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In this study, the shape sensing of a blade of the NREL 5 MW offshore wind turbine is presented by using the
inverse Finite Element Method (iFEM) under real loading conditions. Among the applied forces, the aerodynamic
forces are calculated based on the Blade Element Momentum Theory (BEMT). The results of iFEM with full
sensors and reduced sensors are compared with the reference Finite Element Method (FEM) analysis to test the
accuracy of the iFEM analysis. The practical distribution of the iFEM elements with sensors is explored and the
effects of different wind velocities are investigated to make the analysis more practical. Based on numerical

results, it is concluded that iFEM is a suitable technique for shape sensing of offshore wind turbines.

1. Introduction

Composite materials have been widely utilized to manufacture crit-
ical structures in engineering fields. For the offshore industry, the blade
of the offshore wind turbines (OWTs) is generally made of fiber-
reinforced composites. Nowadays, the blade is usually over 40 m long
and consists of two outer surfaces and shear webs (Kim et al., 2019). The
shear webs are designed and applied to increase the strength and reduce
the weight of the blade. All of the components are generally fabricated
by glass/carbon fiber composites. Concerning traditional materials that
are used for offshore installations such as stainless steel, composite
materials can fulfill the requirements of larger blades with lower
weights. At the same time, it can also provide enough strength for the
blade. The blade is exposed to strong wind environments. Besides, there
are also other additional types of loads such as centrifugal force acting
on the blade. Therefore, the blades usually experience large structural
deformations and this can result in fatigue or damage problems. It is
reported that the damage for an OWT, usually occurs at the tower, the
rotor, and the blade regions (Ciang et al., 2008), and it may be necessary
to replace the blades (Swartz et al., 2010). If the blades cannot be kept in
service, the OWT will suffer a long period of downtime and then
financial losses (Antoniadou et al., 2015). Additionally, the OWTs are
usually located away from the shore and blades are much higher than
the water surface, which means that they are not easy to access. It is very
difficult to perform the inspection and maintenance of the blade.
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Lacking the lifting equipment will also make the situation more severe.
In order to reduce downtime and enhance the performance of the OWT,
it is quite necessary to apply the structure health monitoring (SHM)
system to the blade to monitor the safety condition of the blade.

The process of SHM can be simply summarized as first collecting the
data from the relevant structure and then transmitting the information
to the SHM system (Hsu et al., 2014). After analyzing the collected data,
the health condition of the structure can be obtained. The basic re-
quirements for the SHM system are, on one hand, to provide reliable and
robust information concerning the structural condition, and on the other
hand, the process should be fast enough for real-time monitoring. With
the help of the SHM system, the OWT not only can be safer and more
profitable by reducing the possibility of sudden breakdown and then the
cost of maintenance but also beneficial for future design and develop-
ment (Hsu et al., 2014; Yang et al., 2014). For the blade of OWTs, there
are mainly three kinds of SHM methods widely used which are the
acoustic emission (AE) method, vibration-based method, and
strain-based method. According to Schubel et al. (2013), the most
promising methods for continuous offshore monitoring would be AE and
strain-based methods. However, the AE method is confined to the field
of damage detection. For the strain-based method, Fibre Bragg Grating
(FBG) technology is considered one of the key sensing technologies.

FBG technology has been developed since the 1990s and it achieves
data acquisition by broadband lights (Ciang et al., 2008). These lights
have their wavelength and their frequency change along with the
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(b)

Fig. 1. (a) iQS4 element with the local coordinate system (LCS) (x,y,2) at the central plane and global coordinate system (GCS) (X, Y, Z) of the structure (b) the total 6

DOFs (U,V,W, 0y, 0y, 0;) of iQS4 element in its LCS (Kefal et al., 2016).

collected data and by separating the frequency interval, the strain data
which contains the real-time information of the structure can be ob-
tained (Joosse et al., 2002). With respect to conventional strain gauges,
FBG sensors have plenty of advantages. First of all, they have lower
weights and smaller sizes. Then, they are suitable for long-distance
signal transmission with less loss. Last but not least, they are less
affected by harsh environments (Ciang et al., 2008; Joosse et al., 2002;
Arsenault et al., 2013). For the SHM of the blade of OWTs, two main
features should be highlighted. On one hand, one FBG cable can contain
multiple sensors and the number of sensors can reach 100. On the other
hand, due to their small size, FBG sensors can be installed inside the
composite materials without influencing the properties (Ciang et al.,
2008; Joosse et al., 2002; Arsenault et al., 2013). The SHM system will
benefit from these two characteristics and they will reduce the required
number of sensors and make the whole system more cost-effective.
Currently, FBG sensors have already been used for the structural
monitoring of blades. Arsenault et al. (2013) focused on the distribution
of the sensors on the blade and they tested their arrangement of sensor
placement under various static and dynamic loading conditions. No
matter the static case or the dynamic cases, their results matched well
with the reference. Kim et al. (2013) used FBG sensors to monitor the
deflections of the blade. The FBG sensors were embedded in the com-
posite materials located in the zones between the web and the cap. The
high accuracy of this type of distribution was verified through experi-
mental procedure after comparisons against the results from electrical
strain gauges (ESGs) and theoretical FEM analysis. Damage estimation
by FBG sensors was also explored by Tian et al. and they gave their
attention to a 13.2 m blade under static loads. By combing the
Chi-Square distribution (CSD) theory and the feature information fusion
(FIF) theory, the location of the damage can be detected (Tian et al.,
2015).

Apart from sensing technology, interpretation methodology would
be another critical aspect of SHM systems (Joosse et al., 2002). In order
to perform the three-dimensional displacement monitoring (shape
sensing) of a blade in real-time, iFEM can be a suitable alternative. iFEM
was developed by Tessler and Spanger in 2003 (Tessler and Spangler,
2003). After about two decades of development, nowadays, there are a
variety of elements have been developed including beam (Gherlone
etal., 2012, 2014), shell (Tessler and Spangler, 2004; Kefal et al., 2016),
and solid elements (Fachinotti et al., 2008, 2015). For the application of
iFEM to the blade, Albanesi et al. (2017) used a kind of shell element
that is degenerated from a three-dimensional solid element to perform
the iFEM analysis of a 440 kW wind turbine. The thick composite blade
structure is successfully modeled by their elements and the blade is
analyzed under both aerodynamic and inertial loadings. Nevertheless,
they just focused on using the iFEM method to improve the performance

of the orthotropic composite materials (Albanesi et al., 2017, 2018), and
SHM is not mentioned in their research for the selection of the sensor
locations for the practical application of iFEM to the blade. Kefal et al.
(Cerracchio et al., 2015; Kefal et al., 2017) generated a three-node in-
verse element, i3-RZT, for sandwich plates based on the Refined Zigzag
Theory (RZT). The accuracy of this element was verified through two
examples. Furthermore, Kefal and Yildiz (2017) then applied this
element to a wing-shaped structure and three loading conditions
(bending, torsion, and membrane) were considered. The practical dis-
tribution of sensors was explored and it was concluded that, even with a
small number of sparsely distributed FBG sensors, the deformation
condition of the wing can be monitored.

For this study, attention will be given to the iFEM analysis of the
NREL 5 MW turbine blade using the iQS4 element (Kefal et al., 2016).
iQS4 element is a quadrilateral element and compared to other types of
shell elements (including i3-RZT), it is simpler to be used. Quadrilateral
elements have the advantage of being highly accurate. iQS4 has been
used in the marine and offshore fields successfully and its robustness and
accuracy have been demonstrated (Kefal and Oterkus, 2016a, 2016b;
Kefal etal., 2018; Liet al., 2019). Moreover, the iQS4 element has shown
the potential for damage/crack detection on the basis of recent research
studies (Colombo et al., 2019; Li et al., 2020) and it will make iQS4
elements more suitable for the monitoring of the blade. In addition, the
iQS4 element can be used for the majority of offshore installations, so
applying it to the blade will contribute to generating a SHM system for
the whole OWTs. In this study, only shape sensing of the SHM process is
considered which is a critical component of the SHM process. This paper
will be divided into the following parts: the basic theory and funda-
mental equations of the iFEM/iQS4 element will briefly be introduced in
Section 2. Then, Section 3 will present the numerical analysis. Three
different types of forces will be taken into consideration and three
groups of analysis will be performed after the model generation and
force calculation steps. The first analysis is given in Section 3.3 to
determine the reasonable mesh size for the iFEM model. Then the
analysis for both static (Section 3.4) and dynamic (Section 3.5) cases will
be performed and the effects of various wind velocities will be explored.
Finally, a summarized conclusion will be given. To the best of the au-
thors” knowledge, it is the first time to use the iQS4 element to perform
shape sensing of the composite blade of the OWT under practical loading
conditions.

2. Formulation of iQS4 element
2.1. iFEM methodology

iFEM formulation is mainly based on defining a function represent-
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Fig. 2. Strain data collection for iQS4 element from both surfaces of the structure.

ing the difference between measured and numerical strain values which
can be written as:

P () =wnlle(u) = e[| +wp|[k(u) = K[| + wslly (u) = 77| (€3]

where e(u?), k(u®), and y(u®) are the vectors containing the numerical
membrane, bending, and transverse shear strains, respectively, whereas
e*, k*, and y* are the corresponding measured values. wy, wp, and w; are
the weighting constants for the membrane, bending, and transverse
shear behaviors. In general, if the strain data is available, the values of
these three constants are specified as 1. In contrast, if the experimental
strains are not provided for the iFEM elements, a small number (10~4) is
recommended as the weighting constant for these elements. By doing so,
the continuity of the analysis can be ensured. The selection of the
weighting constants can be flexible and they can be decided based on the
real condition of the application.

iFEM is aiming to minimize the differences between the experi-
mental strains and numerical strains. Therefore, the functional ¢, (u®) is
differentiated against the nodal displacement as:
Op,(u°)

= 0 (2a)

and finally, the following equation can be obtained:
Ku® =F¢ (2b)

where k¢ is made of shape functions and it will be constant unless the
boundary conditions change during the analysis. It means that during
the whole iFEM process, no matter how the loading conditions vary,
only the input matrix F¢, formed by strain measurements, is going to be
updated, which allows the analysis to be performed in real-time.

2.2. 1QS4 element

iQS4 element is a 4-node quadrilateral shell element (Fig. 1) with a
thickness of 2h. “z = + h” represents the top surface of the iQS4 element
and “z = — h” represents the bottom surface. For each node of the iQS4
element, there are 6 degrees of freedom (DOFs) (U, V, W, 6y, 6,, 6,), i.e.
there are 24 DOFs for each iQS4 element in total. Compared with other
types of iFEM shell elements, the iQS4 element takes the drilling rotation
into consideration and this contributes to the avoidance of the shear-
locking phenomenon (Kefal et al., 2016). The relationship between the
components of the strain matrix and the nodal displacements can be
linked by shape functions Bn, By, and B; which are a combination of
linear/quadratic shape functions describing the membrane, bending,
and transverse shear behaviors, respectively. The detailed expressions of
these shape functions can be found in (Kefal et al., 2016; Kefal, 2017).
Then, the numerical strains of each element can be obtained by
considering the first-order shear deformation theory (FSDT) as:

e

Exx
&y o =e(u’) +zk(u®) = B,u° + zByu’ (3a)
}/xy
2

{ } =7(u) =By (3b)
Yye

2.3. Strain data collection

For the application of iFEM, the sensors are installed on both surfaces
of the shell structure (Fig. 2) and the sensors collect the required strain
data from the top “+ ” and bottom “ — ” surfaces. After obtaining the
experimental strain data, the in situ membrane strains and in situ
bending curvatures can be calculated on the basis of the following
equations:

i + -
e ={ e p =={ & +¢&, p (i=1..n) (4a)
e Ty 7
Y € — &y x
k=X k T e —¢e, o (i=1..n) (4b)
ks =7y

where n represents the number of sensors. The transverse shear strains
cannot be obtained from the experimental measurements. However, for
most marine and offshore applications, the structures can be treated as
“thinshell” and the plane-stress condition can be utilized. Therefore, the
transverse shear strains can be neglected and there will be no impact on
the iFEM analysis. In this study, FEM is utilized to generate “synthetic”
strain data to be used as input for iFEM analysis. FEM analysis can also
play an important role in determining the critical regions of the struc-
ture, which can guide the selection of the sensor locations.

2.4. Post-processing for iFEM analysis

After performing the iFEM analysis, the full-field deformations of the
structure can be calculated. By utilizing displacements and rotations,
strain and stress distributions can be obtained.

3. Numerical results
3.1. Model generation

In order to generate the model of the blades of offshore wind tur-
bines, the typical and widely used NREL 5 MW offshore wind turbine
was selected. It has 3 blades with a diameter of 123 m and these blades
are installed to a hub, which is located 90 m above the water surface,
and its diameter is 3 m. The pre-cone angle (6.) is 2.5°. However, in
order to simplify the problem, the tilt angle was ignored. Additional
information about this offshore wind turbine can be found in (Jonkman
etal., 2009). An open-access software- NuMAD was utilized to create the
model of a single blade. NuMAD was developed by Sandia National
Laboratories and it was specifically created to reduce the difficulties of
three-dimensional blade model generation (Berg and Resor, 2012). The
accuracy of this software has been proved and it has been widely used
for FEM analysis of blades (Berg and Resor, 2012; Resor, 2013; Zhang
et al., 2018; Yang and Baeder, 2016; Fernandez et al., 2018). For the
current analysis, due to the fact that NuMAD can generate some input
files which can be used by ANSYS software directly, ANSYS was used for
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Table 1
The parameters of the blade.

Section Blade Span Twist Angle Chord Length Airfoil

Number (m) (deg) (m) Table

1 0.00E+00 1.33E4+01 3.3860E+00 Cylinder 1

2 1.37E+00 1.33E+01 3.3860E+00

3 4.10E+00 1.33E+01 3.8540E+00

4 6.83E+00 1.33E4+01 4.1670E+00 Cylinder 2

5 1.03E+01 1.33E+01 4.5570E+00 DU99-W-
405

6 1.44E+01 1.15E401 4.6520E+00 DU99-W-

7 1.85E+01 1.02E+01 4.4580E+00 350

8 2.26E+01 9.01E+00 4.2490E-+00 DU97-W-
300

9 2.67E+01 7.80E+00 4.0070E-+00 DU91-

10 3.08E+01 6.54E+00 3.7480E+00 E—-250

11 3.49E+01 5.36E+00 3.5020E+00 DU93-W-

12 3.90E+01 4.19E+00 3.2560E+00 210

13 4.31E+01 3.13E+00 3.0100E+00 NACA-64-

14 4.72E+01 2.32E+00 2.7640E+00 618

15 5.13E+01 1.53E4+-00 2.5180E+00

16 5.47E+01 8.63E-01 2.3130E+00

17 5.74E+01 3.70E-01 2.0860E-+00

18 6.01E+01 1.06E-01 1.4190E+00

19 6.15E+01 0.00E+00 1.0855E+00

Fig. 3. The geometry of the blade from NuMAD.

FEM analysis.

First of all, the blade is divided into 18 sections and 19 stations. For
each station, there is a chord length (c), a twist angle (6,), a blade span
(Lps), and an airfoil table specifically defined. Detailed data can be ob-
tained from (Jonkman et al., 2009; Berg and Resor, 2012). Different
from the original reports, several interp-sections were ignored to reduce
the complexity of the FEM model. The parameters of each station of the
blade are shown in Table 1.

The information about the airfoil tables is given in (Timmer and Van
Rooij, 2003; Schweigler, 2012). The initial pitch angle (6,) was defined
as 0° and when the wind speed exceeds the rated wind velocity, the pitch
angle is applied correspondingly.

After creating the stations, the material properties of each station
were specified by defining material division points. The blade consists of
six different types of materials, which are Gelcoat, E-LT-5500 (UD), SNL
(Triax), Saertex (DB), and Foam and Carbon (UD). Gelcoat and Foam can
be treated as isotropic materials and the remaining ones are regarded as
orthotropic materials. Material properties, including the composition of
these materials in each section, can be obtained from (Resor, 2013;
Griffith, 2013a, 2013b). Shear webs are significant and critical compo-
nents for the blades because they reinforce the strength of the whole
blade and make the blade more resistant to bending loadings. For this
particular type of blade, the webs are located from 1.3667 m spans to
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60.133 m spans and they are made from a combination of Saertex (DB)
and Foam. The geometry of the final model in NuMAD is given in Fig. 3.

3.2. Loading calculation

For the current analysis, three types of loadings were considered
including gravity, centrifugal force, and aerodynamic force. For gravity,
since the density of the material is defined during the process of model
generation, gravity can be applied as acceleration in ANSYS. The basic
information about the speeds of the wind and the rotor is given in
Table 2 (Jonkman et al., 2009).

The turbine is only in service when the wind velocity is between 3 m/
s and 25 m/s. Otherwise, the rotor will be transformed to be parallel to
the wind direction by the yaw control system. For the current analysis,
the wind velocity is chosen as 6 m/s and according to the diagrams of
Jonkman et al. (2009), the blade tip ratio is decided as 8. The expression
of the blade tip ratio is given as:

_ @R cos(6.)

V. (5)

Tt

where V,, is the wind velocity, w is the angular velocity of the blade, and
R is the length from the center of the rotor to the tip of the blade.

By using Eq. (6), the angular velocity of the blade can be determined
as 7.28 rpm. The centrifugal force can also be applied in the format of
acceleration:

a. = o*r 6)

where r is the distance from the middle of each section to the center of
the rotor.

For the aerodynamic force, the blade element momentum theory
(BEMT) was utilized. Although CFD simulation can usually perform
more accurate aerodynamic analysis for the blades, CFD is very complex
and time-consuming. Moreover, BEMT has been used and is still un-
derutilization for the aerodynamic force calculation of blades (Zhang,
2018; Jureczko et al., 2005; Wen et al., 2017; Wang et al., 2014; Dai
etal., 2011; Bavanish and Thyagarajan, 2013). For engineering analysis,
BEMT is one of the simplest and most effective ways for wind force
calculation (Zhang, 2018). The process of the BEMT application can be
simplified as the following steps (Zhang, 2018).

1. Set the initial values of the axial and tangential induction factors (i,
and i;) to 0;
2. The flow angle 6; can be calculated by the following equation:
1—i,)V,
0 —tan~! (L= )V
= (5 ) @

i,)or

3. By subtracting the twist angle (¢,) and pitch angle (6,, currently
equals 0), the attacking angle (6,) can be obtained:

0,=0,—6,—-0, (€)]

4. With the help of the attacking angle, the coefficients for lift force (Cp),
drag force (Cy), and pitching moment (C,,;) can be obtained from the
available data table (Zhang, 2018).

5. The method of Shen et al. (2005) for the tip and hub loss factors
calculation is chosen here because they are more reliable after
considering the experimental data.

g= e 0125WNm=21) 4 1 9)

where Nj, is the number of blades, N, = 3.
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The tip and hub loss factor can be calculated by the functions given
below:

5 LS
,ﬁip = ;c0571 (e x Si"(gf)> (10a)

2 — B(r=rhup)
Suw= ,—rcos‘1 (e b ”‘"("f)> (10b)
The final total loss correction factor can be computed by multiplying
Sie = fiipfuv an

6. A pair of new induction factors can be calculated by the following

expressions:

/= ! (12a)
La 4fic sin® (¢r) 1

s cosz(ﬂc)(C, cos(«‘]f)+Cd sin(ﬂf))
/= ! (12b)
b= 4fic sin(6y )cos(6) _1

Ty cosz(G()(C, sin(B,)fcd cos(B,))
where r; is the solidity ratio and it is defined as ry; = %{‘Qﬂ).

7. Comparing the new induction factors against the previous values, if
the percentages of the differences are within 1%, the process will be
completed. Otherwise, the process will return to the first step and the
induction factors will be set as the average values of the newly
calculated and previous induction factors. Repeat the whole process
until the values are under the tolerance value.

8. Afterward, the relative wind velocity can be computed by the com-
bination of the wind velocity and angular rotation speed as:

Ve = (Va1 = i)cos(0.))” + (@r(1 + i,)cos(6.))? a3
9. The lift force (F;), drag force (F;), and pitching moment (M,) for (b)

each section can be obtained based on the equations below:
Fi= %pa,.,cvf Cid, (14a)

1 2
Fa=3p,cV; Cady (14b)

1 2v2
My =50, V; Cud; (140)

where p,; is the density of the air and 1.225 kg/m? is used and d, is the
length of each section.

By disassembling and reassembling these forces to the global coor-
dinate system, the forces acting in the tangential and axial directions
will be:

F.=—F, sin(ﬁf) + Fy cos(ﬂf) (15a)
F,=F, cos (ef) + F,; sin (Hf) (15b)
M=M, (15¢) (©)

In order to check the accuracy of the force calculation, the total
thrust force and torque are also calculated under the rated wind velocity
condition by:

Fig. 4. The mesh for FEM (a), iFEM-972 (b), and iFEM-2070 (c) models.

T= ;%thai,Vf (C, cos (Gf) + Cy sin (Qf))cd, cos(6,) (16a)
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Table 2
The velocities of wind and rotor.

Wind Speed (m/s) Rotor Speed (rpm)

Cut-In 3 6.9
Rated 11.4 121
Cut-Out 25
Table 3
Comparison of results of FEM and iFEM analyses.
Cases UT (m) T (rad)
FEM (a) 2.596E+00 2.058E-01
iFEM-972 (b) 2.240E+00 2.757E-01
iFEM-2070 (c) 2.494E+00 1.976E-01
Differences between a & b 13.73% 33.95%
Differences between a & ¢ 3.93% 3.98%
n
1 2 . 2
Q=" 5NV} (Cisin(6f) — Cy cos(6y))eds cos(6,) (16b)
i—1

where n is the number of the sections. The calculated thrust force and
torque are 734.91 kN and 4.33 MNm which are in the same range as the
reference (Zhang, 2018). So, the process of force calculation can be
verified.

By utilizing the same approach, the aerodynamic force when the
wind velocity is 11.4 m/s can be calculated. For simplification of the
FEM analysis, the tangential force is applied at the leading edge of each
section (Yang and Baeder, 2016). However, the axial force and pitching
moment were evenly applied to the nodes at the joint of the webs and
bottom surface (Yang and Baeder, 2016). For the current analysis, the
case that the blade is located horizontally and has a tendency of moving
upward was selected. The root boundary of the blade was entirely fixed
as the boundary condition. After applying the force to the FEM model,
the reference results and strain data can be obtained for the following
iFEM analysis.

3.3. Mesh generation and sensor selection

The model generated in NuMAD was exported for ANSYS. To avoid
triangular elements, the model was re-meshed again with quadrilateral
elements and finally, there are 18630 elements and 18457 nodes.
Furthermore, an additional node was defined by using the Mass21
element type at the 61.5 m blade span together and making a rigid re-
gion to replace the closed-shell structure at the tip of the blade. The
mesh of the FEM model is shown in Fig. 4(a) and for the whole analysis
in this study the mesh for the FEM model will be kept unchanged to
provide the reference solutions. It should be highlighted that the mesh
size of the iFEM model will also have an impact on the results. For the
general iFEM analysis, the iFEM element can be coarser and larger than
the FEM element. The strain provider needs to be selected by the relative
location of the element and usually, the central one would be a
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reasonable choice. Otherwise, the sensor selection procedure will
become complex and the accuracy of the analysis will also be reduced.
At the same time, another aspect that needs to be considered for the
iFEM model is to control the number of the iFEM elements and by doing
so it can make a contribution to reduce the required number of sensors.
This is always one of the major tasks of the iFEM analysis, i.e., the mesh
size of the iFEM model should be relatively small to reduce the number
of sensors.

For this study, the blade was modeled with a much coarser mesh and
after balancing the requirements of fulfilling the completeness of the
blade and reducing the number of the sensors, the number of elements
becomes 2070 (see Fig. 4(c)). As shown in Table 2 and 3, 2070 element
iFEM case provides more accurate results with respect to a coarser iFEM
case with 972 elements (see Fig. 4(b)) when the blade is working under
the rated wind velocity. The error is less than 4% for both displacement
and rotation for the iFEM case with 2070 elements. Due to the fact that
2070 mesh size is more accurate, hence, it will be utilized during the
following static and dynamic analyses as the full-sensor condition.

By logical selection of the FEM elements based on their relative po-
sitions, each iFEM element has a specific FEM element to offer the strain
data for full-sensor conditions. Moreover, attention was also given to the
reduction of the required number of sensors. For a blade, the root and tip
are usually important regions. Additionally, there are some sharp
changes in the zones between different airfoil shapes, especially be-
tween the circular station and the DU99-W-405 airfoil station. There-
fore, sensors were placed at the back of this region to monitor large
rotations of the blade. Since the length of the blade is much larger than
the size of the cross-section, the top and bottom surfaces experience
similar deformations, so the majority of the remaining sensors were
installed only on the top surface. A line of sensors in the longitudinal
span direction was chosen to keep the continuity of the analysis and a
shorter line of sensors at the back surface of the blade was preferred.
This can help to improve the monitoring of the condition of the leading
edge around the tip region. Moreover, this will also strengthen the
monitoring of the extreme flap-wise displacements which are usually the
most severe deformations suffered by the blades. After testing the ac-
curacy of different distributions of these sensors, 147 sensor locations
were selected and the locations of these sensors are shown in Fig. 5.

Therefore, during the iFEM analysis, only 147 locations were
installed with sensors for the reduced-sensor condition, i.e. only 147
iFEM elements can obtain the input strain data. With the help of FBG
technology, the sensors can be installed with only 6 x 2 cables. By
analyzing the frequency interval, the strain data can be separated into
normal and in-plane shear strains, and then they can be inputted into
iFEM analysis.

3.4. Results for static condition

For the deformation of a blade, the flap-wise displacements are al-
ways more severe than the others. In the current coordinate system, the
displacements in the y-direction are the dominant ones and according to
the FEM results, they would be around 10 times larger than the U and W

.

Fig. 5. The selected sensor locations for iFEM analysis.



M. Lietal

Table 4

The results of FEM and iFEM analysis.
Cases UT (m) T (rad)
FEM (a) 2.596E+00 2.058E-01
iFEM (b) 2.494E+00 1.976E-01
iFEM-147 (c) 2.563E+00 2.220E-01
Differences between a & b 3.93% 3.98%
Differences between a & ¢ 1.27% 7.87%

(a) FEM

(b) iFEM

(c) iFEM-147

Fig. 6. The plots of the total displacements (m).

.596E+000
.308E+000
-019E+000
.731E+000

~771E-001
{000E+000

.563E+000
.279E+000
.994E+000
.709E+000
.424E+000
.139E+000
.544E-001
.696E-001
.848E-001
.000E+000

OGO NN

Ocean Engineering 273 (2023) 114036

.058E-001
.829E-001
.600E-001
.372E-001
.143E-001
.145E-002
.859E-002
.573E-002
.286E-002
.000E+000

CNBEOAVRRREFN

(a) FEM

.976E-001
.757E-001
.537E-001
.318E-001
.098E-001
.784E-002
.588E-002
.392E-002
.196E-002
.000E+000

ONB RO

(b) iFEM

.220E-001
.973E-001
.726E-001
.480E-001
.233E-001
.865E-002
.399E-002
.932E-002
.466E-002
.000E+000

L
OB JORRREEN

(c) iIFEM-147

Fig. 7. The plots of the total rotations (rad).

displacements. In order to clearly and concisely represent the displace-
ment field, total displacements are selected. For the full-sensor condi-
tion, the maximum total displacements are estimated as 2.494 m and
which is about 3.93% less than the reference result (2.596 m). But for
the reduced sensor condition, the estimation of the extreme total dis-
placements is improved and it is only about 1.27% over the reference
value. On the other hand, as can be seen in Table 4, the iFEM with
reduced sensors becomes less accurate than the full-sensor iFEM when
evaluating the total rotations. iFEM with full sensors can obtain a
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Fig. 8. Wind speed for 10 min (a) and selected 20 s (b).

maximum total rotation of 0.1976 rad which is just about 4% less than
the reference value. Moreover, iFEM with reduced sensors obtain a value
of 0.2220 rad as the extreme total rotations and it is approximately 8%
higher than the FEM result. The reasons causing the relatively high
percentage are, on the one hand, reducing the number of sensors will
negatively influence the accuracy. On the other hand, usually, the
maximum value of the total rotations concentrates in a limited region.

The variation of the total displacements and total rotations are also
given to enhance the explanation of the results of iFEM (Figs. 6 and 7).
For the total displacements, it can be seen that for all three plots, the
displacements are smoothly distributed along the span of the blade. The
differences between these three plots are indistinguishable which proves
that the iFEM results no matter with full sensors or reduced sensors are
in good agreement with the reference FEM results. In terms of total ro-
tations, the maximum value concentrates on the transition region of the
blade and this feature can be accurately captured by iFEM with full
sensors. However, with the reduction of the sensors, there will not be
any sensors placed in the region that contains the information on the
maximum total rotations. The value can only be approached by the iFEM
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Fig. 9. The results for the dynamic case, (a) total displacement and (b)
total rotation.

elements with sensors, near this region. So it is not surprising that the
maximum total rotation occurs in the iFEM elements with sensors,
which are located around the transition zone.

3.5. Results for the dynamic condition with various wind velocities

For the dynamic case, different wind speeds are taken into consid-
eration. The wind speed data is generated by Rayleigh Distribution,
which is a simplified format of Weibull Distribution, for 10 min (Fig. 8
(a)). For each second there is a specific wind speed, but only 20 s (red
region in Fig. 8(a) and shown in Fig. 8(b)) are selected for the analysis.
The wind force is calculated following the previously mentioned BEMT
method, and the gravity and centrifugal forces are still kept during the
analysis.

The dynamic analysis for both the full-sensor condition and reduced-
sensor condition is performed and the sensor locations are kept the same
as in the static case. The maximum total displacements and total rota-
tions are recorded for each time step and the results are plotted in Fig. 9.
In order to further illustrate the results, the percentages of the difference
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Fig. 10. The errors for the dynamic case, (a) total displacement and (b)
total rotation.

of the iFEM results against reference results are also provided (Fig. 10).
First of all, for the total displacements, the results from iFEM analysis for
20 s match well with the FEM results. Moreover, the figures of the errors
also support this observation. The percentages of the difference are all
less than 5%. For the full-sensor condition, the values range between
3.5% and 4%. For the iFEM with just 147 sensors, the accuracy becomes
even better with just around 1.5% differences. When it comes to rota-
tion, it becomes rather different. For full-sensor iFEM, the results are
slightly underestimated but the results are still with high accuracy with
errors of less than 5%. However, for the 147-sensors case, similar to the
static case, the values are stable at around 8%. The reasons are expected
the same as in the static case. Since the errors are less than 10% together
with the practical number of sensors, the results can be recognised as
reasonable. Finally, the aim of monitoring the composite blade is suc-
cessfully achieved.

Ocean Engineering 273 (2023) 114036

4. Conclusions

In this study, shape sensing of the blade of the NREL 5 MW offshore
wind turbine is demonstrated by using the iFEM method. The real
loading conditions are considered during both the static and dynamic
analyses. The analysis of FEM is used as a reference solution for the iFEM
analysis and it also provides the strain data for the iQS4 elements. After
comparing the results of iFEM with the FEM results, it can be concluded
that iFEM can obtain an accurate real-time 3-D displacement field for the
blade even with the suggested practical numbers of sensors, which is
only 147 x 2 sensors and can be replaced by 6 x 2 cables of FBG sensors.
It can also be concluded that the iQS4 element has the ability to monitor
offshore wind turbine blades.
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