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Abstract

Lack of accurate methods for assessments of productive capacity of wind power plants is becoming a bottleneck in an increasingly commercialised wind power industry. The inherent components of performance assessment are identified, analysed and ways of minimising uncertainties of the components are investigated. The main components are identified as “site calibration”, “wind turbine’s sensitivity to flow variables”, “plant blockage effects” and “uncertainty analysis”. Site calibration is the action of estimating the flow variables at the wind turbine position with measurements of these quantities from another (reference) position. The purpose of the sensitivity analysis is to clarify which and how flow variables influence power output. Plant blockage effects refer to the power plant’s influence on the reference measurements of flow variables. And finally, the components’ uncertainties and in turn the integrated uncertainty on the average productive capacity of the wind power plant are investigated. It is found that uncertainties can be reduced 1) by including several more flow variables than hub height wind speed, 2) by carrying out site calibration with outmost care and by inclusion of more variables, 3) by taking plant blockage into consideration, 4) by aiming at “plant average” power instead of looking only at individual machines and possibly 5) by introduction of remote sensing anemometer techniques.



Introduction



Background



Since the first recommendations for power performance testing, Trenka et al (1979), AWEA (1988), Curvers and Pedersen (1989) and Frandsen and Pedersen (1990), were issued it has been recognized, that large uncertainties were attached to the tests. Even under fairly ideal test conditions is was estimated that the uncertainty could reach level of 10 to 20%, which by far exceeded the best guess of an ex�perienced wind turbine engineer.



Due to lack of a genuine commercial market, this fact was not seriously acknowledged until a rapidly increasing commercialization hit the wind power industry in the resent few years. In reality, firm contracts between manufacturers and developers now implicitly call for uncertainty levels for performance testing as low as 1-2% in terms of standard uncertainty. Therefore, the lack of correspondingly accurate test methods is becoming a bottleneck in the development the market.



As of now, a standard for power performance testing, IEC (1998), has been prepared and approved, and the document has obtained the status as an international standard. The document offers a procedure to be followed when measuring power curves, as well as a method for assessing uncertainties.



In the referenced recommendations/standards, wind speed at hub height as the primary parameter and air density as a secondary parameter are implicitly considered the only relevant input variables and power is the output variable. Power measurements are sorted according the wind speed in bins, and averages of power and wind speed in each bin are calculated. The test result is a “power curve”, with wind speed at the abscissa and wind turbine power at the ordinate. Prior to plotting the curve, the actual recorded data are recalculated to a reference air density, applying a simple model of the influence of air density on power.



Obviously, the resulting power curve depends on the pre-averaging time of wind speed and power data. As a practical solution, 10min averages are used to match standard climate measurements.



To obtain a one-number measure of the productive capacity of the wind turbine, the experimentally determined power curve, ((u), and a reference frequency distribution of wind speed, fref(u), are used to calculate a reference annual power from the wind power aggregate,
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which quantity typically serves as the warranty measure in contracts.



Methods of uncertainty analysis have been developed, following the useful “Guide to the Expression of Uncertainty in Measurement”, ISO (1993). The analysis comprises instrumental uncertainties (including wind speed measured at hub height 2-4 rotor diameters upstream of the wind turbine, air density and some secondary parameters) and uncertainty on the so called site calibration, i.e. the determination of difference in wind speed measured in the meteorological test mast and the wind speed experienced by the wind turbine. 



For the inverse action - prediction of production from a wind power plant - there are indications, Frandsen and Christensen (1992) and Pedersen et al. (1994), that the lower limit to standard uncertainty presently ranges from 4-6% in flat terrain to more than 10% in complex terrain. 



For assessment of productive capacity, the following potential reasons for the high uncertainty have been identified:



Only two external parameters, wind speed (horizontal) and air density, are measured; a number of other parameters such as turbulence, wind shear, skew incident of wind velocity and wind speed at other elevation than hub height is not measured and thus not taken into account. The implication is an intrinsic uncertainty of possibly considerable size.

Formal uncertainties are estimated too low, since the uncertainty introduced by not measuring the above mentioned parameters are not accounted for.

The measured horizontal wind speed may not be the most representative measure of the flow velocity.

Site calibration only encompasses hub height wind speed.

The presently used test procedure implicitly allows comparison of power curves measured under completely different conditions, without taking the different flow conditions into consideration.



These shortcomings are addressed by the extended power performance test method presented in the following. The aim is to device a test method which as closely as possible will make the test reproducible. Thus, if identical wind power plants are tested in different locations, comparable results are obtained. Present procedures do not satisfy this demand. 



The paper does not address performance assessment involving nacelle anemometry. This issue is dealt with in Dahlberg et al. (1999).



Method: Extended Performance Assessment



Warranty agreements typically state given a specified wind climate, the wind turbine unit must produce more than a specified warranted power, mean power or energy per year. A measured deficit in power is implicitly assumed to be caused by a deficit the usual power, i.e. power in the wind speed bins are lower than warranted. Most often, the fact that power output could be different from that obtained with the warranted power curve because of differences of other flow variables than wind speed, is not dealt with in contracts. While the manufacturer would tend to believe that he warrants power only for the conditions on which the warranted power curve was measured, the purchaser would claim that given the hub height wind speed the wind turbine must produce in accordance with the warranted curve, no matter how different the flow conditions are.



The expectation is that the extended power curve will eliminate uncertainties by explaining the variability in production by introduction of more flow variables. In turn, this is hoped to make future contract more precise and test results less uncertain.



Before the method is presented, the mechanisms that influence power output are discussed.



Mechanisms that influence power output



The wind speed as measured with a cup anemometer at hub height upstream of the wind turbine does in fact constitute the most important, single input variable. However, it must a priori be expected that power depend also on other characteristics of the approaching flow. In turn, the flow characteristics depend of the general climate (geostrophic wind speed, atmospheric stratification etc.), terrain roughness and topography of the area, and wake interaction with obstacles and other wind turbines. 



The flow variables may influence the power curve in different three ways:
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where Er, Dr and Or are “effects” being functions of descriptive flow variable such as wind speed, air density, flow shear across the rotor, inclination of flow direction etc.. Although the wind turbine is being considered a “black box” during the power performance testing it is useful and even necessary to understand what may influence power in order to select the most important variable to measure. The “effects”, that may affect power yield even if the power plant is unchanged, are:



Energy flux, potential energy capture - Er. The efficiency of the wind turbine is traditionally�, related to energy flux through the swept area of the rotor. Considering a time period of 10-30 minutes, the averaged flux of kinetic energy through one m2 perpendicular to the mean flow direction may be written as
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where U1 is the mean wind speed, and u1, u2 and u3 are turbulent, time dependent deviations from the mean. If the turbulence is isotropic (�EMBED Unknown���), the horizontal energy flux is
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The energy flowing through the rotor per second is then calculated as
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where A is the swept area of the rotor, and ( is the angel between the rotor axis and the mean wind vector. 



Micro-aerodynamics - Dr. Whereas the horizontal energy flux is a measure of the kinetic energy, that may be capture, the mentioned flow characteristics may influence the “detailed” aerodynamics of the airfoils. Thus, even if the flux of energy remains constant, the power output can change if the values of input variables change. Change in scale of turbulence and shear are examples that may lead to changed lift and drag on the airfoils, resulting in e.g. so-called double-stall.



Operational - Or. The control system of the wind turbine interacts with the flow variables. Examples are machine yawing, which are linked to the mean and the variation in wind direction, and start/stop that are activated on a measure of wind speed (instantaneous or some average).



The above is, as such, not used in the following, but included to indicate the mechanisms to look for when selecting input variables.The above is, as such, not used in the following, but included to indicate the mechanisms to look for when selecting input variables.



Extended Power Curve



The ultimate goal in the process of establishing the test procedure is to produce a procedure that yields identical results for different sites or climate conditions, given that the power plants are identical. In other words, the test result shall be invariant to choice of test-site flow and the local climate. This is achieved by recognising that the power curve is a function of other input variables than the wind speed and air density.



Disregarding tThe basic hypothesis is that a complete description of the flow field experienced by the wind turbine is sufficient to completely predict the productive capacity of the wind turbine. Thus, topography and obstacles obstacles other than the wind turbines themselves act through their effect of the flow field. Assume, that we have identified the N input quantities needed to determine the power curve with the desired accuracy:
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The input quantities may represent any characteristic, measured or observed, of the flow to which the wind power plant is exposed. We define the coverage of the test as the range ((i;(i) in which the quantity Xi has varied during the test period, i.e. for each set of fixed values of the remaining (N-1) variables, the variation range of xi is given by:
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where xi denote estimates of the input quantities, Xi. Depending on the number of variables and number of bins applied the description of coverage could be sizeable.

Measuring the power curve, simultaneous measurements of the input quantities X and electrical power P and X are sampled and stored�.



The direct test result of the measurements and data analysis is the extended power curve with coverage((i;(i):
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If the test covers all possible variations and combination of variations of X the power curve can be said to be fully determined and the coverage complete. Otherwise  - and this is always the case in the real world - the test is to be considered incomplete. Even if being incomplete, two power extended power curves can be compared without extrapolation, if their coverage ranges are sufficiently overlapping.



Reference Power Curve



While logical and consistent, the above-extended power may –due to the extensive amount of data needed to fill out all the bins - prove difficult to apply. It is therefore useful to define a reference power curve.



As pointed out, power is a function of a number of flow variables, of which several are important when aiming at low uncertainties. However, Tthe along-wind component of the wind velocity - in some representation - is by far the most important input variable. So to devise a reference power curve, one a measure of wind speed (there may be several input quantities related to wind speed) is singled out as the reference parameter: 10min mean wind speed. The test data is sorted in bins of suitable size according to the reference wind speed (X1). In each bin, the averages of the input quantities are estimated:
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The overbar denote wind-speed-bin averages of the parameters. Having covered a sufficient range of reference wind speed bins, a test-average power curve has been estimated:
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The test-average power curve will beis different from test to test and from site to site and can therefore not be used for comparison of e.g. a power curve measured at dedicated test site and one a power curve measured in a commercial wind farm site. If the coverage of two curves isare only partly or not at all overlapping, extrapolation of the measured data to a set of reference conditions will be necessary to make comparison possible. To facilitate extrapolation it is assumed that binwise, within the wind speed bins, power is linear in the independent input variables.



Therefore, the analysis is made binwise, thus having levelised the importance of the mean wind speed�. Selecting With power as the dependent output quantity, the best fit of the data to a hyperplane is found by means of multivariate linear regression analysis as described in Section 3.1:
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Here, (2, (3,…,(N are the regression coefficients. In principle, one set of regression coefficients isare determined for each wind speed bin.



A set of reference values of the input variables has been chosen, prior to the test:
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The functions could have any shape; however, it seems useful to chose functions that are as representative as possible for as many potential wind farm sites as possible. The reference power curve5 � derived from the data is
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Introducing a reference frequency distribution of wind speed, the best estimate reference power of the unit is
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In the following (the estimates of) the reference power curve and the reference mean power of wind turbine no. i in a wind power plant consisting of MT units are denominated (i and pi, respectively.



Components in Extended Performance Assessment



Prior to installation of a wind power plant the production is estimated in order to assess the financial viability of the project.  Doing so, the statistics of the climate, wake effects etc. are investigated. Thus - knowing at each wind turbine position the simultaneous distribution of the relevant flow variables, the extended power curve of the applied wind turbine type and the availability of the units – the production potential production can be forecasted. Disregarding availability and assume the (extended) power curve identical for all units, then the target of forecasting is e.g. the actual mean power of the plant:
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where fi are the simultaneous frequency distributions of flow variables experienced by the wind turbine units, and x ={u,x2,x3,...,xN} are the flow variables.



However, for assessment of warranties the task is different, since here the targets of assessment are the individual reference power curves, or reference mean powers or statistics thereof. It could be said that the manufacturer would want to avoid issuing a production warranty, and instead merely warrants the power output under well defined conditions. Thus, the quantity derived from a test to be evaluated in warranty assessment could e.g. be the estimate of plant reference mean power�:
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Here, fref is the (fixed) reference wind speed frequency distribution and (i are the reference power curves of the units.



Summing up, the basic assumptions of the method are:



A wind turbine has one extended power curve, see above, from only one reference power curve can be derived.

The aim of the performance assessment test is – by means of sampling of reference power curves (and thereby thus unit reference mean powers, pi) – to make a statement regarding. the total plant reference mean power, (P.

Should all in-flow and other variables affecting power be identified and measured during the test, then only instruments uncertainties remain.



Results





On basis of these assumptions, the principal components of performance assessment have been identified as



The conventional performance test has the components:

Sensitivity analysis, which is the activity of determining the sensitivity of power to the inflow variables, and in turn the above mentioned reference power curve.



Site calibration, which is the activity of determining the relation(s) between the wind speedflow variables to experienced by the wind turbine units and the wind speedflow variables measured at a reference position.

Data compilation, i.e. compilation of wind speed, air density and power data, subsequent analysis incl. correction in accordance with the site calibration and finally derivation of power curve.

Uncertainty analysis, the result of which shall be the standard uncertainty of plant reference mean power, �EMBED Unknown���, and thus the level of confidence of the assessment results.



For the procedure proposed here, there are the following additional components:



Site calibration is extended to additional variables.

Sensitivity analysis, which is the activity of determining the sensitivity of power to the input variables, and in turn the above mentioned reference power curve.





Plant blockage, which is the effect that the reference measurements are disturbed by the presence of the wind power plant itself. This effect is disregarded in present standards by demanding the met tower to be at least 2 rotor diameters away from the wind turbine under test.



Uncertainty analysis, the result of which shall be the standard uncertainty of plant reference mean power, �EMBED Unknown���, and thus the level of confidence of the assessment results.



Both experimental and analytical methods for assessment of these principal components have been considered. Thus, “performance assessment” should refers to both testing andor computational methods or a combination hereof. The componentsproblems of the extended performance assessment are outlined in Figure 1.



The averaging time to apply when performing experimental assessment is traditionally an issue for discussion. Here, we merely notice that if the same averaging time is used for all variables�, then the results of forecasting and assessment are expectedly invariant to the chosen averaging time. Thus, 10 minute averaging has been chosen to comply with current practice.  



�
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Figure 1 Flow chartProblem tree of the action of power performance assessment



Results of investigation of the test components are outlined in the following.



The main components of the proposed extended performance assessment procedure are described in the following subsections. 

Sensitivity analysis



The sensitivity anelysis presented here aims at devising at method to determine the regression coefficients, (i, of Section 2.



Recognised experimental methods used to date have inherently assumed that wind turbine performance has a dominant wind speed dependency and that the only other independent variable of relevance is air density. This is basicallyfar from being true and it does not take much thought to but at the same time it is realised that performance must also depend to a greater or lesser degree upon factors such as:



variability of wind speed (turbulence intensity),

variability of wind direction,

scale/spectral content of turbulence,

vertical shear,

horizontal shear,

atmospheric stability,

precipitation rate,

drive train temperature and

yaw error.



The implication of considering only wind speed is demonstrated with the “raw” power performance of a turbine., shown in Figure 2.  Figure 2This shows for the 7 to 8 m/s range the average power output averaged over consecutive three month periods.  Seasonal effects are apparent and it will be demonstrated in this section that by introducing sensitivity analysis a considerable part of the variation may be explained. and it is these, which require to be explained using the The tool is multi-variate regression analysis tools. Figure 2 shows variations in average power of over 10%.  Variations of this magnitude call into question the stability assumptions of power performance evaluation codes such as IEC (1998). Changes in air density – the only variable additional to mean wind speed considered in present-day methods -  are small at this site and could not account for this magnitude of variation.
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Figure 2 Turbine 15, Carland Cross: Variation of Three Month Averaged Power Output for the 7 to 8 m/s Wind Speed Range



The aim is to build up a multivariate model on one turbine and then apply it to other turbines of the same type to investigate if it is turbine specific.



 Therefore, the assumptions about the test data, which are inherent in multivariate regression analysis, are examined and ways of manipulating the data so that these requirements are met, are described.  Regression analysis assumes and requires that all data sets are:



normally distributed

mutually independent

linear in their relation to the predicted variable



A regression model is also only valid if it is complete.  This means that all (independent) variables that affect the (dependent) parameter being predicted must be included in the model. If any of these conditions are not met then the resulting model can be incorrect.  



Linearising the Independent Variables



When there is only one independent variable, linearity can be checked by plotting the residuals (the differences between the actual data points and the regression fit) from the regression model against the independent variable.  If the underlying relationship is purely linear, then this plot should have no pattern or trend and the points should be randomly distributed about the x-axis.  If there are multiple independent variables, then it becomes somewhat more difficultcomplicated to test for linearity.  Residual and partial residual plots may indicate that a problem exists, but it may not be obvious which variable or variables are affected or what the non-linear relationships are.



Initially, the relationships between each variable and turbine power was investigated by ensemble averaging. and as a starting point, it is assumed that these relationships are correct and the independent variables arewill be linearised on this basis. However, iIt is possible that these relationships are not valid and are influenced by variations in the other independent variables that were not controlled.  Note that references to indepenent variables henceforth mean linearised independent variables.



Collinearity



Collinearity arises when two or more independent variables are highly correlated. It leads to large 

standard errors, which in turn signals that the coefficient estimate for the sample may not be close to the true coefficient of the population.  Therefore the model becomes specific to a single data set and its regressionvariable coefficients may not make physical sense. The presence of collinearity between independent variables can be identified by a measure known as Tolerance (T):
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where R2 is the amount of variance in one independent variable that can be explained by the other independent variables in the model. Ideally the tolerance of each independent variable should be 1.  The tolerances of the independent variables from the first three-month period for the test turbine are given in Table 1.



Independent Variable�Tolerance�Condition

Index��Constant��1.0��Density Ratio (d)�0.90�5.7��Nacelle Wind Speed (�EMBED Unknown���)�0.84�8.7��Standard Deviation Wind Direction ((dir)�0.92�15��Flow Inclination (qflow,lin)�0.86�85��Turbulence Intensity (tlin)�0.87�144��Standard Deviation Ratio ((ratio)�0.69�280��Shear Exponent ((T,lin)�0.81�573��

Table 1 Tolerance of Independent Variables – Carland Cross Test Turbine



It is seen that collinearity exists between these variables.  However, the level of collinearity and whether it is harmful or not and the sets of variables which are affected, cannot be determined by the tolerance.



A statistic known as a condition index indicates whether collinearity is distorting the results of a regression model. Condition indices are derived from eigenvalues of each independent variable. Thus, the condition index for each variable is derived as the square root of the largest eigenvalue divided by the eigenvalue for that variable.  Condition indices larger than 15 suggest a potential problem, and condition indices greater than 30 suggest a serious problem.  The condition indices for the first three months of data from the test turbine are given in Table 1.



Clearly a serious collinearity problem exists between the independent variables.



To remove the problem of collinearity between the independent variables, two methods were considered.  The first method was Principal Component Analysis. Without going into details it is noted that a The problem with the “principal” components is that the underlying physical relationship between the original variables and the dependent variable (turbine power) is not obvious.  It is therefore difficult to be sure that the model makes physical sense.



This alternative method for removal of collinearity relates to use of residuals from the independent variables rather than the variables themselves. Each variable in turn is predicted using a linear combination of the remaining variables. The difference between the original variable and the modelled variable (residual) then becomes the new variable for use in the final regression model.  These new residual variables then describe the variance of the original variable that cannot be explained by a linear combination of the other independent variables.  The residual variables derived from the first three months of data for the test turbine are described in Table 2.  For example the residual variable for linearised turbulence is:



tlin,rsd = -108.75 + 14.03d – 0.54�EMBED Unknown��� + 0.64(dir + 89.20qflow,lin -1tlin + 0.07(ratio 	� STYLEREF 1 \s �3�.� SEQ . \* ARABIC \s 1 �2�
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Note that wind shear is not included in Table 2; this will be explained later in this section.



Independent Variables�New Residual Variables���drsd��EMBED Unknown���rsd�(dir rsd�qflow,lin,rsd�tlin,rsd�(ratio,rsd��Constant�0.604�8.731�28.6545�0.8548�-108.75�-69.221��Density Ratio (d)�-1.00�0.663�-8.1769�0.134�14.032�-69.303��Nacelle Wind Speed (�EMBED Unknown���)�0.001�-1�-0.50499�-0.002�-0.5435�7.781��Standard Dev. Wind Direction ((dir)�-0.001�-0.021�-1�0�0.643�1.234��Flow Inclination (qflow,lin)�0.424�-2.4879�-15.4549�-1�89.20199�109.0659��Turbulence Intensity (tlin)�0�-0.003�0.09�0�-1�0.1546��Standard Dev. Ratio ((ratio)�0�0.02�0.0877�0�0.0765�-1��

Table 2 Residual Variables for First Three Months for Test Turbine







Independent Variables�New Residual Variables���drsd��EMBED Unknown���rsd�(dir rsd�qflow,lin,rsd�tlin,rsd�(ratio,rsd��Constant�0.596�7.514�42.131�0.723�-88.467�-4.059��Density Ratio (d)�-1�0.407�-23.995�0.261�-16.394�-49.261��Nacelle Wind Speed (�EMBED Unknown���)�0.001�-1�-0.587�-0.001�-0.693�6.118��Standard Dev. Wind Direction ((dir)�-0.001�-0.017�-1�0.0�0.573�0.883��Flow Inclination (qflow,lin)�0.418�-0.877�-11.875�-1�99.823�32.835��Turbulence Intensity (tlin)�0.0�-0.003�0.099�0.0�-1�0.166��Standard Dev. Ratio ((ratio)�0.0�0.018�0.084�0.0�0.106�-1��

Table 3 Residual Variables For Test Turbine – Average of All Three Month Data Groupings



In order that the residual variables are not specific to only the first three-month period, they were derived for each of the 15 remaining periods and then averaged. Where the regression analysis identified a variable as not being significant in a model, then its coefficient was not used in the averaging process.  The final formulation of the residual independent variables is given in Table 3.



To check that the new independent variables will not damage the model through collinearity, their tolerances and condition indices for the first three months of data were calculated and these are shown  inshown in Table 4.



Independent Variable�Tolerance�Condition Index��Constant�-�1.000��Density Ratio (drsd)�0.716�2.094��Nacelle Wind Speed (�EMBED Unknown���rsd)�0.987�2.706��Standard Deviation Wind Direction ((dir,rsd)�0.782�4.144��Flow Inclination (qflow,lin,rsd)�0.718�4.814��Turbulence Intensity (tlin,rsd)�0.834�8.059��Standard Deviation Ratio ((ratio,rsd)�0.815�14.031��

Table 4 Tolerances and Condition Indices for Independent Variables Following Partial Residual Analysis



It iscan be seen that a serious collinearity problem no longer exist.



Normality of Distribution of Variables



A further condition of the validity of the regression analysis is that all independent variables are normal.  To check compliance, graphs were produced of each variable against ordered observations from a normal distribution with zero mean. It was concluded that all the independent variables were sufficiently normal and required no further transformation to meet the normality criterion.  Observed small deviations from a normal distribution are unlikely to have a damaging effect on the model. 



Predicting Power



Having manipulated the raw data to ensure that the independent variables fulfil all the described requirements of regression analysis, the next stage in developing a model to predict turbine power was to carry out the regression analysis itself.  This was done using the linearised, residual variables described above. To obtain a description that is general for all of the complete data set, individual regression coefficients were derived for each three-month data grouping and then averaged.  The resulting equation for the average model is:



�predicted = 16685.4  +  0.72tlin,rsd  -  0.39(dir,rsd  +  0.46(ratio,rsd  +  266.1drsd 	� STYLEREF 1 \s �3�.� SEQ . \* ARABIC \s 1 �3�

 +  415.1qflow,lin,rsd  + 46.84�EMBED Unknown���rsd



�EMBED Unknown���� STYLEREF 1 \s �3�.� SEQ . \* ARABIC \s 1 �5�



Substituting the residuals’ analysis into Eq. (3.3) gives:



�predicted = 98.71 +  0.73tlin  -  0.92(dir  +  1.37(ratio  +  250.17d  +  434.38qflow,lin  + 52.96�EMBED Unknown���	� STYLEREF 1 \s �3�.� SEQ . \* ARABIC \s 1 �4�



�EMBED Unknown���	� STYLEREF 1 \s �3�.� SEQ . \* ARABIC \s 1 �7�



This is the final model of turbine power.  To check the quality of the model, the ‘predicted’ value of power was calculated for each 10 minute period within every 3 month data set.  This was done by factoring the measurements of the independent variables by the coefficients shown in Eq. (3.3) and summating.  The average predicted power for each 3 month period is plotted in Figure 34.29.  Actual measured average power is also shown for comparison. It can be seen that the model is working and predicting the major fluctuations in turbine power.  The correlation coefficient between actual and predicted average power is 84%. 
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Figure 3 Turbine 15, Carland Cross: Final results – actual power and power from the regression model for the test turbine.





3 Month Period�Adjusted R2�Standard Deviation����Power�Residual��
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7.41
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8.47

7.64

7.46

7.27

8.25

6.52

7.81
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6.82

5.92

6.30��Mean�79.3%�16.22�7.43��

Table 5 Success of the Derived Model When Applied to the Same Test Turbine – Statistics of the 10 Minute Values of Measured and Modelled Power

Figure 3 refers to average results.  An analysis of the accuracy of the model, in terms of predicting 10 minute average values within each 3 month data set, is given in Table 5.  Each row of the Table refers to a 3 month period.  The first column of this Table gives the adjusted multiple R2 statistic for the relationship between actual 10 minute average power and predicted 10 minute average power, within a 3 month period.  This number describes the proportion of variance in the dependent variable (actual power) which can be explained by the variance in the independent variables.  It is adjusted to account for the data set being a sample of the population.  The second and third columns of Table 5 show the standard deviations of the 10 minute values of actual power and of residual power (predicted minus actual) respectively.  If the model were perfect then column three would contain zeroes.



Testing of the model -– i.e. identifying how well it performs when applied to other wind turbines in the same wind farm or to the same model of wind turbine located on a completely separate wind farm.







Further Testing the Model



Above, a model that successfully predicted turbine power between 7 and 8 m/s, was derived from data associated with a single turbine and its evaluation was based solely on that turbine.  In this section the model is applied to other turbines of the same type.  There are three, progressively more difficult test cases, the first, turbine 12 from Carland Cross, is a turbine that is in a similar environment (the same wind farm) to the test turbine in terms of terrain and wake effects.  The second case, turbine 8 from Carland Cross, is a turbine in different terrain on the same wind farm, subject to wake effects from different directions.  The third test case is for the same make of turbine, but at a different wind farm, Coal Clough.  The results are given Figures 4 to 6.
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Figure 4 Turbine 12, Carland Cross: Testing the model - predicted and actual power.
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Figure 5 Testing the model - predicted and actual power for Turbine 8, Carland Cross.
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Figure 6 Testing the model - predicted and actual power for Turbine 1, Coal Clough



In carrying out a step-wise multi-variate regression analysis of wind turbine power performance, not all independent parameters which are liable to have an impact, are likely to be available.



Practical success in regression can be defined as the condition, which is attained when the residual has reached a minimum attainable value i.e. when the regression model has included all available independent parameters whichparameters that can be demonstrated to have significance.  This does not mean the model is correct – the lack of availability and therefore inclusion of a physically important parameter might render the model incomplete and therefore invalid.



The regression studies used data and information that would normally be available from a commercial wind farm, which had been subjected to an IEC (1998) type performance evaluation.  Here the regression model successfully explained 70% of the total variance. 



Complete success in modelling power output from the independent variables would result in a residual of zero, i.e. perfect matching between the measured and modelled powers. However, as part of the work presented, it has been shown that this ideal is unattainable. It was demonstrated that when wind speeds are being estimated at one point from measurements made at another (as is inherently the case with an IEC (1998) type power performance evaluation) then success is a strong function of separation. Figure 7 shows how the correlation between synchronised wind speed statistics from two sites decreases as separation increases.  The figure shows �EMBED Unknown���as a function of separation, where ( is the correlation coefficient. �EMBED Unknown��� is a measure of the residual. A proposed model for the quantity is



�EMBED Unknown���	� STYLEREF 1 \s �3�.� SEQ . \* ARABIC \s 1 �8�



where x is the separation distance. The existence of this residual confirms that there will be a limit to which wind turbine performance data can be explained by reference to independent wind variables measured at a nearby meteorological mast, simply due to the physical separation.  Total success cannot be attained.
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Figure 7 Error standard deviation in site calibration





Site Calibration



The phrase “site calibration” covers the activity of establishment of the relationship between the flow variables, measured or computed, at one position (reference met mast) in space with the flow variables at another position (wind turbine). Consider N variables (mean wind speed, turbulence etc.) with the values y1,y2,...,yN  in some reference position. With measurements of these, the wish is to be able to estimate the values x1,x2,...,xN of the same flow variables in the prediction position. Thus, the extended problem is to map the functions fi:



�EMBED Unknown���		 � STYLEREF 1 \s �3�.� SEQ . \* ARABIC \s 1 �9�



where ri are the error made. The expression indicates that in general it is to be expected that each predicted variable is a function of all the considered variables at the reference position�. However, with the methods presently available, is has only partly been possible to consider other relations than the relation between the wind speeds at two different positions.



Experimental Site Calibration



The principle of experimental site calibration is rather simple. As stated above, the aim is to relate the wind parameters at one or more positions to those at a reference position by analysis of simultaneous wind measurements from the positions. Subsequently, only measurements at the reference position are continued and the wind parameters for the other positions are determined by applying the previously derived relationships to the reference measurements. The method is typically applied to correct for terrain induced variations in mean wind speed between the position of a reference mast and the position of a wind turbine. As most wind farm sites are not in perfectly flat terrain, the effect on the wind flow is usually directionally dependent. As larger wind turbines are installed, the distances between turbines within wind farms also becomes larger creating the potential for significant terrain induced flow variations across the area of a wind farm, especially in complex terrain.



The experience from other projects is first summarised and then additional evidence based on analyses of data sets from the Andros Kalivari wind farm, carried out in this project, are presented.



Various authors have investigated experimental site calibration methodologies as applied to the correction of hub height mean wind speed as part of power curve measurement campaigns. The primary parameters of the method, Rademakers and Hunter (1996), are:



the width of the direction sectors for which separate wind speed relationships are derived,

the quantity of data required per direction sector and

the range of wind speeds used to determine the relationships.



The parameters above relate mainly to the creation, structure and analysis of the site calibration measurement database. However, there are other options concerned with practical implementation of the technique, which has been the subject of recent investigation. In particular, the use of a wind turbine nacelle-mounted anemometer (turbine parked and rotor automatically kept down wind of nacelle) instead of a mast-mounted anemometer at the turbine position for derivation of the wind speed relationships has been investigated extensively, Morfiadakis et al (1998).



The criteria governing the selection of specific site calibration parameters may be summarised as follows:



The more complex the terrain, the more critical the size of the direction sector becomes if terrain induced flow effects are to be isolated and well represented by simple relationships. From Rademakers and Hunter (1996), it is apparent that whereas 300 direction sectors may be acceptable in relatively simple terrain, in complex terrain, this may have to be reduced to 100 or smaller sectors.



The wind speed relationships per direction sector are typically based on the analysis of ten-minute averages of wind speed and direction. To minimise the “Type A” uncertainties (refer to ISO Guide to Uncertainty, 1993 for definitions), as much data as it is practical to gather is required per sector. The evidence, Rademakers and Hunter (1996), suggests that need is 10 to 48 hours of data per sector (60 to 288 ten-minute averages). In general, the larger the sector size, the more data is required per sector to adequately arrive at a “true” average wind speed relationship for the sector. 



The wind speed range used should ideally cover the operational range of the wind turbine from cut-in to beyond rated wind speed. When the site calibration is to be used for performance assessment, it is particularly important that the wind speed range from cut-in to rated is well modelled by the site calibration. As the power output of a turbine is very sensitive to wind speed over this range, inaccuracies in wind speed prediction will have a significant impact on performance prediction uncertainty. Above rated wind speed - particularly for actively controlled turbines - the turbine power output is relatively insensitive to wind speed up to cut-out. Thus, it is less important to minimise uncertainties in the high wind speed range to the same extent as in the low wind speed range.	



Although still the subject of some research, specific limits on the values of these parameters are to be found in a brief annex of the IEC 61400-12 performance standard. However, it is recognised that experience has increased since the IEC standard was written and, for instance, the MEASNET organisation has proposed a modified and more rigorous set of site calibration database parameters. Considering the options for the positioning of the anemometer, both IEC (1998) and MEASNET require the use of a meteorological mast at the turbine position before installation of the turbine. Although possibly more convenient, the use of a nacelle mounted anemometer for the purpose of site calibration does have a greater uncertainty, Morfiadakis et al (1998), associated with it due to the turbine type specific interference of the nacelle on the wind flow in the vicinity of any nacelle mounted anemometer, and other effects, see Dahlberg et al (1999). There may also be structural and safety restrictions which prevent specific turbine types from being parked with the rotor in a down wind condition, limiting the applicability of this technique.



There are two main approaches to performance verification in use at present in which site calibration plays a greater or lesser role:



“formal” power curve measurment using a reference anemometer mast according to a prescribed standard, e.g. IEC (1998), on one or more selected turbines within a wind farm for subsequent comparison with a benchmark power curve for a turbine of the same type.

using a nacelle mounted anemometer (turbine in operation) on each or selected turbines within the  wind farm for which a relationship between the free-stream and nacelle anemometer positions has previously been determined for that type of turbine.



For the formal method, a site calibration as described previously will be required for each turbine to be verified if the terrain is other than flat. The verification is typically made on the basis of annual energy production (or reference mean power, defined above) obtained by applying the measured power curve to a standard wind speed distribution and comparing this with some benchmark figure for the turbine type.



Using the nacelle mounted anemometer (not to be confused with the site calibration technique using a nacelle mounted anemometer described earlier), the nacelle anemometer is assumed to be relatively immune to site induced effects and hence will give an identical power curve for turbines that are physically identical but located at different sites. Therefore, a site calibration is not required or relevant, except during determination of the benchmark power curve and nacelle anemometer relationship. As the nacelle anemometer output is coupled to the wind turbine rotor aerodynamics via the rotor wake, any change in rotor aerodynamics caused by for example, changes in blade setting or aerofoil geometery, will also be reflected in a different free-stream to nacelle wind speed relationship. Hence this method is only of use for the purpose of comparative verification of power curves to some benchmark. Also, examples of this type of performance verification on various turbine types are summarised in Morfiadakis et al (1998). The most noticeable feature of power curves generated in this way in comparison to those generated using a conventional mast is the comparative lack of scatter in the power curve data which tends to support the view that, by eliminating site effects, this technique significantly narrows down the range of parameters which can influence the measurement of a power curve.



In essence, the report of Morfiadkis et al (1998), which forms part of the report, Pierik et al (1998), brings together many measurements and analyses of power curves and site calibrations on a variety of wind turbines located primarily in complex terrain. The main conclusions which may be drawn from that report are that:



experimental site calibration is likely to give reliable results if measurements of sufficient duration are carried out (at least 48 hours of data in each direction sector).

the uncertainty associated with the terrain aspects of site calibration can be eliminated if the nacelle anemometer is used to verify the turbine performance.



Measurement-based site calibration uncertainty impacts the wind farm performance assessment uncertainty via the spatial extrapolation of wind speed from a reference position to each turbine position within the wind farm. However, for reasons of cost, it is not practical to calibrate each turbine position within a wind farm using dedicated measurement masts and so validation results for that type of exercise are non-existent. Such a multi-mast technique could however be regarded as the benchmark method.



Using reported results from single position site calibrations, an estimate of the overall uncertainty that could be expected from a site calibration using many masts can be made. Assuming that the wind speed data are binned by direction and that the directional bins are the same size for all turbine positions, the scatter of wind speed relationships within the bins will be influenced by the distance between the reference and turbine positions and the complexity of the terrain.



The range of distances, over which a comprehensive site calibration (short-range) is applied, is defined by the boundaries of the windfarm. If there is only one reference mast, then separations from each turbine to the mast will be in the range of 100m to several kilometres for typical windfarm layouts.



The reduction in uncertainty that can be obtained using measurement based site calibration is linked in a non-linear way to the complexity of the terrain. In very flat terrain, the benefits of carrying out a measurement based site calibration may be marginal as the terrain induced spatial variation of wind speed may be small. However, in moderately complex terrain, the site calibration is likely to produce a significant reduction in uncertainty in mean wind speed mapping over the wind farm area. Ultimately, as the complexity of the terrain increases, the use of site calibration to map mean wind speed variations alone may be insufficient to describe all of the wind parameters which are varying as a result of terrain effects and to which the wind turbine is responding. In such cases, although a reduction in uncertainty will be obtained compared to typical mean wind speed modelling techniques, the overall uncertainty may still be high due to other effects. 



Separating out the distance and terrain effects on site calibration uncertainty, using the limited results of existing site calibration data, is not a practical task. We can however make some statement on the combined uncertainty in simple to moderately complex terrain using published results. Unfortunately, these results only cover relatively short distances of the order of 200m as the studies relate to power performance measurements on single wind turbines.



From the results of the study reported in Rademakers and Hunter (1996), a typical uncertainty range for a site calibration (complex terrain) over a range of the order of 200m is 2 -  5 per cent of the wind speed correction. The wind speed corrections at this site were of the order of ±3 per cent. This is for a complex terrain site, however as the uncertainty is quoted as a percentage of the correction, it is fair to assume that a similar percentage uncertainty should also apply to simple terrain sites where the magnitude of the correction and consequently the uncertainty would be reduced. For specific directions or sites where extreme terrain features are present, the Rademakers and Hunter (1996) results and the results from Andros Kalivari Windfarm indicate that much higher uncertainties can be expected, perhaps in excess of 10 per cent of the correction.



Over larger separations of the order of several kilometres, an increase in uncertainty due to decreasing coherence would be expected, tending towards the long-range Measurement-Correlate-Predict (MCP) case. No supporting data are available for the intermediate separation case. However, the uncertainty is expected to be numerically between the short-range site calibration and long-range MCP values. Long-range MCP wind speed relationships typically result in uncertainties due to the wind speed relationships of 0.5 - 2.0 per cent of the predicted mean wind speed. Lower uncertainties would be associated with reference and prediction sites, which experience very similar or identical weather systems. For separations of a few kilometres, this can, in most situations, be assumed the case. Therefore, an upper-limit of uncertainty of 0.5 per cent of the mean corrected wind speed seems appropriate for separations of only several kilometres. Taking the case of a 3 per cent correction with a reference speed of 8m/s as an example, 0.5 per cent of the prediction equates to 17 per cent of the correction. For compatibility with the short-range terminology, an uncertainty of 15 to 20 per cent of the correction seems an appropriate generalisation for separations of several kilometres. A problem with this approach is that when the correction is zero, the uncertainty is apparently zero. This may be acceptable for separations less than 1km, but for greater separations it is recommended that an uncertainty of 0.5 per cent of the prediction is assumed if the correction is zero.



The uncertainties referred to above are all Type A uncertainties. The Type B uncertainties would include (part of) calibration uncertainties, overspeeding, uncorrected cosine response, uncorrected boom effects and mast-wakes and not least the limited extent (only wind speed is considered) of site calibration as it is presently carried out. These uncertainties are expectedly less serious in site calibration, where only relative quantities are sought. However, it is still anticipated that the Type B uncertainties exceed in magnitude Type A uncertainties. This is discussed later.



Numerical Site Calibration



In most real-life cases the experimental site calibration is ruled out as too costly and time consuming. The alternative is numerical flow modelling, which a priori is expected to be less accurate, but far less costly.



Here, numerical site calibration results obtained from the application of two different wind flow models, WAsP and CRES’ model, on one pre-selected site are presented (two other sites have been used; the results are not presented). The site is a mountainous site in the island of Andros in Greece, which is in highly complex terrain. Firstly, the main feature of the two flow models are outlined.



WAsP



As outlined in Derrick et al. (1997), a number of different models are available and used for site calibration. The most widely used flow model is the so-called WASP model, Troen and Petersen (1989). Nominally, the use of the model is limited to neutrally-stable wind flows over low, smooth hills with attached flows. Being easy to apply, the model is nevertheless often used even where terrain is excessively rugged and/or the atmosphere unstable. 



The speed-up ratios determined by WasP, used in this analysis, are the ratios of the Weibull-A parameters. WAsP calculates Weibull-A and –k parameters for each direction sector, and the ratios are determined for each direction sector for the locations of the analysis. In this case the sector size is chosen to be 30(, which is the smallest size of direction sector facilitated by WAsP. The WAsP-ratios (b/a) are ratios of Weibull-A parameters for each 30-degree sector of:

the WAsP fits to the measured data at the reference mast of the Weibull-A or alternatively the default wind atlas value of the Weibull-A at the reference location, and 

the WAsP prediction for the analysed location to which the speed-up ratio is being determined. 



Boundary Layer Model - CRES 



The most accurate prediction of the wind potential should be expected from the numerical integration of the full Navier-Stokes equations. In the present context, the major problem is the computational time and memory consumption, which – due to the necessity of the more detailed description of the topography - increase dramatically the requirements to computer power at prohibitive levels. A lower level approach to the problem has been developed at CRES, Douvikas (1997), Douvikas and Chaviaropoulos (1997a), Douvikas and Chaviaropoulos (1997b), in order to overcome the above constraints and to concentrate mainly on the physical modelling of the flow field structure. This methodology is a 3-D integral viscous boundary layer model and deals with  thewith the computation of the mean wind characteristics over complex terrain for neutral conditions. The boundary layer is partitioned into an inner and an outer layer and the velocity profiles in the longitudinal flow direction are considered in a corresponding way. In the transverse flow direction, the Mager’s velocity distribution is adopted.



The method follows the viscous-inviscid interaction technique. The analysis of the equations is performed in the curvilinear coordinate system  (�EMBED Unknown���), which describes the topography. The resulting non-linear system of equations consists of the integral momentum equation  in �EMBED Unknown��� direction for the inner layer,the integral momentum equation  in �EMBED Unknown��� direction for the outer layer, the integral momentum equation  in �EMBED Unknown��� direction and entrainment equation.



Τhe characteristic integral thicknesses, which appear in the above equations, are calculated analytically from the adopted velocity profile distibutions. The corresponding Jacobian matrix of the system is also calculated analytically. The non-linear system of the equations is solved using the Runge-Kutta method. The integral formulation of the problem is suitable for the development of an effective computational tool which considerably reduces the computational cost.



Validation and Uncertainty
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    Figure 8  Andros - Toporaphy contours







WAsP



In Andros, a wind farm is situated in the northern-most part of the Island (Kalivari) and consists of seven WT (Vestas V27, pitch controlled).  Also two met mast have been erected. Two sets of analyses have been made

A comparison of measured and modelled speed-up ratios between the two met mast locations M1 and M2 for a selected wind direction range. M1 is the reference mast.

Modelled speed-up ratios from M1 to the 7 wind turbine sites (W1,..,W7) and to M2 for a uniform wind atlas at the reference mast, M1.



The site is shown in Figure 8. The orography of the island of Andros is available in the form of digitised contour lines. The resolution of digitised contour lines is high at the site itself, at which contour lines for height changes of 2-4m have been entered quite accurately. Just outside the site (200-400m from the site) the adjoining mountain slopes have been digitised with a resolution of contour lines of 20m. This resolution is used up to some km from the site. The terrain roughness is to be 0.15 m for the entire land surface of Andros. The average RIX index is 12. RIX index is a ruggedness index, that influence the WAsP flow modelling accuracy. It is defined by Mortensen and Petersen (1997) as the percentage of terrain with slopes exceeding 0.3. Sector-wise they are varying for the 12 sectors (0(,..,330(): 2, 6, 8, 12, 18, 18, 26, 10, 7, 11, 16, 7.



Figure 9 shows a comparison of WAsP modelled speed-up ratios to a curve of measured values of wind speeds at M2 relative to M1, U2/U1. The reference height is 40 m a.g.l. For comparison to the speed-up ratio determined by WAsP, the 30( average of measured speed-up ratios is shown as the square marks indicated as “30 deg Um”. The averaging has been made for the same 30( direction sectors used by WAsP. It is assumed that data have been corrected for magnetic declination to geographic north. The dots in Figure 9 shows the resulting ratio of the Weibull-A parameters determined by the WAsP prediction of wind speeds at M2. The prediction is in this plot based directly on the wind data measured at M1.
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Figure 10 shows modelled speed-up ratios for the 7 wind turbine sites (W1,..,W7) and the M2 location relative to the M1 reference mast location. A uniform wind atlas at the reference mast, M1, is used as the basis for the WAsP extrapolation to the analysed points. The heights above ground level for the analyses are indicated in Figure 10.

Figure 9 Andros - measured and modelled speed-up ratios from M1 to M2 at 40 m a.g.l, as function of wind direction.
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                Figure  10 Andros - speed-up ratios for different locations relative to the M1



Experimental data analysis for the prevailing wind direction (Northern = 00) ,Kanellopoulos and Kapsalis (1998), for the seven WTs locations are compared against WAsP computations. The experimental data analysis makes use of a linear regression model which correlates the measured velocities using the nacelle anemometer at the WTs with the measurements at the meteorological mast. The comparisons deal with the wind speed at 30m a.g.l. at the seven WTs locations relatively to the wind speed of W1 at the same height. For this wind direction the sector 0o is used WAsP computations. Using data from Figure 10,, we derive the following Table 6.





Wind direction : North�wt2�wt3�wt4�wt5�wt6�wt7��PPC�0.97�0.91�0.96�0.83�0.78�0.72��WasP ( 0o sector )�0.97�0.94�0.97�0.93�0.95�1.00��Table 6 Comparison of WasP and data for six wind turbine locations.



For this wind direction WAsP gives good results for locations of WTs 2 and 4. For the location of WT 3 it overestimates the relative wind speed-up by 4%. For the locations of WTs 5 and 6 it overestimates the relative wind speed-up by 10 and 20% correspondingly, while for the location of WT 7 it appears an overestimation greater than 20%. 



Boundary Layer Model - CRES 



CRES model has been applied to the same site with terrain of various degrees of complexity. Characteristic results of the analysis are presented.  Though the site is the same, additional site descriptions are given to support the presentation of results from the CRES model.



The flow field has been analysed for five wind directions (Western, NE, NW, Northern, SSE). The flow always comes from the left side of the computational domain, so a suitable geometry transformation is necessary for the various wind directions. The Northern direction is always designated in the present contours. Results are shown here for the prevailing (Northern) and SSE wind directions. The computational grid has 100x99 grid nodes on the surface and the roughness length is 0.15m. In the following Figures the WTs locations are presented. The normalised longitudinal velocity component (u) contours at 30 m elevation (hub height) for the Northern wind direction are shown in Figure 11. It is seen that the flow decelerates from the first to the seventh WT. For this wind direction, the flow angle patterns at the same height are presented in Figure 12. There is a flow angle difference of approximately 15 degrees between the first and the seventh WT. The normalised longitudinal velocity component (u) contours at 30 m elevation for the SSE wind direction are shown in Figure 13, while the flow angle patterns at the same height are presented in Figure 14. A comparison between the calculated longitudinal velocity profiles against measured data, Morfiadakis et al (1994), at  M1 and M2 (M2 is located between W4 and W5) meteorological masts is  presented in Figure 15 for the Northern wind direction.





Wind   Direction�W1�W2�W3�W4�W5�W6�W7��          N�1.20�1.16�1.09�1.08�1.08�1.10�1.13��          W�1.14�1.12�1.08�1.05�1.05�1.04�1.02��          NW�1.04�1.05�1.05�1.06�1.10�1.16�1.18��          NE�1.19�1.14�1.04�1.02�0.98�0.98�0.99��          SSE�1.02�1.06�1.09�1.08�1.09�1.08�1.09��Table 7 Andros, Speed-up factors for different wind directions
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Figure 11 Andros - Longitudinal velocity contours at 30m a.g.l.  (Northern wind direction)           

�



Figure 12 Andros - Flow angle contours at 30m             

                    a.g.l.  (Northern wind direction)
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Figure 14 Andros - Flow angle contours at 30m             

                    a.g.l.  (SSE wind direction)



�



Figure 13 Andros - Longitudinal velocity contours at 30m a.g.l.  (SSE wind direction)













For the above mentioned five wind directions the computed normalised longitudinal (u) velocity component at hub height (30m) for all the WTs locations relatively to the value at M1 for the same height is presented in the following Table 7.



The longitudinal velocity component evolution at 30 m a.g.l. for all the WTs locations relatively to the value at WT1 for  the same height is presented in Figure 16. 



The computational results with the CRES model for the prevailing wind direction (Northern = 0o) are compared against experimental data analysis, for the seven WTs locations. As was mentioned above the experimental data analysis makes use of a linear regression model which correlates the measured velocities using the nacelle anemometer at the WTs with the measurements at the meteorological mast and the comparisons deal with the wind speed at 30m a.g.l. at the seven WTs locations relatively to the wind speed of W1 at the same height. For this wind direction, as is presented in the Table 7, the model gives good results for locations of WTs 2 and 3. In the location of WT 4 it underestimates the relative wind speed-up by 7%, while for the location of WTs 5 and 6 it overestimates the relative wind speed-up by 7% and 17% correspondingly. For the location of WT 7 it appears an overestimation greater than 20%.





Wind direction : North�wt2�wt3�wt4�wt5�wt6�wt7��PPC, data �0.97�0.91�0.96�0.83�0.78�0.72��CRES, model �0.97�0.91�0.90�0.89�0.91�0.94��Table 8 Andros; comparison of CRES model and data
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Figure 16 Andros - Longitudinal velocity    

                     evolution   at WTs locations 
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Figure 15 Andros - Velocity profiles at M1 and          

                                  M2







In conclusion, rAbove results from the numerical site calibration procedure were presented for the three pre-selected sites, by applying two different flow models. 



The use of WAsP for the site calibration for power performance assessment is, in this connection, a matter of determining the ratio of wind speeds – the speed-up ratio - between two (or more) given points of interest at a wind farm site. The points should be given in terms of geographical coordinates and height above ground (or sea) level. The speed-up ratios should be determined as a function of variation in the set of parameters influencing the result, at least as a function of wind direction, which is what was applied for the aforementioned test cases.



CRES model was applied in these sites and characteristic results were presented and discussed. The results derived from the analysis deal with the three dimensional mean flow quantities and the atmospheric boundary layer parameters. 



The flow velocity components, which are the dominant parameters for the power production, have been computed over the complete computational domain. The flow angle computation provide the capability for describing the over or under turning of the flow, created from three dimensional viscous effects, specially closely to the terrain surface. From these computations the information for the three dimensional mean flow field structure at specific heights and locations can be derived.



The computation of the boundary layer parameters (friction velocity, boundary layer heights for inner and outer layers), which consist the basic parameter for this model, provides direct information for the evolution of the viscous wind flow properties.



Plant Blockage



The general assumption in energy yield prediction as well as in performance assessment is that the wind power plant has insignificant influence on the local climate. Even so, the plant affects the local flow in that there are wakes behind the wind turbines/farm and blockage in front. Thus, the blockage effect is the deviation of the flow characteristics measured in the reference met mast when the wind power plant is in place, relative to the flow characteristics when it is not there. Wake effects are well enough understood to consistently avoiding them. Also, the plant blockage effect is taken into account in the single-unit performance standard, IEC (1998), by demanding that the reference met mast should be placed at least 2 rotor diameters away from the wind turbine under test. An extreme case of blockage effect is when the reference wind speeds are measured with instruments placed on top of the wind turbines’ nacelles. For a complete wind farm, the blockage effect is illustrated in Figure 17.
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Figure 17 Plant blockage for a wind farm.



The flow around a single wind turbine rotor can be studied using different models as for example vortex models or actuator disc models. However, the most common model in aerodynamic and aeroelastic codes, the blade element momentum (BEM) model, does not provide information about the flow field around the rotor. 



The actuator disc concept has been used in the present paper by both CRES and Risoe as basis for the computation of the flow field in the vicinity of one rotor as well as the influence of multiple rotors. It is a con�ve�nient model for this purpose as it gives the main influence from the rotor on the flow whichflow, which is the action of the thrust force but without modelling in details the aerodynamics around the individual blades. Linearised and simplified solutions for the actuator disc flow has been derived many years ago, Koning (1935), but in the present case the full describing equations have been solved by numerical techniques. However, a comparison will also be made with simple analytical solutions.



CRES modelling of plant blockage





CRES performed computations in order to investigate the machine influence on the wind flow structure in flat terrain. In order to simulate numerically the phenomenon, an approximate model incorporated in an in-house developed 3-D Reynolds averaged Navier-Stokes solver, suitably modified for atmospheric flows, Chaviaropoulos and Douvikas (1998). The model simulates the wind turbine presence by using additional  momentum source terms. Using this formulation the blockage effects and the wake evolution have been studied. 



The case of a single wind turbine with diameter D=40m and  hub height at 40m a.g.l. was studied first. The thrust coefficient CT is assumed constant over the rotor and equal to 0.5. The WT is located at the center of the computational domain and the numerical grid is stretched in both axial and peripheral direction around the WT’s position. In Figure 18 the non-dimensional axial velocity contours at the hub height are presented, where the wake evolution is clear. The axial velocity component evolution at the machine’s rotor plane (hub height) is presented in Figure 19. The axial velocity profiles at the same level for several positions upstream and downstream the wind turbine are shown in Figure 20. The axial velocity profiles in the transverse direction, for several positions downstream the wind turbine, at the hub height level are presented in Figure 21. 
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Figure 18 Axial velocity contours at hub height, 1 WT)
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Figure 19 Axial velocity evolution at hub height, CT=0.5, 1WT.
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Figure 20 Axial velocity profiles at machine rotor  plane (hub height); ups=upstream and ds= down�stream; CT=0.5.
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Figure 21 Axial velocity profiles in the trans�ver�sal direction (hub height); CT=0.5.
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The same procedure and the same geometrical data of the individual WT are used in order to examine the blockage effect in the case of the presence of two wind turbines. The thrust coefficient CT is assumed constant over the rotor and equal to 0.5.



Two basic configurations are examined:



The first configuration: two wind turbines with distance of 2D, and the wind direction perpendicular to the connection line between the WTs

The second configuration: two wind turbines, one in the wake of the other. For this case three sub-cases were examined, varying the distance between the WTs (2D, 4D, 8D).



The first configuration: The computed flow structure shows, Figure 226, that the upstream influence of the two WTs’ presence is more pronounced compared to the single WT configuration. Thus, there is approx. 3% reduction in the velocity (compared with the incoming conditions) at approx. 2D distance in front of the wind turbines, while for the single WT configuration the corresponding variation is observed nearly at 1D distance upstream the WT, Figure 18.



The second configuration (wake operation): the axial velocity flow patterns were examined for distances of 2D, 4D and 8D between the units. From the Figures 22 and 23, it is seen that the upstream influence of the two WTs, with the second one operating in wake conditions, differs only slightly from the case of the single wind turbine previously examined. The velocity evolution at hub height, for all the examined cases, is presented in Figure 22. The dashed line corresponds to the case of the ‘infinite number of wind turbines’, examined using a 2-D Navier-Stokes solver, Chaviaropoulos (1994), with corresponding treatment of the momentum source terms, in order to take into account the wind turbine presence. The significant differences, comparing with the case of two wind turbines, occur downstream the wind turbine in the deceleration area and this is caused due to the three dimensionality nature of the flow. On the other hand, the upstream influence is practically the same for both cases.



The following is noted from the CRES computions:



In performance standards, a minimum distance (typically 2-4D) between the WT and the met tower is given to avoid blockage effects. The above show that when there are more wind turbines the blockage effects are significantly increased. Consequently, when measuring the power curves of a wind turbine placed in a wind farm, the met tower must be further away from the test unit than when dealing with a stand-alone unit.



Under wake conditions (inside the wind farm) it seems impossible to define a free-stream wind speed due to the strong development of the wind speed between the rows.
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Figure 23 As Figure 22, zooming in on the upstream development of velocity
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Figure 22 Evolution of velocity from upstream to downstream (left to right), for different configuration of two wind turbines.









�Plant blockage modelled by RISOE
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Figur 24 Contour plot of the flow velocity in the vicinity of an axisymmetric actuator disc. Constant loading with a thrust coefficient of 0.89

Risoe has used  the actuator disc concept for different studies of the flow in the vicinity of a wind turbine rotor, Madsen (1990) and  Madsen (1996). In the present case an axisymmetric model for  a uniformly loaded actuator disc is applied. The general purpose Navier Stokes solver FIDAP is used and the turbulence model is a k-(  model. Extensions of the grid are 15R upstream, 40R downstream and 5R in lateral direction.





In Figure 24 is shown a contour plot of the flow in the vicinity of the disc. The most upstream contour is for a blockage of around 2% for a loading with a thrust coefficient CT = 0.89.



More detailed data of the upstream blockage is shown in Figure 25 for  a single turbine (axisymmetric solution) as well as for an infinite row of turbines with no spacing, simulated as the flow around a 2D(imesional) actuator disc. The numerical results are compared with linearized analytical solutions,  Koning (1935), for an axisymmetric disc and,  Madsen (1996) for a 2D disc.



The induced axial velocity wx component for an axisymmetric disc can be written as:
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�

Figur 25 Computed upstream blockage compared with analytical solutions.



where p2 – p1 is the pressure jump over the actuator disc, ( is the fluid density, x is the axial distance from the disc nondimensionalized with the disc radius R and V is the free stream velocity. The rotor thrust coefficient CT is defined as:
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 Inserted in  (3.1) this gives:
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The total velocity through the disc then becomes:
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To simplify it will be assumed below that vx is non-domensionalized with the free stream velocity V. Due to the linerizations which have been applied in the derivation of Eq. (3.4) the induced velocity is smaller than in the blade element momentum (BEM) theory. For example the induced velocity wx for CT = 0.89 at the disc is 0.223 compared with 1/3 found by the BEM theory. To compensate the loading CT is multiplied with a factor  k = 0.333/0.223 = 1.50:
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For the 2D actuator disc flow according to, Madsen (1996), the axial velocity can be written as:
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Introducing again the rotor thrust coefficient we get:
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Finally, a factor k = 1.50 is again introduced to achieve the same induction as computed by the BEM theory at CT = 0.89:
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Comparing now the analytical and numerical solutions in Figure 25 a good correlation is found. However, it appears that the upstream boundary (12R) for the 2D computation is not so far away that the free stream velocity is a good approximation. With a met. mast in a distance of 5R which is often used the blockage is around 1% for a single turbine and around 4% for an infinite row of turbines.



�

Uncertainties



It is presently not possible to demonstrate the uncertainty analysis, with all its additional components, on a real wind farm –it simply exceeds the capabilities of the authors. However, it is possible to outline the principles of such analysis and to make a general assessment of the magnitude of uncertainties, present level and the level that might be reached by introduction of all or part of the apparatus presented in this paper.



Uncertainty analysis methods when dealing with performance assessment of one wind turbine has been investigated previously, Frandsen and Hausfeld (1986), Frandsen (1987), Frandsen and Pedersen (1990), Frandsen and Petersen (1993), Frandsen and Christensen (1992), Frandsen (1994) and IEC (1998). In this section the method is extended to a complete wind farm.



Thus, consider a wind power plant, consisting of MT wind turbines. Several different measures may be chosen for assessment of the plant’s productive capacity. Here, the plant reference mean power – mean of the per-unit reference power - is made the target of assessment. The reference power of wind turbine unit no. i, Pi, is defined previously. The plant reference mean power and the variance of unit reference power are defined as
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Estimators of (P and (P are assumed derived from a sample of size M ( MT of Pi’s, and the specific goal here is to formulate the uncertainty analysis for the estimators of these two quantities.



The definitions in Section 2 regarding the concepts of a reference power curve, plant reference mean power etc. are adapted here, with the exception that a discrete representation of the power curve is used. Still, the principle is that the power curves - obtained directly from data from the reference met mast and power from the individual wind turbines - are transformed into are reference curves by mean of results of the site calibration, sensitivity analysis and blockage-effect analysis. 



The estimator of the unit reference (mean) power, Pi, of wind turbine unit no. i and thus sub-measurand no. i is denominated pi:
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where fj is the (discrete) reference frequency distribution of wind speed�, (ij is the power in bin j of unit i and L is the no. of bins into which the wind speed range is divided. The best estimate of the plant reference mean power (P is:
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The estimators of the reference power curves, Bij ,are given by
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where



(ij	estimated reference power curve point of unit i in bin j,

(ijo	sample mean of power of unit i in bin j,

(jk	sensitivity of power (curve) to input variable k in bin j,

Rxjk	reference value of variable k in bin j, and

xijk	test (computational) sample mean of input variable k in bin j at unit no. i.

N	number of input variables.



Inserting  (3.21) in (3.20) yields:
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The binning of the input variables (= xijk) is performed applying the estimated hub height wind speed� (= xij1) at the position of the considered wind turbine. Thus, the input variables are binned according to the wind speed, to which the wind turbine presumably is exposed:
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where yij1 is the wind speed measured a the (permanent) met mast position,�EMBED Unknown���are corrections made for site calibration, blockage effects and instruments, respectively�, and (ij1 is the combined effect of the three. However, it is convenient in the context of uncertainty analysis to assume that the output variable (= (ij) is binned according to the wind speed measured in the permanent met mast and in turn make a correction for the “erroneous” binning:
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where (ije is directly measured power of unit i in bin j and the partial derivative is the power curve slope (=�EMBED Unknown���, where u here refers to wind speed). With the linearity assumption, see Section 3.1, the partial derivatives can be replaced by the regression constants (j1. This value of power shall be placed in the bin corresponding to (3.24). Inserting (3.24) in (3.22) yields
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This is the estimator of the primary measurand, plant reference mean power, and the expression constitutes – with the assumptions made – the basis for the uncertainty analysis of the performance assessment test.



Uncertainty in unit reference power



The introduction of a number of input variables in addition to wind speed (and air density) is causing the evident complication of Eq. (3.25). With only wind speed, air density and power as input variables, the complications of a correct uncertainty analysis are significant due need of considering the mutual correlation of uncertainty components, IEC (1998), where the problem is dealt with by means of the simplifications, especially regarding correlations. Further, during the work of preparing the standard it was recognised that the type A uncertainties play a minor role in the uncertainty analysis since, given enough data, the type A uncertainties can be reduce to any small size. Thus, type B uncertainties were considered responsible for the bulk of the resulting uncertainty. The most serious type B uncertainties were assumed to be uncertainties related to anemometry (mast and boom disturbance, calibration etc.) and site calibration which is also a part of the IEC (1998). These type B uncertainties are – possibly conservatively, but well argued – assumed “fully correlated across bins”, which in an outdated terminology means that the possible error is biased or one-sided. The basic problems with the correlated uncertainties are that



they are not reduced when averaging over bins (or over units), but propagate though to the final uncertainty.

They frequently have to be “guestimated”.

They are not reduced by increasing the sampling time.



It is proposed to propagate uncertainties through to a total (wind turbine) unit uncertainty, and in turn propagate total unit uncertainties through to the plant reference mean power uncertainty. For the purpose of clarity, Eq. (3.25) is truncated, omitting the indices i:
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In Eq. (3.26), the reference frequency distribution fj and the reference parameter values Rxjk are pre-given numbers with no uncertainties attached. The remaining values are estimated from measurements (Type A) or by “other means” (Type B). By linearising products an expression for the total unit uncertainty is obtained, when both factors are variables. Each of the input quantities in Eq. (3.26) has one or more uncertainties attached to it. Denominating the total number of uncertainty components Nu, the uncertainty in unit reference power can be written as, IEC (1998):
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where



cki	is sensitivity factor of uncertainty component k in bin i.

uki	is standard uncertainty of component k in bin i, and

rijkl	is the correlation coefficient between uncertainty component k in bin i and uncertainty component l in bin j.



The sensitivity factor cki corresponds to the sensitivity factors (jk above, being for some variables the same, but it should in general be evaluated separately. The correlation coefficients are plentiful�, and in practice, it is not possible carry out a complete analysis. Assuming no correlation or full correlation and applying the assumptions of IEC (1998), the task can be reduced somewhat at the typical expense that some conservatism is introduced.



The resulting uncertainty of the test of unit no. i (of the tested machines) are ui, the uncertainty of the expression (3.27), and (i, the integrated uncertainty resulting from model imperfections (e.g. lack of linearity) and limitations in the number of measured input variables. It seems an obvious assumption about ui and (i, that they are uncorrelated, �EMBED Unknown���for all i and j. This is utilised below.

Uncertainty in plant reference mean power



When finally estimating plant reference mean power the are two sources of uncertainties. One is the testing of each unit, and the other is the possible limitation in the number of wind turbines tested (sample size).



The uncertainties from the individual tests propagate to a combined uncertainty of the estimate of plant reference mean power the following way. Firstly, the (square of the) uncertainty of the sum of power is found, assuming that ui and (j are not correlated:
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where the (new) r’s are correlation coefficients between the total unit uncertainties. The uncertainty of the plant reference mean power becomes
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When not all units in the plant have been tested, there will be uncertainties in the population mean stemming from the limited sampling. This uncertainty� is estimated by the following expression:
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It is seen – as expected – that the sample uncertainty tends to zero for M(MT, and toward the well known expression for uncertainty of the mean when M << MT. Estimation of the actual variability, (P, of Pi is in practise difficult. In principle – since the observed variation of Pi must include both actual variation and uncertainty - it may be found by subtracting the (squared) uncertainty from the experimental estimate of population variance:
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Thus, the final uncertainty of the estimate of plant reference mean power is



�EMBED Unknown���.		 � STYLEREF 1 \s �3�.� SEQ . \* ARABIC \s 1 �32�



This uncertainty is discussed below. Although mean power often will be the quantity of most interest to the investor, the uniformity of the wind turbine equipment is also a typical contractual issue. However, while the uncertainty of the mean power estimate is high, the uncertainty on the standard deviation of mean power from the individual units will be “very” high and consequently it will not be possible now or in the near future to produce a useable estimate of the variability of productive capacity.

Quantification of uncertainties – general considerations





In Table 9, uncertainties for the testing of the individual units in the wind farm are summarised. The first column lists the uncertainty components, when applying separate met mast and when applying nacelle anemometry (which has been dealt with only scarcely in this paper). In addition, indication is given of the parameters mainly responsible for the variation displayed in the second column.



The second column gives ranges of uncertainties as found in methods applied presently. The quantities have as good as possible been estimated from available information. For “method deficiencies” and “experimental site calibration” the figures are estimated on particular weak ground. This is unfortunate since especially site calibration is important for the quality of the result. Presently, no objective method of quantifying experimental site calibration uncertainties is known. In all, the uncertainty of the uncertainties is high.



In the last rows of Table 9, the particular uncertainties related to nacelle-anemometry applications are summarised. Two extra uncertainty components are introduced and one, site calibration, is excluded. When summarising, the extreme case of 50% uncertainty on nacelle-anemometer blockage has been halved, since it is unlikely that measurements are accepted if the anemometer elevation has been changed. 



The uncertainties (still in second column) are summarised to form two ranges, one for the case when experimental site calibration is used and the other for numerical site calibration. In summing up, the crucial assumption of independence of the components’ uncertainties is made. This may be a non-conservative assumption, since e.g. uncertainties in anemometer calibration could be linked to site calibration and sensitivity analysis. However, if a possible anemometer uncertainty has been carefully examined and taken into account when applied sensitivity analysis, it (the anemometer uncertainty) should in terms of absolute values only affect site calibration.



If – as anticipated – the aim of the test is to test most or all units in the wind farm with the application of one single met mast, it may be necessary to counter mutual wake effects between the wind turbine units. One option would be to compute wake effects by means of a dedicated computer code. Alternatively, the wake effects could be experimentally sought as part of the assessment procedure. Or both methods could be applied in sequence in such way that the experimental results are used to assess the uncertainty of the numerical estimate. Since wake effects have not been evaluated, the attached uncertainty is not included in Table 9





Component�Uncertainty

range 1998

(%)�Lowest possible in

1998 (%)�Potential,

Future

(%)��With separate met mast:�����Sensitivity analysis, experimental (Type A)�1-2%�1-2%�1-2%��Sensitivity analysis, numerical (Type B)�--�--�1-2%��Site calibration, experimental, homogeneous(complex�1-2% ( 2-5%�1-3%�0-2%��Site calibration, numerical, homogeneous(complex�2-4% ( 10-20%�2-10%�0-5%��Blockage effects, numerical, 5D(2D�2-4% ( 6-8%�1-3%�0-2%��Instrument – anemometer, good practise(bad practise�2% ( (20%)�2%�1%��Instruments – others, good instrum’s(poor instrum’s�1% ( 2%�1%�0.5%��Method deficiencies�1-2%�1%�1%��Limited input variables*, several variables( Uhub�1-10%�1-3%�1-2%��Wake effects�--�--�--��TOTAL:     Experimental methods�4-13%�3-6%�2-5%��                    Numerical methods�5-20%�4-11%�2-7%�������With nacelle anemometer:�����+Nacelle anemometer blockage effects, �1% ( 50%�--�--��+Wake effects on nacelle anemometer�1-2% ( 5-10%�--�--��- site calibration�1-2% ( 5-10%�--�--��TOTAL: experimental�5-30%�--�--��*The effect in terms of sensitivity, site calibration and blockage.

Table 9 Per-unit uncertainty in terms of power. Wind speed uncertainties have been transformed to uncertainty in unit reference power by multiplying with 2.



In Table 10, the total per-unit uncertainties is combined in different ways to form the uncertainty of plant reference mean power, i.e. the average of unit reference mean powers. Assume first that the per-unit uncertainties are fully correlated, and have the same size. In that case, the uncertainty of plant reference mean power is the same as the per-unit uncertainty. Assume next that the per-unit uncertainties are mutually uncorrelated and of the same size. In this case, the plant reference mean power uncertainty is reduced with a factor of �EMBED Unknown���, where M is the number of units tested. Finally, the ranges of these two extreme cases are combined – by applying the lower limit of the uncorrelated case and the upper limit of the fully correlated case – to form the (large) ranges in which to find the uncertainty if the correlation conditions are not known.







Uncertainty range 1998



In Tables 9 and 10, column no. 2 and column no. 3, respectively, give what is believed to be the uncertainties attached to common-practice in 1998. “Common practise” consists of testing of one or two units or application of nacelle anemometry. Nacelle anemometry is not considered in further details. It is found that the potential uncertainty when applying numerical methods for site calibration in complex terrain is considerably larger than when experimental methods are used. The deducted plant reference mean uncertainties are in good agreement with uncertainties reported and discussed in Frandsen et al (1998). The lower-limit uncertainty - corresponding to homogeneous terrain - is primarily set by site calibration, blockage effects and anemometer uncertainty. In homogeneous terrain, the uncertainty of “limited number of variables” is of less consequence since the flow field will be similar to that of the – supposedly – “ideal test site”, where the warranted power curve were determined in the first place.





Correlation

conditions�Methods applied�Uncertainty

range 1998

(%)�Lowest possible in

1998 (%)�Potential,

Future

(%)��Fully correlated�Experimental�4-13%�3-6%�2-5%���Numerical�5-20%�4-11%�2-7%��������Uncorrelated�Experimental�--��EMBED Unknown�����EMBED Unknown������Numerical�--��EMBED Unknown�����EMBED Unknown�����������Combined ranges�Experimental�--��EMBED Unknown�����EMBED Unknown������Numerical�--��EMBED Unknown�����EMBED Unknown�����Table 10 Uncertainties plant reference mean power applying met mast, for plant where M units are tested. Left and right ends of ranges represents homogeneous and complex terrain, respectively.



Lowest possible uncertainty in 1998.



Employment of the procedures and methods of this paper opens up possibilities for reduction of uncertainties relative to “common practise”. Concerning the upper limit of the ranges of uncertainties (complex terrain), the following would lower the limits:



Rational estimation of reference power of a large fraction or all of the units in the wind farm would open up the possibility of a less uncertain estimate of the population mean, the plant reference mean power. The potential improvement depends on to what extent the per-unit estimates can be made independent. Assuming the per-unit uncertainties to be of the same size and uncorrelated, the uncertainty of population mean estimate is reducible to a small number (best case). On the other hand, assuming the per-unit uncertainties to be of the same size but fully correlated, the uncertainty of population mean will be equal to the per-unit uncertainty (worst case).

Numerical site calibration can potentially be improved, by applying numerical tools with the outmost care, and by calibrating the models with two or three met masts at the site. If financially feasible, experimental site calibration would improve results significantly.

Inclusion of a number of input variables in addition to wind speed will - primarily in complex terrain - reduce uncertainty significantly. To obtain that effect, proper regression analysis tools must be applied.

The plant blockage effect is not accounted for in present-day practise. With the typical distance between met tower and wind farm, a correction can be made by means of numerical simulation.



The lower limits of the ranges for total uncertainty seems presently difficult to push further down.



Conclusions



The aim was to cover all essential issues of power performance of wind power plants. It is found that this goal was reached, though obviously it has not been possible to produce significant scientific solutions to all problems related to performance assessment. In the following, results that are found the most interesting are outlined.



Different regression analysis techniques were applied on data from wind farms in the UK, from the 500 kW unit at Risoe and from the Vindeby offshore wind farm. Typically, input variables are correlated (collinearity), which causes problems in interpretation of results. The appropriate multi-variate regression method (where the regression is performed of the components’ residuals) was identified and applied. It is estimated that the uncertainty in reference power can be reduced by 5-10% percent in complex terrain, by inclusion of more input variables and in turn application of the extended sensitivity analysis.



Two computer codes – the WasP code of Risoe and a code recently developed at CRES – were applied at three test sites and compared with measurements from the sites. The sites represented very homogeneous terrain (offshore, near coast), medium complex terrain in the UK and very complex terrain on a Greek island. The task revealed considerable discrepancies between measurements and modelling in all terrain, though the least in homogeneous terrain. The analyses disclosed a need to improve methods for site calibration. 



The blockage effect of a (single) wind turbine is acknowledged in existing standards. In the reported project it has been found, that for a wind farm the blockage effect is up to 1-2 percent (on wind speed) at a distance of approx. 4 rotor diameters upstream. If not taken into account the productive capacity of the wind farm units could be overestimated with up to 3-6%.



The method of performance assessment, where the wind turbine’s nacelle anemometer is used for the wind speed reference measurement, has been investigated with several sets of data. Two basic problems of that method have been identified, Dahlberg et al (1999). Firstly, the reading of the instrument is sensitive to pitch setting of blades, vortex generator application, dirt on blades, yaw error etc. Since these are effects that are sought-after when performance testing, a basic problem is at hand. Secondly, when the wind turbine is in the wake of another machine the nacelle anemometer over-estimate productive capacity of the wind turbine significantly, up to 70-80% for closely spaced machines. The error becomes less when integrating over all wind speeds and direction, but still comes out as a significant error. Thus, it is highly questionable when nacelle anemometry has a future in performance testing.



An “all wind farm” assessment procedure is proposed. The procedure includes testing of all wind turbines units individually and forming plant average of the individual results. The advantage is, that an estimate of the population mean is obtained – which is not the case when only one or two units are tested as it is often done in presently used assessment procedures. It is demonstrated that if the uncertainties of the productive capacities of the wind turbine units are independent, then the potential for reduction of the uncertainty of population mean is considerable.





Future improvements



It is evaluated that the following actions would significantly improve accuracy of performance assessment:



Identification of ways of assuring the per-unit uncertainties of reference power effectively are uncorrelated.

Improvement of analytical/numerical methods for site calibration.

Refining and streamlining sensitivity analysis.

Improve quality of design, manufacturing and understanding of the operation of the (cup) anemometer.

Introduction of remote-sensing anemometry, which from the top of each wind turbine can measure wind speed at a freely chosen point in space in front of the machine. 
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� It could be alternatively defined, though with no consequences to the presented considerations. 

� In practical terms, the data analysis consists in choosing proper bin sizes, sorting the recorded data, see next section, in a N2 -dimensional matrix, forming averages of the values in each element, and computing the coverage of each parameter ((i;(i) from the data.

� Another motivation for “neutralising” u is that linear regression analysis is to be introduced and power is known to be strongly non-linear in the mean wind speed.

� Note that “reference” refers to reference input variables, and not to a fixed power curve.

� As seen from Eq. 3.15, plant reference mean power is here defined as the mean of the  reference power output of the units. The sum of reference powers could be used as well.

� And assumed for mathematical quantities such as the reference frequency distribution of wind speed.

� I.e. mean wind speed at the prediction position is not only a function of mean wind speed at the reference position, but also turbulence shear etc.

� For fi to be a frequency distribution, the binsize must be unity. Other binsizes can be applied, though the formulation becomes different.

� I.e. the wind speed – undisturbed by the wind turbine  - to which the wind turbine is exposed. 

� Note that in (3.23), the summation also includes wind speed; the correction here re-calculate to the bin-centre value of wind speed.

� Assume that the number of bins applied is L = 20, and the number of uncertainty components is Nu = 10, then the number of correlation coefficients are (20(20(10(10)/2 = 20,000.

� This uncertainty is of course a Type A uncertainty of the same character as the Type A uncertainties in the per-unit uncertainties. The separation is necessary because the chosen way of presentation.
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