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Abstract

Over the past several years the number of renewable energy installations has shown
a strong increase rate. Due to the ambition to close down fossil and nuclear power
plants, this rate of increase is not expected to decline during the coming decades. In
particular, wind energy represents one of the most dominant renewable energy
sources. Due to the fact that wind energy has become such an important source of
electric power, stable operation as well as high availability is needed. With the
increasing amount of installations and the increase in power ratings of the single
turbines, the task of maximizing the operational time of the wind turbine is more
and more important in order to reduce the cost of energy. Under this scenario, early
detection of fault conditions can be important to minimize the damage and therefore
reduce the downtime of the wind turbine. It is therefore important to understand the
behavior of the faulty component, both in order to limit the damage, but also to be
able to more efficiently detect the fault.

This work presents a system model of the electrical parts of a full power converter
wind turbine with a permanent magnet synchronous machine as generators. The
system model is modular based, where each sub-system can be replaced by a model
of a faulty component in order to study its impact on a system level. Statistics has
shown that faults occur in all of the different sub-systems of the turbine, not only in
the electrical parts. However, generator faults are among the most common wind
turbine component to fail, and in addition it is a costly and time consuming
component to replace. This work presents an analytical model of a permanent
magnet synchronous machine with a turn-to-turn fault, which is the most common
winding fault. There are other works available in this subject, however there is little
information regarding how to detect a turn-to-turn fault.

The derived analytical model of the faulty machine is verified using a finite element
model. In order to simulate the transition of the generator from healthy to faulty
conditions, a flexible model of the permanent magnet synchronous machine is
developed. The flexible model can also be used to emulate the evolvement of the
fault by using a variable resistance in the fault loop of the investigated winding. The
developed model can also be used to understand which quantities that needs to be
monitored to be able to early detect a faulty condition in the machine. It is shown
that turn-to-turn faults in the permanent magnet synchronous generator can be
detected through monitoring of the harmonic content of the stator current in the
rotating reference frame as the harmonic content slightly change when a turn-to-
turn-fault arise.

Index Terms: Wind energy, Wind turbine modeling, full power converter wind
turbine, permanent magnet synchronous machine (PMSM) modeling, fault, turn-to-
turn, fault detection.
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with knowledge of design techniques as well as maintenance in the field of wind
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design and operation of wind turbines; Power and Control Systems, Turbine and
Wind loads, Mechanical Power Transmission and System Optimisation, Structure
and Foundation, Maintenance and Reliability as well as Cold Climate.
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Chapter 1
Introduction

1.1 Background

The world’s energy consumption keeps increasing, and due to the climate issues
and the cost of fossil fuel the renewable energy sources present a sustainable
solution. Wind and flowing water have been utilized by mankind throughout the
ages as an energy source for various applications. For the last few decades wind has
been utilized for electrical power production and is likely to be utilized further.
Countries such as the U.S. and China (as well as the European Union) have stated
that they aim to incorporate more wind power in their system, where up to 25 % of
energy production should be wind based [1]. As such, the total number of installed
turbines is increasing. However is not only the amount of turbines that increase;
turbines have increased in both physical size and in power rating in order to achieve
better land exploitation, benefit from scale economies and to reduce the operation
and maintenance costs [2]. This increase in power rating will also contribute
towards the goal of increasing the wind energy penetration. But in order for wind
energy to become a true competitive energy source, the cost of wind energy needs
to be on par with other conventional energy sources. Even though the increase in
turbine size helps to decrease the operational and maintenance cost, the operational
and maintenance cost is still comparably high for wind turbines due to the hard-to-
access structure and that they are often located in remote locations [1]. For onshore
wind turbines the operational and maintenance cost could be as high as 20-30% of
the total levelized life cycle cost [3].

It is not only the cost of energy which drives the wind industry forward, as grid
integration has become more demanding. The increasing amount of energy
produced through wind has lead to the need of regulation when interconnecting
wind farms into the power network, similar to other conventional power plants.
This has motivated stricter wind energy grid codes, and future wind grid codes may
also incorporate more grid support functions, both during normal operation as well
as during grid fault conditions. The grid codes of today require that turbines are to
remain connected during grid voltage drops with limited duration, and some grid
codes also require that the wind turbine should provide voltage support. However,
remaining connected during grid disturbances can cause additional mechanical
stresses for the fixed-speed and DFIG wind turbines [4]. The extra stresses will
affect the amount of maintenance needed and possibly the lifetime of the turbine.
The wind turbines electrical and mechanical interaction is a field which requires
further research in order to fully understand the additional stresses and by extension
how to reduce them. Therefore, accurate models of the electrical drive system
which can be incorporated into larger system models of wind turbines are needed to
be able to study the effects of the faults on both the component level as well as on a



system level. However, all additional stresses does not necessarily originate from a
grid disturbance, as it may originate from an faulty component within the wind
turbine

The increasing amount of power electronics and computational power in wind
turbines presents the opportunity for more accurate measurements and monitoring
while at the same time increasing the controllability. Utilizing the monitoring
capabilities together with the knowledge of how a faulty component behaves,
presents the possibility for more accurate and timely detection of faults within the
turbine. It also enables the possibility to detect new types of faults which previously
lacked efficient methods of detection.

1.2 Aim of thesis and scientific contributions

The aim of this thesis is to present how to analytically model the electrical
subassembly of a direct-driven full power converter wind turbine using a
permanent-magnet synchronous machine as generator. The models should be
modular to increase flexibility and to be more easily integrated into larger system
models, which include both electrical and mechanical models. The modularity will
also make the models interchangeable, which makes them usable for other turbine
topologies but it will also provide the possibility to investigate the effects of faulty
components by the exchange of a the model of a healthy component for a model of
a faulty component. Since the generator is a critical component for wind turbines
which is both costly and time consuming component to change if failed, an efficient
generator health monitoring system is needed. This thesis will therefore focus on
the development of an analytical generator model which is to be used as the first
step in the development of a complete method for detecting the most common
machine winding fault: the turn-to-turn short circuit. The developed analytical
model is verified during various operating conditions using a finite element model.
Using the derived model a detection method is derived which can be used as an
indication of a turn-to-turn fault.

1.3 Thesis outline

In this thesis, a short review of the development of wind turbines and the current
trends and future possibilities will be presented in Chapter 2. Chapter 3 presents
models over the electrical sub-systems of a full power converter wind turbine,
where the modeled sub-systems are generator, the converter and its control and
protection system together with the grid and filter. All the sub-systems will be
interconnected to perform a complete system simulation during both typical
operation and for more a dynamic operation in the form of a low voltage ride
through. Chapter 4 presents a brief review typical faults occurring within the
different wind turbine sub-systems, including the mechanical, structural and the
electrical sub-systems. Chapter 5 presents an analytical model of a permanent
magnet synchronous machine with a turn-to-turn fault, both in the stationary
reference frame and in the synchronously rotating reference frame. To verify the
analytical model a finite element model is developed with which the analytical
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models is compared. Using the derived model, a method of detection a turn-to-turn
fault is suggested. Chapter 6 presents the conclusions and together with some topics
which requires further research.






Chapter 2

Wind turbine topology review

This chapter gives a short introduction to the most common wind turbine
topologies, a brief review of future trends as well as a short review of the
possibilities future advancements in materials and computer software that may
enable new possibilities for the wind turbine industry.

2.1 Introduction

The amount of wind turbines installed in the power grid has steadily increased since
the late 1980s, both in numbers and power rating. Figure 2.1 presents the globally
installed wind power up until the year 2013 [5] which shows how the installed wind
power capacity has grown exponentially over the past decade.

GLOBAL CUMULATIVE INSTALLED WIND CAPACITY 1996-2013
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Figure 2.1 The global cumulative installed wind capacity from 1996 to 2013 [5]

Wind turbines have evolved from the smaller fixed-speed 1980’s turbines with a
power rating of less than 100 kW. During the mid 1990’s the typical turbine rating
was between 750 kW to 1000 kW[6], and the modern turbines have a power rating
up to 7.5 MW [7]. The modern turbines utilize variable-speed drive and can
typically also provide some grid support features. This chapter presents a brief
overview of the turbine development from fixed-speed to the variable-speed with
full power converter, the current trends within wind turbine topologies and some
future scenarios for wind turbines.

2.2 Fixed-speed wind turbine

The early wind turbines utilized simple and cheap solutions compared to modern
ones, where a standard induction machine directly connected to the grid was used as
the generator. Since induction machines typically operate in the speed range of
1000 to 3000 revolutions per minute in a 50 Hz grid, the fixed-speed turbine needs



a gearbox. Figure 2.2 illustrates a fixed-speed wind turbine using an induction
machine directly connected to the grid.
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Figure 2.2 Conceptual image of a fixed-speed wind turbine supplemented with a
capacitor bank and a soft starter.

Induction machines can generally be categorized either as a squirrel-cage or a
wound rotor type. The squirrel-cage rotor type uses a simpler, cheaper and more
robust construction as compared with the wound rotor type and it mainly requires
bearing maintenance since the rotor circuit consists of short-circuited and non-
isolated aluminum bars. This design makes it less sensitive to pollution, moist, and
vibrations.

The wound rotor, as the name implies, uses wound conductors instead of bars. This
makes it easier to utilize copper instead of aluminum, leading to an increase of the
machine efficiency since copper has higher conductivity than aluminum. However,
copper is more expensive than aluminum and the production method of the wound
rotor is more complicated than the squirrel-cage, leading to an increased cost of the
wound rotor machine. On the other hand, the wound rotor solution has big
advantage compared to the squirrel-cage, being the option to connect to the rotor
circuit via slip rings. The rotor accessibility provides more control possibilities, i.e.
the rotor currents can be manipulated using passive components or power
electronics, where the later part will be described more in Section 2.3.

To limit the inrush current during the start-up of the fixed-speed turbines, soft
starters are used. The soft starters consist of back-to-back connected thyristors (see
Figure 2.2), which are used to regulate the voltage supplied to the wind turbine
which by extension provides control over the inrush current. Once normal operation
is reached, the soft starter is bypassed in order to reduce losses. There are some
other drawbacks when using an induction machine directly connected to the grid as
generator other than the high inrush current; one of them is the needed of reactive
power for magnetization. This characteristic can be an issue for turbines connected
to weak grids. To cope with this issue the turbine can be complemented with
additional supporting systems that locally provide reactive power compensation,
where the simplest solution is the installation of capacitor banks, as shown in Figure
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2.2. However, the capacitor bank only complements the turbine during normal
operation; it cannot provide any protection or support for the turbine during grid
faults. Another issue of this kind of solution is that any grid disturbance has a direct
impact on the turbine. In the event of a severe voltage dip in the grid, causing a
greatly reduced turbine terminal voltage, large currents in the generator will be
experienced. This forces the activation of the protection system which disconnects
the turbine from the grid. However, modern grid codes do not allow this behavior as
will be discussed in Section 2.5

Another drawback of using an induction machine directly connected to the grid is
its very limited speed variation. The speed variation is caused by the slip associated
with induction machines which is typically one or two percent of rates speed. This
narrow speed range is not sufficient to optimally cope with the natural fluctuations
of the wind. As a result an optimal operation point with respect to energy extraction
cannot be reached which also causes increased mechanical stresses.

2.3 Doubly-fed induction generator

The Doubly-Fed Induction Generator (DFIG) is the most common turbine used
today as it represents almost 50 % of all installed turbines [8]. It uses a wound rotor
induction machine where the rotor circuit is connected via slip rings to a back-to-
back converter. The other side of the back-to-back converter is connected to the
point of common connection of the grid and machine stator, see Figure 2.3.
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Figure 2.3 Conceptual image of a DFIG wind turbine

The converter enables control of the currents in the rotor circuits, which in turn
enables a limited control over generator speed. The gained speed range is dependent
on the converter rating, where a larger converter provides a larger speed range.
Therefore a trade-off must be made between turbine speed range and converter size
and cost. Typically the converter rating is about 25 % of the turbine rated power,
allowing speeds of 60 % to 110 % of synchronous speed [9]. This speed range is
sufficient for wind turbine applications due to the relatively narrow operation
region originating from the wind speed. Due to the introduction of variable-speed
operation, the turbine can extract the wind energy more efficiently, i.e. a variable-



speed wind turbine can produce more energy compared to a fixed-speed turbine.
However, the addition of a converter also introduces additional losses. This will
reduce the turbine output power which (despite the more efficient variable speed)
will make the net gain of energy small. However, the large advantage of the DFIG
compared with the fixed-speed is the reduction of mechanical stresses through the
enabling of variable speed operation.

The DFIG converter is able to provide the reactive power needed for magnetizing
the induction machine, i.e. a DFIG doesn’t need any additional complimentary
system. However, since the stator is directly connected to the grid, like the fixed-
speed turbines, the issue of too large stator currents during a grid fault is still
present. For less severe grid faults a DC-crowbar in the converter is able to
dissipate the additional rotor energy caused by the grid fault. The converter is still
active and can provide grid support during DC-crowbar operation. For more severe
grid faults where DC-crowbar is unable to dissipate all the additional energy, in
order to protect the converter the rotor windings are short circuited through an AC-
crowbar which effectively turns the DFIG into a squirrel-cage induction machine.
However, the short-circuiting of the rotor circuit sudden change the DFIG into a
squirrel-cage, which can produce extra mechanical stresses on the wind turbine [8].
Even if the rotor circuit is short-circuited, the stator fault currents are still large and
as a result the turbine protection system may disconnect the turbine from the grid,
like the fixed-speed turbine would.

2.4 Full power converter wind turbine

Instead on only using a partly rated converter connected to the rotor circuit, a full
power converter connected at the interface between the stator and the grid can be
used, see Figure 2.4.
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Figure 2.4 Conceptual image of a full power converter wind turbine topology

As mentioned in the previous section, a convert with a higher rating increases the
initial cost of the turbine as well as the overall losses. However, with the use of full
power converters the turbine controllability greatly increases. The full power
converter will during normal operation decouple the generator from the grid, as the
back-to-back configuration will allow generator controller to operate independently
of the grid voltage as long a there is a DC-link voltage. If the converter has a DC-



crowbar, it is able to cope with the low voltage ride through without disconnection.
Due to the decoupling provided by the full power converter, there will not be any
additional mechanical stressed during a low voltage ride through as for the DFIG
and the fixed-speed wind turbines. In addition, the full power converter is able
provide grid supporting functions both during normal operation as well as during
grid faults.

An advantage of the full power converter is its flexibility regarding generator type.
It can be utilized together with various machine types but the most common for
wind turbine applications are squirrel-cage induction machine, electrically excited
synchronous machine and permanent magnet synchronous machine. Variable-speed
is easily achieved with the full power converter due to the grid and machine
decoupling which makes it possible to choose the machine frequency freely. By
varying the frequency supplied to the machine its synchronous speed varies, hence,
the machine speed varies. The option to freely choose the frequency enables what is
called the direct-drive, which utilize a large multi pole generator with low
mechanical speed that eliminates the need for a gearbox. In order to reduce the size
and weigh while increasing the machine efficiency of a generator, powerful
magnets can be used. However, by the use of permanent magnets instead of an
electrically excited rotor some of the machine controllability is lost. However, the
main drawback of the permanent magnet machine is the cost of the magnets which
makes the initial cost of the generator higher compared to the electrically excited
machine.

2.5 Current wind turbine trends and future possibilities

The main objective of any power producing unit is to minimize the cost of the
energy delivered to the grid. For wind turbines the “fuel” can be considered free
whereas the cost arises from the initial investment as well as the operation and
maintenance. As such, the most efficient system is not necessarily the best solution
since it may have too high initial cost or excessive maintenance cost. However, it is
not solely the cost of energy which is the driving force of wind turbine development
as stricter grid codes will also be a deciding factor.

In general, there is no trend towards a single new topology but rather the trend lies
in further development of the existing topologies where an increase in reliability is
desired[10], especially for off-shore applications where maintenance is more
difficult. Off-shore turbines are starting to be more and more attractive due to
higher wind speeds and more available space compared to land. There is also a
trend towards replacing dispersed turbines with larger wind farms[10] and that the
fixed-speed turbines, at least for power ratings greater than one MW, are
disappearing from the market in favor of the variable-speed topologies [9].

2.5.1 Grid code compliance

Countries with high wind penetration typically have specific grid codes which only
apply to wind turbines with various specifications. However, all grid codes have
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specified a low voltage ride though profile during which a turbine must stay
connected. If the voltage level becomes lower than the minimum voltage specified
in the grid code or have a longer duration the turbine is allowed to disconnect and
stop as a protective procedure. The low voltage ride through profiles varies from
country to country and Figure 2.5 illustrates the profiles of some countries which
are presented in [11].

! —--. E.ON (Germany)

National Grid (U.K.)
— Red Eléctrica Espafia (Spain)

—— EirGrid (Ireland)

System Voltage [pu]

—— Energnet.dk (Denmark)

Svenska Kraftnét (Sweden)
Nordel

0
0 025 05 0.75 1 125 15 175 2 225 25 275 3
Time [s]

Figure 2.5  The different low voltage ride through presented in [11]

As can be seen, there are variations between the different grid codes where all
turbines must fulfill all of the criteria imposed by the grid codes. For manufacturer
to make specific turbine for single markets/grid codes is not economically
justifiable, i.e. turbines should be able to cope with all criteria specified in all grid
codes by only adjusting the software to enable the desired behavior. The full power
converter topology has the highest controllability and can therefore cope with low
voltage ride through more efficiently than the DFIG and fixed-speed topology.
However, research has successfully been performed in order to enable grid fault
ride through for the DFIG which still makes it a viable option [9].

2.5.2 Turbine structure

Wind turbines have with time grown in size in order to reduce the cost of energy.
Since the early 1980°s the modern turbine power has almost increased a hundred
times, see Figure 2.6 [12]. The reason for the increase in hub height is due to the
wind gradient, where higher heights provide greater wind speeds. The increase in
rotor blades provide a larger rotor sweep area which in turn allows for a higher
energy capture for a given wind speed. The constant development of new light
weight (and more durable) materials allows for the even larger wind turbines in the
future. Larger towers and blades does however create practical issues during
construction, where the main issue lies with the logistics to move the component to
the turbine erection site. As such, research is being conducted on blades which can
be built in segments and assembled on site while still maintaining the aerodynamic
performance and durability [13].
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Figure 2.6 The increase wind turbine size over the last three decades and a

possible future scenario based on the current trend. [12]

The wind turbine efficiency in extracting the wind energy has improved through
better aerodynamics and structural dynamics and has resulted in an overall yearly
improvement of wind turbine energy output of 5 %[14].

2.5.3 Generator

The main trend within wind generators is to improve the reliability for the currently
available topologies[10]. There are general improvement possibilities for the
materials such as core materials with lower losses or to use insulation materials
with nano-particles in order to create a thinner insulation layer with increased heat
conductivity while keeping the withstand voltage at a desired level [15]. However,
since the cost of energy is very important for wind turbines, it can be beneficial to
use proven and off-the-shelf generators. The typical electrical machine operates at
higher speeds which will require a gearbox for wind turbine operation. The use of
full power converters allows for a variety of generators, which has contributed to
the increase of diversity regarding generator types. By using a gearbox there are
more components in the drive-train chain that reduce the overall efficiency and
potentially increase the turbine failure rate. The alternative is to use the direct drive
solution, but the direct drive generators are large, heavy, and have to be custom
made which all contribute to an increase in the initial investment cost. However,
modern and optimized direct drive drives have a comparable weight to that of
geared systems [16]. Figure 2.7 shows a direct drive generator which is presented
in[17].

11



Figure 2.7 Photo of a direct drive generator in the MW range, presented in [17].

A method which both reduces the weight of a generator as well as improves its
reliability and efficiency is to use permanent magnet. However, almost all of the
rare-earth magnetic materials are mined in China, and China has made protective
action which has lead to a reduction in their exports of these materials. This
reduction has in turn both increased the current price of power magnets, as well as
made it difficult to predict the future price [16]. As such the cost of saving weight
by the use of permanent magnates may not be justifiable. If the magnet price
stabilizes at reasonable level, this kind of electrical machine will likely be used
more due to its superior performance compared to electrically excited solutions[10].
However, in order to remove the dependence of expensive materials, other machine
designs are considered for wind turbine applications. A candidate is the reluctance
machine which has a comparably high power-density-to-cost ratio, where another
possible candidate is the electrically excited claw-pole machine [18]. The drawback
for these machine types is that they have a low power factor which requires a larger
converter.

Research is currently being conducted to be able to use non-scarce materials to
produce strong magnets. A potential material is an iron-nitrate compound which
possibly has the highest saturation ever recorded for a material [19]. However, the
material is not stable and demagnetizes easily. Other research is conducted to find
new types of material combinations which can be uses as substitutes for the rare
earth metals, both in magnetic properties as well as in extending the operation range
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[19]. However, a new material must also be able to be manufactured in a cost-
effective manner in order for it become a commercially viable option.

There are other machine types which in the future could be used as wind turbine
generators such as axial flux machines, air core machines, brushless DFIG,
magnetically geared generators and superconducting generators. These generator
types will not be further address in this thesis but some further information
regarding these generator types can be found in [9].

There are some studies on transformer-less wind turbine which helps in reducing
the overall nacelle weight [20]. This can be achieved either by using specially
designed generators with a higher rated voltage or by the use of power electronics.

2.5.4 Power electronics

The use of power electronics has been considered in wind application since the
1980s. Back then power electronics was utilized in soft starters to limit the inrush
current of the fixed-speed turbines. Along with the development of power
electronics, its use in wind energy systems has gradually shifted towards a mean of
regulating the generated power [21]. The use of full power back-to-back converters
enables wind turbines to become fully controllable generation units which
simplifies their integration into the grid. With the latest improvement of power
electronics, the full power converter is expected to become the dominating topology
on the market, as the wind turbines with full power converters are the preferred
choice in the best selling range of wind turbines [21].

The typical converter topology used for wind applications is a two-level voltage
source converter which is operating at a voltage less than one kV. However, with
turbines reaching power ratings of several MW a single converter may suffer from
large switching losses due to the high currents. Therefore some manufacturers use
back-to-back converters connected in parallel where the machine side converters
are connected to different segments of the generator windings. The advantage of
this setup is that it uses the proven low voltage converters [21]. By the use of a
multilevel converter the voltage can be increased in order to reduce the current and
possibly also enable a transformer-less system. The three-level neutral point diode
clamped is one of the most commercialized topologies available on the market. The
advantages of using the three-level compared with the two-level converter is the
extra voltage level, lower switching frequency and that it has lower voltage gradient
stresses [21]. There are other types of multilevel topologies which are discussed in
[22-24] and in [25], where [25] has a wind turbine perspective.

The Silicon (Si) based semiconductors of today are close to what is theoretically
achievable regarding performance and efficiency. There is therefore research
conducted on new types of semi-conducting materials with better performance than
Si which can improve performance of high-power power electronics. A potential
material is Silicon Carbide (SiC), which has higher conductivity than Si and it can
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operate at a higher temperature while being a more efficient heat conductor. SiC is
still expensive and there is only FET transistors and diodes available. However, SiC
transistors are still not a real competitor for Si based Insulated Gate Bipolar
Transistors (IGBT) in high power applications. But by the use of SiC instead of Si
in wind power applications will according to [26] improve the system efficiency.

The use of power electronic converters also provides the possibility of integrating
energy storage in the wind turbine by installing batteries in the DC-link. This
provides the possibility of reducing the impact of the stochastic nature of wind
power and make the turbine more controllable and predictable [27]. Less stochastic
power from wind increases the grid stability and the stored energy can also be used
for additional features such as frequency control. The storage capacity and power
rating of the energy storage depends on the acceptable grid power fluctuation and
the variation in wind speed. Since energy storage increases the investment cost of a
turbine there will be a trade-off between power fluctuations and cost [28].

2.6 Summary

This chapter presented a brief topology overview of fixed- and variable-speed wind
turbine topologies. Then the current trends and some future possibilities for wind
turbines were presented. It was concluded that all topologies presents strength and
weaknesses and no topology has been shown to have an overall superior
performance. This makes the choice of turbine topology non-trivial. As such, there
is currently no converging trend towards a single wind turbine topology. However,
with the grid code compliance of the full power converter wind turbines, it is likely
to be the dominating solution in the future. A more general trend in the wind
industry is the improvement the currently available topologies with focus on
increasing component reliability in order to reduce the cost of energy. The
reliability aspect becomes even more important for off-shore wind turbine
applications where maintenance and repair is more difficult.

However, the full power converter together with a permanent magnet synchronous
machine as generator is from an operational perspective an attractive solution due to
its high controllability provided by the converter and its higher efficiency compared
to electrically excited generators. If the permanent magnet price stabilizes at
reasonably price, then the number of full power converter wind turbines with a
permanent magnet synchronous machine should increase in the future.

The following chapter presents how to model the electrical parts of a full power
converter using a permanent magnet generator. The models can be used to
investigate how the wind turbines electrical parts behave during normal operation
as well as during operation with a faulty component.
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Chapter 3
PMSM full power converter wind turbine

model — From rotor speed to grid power

This chapter presents analytical models of a full power converter wind turbine with
a three phase permanent magnet machine as generator. The different electrical
parts of the turbine are described and the system is modularly designed so that each
sub-system is easily exchangeable. This is to be able to study the impact of a faulty
sub-system on a system level.

3.1 Introduction

A wind turbine can be modeled at various detail levels depending on the model
application. The turbine models range from simplified model, used for simulations
to study the effects of integrating wind farms to a national grid, to highly accurate
and detailed finite element models to study the behavior of a single component
within the turbine. The parts of the wind turbine of interest for this thesis are mainly
the electrical components, namely the generator, the back-to-back converter, and
the grid connection. However, the mechanical drive-train is also modeled through a
simple two-mass model as it will simplify the comparison between measurements
and simulations. This chapter presents dynamic models of the sub-systems of a full
power converter wind turbine with a permanent magnet synchronous machine
(PMSM) as generator, which can be used to study of the interaction between the
sub-systems during both normal operation as well as during operation under faulty
conditions. The fault can either be in the grid or within one of the sub-systems. In
the case of a faulty sub-system, the model presented in this chapter should be
replaced by a model of the faulty sub-system. Figure 3.1a illustrate the complete
setup of sub-systems used to model the full power converter wind turbine used in
this thesis. Figure 3.1b illustrates the full power converter, consisting of two two-
level converters connected in back-to-back. Figure 3.1b also includes the
overvoltage protection (the DC-crowbar) discussed in later in the section.
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Figure 3.1 Figure a illustrate a system overview represented using blocks. Figure b
illustrates the two-level converters connected back-to-back with the DC-
link and the overvoltage protection.

As mentioned earlier, this chapter presents models of a one- and two-mass model
mechanical drive train, the generator together with a method of how to calculate the
inductances from the geometry, and the machine and grid side controllers together
with the protection system. Finally, the complete system is simulated during typical
operating condition and during grid fault to verify the low voltage ride through
capabilities.

3.2 Mechanical drive train model

The purpose of electrical machines is to convert electrical energy into mechanical
rotation or vise versa. Depending on what the machine is connected to the
mechanical model can vary. A simple model of the mechanical drive train for
direct-drive wind turbines is the two-mass model, which can be described as:

d.Qt bi da (31)
Jturbine % = Twina — Ks@ — Ky E — BQtyrpine
Ay omerat a (3.2)
]generator % = Ksa + Kd E - Bﬂgenerator - Tgenerator
da (3.3)

E = Dturpine — -Qgenerator

where J is inertia, 22 denotes the mechanical rotational speed, T is the torque, Kj is
the shaft stiffness, K, is the self damping constant, B is the friction constant, and «
is the shaft displacement angle in radians. As seen in (3.1) and (3.2) the shared
torque of the two inertias is K;a + K, Z—:. It can also be seen that a positive value of
Twina Will increase the speed, while positive value of Tyeperqror Will reduce the
speed. The typical shaft that connects the wind turbine rotor with the generator is a
comparably short shaft with a large diameter. As such, the mechanical shaft is in
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this thesis assumed to have a high stiffness while being poorly damped. If the shaft
is excited by a torque step, the two masses will cause a misalignment between the
two ends of the shaft, as the interties will oppose any change in movement. Since
the shaft stiffness is high, any transient speed difference between the two masses
will be small as well as the misalignment angle. However, since the shaft has poor
damping any speed difference between the two masses will result in an oscillation
in the speed in one of the masses relative to the other, before reaching steady state.
This behavior is presented in Figure 3.2, which presents the speed £2;¢perqtor fOr a
step in T,,;q- The speed is normalized to with respect to the pre-step value.

1.004
1.003 //\v/\
1.002

/

150 150.1 150.2 150.3 150.4 150.5
Time [s]

Speed [-]

1.001

Figure 3.2 The oscillation in 2gepnerqror from a stepwise increase in T,,,;,4. This speed
response is typical for a stiff but poorly damped shaft between two inertias,
represented as a two-mass model.

A more simplified mechanical model is the one-mass model, described as

dwrator =T T
]total dt = lwind =™ !generator

(3.4)

where J;o:q; 1S the sum of both the turbine and generator inertia. The one mass
model behaves as a mechanical low-pass filter for the speed, where the input is the
torque difference between the aerodynamic torque T,,;,,4 and the generator torque
Tyenerator- Using the one-mass model over the two-mass model will make the
system more ideal as the generator speed will not oscillate as in the case of the two-

mass model.

3.3 Permanent magnet synchronous machine

The rotor of a synchronous machine rotates with the same speed as the stator flux
for one pole pair machines. This is due to the alignment of the rotor and stator
fluxes. For machine with more pole pairs the mechanical and electrical speed is
scaled with the number of pole pairs, i.e.

w, = pL, (3.5)
where w,. is the electrical rotor speed, p is the number of pole pairs and 0, is the

mechanical rotational speed. For the rotor to contribute to the magnetic flux it
requires either currents within the rotor or permanent magnets. By using magnets
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the rotor can be made smaller, simpler, and lighter at the cost of no controllability
of the rotor magnetic field strength. The way the magnets are mounted on the rotor
impacts the rotor magnetic field strength, but it will also affect the machine
behavior to some extent. One way to mount the magnets is to glue them (using glue
or any other adhesive method) to the rotor surface; This technique has a small
impact on the airgap reluctance due to that the reluctance of magnets is almost
equal to the reluctance of air. However, for high speed machines the mechanical
stresses on the adhesive can be excessive. To reduce the risk of magnets detaching
from the rotor an option is to make sockets in the rotor to place the magnets, thus
creating what is known as an inset mounted rotor. The inset mounted magnets can
be coated with an additional layer of rotor iron making the magnets to be
completely mounted inside the rotor, and then, an interior mounted rotor is
obtained. A machine using one of these rotor setups does not have uniform airgap
reluctance since the rotor material and air typically has different reluctance. Thus
the magnetic coupling becomes dependant on the rotor position and will cause
cogging torque if not accounted for by a machine controller.

Figure 3.3 shows the different rotor mounting setups.

AN
0 0
NN

Figure 3.3 The different magnet mounting setups. Surface mounted to the left, inset in
the middle and interior to the right

A good PMSM type to use as generator for a direct-drive wind turbine is the radial
flux machine which surface mounted magnets [29]. The phase voltage of a wye-
connected PMSM with surface mounted magnets can electrically be modeled as

av
ug = Rgiy + dt“ (3.6)

where u, is the voltage of phase a, R, is the stator winding resistance, i, is the
current in phase a, and ¥,is the flux linking phase a. The flux linking phase a can
be described as

Vo= (Le+L)ig+ Mgpip + Mgci, + Wymcos (6, + €) 3.7

where L, is the leakage inductance, L is the self inductance, M is the mutual
inductance, ¥,,, is the permanent magnet flux, 6,. is the angle between the reference
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point and the north pole of the permanent magnet and ¢ is the angle between phase
a and the reference.

It can be assumed that the coupling between two phases is unidirectional, i.e.
Mg, = Mp, (3.8)

and that the stator phases are identically constructed except for being shifted in
space which makes identical inductive coupling and leakage parts, i.e.

Mab = Mac = Mbc =M (39)
Ly, =Ly, =Ly, =L, (3.10)

If saturation is neglected the inductance values becomes constant, i.e.

dL, dM
= 3.11
at ~ar 0 (1)

Utilizing these assumptions and selecting phase a as reference for the permanent
magnet alignment, i.e. ¢ is zero in (3.7), then the flux derivative of phase a can
partly be evaluated to

av, di, di
7 = Lo +L)— +M(—”+—) @ W,pmsin (6,) (3.12)

since derivative of the electrical position of the rotor is the rotors electrical speed,
i.e.

Lr — . (3.13)

dt r

The flux derivatives for the other two phases can be evaluated in a similar fashion.
The three phase machine can be modeled using matrixes as

sin(6,.)
Uq Ry, 0 O ia L M M)y [ in(o _2_7T
U,| = Io Ry, 0 M L M]dt[ ] @ Ppm S‘“(T 3) (3.14)
U, 0 0 R, M M L

. 21
(o, +%)

where it is assumed that phase b and phase c are —2?" and 2?" electrical radians
shifted, respectively.

Equation (3.14) can be written in compressed from as (where a bold quantity
represents either a vector or a matrix)
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di
U=Ri+L +E (3.15)

where U represent the voltage vector, R represents the resistances matrix, L
represents inductance matrix and E represents the back-EMF vector. In this thesis
bold an entity represents either a matrix or a vector. A circuit representation of a
wye-connected three phase PMSM is shown in Figure 3.4.

Figure 3.4 Circuit representation of a wye-connected three phase PMSM

In order to be able to simulate the machine model, a state-space representation can
be used:

dx
T Ax + Bu (3.16)
y =Cx+ Du (3.17)

where x is the state variables, u is the system inputs and y is the system output.
However, the machine is neither linear nor time invariant since both the 4 and the
B matrix vary with time. Therefore, during simulations both the A and the B matrix
should be updated every time step. In this thesis the currents are chosen as the state
variables for the machine model. As such, if (3.15) is converted into state-space
form it becomes

di
LY (U—-Ri- 3.18
- =L (U-Ri—E) (3.18)
where
A=LY-R), B=L1 Cc=1 D=0 (3.19)
x=i,u=U-E (3.20)

The machine parameters and the back-EMF can either be measured directly or
indirectly. In the indirect case the values are obtained through calculations
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performed on measurement data. The values of the inductances can be calculated
using the machine geometry.

3.3.1 Inductance calculations using the machine geometry

Inductance is a property of a conductor that induces a voltage both within itself as
well as in other conductors when the current flowing through it changes. This is due
to the coupling between electric current and magnetic flux. The ability of inducing a
voltage within the conductor itself is the self inductance, and it is also a
measurement of how much magnetic energy a coil is able to store within itself. The
ability to induce voltage in other conductors is caused by the mutual inductance,
which relates how much of the stored energy in one coil is accessible from another
coil. The amount of energy that can be stored depends on the permeability of the
materials surrounding the coil. The surrounding material also determine the
reluctance of the flux path, where the reluctance of a flux path is defined as

.
HolrA

(3.21)

where [ is the length of the flux path, u, is the permeability of vacuum, w_is the
relative permeability of the material and A is the cross-section area of the path. As
such, the reluctance can be acquired from the geometry of a machine. A practical
method is to divide the path into smaller segments to create a reluctance circuit as
illustrated in Figure 3.5. In Figure 3.5 the different segments have different
reluctance, such as the stator tooth R;, the stator back between two teeth R, the
airgap and magnet between tooth and rotor R, the leakage airgap between teeth
R, and the rotor core R,. At each tooth there is a magnetomotive force (MMF)
source to represent the coil wound around the tooth. The upper loops, 1 to n,
represents the stator circuit while the lower loops, n + 1 to 2n, mainly represents
the rotor and airgap circuits. Note the absence of MMF sources in the lower loops,
as it is only the current carrying coils which are of interest for calculating
inductances and not the flux from the permanent magnets.

The reluctance of each part can be estimated with different accuracy, where the
simplest method is to estimate each part with a rectangular shape and neglect the
shape of the tooth shoe, slot leakage and the slot opening effect on the airgap. In
[30] a more accurate method of estimating the reluctance of each segment is
presented.
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Figure 3.5 Reluctance circuit of a PMSM. Figure a presents the reluctance grid as it is
connected in the machine. Figure b presents a more general reluctance grid
with its generated flux loops.

The estimated reluctance values are used in a reluctance matrix which describes
each reluctance loop shown in Figure 3.5. The matrix is express as

— zn -
DRy “Riy R ~Ryn
k=1
2n
“Ror D Rex R ~Ran
k=1
R= 2n (3.22)
“Rar ~Raz D Rax - —Ram
k=1
2n
RZn,l :RZn,z :RZn,3 Z RZn,k
L k=1 ]
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where Y.2" R, , is the summation of all the reluctance components in contact with
loop x. For example, the reluctance part R, , is the reluctance component present
both in loop 1 and loop 2, i.e. R;. However, R, ; will be zero as loop 1 and 3 do not
share any reluctance elements. In the case of x =k it refers to the element
exclusively present in that loop, for instance R;,; = Rs. The non-diagonal
elements of the matrix are the shared elements of the different loops, where the
negative sign is due to the direction of the flow in each loop being identical. As the
loops only share elements with neighboring loops, most of the elements in the
reluctance matrix will be zero.

The driving MMF can be described as a column vector, whose dimension is equal
to the number of loops in the reluctance circuit. The elements consist of the sum of
all the MMF sources within the loop with each flux direction taken into account.
For the circuit presented in Figure 3.5, the MMF elements are

"MMF, — MMF,
MMF, — MMF,

MFF = |MMF, — MMF, (3.23)
0

0
since the loops from n + 1 to 2n does not contain any MMF sources.
The flux in each loop can then be calculated as

® = inv(R) MMF (3.24)

where the flux in each tooth can then be calculated as the difference between the
two neighboring loops sharing the tooth reluctance R;. Using this method, it is
possible to calculate how the flux from a single coil is distributed in the machine
through the excitation of a single MMF source. Figure 3.6 shows the fluxes in each
tooth when only MMF, is excited. The fluxes are normalized with respect to the
flux in tooth 1. It is assumed that MMF; is a coil consisting of one turn carrying one
ampere and that all teeth have the same positive orientation of flux. Since the
reluctance of the stator back is small compared to the airgap, the flux will distribute
across the entire machine. However, the stator back is not negligible small since the
neighboring teeth get a larger portion of the flux. In this example, the machine has
twelve teeth and the flux is therefore higher in the neighboring tooth 2 and 12.
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Figure 3.6 Flux distribution from a single coil

If the permeability is assumed to be constant, i.e. no saturation, the inductance is
constant. The amount of flux that a coil produce is not solely dependent on the
reluctance, as it also depends on the number of turns in the coil and on the current
that flows in the coil. The amount of flux produced by coil x that reaches coil y, i.e.
®,,, can be calculated as (if leakage is neglected)

MME, n,l,
D, = = 3.25
SR TRy, (3.25)

where n, is the number of turns carrying the current I, in coil x and R,,, is the
reluctance of the flux path from coil x to coil y.

The self inductance, L, is defined as the flux produced by the coil multiplied with
the number of turns in the coil, in relation to the current in that coil, i.e.

% — nxq)xx
L L

L= (3.26)

Y. is the flux linkage originating from coil x and @, is the amount of flux in coil
x that originate from coil x. Mutual inductance, M, is defined as the amount of flux
produced by coil x that reaches the coil y multiplied with the number of turns the in
the second coil, in relation to current of the first coil, i.e.

A n,®
M=l Ty

3.27
I, I (3.27)
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If saturation is neglected, i.e. the flux is linearly proportional to the current, the self-
and mutual inductances can be simplified by the insertion of (3.25) in to (3.26) and
(3.27) respectively. Thus

n, nyn,d, n2
L=-2 == = 3.28
[x x Ix :Rxx RXX ( )
_ ny e, nyny (3.29)

L 7 LRy Ry

which states that for non-saturated system, the inductance is inversely proportional
to the reluctance of the flux paths.

With the knowledge of the flux distribution, the self- and mutual inductance per
tooth and turn can then be calculated using (3.28) and (3.29) respectively. These
inductances can then be used to build up the phase inductances with the knowledge
of how the phases are distributed among the teeth and how many turns each coil
consists of. The total self inductance can be calculated as

m

m

i=1 \j=1

where L;; is the self inductance of one tooth and L;; is the coupling terms from one
tooth to another. L;; for teeth not belonging to the same phase are assumed zero
when calculating the self inductance. n; and n; is the number of turns surrounding
tooth i and j respectively, and m is the total number of teeth.

A similar approach can be applied when calculating the mutual inductance

m m
=1 \j=1

i

with the difference that L;; is assumed zero as well as the L;; elements of the

ij
phases of no interest.

3.3.2 Buildup of back-EMF

Faraday’s law of induction states a change of magnetic flux in within a closed
conductive loop will induce an electromotive force, EMF, to oppose the change in
flux. This can be described as

Ao
E=_n22 3.32
T (3:32)

25



where E is the induced EMF, n is the number of turns of the closed loop, and @ is
the flux passing through the loop. In the case of a PMSM, the change in flux is
mainly due to a the movement of the permanent magnets in relation to the coils.
Since the amplitude of the flux from the permanent magnet is constant (for a given
geometry), the level of the induced voltage is therefore solely determined by the
rotational speed, where a greater speed gives a larger induced voltage. The shape of
the induced voltage depends on the flow of flux in the tooth where the shapes of the
magnet and stator tooth affect flux delivery. A simplified case is illustrated in
Figure 3.7 where magnets are moving below a stator tooth. The flux is assumed
constant with no leakage, giving that the positive direction flux in the tooth
increases as more of the positive magnets area is beneath the tooth. The maximum
amount of flux in the tooth occurs in this example when the entire magnet is
beneath the tooth. As the magnet keeps moving the linkage between the tooth and
that magnet decreases until there is no linkage, i.e. there is no part of that magnet
beneath the tooth. The flux in the tooth is not only dependant on a single magnet, as
it is the net flux in the tooth which induces the voltage. As such, the tooth net flux
in this example is zero when half the north magnet and half the south magnet are
both beneath the tooth.
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Figure 3.7 Flux in stator tooth for different times instances with magnet moving
beneath it.

The induced voltage can be calculated using the shape of the flux in the tooth and
(3.32). In the example illustrated in Figure 3.7 the shape of induced voltage will be
a square wave due to the constant slope of the flux alteration. In order to produce a
sinusoidal shaped induced voltage, a sinusoidal flux alternation is required which
can be achieved through some geometric adaptations. However, a perfect sinusoidal
with no harmonic content is practically impossible to achieve, but well designed
machines can, from a controller perspective, be approximated to an ideal sine wave,
where all the frequency components besides the fundamental can be neglected.

The total induced voltage, i.e. the machine back-EMF, in one phase is the
summation of all the induced voltages in the coils belonging to this phase.
However, as the coils are physically distributed in the machine, the induced voltage
is not necessarily linearly proportional to the number of coils in one phase. The
teeth electrical distance in the machine can be calculated as
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p 360°
=5 (3.33)
where ¢ is the electrical distance between two teeth, p is the number of pole pairs
and Y. t is total number of teeth. Therefore each induced voltage should be treated
as a vector with a magnitude and direction. If the coils have the same amount of
turns then the amplitude is equal for all coils, but they are phase shifted depending
the on displacement from the selected reference. Machines typically have a
symmetric distribution giving a constant tooth displacement for each phase. An
illustrative example of back-EMF buildup of a machine with six coils is illustrated
in Figure 3.8, where each short arrow represents the contribution from a single coil.
The long arrow is the total back-EMF measurable while running the machine in an
open circuit mode, i.e. no current.

Figure 3.8 Example of the buildup of phase back-EMF for one phase, where the red
arrow presents the resulting back-EMF, which is the sum of the black
arrows.

The coil distribution will also affect the harmonic content of the back-EMF. The
shape of the back-EMF can also be influenced by selecting the direction of the coil
windings in order to make the coils electrically closer, which will be used in
Section 5.4.1. An illustrative example is if the coils are electrically separated 150°
but by winding the second coil in an opposite direction compared to the first coil. In
this case the electrical distance then becomes 150° — 180° = —30° which
electrically is much closer and will thus have a combined effect. The resulting back-
EMF of the two is illustrated in Figure 3.9. As illustrated, the case of an electrical
distance of —30° results in a total amplitude which is greater than for a single coil
whereas the case of an electrical distance of 150° results in a smaller total
amplitude than for a single coil.

Figure 3.9 Build up of phase back-EMF for one phase, left 150°shift and right —30°
shift. The red arrow represents the sum of the two black arrows.
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3.4 Overview of the wind turbine control system

There are several alternatives to control the back-to-back connected converters used
in full power converter wind turbines. In this thesis, the method of using a
proportional-integral (PI) controller is chosen for both the machine-side and the
grid-side converter. An overview of the modeled system is presented in Figure 3.10,
where all the measured and used quantities are presented.

TWi"d Umachine DC-link Ugniconvl:ilter Uirid
* Mechanical + Generator +J_ C Grid
drive train Generator controller/ _I_ . controller/
T converter converter

DC-

Wy, 0, . .
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generator dc a
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Figure 3.10  An overview of the modeled system together with the measured quantities.

The generator model uses in this thesis is the PMSM described in the previous
section. However, to able to use a Pl control for the machine-side converter the
machine model needs to be transformed to the rotating reference frame using the
transformations described in Appendix A. Since a machine connected to an inverter
typically use a floating neutral point, (A.3) is used in this thesis. The angle
difference between the rotor magnet-north-pole and the axis aligned with the flux
created from positive phase a current (referred to as 6,.) is chosen as transformation
angle 6. As such when the north pole of a rotor magnet is perfectly aligned with the
flux created by the a-axis 6, is zero. Using this reference the g current represents
active power while the d current represents reactive power [31].

Applying the transformation matrix T'(6,)to the PMSM machine model described
by (3.15) gives

dalg f
Ugg = Rlgg+dL'lgg + L@ + ey (3:34)
where
R = T(6,) RT~'(6,) (3.35)
dT-1(8,

dL’ =T(6,) L# (3.36)

L' =T(6,)LT'(6,) (3.37)

eqq = T(6,) egpey- (3.38)

Evaluated, (3.34) become
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_ _ dig, . )
Ugq = Ua + JUg = Relag + (L= M)— 2 —jor(L—Miag (339
tjorPom

The torque produced from an electrical machine modeled in the rotating reference
frame can be expressed as

m

where m is the number of phases and p is the number of pole pairs. For a PMSM
with the chosen reference angle the flux in the rotating reference frame is described
as

llld = lllpm + Ldid (341)
W, = Lyi, (3.42)

and for a PMSM the d and g inductances are assumed equal, i.e. Ly = L.

By substituting (3.41) and (3.42) into (3.40) the torque equation for a PMSM with
surface mounted magnet becomes

m
T = p¥miq (3.43)

3.4.1 Machine-side converter controller

The machine side converter is in this thesis treated as a lossless linear amplifier.
Hence, the voltage reference output of the controller equals the converter voltage.
As seen in (3.43), for a PMSM the torque is proportional to the current and since
modern inverters acts as controllable voltage sources, there is a need to derive the
transfer function from voltage to current of the machine in order to be able to
control the torque and by extension the power [31].

In order to simplify the analysis (3.39) is transferred to the Laplace domain. With
some algebraic rearranging (3.39) becomes

Uy —€aq = (Rs + s(L— M) + jow,(L — M))ig, (3.44)
The transfer function from voltage to currents is therefore

iag 1 i
Ugy —€qq Ri+sUL—M)+jw,(L—M)

G (5) (3.45)
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The heart of the controller algorithm is the current controller, which is here derived
using the approach described in [31]. The open-loop transfer function of the control
law is given by

udq = FC(S)idq,ref '|'jwr(z - M)idq + édq (346)

where jw, (L — M)idq is the estimated cross coupling term and &4, is the estimated
back-EMF. Observe that both these both terms are speed-dependant. F.(s) is the Pl
part of the controller defined as

K:
F.(s) =K, + ?‘ (3.47)

By comparing the original machine voltage equation given in (3.39) and the open-
loop controller output voltage equations, (3.46), with the assumption of perfect
knowledge of the system, the transfer function from current reference to actual
current becomes

Rgigq +s(L — M)igq + jw,(L — M)igg + jo,¥pm
= Fo(S)iagrer +jwr(L —M)igq + édq

ldq
i = E.(s) = G,,(s)F.(s
Lagref s(L — M) + Ry e(s) m 9

(3.48)
(3.49)

where Gy, (s) is a reduced machine model without back-EMF and cross coupling
terms. With the controller setup in a closed-loop transfer function, i.e. the input for
the PI controller is the difference between the reference values and the real current
(Lag,rer — laq). the system can be shaped as a first order low-pass filter. Figure 3.11
illustrates the machine current controller using block diagrams.

ldq,ref

F.(s)

A

Figure 3.11  Block diagram of the machine current controller structure in a closed-loop
configuration

For a given bandwidth for the closed-loop system, the controller parameters K,, and
K; can be determined. The closed loop system transfer function is
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G (S) — idq — FC(S)Grln(s) — acc/s
Cl idq,ref 1+ FC(S)Grln(S) 1+ acc/s

(3.50)

where a,. is the selected bandwidth of the closed-loop system. With some algebraic
manipulation (3.50) can be rewritten as

K;
= K, + (351)

aCCRS

— ®ec -1 —
E:(S) - TGm (S) - acc(L _M) +

Figure 3.12 presents the normalized current response to a step input. The bandwidth
of the system is chosen to 1000 rad/s. As seen the controller behaves as desired;
the actual current follows its reference value with the desired bandwidth without
overshooting.
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Figure 3.12  Normalized current response from a step input step to the controller

The controller has been derived under the assumption that the converter is able to
generate any kind of voltage at its terminals. A potential problem when using an
integrator term in the control algorithm is the windup phenomenon which occurs in
the case of controller saturation, i.e. the controller request a voltage greater than the
converter rating. A method to cope with this issue is to limit the error signal input to
the integrator in the event of saturation. The unlimited reference voltage is
calculated as

eT‘T . T U AN] PN
udqrref = errr + Ki T +J(A)T(L - M)ldq + edq (352)
where

Crr = idq,ref — lgq (3.53)

In case of saturation, the limited dg-voltage output from the controller can be
calculated as

err,lim
S

udq,lim = errr,lim + Ki 'I'jwr(Z - ]V[)idq + édq (3-54)
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Subtracting (3.52) from (3.54) gives the new error signal to the integrator part, i.e.

qu,lim - qu,ref

Ky

(3.55)

€rriim = €rp T

where ugq i, is equal to u,, . When the converter is operating in its linear range.
For uqq rer Values greater than then maximum voltage that can be delivered from
the converter uy, i, should be forced equal to the convert rating.

Discrete form of the Machine-side converter controller
In actual applications, the controller must be implemented in a digital system and
for this reason the controller needs to be discretized. In order to derive the

controller in the discrete-time domain the following assumptions are made:

- The back-EMF of the machine changes slowly and can therefore be
considered to be constant over one sampling period, T,

eq (k + 1; + eqq(k) = eqy(8) (3.56)

- The current variations are linear

Lgq(k +1) + igq(k)

: (3.57)

avg(iqq (k) =

- The voltage delivered from the converter is on average equal to the
reference value

an(udq (k) = Ugg ref (k) (3.58)

Using these assumptions, the control algorithm in the discrete time domain can be
written as

Uagrer () = Ky (iagrer (K) = iaq(K)) + I (k) + Ay (k) + upr (k) (3.59)
Where u,((k) is the feed forward term including the cross coupling and the back-
EMF, L,.(k) and A,,(k) are the integrator part and integrator anti-windup part
respectively. I,,, (k) is defined as

Int(k + 1) = Int(k) + KiTs(idq,ref(k) - idq(k)) (3-60)

and Ay, (k) is defined as
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KT
AW(k + 1) = AW(k) + K—(qu,lim(k) - qu,ref(k)) (361)
14

where Ty is the discrete time step.

Figure 3.13 shows bhoth the discrete and continuous current controllers’ step
responses when the bandwidths of the controllers are set to 1000 rad/s and the
sampling frequency (f;) of the discrete controller is set to 5 kHz. The discrete
controller behaves as desired as it follows the reference with the desired bandwidth.
The difference between the continuous and discrete controller is due to the step
changes in the output voltage from the discrete controller. This result in a higher
voltage output from the discrete controller compared to the continuous controller
during the transient period.
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Figure 3.13  Normalized current response from a step input to both the continuous and
discrete controllers.

The sampling frequency sets the limit of the maximum allowed bandwidth of the
discrete controller [32]. Figure 3.14 presents the step responses of the discrete
controller with different bandwidth with respect to the sampling frequency. As can
be seen the too high bandwidth result in an unstable system.
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Figure 3.14  Normalized current responses from a step input to the controller using
different bandwidth in relation to the sampling frequency

The current controller is an inner loop controller and the outer loop is the torque

controller which determines the g-current reference. The torque controller is an
open-loop control, where the current reference is calculated through a look-up table.
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The lookup table correlates the machine speed to optimum generator torque, as the
look-up table is derived from the aerodynamic properties of the turbine rotor. The
machine d-current reference is in this thesis constantly set to zero in order to
minimize the stator currents, as field-weakening operation is not of interest in this
thesis. More information regarding field-weakening operation can be found in [31].

3.4.2 Grid-side converter

The controllers for the machine-side and the grid-side converter are very similar in
their structure as the system seen by the controller consists of similar components.
The grid voltages can be seen as the back-EMF and the resistive and inductive part
of the machine corresponds to the in series RL filter installed between the converter
and the grid. Instead of rotor position, a Phase-Locked Loop (PLL, described in
Section 0) is used to track the phase angle of the grid voltage vector, to enable
synchronization between the converter and the grid. In this thesis the grid rotating
reference frame is aligned in accordance with the machine reference, so that g-
current represents active current and d-current is the reactive current for both the
machine and the grid-side converter.

By using the method described in Section 3.4.1 the final expression for the grid
converter controller becomes identical to (3.59), but with the difference that the
feed forward part u;, (k) consists of

uff(k) = udq‘gn‘d +ngLidq (362)

where wg = 2mfy,;q and L is the filter inductance and w4 g4 is the grid voltage in
the rotating reference frame (see Figure 3.10). The bandwidth and sampling
frequency are kept as for the machine-side controller, i.e. a bandwidth of
1000 rad/s and a sampling frequency of 5 kHz. Using the power references
provided by the DC-link voltage controller together with the measured grid voltage,
the current references can be calculated by the use of the electrical power equations
in the rotating system. The electrical power equations in the rotating system are

P = udid + uqiq (363)
Q = _udiq + uqid (364)

During balanced conditions together with a perfect alignment of the rotating
reference frame the d component of the grid voltage is zero. The current references
for the current controller can therefore be calculated as

P

igref = —2 (3.65)
Ug,gria

, Qref

igref =—— (3.66)
Ug,grid

34



where the active power reference P, is calculated from the outer DC-link voltage
controller.

DC-link voltage controller

The purpose of the grid-side converter is to deliver energy from the DC-link to the
grid. The energy stored in the DC-link capacitor C,. can be express as

Ude 3.67
WdC = CdCT ( . )

A change in the stored energy in the DC-link is caused by a power offset between
the generator power and the power delivered to the grid. Ideally, the power
produced by the generator should without any delay be delivered to the grid by the
grid-side converter, as such the DC-link energy should in the idealized case remain
constant. However, in a real system there are always delays and other disturbance,
so in order to make the system more redundant a DC-link voltage controller is
added to cope with any energy offsets that will occur. The total active power
reference is calculated as

Ugc(k) - Uc%c.ref (k)
2

Pres (k) = Kpw < ) + Iy (k) + Pyen (k) (3.68)

where

(3.69)

Uc%c (k) - Uéc.ref (k))
2

Ly (k + 1) = Iy, (k) + TsKyy <

and Pyen (k) is the feed-forward information of the generator power (see Figure
3.10). The voltage controller error signal is chosen to use the voltage squared
instead of using the directly measured voltage value as it makes the controller
independent of the operation point [33]. The controller parameters K, and K;,
should for purely capacitive DC-link, according to [34], be chosen as

pw = y Cyc (3.70)
Ky =0 (3.71)

The DC-link voltage controller is cascade connected with the current controller and
as a rule of thumb, the outer controller should much slower than the inner
controller, i.e. the bandwidth of the energy controller should be chosen to be
a, < 0.1a... As such, the voltage controller bandwidth is chosen to 100 rad/s in
this thesis. The reactive power reference is manually chosen to zero in this thesis
due to the Swedish grid code which state that a should never produce any reactive
power [11].
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Figure 3.15 shows the controller behavior for 0.25 p.u. steps in the power feed-
forward term (F,.,) at 50 ms,200ms,300 ms and 400 ms respectively. At
500 ms there is a 0.05 p.u. stepwise increase in the DC-link voltage. As can be
seen the controller behaves as desired; the output power follows the feed-forward
term and adjusting the DC-link voltage to the nominal. The large variation in the
DC-link voltage will not be as severe during normal operation for a wind turbine as
the feed-forward power fluctuations are much slower and are not step shaped.
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Figure 3.15  Controller response to step increases in the feed-forward power terms and
DC voltage.

Phase-Locked Loop
The Phase-Locked Loop, PLL, which tracks the angle of the grid voltage vector, is

used as transformation angle for the rotating reference frame. The equations that
governs the PLL are [35]

wgrid = 27Tfnom + Ki f edt (372)

6 = f(wgrid + er) at (373)

where e is the error angle, which in small signals coincides with the normalized d-
component of the grid voltage, i.e. e is calculated as

U
e=-——" (3.74)
abs(Ug +jU,)

The parameters K,, and K; can be chosen using the bandwidth of the PLL, ap;, as
described in [35] to be
Kp = ZCZPLL (375)
K = ak;, (3.76)
The selection of the PLL bandwidth is a tradeoff between harmonic rejection and

response time, where a low bandwidth leads to better harmonic rejection at the cost
of a slower response time. There are methods to improve the performance of the
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PLL with regards of speed and harmonic rejection as described in [36]. However,
since the wind turbine grid codes do not require grid support during faults, it is
sufficient to only monitor the positive sequence. As such, there is no motivation to
implement the fast responding PLL.

The discretized forms of (3.72) and (3.73) are

Wgrid (k) = 2T from + IPLL(k) (3-77)
Bk +1) = 6(k) + Towgria (k) + TsK,e(k) (3.78)

where the integrator part I is defined as
Ipp (k + 1) = Ip; (k) + TsK;e(k) (3.79)

where T is the sampling time of the PLL. Figure 3.16 presents the PLL response to
a phase angle jump occurring at time 0.02 seconds and an unbalanced grid fault at
0.5 seconds. In Figure 3.16 two responses are presented, one with a bandwidth of 3
Hz and the other at 10 Hz.

As can be seen from the figure, the higher bandwidth PLL reach the stable
operation point after the phase angle jump faster. However, the negative sequence
introduced by the grid fault affects the PLL with the higher bandwidth more as the
oscillating component have larger amplitude compared with the amplitude of the
oscillating component in the lower bandwidth PLL. For this reason, the choice of a
18.85 rad /s (3 Hz) bandwidth for the PLL has been made for this thesis.
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Figure 3.16  Behavior of a PLL with a 3 Hz and 10 Hz bandwidth exposed to a phase
angle jump at 0.02 second and a single phase fault at 0.5 second. Figure a
presents the grid three phase voltages, figure b presents the phase angle, and
figure c presents the estimated grid frequency.

DC-link overvoltage protection

During grid faults or loss of synchronization, the energy produced by the wind
turbine cannot be delivered to the grid. During large balanced voltage dips the grid-
side converter is only partly able to deliver power to the grid due to current
saturation caused by the low voltage. As in typical installations the DC-link energy
storage capability is extremely limited, the power unbalance between the generated
power and power delivered to the grid will quickly overcharge the DC-link,
resulting in system damage. Due to the small time constant of the DC-link
(typically in the ms range), within this short time-span the machine controller might
not be fast enough to reduce the power production: even if possible, a too large
stepwise reduction in the generator torque would cause excessive high mechanical
stresses. As such, there is a need of an additional protection system: the DC-
crowbar. It consists of a resistive load connected in parallel with the DC-link which
can be connected through a switch, see Figure 3.10. The DC-crowbar is typically
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designed to be able to dissipate a limited amount of energy, i.e. it has a limited
amount of time during which it is can be connected. Preferably, the grid faults are
cleared during this time otherwise the turbine energy production must cease. As
such, the DC-crowbar should therefore be dimensioned according to the grid code
requirements.

The DC-link overvoltage protection is based on a fast acting hysteresis controller
which activates the DC-crowbar when the DC-link voltage reaches a pre-defined
threshold. Once the crowbar has drained the DC-link below the pre-set voltage level
the crowbar is disconnected. If the error is still unresolved the voltage level will
increase once more and thus reactivating the DC-crowbar. Figure 3.17 shows the
operation of the DC-crowbar where the upper limit is set to 1.10 p.u. voltage and
the lower limit at 1.05 p.u. As seen the DC-crowbar behaves as typical hysteresis
controlled entity.
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Figure 3.17  The DC-link voltage during unbalance power flow leading to overvoltage.
The DC-crowbar activates at 1.1 p.u. DC-link voltage and disconnect at
1.05p.u.

3.5 Simulation and results

In this section all models described in the previous sections are connected in
cascade according to Figure 3.10. As such, the complete system model can be seen
as a single large system model with mechanical torque as input and power delivered
to the grid as output. However, wind turbine torque measurements are only sparsely
available. As such, a more convenient quantity to use is the turbine rotor speed
which is more commonly available for wind turbine systems. The system model is
then complemented with an unrestrained closed-loop first-order speed controller,
which ensures that the reference speed is reached by supplying an adequate torque.
Figure 3.18 illustrates the simulation setup used for a typical operation simulation.

Speed reference Torque Output power
—»| Speed controller System model fF——p

\4

‘Speed

Figure 3.18  Simulated and measured power delivered to the grid

The generator torque reference is also calculated from the turbine speed through a
look-up table.
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3.5.1 Typical operation

The simulation results presented here use a measured rotor speed as input, where
the measurement was taken from an actual 4.1 MW full power converter direct-
drive turbine with a PMSG which has a converter power rating of 4.6 MVA. Figure
3.19 shows the wind speed measured at the nacelle and its corresponding
normalized rotor speed. This measured rotor speed is used as input to the simulation

model.
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Figure 3.19  Figure a presents measured wind speed, and its corresponding rotor speed is

presented in figure b, which is used as the input to the simulation model.

Figure 3.20 shows the simulated output power obtained using the system model
presented in this section. The obtained power is compared with the one measured in
the actual installation. Observe that the simulated power is slightly higher compared
to with the measured one. This is due to the fact that the simulated model does not
account of all losses in the system. However, it is important to stress that to develop

more accurate models with respect to losses is out of scope for this thesis.
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Figure 3.20  Simulated and measured power delivered to the grid
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Figure 3.21a shows in more detail the simulated machine controller reaction to the
wind gust presented in Figure 3.19 at 540 seconds. The increase in rotor speed
causes the machine controller to request more power from the generator. This is the
time period of this simulation which contains the highest power derivative, but as
can be seen from Figure 3.21b the grid-side controller is able to maintain the DC-
link voltage at the desired level even during this time period. Unfortunately there is
no measurement available for the DC-link voltage level.
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Figure 3.21 A wind gust increases the power output, presented in figure a, while the
controller is able to keep the DC-link voltage at the desired level, presented
in figure b.

As can be seen, the simulated turbine produces approximately the same amount of
power as the real turbine measurements for all the simulated inputs.

3.5.2 Low voltage ride through simulation

The complete system model considered in the previous section is used to verify the
low voltage ride through capability of the full power converter turbine. The chosen
low voltage ride through profile is the one considered by the Swedish TSO
(Svenska Kraftnat), see Figure 2.5. Due to the large rotor inertia and the
comparably short simulation time, the turbine rotational speed is assumed to be
constant during the entire low voltage ride through time period. During the low
voltage section (from 0.1s to 0.85s), all the active power delivery to the grid is
stopped while the generator continues to operate. The chosen pre-fault operation
point is at rated power in order to make the grid code fulfillment the most difficult.
Due to this, even though not stated in the Swedish grid code (but in others), 1 p.u.
reactive current is injected to the grid during the fault to verify that the full power
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converter wind turbine is able to provide grid support during low voltage ride
through. Figure 3.22 presents the normalized grid voltage at the turbine terminal
during the low voltage ride through simulation.
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Normalized grid voltage during low voltage ride through

Figure 3.23 presents the power and current injected to the grid during the fault. The
grid side converter is partly overrated for the turbines rated power, which results in
a current lower than rated during pre-fault conditions. This enables more grid
support capabilities during grid faults.
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The grid side converters response during a low voltage ride through. The
controller is set to inject one p.u. reactive current to the grid during the grid
fault.

Since the turbine speed is unvaried, the generator power will remain constant
during the low voltage ride through, resulting in an increase of the DC-link voltage,
see Figure 3.24. The increase in voltage will at the pre-specified level activate the
DC-crowbar as protection. This will keep the voltage level at an acceptable level.
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Figure 3.24  Figure a present the generator produced power, which remains constant
during the fault. Figure b presents the DC-link voltage during the fault,
which varies as the DC-crowbar switched on and off during the fault.

Since the fault duration is within the operational time of the DC-crowbar the turbine
is able to resume operation once the grid voltage returned to a voltage level which
is of the normal operation rage.

3.6 Summary

This chapter presented analytical models of the electrical parts of a full power
converter wind turbine with a PMSM as generator, where each part has been
modeled as a standalone models. Since the controllers are to be implemented on
digital controllers, the controller algorithm has been converted from the continuous
time domain to the discrete time domain. All models have been interconnected to
form the complete wind turbine system model and simulated. The simulation result
has been compared to real turbine measurements with acceptable agreement. The
system model has also been used to simulate the low voltage ride trough
capabilities of the full power converter wind turbine. As expected, the simulation
results have shown that full power converter turbines are able to cope with the low
voltage ride through, thus there will be more full power converter turbines in the
future.

The system model can be used for more than investigations of the impact of grid
disturbance. The impact of any internal fault on other parts of the turbine can also
be studied using the system model. The following chapter presents a brief overview
of fault that can occur within a wind turbine.
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Chapter 4

Overview of faults in wind turbines

This chapter presents a brief overview of the most common component failures that
can occur in wind turbine systems. A brief explanation to the cause of the failure is
also presented.

4.1 Introduction

A critical aspect for energy production units is the cost of energy. In the case of
wind energy, the cost is mainly related to the initial investment and the cost of
maintenance. Good maintenance procedures should provide more hours of
operation which in turn will reduce the total cost of energy. By utilizing fault
detection systems the maintenance can be made more efficient. The idea of utilizing
a fault detection system is to:

- Minimize reparation costs and loss of power production.
- Reduced maintenance cost as it can be need-based rather than time-based.

- Improved capacity factor by better scheduling of maintenance during less
windy seasons.

An additional benefit of fault detection systems is the generated measurement data
which can be used to improve the design of the next generation turbines.

To make the fault detection system effective, the alterations caused by a failed
component in the turbine characteristics needs to be known. Using this knowledge,
key quantities to be monitored can be identified.

According to [37], the most common wind turbine sub-assemblies to fail for
variable-speed turbine types (in descending order) are:

- Electrical system

- Rotor (i.e. blades and hub)

- Converter (i.e. electrical control, power electronics)
- Generator

- Hydraulics

- Gearbox

However, this does not completely agree with [38] which has studied a different
population of wind turbines.
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Figure 4.1 presents the data presented in [38] which also includes the average
downtime caused by each component failure.
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Figure 4.1 The average failure rate and downtime per sub-assembly and year in
wind turbines, presented in [38].

As can be seen, both surveys presents the same sub-assemblies but with a small
rearrangement in the order of failure rate. However, as can be seen from Figure 4.1
the difference between the failure rates is small among the sub-assemblies tend to
fail the most. It can also be seen in Figure 4.1 that the downtime caused by failures
of the different subsystems varies more than the failure rates. The most critical sub-
assemblies from a reliability perspective are therefore the ones which have both a
high failure rate and a long downtime, such as the gearbox (see Figure 4.1).

In [37], it is also stated that large wind turbines have lower reliability compared to
small turbines and the failure rate of generators used for direct drive is up to double
of geared solutions. However, the generator failure rate can be improved by the use
of permanent magnet instead of electrical excitation from rotor windings. The
failure rate of the power electronics is higher for wind applications than for other
industries [37]. Some of these failures will be described more in detail in this
chapter, together with a brief explanation of the causes.

4.2 Mechanical fault

Most of the wind turbine components can be seen as part of either the mechanical
system or a part of the structure. Examples of mechanical subassemblies are the
drive-train and the blades; the foundation and the tower are examples of structure.
The root cause of mechanical component failure is typically due to several reasons
in various combinations. Examples are fatigue, corrosion, manufacturing errors,
assembly errors, and ambient condition. The ambient condition includes humidity,
temperature, and dust. It also includes the weather condition, both for normal and
extreme events such as storms and lightning strikes. Damage to the blades needs to
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be detected early as operating with broken blades can cause secondary damages to
the entire wind turbine [1]. The blades also represent a considerable amount of the
initial cost of a turbine while being costly and time consuming to repair. This
motivates the need for an efficient condition monitoring system for the blades. As
the blade consists of layers made from various materials, where all materials tend to
have an equal failure tendency. As such, there is not a typical weak spot in the blade
architecture with a higher failure rate. The failures are mainly due to creep fatigue
and corrosion fatigue in the blades, and the fault characteristic is dependent on the
faults location on the blade. Detecting a blade fault is a non-trivial issue as other
phenomena can cause similar characteristic behavior. Ice on the rotor as well as
dead insects alter the rotor blade surface in a similar manner as cracks and
delamination[1], which all have an effect on the rotor aerodynamic efficiency.
Figure 4.2a summarizes some of the faults which can occur to a rotor blade and
Figure 4.2b shows a photo of a rotor blade with cracks in the gelcoat and some
splitting along its fibers [39].
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Type 2: Adhesive joint failure

Type 1

Skin/adhesive Type 4

debonding———_~ Delamination
(+/-45°)

Type 5: Splitting
along fibres

b
Figure 4.2 Examples of rotor damages, presented in [39]
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There are specialized methods for detecting blade faults, where the different
methods use different techniques such as acoustic emissions, thermal imaging,
ultra-sonic methods, and modal-analysis. A more detailed description of the
different methods can be found in [40]. In the same reference the authors discuss
the applicability of similar methods to investigate failures in the structure of the
tower.

In connection to the blades is the pitch-system in which the event of failure can put
the turbine in a critical situation. A faulty pitch-system can cause severe unbalanced
loading on the rotor, leading to secondary damages to the entire wind turbine. The
worst case situation for the pitch-system to fail is during wind speeds greater than
the cut-out level. As a result the turbine may be unable to shutdown as the pitch-
system cannot be used to turn the rotor blades in order to achieve aerodynamic
braking [1].

Within the drive-train, gearbox failure for the indirect drive is one of the most
common components to fail [41]. Gear tooth wear is one of the reasons of failure,
but the most common is bearing failure within the gearbox. A multistage gearbox
includes several bearings, but it is only some specific bearings that tends to fail [1].
There are methods developed to detect bearing faults which use vibration sensors;
to increase the reliability of the fault detection, acoustic measurements can also be
included [1]. The gearbox issue can solved by choosing a direct-drive solution, but
at the expense of a larger multi-pole and more complex generator. However,
statistics have shown that this does not solve the issue completely as the direct drive
turbines have approximately equal failure rate to that of indirect drives. This is due
to the higher failure rate of the generator and the power electronics for direct drive
turbines [41]. However, the total downtime may still be reduced as the downtime
caused by generator and power electronic failures are lower compared to gearbox
failures, see Figure 4.1.

4.3 Power electronic failure

The power electronic components represent a comparably small part of the initial
wind turbine cost, but it accounts for a considerate amount of the failures [1].
However, since the mean time to repair of a power electronic component is low, the
contribution to the total down time is comparatively low despite the higher fault
occurrence. The cause of semiconductor failure can be due to several reasons. Some
examples are electrical overstress, electrostatic discharge, contamination and
various sorts of mechanical stress. The mechanical failures are typically related to
thermal cycling caused by varying electrical loading. The different materials used in
the packaging have different thermal expansion coefficients leading to mechanical
wear and fatigue [1]. Figure 4.3a presents a principle sketch of bond-wire liftoff due
to cracks created from thermal cycling [42]. Figure 4.3b shows a photo of bond-
wire crack [43].
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Figure 4.3 Bond-wire cracks due to thermal cycling. Figure a can be found in [42]
and figure b in [43]

To model the breakdown mechanism requires detailed multi-disciplinary sub-
models such as electro-thermal and thermo-mechanical[42]. In [42] the authors
review and compare different modeling methods for various power electronics
faults. The authors also discuss different possibilities of condition monitoring to
assess the remaining lifetime of the units. In essence, they conclude that the
research area is in its infant stage and more research is needed before an effective
condition monitoring system will be implemented in a converter system (regardless
of application).

A fault in a power semiconductor for a two-level converter will result in an open-
circuit fault, a short-circuit fault or an intermittent gate-misfire depending on which
part of the component has failed [44]. In [44] the authors review different methods
used to detect a failure within a power semiconductor, where each method only
focuses on a specific type of fault. An open-circuit fault will not cause any direct
damage but will cause the controller to become unstable which in turn can cause
secondary damage. A short-circuit fault will most likely cause too high currents
which makes it more time crucial to detect compared to the open-circuit fault. As a
result, the short-circuit fault detection is typically hardware implemented and
designed as a protection system rather than a condition monitoring system. The
intermittent gate-misfire fault will either effect the system as an open-circuit fault in
the case of gate-fire inaction or it create a short-circuit fault in case of an unwanted
gate-fire or due to the inability of gate-turnoff.
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4.4 Generator faults

The generator, like the mechanical system, can be divided into smaller sub-
assemblies: the stator circuit, rotor circuit, the mechanical drive-train, and the
structure. The structure is the static construction which holds the physical machine
together, for example the stator, and the active structure is the flux carrying part of
the structure. The mechanical drive-train consists of the moving parts of the
generator, where the most likely component to fail are the bearings [1]. For a
PMSM, the rotor circuit only consists of parasitic components which ideally
shouldn’t carry any current. However, due to the alternating flux mainly produced
by the stator currents there will be eddy currents in the rotor, both in the rotor
laminate and in the magnets. When excessive, the eddy currents can cause magnet
demagnetization. A failure in a magnet mounting results in the loss of a magnet
which results in unbalanced machine which results in unbalanced current and
torque ripple.

Failure in the stator circuit is mainly due to winding insulation failure. The
insulation of the winding can deteriorate due to several reasons. Examples of such
reasons are thermal, electrical, mechanical, or environmental issues [45]. Thermal
stress accelerates the ageing process of the insulation, i.e. it decreases the
operational lifetime of the insulation. A “rule of thumb” stated in [45] is that a 10°
C increase in temperature reduces the insulation lifetime up to 50 %. However,
simply ageing will not lead to insulation failure, it will only make the insulation
more susceptible to other types of stresses which will cause failure. An electrical
stress that can cause insulation failure is a too steep voltage transient, which should
be considered when a machine is connected to an inverter due to the large voltage
gradient created by the switching inverter [46].

Mechanical stress on the winding is caused by the physical movement of the
windings, and if two or more windings touch, the friction can cause the insulation
fail. The movement originates either from the forces created on a current-carrying
conductor within a magnetic field or from some external source. The external
source can be misalignment or a damaged bearing, as both creates vibrations.
Figure 4.4 shows a photo of the stator which has lost some of the slot wedges which
are used to restrict the movement of the winding [47].
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Figure 4.4 A photo of a stator missing some slot wedges, presented in [47].

As the working environment of the electrical machine varies with its application,
the possible ambient issues are then both location as well as application dependant.
Example of possible issues could be contamination, dust, humidity, aggressive
chemicals or salt. For coastal and offshore wind turbines, humidity and salt are
typical issues. As for of thermal stress, the environmental stress will not cause a
direct failure, but will rather cause indirect failures due to insulation deterioration.

An insulation failure might lead to a short circuit between the various parts of the
machine. The short circuit may be phase-to-ground, phase-to-phase, coil-to-coil or a
turn-to-turn fault. The phase-to-ground short circuit can permanently damage the
mechanical structure of the stator. If so, the stator has to be replaced while the rotor
can be reused. According to [45], the majority of the insulation faults originate from
a small turn-to-turn fault. For a synchronous machine or a PMSM there will be an
induced current in the loop created by the turn-to-turn fault. Even though the turn-
to-turn fault is typically small compared to the complete phase winding for multi-
pole machines, the induced current can be larger than rated current. This high
current will produce excessive heat at the fault location in the machine, which will
rapidly reduce the lifetime of the insulation of the neighboring conductors. As such,
a turn-to-turn fault can initiate an avalanche like failure in the winding where more
and more turns become short circuited. Once a turn-to-turn fault has occurred, it is
typically only a short time period before the entire winding insulation has failed. It
could be in the time range of minutes from initial fault to the failure of the entire
winding [1]. Even though most winding faults originate from a turn-to-turn fault,
there is no commercial method for the detection of a turn-to-turn fault.

4.5 Summary

This chapter presented a brief overview of some of the most common wind turbine
failures. For some of the faults listed in this chapter, there are detection methods
available on the market while other types of faults require more research in order to
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better understand the root cause of the failure. The most common generator failure
of electrical nature is the turn-to-turn fault which can develop into other types of
winding failure. Since the time window between the initial fault and the complete
winding failure can be short, an effective protection system is needed to prevent
further damage. For a PMSM, a current will be induced in the short-circuited
winding as long as the machine is rotating. However, the current in the short
circuited turns cannot be measured at the machine terminals. There is therefore a
need for a detection method which is able to detect a turn-to-turn fault during
operation in order to prevent further damage. The method should preferably only
use already available data, thus reducing the need for additional sensors.

Chapter 5 presents how to model a PMSM with a turn-to-turn fault both analytically

and using FEM. From the model results, a method for detecting a turn-to-turn fault
using the three phase machine currents is proposed.
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Chapter 5
Modeling of a PMSM with turn-to-turn
fault

This chapter presents the derivation of the analytical model of a PMSM with turn-
to-turn fault in the stator winding. The model is derived both in the stationary and
in the synchronously rotating reference frame. The analytical model is verified
using a finite element model. A method which indicates that a turn-to-turn fault has
occurred is derived using the simulation results of both the healthy and faulty
machine model.

5.1 Introduction

The use of PMSM is increasing thanks to the availability of strong magnets which
enables machines with high torque density in relation to machine volume. However,
the turn-to-turn faults pose a greater issue for the PMSM compared to the induction
machine and the electrically excited synchronous machine. This is due to the
inability to “turn off” the magnet, hence the only method to avoid inducing currents
in the short-circuited turns is to completely stop the machine rotation and remove
any voltage or current supplied to the machine. To stop the machine in wind turbine
application results in a loss of energy production; however, it is still a better option
to stop rather than to continue operation, since running a PMSM with a turn-to-turn
fault may lead to a complete breakdown of the machine. It is therefore important to
detect a turn-to-turn fault as early as possible, preferably when it occurs, to avoid
further damage to the machine. However, since the induced current in the short-
circuited turns cannot be measured at the machine terminal, there is a need for a
method which is able to detect turn-to-turn faults only using the data available at the
machine terminal.

This chapter presents an analytical three-phase model of the PMSM with turn-to-
turn fault in the stationary reference frame, similar to the models described in [48-
50]. The model is then transformed into the synchronously rotating reference frame
using an adapted transformation matrix. The derived analytical model is then
verified using a Finite Element Model (FEM). A flexible model is derived from the
verified analytical models, where the flexible model is able to represent both the
healthy and the faulty machine. The flexible model is during a simulation able to
switch from the healthy model to the faulty model. Finally, the harmonic content of
the stator current is studied both in the stationary and rotating reference frame in
order to identify the possible quantities to monitor as an indication of a turn-to-turn
fault. The harmonic content of the stator current during a turn-to-turn fault is
compared to the harmonic content of the stator current when a stator magnet is
removed in order to verify the difference between the two cases.
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5.2 Analytical three-phase model of a PMSM with an turn-to-
turn fault
As mentioned in Section 3.3, the single phase representation of a PMSM can be

drawn as shown in Figure 5.1a; in the case of a turn-to-turn fault in a phase, the
faulted phase can be represented by two parts, as in Figure 5.1b.

Figure 5.1 The single phase representation of healthy phase illustrated in figure a, and the
single phase representation during a turn-to-turn fault illustrated in figure b.

The equations describing the faulty phase of the machine are

) di d(iq — if) diy, di
Uy =R11a+L1d—ta+M21ad—t+ MH,EHWMd—tC+E1 5.1)
o d(iq —if) dig dip, di, 52
UZ=R2(la_lf)+LZT+MlZE+MZbE+MZCE+EZ ()

where R; is resistance (with i = 1,2 in reference to Figure 5.1b), L; is self-
inductance, E; is back-EMF and M;; is mutual inductance (where j can be either
1,2,b or c). Ry represents the contact resistance between the short circuited turns.
As the physical structure of the machine has not been altered due to the turn-to-turn
fault, it is still possible to write

U +U,=U,, Ry +R, = Ry, U, = Rfi; (5.3)
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Thus, the phase voltage U, is given by

di, di,

(5.4)
* Maege =

, dig , dis
Ug = Raig + Lo—2+ M Eq = Raip = (Lo + L) =+

ade ab%
with the self-inductance L, defined as the sum of the self-inductances from both
part 1 and two 2 in Figure 5.1b, together with their mutual couplings, i.e.

La = Ll + L2 + 2L12 (55)

Since the mutual coupling only depends on the flux from the other phases and on
the number of turns in the receiving coil, it is assumed that the total mutual
coupling is given by the sum of the couplings of the two parts. Hence the mutual
couplings are given by

Mab = Mlb + Mzb ’ Mac = Mlc + MZC (56)
The new short-circuit loop created by the turn-to-turn fault can be described as

di, di, di, (5.7)
ac ~Marge T Maeg

_ _ diy
U=0= (Rf+R2)lf—Rzza+LZE—le y

where the negative sign on the mutual couplings is due to the selected direction for
the current i, being opposite to i, (see Figure 5.1b). As the machine is assumed to
be symmetrical the following simplifications can be made

Ry, =Ry =R = R; (5.8)
Lo=L,=L.=1L (5.9)
Mgy = Mge = Mpc = M (5.10)

The modeled two parts of phase a (which occurred due to the turn-to-turn fault) are
dependent. As such, a new parameter o is introduced, where o is defined as the ratio
between the number of short-circuited turns and the total number of turns in the
faulty phase.

o=—2 (5.11)

Using o, the resistances R;and R, can then be defined as

R, = (1 — 0)Rs (5.12)
R, = oRg (5.13)

For machines with a simple geometry, such as machines with one pole pair, all

parameters of the faulty phase (such as R;, L, and M;, ) can be derived from the
parameters of the healthy machine using o (if saturation is neglected), as in the case
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of (5.12) and (5.13). Observe that this does not hold for machines with more
complex geometry, where the inductance parameters must calculated using a
reluctance grid (as described in Section 3.3.1) or by the use of a finite element
software.

The generic three phase faulty machine can then described as

U, Ry, 0 0 —0Ry 1[i,
U, 0 R, O 0 iy
u, || o o R 0 it
U(=0) [-or;, 0 0 oR+R]li
sin(6, )
L M M (Mg +1) |[ ' ]| (5.14)
M L M —Myf l \ sin )
w ¥, | |
M M L —Mcf 4 vm| sin ) |
l_(Maf+Lf) My —M
[ E; sm(H +cp)J

where ¢ is the phase shift between the induced voltage in the short circuited turns
and phase a. The resistances can always be derived using o, while the inductance
parameters (for example Ly and M) are kept in the generic form in order to not be
limited to a specific geometry. However, unless the coils of phase a are heavily
electrically scattered, the amplitude scale factor for the back-EMF of the faulty
winding, E¢, can be approximated to o. The negative sign is due to the opposite
direction of the fault current iy compared to .

The faulty machine described using (5.14) can be more densely described as

dIabcf

Vabcf = RIabCf + L dt - Eabcf (5.15)

In order to better understand how the different model inputs contribute to the
outputs the faulty machine model can be transformed into a state-space model. By
rearranging (5.15) into the form of (3.16) it becomes

dla C —
dlt, F=1 1(Vabcf — Rlgper + Eabcf)- (5.16)

It can be seen form (5.16) that the state-space matrixes becomes

A=L"1-R) (5.17)
B =L, (5.18)
c=1 (5.19)
D=0 (5.20)

where U,,q4; is the resulting input matrix correlating the inputs and the back-EMF.
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By selecting the applied voltages and the electrical speed of the machine as input,
i.e.

Uq
_ |U»
u= |y (5.21)
a)r
then U,,,,; becomes
[1 0 0 Yym sin(6,) ]
2m
0 1 0 lemsin(Gr—?> |
Upar = | o | (5.22)
lO 0 1 ¥, sin <9r +?>
0 0 0 —¥,,E sin(6, + @)

for a PMSM with a turn-to-turn fault.

Evaluating the A and B matrixes results in a large analytical expressions for each
element. However, with some algebraic and trigonometric reduction the structure of
the matrixes becomes

A11 A12 A13 A14
A21 A22 A23 A24
A3 Azp Az Az (5.23)
A4—1 A42 A4—3 A44

[311 Bi; By fracos(wpt +P4)
B = By1 By, Bys  Pracos(wrt +1p,)
B3y Bs; Big  fzscos(wrt +134)
By Bz Baz Bascos(wrt + Pas)

(5.24)

where the terms A4;;, B;;, g; and ;; are all constants consisting solely of different
mathematical combinations of the parameters of the faulty machine. The state-space
model of the faulty machine shows that the input voltages, being sinusoidal, will
produce sinusoidal currents at the same frequency as the input. The machine speed,
being a DC quantity, will also contribute with a sinusoidal component at the
machine speed as the fourth column of B matrix is a sinusoidal. It can also be seen
that frequency of component created from the machine speed will at the
synchronous frequency, as the input voltages. Hence, machine currents will only
contain a single frequency, where the frequency will be at the electrical speed of the
machine.
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5.3 Analytical model of a PMSM with a turn-to-turn fault in the
synchronously rotating reference frame

The machine with a turn-to-turn fault can be seen as a machine with four windings,
where the forth winding is represented by the short-circuited loop in the faulty
phase. Therefore, when transforming the model into the synchronously rotating
reference frame, the transformation matrix needs to be modified. The new
transformation matrixes become

|[ cos 6, cos <9r - %) cos <6 + 3 ) 0]|
2 27 27
T'(6,) = §| —sinf, —sin (Gr — ?) —sin (er + ?) 0| (5.25)
|l 0 0 0 3J|
2
[ cos 0, —sin@ 0]
2m 2m
1 |cos< r—?> —sm(@r—?) 0|
T'746,) = o - (5.26)
lcos <9r + ?> —sin <9 + 3 ) OJ|
0 0 1

where 0, is the electrical position of the rotor north pole. Observe that in the
transformation the zero sequence component is neglected to avoid singularities in
the solution of the state-space model when making the inverse of the machine
inductance matrix However, by neglecting the zero sequence the information
required for operation is unaffected as long as the machine utilizes a floating neutral
point, which is common for inverter connected machines.

It should be stressed that in (5.25) the fault current is not transferred into the
rotating reference frame, as it will remain an ac-quantity even in the rotating
reference frame. This is because it is a single phase component which on its own
cannot be represented with a rotating vector. However, the phase quantities are
transformed and their fundamental components will appear as dc-quantities in the
rotating reference frame. The currents will of course not be pure dc-quantities as the
fault creates an imbalance between the phases. This unbalance will introduce an
oscillation in the rotating reference frame, which will be shown by the equations
describing the faulty machine in the rotating reference system.

By applying the transformation matrix to the model of the faulty machine described
by (5.15) yields

al abcf

T' OV gper = TR Lypep + T L — T"(0,)E gpes (5.27)
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By utilizing

Laper = T (6 agr (5.28)
then
T’(Gr)vabcf =
T'6)R T,_I(er)ldqf +T'(6,) L % — T'(0,) Eapes (5.29)
Evaluation of the derivative term gives
YCR) %: T'(GT)Ld ’dlt( Dy (6,)LT'~(6,) —2L d"f (5.30)

Inserting (5.30) into (5.27) gives

0144

Vagr = R'lggs +dL Iygp + L' —2L at — Eqqf (5.31)
where

Vagr = T'(0-)V aper (5.32)
= T'(6,) RT'7'(6,) (5.33)

aT'~1(6
dL' =T'(6,) L% (5.34)
L' =T'(6,)LT1(6,) (5.35)
Equf = T,(Hr) Eabcf (5.36)

Therefore, the equations describing the faulty machine in the DQ-system are

2R, cos(6,)

U, R, —(L-Mo, —0'7
Uq = 2R sm(G )
[Uf(= o] | ¢-Me R, N
K, cos(8, — K,) K cos(6, —K3) Re + aR
3
L-M 0 5K4 cos(6, — Ks) 4 iy (5.37)
3 —|i
+ 0 L-M > Ky cos(6, — Ko) | d |/
f
K, cos(6, —Ks) K, cos(6, — Kg) Ly
0
+ w,¥ym 1
Ef sin(6, + ¢)
where
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1
K, = —E\/(—ZMaf + Myy + Myp — 2L) wf + (=20Rs + V3(~Myy + M)w,)”  (5.38)

—2Mgs + Mys + My — 2Ls)w
K, = tan™! <( ar + Moy + Mey — 2Ly) ) (5.39)
20Rs + V3(My; — M) w,
K; =tan™! < ~20Rs = V3(Myy = Mey)or ) (5.40)
(—2Myp + My + Moy — 2Ls ),
1 2 2
K, = —E\/(—ZMaf + Mys + Mcp — 2Lg)" + 3(Myys — M) (5:41)
o= V3(Myy + Mey) ) 542
—2Mg; + Mys + Mys — 2Ls
—2Mgs + Mys + My — 2L
K; = tan™! < of o 2 f) (5.43)
‘/§(be - MCf)

As can be seen in the third column of the current and current derivative matrixes in
(5.37), the contribution of the fault current to the d- and g-current is position
dependant. While the machine is rotating this contribution will be sinusoidal, and
since the fault current is not transformed to the rotating reference frame, it is
inherently a sinusoidal quantity with the frequency of the machine’s electrical
speed. Hence, the evaluated contribution of the fault current on the d- and g-current
will constitute of the multiplication of two sinusoidal.

The multiplication of two sinusoidals results in two new frequency components: the
sum of the two frequencies and the difference between the two original frequencies,
i.e.

sin(x +y) +sin (x — y) (5.44)

sin(x) cos(y) = >

In this case, the fault current and rotating reference frame have the same frequency
which results in a dc-component and a double frequency component. This means
that the d- and g-currents will not be pure dc-quantities, since fault current causes a
negative sequence component in both the d- and g-current. As shown in (5.37), the
fault current affects the d- and g-current equally with regards to amplitude.
However, the fault current contribution is 90° electrically shifted between the d-
and g-current as K, is 90° shifted from K3, as can be seen in (5.39) and (5.40). This
is also true for K5 and K, as can be seen in (5.42) and (5.43).

As for the model in the previous section, the rotating reference model is
transformed into the state-space form to better understand how the different model
inputs contribute to the outputs. Using the same approach as in the previous section
gives

= L '(Vagr — Rlggr —dL'Lygs + Eqqy) (5.45)

A= L' '(-R —dL) (5.46)
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B =L, (5.47)

c=1I (5.48)
D=0 (5.49)
where
1 0 0 U,
Upae = |0 1 Hom |ou= |V, (5:50)
0 0 ¥,,Efsin(6, + @) Wy

Evaluating the A and B matrixes results in large and complex analytical equations,
which are difficult to interpret. However, with some algebraic and trigonometric
reduction the structure of the matrixes become

Ay + agy oSyt + @11) Ay + a5 c05Qwrt + ¢13) @z cos(@pt + @i3)
A=Ay + @y cosQwpt + @p1)  Azp + @pp coSQw,t + ;)  ays cos(w,t + @y3) (5.51)
a3 cos(w,t + @34) a3, cos(w,t + ¢3;) Ass '

By1 + Byicos Qwyt +11) Bracos Qwrt +P13) Byz + Bizcos 2wyt + Py3)
Baicos Qwrt +1P51) Byz + B2ac0s (2wrt +1P32) By + Pazcos 2wt + P23)
Bzicos (wrt +P31) Bazcos (wrt +P3;) Bazcos (wrt +P33)

B= (5.52)

where A;j, a;;, Bij, Bij, @i, and ;; are all constants consisting solely of different
mathematical combinations of the parameters of the faulty machine. It is important
to stress that the constants (such as A;;and B;;) do not have the same value as the
for the machine model in the stationary reference frame (the complete expression
for A and B is given in Appendix C). These structures show that a PMSM with a
turn-to-turn fault behaves typically like an unbalanced machine, i.e. a negative
sequence is created in the rotating reference frame, even though the inputs are dc-
quantities. Since the fault current is not transformed it will not appear as a dc-signal
and the frequency of the current is equal to the electrical speed of the machine.
Observe the element on the third row and third column of the B matrix, which
shows that a fault current will be induced if the machine rotates. The frequency of
the current will be dependent on the electrical speed of the machine.

5.4 Finite element model of the healthy machine

In order to verify the analytical model described in the previous section, a FEM
model of the PMSM is developed using Ansoft Maxwell. The selected model is a
small machine with the rating of a few kW. This choice is made as it reduces the
complexity and requires less computational time to solve. The modeled machine
has three phases, five pole-pairs, surface mounted magnets and twelve teeth. Each
tooth has a single coil wounded around it which consists of five turns. One phase
consists of four series connected coils, leading to a total of twenty turns per phase.
The implemented model is presented in Figure 5.2 together with the coil
arrangement. The coils are arranged so that the flux travels in a closed loop through
only one of the neighboring coils, where the neighboring coil is also part of the
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same phase, see Figure 5.2. This coil arrangement maximizes the self-inductance,
but at the same time it will also minimize the mutual coupling between the phases.
The advantage of this arrangement is its ability to minimize the fault current during
a complete single-phase short circuit, since the phase impedance is maximized due
to the maximized self-inductance. Observe that the physical arrangement does not
impact the derived analytical model, as the analytical model is more general and
does not have a direct dependency on the structure or winding arrangement of the

machine. These aspects only affect the model indirectly, through the inductance
dependency on the geometry.

I stator
[l Rotor
[l Magnet
Il Magnet

[ cail

b
Figure 5.2 FEM model of the machine. Figure a presents the complete machine and
the individual winding arrangement of each coil. Figure b presents the
flux direction for each phase for positive currents.
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The stator and rotor material is chosen to be linear iron, the magnet material is
neodymium and the coil material is copper. In Figure 5.2a the coil orientation with
superscript + indicates that the winding is exiting the figure towards the reader,
whereas — superscript indicates that the winding is entering into the figure. In a
magneto-static simulation, the values of the inductances between each coil can be
determined. By using the result from the magneto-static simulation the software is
able through post-process to calculate the phase and mutual inductance using a
method similar to one method described in Section 3.3.1.

Figure 5.3 presents the calculated values of the phase inductances using the
simplified rectangular shape for the reluctance described in Section 3.3.1, the more
accurate model described in [30], and the results from the FEM simulation. The
results are normalized with respect to the self-inductance from the FEM model. As
seen from Figure 5.3 the analytical method agrees well for the self inductance,
especially when using the more accurate model. For the mutual coupling the
different methods have a larger spread in the results. However, it should be stressed
once more that this machine has a very low mutual coupling due to its coil
arrangement. As such, the difference in absolute values between the methods is
small since the actual value is small. It can also be seen that the more accurate
reluctance method’s results are closer the FEM results compared to the simple
model. However, the simple method provides a good first estimation of the
inductance value considering the accuracy of the input data required.
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Figure 5.3 Comparison of inductance values for the healthy machine using different
method of acquiring the values. The results are normalized with respect to
the self-inductance from the FEM model

The FEM model can also be used to investigate the dependency of the inductance
on the rotor position. By solving the FEM model for various rotor positions and
calculate the inductance for every position, the dependency can be identified.
Figure 5.4 presents the normalized inductance value with respect to the electrical
position of the rotor. As can be noticed from the figure, the inductances can be
considered constant with respect to rotor position, which is a typical assumption for
machines with surface mounted magnets.
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Figure 5.4 FEM calculated self-inductance as a function of electrical rotor position for
the different phases.

5.4.1 Back-EMF of the healthy FEM model

In the analytical model, the back-EMF is modeled as the voltage induced by the
permanent magnet flux during rotation. In a FEM model this back-EMF can be
evaluated through a transient simulation. However, the FEM software calculates
induced voltage through integration of flux and unable distinguish the origin of
flux. It is therefore important to force all stator currents to zero in order to only
have flux originating from the permanent magnets in the machine. In the FEM
simulation the machine is set to rotate while all phase currents are forced to be zero
in order to simulate an open circuit. Figure 5.5 shows the FEM calculated back-
EMF for the three phases normalized with the peak value of phase a. The machine
is set to operate at a mechanical rotational speed of 1500 revolutions per minute.
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Figure 5.5 FEM calculated back-EMF for the three phases. The machine operates at
1500 rpm while all stator currents are forced to zero.

Induced Voltage [-]

As can be seen in Figure 5.5, the shape of the back-EMF is not a perfect sine wave
and contains low-order harmonics. This is due to the geometry of the modeled
machine. By performing a Fourier analysis on the obtained back-EMF, it is possible
to observe that, besides the fundamental component, the back-EMF is affected by
low-order harmonics. Figure 5.6 presents the harmonic content of the back-EMF,
normalized with respect to the fundamental. The fundamental frequency is equal to
the machine’s electrical speed. By choosing to present the harmonic in multiples of
the fundamental rather an in their respective frequencies, the harmonic components
will be independent of the machine’s operational speed.
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Figure 5.6 Fourier analysis of back-EMF where the amplitude normalized with respect
to the fundamental frequency. The left figure presents the first 17
harmonics. The right figure presents a zoomed in version only covering
harmonics 5 to 13.

The build-up of the phase back-EMF is the sum of the induced voltage in the four
series connected coils. Since the modeled machine has one coil wound around each
stator teeth, the phase shift of the fundamental component between each coil can
therefore be calculated using the electrical distance between two teeth. Using
(3.33), the electrical distance between two teeth for the modeled machine is

_ p360°_5-360°
=5 T 12

= 150° (5.53)

Figure 5.7 shows the electrical distance off all teeth with respect to tooth A4, both in
total and effective amount of degrees.
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Figure 5.7 The electrical distance off all teeth with respect to tooth A,, both in total
and effective amount of degrees.
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However, it is not only the electrical distance which affects the build-up of the
back-EMF as the winding direction must also be taken into consideration. As can be
seen in Figure 5.2a, coils A, and A5 are wound in opposite direction compared to
A4, as a positive current will create a flux flowing from the stator towards the rotor
for a positive current in A, where a positive current in A, and A5 will create a flux
flowing from the rotor towards the stator. This opposite wounding introduces an
additional electrical distance of 180°. The total back-EMF of phase a is therefore

E, =|A1]20° 4 |A4;]2(150 + 180)° + |A3]£(180 + 180)° + |A,4]1£330° (5.54)

The amplitude of the induced voltage in each coil will be identical as all coils have
the same number of turns. If the peak of induced the induced voltage in a single
turn is referred to as E;, then

|41 | = [Az] = |43| = |A4] = 5E, (5.55)
The total back-EMF of a single phase for the modeled machine is then
E,=2-5E,£0°+2-5E,2—30° =~ 19.32E,2 — 15° (5.56)

5.4.2 Back-EMF harmonic contribution to the stator current

The modeled back-EMF acts as a speed dependant voltage source. As such, the
resulting current is dependent on both the stator circuit as well as the external
circuit connected to it. To investigate how the transfer function from the back-EMF
to stator currents is affected by the stator circuit, a time varying FEM simulation in
performed where the external phase excitations are set to zero voltage. Instead of an
external voltage the machine model is loaded with a pure resistive load R which
simplifies the simulations. By using a pure resistance as load it will affect the
harmonic content in the same way as a converter, as the converter will only effect
the fundamental component while acting as a short circuit for the harmonic
components.

Figure 5.8 presents a circuit representation of the FEM model simulation setup. As

can be seen, the load is connected to the machine terminal in order to close the
circuit.
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Figure 5.8 Circuit model representation of the FEM model simulation setup.

The machine is excited to a constant mechanical rotational speed of 1500 rev/min.
The simulated currents are presented in Figure 5.9 and as it can be seen, the stator
currents are less distorted as compared to the back-EMF because of the stator
circuit.
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Figure 5.9 Normalized currents from FEM simulation using an external resistance as
electrical load.

However, the currents contains the same harmonic content as the back-EMF (see
Figure 5.10), where the difference the harmonics amplitude is due to the filtering
effect of the stator circuit.
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Figure 5.10 Fourier analysis of phase currents loaded with a resistive load, the

amplitude normalized with respect to the fundamental frequency.
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5.5 Finite element model faulty machine

The faulty FEM machine is based on the healthy machine model; here an additional
coil has been included to emulate the turn-to-turn fault. The new coil shares space
with one of the existing coils as illustrated in Figure 5.11.

I stator
[l Rotor
[l Magnet
Il Magnet
Coil

[ Extra Coil

Figure 5.11  FEM model of a PMSM with an additional coil to represent the turn-to-turn
fault.

The added coil is used to model the turn-to-turn fault and will further be referred to
as faulty coil, and a non-faulted coil will be referred to as healthy coil.

The maximum number of turns in the faulty coil is equal to the number of turns in a
healthy coil, as the faulty coil is simply a representation of short-circuited turns. For
the machine modeled in this section the maximum number of turns in the faulty coil
is five. If an entire coil is short circuited then the affected phase will consist of three
healthy coils and the faulty coil consisting of five turns. However, if only one turn
is short circuited, then the affected phase will consist of three healthy coils, four
healthy turns and the faulty coil consisting of one single turn. Since a turn-to-turn
fault does not alter the geometry or remove any turns, the number of turns in a
phase will be equal for both the healthy machine and the faulty machine. The
difference between the two modes depends on how the turns are connected
internally.

The orientation of the faulty coil is in the same direction as the healthy coil in order
to keep the current orientation. It should be stressed that the current in the faulty
coil is not the current referred to as ir in Section 5.2 and 5.3, but rather the current
i in Figure 5.1b. This current can be calculated as i, — i, from the analytical
equations of Section 5.2. The FEM simulated back-EMF of the faulty machine is
presented in Figure 5.12, where the phase current are forced to zero in order to
simulate an open circuit, as for the healthy case. The faulty coil in this example
consists of one turn.
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FEM calculated back-EMF. Figure a presents the induced voltage in the
three phases and the faulty coil normalized with respect the peak value of a
healthy phase. Figure b presents identical information on the faulty coil as
in figure a but whit a larger scale. Figure c presents the faulty coil and
phase a where the faulty coil values have be scaled to match the phase a
value.

Due to the fault condition, the induced voltage in phase a is slightly reduced as
compared with the healthy case (since it only consists of 19 turns during the fault),
while the non-faulted phases voltages are unchanged. The induced voltage in the

faulty coil is phase shifted with respect to phase a, as can be seen in Figure 5.12C.
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This is due to the electrical distance between teeth. Analytically, the back-EMF of
the faulty phase a is (where the tooth with the turn-to-turn faults occurs in the
reference),

E = 4E;£0° 4+ 5E;£(150 + 180)° + 5E;2(180 + 180)° + 5E;£330° (5.58)
~ 18.35E;2 — 15.8° '
Which is —0.8° phase shifted compared to the healthy machine, see (5.56), and the
amplitude of the fundamental component is for the faulty machine compared to the
healthy machine is

18.35E,

—=0. ~095=1- 5.59
19325, 09498~ 095=1—-0¢ (5.59)
This small amplitude difference, together with the small phase shift makes the
back-EMF of the faulty machine unbalanced.

Since the faulty coil in this case only consists of a single turn (located at the
reference tooth) the back-EMF in the faulty coil is

E; = E;20° (5.60)

which is the part removed from the healthy machine described by (5.54) compared
with the faulty machine described by (5.58).

The inductance values of the faulty machine are calculated using the same method
as for the healthy case. The FEM model is solved in an electro-static simulation
where the faulty coil is current excited. A reluctance grid can also be used to
calculate the faulty inductances by using the equations described in Section 3.3.1.
Figure 5.13 presents the two analytical methods using the reluctance grid and the
FEM results, normalized with respect to the FEM result of the mutual coupling
between the faulty coil and the a phase.
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Figure 5.13  Comparison of the different methods for calculating the self-inductance of
the faulty coil and the mutual coupling between the faulty coil and the other
phases. Note the different scales in the figures.

The analytical methods show less agreement with the FEM results compared with
the healthy machine case (see Figure 5.3). The comparative values for M, is
greatly different and for M, the results also shows low agreement. However, due to
the machine layout which is causing a very low mutual coupling between the
phases even during healthy conditions, the coupling between the faulty coil and the
other phases will be even smaller. I.e. the absolute difference between the methods
is small. The difference in mutual coupling between the fault coil and phase b and
phase c respectively, is due to the machine geometry. In this case, the fault has
occurred in coil A; (see Figure 5.7) where the neighboring coils are A, and C,.
Hence the flux produced by the faulty coil that reaches a coil belonging to phase b
is less than what reaches phase ¢ due to the longer distance between the faulted coil
and a coil belonging to phase b.

The FEM model is limited in its connections possibilities, as the simulation
software only allows series connection of the different coils. In order to more
accurately model the parallel connection of the coils which occurs during a turn-to-
turn fault, as wells as incorporating the contact resistance Ry, the FEM software is
coupled to the circuit simulator Ansoft Simplorer. The coupling enables more
connection possibilities between the coils and the resulting simulation setup is
shown in Figure 5.14.
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Figure 5.14  Coupling between Ansoft Simplorer and Ansoft Maxwell in order to create
the correct connections between the coils.

As in the healthy machine FEM simulation, the faulty machine is connected to a
pure resistive load and externally excited to rotate at a constant speed. The
simulated currents for the faulty machine are shown in Figure 5.15, normalized with
respect to the peak value of current I,.
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Figure 5.15  Coupled simulation between Ansoft Simplorer and Ansoft Maxwell in order
to create more accurate connections of the coils.

For this operation point, the peak current in the faulty coil is about four times the
peak current in the other phases, which in this case result in more than six times
higher losses in the form of heat. The extra heat will lead to further winding failure
and other types of faults, as described in Section 4.4. However, even though this
comparatively large current has a large local impact on the machine, the impact on
the phase current is very small, as seen in Figure 5.15.

5.6 Comparison between analytical and FEM Models

A healthy three phase machine is analytically modeled according to (3.14) where
the parameter values extracted from the healthy FEM are used in order to make the
analytical and FEM model as similar as possible for the comparison. The analytical
model is simulated using an identical setup as the FEM machine, i.e. an external
source governs the rotor rotation and the machine is loaded with a pure resistive
load. The simulation results of both the analytical and the FEM models are
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presented in Figure 5.16. The difference between the stator currents obtained using
the two models is presented in Figure 5.16b. As can be more easily seen from the
difference figure, the FEM model contains harmonics and not purely the
fundamental, which are only accounted for in the analytical model.

The back-EMF of the analytical model is purely sinusoidal with the frequency of
the machine’s electrical speed (see (3.14)). As such, in order for the analytical
model to better agree with the FEM model, the analytical model need to be updated
with respect to the harmonics present in the FEM back-EMF.
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Figure 5.16  Comparison of simulation results from the FEM and the analytical model.

Figure a presents both simulation results and figure b presents the difference
between the two models. Both are normalized with respect the fundamental
component.

By performing a Fourier analysis on the FEM back-EMF the harmonics amplitude
and phase can be found. The back-EMF vector of the updated analytical model is

thus given by
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where Ay is the relative amplitude of the i harmonic and ¢; is the phase shift of
i harmonic. The simulation results of from the updated healthy machine model
together with the FEM results are shown in Figure 5.17. There is still a small
difference between the models as not all of FEM harmonics are added to the
updated analytical model. For the considered operating condition, only harmonics
having an amplitude greater than 0.1V have been included in the analytical model.
The highest-order harmonic considered in the analytical model is the 25th harmonic
as the amplitude of the above harmonics are small and can be difficult to acquire
due to the requirement of fast sampling frequency which may not be available in
wind turbine applications.

Figure 5.17

74

Current [-]

7’ N
L/ N Phase A FEM
—_ 0.5 ', /\\ ‘t Phase B FEM
= / 7\ / Phase C FEM
o 0 7 N 4
£ \ / \/ \ / \ J || m—— Phase A An.
\ /
© 05X ¢ X—r|—- Phase B An.
L/ ‘\\ ’,’ """ Phase C An.
-1 s
0 2 4 6 8 10
Time [ms]
a
0.05
Phase A
0 == e e it e St Phase B
Phase C
0.05
0 2 4 6 8 10
Time [ms]
b

Comparison of simulation results from the FEM and the analytical model with
added back-EMF components. Figure a presents both simulation results and
figure b presents the difference between the two models. Both are normalized
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Using the updated back-EMF vector, the analytical model achieves a satisfactory
agreement with the FEM model. The back-EMF is modeled to linearly follow the
electrical speed of the machine. To verify the validity of this for both the
fundamental and the harmonics, the FEM model was simulated in open-circuit
mode at different speeds (two times, half, quarter and at one eight of the nominal
speed). The results are presented in Figure 5.18, normalized with respect to the
fundamental component at nominal speed. As can be seen, the back-EMF is linear
with the speed for the FEM model for both the fundamental and the harmonics.
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Figure 5.18  Amplitude of FEM back-EMF at various speeds, normalized with respect to
the fundamental component at nominal speed.

To verify that the analytical model and the FEM model does not only agree during
steady-state operation, more dynamic simulations were performed where the
machine speed was varied. Figure 5.19a presents the simulated current response
from one phase when the speed was ramped up from nominal speed to two times
nominal speed during nominal loading. The machine starts to accelerate at 5 ms,
and 10 ms later the machine speed is two times the original value prior to the
acceleration (this speed increase during this short time is not a realistic scenario,
merely an illustrative example). Figure 5.19b presents the simulated current
response from one phase when the speed is stepwise doubled from nominal speed.
Both figures are normalized with respect to nominal speed. As it can be seen from
the presented results, very good agreement between the FEM and the analytical
model is obtained also during dynamic conditions of the machine.
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Figure 5.19  Simulation results for one phase from both the analytical model and the FEM
model during simulations where the speed is varied. Figure a shows the
results during a ramp increase of the speed, where figure b presents a step
increase of the speed.

In order to verify that the analytical model and the FEM model also agree for
various external loadings, the external resistance connected at the machine
terminals (see Figure 5.8) can be varied. Figure 5.20 presents the obtained
simulation results (the machine is rotating at nominal speed) when the external
resistance changed to two times, five times and ten times the resistance value used
for the other simulations, respectively. The results are normalized with respect the
nominal resistance. As can be seen, the two models presents simulation results
which are satisfactory similar.
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Figure 5.20  Simulation results from both the analytical model and the FEM model for
various external loadings.

The same verification procedure is applied for the faulty machine case. The values

of the inductances are calculated using the FEM model and the results are used in
the analytical model. Figure 5.21a shows the obtained simulation results of the

76



updated analytical faulty machine model together with the results from the faulty
FEM model; the machine has one out of twenty turns short circuited and is
operating at nominal speed loaded with a the pure restive load as in previous
simulations. Figure 5.21b shows the obtained difference between the two model.
All results are normalized to with respect to unfaulted machine case operating under
equal operation conditions.

As seen in Figure 5.21, the faulty analytical model and the faulty FEM model show
a satisfactory agreement with about the same error as for the healthy model. The
error is due to not including all harmonics in the analytical model. Since the
updated analytical model of the faulty machine provides comparable results as the
FEM model at a greatly reduced simulation time, it is therefore more practical to
use the analytical model for further analysis of the impact of the fault. The impact
can be studied on a system level to see any secondary effects, but the model can
also be used to investigate the possibilities to detect a turn-to-turn fault.
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Figure 5.21  Comparison of simulation results from the FEM and the analytical model with
added back-EMF components. Figure a presents both simulation results and
figure b presents the difference between the two models. Both are normalized
with respect the fundamental component.

5.7 Flexible analytical model

Assume that the original state of a machine is healthy and, after a given time, the
insulation of the stator winding fails (see Section 4.4), causing a turn-to-turn fault
that turns the healthy machine in to a faulty machine. It would therefore be
convenient to develop a model that is able to simulate the transient behavior from
healthy to faulty. This feature would allow the study of how the machine behaves
directly before and directly after the fault has occurred. To achieve this, consider
that the analytical model of the faulty machine contains all the information of the
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healthy machine; thus, with some manipulation the faulty machine model is able to
simulate the behavior of the healthy machine. The difference between the healthy
and the faulty model is current i and its interaction with the other currents. By
keeping ir equal to zero, the faulty machine model is effectively the same as the
healthy machine model. One method to set i to zero would be to chose the value of
the emulated contact resistance Ry in Figure 5.1 to infinity, thus treating the fault
loop as an open circuit. If the parameter R, goes towards zero it represents a perfect
short circuit between two conductor. However, simply selecting the value of R, to
be infinity large is not a practical solution to implement for the analytical model.
When solving the state-space equations, a large value of R, will make the
derivatives terms very large. This requires an impractically small time step in order
for the simulation model to converge. An alternative way to simulate the transition
between the healthy and the faulty machine model is to modify the fault loop by
adding a controllable voltage source, Uy, in series with R, see Figure 5.22.

Figure 5.22  The single phase representation of healthy phase illustrated in figure a,
and the single phase representation during a turn-to-turn fault illustrated
in figure b.

During a fault, Uy is forced to zero volts, but during healthy operation Uy is used to
instantaneously counteract any current changes in i. If the initial condition of i, is
zero, it will remain at this value by selecting the amplitude of Uy to always keep the
derivative of i, to zero. By using the equation of the current derivatives (5.16), the
value of Uy can then be determined for every time instant. Figure 5.23 shows the
simulation results for a healthy machine model together with the flexible model
with the voltage source Uy controlled to counteract the fault current. The two
models can be considered to be identical as difference in results is practically non-
existing, see Figure 5.23b. After 10 ms of simulation Uy is forced to zero to make
the model shift from healthy mode to faulty mode. Figure 5.23c shows the fault
current during the first 20 ms of simulation. As can be seen, there is no fault current
until the model is switched at 10 ms.
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Figure 5.23  Comparison of simulation results from the healthy and flexible model. Figure
a presents both simulation results and figure b presents the difference between
the two models. Figure c presents the simulated fault current i,. All are
normalized with respect the peak current of the healthy machine.

Using the described flexible model allows the investigation of not only the
transition but also the impact of the evolution of connection resistance R;. By
keeping all other simulation parameters constant while varying the fault resistance,
the effect of the fault resistance value on the fault current can be studied. Figure
5.24 shows the peak fault current in the faulty coil as a function of the fault
resistance.
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Figure 5.24  Fault resistance effect on fault current ir normalized with respect to peak
healthy phase current with equal loading.

The fault current decreases with an increasing resistance, which is to be expected.
This figure also demonstrates how the fault current can increase with time, as the
turn-to-turn fault can initially have poor connection with high resistance but as time
passes with the extra heat production due the fault, it is likely that the insulation
will deteriorate further leading to a better connection between the windings. This
will in turn reduce the resistance further causing larger current, more heat and more
insulation failure.

Using the flexible model, it is possible to investigate if the steady-state condition of
the faulty current depends on point-on-wave when the fault initially occurred.
Figure 5.25 presents the simulation results where the fault mode was initiated at
different time instances. All the models where simulated using identical settings,
except for the triggering of the shift to faulty mode. As can be seen, the fault
currents steady-state condition is independent on the time of failure, which was to
be expected. As the derived model does not consider any parasitic capacitive
couplings between the turns, there is no oscillation during transient transition from
healthy to fault. The modeled system only consists of resistance and inductance,
which results in the smooth current shown in the figure during the transition,
regardless of the point-on-wave of the fault occurrence.
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Figure 5.25 The simulation results from the flexible model when the fault occurs at
different times.
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5.8 Comparison between healthy and faulty machine and the
indication of an turn-to-turn fault

The comparison is performed when the models operate in steady-state where the
rotor speed is externally excited and the machine is loaded with a pure resistive
load, as previously done when comparing the analytical model with the FEM
models. Figure 5.26 shows both the current from the healthy model and the faulty
model.
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Figure 5.26  Normalized phase currents from the healthy and faulty machine models.
Figure a presents the three phase currents of both models, figure b present the
difference between the two models.

As can be seen in Figure 5.26a, the current from the two models are very similar
which pose a problem for detecting the turn-to-turn fault. There is a difference
between the two models, especially for the affected phase a which shows the
greatest difference. However since both results are not available during operation
the method of comparison cannot be utilized as an online indication method.
Dependant on the operation point the absolute difference in the current between the
healthy and faulty machine may be very small and thus difficult to detect. There is
another general drawback with the comparison method, being that it can only
indicate that there is difference between the two states. It does not provide any
information of the cause of this difference, which could be caused by any part of the
machine.
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In the case of a turn-to-turn fault, it is both the machine parameters as well as the
back-EMF that are affected by the fault. Both the parameters and the back-EMF
become unbalanced due to the fault, where the severity of the unbalance depends on
the amount of short-circuited turns. The unbalanced back-EMF may have an altered
harmonic content compared to the balanced case, and the unbalanced machine
parameters will to some extent distort the current as compared to the healthy case.
The current frequency content may therefore be a more effective quantity to
monitor to be able to detect a turn-to-turn fault. Figure 5.27 presents the frequency
spectra of the current from phase a from both the healthy and faulty models. The
results are normalized with respect to the fundamental component of the healthy
model. As can be seen there are only minor amplitude differences between the two.
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Figure 5.27 Normalized harmonics in the current of phase a from both the healthy and

faulty machine models

An alternative can be to monitor the frequency content of the stator current in the
rotating reference frame. The frequency content of the stator dg-current from both
the healthy and the faulty model is presented in Figure 5.28. Figure 5.28a is
normalized with respect to the healthy fundamental components respectively where

Figure 5.28b is not normalized, to show that the d- and g-components are affected
equally by the fault.
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Figure 5.28 Harmonics in content in the currents in the rotating reference frame from

both the healthy and faulty machine models. Figure a presents the
normalized currents, figure b presents the non-normalized information which
shows that d- and g-components are affected equally.

The appearance of the second harmonic is the most noticeably change due to its
comparatively large amplitude. As shown by (5.37), the appearance of the second
harmonic (i.e. the negative sequence) is a typical indication of a system unbalance
in the rotating reference frame. The turn-to-turn fault does make the machine turn
from a balanced to an unbalanced system. However, making the system unbalanced
is not a unique characteristic of a turn-to-turn fault. By looking at Figure 5.28, it is
not only the second harmonic that has appeared due to the fault. For instance the
fourth and eight harmonics have also appeared. These are created due to the
unbalanced back-EMF and the unbalanced machine parameters, together with the
transformation to the rotating reference frame. For example, the fourth harmonic
originates from the fifth harmonic in the stationary reference frame. The
transformation of the d-component for the fifth harmonic is
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The same procedure can be performed for the g-component. In the normal balanced
case, the 5™ harmonic is typically symmetrical, meaning that A'ys= Aysand a is
zero. Therefore, under these conditions the harmonic term that oscillates with a
frequency of four times the machine speed is equal to zero. However, during a turn-
to-turn fault a becomes non-zero and A"y 5 is reduced as compared with the pre-
fault condition (A" s is approximately equal to oAy s during the fault condition)
which makes

2m 2m
A"y scos(46 + a) + Ay scos (49 — ?) + Ay 5 cos (49 + ?> #0 (5.63)

thus, the fourth harmonic appears for this case.

In general, this new set of harmonics can be explained using a vector representation
(see Appendix A) of a three phase system. A generic unbalanced and distorted three
phase voltage vector e,(t) in the stationary reference frame can be described as[51]

er(t) = ey, () + ey, (£) = E OH0) 1 F e k@t+ep) (5.64)

where w is the angular frequency of the system. Ey, and Ey are the amplitudes of

positive and negative phase sequence voltage vectors, respectively, ¢, and ¢, are
their phase displacements, and k indicates the harmonic number. Observe that in
(5.64) the zero sequence component has not been considered. During balanced
operation, the negative sequence component for the harmonics 1, 4, 7 and so on, is
zero. For harmonics 2, 5, 8 and so on, the positive sequence is zero during normal
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operation. By moving (5.64) into the rotating reference frame it can be seen that the
harmonic shift in frequency as

e 0, (t) = Ey @VORO) 4 | Il @tiop) (5.65)

The positive components will be represented at one harmonic number below while
the negative sequence will be represented at one harmonic number above. Thus,
both the fifth and seventh harmonic in the stationary reference will be represented
as the sixth harmonic in the rotating reference frame during balanced operation.
However, as described earlier, during an unbalanced condition the fifth harmonic in
the stationary reference frame contains both a negative and positive sequence
component, which will then appear as the fourth and sixth harmonic in the rotating
frame. As such, during unbalanced conditions, the harmonics in the rotating
reference will split-up

In essence, by monitoring the harmonic content of the current in the rotating
reference frame it is possible to detect a turn-to-turn fault through observation of
the second harmonic in combination with the appearance of new specific
harmonics. What appears to be typical for the turn-to-turn fault is the addition of the
new harmonics that is originating from the unbalanced back-EMF, which is feed
through an unbalanced impedance circuit. Note that the amplitude of the new
harmonics have equal amplitude in both the d- and the g-currents, which is to be
expected by inspection of (5.51) and (5.52) which shows that the fault currents
impact on both the d- and the g-current are equal in magnitude but 90° shifted.

However, an unbalance in the back-EMF could also be caused from an
unsymmetrical rotor circuit, such as a missing rotor magnet. To see if a missing
magnet will have the same effect on the harmonics content of the stator current as
the turn-to-turn fault, a FEM simulation of a machine with a missing magnet is
performed.

5.9 Comparison of the harmonic content of the back-EMF
between a turn-to-turn fault and a missing magnet

As discussed in Section 3.3.2, the back-EMF in not solely dependent on the number
of turns in a coil as it also dependent on both the coil arrangement within the
winding as well as on the flux in the coils. As such, an unbalance in the back-EMF
can therefore originate from an unbalance in the flux distribution between the
phases. For a PMSM, an unbalanced flux distribution occurs if a permanent magnet
becomes demagnetized, or if it is for any other reason removed. The healthy FEM
model presented in Section 5.4 is modified where one magnet is removed, see
Figure 5.29 (compare with healthy model in Figure 5.2).
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Figure 5.29  FEM model with removed permanent magnet.

The model with the missing magnet is simulated using identical settings as for the
healthy machine. The simulated back-EMF is presented in Figure 5.30.
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Figure 5.30  Induced voltages for the loss of magnet machine

As can be seen, the shape of the induced voltage for the loss of magnet machine is
noticeably different from that of both the healthy machine (see Figure 5.5) and the
machine with turn-to-turn fault (see Figure 5.12). Even though the back-EMF
cannot be monitored directly, its harmonics content can be seen indirectly through
the stator currents, as shown in Section 5.4.2.

The frequency content of the back-EMF for a machine which has lost a magnet is
greatly different compared to both the healthy machine and a machine with turn-to-
turn faults. Even sub-harmonics are present for the loss of magnet machine, see
Figure 5.31.
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Figure 5.31  Frequency content of the induced voltages for loss of magnet, turn-to-turn and
healthy machine normalized with respect to the healthy machine.

As can be seen, the loss of a magnet will produce several completely new
harmonics even in the in the stationary reference frame where the turn-to-turn did
not. In the case of turn-to-turn fault, the harmonic content in the stationary
reference contains the same harmonic, they only become asymmetrical. It is
therefore only in the rotating reference frame there will be new harmonics in the
case of a turn-to-turn fault. The turn-to-turn fault will also only affect one phase,
where the loss of a magnet affects all phases equally.

Even though the back-EMF cannot be monitored during operation but as shown in
Section 5.4.2, the harmonics of the back-EMF will be present in stator current,
though the ratio between the amplitude of fundamental and the amplitude of the
harmonics may not be completely preserved for the currents.

5.10 Summary

In this chapter an analytical method of modeling a three phase PMSM with a turn-
to-turn fault has been presented. The model has been mathematically transferred to
the rotating reference frame aligned with the magnetic north pole of the rotor. The
analytical model has been verified using a FEM model for several operational
conditions which satisfactory agreement. A flexible model has been introduced
which could be used both as a healthy machine model and through the users input it
is able to change and it would act as the faulty machine model. The faulty machine
has been modeled to have a turn-to-turn fault consisting of one turn out of the total
twenty turns in one phase. This small amount of short-circuited turns does not cause
any large difference in the observable stator current, even though the fault current in
the machine is several times larger than the phase current. It has been shown that,
even the difference between the two models was small, it is possible to detect that a
turn-to-turn fault has occurred through the monitoring of the current harmonics in
the rotating reference frame. In the case of turn-to-turn fault, there will be an
addition of new harmonics in the rotating reference frame, introduced by both the
unbalance in the machine parameters, as well as from the unbalance in the back-
EMF. The unbalance in the back-EMF is caused by the reduced amount of turns in
the faulty phase compared to the other healthy turns. By continuously monitoring
the currents’ harmonics content in the rotating reference frame in order to observe
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any new harmonics, it is possible to detect a turn-to-turn fault. Special attention
should be given to the second harmonic together and the splitting of the pre-fault
symmetrical harmonics present in the healthy machine.
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Chapter 6
Conclusion and future work

This chapter will summarize this thesis and conclude with the next step for turn-to-
turn detection and identification.

6.1 Conclusion

This thesis has described how to model the electrical parts of a full power converter
wind turbine with a three phase PMSM as generator. In particular, the main focus of
the thesis has been on the modeling of the generator unit in case of turn-to-turn
faults in the stator windings. The overall electrical model of the wind turbine is
obtained through the interconnection of different modules, where each module
represents a sub-system. The different subsystems have been properly
interconnected into one simulation model; the resulting system has been tested both
under normal variations of the input wind speed and under rapid dynamic
conditions (low voltage ride through). The system model is sufficiently accurate for
both normal operation as well as for operation during grid faults. Furthermore, the
developed model can be used to investigate the effects that a fault within one of the
sub-systems has on a system level.

As presented in Chapter 5, an analytical model of a PMSM with a turn-to-turn fault
has been derived. The derived model has partly been transformed into the rotating
reference frame using a complimented transformation matrix, as the fault current
has been kept in the stationary frame and is therefore kept as an oscillating quantity.
The derived analytical model has been verified under different operational
conditions using a FEM model. The comparison between the two models showed
that the back-EMF vector input to the analytical model needed to be updated to
include the impact of the harmonic distortion due to the geometry of the machine. A
flexible model has been then developed, in order to allow the simulation of the
transition from healthy to faulty machine condition.

Through the analysis of the equations describing the faulty machine in the rotating
reference frame, it can be seen that the unbalanced condition of the machine leads
to oscillatory component in stator current. The fault will not only impact the
machine parameters, but also the back-EMF. Since the active number of turn in the
faulty phase is less compared to the healthy phases (in the case of a turn-to-turn
fault), the amplitude of the back-EMF in the faulty phase will be less compared
with the healthy phases. In addition, for more complex geometries the back-EMF of
the faulty phase will also be phase shifted compared to the non-faulty case. The
unbalanced back-EMF, along with the unbalanced machine parameters, results in
slightly different current for the faulty machine as compared with the non-faulty
case. How much the current in the faulty machine model differs from the healthy
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case depends on the numbers of faulted turns. However, despite the small
difference, through inspection of the harmonic content of the stator current in the
rotating reference frame the unbalance caused from the turn-to-turn fault can be
detected through the appearance of new harmonics for the faulty machine compared
with the healthy machine. The new harmonics are caused by the splitting of the
unbalanced harmonics in the back-EMF when moving to the rotating reference
frame.

The main contribution of this thesis is the further development of the model of a
PMSM with turn-to-turn fault (both in the stationary and in the rotating reference
frame), the development of the flexible model and the suggestion of a method that
can be used to detect a turn-to-turn fault in the stator windings. The developed
detection method consists of the continuous monitoring of the harmonics of the
stator current in the rotating reference frame in order to identify a specific variation
in the harmonic content. The harmonics of special interest are the second and the
splitting of the pre-fault symmetrical harmonics, which occurs due to the
unsymmetrical condition of the machine caused by the turn-to-turn fault. To verify
that the appearance of these specific harmonic can be used as an indication of a
turn-to-turn fault and not any fault causing an unbalance in the back-EMF, a FEM
model of a PMSM with a missing magnet has been simulated. The back-EMF
vector of the turn-to-turn model was compared with the back-EMF vector of the
missing magnet model, and in the case of a missing magnet, completely new
harmonics was created where for the turn-to-turn case the harmonics stay the same
except that they become unsymmetrical.

Although the main aim of the developed mathematical model was for detection of
turn-to-turn faults in the PMSM, the model can also be used to investigate the
impact of this kind of faults on a system level, for example to investigate their
impact on the mechanical system. Furthermore, the model can be used to acquire an
estimate of the amplitude of the fault current. As the number of short-circuited turns
can be altered, a sensitivity analysis can be performed on the number or turns short
circuited and the resulting torque ripple. As the contact resistance between turns can
be varied, the impact of the value of the contact resistance on the ability to detect
the turn-to-turn fault can be studied, both in terms of value and time variation.

It is of importance to stress that in this thesis the current signals used are noiseless.
As the amplitude of the additional harmonics was comparably small, the
measurement noise may prove to be an issue when implementing the method in an
actual system setup, especially in terms of speed of the detection method. The
machine in this thesis is also assumed to have perfectly linear materials, which do
not change with the operational conditions. The healthy machine is assumed to be
perfectly symmetrical and balanced as well as the end-winding effects are not
considered. These assumptions may also prove to be an issue when implementing
the method in a real system setup and open up for further research in this field.
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6.2 Future work

As discussed earlier, the additional harmonics caused by the fault may have an
impact on the mechanical system of the wind turbine. Further research is therefore
needed to investigate the interaction between the mechanical and the electrical
system during various fault conditions. This does not only consider turn-to-turn
faults, but also faulty conditions in the mechanical system that might be reflected in
the electrical system. This research may also lead to a method of detecting
mechanical faults using the measurement of electrical signals.

Some of the current harmonics have a comparably low frequency. Therefore, if the
machine controller has a sufficiently high bandwidth it may counteract the
unbalance in the currents caused by the turn-to-turn fault. Thus, the impact of the
controller on the detection method needs to be investigated.

The detection method is mainly based on the variation of the harmonic content in
the stator current when moving from the healthy to the faulty machine. Even though
the models have shown that it is possible to detect a turn-to-turn fault, there may be
more effective signals to monitor, which are less sensitive to controller interaction
or on the machine design. Further research is also needed to make the detection
procedure automated so that is can be used for any PMSM and the method should
preferably also be able to estimate how many turns that are affected. The method
can also be extended to include additional faults such as the phase-to-ground and
phase-to-phase short circuit.

The presented method has been verified using a FEM model; the investigated model
can be further improved to more accurately model a PMSM. For instance the end-
winding effects can be included. The model as well as the detection method should
also be verified experimentally.
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Appendix A

Moving from stationary to rotating reference frame

A widely used mathematical transformation in the electrical engineering discipline
is the transformation from the stationary to the rotating reference frame. This makes
an oscillating quantity at the transformation frequency appear as a DC quantity. The
mathematical transformation matrix for a three phase system is

[ 2m 2m ]
| cos 6 cos <9 - ?> cos (9 + ?) |
2 2 2
T,(6) =K§ I—sinB —sin(@—?n) —sin(9+?n)| (A1)
|l 1 1 1 J|

3 3 3

where 6 is the transformation angle related to the rotational speed of the rotating
reference frame and K is a scaling constant. By selecting K to 1 the transformation
becomes amplitude invariant.

The inverse of the transformation matrix is

cos @ —sin6 1

(9 27r> . (9 Zn) 1
7,74(0) = k |°*® 3 s 3 (A2)
2n

2
lcos (9 + ?TT) —sin (9 + ?) 1J
If the zero sequence component is neglected the transformation matrix becomes

0 (9 27r> (9 Zn)
2 cos Ccos 3 Cos + 3

T = K§ . . 2m . 2 (A3)
sinf sin (9 ——) sin (9 +—)
3 3
with the inverse
cosf sin@
(9 Zn) (o Zn)
7-1(0) = K |°° 3 Sm( 3 (A4)

lcos (6 + 2?”) sin (0 + Z?n)J

For a balanced frequency component with equal speed as the rotating reference
frame the transformed components becomes
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o A, cosb
KE cos 6 cos(e—? cos Abcos 9__}_
3 sin@ sin(@ sm |
3 lA cos 9+ J (A5)
41
1|4at4p+Ac+A c0529+Abcos<26—? +A cos<29+ 3)

k3 am am
A, sin26 + Aysin (29 - ?) + A, sin (29 + ?>

If 4, =4, = A. = Athen (A5) become [A(ﬂ since the double frequency component is

perfectly symmetric. Similar calculations can be done for the harmonics. If they are
balanced they will only appear at one frequency where the other will be canceled
due to symmetry.

Vector representation of three phase quantities

A three-phase positive system constituted by the three quantities X, (t), X, (t) and
X4 (t) can be transformed into a vector in a complex reference frame, usually

called af-frame, by applying the transformation defined by:
iZx st
X=X, ([t)+jx,(t) =K -{xl(t)-rxz(t)-e B4 x,(t)-e3 } (A.6)

3
where the factor K is usually taken equal to \/; for ensuring power invariance

between the two systems. Equation (A.1) can be expressed as a matrix equation:

{X”’ (t)} =C :1 ((tt)) (A7)
S |
where:
2 1 1
Ca=|V3 Y6 6 (A8)
o L _1
V2 2

The inverse transformation is given by:
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where:

(A9)

(A.10)

This holds under the assumption that the sum of the three quantities is zero.
Otherwise, there will also be a constant (zero-sequence) component. In the latter

case, Eqgs.(A.7) and (A.9) become:

X, (t) X, (t)
Xg (1) | = Cuao| X, (1)
X, (1) X, (t)

and for the inverse transformation:

% (t)
X, o= C320
X, (t)

with the two matrixes given by:

2

3

Coo=| 0
1

J6

and

2

3

1
C320: _%
_1
J6

Voltage vectors for unsymmetrical three-phase systems

sl
Sl

oot
s

s“»—\ o
Sl- 515l

Nis

X, (1)
X, (t)
X, (1)

(A1)

(A12)

(A13)

(A.14)
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The phase voltages for a three-phase system can be written as:

e, (t) =¢é,(t)-cos(at —9,)

R 2
e, (t) =6, (t) - cos(awt — 571' - 9y) (A.15)

() =80 cos(et - .)

where €, (t), €,(t) and é_(t) are the amplitudes of the three-phase voltages, ¢,

, @, and ¢@_ are the phase angles of the three-phase voltages, and « is the
angular frequency of the system.

If the amplitudes €, (t), €, (t) and €, (t) are unequal, the voltage vector can be

written as the sum of two vectors rotating in opposite directions and interpreted as
positive- and negative-sequence vectors:

g(aﬂ) (t) — Epel((l)t+(/’p) + Ene‘j(w“*‘/’n) (A16)

where Ep and E are the amplitudes of positive- and negative-sequence vectors,

respectively, and the corresponding phase angles are denoted by ?, and @,. To

determine amplitudes and phase angles of positive- and negative-sequence vectors
in Eq. (A.19), a two-step solving technique can be used. First, the phase shifts are

set to zero, so that the amplitudes Ep and E can easily be detected. In the next

step, the phase shifts ?, and ¢, are determined.
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Appendix B

FEM Machine Parameters

Machine parameters

R, 1.6 mQ
R¢ 20 mQ

L 292 pH
M -12
My 12.6 pH
My 0.12 uH
M, -1.35pH
Ly 2.75 uH
Yom 0.068

Pole pairs 5
fo 125 Hz

Machine geometry

Stator diameter 270 mm
Rotor diameter 190 mm
Airgap 3.1 mm
Magnet height 2.3 mm
Magnet length 80 mm
Stator back 10.5 mm
Shoe height 2 mm
Tooth width 21 mm
Slot width 38 mm
Stack length 109 mm

101



102



€0T

([aerouaz—w31+231]50D (¥ —Z31]S0D ST+ (W+T-)JT+SATI)E

(Rae1o ] uIS eI UA— T3] S0z~ [WeIOUIZ—Z)]S0D +[Z31]50D) PUBISSH S + (PWBISS+RD (W-DE [eelv
([ye30ud — $)1s0D + L [¥eroud — Z)1S0D)SHTN — (W — DT = [Zelv
(e — p31]sonsysy + ([yereyd — z3i]s0amsy — [gesayd — ZIx]s0d6x) (W — 1)
([¥e30ud — $)1s0D + L [¥eroud — Z)1S0D)SHTN — (W — DT = [relv
[derous — pi]soDam(n — 1) S + [deous — zxi]sonsysy + [yesuys — 0T]sod (i + 7-)63
((z[yeromd — $1]s0 + [y — z]s00)SATH — (W — IDWW — D€ - [e2lv
[aeroup]uis(;[yeroys — 231]soDSH T + (W + T-)yDewsissyz + ([yersya]sop[yersyy — zyJsopewdissysyz + (ewdissy + 20 (W — 7€) [dervys — psod T
((eerouy — $31]s0D + -[yerows — z)]s0D)SHTA — (W — DIDIW — 1) = [Z2lv
ey — pyi]sod([esyy — z31]s0D1mGy — [erayd — ZI3]s006X) (W — T TN — L[deaays — 31]sodsUSHTH + sU(W + T-)J1
((z[eroyy — 311500 + L[derews — zy]soD)SHTA — (W — DIDIW — 1) = [12lv
[aeeys — py]sod([uelsyy — zxi]sodsysy — [gerauyd — oT]sod(W — D6 T + ey — zx]sodim(w — DSHTA + m, (W — DI T—
((c[yerous — 41500 + L[derows — z3]s0D)SHTA — (W — DIDW — De = [TV
([geroma]wisyerayy — po]sopewdissysyez — (ewdissy + ) (W — 1) [dersud — zy1]s0d T + [yeaon]sod ([ueroys — $IsodSHTA — (W — Ty ewsissyz
((z[aeaous — 31]50D + L [e3oud — Z)1s0D)SHTH — (W — TIDW — 12 — = [z
([Cgeaay — $X) ZISODSHT + WITZ + 172 — SHTDIM(W — T) + [deaauyy — pi]sop[yersyd — z]sodsaSHTINZ + [yerany — zyi]sop[yersyd — ZIM]sod (W — 16N TNT
(Lo — 531500 + L[4e15 — 231]502) M I — (W — T = T) — [y

([ge3ous — $1]s0Dsy + [derowd — y]sodIm(py + 7-))[dersus — p[soDSA T + [dereuws — xlson[yersuys — 0 TIsod (W — D6 T + sd(w + T-)¥1

(z5's) ur xinew g syl pue(TS'g) Ul XLITew 7 ay) Jo sanjen Jsjsweled

D Xipuaddy



v0T

(z[4e3oya — $31]s0D + [yeroys — z311s00)sHTN — (W — T

= [g'clg
[dereyd + YysjuisewSISNdIsd (W + 7—) + [Yeoyq — #)]S0IWdISdSH
(c[derom — $31]s0D + [2e1oud — 231100 SHTH + (W + T-T _ L
[yeays — $3i]s0dsy
(c[ae30ud — $31]50D + c[MeIoUs — Z)1S0D) SHTH + (W + 73T _ (r'clg
[dezoms — z31]soDsy
(Glaeeys — 31150 + c[Meew — z31s0D) ST — (W — TID W — T) Ry p—
(([yeroys + yrysJuis[yeroyy — pylsopewBisTy — 3D (W — 1) — [yevys — 1sodSHTH) WdISd
c[4eRw — $)1S00 (W — DSHTN + ([de1vus — 23IsodSN T + (W + T- DN - _ (27
ey — 23]sod ST + (W + T-)31
(GLyeom — #]50) + L[derous — Zo]soD)SHTIN — (W — IDIW =T _ ('zlg
[deays — py]sop[deroys — z31]soDSH TN
(e — 5311500 + 5 [wesows — 2311509)SHTS — W — D (W — T) el
([aereya + yrysjuisewBis( + 7—) + [Wersyd — y1]sodS3) [YeIoys — ZM]S0IWISd T
((elye1otm — $1150D + o[4e3tn — eHISO)SHIN = W = DIV =D _ (o010
[gerayy — p31]son[yeroys — z31]soISHTH
c[Heew — Z)]S0 (W — DSHTN + (W — ) [de1vud — $3ISOISN TN + (W + 73T _ (1T

Laesyy — pIsonsHTH + (W + T-)J1



