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In this study, we propose an optimization scheme for the control of a piezoelectric wind

energy harvester. The harvester is constructed by a blade in front and a magnet in the rear

in order to sustain a magnetic repulsion by another magnet located on the stable harvester

body in a contactless manner. For such a new harvester, the control scheme is missing in

the literature in the sense that the harvester is new and an overall optimization study is

required for such a device. In that context, the optimization has been realized by using a

new current control law based on the harvester piezoelectric terminal voltage and the layer

bending. The proposed control law can impose a second order linear dynamics although

the magnetic effects can yield to nonlinear magnetic force relation. In order to improve the

new control strategy, a Particle Swarm Optimization algorithm (PSO) has been applied,

since there is a nonlinear dependency among the control parameters, the collected energy

and the bending force mean values. According to results, the captured electrical power has

a high increasing trend with respect to the only-voltage-based (OVB) control as the current

study proves. On the contrary, the artifact of the method is that the obtained power is too

low to increase the mean bending forces and it requires much complicated control system.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

In order to supply the increased demand of energy caused by the

population growth and greater power consumption, invention of

new energy harvester systems and their optimization have

become key points for a few decades. Indeed, when the issue is

to construct optimized energy harvester systems, the balance

between demand and supply is also vital problem to deal from a

multidisciplinary view. It is desirable to obtain sustainable, safe
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and world-wide applicable methods [1e3]. Before 2000's, the

most of energy supply was based on fossil fuels working in so-

called conventional energy systems. However, both the limita-

tions in the supply and the globally inhomogeneous distribution

make the usage of those fuels inefficient.

The combination of solar and wind energy systems has

become an alternative research and practice area [4]. Simi-

larly, a study made by Ref. [5] proposed an energy generation

model that includes factors such as emissions reduction,

minimization of imported energy and social acceptance.
evier Ltd. All rights reserved.
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Fig. 1 e The harvester and the wind tunnel test setup.
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In the frame of low power systems, a significant increase

has been experimented; indeed energy harvesting systems in

that power scale allows energy supplies for low power elec-

tronic equipment such as wireless sensors, pacemakers and

health monitoring systems. In the last decades, these low

power systems have been invented or improved to be oper-

ated even without any battery. In addition, harvesters have

served as an auxiliary power device, which enhances the life

time of the batteries with suitable maximal power point

tracking mechanisms [6e9].

In principle, all harvester systems are designed to obtain

electrical power from ambient and they transform it into a

utilizable form of energy for low power devices. Several energy

harvesting methods such as vibration, solar, thermal gradient,

etc. have been developed during the last years [6,10,11]. There

are many ambient vibrations such as human and machine

motions, wind or seismic actions in the environment.

Energy harvesting could be a feasible alternative for micro

powering with the main advantage of no need to replace

batteries. Power sources could be find in photons (light,

infrared, radio frequencies), kinetics schemes (vibrations,

human motion, wind power, hydropower) and thermal sys-

tems using the temperature gradients [12]. The most impor-

tant benefits of energy harvesting are based on long lasting

operability, cost effective, usually free of maintenance and no

need of charging points. Additionally, these systems are very

useful in applications for hard natural conditions.

Vibrations can be converted into energy by several tech-

niques: electromagnetic, electrostatic/capacitive and piezoelec-

tric [13]. Among the aforementioned techniques, piezoelectric

have some advantages: high power density and voltage.

Furthermore, the piezoelectrics are suitable to be optimized for a

certain excitation frequencies and that can help to increase the

system efficiency drastically [14,15]. The materials used for

piezoelectric conversion are naturally-occurring ones as crystals

(Quartz, Rochelle salt), ceramics and polymers [16e18].

The main objective of the paper is to show how a novel

optimization system has been used in order to increase the

captured energy by energy harvesting. Due to this objective, a

new piezoelectric control law has been designed using swarm

optimization algorithms. In the literature, there are a number

of control algorithms which try to increase the captured

power like [19]. In our study, we have introduced the voltage

and the deflection of piezoelectric beam which highly en-

hances the mean power captured by the energy harvester.

The paper is structured as follows: the second section pre-

sents the main objectives and the general schema of the wind

energy harvester. In the third section the energy harvester

model has been explained and the proposed control law in this

analyzed. The fourth section is devoted to design the optimi-

zation algorithm, describing the general steps and the cost

function, while the obtained results are discussed in the fifth

section. Finally, the last section gives our main conclusions.
The wind energy harvester

The energy harvester used in this work has been developed by

the Alternative Energy Researches Group of Gazi University

and some preliminary findings and features of the device have
Please cite this article in press as: Zulueta E, et al., Power control op
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been reported in previous papers [20,21]. This system shown

in Fig. 1 has a wind turbine that collects the energy from the

wind and induces a bending deflection by the help of two

permanent magnets (one in the rotor side and other in the

piezoelectric beam).

The tests of the system can be easily realized by using a

small wind tunnel, an anemometer, the harvester, a data

acquisition card (DAQ) and a laptop. The system enables us to

record the data (i.e., harvested voltage, deflection, velocity and

acceleration) with high precision.

This set of permanent magnets let us to build a contactless

energy transfer between the wind turbine axis and the

piezoelectric system, eliminating the physical damages due to

any contactwith a shaft. In thiswork, the control lawhas been

proposed in order to improve the bending and the collected

power. The control law has mainly two inputs: the piezo-

electric terminal voltage and the bending deflection.

In comparison with previous works [21], the control law

can completely impose the second order dynamics. Therefore,

the control law parameters have been optimized by a Particle

Swarm Optimization (PSO) algorithm, because there is a

nonlinear dependency between the control law parameters

and the cost function. The cost function takes into account the

mean power harvested and the mean bending force obtained

in different wind turbine regimes.
Problem statement

The main problem to solve in this paper is to increase the

mean power captured by changing the control law and to

optimize the control parameters by using a Particle Swarm

Optimization algorithm (PSO). Within that frame, initially the

block diagram of the present work is presented in Fig. 2.

Here, the inputs and outputs are defined in Tables 1 and 2.

The main problem is to choose an appropriate cost function,

since it should be strongly linked to the objective that is pur-

sued. In this case, the objective is to increase the power

captured by the harvester as the first step. In addition to that

energy increasing objective, we should keep the bending force

less enough. That is also important to prevent the piezoelec-

tric layer from any damage.

In the optimization cost function, we have proposed a

proportionally inverse value to themean captured power. The

mean bending force have been applied as the inequality re-

striction. If a certain upper bound is found, the cost function is

highly increased; otherwise the cost function is proportionally

decreased by considering the mean captured power. The
timization of a new contactless piezoelectric harvester, Interna-
jhydene.2017.01.180
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Table 1 e Model parameters.

Name Definition Value Units

r Material density 5319 kg m�3

rair Air density 1.225 kg m�3

A Section of piezoelectric 0.0001645 m2

k Piezoelectric stiffness 123 N m�1

Ktrans Transduction gain 0.006 rad m�1

Piezoelectric force factor

Fm Magnetic force strength 0.2460 N

C Piezoelectric capacitance 232 nF

qp Angular position of magnet 0 rad

Cp(l) Wind turbine power coefficient See Fig. 4 e

f Frictional coefficient 10 Nms rad�1

Rwt Wind turbine radius 0.0850 M

Rwtdisc Piezoelectric radial position 0.01 M

a Voltage induced bending factor 0.0001 N rad�1

Jwt Rotor inertia 0.1 g m3

Table 2 e Model variables.

Name Definition Units

r Propeller deflection angle rad

V Piezoelectric voltage Volts

q Wind turbine rotor angle rad

Vwind Wind speed m s�1

u Rotor speed rad s�1

Tm permanent magnet torque Nm

Taero Aerodynamic torque t Nm

l Tip Speed Ratio (TSR) e

i Piezoelectric current Amp

Fig. 2 e System block diagram.
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proposed cost function has no direct analytic expression

because of two main reasons: First, the nonlinearity due to

magnetic forces in Eqs. (1)e(6). Second, the wind speed has

high stochastic behavior. In the present case, we have used a

wind speed simulator called Turbsim [22], with a Normal

Turbulence Model in order to form the wind regime.

Wind energy harvester modeling

The harvester model used in this work is based on the

modeling proposed in Ref. [21]. The main variables are the

wind speed (Vwind), the wind turbine rotor speed (u), 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
Please cite this article in press as: Zulueta E, et al., Power control op
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outputs. The harvester model is described by equations from

Eqs. (1)e(7):

LrA
d2r
dt2

¼ �k
r

Ktrans
� aV þ Fmd

�
q� qp

�
(1)

i ¼ a

Ktrans

dr
dt

� C
dV
dt

(2)

Jwt
du
dt

¼ Taero � Tm � fu (3)

Taero ¼ 1
2
prairR

2
wt

V3
wind

u
CpðlÞ (4)

l ¼ u Rwt

Vwind
(5)

Tm ¼ Fmd
�
q� qp

�
Rwtdisc sin

�
q� qp

�
(6)

dq

dt
¼ u (7)

d
�
q� qp

� ¼
�
1 : when q ¼ qp
0 : else

(8)

Here, the model parameters and system variables are

defined in Tables 1 and 2, respectively. The Eq. (8) is a Kro-

necker like function and it is 1, when q ¼ qp otherwise it is 0.

The deflection is given by the radial distance from the equi-

librium and denoted by r. The layer piezoelectric length is

given by L and can be changed by the manufacturer. The

magnetic force exerted by the repulsion of the magnets is

represented by Fm. This model can present a complicated

time-dependent behavior due to the stochastic nature of the

wind. According to literature, some piezoelectric-based en-

ergy harvesters indicate a rich chaotic behavior, and that is

more intrinsic than in the present case, since the systemhas a

hard sensibility to some mechanics parts like in Ref. [23]. For

instance, in Ref. [24], there is a remarkable study about the

wind turbine tower dynamics and its control in order to

reduce the fore-after tower dynamics induced by the electrical

generator.

When a complicated system is to be analyzed, a parameter

sensibility analysis can be interesting in order to quantify the

parameter error effect. In the following works [25e27], there

are some parameter sensibility analysis which have been

applied to energy harvesters. But in the case of the current

study, the system has no chaotic behavior. The chaotic
timization of a new contactless piezoelectric harvester, Interna-
jhydene.2017.01.180
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Fig. 3 e Wind turbine mechanical power vs wind speed.

Fig. 4 e Wind turbine power coefficient vs Tip Speed Ratio (l).
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behavior appears due to the stochastic nature of wind. Hence,

this systemdoes not need a parameter sensibility analysis. Eq.

(12) shows a second order linear dynamics, which in com-

parison the Duffing equation, the first one has not a high order

or third order term. Indeed, this term induces a chaotic

behavior in the literature, which does not exist in our system

such as [28,29].

The system variablesmainly consist of themechanical and

wind-related terms and form the relation between the pro-

peller and the harvested electrical energy.

The wind turbine used in this paper has been modeled

following [30], and its more relevant parameters and variables

are shown in Figs. 3 and 4.

According to Fig. 3, the aerodynamic power increases

rapidly for a wind speed range and beyond a wind speed of

26 ms�1, it is fixed to P ¼ 6.800 W. According to that model,

Fig. 4 shows that the turbine power coefficient increases up

from 26% to 28.9% (peak value) and decreases rapidly to 23.5%

with respect to the Tip Speed Ratio (l).

In this work four different wind speed regimes have been

used. The wind speed sequences have been simulated by Turb-

sim, an NREL designed tool [22], using the IECKAI model (Kaimal

Turbulence Model), with a C class (12%) and Normal Turbulence

Model level. The wind speed realizations have been simulated

with the following parameters: time step and span are adjusted

to 0.01 s and 400 s respectively. We have carried out different

simulations with different wind mean speed values (i.e., vw ¼ 5,

10, 20 and 25 ms�1) in order to assess the suitability of the

reached results for a wide range of wind speed values.

This harvester is capable to extractmuchmore power from

the wind than the load needs. Usually the rotor friction slows

down the rotor speed. Themain objective is to gain asmuch as

possible of energy. The counterpart of a high energy capture is

the increasing of the bending force applied to piezoelectric

beam by the permanent magnet.

Voltage and deflection based current control

In the previous works [14,22], the piezoelectric current

adjustment is imposed by a piezoelectric voltage based
Please cite this article in press as: Zulueta E, et al., Power control op
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proportional control. We introduce a much more general

control law, because the control dynamics is not completely

imposed trough OVB control as proposed in Ref. [21]. The new

control algorithm of the control law is more general and lets

us to impose Eq. (9):

i ¼ KpvV � Kprr; (9)

where Kpv and Kpr are the control parameters that we can

tune.

This control law has been proposed since it is simple

enough and at the same time the closed loop dynamics can be

completely imposed (see Eqs. (10)e(13)). On one hand, the

voltage term lets us to change the damping factor, while on

the other hand the bending deflection term lets us to impose

the natural frequency. Therefore, the control law is summa-

rized in Fig. 5. This control law determines the current

depending on the voltage in order to detect when the energy

can be acquired from wind turbines axis, and the position

term let to the control imposes certain natural frequency

value. Due to the fact that the power is depending on voltage

and current product, it looks reasonable to propose a current

control law that depends on voltage.

Closed loop dynamic analysis

The equivalent closed loop is a second order system. The first

approximation can be written as indicated by Eqs. (10) and

(11), because the voltage time constant is much faster than

the mechanical dynamics.

iz
a

Ktrans

dr
dt

(10)

KpvV � Kprr ¼ a

Ktrans

dr
dt

(11)

Eq. (11) can be combinedwith Eq. (1), andwe can also see in

Eq. (12).
timization of a new contactless piezoelectric harvester, Interna-
jhydene.2017.01.180
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Fig. 6 e PSO algorithm parameter space.

Fig. 5 e Proposed control law.

i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 7 ) 1e1 1 5
L1rA€rþ a2

Kpv$Ktrans

_rþ
�

k
Ktrans

þ aKpr

Kpv

�
r ¼ u; (12)

where the input signal u is defined as follows by Eq. (13) in

terms of magnetic force:

u ¼ Fmd
�
q� qp

�
(13)

Eq. (12) is a second order linear differential equation, whose

coefficients can be imposed by a correct set of parameters

values. The relationship between the mean power captured by

the harvester and the control parameters is obvious. Other

important problem is to define the relationship between the

bending force and it is addressed in the next section.
Fig. 7 e Particle trajectories generated through the

proposed cost function.
Swarm optimization of the energy harvester
control

The control law introduced in this paper is based on two pa-

rameters: Kpv and Kpr, as stated in Eq. (9). These two param-

eters have become the dynamics between the magnetic force

and the piezoelectric beamdeflection in a linear form. Besides,

the relationship between the mean captured power and these

control parameters are not known. So, when one has to

choose the control parameters values pursuing the optimal

solution, one should try a number of solutions and evaluate

the results. However, this procedure can be done a number of

times, i.e., only if the parametric space is very small.

In the present case, we have two parameters and a lot of

pair values can be possible, so an algorithm is required in

order to optimize this problem. These considerations have

been widely taken into account in other studies [31e34].

We have applied the PSO algorithm instead of a gradient

descendent algorithm, since the cost function has not

analytical expression depending directly on the Kpv and Kpr
control parameters as shown in Fig. 6.
Please cite this article in press as: Zulueta E, et al., Power control op
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There is no analytical expression for the cost function that

shows the dependences between the mean captured power

and the control parameters. There exist many other intelli-

gent optimization algorithms like differential evolution [35],

back search tracking searching algorithm [36] or neural ap-

proaches [37], that could fit well to the current problem. We

have tried to solve the problem using them, but they took too

much time to converge to an optimal value due to the fact that

these algorithms search solutions in a much random fashion.

In this problem the cost function is a smooth surface as it will

be plotted in Fig. 7.

Another important issue is related to the constraints defi-

nition. In this problemwe have only one constraint, the mean

value of bending force that can be hold by the piezoelectric

beam. In this case, the constraint is an inequality.

Optimization problem

Any optimization algorithm has several general issues that

must be considered:

a) The stop conditions, for example,maximum iterations, the

maximum acceptable goal value, the minimum acceptable

goal change between two consecutive iterations, etc. In
timization of a new contactless piezoelectric harvester, Interna-
jhydene.2017.01.180
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Table 3 e PSO optimization algorithm parameters.

Name Definition Value Units

Ii ith particle inertia 0.9 e

41,max Maximum value for exploration

term

1 e

42,max Maximum value for exploitation

term

2 e

dt Position actualization term 0.01 e

N iter Maximum number of iterations 20 e

N particles Number of particles 50 e

Table 4 e PSO optimization algorithm variables.

Name Definition Units

Vi(t) ith particle speed at iteration t e

Xi(t) ith particle position at iteration t e

Xbest(t) The best position at iteration t e

Xi,best(t) ith particle best position e

41 Uniform random value between

0 and 41,max

e

42 Uniform random value between

0 and 42,max

e

Table 5 e PSO optimization algorithm cost function
parameters.

Name Definition Value Units

T Time span 10 s

Fb,max Maximum mean bending force 0.038 N

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 7 ) 1e1 16
this optimization problem we have used only a maximum

number of iterations.

b) The cost function and its constrains. In this case, as we

have commented before, the cost function is the propor-

tionally inverse value of themean captured value.We have

an inequality constrain that fixes the maximum bending

force.

c) The optimization procedure of the control parameters

following these steps:

1. Initialization step: Generation of the possible solutions set.

Each solution has two values (The control parameter set:

Kpv and Kpr). This value set is the position vector of each

solution. Each solution in PSO algorithm is called particle.

After particle position generation, each particle is evalu-

ated by simulations in a very high mean wind speed.

Because if the possible solution gives a goodmean power at

a high speed, the system gives good mean power values

(obviously the captured values are less when the wind

speed is lower). The bending maximum values are evalu-

ated, and if the maximum value is reached the cost is

highly increased.

2. We proposed different solutions taking into account the

positions and the cost values of each particle. These all

new positions are evaluated by a simulation. The new so-

lutions are proposed using from Eqs. (14)e(16).

3. The step number two is repeated until a stop conditions is

reached. Here, we have applied a maximum number of it-

erations only.

Special questions should be explained related to the

simulation. The dynamical model has been simulated with a

10 s time span when we have executed the optimization

procedure, because PSO is a complex algorithm demanding

many simulation executions. Thereby, in order to limit the

time to achieve a good optimization, we have limited the time

span to 10 s. Whenwe have obtained the optimal values given
Please cite this article in press as: Zulueta E, et al., Power control op
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by the optimizer, we have made the simulations with 400 s

time span, because it is sufficiently long time to see the sta-

tionary response of harvester.

Particle Swarm Optimization introduction

The PSO is a well known algorithm and it has been applied

successfully inmany control problems and other optimization

domains since PSO was proposed in Ref. [38], like [39e44].

However, we have not found that this algorithm has been

applied to so low power energy harvester for the sake of the

control optimization.

The PSO algorithm optimizes a cost function defining a set

of particles. Each particle has a position vector and a cost

value associated to this position. The position vector compo-

nents are the values of the optimized variables.

In our case, the control parameters Kpv and Kpr are the

position components. The cost function is explained in the

following section. Each particle stores the best position that

has achieved and the cost achieved. Each iteration all particles

actualize their speed and positions in the parametric space

with the following equations.

Viðtþ 1Þ ¼ Ii ViðtÞ þ 41

�
Xi;bestðtÞ � XiðtÞ

�þ 42 ðXbestðtÞ � XiðtÞÞ
(14)

Xiðtþ 1Þ ¼ XiðtÞ þ dt ViðtÞ (15)

In Tables 3 and 4, the PSO algorithm parameters and vari-

ables are defined. Note that the vector form of the position of a

particle can be described by Eq. (16):

XiðtÞ ¼
�
Kpv ;Kpr

�
i

(16)

The sub-index i refers to the particle or solution and the

evolution of the optimal solution searching algorithm is

shown in Fig. 7.

Proposal for cost function and constraints

The cost function is defined as follows by Eq. (17):

Cost ¼

8>>><
>>>:

1
T

ZT

0

V$i$dt Fb < Fb;max

∞ Fb;max � Fb

(17)

where Fb is the mean bending force applied by the permanent

magnet and exerted to the piezoelectric beam.

Fb ¼ 1
T

ZT

0

Fmd
�
q� qp

�
$dt (18)

Table 5 gives the PSO optimization algorithm details of the

cost function parameters.
timization of a new contactless piezoelectric harvester, Interna-
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Fig. 8 e Energy harvester response at 5 ms¡1 wind speed.

Fig. 9 e Energy harvester response at 10 ms¡1 wind speed.
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Optimization and simulation parameter values

The optimization algorithm has been executed with different

parameters such as the number of particles and maximum

number of iterations. We have used different values for the
Please cite this article in press as: Zulueta E, et al., Power control op
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mean captured power and the mean bending force to the algo-

rithm. We have limited the simulations to the first 10 s; other-

wise they could take too much time. We have chosen only 20

iterations and 50 particles in order to find optimized parameters

as good solution. The cost function result is shown in Fig. 7.
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jhydene.2017.01.180
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Fig. 10 e Energy harvester response at 20 ms¡1 wind speed.

Fig. 11 e Energy harvester response at 25 ms¡1 wind speed.
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Fig. 12 e Comparison between the mean power captured

with the control proposed in Eq. (9) (red) and the control

proposed in Ref. [21], that depends only on voltage (blue). (For

interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

Fig. 13 e Comparison between the mean bending force with

the control proposed in Eq. (9) (red) and the control proposed

in Ref. [21], that depends only on voltage (blue). (For

interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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Results and discussion

After applying the optimization algorithm to the control sys-

tem, we have obtained the following optimal values given by

Eq. (19):

Xglobal optimal ¼
�
Kpv ¼ 5:9� 10�4

Kpr ¼ �6:8� 10�5 (19)
Please cite this article in press as: Zulueta E, et al., Power control op
tional Journal of Hydrogen Energy (2017), http://dx.doi.org/10.1016/j.i
These two values of the parameters have been applied to

the model with 400 s of time span in the simulations. Besides,

we havemade some simulations to show how the new control

law introduces improvements compared with the control law

proposed in Ref. [21]. We have made the comparisons with

Normal Turbulence Model (NTM) having the mean wind

speeds of 5 ms�1, 10 ms�1, 20 ms�1 and 25 ms�1.

The system has a low power production at 5 ms�1 mean

wind speed, but in comparison with the control law proposed

in Ref. [21], the harvester mean power increases of 422%. On

the other hand, the mean bending force increases with a low

rate of 1.79%. The results are shown in Figs. 8, 12 and 13. In

Fig. 8 we can verify that the harvester has good response in

long time span (400 s).

The power production increases at 10 ms�1 mean wind

speed and if we compare with the control law proposed in

Ref. [21], the harvester mean power increases a 116.9%, while

themean bending force increases a rate of 5.71%, as showFigs.

9, 12 and 13. In Fig. 9 we can also verify that the harvester has

good response in long time span (400 s).

The power increases up to very high levels at 20ms�1mean

wind speed in comparison with the control law proposed in

Ref. [21]. Besides, the harvester mean power increases a

164.15% at 20ms�1meanwind speed, while themean bending

force increases only a 0.118%, as detailed in Figs. 10, 12 and 13.

In Fig. 10, we can assess that the harvester has good response

in long time span (400 s) as in the previous cases.

A great power gain is achieved at the mean wind speed of

25 ms�1. The harvester mean power increases a rate of 93.85%

and the mean bending force decreases with a very low rate of

0.26%, as shown in Figs. 11e13. It is proven that the harvester

has also a good response in long time span (400 s) through

Fig. 11.

In Figs. 12 and 13 the results of the present exploration are

summarized. The mean captured power has a really good in-

crease in all wind speeds. Besides, themean bending force has

very low increase too up to a specific wind speed, being that

result reasonable, since the piezoelectric layer has its own

natural frequency and if the rotation rate of the harvester

shaft (i.e., wind speed) differs too much from that natural

frequency, the bending force cannot be so effective. Thus, as a

general rule, the bending force will decrease by the magnetic

force for some wind speed values. That also proves that the

model is accurate enough and even for much higher wind

speeds one can have lower power from the system as a result

of that bending characteristics.
Conclusions

In this paper we have introduced a new control law with two

inputs (i.e., voltage and bending deflection), and we have

carried out a swarm optimization procedure for these pa-

rameters. This algorithm has been applied because there is no

analytic relationship between the mean captured power and

the control parameters. Furthermore, another important

aspect in this study is to keep the bending force as low as

possible in order not to break down the piezoelectric beam. It

has been proven that these objectives have been achieved and

the harvester power has been explored for a number of wind
timization of a new contactless piezoelectric harvester, Interna-
jhydene.2017.01.180
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mean speeds due to the new control law and optimization

scheme. The wind speed has been performed by Turbsim tool

and the current optimization and control strategies can be

applied in other wind realizations or profiles. So, the main

findings of the paper are the following: On one hand, a new

control law based on both bending deflection and piezoelec-

tric voltage has been designed; on the other hand, the tuning

of the control parameters has been performed through a PSO

optimizer.
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