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ABSTRACT

This paper introduces an inference method for computing the forces and bending moments on operating
wind turbine blades using strain measurements and supervisory control and data acquisition (SCADA)
data. Operational data from four months of a Clipper Liberty C96 2.5 MW turbine instrumented with
interferometric strain sensors at the blade roots as well as SCADA data such as wind speed, rotor hub
speed, and blade pitch angle allow for accurate calculation of blade forces and moments. To perform such
calculations, certain structural properties of the turbine blades must be inferred in the absence of
detailed, proprietary information. This is done by inferring missing information from the National
Renewable Energy Laboratory (NREL) 3 MW WindPACT reference wind turbine specifications. The
derived forces and moments computed on the blades of the Clipper turbine are compared with the
behavior of the NREL 3 MW reference turbine according to OpenFAST simulation outputs. Comparison of
blade root reaction forces to OpenFAST outputs match closely, demonstrating that this inference method
can be used to successfully estimate the internal forces and bending moments acting on the blades. These

methods are useful on turbines for which all the structural information is not available.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Wind power additions in the U.S. continue to increase and total
U.S. wind power capacity has now surpassed 120 GW, 4 times the
existing operating capacity from 10 years ago [1]. Wind turbines
(WT) too have continued to grow in size. The original equipment
manufacturer (OEM) Siemens Gamesa recently launched the de-
signs for a 14-MW offshore WT (OWT) with a 222-m diameter rotor
[2]. This new turbine has surpassed the GE 12-MW Haliade-X,
which was the world's largest OWT [3] in both size and output
and had become the turbine of choice in 2019 for offshore wind
developments on the U.S. Atlantic Coast.

As wind turbines (WT) continue to grow, the reliability of these
massive structures is key to ensuring the availability of low-cost
renewable energy [4]. Operation and maintenance (O&M) costs
are one of the largest contributors to wind power's levelized cost of
energy (LCOE), constituting 10—20% of the LCOE, and reaching up to
35% at the end of life [5]. 0&M also reduces efficiency by causing
downtime which can take up to 3% of WT and OWT total lifetimes

* Corresponding author.
E-mail address: babak.moaveni@tufts.edu (B. Moaveni).

https://doi.org/10.1016/j.renene.2021.11.094
0960-1481/© 2021 Elsevier Ltd. All rights reserved.

[6].

Maintenance costs in a WT can vary considerably based on
performance and failures [7], and it is important to reduce these
where possible. Unplanned downtime due to corrective mainte-
nance is problematic for WT owners [8], as it is difficult to predict
and can make up 30%—60% of total O&M costs [5].

Condition based maintenance is a form of preventive mainte-
nance which consists of regular monitoring of the WT components
to detect potential faults [9] to address issues before failure occurs,
reducing downtime. Condition monitoring (CM) which falls under
condition-based maintenance is preferable to corrective or time-
based maintenance as it reduces machine shutdown, limiting
downtime and reducing energy costs [5,10].

Structural health monitoring (SHM), as a form of condition
monitoring (CM), is an important tool for ensuring the integrity of
structures, including WT [5,17], as it allows for maintenance before
failure occurs and reduces O&M costs [6]. Some common blade
SHM methods include vibration monitoring, acoustic emissions
(AE), strain measurement and impedance techniques [18].

Application of SHM methods using dynamic strain measure-
ment and vibrations is well studied but obtaining further infor-
mation on the condition of WT from strain measurements can
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make CM systems more effective and cost efficient. This has been
studied through response estimation techniques used to measure
fatigue at locations where sensors are not or cannot be placed,
typically below the waterline of offshore WT [13,14].

Vibrational blade SHM techniques are among the most common
methods to monitor blade health [16,17]. These methods analyze
modal properties and natural frequencies to detect changes to the
structure of the blades [ 18], however vibrational techniques require
supplementary methods to locate and quantify the damage [15].
Accelerometers are the most common type of sensor required to
carry out vibrational analysis of the blades [15].

SHM methods using strain measurements on the blades are also
common; these methods are typically used for load monitoring but
are also applied for damage detection [15,19]. Strain measurement
for load monitoring is an important aspect for the blade pitch
control system. Further, blade loads can provide insight into the
best control strategies to minimize extreme loading on the blades
and other components of the WT [20]. Load monitoring applica-
tions can be used by WT operators to make maintenance or repair
decisions for turbines [21].

Strain measurement systems can be costly [22,23] and there are
several challenges such as high sampling rate requirements,
memory space, and power availability [24]. Additionally, many
sensors are typically required to detect even small damages [18].
Therefore, methods to improve the cost-effectiveness of strain
measurement CM systems for blades would be valuable [23,25].

Load monitoring on blades is commonly utilized by WT opera-
tors to measure two primary blade-root bending moments: the
flapwise and edgewise bending moments. These blade root
bending moments are useful in assessing whether the blades are
overloaded [20]. Analyzing additional blade root forces and
bending moments on the blades would be useful for further un-
derstanding the effects of different loading conditions on structural
health [26]. Utilization of strain measurements to compute these
forces and moments requires design details on the WT.

This paper introduces a method to analyze root reaction forces
and moments on the blades of a Clipper Liberty C96 2.5 MW turbine
instrumented with axial strain sensors at the blade roots. SCADA
data from the turbine is also available and used in this analysis. This
study computes root reaction forces and bending moments on the
blades based on the available strain measurements. The WindPACT
3 MW reference WT [27] detailed by the National Renewable En-
ergy Laboratory (NREL) is used to infer certain structural properties
of the blades where proprietary information from manufacturers is
unavailable. In the WindPACT specifications, NREL also provides
descriptions of resulting forces and other parameters to be used in
the design of WT. Results of this method are compared to these
forces and parameters described by NREL as a function of wind
speed. The NREL reference turbine used is also modeled in Open-
FAST by the authors, so that more detailed comparisons of all the
root reaction forces and moments with the Clipper turbine can be
made.

2. Available data and data processing

The data utilized in this paper includes 4 axial strain measure-
ments from the root of each blade. This data is of a period spanning
four months of operation, with over 1500 h of data in total. SCADA
data which is synchronized with the strain sensor readings is
available from the same time-period. The available data is the
foundation for calculation of forces and moments on the blades.

2.1. Strain sensors

The strain sensors on the Clipper 2.5 MW turbine are optical
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intereferometers with corresponding temperature sensors to
compensate for temperature. The sensors are positioned in 4 evenly
spaced locations (0°, 90°, 180°, 270°) at each blade root where the
blade cross section is circular, schematically depicted in Fig. 1. The
locations of the sensors are titled Low Pressure, High Pressure,
Leading Edge and Trailing Edge, named after the pressure distri-
bution due to

wind flow on the blades’ airfoil cross section further along the
span.

2.1.1. Strain data cleaning and temperature compensation

“Fig. 2 shows the original, cleaned, and temperature compen-
sated data of Blade 1. The sensor output included some outliers
(voltage spikes), typical of digital sensors. The outliers were
removed and replaced using a cubic spline interpolation. The top
plot shows the original strain readings, where a few such outliers
are seen in the data. The cleaned data is shown in the second plot of
Fig. 2. The sensors were then temperature compensated based on
the manufacturer's parameters for strain reconstruction. The tem-
perature compensated strain readings are shown in the bottom plot
of Fig. 2. Each plot in the figure displays the four sensor readings for
Blade 1 of the turbine.”

2.2. Supervisory control and data acquisition (SCADA)

The synchronized SCADA data available includes more than 30
parameters of the wind turbine's operation and atmospheric con-
ditions. This includes key measurements such as wind speed, rotor
hub speed, and blade pitch angle. Table 1 details the most impor-
tant available SCADA data parameters.

Fig. 3 displays example data gathered from the SCADA system.
The sample rate of the SCADA data is 0.5 Hz as shown in Fig. 3, but
readings were interpolated to match the sampling rate of the strain
gauge data, 100 Hz.

3. Methodology
3.1. Modeling assumptions

The Clipper C96 2.5 MW WT considered in this work has a 96 m
rotor diameter with blade lengths of 46.7 m and a hub height of
80 m [28]. The hub diameter is approximately 2.6 m. The strain
sensors are located 1.5 m from the centerline of the main shaft,
which results in forces and moments computed on the blades
acting just past the blade root. Most detailed design parameters on
the Clipper turbine are not publicly available.

3.1.1. NREL reference turbine
NREL publishes open-access reference wind turbines which are
comprehensive designs of turbines to be used in research and

Blade root cross section at
LP location of sensors

— — Blade airfoil further along span
Sensor locations: Leading Edge,

X Trailing Edge, High Pressure, Low
Pressure

HP

Fig. 1. Sensor location at blade roots.
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Fig. 2. Cleaned and temperature compensated strain gauge readings.

Table 1
Available SCADA data parameters for clipper 2.5 MW turbine.

SCADA Data Parameters

Active Power Blade 1 Torque
Air Density Blade 2 Torque
Ambient Temp Blade 3 Torque
Barometric Pressure Generator Speed
Blade Rotor Angle Hub Speed
Blade 1 Pitch Angle Nacelle Position
Blade 2 Pitch Angle Wind Direction
Blade 3 Pitch Angle Wind Speed
Blade 1 Pitch Rate Yaw Position
Blade 2 Pitch Rate Yaw Error

Blade 3 Pitch Rate

Wind Speed (m/s)
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Fig. 3. SCADA system example data.
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education. The NREL 3 MW WindPACT reference turbine [27] was
chosen for this paper as the optimal turbine to compare to the
Clipper 2.5 MW turbine. The 3 MW reference turbine is utilized to
replace certain design details not available for the Clipper turbine.
In particular, the blade structural properties are largely unknown
for the Clipper turbine, including the airfoil profiles along the span.

Table 2 compares key properties of the NREL 3 MW reference
turbine and the Clipper C96 2.5 MW turbine. The power rating of
the NREL WindPACT 3.0 is 20% higher than the Clipper C96, but the
rotor radius is only 3.0% larger and the blade length is only 0.69%
longer. The rated wind speeds are also similar. Since this project is
concerned with blade root moments, the similarity in blade ge-
ometries between these two turbines allows for reasonable blade
moment comparisons with the key assumption being that the blade
cross sections along the span of the blade is comparable in each
turbine.

3.1.2. Local blade axes

Moments and forces on each of the blades are calculated in the
local axes of the blade, represented in Fig. 4 by the three axes
separated by 120°. The local axes of blades are labeled as x, y, z,
while the global axes of turbine are denoted as X, Y, Z, each creating
a right-handed coordinate system. The x-axis is perpendicular to
span of blade, and points in the same direction as the nacelle,
running parallel to and coincident with wind direction (when there
is no veer). The local x-axis is always facing in the same direction as
the global X-axis. The y-axis is in the plane of the blades’ rotation,
and the z-axis is in the axial direction along the blade.

3.1.3. Blade rotation

Fig. 4 details the rotation of the blades around the rotor, where
is the rotational speed and r is the distance from the center of the
rotor hub, where r spans from 0 to R. The horizontal speed of a point
on the blade with distance r from center is wr. The rotational speed
of the rotor hub is available from the SCADA data, and therefore the
horizontal speed of the blades at any location along the span is
known for the entire time history.

3.1.4. Blade cross section

Fig. 5 details the cross section of a blade under the defined axes
system and with relevant moments shown. The two key bending
moments which are computed directly from the strain data, the
flapwise and edgewise moments, are shown. The blades rotate in
the global Y-Z plane with rotational speed w and horizontal velocity
v = rw. The blades rotation in the negative local y-direction creates
the horizontal velocity which, when added with the incident wind
vector, create the apparent wind vector W.

3.1.4.1. Pitch angle. The pitch angle of a blade allows for the control
of lift and drag forces on the blades (and therefore the hub speed)
by varying the angle of attack. By changing the pitch angle, the
turbine control system can optimize power generation according to
control strategies based on wind speed. Forces and moments (such

Table 2
Turbine property comparison.

Property Clipper C96—2.5 NREL WindPACT 3.0 % Difference
Power Rating 2.5 MW 3.0 MW +20%
Rotor Diameter, D 96 m 99 m +3.0%
Swept Area, Ay 7328 m? 7698 m? +5.0%
Rated Wind Speed, Ug 12 m/s 11.2 m/s —6.7%
Blade length, R 46.7 m 47.025 m +0.7%
Power Coefficient, C;, 0.326 0.453 +39%
Efficiency, n 0.550 0.764 +39%
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Fig. 4. Local and global coordinate systems and rotational speed of blades.

Rotation, w
/
x A
/
/
/
Chord line
= edgewise
== Mﬂapwise
. \
y \,L B W )Pitch Angle, B

/ YAngle of Attack, a
' Apparent

/ Wind, W

e

?Wind, Vv

Fig. 5. Blade cross section displaying pitch angle, angle of attack, flapwise and edge-
wise moments.

as flapwise and edgewise bending moments) which act according
to the chord line's direction can be resolved into the local x-y axes
of the blades as a function of the pitch angle. Figs. 6 and 7 have been
produced from the available SCADA data from the Clipper turbine
and describe the pitch angle and hub speed as a function of wind
speed.

3.1.4.2. Wind direction. The wind turbine's yaw angle is reset
automatically when the turbine nacelle (running along the X-axis
in our reference system) reaches a maximum misalignment of 8°
from the wind direction. For simplicity, in this paper the wind di-
rection is assumed coincident with the X-axis of the turbine.
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Pitch Angle vs Wind Speed
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Fig. 6. Pitch angle vs wind speed (10 min average).
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Fig. 7. Hub speed vs wind speed (10 min average).

The resultant apparent wind speed, W, is composed of the ab-
solute wind speed and the horizontal wind speed produced by the
blade rotation. This resultant apparent speed acts on the airfoil
shape of the blades with an angle of attack, o, producing the lift and
drag forces. Fig. 5 shows all the components and the resultant
speed, and the magnitude of W is obtained by using Equation (1).

W =1/V2 + (wr)? (1)
where o is the rotation speed and r is the length along the blade
measured from the center of the rotor hub (See Fig. 4). V is the
incident wind flow in the X-direction and is obtained from SCADA
data. The direction of W, computed geometrically, acts with an
angle of attack, «, between itself and the chord line of the airfoil

cross section.
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3.1.5. Lift and drag forces

For this work, two distances dp and d; are defined as the dis-
tances at which resultant forces for the lift and drag distributions
act along the blade during operation. These distances are key
properties used to calculate the shear forces on the blades (Section
3.2.2), but the estimation of the distances themselves is discussed
here. The determination of these distances was done under a range
of wind speeds to ensure the distances dp and d; do not vary
significantly with wind speed.

The distances dp and d; are computed by estimating the lift and
drag distributions along the span of the blade under the range of
wind speeds and finding the location of a resultant force which
would cause the same root bending moment. The specific blade
profile detailing the airfoil shape and chord length along the blade
is required to estimate the lift and drag force distributions. The
profile of the Clipper blades is not provided by manufacturers and
had to be inferred by referencing NREL's 3 MW reference wind
turbine [21], which provides a detailed blade profile as described in
Table 3. Calculations for lift and drag distributions were done on the
NREL reference turbine, and the resulting distances dp and d; are
scaled to the length of the Clipper C96 2.5 MW blade.

In Table 3, the chord length and airfoil cross section are defined
at each location described by RNodes, which are evenly spaced
nodes along the span of the NREL reference turbine blade. Under
the Airfoil column, standardized airfoils are determined as the cross
section at each node along the blade.

From SCADA data, several points of varying wind speed were
chosen, and the corresponding pitch angle and hub speed at these
points was noted. Wind speeds were chosen to reflect the range of
wind speeds the turbine operates under, and to favor those that
occur more commonly. It was verified that each point chosen was in
the expected range of pitch speed and hub speed based on the wind
speed (see Figs. 6 and 7).

To obtain the lift and drag distributions along the blade at the
chosen wind speeds, the horizontal speed of the blades, equal to wr,
was computed, and following the relationship described in Fig. 8
and Equations (2) and (3), the angle of attack, «, at each node
along the blade span is computed based on the incident wind flow,
horizontal speed of the blades, and the pitch angle. Thus, for each
wind speed under consideration and at each node along the blade,
the angle of attack is known.

1%

-1

p=tan” () (2)

Table 3

NREL reference turbine blade properties for WindPACT 3 MW model [27].
Node Rnodes (m) Chord (m) Airfoil
1 4.043 2.756 cylinder.dat
2 7.178 3.209 s818_2703.dat
3 10313 3.662 $818_2703.dat
4 13.44750 3.880 $818_2703.dat
5 16.58250 3.646 $818_2703.dat
6 19.71750 3.412 $818_2703.dat
7 22.85250 3.178 $818_2703.dat
8 25.98750 2.944 $825_2103.dat
9 29.12250 2.710 $825_2103.dat
10 32.25750 2.476 $825_2103.dat
11 35.39250 2.242 $825_2103.dat
12 38.52750 2.018 $825_2103.dat
13 41.66250 1.808 $825_2103.dat
14 44.79750 1.597 $826_1603.dat
15 47.93250 1.386 $826_1603.dat
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Chord line - _

Fig. 8. Computation of angle of attack.

a=¢—0 (3)

where § is the pitch angle and is available in SCADA data.

Lift and drag coefficients are used to compute the lift and drag
forces acting on an airfoil. These coefficients for standardized air-
foils can be found on database profiles [29] as a function of angle of
attack, air density and Reynold's number. For each wind speed at a
specific air density and assuming a Reynold's number range, the lift
and drag coefficients C; and Cp were estimated based on the angles
of attack computed at each node along the span of the blade. Once
the lift and drag coefficients for each point are known, the lift and
drag forces acting at each node along the span of the blade can be
calculated using the relative velocity, W, and the chord distance, c,
according to Equations (4) and (5).

L :%pWZCLC (4)

D:%szCDC (5)

These calculations result in lift and drag force distributions
along the blades for each wind speed considered. From these dis-
tributions, the application point of resultant lift and drag forces,
defined as dp and dj, can be computed as explained in Fig. 9. The
distances are computed by finding the distance at which an
equivalent resultant lift or drag force would act to cause the same
bending moment as the lift or drag force distributions. Different
wind speed conditions were analyzed and the obtained distances d;
and dp were found from the force distributions estimated as
described above. The results are described in Table 4.

Resultant lift or
drag force

Life and drag force
distributions along span
of blade

d, dp

Fig. 9. Application point of lift and drag equivalent forces.
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Table 4
Results of lift and drag application point computation.

Wind Speed (m/s) Lift Distance, d (m)  Drag Distance, dp (m)

49 309 271
6.0 32.7 25.6
10.0 324 25.6
14.0 30.5 232
Average Distance 31.7 254
Scaled length to Clipper blade  30.3 24.1

3.2. Estimation of forces at blade roots

3.2.1. Flapwise and edgewise bending moments

Two key bending moments can be calculated directly from the
strain data due to the placement of the sensors at the High Pressure,
Low Pressure, Leading Edge, and Trailing Edge positions. The flap-
wise and edgewise moments are calculated from the temperature
compensated strain data as described by Equations (6) and (7).
Fig. 10 shows the physical directions of these bending moments on
the blades. These moments are later resolved into the local blade
axes defined for our analysis.where k; and k; are constants pro-
vided as the sensor calibration factors and are based on the specific
material and geometry of each blade, and epp, €1p, 1, e are the
temperature compensated strain measurements.

3.2.1.1. Bias correction in bending moment measurements. The
flapwise and edgewise bending moments are the basis for all cal-
culations of blade root reaction forces. These moments are expected
to be of the same magnitude for each blade, however this is not
seen in the moments computed from strain data, indicating some
sort of bias in the data caused by sensor calibration or temperature
compensation. The biases in strain data are suspected to cause a
shift in the bending moments to incorrect magnitudes. The in-
consistencies in the strain readings between blades are due to is-
sues with the strain calibration. The authors did not have
comprehensive information on the origins of these calibration
factors, so first principles were applied to the measurements to gain
more sensible readings.

To correct the bias, the bending moments were studied during a
data set which showed slow rotation due to a high pitch angle of
around 80°. At times like this during operation, the lift and drag
forces are low as compared to the effect of blade weight in the

P

Leading edge._

“Trailing edge
Flapwise
flexure
7

[,

Edgewise
AN flexure

Fig. 10. Directions of flapwise and edgewise bending moments on a turbine blade [30].

Meigpwise = (enp — €Lp) -k (6)

MEdgewise = (et — e1E) *k2 (7)
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bending moments. Fig. 11 shows the data from all three blades
during the time-period used for estimation and correction of the
measurement bias. This figure shows the transition from normal
operation to a slow rotation due to the change in pitch angle and a
resulting slower hub speed. The pitch angle and hub speed are
obtained from the SCADA data.

As the rotor slows due to a drastic change in pitch angle, the
component of weight contributing to the edgewise moment
lessens, while the component contributing to the flapwise moment
is increased. Therefore, such a period is utilized to correct the
biased strain data.

In theory, parked conditions (i.e., pitch angle of 90) would have
been preferred to estimate the expected bending moments due
primarily to blade weight, since the lift and drag forces would be
even lower during parked conditions. However, in parked condi-
tions there is no rotation and therefore the blade azimuth angle is
impossible to establish.

Given the pitch angle, azimuth angle, blade weights, and centers
of gravity, the expected gravity-induced bending moments
(assuming negligible lift or drag forces) are analytically recon-
structed over the time-period shown in Fig. 11 for all three blades.
In addition, the turbine tilt angle is considered for the full
component reconstruction. The tilt angle is assumed to be 5° in this
study, which is a typical value for turbines of this dimension.

The gravity-induced moments were computed using just the
blade weights and centers of gravity, assuming only the blade
weights were significantly contributing to the bending moments,
while lift and drag forces are negligible. These reconstructed
bending moments are computed according to Equations (8) and (9),
where (mg)g,, and (mg)yqq. are the components of blade weight
acting in these directions (a function of azimuth angle and pitch
angle), and the bending moments are therefore these components
of force multiplied by the center of gravity distance. Fig. 12 displays
the components of blade weight in the flapwise and edgewise
directions.

Renewable Energy 184 (2022) 662—676

‘edgewise

mgx /’

. i i
apwise

Fig. 12. Cross section view of blades with components of blade weight resolved into
flapwise and edgewise directions.

(8)

MFlapwise, reconstructed — (mg ) 'flap dCoG

(9)

The analytically computed bending moments are compared to
the measured ones in Fig. 13. Bias for each of the bending moments
is estimated so the bias-corrected (shifted) moments match their
analytically computed counterparts at this period. Fig. 13 shows the
applied bias correction and the shift to one of the blades based on
its reconstructed bending moments, which are overlayed on the
graph. This was done for each blade, resulting in a different shift
magnitude for each blade's two bending moments. The required
shift magnitude estimated through this analysis for each of the
bending moments on each blade was then applied to all data sets.

MEdgewise‘reconstructed == (mg)edgedCOG
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Fig. 11. Data set utilized in bias analysis.
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Fig. 13. Example of shift applied to bending moment data.

Table 5 details the magnitudes of shift applied to the blades' flap-
wise and edgewise bending moments.

Fig. 14 shows the bending moments before and after the bias
correction as a function of wind speed, taken as 10-min averages
from all available data sets. Overlayed on this is the bending mo-
ments computed in an OpenFAST simulation of the NREL 3 MW
reference turbine (see Sections 3.1.1 and 5). This is believed to be a
justifiable correction due to the close match in amplitude of the
measured and reconstructed bending moments as well as the
match seen between resulting measured bending moment mag-
nitudes and OpenFAST simulation on a similarly sized turbine. The
resulting bending moment magnitudes as a function of wind speed
are also in close agreement among the three blades, although small
differences are noticed which are likely caused by inaccurate sensor
calibration factors. These differences cannot be corrected from our
data but are considered small in relation to the analyses performed.
Fig. 15 shows an example of the measured flapwise and edgewise
moments for one of the blades after correction for bias.

3.2.1.2. Blade azimuth angle. The azimuth angle, ®, which describes
a blades rotation around the rotor hub, is an important measure-
ment used in conducting blade force calculations. The flapwise and
edgewise bending moments which can be computed directly from
the strain gauges (as discussed in Section 4.1), were used to esti-
mate the azimuth angle. Due to rotation around the rotor hub, the
blade weight produces cyclical forces which are seen most clearly
in the edgewise bending moment as explained in Figs. 16 and 17.
When the blade is out at 90 or 270°, the bending moment is at its
maximum magnitude, due to the components of blade weight
contributing to the bending moment. The blade azimuth angle is
therefore inferred from the peaks and valleys of the bending

Table 5
Shift in flapwise and edgewise moments by blade.

Flapwise Shift (kN-m) Edgewise Shift (kN-m)

Blade 1 +2200 -775
Blade 2 +1950 —600
Blade 3 -+2000 —200
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moment time history and is assumed to change linearly during
rotation. Resulting rotational speeds based on the computed angles
were compared to rotation speeds from the SCADA data, and they
matched closely.

3.2.2. Root reaction forces and moments

The sensor data from the blades cannot provide direct calcula-
tions of shear forces because the sensors are placed along the axial
direction, in the direction of the z-axis, and the shear root reaction
forces in local coordinates are in the x and y axes. The blade root
reaction forces during operation are caused by the applied shear
forces on the blades due to wind flow and the blade weights. In
other words, lift and drag shear forces due to wind flow over the
blades coupled with the effect of blade weight cause the flapwise
and edgewise bending moments. Lift and drag forces cannot be
computed directly as the blade profile is not available. However,
since the flapwise and edgewise moments and the weight of the
blades are known, the magnitude of the lift and drag forces can be
estimated.

The effective lift and drag forces are defined as the resultant
forces of lift and drag force distributions along the blades, and the
location of these effective point loads was computed in Section 3.5
as d; and dp. The weights and centers of gravity of each blade are
known and provided in Table 6. To estimate the effective lift and
drag forces, the components of blade weight contributing to the
flapwise and edgewise moments must first be computed. To do this,
the blade weights acting downward must be resolved into the local
axes of the blades. First, the blade weight is resolved into the x-axis
and the y-z plane as a function of the tilt angle, assumed here to be
5°, as shown in Fig. 18 and Equations (10) and (11). The component
acting in the y-z plane is further resolved into the y and z-axes as a
function of the blade azimuth angle, ®, as shown in Fig. 19 and
Equation (12). Only the weight which acts in the local x and y-axes
of each blade is relevant to this analysis, as the z-axis is in the axial
direction and this component of blade weight does not contribute
to the edgewise and flapwise bending moments.
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Fig. 15. Example flapwise and edgewise bending moments after bias correction.
) section of the blade. This is based on the pitch angle and is shown as
(mg), = (mg)sin(ar) (10)  (mg)egge and (mg)pqp in Fig. 19. These forces act at the center of
gravity dcoc of each of the blades as defined in Table 6 and shown in
(mg),, = (mg)cos(ar) (11)  Fig. 20.
Figs. 20 and 21 also show the effective lift and drag forces
. defined for these calculations which are shown as Fii;, effand Ferag, eff
(mg)y: - (mg)yz sin(@) (12) acting at distances d; and dp respectively. Faragefr and Fiifiefr are

Once the weight is resolved into the x and y axes, (mg)y and
(mg), are further resolved into the flapwise and edgewise di-
rections because these components act in the plane of the cross
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computed by defining the flapwise and edgewise moments as
moments which are caused solely by the lift and drag forces from
wind plus the weight of the blades. These forces are computed
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Fig. 16. Magnitudes of edgewise moment cycles based on blade rotation.

Edgewise Bending Moment (kN-m)
®=90°

2500

®=90°
2000
1500
1000

500

Bending Moment (kN-m)
o

-500
-1000
-1500
-2000
®=270° @=270°
-2500 s
0 5 10 15 20 25 30
Time (sec)
Fig. 17. Blade angles based on magnitude of edgewise moment.
Table 6
Blade weights and centers of gravity.
Weight (kg) dcoc (M)
Blade 1 12,201 15.995
Blade 2 12,313 15.850
Blade 3 12,552 15.548

using Equations (13) and (14), which define the bending moments
in this way.

Mrigpwise = (Mg) fgpcoc + Fiife efrdL (13)

MEdgewise = - (mg)edgedCoG - Fdrag,efde (14)

Once Fiif, off and Fyrag, off are computed, the root reaction shear
forces on the blade can be computed according to the directions of
these forces as shown in Figs. 20 and 21. These forces are root re-
action force due to weight forces and lift or drag forces. This is done
according to Equations (15) and (16).
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Rotation
Direction

Fig. 18. Blade weight resolved into plane of rotation as function of tilt angle.

Fap = (M)gap + Fieer (15)

Fedge = (mg)edge + Farag efr (16)

The root reaction forces on the blade are resolved into the local
defined axes of the blades as a function of pitch angle. Similarly,
flapwise and edgewise bending moments are resolved into the x-y
axis. Fig. 22 defines the directions of these forces which are
consistent with the coordinate axes utilized by OpenFAST simula-
tions and models.

Fx = Foqge Sin 8 + Fyqp cos (17)

Fy = Fegge €OS 3 — Fygp sin 8 (18)
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Fig. 19. Blade weight resolved into local blade axes as function of azimuth angle.

X
Medgewise
mgx
Flift,eff
M.
= flapwise
Fdrag,efl m
gedge mg, fap

—— et}

i S L

Fig. 20. Flapwise and edgewise bending moment contributing forces.

My = MEdgewise cos 5 + MFlapwise sin 5 (19)

My = — MEdgewise sin § + MFlapwise cos (20)

4. Comparison to NREL guidelines

The NREL reference wind turbine report provides graphs of
certain forces and other parameters of the turbine during operation
as a function of wind speed [27]. These include parameters such as
rotor speed, pitch angle, and tip speed ratio (TSR), and the rotor
thrust force and rotor torque. The graphs produced by NREL are
shown in Fig. 23. Fig. 24 graphs the parameters and forces
computed from the strain sensors and SCADA data in this study for
comparison with NREL reference turbine values.

Rotor thrust for the Clipper 2.5 MW turbine is computed
through a rigid body equilibrium analysis by resolving the forces
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Fig. 21. Bending moment contributing forces and root reaction shear forces.

edgewise

Fig. 22. Root reaction forces and moments resolved into local axes.

from each of the blades onto the main shaft as a function of blade
azimuth angle. The comparison of rotor thrust values shows that
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Fig. 24. Parameters computed based on strain data and scada data for the clipper
2.5 MW Turbine.

while our values are slightly lower in magnitude, the shape of the
force as a function of wind speed is similar. In both cases, rotor
thrust rises until approximately 11 m/s, the rated wind speed of the
NREL 3 MW reference turbine, before declining again. This aligns
well with the observed rotor thrust shape for the Clipper turbine, as
the rated wind speed for the Clipper 2.5 MW turbine is 12 m/s. The
slight differences in shape and lower magnitude of rotor thrust
could be explained by the different rated wind speeds, and the fact
that the Clipper turbine is smaller in both size and output. In fact,
the rotor thrust magnitudes computed for the Clipper 2.5 MW
turbine here fall somewhere between rotor thrust values for the
NREL 1.5 MW and 3.0 MW reference turbines.

Other parameters such as rotor speed, pitch angle and TSR
compared here come from the SCADA data directly or are calculated
using parameters in the SCADA data. These parameters match the

Renewable Energy 184 (2022) 662—676

reference turbine well, as they are products of the control system
on the turbine and independent of the calculations in this paper.
These parameters, in particular the rotor speed, match the refer-
ence turbine closely, which serves as confirmation that using the
3 MW turbine as reference for this Clipper 2.5 MW is a reasonable
assumption.

5. Results

The NREL 3 MW WT has also been modeled in OpenFAST [31] for
a more detailed comparison of the forces and moments computed
in this paper.

OpenFAST is a multi-physics tool for the dynamic simulation of
wind turbines. OpenFAST includes computational modules for
aerodynamics, control and electrical systems, structural dynamics,
and hydrodynamics for offshore turbines. The modules work
together to create coupled nonlinear simulations in the time
domain. The inputs can be altered to run a range of simulation
settings and conditions. The most important modules that are
included in the program which work together to simulate the
whole turbine includes ElastoDyn (structural dynamics module),
BeamDyn (finite element blade structural dynamics), AeroDyn
(aerodynamics), InflowWind (wind inflow conditions), and Servo-
Dyn (control and electrical drive dynamics). More details about the
OpenFAST modules and solvers can be found in Ref. [31].

The NREL 3 MW was simulated at steady wind speeds between
3 and 25 my/s. OpenFAST allows for the output of all root reaction
forces and moments on the blades. These parameters have been
obtained for each wind speed by taking the average value from a
10-min-long simulation under steady wind conditions. Steady
wind indicates that the wind speed is constant during the simu-
lation and that there is no turbulence or gusts.

The OpenFAST files available for the NREL 3 MW WT were not
available for the most recent version of OpenFAST and had to be
updated by the authors. Fig. 25 has been reproduced for this study
to ensure that the simulations being studied here are consistent
with the NREL report for the 3 MW turbine. Fig. 25 can be compared
to Fig. 23, which has been obtained directly from the NREL

|—— GenSpeed (rpm) — GenPwr (kW) RotThrust (kN) — rotTorq (kN-m) |
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1000
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Fig. 25. Openfast simulation results for comparison with NREL Report, 3 MW turbine.
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Fig. 27. Comparison of edgewise and flapwise shear reaction forces.

WindPACT reference turbine report [27]. The match between the
OpenFAST outputs in Fig. 25 and the NREL reference turbine report
in Fig. 23 indicate that the simulations are running correctly.

Figs. 26—29 display the comparisons between OpenFAST out-
puts and the forces and moments derived in this paper. Beneath
these plots are the percent difference values between the derived
forces/moments from Clipper measurements and their counter-
parts estimated from the NREL reference turbine model in Open-
FAST. OpenFAST output values are simulated at integer wind speed
values from 3 to 25 m/s, and Clipper turbine values are placed into
bins of wind speed at integer values with ranges of + 0.5 m/s from
each integer. Overall, the estimated forces and moments match the
trend of their model-simulated counterparts.

It can be observed that in general the data-driven values are in
good agreement with model simulations at the rated wind speed
(12 m/s) and the range of 8—13 my/s. This can be related to the fact
that (a) we expect smaller modeling errors at the rated wind speed
and close to it, and (b) there are fewer data points representing high
wind conditions of >13 m/s. Comparison is limited at high wind
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speeds by the lack of data sets from the Clipper turbine operating at
these speeds, but the trend of most results indicate that the data
continues to match expected shapes and magnitudes. For example,
in Fig. 29 the shape of the My reaction moment seems to extend
horizontally into higher wind speeds, as is also seen in the Open-
FAST simulation results. This can be seen in several other
comparisons.

The variance in the Clipper data is expected due to varying
environmental conditions and other parameters. Measurements of
a turbine's operation is a function of numerous features, many of
which are not measured by the SCADA data, and many still not fully
understood. Results show that the percent difference is correlated
with the variation in the data, indicating that the high variance in
the data is a major source of the error when we compare the Clipper
turbine to steady wind speeds on the NREL turbine. This is to be
expected, and it should be stressed that the variance is normal, and
the NREL OpenFAST outputs are an idealized simulation of the
turbine. The OpenFAST simulation values at steady wind speeds are
not realistically going to apply to all environmental conditions that
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Fig. 29. Comparison of root reaction bending moments in local axes of blade.

the Clipper data represents.

It is worth noting that the OpenFAST simulations for the NREL
turbine were run under steady wind conditions, with no turbulence
or other variation in environmental conditions. This is because the
SCADA data does not provide wind turbulence or many other
relevant environmental conditions, as it would not be possible to
model the NREL turbine under the exact same conditions that are
seen in the Clipper dataset. Still, the NREL steady wind speed
readings consistently fall within the range of values seen in the
Clipper data.

In addition to environmental conditions, another parameter
which will cause variation is the controls of the turbine. Differences
in forces and moments between two turbines are enhanced by
differences in the control algorithms of the turbines. For example,
the pitch angle has a major effect on the direction in the blade that
forces will act. As can be seen in bottom subplots of Figs. 23 and 24,
the pitch control for the Clipper and the NREL turbines is not the
same. Furthermore, the pitch angle of Clipper turbine shows rela-
tively large variations at each wind speed as opposed to a single

pitch value at each wind speed seen in the NREL model. This is
another source of variation in the Clipper data, as well as differ-
ences between the Clipper and the OpenFAST results.

6. Conclusions

The methods detailed in this paper allow for the computation of
blade-root reaction forces and moments based on strain mea-
surements taken at the blade roots and by using parameters of an
NREL reference turbine of a similar size to replace structural design
details not available to the public. This analysis was done using
strain gauge and SCADA data from a Clipper 2.5 MW onshore tur-
bine. Initial results show that this method is a viable way to esti-
mate the blades’ forces and moments, as the comparison of results
show a close match with the same forces on the NREL 3 MW
reference turbine according to OpenFAST simulations.

Discrepancies in this comparison may be due to the difference in
size and output capacities of the Clipper 2.5 MW turbine consid-
ered in this paper and the NREL 3 MW WindPACT reference turbine.
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In particular, the different control algorithms for the turbines serves
as an added source of variability and difference between forces and
moments. Additionally, real world data from the Clipper turbine
has many other sources of variance in the dataset, which is ex-
pected. The OpenFAST simulations cannot recreate the exact con-
ditions that the Clipper turbine experienced during the time-
periods of available data, and many of these conditions are not
measured by the Clipper dataset. Still, NREL 3 MW simulation
output values fit very well into the range of values measured on the
Clipper turbine.
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