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H I G H L I G H T S

• Hybrid Energy harvesting by inclined square cylinder prone to galloping oscillations is investigated.

• A reduced-order model is developed for the beam-cylinder harvester using Galerkin discretization.

• The performance of the energy harvester for various inclination angles are carried out.

• An upright zero inclined or a slight angle of cylinder is preferable for energy harvesting.

• Any backward angle of cylinder is not suitable for attaining high levels of harvested power.
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A B S T R A C T

Energy harvesting by a square cross-section cylinder, inclined at different angles from the incoming wind flow,
prone to galloping oscillations is investigated. The cylinder is fixed at the tip of a cantilever beam at a definite
angle, to which is attached a piezoelectric layer and a permanent magnet placed in the close vicinity of a coil.
Existing aerodynamic-coefficient experimental values as a function of the incident angle of attack are utilized for
determining the aerodynamic force on each inclined cylinder. Seven-order polynomial is recognized to be a
convenient choice for performing the analyses in this study. After establishing the galloping aerodynamic force
of each case, a reduced-order model is developed for the beam-cylinder energy harvester using Galerkin dis-
cretization. Moment of inertia of each case is calculated using transformation matrix and its impact on the
natural frequency is determined. It is shown that the moment of inertia affects the linear characteristics of the
galloping-based energy harvester when the inclination of the cylinder is changed. The nonlinear characteristics
and performance of the energy harvester for various inclination angles are carried out. It is indicated that an
upright zero inclined or a slight angle of cylinder till ten or fifteen degrees towards the wind flow is preferable
for energy harvesting. Any forward inclination towards the wind flow greater than that or any backward angle of
cylinder away from the wind flow are not suitable for attaining high levels of harvested power. This behavior
actually opens the doors for using a movable cylinder at the tip of a beam with lock mechanism that can be tilted
at a high forward or backward angle for extreme windy conditions to have reasonable practical power harvesting
without damaging the harvester.

1. Introduction

Localized energy production is on the rise due to the arrival and
applicability of electronic gadgets, microelectro-mechanical systems,
actuators [1,2], health monitoring and wireless sensors [3], and med-
ical implants [4]. Researchers have shown tremendous interest in both
base [5–7] as well as flow-induced vibrations [8–14] for effective en-
ergy harvesting. Abdelkefi [15] talks in length about utilizing

aeroelastic oscillations, such as flutter exhibited by airfoil sections,
galloping vibrations of prismatic cylinders, vortex-induced vibrations
(VIV) present in circular cylinders, or wake galloping using different
transduction mechanisms including piezoelectric [5–7], electro-
magnetic [8,16,17], and electrostatic [18]. The concept of using hybrid
transduction comprising of a functional piezoelectric layer and an
electromagnet-coil arrangement for aeroelastic oscillations have re-
cently been proposed [16,17].

https://doi.org/10.1016/j.apenergy.2018.09.141
Received 25 April 2018; Received in revised form 25 August 2018; Accepted 13 September 2018

⁎ Corresponding author.
E-mail address: abdu@nmsu.edu (A. Abdelkefi).

Applied Energy 231 (2018) 259–276

0306-2619/ © 2018 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03062619
https://www.elsevier.com/locate/apenergy
https://doi.org/10.1016/j.apenergy.2018.09.141
https://doi.org/10.1016/j.apenergy.2018.09.141
mailto:abdu@nmsu.edu
https://doi.org/10.1016/j.apenergy.2018.09.141
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2018.09.141&domain=pdf


The concept of energy harvesting by prismatic shaped cylinders
prone to galloping oscillations due to incoming wind flow is relatively
new [19–25]. High amplitude oscillations and a wide range of wind
speeds over which energy can be harvested make this phenomenon an
excellent choice for localized energy production. Where VIV can only
harvest energy over a well- defined range of wind speeds, galloping
phenomenon can be exhibited as long as the wind speed exceeds be-
yond a critical threshold called the onset speed of galloping denoted
frequently by Ug. An interesting investigation was carried out by Sirohi
and Mahadik [20,23] in which they studied the galloping response of
triangular and D-section cross-section geometries that were attached at
the end of a cantilever beam with piezoelectric layer on it. Zhao et al.
[24] performed an experimental investigation for studying the perfor-
mance of different cross-section geometries exhibiting galloping oscil-
lations. They reported square cylinder as an efficient choice for low
wind speed energy harvesting. Bibo and Daqaq [25] developed a uni-
versal relationship and curve between dimensionless output power and
wind flow speed for galloping energy harvesters. Their curve only de-
pends on the aerodynamic properties of the bluff bodies and is in-
dependent of the mechanical and electrical properties of the energy
harvester. The established relationship gives an insight into the aero-
dynamic parameters for optimum performance and the study was
therefore one step towards development of efficient energy harvesters.
Dai et al. [16] explored the field of electromagnetic energy harvesting
by galloping oscillations. They considered a lumped-parameter model,
and developed the nonlinear normal form to characterize the type of
Hopf bifurcation. Abdelmoula and Abdelkefi [26] considered a square
cylinder galloping harvester with piezoelectric layer and determined
the effects of capacitance and inductance in connection with an elec-
trical load resistance in the circuitry. They concluded that the electrical
capacitance and inductance are not beneficial for energy harvesting
applications as they do not increase the levels of power or lower the
onset speed of galloping. On the other hand, they demonstrated that the
electrical capacitance and inductance are good additions for control
purposes of undesirable galloping oscillations.

It is pertinent to mention that all the above studies related to energy
harvesting from galloping oscillations considered upright cylinders. An
interesting contribution in harvesting galloping energy was performed
recently by Hu et al. [27] in which they considered a square cross-
section cylinder inclined at different angles, towards or away to the
incoming wind flow, in a wind tunnel. One end of their cylinder was
free and the other was dipped in oil, acting as a damper and support.
They found that as they inclined the cylinder more and more towards
the incoming wind flow with forward inclination (α=+5°, +10°,
+15°, +20°, +30°), the corresponding amplitude of their cylinder kept
on decreasing. But when it came to backward inclination of cylinder
away from the wind flow (α=−5°, −10°, −15°, −20°, −30°), they
pointed out that for an optimum angle of the backward inclination, the
cylinder exhibited maximum oscillation amplitude. Beyond that angle,
amplitude of oscillation started to decrease. The current work is one
step ahead in understanding the inclined bluff bodies exhibiting gal-
loping oscillations but with focus on harvesting energy from them.

In the current study, a square cross-section cylinder is attached as a
tip mass for an aluminum cantilever beam with a unimorph piezo-
electric layer and a permanent magnet having a coil in its close vicinity,
to form a hybrid galloping harvester that is subjected to wind flow. The
square cross-section cylinder ensures the occurrence of galloping phe-
nomenon as wind speed flows over, with a flow incidence angle of β
from the tip-mass cylinder as long as minimum, critical, threshold wind
speed gets exceeded. The square cylinder is adjusted at different angles
(α=−5° and +5°, −10° and +10°, −15° and +15°, −20° and +20°,
−30° and +30°) for inclination towards +α and away −α, from wind
flow, respectively. Each case would be analyzed individually and
comparisons drawn amongst them for the displacement, and piezo-
electric and electromagnetic-inductive levels of generated power. These
cases might be considered as the same energy harvester on which each

cylinder is attached at a particular inclination angle and then behavior
being studied or different operating harvesters with a particular in-
clined cylinder.

The modeling and approximation of aerodynamic force is the
trickiest part in any aeroelastic dynamical system. For this research
study, the experimental results of aerodynamic coefficient as a function
of incident flow angle, Cy-tan(β) of Hu et al. [27] are utilized, except the
fact that for using quasi-steady approximation, the 3-D effects are ne-
glected. Therefore, out of the eleven pressure taps used in their ex-
periments, four taps Levels 6–9 near the center are considered. The Cy-
tan(β) is then plotted and approximated by a seventh-order polynomial
after which the aerodynamic force Fy is straight forward. It should be
noted that tan(β)= y/̇U where y ̇ is the speed of the oscillating cylinder
and U is the incoming wind flow speed.

After establishing the aerodynamic force for each inclined case se-
parately, a comparative performance-study between the different in-
clined sections would be carried out by modeling it. For that, the
Galerkin discretization is employed to derive a reduced-order model for
the hybrid energy harvester. We then proceed on to perform linear and
nonlinear analyses using the distributed-parameter discretization with
respect to different incoming wind speeds. Each cylinder inclination+α
or −α case subjected to wind flow is going to be tackled separately and
comparative study identifying the best inclination for effective energy
harvesting would be carried out. As for the configurations that would be
found unsuitable for energy harvesting due to the low responses they
exhibit, they can be utilized as passive controllers. The intrinsic prop-
erty of galloping systems of increasing response with increasing wind
speed where on one hand is beneficial for energy harvesting purposes,
on the other hand can cause structural damage and fatigue in extreme
windy conditions. Furthermore, the presence of nonlinearities and high
initial conditions can reduce the onset speed, and a sudden jump can
occur from no oscillations to sudden high amplitude galloping oscilla-
tions. This behavior is called subcritical Hopf bifurcation and can be
catastrophic for the energy harvester or any galloping dynamical
system for that matter. A suitable lock and controller mechanism if put
in place on the cylinder beam juncture, can activate beyond the op-
erational wind speed range, and tilt the cylinder at an inclination angle
where either the onset speed is higher or the response is low. Thus,
suitable inclination for that period of stormy conditions of wind would
act like a passive controller, and system can again come back to its
angle of optimized performance once those set of conditions are over.

2. Impacts of the cylinder’s inclination on the galloping force

The hybrid energy harvester under consideration is shown in Fig. 1.
The piezoelectric layer is attached over the aluminum substrate that is
induced with a strain as the beam deflects because of the incoming
flowing wind U, and corresponding aerodynamic force caused over the
cylinder. This strain energy gets translated into piezoelectric voltage Vp

and corresponding electrical power Pp across the piezoelectric load
resistance Rp. A permanent magnet of mass m0 placed at a distance L0
from the fixed cantilever support is attached over the surface of the
beam which cuts the coil placed in its close vicinity, as the beam and
tip-mass cylinder gets physically displaced. This electromagnetic in-
duction produces electrical current ii that flows through the coil and
power Pi gets generated across the electromagnetic-inductive load re-
sistance Ri. It should be mentioned that Ls is indicative of the length of
the substrate material. Lp is the length of the piezoelectric layer whereas
the Lt represents the length of the tip mass having mass Mt.

The researchers tend to unravel the governing physics of underlying
aeroelastic systems whether it is for control, or for energy harvesting
purposes by using experimental methods and Computational Fluid
Dynamics tools. In the present work, we resort to using the experi-
mental aerodynamic force coefficient data of Hu et al. [27] for inter-
mediate pressure taps that give us the results of aerodynamic force
coefficient for a square cylinder attached as a tip mass for a cantilever
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