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MILESTONE REPORT 
 

Executive Summary:  In accordance with Exhibit A of the contract, the Scope of Work for RD4-14, the 
research goal is to develop a cost effective method for evaluating the current health and remaining 
useful life of a wind turbine’s tower and foundation. 
 
The project objectives as stated in Exhibit A are as follows: 
 

• Develop an economically viable and deployable system of sensors that can take the foundation 
and tower measurements required to perform a health and remaining useful life assessments. 
 

• Develop a method of estimating the health and remaining useful life of the wind turbine tower 
and foundation using data from the developed sensor system and SCADA data from the win d 
turbine. 

 
• Test the sensor system and estimation methods.  

 
The project performance as stated in Exhibit A is planned to be achieved as follows: 
 

• Accuracy and effectiveness of sensor system to be similar to the existing system on the Eolos 
wind turbine. 
 

• Mobilization time of three days for installation of sensor system per turbine. 
 

• Potential wind farm cost savings of $50,000 verses conventional sensing systems over the 20 
year life of turbine. 
 

• Development of a metric for estimating the remaining useful life of a wind turbine tower and 
foundation based on wind turbine historical SCADA data. 

 
• Potential reduction of up to 40% in equipment costs per wind turbine compared to the cost of 

the system installed on the Eolos wind turbine. 
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Milestone 4 is complete.  In milestone 4, the project team implemented the analysis methodology 
developed in milestone 3 to assess the health of the Eolos wind turbine and foundation.   
 
PROJECT FUNDING IS PROVIDED BY CUSTOMERS OF XCEL ENERGY THROUGH A GRANT FROM THE 
RENEWABLE DEVELOPMENT FUND. 
 
Technical Progress:  The scope of work associated with milestone 4 has been completed. The following 
report describes the implementation of the analysis methodology. 

1.0 Data Processing Methodology 
The overall data processing methodology was described in the Milestone 3 report.  This report details the 
implementation of this methodology to assess the health of the Eolos wind turbine and foundation.  The 
entirety of the methodology was evaluated with the exception of an analysis of the measurement period 
required for an accurate assessment of remaining useful life.  This assessment will require a full analysis of 
the 5+ years of data collected on the Eolos wind turbine, which necessitates a very significant amount of 
processing time.  This analysis will be performed as part of the next task as the objective of Milestone 5 is 
to optimize the operation and accuracy of the health assessment system.  Determining the minimum 
amount of analysis time required for an accurate assessment of structural health and remaining useful life 
will significantly optimize the structural health monitoring (SHM) system by minimizing the number of 
measurements required and the length of time the system needs to be deployed.   

2.0  Data Acquisition 
For Milestone 4, the research team investigated a number of combinations of sample rates and strain 
sensor quantities to optimize (minimize) the amount of data that need to be collected in order to 
accurately assess the health of a wind turbine foundation and estimate its remaining useful life.  Table 1 
shows the sample rates and number of strain gauges that were evaluated in this task using the Eolos 
dataset.  Specifics of these analyses are provided below.    

2.1 SHM system optimization 
To determine the minimum number of sensors and the lowest possible sample rate that still achieves the 
SHM goals, the research team made use of the foundation sensor system that has been collecting data 
nearly continuously since October 2011 on the University’s Eolos wind turbine. The Eolos system is a large, 
robust, non-mobile measurement system comprised of 20 uni-axial strain gauges, 10 thermocouples, and 
1 bi-axial tilt sensor.   

The research team started with the full Eolos sensor system of 20 strain gauges measuring at 20Hz and 
repeated the calculations multiple times with different subsets of sensors.  The data were also down 
sampled, simulating a slower measurement rate.  The results show the point at which the calculations of 
foundation rotational stiffness and damage equivalent load (DEL) deviate significantly from the 
calculations made with the full Eolos system of 20 strain gauges measuring at 20Hz.  Detailed descriptions 
of the methods used to compute rotational stiffness and DEL can be found in the Milestone 3 report.   
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To conduct the system optimization, the research team selected a 6 hour dataset during which the wind 
turbine was operating in a variety of wind conditions. The time period of this data set was 2017-06-28 
18:00:00 to 2017-06-29 00:00:00.  Limiting the dataset to 6 hours allowed for a reduced processing time 
which made many iterations of analysis possible.  Figure 1 below shows time-series plots of the wind 
speed and power output during the 6 hour period selected for analysis. 

 

Figure 1: Time series of the windspeed (top) and power output (bottom) during the 6 hour 
measurements period of interest 

Figure 2 shows histograms for the overturning moment, platform tilt, and power output during the 6 hour 
period. The power histogram shows a good range of output power occurred during the measurement 
window. 
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Figure 2: Histogram of overturning moment, platform tilt, and power output 

 

Table 1: Test Matrix showing the number of sensors and measurement rates that were evaluated. 
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The rotational stiffness and DEL calculations that resulted from this analysis are shown in the following 
tables. Details of the DEL calculations are given in section 4. 
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Table 2: DEL matrix results for various measurement rates and numbers of strain gauges 

  
Measurement Rate 

% 
Difference 

% 
Difference 

  
20Hz 5Hz 1Hz 20Hz vs 5 Hz 20Hz vs 1Hz 

N
um

be
r o

f 
St

ra
in

 G
au

ge
s  

20 5214 kN-m 5178 kN-m 5028 kN-m 0.68% 3.56% 

4 5403 kN-m 5371 kN-m 5171 kN-m 0.58% 4.29% 

3 5705 kN-m 5650 kN-m 5478 kN-m 0.98% 3.99% 

2 5404 kN-m 5415 kN-m 5267 kN-m 0.20% 2.52% 

 

Table 3: Rotational stiffness results for various measurement rates and numbers of strain gauges 

  
Measurement Rate 

% 
Difference 

% 
Difference 

  
20Hz 5Hz 1Hz 20Hz vs 5Hz 20Hz vs 1Hz 

N
um
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f S
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G
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20 
93.3 

GNm/rad 
93.4 

GNm/rad 
93.3 

GNm/rad 
0.11% 0.00% 

4 
93.2 

GNm/rad 
93.2 

GNm/rad 
93.1 

GNm/rad 
0.05% 0.01% 

3 
92.7 

GNm/rad 
92.8 

GNm/rad 
92.8 

GNm/rad 
0.08% 0.08% 

2 
85.1 

GNm/rad 
85.2 

GNm/rad 
85.1 

GNm/rad 
0.12% 0.00% 

 

 

 

 

Table 4: Comparison of DEL and Stiffness computed with both RDF and Eolos systems 

Measurement Rate = 20Hz  
Number of sensors = 3 strain gauges 

 Eolos RDF 

DEL (kN-m) 5705.7 kNm 4774.1 kNm 

Stiffness (GN-M/rad) 92.73 GNm/rad 86.0 GNm/rad 

 

Several conclusions can be made from the sensor optimization process. Three strain gauges can 
adequately determine the DEL and stiffness of the foundation. However, two sensors appear to under 
predict the foundation stiffness as compared to using 20, 4, and 3 sensors. In addition, a 5 Hz sampling 
rate gives a very similar value for DEL as compared with 20 Hz and may be an adequate sampling rate. 
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The optimal sampling rate is discussed further in the next section where a frequency spectrum of the 
strain gauge measurements is analyzed. 

A system of 20 sensors provides a more robust estimate of the maximum strain. The number of unique 
estimates for the maximum strain in the tower at each time step is given by n*(n-1)/2 where n is the 
number of sensors.  (Note: only one sensor out of two that are located 180 degrees apart is used in the 
analysis and therefore this equation was modified depending on the sensor spacing.) For 20 sensors this is 
equal to 180 unique solutions which provide a robust estimate in an average calculation. 3 sensors 
provide 3 unique solutions and therefore a maximum strain estimate with greater uncertainty. This likely 
explains why the DEL estimate increases with decreasing number of sensors, except in the 2 sensor case 
where the strain amplitude is under predicted. 

2.2 Sample Rate Optimization 
Following the comparison of the stiffness and the fatigue DEL at different sample rates, the optimized 
sample rate for data acquisition of the tiltmeter and strain gauges was confirmed by investigating the 
frequency content of measurements taken at a relatively high sampling rate of 20 Hz.  

Figure 3 gives the averaged energy spectrum of strain gauge data taken at 20 Hz and windowed over 600 
seconds for the 6 hour time series data. The peak highlighted at 0.338 Hz by the red circle indicates the 
tower natural frequency. A second prominent peak can be seen around 0.8 Hz which corresponds with the 
blade passing frequency. Some broadening of the peak is due to the rotor frequency changing during the 
measurement period. The figure also shows a flattening of the strain root mean square (RMS) around 5 
Hz. RMS of the strain is a representative value of how much energy is present for a specific frequency 
range and is defined as 𝑅𝑅𝑅𝑅𝑅𝑅 =  �(𝐴𝐴2/2) for a sine wave where 𝐴𝐴 is the amplitude of the wave. 

Integrating the area under the spectra gives a representation of how much energy exists for a specific 
range of frequencies. Integrating from 0 to 2 Hz and normalizing by the total area gave 82% of the signal 
energy, similarly, integrating over the frequency ranges 0 to 4 Hz and 0 to 5 Hz gave 94% and 95% signal 
energy, respectively. This difference in signal energy is also represented in the DEL calculations in the 
above tables where the slower sampling rates generally predict less DEL as compared to the 20 Hz sample 
rate. This difference is on the order of 1% for 5 Hz compared with 20 Hz and 4% for 1 Hz compared with 
20 Hz. 

In conclusion, 10 Hz will be the sampling rate used. This results from a combination of the Nyquist rate, 
where the maximum frequency of interest is 5 Hz, and the analysis of the DEL testing. 
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Figure 3: Frequency spectrum of strain gauge time series data taken at 20 Hz 

2.3 Sensor Number Optimization 
To confirm the minimum number of sensors determined by the stiffness and fatigue DEL comparison 
outlined above, we compared the maximum strain in the tower computed using the full set of 20 strain 
gauges and the maximum strain in the tower computed with subsets of 4, 3, and 2 strain gauges.  Figure 4 
below demonstrates the difference in maximum strain estimates using different numbers of sensors. While 
the solutions for maximum strain using 20, 4, and 3 sensors track each other nicely, there is slightly more 
noise in the data with fewer sensors which likely explains the increase DEL estimate for the 3 and 4 sensor 
cases vs using 20 sensors. The 2 sensor case consistently under predicts the maximum strain. 
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Figure 4: Maximum strain estimates using different number of sensors in the calculation 

2.4 Temperature Correction Method comparison 
The RDF sensor system and the Eolos sensor system use different methods to correct for the thermal 
expansion of the steel.  The RDF system makes use of tee-rosette strain gauges which use orthogonally 
mounted gauges to compensate for thermal expansion, while the Eolos system uses measurements of the 
steel temperature to apply a computed correction factor. According to beam bending theory, the average 
of all measured strains at any given time should be zero.  Computing the average strain from all gauges 
over a period of a few days allows for an analysis of temperature effects due to diurnal temperature 
fluctuations.  The plot in figure 5 demonstrates that over a week of time in June, both methods of 
temperature compensation produced similar results.  On a typical day, both systems showed an average 
strain that deviated from zero by about ±5 microstrain with some days showing an error as high as ±10 
microstrain. 
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Figure 5: Top, 1 min. average strain for the Eolos and RDF systems. Bottom, temperature of the 
steel around the tower 

2.5 Data Processing: Engineering Units and Offsets 
2.5.1 Strain Gauge 
To remove the offsets that result from strain gauge installation and the eccentric loading applied to the 
tower by the rotor mass, new offsets were computed for both the RDF and Eolos systems using a yaw of 
the wind turbine.  The table below lists the offsets that are applied to the strain gauge data before any 
further analysis is performed.  

Strain Gauge Offset (micro-strain) 

Eolos 1 -6.0622  

Eolos 2 -6.0959 

Eolos 3 -9.8434 

Eolos 4 +6.7444 

Eolos 5 +19.7514 

H:\Projects (Cycle 4)\Cycle 4 Projects\(RD4-14) Barr\Milestone 4 Report (RD4-14).docx 



RD4-14: Development of Health Assessment Tools for Utility-Scale Wind Turbine Towers and Foundations 
Milestone 4 Report 
January 23, 2018 
Page 10 

Eolos 6 -12.2603 

Eolos 7 -16.3299 

Eolos 8 -35.4797 

Eolos 9 -24.4880 

Eolos 10 -30.1214 

Eolos 11 -195.3055 

Eolos 12 -36.9992 

Eolos 13 -24.9579 

Eolos 14 -4.6302 

Eolos 15 +13.4609 

Eolos 16 -23.8829 

Eolos 17 -8.8099 

Eolos 18 -27.4881 

Eolos 19 -6.7933 

Eolos 20 -19.6810 

RDF 1 -1162.0 

RDF 2 -556.1 

RDF 3 -1639.0 

 

Once the offsets have been applied, the strain and tilt data is filtered to remove any data spikes using a 
median filter. 

The maximum strain, 𝜀𝜀, in the tower shell can be computed from any subset of at least 2 strain gauges as 
long as they are not mounted 180 degrees apart on the tower shell.  Appendix A of Milestone 3 detailed a 
method of determining the maximum tower strain using an iterative solver method.  As iterative solvers 
can be very resource intensive for computers, the research team developed a new method of maximum 
strain interpolation that does not require an iterative algorithm.  Equation 1 shows the calculation of the 
location and value of maximum strain for an example case using two strain gauges located 90 degrees 
apart on the exterior of the tower shell.  A derivation of this equation can be found in the Appendix of this 
report. Equation 1 is as follows,  

 
𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚 = arctan�

𝜖𝜖2
𝜖𝜖1
− cos(𝛼𝛼2)

sin(𝛼𝛼2) � 
(1) 

where  𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚 is the angular location of the maximum strain on the tower with respect to the location of 
strain gauge 1. 𝛼𝛼1 and 𝛼𝛼2 are the angular locations of the strain gauges 1 and 2. 𝛼𝛼1 location is set to 0 in 
order to solve the system of equations outlined in Appendix A. 𝛼𝛼2 is the location of strain gauge 2 relative 
to 𝛼𝛼1. Note: 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚 is later adjusted so that it is with respect to North. 𝜖𝜖1 and 𝜖𝜖2 are the values of strain 
recorded by strain gauges 1 and 2 respectively. 
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Using the location of the maximum strain, 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚 (location w.r.t. 𝛼𝛼1), the value of the maximum strain can 
be computed using the following equation. 

 𝜖𝜖𝑚𝑚𝑚𝑚𝑚𝑚 =  
𝜖𝜖1

cos(𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚)  (2) 

If 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚 is equal to 90 degrees, the system of equations is solved such that the second strain gauge 
location is used as a different angular reference point. If a system of more than two strain gauges is being 
used, an estimate of maximum strain can be computed using each subset of two strain gauges that are 
not located 180 degrees apart.  Taking an average of each of these estimates gives a more accurate 
measure of the maximum strain on the tower by removing the small errors introduced by electrical noise 
or strain gauge misalignment.  The table below shows number of possible pairs that can be used to 
interpolate the maximum strain on the tower for each sensor configuration tested in the task.   

Number of 
Strain Gauges 

Number of Maximum 
Strain Estimations 

20 180 

4 4 

3 3 

2 1 

 

Once the maximum strain in the tower has been calculated, the tower stress, 𝜎𝜎, is calculated using 
Hooke’s Law, 

 𝜎𝜎 = 𝜀𝜀 ∗ 𝐸𝐸 (3) 

where 𝐸𝐸 = 2.9 𝑥𝑥 107 psi and is the modulus of elasticity of the tower material. 

The overturning moment, 𝑅𝑅, applied on the tower is then calculated from beam bending theory where 
the moment is equal to the stress times the section modulus: 

 𝑅𝑅 = 𝜎𝜎 ∗ 𝑅𝑅 (4) 

where 𝑅𝑅 is the section modulus which is computed from the thickness and diameter of the shell. Using the 
outer diameter, 𝑂𝑂𝑂𝑂, and the inner diameter, 𝐼𝐼𝑂𝑂, the section modulus is calculated by: 

 𝑅𝑅 = 𝜋𝜋 ∗ (𝑂𝑂𝑂𝑂4 − 𝐼𝐼𝑂𝑂4) (32 ∗ 𝑂𝑂𝑂𝑂)⁄  (5) 

where 𝑂𝑂𝑂𝑂 = 163.74 in and 𝐼𝐼𝑂𝑂 = 160.66 in.This will result in a time series of tower moments. 

In order to compare this data to power output, 20 Hz power output is interpolated from the 1 Hz SCADA 
available from the turbine control system. Figure 6 shows the maximum moment and power output 
timeseries for the 6 hour period using a 10 second moving average. 
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Figure 6: Top, overturning moment time series. Bottom, power output time series 

Figure 7 is a histogram showing probability of occurrence of overturning moment and output power. 
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Figure 7: Histogram of the overturning moment vs. output power 

2.5.2 Tiltmeter Data Processing 
Foundation tilt, 𝑅𝑅, is calculated as the resultant magnitude of the x and y tilt measurements. Raw tiltmeter 
output voltage from each component is converted to degrees using the manufacturer supplied calibration 
scale factor. Before the tilt magnitude is calculated, an offset for each component is applied. This offset 
zeroes the sensor. The needed offsets were determined by taking the average of the maximum and 
minimum tilt, for each component, during a 360 degree nacelle rotation (yaw). 

The table below shows the offsets that were computed for the tiltmeter after a yaw calibration was 
performed.   

Channel Offset 

X 0.002519 degrees 

Y 0.020499 degrees 

3.0   SHM Analysis 
To assess the health of the foundation, the research team looked at the behavior of the foundation over 
the 6 hour period of time selected.   
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A value for rotational stiffness was calculated and compared to the wind turbine manufacturer’s 
specification. In this case, the minimum required rotational stiffness specified by the wind turbine 
manufacturer was 60 GN-m/rad.  Rotational stiffness, 𝐾𝐾𝜃𝜃 , is defined as the overturning moment divided by 
the amount of rotation, 𝑅𝑅, and can be expressed as follows,  

 𝐾𝐾𝜃𝜃 = 𝑅𝑅/𝑅𝑅 (6) 

Some of the calculations that are used to estimate the rotational stiffness are shown in the table below.  
These calculations were made using a sample rate of 5 Hz and 20 strain gauge sensors.   

Average rotational stiffness 93.39 GNm/rad 

95th Percentile rotational stiffness 173.44 GNm/rad 

95% confidence rotational 
stiffness 

93.06 – 93.71 GNm/rad 

Minimum rotational stiffness 14.25 GNm/rad 

 
Figure 8 gives a histogram of the foundation tilt vs. overturning moment where the data was averaged 
down to 1 sec intervals. We would expect to see a linear relationship between platform tilt and 
overturning moment, that is, increasing tilt with increasing moment. However, the density plot below 
shows some nonlinear behavior with what appears to be two separate relationships between tilt and 
moment. We will investigate this further to see what may be causing this. Some hypotheses are: 
temperature effects on the tilt sensor or wind direction specific response of the tilt sensor or wind 
turbine. Figure 9 gives time series of the platform tilt, wind direction, and power output. The platform 
tilt appears to follow a trend similar to wind direction, however, it is possible that temperature may also 
be involved. Unfortunately, the temperature of the tilt sensor during the period in question is 
unavailable. We plan to investigate this issue further by finding measurement periods where the 
temperature was relatively constant (e.g. due to cloud cover) but the wind direction varied. 
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Figure 8: Histogram of Platform tilt vs. overturning moment 
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Figure 9: Time series of tilt, wind direction, and power output 

4.0 Fatigue Loading Analysis 
The research team analyzed the 6 hours of data from the Eolos turbine using the analysis method outlined 
in milestone report 3. We have come across a few issues with the planned analysis method and will be 
investigating alternative methods during milestone 5. The following is a discussion of the analysis 
methods used and issues that came up. 

4.1 Data Processing 
The fatigue analysis procedure used the calculated moments from the strain gauges, high resolution 
SCADA data, and tilt measurements. The following is the procedure followed: 

a) Using the processed moment time series (at the sample rate being tested), find the local maxima 
and minima using a peak finding function. 
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b) Apply a rainflow counting algorithm to the resulting maxima and minima from a). This gives the 
full and half cycles of the periodic data and moment range and mean for each cycle. Half cycles 
are treated as full cycles in the analysis. 

Results from rainflow counting function include: 

The mean moment, 𝑅𝑅𝑚𝑚𝑖𝑖 , is equal to the average of the minima and maxima of the 𝑖𝑖th cycle. 
The moment range, 𝑅𝑅𝑟𝑟𝑖𝑖, is the difference between the maxima and minima of the 𝑖𝑖th cycle. 

c) Compute the damage equivalent load using data from b). A minimum threshold for the moment 
range is used to throw out small scale oscillations. This threshold was set at 100 kN-m for this 
analysis but may be changed in the future. 

The following equation is used to calculate the damage equivalent load: 

 

𝑅𝑅𝑟𝑟,𝑒𝑒𝑒𝑒 =

⎝

⎜
⎛
�

�𝑅𝑅𝑟𝑟,𝑖𝑖 ∗
𝑅𝑅𝑢𝑢 − �𝑅𝑅𝑚𝑚,𝑒𝑒𝑒𝑒�
𝑅𝑅𝑢𝑢 − �𝑅𝑅𝑚𝑚,𝑖𝑖�

�
𝑚𝑚

𝑁𝑁𝑒𝑒𝑒𝑒

𝑛𝑛

𝑖𝑖=1

⎠

⎟
⎞

1
𝑚𝑚

 

(7) 

Where: 𝑅𝑅𝑟𝑟,𝑒𝑒𝑒𝑒 is the damage equivalent load      (computed) 
𝑛𝑛 is the total number of cycles (half and full)     (measured) 
𝑅𝑅𝑟𝑟,𝑖𝑖 is the moment range of the 𝑖𝑖th cycle      (measured) 
𝑅𝑅𝑢𝑢 is the ultimate design load (85509 kN-m)     (known) 
𝑅𝑅𝑚𝑚,𝑒𝑒𝑒𝑒 is the equivalent mean moment (15900 kN-m)   (known) 
𝑅𝑅𝑚𝑚,𝑖𝑖 is the mean moment of the 𝑖𝑖th cycle      (measured) 
𝑁𝑁𝑒𝑒𝑒𝑒 is the equivalent number of load cycles (2e7)    (known) 

d) Count the total number of cycles from the rainflow counter (half cycles are treated as full cycles) 
e) Divide the number of cycles from d) by the total design cycles from the OEM design fatigue 

spectrum. This gives the ratio of measured number of cycles to total design cycles. Apply the ratio 
to each bin of cycles in the design spectrum and calculate the design DEL using the prorated 
cycles and corresponding design mean moment and range. The same equation used in c) is used 
here. 

To this point the analysis method works as Intended. Results for the DEL in c) and e) are very similar. 

f) From data set a) and b), determine the high resolution power output that occurred during each 
cycle. This is calculated as the average output power the cycle. 

g) Group the paired power output and fatigue cycles into 25 kW output power bins. 
h) Compute the average and standard deviation of mean moment and moment range within each 

power bin. Count the number of cycles that occurred in each bin. 
i) For each bin, calculate the design average mean and design average range based on a 99.0% 

percentile. 
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j) Calculate the DEL using the equation from c) and the design average mean and range from each 
bin. Compare this value with the DEL computed in c). 

It is this point in the data processing that we have discovered a few issues. The DEL calculated in step j) is 
significantly different from what was obtained in c). Further, the DEL in j) varies significantly based on the 
percentile used in i) and the moment range threshold used in c). Further, there does not appear to be 
much correlation between moment range and output power making this an inappropriate method for 
binning. The correlation coefficient between moment range and mean moment is 0.099 and the 
coefficient between moment range and output power is 0.127. Figure 9 also demonstrates the weak 
relationship of power output and moment range. The team will investigate alternative binning methods 
for steps g) through j). One method of interest is to bin by moment range within each power bin. 

Steps k) through q) in the analysis procedure were not thoroughly investigated due to the problems we 
discovered with the process in steps g) through j) detailed above. Once an appropriate binning method 
for steps g) through j) is developed, we expect the rest of the data processing procedure to proceed 
without further problems. 
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Figure 10: Histogram of moment range vs output power 
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Figure 11: Histograms of the mean moment and moment range 

 

5.0 Conclusions 
As a result of the implementation of the optimization analysis outlined in Milestone 3, it has been 
concluded that future measurements will be performed at a sample rate of 10Hz using 3 strain gauges.  
This sample rate and number of strain gauges provides estimations of DEL and stiffness that are very 
similar to the estimations provided by the full Eolos system of 20 strain gauges measuring at a rate of 
20Hz.   

Additional Milestones:  Milestone number 5 is ready to begin. In this milestone, the team will optimize 
the operation and accuracy of the system. 
 
Project Status: The project is currently on schedule. Milestone number 5 has a duration of 2 months and 
is projected to be completed March 2018. 
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LEGAL NOTICE 

 
THIS REPORT WAS PREPARED AS A RESULT OF WORK SPONSORED BY THE RENEWABLE DEVELOPMENT 
FUND AS MANAGED BY XCEL ENERGY.  IT DOES NOT NECESSARILY REPRESENT THE VIEWS OF XCEL 
ENERGY, ITS EMPLOYEES, OR THE RENEWABLE DEVELOPMENT FUND ADVISORY GROUP.  XCEL 
ENERGY, ITS EMPLOYEES, CONTRACTORS, AND SUBCONTRACTORS MAKE NO WARRANTY, EXPRESS OR 
IMPLIED, AND ASSUME NO LEGAL LIABILITY FOR THE INFORMATION IN THIS REPORT; NOR DOES XCEL 
ENERGY, ITS EMPLOYEES OR THE RENEWABLE DEVELOPMENT FUND ADVISORY GROUP REPRESENT 
THAT THE USE OF THIS INFORMATION WILL NOT INFRINGE UPON PRIVATELY OWNED RIGHTS.  THIS 
REPORT HAS NOT BEEN APPROVED OR DISAPPROVED BY NSP NOR HAS NSP PASSED UPON THE 
ACCURACY OR ADEQUACY OF THE INFORMATION IN THIS REPORT. 
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Appendix A 
Derivation of Maximum Strain Interpolation Method 

 
The values of the measured strain can be expressed with relation to 
the maximum strain in the tower by the following two expressions:  
 

 
𝜖𝜖1 =  𝜖𝜖𝑚𝑚𝑚𝑚𝑚𝑚 ∗ cos(𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚 − 𝛼𝛼1) 
𝜖𝜖2 = 𝜖𝜖𝑚𝑚𝑚𝑚𝑚𝑚 ∗ cos(𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚 − 𝛼𝛼2) (A1) 

 
Divide the two strain expressions: 
 

 
𝜖𝜖1
𝜖𝜖2

=
cos(𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚 − 𝛼𝛼1)
cos(𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚 − 𝛼𝛼2) (A2) 

 
Choose coordinate system for 𝛼𝛼1 and 𝛼𝛼2 such that 𝛼𝛼2 is relative to 𝛼𝛼1.  
This allows us to make 𝛼𝛼1 = 0.  Now we can use a trigonometric identity 
to simplify the expression and solve for 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚. 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚 position is with 
respect to 𝛼𝛼1. 
 

 
𝜖𝜖1
𝜖𝜖2

=
cos(𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚)

cos(𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚) cos(𝛼𝛼2) + sin(𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚) sin(𝛼𝛼2) (A3) 
 

 
𝜖𝜖2
𝜖𝜖1

= cos(𝛼𝛼2) +  
sin (𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚)
cos(𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚) sin(𝛼𝛼2) 

(A4) 
 

 
𝜖𝜖2
𝜖𝜖1
− cos(𝛼𝛼2) =  tan (𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚) sin(𝛼𝛼2) 

(A5) 
 

 

𝜖𝜖2
𝜖𝜖1
− cos(𝛼𝛼2)

sin(𝛼𝛼2) =  tan (𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚) 
(A6) 

 

 
𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚 = arctan�

𝜖𝜖2
𝜖𝜖1
− 𝑐𝑐𝑐𝑐𝑐𝑐(𝛼𝛼2)

𝑐𝑐𝑖𝑖𝑛𝑛(𝛼𝛼2) � 
(A7) 

 
Now use the value of 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚 to compute the value of 𝜖𝜖𝑚𝑚𝑚𝑚𝑚𝑚. 
 

 𝜖𝜖𝑚𝑚𝑚𝑚𝑚𝑚 =  
𝜖𝜖1

cos(𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚) (A8) 
 
Or 

 𝜖𝜖𝑚𝑚𝑚𝑚𝑚𝑚 =  
𝜖𝜖2

cos(𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚 − 𝛼𝛼2) (A9) 
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Installing and leveling the tiltmeter in the basement showed a continuous drift over time.

Rotating the tiltmeter 90 degrees, it exhibited the same behavior on the y-axis.

Tiltmeter Drift Evaluation

Initial testing in the SAFL Basement
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Wiggled the tiltmeter around a lot and then releveled it.
X and Y channels are still reversed.
Leveling completed ~16:52 on 19 Mar 2018.
Drift had seemed to disappear after switching the x and y channels.

Powered off the datalogger and switched the X and Y channels back to their original
configuration
unplugged and replugged the mil-spec connector
Powered the datalogger back up
loosened the tiltmeter leveling bracket, wiggled it around and then re-leveled it.
16:59:05 UTC Leveling completed.

19:30 UTC: changed the datalogger program to use the 60Hz integration on the two
tiltmeter channels to see if that can smooth out the signal a bit.
Determined that the resolution of the tilt measurements is limited by the datalogger
resolution. Meausurements need to be made in the 2.5V range, which reduces the
accuracy. Looking for a way to increase accuracy by reducing the expected
measurement range.
Changed the grounding in the 4-20mA loop from the analog ground to the datalogger
power ground.
Increased integration time. this removed some of the noise. y-axis still seems noisier
switched x and y at the datalogger to see if the noise is coming from the tiltmeter or the
datalogger. The noise switched channels so the noise is coming from the tiltmeter.
switched channels back. disconnected MilSpec connector from box before switching
back (which I didn't do when I originally switched them).
After switching the channels back, both seem to be drifting up.
rechecking connections at the datalogger.
X-channel L of the CURS100 may not have been properly seated into the datalogger.
Fixed this and they still seem to be drifting up slightly
perhaps when the tiltmeter powers down it takes a while to "charge" up the eletrolytic
fluid again? If I leave it overnight will it stop drifting up?

19 Mar 2018

20 Mar 2018

21 Mar 2018
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Unplugged and replugged the tiltmeter before and I didn't see this though.
maybe its approaching the first value that it was at before I unplugged it. I'll leave it until
tomorrow and see what it does.

Initial analysis of plots from yesterday make it look like the drift is gone still. See plot
below.

22 Mar 2018
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Unkown what initially caused the drift that we were seeing. Perhaps I can recreate the
problem.
I should also test the thermal affects on the tiltmeter. Perhaps with a halogen light placed
above the tiltmeter to see if the temperature affects the tilt measurements.
Halogen work lights turned at 15:50 UTC and left on until the internal temperature of the
tiltmeter reached 56 C.

After the weekend, I created this plot:

26 Mar 2018
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It looks like the y axis is drifting again
There are obvious spikes where the relay is turning on to cycle the halogen lights (even
though the halogen lights were not plugged in for the weekend the relay was still
switching)
Things to look into:

check grounding on y axis to see if there is an issue there. If nothing too noticeable
maybe switch to other resistors for voltage conversion?
Try powering the tiltmeter with another power supply to see if the spikes and the drift
go away
Test the second tiltmeter that Barr provided to see if the drift goes away.

noticed that the battery sits at about 13.5 V when measured directly, but the 12V output
on the datalogger is at about 12.2V. I thought they were supposed to be really close
Connected the tiltmeter directly to the battery at 12:33 CDT to see if this makes a
difference
also unplugged the wifi router that is pulling 12V from the same source as the tiltmeter.
unplugged the battery charger as well so that the tiltmeter and datalogger are running
purely off the battery. Still grounded to the building ground, however.
After doing this, the y axis looks quieter than the X axis...
Added a ground wire from the 3rd prong of the 120V power plug to the grounding lug of
the datalogger even though I got 0.3 Ohms with the meter between any ground on the
datalogger and this 3rd prong.
plugged the battery charger back in at 12:51 CDT
At first when plugged in, the battery charger doesn't seem to contribute to noise, but after
a while it is obvious that is making it noisier, especially the y-axis. When the charger is
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unplugged, the signal almost immediately quiets down.
Unplugged the cellular modem as well as the wifi router to see if the signal quiets down
even further. ~14:18 CDT.
plugged the battery charger back in at 14:40 CDT.
plugged the cellular modem back in at 14:52 CDT.
Started up the relay to test the heating again at 15:00 CDT.
It looks like the tiltmeter could be affected by the power supply or the grounding. I wonder
if we could trace the drifting back to the battery being charged? I could plot this with my
Matlab script that shows the drift.
15:48 CDT: plugged back in the wifi router.
unplugged the wifi router for the night ~ 18:02 CDT
turned off the halogen work lights for the night around the same time.

created this plot from last night's data. y-axis is still drifiting.

15:36 CDT: both tiltmeters installed on the mount, leveled and programmed. I'll check at
this point to see if there is any observable drift.
Insulated cover is placed over both of them.
wifi router, cell modem and battery charger are all operating.

27 Mar 2018

28 Mar 2018
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Both tiltmeters drifted.

I'm going to try powering the tiltmeters with a separate power supply and try a higher
voltage than 12V
at ~14:30 CDT I used the power supply from the instrumentation laboratory to power the
two tiltmeters. Everything else is still running off the datalogger battery (wifi router, cell
modem included) .
ground of power supply and datalogger are tied together.
first I had the power supply set to 12V volts. I then bumped it up to 15V and didn't see
any change on the tiltmeter output, which is encouraging.
Then I bumped it up to 24V. At first it looks like the signal may be less noisy. Hard to tell
though. It looks like it could still be drifting upwards.
I'm going to increase the rate of the relay cycling to see if the spikes still show up in the
data when the relay cycles. This will tell me if the spike is the result of RF or power
supply in the datalogger.
I'll leave the power supply on at 24V over night to see what kind of effect this might have.
tilt meter 2 seems to be responding to the relay closure, but not tiltmeter 1. strange...
Does this mean that I have a grounding issue or something?
putting a voltmeter on the 3rd prong ground of the 120V outlet in the box and the ground
lug on the CR1000 shows the datalogger with a 1mV lower ground than the earth
ground. Could this be causing ground loops? Multiple paths to ground?

29 Mar 2018
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Plots from yesterday show less drift, but still some.
Noise appears to be less too, so I think I'm on the right track.

Zoomed in on the portion with the change to grounding

I started checking more of the grounds with my mulimeter in mV measurement mode and
found that the G of the 12V battery was 10mV lower than the 3 prong earth ground. This
doesn't seem right. I want the lowest point of the system to be earth ground.
~11:15am CDT I tied the G from the battery to earth ground and then removed the
jumper that ran from the datalogger ground lug to the earth ground.
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looking at the live data display, the measurements look incredibly quiet, so maybe I'm on
to something now.
some noise showing up on the signals, but still substantially less than it was previously.
I'll leave it here for a bit and then maybe try moving the tiltmeter power off the external
24V power supply and onto the battery again.
Wifi router is still on external power, but the cellular modem is on datalogger power.
12:50 CDT: connected the tiltmeter back to the datalogger power.
Left the battery grounded to the lug on the datalogger and then the lug grounded to earth
ground.
left it in that config over lunch, but in this config, the battery grond is 1.1mV lower than
the earth ground.
14:00 CDT changed it back to having the battery G tied directly to earth ground and the
datalogger ground lug not connected to anything. This is the only configuration I have
found that makes the earth ground the lowest point when measurement mV DC on the
multimeter
Tiltmeter still being powered by the 12V on the datalogger.
plugged back in the worklights at 14:08 so they start again at the next cycle.
the lights cycled once and then I unplugged them for the night.

Plots from last night look much better than they did previously. I think the drift is
essentially gone now.

30 Mar 2018
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Temperature effects on the tiltmeter are obvious, but it seems that the tilt measurements
settle down after the temperature returns to normal.
I'm going to call the drift testing complete and look into the temperature effects now.

After the weekend, the plots of tilt still look fairly stable.
there is still some wander, but it looks more random instead of a logarithmic increase
over time.

Plot with two cycles of the halogen worklights: 

Plot after the halogen lights were off showing the long term drift over the weekend (same
axes limits as previous plots of drift): 

02 Apr 2018
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A few observations from the previous plots:
Its suspicious that the y axes of the two tiltmeters respond differently to the rise in
temperature. Y1 decreases with increasing temperature and Y2 increases with

increasing temperature.
Both of the X axes respond significantly less to the temperature than the Y axes do.

These observations make me believe that the temperature effects we are measuring are
actually caused by the heating and cooling of the aluminum mounting bracket. This
would explain why the y axes responded in different directions as the tiltmeters were
installed 180 different from each other (see photo below)

04 Apr 2018
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To test this theory, I installed a surface mount thermistor on the top of the bracket (see
photo) and set up the halogen to keep cycling on and off today.
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Plotting the tilt vs the temperature shows a strange loop behavior.
Perhaps it follows one curve when heating up and one curve when cooling down
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Applying the equation from the Jewell Instruments tech note doesn't seem to give great
results...

Using Ks=0.0002 deg/oC

Using Kz=0.0002 deg/oC

Using Tcal = 23.35 oC
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Possible Explanations:
Wrong Coefficients
Bad equation doesn't work for this tilt meter (e.g. 4-20mA instead of +-10VDC)
thermal effects are due to the material of the mounting bracket, not the tiltmeter
itself.

05 Apr 2018
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Zoomed out to show the full swings that result from temperature changes. 

Zoomed in to have the same axes as previous drift test plots: 

Some concerns were raised that the insulated box did not fully cover the base plate of
the mounting bracket and that the heating was due to this lower plate swelling and
contracting.
To test this, I bolted the upper plate of the bracket directly to the concrete and leveled it
with the leveling screws pressing directly against the concrete.

09 Apr 2018
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The halogen lights then cycled twice during the day. The results are plotted below.
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This plot shows some temperature effects still.
Possible courses of action:

Attach the tiltmeter to the concrete with only one point of contact. This would involve
a stud anchored in the concrete and extending up to some sort of leveling bracket.
Construct a box that insulates much better, making sure that the heating inside is
uniform across the tiltmeter.

I installed the tiltmeter on a tribrach installed on a 5/8" stud anchored in the concrete.
This makes it so the tiltmeter only has one contact point with the concrete.
The stud is not very level vertically, as the drill moved while I was drilling the hole.
However, the tribrach has enough travel to get the tiltmeter level still.

12 Apr 2018
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I'm using a different tribrach than the one that was used out at UMore since that one
seems to be loose where the top half connects to the bottom half. Plus we got some
weird data with that one, so its probably best to just move away from that one.
I also created a better insulated box with pink foam board and the reflectix insulation.
Hopefully this will make the interior of the box heat up uniformly. See pictures below.
Testing start with this set-up at 11:17 CDT (16:17 UTC)
In this test, the "bracket thermistor" is attached to an aluminum plate that is placed
outside of the insulated enclosure to estimate the temperature on the outside of the
enclosure. Probably not the best estimate of temperature because the light is shining on
the back side of the aluminum plate, but its something.
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Tests from last week so that there is still a temperature affect with a very insulated box
and the mounting bracket installed up on a 5/8" stud.
Long term drift over the weekend also shows a more significant drift than before.
Suggesting that perhaps the tribrach creates more drift. Perhaps the drift has always
been the bracket changing over time?

16 Apr 2018
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Final test will be to create a mount (other than the tribrach) that elevates the tiltmeter and
has insulation on the concrete below the tiltmeter.
Recommendations will be to not use a tribrach, place the tiltmeter in an insulated
enclosure and if possible put the tiltmeter inside the turbine.
photos of the final mount can be seen below. Note the pink foam insulation that is placed
below the leveling bracket.
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Turned on the lights for a bit to test the new setup, but hopefully this is the last iteration...

Plot from last night doesn't show a significant improvement over previous mounting
methods.

17 Apr 2018
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Long term drift is back.
I turned on the work lights again at 10:47 CDT (15:47 UTC). I'll get one more heating
cycle before I make any conclusions about this method.
Still concerning that each heating cycle, the tilt does not return back to zero tilt after the
lights turn off. All mounting and insulating methods seemed to show this, however.

Changing the light 90 degrees changes the directionality of the drift, so even in the box
and on a stud there are differential heating effects apparent on the measurements.
Conclusion is that the thermal effects are expansion/contraction of the leveling bracket
(not the concrete itself)

18 Apr 2018
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Plot of temperature effects with the light started in one location and moved 90 degrees to a
different location.

Recommendations are that we mount inside to minimize any differential heating.
Last investigation could be to look at setting the tiltmeter directly on the concrete. Maybe
there is some sort of low expansion epoxy that we could pour around the tiltmeter to get
it to sit level and not expand/contract with heating.
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Image of the tiltmeter set directly on the concrete.
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Lighting location for tiltmeter set directly on the concrete.

See below for plot of results from overnight test of tiltmeter set directly on the concrete.

19 Apr 2018
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Plot of tilt when tiltmeter was set directly on concrete
There is still a temperature effect and it appears to effect the axis aligned with a
temperature gradient from the halogen worklights.
this suggests that the temperature effects may in fact be the result of thermal effects in
the concrete, not the leveling bracket itself.
Next test is to hang the lights directly above the tiltmeter so that there is not a
temperature gradient from one side of the insulated enclosure to the other.
Light turned on at 11:15 CDT (16:15 UTC)
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Photo of tiltmeter set directly on the concrete, covered in the insulated enclosure and heated
with the worklights directly above

Chris Feist working on tiltmeter issues
Attempting to setup second tiltmeter received from Barr

wrote new program to acquire tilt from two tiltmeters as well as temperature from both
meters
Tiltmeters are setup in the instrumentation lab with axis parallel with each other

08 May 2018

09 May 2018
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Photo of two Tiltmeters in parallel with each other on instramentation room table
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Photo of overall setup in instramentation room

Analyzing data from approximately one day of data collection, comparing measurements
from tiltmeter 1 and 2
Data spanned from 05/09/18 1732 to 05/10/18 1430

10 May 2018
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Plot of tilt vs time for tiltmeters 1 and 2, tiltmeters placed on bench top
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