20th IMEKO TC4 International Symposium and
18th International Workshop on ADC Modelling and Testing

Research on Electric and Electronic Measurement for the Economic Upturn

Benevento, Italy, September 15-17, 2014

Wind turbine vibration monitoring based on
finite-element (FE) simulation

Marcantonio Catelani!, Lorenzo Ciani!, Susanna Papini?, Andrea Rindi?

'DINFO, Dept.of Information Engineering, University of Florence, Via di Santa Marta 3, 50139,
Firenze, Italy; lorenzo.ciani@unifi.it
’DIEF, Dept. of Industrial Engineering, University of Florence, Via di Santa Marta 3, 50139,
Firenze, Italy; andrea.rindi @unifi.it

Abstract — The design of wind turbines evolved over
time, with the scope of becoming less expensive and
producing energy more efficiently. This paper deals
with a FEM model for the representation of vertical
axis wind turbine (VAWT) functioning for diagnostic
and monitoring studies, which can provide fundamen-
tal data that can optimize the design of the monitor-
ing system and an improvements in fault diagnosis re-
lated to vibration effects. In particular in this paper
will discuss a monodimensional VAWT model, in or-
der to reduce the computational time and, at the same,
by using low computational resources to analyze sev-
eral load cases. Growing usage of wind turbines has
made maintenance a priority, and diagnosing poten-
tial faults is crucial to maintaining the turbines desired
availability. The simulation data obtained by the pro-
posed approach allows to optimize condition monitor-
ing and fault diagnostic techniques by the analysis of
the wind turbine behavior before the real use on the
field with both time and costs reduction.

I. INTRODUCTION

In recent years there has been a pick up in H-type Dar-
rieus vertical axis wind turbine (VAWT) interest, espe-
cially for urban-scale applications. VAWTs have some ad-
vantages over horizontal axis machines (HAWT) like their
low visual impact and the lower noise production.

Actually the production of small wind turbine is just at
handmade level, and the materials most used are mainly
steel or aluminium alloys, [1] [2]. Therefore with the goal
to reduce the cost of the machines some firms decide to
industrialize the production using different materials (e.g.
plastic or light alloys). Using these materials the stress cal-
culation in different load cases become mandatory, because
of their tensile stress is very low. [3], [4].

In this article a monodimesional model is presented, in
order to reduce the computational time also with low com-
putational resources, for analyse many load cases. The mi-
croturbine was modelled with beam elements.

The 1D structural model is used to verify the dynamic
response of the wind turbine in real functioning condition
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with GAROS software for different study cases, and some
test indicated by the I EC'61400 — 2Standard, [5]. By
means of the proposed model it is possible to optimize the
condition monitoring and fault diagnostic techniques be-
fore the real use in the field[6]. Many operators employ
periodic inspections for condition assessment based on em-
pirical and subjective measures [7]. Such inspections are
generally expensive and often intrusive and require unde-
sired scheduled downtime [8], [9],[10]. Instead, the pro-
posed approach allows to obtain a cost reduction due to the
possibility to simulate ahead the VAWT functioning behav-
ior.

The paper is organized as follows: in Section II the wind
turbine FEM model is described and validated; in Section
IIT the aeroelastic analysis results are discussed in detail.
Finally, conclusions are presented in Section I'V.

II. TURBINE FEM MODEL

The test case is a 900 W turbine [11] which has three
twisted blades derived by a Darrieus vawt with a total
swept area of 2.1 m?, it is pictured in Figure 1. The maxi-
mum design wind speed is 15 m/s and rated at 415 rpm.

The blades of the turbine have a very curved geometry
especially on the bend, on blades’ surfaces there are several
stiffening ribs, moreover on the blades are screwed some
roofing that allow the blades to have airfoil sections. These
roofing are very thin and don’t give any more stiffening to
the blades.

Each blade is made up by two part, linked to the central
pole by means of two beams with C section on the top and
bottom; another beam is located in the middle of the blade
with rectangular section but with width not constant along
its axis.

Beam elements are selected for the model, as they are
one-dimensional elements with 6 dof for each node. So
this modelling plan allowes a short computing times [13],
[14].

For the definition of each element are necessary: the po-
sition of the nodes and the inertial property of each section.
The presence of the stiffening rib on the blades surfaces
and the airfoil for of each section cause the position of the
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shear centre out of the profile. Moreover the shear centres
are not aligned. So for each node it is necessary to calcu-
late an appropriate offset to locate the sections on the right
positions.

For the inertia property of the section it was necessary
to slice the blades and then calculate it for each section,
like: area, moment of inertia, centre of gravity, torsional
stiffness and shear centre.

In order to evaluate the performances of the model, the
static and dynamic results are compared with the ones ob-
tained by a model created with shell elements (more ac-
curate). For an initial stress comparison it is necessary
to insert the position of stress data recovery on the beam
property. These positions are selected like the most critical
stiffening ribs, trailing and leading edge of the blades. The
critical stiffening ribs are selected using the shell model.

Therefore it will be obvious that the preprocessing is
very long, because for each section it is necessary calcu-
late: the section inertia property, stress data recovery posi-
tions and the shear centre positions.

Finally also the roofings was modelled because they are
realized with the same materials of the blade, these com-
ponents are modelled like non structural masses.

So also if they don’t give any more stiffening at the
structure, they increase the centrifugal forces, moreover
the position of the roofings are quit far from the revolu-
tion axis, so their centrifugal force contributions are not
unimportant. So in the property of the beam element are
inserted the values of non structural masses calculated like
the ratio between total mass of the roofing and the length
of the blade.

All the connection with bolts on the turbine are mod-
elled with rigid elements, beeing the material used for the
blades is polypropylene and the one for the bolts is steel,
so there is a very height difference of stiffening. Therefore
modelling bolts with rigid elements don’t introduce signifi-
cant errors. Instead, the connection between the beams and
the central pole are modelled with beam element with the
steel property. On the turbine the connection are made by
bolts on flange all in steel. Using rigid elements give too
much stiffness to the structure. The Figure 2 report some
details of FEM model, respectively the whole turbine and
blade’s particular.

A. Model validation

Using beam elements for geometry so curved and not
linear could introduce errors in static and dynamic re-
sponse. So a static analysis under a centrifugal field is per-
formed on beam and shell models. The centrifugal field is
input by a rotary speed of 415 rpm. It was decided to com-
pare the trends and values of the stress, because the stress
is the main value for the determination of the failure.

In order to evaluate the quantitative static response too,
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Figure 1. An VAWT turbine.

b)

Figure 2. 1D FEM model of turbine and blade’s detail.

the nodes values in the same position for the shell and the
beam model.

The stress-strain results were compared calculating at
different spans the absolute VM-stress values and the per-
centage error between the models using following equa-
tion, where beam and shell subscript are referred to bi-
dimensional and mono-dimensional case respectively:

Og — 0
e — | shell beam| . 100 (1)
Oshell

The table 1 resumes the stress for these nodes and the

percent error. It can be noted that there is good agreement
between the calculated stress values for both FEM models,
with maximum calculated stresses of a maximum stress of
56.7 MPa for the beam model and 59.4 MPa for the shell
model, and also with a maximum error of less than 7% and
an average error in the order of 3%.
For structure which rotate it is very important its dynamic
response. So it was estimate the quality of the dynamic
results with modal analysis locking the bottom of the pole
on frequency 0+20 Hz range.

On the other hand quantitatively are calculated the per-
cent errors of the mode frequencies similarly at static vali-



Table 1. Static analysis comparison between 1D and 2D

Stresses.
ID node Beam stress Shell stress error
[MPa] [MPa] %
124 33.51 34.72 3.49
132 12.30 13.19 6.75
290 50.50 53.27 5.20
460 43.88 45.51 3.58
471 51.73 49.89 3.69
479 34.90 35.17 0.77
551 22.53 22.83 1.31
610 39.54 41.16 3.94
719 25.27 25.52 0.98
731 11.64 12.01 3.08

Table 2. Dynamic analysis comparison between 1D and

2D frequency.
Eigen mode Beam frequency Shell frequency error
[Hz] [Hz] %
1 7.95 7.85 1.27
2 15.1 13.9 8.63
4 15.7 16.1 2.48
5 22.8 23.2 1.72
7 254 25.7 1.17
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Figure 3. GAROS results: Campbell diagram without
aerodynamic forces.

pled rotor dynamic matrices, including the geometric stiff-
ness matrix. In the stability analysis, the quasi steady lin-
earized aerodynamic stiffness, damping and mass matrices
are considered.

The static deformation of the blades can be accounted

dation. The table 2 resumes the frequencies for each mode
and the percent errors. Also in this case the agreement be-
tween the FEM models is appreciable, the types of vibra-
tions mode are substantially the same. The first vibration
modes, i.e. the most critical ones, have an percent error lit-
tle bit higher than expectations, in particular the thirdone,
but the absolute error is only 2.2 Hz, which is definitely a
good result if one considers the approximation introduced
by the beam model.

After the results analysis it is possible to claim that the
behaviour of the models are the same. Indeed the trend of
displacement and stress are the same, the modes are the
same and the percent errors are very low (under 10%) for
both stress and frequencies values.

III. AEROELASTIC ANALYSIS RESULTS

The aeroelastic behavior was carried out with GAROS
software for different operating conditions according to
IEC 61400 — 2 [5]. GAROS is a program by AeroFEM
GmbH; it’s for the aeroelastic-and rotordynamic analysis
of wind turbines. Stability and dynamic response in time
domain analysis can be done. Both horizontal and vertical
axis turbines can be analysed. The program is based on
a modal coupling method of tower and rotor. The struc-
tures are idealised by finite monodimensional elements.
The subroutine for modal analysis contains the fully cou-

for in order to calculate the stability behavior at different
operating conditions. The GAROS software produces the
Campbell diagram for the structure behavior in function of
rotor velocity without and with aerodynamic forces. Fig-
ure 3 and Figure 4 show the Campbell diagrams without
and with aerodynamics loads respectively. It is possible
to note that the vibration modes are independent from the
rotational speed when w > 160 rpm. In case of mechani-
cal loads only, no instabilities are noticed in the operating
range of the turbine. The aeroaerodynamic loads condi-
tion the relationship between the vibrational modes and ro-
tor speed. In particular the aerodynamics make worse the
structure’s stability, as the natural frequencies are shifted
towards the excitations of the system. The absence of pre-
dicted instabilities of the system has been positive for the
structural integrity of the rotor, even if proper experimental
verifications are needed.

In addition to the stability analysis, dynamic response
analysis can also be investigated; to weigh the potential
offered by this new software and verify beam model the
response to a wind variation of turbine was estimated. The
model considered the structural response in term of dis-
placement of a node at middle-span of an half blade for a
ramp wind variation, it is shown in Figure 5. As predicted,
the displacements amplitude follow the wind speed be-
havior, due to the different intensity between aerodynamic
forces. In accordance with as required by the IEC 61400-2
Standard, the GAROS software [12]. was exploited to va-
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Figure 4. GAROS results: Campbell diagram with aerody-
namics.
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Figure 5. Nodal displacement of rotor due to a ramp wind.

lutate the response of the turbine to wind with a given tur-
bulence in terms of intensity and power spectrum [5]. In
Figure 6 is presented the oncoming wind and in Figure 7
is shown the turbine’s response. A strongly turbulent wind
has a notable impact on the structural behavior of a rotor
like the one investigated in this study, whose light material
induces notable deformations.

The proposed procedure can predict the turbine behavior
under the majority of load cases imposed by the standard
IEC. Even if the 1D model appears greater rigidity about
maximum values of strain, the obtained results are satis-
factory, the percentage error in 1D model are comparable
to 2D model. The powerful gain is that 1D model of the
rotor allowed reducing the total degrees of freedom of the
structure to 6084 from the original number of 751965 for
the 2D shell model.
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Figure 7. Nodal displacement of rotor due to a turbulent
wind.

IV. CONCLUSIONS

This paper reports a simplified model for the evaluation
of the structural response. In particular it was modelled a
small VAWT with beam elements. It allows to calculate
global stress of the structure and the deformed shape under
load cases. The results show that the main stress is caused
by the centrifugal forces generated by the rotation of the
machine; the aerodynamic forces give a second order con-
tribution. The 1D model was then set to fulfill the require-
ments of the GAROS software, which allows an aeroelastic
analysis of the Darrieus turbines. The software was tested
in some study cases, including some test indicated by the
IEC 61400-2 Standard, obtaining a very good agreement
with theoretical expectations.

The proposed modeling ensures a notable reduction of
the calculation resources in comparison to more sophisti-
cated techniques. This topic is becoming more and more



important as the number of installed turbines increases. So,
it represents an interesting tool for industrial manufactur-
ers who want to effectively design and verify their models.

Finally, the wind turbine simulation results allow to opti-
mize, in terms of time and costs, the condition monitoring
and fault diagnosis approach. In fact, by means of such
data a new maintenance strategy may be define with the
condition monitoring of critical components [15] that rep-
resents an important measure for predictive maintenance
and condition based maintenance of wind turbine opera-
tion. A future development of this study will be address
to compare the simulation results also with real measure-
ments. In this new step will be put in evidence the impact
of uncertainties in the proposed method.
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