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Abstract

In the paper a numerical analysis of an autopamrststem is presented. The two main elementste$ted
system are the pendulum (tuned mass absorber)rardeagy harvester. The electromechanical modektak
into account these both effects. Numerical simofetiare made in a MATLAB software environment. The
obtained results allowed estimation of influencéhef system parameters on efficiency of energyesding.
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1. Introduction

Application of the pendulum to the vibration redantis described in the literature as a
tuned mass absorber. A gigantic pendulum (aboutt@f8) is applied in skyscraper
Taipei 101 building [1]. It is used to reductiontmfilding's movement occurring during
earthquakes and high winds. The similar problem stadied intensively at the Lublin
University of Technology [2, 3]. The pendulum sgrimass system shows regular or
irregular (chaotic) responses. The irregular vibret are very dangerous, especially for
dynamic absorber devices.

In the last years the pendulum systems are intelysatudied [2-4]. In application
where the primary task of the pendulum is vibratieduction (buildings, ship, etc. ) a
special devices can be added to energy harvegtimgdditional harvester can increase
functionality of the original systenThe new models take into account the possibility of
recovery energy from the motion of the pendulumnéally, in literature exists two
different solutions: (I) the rotary harvester [4lda(ll) the linear harvester [5]. The word
linear describes the movement path of the magnet in velat the pendulum. In this
paper the second solution (linear) is proposed.

A strongly non-linear model of electromechanicabtesyn and results of simple
numerical analysis are shown in paper [5]. In g@per more complex considerations are
presented. Influence of the system parametersauced current level is investigated in
detail.
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2. Electromechanical model of system

The total system consists of two main subsystenezhamical and electrical parts. The

parts are presented in Fig. 1(a) and (b), respagtivihe mechanical subsystem has

three basic elements:

» simple oscillator — mas¥l suspended on linear sprikgand dampec. It is excited
kinematically by linear springp.

e non-linear vibration absorber (tuned mass absorbpendulum mounted on the
oscillator and applied to vibration reduction ofssi.

e energy harvester — generally, it is movable madoeated between two fixed
magnets (polarity configurations: SN-NS-SN). In ggeted model this magnetic
suspension of movable magnet is modelled as lispengks, for small vibrations

[6].

Figure 1. Model of a mechanical (a) and electribiparts of the system

The movable magnet is moving inside the coil. Thigion can generate curranin
electrical circuit (Fig. 1(b)). Both parts, the @lécal and the mechanical are coupled by
equivalent forces dw and e, which have the same values but opposite direstion
These forces depend on the current and velocith@fmoving magnet relative to the
coil [7]. Differential equations of motion were derd using second kind of Lagrange’s
equations [5]. The final form of equation of motioas a form:

MX +mX + m@ssing + mp’scogp +m X—m i cog+ B 1P sig+
+m @ (R+r)sing +m ¢ (R+r) cogp + kx +cx = Q sinut
IO¢+mesin¢+mm¢(R+r)2+Z'nmm'(R+r)+
+m, (R+r) Xsing + mgssing + m g (R+r) sing + ¢ = (
m,i" —m,Xcosp —m @ (R+r) +kr —m.g cogp +ai = ( 3)

and for the electrical part:

1)

(2)

Logil + Regal =0 - (4)
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2. Numerical results

Numerical simulations of the equations (1-4) weradmin MATLAB 2015 software
usingodel5i method. The mechanical and electrical parameterskeown in Tab. 1.

Table 1. Parameters of mechanical and electromézianodels

Description of parameter Symbol Unit Value
The mass of the object main M kg 0.65
The mass of the pendulum m kg 0.265
The mass of the magnet m, kg 0.02
The mass mpment of merua of th_e pendulum Iy kgn? | 4.96e—4
relative to the rotation axis
Distance from the gravity center of the < m 4.956-2
pendulum to the rotation axis
Sum of stiffness coefficients of coil springs k=k +k, N/m 2700
The substlt_ute stlffnes_s of magnetic K N/m 2000
suspension of moving magnet
Damping coefficient of linear damper C Ns/m 10
Damping coefficient of air resistance (o} Nms/rad 0.01
Distance from the gravity c.enter pf moving R m 3 756.3
magnet to the rotation axis
The coil inductance Lcoil H le-3
Sum of resistance of coil and external —
receiver Rrotal = Reoil * Rioad Q 1200
Electromechanical coupling coefficient o N/A or 3.5
Vs/m
Amplitude of periodic excitation Q=Kkyxy N 110
All numerical  simulations  always start from the  &am initial

conditiong x, X, @, @,r,r ,i]

initial

=[0,0,77/2,0,0,0,0. Non zero initial value of the

pendulum steady variabfgorg causes that semi-trivial solution becomes unstable

(pendulum executes motion). This chapter presafiteehce of the electrical parameters
on efficiency of energy harvesting. The followingrameters were changdds; from 0

to 0.005 H (first analysisRra from 500 to 200@2 (second analysis) andfrom 0.5 to

5 N/A (third analysis) versus frequency of excdatio from 20 to 50 rad/s. The
efficiency of energy harvesting is described by diiality index. In this paper a simple
form of index is proposed (root mean square of endrirvs). RMS values were

calculated in a time window (O, 10) S.
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Figures 2-4 present obtained 3D characteristiceeobvered current. These results
show trend of change the current flowing in theckleal circuit. We observe a
significant change of the valuéss occurring with increasing the resistariRgw and
the coupling coefficient.. Increase in the resistance values causesidfatiecreased
slowly (see at a frequency about 45 rad/s). Anatitesrd is observed with an increase of



286

the coefficienta, then theirus increases. On the basis on Fig. 2 the definitive
conclusions cannot be made. The inductance ofralakctoil practically not influences
on the energy recovery.

For selected values of the excitation frequencyhe time series are presented (Figs.
5-7). These times series of the system responses #fat pendulum can perform
different kind of motion. Namely, pendulum swingsd 5(a)), executes chaotic motion
(Fig. 6(a)) and rotates (Fig. 7(a)). The maximairent recovered when the pendulum
performs no regular motion (Fig. 6(b)).

3. Conclusions

In this paper numerical analysis of a pendulumatibn absorber with device to energy
recovery is presented. The influences of the héevegsarametersLtoi, Rroa, @) on
value of the recovered current is presented. Enleagyester based on a movable magnet
inside the coil, allows recover energy from differ&ind of the pendulum motion. The
3D characteristics give some information about propuning of the electrical
parameters. The highest level of energy recovesethe small load resistance and high
value of the coupling coefficient. Generally, effiscy of analyzed energy harvester
system is low, the obtained current is in mA. Hoamewt can be used to power of small
electronic devices consume a little energy, fomapl@ sensor in monitoring system.
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