
and subjective measures. Such inspections are generally expensive and require intrusive,
unscheduled downtime. An additional drawback is that the condition assessment is only
made in a periodic manner and WT condition between checks remains unknown. With the
help of CM and fault diagnostic techniques, PM and condition-based maintenance (CBM)
have become increasingly adopted. Most WT sub-systems fail during operation, as shown
in Fig. 2.3 and Fig. 2.4, including rotors and blades, hydraulic systems, gearboxes, yaw
systems, generators, brakes, electrical systems and electrical controls. Today, most WTs
are now manufactured with some form of integrated CMS, sometimes interfaced to the
operator via a Supervisory Control Alarm and Data Acquisition (SCADA) System. In figure
below the results of having no proper pitch or gearbox CMS can be seen for the WT. When
the gearbox fails, the rotor may still continue to run and all the power generated by the
rotor is transferred to heat, the result of which can be a fire which destroys not only the

gearbox but the whole turbine.

Fig. 2.8: Disastrous WT fires in Texas due to pitch or gearbox sub-assembly unreliability [41]
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2.21 Monitoring WT Structure
2.21.1 Introduction

As the wind industry develops turbine CM techniques can improve to allow
effective WT operation, safety, control and reporting. For a modern WT, a various CMSs
are involved and integrated together for the monitoring to meet the needs of WT

operators and owners. These systems are summarized in Fig. 2.9.

Condition Monitoring
< 50 Hz, Continuous

Diagnosis
> 10 kHz,
On Demand

Structural Health
‘ Monitoring
< 5 Hz. On Demand

Fig. 2.9: Structure of WT monitoring [37]

2.2.1.2 Supervisory Control Alarm & Data Acquisition System

The SCADA system provides low time resolution monitoring to supervise the
operation of the WT and gives online data to their operational base about the function and
alarms of remote WTs. These data usually sample, at 10 minutes intervals, valuable
signals, such as wind speed, output power and gearbox lubrication oil temperature [37],
with ability to record and transmit maximum, mean, minimum and standard deviation of
the signals. The data is also used by the WT OEM or the operator to generate graphical
information to manage WTs during their warranty and optimise the operation and plan
the maintenance as shown in Fig. 2.10. Moreover, with SCADA data the WT OEM is able to
compare different wind farms performance and that of individual WTs against the whole
populations of that type. However, SCADA systems also generate a huge amount of data

that could reach 96MB per day for offshore farms with 100 WTs [29] which requires
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careful organisation and considerable analysis for online interpretation. On the other
hand, the low SCADA data rate does not allow the in-depth analysis usually associated

with accurate diagnosis from CMS.

Fig. 2.10: Analysing WT SCADA data

In general, SCADA is a valuable low cost monitoring system with cheap high volume
measurements, information and communication technology. The cost of SCADA depends
on the wind farm size, number of units and design but typically can be between £5,000-
10,000/WT [29]. Today, there is a wide variety of commercial SCADA systems available to

the wind industry with ability to analyse time data using different analysis techniques.

2.2.1.3 Structural Health Monitoring System

A Structural health monitoring (SHM) system is for detecting deterioration of WT
tower, structure and foundations before they can propagate to cause catastrophic damage
to the turbine integrity [37]. The SHM signal is generally collected at low sampling
frequencies below 5Hz [29]. This information could be used in a CBM program to
minimize the time needed for component inspections, prevent unnecessary component
replacements, reduce WT life-cycle costs and reduce the CoE. Another benefit of SHM is
that it may allow to the use of lighter blades that would provide higher performance with
less conservative margins of safety [42]. With lighter blades the WT can respond more
rapidly to wind variations and so capture more energy[43]. The SHM is also a useful
detection method for tackling the fatigue issue, because predicting the precise life of WT
structural component is extremely difficult due to their long design life of 10-30 years

[44]. In addition, it is difficult to ascertain the extent of fatigue damage that might have
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occurred in a component, such as the blade or the tower. Thus, a SHM system is needed to

continuously monitor the condition of the turbine system and warn of possible failure.

2.2.14 Condition Monitoring Systems

CMS for WT was considered important in the 1990s because of a history of costly
drive train failures, primarily in gearboxes, and remains an important attribute for WTs,
where the faults can be detected and identified at an early stage so that consequential
damage can be mitigated. This technology was adopted initially from traditional rotating
machine vibration CM experience and introduced to WT in 1990s [29]. However, the
unique nature of the wind environment and the large modern WTs operating at
continuously and rapidly changing power places constraints on WT CMS, as these
conditions are not common in traditional rotating machines. This has encouraged the
development of a monitoring technology suited to WTs based on their size, design and the
location, employing not only vibration analysis, but also other diagnosis methods such as
oil debris, acoustic, strain and electrical analyses. In general, CMS has proven successful
for the detection of incipient faults in onshore WTs and is now installed as standard in
most WTs21.5 MW. Furthermore, CMS is being fitted to almost all offshore WTs because
of the importance in that environment of avoiding unexpected failures and the

consequential downtime, damage and costs.

Based on the reliability data, the main WT sub-assemblies which may require CM
and diagnosis are illustrated in Fig. 2.11. Among these three areas, the monitoring of the
drive train is considered the most effective area due to the high failure potential in this
sub-system. Once a failure is detected by CMS, an immediate alarm signal will be sent
from CMS to the SCADA. Then, the exact nature and location of the failure can be
determined by a monitoring engineering or automatically through a diagnosis system. It
is essential for WT operators that this alarm signal is reliable, to enable them to take
confident action with regards to maintenance. In fact, the operator’s main interest is to
know reliably the CMS alarm fault severity rather than to detect the exact fault nature
[29]. Therefore, CM information does not require high sampling frequencies as this will

reduce bandwidth and space for data transmission and storage.
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Drive Train
Monitoring

Blade & Pitch
Monitoring

Electrical System
Monitoring

Fig. 2.11: Layout of main areas for WT condition monitoring within the nacelle

Due to the importance of CMS for wind industry, a number of different CMSs have
been introduced to the WTs during the last two decades. Based on which main sub-
assembly need to be monitored, these systems could use one parameter or multi-
parameter monitoring, and also could use one monitoring technology or combine two,
such as vibration and oil debris analysis. A summary of available and popular CMSs for
WTs can be found in [45]. A typical CMS cost depends upon the system type as well as the
turbine size and type but is approximately £7,000 for a mid-range WT CMS and other
£7000 to retrofit to an existing WT [29], making it more expensive than SCADA. These
costs will fall if the CMS were fitted by the OEM into a large number of WTs.

2.2.2 WT Induction Generator & Converter Fault Detection Literature

2.2.21 Introduction

As shown in Fig. 2.5, the WT generators are subject to incipient faults which
decrease WT reliability and increase the O&M costs. To avoid all these, the generator
should be monitored with advanced CMS during continuous operation. Therefore, there
has been an increased interest in recent years in WT generator fault detection and
diagnosis. However, as the wind technology has developed in the modern WT and the
generator became part of a more complex control structure with a converter. Therefore
attention is needed to focus on generator and converter monitoring through their control
loop signals. Research on the CM via electrical machine control loop signals has
previously focused on the variable speed IM. It has been recognized that techniques

usually used for the diagnosis of faults in line-fed, open-loop machines may not be useful
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when the machine is controlled, because the control action alters the response of voltages
and currents to faults. However, a few papers have been published using control loop
signals for monitoring and identifying closed-loop controlled WT generator faults. This
section reviews some of these research in induction machine monitoring and fault

diagnosis, with special focus on using the machine control loop signals.

2.2.2.2 Conventional Induction Machines

For over the last 20 to 30 years, intensive research has been published in the
detection of IM failures. Work including [46], [47] and [48] focussed on the characteristics
of rotor bar and end-ring failures in squirrel cage induction motors (SCIM) and the motor
current signature analysis (MCSA)[47], [48]. The work also expanded into the detection of
other induction motor faults using MCSA, including the stator winding shorted turn [47],
stator asymmetrical fault [49], air-gap eccentricity [50], mixed eccentricity [51] and
mechanical unbalance [52]. Although stator current monitoring has proved successful,
reliable spectral interpretation is difficult, since distortions of the current waveform
caused by the drive system abnormalities are usually present and disrupt the detection of
fault frequencies. Therefore, it has been suggested that monitoring the instantaneous
power signal may be an alternative to MCSA for detection of drive system mechanical
abnormalities [53]. The instantaneous power was proven to be a suitable for IM fault
detection in [48] where rotor breakage was successfully detected and quantified in a
1.5kW SCIM. Also, other monitoring techniques based on a stator frame vibration have
been reported by [50], the stray flux [54], or the electromagnetic torque [55] for machine
fault detection. These techniques are usually concerned with monitoring the open loop

machines.

As for controlled machines, these techniques may not be effective, as the control
itself modifies the behaviour of supply variables and may mask fault information.
Therefore, the behaviour of other variables should be investigated and more
sophisticated procedures adopted to find new indexes suitable for machine condition
assessment. With the aim of extending the diagnostic procedures developed for open-loop
faulted machines to the closed-loop operations, Bellini et al. have stated in [56] a
systematic analysis of the behaviour of controlled SCIM (1.5kW, 400volt, 50Hz, 4 poles)
with stator or rotor faults. The authors used field and torque control currents (ig,i,),
terminal voltages and currents to diagnose stator and rotor asymmetries of a SCIM. Later,

this work has been expanded in [57] to detect and identify SCIM stator winding shorts
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and rotor bar breaks. A field-oriented controller (FOC) was implemented to control the
machine. Simulation and experiments showed that typical spectral lines produced in the
machine asymmetrical input current were present in the voltage as well as the current
spectra. The amplitude of these lines depended on the control structure and its
parameters; therefore conventional line current diagnostic indexes, e.g. from MCSA, could
be ineffective on a controlled IM. However, it was observed that the i; was independent
of the control parameters and highly dependent on the degree of stator or rotor faults. So,
the field control current can be used as an effective diagnostic index when an FOC scheme

is adopted. On the other hand, the orthogonal component of i, depended on control gain,

load and frequency.

E. Serna, et al. [58] developed a new on-line method to diagnose rotor faults in time
domain in IMs controlled by a rotor flux oriented control scheme based on the measured
control currents and machine speed. A comprehensive analysis of the rotor fault
mechanism in the drive was then described. The effect of a broken rotor bar on the
control loop and terminal variables of an IM were evaluated through simulation and
experiment (2.2kW, 230/400volt, 50Hz, 4pole SCIM), including the effect of varying the
rotor resistance, inertia, load and speed on the magnitude of fault detected. The flux was
determined from the stator currents and rotor angular position. From the results, the
iq proved to be the best rotor fault indicator, particularly in terms of sensitivity under
incipient faults. The fault component amplitude in i; depended only on the load level,
remaining invariable to changes in speed and inertia. Further analysis was conducted by
the authors in [59], mainly focused on limitations of this algorithm for detecting rotor
faults. This study showed that speed loop faults could be attenuated in drives of very large
inertia. However, the effect in the current loop could not be completely eliminated by the
controller although it was reduced, especially in the low frequency range. For the
resolution of the measured rotor angular position, that reduction did not modify the

amplitude in the measured i; of the characteristic fault harmonic and the proposed

technique performed well online.

Using the d- and g-current error signals, current controller outputs and the
estimated rotor flux, Cruze et al. [60] presented a study on the diagnosis of broken rotor
bar faults in a SCIM. The aim of study was to identify rotor faults in drives using the
following classic-structure controls:

e Indirect rotor field-oriented control (IRFOC);

e Indirect rotor field-oriented control with flux control (IRFOC-FC).
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The ability of three different diagnostic approaches was investigated through an IM
simulation (15kW, 690volt, 50Hz, 4-pole SCIM). From the IRFOC simulations the authors
concluded that all techniques are capable of detecting the fault with the presence of time
varying loads, but only the estimated rotor flux amplitude was robust against the drive
speed reference variations. When dealing with IRFOC-FC drive, the g-axis rotor flux
component, the d-axis error signal and the d-axis current controller output contained

proved useful diagnostic fault indicators

Another attempt was presented by Concari et al. [61] to diagnose and assess the
severity of broken rotor bar faults in a closed loop SCIM controlled with FOC architecture,
with or without a speed loop. The robustness of the diagnostic procedure, based on
spectral analysis of electric quantities, versus control regulator parameters and motor
load were validated. The study reported that on a 1.5kW, 400volt, 50Hz, 4-pole SCIM, the
fault component in i, is independent of the speed control and seems attractive for fault
detection. More recently, this research was developed to include SCIM controlled by
direct torque control (DTC) in [62]. Both current and voltage sidebands could be used to
detect the fault presence but as in the case of FOC the fault severity could not be assessed.
The authors concluded that a diagnostic index based on the amplitude of the current
components produced by high frequency voltages injection provides better results. This
index was not affected by the control scheme or parameters, and allowed the detection of
the fault presence and its severity with a good approximation, even at light load

conditions.

2.2.2.3 Doubly-Fed Induction Machines

Djurovic et al. [63] have investigated the effect of unbalanced rotor windings on the
stator line current and total instantaneous power signals spectra of WT-WRIGs and
DFIGs, a development of MCSA techniques but backed up by theoretical simulation and
experimental proof. The analysis was performed first for steady state, constant speed test
operation and second for transient, variable speed conditions such as encountered in a
WT. Measured data was collected from two WRIG Test Rigs where one of them operates
as either a WRIG or DFIG, commonly used in WTs, and the other runs as WRIG at constant
or variable speed conditions (30kW, 380volt, 50Hz, 4-pole WRIG or DFIG). A fault
frequency tracking algorithm and a set of concise analytic expressions was developed to
allow this fault to be detected reliably under variable speed conditions. The results show

that both stator and total power spectra are valid for fault detection. The authors stated
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the stator current spectrum has lower noise but the total power spectrum has lower fault

frequencies.

An experimental investigation into DFIG fault detection using MCSA was presented
by Popa et al. [64]. The machine was controlled through two back to back pulse-width
modulated (PWM) converters (11kW, 690volt, 50Hz, 4-pole DFIG). The experimental
results clearly demonstrated that MCSA could diagnose turn-to-turn faults and other DFIG
problems, such as stator or rotor phase inductive or resistive unbalance, with a controlled
machine. However, these methods were based upon experimental results alone, without a
complete theoretical basis and failed to provide reliable detection when the DFIG
operated under imbalanced-load conditions, the work also did not consider the effect on

fault detection of the control system.

Another new technique for detecting stator inter-turn faults in a WT-DFIG,
operating under imbalanced-load conditions, based on rotor current and search-coil
voltage analysis was suggested by Shah et al. [65]. This machine was controlled by a Static
Kramer converter system (2kW, 208volt, 60Hz, 4-pole DFIG). Various frequency
components induced in the rotor circuit due to stator inter-turn faults were investigated.
Simulation and experimental results illustrated the influence of machine load and slip on
the fault results. By monitoring a rotor phase current component, the rotor-current vector
and a rotor search-coil voltage, a definite stator winding inter-turn fault indication can be
obtained, even for few winding turns. Moreover, the sensitivity of all three fault detection
signals were examined, depending on the signal to noise ratio. Both the rotor-current
vector and rotor search-coil voltage provided the best fault detection with a higher SNR
than the rotor-phase-current. A prototype CMS digital-signal-processor measuring the
search-coil voltage has been constructed to demonstrate the capability of timely on-line
stator inter-turn fault detection. Despite the method having rapid detection, in
approximately 2sec even during speed transients, the use of search coil voltage must be
considered invasive since it would require an extra winding on the rotor. Moreover, slip-

rings and brush-gear were required to acquire the detection signal.

However, understanding the influence of WT-IG failures on different generator
control variables and using these signals for monitoring the WT-IGs has received little
research attention and few papers have been published in this field. Yazidi et al.
presented a simulation study in [66] to identify the best diagnostic procedure for DFIG
unbalanced phase fault detection. The results confirmed that the rotor unbalance can be

detected in the control system rotor voltages which are unbalanced if DFIG is current-
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controlled. In case of stator unbalance, the stator currents are unbalanced while the rotor
quantities contain ripple. Based on these results, Casadei et al. [67] expanded the work
experimentally. It was confirmed that the current signature technique can be used, but a
more interesting technique would be to use the rotor-modulating-signal spectral
components. More recently, the effectiveness and sensitivity of rotor-modulating-signal
spectra as a new and reliable diagnostic index in respect to different rotor or stator fault
severity have been evaluated in [68] and to the variation of the bandwidth of the current
loop in [69]. In contrast, in previous work, only simulation study was presented in [66] as
well as only steady state machine operation was considered in [67], [68] and [69] and this

is not the operating condition for WT generators.

2.2.2.4 Converter

Closed-loop IM monitoring has also attracted researchers focusing on improving
converter reliability, which is of major importance in industrial, commercial, aerospace
and military applications as well as the wind industry. A knowledge of converter system
fault modes would be extremely useful from the standpoint of improving system design,
protection and fault tolerant control and a review of converter reliability was done by

Yang et al [70].

There have been a number of researches into closed-loop IM converter fault
diagnostic methods, for example Kastha et al. [71] investigated the effect and diagnosis of
different faults modes of a voltage-fed PWM inverter system for IM drives using open-
loop speed control. After identifying the important fault types, a preliminary
mathematical analysis was made for four selected fault types, namely input single phase
ground fault, rectifier diode short circuit, inverter transistor base open-circuit and
inverter transistor short-circuit. A simulation study was made to validate the analytical
study using phase currents, torque, speed and DC link voltage used to determine power
circuit component stresses and to evaluate satisfactory post-fault steady-state operating
capability. The results are also useful for easy fault diagnosis and improving protection

system design.

2.2.2.5 Conclusions

The CM and fault diagnostic research presented can be summarized using Table 2.2

as follows:
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e Early CM work on IMs concentrated on MCSA but this has been demonstrated to
be less reliable when applied to closed-loop controlled variable speed IMs;

e Previous research clearly demonstrates the potential for using control loop signals
for monitoring and diagnosing IM faults;

e However, there have been few published papers using WT DFIGs with closed loop
generator control, rotor-modulating-signals;

e Some work has been done to understand converters faults but there appear to
have been no papers published on monitoring the converter of a closed loop IM
using control loop signals;

e None of the previous work has been done on a DFIG with closed loop control

under realistic varying wind speed conditions, as encountered in a real WT DFIG.

Table 2.2: Summary of induction machines investigated using machine
control loop signals in the literature

Signal Power | Voltage | Frequency .
Authors Reference Analysis (kW) (volt) (Hz) Poles | Machine
A. Bellini et al. [56] and [57] FFT 1.5 400 50 4 SCIM
E. Serna et al. [58] and [59] Time domain 2.2 230/400 50 4 SCIM
S.M. A. Cruz etal. [60] Time domain 15 690 50 4 SCIM
Frequency domain
C. Concari etal. [61] and [62] FFT 1.5 400 50 4 SCIM
A. Yazidi et al. [66] FFT 4 380 50 4 WT-DFIG
[67] FFT 33 380 50 2
D. Casadei et al. WT-DFIG
[69] FFT 5.5 380 50 4
A. Stefani et al. [68] FFT 33 380 50 2 WT-DFIG
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3 Physical & Simulated Test Rig

3.1 Physical Test Rig

3.1.1 History of the Test Rig

A Test Rig was established at Durham University in 2003 to experimentally
represent a real WT drive train and investigate the various failure modes in order to
develop an appropriate CMS. This Test Rig has the advantage of providing a more
accessible, reliable, controllable and economical test facility than a full-scale WT, where
the faults can be applied on demand and additional instruments can be used without the
need for WT site access. Conversely in an operational WT site, researchers cannot control
fault and failure conditions and have to wait for a fault to occur to investigate hypotheses.
However, real WT fault features are more complex than those which can be applied on the
Test Rig and an object of this research was to simplify those WT drive train faults and

observe them on the Test Rig.

This Test Rig was initially built using funding from the National Renewable Energy
Centre (NAREC) in Blyth, Northumberland, and then the instrumentation was developed
by M. Wilkinson as part of his research in [72]. It consisted of variable speed drive and DC
motor (54kW), which represent the WT blades and hub, controlled to emulate the torque-
speed characterises of a WT. They are controlled by a man machine interface (MMI)
incorporating a LabVIEW control environment. The desired WT rotational speed for the
Test Rig can be modelled in the PC controller for either real or simulated wind data. The
DC motor creates the low speed input and then transfers to high speed shaft through a
Brook Hansen gearbox (5:1 or 11:1). A large diameter rectified Permanent magnet
synchronous generator (PMSG) and an IG were tested as WT generators. After that,
significant improvements were made to the Test Rig by C. Crabtree in [37]. These
included signals conditioning, to generate signals with acceptable noise levels, an accurate
speed signal, essential for CM frequency tracking techniques, were developed in his work.
Furthermore, development and installation of experimental balance planes for both the

high and low speed shafts to allow mass imbalance experiments to be carried out.
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During the last few years, the Test Rig has been used successfully to monitor
experimentally a number of electrical and mechanical drive train faults [37], [72], [73].
Because they did not necessarily replicate precise WT faults, they have been called “fault-
like perturbations” but contain similarities with faults on real WTs. These “fault-like
perturbations” were applied to two different generator configurations as follows:

1. A 10kW PMSG which represented a direct-drive WT. The various “fault-like
perturbations” applied to this Test Rig were:
o Shorted stator coils, representing the WT generator winding faults;
e Generator rotor unbalance, representing the effect of mechanical fault in the
WT drive train.
2. A 30kW IG which represented a geared-drive WT. The “fault-like perturbations”
applied to this Test Rig were:
e Rotor electrical asymmetry, representing the effect of a rotor winding fault or
brush imbalance in the WT generator;
e High speed shaft mass unbalance, representing the effect of mechanical fault
in the WT drive train;
e High speed pinion tooth damage, which represent the gearbox failure in the

WT drive train.

In the previous work, the IG was only used as WRIG, meaning that there was no
control on the generator-side and the whole generator part of the Test Rig was open loop,
whilst the speed control of the Test Rig was closed loop. Therefore, the work has been
extended by the author, during this research, to close the generator control loop. The
work included:

o Installation of a back-to-back converter between the grid and the rotor side of the

generator;

o Installation of an xPC TargetBox as an interface between the PC controller and the

generator;

e Installation of new voltage and current cards;

e Installation of incremental encoder on the generator rotor;

e Designing and building a controller for RSI based on vector control strategy.

This work has been an important development of the Test Rig to represent a fully
variable speed WT-driven DFIG. These developments will be described in more detail in
this chapter. Moreover, due to the limitation in the torque at the generator side, because

of the gearbox ratio and its effect on the generated power when the speed varies from
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+30% around the synchronous speed, the author made additional modifications to the
Test Rig. This work initially included the back-to-back converter having 48volt DC
batteries as the DC link voltage. In this configuration, only the RSI was used. The peak
stator phase voltage was reduced to 110volt as compared with the generator rating of
326volt, with the RSI operating at a modulation index of 0.7 at total rotor phase resistance

0.2350, to avoid problems with overmodulation and increase the system protection.

Finally, the Test Rig was modified to work at normal DC Link voltage, 550-600volt,
by removing the gearbox and using the whole back-to-back converter to run over the
whole range of speed. However, due to the small value of the modulation index of the RSI
as well as the limitations of the xPC TargetBox hardware in synchronizing the generated
phase PWM signals, which resulting in increasing the switching harmonics and producing
high distortion in the control and generator variables, this configuration has not been
used in this research for CM purposes. Therefore, only the Test Rig configuration using
48volt DC batteries and the RSI has been used in this research with the reduced stator
voltage as compared to the generator and converter rating to provide lower distortion
and increase the system protection. Currently, the Test Rig has been reconfigured to run
as a variable speed WT-driven WRIG or DFIG depending on the user. The previous and

current schematic diagrams of the WT drive train Test Rig are demonstrated in Fig. 3.1.

The torque-speed characteristic for the I1G in both WRIG and DFIG configurations is
shown in Fig. 3.2. Data was collected using a Magtrol 3410 Torque Display to give the
shaft speed and torque. The graphs are plotted for the generator being driven up to the
limit of the driving DC machine armature current of 131amp in case of the WRIG while it
was driven using the RSI controller up to the limit of the DFIG maximum speed and DC
battery currents. In previous research by M. Wilkinson and C. Crabtree, the generator did
not allow for such a large torque range as the generator was driven using a 5:1 gearbox
for which the DC motor delivered torque at a lower speed and the armature current limit
was reached at lower generator torque. Currently, the generator is driven without a 5:1

gearbox and higher speed and torque range can be achieved.
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Fig. 3.1: Previous & current schematic diagrams of the WT drive train Test Rig
(a) with PMSG installed (b) with WRIG installed
(c) with DFIG closed loop generator control using a 48V battery DC Link & RSI

(d) with DFIG closed loop generator control & full converter
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Fig. 3.2: 30kW generator torque-speed characteristics showing power output limits

3.1.2 Details of the Test Rig

As mentioned above, the Test Rig, as shown in Fig. 3.3, had already been developed
to represent the power electronic drive train. It consists of a number of mechanical and
electrical components, controllers and instrumentations, which are described here to give

a complete view of the drive train configuration.

DC Motor

Shafts and Experimental
Balance Planes

Fig. 3.3: Photograph of physical WT drive train Test Rig
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3.1.21 Electrical & Mechanical Components
3.1.2.1.1 DC Motor

A Brook Crompton, separately excited DC machine rated about 54kW at 2120

rev/min, with mass 87kg.
3.1.2.1.2 DC Converter

A Eurotherm 590+ variable speed drive, with the capability of torque or speed

control. For the work described here it was controlled with a torque feedback loop.

3.1.2.1.3 Gearbox

A Brook Hansen, two-stage helical gears parallel shaft gearbox. The first stage teeth
66/13 and second stage 57/58 provides overall gear ratio 4.9894:1 between input and

output shafts, referred to as 5:1 for simplicity.

3.1.2.1.4 Generator

A Marelli Motori, WRIG, 4 poles machine, rated at 30kW, 380volt or 230volt, 50Hz
and mass 95kg.

3.1.2.1.5 Back-to-Back Converter

ALSPA MV3000 frequency converter using two bi-directional inverters separated
by a DC link voltage (capacitor). The GSI is a MV3071]J5A1 AEM, 380-480volt, 30/37kW
and the RSI is MV3058A4A1 BDM with 380-440volt, 22/30kW. The converter was
manufactured by Converteam Ltd for use in marine and offshore applications. As a part of
this research, the converter was refitted into a separate new cabinet, as illustrated in Fig.
3.4, to improve operator safety also; the cabinet was designed with other advantages
including:

e Easy to use and move the converter;

e Ability to use the whole converter or just the RSI depending on the test;

e Ability to change the DC link voltage value from 550volt to 600volt through
control board located in the cabinet’s door;

e Ability to supply the stator from the grid and control the stator voltage value
through a variac. The variac can be connected to the cabinet and removed simply

between two plugs in the cabinet’s side.
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Fig. 3.4: Photographs of back-to-back converter cabinet
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3.1.2.1.6 Experimental Balance Planes

Two balanced metal disks, a radius of 250mm and holes at 60° intervals and four
pitch circle diameters, have been fitted to the Test Rig for mass unbalance faults to be
simulated. One is located on the high speed shaft towards the generator drive end bearing

and the other on the low speed shaft between the gearbox coupling and DC motor.
3.1.2.2 Instrumentation & Conditioning

The original Test Rig instrumentation, described in [37], was deemed suitable for
use in this research however a further work was undertaken as part of this research to fit
extra instrumentation to the Test Rig to be developed from open loop Test Rig (WRIG)
into closed loop Test Rig (DFIG). This work, coordinated by the author, aimed to install a
new current and voltage cards, incremental encoder and xPC TargetBox to achieve the
control of the DFIG. In order to minimize experimental noise from the laboratory
environment and improve the safety for the operator, all instrumentation is isolated from
mains voltage electrical signals and power supplies by steel cabinets. After the new
installation, the whole Test Rig became instrumented with a DC tachometer, torque
transducer and pulse tachometer, accelerometer, displacement transducers, voltage and
current cards, incremental encoder, xPC TargetBox and data acquisition. These various
instrumentation components are illustrated in Fig. 3.5 and they are described briefly in

this section.
3.1.2.2.1 DC Tachometer

Supplied by Radio-Energie and located at the end of the DC motor to give a low
speed shaft speed reading (Fig. 3.5a). The output DC voltage was directly proportional to
the speed, with an output of 0.06volt per revolution. The DC tachometer signal contains
high frequency commutator noise which was removed by using a 20Hz low pass filter

(LPF) [37].
3.1.2.2.2 Torque Transducer & Pulse Tachometer

As shown in Fig. 3.5b, a Magtrol 313/431 torque transducer was fitted between the
generator and the gearbox and has a rated torque of 500Nm and sensitivity of
10-2volt/Nm. It measures the high speed shaft torque directly. This transducer also could
be used as a tachometer for speed measurements with 60 pulses per revolution. Both
torque and speed signals can be combined together to give a measure of the power in the

shaft.
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(@ (d)

Fig. 3.5: Various instrumentation components:
(a) DC tachometer (b) torque transducer & pulse tachometer (c) displacement transducers
(d) accelerometer (e) incremental encoder (f) xPC TargetBox (g) current & voltage cards
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3.1.2.2.3 Displacement Transducers (X & Y Proximeters)

Two sensors, Fig. 3.5¢c, positioned at 90° to each other on the high speed shaft to
measure the Shaft displacement on the horizontal and vertical axes. Displacement
transducers are suitable for measuring low frequency vibrations that would otherwise

require a large mass accelerometer.
3.1.2.2.4 Accelerometers

The gearbox is instrumented with two Bruel and Kjaer accelerometers measuring
the vibration relating to tooth faults and gearbox conditions as shown in Fig. 3.5d. These

accelerometers can be placed on the generator as well.
3.1.2.2.5 Incremental Encoder

Fig. 3.5e shows a Sick-Stegmann DSR61 encoder fitted to the generator end to give
the actual generator rotor position needed for control purpose. The encoder has a
maximum angular acceleration 5x105rad/sec? and output up to 8192 line per revolution.
Fig. 3.6 shows the measured signal for the rotor position. This signal is also utilised to
obtain generator rotor speed by differentiation of the encoder signal. The observation and
spectral analysis of the calculated speed signal gave rise to concern that large spikes were
seen on the signal. These spikes were the result of differentiation of the noise of the
encoder signal. As a result of this, a rate limiter and LPF with cut-off frequency 20Hz as
shown in Fig. 3.7a, have been used. Fig. 3.7b illustrates the generator rotor speed signal
before and after conditioning. It is clear that from the figure that the conditioned signal is

much improved.

Rotor position (rad)
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Time (sec)

Fig. 3.6: Measured rotor position signal
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Fig. 3.7: Block diagram & resulted signals of generator speed improvement

3.1.2.2.6 xPC TargetBox

computer to run the controller.

This is a powerful tool for rapidly implementing real-time control systems on a
digital computer. In this research, it has been used to implement the RSI controller. A
block diagram representing this control model was created on a desktop PC as a host in
MATLAB Simulink. Then, when the operator is ready to run the controller, the model can
be simply compiled to an executable file and then loaded onto xPC TargetBox. However,
once the executable program has been uploaded from the host PC to the TargetBox, the

TargetBox is essentially autonomous and need not even be connected to the host

The xPC TargetBox (Fig. 3.5f) is a small PC-compatible computer equipped with

hardware for receiving and outputting both analog and digital voltages and for receiving
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signals from incremental encoders. Through its I/O hardware, the TargetBox will interact
with the Test Rig. During this research, the TargetBox was configured by the author to
read 10 sensor signals through its input, namely stator and rotor phase currents, stator
line voltages and mechanical rotor position and then output 3 control (PWM) signals for
switching insulated-gate bipolar transistors (IGBT’s) in the RSI. Additionally, the
TargetBox can send data of the input signals, output signals and other calculated signal
inside the controller back to the host PC after the controller execution has terminated. Fig.

3.8 shows the Target hardware block diagram for controlling the Test Rig.

Host PC
Controller Data
Program
Control
. — ] Signals
xPC DAC

Test Rig
TargetBox| Boards

= Measured
Signals

Fig. 3.8: xPC Target hardware configuration for controlling the Test Rig

Moreover, the xPC Target environment were configurable to run at sampling

frequency 5kHz and record the data for the following signals:

e Time;

e Generator rotor position and speed;

e Generator torque reference;

e Stator and rotor phase currents;

e Stator phase voltages;

e Actual and reference d- and g-rotor currents;

e Error signals of d- and g-rotor currents;

e Total stator active and reactive powers;

e Outputs of current Controllers.
3.1.2.2.7 Current & Voltage Cards

Three boards with three transducers each were installed to measure the
generator’s terminals and they produced a voltage proportional to measured values as
demonstrated in Fig. 3.5g. Two boards to measure the stator and rotor currents while one

board for the stator voltages. The voltage transducer (VT) and current transducer (CT)
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boards can be seen in the side of back-to-back converter cabinet. Three channels were
available on each board and instantaneous values of the phase currents and line voltages
were available to enable the measurement of the electrical signals for controlling the
DFIG. To reduce noise and improve the quality of the signals, coaxial cables have been

used to transfer the measurements from the cards to the xPC TargetBox.

3.1.2.2.8 Data Acquisition Cards

Two National Instruments 6015 data acquisition (DAQ) cards were used in the
system. These cards allow up to 32 analogue inputs and 4 analogue outputs to be
interfaced with a NI LabVIEW control environment of the Test Rig. The cards each
contained one A/D converter, so the signals were multiplexed, with the maximum sample
rate for each channel depending on how many channels were in use. In this research, the
DAQ pads sample 500ms of data from each channel at 5kHz before transmitting via USB
to the data acquisition environment where they can be saved immediately into files.
Moreover, the DAQ pads were configured to read 14 data channels during running the
Test Rig as listed below:

o DC motor speed and armature current;

o High speed shaft torque and speed;

e Three stator line currents;

e Three stator phase voltages;

e Vertical & horizontal displacement vibration;

e Two accelerometers.

3.1.2.3 Control

In previous research [37] and [72], the Test Rig was only controlled from the
LabVIEW environment to drive the Eurotherm DC motor variable speed drive. With the
development the Test Rig and closing of the generator loop, a new control was designed
by the author and implemented to the system using the xPC Target environment. This is
the RSI controller used to control the generator torque through the rotor current. With a
combination of the LabVIEW and xPC Target environments, the Test Rig can be run as
variable speed WT-DFIG. These environments allow the operator to run the generator to
its synchronous speed before waiting for confirmation of grid connection with back-to-
back connection and the RSI controller running. Once the operator confirms grid
synchronisation the generator can run up or down from the test starting speed at

whatever point the data acquisition requires.
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The driving speed is read from a spreadsheet containing a time and speed vector
defined by the operator. The LabVIEW environment then transmits a control signal,
proportional to speed demand, to Eurotherm DC variable speed drive in real time. During
the test, the xPC Target environment reads its measured signals from the Test Rig, and

then generates control signals and sends them back to the RSL

The Test Rig can be operated either at constant or variable speed depending on the
operator’s requirements. While a number of different constant speed and variable speed
driving conditions were available, the operator can generate a new demand speed with
different conditions. This can be using a Microsoft Office Excel and implement easily in

the LabVIEW.

3.2 Mathematical Model of Test Rig

3.2.1 Development of the Mathematical Model

During the last few years, several researchers have been involved in the
development of a mathematical model to describe the dynamic behaviour of the Test Rig
with WRIG configuration. Initial work was carried out by an MSc student H. Wen-Ko in
2008 [74] to model and examine the Test Rig drive-train response based on a 3-degree-
of-freedom torsional system. The model comprised an inertia representing the DC motor,
connected with a torsionally elastic and damped shaft to an inertia representing the
gearbox, which again was connected with a torsionally elastic and damped shaft to an
inertia representing the generator. The inertia values were calculated based on shape and
material while the other parameter values were calculated by analysing the dynamic
response data to different input steps. Although Wen-Ko’s work had some success
providing an approximation of the Test Rig behaviour, there were some major limitations
to the model because parameters had been ignored in the model, which were found to
have a significant influence on the Test Rig dynamic response, particularly the Eurotherm
DC motor variable speed drive controller. The mathematical model produced was also not
compared to the Test Rig's time domain behaviour. Therefore, it became necessary to

develop a more complex model to represent the Test Rig behaviour more accurately.

The Test Rig model was developed further by MEng student J. Emslie in 2010 [75].
With the addition of the DC motor controller, the development improved the modelling of
the gearbox to represent the non-linear behaviour of tooth stiffness, damping, backlash

and gear geometric parameters. In particular, the model complexity was increased to 6-
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degrees-of-freedom. Moreover, it was discovered during this study that some parameters
from the earlier model were inaccurate, so further investigation was required. The work
was also advanced by importing the model into MATLAB Simulink. Results obtained from
this model show that reasonable time domain behaviour for both torque and speed was
being achieved. Fig. 3.9 illustrates a comparison of model and test rig time domain torque
responses as reported in [75]. However, the frequency response of the model is not fully
matched to the Test Rig’s spectrum. Although the model had been improved by increasing
its complexity, it was still not detailed enough. For example, Eurotherm DC motor
controller was represented by a simple speed controller, while in the physical Test Rig it
contains both speed and current controllers. These would have little effect on the overall

step response, but are expected to be significant in the frequency spectrum.
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Fig. 3.9: Time domain torque response comparison [75]

Torque (Nen)

Previous models described only the Test Rig mechanical components while
electrical components were ignored. To effectively model the full dynamic behaviour of
the Test Rig, further work was needed to represent the Test Rig more completely and
accurately. Therefore, a new MATLAB Simulink model was developed by the author. This
work focused on detailed modelling of all Test Rig components backed up by
measurement of as many parameters as was required. The model comprises of:

¢ DC motor speed and current controller models;
e Electro-mechanical DC motor model;

e Low speed shaft model;

e Gearbox model;

e High speed shaft model;
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e Electro-mechanical generator model;
o DC motor, gearbox and generator friction losses;
e DC motor and generator windage losses;

e  Grid.

However, the model at this stage represented the Test Rig with WRIG configuration,
which means that it cannot be able to be used in studying a CM for WT-driven DFIG. More
recently, further work has been performed to develop this model by the author to
represent the Test Rig with DFIG configuration. The development included closing the
generator loop through a converter. This has been done with designing a generator
torque controller for the converter and representing both of them in the model. To
simplify the model and run it faster, the GSI and the DC link voltage in the back to back
converter were ignored and replaced by DC voltage source. These simplifications are
expected to have no effect on the overall response shape and the frequency spectrum. The
developed model was used to obtain the simulated results which demonstrated in this
thesis. The mathematical representations of the Rig components in the model are

described in more details in the next section.

3.2.2 Details of the Mathematical Model

As mentioned above, the model had been updated to follow the changes in the
physical Test Rig to represent WT-driven DIFG. In the same time, the physical Test Rig
and the MATLAB model are still valid to represent open-loop Test Rig driven WRIG by
disconnecting the RSI and its controller from the model as well as shorting the rotor
circuit. However, the mathematical representation of the Test Rig can be divided into
three fundamental models:

e DC motor and controller model used to create a torque into the system from step
input voltage from the DC converter;

e Drive-train model, which represents the inertia of the DC motor, gearbox and
generator, and also the damping, stiffness of gearbox and speed shafts, and friction
and windage losses in case of the Test Rig configurations as demonstrated in Fig.
3.1band 3.1¢;

e Electrical model including the generator electrical part, RSI, DC link voltage,

generator torque controller and grid.
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3.2.2.1 DC Motor & Controller Model

This variable speed drive and DC Motor model comprised both speed and current

control loops as described in Fig. 3.10.

V
Current =
control ]—>[ DC motor ]——} L TN

Fig. 3.10: DC motor & control loops

The Eurotherm controller manual indicated that the DC machine was operated by a
PI controller for speed and current loops. The relationship between the speed error

(Ewp) and the reference armature current (i ».r) of the speed control can be written as:

wpc

. t 1 ot
laref = Kps€wpe — Ki fo Ewpcdt = Kps(Ewpe — T_isfo Ewpcdt) 3.1
and Ewpe = Wperef — Wpc 3.2

In similar way, the armature voltage V, is:
Vo = Kpe€i, — Kic f,, €,dt = Kpe (&, — Ti f; €,dt) 3.3
and the armature current error is:
Ei, = laref — la 3.4

where wyer and wpc are the reference and actual angular speed of DC motor, K5, K,
K;s ,K;c, Tis and T;. are proportional gains, integral gains and integral time of the speed
and current controls. These controllers can be modelled easily in MATLAB Simulink using
Laplace operators. Then, the armature voltage supplies the armature circuit of the motor
(armature inductance (L,) and resistance (R,)) as shown in Fig. 3.11, and generates the

back electromotive force (Vep,r).
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Fig. 3.11: Equivalent circuit of separately excited DC motor

The separately excited DC motor was characterized by the following mathematical

model [76]:

Va = Vemy + Raiq + Lo 52 3.5
V= Ryip + L, 5L 3.6
Vemr = Kgwpcir 3.7

Tpc = Kglqgiy 3.8

where V; is the field supply voltage, Ly and Ry are the field inductance and resistance, T

is the DC motor torque and Ky is the motor constant.

3.2.2.2 Drive-Train Model
3.2.2.2.1 DC Motor Mechanical Model
The moment of inertia of DC motor and mass plate (Jp¢;,) dynamics is given by:

IJoem@pe = Tpe — Tis — Kepcwpe — Kchwlzjc 3.9

Ts is low speed shaft torque, Krpc and K, p are the friction and windage loss coefficients

of the DC motor.
3.2.2.2.2 Low Speed Shaft Model

The low speed shaft torque acts as breaking torque on the DC motor. The

relationship between the speed (w;s) and the torque in this shaft can be written as:

T)s = Dis(wpc — wis) + Kis(Opc—0is) 3.10
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where 0y and 65 are the angular displacement of the motor and shaft, D;; and K;; are

damping and stiffness constants.
3.2.2.2.3 Gearbox Model

Fig. 3.12 displays the 4 wheel gearbox system and the interaction between each

gear, respectively. The motion of these wheels is given by the following equations [75]:
Jg1Wg1 + 7g1Dg1 (Tg10g1 + Tp1wp1) + 191 Kg1%1 = Ty 3.11

(]pl +]gz)d)p1 + rpngl(rglwgl + Tpl‘”pl) + 1p1Kg1%

+rg2Dg2(rg2(Dg2 + sz(l)pz) + ngngxz = 0 312
]pzd)gz + szDgz (nga)gz + sza)pz) + szngxz = ThS 3.13
Jg‘.
7 NS J. .
7}: \\ \ I/_:‘. N
fre /
2o ) e
\ / /“T\&\ .
e ’(lr: \
jé' J . //“//"
Jp2

() (b)

Fig. 3.12: Gearbox system & its gear-pair models

Ths s high speed shaft torque, /41, Jp1, , J42 and ], are the moment of inertia of gears and
opinions, wyq, Wy, Wgzand w,, are the angular speed, Dyq, Dy, K41 and K, are the
damping and stiffness constants, 14, 751, 72 and 73, are the gear and pinion radiuses and

x; and x, depend on the backlash b; and b, in each pair gears and they are described by:

(141041 + 116p1) — b1 (141041 + 1916p1) > by

x; =< 0 (rglggl + rplgpl) <b; 3.14
(rglegl + rplem) + b, (rglggl + rplgpl) < —b,
(152042 + Tp26p2) — by (142042 + Tp20p2) > by

X, =4 0 (rgzegz + rpzﬂpz) < b, 3.15
(rgzegz + rpzepz) + b, (rgzegz + rpzepz) < —b,
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Note that the speed of 1st pinion and 2nd gear are equal. In addition, the speed of

gearl and low speed shaft has the same value.
3.2.2.2.4 High Speed Shaft Model
The torsional equation of motion for this shaft is:
Ths = Dps(wps — @rm) + Kns(Ops—0rm) 3.16

where 0}, 0,1, Whs and w,, are the angular displacement and speed of the shaft and

generator rotor, respectively, Dy, and Kj ¢ are damping and stiffness constants.
3.2.2.2.5 Generator Mechanical Model

The moment of inertia of generator and mass plate (J4,,) is driven by the high speed

shaft and braked by the electromagnetic torque (7) and friction and windage:
Jgm@rm = Ths — Ty — KpgWpm — Ky gfm 3.17

where K¢ 4 and K, 4 are the friction and windage loss coefficients of the generator.

3.2.2.3 Electrical Model
3.2.2.3.1 Generator Electrical Model

For modelling the IG electrical system, standard transformations were used to map
the 3-phase stator and rotor windings into direct and quadrature axis reference frame
models with axes rotating at synchronous speed. When deriving the model, the g-axis was
assumed to be 90” ahead of the d-axis in the direction of rotation. The dq-model is often
used to reduce the abc-model complexity. A generalized 5t order mathematic model was

used here for modelling the DFIG as shown in Fig. 3.13.

g-axis d-axis

Fig. 3.13: dg-frame induction generator model
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The equations describing an asynchronous machine in terms of phase variables
were derived to develop the model with all rotor variables referred to the stator. Assume
that the stator current is positive when flowing from the grid to the generator, and then

the voltage expressions can be represented as [77]:

. d
Vgs = Rslgs + g;zs + wPgs 3.18
= Ryiy, + 2o ¢ 3.19
Ugs slgs dt wWPqs .
. d
V’dr = R’rl’dr + q;;dr — (w— wre)(p,qr 3.20
. @'
Vgr = Roilgr +—F + (0 — wre)9’,, 3.21

where vy, Vgs, V'qr and v'g, are the dq stator and rotor voltages, igs, igs, i'qr and i’y are
the dg- stator and rotor currents, @45, @gs, @, (p’qr are the dg-stator and rotor fluxes, R,
R’, are the stator and rotor resistance, w is the synchronous electrical angular speed
and w,, is the generator electrical angular speed. Sign (') to indicate these parameters
are in stator side. The terms of the stator and rotor flux can be expressed in the stator and

rotor currents as:

Pas = Lsias + Lini'ar 3.22
®gs = Lsigs + Lini'qr 3.23
@'y = Lyiar + Linls 3.24
@' = LyUqr + Linigs 3.25

where L; and L', represent the stator and rotor self-inductances, respectively, and L,, is
the mutual inductance between the stator and the rotor. Both of the stator and rotor self-

inductances can be defined as:
Ly=Lig+ Ly 3.26
L,=L)+ Ly, 3.27

with L;; and L'}, are the stator and rotor leakage inductances. The electromagnetic torque

(Ty) expression of the induction machine is given by:
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3 . .
Tg = Ep ((pdslqs - (pqslds) 3.28

where p is the number of pole pairs. The stator and rotor active and reactive powers are:

Py = vgsias + Vgsigs 3.29
B = varigr + Vgrigr 3.30
Qs = Vgslas = Vasigs 3.31
Qr = Vgriar — Varlgr 3.32

where P; and P, represent the stator and rotor active powers while Q; and Q, represent

the stator and rotor reactive powers.

3.2.2.3.2 Converter Model

In order to be able to feed and control a DFIG from a variable frequency and voltage
source, the DFIG was connected to a back-to-back converter consisting of two voltage
source inverters separated by a DC link. The DC link separates the two inverters and
therefore can be controlled independently of each other. Therefore, only the RSI has been
considered in the model while the GSI and DC link have been replaced by a DC voltage
source. In a real WT the GSI controls the reactive power exchange with the grid and the
DC Link voltage. An ideal lossless representation of the RSI as depicted in Fig. 3.14 was
assumed. It has six IGBTs (T1 to T6) where each one is equipped with anti-parallel diode.
A PWM signals or gating signals (GS; to GS3), are generated in the controller, switch on
and off the transistors. The duty cycle of the transistor and the diode determines whether

the transistor or a diode is conducting in a transistor leg (e.g., T1 and T4).

RSI
T T, T
'.| D, .| D, ’.| D,
[ .
VH( _,__ 'm b i > P
br E
T i T
i ‘.I D, ;L.e.| D, =.| D,
GS, GS, GS, DFIG Rotor

Fig. 3.14: Equivalent circuit of the RSI & DC Link voltage
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3.2.2.3.3 The RSI Controller Model

The RSI is used to regulate the active and reactive power exchanged between the
generator and the grid. In a real WT, the active power is controlled in order to be adapted
to the wind speed and the reactive power control allows obtaining a unitary power factor
between the stator and the grid. Based on the SFOVC, the controller has been designed
and modelled in the system as shown in Fig. 3.15, where the torque and consequently
active power can be regulated only through the g-rotor current component and the

reactive power can be regulated by the d-rotor current component.

Ei"' Current Var ref
Control

i T Eia, Current Vir ref
ref Control
Lar

Fig. 3.15: Schematic diagram of the active & reactive power control of DFIG

DFIG

The active power comprises 3 cascaded loops; g-rotor current control (PI), torque
control and speed control while the reactive power has only d-rotor current control (PI).
The relationship between the variables in this model can be expressed in the following

forms as:

Ty rer = KoptWim 3.33

idrref = 0 334

lgrref = =3 i T Lref 3.35
t
Varres = Kpa€iy, + Kia [y Eig, dt 3.36

Varres = Kpa€i,, + Kig [, & .dt 3.37

igr igr

where Ty ... is the generator reference torque, K,,; is the optimal power tracking

factor, V; is the magnitude of the stator phase voltage, ng, is the turn ratio between stator

and the rotor, igy e and ig, rof are the d- and g-rotor reference currents, £;, and ‘9iqr are
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the d- and g-rotor error currents, Vg, ref and vy, oy are the d- and g-rotor reference
voltage, K4 , Kpq » Kig and K;4 are the d- and g-current control parameters. The design of
this controller and the derivative of the above equations will be described in details in the

next chapter.
3.2.2.3.4 Grid Model

A simple model has been used to simulate the grid in the MATLAB model. The main
components of this model is the grid voltage (V;) and the grid impedance (Z;), as shown

in Fig. 3.16.

Fig. 3.16: Grid model

The grid voltage comprises three phase voltages (V,, V, and V.) with same

magnitude (V) and shifted by 120° from each other as given by:

V, = Vesin(2rft)
Ve =1V, = Vssin(2reft + 120°) 3.38
V. = Vsin(2rft + 240°)

where f is the grid or supply frequency. Meanwhile, the grid impedance Z; has been
modelled with using 3-pahse RL impedance. The grid impedance for each phase can be

written as:

Z; = Rg + j2nfLg 3.39

where R; and L are resistance and inductance of the grid. The impedance parameters
have been estimated to have small values in order to generate some harmonics in the

generator variables.
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3.2.3 Parameters Values
3.2.3.1 Mechanical Parameters

These parameter values were initially measured by H. Wen-Ko [74]. Further work
was performed to measure and calculate new mechanical parameters by ]. Emslie in [75]
including updating some of Wen-Ko’s parameters. Finally, new measurements were
carried out by the author for determining motor and generator friction and windage
losses. This was done by running the Test Rig mechanically without connecting to the grid
and measuring the torque and speed at generator side to calculate the mechanical power.
Plotting the calculated power vs. measured speed in Microsoft Excel and using the
fundamental mathematical relationships between speed, torque and power, the friction
and windage loss coefficients of the generator were calculated. For calculating the friction
and windage loss coefficients in the DC motor side, the generator was used to drive the
motor. The same measurement procedures were repeated on the DC motor side. Details
of the calculations can be found in Appendix A. In addition, Appendix A shows the motor
constant calculation based on the manufacturer’s data for the motor. A summary of the

mechanical parameter values for each component is shown in Table 3.1.
3.2.3.2 Control & Electrical Parameters

The control loop parameters in the DC Motor Eurotherm Controller were measured
directly from menu in the MMI. Implementing these values in the model gave a reasonable
approximation to the Test time and frequency responses. However, to improve the
accuracy of the time period and amplitude of the oscillations of the speed response so that
they are more representative of those found from the Test Rig, the integral time values of
the speed control parameter value was modified from 0.5sec to 0.166sec. This was found
to produce a more accurate response. Furthermore, the generator parameters were
determined experimentally, where the stator and rotor resistance were obtained using
BS407 Precision Milli/Micro Ohmmeter. Then, the no-load test was carried out to
calculate the magnetizing resistance and inductance. After that, the stator and rotor
winding inductance were measured from the locked rotor test. For more details, see
Appendix A. On the other hand, the grid impedance was not measured but a small value
has been estimated and used. Finally, the PI control parameters of the RSI controller was
designed and chosen by the author. The electrical parameters for DC motor, generator
and grid as well as the control loops parameters of DC motor and RSI are shown in Table

3.2.
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Table 3.1: Mechanical parameters

Value
Characteristic Symbol Data or Modified Unit How obtained
measured | in model

1. DC motor
ngim of inertia of DCH 0.226 - kg.m? Given by [74]
ng?g m‘;fss lglzrt:a of DC| ., 0.7594 - kg.m2 Given by [75]
Motor constant Ky 0.57 - Nm/amp? Calculated by author
Friction loss coefficient Kspc 1.222 - Nm.sec/rad Measured by author
Windage loss coefficient Kywpe 0.001 - Nm.sec?/rad? Measured by author
Stiction torque Tpes 7.159 - Nm Measured by author
Maximum motor speed Wpemax 2120 - rev/min Given by manufacture
2. Low speed shaft
Stiffness K 4,119 14,000 Nm/rad Given by [75]
Damping Dy 8.46 10 Nm.sec/rad Given by [75]
3. Gearbox
Moment of inertia of gear 1 Jg1 0.06630 - kg.m? Given by [75]
Moment of inertia of pinion 1 Jo1 0.00013 - kg.m? Given by [75]
Moment of inertia of gear 2 Jg2 0.03839 - kg.m? Given by [75]
Moment of inertia of pinion 2 T2 0.05022 - kg.m? Given by [75]
Radius of gear 1 Tg1 0.198 - m Given by manufacture
Radius of pinion 1 Tp1 0.039 - m Given by manufacture
Radius of gear 2 T2 0.228 - m Given by manufacture
Radius of pinion 2 Tp2 0.232 - m Given by manufacture
Stiffness of gear pairs 1 Kgq 5,000,000 - Nm/rad Given by [75]
Stiffness of gear pairs 2 Ky, 5,000,000 - Nm/rad Given by [75]
Damping of gear pairs 1 Dyq 500,000 - Nm.sec/rad Given by [75]
Damping of gear pairs 2 Dy, 500,000 - Nm.sec/rad Given by [75]
Backlash 1 by 0.0625 - mm Given by [75]
Backlash 2 b, 0.2825 - mm Given by [75]
Gearbox ratio Ngp 4.9893 - - Calculated by author
4. High speed shaft
Stiffness Kps 1,711 50,000 Nm/rad Given by [75]
Damping Dy 12.74 10 Nm.sec/rad Given by [75]
5. Generator
Moment of inertia of J, 0.414 i ke.m? Given by [74]
generator
Friction loss coefficient Ky 0.001 - Nm.sec/rad Measured by author
Windage loss coefficient Kyg 0.00006 - Nm.sec?/rad? Measured by author
Stiction torque Tys 0.298 - Nm Measured by author
ISV;ZCe}ziamcal synchronous - 1500 - rev/min Calculated by author
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Table 3.2: Control & electrical parameters

Value
Characteristic Symbol Data or Modified Unit How obtained
measured in model
1. DC motor control
i. Speed control
Proportional gain Kps 10 - amp.sec/rad Measured by author
Integral gain K;s 20 60 amp/rad mc():;ilfcizl;:)eydairlﬁor
Integral time Tis 0.5 0.166 sec Measured and modified
by author
ii. Current control
Proportional gain Kpe 22.28 - volt/amp Measured by author
Integral K. 4.28 - volt/amp.sec Measured by author
Integral time Tic 5.28 - sec Calculated by author
2. DCmotor
Armature resistance R, 0.117 - Q Given by manufacture
Armature inductance Lq 0.00264 - H Given by manufacture
Field winding resistance Ry 112 - Q Given by manufacture
Field winding inductance Ly 17.8 - H Given by manufacture
Field voltage Vs 360 - volt Given by manufacture
3. Generator
Rated power - 30 30 kW Given by manufacture
Stator resistance Ry 0.079 - Q Measured by author
Stator leakage inductance Lys 0.802 - mH Measured by author
Magnetizing resistance Ry, 131.9 - Q Measured by author
Mutual inductance L 29.934 - mH Measured by author
Rotor resistance Ry 0.044 - Q Measured by author
R’, 0.072
. Ly, 0.802
Rotor leakage inductance - - mH Measured by author
L' 1.298
Turn ratio Ngy 1.272 - - Measured by author
4. Grid
Phase voltage magnitude . 110 - volt Measured by author
326 - volt Measured by author
Frequency f 50 - Hz
Grid resistance R; - 0.01 mQ Estimated by author
Grid inductance L - 0.5 uH Estimated by author
5. RSI
DC link voltage Voo 48 - volt ]?esigned by author
550 - volt Given by manufacture
PWM carrier frequency feri 2.5 - kHz Given by manufacture
6. RSI controller
i. Active power control
Proportional gain Kpq 3 10 volt/amp Demgns? er:fhi)nr()dlﬁed
Integral gain Kiq 3 10 volt/amp.sec Demgngs :EghI;Odlﬁed
Optimal power tracking K 0.001 - Nm.sec?/rad? Designed by author
factor ovt 0.00458 - Nm.sec?/rad? Designed by author
ii. Reactive power control
Proportional gain Kpa 3 10 volt/amp Demgngs :EghI;Odlﬁed
Integral gain Kiq 3 10 volt/amp.sec Deygng;i :Z?h?:dlﬁed
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3.2.4 Verification of the Mathematical Model

Various tests were carried out to verify the model against the physical system in
time and frequency domains. The results demonstrate the good agreement between
simulated and measured signals from the model and physical Test Rig in both domains.
The time response of the generator speed and high speed shaft torque of the physical
system and its model, in WRIG configuration, under different stages of speed demand are
illustrated in Fig. 3.17. The speed was rapidly increased from 0.00sec up to synchronous
speed, followed by a settling time before the grid synchronisation at 51.25sec. Step speed
changes were made to the grid-connected generator at time 80.00sec and continued for
the next 60.00sec before the grid was disconnected and the machine run down. It was
difficult to disconnect the grid in the simulation because the MATLAB software will stop
immediately after running the model. Therefore, the whole speed demand was applied in
the physical Test Rig and only the first 140sec was applied to the model. These results
demonstrate the good agreement between simulated and measured signals, where
differences between values are small except at grid synchronisation. This is believed to be
caused by a limit on the armature current rate of change, imposed by the DC controller to
protect the DC controller and motor so that they do not absorb rapid torque transients
and also as a means of limiting current overshoot for large current. However, further
results illustrate the good agreement between the physical Test Rig and its MATLAB

model with DFIG configuration in the time domain can be found in Chapter 5.

Another test was carried out to investigate this model with the Test Rig in the
frequency domain. The PSD analysis of the resulted torque signals for a linear run up and
run down condition is shown in Fig. 3.18. Several natural frequencies were observed,
specifically 0.30Hz, 22.90Hz and 121.62Hz, corresponding closely to results from the
physical Test Rig. It is clear that the model has now achieved good accuracy in frequency
domain. Further study was achieved by the author in the model to analyse and relate the
sensitivity of these frequencies to system components, and the obtained results show
that:

e 0.30Hz component depends on the DC drive controller and the inertia of
generator and mass plate;

e 22.90Hz component depends on the stiffness of low speed shaft and the inertia of
DC motor and mass plate;

e 121.62Hz depends on the stiffness of low speed shaft, the inertia of the gearbox

and the inertia of generator and mass plate.
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Fig. 3.17: Measured & simulated speed demand and time domain response of the Test Rig
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Fig. 3.18: Measured and simulated speed & torque PSD for the Test Rig

3.3 Conclusions

The Test Rig has been modified to represent a full variable speed drive train DFIG
with back-to-back converter capable of operating at synchronous speed 1500rev/min
+30%. Furthermore, the Test Rig has been reconfigured to run as a variable speed WT-
driven WRIG or DFIG depends on the user. A more detailed mathematical model of the
Test Rig has been built and that model verified against the real Test Rig using a defined

operational cycle including synchronisation in both time- and frequency-domain.
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4 Control Scheme Model for Rotor Side Inverter

4.1 Introduction

For controlling the WT-driven DFIG, different strategies have been proposed over
the last decade in the literature [78], [79], [80] and [81], including DTC, vector control and
variable structure control. These strategies are based on the fact that BRWS, the WT will
trace the maximum power-torque or power-speed curve whilst ARWS, the output power
was limited to its rated value until the shutdown wind speed limit was reached. To trace
the maximum power-torque or speed curve there are two methods of achieving it which
are termed ‘current-mode control’ or ‘speed-mode control’ [82] while pitch regulation

ensures rated power for the WT ARWS.

The vector control scheme, however, has become the favoured and the most
adopted control technique in many induction machine applications [83], [84] due to its
ability to obtain a fast dynamic response and accurate torque control [85]. In a variable
speed WT, the DFIG was controlled via the rotor converter. The GSI was controlled to
maintain a constant DC link voltage regardless of the magnitude and the direction of rotor
power and to guarantee the operation of the inverter at unity power factor, i.e., zero
reactive power [86], [87]. This means that the GSI exchanges only active power with the
grid, and therefore the transmission of reactive power from DFIG to the grid was
performed only through the stator winding [88]. The RSI independently controls the
generator active power [86]. To some degree, the RSI can be considered as a current-
controlled voltage source. Typically, there are two topologies can be used for applying a
vector control scheme to control DFIG based on dg-transformation, which are:

e Stator flux-oriented vector control (SFOVC) in [80], [82] and [89] ;
e Rotor flux-oriented vector control (RFOVC) in [90].

With the SFOVC scheme, stator windings are directly connected to the grid, so the
resulting stator voltage equations will be simpler than the rotor flux oriented ones [83]
and easier to implement [91]. Moreover, the stator active and reactive power are
controlled directly through the g-axis rotor current and d-axis rotor current, respectively,
[80], [82]. However, the conventional approach for this is SFOVC using rotor position

sensors whose performance depends on the rotor positional information accuracy,
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derived from the position encoder or speed sensor [80], [92]. In general, the encoder
increases system costs and is subject to failure, especially in stormy weather where the
DFIG is used [92]. The SFOVC was adopted in this research to control the RSI. Considering
that stator and grid resistances are comparatively small, the grid flux orientation aligns

with the stator flux orientation without significant error [93].

The present work was limited to BRWS operational control strategy. The proposed
maximum power extraction control strategy for the DFIG-based grid-connected WT
employs the production torque as a dynamic reference to be imposed on the DFIG in
BRWS mode. This methodology is known as current-mode control [82], [89]. The DFIG is
controlled in a synchronously rotating dg-axis frame, with the d-axis oriented along the
stator flux vector. In this way, a decoupled control between the electromagnetic torque
and the rotor excitation current is obtained. The control of the GSI is not of primary
concern for this study as the focus of this research detects the WT faults by observing the

signals inside the RSI controller of the turbine.

Based on the current-mode control strategy, the RSI controller was designed and
built for developing the MATLAB model and the physical Test Rig. This controller mainly
consists of an active power optimization controller and a reactive power controller.
Firstly, the optimal power extraction- generator speed characteristic for the Rig was
extracted and used to define the optimal torque. Secondly, this torque was developed to
define a reference torque and rotor reference current, which was imposed to the DFIG,
after compensating for friction and windage. Finally, the reference currents were
compared to the actual machine currents and passed through a standard PI controller and

the rotor voltage required to control the speed of the machine was obtained.

4.2 DFIG Model Development & Current Control Scheme

As mention above, the SFOVC scheme was adopted to control the DFIG. Therefore,
the following assumptions must be considered [94]:
e The stator flux vector is aligned with the d-axis of the stator;
e Stator voltage drop across resistance has been neglected as the influence of stator
resistance is small compared to the grid voltage;
e Since the stator is connected to the grid, the magnetizing current of the stator is

assumed to be determined by the grid.

Under these assumptions introducing the total magnetizing current (i,,) and

neglecting the stator resistance (R = 0), the relationship between the dg-axis stator
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voltages, currents and fluxes which have previously been given in Chapter 3 can be

rewritten in steady state as following:

Vgs =0 4.1

Ugs = |Vs| 4.2

. _ L_m . _ 4 3
lgs = Lg (lm ldr) .

igs = —LL—’:i’qr 4.4

[Vl
Pas = j 4.5
Pgs =0 4.6

Substitute Eqs. 4.3 and 4.4 into Eqs. 3.24 and 3.25 the rotor fluxes can be

formulated as:

4 _ L/ L%n ./ L%n 47
Par = Lo =g + 7" im -
/7 _ L/ L%n ./ 4.8
A ( r_L_s)lqr :

Consequently, the rotor voltage components can be developed by substitution of

the rotor fluxes in current component form into Egs. 3.20 and 3.21, then

r Aiqr L;

Vg =R g + L, Pl (0= wre) (L, — TT)i/qr .9
/ . YAy / di,qr ’ L?n | L%n.
Vgr =Ryl + L% o +(0)_wre)((Lr_L_s)l dr+L_slm) 410

Note that, both Egs. 4.9 and 4.10 describe the rotor voltage in stator side. These

equations can be rewritten in the rotor-side as:

digr

; Lz, ..
Var = erdr + Lr? - (w - wre)(Lr - @)lqr 4.11

2

L2, <. L
+ (w - wre)((Lr - ﬁ)ldr + KTYZS

digr
dt

Vgr = Ryigr + Ly i) 412

where ng, is the turn ratio between stator and rotor. The last terms in both equations
causes a cross-relation between the two rotor current components. Also, it is possible to
write the electromagnetic torque, the stator active and reactive power as a function of

stator voltage and dg-rotor current components as following:
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T, 15me":§' " = —1.5pimllller 413

ar Ly @ Ngp
L .
Pz —15 2 |Vig, 414
- Vol iar
Qs =15y (wLm nsr) 4.15

By assuming the stator voltage magnitude and frequency are constant, the torque
and active power can be considered proportional to the g-axis rotor current component

and the reactive power related to the d-axis rotor current component.

4.3 Maximum Power Extraction & Speed Control Strategy

For a given WT, the maximum mechanical power extracted from the air stream
depends upon the wind speed and the turbine rotational speed, which is generally

expressed as:

3
Pr = 0.5pmC, (4, BIR?u® = 0.5pmC, (A, B) 35 416

where p is the air density, C, is the power coefficient, A is the tip speed ratio, § is the pitch
angle, R is the turbine radius and wy is the turbine rotational speed. From the above
equation, the turbine blade is characterised by particular C, — 4, B curves, and from them
the optimal power extraction-speed characteristics can be derived for various wind
velocity values u. With neglecting the loss in the gearbox, the above equation can be

written as function of rotor generator speed (w;,) as:
R3 3
PT = OSpT[Cp(A,‘B)n?,—blswrm 4.17
g

where ng), is the gearbox ratio, and the power is proportional to the generator rotational

speed. In a variable speed WT below rated wind speed, the term of
R3
0.5pmCy (A, B) R ~ constant =~ K 4.18

and the relationship between power and generator speed can be formulated as:
Pr = Kwd, 4.19

Fig. 4.1 demonstrates the typical characteristic with fixed g for the 30kW WT
emulated in the physical Test Rig BRWS.
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Fig. 4.1: WT characteristics with the optimal power extraction speed curve

Since the wind cannot be controlled, the turbine rotational speed is then controlled
to optimize the WT’s power extraction. In order to obtain the maximum possible energy
from the turbine, the controller should regulate the turbine speed to operate between

points (A-B) on the optimal power extraction-speed characteristics curve, defined by:

Propt = KoptWim 4.20

At point B in the characteristic curve in Fig. 4.1 for the Test Rig, the rated stator
power is 30kW when the generator speed (4-pole DFIG) is 1950rev/min or 204rad/sec.

Recalling Eq. 4.20, the parameter K, is computed as:

Pro P; 30,000
Kopt = :;:f = = Goay © 0.0036 W.sec3/rad? 421

and the corresponding torque produced by the turbine in this case is defined by:
TOpt = Koptwrz'm 422
with K, value and Eq. 4.22, the optimal torque-speed characteristic derived, which was

then applied to the controller model, as shown in Fig. 4.2.
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Fig. 4.2: Torque-speed characteristic for control strategy
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However, this torque-speed characteristic curve cannot be used in the physical Test
Rig with a gearbox installed because of the generator torque limitation. From its
specification the maximum torque the DC motor can produce is 248Nm and, with the
gearbox, the maximum resultant generator torque would be 50Nm, which is about the
minimum torque required by the control strategy. Therefore, the author modified the
characteristic curve by setting K, value to 0.001Nm.sec?/rad? to give a generator
torque variation from 12Nm to 42Nm, that is from sub- to super-synchronous speeds.
This modified curve was applied in both the physical Test Rig and MATLAB model to
control the RSI connected to the 48volt DC link batteries, reducing the generator stator

phase voltage magnitude to 110volt.

4.4 Active Power Optimization Control

The DFIG was controlled according to a pre-defined power-speed characteristic to
optimize wind power extraction. Thus, active power optimization control is actually
generator speed control. According to the decoupled dg-axis mapping, g-axis and d-axis
rotor current components are controlled for torque and active power respectively. Due to
its reliability and robust performance in the field, a proportional integral (PI) controller

was used.

The electrical and mechanical dynamics of the induction machine has different time
scales and the electrical dynamics are fast. Therefore, it was necessary to control the
machine in a cascade structure [95], shown in Fig. 4.3. By using current control loop
methodology, Active Power Control comprises 3 cascaded loops: g-axis rotor current,
torque and speed control. Considering that torque is difficult to measure, it is most often

controlled in open-loop.

Fig. 4.3. Active power control of DFIG
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4.4.1 Speed Control

The characteristic curve in Fig. 4.2 was used as a dynamic reference for the
generator torque demand as a function of measured generator speed. The speed control
scheme operates by modifying the electromagnetic generator torque to react to variations
in turbine rotational speed. The speed control scheme imposes a reference torque on the
DFIG rotor for given generator speed according to Eq. 4.23 after compensating for the

friction and windage losses.
Tref = Kopthm - ngwrm - ngwgm 4.23

Later this reference torque will be used in the next stage to calculate the reference

value of g-rotor current (i, r¢f) in the torque control.

4.4.2 Torque Control

From Eq. 4.12, the decoupling between the electromagnetic torque and the g-rotor
current was obtained. The objective of this controller is to develop this relationship and
use it to calculate the reference value of g-axis rotor current as:

L
PLm

iqrref =—-15 'l%slnsrTref 4.24

which will be used as an input for g-axis rotor current control.

4.4.3 q-Axis Rotor Current Control

Although the g-rotor reference current imposes the effect of torque control, the RSI
is a controlled rotor voltage source. Hence, a final stage of the active power controller was
implemented using the current error resulting from the reference torque. To determine
the required rotor voltage vy, a standard PI controller was implemented. With
comparing the reference current to the actual generator current and the error signal was

processed by the controller, the rotor voltage for controlling the DFIG was generated.
172;7- = qugiqr + Kiq f 8iqr dt 4.25

where Eiqr = lgrref — lgr 4.26

72



This control scheme is shown in Fig. 4.4. To ensure good tracking of these currents,

the cross-magnetisation compensation terms are added to the controller output (vg,) and

obtained the reference value of the rotor voltages v, roy Which can be formulated as:

2

Lmo ) 4.27

L%, .
Vgr ref = qugiqr + Kiq f giqr dt + (w — wre) ((Ly — ng:an)ldr + TerLs

&; r ] vy
-‘|: il K & il qu'ref

; L Lz
i m o~ . m .
ar (@ -, (L, — E}lw + oL m

Fig. 4.4: Block diagram of g-axis rotor current control

This signal will modify the switching sequence to produce the required voltages at
the output of the converter. So, the proper estimation of current controller parameters is

essential for enhancing the performance of the system.

4.5 Reactive Power Control

The reactive power delivered by the WT generator stator directly depends on the
rotor d-axis current. Therefore, reactive power control was performed through d-axis
rotor current, the principle of this control. A similar analysis to the rotor current d-axis
control was carried out for the rotor current g-axis control can likewise be done. A
standard PI controller and summation of the direct rotor current compensation term,

derived from Eq. 4.11, was implemented to obtain the reference rotor voltage vy rer as

shown in the figure below.
Lz ..
Var ref = Kpdgidr + Kid f gidr dt — (w - wre)(Lr - ﬁ)lqr 4.28

where gidr = idT ref — idT 4.29

Vir ref

LE
i LT
dr (w - wv‘e}([‘r - ﬁ}lq‘r
Fig. 4.5: Block diagram of d-axis rotor current control
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Since the control system is symmetrical, the PI controllers have the same
parameters for the rotor current d- and the g-axis loops. Assuming that all machine
reactive power was supplied by the stator, the reference value of d-axis rotor excitation
current may set to zero (igr,ef =0). As a result of setting this value, the total
magnetization current (i,) drawn by the machine to maintain the field flux will be
provided by the d-axis component of the stator. Using Egs. 4.3 and 4.4, the magnetization
current can be calculated by:

. — — Ls . — |VS|
lm—lms—alds—

4.30

WLy

In practice, it is generally desirable to keep the d-axis rotor current to a minimum
and supply magnetising current entirely from the stator to decrease converter current,
reduce converter losses [82] and limit converter rating, which minimises converter size

and cost.

4.6 PWM Generator

A PWM scheme, based on a triangular carrier, was used to control the converter
IGBT switches. Here, a PWM generator block diagram with RSI 3-phase bridge inverter
and DFIG rotor is shown in Fig. 4.6. The pulsating rotor voltage was obtained by

alternately switching in each phase the upper and lower IGBT switches.

RSl

R — 1

BC T or b

DFIG Rotor

.................
Var ref

Vsr ref

GS, GS, iGs,

Ver ref

,----.._
- inm o

.................

PWM Generator

Fig. 4.6: Scheme of PWM voltage source converter

However, several converter switching functions can be employed to yield identical

output results. In this research, the switching function employed is demonstrated in Fig.
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4.7, and it is known as a sinusoidal or sine-triangle PWM (SPWM). this type of functions
has the advantage of simplifying the analysis and evaluation [96]. In this way, all the
sinusoidal rotor reference phase voltage outputs from the controller, displaced over 120°
or 2400 respectively, are compared with a triangular carrier wave (V,,;). For example,
when Vg rer > Vi as shown in Fig. 4.7a, the logical output signal of the comparator is
positive and the upper switch was closed. Meanwhile, if Vg rof < Viy;, the logical output
signal of the comparator is negative and then the lower switch was closed. Fig. 4.7b
illustrates the output signal of the comparator, also called gating signal (GS;), which can
be expressed as Fourier series [96] by:

GS1(t) = X %=1 Bpsin (nw,t) 4.31

nodd

where B is the Fourier series coefficient, w, is the fundamental frequency of the Fourier

series which is the required frequency of the rotor voltage and can be obtained as:

Wy =W — Wrpg = W — PWrm, 4.32

gl

i | | ' i i
Time

|

(@
Fig. 4.7: Switching concept of PWM voltage source converter

[

In the same way, the IGBT switches of the other two inverter legs were open and

closed according to output signals GSz and GS;from the comparator. With this concept,
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the rotor phase voltages v,,, v, and v, were obtained by multiplication of the DC link

voltage V. with the gating signals as follows:

Vo (£) = % GS,(t) = %Z” ni  Bsin (nw,t) 4.33
n;tT;roiplen

V() = Vg (t — 120°) 4.34

Ver(t) = vg-(t +120°) 4.35

Similarly, the respective line to line voltagesV,;,., Vpc- and V4, are given by:

% .
Vapr () = vgr () — vp,(£) = \/5%62” n=1 Bpsin (n(w,t + 30°)) 4.36

nodd
n#triplen
Vbcr(t) = Vabr(t - 1200) 4.37
Vcar(t) = Vabr(t +120°) 4.38

Fig. 4.8 shows the inverter rotor phase and rotor line voltage waveforms obtained

from the MATLAB Simulink model.

Rotor phase voltage

Rotor line voltage

Time
Fig. 4.8: Rotor voltage waveforms
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4.7

Other Control Parameters

A schematic diagram of the overall generator control system is shown in Fig. 4.9.

The RSI provides the actuation and the control requires the stator and rotor currents,

stator voltages and generator speed to be measured. In order to achieve control, Clarke

and Park transformations and their inverse were used. The control algorithm also

computed the stator flux phase angle. Furthermore, to improve controller performance

the initial DFIG rotational position was measured and several LPFs were applied to

improve some measurements quality.
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Fig. 4.9: Block diagram of the RSI controller
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4.71 Clarke and Park Transformations

The controller diagram contains a Clarke Transformation block which transforms
3-phase abc quantities into a stationary af-reference frame whilst the Inverse Clarke
Transformation block transformed from the af-reference to the abc frame. With stator
flux phase and rotor position angles, the transformations from af-reference frame to
synchronous dg-reference frame and the inverse were performed by the Park and Inverse
Park Transformation blocks, respectively. The mathematical description for these

transformations is presented in Appendix B.

4.7.2 Stator Flux Angle

The synchronous dg-reference frame was rotating at the same speed as the stator
voltage (w), and the stator flux angle was computed using components of the estimated

stator flux in the stator af-frame, according to

Pas = f(vas + Rglgs)dt 4.39
Pps = f(vﬁs + Rsiﬁs)dt 4.40
6 = tan™' 2F* 4.41

where v, Vgs, Las, igs, Pas and @pg are the stator voltage, current and flux components in

af frame.

4.7.3 Rotor Electrical Angle

The dg-reference frame of the rotor is rotating at electrical speed (w — w;,). From
the rotor mechanical angular displacement (8,,,), the control algorithm computed the

rotor electrical angular displacement, rotor mechanical and electrical speeds by:

Ore = POrm 4.42
d
Wym = agrm 4.43
d d
Wre = Eere = pagrm = PWrm 4.44
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However, the incremental encoder, fitted on the physical Test Rig, provided a
measure of the relative rotation angle with respect to an initial rotor angular
displacement, 8,.,,;- As a result, the mechanical angle obtained from the encoder and the
calculated electrical angle were only equal to 6,,, and 6,.,, respectively, if the rotor and
the stationary reference frames were initially aligned at 6,,,;; = 0. But this was not the
situation for the Test Rig DFIG where earlier results showed that 6,,,; # 0. Therefore, to
increase the angular computational accuracy and improve system performance it was
necessary to identify this initial rotor position value at some instant. A test was made and
the initial position of the DFIG rotor was found to be 8,,,; = 2.4° from the stationary
reference frames. From this moment onward, the encoder measured the mechanical angle
increment A8,.,,(t) with respect 8,.,,,;, and 8,.,,,(t) was derived by adding 6,,,; to A8, (t).

Then, the electrical angle is estimated by:

Ore(t) = P80, () + i) = (A0 (T) + 2.4°) 4.45

4.7.4 Filters

For the physical Test Rig, several high pass filters (HPFs) with a 0.63Hz cut-off
frequency were inserted in the controller model in the xPC TargetBox environment. These
filters were used for the stator current and voltage measurements to eliminate current
and voltage transducer DC offsets. Furthermore, experimental time measurements
showed visible dg-rotor current noise, to be explained in the next section. Therefore, it
was decided that dg-rotor current signal filtering was also required. As a result of this a
50Hz LPF was applied initially to these signals in the physical Test Rig and then extended
into the MATLAB model.

4.8 Results

Several tests were carried by the author to investigate the RSI controller’s
performance by comparing physical Test Rig and MATLAB model test results. For this
purpose, the time domain response of the Test Rig controller and model were analyzed at
different operation conditions. The results are given below showing the response of the
DFIG and the RSI controller in sub-synchronous operation. For these tests, the Test Rig
was driven by the DC motor under speed demand with different step changes as shown in
Fig. 4.10. The speed demand was initially applied to the physical Test Rig to measure the

resultant generator speed, rotor and stator currents and other system responses. The grid
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frequency was also measured during the tests and found to vary from 49.91Hz to
50.10Hz. The reason for measuring grid frequency was because generator speed and
torque, and hence control performance, was affected by frequency. Any small frequency
change can lead to significant results differences. However, it proved difficult to record
grid frequency variation in the lab continuously against time. Therefore, the 50Hz average
was used and applied to the model. Furthermore, in order to apply the same operating
conditions in the simulation test, the grid (stator) voltage was also measured. Again, this
voltage was varied between the 3-phases around the set value, due to changing loads on
the individual phases within the University site. However, the unbalance was relatively
invariant with time, so measured voltage values were averaged to 110volt, 109volt and

108volt for phases a, b and c, respectively, and then applied to the model.

320

Speed demand (rev/min)
X
(=]

45 55 65 75 85 95 105 115 125 135 145
Time (sec)

Fig. 4.10: DC motor speed demand of the physical Test Rig & the MATLAB model

4.8.1 DFIG Speed

Fig. 4.11 demonstrates the response to step changes of speed demand in the
generator speed. The experimental signal was obtained from the rotor position
measurement inside the xPC TargetBox environment as discussed in Chapter 3. As we can
see, the model achieved good accuracy in the generator speed response with oscillation

corresponding closely at step speed changes for between the model and physical Test Rig.
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Fig. 4.11: Generator speed response of the physical Test Rig & the model
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4.8.2 Rotor Currents

The closed loop response was investigated using the rotor currents. Fig. 4.12
displays the actual currents from measurement and simulation for the g-rotor reference,
with the excitation d-rotor current maintained at zero. Several observations can be made
from these results. Firstly, the controller worked correctly, the generated and actual g-
rotor reference currents correspond, following the generator speed changes precisely.
Secondly, the controller performances experimentally and in simulation were similar
where the simulated control signals closely correlate with measured signals. However,
there was noise in the measured signals compared to the noise-free simulation signals
and it was found that several fundamental causes are responsible for the overall noise

and they will be explained in section 4.8.4.
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Fig. 4.12: Responses of g-rotor reference, measured & simulated currents to speed demand step
changes

The system performance was also evaluated for the rotor phase currents. A
comparison between the measured and simulated rotor current for one phase is
presented in Fig. 4.13. It is clear that there was good agreement between measured and
simulated data with a slight variation due to frequency. As mentioned above, the grid
frequency varies around 50Hz between 45sec to 65sec, when the Rig was operated close
to synchronous speed, and the effects can be seen in Fig. 4.13(a) and in more detail in Fig.

4.13(b).
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Fig. 4.13: Rotor phase current measured & simulated responses to speed demand step changes

4.8.3 Stator Powers & Currents

The influence of speed changes on stator power and current produced by the
system were then studied. Fig. 4.14 shows the corresponding the total stator active and
reactive powers and Fig. 4.15 shows the response of the stator phase currents. The
behaviour of the active power variations as well as the currents was similar for the
measured and simulated systems. However, it is clear that although the reactive power
was constant at around 1950VAr, it had limited variations around 1950VAr at step speed
changes in both measured and simulated systems. Again, the measured quantities

contained noise due to the reasons which will be discussed in section 4.8.4.
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Fig. 4.14: Measured & simulated total stator power responses to step changes in speed demand
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Fig. 4.15: Measured & simulated stator current responses to step changes in speed demand

4.8.4 Noise

[t can be seen easily that the measured quantities are contaminated with noise. This
noise is generated in the experimental Test Rig by combination of different reasons such
as the noise from the voltage and current cards, but the main noise sources in this system
are:

e The small continuous fluctuation in the grid frequency around 50Hz. This
fluctuation leads to change the torque, synchronous electrical angular speed,
electrical angular speed of the generator rotor, the speed of the dg-reference
frame and then the RSI control quantities.

e Stator magnetising unbalance. It was found from frequency analysis to rotor and
stator currents that the current DFIG has clear impedance unbalance in the stator
circuit, due to a rotor eccentricity unbalancing the machine magnetising reactance
between the three phases.

e The three phase PWM signals (GS; to GS3) were unsynchronised, because of xPC
TargetBox hardware limitations. Therefore, there will always be a delay between
signals affecting converter IGBT switching, producing noise in rotor voltages and

currents.
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e (Grid voltage unbalance. The grid voltage measurements showed that an unbalance
between the 3-phase voltage values in the University site. Even this unbalance is

small but it contributes in the stator unbalance and the noise.

Unfortunately, these noise sources are unavoidable with the current measurements
from the physical Test Rig. However, they are not specific to the Test Rig and would also

be present in the real machines where the machines and the grid are not perfect.

4.9 Conclusions

From all these measured and simulated results, it is clear that the RSI controller,
designed and built by the author, accurately enables the Test Rig to represent a variable-
speed WT-driven DFIG and the MATLAB model, constructed by the author, to represent
that Test Rig.
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5 WT Induction Generator Failures & Signal Processing

5.1 WT Induction Generator Failures

511 Introduction

Wind generators are one of the critical components in a WECS. However, weather,
turbulent wind conditions, duty and installation issues may accelerate generator failure
sooner than expected generator life. As mentioned in Chapter 2, these generators are
prone to many electromechanical faults, for example in the stator, rotor, bearings and air
gap, due to eccentricity. The major generator faults can be categorised into two types
[97]:

i. Electrical faults:

e Rotor electrical faults, defined by broken bars or end ring segments for
squirrel-cage rotors and rotor winding open- or short-circuit and brushgear
faults for wound rotor generators.

e Stator faults, defined by stator winding open- or short-circuited.

ii. Rotor mechanical faults such as bearing damage, eccentricity, bent shaft or

misalignment.

These failures may exhibit one or more of the following symptoms: disturbances in
the current/voltage/flux, leading to unbalanced and harmonic line currents and
consequent air-gap voltages, increased consequent harmonic torque pulsations,
decreased average torque, excessive winding heating and increased losses or efficiency
reduction [40], [64], [98]. All these effects are undesirable because they damage and
reduce the reliability of the generator and the whole WECS.

Although bearing faults dominate total generator failures, as shown before in Fig.
2.5, the failures associated with rotor contribute significantly to the total generator
failures, particularly in small size. These accounted for 12% of the total IG failures in
larger MW range generators while exceeded 50% of failures in smaller MW scale
machines. Due to these significant percentages, rotor fault diagnosis has received
considerable attention during the last decades. Previous work, including [63],

investigated the detection of rotor faults based on the known fault frequencies in the
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stator current or power signal. However, understanding the influence of these failures on
different WT generator control signals and utilising control signals to monitor the
generator has received little attention and few papers have been published in this field.
This research will focus initially on understanding the effect of rotor faults on the
generator terminal and control variables for a modern WT-driven DFIG. Then, detection
of faults is to be effected by applying frequency analysis to the control signals inside the
RSI controller, particularly:

e d-rotor current error signal;

e g-rotor current error signal;

e g-rotor current signal.

The use of generator control loop signals for CM, compared to conventional
techniques such as vibration monitoring, should have the following advantages:
e Reduced numbers of sensors;
e Electrical measurements are cheaper than mechanical measurements;

e Generator control signals are already available and can be easily accessed.

Common failures in an IG rotor cause rotor electrical asymmetry, which is
considered in this research. This fault is generally represented as brush-gear or rotor
winding open-circuit faults for the WRIG or DFIG, or broken rotor bars or cracked rotor

end-rings for the squirrel cage induction generator (SCIG).

5.1.2 Rotor Electrical Asymmetry

Although rotor asymmetries do not initially cause a machine to fail, they can have
serious secondary effects. For example in an SCIG, the broken bar faults may result in
parts striking the stator windings at high velocity, causing serious stator winding damage
to the IG [99]. The most serious effect of these faults may be that it is too costly to repair
the rotor. However, this could be avoided, if the machine were supervised by an
appropriate CM or diagnostic system. IG rotor faults generally start from a small fracture
or high resistivity spot in the rotor winding. As such a fault increases the lack of induced
currents in the rotor faulty section causes local saturation in stator and rotor teeth
alongside the broken bars, a disproportional distribution of magnetic field and

consequent asymmetrical air-gap magnetic field [100].
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5.1.2.1 Causes of Rotor Electrical Asymmetry

A common reason for such failure is manufacture, such as defective casting or
brazing, or thermo-mechanical activity over the machine life. Another general reason is
over current, for example due to a single or successive rotor stalls, but there can be
various reasons that will lead to failure [101], [102]:

e Thermal stresses due to thermal overloading of the machine, non-uniform heat
distribution, hot spots, or excessive losses, sparking, mainly in cast rotors;

e DMagnetic stresses due to electromagnetic forces, electromagnetic noise and
vibration;

e Residual stresses from manufacture;

e Dynamic stress due to rotor axial torque and centrifugal forces;

e Environmental stresses caused by contamination and abrasion of rotor material
due to chemicals or humidity;

e Mechanical stresses due to bearing damage or fatigued parts.

5.1.2.2 Basic Derivation of Electrical Frequency

The sequence of electromagnetic and mechanical phenomena due to the rotor
asymmetry in the stator and the rotor of an induction machine that causes the current
components were explained in [37], [68] and [103]. In a balanced and healthy machine,
the symmetrical stator circuit generates the rotating magnetic field at frequency (f),
which produces e.m.f in the rotor windings at frequency (sf). The presence of a rotor
asymmetry leads to unbalanced rotor currents, which causes a reverse rotating magnetic
field, related to a rotor inverse current sequence component at frequency (—sf). The

rotor current (i) waveform can be written as:
i(t) =acos2msft+ @,) + bcos(2m (—sf)t + Dyp) 5.1

where a and b are the component magnitudes and @ is the component phase angle.
Consequently, these positive and inverse sequence is reflected on the stator side and

induce e.m.f with frequencies f & (1 — 2s)f and the stator current (is) becomes:
is(t) = Acos(2m ft + @) + Bcos(2m (1 — 2s)ft + Dp) 5.2

where A and B are the component magnitudes. The arising (1 — 2s)f harmonic

component in the stator interacts with rotor current of frequency (—sf). This harmonic
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also interacts with the fundamental magnetic flux 1 cos(2m ft + @,) and produces the

oscillatory torque at frequency 2sf.
ATy (t) = 3pyYBsin(4nsft + (D, — Dp)) 53

and then to speed ripple results as follows:

1 3pyYB
B (£) = - ATy (D)t = 4;’;?@ cos(4 sft + (B, — Bs)) 5.4

where p is the number of pole pairs, ], is the generator inertia and the displacements are
referred to the fundamental current components. The rotor speed variation gives rise to
a further distortion in the stator variables. The rotor speed variation is seen by the stator
as a mechanic angular variation and can be computed by rotor speed integration as:

[ Aw,, (D)dt = —%sinﬂn sft+ (9, — D5)) 5.5

This angular variation causes a phase modulation in the stator flux that becomes:

0s(t) = Yeos(2msf + 0, — %sin(zm sft+ (@, — 05)))

=207 fz’jrsllf)fjg [cos(2m(1 — 25)ft + B,) — cos(2m(1 + 25)ft + (20, — ®5)] 5.6

These fluxes induce in the stator windings two e.m.fs at frequencies (1 + 2s)f. The
(1 — 2s)f causes a stator current component which interacts with rotor current of
frequency (—sf). The other component (1 + 2s)f will cause a rotating magnetic field at
frequency 3sf with respect to the rotor. Due to rotor asymmetry, the rotor currents

induced by the resultant rotor e.m.f generate two rotating fields at frequencies +3sf.

is(t) = Acos(2m ft + @,) + B cos(2m (1 — 2s)ft + @)
+Cy cos(2m (1 — 2s)ft + @p + B¢) + C, cos(2m(1 + 2s)ft + 20, — 0p + @c) 5.7

i.(t) =acosmusft+ @,)+ bcos2m (—sf)t + @) + ¢, cosm (—sf)t + @, + D,)
+c, cos(2r(3s)ft + @, + @) + dy cos2n(—3s)ft + +0, + 0. + D4) 5.8

The consequence of these phenomena continues for every different frequency flux
variation. The interaction process and the reflected harmonics due to rotor dissymmetry
can be summarized as shown in Fig. 5.1. Note that these harmonics have less effect in the
speed and the torque than the stator and rotor currents due to the generator inertia

which react to damp and absorb these harmonics.
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Fig. 5.1: Frequency propagation of rotor electrical asymmetry in different generator & control
variables

This process gives rise to stator and rotor current components at frequencies
(14 2ks)f withk =0,1,2,3,... and tilsf withl =1,3,5,7, ..., respectivetly. Therefore,
both Egs. 5.7and 5.8 can be developed and rewritten as:

is(t) = Ag cos(2m ft + @5,) + Xj=1 Axar cos(2m (1 £ 2ks)ft + D) 5.9

ir(t) = as cos2ms ft + B, ) + a_y cosr(—s f)t + 3, .))

+X%1=3 ag cos(2m (xls)ft + @, ) 5.10
lis odd B

According to Eq. 5.10, the rotor faulty harmonics will be transferred into RSI control
loop signals and are expected to produce a relevant harmonic in the spectrum of the
actual d- and g-rotor. In this case, both of the actual d- and g-rotor current waveforms can

be written as:
Lar(t) = lar, () + Xm=1lar,,,, OS2 (£2ms)ft + Bar,,..) 5.11

lgr(©) = Igr, (©) + Xin=11lgry,,, COSCT (£2ms)ft + Byr,,,.) 5.12

where Iy, and I, are the fundamental harmonics of d- and g-rotor currents,

respectively, m = 1,2,3,.... Extracting the frequency components from the above
equations we see that rotor electrical asymmetry results in actual d- and g-rotor current
harmonic components at +2msf. By subtracting Eq. 5.11 from the d-rotor reference
current and Eq. 5.12 from the g-rotor reference current, the instantaneous values of the

error signals inside PI control loops are:
gidr(t) = lgr ref(t) - Idro (t) - Z%:l IdiZm COS(ZT[ (izms)ft + gdrﬁm) 5.13

Siqr(t) = lgr ref (t) = Igry (®) — Xm=11q,,,, OS2 (£2ms)ft + By, ,,..) 5.14
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In a steady state operation conditions, ig, yef(t) = gy, (t) and igy yep () = Igyp, (0.

Therefore, the expressions of Eq. 5.13 and Eq. 5.14 can be expressed as:
Ei, (0) = Xm=1 laryym cos(2m (£2ms)ft + ﬂdrizm) 5.15
Ei, () = Tini Iy, cos(2m (£2ms)ft + Bgr,, ) 5.16

From Eq. 5.15 and Eq. 5.16, the remaining error signals can be expected to mainly
contain the fault existence harmonics at frequencies (+2msf). Furthermore, the spectra
of these signals are expected to give better evidence of asymmetry than other electrical
signals, such as stator current and total power, due to:

e Faulty harmonics dominate the whole error signal spectra, while 50Hz and 0Hz
components dominate the stator current and total power spectra, respectively;

o They suggest easy fault detection ability for the DFIG even at synchronous speed,
whilst that is difficult using the stator current and total power;

e Monitoring line or phase stator current only gives information about the specific
phase or line being measured, while monitoring total power increases the number
of transducers and the consequent noise. However, monitoring the control error
signals can offer an equal contribution from all phases and minimize costly

transducers and data processing.

In this research, the attention will be focused only on the investigation of the 2sf
faulty component amplitude inside the control error signals for d- and g-axes as well as
the g-rotor current. However, the d-rotor current is not considered further in this
investigation because it is equal to the d-rotor error current (i4-(t) = &;, (t)), due to the
control strategy (igy ref (t) = 0) used. Furthermore, the spectra of the proposed signals

will be compared with the spectra of the stator current at (1 — 2s)f and the total power

at 2sf.

5.1.2.3 Fault Representation

In order to test several practical WECS IG fault situations, it is necessary to realize
fault situations similar to reality. Faults which damage one or more rotor winding or
brush-gear circuits have the effect of increasing faulty phase resistance and unbalancing
rotor circuit resistances. Therefore, the rotor electrical asymmetries can be practically
modelled in the generator by inserting an additional resistance in series to the phase

rotor windings. In this research, the 3-phase rotor resistances of the experimental
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Durham Test Rig generator were increased by external variable resistors connected into
the rotor circuit via the machine slip rings, as shown in Fig. 5.2. These resistors were
introduced to increase the balanced phase resistance of the rotor and apply small

asymmetry in a controllable fashion.

Fig. 5.2: Rotor asymmetry by the insertion of additional resistances

From this figure, the total resistance in each rotor phase (R4, Ryp, Ryc) can be
calculated as:
Ryq =R, + Ry + R
RTb = Rr + Rb + Reb 5.17
Ryc =R, + Ry + R,
where R, and R;, are the rotor internal and brushgear phase resistors, respectively.

Rgq, Rep and R, are the three external resistors. Therefore, the balanced rotor circuit

(Rran = Rypn = Rycp) is only given when
Rea = Reb = Rec 5.18

From Eq. 5.18, the rotor electrical asymmetry can be introduced when at least one
of the external resistors has higher value compared with the other. So, assuming the fault

to be in phase a of the rotor circuit, then the unbalanced condition in this case is given by:
Rrar > (Rypn = Rycn) 5.19

and Req = Rep +0R = R, + 6R 5.20

where 8R is the increase of the rotor resistance due to the fault existence, or rotor
asymmetry. Since the rotor circuit is star connected, the absolute experimental electrical

unbalance can be estimated by calculating:
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S8R = |Ryqre’% + Ryppe® + R, pe/%| 5.21

. 2 4 : : o
where j =v-1,0,=0,0, = T and 0, = ?n For clarity, the rotor resistance is given as a

3
percentage of the balanced phase resistance so that the rotor asymmetry, AR, in percent,
is given by:

SR SR

x 100 =
R

Rypn rch

AR(%) = :—Rh x 100 = x 100 5.22

In the same way, the rotor asymmetry also was applied to the MATLAB model of the
Test Rig.

5.2 Signal Processing

Many signal processing techniques have been introduced in CM for WT diagnostic
and prognostic systems over last years. These techniques mainly depend on the types of
data and components studied. For electrical signals, the data are usually analyzed from
time domain into frequency domain where the particular frequency components
corresponding to the fault can be identified. As mentioned in Chapter 2, this analysis can
be performed using different techniques such as FFT analysis, cepstrum analysis and
bispectrum analysis. Among these techniques, the FFT analysis is the most commonly
used. Furthermore, the FFT is the basis for many advanced signal processing techniques.
During the research, the FFT was applied to analyse the proposed control signals as well
as the stator current and total power. In this section, the principle of the FFT is
introduced. This included introduction to the Fourier transform and its development into

the discrete Fourier transform (DFT) and then the FFT.

521 Fourier Transform

The Fourier theorem states that any waveform can be duplicated by the
superposition of a series of sine and cosine waves. As an example, the following Fourier
expansion of sine waves provides an approximation of a square wave as shown in Fig. 5.3.
The square wave is shown as a blue line over two periods. The four curves in the red
colour of the plot show the first term, two terms, three terms and four terms in the
Fourier expansion. As more terms are added the superposition of sine waves better

matches a square wave.
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Fig. 5.3: Fourier series approximation of square wave & number of Fourier terms indicated

The Fourier Transform uses the above concept to convert the time description of

the continuous waveform x(t) into an equivalent function in frequency by:
X() = [ x(t) el tdf 5.23

where X(f) is the Fourier Transform that gives the frequencies at which the signal is non-

zero and e denotes the natural exponent and is defined by:
e/?™f = cos(2mft) + jsin(2mft) 5.24

In addition, the original signal x(t) can be obtained from the frequency domain signal

X(f) by taking the inverse Fourier Transform as following:
x(t) = [© X(f) e/ tdt 5.25

However, experimental data usually consists of discrete data points rather than a
continuous function as used in the equations above. For the data sequence x(n) of
signal x(t) with total number of samples N, the discrete Fourier Transform (DFT) can be

calculated by:

.2mtnk

Xk)=YNtxm)e’ v ,k=0,1,..,N—1 5.26
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where X(k) is the DFT. The disadvantage of the DFT technique is that it requires each
harmonic to be calculated separately, which requires much more processing power.
Moreover, the DFT is an order N2 calculation, meaning that the number of multiplications
is equal to the square of the number of data points. For thousands of data there will be
millions of multiplications and additions that need a lot of memory, time and cost.
Therefore, a large amount of work has been devoted to reducing the computation time of
a DFT. This has led to efficient method which is known as the Fast Fourier transform

(FFT).

5.2.2 Fast Fourier Transform

The FFT are efficient algorithms for calculating the DFT. The central insight which
leads to this method is the realization that the DFT of a sequence of N points can be
written in terms of two DFT of length N/2. Thus if N is a power of two, it is possible to
recursively apply this decomposition until we are left with DFT of single points. Eq. 5.26

can be rewritten as:

X(k) = YNt x(m)WH , k=0,1,..,N—1 5.27

and Wik = =/ "n 5.28

It is easy to realize that the same values of W** are calculated many times as the
computation proceeds. With divide the data sequence x(n) into equal even and odd

sequences as:
x(2n) = x(0),x(2), ... ... ,X(N —2) 5.29
x(2n+1) =x(1),x(3), ... ... ,X(N—1) 5.30

Then, Eq. 5.27 can rewritten as:

N_, N,
X(k) = X2_ x@u)WE™ + 32 x(2n + WD 5.31
.amnk _ ;2mnk
Since Wik = e N = e TN = Wik 5.32
2
WEMDE = wik Wik 5.33
2

By substituting Egs. 5.32 and 5.33 into Eq. 5.31, the FFT algorithm becomes:
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N N

-1 -1

X(k) = X2_ x@UWF* + W X2 _ x(2n + 1). Wit* 5.34
2 2

Thus the N-point DFT can be obtained from two N/2-point transforms, one on even input

data, and one on odd input data. Figure below shows the application of the FFT analysis

for pulse wave signal.
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Fig. 5.4: Pulse wave signal & its FFT spectrum

The FFT significantly reduces redundancies and take much less time. The order of
this calculation is Nlog,N. For example, a data of 1024 samples, the DFT takes 1,048,576
computations to calculate the harmonics while the FFT takes 10,240 computations. The
FFT is over 100 times faster. Furthermore, the FFT is a method of calculating harmonics
not one at a time, but as a group. The FFT however requires N to be a power of two
(Binary number). If the length of data set is not a power of two, it must be padded with

zeros up to the next power of two.

Today, there are many internet locations and types of software which can provide
FFT subroutines in different programming languages, from Fortran to C++. Therefore,
there is no need to write the FFT routine. For FFT analysis in this research, the author has
used the MATLAB command “fft(x,N)”, where x is the recorded N-element time array. A
simple m-file is included in Table 5.1, which computes and plots the normalized FFT
spectrum of discrete time domain signal x(n). This program is used in this research to
calculate the results which are presented in Chapter 6. Note that all the time domain
simulated and measured signals used in this research have been discretised with
sampling rate of 5kHz which is greater than twice the highest frequency of the time
record (Nyquist sampling criterion). In order to avoid zero padding, the m-file was
written to modify the actual length of chosen data to be 2™. For example, most of the

chosen data to be analyzed during this research has initial length of 50,000 samples
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(10sec) or 21>, This length is modified by the m-file to be only 2!° and then the data will
be reduced to 32,768samples (6.5sec).

Table 5.1: MATLAB module for normalized FFT calculations
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6 Application & Results

6.1 Introduction

As introduced in Chapter 5, the rotor electrical asymmetry in the DFIG may be
caused by a number of different fault conditions including a coil open circuit or brush-
gear faults. The presence of either of these faults in one rotor phase will lead to a
resistance increase for that phase producing an unbalance of the three rotor phase circuit.
Therefore such faults can be emulated in the Test Rig by introducing an additional

resistance into one rotor phase of the Test Rig generator rotor winding circuit.

In this work, the rated rotor phase resistance of the generator, in both the physical
Test Rig and the MATLAB model, are 0.044(. In order to increase the balanced rotor
phase resistance and model the fault simply, the healthy DFIG phase resistance was
increased to 0.235Q) per phase, by introducing an external variable resistance, and adding
OR to one phase to represent the unbalanced condition. While acceptable levels of DFIG
rotor unbalance have not yet been defined in the literature, the unbalance levels
represented and investigated during the research were reasonable for the emulation of
faulty rotor unbalance, based on experience [104]. A reasonable percentage unbalance of

the rotor winding to represent a fault could be 10-20%.

In order to verify the proposed detection method, several tests were carried out on
the physical Test Rig and its MATLAB model under healthy and faulty conditions. During
these tests, the Rig was run at variable and fixed speed operating conditions, to represent
respectively the condition of the WT generator under either varying power, that is BRWS,
or fixed rated power, that is ARWS. The analysis is achieved by comparing the harmonic
spectra of stator current and power with the proposed control signals, namely; g-rotor
current, d- and g-rotor current errors. However, these spectra were obtained by taking
the sum of the side-band harmonic magnitudes on the positive and negative side of each
considered centre frequency and presenting them together. For the Test Rig 4-pole DFIG,
the frequencies of specific rotor fault components in the signal spectra will vary, as a

function of slip and supply frequency, as illustrated in Table 6.1
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Table 6.1: Rotor electrical asymmetry frequency of interest for 4-pole DFIG

Signal type Frequencies of interest Frequency range
Stator current (1-29)f 20~80Hz
Stator power +2sf 0~30Hz
d- and g-rotor current 12sf 0~30Hz
errors
g-rotor current +2sf 0~30Hz

The sensitivities of these signals, in detecting faults, have been examined with

respect to:
e Faultlevels;

e Generator speed;

e Control parameter values. However, the generator PI control parameter values

should be fixed and the probability of change is low.

All the harmonic spectra were obtained by applying an FFT algorithm to the
instantaneous values of the monitored variables, sampled at 5kHz. To simplify the result
presentation, all signal spectra were normalized setting at 0 dB the highest harmonic

component amplitude for each spectrum. This depends upon the signal type and the

operating condition.

As mentioned in section 3.1.1, all the results included in this research were
obtained from the Test Rig with the GSI disconnected and using the batteries. However,
due to the rating current limitation of the DC Link batteries the DFIG could not, for CM
purposes, be operated experimentally over its full variable speed range. Fig. 6.1 below

shows the operating region of the closed loop DFIG Test Rig with the stator voltages and

DC Link batteries used in this research.

e==s=== \WRIG with Gearbox, Rr=0.044Q shorted, Vs=230volt
===s=== WRIG without Gearbox, Rr=0.044 shorted, Vs=230volt

==s== DFIG without Gearbox, VDC=48 Volt Phase, Vs=78volt

=== WRIG with Gearbox, Rr=5.6Q, Vs=230volt
=== WRIG without Gearbox, Rr=1.3Q, Vs=230volt
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Fig. 6.1: Test Rig operating region
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6.2 Fixed Speed Operation

As it is known, the WT-driven DFIG can operate over a slip range up to +30% and
thus enable the turbine to extract the maximum power from the wind with variable
operating speeds. Once the turbine reaches its rated speed, the pitch control is employed
to limit the power to its rated power and the turbine operates at fixed speed. At this point,
the DFIG speed is generally around 30% above its synchronous speed. Due to the battery
current limitation, the Test Rig was operated, in both the healthy and faulty conditions, up
to its maximum speed of 1600rev/min, representing the fixed speed operation of a
variable speed WT ARWS. The time waveform of the generator rotational speeds in both
simulation and measured environments are shown in Fig. 6.2. From this figure, it can be
seen that there was a small variation about (5rev/min) in the measured speed due to grid
voltage variations and frequency variations around 50Hz. The simulated and measured
time waveform of the resultant control signals, stator current and total power signals are
presented in Appendix C. Additional resistance of 0.047() was successively added to one
phase of the rotor winding circuit to create a rotor unbalance of 20%, according to Eq.

(5.22).
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Fig. 6.2: Generator speeds during fixed speed simulated & measured tests

6.2.1 Simulation Results

To identify consistent spectral signatures for different operating conditions, the
spectral fault signature of rotor fault in DFIG steady-state and control signals was
investigated by comparing the data simulated on the MATLAB model of the Test Rig for
balanced and unbalanced rotor operations. These simulations were carried out operating

the model in a noise-free environment using a fixed supply frequency of 50.0Hz.
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A typical set of simulated healthy and faulty stator current and total instantaneous
power spectra are shown, respectively, in Fig. 6.3a to 6.3d. These results are based on
analysing data of 34-44sec. Only one phase current signal is presented and analysed here,
as is usually the case for MCSA. The healthy current spectrum in Fig. 6.3a indicates the
fundamental harmonic at 50.0Hz while the power spectrum in Fig. 6.3c indicates the
fundamental harmonic at 0.0Hz or DC. Fig. 6.3c also shows a set of small harmonics in the
power at 19.3Hz, 38.6Hz, 58.0Hz, 77.3Hz and 96.6Hz produced by the reflection of the
rotor harmonics into the stator. The rotor harmonics are initially produced as a result of
the generated six-step rotor voltage waveform by the RSI, as shown in Fig 4.8, and occur
at frequency +(6n + 1)sf. They are then reflected on the other generator signals to
reproduce other harmonic at +(6ns + 1)f in the stator current signals and +6nsf in
the power and the control current signals. However, these harmonics are not visible in
the healthy stator current spectrum because their values are very small. Moreover, the
component of the negative frequencies for all spectra, presented in this research, were

added to the positive frequency components and plotted on the positive side.

The simulated faulty stator current given in Fig. 6.3b indicates that rotor unbalance
induces a change of considerable magnitude in a frequency around 56.5Hz with
magnitude of -66.0dB. An indication of fault spectral signature is also presented in the
faulty DFIG total power spectrum in Fig. 6.3d, where there is a clear increase in the
magnitude of the dominant fault-related component up to -71.0dB at 6.5Hz. By comparing
Fig. 6.3b and 6.3d, despite the current faulty component has higher value than the power,

the fault existence is more clearly in the power spectra than the stator current.

Fig. 6.3e to 6.3j demonstrate the control loop current signals spectra corresponding
to healthy and faulty conditions. As in the healthy power spectra, a set of tiny harmonics
are clearly visible in the three healthy spectra at 19.3Hz, 38.6Hz, 58.0Hz, 77.3Hz and
96.6Hz as a results of the rotor switching harmonics. Also, these spectra show the
fundamental harmonics appear at 0.0Hz with magnitude values 0.0dB in the healthy
condition. However, the faulty spectra, shown in Fig. 6.3f, 6.3h and 6.3j indicate a
significant rise in magnitude of spectral component at 6.5Hz. This component has
magnitude of 0.0dB in both current error spectra while it around -71.0dB in the g-rotor
current spectrum. Notice that, both fault components of the total power and g-rotor
current spectra have the same value due to the control scheme used, based on the stator
flux oriented vector explained in Chapter 4. More importantly, the comparison of faulty

data of all signals shows that the faulty components in the current error signals, as
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Fig. 6.3: DFIG & RSI control signal spectra simulated at fixed speed ~1598rev/min
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expected, dominate their spectra and have higher magnitudes than other signals. This
gives the advantage to the current error control signal over the g-rotor current, stator
current and power for fault detection, as the fault-frequency can be more easily observed
and detected in this signal. Therefore, the simulation suggests that the proposed CM
technique should be based upon monitoring the current error control signal as an

interesting alternative diagnostic index for detecting rotor faults.

6.2.2 Measured Results

As in the simulation, the stator current, total power and control signals were
collected from the physical Test Rig with the rotor circuit either balanced or unbalanced.
The data differ, however, in the general noise levels, with measurements exhibiting a
higher noise levels compared to the noise-free simulation environment. The measured
healthy and faulty DFIG stator current and power spectra are shown in Fig. 6.4a to 6.4d.
From these figures, the harmonic related to the fault presence is located at 56.0Hz with a

magnitude of -46.7dB in the current and at 6.0Hz with -60.4dB in the power.

For the control signals, a clearer indication of fault spectral signature are obtained
by comparing measured healthy and faulty current error spectra given in Fig. 6.4e to 6.4h.
There is a clear increase in the magnitude of the fault-related components at 6.0Hz with
significant magnitudes -28.0dB and -22.2dB for d- and g-error signals, respectively.
However, comparing with the simulation results in Fig. 6.3f and 6.3h, it can be seen that
these magnitudes were dropped and not the highest values in both spectra due to the
large amplitude of both spectra at 100.0Hz. These harmonic is resulting from the stator
fault where it was found during this research that the DFIG has a magnetising unbalance

in the stator windings contributed by a little grid voltage unbalance.

Fig. 6.4i and 6.4j show the measured spectra of g-rotor current for balance and fault
operations. It can be seen that the fault-frequency is visible at 6.0Hz with amplitude

-61.0dB and again it is similar to the fault-frequency obtained from the power spectra.

These experimental results have, for steady state operation, confirmed the
simulation observations in the previous section that the fault-frequency within the stator
current is less visible than other signals monitored. The g-rotor current gives the same

results as the total power in rotor fault detection. However, the current error control
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Fig. 6.4: DFIG & RSI control signal spectra measured at fixed speed ~1598rev/min
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signal, with comparative advantage to the g-axis control signal, still contains a faulty
frequency component (2sf) higher than any other signals used in this research. Therefore,
the measurements confirm that a CM technique based upon monitoring the current error
control signals will be an interesting alternative diagnostic index for detecting rotor
faults. It has the potential to detect incipient electrical asymmetry on a WT DFIG, since the
magnitude of the characteristic harmonic frequency can be easily detected better than

stator current and power.

6.3 Variable Speed Operation

Following successful rotor fault detection using the current error control signal in
fixed speed operation, attention is now turned to analysis of these signals under variable
speed conditions, as would occur in a variable speed WT at wind speeds below the rated

speed, where the turbine speed varies according to the torque applied to the DFIG.

To represent operation in a real variable speed WT with a DFIG, both simulated and
measured systems were run for a period of 210sec below synchronous speed with a
driving condition based on a wind record at 7.5m/sec and 6% turbulence. The resultant
generator speeds are shown in Fig. 6.5. Again, the simulated speed was smoother than the
measured speed which had small variations due to the grid frequency and voltage
deviations. As before, data was recorded for conditions where the rotor was balanced and
20% unbalanced. All the spectra presented were calculated from data collected from
150sec to 160sec with 12rev/min speed variation in the simulated and measured cases.
However, more results obtained under other different variable speed operation are

presented in Appendix C.
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Fig. 6.5: Generator rotational speed signal during simulated & measured variable speed tests
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6.3.1 Simulation Results

The simulated results for rotor fault detection under variable speed operation,
shown in Fig. 6.5, are presented in Fig. 6.6a to 6.6j. As for fixed speed, the spectra show

that a new harmonic component appears as the fault is introduced.

For the stator current the fault-frequency is visible at frequency 46.0Hz with a

normalized magnitude -66.0dB, Fig. 6.6b.

The total power spectrum with balance rotor circuit is shown in Fig. 6.6c¢. There is,
however, a clear increase in spectral content in the healthy power data compared healthy
power spectrum, in Fig. 6.3c, of fixed speed due to the transient conditions with speed
changes. After the rotor imbalance was applied, the power spectrum in Fig. 6.6d
demonstrates the fault-frequency component rise at 4.0Hz and normalized magnitude -

71.0dB.

The control current signal spectra under healthy and faulty conditions were also
evaluated for variable speed operation and the results presented in Fig. 6.6e to 6.6j. As in
the power spectrum, due to the transients in the three control signal responses their
healthy spectra illustrate rise the spectral content compared with the fixed speed results.
Even the component 2sf in the presence of the fault can be observed from the g-rotor
current spectrum in Fig. 6.6j at 4.0Hz with -71.0dB, its normalized magnitude has bigger
value with 0dB in the current error spectra as shown in Fig. 6.6f and 6.6h. Furthermore,
the fault-frequency still dominates both current error spectra as in the fixed speed
operation. Therefore, despite the frequency analysis of stator current, power and g-rotor
current are valid for rotor fault detection, the d- and g-rotor current error signals can be

considered as more attractive method.
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Fig. 6.6: DFIG & RSI control signal spectra simulated at variable speed
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6.3.2 Measured Results

The measured results for rotor fault detection under variable speed operation, as
shown in Fig. 6.5, are presented in Fig. 6.7a to 6.7j. As shown in section 6.1.2, these

measured spectra are noisy compared to the simulated spectra.

The healthy and faulty stator current and total power spectra are presented in Fig.
6.7a to 6.7d. As we can see that the relevant harmonic to the fault is not clear in the
current spectrum while it appears at 3.7Hz with a visible normalized value of -60.8dB in

the total power spectrum.

Fig. 6.7e to 6.7h compare the measured healthy and faulty spectra for the d- and g-
rotor current error signals inside the RSI controller. These spectra show a strong fault
indication with a rising harmonic at 3.7Hz with significant magnitudes of -25.0dB and
18.8dB in d- and g-error control signals. As expected from earlier measurements at fixed
speed operation, the fault-frequency does not dominate these spectra as they do in the
simulated results due to the presence of 100Hz harmonic, due to stator unbalance. The g-
rotor current signal is also used in this experimental investigation and the spectrum
related the healthy and faulty conditions are shown in Fig. 6.7i and 6.7j. The faulty
component (2sf) is visible in Fig. 6.7j at frequency 3.7Hz with value -61.6dB. Notice that,
this result is similar to the result obtained from using the total power and confirms the
previous result in the simulations that the both power and g-rotor current spectra lead to

the same normalized magnitude for the faulty component.

It is worth noting that the 2sf component magnitudes in the d- and g-rotor current
error signals are greater than the same components in the g-rotor current and total
power. This is also true for the (1 — 2s)f component in the stator current. Therefore, the
control signal spectral analysis, particularly of the error signals, can be used without

confusion as a rotor fault diagnostic index under variable speed operation.
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Fig. 6.7: DFIG & RSI control signal spectra measured at variable speed




6.4 Operating Close to Synchronous Speed

As shown in the previous section monitoring of control signals using FFT analysis
has successfully detected DFIG rotor electrical asymmetry under both fixed and variable
WT speed operation. These results are based on data collected both above and below
DFIG synchronous speed. However, real WT DFIGs can operate at synchronous speed or
close to it. As stated in Chapter 5, it can be difficult to detect rotor electrical asymmetry
when the DFIG operates here due to the dominance of 50.0Hz and 0.0Hz harmonics,
respectively in the current or power signal. In theory, this difficulty could be eliminated
by using the proposed RSI error signals, where the fault-frequency dominates the spectra.
In order to investigate that, several tests were carried out using the Durham Test Rig and
its MATLAB model with driving the DFIG almost synchronous speed as shown in Fig. 6.8.

Both of rotor balance and 20% rotor unbalance circuits were considered during these

investigations.
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Fig. 6.8: Generator rotational speed signal during simulated & measured tests at almost
synchronous speed

6.4.1 Simulation Results

The healthy and faulty spectra of stator current, based on analysing free-noise data,
are presented in Fig. 6.9a and 6.9b. It can be seen that, the component (1 — 2s)f in the
presence of the fault is difficult to observe at 49.8Hz with negligible magnitude.
Meanwhile, the total power, rotor current errors and g-rotor current spectra, as shown in
Fig. 6.9c to 6.9j, lead to indentify the 2sf fault-frequency at 0.2Hz. This has the same
magnitude of -71.5dB in the power and g-rotor current spectra, while they still have
higher magnitudes with 0dB in the d- and g-current error spectra. Due to the location of
the fault-frequency being closer to the fundamental 0.0Hz harmonic, detection is clearer
using the error signals since the fault harmonic dominates the spectrum, compared to the

total power or g-rotor current signals where the fundamental harmonic dominates.
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Fig. 6.9: DFIG & RSI control signal spectra simulated at almost synchronous speed
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These simulation results show that the harmonic spectra of the control signals as
well as the total power have successful detection of incipient rotor electrical asymmetry
when the DFIG operates at almost synchronous speed with a significant advantage to the

rotor current error signals.

6.4.2 Measured Results

All the spectra presented in this section are obtained from measured data under
healthy and faulty operating conditions collected for a period of 42-45s at generator
speed shown in Fig. 6.8, again these spectra are noisy, as shown in previous measured

results.

Fig. 6.10a and 6.10b show the measured stator current spectra. By comparing the
healthy and faulty spectra, the fault harmonic (1 — 2s)f is difficult to observe or identify.
This confirms the simulated result that FFT analysis of stator current has drawbacks in

rotor fault detection when the generator operates close to the synchronous speed.

Fig. 6.10c and 6.10d show the spectra obtained from total power, where it can be
noted, in Fig. 6.10d, that even though there is a general increase in spectral magnitude
around 0.25Hz the 2sf fault-frequency cannot be distinguished. This is because the
measured data noise, contributed to by the small variation of the measured generator

speed, causes an increased fault harmonic bandwidth, which unites with the fundamental.

For the control signals the healthy and faulty spectra are presented in Fig. 6.10e to
6.10j for the control current signals. In particular, in Fig. 6.10f and 6.10h, the 2sf
component of the d- and g-rotor current errors is still visible at 0.25Hz with normalized
magnitudes of -22.8dB and -21.2dB, respectively. However, this harmonic is not clear in

the g-rotor current spectrum, in Fig. 6.10j, due to noise.

The measured results obtained show that only the analysis of the spectrum of d-
and g-rotor current error signals has the ability of rotor electrical asymmetry detection in
case of operating closed to the synchronous speed. Therefore, the control error signals
can be used as a good diagnostic index for rotor faults without any confusion at operating

speed.
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Fig. 6.10: DFIG & RSI control signal spectra measured at almost synchronous speed
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6.5 Sensitivity

From the simulated and measured results under fixed and variable speed
operations, it can be observed that spectral analysis of all RSI control signals, namely, d-
and g-rotor current error, show an increase in the fault-frequency normalized power level
much greater than in the stator current, power and g-rotor current. Another advantage of
d- and g-rotor current error signals over the stator current, power and g-rotor current is
that their spectra demonstrate successful fault detection even when the DFIG operates

close to its synchronous speed.

However, the focus on all the previous results is the magnitude of the fault-
frequency while the signal that provides the best fault detection not only depends on the
fault-frequency magnitude but also on the sensitivity. The higher the sensitivity, the
better the fault signature resolution. To verify the sensitivity achievable from the control
and other signals for use as diagnostic index, different DFIG operating conditions have
been considered. In this work, the detection sensitivity of five signal types has been
examined under these different conditions:

e Fault-severity levels;
e Generator speeds;

e Pl current control parameters.

In order to investigate the above operating condition cases, further simulated and
measured tests were carried out with the DFIG Test Rig for each case. The sensitivity

values are obtained from the simulated and measured results in dB by the following:

Sensitivity(dB) = 10logy, (AfA_Ah) 6l

h

where Ar and Aj, are the magnitudes of the fault and health-harmonic components.

6.5.1 Various Fault-Severities

In this case, various values of the resistance were successively added to one phase
of the rotor winding circuit to apply different levels of rotor unbalanced fault. Many tests
were simulated on the model Test Rig and measured on the real Test Rig. Those simulated
and measured results presented here were collected under steady state operating
conditions with the generator delivering 3.35kW and absorbing 1.95kVAr, corresponding
to a speed of 1400rev/min (s=0.067).
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Complete simulated and measured results of the sensitivity for the five signal types
are shown in Fig. 6.11. It can be seen that the sensitivity of all signals increased, in both
simulation and measurement, with fault severity. From Fig. 6.11a, the sensitivities of the
three simulated control signals have high values and the ability to detect even a small
fault severity. The normalized fault-frequency magnitudes are greater in the control
error signals. The simulated results show that the g-rotor current signal sensitivity is
higher than the d- and g-rotor current error signal sensitivity as well as those of the stator

current and power.

The measured results, Fig. 6.11b, shows a decreased sensitivity compared with
simulated results, due to the noise in the measured signals, however, the results still show
a significant and usable sensitivity for CM purposes. An enlarged version of the measured
sensitivity is presented in Appendix D. Again, they show that the control signals have a
better sensitivity to rotor faults than the current and power signals, with comparative
advantage to the g-rotor error current over the other two control signals, stator current
and power. That because g-rotor error current is less influenced by noise than d-rotor

current error and g-rotor current, due to the control strategy used.

From these results, it is evident that the three control signals, g-rotor current, d-
and g-rotor current errors, are sensitive to any rotor electrical asymmetry condition, with
an advantage to the g-rotor current and g-rotor current error signals over the stator

power and current for a whole range of used rotor unbalance.
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Fig. 6.11: Sensitivity for different severities of fault at fixed speed ~1400rev/min:
(a) simulated (b) measured
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6.5.2 Different Generator Speeds

In order to prove the effectiveness of the proposed control signals under different
operating speeds, several tests have been performed. During these tests the DFIG
operated at different fixed speeds with rotor electrical asymmetry of 20%. Due to the
rating current limitation of the batteries the generator has been driven to operate only
between 1050rev/min to 1600rev/min (-30% below to +6.7% up synchronous speed).
Fig. 6.12a shows the simulated sensitivities of these signals, due to a rotor fault existence,
under changing the operating speed of the Test Rig. From these results it can be seen that
the control signals has high sensitivity to the fault existence, even at low speed, with a
clear advantage to d-rotor error current at or close to synchronous speed. Also, the
control signal sensitivities are higher than the DFIG stator current and power signals.
Furthermore, the control and power signal sensitivities generally increase as the speed
moves towards the synchronous speed whiles the stator current decrease. This is as a
result of the PI control performance where the whole nonlinear system was linearized at
synchronous speed as operating point for control design. Therefore the PI control action

becomes more stronger when the system speed move closer to the synchronous speed.
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Fig. 6.12: Sensitivity for 20% rotor unbalance at different generator speeds:
(a) simulated (b) measured

The measured results, Fig. 6.12b, show that control signals have a good fault
detection sensitivity, even at low speeds. Due to the convergence curves in this figure, an
enlarged figure of these results can be seen in Appendix D. The results also show a
decreased sensitivity compared with simulation, due to the measured signal noise.
Moreover, the measured sensitivities of the control and power signal are similar being
less affected by speed changes, with a comparative advantage to g-rotor current error

when the DFIG operates away from the synchronous speed. At synchronous speed, g-
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rotor current and power sensitivities drop dramatically while the d- and g-rotor current
error sensitivities still have significant values, with advantage to the d-rotor current error.
However, stator current sensitivity is slightly decreased as speed increases and is

completely lost close to synchronous speed.

The results show clearly that, with respect to stator current and power, the control
signals have a higher sensitivity for the characteristic rotor fault-frequency, regardless of

the generator speed.

6.5.3 Different PI Current Control Parameters

It is known that PI control performance depends upon controller bandwidth, where
greater bandwidth means faster response. This bandwidth is usually set by the

manufacturer and is, therefore, usually fixed using by well-publicised control parameters.

In this work, the RSI controller had only PI control in the rotor current closed loops
and the control performance was strongly affected by these current regulator’s
bandwidth. Therefore, it was expected that the rotor current closed loop controller
bandwidth could affect the proposed fault detection techniques, where the magnitudes of
fault-frequencies appearing in the spectrum would depend, not only on machine
condition, but also on the control closed loop bandwidth. In this section, therefore, the
diagnostic sensitivity of this procedure for rotor asymmetries is investigated with respect

to bandwidth variations.

The bandwidth of the rotor current closed loop, in this system, is directly
proportional to PI control parameters (K, & K;), where higher values of K, and K; give
higher bandwidth. Therefore the bandwidth effect can be investigated using different
values of K;, and K;. So, simulations were performed with different values of the current
PI control parameters, with the generator operating at 1400 rev/min, delivering 3.35kW
and absorbing 1.95kVAr from the stator side. In Fig. 6.13a, the simulation results for a
20% rotor electrical asymmetry are reported. It can be seen that the three control signals
have higher sensitivity values than the stator current and power signals even at high
control parameter values. However, the stator current, stator total power, g-rotor current
and g-rotor current error sensitivities are strongly affected by control system action,
having lower sensitivity with increased control parameter values. On the contrary, the
sensitivity of the 2sf component in the d-rotor current error signal is quite independent

of control parameters.
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Fig. 6.13: Sensitivity for different values of the control proportional & integral gains
at fixed speed ~1400rev/min: (a) simulated (b) measured

The impact of closed loop current bandwidth was also realized experimentally by
keeping the same operating conditions and changing the values of the PI current control
parameters. In practice, a control parameter value increase lead to increased closed loop
bandwidth and increased noise in the measured signals, resulting in reduced fault-
frequency visibility in the spectrum and therefore reduced signal sensitivity. This can be
seen in the measured results presented in Fig. 6.13b where all measured sensitivities
decreased compared with simulated results. An enlarged version is presented in
Appendix D. Notice that the measured d-rotor current error sensitivity is dependent on
the control parameter values due to noise, which is not the case in the noise-free
simulated signal. These results also show that, as proportional and integral gain values
increase the stator current (1 — 2s)f component is ineffective as a rotor fault diagnostic
index because the current component loses its sensitivity. On the other hand, it is evident
that, for any control parameter values, the control signals are more sensitive to rotor

faults than the stator current or power, with advantage to the control error signals.

The simulated and measured results show that the spectrum of the control signals
are affected by the control parameters, however, this should not be considered a
drawback of the proposed method for WT applications for the following reasons. In a WT,
the generator control parameters are carefully chosen, well-protected and fixed values.
They cannot be changed suddenly because any deviation from the chosen values could
lead to inaccurate performance of the controller and the whole turbine. Therefore, only
fault severity and operating speed conditions will influence on the sensitivity of the

proposed technique based.
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6.5.4 Comparison of Fault Detection Sensitivities between Open &

Closed Loop Test Rig Systems

As mentioned in Chapter 3, the open loop Test Rig was used in previous work to
develop successful different CM techniques for fault detection of WT driven WRIGs. One of
these techniques is the frequency tracking algorithm based in the stator line current and
total power analysis [37]. This method was investigated with different WT fault detection
including rotor electrical asymmetry, shaft mass unbalance and gear tooth failure. In this
section, an experimental comparison between the rotor fault detection sensitivity of
closed loop Test Rig inside RSI control signals and the open loop fault detection sensitivity
using the frequency tracking is made. More recently, another technique was introduced in
[105] based on the sideband power factor (SBPF) algorithm of the vibration analysis for
WT fault detection. The SBPF was successful in detection of early stages of gearbox tooth
wearing and missing tooth for high speed shaft pinion. The SBPF algorithm sums the
power spectrum amplitudes of the HS stage meshing frequency second harmonic and its
first 5 sideband peaks on each side. Current work is being carried out by PhD student D.
Zappala to extend the vibration analysis for rotor electrical asymmetry detection in WRIG
and however the result is not available at the time of writing. Therefore, only the
vibration analysis results for gearbox fault detection was presented in the comparison.
Table 6.2 shows a comparison between the three different techniques being used with
open & closed loop Test Rig for fault detections as well as the measured sensitivities from
each technique achieved at two different generator speeds. Notice that it is not valid to
compare the presented vibration result directly with the other results because it was

obtained for different type of fault.

Table 6.2: Comparison of fault detection sensitivities between open & closed loop Test Rig

TestRig Closed loop system Open loop system Open loop system
system
Current error signals
Signal type inside RSI Stator current Stator total power Vibration
Eiar Eigr
Frequelfcy FFT Frequency tracking algorithm SBPF
analysis
o - — -
Fault type 20 A)ai?]z;le::;rlcal 23% Rotor electrical asymmetry Msllsosel;;g ;ﬁz;ﬁ;gi};lfh
. 2 ns &its first 5
Harmonics of 25f a-297 | G=29f | 2sf | @-29r iﬁfﬁérid peaks on
interests )
each side.
Sensitivity
calculated at 14.3dB 15.2dB 3.0dB 4.7dB 6.7dB 4.9dB 5.1dB
1550rev/min
Sensitivity
calculated at 14.6dB 15.3dB 3.7dB 6.9dB 7.3dB 6.0dB 4.6dB
1600rev/min
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As we can see from Table 2.1, the RSI control current error sensitivity to the fault
existence is much higher than the frequency tracking algorithm with the same fault
magnitude. This comparison confirms that the closed loop detection sensitivities, even
with noise on the Test Rig, are considerably greater than they were achieved open loop
with current, and power signals. A direct comparison with the SPBF results for electrical

fault detection would be possible once results are available.

6.6 Conclusions

This chapter has presented the results from the application of the new monitoring
and diagnosis algorithm, based on the FFT analysis of the RSI control signals, for WT DFIG
rotor fault. The data has been collected from a physical Test Rig, representing a WT DFIG
concept, and its validated MATLAB model, under different fixed and variable speed
operation conditions. An RSI stator flux-oriented vector control scheme has been adopted
in both systems. Rotor electrical asymmetry of 20% has been applied to the generator and
the relevant fault frequency of interest (2sf), introduced through Chapter 5, was
successfully detected in selected signals by the proposed algorithm. The simulated and
measured results have proved the benefits of this method, particularly using the d- and g-
rotor current error signals compared to the stator current and power signals. These
benefits are:

o Lower fault-frequency compared with stator current signal;

e d- and g-rotor current error signals have characteristic frequencies that act as
strong indicators of rotor electrical asymmetry under fixed or variable speed
conditions, and the fault-frequency dominates its spectrum if the generator has no
other faults;

e d- and g-rotor current error spectra leads to easy fault detection when the system
operates at or close to the synchronous speed;

e In practice, these signals are available for control purpose and can easily be
accessed, thereby reducing the number of sensors required, compared with the
stator power;

e Both d- and g-rotor current error spectra give complete information about the
DFIG three phases condition, compared with just one specific phase monitored in

the case of stator current.

The sensitivity of the proposed method has been investigated with respect to the

following operating conditions
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o Different generator speeds;
e Different fault levels;

e Different control parameters.

Although the RSI control signals are affected by these operating conditions, as well
as DFIG stator current and power, the simulated and measured results have confirmed
the success of fault detection using control signals and their sensitivity is generally higher
than that of stator current or total power signals. Also, the results showed that the fault
detection sensitivity for the closed loop WT-IG inside the RSI control signals is better than

the sensitivity for open loop WT-IG achieved by vibration, current and power signals.
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7 Conclusions & Further Work

7.1 Conclusions

This thesis has presented an investigation into CM for a modern variable speed WT
using the DFIG concept and proposes a new generator fault detection technique based on
the frequency analysis of the DFIG closed loop controller signals. The signals, namely; g-
rotor current, d- and g-rotor current errors, were used for diagnostic purpose are
generated inside the control system of the RSI. This technique depends upon monitoring
the increase in power level of a fault-frequency component in the control signal spectrum,
obtained by FFT analysis. The use of generator control loop signals for CM, was proposed
due to its advantages over conventional techniques, such as vibration monitoring, namely
that it can reduce the number of sensors required and will be cheaper. Furthermore, these

signals are already readily available for control purposes and can be easily accessed.

7.1.1 Investigation Tools

In order to investigate the proposed method, an existing MATLAB and physical
Durham Test Rig were developed further from an open loop generator (WRIG
configuration) into closed loop generator (DFIG configuration) with appropriate
converter. The main developments to the simulation and physical systems, as a part of

this research, by the author were:

7.1.1.1 MATLAB Simulink Test Rig Model

e Improving the drive train model by representing the friction, windage loss
coefficients of the DC motor, gearbox and DFIG;

e Improving the performance of the control loop of DC motor, by adding the inner
current control loop and represent the DC motor field windings circuit;

e Modelling the DFIG electrical system;

e Modelling the grid voltage and impedance;

e Modelling the generator closed loop. This includes modelling the RSI itself, the DC
voltage link and designing and modelling RSI controller based on SFOVC scheme.
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7.1.1.2 Physical Test Rig

After modelling the generator closed loop successfully in the MATLAB Model, the
work was extended experimentally to close the generator control loop in the physical Test
Rig. This work included:

e Installation of back-to-back converter between the grid and the rotor side of the
generator;

o Installation of an xPC TargetBox as an interface between the PC controller and the
generator;

o Installation of new voltage and current cards;

o Installation of incremental encoder on the generator rotor;

e Building and implementing the RSI controller.

Both closed loop systems were evaluated in the time domain by comparing
simulated and measured signals obtained from various tests with different operating
speeds. This comparison includes electrical and mechanical signals such as rotor and
stator currents, active and reactive stator powers, control currents and generator speed.
The results clearly showed that there was good agreement between measured and

simulated signals.

7.1.2 Fault Detection Algorithm

In this research the method, based upon spectral analysis of d- and g-current errors,
generated by current regulators, as well as of g-rotor current, of the inverter connected to
the three-phase DFIG rotor side, is presented. The ability of this technique on fault
diagnosis has been investigated in the presence of DFIG rotor electrical asymmetry. An in-
depth investigation of the influence of rotor electrical asymmetry on the proposed control
signals has been described and the characteristic fault-frequency is explained. The fast
Fourier transform (FFT) has been used for analysing the identified signal and presented
as a spectrum. Once a spectrum has been extracted, the fault can easily be determined at
frequency 2sf. To simplify the presentation of the results and perform easier comparison,
all signal spectral analyses has been normalized to the highest harmonic component in
the spectrum, which depends on the signal type and machine condition. During this work,
the proposed technique has been primarily examined under various fixed and variable
speed operating conditions and the results have been compared with the stator current
and total power signal results, as these have been commonly used in the past. The

sensitivity of the proposed control signals for fault analysis, as well as the previously used
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stator current and total power signals, have been studied under different operating

conditions in the Matlab model and physical Test Rig using the following conditions:

Different Generator Speed with fixed fault level and fixed control parameters;
Different fault level with fixed generator speed and fixed control parameters;

Different control parameters with fixed generator speed and fixed fault level.

The research effort has provided evidence of the superiority, for the detection of

WT DFIG rotor electrical asymmetry, of RSI control signals over DFIG electrical signals,

stator current and total power, namely because:

Fault-frequencies dominate the control error signal spectra, d- and g-rotor current
errors, and therefore their spectra have characteristic frequencies that are
stronger indicators of rotor electrical asymmetry than other signals under fixed or
variable speed operations;

The control error signals have easier fault detection ability, when the DFIG
operates close to synchronous speed, than the stator current, total power or
control g-rotor current;

It also clearly shown that the control signal provides better sensitivity to rotor
faults than the stator current or total power signals and is a successful diagnostic
even with small faults;

Even though control signals are influenced by the operating speed and the control
gains, they still provide higher sensitivity for a fault than the stator current or
total power signals;

Fault detection sensitivity for the closed loop WT-IG by the RSI control signals is
better than the sensitivity of current and power signals for open loop WT-IG;
Monitoring line or phase stator current only gives information about the specific
phase or line being measured, while monitoring total power increases the number
of transducers and consequent noise. However, monitoring the control signals
offers an equal contribution from all phases, minimizes noise and costly extra
transducers and data processing;

This technique is simple, attractive and could easily be extended to diagnose other

generator or embedded turbine faults.
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7.2

7.2.1

7.2.2

Future Work

Test Rig

During this research, a significant development has been carried out on the
Durham Test Rig from WRIG (open loop) to DFIG (closed loop) configuration by
connecting a converter to the generator rotor. However, due to the limitations of
the current xPC TargetBox hardware in synchronizing the generated phase PWM
signals both the DC voltage link and the stator voltage was purposely reduced,
compared to the generator and converter rating, to provide lower overlap
distortion in the control and generator variables and increase safety. This was
been achieved with disconnecting the GSI and connecting the RSI through 48volt
batteries to represent the DC link. Consequently, to improve the Test Rig it should
use a full power back-to-back converter with a version of xPC TargetBox hardware
developed to overcome the drawbacks of the current hardware.

Due to noise on the experimental system the measured results give a lower
sensitivity to faults than the simulated results. Work will be require in the future
to reduce the noise in measured signals by improving the operational condition,
that is balanced stator voltage, fixed stator frequency and balanced stator winding

of the Test Rig, to improve signal quality and lead to improved sensitivity.

Faults

The proposed techniques could be used to investigate new fault detection areas of

the WT such as:

Other generator electrical faults such rotor and stator winding short-circuit;
Mechanical faults such as high speed shaft mechanical unbalance and generator
bearing faults. These failures are important and lead to significant downtime
when the shaft and generator need to be replaced;

Power electronic faults such as RSI transistor base open fault and transistor short-
circuit fault. Although converter and electronic failure downtimes are normally
short onshore they are likely to be significantly changed as WTs go offshore. In
the offshore environment, these failures cannot be repaired quickly, due to lack of

access, and will have a knock-on effect on converter controlled WT downtime.
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A. Test Rig Parameter Measurement & Calculation

This section presents information on the electrical and mechanical measurements
and calculation of the Test Rig component parameters, particularly in the DC motor and
the generator.

A1l DC Motor Stiction Torque, Friction & Windage Loss Coefficients

800

700

P= 0001wy + 1.222wp2 + 7.159ch/

; 600 /
< 500
et
) /
2 400
g e
300

200 /

100 /
‘/

0 T T T T
0 5 10 15 20 25

DC motor speed (rad/sec)

Fig. A.1: Mechanical power vs. DC motor speed

Table A.1: Stiction torque, friction & windage loss coefficients at DC motor-side

Stiction torque Friction loss coefficient Windage loss coefficient
(Nm) (Nm.sec/rad) (Nm.secz/rad?)
7.159 1.222 0.001

A2 Generator Stiction Torque, Friction & Windage Loss Coefficients
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Fig. A.2: Mechanical power vs. Generator speed
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Table A.2: Stiction torque, friction & windage loss coefficients at generator-side

Stiction torque Friction loss coefficient Windage loss coefficient
(Nm) (Nm.sec/rad) (Nm.secZ?/rad?)
0.298 0.001 6E-5
A3 DC Motor Constant Calculation
TDC = Kﬂlfla Al

From the technical data for DC motor, the output power is 54kW at speed

2120rev/min (221.9rad/sec), armature current 131amps and field current 3.22 Amps.

P _ 54000

Tpe=—= = 243.35Nm A2
wpc 2219
T 243.35
Ky =2 =—"""=0.577Nm/amp? A3
ifiq  3.22x131
A4 Generator Electrical Parameters
Ls RS Lls
O— AN
+
Vg Rm
=
Stator circuit Air gap Rotor circuit
Fig. A.3: Equivalent circuit of DFIG
A4.1 Stator-Rotor Turn Ratio Test

v N. V.
Ng =—=_"t~= A4
v2 N v

Table A.3: Measured & calculated values during turn ratio test

Method 1 Method 2
vs (volt) v, (volt) Ngr1 v, (volt vg (volt) Ngry
51.08 38.90 1.313 38.60 47.26 1.224
70.60 54.00 1.307 43.60 54.17 1.242
80.74 60.71 1.329 50.80 62.64 1.233
100.00 76.34 1.309 75.00 92.00 1.226
Nsr1(average) = 1.314 Nsr2(average) = 1.231
n,, = Nsri(average) ‘;nsrz(average) _ 1-314‘; 1.231 = 1.272

134



A4.2 No-Load Test
Synchronous speed—Speed
s(%) == PEEEPEEZ % 100
Synchronous speed
(%
z, =%
ls
P
PF = cosp = 22
VUsVUs
Zm
Ry = cos®
Zm
Xm = sing
_ Xm
- 2nf
Table A.4: Measured & calculated values during no-load test
Spee(! s Vg i Pyp PF go Znm R, L,
(rev/min) | (%) | (volY) | (amp) | (W) @ | @ | mH
1498 0.133 232.6 24.8 410 0.071 85.9 9.38 131.9 29.93
1498 0.133 228.1 23.4 389 0.073 85.8 9.75 133.7 31.11
1498 0.133 225.2 22.5 376 0.074 85.7 10.01 134.9 31.97
1497 0.200 222.4 21.8 366 0.075 85.7 10.20 135.1 32.57
1496 0.267 219.7 21.0 356 0.077 85.6 10.46 135.6 33.40
1493 0.467 216.3 20.3 346 0.079 85.5 10.65 135.2 34.04
1490 0.667 213.9 19.7 337 0.080 85.4 10.86 135.7 34.68
1492 0.533 210.7 19.0 329 0.082 85.3 11.09 134.9 35.44
1487 0.867 207.9 18.5 323 0.084 85.2 11.24 133.8 35.92
1487 0.867 204.8 17.9 314 0.086 85.2 11.44 133.6 36.59
1486 0.933 202.4 17.5 307 0.087 85.0 11.57 133.5 29.93
1485 1.000 199.5 16.9 300 0.089 84.9 11.80 132.6 31.11
1487 0.867 196.6 16.5 297 0.092 84.8 11.92 130.2 31.97
1489 0.733 190.2 15.6 283 0.095 84.5 12.19 127.8 32.57
A.4.3 Locked Rotor Test
Z=2%

X =Xs+ X', =X, +n2.X, = Zsin@

We assume X = X, , so

_ __ Zsin@
Xs =X =)
—_ —_ XS — XT

r_ 02
L r — nsrLlr
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Table A.5: Measured & calculated values during locked rotor test

Vs is PT Pyh PF QD VA Lls Llr L,lr
(volt) (amp) W) (1] (@) (mH) (mH) (mH)
18.9 26.8 534 178 0.352 69.4 0.704 0.802 0.802 1.298

The stator and rotor resistance were measured immediately by using BS407
Precision Milli/Micro Ohmmeter. These values are Rg; = 79.3m{, R, = 44.9m{ and
R’. = nZ.R, = 72.6mA.
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B. Reference Frame Transformations

In this section the theory of the reference frame transformations, used in the RSI
controller, are introduced. This includes Clarke and Park transformation and their inverse

transformations.

B.1 Clarke & Inverse Clarke Transformations

It is also known as af-transformation and it is a space vector transformation from a
3-phase stationary system (abc) into a stationary 2-phase reference frame (af). For an
example of transformation, a time varying signals in abc-reference system as shown in
Fig. B.1. The signal distribution of x,, x;, and x, are 120° apart from each other. Cartesian
axes are also portrayed, where x,, is the real axis aligned with phase x,, and the imaginary

axis rotated by 90° is indicated by xg.

8
X, Xp
_______________ ] S
| o
Xy i

Fig. B.1: Space vector concept in af3-reference frame

In general, the 3-phase signals in the axes a, b, and ¢, can be algebraically

transformed into a stationary af-reference as following:

xa
Yol | x B.1
xﬂ _ aﬁ b .
xC

where Ty is often called the Clarke direct transformation and defined by:
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B.2

In addition, The Inverse Clarke transformation can also be obtained to transform

the quantities back from stationary aff reference to 3-phase quantities by:

Xq x
Xp| = T_l [ a] B.3
[XC ap Xﬁ
and
1 0
f_ L 3 ]
Tg=| 2 2 B.4
_1 _¥3
2 2
B.2 Park & Inverse Park Transformations

It is also known as dg-transformation and it is applying an angle transformation to
convert from a stationary af-reference frame to a synchronously dq-rotating frame. The
dq-reference frame is rotating at synchronous speed w with respect to the af-reference
frame, and at any instant, the position of d-axis with respect to a-axis is given by 8 = wt.

The reference frames and transformations are shown in Fig. B.2.

Fig. B.2: Space vector concept in dg-reference frame

The Park transformation is given by:

o e |

138



However, The Inverse Park transformation can be obtained by:

[xa]:[COSG —sinf [xd]
X sin@ cosf 11 Xq

The synchronous reference frame can be aligned to rotate with the voltage (e.g.
used in voltage source converters) or with the current (e.g. used in current source

converters).
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C. Extended Results

This appendix contains a complete set of figures of time domain simulated and
measured data used for the frequency analysis in section 6.2. It also contains a more
complete set of results figures for rotor fault detection under variable speed operation

conditions above and below synchronous speed.
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Fig. C.1: DFIG & RSI control signals simulated at fixed speed ~1598rev/min
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C.1.2 Measured Data
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Fig. C.2: DFIG & RSI control signals measured at fixed speed =~1598rev/min
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C.2 Rotor Fault Detection under Variable Speed Operation

Further simulation and experimental results for fault detection of 20% rotor
unbalance under variable speed operation conditions using the RSI control and DFIG

signals are presented in this section.

C.2.1 Above Synchronous Speed
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Fig. C.3: Generator rotational speed signal during simulated & measured variable speed tests above
synchronous speed

All the spectra presented were calculated from data collected from 48sec to 58sec

in both simulated and measured cases.
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c.2.1.1 Simulation Results
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Fig. C.4: DFIG & RSI control signal spectra simulated at variable speed above synchronous speed
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C.2.1.2 Measured Results
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Fig. C.5: DFIG & RSI control signal spectra measured at variable speed above synchronous speed
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C.2.2 Below Synchronous Speed
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Fig. C.6: Generator rotational speed signal during simulated & measured variable speed tests below
synchronous speed

All the spectra presented were calculated from data collected from 50sec to 60sec

with sampling rate 5kHz in both simulated and measured cases.
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C.2.2.1 Simulation Results
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Fig. C.7: DFIG & RSI signal spectra simulated at variable speed below synchronous speed
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c.2.2.1 Measured Results
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Fig. C.8: DFIG & RSI control signal spectra measured at variable speed below synchronous speed
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D. Enlarged Figures from Chapter 6

This appendix contains enlarges version of the measured sensitivity result figures

from Chapter 6 of this thesis.
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Fig. D.1: Enlarged Fig. 6.11b
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