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Motivation - Our Drivers for SensorsMotivation - Our Drivers for Sensors



Sensors are directly
involved in:

Why Sensors?

Source:
20% Wind Energy by 

2030 Table 2 1 p 412030, Table 2-1, p. 41.
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Challenges and Opportunitiesg pp



Challenges – Wind Turbine ReliabilityChallenges – Wind Turbine Reliability

Source: Veers and Hill, 2008 Blade Workshop   (http://www.sandia.gov/wind)



Project Goals and ApproachProject Goals and Approach



Project Goals and Approachj pp
Increase energy capture, improve reliability, and 
enhance grid compliance for 20% wind by 2030g p y

Approach:
Apply Diagnostic Tools in the field and lab R&D testing environment• Apply Diagnostic Tools in the field and lab R&D testing environment.

• Develop Quality Assurance Tools for the manufacturing environment.
• Determine the “Effect of Defects” in support of the Blade Reliability 

C ll b i (BRC)Collaborative (BRC).
• Evaluate and implement sensing systems to enable a SMART Rotor.

(SMART ≡ Structural and Mechanical Adaptive Rotor Technology)

• Enable Adaptive and Self-organizing wind turbines and wind farms.
• Demonstrate operational monitoring of a utility-scale wind turbine.
• Produce a prototype operational monitoring system.Produce a prototype operational monitoring system.



Our Interest in Sensors
• Diagnostic Tools
• Model Validation
• Quality Assurance ToolsQuality Assurance Tools
• Sensor System Evaluations
• Operational Monitoring

S t Ad ti T bi• Smart Adaptive Turbines
NREL/National Wind Technology Center

Boulder, Colorado

SNL and USDA-ARS
Wind Energy Test Site

Bushland, Texas
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Modern Wind turbine
F t N R t

Upstream Tip Vortex and Wake Effect

Few to No Rotor
Sensors Today!
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No Adaptive or Self-Organizing Turbines Today!

Terrain Wind Shear
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Operational Monitoring
Operational Monitoring is an Enabling Technology

• Estimate site-specific applied loading and resulting deflection (state awareness)
• Monitor oscillating gust and extreme loads which cause fatigue and rapid life usage• Monitor oscillating, gust, and extreme loads which cause fatigue and rapid life usage 

(decrease O&M  cost)
• Track time-varying structural characteristics (temperature, surface finish)
• Track instantaneous maximum power coefficient (Cp) that is a function of individual p ( p)

blade pitch, blade actuators, etc. (increase in performance, increase in revenue)
• New observer for existing controls (pitch, speed, and yaw)
• Advanced controls observer (advanced rotor project)
• Wind farm observer to increase energy capture and reliability (wind gust, wake effects)
• Adaptive and predictive collective wind farm control
• Archived operational loads (non-design, skewed, and oscillating fatigue)
• Predictive gearbox maintenance (un-balanced loading)
• Rotor damage detection 
• Prognostic Operations (damage state and future load estimates)g p ( g )
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A Smart Adaptive 
Wi d T bi FWind Turbine Farm

 Operational Monitoring of a wind 
turbine estimates the loads and

Operational Monitoring
turbine estimates the loads and 
deflections using available 
measurements and inference 
algorithmsalgorithms.

 Operational Monitoring enables the 
development of adaptive turbines and 
wind farmswind farms.
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Holistic Approach to Operational Monitoring
Operational turbine motion consists of steady and oscillating 

components

Holistic Approach to Operational Monitoring
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Status of Sensored Blade Projects

(Sensor Blade 1, 2 and SMART Bladeset)



Sensor Blade 1 Objectivesj
 Evaluate promising sensor technologies.

 Engage and motivate companies, national laboratories, and 
universities without a wind energy background.

 Investigate issues associated with embedding rotor sensors.

 Develop fundamental understanding and approach for state 
observers (sensor output) required for smart rotor technology.

 Enhance field testing infrastructure for real-time data acquisition 
and empirical model extraction.



Sensor Blade 1 Team and Testing PartnersSensor Blade 1 Team and Testing Partners



Sensor Blade 1 – Monitoring over Life-cycleSensor Blade 1 Monitoring over Life cycle 
1 - Blade Fabrication

(TPI Composites)

2 - Field Testing
(USDA-ARS)

3 L b T ti3 – Lab Testing
(NREL - NWTC)



Sensor Blade 1 Outcomes
 Sensors were successfully embedded in the Sensor Blade
 Sensors in the Sensor Blade were monitored throughout the full Sensors in the Sensor Blade were monitored throughout the full 

life-cycle of the blade (blade fabrication, flight tests on a turbine, 
lab tests (static and fatigue)) – blade failed in fatigue.

Operational measurements were used to update a computational 
model of the turbine.

 Lessons Learned: Lessons Learned:
 Embedded fiber optic sensors failed during the blade cure process
 Many accelerometers failed due to electrostatic discharge (ESD) in the field
 Full rotor instrumentation is needed to sufficiently estimate the global 

turbine dynamics.

 Final Report – due Sep 2010Final Report due Sep 2010



Sensor Blade 2 Objectivesj

 Apply lessons-learned from Sensor Blade 1 project

 Develop aerodynamic and structural observers for SMART bladeset.

 Improve sensor reliability.

Quantify trade off between sensor locations and accuracyQuantify trade-off between sensor locations and accuracy.

 Estimate the phase lag between different sensor systems.

 Study electrostatic effects on wind turbine rotor blades.
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Status of Sensor Blade 2 Projectf j
 3-ea CX-100 rotor blades have been prepared for sensor installation.

 TAO System (aero), Pitot Tube, Pressure Scanner, fiber Bragg gratings 
(FBGs), Accelerometers, and Strain Gages have been installed.

New version of ATLAS data acquisition system has been received and 
is being tested for performance.



Status of SMART Rotor ProjectStatus of SMART Rotor Project

Modify CX-100 blade design into a SMART blade – spring 2010

 3-ea modified CX-100 rotor skins have been fabricated – today

 Installation of blade sensors and completion of SMART bladeset 
fabrication – Aug 2010

 Start field testing – late FY10



Thank You!
Sandia Labs Sensors Team:
 Sensor and Sensor Systems Lead Sensor and Sensor Systems Lead

• Mark A. Rumsey, 505-844-3910, marumse@sandia.gov

 Operation Monitoring , Analyst and (future) Field Testing Lead
• Jon White, 505-284-5400, jonwhit@sandia.gov

 Analyst and Sensor Integration
• Jon Berg, 505-284-0905, jcberg@sandia.gov

 Sensor Integration and Field Test Technician
• Wesley Johnson, 505-284-1177, wjohnso@sandia.gov
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Operational Monitoring with 
Inertial MeasurementsInertial Measurements

 An Operational Monitoring approach has been developed.
• Quasi-static deflections were monitored with DC accelerometers that 

used the centripetal acceleration plane as a reference.
• Dynamic deflections were monitored with modal filters that transformed 

a small number of sensor measurements into estimates of the global 
mode shapes.

• Passive damage detection was accomplished using differential in-plane 
displacements.

• Active damage detection was performed using piezo-electric actuators to 
implement the Method of Virtual Forces.

 Prototype SENSORED Blades have been manufactured and tested.
(Sensor Blade 1, 2 and SMART Blade)( , )
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Diagnostic Tools
NREL/National Wind Technology Center

Boulder, Colorado

g
SNL and USDA-ARS

Wind Energy Test Site, Bushland, Texas



Quality Assurance Tools



Static Deflection Estimationf

1st Order Estimator, Single Sensor 3rd Order Estimator, Triple Sensor

3.7, 6.6, 8.2 m

5.7 m



Tip Deflection Monitoring in 
10 / Cl B T b l10 m/s Class B Turbulence

Turbulent Tip Deflection Tip Deflection Difference
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Operational Deflection Shape 
R t ti ith Mi i l S C tReconstruction with Minimal Sensor Count

Actual Shape Sensor Reconstructed Shape



Damage Detection (stiffness) in 
R t f Bl d 1

Blade 1
Root of Blade 1

Blade 2 Blade 3



Passive Damage Detectiong

TX 100 F ti t F ilTX-100 Fatigue to Failure
Growth in Dynamic Displacement DI

2.5 – 3 M Cycles 3 - 4 M Cycles



St t f S Bl d 2 P j tStatus of Sensor Blade 2 Project

Modified three existing CX-100 blades – todayModified three existing CX 100 blades today

 Field test modified CX-100 blades – summer 2010

 Apply lessons-learned to SMART Project – today



[redo]    Sensor Blade 2
 Goal: Increase the performance and reliability of wind turbine systems

 DOE-SNL Program Focus
De elop e pertise in ind t rbine rotor d namics• Develop expertise in wind turbine rotor dynamics

• Develop expertise with rotor-based sensing systems
• Refocus on application-driven sensor specifications
• Continue to address sensor system life-cycle challengesy y g

 Approach
• Develop (refine in some cases) turbine dynamics models
• Test and evaluate promising aerodynamic sensor systemsp g y y
• [don’t like words]Targeted wind projects and applications

• Sensor specifications for Structural and Mechanical 
Adaptive Rotor Technology (SMART) bladeset
Wi d t bi t l• Wind turbine control

• Wind turbine condition and structural health monitoring
• Manufacturing quality assurance tools
• Improve laboratory diagnostic toolsImprove laboratory diagnostic tools
• Vector to new sensor systems
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Hardware Technologies
 Sensors

Structural

g
 Aerodynamic Actuators

Microtabs
 Hardware
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Operational Testing of 
P t t S d R t Bl dPrototype Sensored Rotor Blade

 Sensored rotor blade was monitored while operating on a 
Micon 65/13 wind turbine.Micon 65/13 wind turbine.
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Fabrication of Prototype 
Sensored Rotor Blades

9-meter Sandia CX-100 rotor blades with embedded sensors

Sensor Blade 2

Sensor Blade 1 SMART Blade38
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Summaryy
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