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Wind Turbine Converter Reliability Analysis Under Realistic Loading

Sermed Alsaadi

Abstract

Electricity generated by wind energy is getting increasing attention as a successful alternative to
fossil fuel electricity generators. One of the challenges of wind energy is the reliability of the wind
turbine power converter (WTPC) as its failure rate impacts the levelised cost of wind energy.
The semiconductor devices have been found to contribute to the WTPC failure rate due to the
thermomechanical stress generated by the cycling of their junction temperatures and differences
in the thermal expansion coefficients of their internal layers. WTPC lifetime estimation models
based on its semiconductors junction temperatures have become widely accepted by industry
and academia.

The published articles in this field use wind turbine modelling to analyse the WTPC lifetime
considering operating conditions and different wind turbine technologies. However, important
modelling details are required to ensure results accuracy alongside a proper analysis method to
develop valid conclusions. To emulate the actual WTPC loading, variable wind speed profiles
covering a good range of wind speeds and turbulence intensities are essential for WTPC lifetime
estimations. Also, the complexity of wind speed changes requires statistical analyses in order
to assess WTPC reliability related to variable wind turbine operating conditions. Furthermore,
the simulated parameters of modelled wind turbines have to be validated to ensure accurate
outputs related to input wind speeds.

In this research, a new WTPC reliability analysis method is presented. It is based on testing
hundreds of variable wind speed profiles and uses statistical tools to assess WTPC reliability
against wind speeds and turbulence intensity. The method considers the simulated outputs of a
validated wind turbine model for WTPC lifetime estimation. The model is demonstrated and
tested for converter topologies and control systems that are widely deployed in wind turbine
applications. In a contribution to this field, the research found that wind turbulence intensity
shows a statistically significant impact on WTPC lifetime at a 95% confidence level in all tested
models. In comparing the impact of wind turbine design factors on WTPC lifetime, the research
found that WTPC with direct torque control is more impacted by increasing wind speeds and
turbulence intensity, resulting in 91% of the lifetime of WTPCs controlled by field-oriented
control. WTPC has been significantly developed in their design by implementing the three-
level topology in the last ten years. In comparing converter topologies, the research found that
3L-NPC WTPCs lifetime achieves 2.7 to 3.9 times the lifetime of 2L.-VSC depending on wind
speed and turbulence intensity. This method can be utilised to select the converter topology
and control system for a longer WTPC lifetime based on the specific wind speed profile of the
proposed site. This method contributes a valid approach to assessing the reliability of future
WTPC considering minor changes in the wind turbine model while the overall framework stays

unchanged.
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Chapter 1

Introduction

1.1 Wind energy

Humans have exploited the power of the wind since the time of ancient civilisations. Sea ships
were the first examples of how humans utilise wind power for commercial use. The extraction of
mechanical power from wind continued to develop for other applications like water lifting and
grinding. In modern history when electricity commercially started, electrical generators were
driven by rotating mechanical power. This develops the idea of using windmills to generate
electricity. In 1887, wind power was first used to generate electricity using a 10 meters high
windmill with blades covered by sailcloth built by James Blyth, considered the first successful
wind-operated electrical generator |1]. Professor Blyth used his windmill generator to charge
batteries for night lighting in his holiday house. Wind turbines have become a major source of
renewable electrical energy in the UK generating 85 TWh, which equals 22.6% of UK electrical
energy production in 2022 [2].

Over the past two decades (2000 to 2020), the issue of climate change started to get greater
attention around the world. The relationship between increasing the level of CO2 and global
warming became more clear with the record-high temperatures and other impacted environ-
mental conditions like north pole ice melting, increasing sea level, extreme worldwide weather,
and dryness of rivers in many countries. All those became clear indications of what humans
are going to face if they continue ignoring the impact of increasing COs on the environment.
Governments and organisations started to take actions to reduce the CO9 footprint of industry,
transportation, electricity generation, and many other human activities. The use of fossil fuel
in electricity generation is responsible for more than 40% of COs emissions related to energy
generation [3]. Therefore, alternative sources of electricity generation are needed to reduce the
global CO4 footprint of electricity generation. One of these sources is wind energy which has
a considerably low CO» footprint compared to other resources like fossil fuel and photovoltaics
because the manufacturing process of photovoltaic produces higher CO4 than the manufacturing
of wind energy, wind energy is considered as a lower COg footprint than photovoltaic. [4].

In addition to the global warming issue, renewable energy supports energy security against
fuel price fluctuations and geopolitics [5].

These two reasons result in strong energy policies set by many governments to encourage
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replacing fossil-fuel electricity generators with what are called renewable energy sources like
wind, solar, tidal, biothermal, and geothermal. Wind energy appeared as a successful source of
renewable energy for various reasons such as it can operate day and night, it can be installed
onshore and offshore, and it has a competitive cost compared with other renewable energy
sources. According to the International Energy Agency (IEA) Net Zero Emissions scenario for
2050, wind and solar will provide 70% of the electricity demand worldwide [6].

The Global Wind Report 2022 [7] shows a total of 93.7GW new wind power installed in 2021
added to the globally installed wind generators (total of 837GW) making the annual growth
at 12%. The projection of global wind power based on the current growth will be 1,400GW
by 2030 however it is required to reach 3,200GW of installed wind power by 2030 to meet the
2050 zero emissions scenarios. These numbers show an increasing global interest in wind energy
and in the related research in this field by academia and industry for developing wind turbines

towards more reliable and higher power sources of electricity.

1.2 Wind turbines

1.2.1 Fixed speed wind turbines

The early commercially produced wind turbines, called type 1 wind turbines [8], were built
utilising the squirrel cage induction generator (SCIG). The fixed-speed generator is required
to rotate at a speed which is slightly higher than its synchronous speed imposed by the grid
frequency to generate electrical power. The SCIG consumes reactive power and therefore requires
a reactive power source for its operation which is provided by a capacitor bank connected in
parallel with the generator windings. A soft starter is deployed optionally in these wind turbines
for smooth starting to avoid high transient currents when connecting to the grid [9]. The
electrical system of this wind turbine, as shown in figure does not contain a power converter
therefore it is considered simple. It is also reliable, low-cost, and robust. However, the fixed-
speed wind turbine has disadvantages because it operates at a fixed rotating speed. It cannot
perform maximum power point tracking which limits the wind turbine’s capacity factor [8].
Moreover, the fluctuation of wind speed is transmitted to the wind turbine mechanical system
producing stress on the wind turbine blades and producing fluctuations in the supplied current
to the grid.

1.2.2 Variable speed wind turbines

The mechanical power extracted from the wind by the wind turbine is related to the value
of tip speed ratio (TSR) which is the ratio of the blade tip speed to the wind speed. The
highest extracted power occurs at an optimum value of TSR (T'SR,p:). Figure shows the
relationship between the turbine mechanical output power, in per unit (pu), and the turbine’s
rotational speed, in pu, for different wind speeds which shows that at each wind speed, the
turbine’s maximum power occurs at different rotating speeds. Therefore, aiming to extract the
highest possible power from the wind over the wide range of available wind speeds, the wind

turbine has to change its rotating speed according to the wind speed to improve its capacity
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Figure 1.1: Fixed speed SCIG wind turbine

factor.

This advantage is achieved in wind energy by introducing the variable speed wind turbine.
The optimum rotating speed is calculated according to the wind speed by the maximum power
point tracking (MPPT) controller. A further advantage of the variable speed wind turbine is
lowering the mechanical stress on the rotor blades allowing bigger blades to be installed and
therefore higher power wind turbines to be produced [9]. To protect the wind turbine from high
rotating speed, the pitch control system is introduced by controlling the blade attacking angle
to reduce the developed torque when the wind turbine rotating speed reaches the designed rated
value.

The advantages of the variable-speed wind turbine come with the cost of a more complex
electrical system than the fixed-speed wind turbine. Methods were used in variable-speed wind
turbines to control the generator speed like SCIG with variable rotor resistance in wind turbine
type 2 [10]. The generator speed was controlled through external variable resistors connected
to the rotor windings via slip rings. This technique provided a variable speed range of 10% of
the wind turbine rotating speed. This method, however, involved extra power losses and could
not control the reactive power produced by the SCIG, which became a requirement by the grid
code.

The next generation of wind turbines, type 3, was based on the doubly-fed induction gen-
erator (DFIG) which could achieve control of the reactive power with an even higher variable
speed range reaching 30% of the wind turbine rotating speed [10]. The DFIG requires an AC-
DC-AC back-to-back power converter for the rotor windings circuit. The advantage of using
the power converter in DFIG is to control the rotor field strength and frequency so the stator
winding generates a fixed frequency current even with variable speed rotation besides the ability
to control the machine’s reactive power. The power converter became an essential part of the
wind turbine electrical system for the DFIG wind turbine and the next wind turbine generator,

type 4, which is based on the Permanent Magnet Synchronous Generator (PMSG) [§].
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Power converters are also used with the variable speed SCIG and the Electrically Excited
Synchronous Generator (EESG) wind turbines. The power converter in wind turbines enables a
wide range of control over the generator speed and the wind turbine’s active and reactive output

power as per the grid code requirement.
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Figure 1.2: Wind turbine output power for different wind speeds

1.3 The power converter

The power converter is a multiport electronic circuit containing semiconductor switches that
operate to facilitate the electrical energy exchange between two or more subsystems [11]. Power
converters vary in design and the type of semiconductors used according to the application oper-
ating parameters, voltage, current, and frequency where they are deployed in various applications
like motor speed control in industry, trains, and electric vehicles and as voltage regulators in
power systems, home appliances, adapters, and renewable energy sources |[12]. The three-phase
two-level voltage-source converter (2L-VSC) is a widely deployed power converter in industry,
power systems, and renewables [13]. This converter consists of six semiconductor switches which
can be transistors or thyristors connected with reverse freewheeling diodes. Figure shows a
schematic diagram of the three-phase 2L-VSC using Insulated Gate Bipolar Transistors (IGBT).

1.3.1 Power converter operation

The power converter’s semiconductor switches are operated in a systematic sequence to pro-

duce the required output parameters. The required voltage level is obtained by controlling the
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Figure 1.3: Schematic diagram of the three-phase 2L.-VSC

switches on and off times |13|. This method is called Pulse Width Modulation (PWM) which is
widely implemented in current power converters in industry and power systems. When PWM
is used to generate sinewave output, it is called Sinewave PWM (SPWM) while other pulse
modulations are also available to use with power converters like the Space Vector Modulation
(SVM) [14]. The type of pulse modulation is chosen according to the applied control strategy and
the converter design. During the operation of the power converter, power losses are produced
due to the interaction between the semiconductor current and its internal parameters like resis-
tance, threshold voltage, and capacitance [11]. The converter power losses impact its efficiency
and produce heat that is required to be dissipated by a heatsink to protect the semiconductors

from the damaging high temperature.

1.3.2 Power converters in wind energy

The deployment of power converters in wind turbines started when the variable-speed wind
turbine was introduced to convert the variable frequency of the generator into a fixed frequency
for the load [15]. A variety of wind turbine power converter (WTPC) designs appeared in
wind turbines however the three-phase 2L-VSC became popular in this application due to its
simplicity [16]. The power electronic industry introduced power modules dedicated to wind
energy power conversion usually by including the transistor and the freewheeling diode in one
power module. Examples of the available power modules are SKM800GA 176D manufactured by
SEMIKRON DANFOSS [17] and 5SNG0300Q170300 by Hitachi ABB [18]. They also introduced
more advanced and compact power converter stacks which contain modular half-bridge or full-
bridge power converters with their drives to be installed in wind turbines for easier installation
and replacement like SKiiP 3 |19]. During the rapid development of wind turbines in the last
20 years, bigger wind turbines with higher power were introduced in the market. The generator
type has evolved as well from SCIG to DFIG and then to PMSG. Each of those generators offers
advantages over its predecessor however each of those requires changes in the wind turbine
electrical system and mainly in the power converter circuit which affects the power converter

design and semiconductor types.
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Figure 1.4: SEMIKRON SKMS800GA176D IGBT power module, as published in ||

Figure 1.5: Power converter stack, as published in

1.3.3 Fully rated power converter

A fully rated power converter (FRC) is required for the variable speed wind turbines with SCIG,
EESG, or PMSG where the wind turbine generator’s full power passes through the WTPC .
In this design, the WTPC consists of three main parts: the Machine Side Converter (MSC),
the DC bus, and the Grid Side Converter (GSC). The MSC rectifies the generator current into
DC and feeds it to the DC bus. The GSC works as an inverter producing a fixed frequency and
voltage as required and supplies it to the grid transformer or the load. Figure [I.6]shows a fully
rated WTPC deployed in a PMSG wind turbine.

1.3.4 Partially rated power converter

Wind turbines equipped with the DFIG require a partially rated power converter (PRC) in
which only the generator rotor power passes through the WTPC while the generator stator
power is delivered directly to the grid through the wind turbine three windings transformer [21].
The PRC consists of a rotor side converter (RSC), a DC bus, and a GSC. Figure [1.7 shows the

power converter connection in the DFIG wind turbine.
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Figure 1.6: Fully rated power converter in PMSG wind turbine

| DFIG stator power >

Grid
transformer
< DFIG rotor power >
___________ P ———
| I I I :
| I
EECECECHENECECIECY
| | T
| I
A A F | s O CF
| |
e — I L S —— |
Rotor side converter DC bus Grid side converter

Figure 1.7: Partially rated power converter in DFIG wind turbine

1.3.5 WTPC control

The WTPC control system is an essential part of the wind turbine as it controls the conversion
of most of the extracted power from the wind through all the wind turbine parts and aims that
the delivered power meets the grid interconnection requirements [22].

In FRC used with PMSG, WTPC is controlled by two controllers one for MSC and the
other controls GSC. A variety of control schemes were used with WTPC however a widely used
scheme is controlling the GSC to stabilise the DC bus voltage and to control output reactive
power while the MSC is controlled to extract the maximum available power from the wind
turbine generator [23|. Similarly in PRC WTPC used with DFIG, WTPC is controlled by two
controllers, for GSC and RSC. The GSC control regulates the DC bus voltage and controls output
reactive power while the RSC control aims to keep the DFIG output frequency synchronised to
the grid and controls output active power [24].

Vector control strategies like Field Oriented Control (FOC) and Direct Torque Control
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(DTC) are widely used in WTPC for performance and protection capabilities [23]. Both control
strategies, FOC and DTC, have advantages and drawbacks in their performance however in this
research, the reliability impact on WTPC by both control strategies will be presented in Chapter
6l

1.4 Existing megawatt-scale wind turbines and their power con-

verters

The PMSG is widely deployed in large multi-megawatt (6MW and bigger) wind turbines with
many advantages including lightweight, reliability, and ease of maintenance [25]. PMSG can
operate at low rotating speed therefore the direct-drive wind turbine is produced without the
need for the maintenance-intensive gearbox which affects the wind turbine’s cost and the nacelle
weight [26]. Moreover, the PMSG does not require field current to induce the magnetic field since
the permanent magnets provide it, making PMSG more efficient than wound rotor generators.
In addition, PMSG is a brushless machine that requires less maintenance than DFIG. These

advantages made PMSG a preferable generator for multi-megawatt wind turbines.

1.5 Future power converters for wind turbines

The rapid increase in wind turbine size and power urges power converter manufacturers to use
different WTPC designs to adapt to the high power requirement [27]. Two strategies appeared
in the WTPC industry to deal with the high power requirement in multimegawatt wind turbines.
The first strategy is to continue using the existing low voltage (LV) WTPC which has a voltage
rating below 1kV like the popular 690V wind turbines by paralleling converters within the WTPC
to accommodate the high power requirements [2528]. This strategy benefits from working with
the well-known technology of the 2L-VSC and providing high redundancy. If any paralleled
converters fail, the others can continue to operate with lower power until the repair is done. An
example of this arrangement is used in Gamesa G10x 4.5MW [29] where its WTPC contains 6
parallel power converters 770kW each. The advantages of this strategy are that the 2L-VSC
requires relatively simple control and is simpler in maintenance while switching to higher voltage
WTPC involves more system complexity and maintenance difficulties due to the higher voltage
safety requirements.

The other strategy adopts increasing the wind turbine rated voltage by moving from LV
to medium voltage (MV) (voltage range from 1kV to 35kV [30]) since increasing the converter
voltage reduces the line current. However, for the WTPC to operate with MV wind turbines,
the converter design and its semiconductor type have to change. In MV WTPCs, the converter
topology changed to the three-level neutral point clamped converter (3L-NPC) to gain higher
operating voltage as this converter topology enables the converter operating voltage at twice
the semiconductor rated voltage [31]. The converter semiconductor is changed to the integrated
gate-commutated thyristor (IGCT) for even higher voltage and high current capabilities than the
IGBT used in 2L-VSC WTPC. A popular example of this converter is PCS6000 manufactured by
Hitachi ABB company [32] which is deployed in wind turbines like GE HaliadeX 12 MW [33,34].
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The supporters of this strategy claim that higher voltage WTPCs reduce the sizes and weights of
the cables and transformer which reflects on the wind turbine nacelle weight and structure [35].
Also, they claim that MV WTPC with IGCT is more reliable than LV WTPC with IGBT [36].
In this research, the WTPC reliability comparison between both converters, the LV 2L-VSC and
the MV 3L-NPC will be presented in Chapter [6]
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Figure 1.8: Schematic diagram of 3L-NPC using IGCT's

1.6 Wind turbine reliability

1.6.1 Introduction to reliability

The reliability of a machine is defined as the probability that the machine is functioning as
expected for the specified time [37]. A number of failures might occur during the operating
time of the machine where this number of failures is used to evaluate the machine reliability
indicators. The reliability function (R) is used to evaluate the reliability of a machine, assembly,
or component where 1 > R > 0 and calculated by equation [38].

R =1— Porbability of failure (1.1)

One of the reliability indicators is the failure rate (A) defined as the number of failures
that occurred during a specified time calculated by equation . Machines usually contain
assemblies and components that have failure rates which contribute to the machine’s failure
rate. The failure rate of the machine is equal to the summation of the failure rates of all its
parts including subassemblies and components as expressed in equation where A\j1,Ap2, and
Ap3 are failure rates of partl, part2, and part3. For the machine containing n parts, A is the

summation of the failure rates of all its parts calculated as in equation ((1.4]).
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3 :number of failures (1.2)

time
A :/\pl + )\pg + )\p3 + ... (1.3)

A :iApi (1.4)
=1

The machine failure rate changes in three age stages during the machine’s lifetime, from
when it started until it wore out. The early age stage of operation (burn-in), the useful life
stage, and the end-of-life stage (wear out). The machine failure rate during the three stages
of the machine lifetime can be illustrated by the bathtub curve as shown in figure [I.9] During
the machine’s useful life stage, the failure rate as a function of time (A(t)) shows a steady value
against time. Therefore, the exponential distribution is suitable to describe the probability of
failure occurring in this age stage as in equation where F'(t) is the probability of the failure
occurring at time t [39]. Accordingly, the machine’s reliability, R(t), which is the complement
of the probability of failure occurring is calculated as in equation [40].

A(t) = constant

Failure rate (1)

v

Burn-in ! Useful life . Wear out t

Figure 1.9: Bathtub curve

F(t)=1—e™ (1.5)
R(t) =1 — F(t) (1.6)
R(t) =e~ (1.7)

1.6.2 Mean Time to Failure and B10 indicators

The term “mean time to failure” (MTTF) is a reliability indicator used to evaluate the lifetime
of a machine, subsystem, or component. MTTF is a statistical indicator used to describe the
average time before the machine or component fails and is calculated as the integral of reliability
function (R(t)) as in equation [41].

Since R(t) has exponential distribution, the MTTF value presents the estimated minimum

time in which approximately 37% of the total number of the machines, or components, are
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expected to have not failed. An example of that is if a wind farm includes 100 wind turbines
each with MTTF of 20 years then after 20 years it is expected that at least 37 wind turbines

will be in operation while 63 wind turbines might have failed.

MTTF = / R(t)dt = / e~ Mdt :% (1.8)

Some industries found that the MTTF indicator is not a suitable indicator for the component
lifetime because during that time most of the components (63% of the total) would have failed.
Therefore, the bearings manufacturers presented the Big indicator which estimates the time
when 90% of the items have not yet failed but only 10% of them might have failed. The
name Big came from “Bearings” and the failed 10% of the total parts. Following the same
distribution of reliability function (R(t)), Big is calculated as in equation (1.10). Figure m
shows the exponential distribution of the reliability function R(t) with both Bip and MTTF

occurring times indicated.

R(t = BIO) :e_Bl")‘ =0.9 (1.9)
—In(0.9)  0.105
Bip = = 1.1

10 3 3 (1.10)

A

R(t=0) = 1.00—X

R(t = MTTF) = 0.37 R(t) = e~ M
t

1

Figure 1.10: Exponential distribution of the reliability function

1.6.3 The cost of the unreliability

Like other machines, the wind turbine includes parts that can fail during their working life. The
failing parts required unplanned maintenance to fix or replace them. This process adds two
cost parts to the estimated cost of the generated energy units. The first part is for unplanned
maintenance, including logistics and spare parts, while the second part is for wind turbine
downtime [42]. Both cost parts become greater for offshore wind turbines due to the difficult
maintenance, expensive transporting, and the relatively long time needed to wait until suitable
weather conditions to repair [43]. The maintenance cost is added to the operating cost which

will reflect on the price of the generated energy units. This extra cost works against wind energy
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competing with other electricity sources.

1.6.4 Contribution of WTPCs to wind turbine reliability

Wind turbine reliability studies based on reliability data from the field show that failures of
the wind turbine subsystems and parts vary in frequency and contribution to the wind turbine
downtime [44]. The wind turbine includes a variety of subsystems depending on its size and
technology however the main subsystems are the mechanical, electrical, and the structure. Field
reliability data found that WTPC failures highly contribute to the wind turbine failure rate and
downtime [45,46].

1.7 Research aims and thesis structure

WTPC reliability impacts the cost of wind energy which affects wind’s competitiveness against
fossil fuel electricity generation that is responsible for 40% of the global COy emissions. This
research interest is in line with the requirement of the electrification of transportation and
industry to reduce the COs footprint to control climate changes. This research aims to improve
the reliability of wind turbines by highlighting the WTPC failure impact factors and their
interactions with the power converter design and control.

This research presents a new reliability assessment method based on the realistic operation
of wind turbines considering different converter designs, control approaches, and wind charac-
teristics. A further contribution to this field, this research proves the significant impact of wind
turbulence intensity on WTPC reliability by statistical analyses. The research is guided by set-
ting three research questions which represent the steps towards delivering the information and
knowledge about WTPC reliability:

1. How can the reliability of existing wind turbine two-level voltage source converters be
better understood?

2. How can the reliability of more complex converter topologies in wind turbine applications

be estimated from knowledge of 2L-VSC systems?

3. How can the reliability of future wind turbine power converters be estimated?

This thesis is structured as follows: Besides the Introduction Chapter, this thesis also con-
tains wind turbine power converters reliability in the literature which reviews related published
articles from academia and industry in Chapter [2 Chapter [3| discusses the current techniques
used in wind turbine power converter reliability analysis highlighting their advantages and draw-
backs besides presenting the new method used in this thesis. Chapter 4] presents modelling wind
turbine for the power converter reliability analysis. The model represents the widely deployed
WTPC to address the first research question. Chapter [5| presents two more models, the direct
torque control model and the 3L-NPC model to address the second research question. Chapter
[6] presents the WTPC lifetime analysis against wind speed and turbulence intensity of the three
developed models. The Chapter discusses the WTPC lifetimes of each model, compares the
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models’ WTPC lifetimes, and addresses the third research question. Finally, the thesis ends

with Chapter [7] presenting the research conclusions and the proposed future work.



Chapter 2

WTPC Reliability in Literature

2.1 Introduction

After costly and frequent failures in the WTPC, groups of researchers from industry and
academia joined the work of investigating the cause of failures and the impacting factors on
WTPC reliability [47]. The published literature of this work and the following works in this
field analysed WTPC reliability from three main topics. The first topic studied the impact of
WTPC failure on the cost of wind energy by evaluating the failure contribution on wind turbine
failure rate and downtime as in [38./44,48]. The second topic analysed the WTPC cause of failure
to identify the responsible parts and to understand the failure mechanisms as in [49H51]. The
third topic investigated the WTPC reliability impact factors related to wind turbine operation
and converter design. Reliability impact factors like wind speed, generator type, and converter
topology have been tested to understand how WTPC reliability can be improved as in [52(54].

The published articles on these three topics demonstrate academic and industry interests in
understanding the cause and impacts of the WTPC’s high failure rate. This Chapter reviews
the related published literature on the three topics in the following sections. The cost impact
of the WTPC failures in section the cause of failure and failure mechanisms in section
and the WTPC reliability impacting factors in section

2.2 Cost impact of WTPC failures

Unplanned failures add extra operational costs to cover the repairs and the system downtime.
Accordingly, the cost of WTPC failures in wind turbines is added to the project operational
expenditure (OPEX) which later reflects on the cost of the generated wind energy [48]. The
cost impact of a part failure within an operating system is related to the part’s failure rate,
system downtime caused by the failure, and the cost of the repair [42]. Therefore, to evaluate
the cost impact of WTPC failures on the cost of wind energy, it is important to review the
WTPC failure rate within the running wind turbine, the downtime caused by WTPC failures,
and the cost of the WTPC repairs.

14
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2.2.1 Failure rate of WTPC within the wind turbine system

The published articles on wind turbine reliability considered breaking down the wind turbine
system into subsystems and subassemblies for better analysing the reliability data to identify
the cause of failures and their contribution to wind turbine downtime as in [36,/55]. An example
of a wind turbine subsystem is the drive train which includes subassemblies like the gearbox,
the generator, the bearings, the shaft, and the rotor hub.

At the early stage of wind turbine reliability analysis, the published paper by Spinato et
al. 40| has analysed wind turbine reliability. The reliability data for over 11 years of more
than 6000 onshore wind turbines and their subassemblies have been investigated. The paper
data was collected from Landwirtschaftskammer Germany (LWK), WindStats survey in Den-
mark (WSDK), and WindStats survey in Germany (WSD). The reliability analysis of failures
that occurred during the wind turbine’s useful lifetime stage clarified interesting details of the
wind turbine subassemblies’ failure rates. The paper analysis showed that some wind turbine
subassemblies, like the gearbox, achieved similar reliability when they were used in other appli-
cations. In contrast, other subassemblies like power converters achieved lower reliability in wind
turbines compared to their reliability in other applications. Furthermore, the paper’s survey
revealed that the reliability of direct-drive wind turbines was not better than geared wind tur-
bines. The identified reason was that the increased WTPC failure rate in the direct-drive wind
turbines substituted the failure rate of the removed gearbox. Also, the same survey revealed
that larger wind turbines showed lower reliability than smaller wind turbines due to the WTPC
failures which made a conclusion that higher power WTPC suffers a higher failure rate than
lower power WTPC.

The paper revealed interesting information about WTPC reliability mainly when it high-
lighted that WTPC reliability is poorer in wind turbine applications however further reliability
analysis is required to clarify more details about the reasons causing the reliability drops in
WTPC. Although the paper categorised wind turbines as large, small, old, and new however
it did not categorise wind turbines according to the generator type which showed later a con-
siderable reliability difference between FRC WTPC and PRC WTPC, used with PMSG and
DFIG respectively as presented in [54]. Furthermore, the paper relied on the reliability data
that included the failures of the electrical system together with the WTPC failures while later
reliability analysis showed that WTPC parts vary in their failure rates as an example of that,
the MSC dominated the failures of the WTPC as discussed in [56].

2.2.2 WTPC contribution to wind turbine failures and downtime

Further reliability analysis of wind turbine subassemblies is presented by Wang et al. in [44]. The
paper analysed failure data of 350 onshore wind turbines collected from 10-minute Supervisory
Control and Data Acquisition (SCADA) records. The data contained 35,000 downtime events,
operational and maintenance contractor reports, and work orders with service reports. The
analysis of the collected wind turbine failure data reveals that the WTPC is one of the highest
failing subassemblies in wind turbines with a 13% contribution to the analysed wind turbine

failures and appeared to be one of the highest contributors to wind turbine downtime with
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18.4% of the total wind turbine downtime as presented by the paper diagrams shown in figure

21
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Figure 2.1: Wind turbine subassemblies’ contributions to wind turbine failure, (a) failure rate
and (b) downtime, reproduced from

The database analysed by Wang et al. was more than 10 years old which can be doubted as
invalid information for the current WTPC reliability assessment. However, a more recent wind
turbine subassembly reliability analysis by J. Liang in has also reviewed the reliability of
WTPC based on more recent field reliability data. The paper used three data sources, Swedish,
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AWE, and VTT. The paper presented the annual failure rate of the wind turbine assemblies
where the annual failure rate of WIPC was around 15% in the three data sources. However,
the contribution of WTPC failure to wind turbine downtime was different in each data, 14% in
Swedish data, 12% in AWE, and 10% in VI'T. The similarity of the WTPC failure rate indicates
the consistency of this value which when compared to the 18.4% from the previously discussed
paper indicates that not much WTPC reliability improvement has been achieved over the last
10 years. The variance of the downtime contribution can be understood as different data sources
represented different geographical locations and different requirements affecting the needed time
for the repair jobs. However, all three values present a considerable contribution to the wind

turbine downtime affecting the annual wind energy production.

2.2.3 Impact of the WTPC failures on the cost of wind energy

The levelised cost of wind energy (LCOE) including the cost of WTPC failures is reviewed by
Dao et al. in [48]. The paper studied field data of wind energy failure rates and the related
downtimes from 18 public databases covering over 18,000 wind turbines equivalent to 90,000
wind turbine years. The sources of data were the Dutch Offshore Wind Energy Converter
(DOWEC) project and the ReliaWind project which includes Landwirtschaftskammer Germany
(LWK), WindStats Germany, and Windstats Denmark. The paper analysed the wind turbine
subassembly failure data variations and compared offshore and onshore reliability data. The
paper observed variation between downtimes and failure rates in the reliability data. However,
the electrical subassembly which includes the WTPC was one of the top five reliability critical
components of wind turbines across all analysed data. The cost of WTPC failure has been
estimated based on the field maintenance logs and SCADA records which are then used to
calculate the cost of wind turbine operation. The paper presented a mathematical model that
shows the LCOE of wind energy as a function of failure rate and downtime. The results suggested
that failure rates of the wind turbine subassemblies, including WTPC, have to be reduced to

minimise the LCOE factor to 1 to reduce wind energy project OPEX.

2.3 Influencing parts to WTPC failure

The literature investigated the reliability of the stressed parts within the WTPC to identify
the highly responsible part that caused the WTPC to fail. These parts are mainly the power
semiconductors including the IGBTs and diodes in both MSC and GSC and the capacitors in
the DC bus. Those parts have been investigated by analysing their reliability data from the
field and studying their expected lifetimes by testing or modelling techniques. The following
sections review related published articles reviewing the reliability of the DC bus capacitor and

power semiconductors in the WTPC.

2.3.1 DC bus capacitor

A capacitor bank is usually connected to the WTPC DC bus. The function of the capacitor is to
minimize the DC voltage ripple generated with the rectified AC voltage by both MSC and GSC.



CHAPTER 2. WTPC RELIABILITY IN LITERATURE 18
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Figure 2.2: Wind turbine subassemblies’ contributions to wind turbine failure, (a) failure rate
and (b) downtime, reproduced from

The DC bus voltage ripple produces charging and discharging currents that pass through the DC
bus capacitor. Due to these currents and the applied voltage, the DC bus capacitor withstands
thermal and electrical stresses causing the capacitor to age and fail. Published articles discussed
the DC bus capacitor lifetime and its reliability factors in power converter applications including
in wind turbines.

Wang and Blaabjerg in have reviewed the reliability of the capacitor in the DC bus of the
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AC-DC-AC converter which is the same configuration used in WTPC. The paper reviewed three
types of capacitors used in the power converter DC bus, the Aluminium Electrolytic Capacitor
(Al-CAP), the Metalized Polypropylene Film Capacitor (MPPF-CAP), and the Multilayer Ce-
ramic Capacitor (MLC-CAP). The Al-CAP offers low cost, high capacitance and high voltage
per volume unit but they suffer low durability [59]. The temperature affects Al-CAP lifetime
as it causes the capacitor liquid to evaporate which increases the capacitor’s internal equivalent
series resistance (ESR) shown in figure This effect increases with higher capacitor current
as it generates more heat that increases the capacitor temperature. MLC-CAPs are smaller in
size, operate at higher temperatures, and in a wider frequency range but they suffer sensitivity
to mechanical stress and they are higher in cost [58]. Although MPPF-CAPs are bigger in size
and have moderate operating temperatures they offer good capacitance, reliability, ESR, and
cost, and are capable of withstanding high surge currents and voltage |[60]. The comparison of
the three capacitor types is shown in the table

— 00—

ESR ESL C

Figure 2.3: Capacitor equivalent circuit

Table 2.1: Capacitor type reliability details

Al-CAP MPPF-CAP MLCC-CAP
Dominant Open circuit Open circuit  Short circuit
failure
modes
Dominant Electrochemical Dielectric Flex
failure reaction & losses & cracking &
mechanisms electrolyte moisture insulation
vaporization corrosion degradation
Critical Temperature Temperature Temperature
stress voltage voltage voltage
current humidity vibration
Self-healing Moderate Good No
capability

The capacitor’s lifetime is affected by the temperature and voltage as shown in the capacitor
lifetime model expressed by equation [58] where Cpp is scaled capacitor lifetime under
operating conditions, Cr7 45 is the datasheet estimated lifetime, V' is operating voltage, Vy, is
the datasheet voltage, T¢ is the operating temperature, T¢ 45 is the datasheet temperature, n is
empirical constant, F, is the activation energy, and Kp is Boltzmann constant. The produced
heat in the capacitor raises the capacitor temperature and produces thermal stress affecting the

capacitor’s lifetime.
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A method of estimating the DC bus capacitor lifetime in WTPC has been presented by Xue
et al. in [50]. The paper modelled a 1.2MW PMSG wind turbine with 2L-VSC FRC WTPC and

considered a variable wind speed mission profile as input for the model. The paper selected the

Al-CAP type for the lifetime evaluation. The capacitor power losses were calculated according to
the ripple voltage (AV') and the capacitor ESR which is imported from the capacitor datasheet.
The capacitor power losses are calculated considering the harmonics of the ripple voltage as
different frequencies have different power losses in the AI-CAP type [61]. The ripple voltage was
calculated by equation where Pgsc is the GSC power, f, is the grid frequency, Cpc is the
capacitor capacitance, and Vp¢o is the DC bus voltage.

The paper modelled the capacitor’s internal temperature using a thermal equivalent circuit
where the heat source is the capacitor power losses and thermal resistance is the sum of capacitor
internal thermal resistance and case-to-air thermal resistance while the ambient temperature is
the heat dissipation reference. The paper used the capacitor simulated temperature and the
voltage in the lifetime model shown in equation . The paper concluded that higher power
increases voltage ripple and therefore the capacitor temperature which is also increased due
to the increase of ambient temperature. Therefore, the paper advises using cooling methods
to improve WTPC capacitors’ lifetime. The method of the paper did not consider the ripple
current generated by the MSC without justification. However, the paper highlighted the major
impacts on the reliability of the DC bus capacitor in FRC WTPC.

AV =~ _ Ffase

27 f4CpcVpe

The reliability of the DC bus capacitor has been improved in the current WTPCs by utilis-

ing self-healing technology and paralleling multiple capacitors for redundancy like in PCS6000
WTPC [36].

(2.2)

2.3.2 Semiconductors

The semiconductor switches in converter circuits are transistors or thyristors working as active
switches and diodes as passive switches. The IGBT became widely used in power converters in
wind turbines and many other applications. IGBT has proven its performance in high-power
converters due to its high operating current, voltage, and low controlling current requirement
[62]. IGBT combines the advantages of bipolar transistors and field effect transistors.

For power converter circuits, the IGBT is fabricated as a power module combined with a
parallel reverse diode. Different fabrication technologies were used resulting in two IGBT types,
the bonded-wire power module and the press-pack power module. The diodes within the IGBT
power module are constructed on the same base plate however the diode occupies a smaller area
making its thermal resistance higher than the adjacent IGBT as shown in figure Therefore,
for a similar load current, the diode junction temperature will be higher and more affected by

the power module current than the IGBT junction temperature.
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The reliability analyses of semiconductors show that junction temperature fluctuation is
highly impacting their lifetime. The differences in the semiconductor internal parts coefficient
of thermal expansion (CTE) with changes in junction temperature produce mechanical stress
between the semiconductor parts and in the soldering joints. Figure shows the construction
parts of the bonded wire IGBT where attached layers are fabricated by different materials
having different CTEs as shown in table

Diode Bond Bond IGBT Bond wire Bond

=\ e }

solder \ Substrate
Thermal
grease ~ Baseplate

Heatsink

Figure 2.4: IGBT and reverse diode in IGBT power module

Table 2.2: CTE of the materials in the IGBT power module

Material ~Property CTE (1076 /K)
Al O3 Ceramic 6.8

AIN Ceramic 4.7

Al Metal 23.5

Cu Metal 17.5

Si Semiconductor 2.6

Solder Alloy 28

2.4 Failure mechanisms

The published literature on the WTPC reliability analysis based on the field-collected failure
data shows that the periodic changes of the semiconductor junction temperature highly influence
the semiconductor lifetime and then the WTPC failure rate. The semiconductor thermal cycling
is considered the leading cause of failure of WTPC . Due to the cycling in the
semiconductor junction temperature and the differences in the coefficient of thermal expansion
(CTE) of the internal attached parts, cycling mechanical stress develops between these parts
causing fatigue [65].

Semiconductor failure mechanisms have been identified where the junction temperature is
found to be the cause of most failure mechanisms of the power module as in table . These
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mechanisms are reviewed by Ciappa in [67] where the paper focuses on the high-power IGBT
modules which are similar to those used in the WTPC. The failure mechanisms are discussed in

the following paragraphs

2.4.1 Bond wire

Bond wire failure in power semiconductors has been discussed in [67-69]. High-power modules
of multichip IGBTSs typically contain up to 800 bond wires around half of them are connected
to the semiconductor active area, IGBTs and freewheel diodes and they are exposed to the
temperature swing caused by the wire resistance heating and the heat dissipation from the
semiconductor [67].

The diameter of bond wires connected to the emitter is usually in the range of 300um to
500pm. The bond wire composition can vary according to the manufacturer however pure
aluminium is used with adding a small amount of alloying materials such as magnesium or
silicon for hardening or nickel to control corrosion. The bond wire current is limited by its
melting point. The bond wire’s maximum current capability is 25A for one cm length, 300um
diameter and 60A for 500um diameter. However, in normal power module operating parameters
the single aluminium bond wire current is limited to 10A where the maximum heat dissipation
caused by the wire resistance is around 100mW to 400mW according to the bond wire diameter.

During the high-frequency switching operation, the skin effect causes the current density
to be inhomogeneously distributed across the bond wire area. The bond wires are fitted on
the aluminium metalisation by ultrasonic wedge bonding. Two failure mechanisms in power

semiconductors are related to the bond wire, lift-off and heel cracking.

Bond wire lift-off

The bond wire lift-off mechanism has been discussed in [63}/67,/70]. It was observed that bond
wire lift-off has been affecting the IGBT and freewheeling diode in power modules. However,
bond wire lift-off with IGBT was mostly analysed since the test equipment uses DC current
while the bond wire lift-off at the diode connection was ignored. Moreover, it has not observed
a bond wire lift-off on the copper terminal side because there is no high swing in temperature
at this point. Besides, the CTE difference between aluminium and copper is lower than the
difference between aluminium and silicon.

The lift-off mechanism at the bonded point and the propagation of cracks within the joint

with time is a complex problem. However, experiments show that the crack is initiated at the

Table 2.3: IGBT failure mechanisms

Wire-bonded IGBT modules Press-pack IGBT modules

Bond wire lift-off Fretting damage

Solder joint fatigue Spring fatigue

Bond wire heal cracking Spring stress relaxation
Aluminium reconstruction Cosmic ray induced burnout

Cosmic array induced burnout
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bond wire tail and moves within the bond wire material until it lifts off completely.

Bond wire heel cracking

The bond wire lift-off mechanism has been discussed in [67,69,71]. The bond wire heel cracking
is rarely observed in multichip IGBT power modules. However, it can be found after long lifetime
tests and mainly in power modules with unoptimized bonding processes. The failure mechanism
is also due to the effect of thermal stress. Effectively, the bond wire expanding and contracting
due to temperature cycles are producing flexure fatigue. In 1 cm bond wire, the swing of 50°C
makes 10pm displacement in the top of the bond wire loop which produces about 0.05° in the
bending angle at its heel. The developed stress of this failure mechanism increases by the fast
displacement of the bond wire within the silicon gel due to high viscosity. When the source of
the heat comes from the bond wire current, heel cracking can be observed at the copper terminal
joint as well as at the joints of the diode and IGBT.

2.4.2 Aluminium reconstruction

The aluminium reconstruction mechanism has been discussed in [67,/72]. In the multichip IGBT
power module, the thermal cycling of the IGBTs and freewheeling diodes produces periodical
tensile and compressive stresses in the thin metalization film due to the CTE difference between
the silicon chip and the aluminium. The stiffness of the silicon and the large difference between
the two materials CTEs produce a large stress in the aluminium film which can be higher than its
elastic limits during the switching operation of the device. The aluminium film stress relaxation
can occur by grain boundary, plastic deformation, or by diffusion creep. The metalization strain
rate is related to the temperature change. If the device is operating at its maximum junction
temperature, the plastic deformation at the grain boundaries occurs due to the stress relaxation

leading to cavitation effects or extrusion of the aluminium.

2.4.3 Solder fatigue and solder voids

This failure mechanism is discussed in [67,73.74] The fatigue of the solder alloy layer is considered
the main failure mechanism of the IGBT power module. The solder between the base plate and
the ceramic substrate is the most critical area, especially with the copper base plate. The
thermo-mechanical stress caused by the temperature swing is the reason for this fatigue and
mainly because of the high difference in CTE of the materials and the large interface area. The
solder fatigue between the ceramic substrate and silicon chip is also happening.

The junction temperature of the IGBT and diode in the power semiconductor can be in-
creased due to voids and fatigues-induced cracks which accelerates the other aging mechanisms
like bond wire lift-off. Furthermore, a temperature gradient can be produced when the heat
flows through a large amount of voids which reduces the chip heat dissipation. In the power
semiconductor which has internal layers constructed vertically, the die attach is required to
provide high thermal and electrical conductivity. The existence of voids obstructs the die heat
flow but it does not affect the current flow. Therefore, voids impact the die attach thermal

efficiency without a noticeable impact on the chip’s electrical conductivity. To avoid producing
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solder voids between chip layers during the fabrication process, a clean process and vacuum
ovens are used besides good soldering temperature control. However, avoiding solder voids is

still a challenge in the large plate soldering process.

2.5 WTPC reliability impacting factors

The literature on the reliability of WTPC has presented papers discussing the impacting factors
affecting the lifetime of WTPCs. Those factors are related to the wind turbine operational
conditions and to the wind turbine technology. The wind turbine operational conditions related
to WTPC loading are wind speed, gust frequency, and wind turbulence; the wind turbine tech-
nology factors are the generator type, converter topology, and control system. The following

sections present the literature related to those impacting factors on WTPC reliability.

2.5.1 Impact of wind speed

In variable-speed wind turbines, wind speed has a cubic relationship with the power. Therefore,
wind speed develops a great effect on the WTPC loading by increasing its current. Accordingly,
the WTPC power losses produced in its semiconductors increase and the junction temperatures
increase which impacts the semiconductors’ lifetimes. The relationship between wind speed and
the estimated WTPC lifetime has been analysed in published literature such as in [47,52,|53].
The published articles used different techniques to assess the WTPC reliability against wind
speeds. However, more reliability analysis is required here considering the impacts of the realistic
operation of wind turbines.

Xei et al. in [52] analysed the effect of wind speed on WTPC reliability. The paper modelled
a 2MW PMSG direct drive variable wind speed wind turbine. Specifically, the paper modelled
the wind turbine generator power, voltage, and frequency by applying four mathematical rela-
tionships related to the input wind speed ranges: below cut-in wind speed, between cut-in and
rated wind speed, between rated and cut-out wind speed, and above cut-out wind speed. The
modelled WTPC semiconductors’ power losses were calculated by mathematical modelling of
switching and conduction power losses. Accordingly, semiconductor junction temperatures were
calculated based on the power losses and thermal impedances of the devices. The temperatures
were used to calculate the semiconductors’ failure rates which were then used to calculate the
WTPC lifetime. The paper used hourly sampled wind speed time series for one year (8760 hr).

The paper used the developed mathematical model of WTPC lifetime and wind speed for
fixed wind speed values from 2m/s to 20m/s with a 1m/s increment. For each wind speed,
the paper modelled the corresponding WTPC lifetime. At the same time, the paper used the
probability of that wind speed within the annual wind speed data to calculate the WTPC
lifetime during the year. The paper concluded that the WTPC failure rate increases as wind
speed increases until wind speed reaches the rated value where the WTPC failure rate becomes
fixed until the cut-out wind speed. Figure shows the paper’s results for the MSC (Machine
Side Converter), GSC (Grid Side Converter), and DC-link failure rates against wind speeds.
The failure rate of the MSC was the highest followed by the GSC while the DC-link achieved

the lowest failure rate.
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The results’ accuracy could have been impacted by the modelling method. For example, the
paper did not consider the wind turbine dynamics as the calculation was based on assuming
fixed operation parameters driven by constant wind speed. Furthermore, the paper did not
consider the impact of junction temperature on the semiconductor parameters which would have

a considerable impact on the semiconductor power losses and the related junction temperature.
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Figure 2.5: Impact of wind speed on WTPC reliability as published by [52]

2.5.2 Impact of wind gust and turbulence

Besides the wind speed, WTPC reliability is also impacted by other wind parameters like gust
frequency and turbulence intensity [75,76]. Wind turbulence intensity (TI) is an important
parameter that can be extracted from the wind speed data. The TI of a variable wind speed
profile is expressed as the percentage value of the standard deviation of wind speed measurements

(U,) divided by the average wind speed (U) [53], calculated as in equation .
71 = Y2 100% (2.3)

U

The effects of wind gusts and turbulences on the reliability of WTPCs have been rarely
discussed. A few published articles introduced the possibility of a relationship between TI and
WTPC reliability. Smith et al. in |75] examined the impact of gust frequency on the WTPC
lifetime by simulating the thermal loading of the WTPC’s semiconductors. The paper modelled
a 2MW PMSG wind turbine connected to a 2L-VSC MSC and a DC source substituting the
GSC. Synthetically generated wind speeds of constant and square wave time series were used
in the simulation model to analyse the impact of wind speed and gust frequency on the MSC
reliability. The simulation results showed that the thermal loading of MSC semiconductors was
increased during low gust frequencies compared to during high-frequency gusts. Accordingly, the
paper concluded that lower turbulence sites would have a more damaging impact on the WTPC.
The paper would present more realistic results by using field-recorded wind speed rather than

synthetically generated wind speed in the simulation model.
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Isidor et al in [49] discussed the effects of interactions between wind roughness classes and
the WTPC modulation method on the WTPC reliability. The paper modelled a 10MW grid-
connected wind turbine with PMSG and 3L-NPC WTPC. The lifetime of 3L-NPC WTPC using
thermal loading simulation with three variable wind speed profiles representing three different
wind roughness classes and having the same average wind speed. The variable wind speed
profiles were 16s in duration. The simulated junction temperatures of both MSC and GSC
semiconductors showed the highest maximum junction temperature during the highest roughness
class profile and the lowest maximum junction temperature during the lowest roughness class
wind profile. Therefore, the estimated WTPC lifetime was longer at the lowest roughness class
wind profile. Accordingly, the paper concluded that higher turbulence intensity wind decreases
the WTPC lifetime.

This paper’s conclusion conflicts with the findings of the previously discussed paper [75]. The
paper concluded the impact of wind turbulence on WTPC reliability based on the simulation of
only three 16s variable-wind-speed profiles. The wind speed varies within the wind profile in a
complex phenomenon. Therefore, testing other wind profiles could produce different results even
if the tested profiles have the same average wind speed and the same wind turbulence intercity.
Therefore, the impact of wind turbulence intensity on WTPC reliability would be better judged
by testing a large number of wind speed profiles and analysing the results. The paper also did
not evaluate the impact of wind turbulence intensity on the WTPC lifetime which could help
in better lifetime estimating related to the wind turbulence intensity besides the average wind
speed.

Baygildina et al. in [77] assessed the thermal loading of the WTPC semiconductors against
the dynamics of wind speed. The paper modelled a 1.5MW direct-drive PMSG wind turbine
connected to 2L-VSC WTPC for reliability analysis. The paper tested a realistic 180s variable-
speed-wind profile for estimating the WTPC lifetime based on the simulated semiconductor
junction temperature. The visual comparison between the trends of junction temperature and
the wind speed showed that the high-frequency wind speed changes did not affect the semicon-
ductors’ junction temperature variation. The paper claimed that the wind turbine dynamics
filtered the fast wind speed changes and therefore the WTPC thermal loading was not impacted
during the high-frequency wind turbulence. Accordingly, the paper linked the WTPC thermal
loading to the rotating speed of the wind turbine. The paper found that it is reasonable to
assume that low-frequency turbulence winds produce a higher damage rate to the WITPC. How-
ever, the paper’s conclusion was based on the results of only one 180s variable-wind-speed profile
without demonstrating further analysis to evaluate the results.

The reviewed articles tried to assess the relationship between WTPC reliability and wind
turbulence intensity. However, they could not agree on a clear conclusion about the impact
of wind turbulence on WTPC lifetime. They developed their conclusions based either on syn-
thetically generated wind speed or a few realistic variable wind speed profiles of a short time.
Furthermore, The papers came to different decisions and none of them presented a method to

evaluate the impact of wind turbulence on WTPC lifetime.
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2.5.3 Effect of converter topology on WTPC reliability

The wind turbine industry continues to increase the size and rated power of wind turbines.
This increases the wind turbine capacity factor and reduces the cost of produced energy. The
2L-VSC operated at low voltage (LV) which is normally below 1kV due to the limitation of the
semiconductor maximum operating voltage of the converter. In multimegawatt wind turbines,
the high generator current is shared by multiple converters in parallel. An example of this
arrangement is WTPC used in Gamesa G10X 4.5MW where six 2L-VSC converters are paralleled
to share the generator power |7§]. Other manufacturers decided to deploy higher voltage power
converters to reduce the converter current which reflects on the sizes of the cables and grid
transformer. The three-level neutral point clamped converter (3L-NPC) was introduced to be
used in wind turbines. This converter provides higher voltage because of its design and also
due to using IGCT instead of the IGBTs used with 2L-VSC which provides higher operating
voltage. An example of this WTPC is the PCS6000 converter manufactured by Hitachi ABB
company [79] and deployed in wind turbines like the GE Haliade X [33].

The introduction of 3L-NPC converters in wind energy opened the discussion on the WTPC
reliability improvement in comparison to the widely popular LV 2L-VSC WTPC. The article by
Bala et al. in [36] has described the PCS6000’s performance capabilities and presented it as a
better alternative to the existing IGBT-based 2L-VSC WTPCs. The operating voltage of the
PCS6000 is 3.3kV AC and 5kV DC which is considerably higher than 690V AC and 1.15kV DC
in the LV 2L-VSC. This MV voltage capability along with the high current capacity obtained by
utilising the IGCT device and the converter topology. The outcome of this technology produced a
powerful converter that can be installed as a WTPC in a 5MW wind turbine without paralleling.
However, the paper admitted that the WTPC still need parallel converters to provide redundancy
for any unexpected failure that can happen in the converter circuit which is described by the
paper as an unavoidable situation. The paper presented reliability data collected from the field
that showed a WTPC failure rate of 0.2 failures per turbine per year which can not be considered
a big reliability improvement compared to the LV 2L-VSC which showed 0.23 failures per turbine
per year according to [40]. The paper did not give details about the wind farm site location
and the nature of the wind there and that can raise questions about how the reliability of the
3L-NPC can be assessed compared to the 2L-VSC and whether or not wind characteristics will

be involved in this assessment.

2.5.4 Effect of generator type on WTPC reliability

The rapid development of the wind turbine industry brought different types of generators for
deployment in wind turbines. The DFIG and PMSG dominate the generator types in the
current multimegawatt wind turbines. The WTPC operating conditions and its rated power
vary depending on which of the two generators is installed. In the DIFG wind turbine, the
WTPC is a PRC power converter which carries up to one-third of the wind turbine output
power while in PMSG, the WTPC is FRC and therefore it carries all the wind turbine output
power.

The impact of this technology difference on the reliability of the WTPC is analysed by Carroll
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et al in [54]. The paper compared the lifetime of the WTPC used with both generator types,
the DFIG and PMSG. The paper analysed reliability data of 2,222 onshore wind turbines of the
same rated power and same blade size but vary in their drive train including the generator type.
The paper did not disclose the wind turbines’ exact details due to information confidentiality
requirements but mentioned the studied wind turbines’ rated power was between 1.5 and 2.5
MW. The analysed reliability data were equivalent to 34 million turbine hours and were collected
within the first five years of the wind turbine operation. The data populations between both
generator types were 1,822 DFIG wind turbines (providing around 29 million turbine hours) and
400 PMSG wind turbines (providing around 4.5 million turbine hours). The failure rate analysis
of the collected reliability data showed that the failure rate of the PRC was 0.106 and FRC was
0.593 failures per turbine per year. The paper also included the generator failure rates where
DFIG was 0.123 and PMSG was 0.076. The reliability comparison between both wind turbine
types shows that PMSG had a higher failure rate than DFIG as shown in the stacked failure
rate diagram in figure [2.6

The paper also analysed the cost of failures of both technologies according to three cost
categories, minor repair, major repair, and major replacement. The cost of maintenance of
FRC is higher than PRC due to the higher failure rate while the cost of maintenance of PMSG
is lower than DFIG for the same reason. However, the overall cost of failures showed that the
maintenance cost of FRC with PMSG is higher than that of the PRC with DFG. This conclusion
was based on the comparison of onshore wind turbines where the maintenance cost of DFIG
would be much higher if it was offshore deployed which could change the comparison results.
The paper successfully highlighted the reliability issue of WTPC and showed how wind turbine
maintenance cost is impacted by WTPC failures mainly in the FRC PMSG wind turbines.

The paper built the WTPC reliability comparison between DFIG and PMSG based on the
onshore wind turbines. The offshore wind farm can bring different results mainly because of
the impact of wind speed and turbulence intensity. Also, the maintenance cost of DFIG in the
onshore wind farm is lower than the cost of similar maintenance in the offshore wind turbine.
The DFIG is a slip-ring brush machine which needs regular maintenance compared to the PMSG.
Therefore the total cost comparison could change to the advantage of the FRC WTPC because
of the cost of the generator maintenance. Moreover, the paper did not explain possible reasons

cause FRC achieved poor reliability than PRC in wind turbines.

2.5.5 Effect of generator speed on WTPC reliability

The move toward PMSG in wind turbines provided the possibility to eliminate the gearbox and
use the direct drive wind turbine as PMSG can operate at low rotating speeds [9]. The removal of
the gearbox reduces the nacelle weight and reduces the wind turbine mechanical maintenance.
However, the low-speed generator can have an impact on the wind turbine electrical system
mainly on the WTPC.

Zhou et al. in [80] have highlighted this impact. The paper modelled two wind turbines,
direct drive and geared, both equipped with 2MW PMSG and 2L-VSC WTPC. The models’
parameters were almost identical except for the generators’ number of poles and impedance.

The paper showed that both models’ generators produce similar voltage, current, and power
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Figure 2.6: Failure rates of DFIG and PMSG wind turbines

related to constant wind speeds from cut-in to cut-out values. However, the simulation showed
that WTPC power losses, conduction and switching, are greater in the low-speed generator
and mainly in the diode. Therefore, the diode junction temperature of the low-speed generator
model is higher in the average and cycling range than the diode in the high-speed generator
model. Accordingly, the estimated WTPC lifetime is lower in the low-speed generator model.
The paper’s conclusion was based on a range of constant wind speeds which may not reflect the
realistic operation of the wind turbine. Moreover, the WTPC reliability assessment was built
based on the generator frequency rather than the generator speed as the paper title indicated.
The generator frequency is related to both generator speed and the number of poles which can
be a higher number than in the modelled generator. Therefore, the reliability impact of the
direct-drive PMSG wind turbine on WTPC can be more influenced by the number of poles than
the generator speed. Similarly, this paper also highlighted the WTPC reliability issue by trying
to find a related factor that can be used to improve the WTPC reliability or to avoid a harmful

impact.

2.6 Chapter summary

This chapter has reviewed the published work related to the reliability of WTPC. The litera-
ture shows that WTPC contributes highly to wind turbine failure rate and downtime. These
repeated failures lead to unplanned maintenance which adds more cost to the project OPEX
and therefore WTPC failures impact the cost of wind energy. The literature found that WTPC
reliability is highly influenced by the power semiconductor lifetime. Semiconductor thermal
loading was found to be the cause of most semiconductor failure mechanisms. Therefore, the
reliability analysis of WTPC is mainly based on semiconductor thermal loading. This approach
became widely accepted by academia and industry. The published work applied the semicon-

ductor lifetime estimation to analyse the WTPC reliability and to understand the impacts of
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different operational and design factors like wind speed, gust frequency, converter topology, and
generator type. The reviewed papers commonly use the method of WTPC lifetime estimation
based on semiconductor thermal loading. However, the literature did not consider validating
semiconductor junction temperature obtained by simulation or calculation. Furthermore, the
literature was mostly based on constant wind speeds or a few variable wind profiles to assess the
impact of wind turbulence on wind turbine power converter lifetime which is unrealistic since
wind keeps changing the speed. There is a need to develop a method capable of analysing WTPC
lifetime concerning realistic wind conditions. The following chapter discusses the current tech-
niques used in WTPC reliability analysis and highlights their advantages and drawbacks besides

presenting the method used in this research.



Chapter 3

Techniques Used in WTPC
Reliability Analyses

3.1 Introduction

The reliability analysis of WTPC is important for better estimating the cost of wind energy. It
helps wind turbine manufacturers improve the WTPC lifetime reflecting on the wind turbine’s
overall reliability. Furthermore, WTPC reliability analysis helps wind farm operators plan for
maintenance to reduce calls of unplanned maintenance due to unexpected failures by providing
a more accurate estimate of the WTPC lifetime.

WTPC reliability analysis works on identifying the cause of failure and studies the parameters
affecting the failure rate like operating conditions and wind design parameters. The WTPC
power semiconductors were found to be likely the cause of WTPC failure due to the thermal
loading [20,81]. The thermal loading analysis of power semiconductors became a widely agreed
approach to WTPC reliability analysis by academia and industry [29,|75,82]. This approach
can be applied in different converter topologies used in WTPC like the 2L-VSC, 3L-NPC, and
modular multi-level converter (MMC) [83]. Furthermore, this reliability analysis approach is
valid with a variety of semiconductors, like IGBTSs, diodes [84], IGCTs [36], and Thyristors [49].
Therefore, analysing the WTPC semiconductors’ junction temperature became a key factor in
analysing its lifetime.

Researchers and industry used various techniques to approach semiconductor junction tem-
perature related to wind turbine operating conditions or design parameters. Techniques like
mathematical calculation, model simulation, and laboratory prototyping were used in WTPC
reliability analysis. These techniques vary in their complexity, accuracy, and cost. This chapter
discusses these techniques highlighting their advantages and gaps, and introducing the method

developed in this research.

3.2 Reliability analysis based on lab tests

The lab tests used in power electronics reliability analysis by industry to evaluate their products’

lifetime and by academia for reliability analysis research. In this field, lab experiments are

31
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used for semiconductor lifetime estimation by accelerated damage tests or junction temperature
measurements.

Accelerated damage tests are usually used to imitate the field operation conditions to collect
relevant information for constructing the lifetime models. It is one of the techniques used to
estimate the power electronic lifetime usually implemented by power electronic manufacturers.
Accelerated damage tests implemented in the lab are used to determine the semiconductor
lifetime with leverage stresses [70,/85]. The test results represent special operating conditions
near or even exceeding the limits of the device under test (DUT). This method represents a
practical estimation of the semiconductor’s lifetime. There are two tests implemented in the
power semiconductor accelerated damage tests, the power cycling (PC) test and the thermal
cycling (TC) test [634[36].

3.2.1 Power cycling test

In this test, a number of DUTs are tested and the estimated lifetime is calculated statistically
where they experience cycles of their maximum and minimum currents and voltages until they
fail [87,[88]. This test provides a practical estimation of semiconductor lifetime however this test
is costly as it requires lab equipment, technicians, and DUTs to be damaged for the test. An

example of the PC test to analyse the substrate solder joints of power modules is given in [89).

3.2.2 Temperature cycling test

This test is performed by controlling the temperature of the semiconductor to evaluate the
impact of changing ambient temperature on the semiconductor aiming the large area solder
interconnection [86].

The test assesses the semiconductor reliability based on the number of thermal cycles before
the device fails. As per IEC 60068-2-14, the minimum temperature cycles for IGBTs should
be 100 and for diodes should be 25 before releasing the product [63]. By applying this test to
the number of DUTs of the same model the estimated device temperature cycles to fail can
be found [90]. Similar to the PC test, the TC test is costly because of the required special
equipment, lab, staff, and number of DUTs.

3.2.3 Measuring semiconductor junction temperature

Junction temperature measurement is a technique used to analyse the impact of operation pa-
rameters on the power electronic junction temperature which can be used for reliability analyses
or in design validation to ensure that the selected power module operates within the accepted
junction temperature range in the circuit. Measuring the semiconductor junction temperature
would be the direct way to estimate its lifetime. However, this technique involves challenges as
the semiconductor junction is embedded inside the power module and measuring its temperature
requires a complex arrangement of sensors and analysing devices so, accordingly, this technique
involves a considerable high cost.

The semiconductor junction temperature can be measured using optical or physical methods.

The optical method is implemented by an infrared camera or sensor while the physical method
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is implemented by a thermocouple sensor where each method has advantages and disadvantages
[91]. The infrared camera provides contactless measuring but it requires the power module to
remove its case and the dielectric insulation besides for more accurate measurement, the bond
wire and the die need to be painted for even infrared emissions across the region.

An example of using junction temperature measurement in reliability analysis is presented
in [92] where a high-resolution infrared camera was used to analyse the effect of semiconductor
junction temperature variation on the power module lifetime in the 2L-VSC circuit. This tech-
nique is presented for WTPC reliability analysis in [93] where measuring power semiconductor
junction temperature is used to emulate the impact of wind speed on WTPC reliability.

The physical measurement method is implemented by an embedded temperature sensor
which has great measurement resolution but it needs physical modification to the power module
[91]. The thermocouple is the cheapest solution but its measurement accuracy is affected by
heat dissipation due to its contact with the power module.

In both methods, the scaling-up of the measured temperature to reflect their values in
real WTPC in the field is a challenging calculation as semiconductor junction temperature
has a complex relationship with operating parameters and heat dissipation. The challenges of

measuring power electronic junction temperature for reliability analysis can be summarised in:

e [t is required to prepare a prototype that emulates the WTPC design and the semicon-
ductor type.

e [t is required to modify the power module packaging to allow access to the junction spot

for measuring its temperature.

e Scaling the lab-measured junction temperature to the field operating parameters may
impact the accuracy as the semiconductor power loss and its thermal parameters vary in

a complex relationship.

e [t is difficult to separate the junction temperature measurement of the transistor from the
adjacent diode in the same power module as they are close to each other and demonstrate

temperature cross-talk which may impact the accuracy of the results.

This method provides junction temperature values related to a practical WTPC operating
compared to modelling however the cost and the parameter adaptation or scaling to the ac-
tual parameters are the most challenging in this technique. The best practice for measuring
semiconductor junction temperature would be using it as a validation method for the junction

temperature estimation by calculation or simulation.

3.3 Reliability analysis based on modelling

WTPC semiconductor junction temperature modelling is used to estimate the semiconductor
lifetime and therefore in the WTPC reliability analysis. The WTPC reliability analysis is based
on obtaining the semiconductor junction temperature during wind turbine loading related to

wind turbine operation. The semiconductor junction temperature results from the generated
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heat inside the semiconductor due to power loss and is affected by heat dissipation through the
power module case and heatsink. The semiconductor power loss is produced by the semiconduc-
tor current and the semiconductor’s internal parameters including internal resistance, saturation
voltage, and switching energy. Therefore, semiconductor junction temperature modelling has to
consider both the wind turbine loading and the semiconductor’s internal parameters. The wind
turbine load is driven primarily by the wind speed but it is also affected by the wind turbine’s
mechanical dynamics, the generator’s electrical characteristics, and the control system.

The WTPC semiconductor parameters are not fixed and are affected by the operating volt-
age, frequency and temperature. Therefore it is important to consider the variation of the
semiconductor parameters during the modelled wind turbine operation. Therefore, all the men-
tioned parameters impact the WTPC power loss and therefore the WITPC semiconductors’
junction temperature. An overview of wind turbine modelling for WTPC reliability analysis is
shown in figure [3.1] where the blocks represent submodels of wind turbine subsystems required
for the WTPC reliability analyses. The modelling procedure provides a lower cost compared to
lab tests or measurements however the accuracy of modelling results is highly influenced by the
modelling details and assumptions considered by the researcher. The following sections describe
the techniques that have been used by previous works in modelling each wind turbine subsystem
for the WTPC reliability analysis.

Control model

Wind Wind turbine & l Outout
—» generator mechanical ——— » WTPC model ——» P
speed & electrical models Generator power
power l Eelectrical parameters
Power loss
model
l Power loss
Thermal
model
Semiconductor junction
temperature
Lifetime
model

Figure 3.1: General procedure of modelling of semiconductor thermal loading for WTPC relia-
bility analysis

3.3.1 Modelling wind speed

Wind speed is the input parameter to the wind turbine model. The modelled wind turbine should
represent the current technology which is the variable-speed wind turbine. In this technology,

the wind turbine output power has a cubic relation with wind speed between cut-in and rated
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wind speeds. Therefore, undersampled wind speed measurements would have a bad impact on
the model results accuracy. Smith et al. in [94] showed that a sampling rate lower than 0.25 Hz
impacts the thermal analysis of the WTPC semiconductors. Constant wind speeds have been
used in WTPC reliability analysis mainly with approaches based on mathematical calculations,
like in [52]. This technique neglects the consideration of wind turbine mechanical and thermal
dynamics during the changes in wind speed. The actual wind speed varies with time in a complex

relation therefore assuming constant wind speed seems to be an unrealistic assumption.

3.3.2 Modelling wind turbine operating parameters

The wind turbine operating model is responsible for providing the WTPC operating voltage,
current, and frequency which are necessary to calculate the WTPC semiconductor power loss.
The techniques used in modelling the wind turbine operating parameters are mathematical cal-
culation and model simulation. The mathematical calculation usually considers the steady state
operation of the wind turbine based on constant wind speed input. The simulation can consider
the wind turbine dynamics when the modelled input is variable wind speed. The simulation
provides better details of the WTPC loading and therefore more details of its semiconductor

power loss which is essential in calculating semiconductor junction temperature.

3.3.3 Modelling semiconductor power loss

The WTPC semiconductor power loss is important in calculating their junction temperatures
which are essential for the WTPC lifetime estimation. The published articles in this field used
several techniques in calculating or estimating the semiconductor power loss. Power electronics
in switching applications like power converters produce power loss of two types: conduction
power loss and switching power loss. The conduction power loss is produced by the interac-
tion of the semiconductor current and semiconductor internal resistance and voltage drop. The
conduction power loss occurs while the semiconductor status is on. The other power loss is the
switching power loss which happens every time the semiconductor changes its status between
on and off. The semiconductor switching power loss is produced by the interaction between
semiconductor switching energy and switching frequency. The published articles presented tech-
niques to calculate or estimate semiconductor power loss for WTPC reliability analyses. These

techniques are mathematical calculation, lookup tables, and simulation.

Mathematical calculation of power loss

The mathematical calculation was used in [80] and [52] which used power loss equations for the
diode and IGBT in the 2L-VSC as calculated by equations and respectively, where
Pyss is the power loss for the diode (d) and IGBT (i), P.q is the conduction power loss, Pg,, is
the switching power loss, Vg is the diode forward voltage, I is the converter current, M is the
modulation factor, 6 is the power factor angle, Rp and Rop are the diode and IGBT forward
resistance, fg, is the switching frequency, E,¢. is the diode recovery energy, Vpc is the converter
dc voltage, V,.r and I,.; are the semiconductor datasheet reference voltage and current, E,,

and E,¢r are the IGBT on and off switching energy.
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The equations are based on the steady-state operation meaning the results ignore the effects
of the system dynamics. Furthermore, the semiconductors’ internal parameters are affected
by their junction temperature meaning the calculation has to use iterations to converge to
the temperature value related to the operating parameters and heatsink temperature. The
calculated power loss by equations and are for the 2L-VSC semiconductors, however,
for other converter topologies like 3L-NPC or three-level active neutral point clamped (3L-
ANPC), the power loss equations are more complex and include approximations [95] which

make them unsuitable for WTPC reliability analyses.

Lookup tables

A similar technique to obtain semiconductor power loss is to use a lookup table that contains
pre-calculated semiconductor power loss according to a range of operating parameters provided
by the semiconductor manufacturer as in [96] and [97]. This can be more accurate than the
approximated equations however this technique still involves small approximations due to quan-

tizations of the input parameters required for the lookup tables.

Simulation

Simulation of the WTPC model can provide the semiconductor power loss based on the semicon-
ductor model and the converter operating parameters. MATLAB with Simulink and PLECS are
examples of the available software that can be used in WTPC reliability analysis as in |[77]. The
accuracy of simulation results relies on modelling details like the effect of junction temperature

on semiconductor parameters and accurate WTPC loading considering system dynamics.

3.3.4 Modelling semiconductor junction temperature

Semiconductor junction temperature can be calculated mathematically considering semiconduc-
tor power loss and heat dissipation. Also, it can be simulated by modelling the semiconductor’s

internal and operational parameters. Both techniques are discussed in the following paragraphs:



CHAPTER 3. TECHNIQUES USED IN WTPC RELIABILITY ANALYSES 37

Mathematical modelling

Mathematical modelling of semiconductor junction temperature can be used by solving the
thermal equivalent circuit of the semiconductor power loss as a heat source and heat dissipation
through thermal impedances of the semiconductor layers, power module case, and the attached
heatsink as in equation where Tj pe, is the device (IGBT or diode) power loss, Pioss Dev 15
the device power loss, R pey is the device thermal impedance, Ry, fs is the heatsink thermal

impedance, and 7, is the ambient temperature.

CTj,DeU :Ploss,Dev(Rth,Dev + Rth,Hs) +Ta (33)
(3.4)

Like in power loss mathematical modelling, the mathematical modelling of semiconductor
junction temperature is valid for steady-state values. This technique when used in WTPC
reliability analysis misses the dynamics of the system which has an impact on the semiconduc-
tor’s estimated lifetime, particularly under high dynamic loading. Therefore, a more thorough

approach is needed in analysing WTPC lifetime considering realistic wind turbine operation.

Simulation modelling

Semiconductor junction temperature can be obtained by thermal modelling the semiconductor
internal layers, power module case, and heatsink. Software like MATLAB Simulink can be used
in this technique by using the existing Thermal modelling toolbox. Unlike mathematical formu-
las, this technique can consider thermal dynamics by representing the thermal storage properties
of the modelled parts. An equivalent thermal circuit is modelled where the current source repre-
sents semiconductor power loss, resistances represent thermal impedances, capacitors represent
thermal storage, and the voltage source represents ambient or coolant temperature.

Thermal storage can be modelled as capacitors connected either parallel to thermal resistors
or as paths to circuit ground depending on whether the Foster or Cauer equivalent circuit is
used. Both circuits provide the same results however semiconductor datasheets usually pro-
vide the thermal parameter for use with the Cauer model [98]. While to use them in a Foster
equivalent circuit those values need to be converted. Foster and Cauer thermal equivalent cir-
cuits used for modelling semiconductor junction temperature are shown in figures and
respectively where Ry, pev,cau @0d Rip Hs,Cau, a0d Ci, Dev,Cau @a0d Cipy Hs cau are Cauer’s ther-
mal resistors and capacitors of the device and heatsink respectively. R pev,Fos and Rip ms, Fos,
and Cyp, pev,Fos and Cip Hs Fos are Foster’s thermal resistors and capacitors of the device and
heatsink respectively.

For the thermal model to provide accurate estimations of the semiconductor junction tem-
perature therefore, it has to consider the heat cross-talk between the semiconductors within the
power module, IGBTs and diodes, and heat cross-talks among power modules attached to the

same heatsink.
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Figure 3.2: Foster thermal equivalent circuit of semiconductor junction temperature
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Figure 3.3: Cauer thermal equivalent circuit of semiconductor junction temperature

3.3.5 Modelling WTPC lifetime

Lifetime models are used as end-of-life estimations for power electronics. Empirical lifetime
models were usually used in semiconductor lifetime estimation. They were constructed based
on a large field failure database and a large number of accelerated damage tests [86]. Empirical
lifetime models estimate the semiconductor lifetime by estimating the number of their thermal
cycles to failure (V). The WTPC lifetime is then estimated by considering the lifetimes of its
individual semiconductors, transistors and diodes. Different lifetime models have been developed
based on the collected field data and accelerated damage tests. The following sections present
the empirical lifetime models available for the power semiconductors and applied in WTPC

reliability analysis.

Coffin-Manson model

The earliest empirical model used in semiconductor lifetime estimation was based on the Coffin-
Manson law [99]. The Coffin-Manson model considers the thermal cycling of the semiconductor
junction temperature as these changes produce cyclic thermo-mechanical stress causing accu-

mulated damage to the semiconductor structure. The semiconductor lifetime is expressed by
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the number of cycles to failure, Ny. Those cycles are assumed to be reduced by increasing the
temperature changes, AT (AT = Tax — Tmin) where Thap and T, are the semiconductor
maximum and minimum junction temperatures respectively. The model equation is shown in
equation where a and b are empirical constants determined from the results of accelerated

damage tests.
N; =a.(AT)™° (3.5)

Coffin-Manson Arrhenius model

In the 1990s, the LESIT project tested a large number of power semiconductor failure data for
reliability analysis. After several tests, the semiconductor lifetime was found to be affected by
the average junction temperature as well as junction temperature variation. While the estimated
lifetime by the Coffin-Manson model is based on the variation of the junction temperature (AT),
there was a need to include the average junction temperature as well. The term added to the
Coffin-Manson law was by combining the Arrhenius equation which states that the lifetime of
activated energy devices is exponentially proportional to their temperature [63]. The empirical
model became known as the Coffin-Manson Arrhenius model. The model formula is shown in
equation where T, is the mean semiconductor junction temperature in Kelvin, F, is the

activation energy, and Kp is the Boltzmann constant.

B,
Ny = a(AT)_be(TmKB) (3.6)

The Coffin-Manson Arrhenius model is accepted by industry. However, the industry sought
a more thorough lifetime model for the power module packages to include a more recent large
reliability database of power semiconductors which led to the introduction of the CIPS08 model
[82].
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Figure 3.4: LESIT project failure data [100]
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CIPS08 model

The Coffin-Manson Arrhenius equation was produced based on the failure data from lab tests
of the LESIT project [100]. However, due to the limited available technology at that time, the
LESIT project data did not categorise the failure data as related to different causes of failure. For
example, some semiconductors’ failures were due to the bond-wire lift-off while others’ failures
were due to solder fatigue. This approach impacted the produced lifetime model’s accuracy as
it combined all the failure mechanisms in one empirical lifetime model. When the technology
improved, the semiconductor manufacturers became able to analyse semiconductor failures due
to a variety of causes of failure individually therefore lifetime estimation parameters related
to each failure mechanism could be identified and included in the lifetime model. The model
presented by Bayerer from Infineon company is an extended empirical lifetime model known as
the Bayerer model [101].

This model has been accepted in this field as it considers more impacts on the semiconductor
lifetime than the Coffin-Manson model does, which results in more details about the failure
mechanism. CIPS08 model considers parameters like the number of bond wires, the current
per bond wire, maximum and cyclic range of junction temperature, operating voltage, and
heating time. The Bayerer model is expressed by equation where K and «aq to ag are the
semiconductor lifetime empirical constants and T},q, is the semiconductor maximum junction
temperature in Celsius, ¢, is the semiconductor heating time, I is the current, Vp is the blocking
voltage of the chip, and Dj,pg is bond wire diameter. The challenge of using the Bayerer model is
the required parameters which usually are not easy to obtain from the power electronic module

manufacturer.

Ny = K(ATj)1 2/ (Timaat273)g03 paaysas pas (3.7)

3.4 Gaps in the current WTPC reliability analysis techniques

3.4.1 Estimating WTPC base on constant wind speeds

This technique has been used in published articles like in [52,/80,/97] It is based on estimating
WTPC lifetimes with respect to several constant wind speeds ranging from wind turbine cut-
in to cut-out wind speeds. The overall WTPC lifetime is calculated based on the probability
of each tested wind speed occurring during the year according to the Weibull distribution of
annual wind speeds as shown in figure [3.5) where U is wind speed and PDF is the probability
density function. The WTPC semiconductor power loss and junction temperature are either
calculated mathematically or simulated with respect to selected constant wind speeds. This
technique misses the impact of changing wind speeds which develop interaction with the wind
turbine mechanical and thermal dynamics affecting the WTPC loading. Furthermore, when this
technique uses mathematical calculations for semiconductor power loss and junction tempera-
ture, the accuracy will be even less since the changes in semiconductor internal parameters due
to temperature increase are not considered. While using lookup tables, like in [97], is relatively

more accurate than mathematical calculation, the simulation can provide the best estimation of
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semiconductor junction temperature. However, ignoring the wind speed dynamics still restricts
the accuracy of this technique. The best practice of this technique is in providing details about
loading differences of semiconductors within the WTPC circuit like the junction temperature

difference between the IGBT and diode with respect to constant wind speeds.
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Figure 3.5: Weibull distribution of 6 m/s annual average wind speed and 2.1 shape parameter

3.4.2 Estimating WTPC based on variable wind speed

Compared to assessing the WTPC reliability based on constant wind speeds, published articles
like [53,77] used variable wind speed profiles to estimate WTPC lifetime, providing more realistic
results. However, the results’ accuracy will also be impacted if this method involves assumptions
like averaging operating parameters. The method also required testing a good number of variable
wind profiles covering the range of wind speed and turbulence intensities otherwise the results

would not represent the actual situation in the field.

3.4.3 Impact of turbulence intensity on WTPC lifetime

Most of the published articles related to WTPC reliability with respect to operating conditions
were based on analysing the impact of wind speed on WTPC lifetime. The real wind speed keeps
changing in a complex phenomenon which affects the wind turbine operating and therefore the
WTPC loading. The impact of wind speed dynamics known as wind turbulence intensity on
WTPC lifetime has not been discussed thoroughly by the published articles where some of them
suggested opposing conclusions as reviewed in section [2.5.21 The WTPC reliability analyses
should consider the impact of wind turbulence intensity which requires testing enough variable
wind speed profiles and using statistical analysis since wind turbulence intensity is based on

statistical measures of wind speed changes.
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3.4.4 Impact of wind turbine technology on WTPC lifetime

The effect of wind turbine technology like the generator type, generator speed, and converter
topology on WTPC lifetime has been discussed in published articles like in [41,54,/80]. The
reliability analyses were based on comparisons between two systems to identify the impact of
the specified different technology on WTPC lifetime. However, the comparisons should consider
fairness by utilising identical systems to compare with one difference for evaluating its impact
otherwise, comparison results would work for specific examples rather than lead to general
conclusions. Also, the reliability assessment will have better results when it is based on variable

wind speed input to reflect the practical operation of wind turbines.

3.4.5 Models validation

The lifetime models are very sensitive to the semiconductor junction temperature due to the
exponential relationship. Therefore, modelling wind turbines for WTPC reliability analysis
requires validation to ensure that the simulated junction temperature concerning input wind
speed is within accepted accuracy. The validation can proceed by comparing the model’s result
with lab measurements which involve cost and complexity or with another trusted model such

as ones provided by the power electronic manufacturer.

3.4.6 Necessity to seek high accuracy in WTPC reliability analysis

The widely used lifetime models, Coffin-Manson Arrhenius and Bayerer, in WTPC reliability
analysis, show that semiconductor cycles to failure are exponentially related to the mean and
range of variation of semiconductor junction temperature. Therefore, approximations used in

the calculation or simulation will greatly impact the accuracy of lifetime results.

3.5 The proposed method

The Reliability assessment of WTPCs used several techniques as discussed in previous sections.
The discussed techniques all neglect some elements of importance to wind turbine operation
and could not provide results based on the realistic operation of the wind turbine. The methods
estimated WTPC lifetime either based on non-realistic constant wind speeds or based on one or
a few samples of variable wind speed profiles for a short time of wind turbine operation.

The wind turbine has a considerably large inertia in its mechanical system and a high thermal
latency produced by the cooling heatsink attached to WTPC semiconductors. These factors have
to be considered to obtain realistic simulation results of the semiconductor junction temperature.
Furthermore, wind speed varies in a very complex pattern where a few samples of variable wind
speed can not cover the range of wind speeds and turbulence intensities that an actual wind
turbine faces during its operation.

The estimated WTPC lifetime should not be generalised based on simulating wind turbine
operation for seconds or a few minutes. On the other side, lifetime empirical models used in
the WTPC reliability analysis have an exponential relationship with the semiconductor junction

temperature which makes the estimated lifetime accuracy critical for any small deviation of the
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measured or simulated junction temperature. Therefore, it is important to validate the junction
temperature values before applying them to the WTPC reliability analysis.

In this research, a WTPC reliability assessment method is presented reflecting the realistic
operation of the wind turbine by applying a variety of field-measured variable wind speed profiles
to the WTPC reliability model and taking account of the statistical variability of results. The
model simulates wind turbine operation for an appropriate time to collect useful temperature
data considering the required time for the mechanical and thermal systems balance before col-
lecting the semiconductor junction temperature data for the lifetime estimation. The variable
wind speed profiles used are 1 Hz sampling rate which provides acceptable results. Furthermore,
the modelled wind turbine is validated for its performance and temperature results to ensure

the accuracy of the reliability analysis.

3.5.1 The model

The method is based on modelling a wind turbine to analyse the impact of wind speed on the
WTPC loading. The model has to consider the wind turbine mechanical system as its dynamics
affect the power transformed from the wind to the generator. The electrical system modelling
is required to provide the WTPC voltage, current, and frequency related to wind speed. The
thermal modelling analyses the junction temperature considering the dynamics of the converter
heatsink and cooling method as the semiconductor lifetime relies on its junction temperature.

The information and assumptions used by this research model are based on the product
datasheet parameters which is trustworthy information the manufacturer publishes. The man-
ufacturer model should have considered the product datasheet as well besides validating their
model before publishing it on their official website. The similarity of both models is about
considering the power module information from its datasheet.

The model produces a validated junction temperature based on validating wind turbine op-
erating parameters by comparing the simulated values with expected values by calculations.
Also, the semiconductor junction temperatures are validated by comparing them with simulated
junction temperatures by the power module manufacturer tool related to specific operating pa-
rameters. Although there can be a risk of using one model to validate another model, the
manufacturer tool, SemiSel, is a reliable benchmark in estimating semiconductor junction tem-
perature according to operating parameters. This tool is used in designing power converters

with the selected power module to ensure safe junction temperature.

3.5.2 Lifetime estimation procedure

The reliability analysis in this method is based on estimating WTPC lifetime during the opera-
tion of the modelled wind turbine with an input of variable wind speed profiles. The simulation
outputs are the junction temperature time series of the WTPC semiconductors. The thermal
cycles are analysed and counted to calculate the damage that occurred in the WTPC semicon-
ductors during the time of the variable wind speed profile. The mean time to failure (MTTF)
is estimated considering the calculated damage and time. Further details of lifetime estimation
are discussed in Chapter
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3.5.3 Reliability impact of operating conditions

The method analyses the impacts of wind turbine operating conditions including wind speed
and turbulence intensity. The method simulates WTPC lifetimes concerning a large number of
variable wind speed profiles and then uses statistical tools to analyse their impact on WTPC
lifetime. The selected wind speed profiles are field-recorded wind speeds sampled at an accepted
rate to emulate actual wind turbine operation. The selected wind speed profiles cover the range

of wind turbine operating wind speeds and turbulence intensities as available in the records.

3.5.4 Reliability impact of WTPC design

The method analyses the impact of the WTPC design on its reliability by comparing the WTPC
lifetimes of the most widely deployed converter topologies, two-level and three-level, in wind
turbines. The method also analyses the impact of the wind turbine control system on WTPC
reliability by comparing WTPC lifetime while controlled by the two known control systems,
field-oriented control and direct torque control.

The following chapter presents the detailed wind turbine modelling and the model validation
procedure. The model eliminates approximations as the simulation is based on the instantaneous

values of the system variable parameters.



Chapter 4

Reliability modelling of WTPC

4.1 Introduction

The WTPC lifetime is highly impacted by the lifetime of its semiconductors where their thermal
loading is the key factor of their lifetime estimation [40]. It is costly and difficult to measure
the semiconductor junction temperature during the variable loads that result from the nature
of wind turbine operation. Therefore, the simulation of a wind turbine model is chosen for the
research as it provides flexibility and lower costs. Wind turbine modelling can provide detailed
information about the WTPC loading and its semiconductor junction temperature during a
variety of operating conditions. Furthermore, modelling is a cost-effective method to analyse
different effects on the WTPC lifetime like changing the converter design or the wind turbine
control system. It also provides relatively fast results in testing a large number of VWSPs to
analyse the impact of different operational conditions on WTPC lifetime. In this research, mod-
elling a wind turbine equipped with the widely deployed WTPC design for reliability analyses
provides the required information to answer the first research question “How can the reliability
of existing wind turbine two-level voltage source converters be better understood?”

In this research, the WTPC lifetime estimation is based on its semiconductors’ lifetime as
they are the dominant factor in WTPC lifetime [102]. The Coffin-Manson Arrhenius model is
used to estimate WTPC semiconductors’ lifetime. However, the lifetime estimation accuracy
is highly affected by the accuracy of the semiconductor junction temperature which is the key
challenge in WTPC reliability modelling. Therefore, in this research, the WTPC reliability

modelling considers three important guidelines to assure the accuracy of the results.

1. The model minimises the use of approximations including averaging of operating parame-

ters like currents, voltages, power loss, etc.

2. The input wind speed data used in the simulation are field-measured so the wind turbine

simulation reflects practical operational parameters.

3. The reliability model passes a validation procedure to ensure simulation accuracy. That
includes model performance parameters like rotating speed, torque, voltages, and currents.
The validation also assesses the simulated semiconductor junction temperature accuracy

as it is an essential parameter in semiconductor lifetime estimation.

45
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The block diagram of the wind turbine model in the proposed method is presented in figure

where the details of each block are described in the corresponding section in this chapter.
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Figure 4.1: WTPC reliability modelling

4.1.1 Modelling software

MATLAB and Simulink are the modelling and simulation software used in this research. MAT-
LAB offers a range of modelling and analysis toolboxes for modelling the mechanical, electrical,
and thermal submodels in the wind turbine reliability model. MATLAB also provides the statis-

tical functions and the signal processing tools needed for the reliability analysis in this research.
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The wind turbine mechanical submodel is modelled by MATLAB Simscape Mechanical toolbox,
the PMSG and converter circuit are modelled by MATLAB Simscape Specialized Power Systems
toolbox, the semiconductor junction temperature is modelled by MATLAB Simscape Thermal
toolbox, the lifetime model used RainFlow algorithm is from MATLAB Signal Processing tool-
box, and the statistical functions used in the lifetime analysis are from MATLAB Statistical and

Machine Learning toolbox.

4.2 Wind turbine model

In this research, the reliability analysis of WTPC is based on analysing the thermal stress of the
converter’s semiconductors during the wind turbine operation. An example of a wind turbine is
modelled containing the affecting parts on the WTPC loading and its semiconductors’ junction
temperature. The model simulates WTPC operating parameters like current, voltage, frequency,
control, and switching. All these parameters affect the WTPC loading and its semiconductors’
junction temperature.

Information on multi-megawatt wind turbine (8 MW and above) designs and operating
parameters is limited due to industry confidentiality in this field. However, parameters for
modelling a smaller wind turbine were available like in [23]. The 2 MW PMSG-based wind
turbine is selected for the reliability model in this research because it is based on the currently
deployed generator type, PMSG, it is direct drive as current wind turbines, and its rated voltage
is 690 V which is the same voltage as many deployed WTPC [25]. The rated power is lower than
the currently being installed wind turbines however this does not affect the reliability analysis
as the WTPC usually contains parallel converters for higher-power wind turbines which means
that the same WTPC of a 2 MW wind turbine can be used in 6 MW or 8 MW by increasing
the paralleled converters.

The wind turbine model is divided into three main submodels. The mechanical submodel
contains the rotor, the coupling shaft, and the generator’s mechanical parameters. The electri-
cal submodel contains the generator’s electrical parameters, the power converters, the control
system, and the grid. The lifetime submodel contains the converter power loss, semiconductor
junction temperatures, and lifetime estimation. The model overview is shown in figure where
wy is the rotor angular speed, I,, is the PMSG current, 7,.s is the reference turbine torque, T}
is the semiconductor junction temperature, MPPT is the maximum power point tracking, and
Vy and I, are the grid voltage and current respectively. The details of submodels are explained

in the following sections of this chapter.

4.3 Wind speed

The wind speed is the fuel of the wind turbine on which operating parameters and output power
rely. In wind turbine reliability models, the wind speed variable (U) in m/s is used as input for
the model. The model either simulates constant wind speed operation where U is represented
by a constant value, or it simulates variable wind speed operation where U is represented by a

timeseries of sampled variable wind speed running for a defined time called variable wind speed
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Figure 4.2: wind turbine model overview

profile denoted in this thesis by (VWSP).

The constant wind speed simulations are used to examine the proper operation of the model
by comparing the steady-state operating parameters from the simulation with the expected
values obtained by calculations. The variable wind speed tests are used for the reliability analyses
of the WTPC as they emulate the actual wind turbine operation in the field where WTPC
loading varies according to the exposed variable wind speed. The available wind speed data are

categorized as low-frequency sampled wind speed and high-frequency sampled wind speed.

4.3.1 Low-frequency sampled wind speed data

Supervisory Control and Data Acquisition (SCADA) is used in wind turbines for collecting and
recording operational parameters, alarms, and signals [103]. The wind speeds and directions
are part of the environmental data stored by the wind turbine SCADA system [104]. The
SCADA controller collects wind speed samples, calculates their average and standard deviations
periodically usually every 10 or 5 minutes and stores them in wind turbine SCADA records [105].
The SCADA records contain wind speed information for a long time, a year or more. However,
the recorded data is at low frequency, every 10 minutes, 5 minutes, or 1 minute like in some recent
systems. The SCADA wind speed information frequency is too low for the WTPC reliability
simulation [94] however it can be used in estimating the wind characteristics for the specific site

to describe its average wind speed and turbulence intensity.

4.3.2 1-Hertz wind speed time series

The sampling frequency of wind speed is important for the converter reliability analysis. The

lifetime of the WTPC semiconductors is overestimated when the wind speed sampling frequency
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is lower than 0.25 Hz . The 1 Hz sampled wind speed provides an accepted sampling resolu-
tion for tracing the semiconductor junction temperature variation. All the VWSPs used in this
research for the WTPC reliability analyses are field-recorded wind speeds sampled at 1 Hz each
10 minutes long containing 600 wind speed measurements. A ten-minute duration is chosen to
be similar to the average durations used in SCADA wind speed records. This similarity can
be utilized in future research to compare the reliability results with the SCADA records. The
source of VWSPs is a year-long data obtained from Catapult ORE at Blyth, UK. Figure
shows an example of VWSP represented 10 minutes of wind speed data recorded in June 2%,
2018.
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Figure 4.3: 10 minutes WSTS recorded at 1Hz sample rate

4.4 Wind turbine mechanical submodel

The wind turbine system dynamics affect the generator responses to wind speed variation which
reflects on the generated power and therefore the WTPC loading and its lifetime . Therefore,
mechanical modelling is required in the WTPC reliability analysis. The selected wind turbine
for reliability modelling is a direct-drive variable-speed pitch-controlled equipped with PMSG.
The mechanical submodel simulates the system dynamics of the wind turbine rotor, coupling
shaft, and the PMSG concerning the applied wind speed and the opposite electromagnetic torque
developed in the PMSG.

4.4.1 Wind turbine rotor model

The blowing wind carries kinetic energy expressed by the power equation in (4.1)) [106] where
P,; is the power carried by the moving wind exposed to the wind turbine in Watt, pg;- is the

air density in kg/m3, A; is the wind turbine swept area in m?, and U is the wind speed in m/s.
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The wind turbine rotor can extract part of wind energy and convert it into mechanical energy
as in equation (4.3)) where C), is the wind turbine power coefficient.

1

Puir = ipairfélth3 (41)
P, = CyPair (4.2)

1
= cpi,om-rAtU3 (4.3)

The wind turbine rotor is modelled using the Wind Turbine model from MATLAB Simscape
renewables library. The model inputs are wind speed (U) in m/s, blade pitch angle (3) in degree,

and rotor speed (w;) in pu while its output is the rotor’s developed torque (7;) in pu.

4.4.2 Two-mass model

The modelled wind turbine mechanical system is a direct drive where the wind turbine rotor
is directly coupled with the generator by a coupling shaft without a gearbox. The mechanical
modelling of this configuration is represented by a two-mass mechanical system constructed by
the turbine rotor inertia (.J;), the generator inertia (J,,), the shaft spring stiffness (K), and
the shaft damping (Dsp,). The developed torque in the wind turbine rotor is transferred to the
generator by the coupling shaft. The developed torque at the generator end (7,,) is expressed
by the two-mass mathematical model expressed by equation [107] where w,,, and w; are the
angular speeds of the generator and turbine rotor respectively 6,, and 6; are angles of generator

and turbine rotor respectively.

Tm = (wt - wm)Dsh + (Ht - am)Ksh (4.4)

The generator induces voltage and current passes into the converter circuit. According to
Lenz’s law, the generator current develops an electromagnetic torque (¢, ) in a direction opposite
to the rotating direction. Figure shows the overview of the mechanical modelling of a direct
drive with a pitch-controlled wind turbine. The mechanical submodel is constructed using the
Simulink wind turbine model which is part of the Simscape Electrical toolbox. The Simulink
wind turbine model produces wind turbine torque based on the U, §, and w,,. The modelled
wind turbine mechanical parameters are listed in table and the model block diagram in
Simulink is shown in figure

4.4.3 Pitch control

The variable speed wind turbine utilises its blades’ angle of attack to protect the wind turbine
speed from overspeed. The wind turbine blades’ attacking angle is usually positioned to develop
maximum torque against the blowing wind. However, when the wind turbine rotor reaches its
rated rotating speed and the wind speed goes even higher, the pitch control activates and reduces
the blades’ attacking angle to reduce the developed torque. This technique protects the wind

turbine from damage by exceeding the rotating speed over the rated rotating speed. The result
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Figure 4.5: Wind turbine mechanical model by MATLAB Simulink

of this control is that the wind turbine will stay at its rated rotating speed and power even if
the wind speed goes higher than the rated wind speed. The pitch control has to be modelled
in the reliability model as it affects the WTPC loading when the input of variable wind speeds
moves higher than the rated wind speed.

The modelled pitch control is designed according to . It consists of a comparison between
the actual rotor speed (w;) and the reference value (w,,) which is set to the rated rotating speed.
The error signal is then applied to a proportional-integral controller (PI) which sends the blade
angle to the Simulink wind turbine model as previously shown in figure

4.4.4 Maximum Power Point Tracking

In variable-speed wind turbines, MPPT is utilised to extract the maximum power from the wind
by controlling the rotor speed according to wind speed to keep the tip speed ratio (T'SR) at
the optimum value (T'RS,y:) which is calculated by equation for the rated wind speed and
rated rotating speed. The MPPT operates as a speed control for the wind turbine rotor to keep
optimum TSR by setting the reference torque according to equation .
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Table 4.1: Wind turbine mechanical parameters

Parameter Symbol  Value
Rotor raduis R 42 m
Rated power P ratea 2 MW
Cut-in wind speed U; 4 m/s
Rated wind speed Urated 12 m/s
Cut-out wind speed Uyt 25 m/s

Power coefficient (maximum) Cppae  0.341
Rotor rotating speed (rated) — wirqteq  0.75 rad/s

Generator inertia Im 200 (kg.m?)

Rotor inertia J 2.92 x10° (kg.m?)
Shaft spring stiffness Ky, 40 x10° N.m/rad
Shaft damping Dy, 6.72 x10° J.s/rad
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Figure 4.6: Simulink model of wind turbine electrical system
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4.5 Wind turbine electrical submodel

The wind turbine’s electrical system is modelled to emulate the energy flow from the generator
to the grid as in the actual wind turbine. Modelling the electrical system is needed to obtain
the required electrical parameters for WTPC power loss calculation. The wind turbine electrical
submodel includes the generator, the WTPC, the control system, and the connected grid. Figure
shows the electrical subsystem block diagram modelled in Simulink. The details of these

blocks are explained in the following subsections.

4.5.1 Wind turbine generator

The wind turbine generator type selected for the WTPC reliability analysis is PMSG. Modelling
the PMSG is based on the Simulink Permanent Magnet Synchronous Machine (PMSM) block
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Table 4.2: Wind turbine PMSG parameters

Parameter symbol  Value

Line voltage (rated) Vinratea 690 V

Active power (rated) P rateda 2,000 kW
Apparent power (rated) Smrated  2,241.9 kVAR
Rotating speed (rated) W, rated  0.75 rad/s
Torque (rated) Tmrated 848,826 Nm
Number of poles pairs P, 26

Flux linkage (RMS) ®,, rms  6.503 Wb
Stator winding resistance = R, 2.34 mf2
Stator winding inductance L 1.573 mH

from MATLAB Simscape Specialized Power Systems toolbox [108]. This model can operate
either as a motor or as a generator as in the wind turbine model. The modelled PMSG is a
2 MW nonsalient pole PMSM with parameters based on the example of a wind turbine generator
in [23]. The modelled machine parameters are listed in table

4.6 Power converter model

The main part of the WTPC reliability model is the power converter where two converters are
modelled for MSC and GSC in the AC-DC-AC configuration used in wind turbines equipped
with PMSG. Both converters are modelled to achieve two tasks. First, to simulate the proper
operation of the wind turbine by delivering the right values of voltages, currents, and power to
emulate the actual wind turbine operation. Second, to extract their semiconductors’ operational
parameters for the power loss calculation required for the thermal model and lifetime estimation.

Power converters vary in their design however addressing the first research question “under-
standing the reliability of currently and widely used WTPC”. The selected converter design for
both MSC and GSC is the three-phase 2L-VSC as equipped in the currently operating wind tur-
bines like Seimens Gamesa SWT-7.0/SG 8.0, MHI Vestas V164-8.0, and Enercon E126-7.58 [47].
Both MSC and GSC models are assumed to be identical as they operate at the same voltage
and power however each has its dedicated control to perform the required function. MSC is
expected to extract the maximum power from the wind turbine generator, PMSG, rectify it,
and inject it to the DC bus while GSC is expected to regulate the DC bus voltage and invert
the DC power to AC to deliver it to the grid.

The WTPC’s converters, MSC and GSC, are assumed to be operating in the normal op-
eration mode of balanced phases and in no-fault conditions. Accordingly, the converter semi-
conductor switches are operating symmetrically and their operational parameters are equal so
the simulation of one half-bridge arm in each converter reflects the operation of the rest of the
converter switches. The converter circuit is built based on individual power modules for clearer
reliability analysis of the semiconductors’ thermal stresses rather than modelling a prefabricated
power stack. The 2L-VSC circuit includes six power modules. The selected power module is
SKM800GA176D manufactured by SEMIKRON company and specified for wind power appli-

cation [17].



CHAPTER 4. RELIABILITY MODELLING OF WTPC o4

4
+Vdc/2
i1 —( d1 _
. . w1 s I
£ o o
i1 —1@ d1 i3 —q@ d3 i5 —q@ d5
€ Ul w w
e e IVl maa!
o ()] ()]
i4 —1@ d4 i6 d6 i2 —q@ d2
w w w
. i ]
5
-Vdc/2

Figure 4.7: Simulink model of 2L-VSC power converter

Table 4.3: Power module SKM800GA176D parameters

Parameter symbol value
Blocking voltage VcEs 1,700 V
Nominal IGBT current Icpom 600 A
Nominal diode current Ig 600 A
Terminal ac current LirMms 500 A

Saturated CE voltage VcEo typical 1.0V
IGBT CE on resistance RcEg typical 1.7 m£2
Diode on resistance Rr 0.83 mf?

The power module contains one IGBT and one reverse parallel freewheeling diode. The
module can operate on up to 1,700 V making it suitable for selected PMSG rated voltage. The
parameters details of SKM800GA176D are shown in table and the full parameters are shown
in its datasheet in Appendix [B| [17]. The rated power of the modelled converter circuit based
on the SKM800AG176D power module is limited to 250 kW due to the operating temperature
limitation. Therefore, eight parallel converters are assumed to be installed in the 2 MW wind
turbine. In the simulation model, the generator current is divided by eight to achieve the right
current value for the modelled converter circuit. Parallel converters are widely used in multi-
megawatt wind turbines to share the generator power [29,/109]. Figure shows the Simulink
model of the converter circuit where terminals 1, 2, and 3 are the three-phase connections, il
and d1 are the IGBT and diode of the power module SKM800GA176D, m;; and mg, are their
measurement ports respectively, I, is the phase current measurement port, terminals 4 and 5

are the DC bus connections.
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4.7 WTPC control

The operation of the WTPC is controlled by the converter controller aiming for a stable wind
turbine operation and energy delivery to the grid. The converter controller affects the wind
turbine’s operating speed, torque and ultimately its output power. Depending on the wind
turbine generator type, different converter control system design is applied like control systems
used with PMSG, DFIG, or IG. The current control loop is selected for controlling MSC and
GSC as it is preferred in grid-connected wind turbines for accepted harmonics level |110]. As

MSC and GSC have different functions, a dedicated control is modelled for each one.

4.7.1 Control of MSC

The MSC control implements the field-oriented control (FOC) strategy in the modelled wind
turbine. This control strategy is used with DFIG and PMSG wind turbines for its performance
and smooth operation of the generator due to low torque ripple |[111]. The lower ripple operation
results in better efficiency and less stress on the wind turbine’s mechanical and electrical parts
which reflects on their reliability.

FOC is based on decoupling the generator current (I,,) into two components, direct current
(Ima) and quadrant current (Ip,q). The Park transformation is used to decouple I,,, where its
electrical vector angle (6.) is calculated by multiplying the generator number of pole pairs (F,)
with the mechanical shaft angle 6, obtained from the rotor encoder. The direct component is
related to the machine flux while the quadrant component is related to the machine torque. By
controlling each component individually the desired torque and flux can be achieved.

For PMSG, the flux is supplied by the permanent magnets therefore, there is no need to
induce flux by the machine current and accordingly I, ey is set to zero. This controlling scheme
is called zero direct current (ZDC) which achieves maximum torque per ampere (MTPA) in the
generator [23]. The Igy, ref is compared with g, and the error signal is fed into the PI controller
for the direct voltage component (V).

On the other hand, the quadrant current component reference (Igcs) is calculated for the
reference torque (75, ) which is calculated by the maximum power point tracking (MPPT) to
achieve the highest possible output power. The reference torque is converted into Iy, .y and
compared with Iy,,. The error quadrant current is fed into the PI controller for the quadrant
voltage component (Vg ).

The direct and quadrant voltage components include coupling components which are required
to be removed. This is achieved by multiplying the PMSG current components with the machine
impedance components and adding these results to both voltage components as shown in figure
The reference voltage components, direct (Vi rer) and quadrant (Vg rer) are obtained
and fed into the inverse Park transformer to generate the three-phase reference voltage which
feeds into the SVM for the converter IGBTSs pulses.

The parameters of PI controllers are calculated according to Absolute Value Optimum and
Symmetric Optimum criteria [112]. This method involves calculating the time delay in the
control loop to determine PI proportional and integral parameters, k, and k; respectively as
shown in equations to where 4, is the inner control loop time delay, R, and L,
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are the machine winding resistance and inductance, ts is the simulation sampling time, and ty

is the total delay in the control loop.

Lm
tag = 7~ (4.7)
iy = 2ts + tyq (4.8)
Ly,
k, = — 4.
P 2t2 ( 9)
) (4.10)
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Figure 4.8: MSC control block diagram

4.7.2 Control of GSC

In the modelled wind turbine, the GSC regulates the DC bus voltage and controls the reactive
power exported to the grid [23]. The control strategy used is voltage-oriented control (VOC)
which is developed based on the FOC. The VOC is a vector decoupling control where in the
grid-connected inverter circuits, the reference direct current controls the DC voltage and the
reference quadrant current controls the reactive power.

The measured DC bus voltage is subtracted from the DC reference voltage (Vpc,rer) and
fed into the PI controller to obtain the direct current reference (144 ) which is subtracted by
grid direct current (I45) and send to the direct voltage PI controller. On the other hand, the
reference grid quadrant current component (Igq ) is calculated based on the reactive power
reference (Qrcf). The grid quadrant current (iqy) is compared with the Iy, ..y and fed into the
quadrant voltage component PI controller. The reference of direct and quadrant grid voltage
componentes (Vg rer) and (Vg ,ep) are obtained after the cancellation of coupling terms and
adding the grid voltage components. The Inverse Park transformation converts the direct and

quadrant voltage components into the three-phase voltage which is modulated by the SVM. The
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Figure 4.9: GSC control block diagram

SVM pulses are sent to the GSC IGBTs to perform the switching.

Figure shows the GSC control system block diagram where I, is the grid current, wy
and is the grid voltage angular frequency, 6, is the grid load angle, and L, is the grid filter
inductance. The design of the modelled GSC control system is based on [113].

4.7.3 Converter switching module

The SVM is used as a switching method for both MSC and GSC. The SVM is usually used
with three-phase converters for the benefit of lower DC voltage requirement than the sinewave
PWM [114]. Although the SVM output voltage waveform looks distorted sinewave due to
the added third harmonic, the generated current is sinusoidal and that is because the added
harmonics are cancelling each other among the three phases’ voltages [115]. The modelled wind
turbine uses the Simulink PWM generator block which provides the SVM pulse method option.
The outputs of the switching model are connected to the IGBTs of the modelled converters,
MSC and GSC.

4.8 DC Bus

In the back-to-back power converter configuration, the DC bus links both converters, MSC and
GSC, and provides an energy path between them. The DC bus voltage has to be higher than
the peak-to-peak value of the AC sinewave voltage in the voltage source converter when the
modulation type is sinewave PWM (SPWM). The minimum DC bus voltage has to be higher
than the peak-to-peak value of the inverter output. However, if the converter modulation type
is SVM, then the minimum DC bus voltage will be reduced by 15% [114]. Therefore, SVM is the
preferred modulation type due to the efficient utilisation of the DC voltage. The DC bus voltage
is required to stay regulated during load variations for the proper operation of both converters,

MSC and GSC. A capacitor bank is connected to the DC bus to minimize the voltage ripple
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generated by the switching operation of both converters. The DC bus capacitor value is selected

at 53.49mF based on WTPC parameters shown in [23] of a similar wind turbine model.

4.9 Grid

The grid is modelled as a three-phase voltage source. The line voltage (V) is set to 690 V which
is identical to the rated voltage of the wind turbine PMSG. The grid frequency (fy) is set to
50 Hz as in most world countries. The grid filter is modelled as an inductor having an impedance
equal to 0.2 pu [23]. Equations and are used to calculate grid filter inductance (Lg).

VZ
Zhase =—=—2— 4.11
base Pm,rated ( )
0.2
(4.12)

g —m base

4.10 WTPC power loss

Converter semiconductors’ lifetime is highly impacted by their junction temperature which re-
lies on their power loss and the heatsink thermal characteristics. Modelling the semiconductors’
power loss is essential in WTPC reliability analysis as it is the source of the heat in the semicon-
ductor junction. Two types of power loss are produced by the semiconductor when operating
as a switch like in WTPC, the switching power loss (Ps,) and conduction power loss (P.,).
The switching power loss occurs when the semiconductor changes its status between on and off,
while the conduction power loss develops when the semiconductor status is on. Equations
and describe the power loss of the diode and IGBT respectively including switching and
conduction power loss terms.

The semiconductor power loss is influenced by its internal parameters like internal resistance,
saturated voltage, and switching energy. The semiconductor’s internal parameters are affected
by temperature, voltage, and current according to the manufacturer datasheet [17]. Therefore,
their values are required to be updated with the related affecting parameters during the simu-
lation. Figure shows the modelling of the diode power losses where P, 4 and P, 4 are the
conduction and switching power losses, T} 4 is the diode junction temperature, I is the diode
current, F,,. is the reverse recovery energy, Vyo is the diode threshold voltage, and Ry is the

diode on status internal resistance. Similarly, the IGBT power loss is modelled.

4.11 Semiconductors thermal model

It is difficult to measure the semiconductor’s junction temperature and it is complex to calculate
it during the variable load of the WTPC. Therefore, thermal modelling is used to determine it
by a thermal equivalent circuit. The semiconductor power loss is modelled as a current source
and the thermal impedances of the heatsink and semiconductors are modelled as resistors and
capacitors. The junction temperature is obtained as the measured voltage of the current source.

Thermal impedances, (Z;,), include thermal resistances, (Ry,), and thermal storage, (Cyp),
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Figure 4.10: Power losses modelling of the diode in WTPC circuit

are obtained from the semiconductor datasheet and the heatsink parameters. The thermal
equivalent circuit is modelled using the Foster model as it is widely used in similar analyses
[49]. MATLAB Simscape Thermal Model toolbox [116] components are used in modelling the
converter equivalent thermal circuit.

Assuming normal wind turbine operation conditions, the converter phases are balanced and
the converter upper arm and lower arm in each half-bridge are operating symmetrically, then,
only one arm of each converter is needed to be modelled. The thermal equivalent circuit of the
2L-VSC half-bridge upper arm with the attached heatsink is shown in figure where Z, ;
and Zy, q are the IGBT and the diode thermal impedances, Z, ar is the thermal impedance of
the power electronic module, Z, 75 is the thermal impedance of the heatsink, T} ; and T} 4 are
the IGBT and diode junction temperatures, and T¢; is the heatsink coolant temperature.

The wind turbine model extracts the converter’s IGBT and diode junction temperature as
time series values saved in MATLAB file (mat file). The junction temperature of the IGBT
and diode oscillates oppositely at the PMSG frequency. As the IGBT junction temperature
increases the diode junction temperature drops and that is due to the loading principle of the
boost converter operation of the MSC.

In AC-DC-AC converter configuration, the MSC operates as an active rectifier while the GSC
operates as an inverter. Therefore, the diode is loaded higher than the IGBT in MSC while the
IGBT is loaded higher than the diode in GSC. Figures and present the thermal cycling
of IGBT and diode in MSC and GSC respectively at the rated wind turbine power, at 12 m/s
wind speed. Although in this case, both MSC and GSC operate at the same voltage and current
approximately (ignoring the power losses) the MSC’s diode shows a higher temperature than
GSC’s IGBT. The reason for that is the diode has a smaller contact area at the substrate in the
power module chip compared to the IGBT as shown in figure [2.4 Therefore, the diode has a
higher thermal impedance than the IGBT making the diode junction temperature will be higher

for a similar current.
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4.12 Model validation

The purpose of the wind turbine model is to simulate the junction temperature of the WTPC
semiconductors related to the wind speed input. It is important to validate the model simulation
to ensure the proper simulation of the wind turbine reliability model and that the accuracy of
the results is valid for WTPC lifetime estimation. The validation of the entire model is achieved
by comparing the model’s simulated parameters with the expected values related to the input
wind speed. The model validation is an important step before using the model in reliability
analyses to ensure accurate lifetime results. The procedure of validation is based on comparing
the research model simulation results with expected results obtained either by calculation or
by simulating a trusted model like the one provided by the power electronic manufacturer as
discussed in section 3.4.5

The validation process is done for the mechanical, electrical, and thermal submodels. The
simulated junction temperature accuracy is impacted by these submodels which will result in
inaccurate WTPC lifetime estimation. Due to the complexity of calculating the operating pa-
rameters of the wind turbine during the variable load related to the variable wind speed input,
a series of constant wind speeds are used for the validation process. A stair function containing
steps of constant wind speeds is used as input to the model and the operating parameters are
obtained and compared with the expected values related to each wind speed. The expected
values of the model operation are calculated for constant wind speeds covering the range from
the cut-in wind speed (4 m/s) to 14 m/s which is higher than the rated wind speed (12 m/s) of
the modelled wind turbine.

The stair function of wind speed is shown in figure The first step of 4 m/s is given 200 s
considering the wind turbine starting-up time and thermal balance then each step represents
an increase of 2 m/s given 100 s for wind turbine response and thermal balance until the stair
function ends at 14 m/s. The comparison between simulated values and calculated values is
evaluated by calculating the relative difference (Apge) for each tested wind speed by equation
(4.13)).

value by calculation — value by simulation

Apger = x 100% (4.13)

value by calculation

4.12.1 Validation of model mechanical parameters

The validation of the simulated mechanical parameters is achieved by comparing simulated
values and calculated values. The wind turbine model is input with a constant wind speed step
function as shown in figure The simulation results of wind turbine developed torque ()
related to input wind speed and wind turbine generator rotating speed (w;) are shown in figure

The first 200 seconds represent the starting up of the modelled wind turbine where its torque
and speed are building up to their steady values corresponding to 4 m/s wind speed. The wind
speed values from 6 m/s to 12 m/s show an increase in wind turbine torque and speed while
the step wind speed to 14 m/s does not affect both wind turbine torque and speed as the pitch

control keeps the rotating speed at the rated value corresponding to (12 m/s) wind speed. Since
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Figure 4.15: Constant wind speed stair function

the wind turbine is controlled by MPPT, which keeps optimum TSR, the expected rotating
speed is proportional to wind speed. Also, since wind turbine power is proportional to wind
speed cubic, the torque will be proportional to the wind speed square. These relationships are
expressed by equations and to calculate the expected w; and 7; respectively.

The comparisons between simulation and calculation results are shown in table which
show that there is a very small difference between the simulated and calculated values of both

torque and rotating speed.

U

= —_— 4.14
Wt =Wt rated Urated ( )
U
Tt :Tt,ra,ted(U . d)2 (415)
rate

Table 4.4: Wind turbine mechanical parameters with constant wind speeds input

U (m/s) wy (rad/s) 7; (kNm)
Calculated Simulated Apge (%) Calculated Simulated Apge (%)
4 0.785 0.785 9.0x1073 94.3 94.3 4.9%102
6 1.781 1.781 -3.6x104 212 212 -2.2x1072
8 1.571 1.571 -6.5x1074 377 377 -2.4x1073
10 1.964 1.964 -6.8x10~4 589 589 -6.9x1073
12 2.356 2.356 1.0x107% 849 849 5.9%1073

14 2.356 2.356 -2.7x1072 849 849 -4.8x1072
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Figure 4.16: Turbine torque (a) and speed (b) related to input wind speed

4.12.2 Validation of model electrical parameters

The electrical parameters of the wind turbine model are validated by comparing their values from
the simulation with expected values by calculation related to the input wind speeds. Constant
wind speeds from 4 m/s to 14 m/s in 2 m/s steps as shown in figure were used to perform

the comparison. The validated electrical parameters are PMSG current and power, DC bus
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voltage and current, and grid active and reactive output power.

Validation of wind turbine generator parameters

The wind turbine generator converts the mechanical power of the wind turbine rotor to electrical
power fed into the WTPC as a three-phase current. The validation of the simulated generator’s
electrical parameters is crucial as they influence the WTPC loading and therefore its lifetime.
The expected values of the generator current (I,,,) and power (P,,) are calculated and compared
with the values obtained from the model simulation. Figure shows I,,, and P, related

to input constant wind speeds. The expected P,, and I,, are approximately calculated by

equations (4.16)) and (4.17)) respectively where V;,, is the generator voltage. The approximation

is due to neglecting the generator power loss and assuming a unity power factor respectively.

The comparison between calculated and simulated parameters is shown in table

P, ~P, (4.16)
P
V3V

Iy~

(4.17)

Table 4.5: PMSG parameters validation with constant wind speeds input

U (m/s) Im (A) P (kW)

Calculated Simulated Apgey (%) Calculated Simulated Apge (%)
4 185.9 185.8 6.7x1072 74.1 72.1 2.6
6 418.4 4179  1.0x107* 250 247.9 0.9
8 743.8 743.7 4.8x1073 592.6 590.4 0.4
10 1162.1 1162.7 -4.8x1072 1,157 1,146 1.0
12 1673.5 1673.4 2.7x1073 2,000 1,965 1.8
14 1673.5 1674.1 -3.7x1072 2,000 1,966 1.7

Validation of DC bus parameters

The DC bus transfers the wind turbine generator power from the MSC to the GSC. The DC
bus voltage is controlled by the GSC which should be fixed during the wind turbine operation
as discussed in Therefore, the changes in wind speed should not affect the DC bus voltage
while the DC bus current is related to the generator power which is affected by the input wind
speed. Since the wind turbine power is proportional to U? in the variable wind speed range,
and the DC bus voltage is constant, the DC bus current will be proportional to U3. Figure
shows the DC bus current and voltage for steps of constant wind speeds from 4m/s to 14 m/s
in 2 m/s steps as shown in figure The DC bus voltage shows a fixed value of 1,150 V. The
expected value of the Ipc is approximately calculated by equation neglecting MSC power
loss.

Ipc ~ =™ (4.18)
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Figure 4.17: Wind turbine generator current (a) and power (b) in constant wind speed test
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(a) DC bus current vs constant wind speeds
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Figure 4.18: DC bus current (a) and voltage (b) in constant wind speed test

Validation of wind turbine output parameters

In the wind turbine reliability model, the output power is supplied to the modelled grid through
the GSC. The validation of the supplied power is important as it is related to the GSC loading
and can be considered as an indication that the overall model is operating properly where the

output power should show a valid relationship to the input wind speed like in actual wind
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Table 4.6: DC bus current validation

U (m/s) Ipcea (A) Ipcsim (A) Apge (%)
4 6.27x10T1  5.98x107! 4.7
6 2.16x1072  2.12x1012 1.8
8 5.13x1072  5.08x10%12 1.2
10 9.97x10%2  9.88x1012 0.9
12 1.71x10"%  1.70x10%3 0.8
14 1.71x10™3  1.70x107%3 0.8

turbines. The input wind speed is steps of constant wind speeds from 4 m/s to 14 m/s as shown
in figure [£.15] while the simulated output active and reactive power are related to the input wind
speeds are shown in figure The GSC control set the reactive power reference value to zero
for a unity power factor, however, a small and ineffective negative reactive power appeared at

high wind speed due to the need for controller fine-tuning.

x10°
20 , -
Pg simulated Ir
_—— Pg calculated [
150 |- —.— Qg simulated
g —x—Qg calculated
(@)
O 10¢f 1
©
C
©
S 5| ]
(@)
o

0 100 300 400 500 600
Time (s)

700

Figure 4.19: Grid active and reactive power during constant wind speed test

4.12.3 Validation of semiconductor junction temperatures

The validity of the simulated junction temperature is important for the reliability analysis of the
WTPC since the semiconductor’s lifetime is affected exponentially by its junction temperature.
Therefore, the simulated junction temperatures are validated before using them in the reliability
analysis. The thermal validation is achieved by comparing the model’s simulated semiconductor
junction temperature with the results of the semiconductor manufacturer simulation tool for
the same operating parameters. The power module manufacturer, SEMIKRON, provides the

simulation tool, SemiSel [117] for determining junction temperature related to converter design
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Figure 4.20: Validation process

and loading parameters.

SemiSel tool

SemiSel is a software tool provided by the power electronics manufacturer SEMIKRON to test
the operating temperature limits of their power modules. SemiSel offers a variety of standard
converter circuits to start with and then the operating parameters are required to be entered
on the tool interface. For the 2L-VSC circuit, these parameters are DC voltage, phase current,
phase frequency, switching frequency, power factor, and modulation type. Next, the tool lists
selectable power modules that fit the circuit and the entered operating parameters. The following
step is to enter the heatsink details which include the cooling method, liquid or air, the heatsink
configuration, and the thermal impedances. After entering all the required details, SemiSel
presents the output report which shows the circuit semiconductors’ maximum and minimum
junction temperatures, power module case and heatsink temperatures, and semiconductors’
power losses. SemiSel report results are related to fixed operating parameters and therefore to
compare those results with the Simulink wind turbine model, the model needs to run constant

wind speed simulation for fixed output results. The validation process is shown in figure [£.20

Results comparison procedure

The comparisons between Simulink results and SemiSel results are accomplished for nine con-
stant wind speeds representing the variable speed range of the modelled wind turbine from 4 m/s
to 12 m/s in 1 m/s steps. The results are shown in table and table for the converter
IGBT and diode respectively. The relative differences between SemiSel and Simulink results are
calculated by equation for maximum and minimum junction temperature for each tested
wind speed. The root mean square error (RMSE) is used to evaluate the relative differences

between the SemiSel and Simulink results for each semiconductor’s maximum and minimum
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Table 4.7: Junction temperature of il

nmaz,il (OC) Emznall(oc)
U (m/s) Simulink SemiSel Apge (%)  Simulink  SemiSel — Apge (%)

4 44.82 44.62  -4.5 x1071  42.37 42.22 3.5 x1071
5 47.18 47.01  -3.6 x107Y  43.67 43.56  -2.5 x1071
6 49.97 49.82  -3.1 x1071  45.32 4521  -2.3 x1071
7 53.20 53.09 -2.0 x107!  47.35 4731 -7.8 x1072
8 56.87 56.77 -1.7 x1071  49.80 4979  -1.8 x102
9 61.03 60.99 -6.0 x1072  52.71 52.73 3.8 x1072
10 65.68 65.73 7.0 x1072 56.12 56.24 2.1 x102
11 70.87 70.81  -8.6 x1072  60.08 60.12 6.0 x1072
12 76.60 76.60 2.4 x1073 64.65 64.72 1.1 x107!
RMSEr,,... =24x1072°C RMSEr, ..., =18 x107?°C
Table 4.8: Junction temperature of d1
z—jjmawadl(OC) T]mznadl(oc)

U (m/s) Simulink SemiSel Apge (%) Simulink  SemiSel Ape (%)

4 45.89 4549  -8.8 x107t  42.42 4228  -3.3 x107*
5 48.62 48.32  -6.1 x107'  43.79 43.66  -2.9 x107!
6 51.93 51.67 -5.0 x107'  45.53 45.40  -2.8 x1071
7 55.92 55.79  -2.3 x10~!  47.68 47.63  -1.1 x107!
8
9

60.69 60.69 -5.0 x1073 50.30 50.27  -5.7 x10~2
66.35 66.43 1.2 x10~1 53.44 53.44 4.4 x1073

10 73.07 73.31 3.3 x107!  57.16 57.27 1.9 x1071
11 81.06 81.21 1.8 x107! 61.56 61.59 5.1 x10~2
12 90.57 90.66 9.7 x1072  66.74 66.81 1.1 x1071

RMSEr,, ... =43 x1073°C RMSEr, . , =19 x1073°C

junction temperatures as in equation (4.20)). The evaluation of the results differences between
Simulink and SemiSel Simulations are shown in tables 4.7 and .8 for the converter IGBT and
diode.

T. _T.
Ape ==282—I5L « 100% (4.19)
,I‘]'SS
k
© (Aper)?
RMSEr; = Zl(km) (4.20)

4.13 Lifetime estimation

The WTPC reliability analysis is based on analysing the semiconductors’ lifetime of the power
converters, MSC and GSC as they highly influence the converter failure rate and are considered

the main cause of failures in WTPC according to the field failure data [40].
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4.13.1 Thermal cycles counting

The wind turbine model simulation provides temperature-time variation trends of the WTPC
semiconductors junction temperature as shown in figures and These trends contain
cyclic variations of temperature which are causing damage to the semiconductor. To estimate
the semiconductor lifetime related to input VWSP, the accumulated damage in WTPC semi-
conductors during the run time needs to be calculated. This damage is the summation of the
smaller damages that occurred due to every thermal cycle. It is essential to count and identify
each thermal cycle from the simulation output related to the VWSP input. The Rainflow al-
gorithm [118] is used in analysing the simulation output trends for thermal cycle counting and
identifying the junction temperature values, T,, and AT. The Rainflow algorithm is one of the
counting methods used in semiconductor fatigue and failure analyses [119]. Rainflow algorithm

is provided by the MATLAB signal processing toolbox.

4.13.2 Lifetime estimation

The damage per each thermal cycle is obtained using the Coffin-Manson Arrhenius formula
considering the semiconductor’s junction temperatures, 1;, and AT as in equation . This
equation can be rewritten as a function of cycle’s mean T;,, cycle and cycle’s range AT¢yqe as in
equation . Since Ny represents the thermal cycles to failure, then the damage developed by
one thermal cycle (Dy cycie) is the inverse of Ny calculated by equation . The accumulated
semiconductor damage to failure that occurred due to a VWSP (Dsywsp) for the VWSP
time tywgpis the summation of the damages caused by all thermal cycles that occurred in the
VWSP time calculated by the equation where n is the number of total thermal cycles

that occurred during tywsp.

Eq
N{(Tp, AT) =a(AT) "' Tn5) (4.21)
1
D oot = 4.22
Jreyele Nf (Tm,cyclea AT1cycle) ( )
n
Dyvwsp =Y Dyeyete (4.23)

i=1

By definition, the failure rate, A, is the amount of damage per time which can be expressed
by equation (4.24)) for the VWSP. Accordingly, the semiconductor’s estimated lifetime (MTTF)
can be calculated for the IGBT (MTTF;) and diode (MTT Fy) as in equations (4.25) and (4.26)

respectively.

D
A =—LW5P (4.24)
twsp
MTTF, =—WSP_ (4.25)
Drwspi
MTTF, =—WsP_ (4.26)

Dswspa
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The WTPC consist of two power converters, MSC and GSC, each is considered as a system
that contains stressed parts. The failure rate of each MSC and GSC is the summation of their
parts’ failure rates as expressed in equations and respectively where A\yrgc and
Agsc are the MSC and GSC failure rates, A; and Ay are the IGBT and diode failure rates,
s; and sg are the number of IGBTs and the number of diodes in MSC and GSC. MSC and
GSC estimated lifetimes (MTT Fyrsc) and (MTT Fgse) are calculated by equations and
(4.30) respectively. The WTPC lifetime is estimated considering MSC and GSC lifetimes as in

equation (4.31)).

AMSC =8i,MSC = Ni, MSC + 8d,MSC - Ad,MSC (4.27)
AGSC =5i,GSC - Ai + 84.,GSC * Ad,GSC (4.28)
1
MTTFysc = (4.29)
AMsc
1
MTTFaso — (4.30)
Agsc
MTTF - L L1 - (4.31)
WIPC =\ MTTFysc = MTTFgsc ‘

4.14 Chapter summary

This chapter presented the wind turbine model to be used for the WTPC reliability analyses.
The model considers the widely used WTPC topology, 2L-VSC, to provide the reliability anal-
yses required to address the first research question “How can the reliability of existing wind
turbine two-level voltage source converters be better understood?” The model selected the
PMSG direct-drive wind turbine to adapt the current wind turbine technology. The model con-
siders mechanical, electrical and control, and thermal submodeles as they impact the WTPC
loading and its lifetime. The lifetime estimation used the Coffin-Manson Arrhenius formula as
recommended by the manufacturer of the modelled semiconductor power module.

The reliability analyses of WTPC in this thesis are based on three main considerations to en-
sure accepted reliability results. First, the WTPC reliability analysis is based on field-measured
wind speeds with an accepted sampling rate to emulate the actual loading of WTPC. Second,
the reliability analyses avoid approximations of the performance and thermal parameters related
to wind turbine operation as approximations have a huge impact on WTPC reliability analyses
accuracy as discussed in Third, The model passed a validation procedure testing the accu-
racy of its performance and thermal parameters before utilising it in WTPC reliability analyses.
The validation of the simulated junction temperature showed very low differences compared
to the simulation results (RMSE in terms of 1072 °C) using the semiconductor manufacturer
simulation tool.

The proven accuracy of the WTPC reliability model of the widely used WTPC topology, 2L-
VSC, allows extending this model to other WTPC technologies including the 3L-NPC topology
and direct torque control (DTC) WTPCs since these are also available in the field of wind energy

conversion. Comparing the WTPC lifetime of different models provides information about the
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impact of converter design on WTPC reliability including the interactions with operational
parameters like average wind speed and turbulence intensity. The following chapter presents a
wind turbine model with DTC and another wind turbine model with medium voltage 3L-NPC
WTPC.



Chapter 5

Extending WTPC reliability models

5.1 Introduction

In the previous chapter, the reliability model of a wind turbine is implemented with the widely
deployed converter topology used in WTPC, 2L-VSC. Recently, the industry has adopted dif-
ferent control systems for wind turbines. FOC and DTC have been used with I1G, DFIG and
PMSG wind turbines. While assessing the impact of converter design on WTPC reliability, it
is worth evaluating the impact of the control system on the WTPC lifetime. The wind turbine
model of the previous chapter is modified to use DTC rather than FOC to analyse the impact
of WTPC’s control strategy on its reliability.

On the other hand, the wind turbine industry has extended the WTPC design to adapt to
the increasing size and power of wind turbines mainly for offshore wind farms. With power
ratings of 7 MW and higher, wind turbine manufacturers introduced MV wind turbines where
the rated generator voltage is above 1kV to avoid the very high current of LV generators and
to reduce the size of the cables and transformers [32]. Accordingly, higher voltage WTPCs were
needed for the MV wind turbines. The WTPC design and the utilised power electronics have
thus been affected. The wind turbine industry selected the 3L-NPC topology converter which
provides higher voltage operation capability over the widely popular 2L-VSC converter in LV
wind turbines.

Both wind turbine models, with DTC and with 3L-NPC WTPC, are presented in this chapter

including their validation procedure for use in WTPC reliability and lifetime analysis.

5.2 DTC model

5.2.1 Introduction to direct torque control

DTC was first presented in 1986 by Takahashi and Noguchi [120] for induction machine speed
control. The control system drives the machine by energising the right coil at the right time to
achieve the maximum output torque and power. The selection of the right coil to energize is
based on estimating the instantaneous torque and rotor magnetic field.

The classical version of this control strategy provides good performance and simplicity as

shown in figure [121] where 7. and ¢ are the motor estimated torque and flux. The classical

74
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DTC does not need high computational power as needed with FOC where triangular functions
need to be calculated at the sampling frequency for the stationary frame transformation [122].
However, the classical DTC has the drawback of changing the output frequency rapidly, pro-
ducing high torque and flux ripple and unbalanced switching power loss in the converter semi-
conductors [123].

An updated version of this control strategy based on fixed switching frequency was introduced
with space vector modulation (SVM) called DTC-SVM scheme with closed-loop flux control
[124]. DTC-SVM adds more complexity to the classic DTC as shown in the block diagram
in figure The DTC provides good performance, simplicity, and robustness in controlling
motors and generators [121]. Both DTC and FOC are used in wind energy and they proved
their performances in the field. However, each has advantages and drawbacks in performance
and requirements. A brief comparison between FOC and DTC is shown in table

. Induction
Quantisizer ;
machine
Te ref + _» y - N
> SW|tch|ng ! inverter |
table \
Hysteresis sector Vabe
[Ws ref| A Iapc
et
T o < Torque& B ave
sl [ 1, g, | Stator Flux Clark Vabe
v Estimator "y, )
Figure 5.1: Classical DTC block diagram
Table 5.1: Comparison between FOC and DTC [125]
FOC DTC
Reference frame transformation Required Not required
Stator current control No Yes
. indings’ induct d resis- . .
Parameters required Windings” inductance and resis Windings’ resistance
tance
SVM, hysteresis band i .
PWM scheme ) [YSUETEsIS band, or carnier Hysteries band
based
Sensitive to machine parameters Sensitive Not sensitive

variations
Control scheme Complex Simple
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Figure 5.2: DTC-SVM control strategy block diagram

5.2.2 Wind turbine model with direct torque control

To analyse the WTPC reliability impact related to the WTPC control system, the wind turbine
model of chapter [4]is slightly changed by adding DTC in a switchable WTPC control system so
the model can operate with FOC or DTC. The new model is named ‘DTC model’ to distinguish
it from the original model of chapter 4, DTC model kept the mechanical and thermal submodels
unchanged but modified the electrical submodel by replacing the GSC with a DC source since
the WTPC lifetime is influenced mainly by the MSC lifetime [75,/126]. Figure shows the
DTC model overview including the switchable control, FOC and DTC. The model simulates
the junction temperature of the MSC semiconductors twice, one time with FOC and the other
with DTC. The same wind speed input is used with both control strategies for comparison of
the results. Following this procedure, the reliability results of both control strategies will not be

affected by using different models.

5.3 DTC model validation

A crucial step before utilising the wind turbine model in WTPC reliability analyses is to pass
the model validation. The DTC model is validated by a similar procedure used with the 2L-
VSC model which considers checking the proper operation of the model subsystems by assessing
the accuracy of the simulated parameters. Constant wind speeds are used for the validation
procedure represented by a stair function (from 4 m/s to 14 m/s) wind speed input with time
for the model to settle to a steady state before the next step change. The model validation
procedure includes assessing mechanical, electrical, and thermal simulated parameters since
these affect the WTPC reliability analyses.
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Figure 5.3: DTC model block diagram

5.3.1 Validation of the mechanical parameters in the DTC model

The validation of the mechanical simulated parameters is achieved by comparing them with the
expected calculated values. The wind turbine model is input with the constant wind speed stair
function shown in Chapter []in figure The simulation results of the wind turbine developed
torque (7;) and turbine rotating speed (w¢) related to the input wind speed (U) are shown in
figure

The first 200 seconds of the simulation time represent the initialising of the modelled wind
turbine where its torque and speed are building up to their steady values corresponding to the
4 m/s wind speed input. Later, the wind speed input increases to 14 m/s in steps of 2 m/s
every 100 s. Until 12 m/s wind speed input, the simulation shows an increase in wind turbine
torque and speed according to the input wind speed changes with response delay due to wind
turbine inertia. The step wind speed to 14 m/s does not affect wind turbine torque and speed
as the pitch control keeps the rotating speed at the rated value (2.36 rad/s) related to 12 m/s
wind speed. The validation of mechanical parameters is achieved by comparing the parameters’
simulated values with the expected calculated values. Table lists these values for the tested
wind speeds. The relative difference values (Ag.;) are calculated by equation

5.3.2 Validation of the electrical parameters in the DTC model

Similar to the mechanical parameters validation procedure, the electrical simulated parameters
are validated using the same input of constant wind speeds (4 m/s to 14 m/s). The simulated
electrical parameters are compared with the expected values obtained by calculations related to

the input wind speeds in the following paragraphs.
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Figure 5.4: Wind turbine (a) torque and (b) speed with input wind steps in DTC model

Validation of wind turbine generator parameters

The validation of the simulated generator’s electrical parameters is crucial as they impact the
WTPC loading and therefore its lifetime. The wind turbine generator converts the mechanical
power of the wind turbine rotor to electrical power fed into WTPC in the form of a three-phase

current. The expected values of the generator current (I,,,) and power (F,,) are calculated by
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equations (4.17) and (4.16) respectively. The simulated values are obtained from the model
simulation by applying the constant wind speeds. The simulation outputs of (I,,) and (P,,) are
shown in figure Comparisons between simulated and calculated values are listed in table

B.3l

Validation of DC bus parameters in DTC model

The DC bus transfers the wind turbine generator power from the MSC to the GSC. However,
in the DTC model, the GSC is substituted with a DC source so the DC bus voltage is fixed and
does not need to be validated. Therefore, only the DC bus current is validated with respect to
input wind speed. Figure shows the DC bus current (Ip¢) for steps of constant wind speeds
from 4 m/s to 14 m/s where it shows increasing steps according to input wind speed except for
14 m/s wind speed as the pitch control keeps the rated output power even when wind speed
increase further. The simulated Ipc is compared with the expected value related to input wind
speed for the validation. The expected Ip¢ is calculated by equation . Table lists the

calculated Ipc cq and simulated Ipc sim currents and the relative difference between them.

P .
IDC,cal ~ {;;S;m (51)

5.3.3 Validation of semiconductor junction temperatures

Validation of the simulated junction temperature is essential before using the model for reliabil-
ity analysis. Similar to the validation procedure used with the LV model in section the
comparison between SemiSel and Simulink results of the semiconductor junction temperature
for constant wind speeds is implemented. The tested wind speeds were from 4 m/s to 12 m/s to
cover the variable wind speed range of the modelled wind turbine. Tables and list both
simulation results for the IGBT and diode of the converter circuit respectively. The tempera-
ture difference between SemiSel and Simulink simulation is lower than 1% and the RMSE for
maximum and minimum junction temperatures are 3.9x107% and 2.4x107% for the IGBT and
6.3x107% and 5.5x107% for the diode. Therefore, the model provides an acceptable accuracy
level to be used in the WTPC reliability analysis.

Table 5.2: DTC model mechanical parameters with constant wind speeds input

U (m/s) w (rad/s) 7 (kNm)
Calculated Simulated  Apge (%)  Calculated Simulated — Apge (%)
4 0.79 0.79 1.08x1072 94.3 94.3 5.00x102
6 1.18 1.18 3.09x10~% 212 212 -6.70x1073
8 1.57 1.57 3.25x1074 377 377 1.26x1072
10 1.96 1.96 2.90x10~* 589 589 2.70x1073
12 2.36 2.36 2.74x1074 849 849 -1.49%x1074

14 2.36 2.36 -2.67x1072 849 849 -5.37x1072




CHAPTER 5. EXTENDING WTPC RELIABILITY MODELS 80

(a) PMSG current

1800 : , : . . .
i Simulated ————— -
1600 1 _ — Calculated |
1400 ]
1200 ]
g 1000 ]
£ 800 _
600 ]
400 ]
200 ]
0 L 1 I | |
0 100 200 300 400 500 600 700
Time (s)
(b) PMSG power
%108
27 Simulated If
— — — Calculated |
g -
£
o

0 100 200 300 400 500 600 700
Time (s)

Figure 5.5: PMSG (a) current and (b) power during input wind steps in DTC model

5.4 Wind turbine with 3L-NPC power converter

Addressing the second research question “How can the reliability of more complex converter
topologies in wind turbine applications be estimated from knowledge of 2L-VSC systems?”, this
research extends the reliability analyses to include the more complex higher voltage 3L-VPC

WTPC. This approach provides a better understanding of the possible reliability improvement
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Figure 5.6: DC bus current with input wind steps for DTC model

in future wind turbines. It also provides information about the reliability of WTPC affected by
the interactions between operating conditions and converter design.

Some wind turbine manufacturers introduced MV wind turbines replacing the well-known
LV technology. These manufacturers claim the advantage of increasing the wind turbine oper-

ating voltage to reduce the rated current which reflects on the size of the cables and the grid

Table 5.3: DTC model PMSG parameters with constant wind speeds input

U (m/s) I (A) Py, (kW)
Calculated Simulated Apge (%) Calculated Simulated Apge (%)
4 185.9 186.0 -5.1x1072 74.1 77.1 4.1
6 418.4 419.0 1.6x107! 250 253.4 -1.4
8 743.8 746.9 -4.2x1071 592.6 585.7 1.2
10 1162.1 1174.2  1.0x1072 11574 1141.7 1.3
12 1673.5 1710.8  2.2x1072 2000 1983.9 0.8

Table 5.4: DC bus current validation

U (m/s) Ipc (A)
Calculated Simulated Apge (%)
4 6.7x10tt  6.4x10t! 4.9
6 2.2x10%2  2.2x1012 1.9
8 5.1x1072  5.0x1012 1.2
10 9.9x10%t2  9.8x1012 0.9
12 1.7x10t3  1.7x10"3 0.8

14 1.7x10T3  1.7x10713 0.8
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transformer. Moreover, MV wind turbine manufacturers claimed a rapid improvement in the
WTPC reliability compared to LV wind turbines [36]. Examples of MV wind turbines are Sam-
sung S7.0-171 |127] and GE HaliadeX [33] where both deploy ABB PCS6000 converter which is
a 3L-NPC topology constructed using IGCT semiconductors [32].

5.4.1 3L-NPC model description

To proceed with the reliability analyses of 3L-NPC WTPC in wind turbines, modelling an ex-
ample of an MV wind turbine is required for WTPC reliability analysis. Because of the limited
information about the IGCTSs used in the 3L-NPC WTPCs, mainly their lifetime empirical pa-
rameters which are required for the lifetime estimation. Therefore, this research models the
3L-NPC WTPC with IGBT power modules rather than IGCTs. The model also uses the same
power module used in the 2L.-VSC model described in Chapter [4. This approach provides a fair
comparison between 2L-VSC and 3L-NPC excluding effects produced by using different power

modules. Furthermore, the 3L-NPC model has the same rated power, mechanical, and control

Table 5.5: Junction temperature of il in DTC model

,Tj,il,max (OC) ,Tj,il,min(oc)

U (m/s) SemiSel Simulink Apgeg (%) SemiSel Simulink  Apge (%)
4 43.4 43.6 -4.9%x1071 41.7 41.8 -4.2%x1071
5 45.7 45.4 6.1x10! 42.6 42.8 -4.7x1071
6 47.3 47.5 -3.1x10°! 43.9 44.0 -2.5x1071
7 49.5 49.8 -6.9%x1071 45.5 45.5 1.7x1072
8 52.4 52.5 -2.1x1071 47.3 47.3 -1.3x10°!
9 55.4 55.6 -2.9%x1071 49.4 49.5 -1.5%x1071
10 59.0 59.0 -7.3x1072 52.0 52.0 8.3x102
11 62.7 62.9 -2.0x107! 54.9 55.0 8.8x102
12 67.1 67.2 -1.2x10°1 58.3 58.3 3.7x1072

RMSE = 3.9x1073 °C RMSE = 2.4x1073 °C

Table 5.6: Junction temperature of d1 in DTC model

Tj,dl,maa;(oc) Tj,dLmin(oc)

U (m/s) SemiSel Simulink Apge (%) SemiSel  Simulink Aper (%)
4 44.1 44.6 -1.3 41.7 41.9 -4.2%x1071
5 46.4 46.7 -6.4x10~1 42.8 42.9 -3.1x107!
6 48.9 49.2 -5.9x1071  44.1 44.2 -2.8x1071
7 51.7 52.1 -8.8x1071 45.1 45.8 -1.5x1072
8 55.5 55.6 2.1x107Y 477 47.7 -4.9%107°
9 59.6 59.7 -1.9x10~1 499 50.0 -1.8x1073
10 64.7 64.6 1.8x1071! 52.8 52.8 6.6x104
11 70.4 70.2 2.2x107! 56.0 56.0 3.0x104
12 77.3 76.9 5.3x1071 59.8 59.7 8.6x104

RMSE = 6.3 x1073 °C RMSE = 5.5x1073 °C




CHAPTER 5. EXTENDING WTPC RELIABILITY MODELS 83

parameters used in the 2L-VSC model presented in Chapter This made a direct reliability
comparison possible. The 3L-NPC wind turbine model includes submodels of mechanical, elec-
trical and control, and thermal subsystems similar to the 2L.-VSC wind turbine model. The

following sections describe the 3L-NPC wind turbine model subsystems in detail.

5.4.2 3L-NPC model mechanical subsystem

The 3L-NPC wind turbine model is a direct-drive 2MW PMSG wind turbine. It models the
wind turbine rotor, coupling shaft, and generator as a two-mass mechanical system considering
parts inertias, stiffness and damping constants. The mechanical parameters and modelling of

the 3L-NPC model are similar to the mechanical subsystem of the 2L-VSC model explained in
section [.4]

5.4.3 3L-NPC model electrical and control subsystem

The 3L-NPC model electrical subsystem varies from the 2L-VSC model by the converter circuit
design and operating voltages. The overview of the electrical modelling by Simulink is shown in
figure The control of MSC and GSC are FOC and VOC respectively which are similar to
control schemes used in the 2L-VSC model discussed in section The following paragraphs
explain the details of the 3L-NPC model electrical parts, PMSG, DC bus and grid.

[MSCPulses] [mse_HB]| r<[Vdc]| [gsc_HB]|

% pulses HB Eal: l vd HB pulses
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Figure 5.7: Electrical modelling of 3L-NPC WTPC using Simulink

Modelling 3L-NPC wind turbine generator

The 3L-NPC wind turbine model utilises the PMSG with parameters similar to the 2L-VSC
model PMSG except its rated voltage which is set to 1,380 V equalling twice the 2L-VSC model
generator’s rated voltage. The 3L-NPC model implements the Simulink PMSM model from the

Simscape Specialized Power System toolbox. The generator parameters are listed in table

DC bus model

The DC bus provides an energy path between MSC and GSC as explained in section The

DC bus voltage is required to be regulated during load variations for the proper operation of
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MSC and GSC. In the 3L-NPC topology, the DC bus has three lines, +Vpc, —Vpe and neutral
(V0). A capacitor bank is connected to the DC bus to minimize the voltage ripple generated by
the switching operation of both converters. The selected DC bus capacitor value is calculated
by equation [128] where Cp¢ is the DC bus capacitor, S is the PMSG apparent power
(2.24 MW), and AVp¢ is the allowed change in DC bus voltage which is set to 2% of the DC
bus voltage (Vp¢). The calculated Cpe is > 33.7 mF and the selected value is 40 mF.

Cpc > 5
be = 4r foVpeAVpe

(5.2)

Grid model

The wind turbine output power is assumed to be fed into the grid. The grid is modelled as a
three-phase voltage source. The line voltage (V, 31— npc) is set to 1,380 V which is equal to the
rated voltage of the wind turbine generator. The grid frequency (fy) is set to 50 Hz as in most
of world countries. The grid filter is modelled as an inductor having an impedance equal to

0.2 pu [23]. Equations (4.11)) and (4.12)) in section [4.9]are used to calculate grid filter inductance

(Lg3r.—NPC)-

5.4.4 Modelling 3L-NPC WTPC

The 3L-NPC model’s WTPC implements back-to-back AC-DC-AC WTPC. It includes two
converters, MSC and GSC, and the DC bus. The converters are three-phase 3L-NPC topology
connected back to back by the three-lines DC bus. Each converter (similar to the 2L-VSC model)
is assembled by individual power modules containing IGBT and freewheel diode as shown in
figure The selected power module SMK800GD176D is the same power module used in the
2L-VSC model. In the 3L-NPC topology, the applied voltage on the semiconductor is half of the
converter operating voltage [128] which is an advantage of moving towards 3L-NPC topology.
Therefore, the 3L-NPC model WTPC is set to operate on 1,380 V AC and 2300 V DC which
are twice the 2L-VSC model operating voltages.

The 3L-NPC rated current is the same as the 2L-VSC model’s rated current since both use
the same power module. However, the 3L-NPC rated voltage is twice the 2L-VSC rated voltage

Table 5.7: PMSG parameters of 3L-NPC wind turbine model

Parameter symbol  Value

Line voltage (rated) Vinratea 1,380 V
Active power (rated) Py ratea 2,000 kW
Apparent power (rated) Smrated 2,242 kVAR
Rotating speed (rated) Wi rated  0.75 rad/s
Torque (rated) Tnrated 848,826 Nm
Number of poles pairs P, 26 pole pairs
Flux linkage (RMS) ®,, s 13 Wh
Stator winding resistance R, 2.34 mf)

Stator winding inductance L 1.573 mH
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therefore 3L-NPC rated power will be 500 kW, twice the rated power of 2L-VSC (250 kW).
Accordingly, 4 parallel 3L-NPC are required for the 2 MW wind turbine instead of 8 parallel
converters used in the 2L-VSC model.

Figure 5.8: Simulink model of the 3L-NPC MSC

5.4.5 Power loss model

The power loss simulation procedure is similar to the one used in the 2L-VSC model explained
in section [4.10|However, in 3L-NPC, each half-bridge in the converter contains 10 semiconduc-
tors, 5 in each arm instead of 2 semiconductors in each 2L-VSC arm. Also, assuming normal
operation conditions, the generator phases are balanced therefore simulating the power losses of
one converter arm represent the rest of the converter arms. Semiconductors’ power losses are

used to simulate their junction temperatures by the thermal model.

5.4.6 Semiconductor junction temperatures in the 3L-NPC model

The junction temperatures of the 3L-NPC semiconductors are obtained by thermal modelling of
the converter circuit. Assuming the wind turbine operates in normal conditions with balanced
three-phase currents then simulated junction temperatures of one converter arm’s semiconduc-
tors reflect junction temperatures of all converter semiconductors. The WTPC cooling is based
on liquid-cooled heatsinks. Each converter, MSC and GSC, uses three individual heatsinks each
for each converter leg as shown in figure The 3L-NPC half bridge leg consists of two arms,
upper and lower, where each one has three power modules containing two IGBTs, il and i2, and
three diodes d1, d2, and d5. The heatsink coolant is 1:1 water glycerine mixture of 40°C temper-
ature controlled. The thermal model of the 3L-NPC WTPC is shown in Figure where P; is

the IGBT power loss, P, is the diode power loss, T} is semiconductor junction temperature, Zy, ;
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and Zy, g are IGBT and diode thermal impedances, Z;j, s is power module thermal impedance,

Zih,Hs 1s heatsink thermal impedance, and T¢; is coolant temperature.
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Figure 5.9: Schematic diagram of three-phase 3L-NPC with heatsink configuration

5.5 Validation process of 3L-NPC model

Similar to the 2L.-VSC model, the 3L-NPC wind turbine model passes into the validation process
to ensure that simulation results are within the accepted accuracy. The validation procedure of
the 3L-NPC model operational parameters is achieved by using the stair function of constant
wind speeds with time as an input to the model. The stair function starts with the cut-in wind
speed (4 m/s) for 200 s to allow the model mechanical and thermal dynamics to reach their
steady-state values then it increases at 2 m/s every 100 s until it reaches 14 m/s which is above
the rated wind speed to confirm that pitch system limits the rotor speed at its rated value. The
wind speed stair function used in the model validation is shown in figure [4.15] in section 4.12
The model validation covers the wind turbine mechanical and electrical operating parameters

besides the WTPC semiconductors’ junction temperatures.

5.5.1 Validation of mechanical parameters

The validation of the simulated mechanical parameters is achieved by comparing the simulated
values with the calculated values. The wind turbine model is input with constant wind speed
stair function shown in figure in Chapter [4f The simulation results of the wind turbine
developed torque (7¢) and turbine rotating speed (w;) related to the input wind speeds are
shown in figure . The first 200 s represent the starting up of the modelled wind turbine
where its torque and speed are building up to their steady values corresponding to 4 m/s wind

speed. The wind speed values from 6 m/s to 12 m/s show an increase in wind turbine torque
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Figure 5.10: Thermal equivalent circuit of the modelled 3L-NPC WTPC

and speed while the step wind speed to 14 m/s does not affect both wind turbine torque and
speed because the pitch control keeps the rotating speed at the rated value (2.36 rad/s) which
is corresponding to the rated wind speed (12 m/s).

Table 5.8: 3L-NPC model mechanical parameters with constant wind speeds input

U (m/s) wy (rad/s) 7¢ (kNm)

Calculated Simulated Apge (%) Calculated Simulated Apge (%)
4 0.79 0.79 1.0x1072 94.3 94.1 1.7x107!
6 1.78 1.78 -1.2x10* 212 212 -1.4x1073
8 1.57 1.57 -3.0x10~4 377 377 -3.4x1072
10 1.96 1.96 -2.4x107* 589 589 -4.3%x1072
12 2.36 2.36 -2.0x107% 849 849 -1.6x1072
14 2.36 2.36 -2.7x1072 849 849 _7.0x1072

5.5.2 Validation of electrical parameters

The electrical parameters of the wind turbine model are validated by comparing their values from
the simulation with expected values by calculation related to the input wind speeds. Constant

wind speeds from 4 m/s to 14 m/s in 2 m/s steps as shown in figure are used to perform
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Figure 5.11: Wind turbine (a) torque and (b) speed with input wind steps of 3L-NPC model

the validation which covers electrical parameters of the PMSG, DC bus, and grid.

Validation of wind turbine PMSG parameters

The wind turbine generator converts the mechanical power of the wind turbine rotor to electrical
power fed into WTPC as a three-phase current. The validation of the simulated generator’s

electrical parameters is crucial as they influence the WTPC loading and therefore its lifetime.
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The expected values of the generator current (I,,,) and power (P,,) are calculated and compared
with the values obtained from the model simulation. The simulation results are shown in figure
and table |5.9| where the relative differences (Apge;) between calculated and simulated values

are very small.
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Figure 5.12: PMSG (a) current and (b) power with input wind steps for 3L-NPC model
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Validation of DC bus parameters

The DC bus transfers the wind turbine generator power from the MSC to the GSC. Its voltage
is controlled by the GSC as discussed in section The DC bus voltage is required to
stay constant during the variable wind turbine loading for MSC and GSC proper operating.
Therefore, the changes in wind speed should not affect the DC bus voltage while the DC bus
current (Ip¢) is related to the PMSG power which is influenced by the input wind speed. Since
the wind turbine power is in a cubic relationship with the wind speed and the DC bus voltage
is constant, the DC bus current shows a cubic relationship with the wind speed. Figure [5.13
shows the DC bus current and voltage for steps of constant wind speeds from 4 m/s to 14 m/s.
The DC bus voltage shows a fixed value at 2,300 V while Ipc changes concerning the input
wind speed. Table lists the calculated (Ipc cq) and simulated (Ipc,sim) values where the

relative differences (Apge;) between them showing low differences.

Validation of wind turbine output parameters

In the wind turbine reliability model, the output power is supplied to the modelled grid through
the GSC. The validation of the supplied power is important as it is related to the GSC loading
and can be considered as an indication that the overall model is operating properly where the
output power should show a valid relationship to the input wind speed like in actual wind
turbines. The simulated wind turbine output parameters, the grid active power (FPy), and grid
reactive power (Qg) related to the input wind speeds are shown in figure The input
wind speed is steps of constant wind speeds from 4 m/s to 14 m/s. Qg is kept minimum by
GSC control as shown in section to obtain a unity power factor. The validation of wind
turbine exported active power is done by comparing output power with input power considering
reasonable efficiency. The validation of wind turbine reactive power is done by calculating the
power factor which should have an approximate unity value. Table lists the simulated
P,, Py, and the efficiency (Eff) for constant wind speeds besides simulated (), and power
factor (PF'). The efficiency of the wind turbine electrical system shows a reasonable value as

in [129-131] while PF is very close to unity.

Table 5.9: PMSG parameter validation with constant wind speeds input for 3L-NPC model

U (m/s) Ly (A) P, (kW)
Calculated Simulated Apge (%) Calculated Simulated Apgy (%)
4 93.0 93.3 -3.7x107! 74.1 74.7 -8.6x107!
6 209 209 2.2x1072 250 248  7.0x107!
8 372 372 -3.5x1072 593 592  6.6x1072
10 581 581 -5.3x1072 1,157 1,159 -1.5x107*
12 837 837 -5.1x1073 2,000 1,989 5.7x107!

14 837 837 -7.5x1072 2,000 1,990 5.0x107*
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Figure 5.13: DC bus (a) current and (b) voltage with input wind steps for 3L-NPC model

5.5.3 Validation of semiconductors’ junction temperature

The validation of 3L-NPC semiconductors’ junction temperatures is similar to the procedure
of validation of the 2L-VSC semiconductors’ junction temperatures in section [£.12.3 However,
the one half-bridge in the 3L-NPC converter contains six power modules, three in each arm

containing five semiconductors. The validation is done by comparing the junction temperature
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of one arm’s semiconductors, il, d1, i2, d2, and d5. Constant wind speeds are used to obtain

maximum and minimum junction temperatures for these semiconductors. On the other side,

SemiSel is set to simulate 3L-NPC topology and fed with operating parameters related to the

constant wind speeds. The maximum and minimum junction temperatures obtained from the

SemiSel report and Simulink are compared. The relative differences are calculated for each

wind speed and each semiconductor. The RMSE is calculated for all tested wind speeds of each

Table 5.10: DC bus current validation

U (m/s) Ipcea (A) Ipcsim (A) Age (%)
4 3.25x10t1  3.07x10*! 5.3
6 1.08x10"2  1.06x10%2 1.9
8 2.57x1012  2.54x1012 1.2
10 5.04x1072  5.01x10%12 0.7
12 8.65x1012  8.62x1012 0.3
14 8.65x10T2  8.62x10%12 0.3

Table 5.11: Wind turbine output parameter validation

U (m/s)  Pyim (kW) Prgim (kW) Eff (%) Qgsim (KVA) PF
4 66.4 74.7 88.9 -1.65 0.99
6 241 248 96.9 -3.53 0.99
8 578 592 97.7 -8.55 0.99
10 1135 1,157 97.9 -16.8 0.99
12 1,960 1,989 98.5 -28.2 0.99
14 1,961 1,990 98.6 -28.2 0.99
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semiconductor. Table[5.12]lists the validation results of the 3L-NPC WTPC model. The relative
difference (Ape) is calculated by equation (4.19) in section [4.12.3
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Figure 5.15: MSC’s semiconductor junction temperatures at 12 m/s input wind speed of 3L-
NPC WTPC
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Figure 5.16: GSC’s semiconductor junction temperatures at 12 m/s input wind speed of 3L-NPC
WTPC
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5.5.4 Lifetime estimation of the 3L-NPC WTPC

The WTPC lifetime estimation in the 3L-NPC wind turbine model is calculated for the WTPC
semiconductors and for the converter as a whole. The simulation of the WTPC semiconductors’
thermal loading as shown in figure and figure is used to obtain the mean (7,,) and
variation (AT') in their junction temperature. Each thermal cycle develops an amount of damage
in the semiconductor which is calculated according to the Coffin-Manson Arrhenius equation
. Assuming the wind turbine operates at a balanced load with no-fault conditions, then
the converter arms operate symmetrically and produce similar operating parameters (voltage,
currents, and power losses). Therefore, estimating the lifetime of one converter arm by thermal
loading simulation is used to estimate the lifetime of the rest of the converter arms. The three-
phase 3L-NPC converter circuit has six arms, each containing five semiconductors (i1, d1, i2, d2,
and db). Therefore, the converter failure rate Aepp 35— npc is the sum of the failure rates of all
semiconductors in its circuit calculated by equation where \;1 to Ag5 are the failure rates
of the corresponding semiconductors il to d5 respectively. Accordingly, the converter lifetime
MTTFe,3—Nnpc is calculated by equation where MTTF;; to MTTFys are the MTTF

of the corresponding semiconductors il to d5 respectively.

Aenv,3L—NPC = 6 X (Nit + Ag1 + Xi2 + Aa2 + Ags) (5.3)

1 1 1 1 1 1 -t
MTTFoy 31 NPC = - 5.4
env3L=NPC = g <MTTFZ»1 T MTTFy  MITFs W MTTFp MTTFd5> (5.4)

5.6 Chapter summary

In this chapter, the reliability modelling of WTPC has been extended to two models for analysing
the impact of changing the WTPC design on its reliability. The selected changes in WTPC
design are control strategy and converter topology. The first modified wind turbine model used
the DTC scheme rather than the FOC scheme used originally. This model will be used in the

Table 5.12: Junction temperature comparison between SemiSel and Simulink for d1

U (m/s) T’jmaw,dl (OC) I}min,dl (OC)
SemiSel Simulink Apge (%) SemiSel Simulink  Age (%)
4 42.69 43.28 -1.4 40.94 41.13 -0.5
5 44.34 44.73 -0.9 41.59 41.76 -0.4
6 46.11 46.56 -1.0 42.41 42.59 -0.4
7 48.33 48.87 -1.1 43.44 43.66 -0.5
8 51.20 51.68 -0.9 44.80 44 98 -04
9 54.63 55.12 -0.9 46.45 46.59 -0.3
10 58.67 59.28 -1.0 48.41 48.59 -0.4
11 63.76 64.26 -0.8 50.88 51.00 -0.3
12 69.63 70.35 -1.0 53.73 53.94 -0.4

RMSE = 1.1x1072 °C RMSE = 4.2x1073 °C
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analyses of the reliability impacts on the WTPC due to modifying the control system in section
The parameters of the FOC model are kept the same in the DTC model for comparison while
the change was only in the control system scheme. The DTC model validated the performance
parameters and junction temperature of the WTPC semiconductors to ensure the simulation
results’ accuracy.

The second modified wind turbine model extended the WTPC operating voltage to the MV
and utilised a higher voltage 3L-NPC topology rather than the LV 2L-VSC topology used in
the original model. In this model, most of the LV model parameters were kept the same for
reliability comparison except the operating voltage which is required to be in the range of MV
voltage (> 1000V). The 3L-NPC model was validated for its performance parameters and its
semiconductors’ junction temperatures to ensure the simulation results’ accuracy. This model
will be used to analyse the impact of moving toward higher level higher voltage converters on
the reliability of WTPC. Chapter [6] will utilize the three wind turbine models, 2L-VSC model,
DTC model, and 3L-NPC model in comparative WTPC reliability analyses. The analysis will
allow assessment of the impact of operating conditions on each of these models to determine the

significance of converter design on the WTPC’s reliability.

Table 5.13: RMSE of 3L-NPC semiconductors junction temperature differences between SemiSel
and Simulink

Semiconductor RMSE of Tjy4z (°C) RMSE of Tjmin (°C)

il 1.1x1073 4.4%x103
d1 1.1x1072 4.2x1073
i2 7.5x1073 3.3x1073
d2 8.3x1073 3.1x1073

d5 1.9%1072 3.5x1073




Chapter 6

Results, analyses, and discussion

6.1 Introduction

The reliability analysis of WTPC in this research is based on estimating WTPC lifetime con-
cerning wind turbine operating parameters. The WTPC lifetime estimation is based on the
semiconductor’s junction temperature cycling according to the Coffin-Manson Arrhenius equa-
tion.

Three modelled wind turbines for WTPC reliability analyses are utilised in this chapter to
address research questions. The 2L-VSC model constructed in Chapter [4] is used to analyse the
reliability of the widely deployed WTPC. Reliability analysis of the 2L-VSC model is utilised
to address the first research question “How can the reliability of existing wind turbine two-level
voltage source converters be better understood?”. The DTC model constructed in section [5.2
is used to analyse the control system change on the WTPC reliability. The 3L-NPC model
constructed in section [5.4] is used to analyse the reliability of a more complex topology WTPC.
Reliability analysis of the 3L-NPC model is utilised to address the second research question
“How can the reliability of more complex converter topologies in wind turbine applications be
estimated from knowledge of 2L-VSC systems?”

To consider the practical operation of wind turbines, the wind speed data used in the re-
liability analysis is selected from field-measured wind speeds of one year covering a variety of
speeds and turbulence intensities. The conclusions of the reliability analysis are based on simu-
lating WTPC lifetime at hundreds of variable wind speed profiles (VWSP) since utilising a few
VWSPs may not be enough to emulate the actual wind turbine operation.

In this research, the WTPC reliability analysis does not intend to predict the WTPC lifetime
of a specific wind turbine in the field. Instead, it analyses the factors that impact the reliability
of the WTPC including the operating conditions, converter design and control technique. The
wind turbines in the field may use different converter parameters or controls which affect their
estimated lifetimes. For example, wind turbines may deploy prefabricated stack converters or use
techniques like controlled load-sharing among the parallel converters for reliability optimisation
as in [29] which improves WTPC lifetime. However, the analyses performed in this thesis
demonstrate that the proposed approach could be applied to different WTPC topologies and

control techniques and, as such, could be applied to more novel or complex WITPC systems.

96
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6.2 Reliability analysis of 2L-VSC WTPC

In this section, the reliability analysis of 2L-VSC WTPC simulates the impact of wind turbine
operating conditions on the WTPC lifetime. The wind turbine model presented in Chapter [4]is

utilised for this analysis.

6.2.1 Analysing WTPC’s semiconductors lifetime

The WTPC has two converters, MSC and GSC, and each includes IGBTs and diodes. It
is useful to understand how each part is loaded during the operation of the wind turbine.
This information helps identify the failure influencing part and parts that can be ignored from
further reliability analyses. The understanding of the WTPC loading is based on estimating the
WTPC lifetime during constant wind speed input. This simulation does not intend to assess the
reliability of WTPC during the actual operation of the wind turbine but to show how WTPC’s
converters, MSC and GSC, and their semiconductors are affected by wind turbine loading. In
this simulation, the lifetimes of WTPC’s IGBTs and diodes are estimated based on their junction
temperature during a range of constant wind speeds used as input to the reliability model. The
selected wind speeds ranged from the wind turbine cut-in wind speed (4 m/s) to its rated wind
speed (12 m/s) with a 1 m/s increase in each simulation, assuming higher wind speeds will
have a similar impact as the rated wind speed due to the speed regulation by the wind turbine
blades’ pitch control. Each test is conducted with a constant wind speed for 184 s to allow
system dynamics to reach their steady-state values then junction temperatures of IGBT and
diode are recorded for 16 s to obtain their mean (7},) and variation (AT) values for the lifetime
estimation equation .

The simulation results of WTPC semiconductors of both MSC and GSC are listed in table
and the visual presentation is shown in bar diagram figure [6.1] The simulation results show
that the lifetimes of IGBT and diode are impacted by wind speed differently where the MSC’s
diode was the most affected semiconductor in the WTPC. The GSC’s semiconductors’ loading

is considerably lower than MSC’s semiconductors therefore they achieve higher lifetimes.

Table 6.1: MTTF of MSC and GSC semiconductors of WITPC at constant wind speeds with
2L-VSC model

U (m/s) MTTFj ysc(hr) MTTEy ysc(hr) MTTFE; gso(hr) MTTFy gsc(hr)
4 9.73x101? 1.23x101? 1.65x10115 1.37x 1011

5 1.16x101? 1.71x101? 4.32x10113 4.22x10112

6 2.13x1078 3.20x 1017 2.27x10712 5.99x 1011

7 5.04x10%7 6.88x10%6 1.75x10TH 1.06x10TH

8 1.50x 107 1.67x1016 1.57x10110 2.03x101H10

9 5.00x1076 4.16x101° 1.88x101? 4.76x1079

10 1.87x10%16 1.10x101? 2.28%x1078 1.04x1019

11 7.71x107° 2.94x1014 2.92x10*7 2.52x1078

12 3.41x107> 7.81x1073 4.05%x10%6 5.52x 1017
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Figure 6.1: Lifetimes of IGBT and diode in MSC (a) and GSC (b) of WTPC at constant wind
speeds with 2L-VSC model

6.2.2 Considering MSC for the WTPC reliability analysis

Based on the estimated lifetimes of IGBT and diode, the MSC and GSC lifetimes are calcu-
lated. Accordingly, WTPC lifetime is calculated considering both MSC and GSC failure rates as
expressed in equation where A\wrpc, Amsc, and Agsco are failure rates of WTPC, MSC,
and GSC respectively and MTT Fyrpc, MTT Fysc, and MTTFggsc are mean times to fail-
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ure of WTPC, MSC, and GSC respectively. The constant wind speeds simulation shows that
MSC semiconductors are thermally loaded higher than GSC semiconductors at the same wind
speed. Accordingly, the estimated lifetime of GSC is higher than the MSC’s lifetime as shown
in table and in figure 6.2 The big difference between MTT Fyrsc and MTT Fgosc made
MTT Fyrpc influenced by the MTT Fasc. The lifetime results in table and in figure [6.2
show that MTT Fyyrpc is nearly equals MTT Fyrsc. Therefore, reliability analysis of WTPC
can rely on MSC lifetime analysis only and GSC can be replaced by a DC source for model
simplicity and to reduce simulation time. This conclusion aligns with published articles about
WTPC reliability like in , which indicates the validity of this analysis.

Awrpc =AMmsc + Aasc
1 1 ) -1 (6.1)

MTTFyee |~ MTTFase

MTTFwrpc = (

I \SC
I Gsc
[CIwTPC
1010 L
E
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1001
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Figure 6.2: Lifetimes of MSC, GSC, and WTPC at constant wind speeds in 2L.-VSC model

6.2.3 Impact of variable wind speed on WTPC lifetime

The previous test analysed the effect of constant wind speed on WTPC semiconductor lifetime to
demonstrate the impact of wind turbine loading on converter semiconductors. However, WTPC
lifetime estimation should be analysed based on the impact of variable wind speed to reflect the
actual wind turbine operation. Therefore in this test, the WTPC lifetime is assessed concerning
the realistic operating wind conditions by applying field-recorded variable wind speed profiles
(VWSPs). The VWSPs are selected so that their average wind speeds (U) cover the modelled

wind turbine operating range of wind speeds from 4 m/s to 25 m/s and also cover a range of
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turbulence intensity from 5% to 30%. Based on the availability of wind speed data and the
required range, 230 VWSPs were selected for this test. The simulated semiconductors junction
temperature of each VWSP is used to estimate WTPC lifetime. The results are 230 WTPC
lifetime estimations (MTT Fyyrpc) related to the 230 VWSP are shown in the scatter diagram
in figure [6.3
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Figure 6.3: WTPC lifetimes related to 230 VWSPs in 2L-VSC model

Results discussion

To analyse the impact of WVSP’s average wind speed, the test results are presented in a scatter
diagram in figure [6.3] The WVSPs’ average wind speeds affect the WTPC lifetime on a loga-
rithmic scale. As average wind speed increases the WTPC lifetime decreases until the average
wind speed reaches the rated wind speed (12 m/s) of the modelled wind turbine where the wind

turbine speed control implemented by the pitch control operates and keeps the rotating speed

Table 6.2: Lifetime of MSC, GSC, and WTPC at constant wind speeds

U (m/s) MTTFysc(hr) MTTFgsc(hr) MTTFypc(hr)
4 1.82x1078 2.11x10*13 1.82x1018
5 2.49x1017 6.41x101!! 2.49%x 1017
6 4.63x1016 7.89x10710 4.63x1016
7 1.01x10%6 1.10x 10110 1.01x10%6
8 2.50x10%> 1.48x1019 2.50%x107°
9 6.40x 1014 2.25%x1078 6.40x 104
10 1.74x 1014 3.12x10%7 1.74x 1014
11 4.71x10"3 4.36x10%6 4.71x1013
12 1.27x10%3 6.28x 107> 1.27x10%+3
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regulated at its rated value. Therefore, when the wind speed increases above the rated wind
speed the WTPC loading will not be affected and accordingly the WTPC lifetime approaches
a fixed value that appears as a horizontal line in the lifetime scatter diagram in figure The
scatter diagram also shows a spread of points that demonstrates that WTPC lifetime varies even
when VWSPs have similar average wind speeds. This indicates that the wind speed fluctuations
within the VWSP produce different impacts even when they have the same average wind speed.
To consider the wind speed fluctuation within the VWSP, the wind turbulence intensity (7'1)
needed to be considered as it expresses the wind speed changes within the VWSP. The 230
VWSPs have a range of turbulence intensities from 5.6% to 30.5%. The scatter diagram can
be reproduced with categorised lifetime results according to the VWSPs’ turbulence intensities,
TI < 20% and TI > 20% as shown in figure [6.4 The turbulence intensity categorised scatted
diagram shows that lower turbulence VWSPs (T'I < 20%) achieved higher WTPC lifetime than
higher turbulence VWSPs (T > 20%). However, there are overlaps among lifetime results
which require further analysis to confirm the impact of wind turbulence intensity on WTPC

lifetime which will be discussed in the following analysis.

O TI<20%
A T1>20%

Figure 6.4: Effect of VWSP’s turbulence intensity on WTPC lifetime in 2L-VSC model

6.2.4 Impact of wind turbulence intensity on WTPC lifetime

To analyse the impact of VWSPs’ turbulence intensities on the WTPC lifetime without inter-
fering with the effect of average wind speed, four groups of VWSPs are selected for this analysis
where the average wind speed of all VWSPs is 6 m/s so the impact of average wind speed is min-
imised. Each group has a selected n number of VWSPs of a defined turbulence intensity so the
lifetime can be analysed based on the variation of turbulence intensity among the four groups.
The simulation results of each VWSP are used to calculate the corresponding logarithmic of

WTPC lifetime (log(MTT Fywrpc). The results are visually presented by a histogram diagram
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in figure which shows that the WTPC lifetimes of each group are accumulated together.
However, whilst the distributions vary with turbulence intensity, there is no clear separation be-
tween the groups’ results mainly between adjacent groups. To analyse that, the distribution type
of the results must be identified to apply the proper statistical tools. The Anderson-Darling test
(AD test) is a statistical tool used to test whether or not the data is normally distributed [133].
Applying the results of each group to the AD test shows that they are normally distributed.
Therefore, the results of each group can be represented by a normal distribution curve of the
same mean and standard deviation of the results. The mean (u) and standard deviation (o) of
In(MTTFwrpc) are calculated by equations and respectively. The p and o of the
turbulence intensity groups are shown in table Accordingly, four distribution curves are

shown in figure [6.6] representing the four turbulence intensity groups of VWSPs.
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Figure 6.5: Histogram of WTPC lifetimes related to 4 turbulence intensities groups of VWSPs
with 2L-VSC model

Results discussion

The four groups’ lifetime results show that the lifetime mean of each group decreases as the group
turbulence intensity increases. Furthermore, the lifetime standard deviation of each group in-
creases as the group turbulence intensity increases. This can be seen clearly in figure as the
lifetime distribution is wider when the group’s turbulence intensity is higher. This analysis con-
cludes that lower turbulence intensity wind causes longer and more predictable WTPC lifetime

while high turbulence wind causes shorter and more difficult to predict WTPC lifetime.
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Figure 6.6: Fitting curves of WTPC lifetimes of four VWSP groups with 2L-VSC model

Table 6.3: WTPC lifetimes’ mean and standard deviation of four groups of VWSPs

VWSP log(MTT Fywrpc(hr))
U(m/s) TI%) n p o
6005 10£05 36 7.37 0.027
6005 1505 34 7.28 0.054
6005 20£05 35 7.10 0.074
6005 25405 34 6.81 0.163

St In (MTTE)
n

o ¢ S (n (MTTEy) — p)’

n

6.2.5 Significance of turbulence intensity impact

The previous test showed that turbulence intensity impacted the WTPC lifetime at one average
wind speed (6 m/s) while this test analyses the significance of turbulence intensity impact on
WTPC lifetime covering the range of wind turbine’s operating wind speeds. To do this, 10 groups
of VWSPs are applied to the wind turbine model containing 2 turbulence intensities (10% and
20%) each including 5 average wind speeds (4 m/s, 6 m/s, 8 m/s, 10 m/s and 12 m/s ). The
simulation results are used to calculate the logarithmic value of MTT Fyyrpc for each tested

VWSP. For each group, the average and standard deviation of the logarithmic MTT Fyyrpc
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are calculated by equations and respectively. To test the significance of the WTPC
lifetime difference caused by 10% and 20% T1Is for the same average wind speed, the statistical
confidence interval (CI) value is used. CI is calculated for the defined confidence level (z) by
equation (6.4). The value of z is set to 1.96 for the confidence level of 95% which is widely
accepted in scientific research. The results of the tested 10 groups of VWSPs are listed in table
where n is the number of VWSPs in each group. The significant difference in WTPC lifetime
between 10% and 20% TIs for the same average wind speed is indicated by their CIs as their
values should not overlap. To illustrate this, the error bar diagram is used as presented in figure
The Cls of VWSPs of average wind speeds from 4 m/s to 10 m/s show that 10% TI VWSPs
produce higher WTPC lifetime than 20% TT VWSPs with a clear separation between their Cls.
However, just below 12 m/s, the 10% and 20% TI WTPC lifetime intersect and the 20% TI
VWSPs produce a higher WTPC lifetime than 10% TI VWSPs. The reason can be that wind
turbine pitch control impacts high TI wind more than low TI which results in more regulated
20% TT VWSPs than 10% TI VWSPs. The test proves that wind turbulence intensity has a
significant impact on the WTPC lifetime for most of the wind turbine operating wind speed.
This test is applied to the 2L-VSC wind turbine model and in the following sections, the test

will be applied to models of different control and different converter topology.

g

NG

Cl=px=z (6.4)

Table 6.4: Confidence intervals of WTPC lifetimes related to VWSP groups with 2L-VSC model

VWSP In(MTT Fwrpc(hr))
U (m/s) TI (%) n CI
4 34 8.96 £ 0.014
6 36 7.37 £ 0.009
8 10 36 6.07 £ 0.012
10 34 4.8740.011
12 32 4.03 £ 0.005
4 36 8.76 & 0.026
6 36 7.09 + 0.027
8 20 36 5.69 & 0.025
10 35 4.54 4 0.016
12 22 4.12 4 0.010

6.3 Reliability analysis of 2L-VSC WTPC with DTC

The WTPC reliability analyses in the previous section demonstrated the impact of wind con-
ditions on WTPC lifetime for the widely known converter IGBT-based, 2L-VSC topology con-
trolled by FOC drive. WTPC manufacturers, like Hitachi ABB, utilised DTC for their WTPCs
like the LV 2L-VSC ACSS880 [134]. The reliability analysis in this research considers changing
the control system to analyse the impact of the control strategy on WTPC lifetime. This section
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Figure 6.7: WTPC lifetime error bars related to two TI groups of VWSPs with 2L-VSC model

analyses how the WTPC reliability responds to DTC by applying constant and variable wind
speeds to the DTC model which has been developed and validated in section [5.2

6.3.1 WTPC semiconductors loading with DTC

In this simulation, constant wind speeds are applied to the DTC model to understand how the
WTPC semiconductors are affected by wind speed. The WTPC’s IGBT (il) and diode (d1)
lifetimes are estimated according to their junction temperature cycling by applying the Coffin-
Manson Arrhenius equation (4.21f). The constant wind speeds are selected ranging from wind
turbine cut-in wind speed (4 m/s) to rated wind speed (12 m/s) at 1 m/s increase in each test.
The lifetime estimations of i1 and d1 based on simulation results are shown in table [6.5 and

their visual presentation is shown in figure [6.8]

Results discussion

The simulation results showed that WTPC semiconductors’ lifetimes are reduced as wind speed
increases which is expected because increasing wind speed increases the WTPC load. However,
the diode showed a lower lifetime than the IGBT which can be explained as it is subjected to
higher thermal loading due to the fact that most of the rectifier current passes in the diode
rather than the IGBT. This test conclusion is similar to the 2L-VSC with FOC conclusion and

the comparison between both models results will be discussed in section

6.3.2 Impact of Variable wind speed on WTPC lifetime driven by DTC

The WTPC semiconductor loading analysis with constant wind speeds shows that the WTPC

lifetime is impacted by increasing wind speed. However, the WTPC reliability analyses based on
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Figure 6.8: Lifetimes of WTPC IGBT and diode at constant wind speeds with 2L-VSC DTC
model

realistic wind turbine operation utilise the field-recorded variable wind speed. This analysis uses
a set of VWSPs to analyse the effect of the operating wind conditions on the WTPC lifetime.
The VWSPs are selected to cover the modelled wind turbine operating wind speed. The same
VWSPs used with the 2L-VSC model, in section [6.2.3] are used for the DTC model simulation
to provide consistency and allow direct comparison between the two control systems models of
the DTC and FOC.

6.3.3 Impact of average wind speed on WTPC lifetime driven

In this simulation, 230 VWSPs are input to the DTC model described in section [5.2 The
selected 230 VWSPs are the same as those used with the 2L-VSC model controlled by FOC.
They are recorded wind speed data from the field at 1Hz sampling frequency. Each VWSP is 10

Table 6.5: Lifetimes of WTPC at constant wind speeds with 2L-VSC DTC model

U (m/s) MTTFjmsc(thr) MTTFgasc(hr) MTTFyrpc(hr)
4 1.00x 10110 1.23x101? 1.82x1018
5 1.16x101? 1.70x10%18 2.47x10*7
6 2.10x1078 3.17x10*7 4.59x1016
7 5.00x10%7 6.79x1016 9.96x101°
8 1.46x1017 1.62x 1016 2.42x101>
9 4.75%10%6 4.09x101° 6.27x1074
10 1.72x10716 1.05x101? 1.65x10+4
11 6.69x107° 2.74x1074 4.38x1013
12 2.68x107® 7.06x1073 1.15x1013
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minutes long containing 600 wind speed data. They are obtained from one year of recorded data
varying in their average wind speed (U) and turbulence intensity (TT) to cover a wide range of
wind characteristics.

The simulations of the 230 VWSPs provide 230 WTPC lifetime results. The WTPC lifetimes
are estimated based on the simulations of semiconductors’ junction temperatures as explained
in section [4.13] The WTPC lifetimes are demonstrated by the scatter diagram in figure
The results show a relation between the logarithm of WTPC’s lifetimes and VWSPs’ average

wind speed (U).
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Figure 6.9: WTPC lifetimes related to 230 VWSPs with 2L-VSC DTC model

Results discussion

As average wind speed increases, the WTPC lifetime decreases until the average wind speed
reaches the rated wind speed of the modelled wind turbine (12 m/s). At this speed, the wind
turbine speed control implemented by the pitch control operates and keeps the rotational speed
regulated at its rated value. Therefore, when the wind speed increases above the rated wind
speed the WTPC loading will not be affected and therefore the WTPC lifetime approaches a
fixed value that appears as a horizontal line in the lifetime scatter diagram in figure The
scatter diagram also shows that WTPC lifetime varies even with similar VWSP average wind
speeds indicating that VWSPs with the same average wind speed can produce different WTPC
lifetimes and that is due to varying wind speeds within the VWSP in similar results appeared
with previous tests of 2L-VSC with FOC. Similarly, wind turbulence intensity is considered to
analyse these differences in WTPC lifetimes. The turbulence intensity of the 230 VWSPs used
in the simulation ranges from 5.6% to 30.5%. The scatter diagram is represented with VWSP
categorised according to their TI, < 20% and > 20%. The scatter in figure [6.10] shows that
lower turbulence VWSPs (TI < 20%) achieved higher WTPC lifetime than higher turbulence
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VWSPs. However, there are overlaps among lifetime results which require further analysis to

illustrate the impact of turbulence intensity on WTPC lifetime.

MTTF (hr)

O TI<20%
*  Tl>20%

U (m/s)

Figure 6.10: Effect of VWSP turbulence intensity on WTPC lifetime with 2L-VSC DTC model

6.3.4 Impact of wind turbulence intensity on WTPC lifetime

In this simulation, the wind turbine model is input with four groups of VWSPs having the

same average wind speed (6 m/s) to eliminate its impact on the WTPC lifetime but each group
has a defined range of VWSP turbulence intensity. The selected four groups of VWSPs have
turbulence intensities of 10%, 15%, 20%, and 25%. Each group contains n number of VWSPs
applied to the wind turbine model for simulating WTPC lifetimes related to each VWSP. The
logarithmic values of the estimated WTPC’s lifetimes are obtained for all results and presented
by histogram shown in figure The mean (u) and standard deviation (o) of the each group’s
results (log(MTT Fwrpc) are calculated by equations and respectively. The groups’
mean and standard deviation are listed in table [6.6]

Table 6.6: WTPC lifetime p and o of the four TT groups speed simulated with DTC model

VWSP log(MTTFWTpc(hT))
U(m/s) TL%) n pu o
6+0.05 10£0.5 36 7.37 0.027
6+0.05 15£05 34 7.27 0.055
6+0.05 20£05 35 7.09 0.074
6+0.05 25£05 34 6.80 0.166
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Figure 6.11: Histogram of WTPC lifetimes related to 4 turbulence intensity groups of VWSPs
with 2L-VSC DTC model

Results discussion

The histogram of the four groups of VWSPs in figure [6.11] shows that the lifetime results of
each VWSP group are distinct which indicates that VWSPs impacted the WTPC lifetime dif-
ferently according to their turbulence intensities. However, the histogram does not show a clear
separation between the four groups’ results. To evaluate the differences among the four groups’
results according to their turbulence intensities, it is required to analyse the distribution of the
results. Again, the Anderson-Darling test was applied to the results of each group and showed
that they were all normally distributed. Therefore, each group’s results can be represented by
a normal distribution fitting curve. The fitting curve of each group is defined by the mean(u)
and standard deviation (o) of the results calculated by equations and respectively.
Table lists the four groups of VWSPs where U is the VWSPs average wind speed range, T1
is the VWSPs turbulence intensity range, n is the number of VWSPs in each group, and p and
o are the mean and standard deviation of the logarithmic of WTPC lifetimes respectively. The
results from the table[6.6] p© and o, are used to generate the distribution fitting cures for the four
turbulence intensity groups as shown in figure The fitting curves show that the lowest TI
group (10%) develops the longest WTPC lifetime (u = 7.37) with a narrow distribution curve
(0 = 0.027) while the highest TT group (25%) develops the shortest WTPC lifetime (u = 6.8)
with the widest distribution curve (o = 0.166). Accordingly, this confirms the earlier finding
for 2L-VSC FOC that high turbulence intensity wind reduces the WTPC lifetime and makes it

difficult to predict compared to the low turbulence intensity wind.
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6.3.5 Significance of turbulence intensity impact on WTPC lifetime with
DTC

The previous analysis shows that wind turbulence intensity impacted the WTPC’s lifetime for
one selected average wind speed (6 m/s), however, this simulation shows the significant impact
of turbulence intensity over the range of wind turbine operating wind speed. Ten groups of
VWSPs are applied to the DTC model for WTPC lifetime estimation. The groups represented
2 turbulence intensities, 10% and 20%, and 5 wind speeds which cover the wind turbine variable
wind speed range, 4 m/s, 6 m/s, 8 m/s, 10 m/s, and 12 m/s. The simulation results are used
to calculate the logarithmic of WTPC lifetime for each VWSP. To evaluate the significance
of the WTPC’s lifetime differences between 10% and 20% groups, the statistical confidence
interval (CI) technique is used. CI is calculated for the defined confidence level (z) by equation
. Setting z equal to 1.96 for a confidence level of 95% which is widely accepted in scientific
research. Table lists the results of the tested 10 groups of VWSPs. The significant difference
in WTPC lifetime between 10% and 20% TIs for the same average wind speed is indicated by
their Cls as their values should not overlap. To illustrate this, the error bar diagram is used as
shown in figure The Cls of VWSPs of average wind speeds from 4 m/s to 10 m/s show
that 10% TTI VWSPs produce higher WTPC lifetime than 20% TI. The CI’s error bars of 10%
TI and 20% TI show a clear separation. However, the two groups intersect around the rated
wind speed (12 m/s) and higher lifetime produced by the 20% TI than 10% TI VWSPs in a
similar phenomenon appeared in the 2L-VSC with FOC. The reason of that is wind turbine
pitch control regulates the rotating speed more effectively at higher turbulence intensity (20%)
which reflects in more WTPC lifetime compared to 10% TI. The test proves that wind TI has
a significant impact on the WTPC lifetime controlled by DTC for most of the wind turbine
operating wind speeds in a similar conclusion for the WTPC controlled by FOC as shown in
section

Table 6.7: Confidence intervals of WTPC lifetimes groups for DTC model

VWSP IOg(MTTFWTpc(hT))
U (m/s) TI (%) n CI
4 34 8.96 £ 0.014
6 36 7.37 +£0.009
8 10 36 6.06 £ 0.012
10 34 4.85+0.011
12 32 3.99 £ 0.005
4 36 8.76 £ 0.026
6 36 7.09 £ 0.027
8 20 36 5.67 £ 0.026
10 35 4.50 £0.017

12 22 4.07 £ 0.010
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Figure 6.13: Error bars represent MSC’s lifetime CI for 10% and 20% TIs VWSPs with 2L-VSC

DTC model

6.4 Reliability comparison between DTC and FOC

The reliability analysis of the two models, 2L-VSC controlled by FOC and 2L-VSC controlled
by DTC, revealed the impact of average wind speed and turbulence intensity on the WTPC
lifetime. However, the WTPC reliability differences between the two control systems must be

highlighted to analyse the impact of using the control system on the WTPC lifetime. The relia-
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bility comparison considers the operation condition to demonstrate the interaction of WTPC’s

control, wind speed, and turbulence intensity on WTPC’s lifetime.

6.4.1 Reliability comparison based on constant wind speeds

Although the WTPC lifetime simulations based on constant wind speeds do not reflect the
practical operation of a wind turbine, they can show how the thermal stress in the WTPC
semiconductors is affected by the control strategy at different wind speeds. In this analysis, the
wind turbine model simulation runs for 200 seconds with a constant wind speed input. The
junction temperature output of the first 164 seconds is neglected to allow the semiconductors
and their heatsink to reach their balance temperatures. The simulation output of the following
36 seconds is recorded for the lifetime analysis. This test is implemented for wind speeds of the
wind turbine variable wind speed range, from 4 m/s to 12 m/s, as for higher wind speeds the
blade pitch control keeps the rotating speed at its rated value. For each simulated wind speed,
the lifetime of the WTPC IGBT and diode are estimated for both FOC and DTC models. To
evaluate the effect of the wind turbine control system on the WTPC reliability, the lifetime ratio
(LTR) is introduced. LTR is defined as the ratio of the modified system lifetime to the original
system lifetime. In this section, LT Rpr¢ is the lifetime ratio of WTPC driven by DTC to the
lifetime of WTPC driven by FOC. The LTR of i1 and d1 for 2L-VSC DTC model is calculated
by equations and respectively. The results of the WTPC’s IGBT and diode lifetimes
are shown in table 6.8l The WTPC lifetime is calculated for both DTC and FOC wind turbine
models considering their IGBT and diode failure rates as in equation . Table shows the
LT Rprc related to constant wind speeds. Figure shows the LT R;1, LT R4y, and LT Ryrs¢

for constant wind speeds.

MTTF; pre
LTR i 6.5
DTC,il MTTFil,FOC ( )
MTTFq . pre
LTR = 6.6
DTC.dl =7 Futroc (6.6)
MTTF;
LTRppe WTPC,DTC (6.7)
MTTFwrpc,roc

Table 6.8: Lifetime of WTPC semiconductors driven by FOC and DTC at constant wind speeds

U (m/s) MTTEl (hl”) LTRDTC,il MTTFdl (hI‘) LTRDTC,dl
DTC FOC DTC FOC
4 1.00x10110  9.73x101? 1.03 1.23x10T  1.23x1019 0.99
6 2.10x10t8  2.13x1078 0.99 3.17x10t7  3.20x1078 0.99
8 1.64x10%77  1.50x1077 0.97 1.62x107%  1.67x1016 0.97
10 1.72x1016  1.87x1016 0.92 1.05x10™  1.10x101t? 0.95
12 2.68x101°  3.41x101° 0.79 7.06x10T2  7.81x1013 0.91
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Figure 6.14: Lifetime ratio of DTC 2L-VSC to FOC 2L-VSC at constant wind speeds

Results discussion

This simulation shows that MSC’s IGBT and diode lifetimes are affected by the control system
differently with increasing wind speed. At cut-in wind speed (4 m/s) both LT R;; and LT R4
were around 1.00 which means that the control system does not affect their lifetimes. However,
as wind speed increases LT R;; drops significantly to 0.79 and LT R4 drops to 0.91 at rated
wind speed (12 m/s) which means that IGBT and diode have a shorter lifetime at higher wind
speed when controlled by DTC. Accordingly, LT Ryrsc drops as well following the LT Rd1 to
0.9 at rated wind speed. This is because MSC’s lifetime is influenced by the diode lifetime since
the diode’s failure rate is larger than the IGBT failure rate. This test shows MSC’s lifetime is
affected by the interaction between wind speed and the control system. However, more realistic

results can be concluded based on the variable wind speed test.

6.4.2 Reliability comparison based on variable wind speed

The previous analysis shows how MSC’s IGBT and diode are loaded differently due to using

different control systems with constant wind speed tests. However, for realistic results, the

Table 6.9: Lifetime of WTPC driven by FOC and DTC at constant wind speeds

U (m/s) MTTFMSC,DTC (hr) MTTFMSC,FOC (hI‘) LTRDTC
4 1.82x1018 1.82x1018 1.00
6 4.59x1016 4.63x1016 0.99
8 2.42x101° 2.50x101> 0.97
10 1.65x10T4 1.74x 1014 0.95

12 1.15x10%3 1.27x10%3 0.90
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comparison between two wind turbines varies in their control systems, one with FOC and the
other with DTC would be based on the variable wind speed test. In this test, 229 VWSPs are
used as input for both models, FOC and DTC. The VWSPs are selected from a year-long field
measured wind speeds at 1 Hz sampling frequency. Each VWSP is 10 minutes long containing
600 wind speed measurements. The simulation results of both models, DTC and FOC, provide
two MSC lifetime values for each VWSP.

To compare the lifetime results of DTC and FOC, LT Rpy¢ is calculated for each VWSP.
The LTRprc results are illustrated against the VWSP average wind speeds (U) in a scatter
diagram shown in figure The trend of the MSC lifetime points in figure is similar
to the constant wind speed results shown in figure At wind turbine cut-in wind speed
the LT Rprc is around 1.00 but it drops to 0.90 at rated wind speed (12 m/s). For wind
speeds above 12 m/s, LT Rpr¢ stops decreasing and stays around 0.9 because the pitch control
regulates the rotating speed when the wind speed is higher than the rated value.

The LT Rprc points in figure vary for the same average wind speed and this is because
VWSPs may have the same U but they have different TI. To analyse that, a new scatted
diagram is generated highlighting two groups of the LT Rppc based on the VWSPs TI, < 10%
and > 25%. The scatter diagram is shown in figure where the high TT VWSPs show lower
LTRprc bellow rated wind speed and slightly higher LT Rprc above rated wind speed. This
indicates that the lifetime of DTC WTPC is more affected by wind turbulence intensity than
FOC WTPC. This simulation showed that the wind turbine control system has an impact on
the WTPC mainly at higher wind speeds or with higher turbulence intensities.

The WTPC lifetime reduction showed in this research was limited to 90% however, larger
wind turbines, higher WTPC’s rated power, or different control parameters can produce different
lifetime ratios. An example of that is shown in [135] where a similar WTPC reliability comparison
between FOC and DTC showed that the lifetime ratio reaches 85% at rated wind speed. However,
the paper modelled different power WTPC. Therefore, it is worth considering the WTPC control
system when analysing the WTPC reliability.

6.5 Reliability Analysis of 3L-NPC WTPC

The WTPC reliability analysis of the more complex 3L-NPC WTPC is part of this research to
answer the second research question “How can the reliability of more complex converter topolo-
gies in wind turbine applications be estimated from knowledge of 2L-VSC systems?” Here, the
analysis and modelling approach that has been demonstrated for 2L-VSC WTPCs can be ap-
plied with confidence to another converter type. Reliability analysis of 3L-NPC WTPC provides
a further step toward understanding WTPC reliability. It also provides a reliability comparison
between the two converter topologies, 2L-VSC and 3L-NPC, in wind turbine applications. This
comparison can be utilised for cost analysis and in deciding which topology is better to install
at a particular site depending on the wind characteristics of that specific site. The MV model
presented in section is utilised for the WTPC reliability analysis in this section.
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Figure 6.15: WTPC lifetime ratio of DTC 2L-VSC to FOC 2L-VSC vs average wind speed
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Figure 6.16: Effect of turbulence intensity on LT Rprc

6.5.1 Analysing WTPC’s semiconductors lifetime with constant wind speeds

The WTPC semiconductor loading can be analysed by applying constant wind speeds to the
wind turbine model. The 3L-NPC converter has five semiconductors in each converter arm: il,
dl, i2, d2, and d5 as shown in figure [5.9] During the operation of the wind turbine, the WTPC
semiconductors withstand increase and fluctuation in their junction temperature as shown in
figure and figure for MSC and GSC semiconductors respectively.
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To analyse the WTPC semiconductors loading, a range of constant wind speeds covering the
wind turbine’s variable speed range, from 4 m/s to 12 m/s, are used in the simulation. The
simulation results of WTPC semiconductors’ junction temperatures are used to estimate their
lifetimes by applying the Coffin-Manson Arrhenius equation. This analysis is applied to MSC
and GSC to analyse their influence on the WTPC lifetime. The lifetimes of MSC and GSC are
calculated considering their semiconductors’ lifetimes by equations and respectively.
The semiconductors’ estimated lifetimes are listed in tables [6.10 and [6.11] for MSC and GSC
respectively while the bar diagrams in figure present them visually.

1 1 1
MTTFyse = = < +
M 6 \MTTF;1 mysc  MTTEq usc
1 (6.8)
1 1
+ + + )
MTTFpvsc  MTTFEp ysce MTTEgs vsc
1 1 1
MTTEF, = — +
G576 (MTTELGSC MTTFy asc (6.9)

1 1 -t
- + - )
MTTFpgsc MITTFpagse MITTFgsasc

Table 6.10: Semiconductors’ MTTF of 3L-NPC MSC at constant wind speeds

MTTF (hr)

U (m/s) il dl i2 d2 db

4 inf 4.87x107? 2.48x101? 2.81x10T% 1.46x10+10
5 inf 6.85x10"® 3.49x10t8 1.11x10*1 2.35x101?
6 inf 1.20x10%® 6.85x10%T7 7.71x10"  5.53x10+®
7 inf 2.35x10"77  1.79x10*7 8.21x10"®  1.70x10%8
8 inf 5.14x10%%  6.39x107% 1.09x10"®  8.25x10%7
9 inf 1.13x107%  2.63x10%% 1.66x10T7 6.57x10*"
10 inf 2.65x10%° 1.15x10™6 2.86x10%%  6.53x1017
11 inf 6.23x10"*  6.02x10%° 5.54x10T°  7.73x10*
12 inf 1.48x10%* 3.69x10T® 1.11x10"% 1.16x10%8

Results discussion

Analysing the WTPC semiconductors against constant wind speeds shows how their lifetimes are
affected by wind speed. Unlike the 2L-VSC where both IGBT and diode have nearly a linear re-
lationship between wind speed and the logarithmic MTTF, the 3L-NPC WTPC semiconductors
show different lifetime impacts with increasing wind speed. The logarithmic values of MTTF of
d1 and d2 decrease nearly linearly as wind speed increases because their current is related to the
converter load. Both i2 and d5 show nonlinear relationships between their logarithmic lifetimes
and wind speed. On the other hand, GSC semiconductors show linear relationships between

their logarithmic MTTF and wind speed. However, only il, i2, and d5 appeared in the lifetime
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diagram shown in figure for wind speeds 8 m/s and higher as the rest of the semiconductors
have very large number lifetimes denoted by ‘inf’ in table[6.11] and shown as long bars in figure
This simulation shows that 3L-NPC semiconductors’ lifetimes were impacted differently
by increasing wind speed compared to the 2L-VSC semiconductors. This is because 3L-NPC
semiconductors do not share the converter load equally or at a fixed ratio due to the converter

operation principle.

6.5.2 Considering MSC for WTPC reliability analysis

The WTPC lifetime is calculated considering the lifetimes of both MSC and GSC by equation
. Table lists the lifetimes of MSC, GSC, and WTPC related to constant wind speeds
from 4 m/s to 12 m/s. Because MSC shows considerably lower lifetimes than GSC, it impacted
the WTPC lifetime more than GSC. This can be seen from the results in table [6.12] and figure
where the WTPC lifetimes are approximately equal to MSC lifetimes.

1 1 -1
MTT Fyrsc + MTTFGSC>

MTTFyrpc = < (6.10)

Table 6.11: Semiconductors’ MTTF of 3L-NPC GSC at constant wind speeds

MTTF (hr)
U (m/s) il dl i2 d2 db
4 inf inf inf inf inf
5 inf inf inf inf inf
6 inf inf inf inf inf
7 inf inf inf inf inf
8 2.34x10t inf 2.25x10tY inf inf
9 2.67x10110 inf 2.65%x10110 inf 2.25x10112
10 3.54x10™ inf 3.25x10%° inf 1.11x10TH
11 4.72x10%t% inf 3.73x10%t®  inf 1.96x10110
12 8.76x10%7 inf 5.82x10%7 inf 4.40x10"°

Table 6.12: MTTFs of MSC, GSC, and WTPC of 3L-NPC topology at constant wind speeds

MTTF (hr)

U (m/s) MSC GSC WTPC

4 2.46x1078 inf 2.46x1018
5 3.50x10%7 inf 3.50x10*7
6 6.69%x10%6 inf 6.69x 1076
7 1.58x1016 inf 1.58x 1016
8 4.48x107°  1.91x10110  4.48x1071°
9 1.24x101t°  2.20x10M9  1.24x101°
10 3.32x101*  2.78x1078  3.32x10™*
11 8.53x10T3  3.44x10%t7  8.53x1013
12 2.10x101t3  3.78x107%  2.10x10%"3
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(a) MSC semiconductors
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Figure 6.17: Lifetimes of IGBTs and diodes in 3L-NPC MSC (a) and 3L-NPC GSC (b) at
constant wind speeds

6.5.3 Impact of variable wind speed on WTPC lifetime

WTPC lifetime estimation based on variable wind speed reflects the realistic operation of the
wind turbine. In this simulation, the set of 230 VWSPs is used to analyse the impact of average
wind speed on the WTPC lifetime. This set contains the same VWSPs used with 2L-VSC in
section[6.2] The VWSPs are field-measured wind speeds measured at a 1 Hz sampling rate. Each
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Figure 6.18: Lifetimes of MSC, GSC, and WTPC in 3L-NPC model with constant wind speeds

VWSP is 10 minutes in duration containing 600 wind speed data points. The simulation of the
3L-NPC model provides the WTPC semiconductors’ junction temperature cycles which are used
to estimate their lifetimes. The WTPC lifetime is estimated considering the lifetimes of all the
semiconductors in the circuit. The logarithmic values of the WTPC lifetimes MTTywrpc, 31, are
calculated and presented in a scatter diagram against VWSP average wind speed U as shown

in figure [6.19
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Figure 6.19: WTPC lifetime with variable wind speed with 3L-NPC model
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Results discussion

The results show that as the average wind speed increases the WTPC lifetime decreases in a
nearly linear relationship until the average wind speed reaches the wind turbine’s rated wind
speed (12 m/s) where the logarithm of MTT Fyyrpc3r, does not decrease further and that is
because the pitch control keeps the wind turbine rotating speed regulated when wind speed
goes higher than the rated value (12 m/s). The results show a variation in MTT Fwrpc,3r, for
the same U and that is because VWSPs vary in their wind speed fluctuations even when they
have the same U. Wind speed fluctuations within the VWSP are expressed by the turbulence
intensity of the VWSP. The 230 VWSPs used in the previous simulation cover a range of average
wind speeds (4 m/s to 25 m/s) and turbulence intensities (5% to 30%).

To analyse the impact of VWSP turbulence intensity, the results of the previous simulation
shown in figure [6.19] are split into two groups, < 20% and > 20% and represented in a new
scatter diagram shown in figure [6.20l The visual inspection of the results shows that VWSPs
with higher TT have shorter lifetimes than the VWSPs with lower TT. This indicates that VWSP
TI has an impact on WTPC lifetime. To analyse this impact, further simulations are applied.

The next section analyses the impact of VWSP turbulence intensity on MTT Fyyrpc,3r.-

o +  TI< 20%
107 F O TI>20%

(6]
—
o
—
(6]
N
o

Figure 6.20: Effect of VWSP turbulence intensity on WTPC lifetime with 3L-NPC model

6.5.4 Impact of wind turbulence intensity on WTPC lifetime

To analyse the impact of VWSPs’ turbulence intensities on the WTPC lifetime without inter-
fering with the effect of average wind speed, four groups of VWSPs are selected for this analysis
where the average wind speed of all VWSPs is 6 m/s so the impact of average wind speed is
minimised. Each group has a selected n number of VWSPs of a defined turbulence intensity

so the lifetime can be analysed based on the variation of turbulence intensity among the four
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groups. The simulation results of each VWSP are used to calculate the corresponding logarithm
of WTPC lifetime (In(MTT Fwrpc). The results are visually presented by a histogram diagram
in figure which shows that the WTPC lifetimes of each group are accumulated together
however there is no clear separation among the groups’ results. The distribution type of the
results is required to be identified to apply the proper statistical tools. Similar to the analysis
of 2L-VSC, the AD test is applied to test whether or not the data is normally distributed. The
AD test shows that the results of each group are normally distributed. Therefore, a normal
distribution curve can represent the distribution of each group having the same mean and stan-
dard deviation of the results. The mean (u) and standard deviation (o) of In(MTT Fyrpc) are
calculated by equations and respectively. The p and o of the turbulence intensity
groups are shown in table [6.13] Accordingly, four distribution curves are shown in figure [6.22]

representing the four turbulence intensity groups of VWSPs.
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Figure 6.21: Histogram of WTPC lifetimes related to 4 turbulence intensity groups of VWSPs
with 3L-NPC model

Table 6.13: Average and standard deviation of four turbulence intensity groups lifetimes with
3L-NPC model

VWSP lOg(MTTFWTpc(hT‘))
U(m/s) TI(%) n u o
6+005 10£05 36 7.54 0.025
6+0.05 15+£0.5 34 7.46 0.048
6+005 20£05 35 7.29 0.064

6005 25£05 34 7.04 0.147
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Figure 6.22: Distribution fitting curves of TI groups with 3L-NPC model

Results discussion

The four groups’ lifetime results show that the lifetime mean of each group decreases as the
group turbulence intensity increases. Furthermore, the lifetime standard deviation of each group
increases as the group turbulence intensity increases. This can be seen clearly in figure [6.22] as
the lifetime distribution is wider when the group’s turbulence intensity is higher. This analysis
concluded that lower turbulence intensity wind causes longer and more predictable WTPC

lifetime while high turbulence wind causes shorter and more difficult to predict WTPC lifetime.

6.5.5 Significant impact of turbulence intensity on WTPC lifetime

The previous analysis showed that wind turbulence intensity impacts the WTPC’s lifetime for
one average wind speed (6 m/s). However, this analysis shows the significance of turbulence
intensity impact on WTPC lifetime for wind speeds covering the wind turbine’s variable wind
speed range. Ten groups of VWSPs are used to simulate WTPC lifetime where they cover 2
turbulence intensities of 10% and 20% with 5 average wind speeds, 4 m/s, 6 m/s, 8 m/s, 10 m/s,
and 12 m/s. The VWSPs are selected from a year-long field-measured wind speed data sampled
at 1 Hz. Each VWSP is 10 minutes in duration containing 600 wind speed data points. The
number of VWSPs in each group (n) is selected based on the availability to satisfy the required U
and T'I. The model simulation outputs were used to calculate the logarithm of MTT Fyyrpc3r
corresponding to each VWSP. The In(MTT Fyrpc,sr,) values of each group appeared to have
a normal distribution after testing them by AD test. The mean and standard deviation of
In(MTTFwrpcar) are calculated for each group by equations and respectively.

To check the statistical significance difference between 10% and 20% groups’ WTPC lifetimes,

the statistical confidence interval (CI) method is used. CI is calculated for the defined confidence
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level (z) by equation (6.4). As in previous tests, the value of z is set to 1.96 for a confidence
level of 95% as this value is widely accepted in scientific research. Table lists the CIs of the
tested 10 groups of VWSPs. The significant difference in WTPC lifetime between 10% and 20%
turbulence intensities for the same average wind speed is indicated by their Cls as their values
should not overlap. To illustrate this visually, the error bar diagram is used as shown in figure

0. 20
Table 6.14: Confidence intervals of TI groups with 3L-NPC model

VWSP log(MTT Fywrpc(hr))
U (m/s) TI (%) n CI
4 34 9.10 +£0.014
6 36 7.54 +0.008
8 10 36 6.32 +0.011
10 34 5.13 +£0.012
12 32 4.23 +0.005
4 36 8.90 £+ 0.026
6 35 7.29 +0.021
8 20 36 5.95 £+ 0.027
10 35 4.75 4+ 0.017
12 22 4.32 4+0.010
gl —F—10%TI| |
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Figure 6.23: WTPC’s lifetime error bars for two turbulence intensity groups with 3L-NPC model

Results discussion

The CIs of VWSPs of average wind speeds from 4 m/s to 10 m/s show that 10% TI VWSPs
produce higher WTPC lifetime than 20% TT VWSPs with a clear separation between their CIs’
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error bars. However, just below 12 m/s, the 10% and 20% TI WTPC lifetime intersect and the
20% TI VWSPs produce a higher WTPC lifetime than 10% TI VWSPs. That is because wind
turbine pitch control impacts high TI wind more than low TI which results in more regulated
20% TI VWSPs than 10% TI VWSPs. This analysis proves that wind turbulence intensity has a
significant impact on the WTPC lifetime of 3L-NPC topology in a similar conclusion for the 2L-
VSC WTPC as has been shown in section This analysis concludes that wind turbulence
intensity reduces the WTPC lifetime by a significant difference for most operating wind speeds.
However, the impact of turbulence intensity on WTPC lifetime appears during the long run of

wind turbines since its impact has a statistical effect.

6.6 Reliability comparison between 2L-VSC and 3L-NPC

The reliability analyses of 2L-VSC and 3L-NPC WTPC discussed in sections and show
that the WTPC lifetimes of both topologies have been impacted by wind speed and turbu-
lence intensity. However, analysing the WTPC reliability differences between both topologies
is worthwhile as it provides information to help decide which topology is more reliable for the
selected wind farm site.

For example, a particular site’s wind profile might result in a clear separation between
the estimated lifetimes of different converter topologies or control whilst another site’s wind
conditions might suggest there is little difference in lifetime between converter topologies. The
comparison uses the lifetime results of the constant wind speeds analysis and variable wind
speeds analysis of both simulated topologies, 2L.-VSC and 3L-NPC. To evaluate the comparison
between 3L-NPC and 2L-VSC WTPC, the lifetime ratio for the 3L-NPC topology (LT Rsy,) is
calculated. LT Ry, is defined as the ratio of 3L-NPC WTPC lifetime divided by 2L-VSC WTPC
lifetime as shown in equation (6.11)). The failure rate of the WTPC is the failure rate of the
one converter multiplied by the number of the parallel converters in the WITPC as shown in
equation where A is the failure rate and s is the number of parallel converters.

The WTPC reliability models of 2L-VSC and 3L-NPC constructed in sections [4.6] and
respectively are utilised for this analysis. Both models are based on the same PMSG and same
rotor size which ensure fairness of comparison. However, the 3L-NPC model contains 4 parallel
converters in its WTPC while the 2L-VSC model contains 8 parallel converters in its WTPC.
Considering the number of parallel converters in each WTPC model, the LT Rg;, is calculated
by equation and used to evaluate the lifetime ratio at constant wind speeds and variable
wind speeds lifetime analyses. These figures are selected to allow a demonstration of the method
and could be adapted to reflect the structure of a specific wind turbine type, just as the exact

converter configuration or control strategy could be adapted.
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Lifetime of 3L — NPC WTPC
LT R = s rime of 2L — VSC WTPC (6.11)
_ NL-VSC S2L-VSC
~ ASL_NPC S3L—NPC
_MTTF31 Npc/s3L-NPC

- MTTFs_vsc/sa—vsc

(6.12)

(6.13)

6.6.1 WTPC lifetime analysis at constant wind speeds

This comparison shows how constant wind speed impacts WTPC’s lifetime in the two converter
topologies, 2L-VSC and 3L-NPC. The results of constant wind speed simulations performed for
both topologies in sections and are used in this comparison and the related LT Rsy, is
calculated for each wind speed. Table lists the estimated WTPC lifetimes of both topologies
and the LT R3y,.

Table 6.15: Lifetimes of 2L-VSC and 3L-NPC WTPCs and their lifetime ratio at constant wind
speeds

U (m/s) MTTFwrpcar-vsc (hr) MTTFyrposr-npe (hr)  LTR3p
4 1.82x1018 2.46x 1078 2.7
5 2.49x1017 3.50x 1077 2.8
6 4.63x1016 6.69x1016 2.9
7 1.01x10%6 1.58x10%6 3.1
8 2.50%x 107> 4.48x1015 3.6
9 6.40x 1074 1.24x101° 3.9
10 1.74x1014 3.32x1014 3.8
11 4.71x1013 8.53x1013 3.6
12 1.27x1013 2.10x1013 3.3

Results discussion

The calculated LT Rsy, in table varies as wind speed changes. The visual presentation of
LT R3;, against constant wind speed is shown in figure LTRsy, started with 2.7 at cut-in
wind speed (4 m/s) then it reaches 3.9 at 9 m/s before drop to 3.3 at rated wind speed (12 m/s).
This analysis shows that 3L-NPC WTPC has a longer lifetime than 2L-VSC WTPC with a
minimum lifetime ratio equal to 2.7 and as wind speed increases the ratio improves. However,
the certainty with which one can select the most reliable WTPC topology and control depends
on the specific site wind speed profile. In some cases, there might be little distinction between
designs whilst in others there might be clear differences.

For example, figure indicates that analysis of a site with a significant proportion of
wind between 8m/s and 11m/s is likely to suggest that a 3L-NPC converter provides signifi-
cant reliability benefits over the 2L-VSC, with good confidence. WTPC lifetime analysis based
on constant wind speed simulation ignores the interaction between wind speed changes and
wind turbine dynamics. Therefore, a realistic lifetime ratio would be based on WTPC lifetime

simulation with variable wind speed input as presented in the following analysis.
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Figure 6.24: Lifetime ratio of 3L-NPC to 2L-VSC at constant wind speeds

6.6.2 Lifetime ratio based on variable wind speed

To consider the effects of wind speed fluctuations and the wind turbine dynamics, the variable
wind speed test would produce more realistic results. The WTPC lifetime results of variable
wind speed tests in sections and which were based on testing 230 VWSPs are used in
this analysis. The results of 2L-VSC WTPC and 3L-NPC WTPC shown in figures [6.3] and [6.19]
respectively show a similar trend of the WTPC’s lifetime against VWSPs’ average wind speed
however their values vary in both topologies. To evaluate the differences, LT R3y, is calculated
for the tested 230 VWSPs resulting in 230 LT R3y, as presented against their average wind speeds
in the scatter diagram shown in figure [6.25]

Results discussion

Figure[6.25|shows LT R3y, varies with increasing average wind speed in a similar trend to LT Rsy,
obtained by constant wind speed simulation. However, there are fluctuations of LT R3; at
average wind speeds below the rated wind speed (12 m/s). The reason can be that wind speed
is fluctuating within the VWSP developing different turbulence intensities. To analyse this effect,
two groups of LT R3y, are selected based on their VWSPs’ turbulence intensities, T'I < 10% and
TI > 25%.

The two groups of LT R3ys are represented in a scatter diagram shown in figure [6.26] which
indicates that VWSP turbulence intensity also affects the LT R3;,. The < 10%TI group con-
structed a clear curve that peaks around 3.7 and decays to settle at 3.2 while the > 25%T'I shows
a noisy trend that raises and decays earlier to settle at 3.2 For average wind speeds above the
rated wind speed (12 m/s) the LT Rsys approach fixed value around 3.2 because wind turbine
speed is regulated by pitch control above the rated wind speed.
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Figure 6.25: Lifetime ratio points corresponding to 230 VWSPs vs their average wind speeds
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Figure 6.26: Effect of VWSPs’ turbulence intensities on LT Ry,

This indicates that wind speed and turbulence intensity affect the lifetime ratio when com-
paring 2L-VSC and 3L-NPC topologies for WTPC reliability. Moreover, the trend of LT Rsy,
shown against average wind speed can vary based on power converter parameters including rated
power as in where LT R3, trend was more skew settled on 4.0 at rated wind speed as shown
in figure [6.27] Therefore, for specific wind turbines, the lifetime ratio would be re-analysed con-

sidering the wind turbine dynamics, WTPCs details, and wind characteristics of the proposed



CHAPTER 6. RESULTS, ANALYSES, AND DISCUSSION 128

wind farm site.
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Figure 6.27: Lifeime ratio of different rated power WTPC for two turbulence intensities from
1132]

6.7 Reliability Comparison

In this section, the lifetimes of the three modelled wind turbines are tested with the same VWSPs
to analyse the impact on their lifetimes. The selected VWSPs cover a range of wind turbine
operating wind speeds. Figure [6.28] presents the simulated lifetimes of the three modelled wind
turbines using the same input of VSWPs. The visual inspection shows that the lifetimes of
2L-VSC with FOC appeared slightly higher than 2L-VSC with DTC mainly after rated wind
speed (12 m/s) however a more detailed comparison with evaluation between them is presented
in section Also, the visual inspection of figure [6.28| suggests that the lifetimes achieved by
3L-NPC are higher than the lifetimes achieved by 2L-VSC with FOC over the range of VWSPs
average wind speeds. More detailed comparisons with evaluation between them are presented
in section

6.8 Reliability analysis of future WTPC

Within the last two decades, WTPC has developed its design and semiconductor technology to
adapt to the increasing wind turbine power and different generator types. Wind energy devel-
opment is directed toward increasing the wind turbine size for higher output power. Therefore,
WTPC is expected to continue developing and adapting to future wind turbine parameters.
Increasing the rated voltage is the preferred option for high power wind turbines so the WTPC

topology, semiconductor, or both may change.
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Figure 6.28: Lifetimes of three WTPC designs, 2L-VSC FOC, 2L-VSC DTC, and 3L-NPC, with
VWSPs

The WTPC reliability analysis used with 2L-VSC FOC and DTC and with 3L-NPC has
followed one method as presented in figure Addressing the third research question “How
can the reliability of future wind turbine power converters be estimated? ” this section describes
how to use this method with future WTPC considering its different design, semiconductor, or

wind turbine mechanical details.

6.8.1 Effect of changing wind turbine mechanical details on WTPC reliability

analysis

Current higher than 10 MW wind turbines are variable speed direct-drive machines equipped
with PMSG. With this configuration, modelling the mechanical subsystem for future wind tur-
bines will be similar to this research considering the change of the parameters related to its
mechanical details. For wind turbines with different configurations, like with a gearbox, the
mechanical subsystem of the reliability model has to be modified accordingly. The modelled
mechanical subsystem is important to emulate the actual wind turbine since wind turbine dy-

namics affect the WTPC loading by wind speeds and turbulence.

6.8.2 Effect of changing converter topologies on WTPC reliability analysis

The method discussed in this thesis analysed two converter topologies, 2L.-VSC and 3L-NPC.
For different converter topologies, the WTPC model has to amend the modelled power con-
verter accordingly, for example, modelling three-level active neutral point clamped (3L-ANPC)
or modular multilevel converter (MMC). This modification may affect the semiconductor’s ap-

plied voltage, current, and switching frequency which will affect the semiconductors’ power loss
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simulation. Therefore, the power loss will need to be amended according to the future converter

circuit. However, the overall model and analysis structure remains the same.

6.8.3 Effect of changing semiconductor technology on WTPC reliability anal-

ysis

The reliability analysis of WTPC in this research is based on power converters constructed with
individual IGBT power modules. This provides clarity of WTPC’s semiconductors loading and
comparisons based on control strategy and converter topology. The current market WTPCs are
based on IGBT and IGCT however other semiconductors can be seen in WTPCs in future like
SiC MOSFET and GaN. Therefore, the wind turbine model would consider amending the the
semiconductor’s power loss block according to its characteristics if required besides amending
the parameters affecting switching and conduction power loss. The thermal block may need to
change if the new semiconductor has different internal layers affecting the heat dissipation.

Future WTPC semiconductors may have different lifetime empirical constants which will
result in different numbers of thermal cycles to failure. Also, the semiconductor manufacturer
may recommend different lifetime models like the Bayerer model instead of the Cofin-Manson
Arrhenius model used in this research. These two amendments will be implemented in the wind
turbine mode if needed. However, the reset of the model and the overall method remain the
same. The required changes to the current method for reliability analysis of future WTPC are
summarised in table [6.16]

Table 6.16: Required modifications in method’s models for future WTPC reliability analysis

Changes in Method’s model or subsystem

future wind
Power con-

turbine Mechanical Power loss  Thermal Lifetime
verter

Power train b'e

Converter
topology

Power
module

Semiconductor
technology

6.8.4 The method’s analyses

The WTPC reliability analysis against wind speed and turbulence intensity used in this thesis
will be valid for use with the future WTPC as it delivers the relationship between wind charac-
teristics and WTPC lifetime based on simulating a large number of VWSPs. It is important to

emulate the actual wind for the WTPC lifetime simulation by input field-measured wind speeds
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sampled at an accepted rate (> 0.25 Hz) [94]. Also, it is important to validate the wind turbine
model before using it in the WTPC reliability analyses.

The method’s analyses are:
e Simulate VWSPs to analyse the impact of average wind speed on WTPC lifetime

e Simulate VWSPs of the same average wind speed but represent different turbulence in-

testines to analyse their impact on WTPC lifetime.

e Simulate VWSPs of different average wind speeds and different turbulence intensities to

assess the impact of turbulence intensities on the wind turbine operating win speed.

e Using statistical tools to assess the significance of turbulence intensity impact on WTPC

lifetime.

Whatever the system is being modelled, this overarching framework remains the same and

provides the means of analysis to enable WTPC lifetime estimation.

6.9 Chapter summary

In this chapter reliability analyses and comparisons of WTPC have been shown in three cases,
the widely deployed 2L.-VSC with FOC and DTC drives, and the 3L-NPC topology. The analyses
proved that average wind speed has a direct impact on WTPC lifetime due to the relationship
between wind speed and WTPC loading. The relation between wind speed and logarithm of
WTPC’s MTTF drops nearly linearly until the rated wind speed then it keeps a fixed value due
to the effect of wind turbine speed control.

The reliability analysis in this chapter related to wind turbulence intensity showed an impor-
tant impact on the WTPC lifetime, however, this impact appeared during the long run on the
wind turbine due to its stochastic nature. The analyses showed a significant difference between
10% and 20% turbulence intensities VWSP at 95% confidence level for the 2L-VSC with FOC
and DTC and for the 3L-NPC WTPCs.

The comparison between FOC and DTC drivers used with 2L-VSC shows that IGBT and
diode lifetimes were more impacted by wind speed with DTC vs FOC. At low wind speeds, the
impact was negligible however as wind speed increases the DTC WTPC lifetime reduces affected
by converter IGBT and diode. At rated wind speed, the IGBT lifetime reduces to 79% and the
diode lifetime reduces to 91% making the WTPC lifetime reduce to 90%. The WTPC semicon-
ductors’ lifetimes would reduce to different levels based on the WTPC parameters including its
rated power.

The reliability comparison between 2L-VSC and 3L-NPC topologies used in WTPC shows
that 3L-NPC WTPC achieves a longer lifetime than 2L-VSC when used with the same wind
turbine. The lifetime ratio changes between 2.4 and 3.7 depending on wind speed and turbulence
intensity. The WTPC lifetime comparisons between two controls or topologies can be utilised
for the best WTPC technology for specific wind turbine sites. For example, if most of the wind

speeds of a specific site are between 8 m/s and 10 m/s with low turbulence intensity, then it will
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be expected that 3L-NPC WTPC will achieve a lifetime 3.5 times the 2L-VSC WTPC lifetime
as shown in figure [6.26

This WTPC reliability analysis method can be applied for future WTPC considering chang-
ing related simulation models and parameters to emulate the analysed WTPC. The method will
continue to use a large number of VWSPs covering the wind turbine operating wind speeds
and the proposed site wind turbulence intensities. The statistical approach for WTPC lifetime
related to wind characteristics is essential since wind is a complex phenomenon and WTPC

lifetime estimation is stochastic.



Chapter 7

Conclusions

In this thesis, the reliability of WTPCs was analysed using a new method. A wind turbine
is modelled for WTPC reliability analysis where its operating parameters and semiconductor
junction temperatures are validated for this task in section The WTPC reliability analysis
is based on simulating its lifetimes corresponding to hundreds of VWSPs with particular char-
acteristics and then using statistical tools to examine the impact of wind speed and turbulence
intensity on WTPC lifetime. The proposed method is demonstrated for two converter topolo-
gies (2L-VSC and 3L-NPC) and under two control regimes (DTC and FOC), demonstrating its
flexibility for application to various and future WTPCs.

7.1 Conclusion

Addressing the first research question, the reliability analysis was first applied to the widely
deployed 2L-VSC WTPC in section [6.2.3] In line with previous research, this research found
that average wind speed has a direct impact on WTPC lifetime due to the direct relationship
between wind speed and wind turbine loading, thus validating the proposed approach.

As a contribution to this field, this research has analysed the relationship between wind
turbulence and WTPC lifetime in section[6.2.4l This research found that WTPC lifetimes related
to a group of VWSPs having the same average wind speeds and same turbulence intensity are
normally distributed. As the VWSP group’s turbulence intensity increases, the mean of WTPC
lifetimes decreases and their standard deviation increases. Therefore, wind turbulence not only
harms the WTPC lifetime but also makes it difficult to predict with certainty. Furthermore, the
thesis has proved a significant difference, at a 95% confidence level, in WTPC lifetimes when
different turbulence intensities VWSPs are applied to the wind turbine. It is worthwhile to
consider this conclusion when planning maintenance for wind farms with high-turbulence wind.

Addressing the second research question, the reliability analyses are extended to examine
the impact of changing WTPC control to DTC and topology to 3L-NPC. Two wind turbine
and WTPC models are constructed and validated for WTPC reliability analyses: 2L-VSC with
DTC and 3L-NPC with FOC in sections [5.2] and respectively. The research found that the
impacts of average wind speed and turbulence intensity on WTPC lifetime in the two extended

models have similar effects as in the original 2L.-VSC model. Accordingly, the research concluded
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that the effects of average wind speed and turbulence intensity on WTPC lifetime are linked
to WTPC loading regardless of its design and control, albeit with different magnitude effects.
However, the research found that WTPC lifetimes estimated from the same VWSPs in the three
models show differences which demonstrate that WTPC converter lifetime is not only affected
by wind conditions but also by the interactions between wind conditions and WTPC topology
and operation.

By changing the WTPC control to DTC instead of FOC, the WTPC lifetime was more
impacted by increasing wind speeds. Both controls, FOC and DTC, showed equal WTPC
lifetimes around the cut-in wind speed (4 m/s) but as wind speed increases, the WTPC with
DTC drops its lifetime to 90% of WTPC with FOC by rated wind speed (12 m/s). The drop in
WTPC lifetime was caused by lifetime drops of its IGBTs to 79% and its diodes to 91% of their
lifetimes under FOC. VWSPs of high turbulence intensities shifted the point at which estimated
lifetime drops to a lower average wind speeds however the maximum drop in WTPC lifetime
stays around 90% as shown in section

The WTPC lifetime comparison based on its topology shows that changing the WTPC
topology to 3L-NPC instead of 2L-VSC increased its lifetime across all mean wind speeds and
turbulence intensities. The increase in the lifetime interacts with average wind speed and tur-
bulence intensity. At cut-in wind speed (4 m/s), the 3L-NPC WTPC lifetime was around 2.7
times the lifetime of the 2L-VSC WTPC. As wind speed increases, the ratio becomes 3.9 times
that of the 2I-VSC WTPC at 9 m/s wind speed. It then drops to 3.3 at the rated wind speed
(12 m/s) and stays fixed until the cut-out wind speed (25 m/s). However, the ratio trend is
shifted toward lower average wind speeds with high turbulence intensity VWSPs (> 25%) as
shown in section [6.6l The lifetime ratios between FOC and DTC and between 2L-VSC and
3L-NPC WTPCs are affected by the WTPC’s parameters therefore it is necessary to perform
this analysis on individual cases for reliability comparison however the core approach remains
unchanged.

Addressing the third research question, the reliability of the future WTPC can be analysed
using this method of simulating a large number of WTPC lifetimes based on field-measured
VWSPs and using statistical analyses to understand the reliability impacts of future WTPC.
Minor changes in model details for future wind turbines and their WTPCs are required as

discussed in section however this does not change the overall methodology or analysis.

7.2 Future work

The method presented in this thesis was successfully applied to two converter topologies and two
control strategies used in wind turbines. The method is based on WTPC lifetime simulations
related to hundreds of VWSPs therefore it requires computer resources for the time-consuming
simulations. For example, the simulation of 2L-VSC WTPC lifetime related to one 10-minute
VWSP requires an average of 25 minutes with a computer equipped with an Intel Core i5 pro-
cessor and 8 GB RAM using Simulink 2022a. While simulating 3L-NPC WTPC related to one
10-minute VWSP required 55 minutes using the same computer. Therefore, parallel comput-

ing performed in this research was necessary for eliminating the required time for estimating
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WTPC lifetimes corresponding to hundreds of VWSPs. Future work may improve this method’s
performance to reduce its need for high computational and time resources.

Also, future work can be done by amending the method’s WTPC and wind turbine models to
perform reliability analyses on future WTPCs considering new technologies in wind energy such
as grid-forming wind turbines or WTPCs constructed using new and advanced semiconductors.
This method provides a strong base for reliability analysis and lifetime estimation of future wind
turbines, as well as potential retrospective application to existing wind farms to understand
differences in reliability at different sites.

Ideas for future work can be developed based on the method presented in this research such
as extending the reliability comparison to include the modular multilevel converter (MMC) in
wind turbine applications. In such an example, the reliability analysis needs to consider changes
in converter design which affects power loss calculation but the rest of this research method will
be applicable.

Another proposed project is to analyse the WTPC reliability used in promising grid-forming
wind energy, where the WTPC is controlled to support the grid frequency by implementing
a different control system than the current grid-following wind energy. In this case, only the
model’s control system needs to be modified for the WTPC reliability analyses and the rest of
the method remains the same.

The third proposed research is to develop this research method to analyse the reliability of
WTPC based on IGCT semiconductors like the PCS6000 converter used with the HaliadeX wind
turbine. The reliability analyses would use this research method however, the semiconductor
details and its control will need to be modelled according to the information obtained from the
WTPC manufacturer. The rest of the model and reliability analysis will stay the same.

Comparing the reliability of different WTPC topologies or control systems related to the
realistic operation conditions helps in identifying the most reliable technology for the selected
location based on its average wind speed and turbulence intensity. This will reflect on the overall
wind turbine reliability and the related maintenance cost which impacts the cost of produced

energy.
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Abstract

The reliability of wind turbine power converters is crucial for analyzing wind energy project
costs, and for estimating maintenance and downtime. The published literature in this field
relies on evaluating the reliability effect of wind speed to estimate the converter lifetime.
However, this paper demonstrates that wind turbulence intensity, which has not been
widely considered in similar reliability analyses, shows a significant impact on converter life-
time. This paper uses 821 10-min wind speed time series sampled at 1 Hz on the two most
commonly deployed wind turbine converter topologies: the two-level voltage source and
the three-level neutral point clamped. Electromechanical and thermal modelling, combined
with statistical analysis shows that mean wind speed and turbulence intensity both impact
the lifetime of both converter topologies. However, the paper estimates that the three-level
converter can operate 2.4 to 4.0 times longer than the two-level converter depending on
the operating wind speed and turbulence intensity.

1 | INTRODUCTION

Wind turbine (WT) reliability impacts the cost of wind energy
due to WT downtime and the cost of maintenance [1]. The reli-
ability data of WT subassemblies show that the wind turbine
power converter (WIPC) ranks as one of the highest failing
parts in the system [2]. WTPC reliability analysis provides the
device’s end-of-life estimation which is important information
required for the cost analysis of the new wind farms and the
maintenance planning of the operational farms.

After frequent and costly failures of WTPC, a large group
of researchers from academia and industry joined the investi-
gations of the impacting factors and causes of failures [3]. The
semiconductor thermal loading was found to be the main cause
of failure in WTPC [4]. The differences in the thermal expan-
sion coefficient of the semiconductor internal parts and the
cycling junction temperature develop a cyclic thermomechani-
cal stress that causes damage in the semiconductor [5]. Methods
for estimating converter lifetime based on its semiconductor’s
thermal cycling are widely used by academia [6—8] and industry
[9, 10]. Empirical lifetime models like Coffin—Manson Arrhe-
nius [5] and Bayerer [11] estimate semiconductor lifetime based
on junction temperature cycling.

Current state-of-the-art WTs have adopted the permanent
magnet synchronous generator (PMSG). This generator type
requires a full power back-to-back AC-DC-AC converter for
energy conversion and control. Two converter topologies have
been used with PMSG WTs: the two-level voltage-source con-
verter (2L-VSC) and the three-level neutral point clamped
converter (3L-NPC). The 3L-NPC provides higher operat-
ing voltage with reduced current which reduces the size of
cables and transformer. However, it requires more semicon-
ductors than 2I-VSC and needs more complex control and
maintenance. 3L-NPC is the preferred topology with medium
voltage (MV) applications like MV wind turbines while 2L-
VSC is preferred with low voltage (LV) applications. Examples
of LV WTs equipped with 2L-VSC include Siemens Gamesa
SWT-7.0/SG-8.0, MHI Vestas V164-8.0 and Enercon E126-
7.58 [3] While MV WTs equipped with 3L-NPC include GE
Haliade-X [12] and Samsung S7.0.171 [13]. The published
literature in this field focuses on the relationship between
the operating wind speed and the reliability of WTPC where
the reliability analyses show wind speed has a direct impact
on the lifetime of the converter’s semiconductors. The rela-
tionship between wind speed and WTPC reliability is widely
discussed [6, 7, 14, 15].
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Besides the average wind speed, WIPC reliability is also
impacted by other wind parameters like gust frequency and tur-
bulence intensity [14, 16]. Wind turbulence intensity (TT) is an
important parameter that can be extracted from the wind speed
data. The TI of a wind speed time series (WSTS) is expressed
as the percentage value of the standard deviation of wind speed
measurements (U,) divided by the WSTS average wind speed
(Uavg) [17], as in Equation (1).

Us
TI = -100% (1)
ﬂVg

A few published articles introduced the possibility of a rela-
tionship between TT and WTPC reliability. In [14], the impact
of wind gust frequency on the semiconductors’ lifetime in
WTPC has been presented. The paper analyzed the impact of
wind gust frequency on the reliability of the 2L-VSC WTPC
by simulating the thermal loading of the converter semicon-
ductors. The results showed that thermal loading increases
at slower wind gust frequency. Accordingly, the paper con-
cluded that lower turbulence sites would have a more damaging
impact on the WTPC. The paper built that conclusion based
on the results of simulations using synthetic constant and
square wave wind speed time series. However, a simulation
with field-measured wind speed data would have provided more
realistic results of the impact of wind turbulence on WIPC
lifetime.

In [7], The reliability interactions between wind rough-
ness classes and the WTPC modulation method have been
presented. The paper tested the lifetime of 3L-NPC WTPC
using thermal loading simulation with different wind roughness
classes. Based on the simulation results, the paper suggested
that a certain type of converter pulse width modulation (PWM)
achieves better converter reliability during high roughness class
wind. Accordingly, the paper concluded that higher turbulence
intensity wind has a negative reliability impact on the WTPC.
However, the paper did not analyze nor evaluate the mentioned
impact. This papert’s conclusion conflicts with the findings of
the previous papet.

In [18], the thermal loading of the WTIPC semiconduc-
tors is assessed against the wind speed dynamics. The paper
simulated the WTPC semiconductor junction temperature of
a 1.5 MW WT while applying a 180 WSTS. The visual
comparison between the WTPC semiconductors’ simulated
junction temperature and the wind speed trends showed that
during the high-frequency wind speed changes, the semicon-
ductors had lower thermal loading. The paper found that it
is reasonable to assume that low-frequency turbulence winds
produce a higher damage rate to the WIPC. However, the
papet’s conclusion was based on the results of only one 180-s
WTST without demonstrating further analysis to evaluate the
results.

The reviewed papers as well as other published papers on this
subject assess WIPC reliability either based on constant wind
speeds, synthetic wind samples, or a small number of WSTS.
The practical loading of the WT is complex due to the nature

of wind and, as such, is the WTPC reliability assessment. There-
fore, WTPC reliability analysis has to consider a wide range of
wind speeds and use statistical analysis to approach the expected
lifetime. Furthermore, statistical analysis would be the best way
to determine the impact of wind TT on WTPC lifetime since TI
is a statistically calculated value based on the standard deviation
of wind speed as in Equation (1).

This paper analyzes that relationship by applying field-
measured wind speed data on the two most commonly deployed
WTPC topologies in WTs, 2L-VSC and 3L-NPC. The paper
uses the WITPC’s semiconductor thermal loading to assess the
WTPC lifetime and analyze the effects of wind conditions.
Furthermore, the paper demonstrates the reliability compati-
son between both WIPC topologies for the same input wind
to identify which converter shows better reliability for the
particular tested wind characteristics.

2 | WTPC MODELLING AND
RELIABILITY ANALYSIS

The reliability of a WIPC is highly influenced by the life-
time of its semiconductors where the thermal cycling of
their junction temperature is considered the main cause
of WIPC failure [8]. The semiconductor lifetime can be
estimated by the Coffin-Manson Arrhenius model. This con-
siders the range and average of their junction temperature
cycles to calculate the accumulated damage and accordingly
the estimated lifetime. Semiconductor junction temperatutre
is a function of the semiconductor power losses which
depend on the WTPC loading and thus the wind speed.
The semiconductor junction temperature affects its inter-
nal parameters which impact its junction temperature in an
iterating process. Junction temperature estimation of WIPC
semiconductors during variable wind speed is complex and
therefore system simulation is chosen to provide a suit-
able approach.

The two most widely deployed converters in WTs (2L-VSC
and 3L-NPC) are modelled in two separate models for relia-
bility analysis. Both models involve mechanical, electrical, and
thermal subsystems to capture the system dynamics in the
simulation results. Both models are based on 2 MW PMSG
direct-drive variable-speed wind turbines. The overview of the
wind turbine model is shown in Figure 1 where @, is the WT
generator speed (rad/s), 7. is the reference torque (Nm), 7, is
the generator current (Ampere), FOC is the field-oriented con-
trol, and SVPWM is the space vector pulse width modulation.
The shaded blocks in the diagram represent the reliability-
related subsystems showing the corresponding sections of this
section while the other blocks are modelled as requited for the
WT operation and control. The WT parameters and control
design are based on [19] and shown in Table 1. MATLAB and
Simulink are used in the modelling and simulating of both WT
models, 2.-VSC and 3L-NPC. The following sections describe
the modelling of the reliability-related subsystems as indicated
in Figure 1.
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FIGURE 1 Wind turbine model overview.

TABLE 1 Wind turbine parametets.

Wind turbine type Direct-drive variable speed
Cut-in wind speed (m/s) 4

Rated wind speed (m/s) 12

Cut-out wind speed (m/s) 25

Rotor diameter (m) 82

Power coefficient, Chone 0.34

2,920,000
Three-phase PMSG

Rotor moment of inertia (kg m?)

Generator type

Generator rated power (kW) 2,000
Generator rated apparent power (kVA) 2,242
Generator number of pole pairs 26
Generator rated frequency (Hz) 9.75
2.1 | Converter system

A PMSG WT usually employs a fully rated power AC-DC—
AC converter which consists of a machine-side converter
(MSC) and a grid-side converter (GSC). The MSC is connected
between the generator and the DC bus and is responsible for
extracting the generator power. The GSC is connected between
the DC bus and the grid transformer and is responsible for pro-
viding regulated DC voltage in the DC bus. The GSC shows a
lower failure rate (higher lifetime) than the MSC because it opet-
ates at fixed grid frequency and voltage. Therefore, the WIPC
system reliability is dominated by the MSC [14, 20]. The MSC
lifetime is considered for the WTPC reliability analysis in this
paper while the GSC is substituted with a DC supply to reduce
model complexity and simulation time.

The two WT models, 2L.-VSC and 3L-NPC, have the same
WT mechanical subsystem and the same control and use the
same input of WSTS for reliability analysis and comparison.
However, they vary by the operating voltage as 3L-NPC is usu-

FIGURE 2  Schematic diagram of three-phase 2L-VSC.

ally deployed in MV WTs (rated generator voltage is above 1 kV)
while 2L-VSC is deployed in LV WTs, (rated generator voltage is
below 1 kV). The following paragraphs describe the modelling
of both converters.

2.1.1 | 2L-VSC

This converter model is constructed with six power modules
each having an IGBT and a reverse parallel diode. Semikron’s
power module SKM800AG167D [21] is selected for this model
due to its ratings and the specified application area by the man-
ufacturer. Accordingly, the modelled converter’s rated power is
335 kW. Therefore, six converters are required to operate in
parallel to handle the generator’s rated power (2 MW). Paral-
lel converters are used in WTs to share the generator power.
An example of this is the Siemens G10x 4.5 MW where six
converters are placed in parallel [22]. The converter subsystem
schematic diagram is shown in Figure 2 where I1 is IGBT1, D1
is diodel, 1, ; , are the AC three-phase voltages.

2.1.2 | 3L-NPC

This converter model is assembled with 18 power modules as
shown in the schematic diagram in Figure 3. Similar to the
21-VSC power module, SKM800AG167D is selected for the
3L-NPC model for the reliability comparison. The 3L-NPC
operating voltage is twice the power module’s rated voltage [4].
Therefore, the 3L-NPC rated voltage is twice the 2L.-VSC rated
voltage when both converters are constructed using the same
power module. However, both converters will have the same
current capacity which is equal to the power module’s rated cur-
rent and that makes the modelled 3L-NPC rated power 670 kW.
Accordingly, only three parallel 3L-NPC are required to han-
dle the generator’s rated power (2 MW). The parameters of the
21-VSC and 3L-NPC models are listed in Table 2.
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FIGURE 3  Schematic diagram of three-phase 3L-NPC.
TABLE 2 2L-VSC and 3L-NPC models parameters.
Converter topology 2L-VSC 3L-NPC
Rated power of one converter (kW) 335 670
Number of parallel converters in WT 6 3
Total rated power (kW) 2,000 2,000
Total number of IGBTs 36 36
Total number of diodes 36 54
DC bus voltage (V) 1150 2300
Generator line voltage (V) 230-690 460-1380
Power module SKM800AG176D
Heatsink cooling method Liquid
Coolant temperature (C) 40
Generator frequency (Hz) 3.25-9.75
Control strategy FOC
Switching frequency (Hz) 1900

2.2 | Power losses

The converter semiconductors’ lifetime is highly impacted by
their junction temperature which varies as a function of their
power losses and the heatsink thermal characteristics. Semicon-
ductors’ power loss modelling is essential in WIPC reliability
analysis. Two types of power losses are produced by the semi-
conductor when operating as a switch as in a WIPC: the
switching power losses (P,) and the conduction power losses
(P.,). The switching power losses occur when the semicon-
ductor changes its status between on and off states while the
conduction power loss develops when the semiconductor is on.
Equations (2) to (4) describe the IGBT conduction, switching,

Tia—p Ra(T)

T:

jd—p Vg, (T)

Vee
la __  E..(V,I,T)
Y}Vd _’

Jsw

FIGURE 4 Diode power losses in power convertet.

and total power losses respectively where 17 is the collector—
emitter threshold voltage, /. is the IGBT current, R is the
IGBT conduction resistance, 1 is semiconductor operating
voltage, £, ; is the IGBT conduction power loss, f, is con-
verter switching frequency, £, and E ¢ are the IGBT on and
off energy, R, is the IGBT switching power loss, and £ is the
IGBT power losses. Similarly, the diode power losses (7)) are

calculated based on the diode parameters.

Pcn,i = T/;e(, : ]c + Rce ) ]cz (2)
]%W,i = j;w : (Eon + Eoff) (3)
Pi = Pcn,i + Psw,i (4)

The semiconductor’s internal parameters are affected by tem-
perature, voltage, and current according to the manufacturer
datasheet [21]. Therefore, their values are required to be updated
with the related affecting parameters during the simulation.
Figure 4 shows the modelling of the diode power losses where
R, q and B4 are the conduction and switching power losses,
Tj’d is the diode junction temperature, /; is the diode current,
£, is the reverse recovery enetgy, I, is the threshold voltage,
and Ry is the diode on status internal resistance. Similarly, the
IGBT power losses are modelled.

2.3 | Thermal modelling

It is difficult to measure the semiconductor’s junction temper-
ature and it is complex to calculate it during the variable load
of the WTPC. Therefore, thermal modelling is used to deter-
mine it in this paper by using the thermal equivalent circuit. The
semiconductor power loss is modelled as a current source and
the junction temperature is the measured voltage. The thermal
impedance, (Z,), includes thermal resistance, (Ry,), and thermal
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to the lower arm power module

FIGURE 5 Thermal equivalent circuit of the half-bridge upper arm in
2L-VSC.

storage, (Cy,), are obtained from the semiconductor datasheet
and the heatsink parameters. The thermal equivalent circuit is
modelled using the Foster model as it is widely used in sim-
ilar analyses [7]. MATLAB Simscape Thermal Model toolbox
[23] components are used in modelling the converter equivalent
thermal circuit.

Assuming normal WT operation conditions, the converter
phases are balanced and the converter upper arm and lower
arm in each half-bridge are operating symmetrically, then only
one arm of each converter topology is needed to be modelled.
The thermal equivalent circuit of the 2L.-VSC half-bridge upper
arm with the attached heatsink is shown in Figure 5 while the
3L-NPC half-bridge upper arm with the attached heatsink is
shown in Figure 6 where Zy,; and Zy, 4 are the IGBT and the
diode thermal impedances, Zy, ,,, is the thermal impedance of
the power electronic module, Zy, },s is the thermal impedance
of the heatsink, 7; and 7y are the IGBT and diode junction
temperatures, and 7, is the heatsink coolant temperature.

2.4 | WTPC lifetime

The WTPC lifetime is estimated based on the lifetimes of its
semiconductors, IGBTs and diodes, where the Coffin—Manson
Arrhenius lifetime model [5] is used for that as recommended
by the power module manufacturer [9]. The lifetime model esti-
mates the number of thermal cycles that the semiconductor can
withstand before it will fail which is known as the cycles to fail-
ure (/V;) calculated for each thermal cycle as a function of the
average and range of the junction temperature as in Equation (5)
where 7, is the semiconductor average junction temperature,
AT is the junction temperature cyclic range, Ky is the Boltz-
mann constant (1.381 X 107 J/K), E, is the semiconductor
activation energy (9.891 X 102" J), zand b are the model empir-
ical constants, (2.025 X 10°) and (5.039) respectively as they set
by the semiconductor manufacturer data [9]. The WT model
simulation provides the time trend of WIPC semiconductor
junction temperature related to the WSTS input. The Rainflow
algorithm [5] is used to extract the thermal cycles where each
one contributes an amount of damage (/) to the semiconduc-
tor calculated by Equation (6). According to Miner’s rule [24],

______________________________________
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FIGURE 6 Thermal equivalent circuit of the half-bridge upper arm in
3L-NPC.

the semiconductor accumulated damage (D) that occurred
during the WSTS time (%) is the sum of damages of all thermal
cycles of that time calculated as in Equation (7).

Ny=a-(AT)™"- el KaTin) )
D=+ 6
=N ©)
1=ty
D= ) Do) )
=0

Mean time to failure (MTTF) in hours is used to evaluate
the lifetimes of the WIPC based on its IGBTs and diodes life-
time. The IGBT lifetime (MTTE,) related to the tested WSTS is
calculated as in Equation (8) where Dy; is the IGBT accumu-
lated damage and the diode lifetime (MTTFy) is calculated as
in Equation (9) where Dy, 4 is the diode accumulated damage.
The WTPC is considered a system of stressed parts, IGBTs and
diodes, where its rate of failure equals the sum of the pars rates
of failure. The WTPCss lifetime (MTTE,,) is calculated consid-
ering the lifetime of all the IGBTs and diodes in the converter
circuit as in Equation (10) where s; and s54 are the numbers of
IGBTs and diodes in the converter circuit respectively.

Z,
MTTF, = — 8
! D\vs,i ( )
Ly
MTTFy = —— )
Dws,d
-1
MTTE,, = [ —0— + —o (10)
pe MTTF; = MTTF,
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TABLE 3  Junction temperature results RMSE.

FIGURE 7 Simulation results validation procedure.

2.5 | Validation of simulation results

The precise result of semiconductor junction temperature is
crucial for the WTIPC lifetime estimation. Semiconductor life-
time is affected exponentially by the junction temperature mean
(17,) and range (A7) values as in Equation (5). The Simulink
simulation model of the junction temperature is verified by
comparing its results with the results of the manufacturer
simulation tool, SemiSel [25]. SemiSel simulates the junction
temperature of the converter semiconductors with fixed opet-
ating parameters (voltage, current, frequency, etc.). These fixed
parameters can be extracted using constant wind speed sim-
ulation of the modelled WT. SemiSel’s output report lists
the minimum and maximum junction temperature, (7;,) and
(Zinax)> which can be compared with the results of the Simulink
model output. Simulink results comparison with SemiSel is used
to determine the simulation accuracy. The procedure of the
comparison between both results is shown in Figure 7. The
results comparison is performed for nine constant wind speeds
(4m/s, 5m/s,... 12m/s) which cover the WT’ variable wind
speed range. The results” accuracy is evaluated for each semi-
conductor by calculating the root mean square error (RMSE) of
the results’ relative differences (7, ) during all tested constant
wind speeds. For each tested constant wind speed, 7; - is cal-
culated as in Equation (11) where 7 is the SemiSel simulation
tesult and 7j is the Simulink simulation result. RMSE for each
semiconductor is calculated as in Equation (12) for all the tested
wind speeds where 7 . is the RMSE of the simulation results
and £ is the number of simulated constant wind speeds.

T —T
Jss JSL
T, = (11)
o 7;SS
Zil Y;Iif
T =N —% (12

Constant wind / Simulink output \
spee d samples Model Semiconductor Timax (%) Timin (%)
~~
8 ( - Tjmax 21-VSC I 0.24 0.18
g'* | D1 0.43 0.19
v 2 3LNPC 1 0.15 0.15
o |
Simulink > E _ ijm D1 0.94 0.93
8= 12 0.83 0.26
I'ime (s)
K D2 0.81 1.4
Operating D5 2.1 0.83
parameters
V,L.) SemiSel report
v ) 7 T T T T
Junction temp. (°C)
SemiSel
% T
max min
6 i

Wind speed (m/s)
whn

~

3 1 1 1 1
14:00 14:02 14:04 14:06 14:08 14:10
Time Jun 02, 2018

FIGURE 8 Example of 10 min WSTS.

The RMSE value is calculated for each semiconductor’s 7,
and 7, in both WTPC models. The calculated RMSE is shown
in Table 3 where most of the values are less than 1 percent which
indicates that the results of both WIPC models (2L-VSC and

3L-NPC) are accurate for the WTPC reliability analysis.

3 | EXPERIMENTAL RESULTS AND
DISCUSSION

The WTPC reliability analysis is approached by applying a set
of WSTS to the simulation model and analyzing the estimated
lifetime against the wind properties, U, and TL. The WSTS
are field-recorded wind speed data. Each WSTS is 10 min long
and the wind speed is sampled at 1Hz, giving 600 wind speed
measurements. The WSTS used in this paper are chosen from
year-long wind speed data recorded by ORE Catapult in Blyth,
UK. Figure 8 shows an example of one WSTS 4.89 m/s Unvg
and 9 percent TL

3.1 | Test1: WIPC lifetime under WT
operating wind speed

The effect of wind properties, U, and TI on the WTPC life-
time is analyzed in this test. The test includes simulating the
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FIGURE 9 WTPC lifetime simulation results, (a) 2L-VSC and (b)
3L-NPC.

WTPC lifetime with a large number of WSTS to cover the WT
operating range of wind speed and a wide range of T1. A set of
282 WSTS are selected for this test to cover U, range from 2.5
to 20.5 m/s and TT range of 1.81-42.36 percent. The simula-
tion results for converter lifetime (MTTEF,,) are presented in a
scatter diagram versus WSTS U, in Figure 9 for 2L-VSC and
3L-NPC models. To visualize the effect of the TT on the con-
verter lifetime, the WSTS are grouped into three TT levels, less
than 15 percent, between 15 and 30 perent, and above 30 pet-
cent. The TT groups are plotted in different colours and shapes
in the scatter diagrams in Figure 9.

The WSTS U, shows a clear impact on the WTPC relia-
bility in both WTPC topologies. As U, increases the MTTE
decreases in a log scale until U, reaches the WT’s rated wind
speed where the MTTF does not reduce further because the
WT pitch control is activated and reduces the blades’ angle of
attack to limit the WT power. On the other hand, The rela-
tionship between the WSTS TT and the WTPC lifetime can be
seen in Figure 9 where the group of high TT WSTS (more than
30 percent) shows lower MTTF,,. while the group of lower TI

TABLE 4 Mean and standard deviation of WIPC log(MTTF) for four T1I
groups of WSTS.

2L-VSC 3L-NPC
Uavg(m/s) TI(%) n M o M o
6 10 40 15.47 0.077 15.79 0.068
6 15 34 15.24 0.141 15.58 0.120
6 20 53 14.73 0.250 15.16 0.203
6 25 34 14.02 0.443 14.56 0.372

WSTS (less than 15 percent) shows higher MTTF,,.. However,
the results overlap among the TI groups which appears because
wind speed behaves differently in different WSTS even if they
have the same average wind speed and the same TI. They there-
fore impact WIPC lifetime differently. Statistical methods will
provide a better approach to analyze the impact of TT on the
WTPC lifetime in the following test.

3.2 |
lifetime

Test 2: the impact of TT on WTPC

This test analyzes the impact of the TI on the WTPC lifetime.
Since the wind TT includes complex patterns of wind speed vari-
ations, this test uses a statistical approach to evaluate the impact
of TT on WTPC lifetime. For this, four sets of WSTS having
the same average wind speed (6 m/s) but varying in their per-
centage TT (10, 15, 20, and 25) are applied to the simulation
models. Each set includes a number of WSTS (#) simulated with
WTPC models. The logarithmic values of the WTPC’s lifetime
(log(MTTF,,)) are obtained for each tested WSTS. The statisti-
cal mean () and standard deviation (0) of each set results are
calculated by Equations (13) and (14) respectively and shown
in Table 4. The simulations’ results of each set are applied to
the statistical normality distribution test to clarify whether or
not they are normally distributed. The Anderson—Datling test
(AD test) [20] is selected as it is a widely used normality distri-
bution test. The results of the four TT sets show that they are
normally distributed so they can be represented by normal dis-
tribution fitting curves as shown in Figure 10 for the 2L-VSC
and 3L-NPC.

This test proves that TT has impacted the WTPC lifetime.
Although simulating individual WSTS may not show that clearly
but the impact is clear when comparing the average WIPC life-
time of many WSTSs for different TT groups. This indicates that
WTPC lifetime is impacted by the wind TT in the long run of the
WT. Moreover, it can be observed that higher TT groups have a
wider distribution curve (larger o) than lower TT groups. This is
because larger TT means higher variation in wind speed which
is reflected in a wider distribution of WTPC lifetime estimates.
This test examined the impact of T1T related to one wind speed
(6 m/s), while the next test analyzes the impact of the WTPC
lifetime by TT for the range of WT operating wind speeds.

32 log (MTTE, )

u= - (13)
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FIGURE 10 WTPC lifetime distributions of 10-25 percent TI WSTS
with 6 m/s average wind speed, (a) 2L-VCS and (b) 3L-NPC.

_ 22;1 <log (MTTch,.) - /")2 (14

n

This test analyzes the impact of TT on the WTPC lifetime for
a range of wind speeds to clarify the significance of TT impacts
on the WTPC’s lifetime. The test applies ten groups of WSTS
on both WT models, 2L-VSC and 3L-NPC. The WSTS groups
have Uavg of 4,6, 8, 10, and 12 m/s, and TTs of 10 and 20 per-
cent. The selected WSTS average wind speeds cover the WT
variable speed range. The number of WSTS in each group ()
is shown in 5. For each group of WSTS, the average and stan-
dard deviation of logarithmic WTPC lifetimes are calculated by
Equations (13) and (14) respectively. To analyze the statistical
significance in lifetime differences between 10-20 percent TI
for each U,,, the confidence intervals (CI) are used. The CI is

avgs

TABLE 5 Lifetime comparison of two TI groups.

2L-VSC 3L-NPC
Upyg (m/5) TI (%) n cI CI
4 10 34 19.33+0.034 19.5+0.036
6 40 15.47 +0.024 15.79 +0.021
8 35 12.21 +0.034 12.84 +0.029
10 35 9.09 +0.052 9.89 4+ 0.054
12 35 6.95+0.012 7.640.012
4 20 35 18.83 +0.076 19.02 +0.072
6 53 14.73 +0.067 15.16 £0.045
8 35 11.18 £ 0.092 11.89 +0.091
10 34 8.17+0.051 8.87+0.051
12 35 7.16+0.017 7.86+0.017

calculated for a selected level of confidence where 95 percent is
a widely accepted value in scientific research. The CI of the log-
arithmic lifetimes of each group is calculated by Equation (15)
where z is the confidence level value which equals 1.96 for a 95
percent confidence level. The CI of the tested WSTS groups are
shown in Table 5. The lifetime significance difference between
the 10 and 20 percent groups can be illustrated using the error
bars used to display CI as in Figure 11 for both 2L-VSC and
3L-NPC models. It is clearly shown that the results’ CI do not
overlap with most of the tested groups which are interpreted as
lifetimes differences are significant between the two tested TIs.
However, the WTPC lifetime of two TI groups overlapped near
the rated wind speed and that is because the higher TT WSTS
are more affected by the WT pitch control than the lower TI
WSTS resulting in a more regulated rotating speed and there-
fore achieving higher WTPC lifetime values. This test proved
that TT is significantly impacting the WTPC’s lifetime for both
21-VSC and 3L-NPC topologies.

g

()

Cl=p+z (15)

3.3 | Lifetime comparison between WTPC
topologies

The previous reliability tests show that average wind speed
and TI both affect WTPC lifetime for both tested topologies,
2L-VSC and 3L-NPC. Both topologies show similar impacts
however the lifetime values (MTTF,,) were different. The com-
parison between 2L.-VSC and 3L-NPC lifetimes explores which
one of them achieves a longer life at the tested conditions. The
comparison is evaluated by calculating the lifetime ratio (LTR)
of the 3L-NPC to the 2L-VSC as in Equation (16).

MTTF
LTR = ———C (16
MTTF; vsc
WTPC lifetime results are selected for LTR evaluation cov-
ering the WT operating wind speed range and belong to two
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16
é 14+ common WTPC topologies, 2L.-VSC and 3L-NPC. The paper
» has applied statistical analysis to data from detailed electrical
% 12r and thermal WTPC simulation and lifetime estimation to undet-
= stand the effects of these two wind characteristics on WTPC
10y lifetime. Lifetime was simulated for 821 10-min WSTS with
gl wind speed sampled at 1Hz. The mean and standard deviation
of the simulation results show cleatly the relationship between
6 wind conditions and WTPC lifetime. Furthermore, the results
4 6 U 8 . 10 12 reveal how wind conditions interact differently according to the
avg (M) WTPC topology. The paper’s conclusions can be summarized
as follows:
FIGURE 11 Lifetime of WTPC of 10 and 20 percent TI, (a) 2L-VSC and
(b) 3L-NPC.

groups of TI (<10 percent) and (>25 percent) for clarity of
the compatrison. The WTPC lifetime results ate presented in
the scatter diagram in Figure 12 which cleatly shows that LTR
is affected by U, and TL The results construct two trends
for the two TI groups whete both are increasing as the U,
increase however the higher TI group (=25 percent) shows
higher LTR values than the <10 percent group for similar
ULy values. Therefore, it can confidently be concluded that the
3L-NPC WTPC can operate longer in time compared with 21
VSC WTPC, especially with the high-speed and high-turbulence
wind. The 3L-NPC topology shows a longer lifetime than
2L-VSC and that is because the converter load is distributed
among more semiconductors in 3L-NPC. This results in lower
temperature and therefore longer lifetime for 3L-NPC when
compared with the 2L.-VSC, particularly when subject to high
turbulence intensities.

4 | CONCLUSIONS

This paper has examined the effects of average wind speed
(Uayg) and turbulence intensity (TT) on the reliabilities of two

* Increased average wind speed has a direct and significant
negative impact on the lifetime for both WIPC topologies,
2L-VSC and 3L-NPC.

* Higher wind TI causes lower WTPC lifetime in both con-
verter topologies, 3L-NPC and 2L.-VSC, however this impact
is primarily noticeable over longer periods of WT operation.

* When comparing converter topologies for increasing average
wind speed, the 3L-NPC converter achieves better reliability
than the 2L-VSC. The 3L-NPC WTPC has an estimated life-
time 2.4 times that of the 2L-VSC WTPC at low average wind
speed WSTS; this ratio increases as the WSTS average wind
speed increases to reach 4.0 times the estimated lifetime at
the WT rated wind speed.

* The 3L-NPC WTPC is more reliable than the 2L-VSC for
higher TT wind.

* Wind turbulence and wind speed both have a noticeable
effect on the reliability of the WIPC, and both should
be considered for WTIPC lifetime estimation and converter
topology selection.
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Abstract

Converter reliability has a high impact on wind turbine reliability and therefore cost of wind energy. The wind turbine industry
is adopting two control strategies for power converters, Direct Torque Control (DTC) and Field Oriented Control (FOC). Both
control methods show high performance in megawatt-scale, variable speed wind turbines. They have similarities and differences
in their way of operating and controlling the power converter. This paper investigates whether or not differences between DTC
and FOC are impacting wind turbine power converter reliability. It assesses and compares converter reliability between two
identical wind turbine systems, one with DTC and the other with FOC. The comparison is based on simulating a range of
constant wind speeds on two wind turbine models and analysing the converter lifetime of each based on the semiconductors’
thermal cycling. The results show how the operation of each control strategy affects converter reliability with the interaction of
varying wind speeds. The modelled wind turbine converter IGBT lifetime drops by 26% and diode lifetime drops by 15%when
the converter is controlled with DTC rather than FOC at the rated wind speed.

1 Introduction

Wind turbine power converter reliability has a high impact on
the overall reliability of wind energy systems [1] and increases
the cost of wind energy due to maintenance costs and system
availability. Multiple papers from academia and industry have
discussed wind turbine power converter reliability and
researched the possible links between the system design and
the operational parameters. The impact of converter control
strategy on the converter lifetime, however, has not been fully
studied. In particular, the effect of the most popular control
approaches (field-oriented control (FOC) and direct torque
control (DTC)) might affect converter reliability in wind
turbine applications. This paper investigates that impact and
compares converter reliability under both control strategies.

With the adoption of permanent magnet synchronous
generators (PMSG) in wind turbines, the fully-rated AC-DC-
AC voltage source converter became the dominant design of
wind turbine conversion systems [2]. It offers frequency and
voltage separation between the generator and the grid which is
suitable for variable-speed pitch-controlled wind turbines.
This converter design also offers separate control of active and
reactive power which is a requirement by the grid operators for
interconnected renewable generations [3].

The industry adopted two control strategies to operate power
converters in wind turbine applications: FOC and DTC. Both
controllers were developed for induction machine (IM)
applications however both were adapted to work with
generators of different types such as the induction generator
(IG), doubly-fed induction generator (DFIG) and PMSG.

FOC is first presented in 1972 by Hasse and Blaskchke [4].
This control strategy is based on making the machine rotor and
stator magnetic fields perpendicular to achieve the highest
possible torque and therefore power. Control of the magnetic
field vector is achieved by decomposing it into two
components, direct and quadrature vectors, and controlling
each one separately to achieve full control of the amplitude and
angle of the rotating field [5]. The implementation of this
control requires a high computational power of the controller
which is currently not a big challenge. The output of the
control system is a three-phase sinusoidal wave which is
delivered to converter switches by means of pulse width
modulation (PWM) or space vector PWM.

DTC is first introduced in 1986 by Takahashi and Noguchi [6].
It operates the machine by energising the right coil at the right
time to achieve maximum torque and power. The decision of
which coil will be energised is made based on estimating the
instantaneous torque and magnetic field of the machine. This
control is known for its simplicity and does not require high
computational power. However, its output frequency changes
rapidly so an updated version of this control method was
introduced which uses space vector pulse width modulation
(SV-PWM) [7].

For reliability analysis, which is the interest of this paper, DTC
and FOC have differences in the way they control the
converter switches. Those differences reflect on the
semiconductor switches’ power losses, and this results in
differences in semiconductor junction temperatures.
Semiconductor junction temperature values for average and
cyclic amplitude have a high impact on semiconductor
lifetime. This relation is well explained by the Coffin-Manson
Arrhenius law shown in equation (1):
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Ny = a(AT)_"e(KBTm) (1)

Where Ny is the number of thermal cycles to failure, a and n
are empirical constants calculated based on accelerated failure
test, AT and T,,, are semiconductor cycle amplitude and mean
junction temperatures, E; is the semiconductor activation
energy, and Kj is the Boltzmann constant.

Due to the complexity of lifetime calculation in relation to
wind turbine operating conditions, this paper uses simulation
to estimate a converter’s semiconductor lifetime and therefore
the converter’s reliability when operated under the two control
strategies of DTC and FOC.

2. Methodology

Power converter reliability is highly impacted by its
semiconductor switches [8]; their lifetime is found to be
strongly related to semiconductor thermal cycling [9]. The
Coffin-Manson Arrhenius equation is widely accepted for
semiconductor lifetime estimation and considers both the
average and cyclic amplitude of the semiconductor’s junction
temperature.

Semiconductor junction temperature is a result of the
semiconductor power losses and heat dissipation from
conduction and switching. Therefore, modelling power losses
with the thermal characteristics of the semiconductor and the
heatsink is essential for converter lifetime estimation.

For testing both DTC and FOC control strategies on power
converter reliability, a wind turbine system is modelled in
MATLAB [10] and Simulink [11] with a fully-rated machine-
side power converter (MSC). The model includes a two-mass
mechanical subsystem for the turbine drive train and the direct-
driven PMSG which is necessary to consider the generator
electromagnetic torque interaction with wind turbine torque.
The model also includes power losses and thermal subsystems
for lifetime estimation, a DC source which represents the grid-
side converter (GSC) for simulation simplicity as GSCs have
reportedly lower failure rates than MSC, and converter control
subsystems of both control strategies, FOC and DTC. The
model overview is shown in Fig. 1 and the modelled wind
turbine parameters are listed in Table 1.

The wind turbine PMSG model parameters are in [12], the
FOC subsystem design is based on [13], and the DTC
subsystem design is based on [14].

The modelled DTC operates on a fixed switching frequency as
it utilizes SVM control scheme [7]. Both modelled control
strategies, DTC and FOC, were tested with the same switching
frequency.

Table 1: Modelled wind turbine parameters

Parameter Symbol | value
Cut-in wind speed (m/s) Uin 3.5
Rated wind speed (m/s) U, 12

Cut-out wind speed (m/s)
Rotor diameter (m)

Uy |25
R, 32

Rated power (kW) P, 2,000
Rated line voltage (V) |5 690
DC Bus voltage (V) Vpe 1,150

PMSG pole pairs P, 26

7
jliliah : 1 | Selection switch
/\ \Q\ /(k// MSC | DC
INSE= !
PMSG »  Power losses |

v

‘ Thermal

¥

| Lifetime est. |

Fig. 1 Wind turbine model overview

The selected converter topology is the two-level voltage
source converter (2L-VSC) due to its popularity in the field.
The converter consists of six IGBT with freewheeling diode
modules. The selected power electronic module is
SEMIKRON SKMS800GA176D [15]. Fig. 2 shows the
schematic diagram of the converter and the attached heatsinks
where sw1l and sw2 are the upper and lower switches of one
converter half-bridge. The power rating of the modelled
converter is 400 kW while the modelled PMSG is 2 MW,
therefore, the simulation considers five paralleled converters
to cover the generator rated power. Parallel converters are used
with high power wind turbines like in Siemens G10x 4.5MW
where six 770 kW converters are paralleled [16].

Heatsimk
Heatsink

Fig. 2 MSC schematic diagram and heatsink

The converter heatsink is liquid-cooled with an input liquid
temperature controlled at 40 C. The heatsink characteristics are
listed in Table 2.

Table 2 Converter heatsink details

Cooling method Liquid (water 50% + glycerine 50%)
Flow rate (L/min) | 4

Distance between | 20

modules (mm)
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Thermal Repp = 0.0122 K/W, Typq = 65 4 7.93 7.88 1.55 1.55
impedance 1 x 1012 x 1012 x 1012 x 1012
Thermal Renp = 0.0066 K/W, Typy = 39.755 6 2.05 2.06 422 4.24
impedance 2 x 1011 x 1011 x 1010 x 1010
Total thermal Ry, = 0.0188 K/W 8 135 1.39 1.81 1.86
resistance x 1010 x 1010 x 10° x 10°
10 1.27 141 7.96 8.48
Semiconductor junction temperature is obtained by simulating x 10° x 10° x 107 x 107
power losses and considering thermal impedances and 12 1.27 1.73 2.8 3.28
heatsink coolant temperature. Fig. 3 shows the thermal x 108 x 108 x 10° x 10°

equivalent circuit of one converter half-bridge where P;, P,
are the IGBT and diode power losses, Z,,igbt, Z;,diode are
the IGBT and diode thermal impedances, Z,,m is the power
module thermal impedance, Z;,hs is the heatsink thermal
impedance, and T, is the heatsink coolant controlled
temperature.

]}’ Z,ight T,
P< > Z,m T,
Z,diode

C T
P, swl

Z,hs T

ct

Fig. 3 Thermal equivalent circuit of one converter half-bridge

The experiment is based on simulating a range of constant
wind speeds through the wind turbine system model with one
of the two control strategies, DTC and FOC, in operation. The
impact of the control strategy on the power converter is
investigated by comparing converter lifetimes under each
control strategy.

3 Results and discussion

The wind turbine model is simulated with five constant wind
speeds covering the variable speed region of the wind turbine
(4m/s to 12m/s). For each wind speed, the converter IGBT and
diode cycles to failure are calculated once with DTC and then
with FOC. The simulation outputs IGBT and diode average
and cyclic amplitude junction temperature. The estimated
cycles to failure for each control approach and wind speed
combination are calculated based on the Coffin-Manson
Arrhenius law shown in equation (1).

Table 3 lists the converter semiconductor cycles to failure
related to wind speed and control strategy where
Nigvepres Nigbtroc> Naiogeprc, and Najogeroc are IGBT and
diode cycles to failure with the converter controlled by DTC
and FOC respectively.

Table 3 converter semiconductors cycles to failure
Wind
speed
(m/s)

Nigvepre | Nigbtroc | Naioaentc | Naiogeroc

For the comparison between the semiconductor lifetimes
related to the two control strategies, DTC and FOC, the ratio
of cycles to failure with DTC to cycles of failure with FOC are
defined in equations (2) and (3) for the converter IGBT and
diode respectively.

N;
_ WNigbtpTc
Pight =3 @)
ightFOC
_ NdiodeDTC
Pdiode = N (3)
diodeFOC

Where p;gp: and pgioqe are lifetime ratios when the converter
is operated with DTC and FOC for the IGBT and diode
respectively. The results are shown in Table 4.

Table 4 p; 5 and pgipqe at different wind speeds

Wind speed Pigbt Paiode
(m/s)

4 1.006 1.000
6 0.995 0.996
8 0.969 0.975
10 0.901 0.938
12 0.738 0.852

The converter IGBT and diode lifetime ratios for the two
control strategies present the effect of the control strategy on
the semiconductors’ lifetime across a range of wind speeds as
shown in Fig. 4.

1.05

1

0.95

09t

0.85

08

0.75 1

0.7 .
4 5 6 7 8 9 10 1 12

Wind speed (m/s)

Fig. 4 interaction of p;gp; and pgioq. With wind speed
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At low wind speeds, 4m/s and 6m/s, p;gp; and Pgioqe are
approximately 1.00 which means both control strategies, DTC
and FOC, do not have a noticeably different impact on the
converter lifetime in that wind speed range. However, as the
wind speed increases, p;gp; drops until it reaches 0.743 at rated
wind speed (12m/s). This means that the IGBT lifetime will be
reduced to 74.3% when the converter is controlled by DTC
rather than FOC at rated wind speed. The converter diode
shows a similar trend but is less heavily impacted as its lifetime
drops to 85.4% when the converter is operated with DTC
rather than FOC at rated wind speed.

The MSC’s IGBT and diode lifetimes are affected by the
converter control strategy as the wind speed reaches the rated
value. However, for assessing the converter lifetime, IGBT
and the diode lifetimes should be considered together as well
as the number of each of them in the converter circuit. The
converter lifetime is considered as a system of stressed
components which can be evaluated by applying Miner’s rule
[17] as in equation (4).

Si bt
Neony = | =2+
conv ( Ndiode

-1
dede ) (4)

Nigbt

Where N,y is the converter cycles to failure, S;gp,: and Sgioqe
are number of IGBTs and diodes in the converter respectively
(equal to 6 in the 2L-VSC), and N;gp; and Ny;oq, are cycles to
failure of the IGBT and diode respectively.

Table 5 lists N.,p, of both control strategies, DTC and FOC,
(Neonvpre and Neonwroc respectively), and the ratio of them
(Pconv) Which is calculated by equation (5).

_ NconvDTC
Pconv = N (5)
convFOC

Table 5 converter cycles to failure of DTC and FOC and their
ratio

Wind Speed NconvDTC NconvFOC Pconv
(m/s)

4 2.16 x 10" | 2.16 x 10! | 1.001

6 5.84 x 10° 5.86 X 10° | 0.996

8 2.66 X 108 2.73 X 10® | 0.975

10 1.25 x 107 1.33 x 107 | 0.936

12 4.56 x 10° 5.37 x 10° | 0.849

Further analysis can be conducted by comparing pcyn, in
Table 5 with p;gp; and pg;oqe in Table 4 and reveals that peop,
values are close to pg;oqe Values because the diode shows
much lower cycles to failure than the IGBT at higher wind
speeds as in Table 3. That indicates that the diode is the
dominant risk of failure component in the MSC of PMSG wind
turbines.

This result is in line with published research about
semiconductor thermal loading and lifetime analysis in wind
turbine converters, such as [18] and [8].

Fig. 5 show the trends of p;gpt, Paiode> aNd Peony With respect
to wind speed which clearly shows how p.,,, is close to
Pdiode-

1.05

0.8 g -

4 5 6 7 8 9 10 11 12
Wind speed (m/s)

Fig. 5 interaction of pigpt, Paiode> aNd Peony With wind speed

The converter lifetime is highly impacted by its
semiconductors’ junction temperatures which are influenced
by their power losses. Therefore, the changes in lifetime
indicate changes in converter semiconductors' power losses.
While converter IGBT and diode show different lifetime ratios
when operating with DTC compared to FOC, that indicates the
control strategy has an impact on the loading of the converter
semiconductors.

4 Conclusion

This paper has presented how converter control strategy
affects wind turbine power converter lifetime. Comparing the
most popular control strategies, DTC and FOC, in PMSG wind
turbines reveals how the converter lifetime is reduced to 85%
when operated with DTC rather than FOC at the rated wind
speed in the modelled wind turbine.

The paper also reveals how converter semiconductors, IGBTs
and diodes, are affected differently by the control strategy
selection between DTC and FOC. Although the IGBT lifetime
is reduced to 74% at rated wind speed, the converter diode
continues to be showed the highest risk of failure in the fully-
rated MSC. Therefore, the converter lifetime is impacted by a
similar percentage of its diode when operated with DTC.

The converter control strategy and wind speed are likely to be
interacting and affecting the reliability of fully-rated
converters in wind turbine applications.
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Appendix B

Datasheet

This appendix includes SKM800AG176D power module datasheet:
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SEMITRANS® 4

Trench IGBT Modules

SKM 800GA176D

Features

« Homogeneous Si

« Trench = Trenchgate technology

o V(cEgsat With positive temperature
coefficient

« High short circuit capability, self
limiting to 6 x |,

Typical Applications*

o AC inverter drives mains 575 -
750 V AC

o Public transport (auxiliary syst.)

« Wind power

Remarks

o lpc <500 A limited for Ttorminal =
100 °C

Absolute Maximum Ratings

T, =25 °C, unless otherwise specified

Symbol |Conditions | Values | Units
IGBT
Vees T,=25°C 1700 v
e T,=150°C T,=25°C 830 A
T,=80°C 590 A
lcrRM lcrm=2XIcnom 1200 A
Vges +20 v
tosc Ve = 1200 V; Ve <20 V; T;=125°C 10 ps
Vegs < 1700 V
Inverse Diode
I T,=150°C T,=25°C 630 A
T,=80°C 440 A
lFRM lrrM=2XlEnom 1200 A
lesm t, =10 ms; sin. T;=150°C 3600 A
Module
lyrms) 500 A
T, -40 ...+ 150 °C
Teo -40 ...+ 125 °C
Visol AC, 1 min. 4000 \
Characteristics T, =25 °C, unless otherwise specified
Symbol |Conditions | min. typ. max. |Units
IGBT
Ve Ve = Veg Ic =24 mA 5,2 5,8 6,4 v
lcgs Vee=0V,Vee=Vees  T;=25°C 4 mA
Veeo T,=25°C 1 1,2 v
T,=125°C 0,9 1.1 v
ree Vge =15V T,=25°C 1,7 2,1 mQ
T,=125°C 2,5 mQ
Veegsay lgnom =600 A, Vge =15V T;=25°Cy e, 2 2,45 v
T,=125°C e, 2,45 29 v
Cies 39,6 nF
Coes Vee=25,Vge =0V f=1MHz 2,2 nF
Cres 2,5 nF
Qg Vgg = -8V..+15V 4800 nC
taon) 230 ns
t. Rgon =3 Q Ve = 1200V 90 ns
Egn = 600A 335 mJ
ta(oft Rgoff = 3 Q T,=125°C 1030 ns
t Vge = £ 15V 160 ns
Eqtr 245 mJ
Rth(j-c) per IGBT 0,04 KW
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SEMITRANS® 4

Trench IGBT Modules

SKM 800GA176D

Features

« Homogeneous Si

« Trench = Trenchgate technology

o V(cEgsat With positive temperature
coefficient

« High short circuit capability, self
limiting to 6 x |,

Typical Applications*

o AC inverter drives mains 575 -
750 V AC

o Public transport (auxiliary syst.)

« Wind power

Remarks

o lpc <500 A limited for Ttorminal =
100 °C

N

Characteristics

Symbol |Conditions | min. typ. max. |Units
Inverse Diode
Ve = Vee lenom = 600 A; Vge =0V T;=25°C ey, 1,6 1,9 \Y
T;=125 °Cipipev. 1,6 \Y
Veo T,=25°C 1,1 1,3 \Y
e T,=25°C 0,83 1 mQ
IrrM I =600 A T;=125°C 650 A
Q, di/dt = 6400 Alus 230 ucC
E. Vge =-15V; Ve = 1200V 155 mJ
Ring-op per diode 0,07 KW
Module
Lce 15 20 nH
Recsee res., terminal-chip Tease™ 25 °C 0,18 mQ
Tease= 125 °C 0,22 mQ
Rth(c_s) per module 0,038 KW
M to heat sink M6 3 5 Nm
M, to terminals M6 (M4) 2,5(1,1) 5(2) Nm
w 330 g

This is an electrostatic discharge sensitive device (ESDS), international standard
IEC 60747-1, Chapter IX.

* The specifications of our components may not be considered as an assurance of
component characteristics. Components have to be tested for the respective
application. Adjustments may be necessary. The use of SEMIKRON products in
life support appliances and systems is subject to prior specification and written
approval by SEMIKRON. We therefore strongly recommend prior consultation of
our personal.
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SKM 800GA176D

Z
th
Symbol |Conditions Values | Units
Z. .
rGOl iy 28 mk/W
R; i=2 9,5 mk/W
- R; i=3 2,17 mk/W
- R, i=4 0,33 mk/W
- tau, i=1 0,0447 s
S’ tau, i=2 0,02 s
tau, i=3 0,0015 s
SEMITRANS® 4 tay =4 0.0025 .
Z. .
th(j-c)D .
R i=1 46 mk/W
Trench IGBT Modules R i e Y
R, i=3 5,9 mk/W
R i=4 1,1 mk/W
tau, i=1 0,05 s
SKM 800GA176D o o 0.0075 :
tau, i=3 0,002 s
tau, i=4 0,0002 s
Features

« Homogeneous Si

« Trench = Trenchgate technology

o V(cEgsat With positive temperature
coefficient

« High short circuit capability, self
limiting to 6 x |,

Typical Applications*

o AC inverter drives mains 575 -
750 V AC

o Public transport (auxiliary syst.)

« Wind power

Remarks

o lpc <500 A limited for Ttorminal =
100 °C

w
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