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ABSTRACT

The current development of renewable energies has originated a number of new structural typologies that are the physical support of the energy production systems. Photovoltaic energy is a very mature source and it is obtained using rows of panels implemented in a longitudinal grillage. Many studies have been carried out in the past with an aim to improve the capacity to obtain electrical power, but another important issue is the need to guarantee the performance of these industrial facilities under the phenomena induced by the turbulent wind flow, taking into account the fact that they are usually built in wide open spaces. This paper describes an extensive research carried out on two configurations of solar trackers by experimental and computational methods. The former was composed of a number of tests of reduced models of segments of the solar trackers, which were carried out in an aerodynamic wind tunnel. The latter consisted of a series of structural analyses worked out through a finite element model of the full panel subjected to aerodynamic and aeroelastic loads. Several angles of attack of the wind flow and a wide range of wind speeds were included in the study. This approach allowed to clearly evaluate the structural and dynamic performance of both the configurations of solar trackers under the most important wind-induced phenomena such as vortex shedding, torsional divergence, and flutter. The paper relates the phases of the study and informs about the more relevant numerical results obtained in the experiments and the computer analysis. 
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1  INTRODUCTION

The phenomena that appear in a body immersed in a fluid and the interaction between elastic bodies and fluid flow are a relevant scientific part of fluid dynamics, and several books are devoted to describe such topics in full [1, 2]. They relate to how vortex shedding, torsional divergence, and flutter, among other wind-induced mechanisms, are generated and the forces and displacements created in the bodies. 

Aerospace engineering is the first field where aerodynamic and aeroelasticity disciplines are of great interest, given the need for guaranteeing the appropriate behavior of the vehicle under any circumstance and the convenience of elaborating designs that avoid aircraft instabilities or undesired responses. Thus, several studies on wind-induced phenomena such as flutter [3, 4], torsional divergence [5, 6], and vortex shedding [7, 8] can be found in the literature. 

Bridge engineering was also interested in aerodynamics due to the well-known collapse of the suspension Tacoma Narrows Bridge in 1940. This tragic event started a process of revi-sion of the procedures for long span bridge design and the strategies to be implemented for future structures [9]. Currently, long span cable-supported bridges, as suspension or cable stayed, are designed, taking into account a large number of aeroelastic considerations. 
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Both types of structures, aircrafts and long span bridges, have in common two important characteristics: the expensive budget required for their design and construction and the uncer-tainty in some aspects of the design, for instance, the values of the loads they have to undergo. 

Thus, it is not strange that more recently, studies considering random values of the loads and use of numerical optimization methodology have been carried out in these typologies [19–24]. 

The growth of renewable energy systems has generated new classes of constructions and, among them, farms of photovoltaic panels. There are several studies conducted with an aim to increase the efficiency of energy production of these facilities [25–27]; but in addition to that, a crucial issue of these constructions is their correct performance from the structural point of view. They are installed in open spaces in rural locations clearly exposed to wind flow, and therefore are prone to aerodynamic phenomena. 

In the most recent version, photovoltaic solar panels are designed as very slender structures with quite a long length and relevant flexibility [28], as they must be able to change the angle with regard to the horizontal plane. Companies of this industrial sector need to be sure of the performance of their products and, consequently, in addition to the usual structural analysis with static of dynamic loads, more sophisticated studies are convenient, and certainly, comprehensive studies with the objective of understanding the behavior of solar panels under aeroelastic phenomena are very beneficial. But this approach has been used quite recently only [29]. 

This paper presents a number of experimental and computational studies carried out in the University of Coruña with two configurations of solar panels with the same length but different width, and describes the outcome of the research. The experimental part consists of a series of tests carried out in the aerodynamic wind tunnel TUVA using reduced models of the solar panel with the objective of identifying a number of characteristics of the model, namely, the aerodynamic coefficients, the flutter derivatives, and the Strouhal number. 

The experiments also give important knowledge about the safety of the solar panel under the lock-in phenomenon. The computational calculations were made using a finite element model of the complete solar panel, and used the information obtained in the wind tunnel to carry out structural analysis to identify the performance of the structure under torsional divergence and flutter. 

The studies were conducted for an ample range of angle of attack of the flow and interval of wind speed. Thus, it can be considered that the aerodynamic properties of these constructions have been investigated in full. 

The following sections describe the geometry of the solar panels, the aerodynamic wind tunnel where the experiments took place, the characteristics and size of the reduced models, the setup of the tests, and the results obtained that include the findings of the behavior under vortex shedding. Then, the finite element models are presented and the formulation of the analysis to find out the performance of the solar panels under torsional divergence and multimodal flutter are related. The paper ends with some conclusions about the advantages of the classes of test and computer simulations carried out and the adequacy of the solar panels to undergo wind-induced phenomena. 

2  SOLAR TRACKERS’ DESCRIPTION

The two configurations of solar trackers studied in this research are fabricated by the Spanish company, STI Norland, and consist of a typical configuration of rows of 60 panels. From the 
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Figure 1: Geometrical definition of the solar trackers. 

Table 1: Geometric details of the solar tracker. 

Width

Height

Pitch

Working angle

Geometry

 B (m)

 H  (m)

 s (m)

 a

  (°)

 a

  (°)

 n

min

max

Configuration 1

2

1.2

5.5

−60

60

Configuration 2

4

2

7

−60

60

structural point of view, each panel is a rectangular frame that supports the solar cells and is connected to a longitudinal axis that allows the rotation about its direction. The axis is connected to the foundation by vertical struts at intervals of about 7.0 m. In the longitudinal direction, the panels have a length of 1.0 m and in the transverse direction, the length is 2.0 

m in a configuration and 4.0 m in the other one. The complete scheme is composed of two rows of panels that are linked by a mechanism that defines the inclination with regards to the horizontal plane, controlled by an actuator located in the central point of the longitudinal axis. Figure 1 shows the geometry of the panels and a computer render of the system. 

3  STRUCTURAL MODEL OF THE SOLAR TRACKERS

Software SAP2000 was used to define the structural models. The girder and the piers were modeled using bar elements, while the flat panels were modeled as shell elements as shown in Fig. 2. Both rows of the solar tracker have mechanical dampers situated in the second out-ermost piers acting in the torsional degree of freedom. Each model has 2846 nodes, 3325 bar elements, and 360 shell elements. 

Several angles of attack of the solar tracker were considered; therefore, a different structural model for each case was defined. Figures 3 and 4 show the models used for the different cases for each configuration. 
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 J. Quintela, et al., Int. J. Comp. Meth. and Exp. Meas., Vol. 8, No. 4 (2020) Figure 2:  Structural model of the solar trackers for configuration 1 (left) and configuration 2 

(right). 

Figure 3:  Structural models for negative angles of attack (−10°, −20°, −35°, −60°) and for positive angles of attack (+10°, +20°, +35°, +60°) for configuration 1. 

Figure 4:  Structural models for negative angles of attack (−10°, −20°, −35°, −60°) and for positive angles of attack (+10°, +20°, +35°, +60°) for configuration 2. 

Figure 5: First natural mode shape for each row of the solar tracker. 

The natural frequencies and the natural modes were obtained by a modal analysis and later verified with a testing campaign for such purpose over a real-scale tracker prototype. The first four natural modes obtained for every case were torsional, corresponding to the symmetrical and non-symmetrical modes for each row. Figure 5 shows the first mode for each row of the solar trackers. 

The first 10 natural frequencies normalized to the first frequency obtained in the modal analysis are shown in Tables 2 and 3. There are no big differences between the natural frequencies obtained for the different angles of attack. 

4  TUVA WIND TUNNEL

The wind tunnel has an open blowing configuration. It has one fan of Chicago Glower license with a maximum of 1450 rpm. It has a rectification piece to transform the circular section to a square section, a diffusor, two meshes, and a contraction element of 6 to 1 with a third-order 
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Table 2: Normalized natural frequencies of the first natural modes for configuration 1. 

Angles of attack

Frequencies

0°

10°

−10°

20°

−20°

35°

−35°

60°

−60°

ω1

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

ω2

1.03

1.03

1.03

1.03

1.03

1.03

1.03

1.04

1.06

ω3

1.04

1.03

1.03

1.03

1.03

1.03

1.03

1.04

1.06

ω4

1.04

1.03

1.03

1.03

1.03

1.03

1.03

1.04

1.06

ω5

2.03

2.02

2.02

2.02

2.02

2.02

2.03

2.05

2.07

ω6

2.04

2.03

2.03

2.02

2.03

2.03

2.03

2.05

2.07

ω7

2.04

2.06

2.07

2.14

2.14

2.23

2.23

2.24

2.26

ω8

2.01

2.07

2.07

2.14

2.15

2.23

2.24

2.24

2.26

ω9

2.53

2.52

2.52

2.52

2.52

2.53

2.53

2.56

2.59

ω10

2.54

2.53

2.53

2.53

2.53

2.53

2.54

2.57

2.60

Table 3: Normalized natural frequencies of the first natural modes for configuration 2. 

Angles of attack

Frequencies

0°

10°

−10°

20°

−20°

35°

−35°

60°

−60°

ω1

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

ω2

1.20

1.16

1.16

1.16

1.17

1.18

1.20

1.26

1.34

ω3

1.20

1.16

1.16

1.16

1.17

1.18

1.20

1.26

1.34

ω4

1.20

1.16

1.16

1.16

1.17

1.18

1.20

1.26

1.34

ω5

2.81

2.79

2.79

2.80

2.80

2.81

2.82

2.88

2.96

ω6

3.36

3.24

3.24

3.26

3.28

3.31

3.36

3.53

3.76

ω7

3.36

3.24

3.24

3.26

3.28

3.31

3.36

3.53

3.76

ω8

3.36

3.24

3.24

3.26

3.28

3.31

3.36

3.53

3.76

ω9

3.66

3.53

3.53

3.55

3.58

3.60

3.66

3.84

4.09

ω10

3.80

3.67

3.67

3.68

3.71

3.74

3.80

3.99

4.25

polynomial shape. This permits a 0.5% of turbulence level in the test chamber. The test chamber has 1 m2 of section, is 3 m long, and has a flexible support system of two slider frames in each side of the chamber. 

Each frame has a mechanism situated on each side of the chamber which facilitates the change of the angle of attack of the sectional model between −20° and 20°. The load cells are situated on these mechanisms, so it is easy to measure the aerodynamic forces as a function of the attack angle. Each lateral wall has a hole of length 2 m and height 0.2 m, which allows the model axis bar to extend beyond the chamber for supporting. The vertical dimension of the hole makes possible the displacement of the model during the aeroelastic tests to have several centimeters of magnitude. The hole can be covered with magnetic plates to leave free only the required space. Figure 6 shows a general view of the test chamber. 

[image: Image 6]

[image: Image 7]

392  

 J. Quintela, et al., Int. J. Comp. Meth. and Exp. Meas., Vol. 8, No. 4 (2020) Figure 6: Test chamber of TUVA wind tunnel. 

5  EXPERIMENTAL STUDIES OF THE SOLAR TRACKER IN THE  

TUVA WIND TUNNEL

The setup for the experimental studies in the TUVA wind tunnel requires rigid bars for the connection of the sectional models to the load cells. Aerodynamic tests were carried out with the sectional models fixed, while aeroelastic tests require the connection to the load cells with springs allowing displacements in three degrees of freedom. 

Wind tunnel control and instrumentation were made by software PCTUVI (Fig. 7). This software allows the calibration of the different parameters of the wind tunnel and the following:

1.  carrying out aerodynamic tests of sectional models, obtaining the time history of the forces and moment, and the value of the aerodynamic coefficients; 2.  carrying out aeroelastic tests with three degrees of freedom, giving the 18 flutter derivatives by numerical methods [30, 31]; and

3.  carrying out vortex shedding tests, giving the time history of the forces or accelerations and the range of the lock-in phenomenon. 

Figure 7: Software PCTUVI. 

[image: Image 8]

[image: Image 9]
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5.1  Identification of the aerodynamic coefficients

Aerodynamic coefficients can be obtained as a function of the angle of attack  α  from the aerodynamic forces of drag ( D), lift ( L), and moment ( M) expressed per unit of length as: D

 L

 M

 C ( a) =

, 

 C ( a) =

,  C ( a) =

 D

 L

 M

1

2

1

2

1

 U B

 U

 r B

 U 2

 r B 2

 r

(1)



2

2

2

where  ρ  is the density,  U is the mean wind velocity, and  B the sectional model width. After testing the models for different wind speeds, the aerodynamic tests were carried out with a wind speed of 9 m/s. Three different setups were considered to identify the aerodynamic coefficients. Firstly, only one panel of the solar tracker was tested; secondly, one panel was tested modeling the distance to the floor; and finally, two rows of panels with the floor modeled were tested. Results for the three cases are shown in Figs. 8 and 9. 

5.2  Identification of flutter derivatives

The flutter derivatives were obtained by free vibration aeroelastic tests [32, 33]. The setup for these tests was made by connecting the sectional models to the load cells with 12 

springs as shown in Fig. 10. 

Springs are characterized by their stiffness, length, and maximum load. The maximum load must be enough to guarantee the linearity of the forces measured. The length has to Figure 8: Aerodynamic coefficients for configuration 1. 

Figure 9: Aerodynamic coefficients for configuration 2. 

[image: Image 10]

[image: Image 11]
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allow the movement required for the space needed, and the stiffness has to be adequate to obtain the correct natural frequencies. These frequencies along with the wind speed  U and the sectional model width  B determine the rank of reduced velocities  U* defined in eqn (2), where it is possible to obtain the flutter derivatives. 

*

 U

 U = 2 p . 



 w

(2)

 B

Flutter derivatives were obtained for two different setups. Firstly, to acquire the flutter derivatives for the windward position (single), only one row of panels was tested. Secondly, two sectional models were situated in the test chamber; the windward model was fixed with-out displacements, while the leeward model was supported by springs and tested to obtain the flutter derivatives for the leeward position (wake). Figure 11 shows this last case. 

Figure 11: Wake setup of the solar tracker for configuration 1 (left) and configuration 2 (right). 

[image: Image 12]
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Figure 12:  Comparison of the values of the flutter derivatives used in code FLAS (blue), the values obtained in quasi-steady theory (red), and the thin plate (black). 

A post-processing of the values obtained in the wind tunnel was carried out to introduce the values of the flutter derivatives in code FLAS [34], reducing the number of points used to define the tendency of the curve. In addition, the flutter derivatives were calculated from the aerodynamic coefficients using quasi-steady theory [35]. Figure 12 shows a comparison between the values of the flutter derivatives used in FLAS, the values obtained by quasi-steady theory, and the theoretical values of a thin plate. Flutter derivatives  A *,  H *,  P * 

 i

 i

 i

( i = 1, … ,6) are presented in the columns. Thus, each row contains the values of one  A *,  H *, i

 i

 P * flutter derivative with  A *,  H *,  P * at the top and  A *,   H *,  P * at the bottom. 

 i

 1

 1

 1

 6

 6

 6
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5.3  Vortex shedding test

A bluff body immersed in a fluid alters the flow and generates a sequence of vortices that shed alternatively downwind the body; the frequency of these vortices is related to the wind speed U by eqn (3), where  S  is the Strouhal number and  D is a characteristic dimension of the body. 

 t

These vortices produce across wind forces, and consequently, body vibrations and wind displacement of a small value, but if the frequency of the vortices approaches a natural frequency of the body, the frequency of the vortex does not change even with increments in the wind speed. This phenomenon is known as lock-in. 

Figure 13 shows the behavior of the bluff body; the inclined line with slope  S /D represents t 

the situations when the vortex frequency varies linearly with the wind speed and the horizontal lines represent the lock-in events, the intervals of wind speed in which the vortex frequency does not change and maintains the value of a natural frequency y of the bluff body: fD

 S =

. 

 t



(3)



 U

The coupling of vortex frequency to the natural frequency of the body remains during a range of wind flow different in each body, and during this interval, the displacements are very relevant and may produce fatigue-related problems in the body. Therefore, evaluation of the Strouhal number and characterization of the wind speed  U that can produce the lock-in phenomenon are very important. In this research, the vortex shedding study was carried out on the solar tracker of the configuration 1. The reduced model of a segment of the solar tracker tested in TUVA had a geometric scale of 1/6.25, so it had the dimensions presented in Table 4 and was installed rigidly fixed to both sides of the test chamber. 

It is well known that the Strouhal number depends on the value of the Reynolds  R  number; e

so, the test needed to be carried out for a number of speeds of wind flow until the value of the Table 4: Dimensions of the reduced model. 

 B (m)

 D (m)

 W (m)

 S (m2)

0.32

0.030

1.00

0.32

[image: Image 14]
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Figure 14:  Evolution of the Strouhal number for  α = 4°, 10°, 20°, 30° (left) and relationship between vortex shedding frequency and wind flow speed (right). 

Table 5: Values of  S .  t

 α

4°

10°

20°

30°

 S

0.269

0.270

0.256

0.283

 t

 S  converged. Thus, a range of wind speeds  U (between 1 and 12 m/s) was applied at intervals t

of 1 m/s. The test was carried out for four inclinations of the reduced models, namely  α = 4°, 10°, 20°, 30°. The TUVA tunnel has cell loads that allow one to obtain the vertical force  L. 

The experiment started with the identification of the vertical force (lift) that is related to the aerodynamic coefficient  C  as explained in eqn (1). The test consisted of the following steps L

for each value of wind speed:

1.  recording of time history of the lift  L and thus  C  using eqn (1); L

2.  calculation of the power spectral density (PSD) of  C ; L

3.  filtering of the PSD to eliminate the natural frequencies of the model; and 4.  identification of the frequency that corresponds to the peak frequency of the PSD. 

Figure 14 shows the evolution in the range of wind speeds studied, and it can be observed that convergence appears for values higher than  U = 8 m/s. The Strouhal number of the panels for each inclination appears in Table 5. Once the Strouhal number  S  is t

obtained, it is possible to represent the relationship between the frequency of the vortex in the real panel and wind speed using eqn (3) because  S  has the same value in the model used t

in the test and in the real structure and it is presented in Fig. 14. The lock-in phenomenon can appear when the vortex shedding corresponds to one of the natural frequencies presented in Table 2. 

6  STUDY OF TORSIONAL DIVERGENCE

6.1  Description of the torsional divergence phenomenon Torsional divergence, sometimes entitled aerostatic stability, is a well-known aerodynamic effect produced by wind-induced loads that increase monotonically the torsional gyration and produce collapse of the structure. The phenomenon was studied for the first time in aircraft wings, and only the twisting moment generated by wind flow was included in the analysis. 

[image: Image 15]

[image: Image 16]
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More recently, this phenomenon was of interest in other slender structures such as long span bridges, and in this case, the three forces ( L, lift,  D, drag, and  M, moment) created by wind were included in the analysis and are expressed by eqn (1). Sign convention appears in Fig. 15. 

6.2  Torsional divergence study of the solar tracker The solar tracker of the configuration 1 fabricated by STI Norland was used in this study. The structural model appears in Fig. 16; it was created with bar elements and the longitudinal axis has 243 nodes. The wind forces used the values of the aerodynamic coefficients obtained in the wind tunnel test described previously. The aerodynamic forces acting in the nodes of the longitudinal axis compose the forces vector p. Recalling nodal decomposition methods of dynamic analysis, it is well known that the displacement vector u of a structure can be given as:

 n

u =

u . 

∑

(4)

 n



 n=1



where u is the total displacement and u  is the component of the  n-esime node that can be n

obtained [36] as:

Γ

u

 n

=

 f . 

 n

 n  (5)



 w 2 n

where  f  is the  n-th eigenvector,  w  is the  n-th natural frequency, and G  is as presented in eqn n

 n

 n

(6) when the eigenvectors are mass normalized:

 T



Γ =  f p. . 

 n

 n



(6)

Carrying out the proper algebraic substitutions, it turns out that: n

 T p

u = ∑  fn fn .  (7)

2



 n=1

 wn

The procedure to observe the behavior of the solar tracker is an iterative one that was carried out for four inclinations of the panel, namely, 4°, 10°, 20°, 30°. Wind speeds considered in the analysis were 15, 30, 45, and 55 m/s. The steps of the procedure are as follows: Figure 16: Structural model of the solar tracker. 

[image: Image 17]
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Figure 17: Values of torsional rotation along the panel for  α = 10°. 

1.  The forces corresponding to the initial inclination  a  are applied on each node. 

0

2.  A static structural analysis is carried out and the vector of displacement gives the angle a  at each node, that is,  a  =  a  +  a  ( i = 1, …,  N), with  a  being the rotation produced i

 i

0

1i

1i

by the forces at the  i-th node. 

3.  The new loads at each node corresponding to the inclination  a  are calculated and applied i

to the structural model. The outcome are the angles  a  and  a  =  a  +  a  ( i = 1, … ,  N). 

2i

 i

0

2i

4.  Steps 2 and 3 are carried out several times until obtaining the convergence of values  a   i ( i = 1, … ,  N) in two consecutive iterations. 

If convergence does not occur, it means the wind speed  U will produce torsional divergence in this panel. The panel used in the study behaved very properly for that range of speeds and no instability appeared. Figure 17 shows some information on rotations for an initial inclination of 10°. 

7  COMPUTATIONAL ANALYSIS OF FLUTTER

Flutter phenomena are analyzed considering the dynamic equilibrium equation considering self-excited forces that can be written as:

(8)



Mu + Cu + Ku = f . 

 a  

. 

.. 

where M, C,  and K are the mass, damping, and stiffness matrix, respectively, and u, u and u are the displacement, velocity, and acceleration vectors of the structure, respectively. In order to include the effect of mechanical dampers, a new mechanical damping matrix C  is defined. 

 m

  Fx 

  c

   u

 u

0 0

0

0

0



  F  

 







 y 

0  c

 v



 v

0

0

0

0  

  F 

 0

0  c

   w 



 z

 w

0

0

0

f = 

 = 

 

 = C u

 . 

 m,i



(9)

  M 

 0

0 0  c

  j

 x

 j x

0

0

 m i

 x 

  M 

 0

0 0

0  c

  j 





 y

 j y

0

 y





 







  M





0 0 0

0

0  c  



 j z 



 j

 z

 z

 i





where   cφ, the damper constant, is the relationship between the torsional moment and the angular velocity. Figure 18 shows a scheme of the damper. 

[image: Image 18]
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Knowing the damping constant and the distance  a from the damper to the axis of the solar tracker, the value of  cφ can be obtained from the nominal value of the damper  c  as: w

 w

 c

 M =  Fa =  c j =  c

⇒  F =  j w =  c w ⇒  c =  c a 2. 

 x

 j x

 j

 w

2

 j

 w



 a

 a

(10)

Introducing the new matrix C  in eqn (8), the system of equations governing the dynamic m

behaviour while withstanding forces of aeroelastic origin is obtained: Mu 

+ (C + C - C   ) u + (K - K  )u = 0. 

m

a

a

, (11)

where matrix C contains the classical structural damping ratio, matrix C  links the forces that m

the mechanical dampers apply with the velocities of the nodes where the forces act, and matrix C  represents the aeroelastic damping. Equation (11) can be solved as an eigenvalue a

problem. The solution is  ( i = 1, … , 2 m), where  α is related to structural damping and  β is the damping frequency. An iterative procedure is necessary to obtain the eigenvalues, and the critical flutter speed occurs when an eigenvalue with a real part null is found. 

Several analyses were conducted with different combinations of natural modes. The analyses were performed with a damping of 2% for the lateral modes ( ξ ), 3% for the vertical v

modes ( ξ ), and 10% for the torsional modes ( ξ ). These values of damping were verified w

 ϕ 

with a testing campaign for such purpose over a real-scale tracker prototype. Both configurations were analyzed for all the angles of attack considered and for the cases of activated and non-activated mechanical dampers. The damping constant of the mechanical dampers considered was 40 kN s/m. Results of the critical flutter speed obtained with software FLAS in all the analyses normalized to the critical flutter speed for 0° are shown in Table 6. 

In addition, the critical flutter speed of the configuration 1 was calculated using a different software called Dinasolar developed by STI Norland. Table 7 shows a comparison between the values obtained with both software programs normalized to the critical speed for 0°. 

8  CONCLUSIONS

This paper contains a comprehensive study, both experimental and computational, of two configurations of solar trackers composed of rows of 30 panels, which was aimed to verify their structural and dynamic behavior under a number of wind-induced phenomena, namely, vortex shedding, torsional divergence, and flutter. The experimental studies have been carried out using reduced models of the panels in a wind tunnel. 
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Table 6: Critical flutter speed normalized (m/s). 

Configuration 1

Configuration 2

 ξϕ  (%)

10

10

10

10

  

 ξ  (%)

3

3

3

3

 w

 ξ  (%)

2

2

2

2

 v

 c

(kN s/m)

0

40

0

40

dampers 

0°

1.0

1.0

1.0

1.0

10°

1.1

1.1

1.2

1.0

20°

10.7

14.6

7.5

8.1

35°

11.6

13.9

12.4

12.5

Angle of attack

60°

14.8

25.9

16.0

19.3

−10°

1.1

1.0

1.1

1.1

−20°

1.2

1.1

1.2

1.2

−35°

1.0

1.1

2.1

2.2

−60°

9.9

9.1

6.2

6.3

Table 7: Comparison of the critical flutter speed between software programs. 

Angle of attack

FLAS

Dinasolar

Variation (%)

0°

1.00

1.06

6.08

10°

1.11

1.09

−1.22

20°

10.70

10.00

−6.68

35°

11.58

11.89

2.68

60°

14.76

16.00

8.42

−10°

1.05

1.02

3.21

−20°

1.19

1.23

3.41

−35°

0.99

1.08

9.59

−60°

9.95

10.14

8.42

The tests with a reduced model rigidly fixed to the walls of the test chamber have allowed one to identify the Strouhal number,  S , and its dependence on the Reynolds number,  R . The t

 e

numerical results in the test with increasing values of  R  have shown a monotonic variation e

that is a symptom of absence of lock-in phenomenon for the range of wind speeds considered. 

Thus, it can be concluded that no incidence due to vortex-induced vibrations will appear in the solar trackers for the range of angle orientations and wind speeds considered in the study. 

The torsional divergence study started by identifying the aerodynamic coefficients and the forces generated by wind and continued by carrying out structural analysis using a finite element model of the full solar tracker subject to these loads. A wide range of angles of attack of the flow and values of wind speed were taken into account, and the results showed a 
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 J. Quintela, et al., Int. J. Comp. Meth. and Exp. Meas., Vol. 8, No. 4 (2020) complete stability of the design up to very high values of wind speed (55 m/s). Therefore, the solar trackers are not subjected to torsional divergence instability. 

The flutter study initiated with a complex experimental setup that allowed one to allocate simultaneously two reduced models of the panels in the test chamber in order to identify the complete set of the 18 flutter derivatives of the upwind and downwind models. After that, a computational study was carried out using a finite element model subjected to the aeroelastic forces that are functions of the flutter derivatives. Again, several values of the damping generated by the damper device located in the longitudinal axis of the solar tracker and a vast interval of the angle of attack of the wind flow were considered. The resultant nonlinear eigenvalue problem was solved using the code FLAS that provided the value of the flutter speed and the dependence of the inclination of the solar tracker for each case studied. A comparison of these results with those generated with software Dinasolar developed by STI Norland, showing differences less that 10%, is also presented. 
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EXPERIMENTAL AND COMPUTATIONAL STUDIES ON
THE PERFORMANCE OF SOLAR TRACKERS UNDER
VORTEX SHEDDING, TORSIONAL DIVERGENCE, AND
FLUTTER
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ABSTRACT

The current development of renewable energies has originated a number of new structural typologies
that are the physical support of the energy production systems. Photovoltaic energy is a very mature
source and it is obtained using rows of panels implemented in a longitudinal grillage. Many studies
have been carried out in the past with an aim to improve the capacity to obtain electrical power, but
another important issue is the need to guarantee the performance of these industrial facilities under the
phenomena induced by the turbulent wind flow, taking into account the fact that they are usually built
in wide open spaces. This paper describes an extensive research carried out on two configurations of
solar trackers by experimental and computational methods. The former was composed of a number of
tests of reduced models of segments of the solar trackers, which were carried out in an aerodynamic
wind tunnel. The latter consisted of a series of structural analyses worked out through a finite element
model of the full panel subjected to aerodynamic and aeroelastic loads. Several angles of attack of
the wind flow and a wide range of wind speeds were included in the study. This approach allowed to
clearly evaluate the structural and dynamic performance of both the configurations of solar trackers
under the most important wind-induced phenomena such as vortex shedding, torsional divergence, and
flutter. The paper relates the phases of the study and informs about the more relevant numerical results
obtained in the experiments and the computer analysis.

Keywords: aerodynamic and aeroelastic loads, finite elements models, flutter; photovoltaic energy,
solar trackers, structural analysis, torsional divergence, vortex shedding, wind tunnel test.

1 INTRODUCTION
The phenomena that appear in a body immersed in a fluid and the interaction between elastic
bodies and fluid flow are a relevant scientific part of fluid dynamics, and several books are
devoted to describe such topics in full [1, 2]. They relate to how vortex shedding, torsional
divergence, and flutter, among other wind-induced mechanisms, are generated and the forces
and displacements created in the bodies.

Aerospace engineering is the first field where aerodynamic and aeroelasticity disciplines
are of great interest, given the need for guaranteeing the appropriate behavior of the vehicle
under any circumstance and the convenience of elaborating designs that avoid aircraft insta-
bilities or undesired responses. Thus, several studies on wind-induced phenomena such as
flutter [3, 4], torsional divergence [5, 6], and vortex shedding [7, 8] can be found in the
literature.

Bridge engineering was also interested in aecrodynamics due to the well-known collapse of
the suspension Tacoma Narrows Bridge in 1940. This tragic event started a process of revi-
sion of the procedures for long span bridge design and the strategies to be implemented for
future structures [9]. Currently, long span cable-supported bridges, as suspension or cable
stayed, are designed, taking into account a large number of aeroelastic considerations.
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