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A B S T R A C T

In this paper the aerodynamic stability of a flat-plate solar tracker under two-dimensional conditions is studied
for different conditions of incident wind speed, 𝑈∞, nominal angle of attack, 𝛼𝑛 ∈ [−40◦, 40◦], and shaft
height - chord ratio 𝐻∕𝐵 = 0.3, 0.4, 0.5, 0.6, 1 and 2. The stability is studied through the analysis of the
aerodynamic derivatives 𝐴∗

2 and 𝐴∗
3 whose behaviours as a function of 𝑈∞ are presented for the 𝐻∕𝐵 range

studied. Two methods of obtaining the derivatives (one in the time domain and the other one in the frequency
domain) are presented. A method for calculating the effective damping coefficient of the solar tracker, 𝜉𝑒𝑓𝑓 ,
as a function of the incident wind speed, 𝑈∞, is presented. This method can be used for any solar tracker
structural characteristics (𝐽𝑚𝑒𝑐ℎ, 𝐶𝑚𝑒𝑐ℎ and 𝐾𝑚𝑒𝑐ℎ). With this method, the critical speed, 𝑈𝑐𝑟𝑖𝑡, can be determined
by imposing the condition 𝜉𝑒𝑓𝑓 = 0. The method was validated experimentally using the results of two different
experimental set-ups.
1. Introduction

Photovoltaic solar energy has become one of the most important
sources of renewable energy today. Although there are various tech-
nologies for harnessing solar energy, one of the most widespread and
efficient technologies for large-scale use is solar photovoltaic (PV)
tracking systems. The use of this technology has become widespread
in the solar industry in the form of plants or farms due to its ability
to maximize electricity production. Examples of these plants, which
consist of rows of single axis solar trackers oriented from north to
south and mounted with photovoltaic solar panels, are shown in the
photographs in Fig. 1. Photovoltaic panels, or solar panels, consist of
an array of photovoltaic cells that generate electricity, from the light
falling on them, by the photoelectric effect.

The solar panels are mounted on a structure that supports them and
forms a solar tracker or array, as shown schematically in Fig. 2(left).
The structure consists of a set of columns, a longitudinal axis or ‘torque
tube’ and straps to which the solar panels are attached. Typically, a
motor is installed in the centre of the row to drive the longitudinal axis,
the straps attached to it, and the solar panels mounted on the straps.
This mechanism orients the solar panels so that the solar radiation hits
them as perpendicularly as possible (at the local solar elevation angle),
as shown in Fig. 2(right). The swivel range is typically ±60◦, measured
from the zenith. Depending on the design, the length of the rows
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typically varies between 40 m and 60 m, with chords of approximately
2 m to 5 m.

To make the most of the energy, these plants are installed on large
areas of land, with installed capacities ranging from tens to hundreds of
megawatts. Because they require large areas of land, they are usually
located in very open areas and exposed to the wind. For this reason,
the effect of the wind is the most important factor to consider when
calculating and designing these structures.

Since the mid-2010s, the solar industry has grown significantly,
becoming more competitive and increasing the pressure to reduce the
cost of these plants. According to the International Renewable Energy
Agency (IRENA), the cost of the mechanical part of Photovoltaic Solar
tracker (PST) represents between 15% and 35% of the total cost of these
infrastructures (IRENA, 2022).

To reduce these costs, the PST industry has adapted its designs
to optimize the structures and mechanisms of PSTs and make them
more efficient overall. As a result, the overall stiffness of the PST
has been progressively reduced, resulting in lower eigenfrequencies. In
particular, the first eigenfrequencies in the torsional vibration mode
along the ‘‘torque tube’’ make solar trackers sensitive to aeroelastic
instabilities such as flutter and buffeting. Buffeting typically presents
as low amplitude, high frequency oscillations, but enough to cause
early fatigue in various elements of the solar tracker structure
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List of Symbols

Greek symbols

𝛼𝑛 Nominal angle of attack
𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛 Effective mean angle of attack
𝛥𝛼 Variation of the solar tracker angle of attack

around its effective mean angle
𝛥𝛼0 Initial displacement applied to the model

above its equilibrium position
𝛥𝛼𝑠 Static deflection
𝛥𝛼̈ Acceleration of the solar tracker in rotation
𝛥𝛼̇ Velocity of the solar tracker in rotation
𝜔 Angular velocity of the motion, 𝜔 = 2𝜋𝑓
𝜔′ Spectrum frequency domain, 𝜔 = 2𝜋𝑓
𝜔∗ Tentative angular velocity of the motion,

𝜔 = 2𝜋𝑓
𝜔𝑒𝑓𝑓
𝑛 Effective natural angular velocity

𝜔𝑚𝑒𝑐ℎ
𝑛 Structural angular velocity

𝜌 Air density
𝜎𝑅2 Coefficient of determination standard devi-

ation
𝜉 Damping coefficient
𝜉𝑒𝑓𝑓 Effective damping coefficient
𝜉𝑚𝑒𝑐ℎ Structural damping coefficient

Roman symbols

𝑎̄ Mean half-amplitude of a signal
𝐶̄ ( ) 𝐶̄ ( ) = 𝐶 ( )∕𝐽𝑚𝑒𝑐ℎ

𝐾̄ ( ) 𝐾̄ ( ) = 𝐶 ( )∕𝐽𝑚𝑒𝑐ℎ

𝑎0 Initial time of signal, 𝑎
𝐴∗
2 Aerodynamic derivative related to ‘‘aerody-

namic damping’’
𝐴∗
3 Aerodynamic derivative related to ‘‘aerody-

namic stiffness’’
𝐴𝑝 Polynomial constant
𝐵 Solar tracker chord
𝐵𝑝 Polynomial constant
𝐶𝑎𝑒𝑟𝑜 Aerodynamic damping
𝐶𝑒𝑓𝑓 Effective damping
𝐶𝑚𝑒𝑐ℎ Structural damping per unit length
𝐶𝑚 Coefficient of moment around the rotation

axis
𝐶𝑝 Polynomial constant
𝐶𝑚,𝛼 Slope of the static coefficient of moment

curve with 𝛥𝛼
𝐷𝑝 Polynomial constant
𝐸𝑝 Polynomial constant
𝑓 Frequency of the motion
𝑓 𝑒𝑓𝑓
𝑛 Structural natural frequency

𝐹𝑝 Polynomial constant
𝐻 Height of the solar tracker axis
𝐽 Number of measurements
𝑗 Time instant, 𝑗 ∈ [0, 𝐽 − 1]
𝐽𝑚𝑒𝑐ℎ Inertia per unit length
𝑘 Reduced frequency, 𝑘 = 𝜔𝐵∕𝑈∞
𝐾𝑎𝑒𝑟𝑜 Aerodynamic stiffness
𝐾𝑒𝑓𝑓 Effective stiffness
𝐾𝑚𝑒𝑐ℎ Structural stiffness per unit length
2

𝐿 Length of the solar tracker model
𝑀𝑠𝑒 Unsteady self-excited aerodynamic moment
𝑀𝑠 Steady aerodynamic moment
𝑛 Logarithmic decrement
𝑛𝑒𝑓𝑓 Effective logarithmic decrement
𝑛𝑚𝑒𝑐ℎ Structural logarithmic decrement
𝑃1 Minimum value of 𝐴∗

2
𝑃2 Reduced speed in which derivative 𝐴∗

2
reaches zero again

𝑅2 Coefficient of determination
𝑡 Time
𝑡𝑚 Measurement time
𝑈∞ Free stream velocity
𝑈𝑟 Reduced speed, 𝑈𝑟 =

(

2𝜋𝑈∞
)

∕ (𝜔𝐵) =
(

𝑈∞
)

∕ (𝑓𝐵)
𝑈𝑐𝑟𝑖𝑡 Critical speed
𝑈𝑟,𝑐𝑟𝑖𝑡 Critical reduced speed
𝑋𝜔′ Generic frequency domain discrete signal
𝑥𝑗 Generic time domain discrete signal

Acronyms

DFT Discrete Fourier Transform
FFT Fast Fourier Transform
MDF Middle Density Fibre
PST Photovoltaic Solar Tracker
PV Photovoltaic

(Simiu and Scanlan, 1996; Meseguer-Ruiz et al., 2013; Cárdenas-Rondón
et al., 2022; Taylor and Browne, 2020; Browne et al., 2020). Flutter
appears as high amplitude oscillations and frequencies close to the nat-
ural frequency of the structure. This instability can lead to catastrophic
structural failure in a short period of time, as shown in the photographs
in Fig. 3.

These instabilities can occur at relatively low wind speeds, even
lower than the extreme speeds considered in the quasi-static design of
structures. Therefore, the design of such structures is now determined
by the dynamic behaviour of the structure rather than the quasi-static
behaviour. This paper addresses the problem of flutter by presenting
a methodology to predict the critical speed at which this instability
occurs by determining the stability derivatives.

Observations made in the field, in wind tunnel tests and in numer-
ical simulations (Martínez-García et al., 2021; Cheruku, 2022; Rohr
et al., 2015) show that this instability is stall flutter. It is a phenomenon
that involves the partial or complete separation of the flow periodically
during oscillation. The essential characteristic of stall flutter is the non-
linear aerodynamic reaction to the motion of the structure. Therefore,
this instability must be explained in terms of the nonlinear aerodynamic
momentum (Cárdenas-Rondón et al., 2019; Li et al., 2016; Chen et al.,
2022; Sisto, 2015).

Since the public reports of the occurrence of this instability in pho-
tovoltaic solar trackers is relatively recent, there is not much scientific
literature that specifically addresses this problem. The first reference
found on this phenomenon is the work of Rohr et al. (2015), in which
a 2D analysis carried out with CFD is presented, coupled with a one-
degree-of-freedom torsional dynamics solver, and a wind tunnel test of
a reduced scale model. This study is carried out without considering
the effect of the ground. The authors conclude that this phenomenon
is caused by the coupling between the alternate release of vortices

between the upper surface and the lower surface of the tracker and
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Fig. 1. Single-axis photovoltaic solar tracker plants.
Fig. 2. Left: schematic of a solar tracker. Right: side view of a solar tracker.
the elasticity of the structure itself. They suggest that the right combi-
nation of stow positions, stiffness and damping policies can prevent the
occurrence of this instability.

Suarez et al. developed a study using large-eddy simulations with
the aim of explaining the mechanisms that govern the detachment of
vortices (Suárez et al., 2022). A steady state sectional analysis of a solar
tracker where the H/B ratio = 0.59; 0.67; 0.77 is presented; the angles
of attack varying between −60◦ and +60◦; and averaged and fluctuat-
ing load spectra are presented. From these spectra, the Strouhal number
is determined for the different cases analysed. Additional significant
studies regarding the wind effect on solar trackers in array conditions
can be found in the work by Reina and De Stefano (2017) for a static
case and in the work by Zhang et al. (2023b) for a sectional dynamic
case.

Wind tunnel tests were also used to study the aeroelastic behaviour
of a scale model of a complete tracker for different nominal angles
of attack and two different torsional stiffness values (Martínez-García
et al., 2021). They conclude that the observed phenomenon is a combi-
nation of torsional divergence and 1-degree-of-freedom flutter, which
occurs when the angle of attack reaches a certain critical value (stall
flutter). From the wind tunnel tests, they determined the stability curve
of the tracker (critical wind speed vs. nominal angle of attack). They
also studied how the angular moment of inertia and aspect ratio of the
solar tracker affects the stability of the trackers (Martínez-García et al.,
2021).

The current work has two objectives. First, to present a complete
explanation of this instability from the point of view of fluid–structure
interaction and how this interaction influences the dynamic response
3

of PSTs. Second, to present a methodology, as general as possible,
to determine the stability curve of any PST under two dimensional
conditions, considering all the parameters that influence it (geometry,
stiffness, inertia, nominal angle of attack, etc.).

To this end, a sectional model of the tracker with a torsional degree
of freedom along its longitudinal axis (‘‘torque tube’’) is considered. The
dynamics of the PST is studied considering both quasi-static loads and
dynamic loads due to wind. The latter are formulated in terms of linear
aerodynamic derivatives. To determine the aerodynamic derivatives,
an extensive wind tunnel campaign is carried out for different ratios
between the torque tube height and the PST chord.

In this work, linear aerodynamic derivatives are calculated, as is
well known, independent of oscillation amplitude. For this reason, the
theory of small perturbations is employed. As explained by Gao et al.
(2023, 2018), even though linear derivatives do not consider amplitude
dependence, they serve as an effective tool for critical point estimation.
Detailed experimental procedures for obtaining linear aerodynamic
derivatives, similar to those employed in this work, are exposed in stud-
ies conducted by Sarkar et al. (1994), Gu et al. (2001), and Ghowdhury
and Sarkar (2003). Therefore, it should be noted that the procedure
described in this work is valid for determining the critical velocity of
the system but is not suitable for investigating post-flutter behaviour.
To analyse what occurs after the critical velocity, one must use non-
linear derivatives that depend on amplitude, as explained by Li et al.
(2022). In this regard, the works of Noda et al. (2003) and Xu et al.
(2016) experimentally investigate the amplitude dependence of these
derivatives. Other significant studies on the nonlinearity of self-excited
forces can be found in the works by Diana et al. (2013) and Náprstek
et al. (2007), where nonlinear force models are proposed.
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Fig. 3. Elements of an PST farm destroyed by wind-driven aeroelastic instability. Left: Oakey plant, Queensland, Australia (extracted from Gifford, 2019), right: Andalusia, Spain
(extracted from Valentín et al., 2022).
Fig. 4. Reference system. Notation explained in the list of symbols.
The test model and the methodology used are such that the values
of the aerodynamic parameters (moment coefficient and aerodynamic
derivatives) are obtained including the influence of both the inertial
and elastic characteristics of the model itself. With this information,
a general method is proposed to estimate the critical speed value by
imposing the condition of zero effective damping. The results obtained
with this procedure have been validated with tests in another wind
tunnel on a specific case study. For the clearness sake and to limit the
length of this article, the method presented in this work is restricted
to the two-dimensional problem. The extension to the problem of a
complete (three-dimensional) tracker can be easily done by using a
modal decomposition of the dynamic response of the structure of a
complete tracker.

The paper is organized as follows. The mathematical model used
to study the stability of the trackers is presented in Section 2. The
experimental setups used for the stability derivative determination and
validation tests are described in Section 3. The results are summarized
in Section 4, while Section 5 presents the validation method. Finally,
some conclusions are drawn in Section 6.

2. Mathematical model

The mathematical formulation used is presented below. In Sec-
tion 2.1 a description of the problem analysed and its formulation is
given. In Section 2.2 the methods used to estimate the parameters of
interest are described and, finally, in Section 2.3 an iterative method
to determine the stability of the system under study is presented.

2.1. General formulation

Let us consider a two-dimensional flat solar tracker as shown in
Fig. 4, with chord 𝐵, height of the rotation axis relative to the ground
𝐻 , and nominal angle of attack 𝛼𝑛. The angle of attack is defined
as the angle of the solar tracker to the horizon. The nominal angle
4

of attack represents the theoretical angular position that the tracker
should have as a function of the time of day to point at the Sun.
If the solar tracker is immersed in a uniform wind of speed 𝑈∞, it
will undergo a static deflection, 𝛥𝛼𝑠, which will modify its angle of
attack. The static deflection, 𝛥𝛼𝑠, can be estimated by establishing the
equilibrium between the structural momentum and the aerodynamic
momentum as

𝐾𝑚𝑒𝑐ℎ𝛥𝛼𝑠 =
1
2
𝜌𝑈2

∞𝐵2𝐶𝑚(𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛,𝐻∕𝐵), (1)

𝐾𝑚𝑒𝑐ℎ being the structural stiffness per unit length ([Nm∕m]), 1∕2𝜌𝑈2
∞

the dynamic pressure of the incident wind, 𝐶𝑚 the coefficient of mo-
ment around the rotation axis, 𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛 the effective angle of attack of the
solar tracker, 𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛 = 𝛼𝑛 + 𝛥𝛼𝑠 and 𝐻∕𝐵 the ratio of the height of the
solar tracker axis, 𝐻 , to its chord, 𝐵. Note that the moment coefficient,
𝐶𝑚, is a function of both the effective mean angle of attack, and 𝐻∕𝐵
ratio.

Therefore, the solar tracker with a given nominal angle, 𝛼𝑛, and
subjected to an incident flow, 𝑈∞, will have an effective mean angle of
attack, 𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛, different from the nominal angle of attack. Thus, for each
wind condition and nominal angle, the static problem given by Eq. (1)
must be solved to determine the effective mean angle of attack.

Once the static problem is solved and 𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛 estimated, the dynamic
problem can be analysed considering a two-dimensional one-degree-of-
freedom torsional problem, which can be modelled using the following
constant coefficient ordinary differential equation:

𝐽𝑚𝑒𝑐ℎ𝛥𝛼̈ + 𝐶𝑚𝑒𝑐ℎ𝛥𝛼̇ +𝐾𝑚𝑒𝑐ℎ𝛥𝛼 = 𝑀𝑠𝑒, (2)

where 𝐽𝑚𝑒𝑐ℎ represents the inertia ([kgm2∕m]), and 𝐶𝑚𝑒𝑐ℎ the structural
damping ([kgm2∕(sm)]). These structural characteristics are defined
per unit length. 𝛥𝛼 denotes the variation of the solar tracker angle
of attack around its effective mean value, 𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛. The right-hand term,
𝑀 , represents the unsteady self-excited aerodynamic moment, which
𝑠𝑒
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can be expressed in the frequency plane as (Simiu and Scanlan, 1996;
Scanlan and Tomko, 1971):

𝑀𝑠𝑒 =
1
2
𝜌𝑈2

∞𝐵2
[

𝑘𝐴∗
2(𝑘,𝐻∕𝐵, 𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛)

𝐵
𝑈∞

𝛥𝛼̇ + 𝑘2𝐴∗
3(𝑘,𝐻∕𝐵, 𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛)𝛥𝛼

]

= −𝐶𝑎𝑒𝑟𝑜𝛥𝛼̇ −𝐾𝑎𝑒𝑟𝑜𝛥𝛼. (3)

Thus, the aerodynamic moment is a function of the dynamic pres-
sure of the incident wind, 1∕2𝜌𝑈2

∞; of the chord of the solar tracker,
𝐵; and the kinematic variables, 𝛥𝛼, 𝛥𝛼̇, 𝛥𝛼̈ and 𝑘. 𝑘 is the reduced fre-
quency, 𝑘 = 𝜔𝐵∕𝑈∞, and 𝜔 is the oscillation frequency of the motion.
𝐴∗
2 and 𝐴∗

3 are the dimensionless aerodynamic derivatives which are
unctions of the reduced frequency, 𝑘, the 𝐻∕𝐵 ratio and the mean

effective angle of attack, 𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛. This formulation represents a linear
model for the study of unsteady aerodynamic moments. There are
other similar linear models that might be of interest to the interested
reader (Zasso, 1996; Jensen, 1997).

The moment 𝑀𝑠𝑒 is defined by two terms. One is proportional to
the instantaneous angular position of the tracker, 𝛥𝛼, and, therefore,
is interpreted as an ‘‘aerodynamic stiffness’’ and the other term is
proportional to the rotational velocity, 𝛥𝛼̇, and, therefore, is interpreted
as an ‘‘aerodynamic damping’’. Calling 𝐾𝑎𝑒𝑟𝑜 and 𝐶𝑎𝑒𝑟𝑜 the aerodynamic
stiffness and aerodynamic damping per unit length, respectively, Eq. (2)
can be rewritten as:

𝐽𝑚𝑒𝑐ℎ𝛥𝛼̈ + 𝐶𝑚𝑒𝑐ℎ𝛥𝛼̇ +𝐾𝑚𝑒𝑐ℎ𝛥𝛼 = −𝐶𝑎𝑒𝑟𝑜𝛥𝛼̇ −𝐾𝑎𝑒𝑟𝑜𝛥𝛼, (4)

passing the aerodynamic contributions to the left-hand side, and defin-
ing an effective stiffness 𝐾𝑒𝑓𝑓 = 𝐾𝑚𝑒𝑐ℎ+𝐾𝑎𝑒𝑟𝑜 and an effective damping
𝐶𝑒𝑓𝑓 = 𝐶𝑚𝑒𝑐ℎ + 𝐶𝑎𝑒𝑟𝑜, Gu et al. (2001), leads to

𝐽𝑚𝑒𝑐ℎ𝛥𝛼̈ + 𝐶𝑒𝑓𝑓𝛥𝛼̇ +𝐾𝑒𝑓𝑓𝛥𝛼 = 0. (5)

Taking into account Eqs. (3) and (5), the aerodynamic derivatives
can be expressed as:

𝐴∗
2 = −

2𝐽𝑚𝑒𝑐ℎ (𝐶̄𝑒𝑓𝑓 − 𝐶̄𝑚𝑒𝑐ℎ)

𝜌𝐵4𝜔
, (6)

∗
3 = −

2𝐽𝑚𝑒𝑐ℎ (𝐾̄𝑒𝑓𝑓 − 𝐾̄𝑚𝑒𝑐ℎ)

𝜌𝐵4𝜔2
, (7)

here 𝐶̄ ( ) = 𝐶 ( )∕𝐽𝑚𝑒𝑐ℎ, and 𝐾̄ ( ) = 𝐾 ( )∕𝐽𝑚𝑒𝑐ℎ. These expressions are
nalogous to those explained by Sarkar et al. (1994) and Chowdhury
nd Sarkar (2003). Since 𝐶̄𝑒𝑓𝑓 = 2𝜉𝑒𝑓𝑓𝜔𝑒𝑓𝑓

𝑛 = −2𝑛𝑒𝑓𝑓 , where 𝜉𝑒𝑓𝑓 is
he effective damping coefficient, 𝜔𝑒𝑓𝑓

𝑛 the effective undamped natural
requency of the system, 𝑛 the logarithmic decrement of the system
esponse, and 𝐾̄𝑒𝑓𝑓 = 𝜔𝑒𝑓𝑓

𝑛
2
, the expressions (6) and (7) can be

ewritten as:

∗
2 = −

2𝐽𝑚𝑒𝑐ℎ (−2
(

𝑛𝑒𝑓𝑓 − 𝑛𝑚𝑒𝑐ℎ
))

𝜌𝐵4𝜔
, (8)

𝐴∗
3 = −

2𝐽𝑚𝑒𝑐ℎ
(

𝜔𝑒𝑓𝑓
𝑛

2
− 𝜔𝑚𝑒𝑐ℎ

𝑛
2
)

𝜌𝐵4𝜔2
. (9)

n this way, by measuring the mechanical logarithmic decrement, 𝑛𝑚𝑒𝑐ℎ,
of the zero-wind system) and the effective logarithmic decrement,
𝑒𝑓𝑓 , for each wind speed, as well as the oscillation frequency of the
ystem, 𝜔, one can estimate the derivative 𝐴∗

2 as a function of the
educed frequency 𝑘 = 𝜔𝑈∞∕𝐵. Likewise, by measuring the undamped
echanical natural frequency, 𝜔𝑚𝑒𝑐ℎ

𝑛 , (of the system without wind) and
he effective undamped natural frequency, 𝜔𝑒𝑓𝑓

𝑛 , for each wind speed
he derivative 𝐴∗

3 can be estimated.
Therefore, to determine the aerodynamic derivatives 𝐴∗

2 and 𝐴∗
3

sing (8) and (9) it is necessary to estimate the logarithmic decrement,
, and the oscillation frequency, 𝜔.

For this purpose, an experiment has been designed (explained in
ection 3.1) in which a model of a solar tracker with a certain angle of
ttack is taken out of its equilibrium position and released. By recording
5

he rotational motion after release, both the logarithmic decrement,
, and the oscillation frequency, 𝜔, are estimated with the methods
etailed in Section 2.2. It should be noted that the zero-wind release
ests, 𝑈∞ = 0, allow us to determine the structural characteristics (𝑛𝑚𝑒𝑐ℎ,
𝑚𝑒𝑐ℎ
𝑛 ) and the windy tests the effective characteristics (𝑛𝑒𝑓𝑓 , 𝜔𝑒𝑓𝑓

𝑛 ) as
a function of velocity 𝑈∞.

2.2. Logarithmic decrement, 𝑛, and frequency, 𝜔, calculation

In this section, two different methods for estimating the logarith-
mic decrement, 𝑛, and frequency, 𝜔, of a single degree-of-freedom
torsional dynamic system are presented. The determination of 𝑛 and
𝜔 is required, since, as shown in (8) and (9), they are necessary for the
calculation of the aerodynamic derivatives.

Both methods are based on the torsional oscillation time signal col-
lected after a release test (see Section 3.1). The first method, presented
in 2.2.1, analyses the release signal in the time domain. The second
method, presented in 2.2.2, analyses the release signal in the frequency
domain by applying the discrete Fourier transform (DFT) with a fast
Fourier transform algorithm (FFT).

2.2.1. Time domain
As can be deduced from the Eqs. (8) and (9) to determine of the

derivative 𝐴∗
2 (which is the one related to the damping of the system) it

is required to determine the mechanical logarithmic decrement, 𝑛𝑚𝑒𝑐ℎ,
the effective logarithmic decrement, 𝑛𝑒𝑓𝑓 , and the oscillation frequency
of the system, 𝜔, and for the calculation of 𝐴∗

3 it is necessary to
determine the effective oscillation natural frequency, 𝜔𝑒𝑓𝑓

𝑛 , and the
mechanical oscillation natural frequency, 𝜔𝑚𝑒𝑐ℎ

𝑛 .
To determine these parameters, tests were carried out on the solar

tracker model descripted in Section 3.1. These tests consist of increasing
the angle of attack of the model, taking it out of its equilibrium
position, and then releasing it so that the system oscillates until it
reaches a stationary condition. The oscillation of the model after release
is registered by a laser distance measurement system. This release
procedure is widely employed to ascertain the structural and effective
characteristics of oscillatory systems, with notable works to be men-
tioned in this regard being (Chowdhury and Sarkar, 2005; Li et al.,
2022; Sarkar et al., 2009; Andersen et al., 2016). This release procedure
is performed systematically for different incident wind velocities, 𝑈∞,
and for different nominal angle conditions, 𝛼𝑛.

Once the post-release displacement of the model has been recorded,
the logarithmic decrement of the signal, 𝑛, is calculated by exponen-
tial fitting to the measured displacement envelope. An example of a
post-release displacement signal (blue line) and the exponential fit to
estimate the logarithmic decrement (orange line) can be found in Fig. 5.

To check the measurement repeatability, a set of tests for case
𝐻∕𝐵 = 0.5 were repeated twice. The repetitions were made for the
whole speed range tested and for nominal angles between
𝛼𝑛 ∈ [−30, 30]. The relative error of the logarithmic decrements, 𝑛,
between the pairs of repeated measurements was calculated and it
was found that the mean error corresponds to 2% and the maximum
error to 6.2%. These results indicate the tests are highly repeatable and
therefore the calculated values of 𝑛 are not influenced by the release.

The error between the release time series envelope and the fitted
exponential was also analysed. The coefficient of determination, 𝑅2,
between the envelope and the fitted exponential was estimated for all
cases performed in this work. The coefficient 𝑅2 = 1 indicates a perfect
fit between the envelope and the fitted exponential and 𝑅2 = 0 indicates
no similarity. The mean coefficient of determination for all the analysed
cases was 𝑅2 = 0.98, the maximum coefficient 𝑅2 = 0.99 and the
minimum 𝑅2 = 0.97. These results indicate that the signal envelope fits
well to an exponential shape and, therefore, the calculated logarithmic
decrements are representative of the system behaviour. The estimated
logarithmic decrement, 𝑛, according to this method is presented as a
function of the reduced speed, 𝑈𝑟, in Fig. 8 (blue line). In this figure,

2
error bars are added whose amplitudes represent the 1−𝑅 value, which
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Fig. 5. Example of a post-release displacement signal. Variation of the angular position
of the model, 𝛥𝛼, as a function of time, 𝑡, (blue line), the envelope of the signal (red
line) and the exponential fit to estimate the logarithmic decrement (orange line).

Fig. 6. Displacement spectra of the model, 𝑎̄(𝜔′ , 𝑈𝑟), for different reduced incident
wind speed, 𝑈𝑟, (for a nominal angle 𝛼𝑛 = 10◦). Red line: spectra peak line.

remains approximately constant throughout the curve, indicating that
the exponential nature of the release response is not greatly affected by
the incident current velocity.

To estimate the system oscillation frequency after the release, 𝜔, the
signal is expressed in the frequency domain using the discrete Fourier
transform and the dominant harmonic is determined. After estimating
the logarithmic decrement, 𝑛, and the system oscillation frequency,
𝜔, the damping coefficient, 𝜉, and the natural frequency, 𝜔𝑛, can be
calculated according to:

𝜔2
𝑛 = 𝜔2 + 𝑛2; 𝜉 = − 𝑛

𝜔𝑛
. (10)

As above mentioned, this release process is carried out for different
incident wind speeds. The results obtained from the zero-wind release
tests correspond to the purely mechanical parameters (𝑛𝑚𝑒𝑐ℎ, 𝜉𝑚𝑒𝑐ℎ and
𝜔𝑚𝑒𝑐ℎ
𝑛 ). And the results obtained from wind release tests correspond to

the effective parameters, and will depend on the wind speed considered
(𝑛𝑒𝑓𝑓 , 𝜉𝑒𝑓𝑓 and 𝜔𝑒𝑓𝑓

𝑛 ).

2.2.2. Frequency domain
Another procedure for system identification is to analyse the angular

displacement time series in the frequency domain, computing the DFT
of the displacement using a FFT algorithm, Duda et al. (2011). Refer-
ring to the work of Magalas and Malinowski (2003) is recommended
if further exploration of the topic is sought. The displacement spectra
6

of the model, 𝑎̄(𝜔′), for different reduced incident wind speed, defined
as 𝑈𝑟 = (2𝜋𝑈∞)∕(𝜔𝑚𝑒𝑐ℎ

𝑛 𝐵) = 𝑈∞∕(𝑓𝑚𝑒𝑐ℎ
𝑛 𝐵), are shown in Fig. 6. In this

figure, the maxima of the spectra, 𝑎̄(𝜔′
𝑚𝑎𝑥), for each reduced speed, 𝑈𝑟,

are marked in red. It should be noted that the surface shown in Fig. 6 is
an example obtained for the case of 𝛼𝑛 = 10◦, and each nominal angle
of operation will have its own surface.

The plan view of the surface represented in Fig. 6 is shown in
Fig. 7 left, where it can be noticed how the frequency of the dominant
harmonic, 𝜔′

𝑚𝑎𝑥, varies as the reduced speed increases. From this plan
view it is possible to estimate the frequency of the motion, 𝜔, as a
function of the reduced speed, 𝑈𝑟.

The side view of the surface in Fig. 6 is presented in Fig. 7 right.
As can be noticed, the maximum value of the displacement spectrum,
𝑎̄(𝜔′

𝑚𝑎𝑥), can be related to the reduced speed.
The aim of this procedure is to estimate the logarithmic decrement,

𝑛, by relating it to the maximum value of the displacement spectrum,
𝑎̄(𝜔′).

For this purpose, the acquired displacement signal of a test can be
expressed as

𝛥𝛼(𝑡) = 𝛥𝛼0e𝑛𝑡ei𝜔𝑡. (11)

An example displacement signal is shown in Fig. 5. The displace-
ment is made up of three contributions: an initial value, which is the
displacement applied to the model above its equilibrium position, 𝛥𝛼0;
a sinusoidal component of frequency 𝜔, ei𝜔𝑡, which is expressed using
a complex variable, i =

√

−1; and an exponential term containing the
logarithmic decrement, e𝑛𝑡.

Since the displacement measurements are discrete, expression (11)
can be rewritten in the following form

𝛥𝛼𝑗 = 𝛥𝛼0e
𝑛 𝑡𝑚

𝐽 𝑗ei𝜔
𝑡𝑚
𝐽 𝑗 , (12)

where 𝑡𝑚 is the measurement time, 𝐽 is the number of measurements, 𝑗
is the time instant 𝑗 ∈ [0, 𝐽 − 1], and 𝑓 is the frequency of the motion.
Note that 𝑗 becomes the variable indicating the instant of measurement
and, therefore, 𝛥𝛼𝑗 is identified with subscript 𝑗.

In general, if a discrete signal 𝑥𝑗 is considered, the DFT of this signal,
𝑋𝑘, is calculated as

𝑋𝜔′ = 1
𝐽

𝐽−1
∑

𝑗=0
𝑥𝑗e

−i𝜔′ 𝑡𝑚
𝐽 𝑗 , (13)

where 𝜔′ represents the frequency domain. Applying the expression
(12) to Eq. (13) the spectrum is obtained

𝑎̄(𝜔′) = 1
𝐽

𝐽−1
∑

𝑗=0
𝛥𝛼0e

𝑛 𝑡𝑚
𝐽 𝑗ei𝜔

𝑡𝑚
𝐽 𝑗e−i𝜔

′ 𝑡𝑚
𝐽 𝑗 . (14)

The maximum value of the spectrum amplitude, 𝑎̄(𝜔′), appears at
𝜔′ = 𝜔′

𝑚𝑎𝑥 = 𝜔, and from (14) it is obtained

𝑎̄(𝜔) = 1
𝐽

𝐽−1
∑

𝑗=0
𝛥𝛼0e

𝑛 𝑡𝑚
𝐽 𝑗 . (15)

As can be seen from (15) the modulus of the harmonic 𝑎̄(𝜔) corre-
sponding to 𝜔 = 𝜔′ coincides with the mean value of the exponential
component. Finally, equating the modulus of the dominant harmonic
𝑎̄(𝜔) to the mean of the exponential component of a continuous signal
we reach at

𝑎̄(𝜔′
𝑚𝑎𝑥) ≈

1
𝑡𝑚 ∫

𝑡𝑚

𝑡=0
𝛥𝛼0e𝑛𝑡d𝑡 ≈ −

𝛥𝛼0
𝑡𝑚𝑛

(16)

where the measurement time, 𝑡𝑚, has been considered to be sufficiently
long to fulfil 𝑎0e𝑛𝑡𝑚 ≈ 0.

The expression (16) allows to determine the logarithmic decay of
the signal, 𝑛, as a function of the dominant harmonic of the Fourier
transform.
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Fig. 7. Left: plan view of the surface represented in Fig. 6. Right: side view of the surface shown in Fig. 6.
Fig. 8. Logarithmic decrement, 𝑛, as a function of the reduced speed, 𝑈𝑟, (for a nominal
angle 𝛼𝑛 = 10◦) estimated from the time domain (blue) including error bars indicating
1 − 𝑅2, and from the frequency domain (red).

In this way, it is possible to estimate, through the surface repre-
sented in Fig. 6, the characteristics of the system: 𝜔 and 𝑛 as a function
of 𝑈𝑟.

The logarithmic decrement, 𝑛, as a function of the reduced speed,
𝑈𝑟, for a nominal angle of 𝛼𝑛 = 10◦, estimated from both the time
domain and from the frequency domain, are compared in Fig. 8. In this
figure, for the estimated logarithmic decrements according to the time
domain, error bars have been included whose amplitudes indicate the
value of 1 − 𝑅2, where 𝑅2 is the coefficient of determination between
the signal envelope and the fitted exponential functions, as explained
in Section 2.2.1. As it is shown, both identification methods give quite
close results.

2.3. Determination of the effective damping coefficient, 𝜉𝑒𝑓𝑓 , as a function
of free stream velocity, 𝑈∞, and nominal angle of attack, 𝛼𝑛

An iterative method to calculate the effective damping coefficient,
𝜉𝑒𝑓𝑓 , for a given wind speed, 𝑈∞, specific geometrical conditions (𝐵
and 𝐻∕𝐵), and a nominal angle, 𝛼𝑛, is presented in this section. From
the effective damping coefficient as a function of speed it is possible
to analyse the dependence of the solar tracker damping with wind
speed. This allows us to calculate at what speed the system is no longer
damped and becomes unstable. The velocity at which 𝜉𝑒𝑓𝑓 = 0 is
considered the critical speed, 𝑈𝑐𝑟𝑖𝑡. Below this velocity 𝜉𝑒𝑓𝑓 > 0 and,
therefore, an initial perturbation vanishes (stable system), however,
above this velocity is 𝜉𝑒𝑓𝑓 < 0 and, consequently, the system will
diverge (unstable system).
7

The Eqs. (8) and (9) can be rewritten as:

𝑛𝑒𝑓𝑓 =
𝜌𝐵4𝜔
4𝐽𝑚𝑒𝑐ℎ𝐴

∗
2(𝑘,𝐻∕𝐵) + 𝑛𝑚𝑒𝑐ℎ, and (17)

(𝜔𝑒𝑓𝑓
𝑛 )2 = −

𝜌𝐵4𝜔2

2𝐽𝑚𝑒𝑐ℎ𝐴
∗
3(𝑘,𝐻∕𝐵) + (𝜔𝑚𝑒𝑐ℎ

𝑛 )2. (18)

In addition, the damping coefficient and the oscillation frequency of an
underdamped system follow the expressions

𝜉𝑒𝑓𝑓 = − 𝑛𝑒𝑓𝑓

𝜔𝑒𝑓𝑓
𝑛

, and (19)

𝜔 = 𝜔𝑒𝑓𝑓
𝑛

√

1 − 𝜉𝑒𝑓𝑓 , (20)

respectively. Finally the reduced frequency is expressed as:

𝑘 = 𝐵𝜔
𝑈∞

. (21)

This set of 5 Eqs. (17)–(21) have 5 unknowns: 𝜉𝑒𝑓𝑓 , 𝑛𝑒𝑓𝑓 , 𝜔𝑒𝑓𝑓
𝑛 ,

𝜔 and 𝑘. And they have the parameters: 𝜌 and 𝑈∞ (for the wind
conditions); 𝐵, 𝐻 , 𝐽𝑚𝑒𝑐ℎ, 𝑛𝑚𝑒𝑐ℎ, and 𝜔𝑚𝑒𝑐ℎ

𝑛 (for the mechanical and ge-
ometrical characteristics of the solar tracker); and the static coefficient
of moment around the rotation axis, 𝐶𝑚.

To solve this system of equations and calculate the effective damp-
ing coefficient, the process shown in Fig. 9 is followed. Starting from
an operating condition defined by the nominal angle, 𝛼𝑛, and the
mechanical and geometrical characteristics of the solar tracker, the
following procedure is followed:

• An incident wind speed is fixed 𝑈∞.
• Using Eq. (1), the static deflection of the solar tracker is deter-

mined together with the effective mean angle, 𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛.
• A tentative oscillation frequency of the system 𝜔∗ is chosen.
• With the wind speed fixed and the frequency chosen, the reduced

frequency 𝑘 is calculated using Eq. (21).
• With the reduced frequency, 𝑘, and the ratio 𝐻∕𝐵 of the solar

tracker, the values of the derivatives 𝐴∗
2 and 𝐴∗

3 are selected. It
should be noted that for a given 𝐻∕𝐵 and 𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛 one of the curves
presented in this paper (in Sections 4.1 and 4.2) is chosen (for
these figures, 𝛼𝑛 = 𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛, as the experimental setup described in
Section 3.1 does not exhibit static deflection). If 𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛 does not
coincide with any of the angles measured in this paper (which is
to be expected) an interpolation is used.

• With the reduced frequency, 𝑘, the chosen oscillation frequency,
𝜔∗, and 𝐴∗

2 and 𝐴∗
3, using Eqs. (17) and (18), 𝑛𝑒𝑓𝑓 and 𝜔𝑒𝑓𝑓

𝑛 are
calculated.

• Using 𝑛𝑒𝑓𝑓 and 𝜔𝑒𝑓𝑓
𝑛 , we calculate 𝜉𝑒𝑓𝑓 with Eq. (19).

• With 𝜉𝑒𝑓𝑓 and 𝜔𝑒𝑓𝑓
𝑛 the oscillation frequency of the system, 𝜔 is

calculated using Eq. (20).
• If 𝜔∗ = 𝜔, the estimated effective damping, 𝜉𝑒𝑓𝑓 , satisfies the

system of equations for the fixed velocity 𝑈∞. If 𝜔 ≠ 𝜔∗, another
value of frequency 𝜔∗ is chosen, and the process is repeated.
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Fig. 9. Flow diagram of the effective damping coefficient, 𝜉𝑒𝑓𝑓 , calculation of a solar tracker from its operating conditions and geometry using the aerodynamic derivatives.
taticSol: equation to estimate the static deflection of the solar tracker, 𝛥𝛼𝑠, and, therefore, the effective mean angle of attack 𝛼𝑒𝑓𝑓

𝑚𝑒𝑎𝑛. DynamicSol: system of equations to solve the
dynamics of the solar tracker. Derivatives: aerodynamic derivatives.
In this way the effective damping of the system can be estimated for
each incident flow velocity. The velocity at which 𝜉𝑒𝑓𝑓 = 0 corresponds
to the critical velocity.

An example of the effective damping coefficient, 𝜉𝑒𝑓𝑓 , estimated
with the method described in this section, is shown in Section 5
(Fig. 22) as a function of reduced speed, 𝑈𝑟. This figure is discussed
in detail in Section 5.

3. Experimental set-up

In this research, two different set-ups have been used, one for aero-
dynamic derivatives determination, and the other one for validation.
Both set-ups are described in this section.

3.1. Experimental set-up for aerodynamic derivatives determination tests

Aerodynamic derivatives determination tests have been performed
in the AB6 wind tunnel. The AB6 is an open circuit wind tunnel, with a
2.5 m × 0.5 m closed test section, 4 m length, with a 4.5:1 contraction
ratio. A sketch of the wind tunnel is shown in Fig. 10. The flow at
the test chamber is two-dimensional, with less than 1% differences
along the vertical direction. The turbulence intensity is uniform and
approximately than 3% for a flow speed of 25 m/s at the centre of
the test section. Other turbulence intensities are not considered here,
and therefore, further studies are required to investigate the effects
of this parameter on the aerodynamic derivatives described in this
work or on the critical velocities. In this regard, the study by Zhang
et al. (2023a) can be referred to as it presented an investigation of the
critical velocity of an isolated two-dimensional flat solar tracker for two
different turbulence levels.

The model has been manufactured to reproduce the torsional mo-
tion of the solar tracker. To do that, a spring system has been located
outside the wind tunnel (see Fig. 11). This system has been designed
stiff enough so that the nominal angle of attack does not change with
the static wind loads for increasing velocities. This means that there
is no static deflection of the model, 𝛥𝛼𝑠 ≈ 0, therefore 𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛 ≈ 𝛼𝑛. It
was verified that the maximum static deflection experienced by the
8

model in this setup is consistently 𝛥𝛼𝑠 < 0.2◦ for all conducted tests.
The model has been placed in the centre of the wind tunnel, and a
plate simulating the ground has been also placed. The value of 𝐻∕𝐵 is
changed by moving the plate up or down.

In this set-up, the aerodynamic derivatives are determined, as ex-
plained in Section 2.2.1. With these derivatives, the critical velocity
values have been calculated. The tests consist in displacing the system
from the equilibrium position and the leaving it to oscillate freely,
recording the motion. The motion of the model has been measured with
a laser displacement measuring system (Mikroelektronik M1L model).
The sampling frequency of the instrument is 1000 Hz, and measure-
ments have been taken for a sampling interval of 60 s. Simultaneously,
the dynamic pressure of the flow has been recorded with a Pitot tube
and a pressure capsule (Ashcroft CXLdp).

The solar tracker model placed inside the wind tunnel was manu-
factured with a flat plate of middle density fibre (MDF) with 𝐵 = 40 cm,
0.5 cm thickness and length 𝐿 = 50 cm, occupying the test section from
wall to wall. The model is attached to the spring system outside the
wind tunnel (Fig. 11) by means of a goniometer, of own manufacture,
with one degree accuracy, which allows the angle of attack of the
model to be modified. The model is supported by two bearings, one
on each wall of the tunnel, so it has only one torsional degree of
freedom. The structural characteristics of the model per unit length are:
𝐾𝑚𝑒𝑐ℎ = 84 N m∕(radm), 𝜉𝑚𝑒𝑐ℎ = 0.01, and 𝐽𝑚𝑒𝑐ℎ = 0.28 kgm2∕m. The
model inside the wind tunnel can be seen in Fig. 12. In that picture,
the wind tunnel wall is not installed.

The choice of the model chord was determined as follows: firstly,
considering that the reduced speed is defined as 𝑈𝑟 = 𝑈∞∕(𝑓.𝐵), as
discussed below, it is necessary to select a chord of sufficient size to
ensure testing at low reduced speeds. Additionally, since the aerody-
namic moment is proportional to 1∕2𝜌𝑈2

∞𝐵2 (see Eq. (3)), a chord of
sufficient size must be chosen to ensure that the aerodynamic moment
is significant enough to appreciably modify the effective characteristics
of the system during release tests. On the other hand, the model chord
should not be excessively large to avoid interference with blockage. For
these reasons, the selected chord size was determined.
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Fig. 10. Sketch of the AB6 wind tunnel: (1) grid; (2) contraction; (3) test section; (4) diffuser; (5) flow turning semicircular diffuser; (6) fans.

Fig. 11. View of the setup for providing torsional stiffness to the solar tracker in the main set-up. The structure is placed outside the wind tunnel, attached to one of the walls.
Labels: (1) compression springs; (2) goniometer; (3) rotation axis; (4) laser; (5) pressure capsule.

Fig. 12. View of the model inside the wind tunnel.
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Fig. 13. View of the solar tracker in the auxiliary set-up. The picture is taken inside the tunnel towards the air inlet direction. Labels: (1) endplates (2) solar tracker model (3)
system to displace the model from its equilibrium position.
The tests have been repeated for several values of the height-to-
width parameter 𝐻∕𝐵 (see Fig. 4). The values that have been tested
are 𝐻∕𝐵 = 0.3, 0.4, 0.5, 0.6, 1, and 2. For each of the height-to-width
values, the nominal angle of attack (marked as 𝛼𝑛 in Fig. 4) has been
varied. The angles tested are 𝛼𝑛 = 0◦,±5◦,±10◦,±20◦,±30◦,±40◦. For
the lower heights, some of the angles could not be tested because of
the proximity to the floor. Specifically, 𝛼𝑛 = ±30◦ and 𝛼𝑛 = ±40◦ were
excluded for 𝐻∕𝐵 = 0.3, and 𝛼𝑛 = ±40◦ for 𝐻∕𝐵 = 0.4. This leads to a
maximum blockage ratio of 10%.

The tests were limited to angles within the range of ±40◦ because,
for lower 𝐻∕𝐵 ratios (𝐻∕𝐵 = 0.3 and 0.4), the model could not be
tested at higher absolute nominal angles as it would collide with the
ground. However, it is considered that the tested range is of significant
interest since it corresponds to cases with the lowest reduced critical
velocities based on the literature consulted. An example of this is in
the study by Zhang et al. (2023a), where the so-called unstable and
sub-stable zone is found within the range of ±30◦.

3.2. Experimental set-up for validation

One of the characteristics of the main experimental setup for aero-
dynamic derivatives determination is that the stiffness of the model
is sufficiently high so that there is no static deflection, 𝛥𝛼𝑠 = 0,
and therefore the curves of 𝐴∗

2 and 𝐴∗
3 can be presented for constant

angles of attack. This implies that to calculate the effective damping
coefficient, 𝜉𝑒𝑓𝑓 , for a particular tracker at a given incident free stream
velocity, 𝑈∞, and nominal angle of attack, 𝛼𝑛, it is necessary to first
estimate the static deflection of the tracker, 𝛥𝛼𝑠, using Eq. (1), and then
use 𝐴∗

2 and 𝐴∗
3 derivatives corresponding to the effective mean angle of

attack of the case under study, 𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛 = 𝛼𝑛 + 𝛥𝛼𝑠 (see Section 2.3).
To validate this procedure, an auxiliary experimental set-up was

arranged. It consists of a solar tracker with structural characteristics
𝐾𝑚𝑒𝑐ℎ = 20 N m∕(radm), 𝐽𝑚𝑒𝑐ℎ = 0.1 kgm2∕m, and 𝜉𝑚𝑒𝑐ℎ = 0.03, and
geometrical characteristics 𝐵 = 0.62 m, and 𝐿 = 1.7 m. This solar tracker
presents static deflection as a function of the incident wind speed. The
idea is to test this model for a specific case of 𝐻∕𝐵 ≈ 0.5 and different
nominal angles of attack and to calculate the critical speed obtained.

At the same time, the process presented in Section 2.3 is used
to calculate the critical velocities of a solar tracker with the same
structural characteristics as the model of the secondary experimen-
tal setup. Using the aerodynamic derivatives obtained with the main
experimental setup.

The results obtained from both procedures are compared in Sec-
tion 5. This comparison serves as validation of the aerodynamic deriva-
tives presented in this work.
10
Table 1
Structural characteristics of the solar tracker under study per unit length.

Parameter Main experimental Secondary experimental Units
setup setup

𝐽𝑚𝑒𝑐ℎ 0.28 0.10 kg m2/m
𝐾𝑚𝑒𝑐ℎ 84 20 N m/(rad m)
𝜉𝑚𝑒𝑐ℎ 0.01 0.03 [–]

The auxiliary tests have been performed in the ACLA16 wind tunnel.
It is an open circuit wind tunnel, with a 2.2 m × 2.2 m closed test
section, 17 m length, with a 2:1 contraction ratio. The turbulence
intensity is less than 2% for a flow speed of 20 m/s at the location
of the solar tracker axis. A detailed description of this wind tunnel can
be found in Lopez-Nuñez et al. (2020).

In this case, the model also reproduces the torsional motion of
the solar tracker with a spring system. The spring system is placed
inside the wind tunnel, but endplates have been provided so that the
aerodynamics characteristics of the solar tracker are not affected. The
tracker is placed near the ground of the wind tunnel. A view of the wind
tunnel with the model installed and the endplates is shown in Fig. 13.

Again, the solar tracker is turned outside the equilibrium position
and left to vibrate in the incoming wind. The motion is again measured
with a laser displacement measuring system (Mikroelektronik M1L
model), but the sampling time has been reduced to 30 s, keeping
the sampling frequency constant at 1000 Hz. Simultaneously, the flow
dynamic pressure has been measured by using a Pitot tube and a
pressure capsule (Ashcroft CXLdp).

The critical speed has been estimated, in the auxiliary set-up, as the
velocity at which, once the solar tracker is released, it does not return
to the equilibrium position and keeps oscillating (𝜉𝑒𝑓𝑓 = 0).

For a better comparison, the structural values of the elastic proper-
ties of both setups are displayed in Table 1.

4. Results

In this section the aerodynamic derivatives 𝐴∗
2 and 𝐴∗

3, obtained us-
ing the set-up described in Section 3.1 and procedure described in Sec-
tion 2.1, are presented, as a function of reduced speed,
𝑈𝑟 = 𝑈∞∕(𝑓.𝐵), for different 𝐻∕𝐵 conditions and different nominal an-
gles, 𝛼𝑛. Because this experimental setup has enough torsional stiffness
to ensure the model does not exhibit static deflection over the range
of speeds tested, the nominal angles, 𝛼𝑛, at which the derivatives are
presented coincide with the effective angles, 𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛, around which the
model oscillates. This allows the stiffness of the model to be decoupled
from the aerodynamic derivatives obtained. If the model had static
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Fig. 14. Aerodynamic derivative 𝐴∗
2 as a function of the reduced wind speed, 𝑈𝑟, for different tracker chord-height ratios (𝐻∕𝐵 = 0.3, 0.4 and 0.5), and different nominal angles

of attack, 𝛼𝑛. Symbols: experimental data. Lines: polynomial fitting curves (solid line: positive angle, dashed line: negative angle).
deflection, the effective angle around which the model oscillates would
have to be estimated for each condition of incident wind speed. It has
been decided to present the 𝐴∗

2 and 𝐴∗
3 derivatives as a function of the

reduced speed 𝑈𝑟 instead of the reduced frequency, 𝑘, since the authors
consider that this facilitates the interpretation of the results, as well as
being a usual form of representation, Taylor and Browne (2020).

4.1. Sensitivity analysis of aerodynamic derivative 𝐴∗
2 to 𝐻∕𝐵

The aerodynamic derivative 𝐴∗
2 as a function of the reduced wind

speed, 𝑈 = 𝑈 ∕(𝑓.𝐵), for different tracker chord-height ratios, 𝐻∕𝐵,
11

𝑟 ∞
and different nominal angles of attack, 𝛼𝑛, is presented in Fig. 14
(𝐻∕𝐵 = 0.3, 0.4 and 0.5) and Fig. 15 (𝐻∕𝐵 = 0.6, 1.0 and 2.0).
The plots on the left show cases of nominal angles of attack with
small absolute values (|𝛼𝑛| = 0◦, 5◦, 10◦). The plots on the right
show cases of nominal angles with large absolute value (|𝛼𝑛| = 20◦,
30◦, 40◦). The symbols indicate experimental data. The lines are third
degree polynomials: 𝐴∗

2,𝑓 𝑖𝑡 = 𝐴𝑝 + 𝐵𝑝𝑈𝑟 + 𝐶𝑝𝑈2
𝑟 + 𝐷𝑝𝑈3

𝑟 fitted to the
experimental data. Since 𝐴∗

2 = 0 when 𝑈𝑟 = 0 imposes that 𝐴𝑝 = 0.
A second condition, d𝐴∗

2∕d𝑈𝑟 = 0 when 𝑈𝑟 = 0, is also imposed,
which implies that 𝐵𝑝 = 0. This second condition has been imposed
as it allows for a better fit to the experimental data at low reduced
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Fig. 15. Aerodynamic derivative 𝐴∗
2 as a function of the reduced wind speed, 𝑈𝑟, for different tracker chord-height ratios (𝐻∕𝐵 = 0.6, 1.0 and 2.0), and different nominal angles

of attack, 𝛼𝑛. Symbols: experimental data. Lines: polynomial fitting curves (solid line: positive angle, dashed line: negative angle).
speeds (𝑈𝑟 < 2). For the ±40◦ case, the third-degree polynomial fit
proved inadequate, requiring an increase in polynomial order, resulting
in 𝐴∗

2,𝑓 𝑖𝑡,40 = 𝐷𝑝𝑈3
𝑟 +𝐸𝑝𝑈4

𝑟 +𝐹𝑝𝑈7
𝑟 . The mean coefficient of determination

for all the fittings applied to the experimental data of the aerodynamic
derivatives in this study was 𝑅2 = 0.91, with a standard deviation of
𝜎𝑅2 = 0.08.

Note that the results have been divided between small nominal
angles of attack (𝛼𝑛 = 0◦, |𝛼𝑛| = 5◦ and |𝛼𝑛| = 10◦) and large nominal
angles of attack (|𝛼𝑛| = 20◦, |𝛼𝑛| = 30◦ and |𝛼𝑛| = 40◦). The reason
for this distinction is that large angles of attack are noticeably more
unstable than small ones and, therefore different scales in 𝑈 are used
12

𝑟

in Figs. 14 and 15 for small angles (left plots) and for large angles (right
plots).

For |𝛼𝑛| = 40◦ (Figs. 14 and 15) no measurements were taken at
𝐻∕𝐵 = 0.3 or 𝐻∕𝐵 = 0.4 to avoid damaging the model due to the
proximity to the ground. The same happens for |𝛼𝑛| = 30◦ at 𝐻∕𝐵 = 0.3

The curves of the derivative 𝐴∗
2 as a function of the reduced speed

for the different nominal angles have similar shapes. As shown, for a
reduced speed of 𝑈𝑟 = 0 (no wind conditions) the derivative 𝐴∗

2 = 0,
this implies, as expected, at this 𝑈𝑟 condition there is no aerodynamic
damping. As the reduced speed increases, the derivative 𝐴∗

2 decreases.
This suggests that, as the speed increases, the aerodynamic damping,
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𝐶𝑎𝑒𝑟𝑜, increases and, consequently, the system is more stable since it
will present a higher effective damping, 𝐶𝑒𝑓𝑓 = 𝐶𝑚𝑒𝑐ℎ + 𝐶𝑎𝑒𝑟𝑜.

As shown, for the different nominal angles, there is a reduced speed
t which the derivative 𝐴∗

2 reaches its minimum value. This point will
e called 𝑃 1. From 𝑃 1 ahead the behaviour of 𝐴∗

2 changes and as the
wind speed increases the aerodynamic derivative increases and again
reaches zero. The point where the derivative reaches zero again is
called point 𝑃 2. Therefore, between 𝑈𝑟 = 0 and 𝑃 2 the aerodynamic
actions result in an increase of the effective damping since 𝐴∗

2 < 0. The
aximum effective damping is at 𝑃 1. For reduced wind speed values

bove 𝑃 2 the derivative 𝐴∗
2 is positive and increasing. Consequently,

rom 𝑃 2 ahead the effect of aerodynamics is unfavourable as the
ffective damping of the system is reduced. It can become unstable
hen 𝐶𝑒𝑓𝑓 = 0. For that reason, the point 𝑃 2 gives us a measure of
ow stable a solar tracker will be from an aerodynamic point of view.
arger values of 𝑃 2 indicate a larger range of reduced wind speed in
hich the aerodynamics are favourable.

It should be noted that for the case 𝛼𝑛 = 0◦ the 𝐴∗
2 curve is always

ecreasing with reduced speed, 𝑈𝑟. Accordingly, the points 𝑃 1 and 𝑃2
o not appear in this case. This behaviour agrees with Theodorsen
olution for small amplitudes in which an torsional oscillating flat
late never reaches positive values of 𝐴∗

2 and, as a consequence, would
ot present instabilities (Theodorsen, 1949). According to Strømmen
2010) and Scanlan and Tomko (1971), the aerodynamic derivatives
∗
2 and 𝐴∗

3 can be theoretically expressed using Theodorsen’s complex
irculation function, 𝐶(𝑘) = 𝐹 (𝑘) + i𝐺(𝑘), as

𝐴∗
2,𝑡ℎ𝑒𝑜 = − 𝜋

8𝑘

(

1 − 𝐹 (𝑘) − 4𝐺(𝑘) 1
𝑘

)

(22)

and,

𝐴∗
3,𝑡ℎ𝑒𝑜 =

𝜋𝑘
2

(

𝐹 (𝑘)
𝑘

−
𝐺(𝑘)
4

)

, (23)

here the subscripts ‘‘theo’’ refer to Theodorsen’s formulation. Aero-
ynamic derivatives obtained experimentally for a case of 𝛼𝑛 = 0◦

nd 𝐻∕𝐵 = 2 are compared with those calculated using Eqs. (22) and
23) as a function of the reduced speed, 𝑈𝑟, in Fig. 17. Additionally,
erivative 𝐴∗

3 is compared to the quasi-steady solution, as explained
n Strømmen (2010) and Taylor and Browne (2020), which takes the
orm

∗
3,𝑞𝑠𝑡 =

𝐶𝑚,𝛼

𝑘2
, (24)

eing 𝐶𝑚,𝛼 the slope of the static coefficient of moment curve with
𝛼. The experimental case of 𝛼𝑛 = 0◦ and 𝐻∕𝐵 = 2 was selected
ue to its high comparability with Theodorsen’s solution which cor-
esponds to the potential solution of a flat plate oscillating around
ero angle of attack without ground effect. It is worth noting that
he experimental solution exhibits the same trend as the theoretical
esults, with 𝐴∗

2 monotonically decreasing, as discussed previously, and
∗
3 monotonically increasing. Furthermore, it can be observed that the
xperimental solution maintains a strong agreement with Theodorsen’s
olution until approximately 𝑈𝑟 = 6, after that the theoretical solution
nderestimates the absolute values of both 𝐴∗

2 and 𝐴∗
3. This discrepancy

ay be attributed either to the ground effect or to the fact that the
heoretical solution corresponds to a potential case and, therefore, does
ot account for viscosity effects.

However, solar trackers exhibit instabilities for nominal angles 𝛼𝑛 =
◦, even though 𝐴∗

2 is never positive. This is because, although the
ominal angle without wind is 𝛼𝑛 = 0◦, as the speed of the incident
ind increases, the mean effective angle of the solar tracker, 𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛, will

hange, due to the low torsional stiffness of these systems.
Therefore, as the wind speed increases, the mean effective angle,

𝑒𝑓𝑓
𝑚𝑒𝑎𝑛, of the solar tracker changes and is no longer zero, which can
ead to instabilities. Therefore, the authors recommend that the aero-
ynamic derivatives be obtained with models of high torsional stiffness,
s is the case presented in this study, to avoid or reduce the influence of
13

(

he angle change with wind speed. In this way, the derivatives obtained
ill only depend on the aerodynamic conditions and not on the stiffness
f the model tested. An example of the application of these derivatives,
btained with a model of high torsional stiffness, for the estimation of
ritical speeds, will be shown in Section 5.

In addition, 𝐴∗
2 for the case of 𝛼𝑛 = 0◦ and different 𝐻∕𝐵 ratios is

also presented in Fig. 16, for a larger range of 𝑈𝑟.

4.1.1. Aspect ratio 𝐻∕𝐵 influence on 𝑃 1 and 𝑃2
The influence of aspect ratio 𝐻∕𝐵 on the points 𝑃 1 (minimum value

f 𝐴∗
2, 𝐴∗

2,𝑚𝑖𝑛) and 𝑃 2 (reduced speed at which 𝐴∗
2 = 0, 𝑈𝑟 ∣𝐴∗

2=0
), is

hown in Figs. 18 and 19 respectively.
For simplicity, the cases of nominal angles with low absolute value

|𝛼𝑛| = 5◦ and |𝛼𝑛| = 10◦) are shown in an one plot, and the cases of
ominal angles with high absolute value (|𝛼𝑛| = 20◦, |𝛼𝑛| = 30◦ and
𝛼𝑛| = 40◦) on other plot. In one hand, as mentioned above, for the
ases of 𝛼𝑛 = −10◦ and 𝛼𝑛 = −5◦ the value of 𝑈𝑟 at 𝑃 2 does not vary
ignificantly with 𝐻∕𝐵. On the other hand, for the cases of 𝛼𝑛 = 5◦ and
𝑛 = 10◦, a maximum value is reached in both cases when 𝐻∕𝐵 = 1.0.
herefore, at the ratio 𝐻∕𝐵 = 1.0 these nominal angles present their
ost stable behaviour. Additionally, in the cases of nominal angles
ith large absolute values, as 𝐻∕𝐵 increases, 𝑈𝑟 at 𝑃 2 of the positive

onfiguration decreases while 𝑈𝑟 at 𝑃 2 of the negative configuration
ncreases until both cases match for 𝐻∕𝐵 = 2.0. The largest differences
n 𝑈𝑟 at 𝑃 2 values between the positive and negative angles appear at
∕𝐵 < 1.
Point 𝑃 1, the minimum 𝐴∗

2 value, 𝐴∗
2,𝑚𝑖𝑛, as a function of 𝐻∕𝐵 and

he nominal angle of the solar tracker, 𝛼𝑛, is shown in Fig. 19.
Once again, for a clear presentation, the plots for small absolute

ominal angles and large nominal angles have been separated. For
𝑛 = 5◦ and 𝛼𝑛 = 10◦, the lowest 𝐴∗

2,𝑚𝑖𝑛 is obtained for 𝐻∕𝐵 = 1.0. As can
e noticed from expression (6) this implies that the maximum effective
amping, 𝐶𝑒𝑓𝑓 , for these angles is obtained at 𝐻∕𝐵 = 1.0. Another re-
arkable aspect is the value of 𝐴∗

2,𝑚𝑖𝑛 reached at
∕𝐵 = 0.5 for 𝛼𝑛 = 5◦ and 𝛼𝑛 = 10◦, which does not seem to follow the

xpected trend. The reason of this behaviour cannot be concluded from
he experimental data obtained in this study. Future work with flow
isualization, for example, would be required to attempt an explanation
or why the minimum value of 𝐴∗

2 is so high for 𝐻∕𝐵 = 0.5 at 𝛼𝑛 = 5◦

nd 𝛼𝑛 = 10◦. Besides, for the large nominal angles, the minimum value
f 𝐴∗

2 is not quite affected with 𝐻∕𝐵, except for 𝛼𝑛 = −40◦, which
ecreases drastically from 𝐻∕𝐵 = 0.6, showing a clear difference with
𝑛 = 40◦.

In both Figs. 19 and 18, as well as in Figs. 14 and 15, it can be
bserved that the most significant differences between the derivative
∗
2 for angles of opposite sign but the same absolute value occur in

he cases of 𝛼𝑛 = ±40◦. This may be attributed to as the absolute
alue of the angle of attack increases, in the presence of the ground,
he geometric configuration difference between positive and negative
ngles becomes more pronounced. For instance, at 𝛼𝑛 = 40◦, the cross-
ectional area for airflow passage defined between the ground and
he solar tracker decreases as one progresses in the wind direction.
onversely, at 𝛼𝑛 = −40◦, this cross-sectional area increases as one
dvances in the wind direction. This disparity in configuration between
ositive and negative angles diminishes as the absolute value of the
ngle of attack decreases or the 𝐻∕𝐵 ratio is increased.

.2. Sensitivity analysis of aerodynamic derivative 𝐴∗
3 to 𝐻∕𝐵

The aerodynamic derivative 𝐴∗
3 as a function of the reduced wind

peed, 𝑈𝑟, for different tracker chord-height ratios, 𝐻∕𝐵, and different
ominal angles of attack, 𝛼𝑛, is presented in Fig. 20 (𝐻∕𝐵 = 0.3, 0.4 and
.5) and Fig. 21 (𝐻∕𝐵 = 0.6, 1.0 and 2.0). The plots on the left show
ases of nominal angles of attack with small absolute value (|𝛼𝑛| = 0◦,
◦, 10◦), and on the right the nominal angles with large absolute value

◦ ◦ ◦

|𝛼𝑛| = 20 , 30 , 40 ). The symbols indicate experimental data. The lines
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Fig. 16. Variation of aerodynamic derivative 𝐴∗
2 as a function of reduce speed, 𝑈𝑟, for a nominal angle 𝛼𝑛 = 0, and different aspect ratios 𝐻∕𝐵.

Fig. 17. Aerodynamic derivatives 𝐴∗
2 and 𝐴∗

3 obtained experimentally for a case of 𝛼𝑛 = 0◦ and 𝐻∕𝐵 = 2.0 compared to Theodorsen’s solution (solid black line) and the quasi-static
solution (dashed purple line), as a functions of the reduced speed, 𝑈𝑟.

Fig. 18. Critical speed at which 𝐴∗
2 = 0, 𝑈𝑟 ∣𝐴∗

2=0
, as a function of the aspect ratio 𝐻∕𝐵, for several values of the nominal angle of the solar tracker, 𝛼𝑛.
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are a third degree polynomial: 𝐴∗
3,𝑓 𝑖𝑡 = 𝐴𝑝 +𝐵𝑝𝑈𝑟 +𝐶𝑝𝑈2

𝑟 +𝐷𝑝𝑈3
𝑟 fitted

to experimental data. Since 𝐴∗
3 = 0 when 𝑈𝑟 = 0 imposes that 𝐴𝑝 = 0.

A second condition, d𝐴∗
3∕d𝑈𝑟 = 0 when 𝑈𝑟 = 0, is also imposed which

implies that 𝐵𝑝 = 0. This second condition has been imposed as it allows
for a better fit to the experimental data at low reduced speeds (𝑈𝑟 < 2).

𝐴∗
3 is shown in Figs. 20 and 21, as a function of 𝑈𝑟 for different

nominal angles, 𝛼𝑛, and different 𝐻∕𝐵 ratios. All curves monotonically
increase, showing the same tendency, which implies according to (7)
that the effective stiffness, 𝐾𝑒𝑓𝑓 , of the solar tracker decreases as the
reduced speed, 𝑈𝑟, increases. This behaviour has already been described
by Taylor and Browne (2020). As 𝐴∗

3 remains always positive, no 𝑈𝑟
condition in which the effective stiffness increases has been found,
according Eq. (7). This is the reason why the analysis of this derivative
is less complex than 𝐴∗

2, where there were favourable and unfavourable
conditions from the aerodynamic point of view, as described in 4.1.

For nominal angles of small absolute value (|𝛼𝑛| = 0◦, |𝛼𝑛| = 5◦

nd |𝛼𝑛| = 10◦) it is found that 𝐴∗
3 does not vary markedly with 𝐻∕𝐵.

or nominal angles of large absolute value (|𝛼𝑛| = 20◦, |𝛼𝑛| = 30◦

nd |𝛼𝑛| = 40◦) it is shown that negative angles have higher 𝐴∗
3 than

ositive nominal angles. A clear example can be noticed for 𝛼𝑛 = 20◦

nd 𝛼𝑛 = −20◦ at 𝐻∕𝐵 = 0.3. This implies that in large nominal angles
he decrease of effective stiffness, 𝐾𝑒𝑓𝑓 , as 𝑈𝑟 increases, is greater in
egatives than positives angles. Additionally, as it is shown for 𝛼𝑛 = 40◦

nd 𝐻∕𝐵 > 0.5, derivative 𝐴∗
3 ≈ 0 for the different values of 𝑈𝑟 tested.

Thus, there is no change in the effective stiffness of the system as the
reduced speed increases.

In addition, the difference in the slope of derivative 𝐴∗
3 between

small and large angles of attack is to be emphasized. As can be observed
in Figs. 20 and 21, the slope of 𝐴∗

3 for angles of |𝛼𝑛| = 30◦ and
𝛼𝑛| = 40◦ is notably different from smaller angles of attack. This
ehaviour may be related to that for angles greater than 𝛼𝑛 = 10◦

r less than 𝛼𝑛 = −10◦, the two-dimensional solar tracker is in a
tall under static conditions, as evidenced in Fig. 24, which presents
15

he coefficient of moment on the tracker axis as a function of the a
ffective mean angle of attack. Although the phenomenon is dynamic,
t is expected that if the tracker is oscillating around an angle at
hich it would stall under static conditions, the flow may detach
uring parts of the oscillation cycle. In contrast, for smaller angles
here the flow would be attached under static conditions, it could
e expected that there is less flow detachment during the oscillation
ycle than in the case of large angles. Based on the results, one could
ssume that oscillating around an angle beyond the static stall implies
hat aerodynamic effects have a smaller influence on the variation in
ffective stiffness, as indicated by the smaller slopes in the A3 curve for
hese cases. However, these hypotheses cannot be corroborated with
he experimental measurements presented in this study, as they are
isplacement measurements, and there are no, for example, velocity
ield measurements around the tracker during the oscillation cycles.
herefore, complementary studies would be necessary to conclude how
low detachment affects the variation in effective stiffness.

. Case study and validation of results

In this section, the reduced critical speed, 𝑈𝑟,𝑐𝑟𝑖𝑡, of a solar tracker
s calculated in two different ways. This is intended as a validation of
he procedure introduced in Section 2.3. The first method is using the
alidation set-up, as described in Section 3.2 and the second method
sing the aerodynamic derivatives presented in Section 2 and the
rocess described in Section 2.3. The characteristics of the solar tracker
nder study are: 𝐵 = 0.62 m, 𝐿 = 1.7 m, 𝐻∕𝐵 = 0.5, 𝐾𝑚𝑒𝑐ℎ = 20 N m,
𝑚𝑒𝑐ℎ = 0.1 kg m2, and 𝜉𝑚𝑒𝑐ℎ = 0.03.

Following the procedure described in Section 2.3, the reduced criti-
al speeds, 𝑈𝑟,𝑐𝑟𝑖𝑡, of the solar tracker under study have been calculated.
he procedure requires as input data, as explained in Section 2.3, the
echanical characteristics of the solar tracker under analysis (𝐾𝑚𝑒𝑐ℎ,
𝑚𝑒𝑐ℎ and 𝜉𝑚𝑒𝑐ℎ) in addition to the geometrical characteristics (𝐻 , 𝐵
nd 𝐿). With the structural and geometrical data together with the

erodynamic derivatives corresponding to the 𝐻∕𝐵 ratio under study,
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Fig. 20. Aerodynamic derivative 𝐴∗
3 as a function of the reduced wind speed, 𝑈𝑟, for different tracker chord-height ratios (𝐻∕𝐵 = 0.3, 0.4 and 0.5), and different nominal angles

of attack, 𝛼𝑛. Symbols: experimental data. Lines: polynomial fitting curves (solid line: positive angle, dashed line: negative angle).
the critical speed for the different nominal angles of the solar tracker,
𝛼𝑛, is estimated.

The determination process of critical reduced speed for condition
𝛼𝑛 = 10◦ is detailed below as an example. For different reduced
speeds studied, the static deflection of the solar tracker, 𝛥𝛼𝑠, was first
calculated, using Eq. (1), and the effective mean angle of attack, 𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛,
is obtained. The effective mean angle minus the nominal angle of attack
of the solar tracker under study is shown in Fig. 22 (top left) as a
function of reduced speed, 𝑈𝑟. It is shown that the tracker for low
reduced speeds has little static deflection and the effective mean angle
remains close to 10◦. However, as the reduced speed increases, the
16
change in the mean effective angle is noticeable, reaching 𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛 = 14◦

for 𝑈𝑟 = 3.5. For each of these reduced speeds and effective mean
angles, using the procedure described in Section 2.3, the effective
damping coefficient, 𝜉𝑒𝑓𝑓 , shown in Fig. 22 (top right) is obtained as
a function of the reduced speed. As can be noticed, for 𝑈𝑟 = 0 the
effective and structural damping coefficient coincide, 𝜉𝑒𝑓𝑓 = 𝜉𝑚𝑒𝑐ℎ,
as there is no aerodynamic influence. As the reduced speed increases,
the effective damping coefficient increases until it reaches a maximum
value, in this case close to 𝜉𝑒𝑓𝑓 = 0.06 for 𝑈𝑟 = 2.5. From this
speed onwards, the trend changes drastically and the effective damping
coefficient decreases rapidly, reaching 𝜉𝑒𝑓𝑓 = 0 for a value close to
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Fig. 21. Aerodynamic derivative 𝐴∗
3 as a function of the reduced wind speed, 𝑈𝑟, for different tracker chord-height ratios (𝐻∕𝐵 = 0.6, 1.0 and 2.0), and different nominal angles

of attack, 𝛼𝑛. Symbols: experimental data. Lines: polynomial fitting curves (solid line: positive angle, dashed line: negative angle).
𝑈𝑟 = 3.2, which corresponds to the reduced critical speed, 𝑈𝑟,𝑐𝑟𝑖𝑡, since
for higher reduced speeds 𝜉𝑒𝑓𝑓 < 0 and therefore the system would
diverge.

To validate the results and the calculation procedure, test in a aux-
iliary experimental setup (presented in Section 3.2) have been carried
out with the solar tracker under study in the ACLA16 aerodynamic
tunnel.

The stability curve of the tracker under study is shown in Fig. 23.
The stability curve relates the reduced critical speed, 𝑈𝑟,𝑐𝑟𝑖𝑡, to the
nominal angle of the solar tracker, 𝛼 . Therefore, for reduced speeds
17

𝑛

higher than the critical speed the system will be unstable and for
reduced speeds lower than the critical speed the system will be stable.
It should be noted again that the nominal angle of operation of the
solar tracker, 𝛼𝑛, does not correspond to the effective mean angle of the
tracker, 𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛, since there is a static deflection, 𝛥𝛼𝑠, due to the incident
wind speed. This static deflection can be estimated by using Eq. (1).
To calculate the static deflection, it is necessary to know the moment
coefficient, 𝐶𝑚, as a function of the effective mean angle (Fig. 24). This
coefficient has been determined by measuring the static deflection of
the solar tracker, 𝛥𝛼 , of the auxiliary set-up and the dynamic pressure,
𝑠
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Fig. 22. Top left: Effective mean angle of attack minus nominal angle, 𝛼𝑒𝑓𝑓
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∕2𝜌𝑈2
∞, according to

𝑚(𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛) =
𝐾𝑚𝑒𝑐ℎ𝛥𝛼𝑠
1∕2𝜌𝑈2

∞𝐵2
. (25)

The influence of the aspect ratio 𝐻∕𝐵 = 0.5 on the static coefficient
s noticeable, the moment coefficient differs quite a bit from being
symmetric between positive and negative effective mean angles. The
tatic moment coefficients obtained by Zhang et al. (2023a) at 𝐻∕𝐵 =
.05 and by Taylor and Browne (2020) are also presented in Fig. 24.

As shown in Fig. 23, the results obtained with the model described
n Section 2.3 exhibit a good agreement with the results obtained in the
alidation tests performed in the auxiliary experimental setup for the
ase of large angles of attack. Conversely, for small angles of attack,
t can be noted that the value of the maximum critical reduced speed
as been accurately determined, but both results do not align regarding
he angle of attack at which it is achieved. This discrepancy may be
ttributed to, as discussed in Section 4.1, low angles of attack are highly
eliant on static deflection to reach critical conditions (as observed
n the case of 𝛼𝑛 = 0◦, where the absence of static deflection would
liminate the instability). Consequently, uncertainties in estimating
he effective mean angle, which may arise from solving Eq. (1) or
ncertainties in angular positioning, could impact the estimated critical
elocities. However, since large angles of attack are inherently more
nstable, as discussed in Section 4.1, the influence of static deflection
s not as significant, and therefore, uncertainties in its estimation do
ot substantially affect the results.

It should be noted that the aerodynamic derivatives were calcu-
ated with a different experimental setup with different mechanical
haracteristics per unit length (𝐾𝑚𝑒𝑐ℎ, 𝐽𝑚𝑒𝑐ℎ and 𝜉𝑚𝑒𝑐ℎ) and different
eometrical characteristics (𝐵, 𝐿, 𝐻), except for the 𝐻∕𝐵 ratio. This
roves that the aerodynamic derivatives obtained with a model whose
18

echanical stiffness is adequately high to avoid static deflection only
epend on the 𝐻∕𝐵 ratio and, in addition, it validates the aerodynamic
erivatives presented in this work.

To further study the validity of the model described in Section 2.3,
he corresponding data for 𝛼 = 5◦ are also displayed in Fig. 22, allowing
or a comparison between the effective damping, 𝜉𝑒𝑓𝑓 , effective mean
ngle of attack, 𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛, and predicted oscillation frequency, 𝜔, with
he experimental measurements of the validation set-up. As observed
n the figure, the model presented in Section 2.3 predicts the trends
bserved in the experimental results. In particular, the good agreement
f the data concerning effective damping is noteworthy. Concerning
he effective mean angle of attack, once again, it can be noted how
he model predicts the trend; however, it overestimates the static
eflection of the tracker by approximately 1◦ for reduced speeds 2 <
𝑟 < 3 and 𝛼𝑛 = 10◦. This could be attributed to 𝛼𝑛 = 10◦ is close

o the point of static stall entry for the tracker (see Fig. 24), and
herefore, the resolution of Eq. (1) may introduce more uncertainty
ue to the nonlinearity of the aerodynamic static moment. Finally,
egarding the oscillation frequency, it is evident that the model predicts
he experimental results for low reduced speeds, but as the system
pproaches unstable conditions, the predictions become overestimated.
evertheless, it should be emphasized that this study has been con-
ucted with the aim of examining an isolated two-dimensional case
without trackers in front or behind), which corresponds to the cases
ore commonly presented in the literature, for example the works

onducted by Zhang et al. (2023a) and Taylor and Browne (2020).
herefore, the method described does not consider three-dimensional
ffects and could not be used to investigate self-excited phenomena in
three-dimensional tracker.

. Conclusions
General conclusions are listed below:
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E

Fig. 23. Stability curve of the solar tracker under study. Exp1: validation testing set-up. Exp2: procedure described in Section 2.3 using aerodynamic derivatives.
Fig. 24. Moment coefficient, 𝐶𝑚, as a function of the effective mean angle, 𝛼𝑒𝑓𝑓
𝑚𝑒𝑎𝑛.

xp1: experimental set-up for validation, H/B = 0.5. Zhang 2023: data from Zhang
et al. (2023a) at 𝐻∕𝐵 = 2.05. Taylor 2020: data from Taylor and Browne (2020).

• Aerodynamic derivatives, 𝐴∗
2 and 𝐴∗

3, for a basic solar tracker
model have been experimentally obtained for a wide range of
nominal angles of attack (𝛼𝑛 ∈ [−40◦, 40◦]) and 6 different 𝐻∕𝐵
aspect ratios. These data can be used to estimate the critical speed
of this type of solar tracker in a wide range of configurations by
applying the method described in Section 2.3 to determine the
effective damping, 𝜉𝑒𝑓𝑓 , as a function of incident wind speed, 𝑈∞.

• The validity of the method for estimating the effective damping
coefficient was tested by comparing results obtained with two
different experimental set-ups. The use of a model with high
torsional stiffness in the main experimental setup allows the
aerodynamic derivatives presented in this work to depend only
on the model geometry (𝐻∕𝐵 and nominal angle of attack, 𝛼𝑛)
and the wind speed, 𝑈∞. Therefore, they can be used to study
the stability of a two-dimensional solar tracker for any structural
characteristics (𝐽𝑚𝑒𝑐ℎ, 𝐶𝑚𝑒𝑐ℎ and 𝐾𝑚𝑒𝑐ℎ).

• It should be noted that linear aerodynamic derivatives have been
employed, wherein the influence of oscillation amplitude is not
taken into account. As a result, this method allows for the estima-
tion of the critical velocity but is not suitable for the investigation
of post-flutter behaviour. To study the behaviour beyond the crit-
ical velocity, it would be necessary to use non-linear aerodynamic
derivatives (dependent on amplitude), Noda et al. (2003), Li et al.
(2022), Xu et al. (2016) and Gao et al. (2023).
19
• In addition, it should also be noted that this method is applicable
for isolated two-dimensional cases and, in principle, could not
be employed to investigate the self-excited behaviour of solar
trackers under three-dimensional conditions.

Conclusions regarding derivative 𝐴∗
2 are listed below:

• 𝐴∗
2 is significantly influenced by 𝐻∕𝐵. To analyse this influence,

the point 𝑃2 (reduced speed, 𝑈𝑟, at which 𝐴∗
2 = 0) has been

defined. As from 𝑈𝑟 = 0 to 𝑃 2 the derivative 𝐴∗
2 < 0 and therefore

the aerodynamic damping is positive (see Eq. (6)), the point 𝑃 2
gives us a guess about how stable the configuration at a given
nominal angle is, since it indicates the critical speed range in
which the aerodynamic damping favours stability.

• It was found that cases 𝛼𝑛 = 5◦ and 𝛼𝑛 = 10◦ have a maximum
value of 𝑈𝑟 at 𝑃 2 when aspect ratio 𝐻∕𝐵 = 1 (see Fig. 18 top).
Therefore, 𝐻∕𝐵 = 1 is the condition that maximizes the stability
of these angles.

• For large |𝛼𝑛| (|𝛼𝑛| = 20◦, 30◦ and 40◦) and 𝐻∕𝐵 < 1 the positive
angles have higher 𝑈𝑟 at 𝑃 2 than their negative counterparts. As
𝐻∕𝐵 increases this difference decreases until for 𝐻∕𝐵 = 2 the
positive and negative angles with the same absolute value have
the same 𝑈𝑟 at 𝑃 2 (see Fig. 18 bottom).

• At 𝛼𝑛 = 0, 𝐴∗
2 is monotonically decreasing (see Fig. 16), so 𝑃 2

cannot be defined and, therefore, this angle is always stable.
However, as has been commented throughout the paper, as the
incident wind speed, 𝑈∞, increases, the solar tracker changes its
angle of attack, due to static reflection, 𝛥𝛼𝑠, and, therefore, the
effective mean angle, 𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛, does not coincide with the nominal
angle (defined at 𝑈∞ = 0). This explains why a solar tracker at
𝛼𝑛 = 0 presents instability, because as 𝑈∞ increases, the effec-
tive mean angle changes, reaching angles of attack that present
instability.

• Related to the previous point, it is essential, in order to analyse
the stability, to take into account the static deflection, 𝛥𝛼𝑠, of the
tracker and to determine the effective mean angle, 𝛼𝑒𝑓𝑓𝑚𝑒𝑎𝑛.

Conclusions regarding derivative 𝐴∗
3 are listed below:

• 𝐴∗
3 monotonically increases as reduced speed increases, and it has

no change of sign. This is found for all angles and aspect ratio
𝐻∕𝐵 tested. Since 𝐴∗

3 always has a positive sign, the effective
stiffness always decreases as the incident flow speed increases.

• 𝐴∗
3 is not very sensitive to the 𝐻∕𝐵 ratio. Furthermore, it has

been found that large negative nominal angles (𝛼𝑛 = −40◦, 𝛼𝑛 =
◦ ◦ ∗
−30 and 𝛼𝑛 = −20 ) have higher 𝐴3 values than positive ones
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(𝛼𝑛 = 40◦, 𝛼𝑛 = 30◦ and 𝛼𝑛 = 20◦). This implies that operating
conditions with large negative nominal angles reduce effective
stiffness, 𝐾𝑒𝑓𝑓 , as 𝑈𝑟 increases to a greater extent than positive
angles.
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