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Abstract

:

Power converters in wind turbines exhibit frequent failures, the causes of which have remained unexplained for years. Field-experience based research has revealed that power- and thermal-cycling induced fatigue effects in power electronics do not contribute significantly to the field failures observed. Instead, clear seasonal failure patterns point to environmental influences, in particular to humidity, as a critical stressor and likely driver of converter failure. In addition to the electrical operating conditions, it is therefore important to also identify and characterize the climatic conditions that power converters in wind turbines are exposed to, both as a contribution to root-cause analysis and as a basis for the derivation of suitable test procedures for reliability qualification of components and systems. This paper summarizes the results of field-measurement campaigns in 31 wind turbines of seven different manufacturers spread over three continents. The temperature and humidity conditions inside the converter cabinets are characterized and related to the environmental conditions of the turbines and to their operation. The cabinet-internal climate is found to be subject to pronounced seasonal variations. In addition to the site-specific ambient climatic conditions and the operation of the turbines, the converter cooling concept is identified to significantly influence the climatic conditions inside the power cabinets.
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1. Introduction


Since the early days of their utilization, power converters have been among the most frequently failing components of wind turbines, as major reliability studies in the past decade, e.g., [1,2,3], have confirmed. Their failures cause considerable revenue losses related to maintenance and downtime. Increasing their reliability is therefore an important contribution to further reducing the levelized cost (LCOE) of wind energy. A prerequisite for the development of effective measures, however, is an understanding of the failure modes prevailing in the field and of the underlying causes and mechanisms. For many years, research on the reliability of power electronics in wind turbines was strongly focused on power- and thermal-cycling induced fatigue effects on the chip and packaging level, which were assumed to be the dominant failure cause also in the power converters of wind turbines (cf. [4] for a variety of examples that are based on this postulation). However, comprehensive field-experience based research of the Fraunhofer Institute for Wind Energy Systems IWES, Germany, using failure data from thousands of wind turbines (WT) around the world in combination with post-mortem analysis of field-returned converter components revealed that the above fatigue effects are not among the prevailing causes of the converter failures observed in today’s wind turbines [4,5,6]. Instead, the observed strong seasonal clustering of failures points to climatic influences, in particular to humidity, as a relevant stressor and likely cause of converter failure [4,6]. Wind-power specific results of other research groups confirm the relevance of humidity in the context of converter failure: based on data from an older WT fleet, Tavner et al. [7] revealed a clear correlation between WT failures and weather conditions, with temperature and humidity having an even more significant effect than wind speed. In more recent studies based on younger WT fleets, Su and Hu [8] reported a strong clustering of electrical-system failures in wind turbines in China during months with warm and humid ambient conditions. Reder [9] found that the power converters failed mainly at low wind speeds, mild monthly mean temperatures and high ambient relative humidity.



In parallel to the increasing awareness of climatic influences as a critical driver for converter failures in wind turbines, a shift in focus towards environmental effects on reliability and particularly humidity issues is observable also in other fields of application of power electronic converters. This is indicated by publications such as [10,11,12], but also by the numerous contributions and strong industrial interest in a recent workshop of the European Center for Power Electronics (ECPE) on this subject [13]. In general, the trend towards miniaturization and higher component density in electronics increases their susceptibility to humidity, as pointed out in [14,15]. This is due to (1) higher packaging densities coming along with reduced distances of components and conducting tracks that facilitate a bridging, e.g., by water droplets or growing filaments; (2) higher electrical field strengths being a key driver for migration and corrosion effects; and (3) lower heat generation and with that reduced self-heating.



A result of the growing awareness of the relevance of environmental impact on power electronics reliability is a strongly increasing interest in the real climatic conditions experienced by these components in the different applications. One example are traction converters, for which the ongoing EU-funded PINTA projects in the Shift2Rail Joint Undertaking cover field measurements to better understand the environmental requirements in the railway application [16].



For power converters in wind power applications, we recognized the importance of understanding not only the electrical but also the climatic operating conditions in WT already within the first field-experience based study [17]. For this reason, Fraunhofer IWES has carried out numerous field-measurement campaigns in cooperation with WT operators since 2012, the results of which are the main subject of the present paper. Single climatic time series collected in this way were published earlier by the authors in [5,17,18,19]. In addition, exemplary climatic data measured in the converter of a WT were published by Brunko et al. in [20]. Compared with these previously published examples, the present paper takes a substantial step forward, both with respect to the amount and variety of the datasets and sites evaluated and to the depth of analysis.



The aim of this paper is



	
to characterize the climatic conditions in converter cabinets of WT based on humidity and temperature data collected in turbines on three different continents,



	
to relate these to the ambient climatic conditions and the WT operating conditions,



	
to identify potential dependencies on the converter cooling concept and position and



	
to shed light on the question why different seasonal failure patterns are observed in air-cooled and liquid-cooled converters of WT [4].






The paper is structured as follows: Section 2 introduces the instrumentation used for the climatic field measurements and describes the evaluated datasets and sites. Section 3 presents and discusses a variety of results derived from the measurement data. Finally, Section 4 summarizes the main conclusions of the present paper.




2. Materials and Methods


The climatic measurement data presented and evaluated in this paper have been collected since 2012 in a wide variety of onshore and offshore wind turbines at sites on three different continents (see Figure 1). The measurements have covered wind turbines with a nominal power in the range of 1.5–6.2 MW, including turbines both with fully and partially rated converter, with converter positions in the nacelle and in the tower base as well as turbines with air-cooled and liquid-cooled converters. The measured datasets cover periods ranging from some weeks to several years. The instrumentation used for measuring the climatic conditions inside (and in single cases outside) the wind turbines and supplementary data relevant for the analysis are described in the following.



2.1. Temperature and Humidity Measurement Campaigns


In most cases, the climatic conditions have been recorded by means of small battery-supplied loggers of type EasyLog EL-USB-2 by Lascar Electronics shown in Figure 2. These log the air temperature, relative humidity (RH) as well as the resulting dew-point temperature. Due to the limited storage capacity of the loggers, sampling intervals of 15 or 30 min have been used in order to allow long measurement periods. The loggers are specified for use in a temperature range of −35–80 °C and at 0–100% RH and have a precision of 0.5 °C and 0.5%, respectively. While the typical accuracy is 0.3 °C and 2% RH, the specified maximum errors are ±1.2 °C and ±5% RH at very low or very high temperature and humidity conditions [21]. The number of loggers installed per WT has varied and increased through the years: During the first measurement campaigns, loggers were placed solely inside the power cabinets, to measure the climatic conditions in the cabinet air near the power electronics. In later campaigns, additional loggers have been installed outside of the power cabinet, in the converter-control cabinet and, in single cases, at the outside of the turbine.



As an important and valuable complement, many of the project partners involved in the measurement campaigns have provided Fraunhofer IWES with operating data (10 min-aggregated data from the Supervisory Control and Data Acquisition (SCADA) system) from the wind turbines and periods of interest.



In addition to the logger-based measurements described above, comprehensive data from own climatic field-measurement campaigns in three WT in India and Texas were provided by a project partner and included in the analysis. In these campaigns, the turbines were equipped with PT100 temperature sensors by EPHY MESS at various points inside and outside the converter cabinets. An EE16-type sensor by E + E Elektronik measuring temperature and relative humidity (accuracy of ±0.5 °C and ±3% RH at 20 °C [22]) was placed inside the converter cabinet in two cases and outside of the cabinet in the third turbine, respectively. A Bachmann programmable logic controller (PLC) was used for data acquisition in intervals of 1 min, which included also electrical operating data of the WT received from the converter control system.




2.2. Supplementary Site-Specific Environmental Data (ERA5)


The climatic conditions in a converter cabinet are a result of the WT-ambient conditions, its design and its operation. In order to understand their dependency on the different influences, it is of crucial importance to have information also on the environmental conditions around the turbines. In the present work, we use the publicly available ERA5 reanalysis data for this purpose. ERA5 provides a large number of hourly estimates of relevant atmospheric and oceanographic variables based on global modal data. The dataset covers the earth on a grid of approximately 30 km × 30 km. For detailed information on the ERA5 reanalysis data, please refer to [23].



The variables of the ERA5 dataset used in the present study are the temperature and the dew-point temperature, both 2 m above the ground. Their time series consist of instantaneous values with a temporal resolution of 1 h. Combining temperature and dew-point temperature, the absolute and relative humidity are calculated.




2.3. Methods of Analysis


An important step preceding any evaluation of field data is its thorough pre-processing. In case of the measurement and operating data from different sources used in the present work, this has covered the transformation into a consistent format and structure as well as a cleansing from implausible data points.



Conversions between different measures of humidity (i.e., calculation of absolute humidity from temperature and relative humidity in case of the measurement data and calculation of relative and absolute humidity from temperature and dew point in case of ERA5 data, respectively) have been performed in agreement with those underlying the conversions used in model simulations for the generation of the ERA5 reanalysis, assuming saturation over water and using Teten’s formula with parameters according to Buck [24] for calculating saturation water vapor pressure (cf. documentation in [25,26]):


   e  s a t    T  =  k 1  · exp    k 2  ·   T −  T 0    T −  k 3       



(1)







Herein, T denotes the absolute temperature (in Kelvin) and the parameter values are k1 = 611.21 Pa, k2 = 17.502, k3 = 32.19 K and T0 = 273.16 K [24]. The relative humidity RH is defined as the quotient of vapor pressure e and saturation vapor pressure esat and therefore depends on the temperature T and the dew-point temperature Tdp according to:


  R H = 100 % ·  e   e  s a t     = 100 % ·    e  s a t      T  d p        e  s a t    T     



(2)







The absolute humidity AH as the mass of vapor (moisture) mw per volume of air V can be calculated from vapor pressure and absolute temperature using the equation


  A H =    m w   V  =  e   R w  · T   =    e  s a t      T  d p        R w  · T    



(3)




with Rw = 461.51 J/(kg K) denoting the specific gas constant for water vapor.



A variety of methods are subsequently applied for the evaluation of the measured data:




	
The starting point is the analysis of visualized measured temperature and humidity time series along with the ambient climatic conditions in the wind farm (site-specific ERA5 data) and with the WT operating point (i.e., active power fed to the grid normalized with the rated power of the WT). Note that due to the direct transferability of dew-point temperature into absolute humidity and vice versa, we limit the presentation in this paper to only one of these quantities. In the presentation and discussion of results, it should be understood that statements on one of these quantities apply in the same way to the second one.



	
The temperature and humidity conditions inside the converter cabinets are characterized by means of two-dimensional histograms showing the range of values and distributions of these signals.



	
Based on the periodicities observed in the data, sinusoidal functions are fitted to the temperature and humidity time series by means of nonlinear regression, similarly to the procedure presented in [27] for the case of ambient climatic data:


  f  t    =  A 0  +  A 1  · cos   2 π ·   t −  A 2    365   d      



(4)







A simple comparison of some aggregated descriptive statistics (e.g., measures of location or dispersion) of the temperature and humidity would lead to misleading results due to the pronounced seasonal variations in climatic conditions and the different lengths of measurement periods, which typically deviate from full-year periods. In this situation, the fitting of sinusoidal functions to the WT-internal and WT-external climatic time series is a suitable method to allow a systematic comparative analysis across different sites, WT types and measurement periods.



	
Scatterplots of the estimated parameters of the sinusoidal regression functions (e.g., the constant terms, the amplitudes and phase shifts) are used to reveal similarities and differences of the WT under analysis and identify how design factors such as the converter position in the WT or the cooling concept of the converter influence the climatic conditions in the converter cabinets.








For the calculation of failure rates shown in the present work, only faults requiring on-site repair and the consumption of spare parts or other material are considered as failure events. The average failure rate of a component is calculated according to the equation (see also, e.g., [4]):


  f =     ∑   i = 1  I   N i      ∑   i = 1  I   X i  ·  T i    =  N T   



(5)







In this equation, Ni describes the number of failure events of the component in the time interval i. Xi denotes the total number of turbines evaluated in this time interval, and Ti describes the duration of the time interval. Consequently, the average failure rate equals the quotient of the overall number N of failure events of the component of interest and the total number of evaluated wind-turbine operating years T. Note that the latter must include the operating time of both the failed and the non-failed turbines.



As a simple measure of correlation, the linear correlation coefficient (also: Pearson’s correlation coefficient) will be used at various points in this paper. It quantifies the strength of a linear relationship between two variables x and y and is estimated from a series of n pairs of data, denoted xi and yi, and their sample mean values, denoted xm and ym, using:


   r  x y   =     ∑   i = 1  n     x i  −  x m       y i  −  y m          ∑   i = 1  n       x i  −  x m     2    ∑   i = 1  n       y i  −  y m     2       



(6)







A second quantity of interest in the context of correlation analysis is the p-value for testing the null hypothesis of no correlation against the alternative that there is a correlation. For further information on the linear correlation coefficient or the corresponding p-value see, e.g., [28].



All data processing and analysis underlying the present work has been performed in MATLAB, version 2018b.





3. Results and Discussion


An extensive amount of data has been collected in the measurement campaigns described in Section 2 and through tapping the ERA5 database for the corresponding site-specific ambient conditions. Not all information gathered can be included in this study. Therefore, we seek a balance between an in-depth presentation of selected cases and analyses covering the measurement data from all investigated sites and WT types in the following. The starting point, however, is dedicated to an example of the seasonal converter-failure patterns forming the background and motivation of the field measurement campaigns of climatic conditions in WT converters.



3.1. Seasonal Converter Failure Patterns and Relation with Ambient Conditions


In close collaboration with project partners, Fraunhofer IWES has been able to collect and evaluate an increasing amount of converter-specific failure data through the past years. Today, the failure dataset covers more than 10,000 WT spread over Europe, Asia, Australia as well as North and South America. The exploratory statistical analysis of these data has revealed seasonal failure patterns in different regions, which has suggested a comparison with the local wind and climatic conditions. Figure 3 shows the most pronounced of these seasonal patterns, which has been observed in a WT fleet with liquid-cooled converters in India (cf. also [4,6]): It indicates that during the particularly humid months of June to September, the average failure rates of the core converter components (also denoted ‘phase-module’ components, incl. the insulated-gate bipolar transistor (IGBT) modules, their driver boards as well as the DC-link capacitors and busbars) rise to multiples of the previous months and decrease again notably towards the end of the year.



In contrast to the previous publications [4,6], in which this pattern could be compared only to averaged information from single Indian weather stations, we now compare these measurements specifically to the meteorological ERA5 reanalysis data for the wind farms and time periods of interests (see the lower subplots of Figure 3). The monthly averaged time series make clear how diverse not only the wind but also the ambient climatic conditions can be within a single country. As a simple quantitative measure of correlation between the monthly average failure rates and the ambient conditions, we provide the linear correlation coefficient r for each of the environmental quantities. It is calculated based on the monthly average values across all wind farms of interest (included as grey markers in Figure 3). The r values indicate a particularly strong correlation of the phase-module failure rates with the ambient measures of humidity, both with the relative humidity (r = 0.86) and the dew-point temperature (r = 0.68). The corresponding p-values are 0.0003 and 0.0146. Using a significance level of α = 0.05, the p-values confirm that these correlations are statistically significant.



Figure 4 provides a deepened analysis on the relation of phase-module failures and the ambient climatic conditions of the turbines. It evaluates the temperature and humidity conditions at the time of failure and seeks to identify which conditions increase the risk of failure. As the exact timestamp of failure (i.e., not only the date but also the time of day of failure) must be known for this type of analysis, only turbines for which SCADA data are also available can be included. The analysis underlying Figure 4 is therefore limited to a subset of the data underlying Figure 3 that covers 243 WT operating years. To illustrate the analysis procedure, Figure 4 consists of three subfigures: The overall range of ambient temperature and dew-point temperature is split into several bins. Depending on the conditions at the time of failure determined from the site-specific ERA5 data, each failure event is assigned to one of these bins. Figure 4a shows the resulting absolute number of failures in each of the bins. While no failures in the investigated fleet have been recorded at dew-point temperature values below 0 °C, the by far highest number of failures occurred at temperatures above 25 °C and dew-point temperatures above 15 °C. However, as Figure 4b makes clear, these are also the conditions at which the turbines of the evaluated Indian fleet are operating most of the time. In order to come to a meaningful analysis, it is necessary to take into consideration also the distribution of operating time over the different bins. Figure 4c is therefore derived by dividing for each bin the number of failures by the accumulated WT operating years falling into this bin, which results in the presentation of an average failure rate for each bin that can be interpreted. Would the failure events emerge independently of the ambient climatic conditions, the failure rates in all bins would be expected to be of the same magnitude. As Figure 4c shows, this is not the case. Instead a clear increase in the failure rates (and with that the risk of failure) is found with increasing level of ambient temperature and humidity. In addition to the comparison with monthly averaged conditions in Figure 3, this provides further evidence that the climatic conditions play an important role in the emergence of WT converter failures.



While a comparison of failure rates and WT-ambient conditions as in Figure 3 and Figure 4 can provide indications about influences that promote failure, it is necessary to understand the climatic conditions inside the WT and particularly inside their converter cabinets to further clarify the prevailing drivers and mechanisms of failure.




3.2. Climatic Conditions in Converter Cabinets of Wind Turbines


Among the 31 WT from which turbine-internal measurement data were collected, three are selected for an in-depth presentation:




	
an onshore WT with an air-cooled converter in the tower base located in the federal state of Thuringia in Germany,



	
an offshore WT in the German North Sea with a liquid-cooled converter in the nacelle, and



	
an onshore WT located in India with a liquid-cooled converter in the tower base.








The three turbines are serial models of different types and manufacturers. A similarity across the three WT is that they use doubly fed induction generators (DFIG) with partially rated converters. In these, the converter rating is typically approx. 25% of the WT’s rated power.



3.2.1. Example 1: Onshore WT in Germany with Air-Cooled Converter in the Tower Base


The first dataset stems from a WT located in the German Federal State of Thuringia, i.e., onshore at a distance of approximately 300 km from the sea. With a rated power in the range of 1.5 MW, it is an older-type turbine that has been installed in large numbers particularly in the first decade of this century. The power converter of this WT (also referred to as WT1 in the following) is air-cooled and located in the tower base.



Figure 5 shows the temperature and humidity time series measured inside and outside the converter cabinet as well as the WT-ambient climatic conditions according to the WT’s SCADA data and the site-specific ERA5 data. (Note that the SCADA dataset of this WT contains no humidity signals.) The last subplot complements the time series of climatic conditions with information about the corresponding operating points of the turbine: It shows the WT’s 10-min-averaged active power fed to the electric power grid normalized with the rated power of the turbine.



While Figure 5 visualizes the data from the whole measurement period of approx. ten months and is thus suitable to provide the overall picture and reveal seasonal variations, it is too coarse to identify details. For the same WT1, Figure 6 therefore provides segments of the time series limited to several days in summer and in winter, respectively. Note that all time stamps used and provided in this paper are in UTC (Coordinated Universal Time).



In a first step, we focus on a comparison of the conditions inside and outside the WT: As the uppermost subplot shows, there are notable differences between the temperature levels inside the converter cabinet, outside the cabinet inside the tower and outside the WT. With only rare exceptions, the highest temperature level is found inside the converter cabinet. This is expectable particularly during operation of the turbine, due to the losses generated in the electrically loaded converter. In this context, it is important to note that the power flow through the partial converter in a DFIG system is not proportional to the overall power the WT feeds into the grid: It undergoes a reversal of direction and with that a minimum of the absolute value in the point of synchronism of the DFIG (see, e.g., [29] for further details). The power flow through the converter takes on maximum values when the WT operates at full load. It is therefore plausible that the highest differences between cabinet-internal and WT-external temperatures are encountered during high part-load or full-load operation of the turbine (cf. the uppermost and the lowest subplot in Figure 6, see, e.g., 7th January in comparison with 9 January 2017). Correlation analysis reveals a strong linear correlation (r = 0.90) of the cabinet-internal temperature with the ERA5 WT-ambient temperature and a lower (r = 0.22), but likewise statistically significant correlation (p < 0.0001) between the cabinet-internal temperature and the WT active power. An interesting detail related to the temperature time series is that values below 0 °C can be observed inside this WT. These low values are encountered not only inside the tower but also within the converter cabinet (see 6 January 2017 in Figure 6). Surprising enough, a turbine start-up takes place in this condition in the early morning hours of 7 January 2017 without any notable preheating of the converter.



In case of the relative humidity, the levels inside and outside the WT differ even stronger than the temperature levels, as the RH plots in Figure 5 and Figure 6 make clear. There is only a moderate linear correlation between the cabinet-internal and the WT-external RH (r = 0.54). A very interesting finding is the observation that the dew-point temperature (and with this the absolute humidity, i.e., the moisture content per air volume in kg/m³) inside and outside the WT are virtually identical. The visual impression is further confirmed by a correlation coefficient of r = 0.99. The strong agreement of the internal and external dew-point temperatures suggests that there is a mostly unhindered air and humidity exchange not only between the WT environment and the tower interior but also with the inside of the converter cabinet.



In a second step, we investigate the temporal patterns in the climatic conditions: The overall view in Figure 5 reveals clear seasonal patterns in temperature and dew-point temperature (i.e., absolute humidity AH), with maximum levels during the summer months June–August. This annual periodicity is not limited to the ambient conditions around the WT but is observed also inside the turbine.



Another clear periodicity in the form of day–night cycles is observable in Figure 6, particularly during the summer days shown in the left-side diagrams: There are considerable daily variations, with a range of approximately 10 K in the present example. Minimum WT-internal temperatures are reached towards the end of the night and maximum temperatures during the afternoon. The relative humidity undergoes similarly pronounced cycles, however, with a reversed pattern: Maximum RH values coincide with minimum temperatures. At the same time, the dew-point temperature or absolute humidity shows little variation. The cyclic RH fluctuations are therefore mostly the result of the daily temperature variations: In conditions with a roughly constant amount of moisture per air volume (i.e., absolute humidity), higher temperatures will cause lower RH values as warm air can hold more moisture than cold air.



A final note on Figure 5 and Figure 6 concerns the WT-external temperature time series. It can be noted that the temperatures recorded in the SCADA system are slightly higher than those found in the ERA5 data for the same site. A likely explanation for this is that the SCADA-logged temperature is typically measured at a short distance from the nacelle, so that both its heat emission during operation and its high thermal inertia presumably influence the measurement.




3.2.2. Example 2: Offshore WT in the German North Sea with Liquid-Cooled Converter in the Nacelle


The second dataset presented in detail has been recorded on an offshore WT located 40–50 km off the coast in the German North Sea. It is a modern turbine type with a rated power of approximately 6 MW, which was released in the second decade of the 21st century. The converter is liquid-cooled and located inside the nacelle. For the sake of convenience, this turbine will be referred to as WT2 in the following.



Figure 7 shows the logger data and corresponding SCADA data of this WT together with the site-specific ERA5 time series, while Figure 8 provides again segments of the same signals. Note that the number of signals is higher compared to the previous case of WT1 because the converter system includes three power cabinets (A, B and C) and one logger was placed in each of them. The nacelle-internal conditions are captured by a logger placed outside power cabinet B. In addition, the figure includes SCADA signals measured with a temperature and a humidity sensor. However, as these two sensors are located in two different positions inside the nacelle, it is important to note that their signals may not be combined for calculation of the dew-point temperature or absolute humidity. The WT-external conditions are described by the ERA5 data and the SCADA temperature signal measured outside the nacelle.



A comparison of the signal levels measured inside and outside the turbine shows that the difference between WT-internal and -external temperature and RH levels are much larger than in case of WT1. Not surprisingly, the conditions inside the three power cabinets are very similar to each other (temperatures: r = 0.95–0.99, RH: r > 0.99). During operation of the turbine, it can be observed that the temperature levels inside the WT undergo little variation and remain mostly in the range of 30–40 °C, independently of the strong seasonal variation of the WT-ambient temperatures. This is reflected also in a negligible linear correlation (r = −0.15) between the cabinet-internal and WT-external temperature and points to an effective climatization of the air inside the nacelle. Only when higher-load operation coincides with warm ambient temperatures, the temperatures inside the converter cabinets show a notable increase (see, e.g., 22–28 July 2019 in Figure 7 or 24 June 2019 in Figure 8). This is reflected in a moderate correlation of the cabinet temperature with WT active power with r = 0.47. The higher-frequency ripple observed on the nacelle-internal temperature signals points to an active two-point temperature control of the temperature. In contrast to the relatively constant conditions during operation, the temperatures inside the nacelle fall considerably during periods in which the WT feeds no power to the grid. However, the WT-internal temperatures remain far above 0 °C even throughout the winter months. Differences between the logger and the SCADA RH time series are likely related to a larger distance of the two measurement positions inside the nacelle. The WT-external SCADA temperature is mostly in good agreement with the ERA5 temperature, with some exceptions during spring and autumn. As in case of WT1, it is interesting to note that the dew-point temperature and therefore the absolute humidity is almost identical inside and outside the turbine (r = 0.97), while there is only a weak correlation between the internal and external RH (r = 0.27).



Looking at periodicities, the ambient temperature as well as the absolute humidity (inside and outside WT2) are subject to a pronounced seasonal variations. In contrast to the previous case of WT1, only the absolute humidity’s seasonal variation propagates into the interior of WT2. Another difference to WT1 is that day–night cycles of the ambient temperature are much lower at the present offshore site than at the onshore site of WT1, and that these are not notable inside WT2.




3.2.3. Example 3: Onshore WT in India with Liquid-Cooled Converter in the Tower Base


The third dataset presented in detail originates from an onshore WT (denoted WT3 in the following) that is located in the Indian state of Gujarat, at an inland site approximately 10 km from the coast. It is of a type with a rated power of approximately 2 MW, which has been commissioned in large numbers in the second decade of this century. The converter of this WT type is liquid-cooled and located in the tower base of the turbine. In contrast to the previous two cases of WT1 and WT2, the climatic and operating data presented in the following stem from a measurement campaign of a project partner (cf. Section 2.1).



Figure 9 presents the climatic time series measured inside and outside the converter cabinet of WT3 as well as the WT-ambient climatic conditions according to the site-specific ERA5 data. Note that the temperature signal from inside the power cabinet, which is shown in this Figure 9, is the signal measured by the EE16-type combined temperature and humidity sensor.



The time series recorded in WT3 and the corresponding environmental ERA5 data exhibit strong periodicities: As Figure 9 shows, very pronounced seasonal variations of temperature and humidity are found not only outside the WT but also inside its converter cabinet. In addition, there are strong ambient day–night cycles in temperature during both summer and winter that also propagate into the turbine (cf. Figure 10).



Already at the first glance it becomes clear that, compared with the two wind-farm sites of WT1 and WT2 in Germany analyzed so far, this Indian site is characterized by much higher levels of ambient temperature and absolute humidity.



A comparison of the cabinet-internal and WT-external temperature shows that the temperature difference is larger than in case of WT1 with air-cooled converter in the tower base but smaller than in WT2 with its liquid-cooled converter located in the nacelle. The corresponding correlation coefficient is r = 0.66, indicating a moderate to strong correlation. While also the RH levels inside and outside differ considerably (but are nonetheless significantly correlated with r = 0.77), the dew-point temperature and absolute humidity, respectively, inside the converter cabinets follow the WT-ambient conditions very closely also in this third WT (r = 0.96). A site-specific specialty is that the ambient absolute humidity remains at a very high level of approximately 0.022 kg/m³ (corresponding to a dew-point temperature of approximately 25 °C) during the whole Indian monsoon season from June to September. The correlation between cabinet-internal temperature and WT active power is moderate (r = 0.45) in WT3.





3.3. Characterization of Climatic Conditions inside WT Converter Cabinets


The visualization of the climatic and operating-data time series used in the previous section allows valuable insights in the dependency of the converter-cabinet climate on the environmental conditions and the turbine operation. It is, however, not suitable for a compact characterization of the climatic conditions the power electronic components are exposed to in a certain WT.



3.3.1. Description of Cabinet Climate by Means of 2D Frequency Distributions


For characterizing the climatic conditions, a more appropriate form of visualization is a two-dimensional (2D) histogram of the frequency distribution of temperature and humidity. Such a diagram, sporadically—in deviation from the utilization of this term in meteorology—also denoted as “climatogram” (see, e.g., [11,27]), has the advantage that it combines the closely coupled climatic quantities in a single plot. In accordance with the prevailing form of presentation, we choose the relative humidity over temperature for the 2D frequency distributions presented in this paper.



Figure 11 provides the resulting diagrams for the three wind turbines introduced in the previous section when the data from the full measurement periods are included (Note that the duration of the measurement covers at least one full year only in case of WT3.).



The figure shows at a glance how different the climatic conditions inside the converter cabinets of these WT are: While the maximum temperatures are in a similar order of magnitude, WT1 stands out with a frequent occurrence of temperatures below 20 °C and occasionally even below 0 °C. In all WT, the maximum RH recorded in the cabinet air remains below 80%. WT2 stands out with particularly low levels of RH. In summary, the range of values (i.e., the area spanned by the climatic conditions) is most confined in the liquid-cooled converter inside the nacelle of WT2.



The strong seasonal variation of the climatic conditions observed in the previous section suggests a partition of the datasets by seasons or quarters, respectively, and their separate visualization. Figure 12 shows the resulting quarter-wise distributions for the same turbines WT1 to WT3. These make clear how strongly the value ranges and distributions of cabinet-air temperature and RH vary during the course of the year. A quarter- or season-wise visualization is therefore much more suitable and meaningful than the inclusion of several months’ time series in a single diagram. This applies in particular if the measured datasets do not cover certain seasons at all or if they include some seasons more often than others (as, e.g., in case of a 15-months measurement campaign). In this case, the visualization in a single plot could easily leave the misleading impression of being representative for this WT and site whereas it might be severely dominated or biased by a certain season.




3.3.2. Influence of Sampling Rates Used in Climatic Measurement Campaigns


An important question in the context of climatic field measurements is what sampling intervals are necessary in order to capture the value range and dynamics of the climatic conditions with sufficient accuracy. In view of this, we use the time series from WT3 with a relatively high temporal resolution of 1 min to study exemplarily to which extent a lower resolution (or larger sampling interval, respectively) of 15 or 30 min affects the captured value range and dynamics. For this purpose, the climatic time series of WT3 have been reduced to every 15th or 30th data point to mimic sampling intervals of 15 or 30 min, respectively, which are typical temporal resolutions of the logger measurements (cf. Section 2.1).



Figure 13 compares the resulting value ranges and distributions obtained for WT3 with the three different sampling intervals. The example shows that neither the range of temperature and humidity values nor their distribution change notably through the reduction to a temporal resolution of 15 or 30 min. In order to obtain an impression in which way the captured dynamics of temperature or humidity variations are influenced by the sampling intervals, a time segment of several days with pronounced fluctuations in the climatic conditions in the cabinet air is examined (see Figure 14a,b).



The time series with sampling intervals of 1, 15 and 30 min provided for comparison in this figure make clear that temperature changes and larger RH cycles are well mapped even with a temporal resolution as low as 30 min. Small RH variations of higher frequency, as can be seen in the RH time series segment in Figure 14b, cannot be fully recorded with sampling intervals of 15 and 30 min. Figure 14c complements the exemplary qualitative comparison with a quantitative comparison based on the full length of approx. 25 months of the WT3 dataset: The histograms show the relative frequency distributions of the deviations obtained by subtracting the 1 min time series from the linearly interpolated 15 and 30 min time series. In this way it is possible to assess the deviations resulting from the lower temporal resolution for both the temperature and the RH signal. As Figure 14c shows, the deviations remain below 1 K and 1% RH for the large majority of data points. Taking into account the accuracy of the temperature and humidity sensors of ±0.5 °C and ±3% RH used in WT3, respectively, the deviations of 96.8% of the temperature measurements and of 99.2% of the RH measurements remain within the range of the sensor accuracy even in case of the dataset with 30 min sampling intervals. In only 0.2% of the measurements, the temperature deviation exceeds 1 K. Therefore, the inaccuracy introduced by sampling intervals of up to 30 min is considered uncritical. However, it is important to note that this applies only for measurements in the cabinet air (or the cabinet-surrounding air, alternatively). Temperatures measured directly, e.g., on the cases or heat sinks of power modules are subject to much faster variations. In order to capture the higher dynamics in such positions, a higher temporal resolution in the range of approx. 1–3 min would be necessary. Ultimately, however, it is the purpose of the measurement campaign that determines the requirements for both sensor accuracy and sampling rates. For the characterization of climatic conditions that the power converters in WT of different types and in different regions are exposed to, which is the main purpose of the present work, the accuracy achieved by means of the loggers described in Section 2.1 is fully adequate. In contrast, measurements intended to serve, e.g., as a basis for detailed, spatially resolved analysis or modelling of cabinet-internal heat and moisture transport processes would obviously require higher levels of measurement-system accuracy and sampling rates as well as additional sensor positions.




3.3.3. Ranges of Cabinet-Internal Temperature and Humidity According to Field Measurements on 31 Wind Turbines


After the in-depth presentation and discussion of the climatic conditions inside and around three selected turbines in the previous sections, the results presented in the following are based on the climatic datasets of all measurement campaigns evaluated at Fraunhofer IWES, i.e., from in total 31 wind turbines in six countries (cf. Section 2). In order to provide an idea of the range of temperature and humidity conditions encountered inside the converter cabinets of all investigated turbines, Table 1 summarizes the minimum and maximum values determined across all datasets. As these need to be related to the ambient conditions the investigated turbines have been operating in, the table includes also the extrema of the WT’s ambient conditions according to the ERA5 data from the corresponding sites and periods.



It is interesting to note that both the temperature and humidity conditions exceed the limits of climate class 3K3 (according to IEC 60721-3-3 [30]: 5–40 °C, 5–85% RH, 1–25 g/m³ AH) that most IGBT modules used in wind turbines are specified for (see, e.g., [31,32]). Taking into consideration that many power modules are designed for an extended temperature range, at least the measured very low and very high values of absolute humidity remain outside the limits of climate class 3K3.



In addition to the above temperature and humidity limits, 3K3 excludes the occurrence of condensation. However, the fact that condensation occurs in converters of wind turbines has been proven beyond doubt by pictures and reports of entirely “wet” converters in the field. It is also not uncommon that traces on field-returned converter components indicate a previous contact with condensed water. The recorded maximum relative humidity of 83.4% reported in Table 1 must therefore not be misunderstood as an indication against the occurrence of condensation: The lack of recorded values close to 100% RH in the cabinet air does not exclude the local occurrence of condensation on cold(er) surfaces of heat sinks or other components with high thermal inertia. In addition, it is important to be aware of the fact that water films can start forming already far below 100% RH: e.g., in the case of printed circuit board assemblies (PCBA) contaminated with flux residues, water-film formation has been reported at as low values as 70% RH in [33] and even at 55–60% RH in [34,35]. This implies that there is a certain risk of condensation-induced degradation or even failure already at apparently uncritical levels of RH and several degrees Kelvin above the dew point.





3.4. Role of Converter Position and Cooling Concept for Cabinet-Internal Climatic Conditions


The following analysis is dedicated to a comparison of climatic conditions across all surveyed WT. It aims at identifying potential systematic dependencies on WT design factors such as the converter position inside the WT and the cooling concept of the converter. A particularly interesting aspect in this context is whether the findings may shed light on the question why different seasonal failure patterns are observed in air-cooled and liquid-cooled converters of WT. In view of the highly diverse ambient climates that the WT are operating in and the strong influence that, according to the results presented in Section 3.2, the WT-ambient climatic conditions have on the converter-cabinet internal climate, it is crucial to include the ambient conditions in the comparison.



Due to the reasons outlined in Section 2.3, we use the sinusoidal regression function provided in Equation (4) for the deeper characterization and subsequent comparison of the temperature and dew-point temperature time series. As the relative humidity is no independent third quantity but depending on the temperature and the dew-point temperature, its time series is calculated based on the regression functions of the former two quantities. Figure 15 exemplifies this procedure for the cases of the three turbines WT1–WT3.



The fits for the time series measured inside the converter cabinets (denoted with “Logger”) are based on the actual measurement periods, while the fits for the WT-ambient conditions (“ERA5”) are based on the corresponding full-year periods of the years in which the measurement campaigns have taken place.



As an example, Equations (7) and (8) provide the fit functions obtained for the cabinet-internal and WT-ambient temperature of WT1, respectively.


  T m  p  L o g g e r    t  = 19.1 ° C + 8.4 K · cos   2 π ·   t − 189.7   d   365   d      



(7)






  T m  p  E R A    t  = 9.4 ° C + 9.1 K · cos   2 π ·   t − 200.5   d   365   d      



(8)







The sinusoidal fit functions consist of a constant term (parameter A0 in Equation (4)) and a term describing the annual cycles (with amplitude A1 and phase shift A2, the latter corresponding to the day of the year in which the fit function takes on its maximum). It is important to note that the sinusoidal fit functions obtained in this way provide a suitable description of the average behavior with its recurring seasonal patterns. However, stochastic fluctuations, e.g., related to varying wind speed are not covered by the regression functions.



From Figure 15a and the corresponding fit functions in Equations (7) and (8), the following observations can be derived regarding the temperature conditions in and around WT1:




	
As observed already in the in-depth analysis of WT1 in Section 3.2, the average temperature levels (A0) show a notable difference of, in this case, approximately 10 K.



	
The amplitudes of the annual temperature cycles A1 are similar inside and outside, i.e., they are only slightly lower inside the air-cooled converter cabinet in the tower base of this turbine than in the WT environment.



	
The annual temperature cycles are nearly “in phase”, with the maxima being shifted by not more than 11 days.








Taking into consideration the full set of results shown in Figure 15, the first observation to state is the considerable difference in the seasonal cyclic patterns covered. Only selected aspects are highlighted here for the sake of brevity:




	
While the thermal coupling between the converter-cabinet air and the air surrounding the turbine is similarly close in WT3 as in WT1, the temperature conditions inside WT2 appear to be decoupled from those surrounding the turbine (cf. also Section 3.2).



	
As the diagrams for the dew-point temperature in the middle part of Figure 15a–c show, the fit functions confirm the close agreement of the cabinet-internal and WT-external dew-point temperature and absolute humidity, respectively, that was previously observed in Section 3.2.



	
It is interesting to note that the annual maximum of the resulting relative humidity inside the converter cabinet does not necessarily coincide with that of the dew-point temperature, as the case of WT1 reveals. This is related to the fact that an increase in temperature has a reverse effect on RH compared to an increase in the dew-point temperature. Considering, e.g., the first quarter of the year, the increase in moisture content of the cabinet air expressed in the increase in dew-point temperature is overcompensated by the even stronger increasing cabinet temperature in this period, resulting in a decreasing RH.








In order to enable a comparison of the climatic conditions across a larger number of turbines types and sites, a higher level of aggregation is necessary. This is accomplished by means of scatterplots of the estimated parameters of the regression functions, see Figure 16. Markers of different colors are used for WT with air-cooled converters in the tower base, liquid-cooled converters in the tower base and liquid-cooled converters in the nacelle, respectively. This facilitates the detection of systematic similarities within or differences between these groups of turbines. Note that in the few cases of WT with more than one power cabinet, several markers belonging to the same WT are included in the plots.



Figure 16a summarizes the constant terms A0 of the temperature (top) and dew-point fits (middle); in case of the relative humidity RH (bottom), the mean value of the RH time series calculated from the sinusoidal fit functions for temperature and dew point is plotted instead of the constant term. Figure 16b compares the amplitudes of the annual cycles obtained in the regression. As the calculated RH is no sinusoidal function, an amplitude is not defined in this case. Instead, half of the difference between minimum and maximum of the annual cycle is plotted as corresponding parameter for RH in Figure 16b. In order to integrate both the parameters characterizing the cabinet-internal and the ones characterizing the WT-external climatic conditions in a single plot, all subplots of Figure 16a,b include the WT-external parameter derived from the ERA5 time series on the horizontal axis and the cabinet-internal parameter derived from the logger data on the vertical axis. The subplots in Figure 16c, showing the day of the year on which each fitted or calculated function reaches its maximum, have a different structure: Here, the markers corresponding to the inside of the converter cabinet are found on the left side, those corresponding to the environment of the WT on the right side. Note that in several cases, the logged time series of cabinet-internal climate have been too short or otherwise unsuitable to provide plausible harmonic fit functions. In some of these cases, coupling the phase shift of the logger-data fit to that of the ERA5-data fit by means of the simplifying assumption A2,Logger = A2,ERA5 has enabled the derivation of representative fits. These cases are indicated by diamond-type markers in Figure 16, while all parameter values derived without this assumption are represented by circle-type markers.



Evaluating the scatterplots in Figure 16, a first pattern can be identified considering the constant terms of the cabinet-internal temperatures: The air-cooled converters located in the tower base stand out with the lowest average temperature levels; in contrast in the cabinets of water-cooled converters, the temperature level is higher and similar for converters in the nacelle and the tower base. An interesting detail to observe in Figure 16a is that the cabinet-internal temperature level in the two turbines in India (represented by the two orange markers in the right half of the figure) is in the same range as in turbines with water-cooled converters in Europe and USA, in spite of the fact that the former operate in a much warmer ambient climate than the latter. As expected after the strong coincidence observed already in the previous analyses, the dew-point temperature level inside the converter cabinet is strongly correlated with that in the WT environment. Closely related to the noticeably lower temperature level in air-cooled converters, the RH level tends to be highest in air-cooled converters. Again here, the RH conditions in water-cooled converters are similar to each other independently of the converter position but different from those in air-cooled systems.



An evaluation of the scatterplots in Figure 16b shows that the amplitudes of the annual temperature cycles are typically smaller inside the converter cabinets than outside the turbine. At the same time, the seasonal variations of the dew-point temperature and of RH are in several cases higher inside the cabinets than in the WT environment. In interesting observation along the way is the cluster of markers at the left border of the RH-related subplot in Figure 16b: The turbines found in this cluster have in common that they are located offshore or close to a coast. This suggests that WT sites in or near the sea are characterized by low annual variations of the ambient relative humidity. The seasonal RH variations inside the converter cabinets of these turbines are nevertheless as strong as in the evaluated inland turbines, as the lowermost subplot in Figure 16b indicates.



Finally, also the evaluation of the times of the year at which the annual temperature, dew point and RH cycles take on their maxima, shown in Figure 16c, provides interesting insights: A clear result is that the maximum dew-point temperatures inside the power cabinets are reached virtually at the same time as they occur in the WT environment. The same temporal coincidence applies for the temperature maxima in WT with air-cooled converters in the tower base. In contrast in water-cooled converters, the temperature maxima are spread over several seasons of the year. However, it is important to note that in all cases with maxima before mid of June the corresponding amplitudes are low, so that the temperature conditions inside the respective converter cabinets are in fact almost constant throughout the different seasons. (WT2 is an example of such a case, cf. Figure 7 and Figure 15b.) Therefore, little attention should be paid to these apparent outliers in the upper subplot of Figure 16c.



On the contrary, a pronounced and significant pattern can be observed in the lowermost subplot of Figure 16c: The maxima of the seasonal RH cycles are reached considerably later in the air-cooled converters than in the water-cooled converters; in more detail, the maximum seasonal RH levels are reached between mid of September and the end of the year in air-cooled converters while they fall into the period mid of June until approx. mid of August in the water-cooled converters. Again here, the observations are very similar for water-cooled converters in the tower base and in the nacelle. An additional interesting detail to point out is that the cabinet-internal RH maxima fall into the abovementioned periods in spite of the fact that the ambient RH maxima derived from ERA5 data are spread widely over the course of the year in the evaluated wind farms. This confirms once again the previous observation that the cabinet-internal RH conditions are largely decoupled from the WT-ambient RH.



A particularly interesting result, however, is the considerable time shift of on average 89 days between the occurrence of RH maxima in water-cooled and in air-cooled converters. It brings not only valuable new insights with respect to the research question why different seasonal failure patterns are observed in air-cooled and liquid-cooled converters of WT; but it provides also indications which climatic quantity—temperature, absolute humidity or relative humidity—has the largest effect on phase-module failures in WT converters. Comparing the temporal patterns in Figure 16c with the seasonal failure patterns in Figure 3 and reference [4] makes clear that high cabinet temperature is unlikely to be a key driver of failure, as it cannot explain the differences in temporal failure behavior between air-cooled and water-cooled systems. The same applies for the dew-point temperature and absolute humidity, respectively, which reaches maximum levels in the cabinets of air-cooled and water-cooled converters at almost identical times of the year. In contrast, the relative humidity conditions exhibit systematic differences between air-cooled and water-cooled systems, particularly with respect to the time of maximum exposure, which is likely to be related with the time shift between the failure patterns of air-cooled and liquid-cooled systems and suggests a causal relationship between this quantity and the emergence of failure. However, further analyses are necessary to understand which additional seasonally varying factor contributes to the failures of air-cooled systems as RH alone cannot fully explain the observed seasonal patterns. Taking into consideration the correlation with wind speed observed for these air-cooled systems in [4] as well as the results of the present analyses, cabinet-internal relative humidity and wind speed are the most likely explanatory quantities according to the present state of knowledge.





4. Conclusions


4.1. Summary and Main Conclusions of the Present Work


The present paper summarizes the results of climatic field-measurement campaigns in 31 wind turbines of different manufacturers and types located in Europe, Asia and North America. The temperature and humidity conditions logged inside the converter cabinets over several months have been characterized and related to the ambient conditions of the turbines as well as to their operation, namely to the WT active power supplied to the grid. In this context, the publicly available ERA5 reanalysis dataset has proven to be a suitable and valuable source for site-specific WT-ambient climatic time series.



The cabinet-internal climate of all turbines has been found to be subject to pronounced seasonal variations. In addition, many turbines exhibit day–night cycles in the internal climatic conditions. Comparisons of the climate inside the power cabinet with the ambient conditions of the WT have revealed that the dew point (and absolute humidity, respectively) agrees largely with that around the turbine, i.e., approximately the same levels and variations of these quantities are found inside as outside. In contrast to this, the cabinet-internal and WT-external temperature and relative humidity conditions differ considerably: In all turbines, the average cabinet-temperature level lies more than 5 K above the ambient temperature, while at the same time the average relative humidity level inside the power cabinet is at least 20% lower than in the WT environment. These results stress the importance of distinguishing clearly between internal and external climatic conditions, e.g., in the context of reliability analyses with explanatory variables. In the absence of information about the cabinet-internal climate, failure behavior could be interpreted only in comparison with ambient conditions so far. The data and their analyses presented here pave the way for relating component failures with the climatic conditions they are actually exposed to, which is an important step towards a better understanding of the prevailing drivers and mechanisms of failure.



Between wind turbines of different types, but also between turbines of identical type with converters of different manufacturers, considerable differences in the converter-cabinet climate have been identified, both with regard to the ranges of temperature and humidity and with regard to their dependence on wind turbine operation and ambient conditions. An interesting result in this context is that the cooling concept of the converter has been found to strongly influence the cabinet-internal climate whereas the position of the converter inside the WT seems to make no relevant difference for the climate the power-cabinet components are exposed to. All this calls for caution against drawing early conclusions about the climatic conditions in “converters of wind turbines” in general from individual measurements only. A characterization of application-typical climatic conditions in power-converter cabinets must be based on measurements in WT of most different designs and take into consideration a multitude of sites. In addition, the results show the importance of including WT operating data as well as the ambient climatic conditions in the analysis. Sampling intervals of 15 or even 30 min have been found sufficient for temperature and humidity measurements in the converter cabinet air. Two-dimensional histograms of temperature and relative humidity are suitable to provide a compact characterization of the climatic conditions in the field. However, the strong seasonal variations encountered in all turbines analyzed in the present work make clear that a good balance between data from all seasons of the year is required to obtained unbiased distributions.



Another interesting result of the present work is the substantial time shift of on average three months between the occurrence of relative-humidity maxima in the cabinets of water-cooled and air-cooled converters. It offers new insights not only regarding the research question why different seasonal failure patterns are observed in the core components (also denoted ’phase-module’ components, incl. the IGBT modules, their driver boards as well as the DC-link capacitors and busbars) in liquid-cooled and air-cooled converters of WT. It suggests also that among the climatic quantities temperature, absolute humidity and relative humidity, it is the cabinet-internal relative humidity that plays a key role in the emergence of phase-module failure in WT converters. This is in agreement with the statement in [36] that, according to the results of HV-H3TRB tests, the humidity impact on the electrochemical lifetime of IGBT modules exceeds by far that of temperature.



According to the compilation of temperature and humidity ranges encountered across all field-measurement campaigns underlying the present work, the maximum value of relative humidity measured in the cabinet air remained below 84%, i.e., clearly below saturation at which condensation would be expected. However, it is important to be aware of the fact that in presence of contaminations, water-film formation as the onset of condensation can occur already several Kelvin above the dew point, i.e., at relative-humidity levels as low as 55–60% [34,35]. This implies a certain risk of condensation-induced degradation or even failure already at apparently uncritical levels of relative humidity, particularly in situations in which the thermal inertia of converter components such as cooling plates causes cold spots with temperatures below those of the cabinet air.



The mean level of cabinet-internal relative humidity encountered during the regression analysis with sinusoidal functions in the present work lies between 10% and 55%. It is interesting to note that already at these relatively low levels, the relative humidity appears to have an effect on the converter reliability.




4.2. Outlook


The climatic data from field-measurement campaigns in the converter cabinets of wind turbines collected at Fraunhofer IWES and presented in this paper provide a broad basis for the development of hygro-thermal models suitable for deriving turbine-type and site-specific multimodal mission profiles. The derivation of such models from the field-measurement data is subject of ongoing work. The objective is to estimate the climatic conditions inside turbines and converters of the investigated types at arbitrary sites in the world from the ambient climatic conditions and given electrical loads. Such models have the potential to provide the currently missing link between failure rates and failure patterns on the one hand, which require the evaluation of a large number of turbines, and the converter-cabinet climate on the other hand, which to date is known solely for the individual turbines on which measurements have been carried out. Measurement campaigns with focus on the climatic conditions in turbines of additional types are ongoing and further ones are planned in the future in order to expand the field-measurement data forming the basis for the model development and the characterization of climatic conditions in power converters.



Future research will further assess the effect of cabinet-internal climate and other potential influencing factors on the power-converter reliability and seek to rank and quantify their effect. In addition to this utilization for the purpose of root-cause analysis, the climatic field data presented here and the hygro-thermal models evolving from it are intended to support the derivation of application-specific test procedures for an enhanced reliability qualification of converter components and systems for wind turbines.
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Figure 1. Locations of the 31 wind turbines on three different continents included in the climatic field-measurement campaigns evaluated in the present paper. 






Figure 1. Locations of the 31 wind turbines on three different continents included in the climatic field-measurement campaigns evaluated in the present paper.



[image: Energies 14 01919 g001]







[image: Energies 14 01919 g002 550] 





Figure 2. (a) Temperature and humidity logger used for the field measurements; (b) Logger installed inside a power-converter cabinet of a wind turbine in vicinity of the power modules; photos: (a) Fraunhofer IWES; (b) courtesy of Energiekontor, Bremerhaven, Germany. 
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Figure 3. Seasonal variation of phase-module failure rates in a WT fleet with liquid-cooled converters in India (based on field failure data from 590 WT operating years, cf. [4,6]) with corresponding monthly average wind-speed and environmental conditions (each line represents one wind farm, grey markers indicate the average across the wind farms, r values describe the correlation with the failure rates). 
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[image: Energies 14 01919 g003]







[image: Energies 14 01919 g004 550] 





Figure 4. Analysis of the ambient climatic conditions at the time of failure (based on a field data subset from 243 WT operating years in India); absolute number of phase-module failures per bin of temperature and dew-point temperature (a), overall WT operating time at the respective ambient conditions (b) and resulting average phase-module failure rates (c). 
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Figure 5. Measured climatic data, SCADA and ERA5 data from an onshore wind turbine in Germany with air-cooled converter located in the tower base. 
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Figure 6. Segments of the logger, SCADA and ERA5 data presented in Figure 5 from an onshore wind turbine in Germany with air-cooled converter located in the tower base; example time series from summer (left) and winter (right). 
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Figure 7. Measured climatic data, SCADA and ERA5 data from an offshore wind turbine in the North Sea with a liquid-cooled converter located in the nacelle. 
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Figure 8. Segments of the logger, SCADA and ERA5 data presented in Figure 7 from an offshore wind turbine in the North Sea with a liquid-cooled converter located in the nacelle. 
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Figure 9. Measured climatic and operating data as well as site-specific ERA5 data from an onshore wind turbine in India with a liquid-cooled converter located in the tower base. 
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Figure 10. Segments of the measurement and ERA5 data presented in Figure 9 from an onshore wind turbine in India with a liquid-cooled converter located in the tower base. 
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Figure 11. 2D frequency distributions of temperature and relative humidity inside the converter cabinets of the three wind turbines WT1–WT3 based on data from the complete measurement periods indicated in the plots (WT1: onshore in Germany with air-cooled converter in the tower base; WT2: in the German North Sea with liquid-cooled converter in the nacelle; WT3: onshore in India with liquid-cooled converter in the tower base). 
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Figure 12. Quarterly distributions of the converter-cabinet internal climatic conditions of wind turbines WT1 (a), WT2 (b) and WT3 (c). Note that the diagrams of Q3 in WT1 and of Q1 in WT2 are based on limited data of only approx. 6 weeks each. 
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Figure 13. Effect of the sampling interval on the distribution of temperature and relative humidity measured inside the converter cabinet of a wind turbine (here: WT3). 
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Figure 14. Effect of sampling intervals (1, 15 and 30 min) on the captured dynamics of cabinet-internal temperature and humidity (data from WT3); qualitative comparison of the time series over an example period of several days (a) and for a segment of 10 h (b); quantitative analysis of the deviations of 15 and 30 min signals from the 1 min time series (c). 
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Figure 15. Sinusoidal fit functions for the temperature and dew-point temperature and resulting relative-humidity time series inside the converter cabinet (“Logger”) and in the WT environment (“ERA5”) for the three wind turbines WT1 (a), WT2 (b) and WT3 (c). 
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Figure 16. Scatterplots of parameters characterizing the climatic conditions inside the converter cabinet (“Logger”) and in the WT environment (“ERA5”) for WT with air-cooled converter in the tower base (green markers), WT with liquid-cooled converter in the tower base (orange markers) and WT with liquid-cooled converters in the nacelle (blue); scatterplots related to the constant term A0 (a), to the amplitude of year cycles A1 (b) and to the time of the year at which the maximum value is taken on (c). 
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Table 1. Range of temperature and humidity conditions measured inside the converter cabinets of 31 wind turbines and extrema of WT-ambient conditions according to ERA5 data from the corresponding sites and periods.
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Range Inside Converter Cabinet

(Measured)

	
Range in WT Environment

(ERA5)




	

	
Min

	
Max

	
Min

	
Max






	
Temperature

	
−7.5 °C

	
78.0 °C

	
−17.5 °C

	
48.8 °C




	
Relative Humidity

	
0%

	
83.4%

	
2.0%

	
100%




	
Absolute Humidity

	
0 g/m³

	
27.7 g/m³

	
0.7 g/m³

	
28.0 g/m³




	
Dew-Point Temperature

	
−32.3 °C

	
28.6 °C

	
−22.5 °C

	
28.8 °C
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