
applied  
sciences

Article

Power Control Optimization of an Underwater
Piezoelectric Energy Harvester

Iñigo Aramendia 1 ID , Unai Fernandez-Gamiz 1,* ID , Ekaitz Zulueta Guerrero 2,
Jose Manuel Lopez-Guede 2 and Javier Sancho 1

1 Nuclear Engineering and Fluid Mechanics Department, University Basque Country,
UPV/EHU, 01006 Vitoria, Spain; inigo.aramendia@ehu.eus (I.A.); javier.sancho@ehu.eus (J.S.)

2 Automatic Control and System Engineering Department, University Basque Country,
UPV/EHU, 01006 Vitoria, Spain; ekaitz.zulueta@ehu.eus (E.Z.G.); jm.lopez@ehu.eus (J.M.L.-G.)

* Correspondence: unai.fernandez@ehu.eus; Tel.: +34-945-014-066

Received: 29 December 2017; Accepted: 2 March 2018; Published: 7 March 2018

Abstract: Over the past few years, it has been established that vibration energy harvesters with
intentionally designed components can be used for frequency bandwidth enhancement under
excitation for sufficiently high vibration amplitudes. Pipelines are often necessary means of
transporting important resources such as water, gas, and oil. A self-powered wireless sensor network
could be a sustainable alternative for in-pipe monitoring applications. A new control algorithm has
been developed and implemented into an underwater energy harvester. Firstly, a computational
study of a piezoelectric energy harvester for underwater applications has been studied for using the
kinetic energy of water flow at four different Reynolds numbers Re = 3000, 6000, 9000, and 12,000.
The device consists of a piezoelectric beam assembled to an oscillating cylinder inside the water of
pipes from 2 to 5 inches in diameter. Therefore, unsteady simulations have been performed to study
the dynamic forces under different water speeds. Secondly, a new control law strategy based on the
computational results has been developed to extract as much energy as possible from the energy
harvester. The results show that the harvester can efficiently extract the power from the kinetic energy
of the fluid. The maximum power output is 996.25 µW and corresponds to the case with Re = 12,000.

Keywords: energy harvesting; piezoelectric; pipelines; underwater networks; wireless sensor networks;
control algorithm

1. Introduction

In order to provide the amplified demand of energy caused by the population expansion and
larger power consumption, development of new energy harvester devices and their optimization
have become key points for a few decades [1]. In fact, when the issue is to construct optimized energy
harvester systems, the balance between demand and supply is also a fundamental problem to deal
with from a multidisciplinary point of view. It is desirable to obtain sustainable, safe and world-wide
applicable methods [2–4]. Before the 2000s, most energy consumption was based on fossil fuels working
in so-called conventional energy systems. Nevertheless, both the limitations in the supply and the
worldwide inhomogeneous distribution make the use of those fossil based fuels inefficient. In the
study of Lund et al. [5], an integrated cross-sector approach was used to argue the most efficient and
least-cost storage options for the entire renewable energy system.

According to Cottone [6] and Nickolaus et al. [7], the demand of portable power source
devices is increasing over the last decade because it is not satisfied by batteries, the subject of
energy harvesting from ambient has attracted extensive attention, Farsangi et al. [8] and Kurt [9].
Energy harvesting devices permits energy deliver for low power electronic equipment such as
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wireless sensors, pacemakers, and health monitoring systems. Additionally, harvesters can be used as
a supplementary power device, which increases the life-time of the batteries with appropriate maximal
power point tracking mechanisms, Brunelli et al. [10], Dini et al. [11], and Lopez-Lapena et al. [12].
These devices are usually designed to obtain electrical power from ambient and they convert it into
energy for low power devices. Numerous energy harvesting methods such as vibration, solar, thermal
gradient, wind, etc. have been developed in recent years; see Wu et al. [13] and Zulueta et al. [14].
There are a lot of ambient vibrations such as human and machine motions, wind or seismic actions
in the environment, see O’Donnell [15], Zulueta et al. [14] and Kurt et al. [16]. In the work of
Nesarajah et al. [17], a new thermoelectric energy harvesting system was developed to convert the
waste heat from exhaust pipes. The response of a piezoelectric harvester in pendulum shape was
investigated by Uzun et al. [18] under a periodic magnetic field both theoretically and experimentally.

Uzun et al. [19] reported a performance exploration of a piezoelectric harvester positioned
near an operating induction motor. The harvested power per surrounding volume was increased
up to 0.11 mW/cm3. Monitoring of underwater pipelines through wireless sensor nodes (WSNs) is
an important area of research especially for locations such as underground or underwater pipelines,
where it is costly to replace batteries [20].

Some advantages of the energy harvesters are based on long-term operability, cost efficiency,
maintenance free, no requirement of charging points, and inaccessible sites operability [21].
Additionally, these systems are very helpful in applications for hard natural conditions. Most of
the WSNs cannot be enabled without Energy Harvesting technology. Vibrations can be converted
into energy by numerous techniques: electromagnetic, electrostatic/capacitive, and piezoelectric [15].
Moreover, the piezoelectric devices are appropriate to be optimized for a certain excitation frequencies
and that can facilitate the raise of the system efficiency, see Kurt et al. [22] and Uzun et al. [18].
According to Cottone [6], non-linear oscillators can offer the option of broadening the response of
vibration energy systems, in that way they can physically respond to changes in driving frequency,
Uzun et al. [23]. They can also harvest energy from sources where vibrations are present in several
frequencies, see Frizzell et al. [24] and Cottone et al. [25], and [26]. Dong et al. [27] developed a new
energy harvesting device based on two side-by-side flexible plates. The adopted algorithm was verified
and validated by the simulation of flow past a square flexible plate.

Vibrations can be converted into energy by several techniques: electromagnetic, electrostatic/
capacitive, and piezoelectric, O’Donnell [15]. Among the aforementioned techniques, piezoelectrics
have some advantages such as elevated power density and voltage. In addition, the piezoelectrics are
appropriate to be optimized for some excitation frequencies and can be useful to increase the system
efficiency, see Kurt et al. [22] and Uzun et al. [18]. The materials used for piezoelectric conversion are
naturally-occurring ones as crystals, ceramics, and polymers, see Patel et al. [28] and Westwood [29].

In 2001, an eel-shaped piezoelectric energy harvester with five side-by-side flexible beams, which
vibrated mechanically by the vortex street was presented by Taylor et al. [30]. A power output of
10 µW was achieved calculated with a water velocity of 1 m/s. Afterward, many researchers focused
on piezoelectric energy harvesting using flow-induced vibration [31–34]. Shan et al. [35] studied
a macro fiber composite piezoelectric energy harvester in the water vortex at a fluid velocity of 0.5 m/s,
and 1.32 µW of power was generated. Weinstein et al. [36] investigated a piezoelectric beam induced
by the vortex shedding from an upstream cylinder and the power output generated at fluid velocities
of 2.5 m/s and 5 m/s were 200 µW and 3 mW, respectively.

In the present work, a system for powering sensors to monitor physical and chemical parameters
in a water pipeline is modelled. Carbon nanotube-based sensors are usually used to measure the
pH of water and chemical compounds, such as chloride. Furthermore, Micro-Electro-Mechanical
Systems (MEMS) sensors are also employed to measure fluid temperature and velocity, conductivity,
flow rate, pressure, etc. Thus, as presented in [37,38] no batteries are implemented in order to provide
self-powering capability to wireless sensor devices. Hydraulic turbines, such as Pelton and Darrieus,
are used for capturing the energy of the water flux, but we have chosen a circular cylinder on a pipeline
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to take advantage of the vibrations induced by the Von Karman Vortex street generated in the wake of
a circular cylinder at low Reynolds numbers due to the simplicity of the device.

The main goal of the current study is to demonstrate how a novel optimization system
implemented into an underwater energy harvester increases the captured energy by the device. Due to
this objective, a new piezoelectric control law has been designed using exhaustive search algorithms.
In the literature, there are a number of control algorithms designed to increase the captured power
such as Ronkanen et al. [39]. In our study, we have introduced a piezoelectric voltage based control
law which highly enhances the mean power captured by the energy harvester.

2. Harvester Description

The device investigated in the current work is based on the study of Cottone et al. [40] and consists
of a piezoelectric beam assembled to an oscillating body, a circular cylinder of diameter D = 0.01 m,
inside the water of pipes from 0.0508 to 0.1270 m of diameter, see Figure 1.
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Figure 1. Energy harvester assembly on a pipe (not to scale).

The harvester device includes housing and at least one energy transducer. A circular cylinder is
arranged to receive collisionally transferred kinetic energy from the fluid, resulting in vibration due to
the vortices formed closely downstream of the circular cylinder. The energy transducer is attached to
the housing.

3. Computational Setup

A computational model has been developed to characterize the behavior of the circular cylinder
of the underwater harvester. The fluctuating lift acting on a stationary circular cylinder in cross flow at
four different Reynolds numbers has been investigated. The dimensions of the computational domain
are shown in Figure 2. Downstream of the cylinder, a domain of 40 times the cylinder diameter (D) has
been chosen to investigate the vortices caused by the fluid passing around the body. Slip condition has
been selected for the top and bottom boundaries and velocity inlet at the inlet of the domain.

The design and construction of a high quality grid is crucial to the success of the Computational
Fluid Dynamics (CFD) analysis and have the most direct influence on the precision, convergence,
and time required of the solution. In the present case, the mesh consists of 56,000 two-dimensional
cells, the most of them where located around the cylinder and downstream of the cylinder in order
to capture the vortex shedding in the wake. Around the cylinder 20 prismatic layers of cells where
located to obtain a wall y+ less than 1 and polyhedral cells were chosen for the rest of the domain,
as illustrated in Figure 3.
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The numerical solution has been reached by applying RANS (Reynold Average Navier-Stokes)
equations for unsteady state flow in a finite volume flow solver for unstructured grids
STAR-CCM+ [41]. The CFD code uses discretization methods to convert the continuous system
of equations to a set of discrete algebraic equations by means of the Finite Volume Method. The time
step was calculated as 0.002 s and 15 inner iterations were determined as the optimal number. The time
intervals have been chosen to be small enough to capture the vortex shedding. Upwind scheme [42]
was used to discretize the convective terms, ensuring the robustness of the solution. The turbulence is
modeled through the kω-SST turbulence model by Menter [43]. Unsteady state computations have
been successfully applied to the similar cases in the previous studies of Mahbubar et al. [44] and Rajani
et al. [45]. All the simulations were converged until a satisfactory residual convergence was achieved
on the velocities, pressure, and turbulence quantities.

4. Computational Results

The turbulent flow over a circular cylinder for Reynolds numbers: Re = 3000, 6000, 9000, and 12,000
is investigated in the present study using a two-dimensional finite volume method. The Re number is
based on the cylinder diameter and has been calculated by Equation (1), where ρ and µ correspond to
the density and the dynamic viscosity of the water, respectively, at 15 ◦C of fluid temperature.

Re =
Vwater·D·ρ

µ
(1)

The different Re numbers were achieved by changing the water speed Vwater at the inlet.
The solutions were computed during a time from 0 to 20 s. The vortex shedding is observed and the
drag and lift forces are also calculated using CFD techniques. The computations have been validated
by the experimental work of Roshko [46] which locates the beginning of the laminar-to-turbulent
transition at Reynolds numbers between 200 and 300. Further than those Reynolds number but less
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than around 3 × 105 the wake of the cylinder is completely turbulent. In finite volume methods, the
flow domain is divided into a number of control volumes or cells. Therefore, a discretized form of
Equation (2) must be set up at a nodal point placed within each control volume in order to solve the
problem. For control volumes neighboring to the domain boundaries, the general equation is modified
to include boundary conditions. The resulting system of linear algebraic equations is then solved to
obtain the velocity and pressure distribution n at each nodal point. The drag coefficient is computed
as follows:

CD =
FD

0. 5 ρwaterU
2
∞ D

(2)

where FD is the drag force on the cylinder, ρwater is the density of the water at standard conditions and
U∞ is the free stream velocity of the fluid depending on the Re number.

A mesh independency study has been carried out to verify sufficient mesh resolution. To that end,
the Richardson extrapolation method has been applied to the drag coefficient calculations. Figure 4
shows the comparison between the experimental data of Roshko [46] and the current CFD results of
CD with three different meshes: 14,000 (coarse), 28,000 (medium), and 56,000 (fine) cells.
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Figure 4. Drag coefficients comparison between the experiments and the current Computational Fluid
Dynamics (CFD) simulations.

Table 1 shows the results of the mesh independency study where RE represents the extrapolated
solution, R the ratio of errors, and p the order of accuracy. Since the value of R is less than 1,
all three integral quantities converge monotonically for all Reynolds number cases Re = 3000, 6000,
9000, and 12,000. As shown in Figure 4, the results of the fine mesh predict quite well the drag
coefficients. Therefore, this higher resolution mesh has been used for the current computations.

Table 1. Results of the mesh independency study.

Mesh Richardson Extrapolation

Re Coarse Medium Fine RE p R

3000 0.69 1.02 1.05 1.05 3.46 0.09
6000 0.71 1.05 1.08 1.08 3.37 0.10
9000 0.78 1.14 1.18 1.18 3.34 0.10

12,000 0.79 1.15 1.19 1.19 3.35 0.10
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The vortex shedding is visualized by means of the contours of stream function vorticity. Figure 5
shows the vorticity contour lines for Re = 3000, 6000, 9000, and 12,000 cases at the time of 20 s.
The alternating formation, convection, and diffusion of the vortices can be clearly observed.
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According to Figure 5, it is clearly visible how at the Reynolds numbers investigated in the current
work a vortex shedding appears in the wake of the cylinder which provokes an oscillating in the lift
coefficient which is in concordance with the work of Norberg [47].

The results show that the vortex shedding is an intrinsic phenomenon of the flow, fairly well
predicted by the numerical solution based on the Navier-Stokes equations. The vortex shedding is
generated by a loss of symmetry of the two dimensional symmetric structures in the wake of the
circular cylinder.

Figure 6 represents the lift coefficient CL evolution at the range of Reynolds numbers studied in
the current work determined by the Equation (3), where FL is the force normal to the flow direction
induced by the water on the cylinder:

CL =
FL

0. 5 ρwaterU
2
∞ D

. (3)

At the lowest Reynolds number of 3000, the frequency of the wave is much lower than the
other cases. As the Reynolds number increases, the oscillating frequency increases as well. Note that
Figure 6 shows the evolution of lift coefficient only at the first 5 s for better illustration of the wave
form development.

The Strouhal number, St, is commonly used when describing oscillating flows and is determined
from the power spectrum of the normal force. It has been calculated by Equation (4):

St =
f·D
U∞

(4)
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where f is the frequency of the vortex shedding, D the diameter of the cylinder and U∞ the freestream
velocity. Looking at the variation of the Strouhal number as function of Reynolds number shown in
Figure 7, the typically reported value around 0.2 was found for the range of Reynolds number studied
in the present work. CFD results are represented by red color circles and the experimental data were
extracted from Norberg [47].
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5. Harvester Control Modeling

The main goal of the current work is to increase the mean power captured from the underwater
energy harvester by developing and implementing a new control algorithm to optimize the control
parameters. The system model input parameters are defined in Table 2, while Table 3 defines the
variables used in the control. The main problem is to choose an appropriate cost function, since it
should be strongly linked to the objective that is pursued. In this case, the objective is to increase the
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power captured by the harvester as the first step. Figure 8 illustrates a sketch of the harvester device
with the piezoelectric and cylinder distribution.

Table 2. Model parameters.

Name Definition Value Units

ρpiezo Piezoelectric Material density 5319 kg/m3

ρcilinder Circular cylinder Material density 920 kg/m3

ρwater Fluid density 997.5 kg/m3

A Section of piezoelectric 0.01 m2

k Piezoelectric stiffness 123 N/m
Ktrans Transduction gain 2 -

C Piezoelectric Capacitance 1 nF
f Frictional coefficient 0.01 (N·m·s)/rad

L1 Length of layer 0.0035 m
L Radius of gyration 0.08 m

Ha Cylinder height 0.05 m
a Force application distance point 0.01 m
α Voltage induced bending factor 100 A·s/m

Jwt Cylinder inertia moment 4.2 × 10−7 kg·m2

Table 3. Model variables.

Name Definition Units

CL,max Maximum lift coefficient -
V Piezoelectric voltage V
i Piezoelectric current A
t Time s
θ Beam angle rad

Vwater Water speed m/s
ω Rotational speed rad/s

Kspring Spring constant -
Kp Proportional gain A/V
Tm Moment generated by the piezoelectric Nm
Fm Piezoelectric force N
ω0 Angular pulsation of the lift coefficient rad/s
r1 Piezoelectric beam tip deflection m
u1 Reference of the piezoelectric deflection m

Appl. Sci. 2018, 8, x FOR PEER REVIEW  9 of 17 

 
Figure 8. Sketch of the harvester device (not to scale). 

5.1. Piezoelectric System 

The harvester model used in this work is based on the modeling proposed in Cottone et al. [40]. 
The main variables are the water speed (Vwater), the angular pulsation of the lift coefficient (ω0), the 
electrical current (i), and the voltage for the piezoelectric element (V). The first two variables are the 
most important inputs of the system, while the rest are the most important outputs. The piezoelectric 
model is described by equations from Equations (5)–(7): 

L1 ∙ ρpiezoA
d2r1

dt2  = -ku1 - αV1 + Fm (5) 

i1 = α
du1

dt - C
dV1

dt  (6) 

where the reference of the piezoelectric deflection, u1, is defined by the division between the 
piezoelectric beam deflection, r1, and the transduction gain, Ktrans: 

u1 =
r1

Ktrans
 (7) 

The proposed material for the underwater cylinder is Polypropylene (PP). PP is the most popular 
thermoplastic in use today and with the good behavior of being inert in a drinking water environment 
[48]. PP is a thermoplastic polymer used in a wide variety of industrial applications with good 
resistance to fatigue by aqueous solutions of inorganic salts and by practically all mineral acids and 
bases [49]. 

5.2. Hydro-Mechanical Model 

The hydro-mechanical model proposed in the current work is defined by the Equation (8), where 
the hydro-mechanical torque Thydro is determined by Equation (9) and the moment Tm generated by 
the piezoelectric force Fm can be found in Equation (10). 

Jwt
d2θ
dt2 = Thydro − Kspringθ - f

dθ
dt - Tm (8) 

Thydro ≈Asinሺwtሻ (9) 

Tm = Fm·a (10) 

The system has been designed with a torsion spring with the corresponding spring constant 
Kspring in order to keep the harvester device in a vertical equilibrium position without piezoelectric 
force. This spring lets the system keep energy from the fluid as a harmonic resonator. Thus, the spring 

Figure 8. Sketch of the harvester device (not to scale).



Appl. Sci. 2018, 8, 389 9 of 17

5.1. Piezoelectric System

The harvester model used in this work is based on the modeling proposed in Cottone et al. [40].
The main variables are the water speed (Vwater), the angular pulsation of the lift coefficient (ω0),
the electrical current (i), and the voltage for the piezoelectric element (V). The first two variables are the
most important inputs of the system, while the rest are the most important outputs. The piezoelectric
model is described by equations from Equations (5)–(7):

L1·ρpiezoA
d2r1

dt2 = −ku1 − αV1 + Fm (5)

i1 = α
du1

dt
− C

dV1

dt
(6)

where the reference of the piezoelectric deflection, u1, is defined by the division between the
piezoelectric beam deflection, r1, and the transduction gain, Ktrans:

u1 =
r1

Ktrans
(7)

The proposed material for the underwater cylinder is Polypropylene (PP). PP is the most
popular thermoplastic in use today and with the good behavior of being inert in a drinking water
environment [48]. PP is a thermoplastic polymer used in a wide variety of industrial applications with
good resistance to fatigue by aqueous solutions of inorganic salts and by practically all mineral acids
and bases [49].

5.2. Hydro-Mechanical Model

The hydro-mechanical model proposed in the current work is defined by the Equation (8),
where the hydro-mechanical torque Thydro is determined by Equation (9) and the moment Tm generated
by the piezoelectric force Fm can be found in Equation (10).

Jwt
d2θ

dt2 = Thydro − Kspringθ − f
dθ
dt
− Tm (8)

Thydro ≈ Asin(wt) (9)

Tm = Fm·a (10)

The system has been designed with a torsion spring with the corresponding spring constant
Kspring in order to keep the harvester device in a vertical equilibrium position without piezoelectric
force. This spring lets the system keep energy from the fluid as a harmonic resonator. Thus, the spring
is an element that stores the mechanical energy while the piezoelectric is taking the energy from it in
a harmonic known state.

5.3. Piezoelectric Power Control

The proposed control law for the power control of the piezoelectric energy harvester is defined by
the following equations. Equation (11) determines the piezoelectric current with the proportional gain
of the control law, Kp, and Equation (12) is formed by matching Equations (5) and (10).

i1 = KpV1 (11)

KpV1 = α
du1

dt
− C

dV1

dt
(12)

We supposed that the electrical time constant is lower than the mechanical time constant.
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KpV1 + C
dV1

dt
= α

du1

dt
(13)

Therefore, in piezoelectric steady response we have:

KpV1 = α

.
r1

Ktrans
(14)

Equation (14) is an approximation of the Equation (13) given that the term C dV1
dt could be negligible

in a steady state of the piezoelectric. Since the cylinder angle θ is very small, we can also assume that θ
is very similar to sin(θ), as stabilized in Equation (15).

r1 = a· sin θ = a·θ (15)

The previous system can be reduced to the Equations (16)–(18). Equation (16) is a combination
between Equations (8) and (10).

Jwt
d2θ

dt2 = Thydro − Kspringθ − f
dθ
dt
− a·Fm (16)

KpV1 = α
a

Ktrans

dθ
dt
⇒ V1 = α

a
Kp·Ktrans

dθ
dt

(17)

L1.ρpiezo.A
d2r1

dt2 = −k
r1

Ktrans
− α2·a

Kp·Ktrans

dθ
dt

+ Fm (18)

The parameter θ is introduced in Equation (18) as a variable state and the parameter r1 is replaced
by the formulation proposed in Equation (15). In this way, Equation (19) is obtained. Now the variable
Fm has been isolated to one side of the Equation (20) and everything else to the other side.

L1.ρpiezoAa
d2θ

dt2 = −k·a θ

Ktrans
− α2·a

Kp·Ktrans

dθ
dt

+ Fm (19)

Fm = L1·ρpiezo Aa
d2θ

dt2 + k·a θ

Ktrans
+

α2·a
Kp·Ktrans

dθ
dt

(20)

Now we proceed to introduce the variable Fm defined by Equation (20) in the Equation (16).
Therefore, a new equation is obtained, Equation (21). Note that some terms have been grouped to
make it clearer.

Jwt
d2θ

dt2 = Thydro − Kspringθ − f
dθ
dt
− a·(L1ρpiezoAa

d2θ

dt2 + k·a θ

Ktrans
+

α2·a
Kp·Ktrans

dθ
dt

) (21)

After that, the terms of Equation (21) are ordered to achieve the Equation (22) which describes the
energy harvester performance:

(Jwt + L1ρpiezoAa2)
d2θ

dt2 = Thydro − (f +
α2·a2

Kp·Ktrans
)

dθ
dt
− (Kspring +

k·a2

Ktrans
)θ (22)

The hydro-dynamical performance of the harvester is defined by Equation (23):

Thydro =
CL·ρwater·D·V2

water·Ha·(2L − Ha)

4
(23)

The equivalent dynamic of the whole system can be considered as a second order linear system,
see Equation (24). The chosen output is the rotational speed of the cylinder, because the extracted
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power depends on it. The input variable is the lift coefficient CL because this is the only term on
Equation (24) that changes with the time. The lift coefficient has a sinusoidal time waveform as it is
shown in Atluri et al. [50].

a2
d2θ

dt2 = a1CL − a3
dθ
dt
− a4θ (24)

a1 =
ρfluid·D·V2·Ha·(2L−Ha)

4
(25)

a2 = (Jwt + L1ρpiezoAa2) (26)

a3 = (f +
α2·a2

Kp·Ktrans
) (27)

a4 = (Kspring +
k·a2

Ktrans
) (28)

Appling the Laplace Transform, the Equation (24) can be written as follows:

θ(s)
CL(s)

=
a1

(a2s2 + a3s + a4)
(29)

θ(s) =
W(s)

s
(30)

W(s)
CL(s)

= H(s) =
a1s

(a2s2 + a3s + a4)
. (31)

The transfer function, H, has been analyzed in a harmonic response, see Equations (32) and (33)
since the lift coefficient has a sinusoidal wave form, as mentioned before.

H(s) =
a1s

(a2s2 + a3s + a4)
(32)

H(jw) =
a1jw

(−a2w2 + a3jw + a4)
(33)

Given that the lift coefficient has a sinusoidal waveform, the time waveform of the rotational
speed has also a sinusoidal waveform. If the amplitude of the lift coefficient is CL,max, and w0 the
pulsation of the lift coefficient, the rotational speed of the cylinder can be written as described in
Equation (34). The zero time base has been synchronized with the speed not with the lift coefficient.

w(t) =
a1w0·CLmax√

(a4 − a2w02)2 + (a3w0)
2

sin(w0t) (34)

The output power can be deduced as follows:

P = V1i1 = KpV1
2 (35)

From Equations (14) and (15), the extracted power can be written as follows:

P = (
α·a

Ktrans
)

2
.
θ

2

Kp
= (

α·a
Ktrans

)
2 1

Kp
(

a1w0·CLmax√
(a4 − a2w02)2 + (a3w0)

2
sin(w0t))

2
(36)

Therefore, the mean value of this instantaneous power can be evaluated over the period given by
angular pulsation of the lift coefficient w0.
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Pmean = (
α·a

Ktrans
)

2 1
2·Kp

(
a1w0·CLmax√

(a4 − a2w02)2 + (a3w0)
2
)

2
(37)

Once we know the mean value of the power, we have made an exhaustive search along two design
parameters: the spring constant Kspring and proportional gain of the control law Kp.

6. Results

After applying the optimization algorithm to the control system, we have obtained the following
results. Figure 9 illustrates the curve of the extracted power from the energy harvester versus the
proportional gain of the control law, Kp, for each Reynolds number. The optimal value of the spring
constant, Kspring, for each case is also denoted. It is clearly visible in each plot that a maximum power is
achieved in the range of examined Kp. The maximum extracted power at the lowest Reynolds number,
Re = 3000, is 3.95 µW which corresponds to a water velocity of Vwater = 0.34 m/s. At the maximum
Reynolds number, Re = 12,000 with a Vwater = 1.36 m/s, the power is much larger reaching the value
of 996.25 µW. For the intermediate water velocities of Vwater = 0.68 m/s and Vwater = 1.02 m/s
corresponding to the Re = 6000 and Re = 9000, respectively, the mean power extracted is also
considerable. The largest leap in the power is achieved in the range from Re = 3000 to Re = 9000 where
the power is multiplied by almost 10 times. Table 4 represents the values of the extracted power for
all water velocity cases and their corresponding optimal values of the spring constant Kspring and
proportional gain of the control law Kp.

Appl. Sci. 2018, 8, x FOR PEER REVIEW  12 of 17 

P =	൬ α·a
Ktrans

൰2 θሶ 2
Kp

 = ൬ α·a
Ktrans

൰2 1
Kp

(
a1w0·CLmaxඥሺa4 −  a2w0

2ሻ2 + ሺa3w0ሻ2
sinሺw0tሻ )

2

 (36) 

Therefore, the mean value of this instantaneous power can be evaluated over the period given 
by angular pulsation of the lift coefficient w଴. 

Pmean	=	 ൬ α∙aKtrans
൰2 1

2∙Kp
(

a1w0∙CLmaxඥሺa4 − a2w0
2ሻ2 + ሺa3w0ሻ2

)
2

 (37) 

Once we know the mean value of the power, we have made an exhaustive search along two 
design parameters: the spring constant Kୱ୮୰୧୬୥ and proportional gain of the control law	K୮. 

6. Results 

After applying the optimization algorithm to the control system, we have obtained the following 
results. Figure 9 illustrates the curve of the extracted power from the energy harvester versus the 
proportional gain of the control law,		K୮, for each Reynolds number. The optimal value of the spring 
constant, Kୱ୮୰୧୬୥, for each case is also denoted. It is clearly visible in each plot that a maximum power 
is achieved in the range of examined	K୮. The maximum extracted power at the lowest Reynolds 
number, Re = 3000, is 3.95 µW which corresponds to a water velocity of Vwater = 0.34 m/s. At the 
maximum Reynolds number, Re = 12,000 with a Vwater = 1.36 m/s, the power is much larger reaching 
the value of 996.25 µW. For the intermediate water velocities of Vwater = 0.68 m/s and Vwater = 1.02 m/s 
corresponding to the Re = 6000 and Re = 9000, respectively, the mean power extracted is also 
considerable. The largest leap in the power is achieved in the range from Re = 3000 to Re = 9000 where 
the power is multiplied by almost 10 times. Table 4 represents the values of the extracted power for 
all water velocity cases and their corresponding optimal values of the spring constant Kୱ୮୰୧୬୥ and 
proportional gain of the control law 	K୮. 

 
Figure 9. Power results along the proportional gain of the control law Kp for different Reynolds 
numbers. The optimal Kspring is also dented for each Re case. 
Figure 9. Power results along the proportional gain of the control law Kp for different Reynolds
numbers. The optimal Kspring is also dented for each Re case.
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Table 4. Energy harvester power output for all water velocity cases for all cases and their corresponding
optimal values of the spring constant Kspring and proportional gain of the control law Kp

Re Vwater (m/s) Power µW Kp (Optimal) Kspring (Optimal)

3000 0.34 3.95 4.412 7.2671 × 10−9

6000 0.68 108.15 4.419 3.4594 × 10−8

9000 1.02 395.12 4.459 6.5404 × 10−8

12,000 1.36 996.25 4.452 1.1627 × 10−7

The variation of the output voltage at different Reynolds numbers is shown in Figure 10. Note that
Figure 10 represents the transient state from the initial state t = 0 s and only up to 5 s for better
illustration of the wave form progress. It could be found that the output voltage of the piezoelectric
vibrator increases as the Reynolds number increases. As expected, the maximum value of voltage is
achieved by the case with the largest fluid velocity which corresponds to the case Re = 12,000.
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Figure 11 represents the power output evolution of the energy harvester and the optimal
proportional gain of the control law, Kp, for each Reynolds number. Note that the parameter
of the proportional gain keeps almost constant while the power seems to increase following
an exponential law. The results of the current work show that thanks to the implementation of
the new control law and optimization scheme, the power output of the energy harvester has
significantly increased in comparison with previous studies of Taylor et al. [30], Weinstein et al. [36],
and Shan et al. [35]. Furthermore, in a similar work carried out by Song et al. [51] equipped with
two piezoelectric beams and two cylinders, the power output (calculated by the sum of the upstream
and downstream beams) obtained in the case of the 1 cm was around 1 µW at the water velocity of
0.34 m/s. In the present study, the power output achieved at that velocity is four times larger with
a more simple mechanical system.
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7. Conclusions

In the present study, a new control algorithm based on the circular cylinder lift coefficient, water
velocity, and piezoelectric voltage has been developed and implemented into an underwater energy
harvester system. Firstly, a computational study of a piezoelectric energy harvester for underwater
applications has been studied for using the kinetic energy of water flow. The device consists of
a piezoelectric beam assembled to an oscillating body, a circular cylinder that is 1 cm in diameter.
Therefore, two-dimensional computational simulations around a circular cylinder have been carried
out in the current work at four different Reynolds numbers Re = 3000, 6000, 9000, and 12,000. Unsteady
state simulations were performed for a period of time of 20 s to investigate the evolution of the wake
and the vortex shedding as well as to check the dynamic behavior of the cylinder. The lift coefficient of
the circular cylinder has a sinusoidal time waveform and it has been used as an input variable in the
system control. Secondly, a new control law strategy has been developed to extract as much energy
as possible from the energy harvester. The maximum extracted power is 996.25 µW and corresponds
to the case with Re = 12,000. The results show that thanks to the new control law and optimization
scheme the power output of the harvester has significantly increased in comparison with previous
studies. The power output of the underwater energy harvester seems to follow an exponential law at
the Reynolds numbers studied. Furthermore, the proportional gain of the control law Kp maintains
approximately constant at the water velocities studied in the present work, which is an indicator of the
robustness of the control system.

Supplementary Materials: The following are available online at www.mdpi.com/2076-3417/8/3/389/s1,
Video S1: Vortex Shedding.
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