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MILESTONE REPORT 
 

Executive Summary: The goal of the project is to research the development of a portable sensor system 

that can be easily deployed to assess the health and life expectancy of wind turbine towers and foundations. 

Milestone 2 primarily includes the installation of the RDF sensor system on the Eolos wind turbine and 

collection of wind turbine and foundation data. Prior to installation of the RDF sensor system at the Eolos 

wind turbine, bench testing at the Saint Anthony Falls Laboratory was performed to validate the 

performance of sensors and data acquisition system. On May 30, 2017, the RDF tower and foundation 

monitoring system was installed on the Eolos wind turbine. This was a major milestone for the project since 

the RD4-14 system could be compared against the existing, research grade foundation monitoring system 
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at Eolos. The team concludes that the RD4-14 sensor system has similar performance to that of the Eolos 

sensor and the activities through Milestone 2 have been a success. Foundation and wind turbine data is 

continuing to be collected and analysis methods are starting to be developed as part of Milestone 3. 

In general the project is on schedule and within budget. 

 
Technical Progress: In Milestone 2, the RDF tower and foundation monitoring system was bench tested 

at the Saint Anthony Falls Laboratory. The strain gauges and tiltmeter were validated. During the bench 

tests it was learned that the accelerometers were likely not suitable for measuring the wind turbine platform 

motion. The RDF system was installed on the Eolos turbine and foundation, tower, and turbine data was 

collected. 

Additional Milestones: Milestone number 3 has started. In this milestone, analysis techniques for 

processing the data and determining the health of the turbine will be developed. So far, progress for this 

milestone includes discussions between team members on methods for acquiring and processing the 

foundation monitoring data. Specifically, we have talked about reducing the sampling rate of the sensor 

system in order to reduce the amount of data being collected making processing of the data quicker. 

 

Project Status: The project is currently on schedule and within budget. 
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Appendix 
 

1. Sensor System Overview and Comparison 
The RDF foundation sensor system consists of three strain gauges (Tee-Rosette type), three temperature 

thermistors, a GPS receiver, three single-axis accelerometers, a tiltmeter, a datalogger, and a cellular 

modem. The sensor system was designed to be a compact, mobile system capable of being rapidly deployed 

in the field to assess the structural health of wind turbine foundations at commercial wind projects. 

 

The RDF foundation sensor system is currently deployed at the University of Minnesota Eolos Wind Energy 

Research Field Station in Rosemount, MN.  The Eolos Field Station features a 2.5MW Clipper Liberty Wind 

Turbine with an 80m tower supported by a spread footing foundation.  At its deepest point, this foundation 

extends to 10 feet below grade.  While only the 19-foot diameter pedestal is visible above grade, buried 

beneath the soil is an octagon measuring 59-feet across. The foundation of the Eolos wind turbine contains 

458 cubic yards of concrete and 44 tons of reinforcing steel.  All together it weighs 1.9 million pounds, not 

including the weight of the soil that sits on top of the concrete.  A 3D rendering of the foundation and a 

photo of the foundation during construction can be seen in Figures 1 and 2.   
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Figure 1: A 3D rendering of the spread footing foundation of the UofM Eolos wind turbine. 

 

   

Figure 2: A photo of the foundation of the Eolos wind turbine during construction. 

The Eolos wind turbine, support tower and foundation is typical of that found at wind energy facilities across 

the country. What is not typical is that the Eolos wind turbine has an existing research-grade foundation 

monitoring system that consists of 20 uni-axial strain gauges, 10 thermocouples, 3 tri-axial accelerometers 

and 1 bi-axial tiltmeter.  No other commercial wind turbine in the United States has such as system in place.  

Deploying the RDF sensor system in parallel with the Eolos system allows for easy comparison of the two 

systems and will enable validation of a more compact, more economical and easily deployable RDF system.   

While the wind resource at the Eolos Field Station is less than at commercial wind farms, the EOLOS wind 

turbine produces extreme, operating and fatigue loads that are similar to turbines at commercial facilities. 

However, due to the poorer wind resource at Eolos, over the life of the wind turbine, fewer fatigue loads 

and less fatigue damage on the foundation will likely result.  The measurements taken on the Eolos wind 

turbine by the RD4-14 sensor system will be validated when compared to the Eolos sensor system. The 

Eolos wind turbine foundation will likely serve as a good benchmark for the behavior of a healthy, 

undamaged foundation.   Future deployments of the system will seek to characterize foundations that have 

been used for commercial use at utility scale facilities. 
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1.1 Strain Gauges 

The three strain gauges of the RDF system are used to measure the strain in the tower steel which will 

enable a calculation of the overturning moment exerted by the wind turbine support tower on the wind 

turbine foundation. The overturning moment is primarily caused by aerodynamic forces on the blades and 

other structural components with the addition of some wind forces on the tower and eccentric gravity loads 

from the wind turbine. 

The strain gauges are tee-rosette types where a horizontal strain gauge compensates for temperature 

fluctuations in the steel and a vertically orientated strain gauge measures the tensile and compressive strain 

on the tower due to overturning moment. The assumption is the horizontal strain gauge in the tee-rosette 

is only measuring expansion and contraction (strain) of the steel due to temperature changes. The vertical 

strain gauge is measuring strain caused by the overturning moment in addition to the expansion and 

contraction due to temperature. The latter strain is then compensated for by the horizontal gauge and the 

resulting measurement is strain caused only by the overturning moment. 

Note, there is also an overturning moment caused by the nacelle center of mass being offset from the tower 

centerline. This overturning moment is accounted for by a procedure described in Section 3.1. 

The tee-rosette strain gauges differ from the uni-axial strain gauges of the Eolos foundation sensor system. 

The uni-axial strain gauges require a temperature measurement with a thermistor or thermocouple to 

compensate for thermal expansion and contraction whereas the tee-rosettes do not.  In other words, using 

tee-rosette strain gauges eliminates the need for the additional temperature sensors or processing time to 

determine the temperature compensation. Additionally, the RDF sensor system only uses three strain 

gauges where the Eolos system uses 20 gauges. This is a significant reduction in installation time of the 

sensors and the amount of data gathered. The use of tee-rosette strain gauges will be compared with the 

uni-axial gauges. 

Figure 3, below contain plots of 24 hours of strain and temperature measurements recorded by the Eolos 

and RDF sensor systems on July 16, 2017. Each color is one of the strain gage or temperature sensors. The 

temperature of the steel in the turbine tower varied considerably during this 24 hour period.  At its lowest 

temperature the steel was about 23o C (73o F) and at its highest temperature it was 43o C (109o F).   
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Figure 3: Plots of strain and temperature recorded by the Eolos and RDF sensor systems on July 

16, 2017. 

The temperature measurements recorded by both systems are almost identical.  The strain measurements 

recorded by the Eolos system are corrected using the temperature measurements recorded by 

thermocouples installed near each gauge.  Using a 5th order polynomial equation, the temperature 

measurement is used to compute a temperature induced “apparent strain” which is then subtracted in the 

datalogger from the raw strain measurement.  Each of these quantities is plotted below in Figure 4.  The 

tee-rosette strain gauges of the RDF system compensate themselves for the thermal apparent strain, saving 

on processing time and measurements.  The plots in Figure 3 show that the results of either method are 

nearly equivalent.  Each line is one of the strain or temperature sensors. 
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Figure 4: Plots of temperature, thermal compensation (thermal apparent strain) and corrected 

strain recorded by the Eolos system on July 16, 2017. 

The RDF strain gauges are installed on the outside of the tower. This differs from the Eolos system which is 

installed on the inside. Installing strain gauges on the outside of the tower significantly reduces the difficulty 

of installation.  The advantage of an externally adhered strain gage is that a geometric correction does not 

have to be applied since the strain gage is mounted on the extreme fiber of the outer shell surface rather 

than the inner surface of the shell. However, mounting the strain gage on the exterior does expose the 

strain gage to the elements and measures must be taken to protect the gage from direct sun by providing 

covers. 

1.2 Thermistors 

In the RDF system a thermistor is located near each strain gauge – three thermistors total. The thermistors 

are used to measure the temperature of the tower and are used to verify that the strain gages are adequately 
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compensating for the thermal expansion of the steel. The Eolos system uses ten thermocouples to perform 

this measurement. When the RDF sensor system is deployed to a wind farm, the strain gage will be used 

for temperature compensation, eliminating the need for thermistors, reducing installation, data acquisition, 

and data processing time. 

1.3 Accelerometers 

Three accelerometers were installed on the concrete pedestal about 10.7 inches from the tower base flange 

with each 120 degrees apart from the next. The accelerometers are used to measure the plane of the 

concrete pedestal by measuring acceleration and then double integrating to get displacement in time. The 

Eolos system also has a set of 3 accelerometers each spaced 120 degrees apart.  

Accelerometer data is recording at a sampling rate of 20 Hz. This sampling rate is used on both systems for 

the accelerometers. 

The use of accelerometers to determine the platform tilt of the wind turbine was evaluated to be infeasible 

and will not be used when moving to field deployment. The accelerometers do not have enough sensitivity 

to measure the slow, small movements that are occurring. 

1.4   Tiltmeter 

The tiltmeter is used to measure the dynamic tilt of the concrete pedestal in response to the applied 

overturning moment. Bench testing of the tiltmeter was performed at the St. Anthony Falls Lab where the 

tiltmeter was subjected to a known, dynamic tilt. Results of the bench testing showed the tiltmeter was 

capable of accurately measuring the range of tilt that is expected on the wind turbine platform. The Eolos 

foundation system also used a tiltmeter, however, there is currently no tiltmeter installed on this system. 

The advantage of using a tiltmeter over accelerometers is the elimination of multiple sensors and a 

reduction in data processing. 

1.5 Datalogger System 

A Campbell Scientific CR1000 datalogger is used with the RDF sensor system. The datalogger records 

measurements from the sensors listed above and have capacity for 8 differential or 16 single-ended 

measurements in a compact footprint (9.4 x 4.0 x 2.1 in.). The datalogger uses GPS time synchronization 

using a GPS receiver. This allows the researchers to accurately compare measurements being made at the 

Eolos site with the RDF foundation sensor system as the other measurement systems use GPS time 

synchronization as well. 
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The Eolos system uses two CR3000 dataloggers with an AM25T multiplexer and two NL115 modules for a 

total of 53 differential measurement channels. The AM25T allows for an additional 25 differential 

measurements to be made and the NL115 is a module which provides Ethernet network communication to 

the dataloggers. The RDF system uses substantially less data acquisition hardware making the system much 

more portable. 

The RDF datalogger uses a cellular modem to offload recorded data to data storage servers. This is a key 

difference from the Eolos system, the Eolos foundation sensor system uses Ethernet communication via the 

NL115 modules to send data to the research servers at the OEM building. Ethernet communication requires 

significant infrastructure and would not be suited for the RDF system as it is designed to be portable. Using 

a cellular modem allows the RDF system to be deployed anywhere with cellular network access. 

The RDF foundation system uses multiple sampling rates for different sensors. Temperature readings from 

the thermistors are recorded at 1 Hz. Both the Eolos and RDF system use this sampling rate for temperature 

readings. The sampling rate for the tiltmeter, strain gauges, and accelerometers is 20 Hz. Likewise, this 

sampling rate is used in both systems. 1 Hz was determined to be fast enough as temperature changes 

occur on a large timescale (much greater than 1 second). The 20 Hz sampling rate was chosen as it was the 

fastest rate the data could be sampled at on the Eolos system. In milestone 3, the team will investigate 

reducing the sampling rate in order to reduce the amount of data needed to analyze foundation health. 

2. RDF Sensor System Installation 
On May 30, 2017, the RDF foundation monitoring sensor system was installed on the Eolos wind turbine. 

Foundation data, meteorological data, and wind turbine SCADA data have been continuously logged since 

this time.  Meteorological and wind turbine SCADA data has been logged since the turbine began operation 

in 2012. 

2.1 Accelerometers 

Figure 5 shows an image of the installation of accelerometer #1. The accelerometer mounting plate was 

attached to the concrete pedestal with a concrete anchor and leveled using three leveling bolts. The 

accelerometer is housed in a weather resistant enclosure. 
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 Figure 5: Images of accelerometer installation at the Eolos wind turbine 

 

2.2 Tiltmeter 

The tiltmeter was installed in a similar fashion as the accelerometers. A survey tribrach was secured to the 

top of the concrete pedestal with a concrete anchor and the tilt meter mounting plate was attached to the 

tribrach. The tribrach was used to level the tiltmeter. Figure 6 shows a close up image of the tribrach, 

mounting plate, and tilt meter (left) and the sensor installed at Eolos (right). 

 

  
 
 Figure 6: Images of tilt meter mounting setup (left) and the installed tiltmeter at Eolos (right) 

 

2.3 Strain Gauges 

Three strain gauges were installed on the Eolos tower for the RDF system. The gauges are spaced 120 

degrees apart from each other and located 2 ft. above the base flange of the tower. The strain gauges were 

glued to the surface of the tower steel after the paint was removed and the steel was polished to a mirror 
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finish. Figure 7 gives images of the installation. Once the strain gauges were glued in place, an aluminum 

plate with an integrated thermistor covers the strain gauge to protect it from the elements and direct 

sunlight. The thermistor will be used to validate the temperature compensation of the tee-rosette strain 

measurement, but is expected to not be deployed for the other wind facility measurements. 

 

  
 

Figure 7: Images of a strain gauge installed on the Eolos tower (left) and strain gauge with 

protective cover (right) 

 
 
 

3. Measurements 
This section presents preliminary measurements of the foundation at the Eolos turbine by the RDF 

foundation monitoring system. Comparisons are also made between the RDF system and the existing Eolos 

foundation monitoring system. The comparisons are made during a rotation of the nacelle, while the turbine 

is in a stand-by mode and not producing power, during a 20 minute period of normal turbine operation 

while the wind turbine is producing power and during a 24 hour period when the turbine was operating. 

3.1 Nacelle Rotation 

Figure 8 shows measurements of the RDF foundation monitoring strain gauges during a full 360 degree 

rotation (termed a “yaw”) of the nacelle. During the nacelle rotation, the turbine was not producing power 

and the blades were feathered in order to produce a minimum amount of lift and drag. The nacelle was 

rotated 360° with the plot showing a clockwise rotation from 26.4° to 26.4°. Since the center of gravity of 

the mass of the wind turbine does not align with the center of the tower, an overturning moment is created 

which is measured by the strain gauges. As the nacelle rotates, the direction of the overturning moment 

rotates with the nacelle producing a systematically varying strain on the tower. This variation is seen in the 
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top three plots of Figure 8 showing the strain measurements at three different positions on the tower. 

Additionally, strain gauges from the Eolos system are plotted with the RDF gauges, Eolos gauges are located 

near the respective RDF gauge. Very good agreement in the magnitude of strain, which varies between 

±35 𝜇Strain, is seen between the RDF and Eolos strain gauges. Nacelle direction in time is seen in the 

bottom plot of Figure 8. The Eolos strain measurements were corrected so that comparison between the 

RDF strain measurements (taken on the outside of the tower) and the Eolos measurements (taken on the 

inside of the tower) could be made. Equation 1 shows how this correction is made. 

 
𝜖𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟 = 𝜖𝑖𝑛𝑡𝑒𝑟𝑖𝑜𝑟 ∗

0.5 ∗ 𝑂𝐷

0.5 ∗ 𝑂𝐷 − 𝑡
, 

Equation 1 

where 𝜖𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟 is the strain on the exterior of the tower, 𝜖𝑖𝑛𝑡𝑒𝑟𝑖𝑜𝑟 is the strain measured on the interior of the 

wall by the Eolos strain gauges, 𝑂𝐷 is the outer diameter of the tower, and 𝑡 is the thickness of the tower. 

 

Measurements made during a full 360° rotation of the nacelle provide the data necessary to calculate offsets 

needed to zero the sensors. These offsets are; 1162 micro-strain for position 1, 556.1 micro-strain for 

position 2, and 1639 micro-strain for position 3. The tiltmeter X-axis offset is -2.52 mdeg and the Y-axis 

offset is -20.50 mdeg. 
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Figure 8: Foundation monitoring measurements of tower strain for positions 1 through 3 and 

Nacelle position 

 

A comparison of the maximum and minimum strain during the yaw of the nacelle is given in Table 1. 

 

 Table 1: Max/Min strain comparison for the RDF and Eolos foundation monitoring systems 

 RDF Strain Max 

[𝜇Strain] 

Eolos Strain Max 

[𝜇Strain] 

RDF Strain Min 

[𝜇Strain] 

Eolos Strain Min 

[𝜇Strain] 

Position 1 29.9 33.4 -36.1 -43.5 

Position 2 34.9 38.9 -33.3 -33.2 
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Position 3 34.8 39.7 -31.2 -36.4 

 

 
Figure 9: RDF Foundation monitoring measurements (from top to bottom) of platform tilt, 

platform acceleration, and Nacelle position from the new sensor system. 

  

Figure 9 shows measurements of the pedestal tilt and acceleration during the nacelle rotation discussed for 

Figure 8. The accelerometers are not showing a clear response to the nacelle position which indicates the 

motion is likely too slow to produce any significant acceleration on the platform. However, the platform tilt 

is responding to the position of the nacelle. 

For comparison, Figure 10 shows a similar nacelle rotation recorded by the Eolos research system in 2013.  

The tiltmeter of the Eolos system provides a clear response to the rotation of the nacelle with a magnitude 

of tilt very similar to that recorded by the RDF tiltmeter. The Eolos accelerometers, like the RDF 

accelerometers do not show a clear trend.     
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Figure 10: Eolos research system measurements (from top to bottom) of platform tilt, platform 

acceleration, and Nacelle position recorded in 2013. 

  



16 

 

 

3.2 Normal Turbine Operation 

Figure 11 shows 2500 seconds (about 40 minutes) of data captured from the RDF foundation sensor system 

and the Eolos system during normal operation of the wind turbine. The top three plots give strain 

measurements from each system for positions 1 through 3. The gauges for each system are located at 

slightly different positions and are reading slightly different strain levels, but in aggregate agree very well 

in both magnitude and trend.  

 
Figure 11: Plots of RDF and Eolos system strain and wind turbine power generation 
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Figure 12 shows 30 seconds of data at position 2, highlighting the similarity between the two measurement 

systems. Data was captured over a period of time where the power being generated by the wind turbine 

decreased. In general, the tower strain decreases with decreasing power generation. This trend is seen in 

the decreasing strain magnitude, especially at positions 2 and 3.  

 

 
 Figure 12: Zoomed in plot of position 2 strain from Figure 11 
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Similarly, the concrete pedestal tilt magnitude decreases with decreasing power being generated by the 

turbine as shown in Figure 13. 

 
 Figure 13: Platform tilt (top) and wind turbine power generation (bottom) 

 

 

These preliminary data are intended only to demonstrate the functionality of the new RDF turbine health 

monitoring system and the qualitative similarity of measurements made by the new RDF system and the 

original Eolos system. In the months to come, the two systems will be quantitatively compared using much 

more extensive data sets and analytical techniques. 

 

This concludes discussion on data collection from Eolos wind turbine using the RDF sensor system 

comparing it to the Eolos sensor system in order to fulfill the requirements of milestone 2 deliverable. 

 


