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ABSTRACT: Modern wind turbines are complicated aerodynamic, mechanical, and electrical devices with advanced control 

systems. Wind turbines are being built in greater numbers in Europe, the United States, and other parts of the world. Germany 

and Denmark have both installed substantial numbers of turbines and have played a key role in the development of the 

technology in Europe. The purpose of this essay is to better understand the historical dependability of contemporary wind 

turbines. The project's main goal is to extract information from current data in order to anticipate the dependability of huge 

wind turbines, especially when they are put offshore in the future. The paper examines the dependability of wind turbine 

components using data from the Windstats survey and historical German and Danish data. The number of failures is gathered 

for each interval, but the number of turbines fluctuates in each interval, like in practical reliability surveys. The authors of this 

paper employ dependability analysis methodologies that are applicable to any repairable system, not just wind turbines. When 

comparing the results from the two populations, special care is taken to ensure that the data is genuine. The primary goal of this 

article is to explain realistic techniques for forecasting large-wind-turbine dependability utilizing aggregated survey data from 

Windstats, as well as to demonstrate how turbine design, turbine configuration, time, weather, and perhaps maintenance may 

influence the derived result. 
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1. INTRODUCTION: 

Wind turbines are increasingly being integrated into European electricity networks. They are becoming a 

significant element of networks in several countries, such as Denmark, Germany, and Spain, and as a result, 

they have an impact on total system performance and dependability. 1Wind turbine layout, technology, and 

size have all changed dramatically in recent years, with bigger turbines (up to 2MW) integrating new 

technologies being placed onshore across Europe.More wind turbines might be built in remote and offshore 

areas to increase wind energy extraction, however access to the turbines for maintenance will be limited[1] 

This increases the requirement for precise dependability projections so that wind turbine availability and 

longevity can be projected, as well as acceptable forecasts of wind energy collection during the turbines' 

lifetimes. Many bigger wind turbines are included in the German statistics. For electric motors2, one of the 

authors has previously demonstrated that similar data may be used to forecast the dependability of future 

equipment. Wind turbine reliability projections will have a significant impact on the future growth of wind 

power resources. Windstats is a reliability survey that gathers, organizes, and groups data on failures into 

months or quarters. As a result, no information on time to failure (TTF) is provided. The data comes from 

wind turbines, which are typical repairable systems that cannot be regarded autonomous in terms of failure 

times because they are both maintained and fixed[2]. As a result, the proper statistical model must be selected. 

This paper examines failure rates generated from Windstats, discusses issues that have emerged, and shows 

how turbine failure rates are improving over time.The paper is structured to first give the background of the 

wind turbine dependability issue, then to discuss the modeling methods available to analyze the data provided, 

and finally to apply those approaches to the data obtained. Finally, the various outcomes are discussed, and 

conclusions are formed. P was studied in this article for a total of ten years, from October 1994 to September 

2004. This time frame was set to guarantee that the data being evaluated was from current wind turbine 

designs. Data from two nations in particular, Germany and Denmark, were examined since the populations of 

wind turbines reporting to Windstats in these two countries are considerable. The statistics include failures for 

the subassemblies that make up the turbines, as well as information regarding the elements listed in .As 

indicated below, [1]the German survey population includes up to 4500 turbines, whereas the Danish survey 

population includes up to 2500 turbines. The Windstats survey only looks at a small portion of the wind 

turbines erected in Germany and Denmark, which total around 20,000 and 6000 turbines, respectively. The 

survey captures the number of failures occurring in the two turbine populations of successive Intervals of one 
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month for Danish data and quarterly for German data, which are released quarterly. The size of the population 

and the size of the interval are statistically significant because the larger the population and the greater the 

period, the more failures are likely to occur in the interval. As turbines are added or removed from operation, 

the population changes over time, and the character of the population changes as well. The German statistics 

appear to be more accurate statistically, since they reflect a larger population and a longer time, and so are 

recording a significantly higher number of failures each interval. The number of wind energy installations is 

increasing rapidly all over the world. With the rise in wind power generation, it's more vital than ever to 

forecast how wind turbines will interact with the grid in advance, especially for grid owners[3]. Grid 

simulation tools, such as the Power System Simulator for Engineering (PSS/E), which are frequently used to 

study power system behavior, typically require relatively realistic and low-capacity-demanding models of all 

power system components. Because of the large number of components in the system, a low-capacity demand 

is required. This condition must be met by models of new types of generating units, such as wind turbines. 

There are a number of simulation software available that, in theory, represent a full wind turbine. However, 

because to its large computational cost, the turbine description employed in such programs is not feasible in 

grid simulation tools. As a result, it is important to reduce such a description to a level that is suitable for grid 

simulation systems, which is what this work aims to do. both provide approaches to simplified aerodynamic 

modeling of wind turbines. The basic idea behind these articles is to use various filters to alter wind speed 

data at a single location (hub level) to reflect the interaction of turbine blades with the wind speed distribution 

throughout the rotor swept region. The resultant wind data is then used to calculate the driving torque using 

the static power curve. The drive train is also described in a variety of ways; however, because to the lack of 

criteria for thorough explanations, simpler descriptions predominate in the literature. The literature has a wide 

range of representations of generator complexity.  has no dynamic model at all, whereas employs a first-order 

model? A third-order model is used, while a fifth-order model. The typical trend is for electrical engineers to 

simplify the aerodynamic and mechanical components of the overall model, while mechanical engineers 

neglect the wind turbine's electrical performance specifics. Model validations using real-world measurements 

on wind turbines are uncommon in the literature. Furthermore, there has yet to be published models and 

observations of wind turbine reactions to grid disruptions.  are two examples where observations and models 

of wind turbine impact during normal operation have been published. Results for determining the flicker 

impact of a wind turbine for one wind speed were reported in, and over a large wind speed range using a 

relatively sophisticated wind turbine model, fairly excellent agreement between calculations and observations 

was reported in. Prediction of voltage fluctuations generated by variable-speed turbines is not of relevance 

from the standpoint of power quality because their flicker emission is relatively low . Predicting voltage 

variations caused by fixed-speed turbines, on the other hand, is critical since this contribution frequently 

defines the installation limitations for these turbines .The purpose of this study is to look at the wind turbine 

modeling needs for power system analyses[4]. Aspects such as the complexity of the aerodynamic conversion 

description, the drive train, and the generator description are studied for their relevance. Furthermore, we want 

to use on-site measurements to confirm the simulation results. Interest In Wind Turbine Concepts Modeling: 

Today, there are three primary types of wind turbines that are widely erected. Variable-speed wind turbines 

with either a slip-ringed induction generator and a converter in the rotor circuit or a complete power converter 

in the stator circuit and fixed-speed wind turbines with a generator directly linked to the grid. Fixed-speed 

turbines are either stall regulated or active stall regulated, whereas variable-speed turbines are pitch-regulated. 

At increasing wind speeds, active stall regulation adjusts the pitch angle slightly to ensure that the power level 

is always correct. Affect of Steady-State Voltage Levels: Due to their power generation, wind turbines have 

an impact on the voltage level at the point of common connection (PCC). The active power generated by the 

turbine raises the voltage, but the reactive power can either raise or lower the voltage. The influence of a 

fixed-speed wind turbine system with an induction generator directly linked to the grid on the steady-state 

voltage level is predetermined and cannot be changed during operation. At the back of the room, there is a 

capacitor bank[5].Figure 1 shows the Principle layout of the fixed-speed wind turbine system. 
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Figure 1: Principal layout of the fixed-speed wind turbine system. 

2. DISCUSSION: 

2.1. Application: 

Wind turbine reaction to grid disruptions is also an essential factor to consider in the model. Grid disruptions 

can be severe, such as a local short circuit, or tiny, such as a voltage dip lasting a few hundred milliseconds 

and with a magnitude of a few percent. The induction generator, particularly the instantaneous reaction, 

governs the response to a grid disturbance in the case of a fixed-speed turbine. In this scenario, the other 

components (drive train and aerodynamic modification) are less relevant to simulate. The reaction of variable-

speed wind turbines to small grid disruptions is determined by the individual wind turbine's control system. 

The majority of the time, manufacturers do not offer this. As a result, constructing a generally acceptable 

model for addressing grid disturbances for these sorts of turbines is difficult. The two variable-speed systems 

will operate differently in the event of a significant grid disturbance. By simply stopping the converter's turn-

on pulses, a system with a full-power converter in the stator circuit will be able to disconnect instantly. A slip-

ringed induction machine's rotor circuit with a converter works in a different way. If the disturbance results in 

excessive rotor voltages, the rotor windings will be short-circuited (to protect both the rotor and the 

converter), and the generator's stator will be removed subsequently using standard circuit breakers. It may also 

be desired for the generator to remain operational, assuming that the generator, wind turbine, and other 

equipment are capable of doing so. This may be especially useful in cases when there are a lot of turbines 

linked and the loss of a lot of them would cause grid stability issues. Simulation Models (D)In order to 

estimate their steady-state impact, fixed-speed systems must include a description of the aerodynamics, 

generator, and drive train. When it comes to the turbine's response to grid disruptions, it's mostly the generator 

description that matters. For the reasons stated previously, the dynamic behavior of variable-speed systems 

does not need to be represented during steady-state operation. As a result, these systems may be easily 

characterized as active and reactive power sources that are based on average wind speed. The specifics of the 

management and protection of the power electronic converters must be known and incorporated in the 

simulation software to simulate the reaction of variable-speed systems to all grid disturbances. In, the 

observed and modeled reactive power output of a 180-kW fixed-speed stall-regulated wind turbine are 

compared. The wind field technique was used in the simulations, with the results (predetermined shaft torque) 

stored in advance. Instead of employing constant voltages, measured voltages were utilized as inputs. This is 

critical because the induction generator is subjected not just to disturbances on the machine shaft, but also to 

disturbances from the associated grid. The models take into account a soft shaft description. The induction 

generator is described differently in the two models, and the findings provided are from the fifth- and first-

order models, respectively. The third-order model produces findings that are extremely similar to those of the 

fifth-order model, thus it is not shown in the image. The reactive power response is well predicted by the 

third- and fifth-order models, however there is a minor difference in the frequency range of 7–10 Hz. Up to 

around 4 Hz, the first order model predicts comparable findings as the other two models, but for higher 

frequencies, it underestimates the reactive power variations. The turbine's periodic power pulsations are not 

replicated here. The reason for this is that they are turbine particular and must be empirically determined for 

each turbine, but the objective of this work is to be as generic as possible. It was discovered in that the size 

and phase of periodic power pulsations were related. 
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2.2. Advantages: 

Aerodynamic Conversion and the Wind Field: A wind field for a wind turbine may be built using fundamental 

characteristics such as the wind spectrum, average wind speed, turbulence intensity, roughness of the 

surrounding terrain, and the height and rotor size of a wind turbine, according to. According to, the wings 

should be split into several portions, with the randomly produced wind signals spread at the center of each 

wind section, i.e., in rings with the hub as the center. A stall-regulated fixed-speed turbine was modeled in. A 

three-ring design with 45 points per ring was determined to be sufficient. With knowledge of the rotor 

position, the randomly generated wind signals coming at each blade section may be calculated for each step of 

the computation. Interpolation is used to compute the wind speed at a particular place if necessary. The forces 

acting on the blades may be calculated using the blade geometry, pitch angle, rotor speed, and wind speed. It 

was possible to generate wind speeds in one and three dimensions. The ensuing effect on a turbine's power 

quality impact was analyzed, and it was discovered that just using wind speed in the longitudinal (axial) 

direction is adequate. In a time-critical application, determining the driving shaft torque for each time step, as 

stated above, may be undesirable. The aerodynamic filter technique has been proposed in as an alternate 

approach that is applicable to fixed-speed systems and is less time intensive. Wind turbine reaction to grid 

disruptions is also an essential factor to consider in the model. Grid disruptions can be severe, such as a local 

short circuit, or tiny, such as a voltage dip lasting a few hundred milliseconds and with a magnitude of a few 

percent. The induction generator, particularly the instantaneous reaction, governs the response to a grid 

disturbance in the case of a fixed-speed turbine. In this scenario, the other components (drive train and 

aerodynamic modification) are less relevant to simulate. To begin, a time series of wind data with the essential 

characteristics, such as mean wind speed and turbulence intensity, is created at a single location (at the hub 

level) . The input to the aerodynamic filters is this signal, and the output is the equivalent wind speed, which 

represents the wind field impact. The resultant wind signal may then be used to calculate the driving shaft 

torque by comparing it to the turbine's curve. The number of pole pairs is, and the grid and primary magneting 

inductances are[6] .Models of lower order than the fifth-order model are commonly used in power system 

research. The stator flux transients of the fifth-order model are usually discarded in favor of a third-order 

model. Because the rotor flux transients are occasionally neglected, a first-order induction machine model is 

produced. depicts the response of the mentioned models to a load torque step (from 50 to 100 percent of 

nominal torque), whereas depicts the response to a 10% voltage dip. The third-, fifth-, and ninth-order models 

all react similarly to shaft torque disturbances, while the first-order model responds differently. According to 

this result, the third-order model is a good fit for shaft torque disturbances. The reactions of the models to the 

voltage dip reveal even more differences. The first-order model fails to provide any acceptable results, while 

the other three models, despite their evident differences, manage to achieve results that are equivalent. The 

fifth- and ninth-order models both anticipate surge currents during the initial line periods, and the ninth-order 

model additionally predicts a very high-frequency oscillation due to the capacitor. As a result, unless a 

bandwidth of higher than 20–30 Hz is required, which is rarely the case, the third-order model is the best 

alternative[7]. 

2.3. Working: 

Turbine More filters might be added to modify the magnitudes of the higher frequency components, therefore 

expanding the frequency range where torque can be reliably measured. An “induction lag filter,” as stated , is 

one example. However, simulations have demonstrated that leaving out the induction lag filter has no effect 

on the power quality forecast capabilities of the proposed models. Instead, it was discovered that the flicker 

emission was highly dependent on the tuning of the two filters employed. The wind field technique described 

in [12] can be used to calculate the shaft torque in advance and store it to a file for fixed-speed stall-regulated 

turbines. During the grid simulation, this technique was determined to be more accurate and time-consuming 

than the aerodynamic filter approach, therefore it was utilized in this research.B. Representation of the Drive 

Train Because thorough knowledge of the drive train parameters (by anyone other than the makers) is 

uncommon, the drive train model was built around the data that was available. The inertia of both the turbine 

and the generator is included in the drive train model proposed here[8]. A spring and a damper are used to 

mimic the connecting shaft. The drive train of the wind turbine employed in this work is shown in  For both a 

stiff and a soft shaft representation, Fig. 6 shows the spectrum of the predicted output power from the 

induction generator subjected to the calculated shaft torque. It should be noticed that there is a significant 
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difference between the two model representations above 0.5 Hz. The conclusion is that a soft shaft must be 

included in the drive train concept. The grid and primary magneting inductances are H, and the number of 

pole pairs is. For power system research, models of lower order than the fifth-order model are typically 

utilized. It is usual to use a third-order model in which the stator flux transients of the fifth-order model are 

omitted . The rotor flux transients are sometimes sometimes ignored, resulting in a first-order induction 

machine model[9]. The response of the stated models to a load torque step (from 50 to 100 percent of nominal 

torque) is shown in Fig. 8, and the reaction to a 10% voltage dip is shown in Fig. 9.The reaction to shaft 

torque disturbances is fairly similar for the third-, fifth-, and ninth-order models, but the response of the first-

order model differs. The third-order model is a suitable choice for shaft torque disturbances, according to this 

result. The models' responses to the voltage dip indicate even more disparities. The first-order model fails to 

provide any acceptable outcomes, but the other three models manage to produce results that are comparable, 

despite their obvious discrepancies. The surge currents during the first line periods are likewise predicted by 

the fifth- and ninth-order models, and the ninth-order model also predicts a very high-frequency oscillation 

owing to the capacitor. The result is that the third-order model is the best option unless a bandwidth of greater 

than 20–30 Hz is required, which is rarely the case[6]. 

3. CONCLUSION: 

The modeling needs of wind turbines for power quality assessments are examined in this study. The results 

were verified using measurements taken on a 180-kW fixed-speed stall-regulated wind turbine. The 

aerodynamic filter method to simplifying the estimation of the torque operating on the drive-train of a fixed-

speed turbine is shown to be suitable for forecasting shaft torque up to a frequency of 2 Hz for the turbine 

under consideration. As the turbine's rotational speed decreases, as it does as turbines become larger, the limit 

frequency decreases as well. The use of a filter method to determine flicker emission from a turbine, on the 

other hand, is not advised. The filter's tuning necessitates a huge number of simulations, and the flicker 

emission outcomes are highly dependent on the determination procedure's specifics. Instead, it is 

recommended that the shaft torque be calculated in advance using a comprehensive wind field technique and 

the result be saved in a file. The usage of a soft shaft and the inertia of the turbine and generator are the 

minimal requirements for simulating the drive train. More thorough modeling might be beneficial; however, 

specifications for more detailed drive train modeling are rarely accessible. When evaluating flicker emission, 

it is critical (particularly critical for inductive grids) to account for voltage disturbances from the linked grid at 

the wind turbine site. The fifth-order generator representation is required to mimic the surge current during the 

initial line periods after a rapid grid disruption. When power system simulations are done, however, this is 

typically not of concern, and the third-order generator model suffices. Finally, it was discovered that for 

power system simulations, a third-order generator representation, two drive train equations, and a recalculated 

shaft torque signal are adequate to describe a fixed-speed wind turbine. The control and protection of the 

converter and generator systems must be incorporated in a model for a variable-speed wind turbine.[10] 
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