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Structural health monitoring of wind turbine blade mechanical performance can inform
maintenance decisions, lead to reduced down time and improve the reliability of wind
turbines. Wireless, self-powered strain gages and accelerometers have been proposed to
transmit blade data to a monitoring system located in the nacelle. Each sensor node is
powered by a strain Energy Harvester (EH). The amplitude and frequency of strain at the
blade surface (where the EH is mounted) must be sufficient to enable data transfer. In this
study, the strain energy available for energy harvesting is evaluated for three typical wind
turbines with different wind conditions. A FAST simulation code, available through the
National Renewable Energy Lab (NREL), is used to determine bending moments in the wind
turbine blade. Given the moment data as a function of position along the blade and time (i.e.
blade rotational position), strain in the blade is calculated. The data provide guidance for
optimal design of the energy harvester.

Nomenclature

E = Modulus of an EH [GPa] (Ey =1 GPa)
Elgr),; = Stiffness in edge(flap)-wise bending at ith element [Nmz]
Kpy = Design factor [m3]

Mgr,; = Edge(Flap)-wise moment at ith node [Nm]
P, = Strain power available [uW]

\% = Volume of an EH [m3]

Wiain = Harvested strain energy [pJ]

(o = Chord length of ith airfoil [m]

f = Strain frequency [Hz]

t; = Thickness of ith airfoil [m]

At = Charging time [sec]

€ = Mechanical strain [p-€]

= Energy conversion efficiency|-]

I. Introduction

HE DOE has set a goal of “20% wind

energy by 2030”." Reduction in
operating and maintenance costs for wind
turbines has been identified as a major
challenge to achieving this goal. Wind
turbine maintenance is a particular
challenge because wind turbines are often
located in remote regions (including
offshore). Structural health monitoring
(SHM) is a promising approach that can
enable preventative maintenance, reduce
down time and significantly reduce life-
cycle costs.” While failure can occur in any
structural component, one of the most
common and critical components to fail is

Figure 1. Schematic showing (a) sensor nodes mounted on
blade, (b) node with energy harvester and telemetry, and (c)
data acquisition and health monitoring.
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the wind turbine blade.® It is particularly challenging to continuously monitor blade health: (1) the blades are quite
long and an extensive network of sensors is required; and (2) the blades are rotating, posing challenges to delivering
power to and receiving data from the sensor network. To address these issues, a novel sensing and SHM system has
been proposed (Figure 1). The system is comprised of a network of sensor nodes (Figure 1(a)). Each node is
powered by an energy harvester (EH) and includes a sensor and telemetry unit (Figure 1(b)). The strain gauge and/or
accelerometer data will be wirelessly transmitted to a centralized monitoring system in the turbine nacelle (Figure
1(c)). Recent technological developments in energy harvesting materials and fabrication processes along with
commercially available low power telemetry modules make these technology advancements a possibility for the first
time.

In the present study, the availability of strain energy for various commercially available wind turbines will be
evaluated.

II. Background

A. Sensors and Telemetry for Structural Health Monitoring

Damage to the composite blade often begins as a matrix crack that can lead to debonding and delamination as the
blade undergoes cyclic loading. A variety of sensing approaches have been considered for structural health
monitoring of composite structures such as helicopter or wind turbine blades including: acoustic sensors,
accelerometers, strain gauges, piezoceramic transducers and fiber optic sensors.”® These sensors typically provide
strain, acceleration and acoustic/vibration data in real time. Sensor data is processed using algorithms designed to
predict the location and extent of damage based on sensor data. Ciang et al.” completed an extensive review of
sensors for damage detection and their suitability as an SHM system for wind turbine blades. Sensors that provide
acoustic emission, thermal imaging, and ultrasound data can provide overall health but are difficult to interpret
because the blade geometry is complex. These authors identified “hot spots” on the blade where failure is likely to
occur. These hot spots include the blade root, 30% span from the root, and 70% span from the root. Even so, damage
detection requires multiple sensors “in the vicinity” of the anticipated damage location. Discrete sensors such as
strain gauges and accelerometers are acceptable as long as there are clusters of these sensors located near anticipated
damage sites to ensure proximity to (and detection of) damage. With many sensors, the challenge becomes powering
the sensors and relaying the data to a central data acquisition system for further processing.

B. Feasibility of Energy Harvesting

In the present study, the feasibility of an EH for wind turbine blade SHM has been investigated. One aspect of
this study has been to verify that the strain energy available during typical operating conditions can satisfy the power
requirements for sensing and telemetry. A data acquisition and power management strategy is considered such that
“harvested” energy is stored in a capacitor until a threshold energy level is achieved. Once the stored energy is
sufficient for data acquisition and telemetry, strain data for several complete revolutions of the wind turbine are
wirelessly transferred to a data acquisition substation as a burst. At which point, the energy harvester restores the
capacitor and the data cycle begins again. Feasibility, then, entails estimating the power requirements and the power
available to be harvested.

The strain energy harvested W, will depend on the energy harvester configuration, the frequency f and
sinusoidal amplitude of the strain &:

14

strain 77VE : ng : At (1)
where V is the volume of an EH, E is the modulus of the EH, and # is the efficiency of energy conversion. The
charging time At is the time required to charge the capacitor and will also define the time between bursts of data
transmission/acquisition. The magnitude of strain and frequency will depend on the wind turbine blade geometry
and operating conditions. For example, it has been reported that flapwise and edgewise bending of the blade can
provide strain ranging from 1200 pe (1.65 MW turbine)'? to 3600 ue,'>' at 0.25 Hz.

As noted, the energy available for harvesting depends on the strain and the frequency of vibration; and
harvesting capability depends on the type and the design of an EH (Eq. (1)). Thus is useful to define the power
available P,,,; and the EH design factor Ky as

P =E&f )
E
K., =nvV— 3)
EH 77 EO
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where E, is the nominal modulus of an EH material. By using this measure of power, simulation strain data can be
compared for various turbines and under various operating conditions. For the purpose of comparison, a modulus of
Ey=1 GPa is taken in all plots and data reported herein. Values can easily be scaled to evaluate other harvester
materials. So, the harvested energy can be decomposed into an internal factor (Kgy) and external source (P,,,; and
Af). Now, one can determine the type and size of an EH from Kgy with selected charging time. And the original Eq.
(1) is simplified into

W

strain

=P

avail KEH ’ At ' (4)

While these studies provide a good starting point for estimating the strain energy available, a map of strain over
the blade surface will be required to accurately assess the energy harvester design. The objective of this study is to
characterize the strain energy available for a range of wind turbines under steady state and turbulent conditions.
Three turbines have been selected that represent typical turbine power capacities and geometries: a CART3 (600
kW), a WindPact (1.5 MW) and a SMW offshore wind turbine. Wind loading conditions are varied from 6 to 24 m/s

at high and low turbulence.

III. Methods

There are a number of options available for creating a detailed finite element model of wind turbine blades. For
example, NuMAD" is a pre and post processor (for use with ANSYS) with a graphical user interface that enables
users to quickly create a three dimensional model of a wind turbine blade. One drawback to these models is that
extensive knowledge of the blade geometry and composite material layup is required. This detailed information is
considered proprietary by commercial wind turbine manufacturers. Instead, nonlinear simulations presented in this
paper are performed using the FAST (Fatigue, Aerodynamics, Structures, and Turbulence) aeroelastic design code
for horizontal axis wind turbines developed by the National Renewable Energy Laboratory (NREL)'®. In FAST the
wind turbine is modeled as an interconnected system of rigid bodies (i.e., the nacelle and hub) and flexible bodies
(i.e., the blades, tower and drive shaft) subjected to dynamic wind loads. FAST uses the assumed modes method for
the flexible structural dynamics of the system and blade element momentum theory is used to calculate the
aerodynamic loads using AeroDYN."” FAST can model wind turbines with a total of 22-24 degrees of freedom. This
full order model includes first and second tower fore-aft and side-to-side bending modes, first and second flapwise
bending modes of blades, first edgewise bending modes of blades, drive train torsion, generator position and nacelle
yaw angle. Input data to the FAST code includes the turbine geometry and component material properties along with
wind loading and aerodynamic data. Standard output data include blade displacement, such as flap-wise and edge-
wise displacement, forces and bending moments as a function of rotation.

A number of predefined, FAST turbine models have been constructed and are available through the NREL
FAST website. These models can be used to characterize the available strain energy for turbines of various sizes.
Specifically, this paper will focus on three different turbine models: a) 1.5 MW WindPact, b) 600kW CART3, and
¢) SMW off-shore. The specifications of each turbine are shown in Table 1. In each simulation the standard, built-in
control law is used to generate the generator torque and blade pitch commands.

Table 1. Three Typical Wind Turbines Properties

Index CART3 WindPACT NREL Offshore
Rated Power 600 kW 1.5 MW 5.0 MW
Rated Rotor Speed 37.1 rpm 20.5 rpm 12.1 rpm
Cut-in, Rated, Cut-out Wind Sp 6, 13.5, 20 m/s 3,11.5,27.6 m/s 3,11.4, 25 m/s
Hub Height 34.86 m 84 m 87.6m

Blade Length (Radius) 20m 35m 63 m

Blade Weight 1,807 kg 3,913 kg 17,740 kg
Blade Airfoil Type s816, 817, 818 s818, 825, 826 DU21, 25, 30, 35, 40
References Ref. 18 Ref. 19 Ref. 20

Blade strain is not calculated as part of the standard outputs from FAST. However, the FAST outputs include
moments and deflections at various locations (nodes) along the span of the blades. These can be used to calculate
strains in several ways: 1) local span (nodal) moments, 2) local span translational deflections, 3) blade tip deflection
with a mode-shape function, and 4) blade root moments with a mode-shape. Strains calculated using mode-shapes
are not accurate because the mode-shapes are only approximately correct and may not correspond to the actual blade
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mode in operation. On the other hand, nodal moment outputs can be used to compute accurate local strains at
various nodal locations. Hooke’s law provides the following relationship between strain £ and moment M:

oc_M/\(z,)y, o M,(z,)x,
LTy e ST T

where ¢ denotes the strain, M is the bending moment, EI is stiffness, z,, is the distance from the blade support at the
nacelle to the node, and x,/y, are the chord length and thickness of the airfoil. Eq. (5§) assumes pure bending mode is
the dominant factor. The subscripts e and f denote the edge and flapwise directions on the blade. Figure 2 (left)
shows the coordinate system of blades. Each bending direction is depicted in Figure 2 (right). Bending strain (or
stress) is proportional to the distance from the neutral axis crossing the mass center. Therefore, x; is the direction of
the distance for the edgewise strain and y, is for the flapwise strain.

These strains are greatest at the maximum distance as shown in Figure 2 (right). For the maximum edgewise
strain, the chord length y,=c/2 of the airfoil is used and the thickness x,=#2 yields the maximum flapwise strain.
The airfoil geometry of a wind turbine blade is generally quite complicated and finding the neutral axis is nontrivial.
A reasonable approximation is to use half the local thickness and chords length to estimate the maximum edge and
flapwise strain. The FAST simulation allows up to nine nodal moment outputs. These can be used to compute strain
at the nine discrete locations along the span of the blade. Specifically, at the i local nodes, the edgewise and
flapwise strain can be expressed as in Eq. (6)

&)

My M, 1,
&, =5 .and &, =——— (6)
Z(EI )E,i ‘ 2(EI )F,i

where c; and ¢; are the chord length and thickness of the airfoil at the i node.
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Figure 2. Blade Coordinate System (left)'* and Cross-sectional Shape of Blade (right): Max. Strain Locations

IV. Results and Discussion

Simulations were performed for turbines of three sizes and at different wind speed and turbulence conditions.
Simulation results for the SMW NREL offshore wind turbine operating under wind conditions of 24 m/s at low
turbulence are shown in Figure 3 and Figure 4. Figure 3 shows strain data in both edgewise and flapwise bending
at an instant in time and Fast Fourier Transform analysis of each bending mode. Figure 4 shows the edgewise and
flapwise strain power along the span of the blade during the operation under the selected wind conditions. As shown
in Figure 3, the amplitude of the edgewise strain is ~550 micro-strain and the amplitude of the flapwise strain is
~390 micro-strain. The strain varies with time at a cyclic rate of ~0.34 Hz, corresponding to the rotational frequency
of the turbine at these wind conditions. For the flapwise bending mode, large non-zero mean strain is observed. But
this bias term is disregarded, as the zero-frequency mode does not contribute to generate energy. In Figure 4, the
maximum edgewise strain power, ~60 W/m®, occurs at a distance 15.9 m from the blade support (at the nacelle). On
the contrary, the maximum flapwise strain power, ~31 W/m’, occurs at 40.5 m. A similar flapwise strain power of
30 W/m® occurs at 15.9 m.

Similar simulations were performed for the CART3 and WindPACT turbine models to assess the available
energy for harvesting. Table 2 summarizes the results of these simulations. The maximum strain, strain frequency
and spanwise location of the maximum strain are shown for both edgewise and flapwise bending. Several trends are
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apparent in these results. First, the strain progressively increases with increasing turbine size. This is expected as the
SMW turbine has larger, more flexible blade leading to increasing strain. Second, the strain is greatest at the higher
wind speed/lower turbulence intensity conditions. Third, the frequency of maximum strain tends to match with the
rotor speed. While the edgewise strain is higher for all cases, the difference between edge and flapwise strain
decreases at higher wind speeds. This trend can be a result of blade pitch control that is imposed at high wind speeds.

1500 w w w w ‘ =600 _
©
1000 ;400 Max Strain (Edgewise) 1
200 ]
— 500
e 0 : - - P
o 0 0.2 0.4 0.6 0.8 1
% 0 Frequency (Hz)
g =600 ; ‘ ‘ ‘ 7
@ 500 £ , ,
@ 400 Max Strain (Flapwise) 1
=]
-1000 ——Edgewise| %200 1
— = Flapwise & 0 - ‘
_1 50 L L L I I -
%0 125 130 135 140 145 150 0 0 0a e 0
Time (sec) requency (Hz)

Figure 3. Strain vs. Time at 15.9 m from hub (Left) and Single sided amplitude spectrum in frequency of
each flexing mode (Right): Data shown for NREL offshore turbine at 24 m/s wind speed and low turbulence.
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Figure 4. Edgewise and Flapwise strain power in an offshore blade as a function of blade location. Data are
obtained during operational cycles corresponding to the maximum peak amplitude.

These results can be used to determine EH design requirements given the energy available and power
transmission requirements. In Figure 5, the energy harvester design factor EH is shown as a function of the charging
time At. Curves for three power levels P,,.;, 13, 22 and 50 W/m®, are shown in the figure. These power levels are
typical for the wind turbines investigated in the present work (see Table 2). In this case, a data transmission energy
requirement of 280 uJ was selected, corresponding to the power required to transmit a single measurement via EH-
link from Microstrain'' (a commercially available wireless transmission module). The curves, then, are obtained by
setting the transmission energy equal to the strain energy harvested W, (Eq. (4)). As an example, consider a ZnO
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Table 2. Maximum Strain results for various turbines and wind conditions (E, = 1 GPa)

comon | EDGE W) | FREQM) | T | SR | rap e | FREa e | ] | 62oP
WT Model CART3 (600 kW)
(fligr;qh/s'l'rr-lk-)) 90 0.27 2.19 7.5m (38%) 14 0.27 0.05 7.5m (38%)
(EoTv/ﬁ'LIJ_th-)) 109 0.29 3.45 7.5m (38%) 17 0.29 0.08 7.5m (38%)
13 m/s HT 99 0.62 6.08 7.5m (38%) 38 0.62 0.90 7.5m (38%)
13 m/s LT 85 0.62 4.48 7.5m (38%) 32 0.62 0.63 7.5m (38%)
24 m/s HT 238 0.63 35.69 7.5m (38%) 218 0.63 29.94 7.5m (38%)
24 m/s LT 249 0.62 38.44 7.5m (38%) 220 0.62 30.01 7.5m (38%)
WT Model WindPACT (1.5 MW)

6 m/s HT 105 0.19 2.09 7.3m (21%) 20 0.21 0.08 11.7m (33%)

6m/s LT 174 0.19 5.75 7.3m (21%) 20 0.19 0.08 11.7m (33%)
11.5m/s HT 181 0.34 11.14 7.3m (21%) 56 0.34 1.07 16.2m (46%)
11.5m/s LT 169 0.34 9.71 7.3m (21%) 37 0.34 0.47 11.7m (33%)
24 m/s HT 295 0.34 29.59 7.3m (21%) 156 0.34 8.27 16.2m (46%)
24 m/s LT 304 0.34 31.42 7.3m (21%) 168 0.34 9.60 16.2m (46%)
WT Model NREL Offshore (5 MW)

6 m/s HT 312 0.13 12.65 15.9m (25%) 55 0.13 0.39 15.9m (25%)

6 m/s LT 355 0.13 16.38 15.9m (25%) 59 0.13 0.45 15.9m (25%)
11.4 m/s HT 432 0.2 37.32 15.9m (25%) 178 0.2 6.34 40.5m (64%)
11.4m/s LT 469 0.2 43.99 15.9m (25%) 163 0.2 5.31 15.9m (25%)
24 m/s HT 515 0.2 53.05 15.9m (25%) 352 0.2 24.78 40.5m (64%)
24 m/s LT 545 0.2 59.41 15.9m (25%) 393 0.2 30.89 40.5m (64%)

nanowire EH'" with an efficiency of 6.8%, volume of 0.38 mm3, and a modulus of 30 GPa, such that the design
factor is 0.78 mm’. The corresponding charging time is approximately 2 hours for a harvester located on 5 MW
offshore wind turbine operating at 24 m/s (providing approximately 50 W/m® power). For wind turbine conditions or
locations in which less power is available, the charging time requirements are approximately 4.5 hours for P,,,; = 20
W/m?® and 7.5 hours for P, .= 13 W/m’.

V. Conclusion

The present study provides an estimate of the strain energy that can be expected for typical wind turbine
geometries over a range of wind loading conditions. Based on the FAST simulation results, the maximum strain
occurs at a distance from the hub that is approximately 20 to 33% of the blade length. For the three turbine models,
the maximum strain amplitude is 550 micro-strain at 0.34 Hz for the SMW offshore turbine. On going work as part
of the EOLOS? facility at the University of Minnesota will include strain data from a fully instrumented 2.5 MW
wind turbine. The estimates of strain energy from the current study along with the data from the full scale
instrumented wind turbine will inform energy harvester design and development of data transmission algorithms.
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